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A B S T R A C T

Emulsion gels mimic the rheological properties of solid and semi-solid fats, offering a viable solution to replace
conventional fats in low-fat food formulations. In this study, gel emulsions stabilized with stigmasterol (ST) and
polyglycerol polyricinoleate (PGPR) complexes were prepared. Initially, we examined the effect of the ST/PGPR
complex on the mechanism of gel emulsion stabilization. Our findings revealed that the gel emulsion formulated
with 3% PGPR and ST exhibited a robust structure, effectively stabilizing the entire system and ensuring uniform
distribution, and increasing ST concentration led to greater stability of the gel emulsion system. Stability as-
sessments demonstrated that gel emulsions containing 3% PGPR and varying ST concentrations exhibited
remarkable thermal stability and effectively delayed oil oxidation. These results underscore the high stability of
gel emulsions stabilized with the ST/PGPR complex, highlighting their potential as a margarine substitute.

1. Introduction

Emulsion gel, filled with emulsion droplets, possesses robust me-
chanical properties and distinctive functional characteristics owing to its
gel mesh structure, making it extensively utilized in the food industry
(Poyato, Astiasarán, Barriuso, & Ansorena, 2015). According to current
research, tropical vegetable fats and animal fats often produce large
amounts of saturated fatty acids, and even trans-fatty acids (Cui, Guo, &
Meng, 2023). Excessive intake of saturated and trans-fatty acids can
increase the risk of cardiovascular and cerebrovascular diseases and
metabolic syndromes, greatly endangering human health (Cui et al.,
2023). Emulsion gels with rheological properties similar to those of solid
and semi-solid fats provide a novel solution for the construction of
non‑hydrogenated, zero-trans, and low-saturated fatty acid solid fats to
replace conventional fats and develop low-fat foods (Cui et al., 2023).
Moreover, Emulsion gels exhibit a delicate, resilient texture and a three-
dimensional network that safeguards flavor compounds and pigments
(Zhi et al., 2023). Consequently, they find widespread applications in
the food and pharmaceutical industries (Poyato et al., 2015; Zhong
et al., 2020). Due to these properties, emulsion gels are primarily used in

the food industry for two main applications: as fat substitutes in meat
products and as delivery systems for food nutrients (Lin, Kelly, & Miao,
2020). Thus, this is a promising technology for the development of
nutritious and healthy foods.

Emulsion gels, also known as emulgels or gelled emulsions
(Dickinson, 2012), consist of two-phase systems where one phase is
dispersed into the other (Sereti, Kotsiou, Biliaderis, Moschakis, & Laz-
aridou, 2023). Emulsion gels are thermodynamically unstable; there-
fore, amphiphilic polymers are required to improve the stability of
emulsion gels (Wang et al., 2020). While current research predomi-
nantly focuses on oil droplets stabilized by proteins or surfactants (Lin,
Liang, Zhong, Ye,& Singh, 2021), the escalating global population raises
concerns about potential protein shortages (Bascuas, Morell, Hernando,
& Quiles, 2021). Thus, there is a growing need for alternative emulsi-
fiers. As a member of the sterol family, stigmasterol (ST), a natural
6–6–6-5 tetracyclic sterol (Kaur, Chaudhary, Jain, & Kishore, 2011), is
widely present in vegetable oils such as soybean, peanut, and sunflower
oils (Liu, Ma, Xia, Guo, & Zeng, 2022). ST exhibits various biological
activities including antioxidant, anti-inflammatory, and antitumor
properties (Gao, Maloney, Dedkova, & Hecht, 2008; Navarro, De Las
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Heras, & Villar, 2001; Wang et al., 2017). ST possesses an amphiphilic
structure with a large oleophilic surface and polar OH head group (Tang
et al., 2022), contributing to its significant hydrophobicity (Tao, Shku-
matov, Alexander, Ason, & Zhou, 2019). Based on the results of pre-
liminary experiments, a mixture of ST and rapeseed oil, along with a
certain proportion of the aqueous phase, can be processed into gel-like
water-in-oil (W/O) emulsions using high-speed shearing. ST can
reduce the surface tension of W/O gel emulsions and form a rigid
interfacial layer on the surface of emulsion droplets (Cercaci, Rodriguez-
Estrada, Lercker, & Decker, 2007). However, it is common practice to
utilize ST in isolation to stabilize emulsions, and little is known about
how mixtures of various emulsifiers influence the structure and stability
of emulsions. In contrast to low-fat emulsions, W/O gel emulsions are
typically stabilized using various forms of emulsifiers (Bai, Huan, Rojas,
& McClements, 2021; Ge et al., 2017). Polyglycerol polyricinoleate
(PGPR) is an effective food emulsifier composed of a polyglycerol
headgroup esterified with one or more polyricinoleate chains (Price,
Gray, Watson, Vieira,&Wolf, 2022). Its excellent emulsifying properties
are attributed to the excellent water-binding capacity of its long hy-
drophilic polyglycerol chain (Márquez, Medrano, Panizzolo, &Wagner,
2010). Rapeseed oil, being the second most abundant oil globally and
boasting excellent nutritional qualities (Chew, 2020; Yang et al., 2022),
was selected as the primary oil base for our emulsion gel.

In this study, we investigated the combined effects of ST and PGPR
on the properties of W/O-type gel emulsions to prepare a healthier fat
substitute. The formation mechanisms of rapeseed oil-based W/O-type
gel emulsions, as well as their impacts on emulsion droplet size and
stability, were analyzed via polarized light microscopy, laser confocal
microscopy, and X-ray diffraction (XRD). Additionally, we examined the
influence of ST and PGPR concentrations on the rheological properties,
thermodynamic properties, and stability of these gel emulsions. To the
best of our knowledge, this is the first time that ST and PGPR have been
used as co-stabilizers for W/O-type gel emulsions, which has significant
implications for the development and use of ST and PGPR in the food,
pharmaceutical, and cosmetic industries. We believe that this study
could enhance and expand the application of gel emulsions as promising
fat substitutes.

2. Materials and methods

2.1. Materials

ST (90%) was supplied by Source Leaf Biotechnology (Shanghai,
China), and commercial-grade rapeseed oil was purchased from a local
supermarket. All other chemicals and reagents utilized in this experi-
ment were of analytical grade.

2.2. Methods

2.2.1. Preparation of gel emulsion
To determine the critical water phase, 5 g rapeseed oil was combined

with 6% (w/w) ST and a mixture of 2% (w/w) PGPR, followed by
deposition in a water bath under thermostatic magnetic stirring until
complete dissolution. Preheated deionized water at 50 ◦C was gradually
added to the system, comprising water phases of 5, 15, 25, 35, 45, 55,
65, 75, and 85% of the total mass fraction of the system. Using an Ultra
Turrax homogenizer (IKA Ultra Turrax digital, Model T18 basics, Ger-
many) with a 180 mm head, the samples were homogenized at 13,000
rpm for 3–4min. After homogenization, the samples were stored for 24 h
at 4 ◦C (±2 ◦C). Three samples were prepared for each condition.

To determine the critical ST concentration, 5 g rapeseed oil was
mixed with complexes of 2% (w/w) PGPR and varying concentrations of
ST (3%, 4%, 5%, 6%, 7%, and 8% of the oil weight, w/w). The mixture
underwent dissolution in a water bath under thermostatic magnetic
stirring, followed by gradual addition of preheated deionized water at
50 ◦C, constituting 65% of the total mass. Homogenization was

performed using an Ultra Turrax T18 homogenizer at 13,000 rpm for
3–4 min, and samples were stored at 4 ◦C (±2 ◦C) for 24 h before
analysis. Three samples were prepared for each condition.

To determine the joint effects of PGPR and ST concentrations on gel
emulsion, 5 g rapeseed oil with 2%, 3%, and 6% (w/w) PGPR, along
with varying concentrations of ST (4%, 5%, 6%, 7%, and 8%, w/w) were
used. Following dissolution in a water bath under thermostatic magnetic
stirring, preheated deionized water at 50 ◦C was added, constituting
65% of the total mass. Homogenization was achieved using an Ultra
Turrax T18 homogenizer at 13,000 rpm for 3–4 min, and samples were
stored at 4 ◦C (±2 ◦C) for 24 h before analysis. Three samples were
prepared for each condition.

2.2.2. Microstructure analysis
The microstructures of the gel emulsions were observed at 25 ◦C

using a polarizing microscope (CX31; Olympus, Tokyo, Japan). A suit-
able amount of gel emulsion was placed on a glass slide and covered
with another glass slide to ensure an even distribution of the sample. The
droplet shape and arrangement in the gel emulsion were observed under
the non-polarized light mode, whereas the distribution of ST and PGPR
crystals in the systemwas visualized in the same area using the polarized
light mode (Chen, Bian, Cao, Shi, & Meng, 2023). All images were
captured at a magnification of 500 x.

Fluorescence micrographs of the gel emulsions were obtained via
laser confocal microscopy (CLSM). The oil phase of the gel emulsion was
stained with Nile Red at a concentration of 0.01 wt%. The structural
morphology of the gel emulsion was inspected using excitation/emis-
sion wavelengths of 488/515 nm for Nile Red (Liu et al., 2023). All
fluorescence images were obtained using a 63× objective lens in an
inverted configuration.

2.2.3. Average particle size analysis
The diameters of the gel emulsion droplets in the images captured by

the microscope were measured using OLYCIA m3 Software (Shanghai
Puhe Photoelectric Technology Co., Ltd., Shanghai, China). The average
surface area of the particles (d3,2) was calculated using the following
formula:

d3,2 =
∑
nid3i∑
nid2i

(1)

where ni represents the number of droplets with diameter di (Zhang
et al., 2022).

2.2.4. XRD analysis
XRD spectroscopy (Shimadzu, Kyoto, Japan) employing reflection

geometry and Cu Kα radiation (λ = 1.542 Å) at 40 kV and 30 mA,
respectively, was utilized to analyze the crystallization patterns of the
gel emulsion, according to a previously described method (Tang et al.,
2022). Measurements were taken between 5◦ and 50◦ (2θ), with a step
size of 0.02◦. The diffractograms were analyzed using MDI Jade 6.0
software (Materials Data Ltd., Livermore, CA, USA).

2.2.5. Rheological property analysis
The rheological properties of the gel emulsions were analyzed using

a Kinexus Pro Advanced Rheometer (Malvern Instruments Ltd., Malvern,
UK), according to a previously described method (Tang et al., 2022). A
stainless-steel cone plate geometry (40 mm, 1◦ angle, and 1 mm trun-
cation) was selected. Specifically, frequency sweep (0.1–100 Hz) ex-
periments were performed under constant strain within the linear
viscoelastic domain. The temperature sweep (25–100 ◦C) tests were
carried out at a constant frequency of 1 Hz and a heating rate of 2 ◦C/
min. The apparent viscosity (0.01 s− 1 to 100 s− 1) was measured with a
constant shear strain. Thixotropy recovery sweep tests were conducted
with a gap distance of 1 mm, shear strain of 0.01%, fixed frequency of 1
Hz, and shear rate ranging from 0.1 s− 1 to 10 s− 1 and then returning to
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0.1 s− 1. Each shearing rate lasted 5 min. The viscosity of the gel emul-
sion after the initial shearing stage is represented as n1, whereas the
viscosity after the third shearing stage is denoted as n2. The viscosity
recovery value was calculated as n2/n1. All experiments were per-
formed at 25 ◦C, except for the temperature sweep tests.

2.2.6. Thermodynamic analysis
The thermodynamic behaviors of ST and the gel emulsion were

determined using a DSC3 differential scanning calorimeter (Mettler
Toledo, Port Melbourne, Australia). Approximately 1 mg of ST and 50
mg of the gel emulsion were placed in separate aluminum pans, with an
empty aluminum pan used as a reference. The temperature was
increased from 25 ◦C to 200 ◦C at a heating rate of 5 ◦C/min, and the
thermodynamic changes were recorded using the instrument software.

2.2.7. Stability analysis

2.2.7.1. Physical stability. To test the storage stability, 5 g gel emulsion
was placed in a 10mL glass serum bottle and stored at room temperature
for 30 d. The physical stability was evaluated by observing the
appearance and measuring the average surface area of the emulsion gel
droplets.

To test the heat stability, a suitable amount of gel emulsion was
placed in a 10 mL glass serum bottle and stored in an oven at 50 ◦C,
60 ◦C, and 70 ◦C for 24 h. Heat stability was evaluated by observing the
appearance and measuring the average surface area of the emulsion gel
droplets.

2.2.7.2. Oxidative stability. Accelerated oxidation experiments were
conducted according to the recommended AOCS method (Brühl, 1997).
Gel emulsion samples, prepared with PGPR complexes at concentrations
of 2%, 3%, and 6% of the oil weight (w/w), along with varying con-
centrations (w/w) of ST, were contained in glass serum bottles. Fresh gel
emulsion samples and those subjected to storage in an oven at 60 ◦C for 5
d were used to determine lipid peroxides. It is noteworthy that a storage
time of 1 d at 60 ◦C is equivalent to 30 d of storage at 20 ◦C based on the
Arrhenius equation (Wang, Li, Liu,& Tong, 2022). The determination of
peroxide value followed the method outlined in ISO 27107 (2008),

“Animal and vegetable fats and oils – determination of peroxide value-
potentiometric end-point determination.”

2.2.8. Statistical data analysis
All tests were performed in triplicate. Data were presented as mean

± standard deviation. SPSS 20 software (SPSS Inc., Chicago, IL, USA)
was used to analyze the variance of the experimental data, with a sig-
nificance level of p < 0.05. Data were visualized using Origin 2018
software (OriginLab Corporation, Northampton, MA, USA).

3. Results and discussion

3.1. Appearance analysis

Using high-speed shear homogenization, we investigated the impact
of the aqueous-phase mass fraction (5–85 wt% of the total sample sys-
tem), ST, and PGPR concentration on the formation of rapeseed oil-
based gel emulsions. Fig. 1A indicates that when ST served as the pri-
mary emulsifier, a maximum of 45 wt% water phase was achieved with
6% ST. This may be because of the low viscosity of the 6% ST-prepared
gel emulsion, resulting in carrying less water phase (≤45 wt%). Typi-
cally, emulsifiers are added to reduce the interfacial tension (Choi,
Decker, & McClements, 2009), generating gel emulsions with high vis-
cosity and stability. Fig. 1B demonstrates that when 2% PGPR was
introduced as an emulsifier, the system could accommodate a maximum
water phase of 65% with 6% ST. This suggests that incorporating PGPR
enhances the formation ability of the gel emulsion system when com-
bined with ST in the external phase, enabling it to carry more water.
Fig. 1C showcases a stable gel emulsion with 2% PGPR and 65% water.
Moreover, as the ST concentration increased, the gel emulsion displayed
a more pronounced gel-like structure.

To improve the structure and viscosity of the external phase of the
gel emulsion and increase its stability, the effects of PGPR and ST con-
centrations on the gel emulsion at a water-phase ratio of 65 wt% were
further studied. As depicted in Fig. 1D, the gel emulsion in the 65%
water phase exhibited a smoother texture and more uniform appearance
as the ST concentration increased. During high-speed shear, gel emul-
sions were prepared with 2% and 3% PGPR and ST. Gel emulsions were
only produced when the ST concentration exceeded 6% with 6% PGPR.

Fig. 1. (A) Appearance of various aqueous gel emulsions at 6% stigmasterol (ST) concentration with different aqueous solutions (5%, 15%, 25%, 35%, 45%, and
55%); (B) Appearance of various gel emulsions at 2% PGPR and 6% ST with different aqueous solutions (35%, 45%, 55%, 65%, 75%, and 85%); (C) Appearance of
various gel emulsions with different ST concentrations at 2% PGPR and 65% water; (D) Appearance of various gel emulsions with different concentrations of PGPR
and ST (Aqueous solution concentrations of all samples constant to be 65%).
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This enhancement in emulsification efficacy at higher PGPR concen-
trations may lead to a predominantly emulsified system owing to
reduced viscoelasticity (Okuro, Gomes, Costa, Adame, & Cunha, 2019).
Initial visual analysis indicated that ST and emulsifier concentrations
influenced gel emulsion formation, with higher PGPR and lower ST
concentrations making it more challenging to achieve a gel emulsion.
Based on our observations, it appears that PGPR and ST can exhibit both
synergistic and competitive behavior, depending on their specific
concentrations.

At lower concentrations (e.g., 2% PGPR and 4% ST), we observed a
synergistic effect, where the combination enabled the formation of gel
emulsions with higher water content (65 wt%) compared to using ST
alone (45 wt% water with 6% ST). However, at higher PGPR concen-
trations (e.g., 6% PGPR), a higher ST concentration (at least 7%) was
required to stabilize the gel emulsion with 65 wt% water, suggesting a
competitive interaction. These observations indicate that the interplay
between PGPR and ST is complex and likely depends on factors such as
their relative concentrations and the overall emulsion composition.
Consequently, we further investigated PGPR and ST concentrations
based on microscopic structure, rheological properties, and gel emulsion
stability.

3.2. Optical microstructure analysis

As depicted in Fig. 2, optical microstructure analysis revealed that
the prepared rapeseed oil-based gel emulsions contained relatively small
droplets. As the ST concentration increased, these emulsion gel droplets
underwent shrinkage and exhibited more uniform dispersion
throughout the gel emulsion. The distribution of droplets within the gel
emulsion altered with varying PGPR concentrations. Specifically, at 2%
PGPR, emulsion droplets exhibited a random distribution. At 3% PGPR,
droplet distribution became uniform, whereas at 6% PGPR, emulsion gel
droplets appeared more compact. This could be attributed to the high
surface activity of PGPR at higher concentrations, which aggregated
neighboring droplets in the emulsion (Mao, Calligaries, Barba, & Miao,
2014), resulting in a more concentrated droplet distribution. Based on
these findings, it is plausible to assume that ST and PGPR concentrations
affect the microstructure of the gel emulsion.

3.3. Polarized light microstructure analysis

Polarized light microscopy (Fig. 3) also revealed that the number of
rod-shaped crystals in the gel emulsion system increased dramatically as
the ST content increased, and their distribution became more concen-
trated. The number of white crystalline rings in the gel emulsion system

Fig. 2. Microscopic images of gel emulsions prepared with 2%, 3%, and 6% PGPR and various ST concentrations under ordinary light (Aqueous solution concen-
trations of all samples constant to be 65%). Scale bar = 20 μm.

Fig. 3. Microscopic images illustrating gel emulsions prepared with 2%, 3%, and 6% PGPR and different ST concentrations under polarized light (Aqueous solution
concentrations of all samples constant to be 65%). Scale bar = 20 μm.

W. Xie et al.
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increased noticeably as the PGPR concentration increased. At a PGPR
concentration of 2%, rod-shaped ST crystals were dispersed within the
continuous phase. With a 3% PGPR concentration, dispersed rod-shaped
crystals within the continuous phase and white circular crystalline rings
surrounding the droplets were observed. At 6% PGPR in gel emulsions
with modest ST concentrations (4–6%), white circular crystalline rings
were predominantly observed around the droplets. When the ST con-
centration exceeded 6%, the system displayed dispersed rod-shaped
crystals in a continuous phase, with white circular crystalline rings
surrounding the droplets. This observation is consistent with the find-
ings of the optical microstructure analysis. At higher PGPR concentra-
tions, the crystal structure of the emulsion systems prepared with low ST
concentrations mainly consisted of crystalline rings and failed to form a
gel-like emulsion. However, at higher ST concentrations, the system
displayed both rod-shaped crystals and white crystalline rings, resulting
in enhanced stability and a gel-like consistency.

Based on our previous FTIR analysis (Tang et al., 2022), Stigmasterol
forms intermolecular hydrogen bonds in rapeseed oil-based gel emul-
sions. The stigmasterol crystals are attracted to each other through
hydrogen bonding, leading to the formation of a crystalline three-
dimensional network. This network formation proceeds through the

pathway of aggregation-nucleation-growth, resulting in the spontaneous
formation of supramolecular aggregates that contribute to the gel
emulsion structure. As an amphiphilic emulsifier, PGPR can establish
hydrogen bonds with water through its hydrophilic portion, whereas its
hydrophobic portion can anchor onto the curved chains of fatty acids in
vegetable oils (Ghosh& Rousseau, 2011). This dual affinity allows PGPR
to adsorb at the oil-water interface, stabilizing the emulsion droplets.
When emulsions are prepared with a specific concentration of PGPR,
intense interactions between the water and oil phases in the emulsion
system lead to the formation of interfacial crystals that stabilize the
emulsion droplets (also known as Pickering interface stabilization). So
the number of crystals continue to increase with increasing PGPR con-
centration. Consequently, the white crystalline circles observed in our
gel emulsion system were interfacial crystals formed by PGPR within the
emulsion. The distinct crystallization modes of ST and PGPR signifi-
cantly affected the formation mechanism and properties of the gel
emulsion, as suggested by these results. Gel emulsions primarily
demonstrate two stabilization mechanisms: Pickering interface stabili-
zation and crystalline network stabilization (Yang et al., 2017). Notably,
gel emulsions consisting of 2% PGPR and STwere primarily stabilized by
a continuous phase network structure. The gel emulsion comprising 3%
PGPR and ST was primarily stabilized by both Pickering interface sta-
bilization and a continuous-phase crystal network structure. Conversely,
the gel emulsion containing 6% PGPR and ST was primarily stabilized
via Pickering interface stabilization. Previous research suggests gel
emulsions stabilized by a combination of Pickering and network mech-
anisms exhibit superior physical and chemical properties (Ghosh, Tran,
& Rousseau, 2011; Ghosh & Rousseau, 2012; Wan, Xia, Guo, & Zeng,
2021).

3.4. Surface mean particle size analysis

The variation in the gel emulsion surface mean particle size (d3,2)
(Fig. 4) revealed that the gel emulsion droplet size decreased within the
range of 4–7% as the ST concentration increased. However, at a con-
centration of 8%, the particle size of emulsion gel droplets increased
significantly. This may have been the result of excessively high ST
concentrations. Upon mixing ST with rapeseed oil and subsequent
heating for dissolution, a portion of ST swiftly formed crystals in the oil,
leading to an insufficient presence of ST crystals at the interface to
effectively stabilize the droplets during high shear. This phenomenon
affected the dispersion effect, resulting in a relatively large d3,2 in the gel
emulsion. Initially, as the concentration of PGPR increased, the d3,2 of
the emulsion gel droplets decreased and then increased. Specifically, at a
PGPR concentration of 2%, the droplet distribution in the gel emulsion
was asymmetrical, with d3,2 ranging from 4.3 to 8 μm. The droplet d3,2
values varied from 4 to 7.3 μm in the gel emulsion at a PGPR concen-
tration of 3%, while the particle size d3,2 values in the 6% PGPR gel
emulsion ranged from 5 to 7.8 μm. In emulsions with low ST concen-
trations (4–6%), the average particle size was large. However, when the

Fig. 4. Average surface particle sizes of gel emulsions prepared with 2%, 3%
and 6% PGPR and different ST concentrations (Aqueous solution concentrations
of all samples constant to be 65%). Samples designated with different lower-
case letters indicate a significant difference (P<0.05) when compared be-
tween different concentrations of PGPR. Samples designated with different
capital letters indicate a significant difference (P<0.05) when compared be-
tween different concentrations of ST.

Fig. 5. Confocal laser microscopy images of gel emulsions prepared with 2%, 3%, and 6% PGPR and 7% ST (Aqueous solution concentrations of all samples constant
to be 65%). Scale bar = 63 μm.

W. Xie et al.
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ST concentration exceeded 6%, the average droplet size decreased,
indicating increased stability in the system. This suggests that the pri-
mary stabilization mechanism in emulsions prepared with low ST and
high PGPR concentrations was Pickering interface stabilization, which
meant that they were structurally unstable and incapable of forming a
gel emulsion, thereby resulting in an increase in particle size.
Conversely, when the ST concentration exceeded 6%, the main stability
mechanism in the emulsion system shifted to Pickering interface stabi-
lization and the formation of a continuous-phase crystal network
structure, resulting in a more stable system and smaller average droplet
size. Gel emulsions prepared with 3% PGPR had relatively smaller d3,2
values than those prepared with 2% or 6% PGPR. This may be because of
the gel emulsion formation mechanism, in which the gel emulsion pre-
pared with 3% PGPR stabilized the droplets by forming a crystalline
shell at the droplet interface. This formed a crystal network in the
continuous phase to restrict droplet-to-droplet contact, thereby pre-
venting droplet aggregation and resulting in a relatively smaller droplet
size, indicating a stronger structural appearance.

3.5. Laser confocal scanning microstructure analysis

Fig. 5 illustrates laser confocal scanning microscopy images of gel
emulsions prepared with PGPR concentrations of 2%, 3%, and 6% at a
7% concentration of ST. The oil phase of the gel emulsion displayed red
fluorescence under 488 nm excitation light, and black droplets were
disseminated throughout the oil phase. This indicates that the PGPR and
ST-formed gel emulsions were water-in-oil (W/O) emulsions. In addi-
tion, the droplet distribution in the gel emulsion prepared with 3% PGPR
was more uniform than the distributions in those prepared with 2% and
6% PGPR. This result is consistent with the optical microscopy and
polarized light microscopy observations.

3.6. XRD analysis

The crystal structure of the gel emulsion system was analyzed using
XRD. To analyze the effects of PGPR and ST concentrations on the crystal
phase of the gel emulsions, gel emulsions were prepared using 2%, 3%,

Fig. 6. (A) X-ray diffraction (XRD) patterns of rapeseed oil, ST, and PGPR; (B) XRD patterns of gel emulsions prepared with 2%, 3% and 6% PGPR in combination
with ST.

Fig. 7. (A–C) Strain scanning curves of gel emulsions prepared with 2%, 3%, and 6% PGPR and different ST concentrations; (D) G′ values of gel emulsions prepared
with 2%, 3%, and 6% PGPR and different ST concentrations. Different letters indicate significant differences between groups (P<0.05).
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and 6% PGPR, along with 7% and 8% ST in rapeseed oil. As shown in
Fig. 6A and B, rapeseed oil, PGPR, and different gel emulsions exhibited
a broad peak at 4.5 Å, which is related to the main amorphous structure.
According to the XRD partterns of different gel emulsions, a sharp peak
at approximately 4.6 Å was observed, indicating the presence of
β-crystals. Similar crystal peaks were observed in the gel emulsion as
those observed in ST gel in previous research (Tang et al., 2022), with
broad peaks appearing at 4.26 Å and 4.52 Å. This indicated the presence
of α- and β-crystals in the gel emulsion system. Notably, the crystalline
peaks in the emulsion shifted toward shorter pitches. Specifically, the ST
crystalline peak at 12.76 Å shifted to 12.32 Å in the emulsion, and new
short-spacing peaks emerged at 2.31 Å and 2.20 Å. Previous studies have
associated long-spacing peaks with molecular lamination and short-
spacing peaks with molecular lateral stacking (Gong et al., 2019).
With increasing ST and PGPR concentrations, the short-spacing peaks in
the gel emulsion increased, and the positions of some peaks shifted,
indicating a rearrangement of molecular stacking within the system.
This resulted in a denser arrangement of rod-shaped ST crystals on the
droplet surface and interface crystals formed by PGPR.

3.7. Rheological analysis

3.7.1. Strain sweep analysis
Further rheological experiments were conducted to investigate the

effects of ST and PGPR concentrations on the macroscopic properties of
gel emulsions. Fig. 7 A–C depicts the results of the strain sweep of the gel
emulsions prepared with 2%, 3%, and 6% PGPR at various ST concen-
trations. With the increase in strain amplitude, G’ and G" initially exhibit
a clear plateau, indicating the state of linear viscoelasticity(Xia et al.,
2022). All gel emulsion samples exhibited G′ > G′′ within the linear
viscoelastic range (0.01–0.1%). Nonetheless, as the strain increased, the

value of G′decreased, and a crossover point occurred between G′ and G′′,
indicating the disintegration of the gel emulsion network structure(Sun
et al., 2022). The gel emulsion made with 2% PGPR and ST had the
lowest crossover value (The strain value at G"/G’ cross-over point in the
strain sweep) between G′ and G′′, whereas the gel emulsion made with
3% PGPR and ST had the highest crossover value. This could be attrib-
uted to the fact that the gel emulsion prepared with 2% PGPR and ST
stabilized the emulsion droplets primarily through crystal networks,
resulting in a system with weak overall stability. Han, et al. found that
the higher the crossover value, the stronger the gel structure(Han, Ren,
Shen, Yang, & Li, 2024). As the shear stress increased, the droplets
tended to aggregate, and the mechanical strength of the system network
decreased, resulting in the destruction of the network structure.

Fig. 7D illustrates the variation of gel emulsion G′ values with respect
to PGPR and ST concentrations. The G′ value of the gel emulsion
increased as the ST concentration increased and decreased as the PGPR
concentration increased. The gel emulsion prepared with 2% PGPR
exhibited the highest G′ value, whereas the gel emulsion prepared with
6% PGPR exhibited the lowest G′ value, indicating that the gel network
structure formed by ST in the continuous phase was predominantly
responsible for the mechanical strength of the gel emulsion. This further
demonstrated that the formation mechanism of the gel emulsion influ-
enced its mechanical properties. Gel emulsions stabilized by a
continuous-phase crystal network structure mechanism (2% PGPR) had
high mechanical strength but were susceptible to structural damage
because of their unstable emulsion systems. Gel emulsions stabilized by
both Pickering interface stabilization and continuous-phase crystal
network structure stabilization (3% PGPR) exhibited enhanced me-
chanical strength and more stable internal structures, with reduced
susceptibility to damage.

Fig. 8. (A–C) Frequency scanning curves of gel emulsions prepared with 2%, 3%, and 6% PGPR and different ST concentrations.

Fig. 9. (A) Thixotropic recovery curves represented by gel emulsions prepared with 2%, 3%, and 6% PGPR and 7% ST; (B) Viscosity recovery values of gel emulsions
prepared with 2%, 3%, and 6% PGPR and different ST concentrations. Different letters indicate significant differences between groups (P<0.05).
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3.7.2. Frequency sweep analysis
Frequency sweeps of the gel emulsions prepared with 2%, 3%, and

6% PGPR at various ST concentrations are depicted in Fig. 8 A–C. During
the frequency scan, the G′ values of all gel emulsions were greater than
those of G′′, indicating a predominantly elastic behavior. The G′ value of
the gel emulsion increased as the ST concentration increased and
decreased as the PGPR concentration increased. Furthermore, the
modulus of all gel emulsions rose as the scanning frequency increased,
suggesting that all gel emulsions exhibited solid-like properties(Chu
et al., 2024). Consistent with the results of the strain sweep, the gel
emulsion prepared with 2% PGPR and ST exhibited the highest G′ value,
whereas the gel emulsion prepared with 6% PGPR and ST exhibited the
lowest G′ value. Additionally, the G′ and G′′ values of gel emulsions
prepared with 2% and 3% PGPR increased marginally with increasing
frequency, whereas the G′ and G′′ values of gel emulsions prepared with
6% PGPR changed significantly with increasing frequency. This was
because of the high concentrations of PGPR and ST in the gel emulsion,
which permitted the formation of a greater number of interface crystals.
As the scanning frequency increased, the interface crystals formed a
cross-linked network within the gel emulsion system, imparting a rela-
tively elastic network structure and causing significant variations in the
G′ and G′′ values of the samples.

3.7.3. Thixotropic recovery scan analysis
Using a three-interval time test, the effect of PGPR and ST concen-

trations on the structural recovery efficacy of the gel emulsion were
investigated. Fig. 9A depicts the variation in the viscosity of gel emul-
sions prepared with 2%, 3%, and 6% PGPR and 7% ST at various shear
rates. After undergoing shearing at three distinct shear rates, the vis-
cosity of the gel emulsion gradually recovered. Ideally, materials exhibit
a desired thixotropic recovery when the peak viscosity in the third in-
terval recovers at least 70% of its initial measurement taken after the
first interval (Menard & Menard, 2006). Fig. 9B shows the viscosity
recovery values of the gel emulsions prepared with 2%, 3%, and 6%
PGPR and various ST concentrations following the three shearing stages.
The results revealed a positive correlation between the viscosity recov-
ery values of the gel emulsion and the ST and PGPR concentrations. The
viscosity recovery values of the gel emulsions increased with increasing
ST concentration when the PGPR concentration was 2% or 3%. When
the ST concentration was 8%, the gel emulsion viscosity recovery values
were 68.49% and 71.53%. Conversely, at a PGPR concentration of 6%,
the gel emulsion exhibited significantly higher viscosity recovery,
reaching 97.21%, with the ST concentration showing minimal impact.
This phenomenon is attributed to the higher PGPR concentration, which
elevates the interfacial tension within the gel emulsion, facilitating the
formation of a dense interface between the oil and water phases.
Consequently, the gel emulsion can rapidly restore its viscosity, even
after undergoing multiple stages of shearing.

The combination of polarized light microscopy and frequency sweep
analysis indicates that gel emulsions prepared with 2% PGPR and
varying ST concentrations primarily rely on the crystalline network
structure of ST within the continuous phase to uphold overall system
stability. While possessing substantial mechanical strength, these
emulsions exhibit weaker viscoelastic recovery. Conversely, gel emul-
sions formulated with 6% PGPR and varied ST concentrations predom-
inantly depend on Pickering interface stabilization, resulting in lower
mechanical strength but higher viscoelasticity. Despite undergoing
multiple shearing phases, these emulsions can recover their viscoelastic
properties efficiently. The gel emulsions prepared with 3% PGPR and
varying concentrations of ST relied on both Pickering interface stabili-
zation and continuous-phase crystal network stabilization, resulting in a
denser network structure that was difficult to disrupt. These emulsions
exhibited excellent mechanical strength and thixotropic recovery
characteristics.

3.7.4. Temperature scan analysis
The effects of the PGPR and ST concentrations on the temperature

stability of the gel emulsion were analyzed using a temperature scan.
Fig. 10A and B displays the results of the temperature scan for gel
emulsions prepared with 2%, 3%, and 6% PGPR and 7% or 8% ST. As the
scanning temperature increased, both the G′ and G′′ of the gel emulsion
progressively decreased. Upon reaching 60 ◦C, G’ and G" exhibited a
rapid decline, marking the onset of a critical phase transition tempera-
ture, denoted as the crossover point between G’ and G". Within the
temperature scan range, there was a correlation between the concen-
trations of PGPR and ST and the critical phase transition temperature of
the gel emulsion. The critical phase transition temperatures for gel
emulsions prepared with 2% PGPR and 7% or 8% ST were 96.55 ◦C and
102.31 ◦C, respectively. The critical phase transition temperatures for
gel emulsions prepared with 3% PGPR and 7% or 8% ST were 97.43 ◦C
and 103.44 ◦C, respectively. The critical phase transition temperatures
for gel emulsions prepared with 6% PGPR and 7% or 8% ST were
79.34 ◦C and 85.65 ◦C, respectively. These results further demonstrate
that gel emulsions stabilized by both Pickering interface stabilization
and a continuous-phase crystal network (3% PGPR) had enhanced
thermal stability. Moreover, these findings align with a previous inves-
tigation (Wijarnprecha, De Vries, Santiwattana, Sonwai, & Rousseau,
2019), which suggested that a combination of core-shell and network
structures imparts additional rigidity and enhanced stability.

3.8. Differential scanning calorimetry (DSC) thermodynamic analysis

Thermal analysis using DSC was performed to determine the effects
of PGPR and ST concentrations on the thermal stability of the gel
emulsions. Thermal stability reflects the stability of a gel emulsion
system and its resistance to decomposition at high temperatures, a

Fig. 10. (A) Temperature scanning curves of gel emulsions prepared with 2%, 3%, and 6% PGPR with 7% ST; (B) Temperature scanning curves of gel emulsions
prepared with 2%, 3%, and 6% PGPR with 8% ST.
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crucial property of fat-based products (De Oliveira, Ribeiro, & Kieck-
busch, 2015; Paximada, Howarth, & Dubey, 2021). During the tem-
perature change, the gel emulsion underwent phase transitions and
crystallization, as indicated by the endothermic peaks observed at high
temperatures. Fig. 11 illustrates that pure ST exhibited a comparatively
high melting point of 169.62 ◦C. Additionally, the melting point of gel
emulsions formulated with ST increased proportionally with its con-
centration. This phenomenon can be attributed to the inherently high
melting point of ST, leading to gel emulsions with elevated phase tran-
sition temperatures and enhanced thermal stability. Moreover, the gel
emulsions comprising 3% PGPR and 7% or 8% ST exhibited relatively
high peak melting temperatures of 107.18 ◦C and 111.10 ◦C, respec-
tively. The minimal melting temperatures of the gel emulsions prepared
with 6% PGPR and 7% or 8% ST were 95.10 ◦C and 95.44 ◦C, respec-
tively. These results are consistent with the findings of the temperature

scan analysis.

3.9. Stability analysis

3.9.1. Physical stability analysis
For prospective applications in the food, pharmaceutical, and

cosmetic industries, it is crucial to investigate the effects of PGPR and ST
concentrations on the physical stability of gel emulsions. Fig. 12A–C
depict gel emulsions prepared with 2%, 3%, and 6% PGPR and varying
ST concentrations after 30 d of storage at room temperature and 24 h of
oven storage at 50 ◦C, 60 ◦C, and 70 ◦C, respectively. After 30 d at room
temperature or 24 h in the oven at 50 ◦C and 60 ◦C, gel emulsions
formulated with 2% PGPR and various ST concentrations maintained
their gel-like consistency and adhered to the bottom of the vial
(Fig. 12A). However, at ST concentrations of 4% and 5%, the gel
emulsions lost their gel-like structure after 24 h of oven storage at 70 ◦C.
Fig. 12B demonstrated that gel emulsions prepared with 3% PGPR and
various concentrations of ST retained their gel-like state and adhered to
the bottom of the vial after 30 d of storage at room temperature or 24 h
of oven storage at 50 ◦C, 60 ◦C, and 70 ◦C. This indicated that the gel
emulsions exhibited excellent thermal stability, which was consistent
with the results of the temperature scan and DSC analysis. However, as
shown in Fig. 12C, gel emulsions prepared with 6% PGPR and various ST
concentrations exhibited instability. Only the gel emulsions prepared
with high concentrations (7% and 8%) of ST retained their gel-like
structure after 30 d of storage at room temperature or 24 h of oven
storage at 50 ◦C. However, at 70 ◦C, the gel structure of the emulsions
within the chosen ST concentration range was disrupted, and the system
failed to maintain its gel-like state.

As depicted in Fig. 13A–C, the particle size distributions (d3,2) of the
gel emulsions prepared with 2%, 3%, and 6% PGPR and varying con-
centrations of ST were observed and measured using an optical micro-
scope. Following 30 d of storage at room temperature or 24 h of oven
storage at 50 ◦C, 60 ◦C, and 70 ◦C, the d3,2 values of the gel emulsions
decreased with an increase in ST concentration. Gel emulsions prepared
with 2% and 6% PGPR exhibited notable differences in d3,2, compared
with that in freshly prepared gel emulsions, whereas those prepared
with 3% PGPR exhibited relatively minor changes in d3,2 under various

Fig. 11. Differential scanning calorimetry (DSC) heat maps of gel emulsions
containing 2%, 3%, and 6% PGPR with 7% and 8% ST.

Fig. 12. Appearance of gel emulsions prepared with 2% (A), 3% (B), and 6% (C) PGPR and different ST concentrations after storage at room temperature for 30 d and
in an oven at 50 ◦C, 60 ◦C, and 70 ◦C for 24 h.
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storage conditions.
Gel network systems stabilized by the combined action of the Pick-

ering interface and the crystalline network (3% PGPR) were more stable
than gel network systems stabilized solely by the crystalline network
(2% PGPR) or the Pickering interface (6% PGPR). Another study (Lee,
Tan, Ravanfar, & Abbaspourrad, 2019) arrived at similar conclusions
regarding gel emulsions prepared with beeswax and glyceryl mono-
caprylate (GMO). The combined effect of Pickering interface stabiliza-
tion and crystalline network formation contributed to a more stable
emulsion system by impeding droplet sedimentation, coalescence, and
flocculation.

3.9.2. Oxidative stability analysis
Emulsion products may experience rapid expiration because of lipid

oxidation (Bao & Pignitter, 2023). To determine the effect of the PGPR
and ST concentrations on the oxidative stability of the emulsion, the
peroxide contents of the fresh gel emulsion and oven-accelerated
oxidized gel emulsion were determined. Fig. 14A shows the amount of
peroxide in the fresh gel emulsion. The peroxide content of the gel
emulsion decreased with increasing ST concentration, whereas it
initially decreased and then increased with increasing PGPR concen-
tration. Gel emulsions formulated with 2% PGPR and 6% PGPR with ST
contained more peroxide than those formulated with 3% PGPR and ST.
This suggests that gel emulsions prepared with 3% PGPR and ST formed
a structural network and crystallized the interface in the lipid phase,

which had a greater effect on delaying lipid oxidation.
As depicted in Fig. 14B, the peroxide content of the gel emulsions

was determined after 5 d of storage in an oven at 60 ◦C. After accelerated
oven oxidation, the peroxide content of the gel emulsions increased
compared with that of the freshly prepared gel emulsion. However, as
the ST concentration increased, the peroxide content decreased. This is
because ST is an effective antioxidant (Hussein et al., 2022) and can
exert its antioxidant effect during the accelerated oxidation process,
reducing peroxide production and delaying partial oxidation of the lipid
phase. In addition, the gel emulsion prepared with 3% PGPR + ST
contained significantly less peroxide than those prepared with 2% and
6% PGPR + ST. This indicated that the gel emulsion prepared with 3%
PGPR and varying concentrations of ST had a densely distributed
network structure, excellent thermal stability, and could withstand the
high-temperature accelerated oxidation process without structural
degradation, thereby delaying lipid oxidation by restricting oil flow and
migration (Lim, Hwang, & Lee, 2017).

4. Conclusions

In this study, we investigated the impact of varying concentrations of
ST and PGPR on the structure and properties of gel emulsions. The re-
sults showed that incorporating 6% ST alone effectively stabilized the
water phase of the 45 wt% emulsion. When 2% PGPR was introduced, a
stable W/O gel emulsion formed with 4% ST, maintaining a 65 wt%

Fig. 13. Average surface particle sizes of gel emulsions prepared with 2% (A), 3% (B), and 6% (C) PGPR and different ST concentrations after storage at room
temperature for 30 d and in ovens at 50 ◦C, 60 ◦C, and 70 ◦C for 24 h. Samples designated with different lower-case letters indicate a significant difference (P<0.05)
when compared between different heating methods. Samples designated with different capital letters indicate a significant difference (P<0.05) when compared
between different concentrations of ST.

Fig. 14. (A) Changes in peroxide content in fresh gel emulsions prepared with 2%, 3%, and 6% PGPR and different ST concentrations; (B) Changes in peroxide
content after accelerated oxidation of gel emulsions prepared with 2%, 3%, and 6% PGPR and different ST concentrations. Samples designated with different lower-
case letters indicate a significant difference (P<0.05) when compared between different concentrations of PGPR. Samples designated with different capital letters
indicate a significant difference (P<0.05) when compared between different concentrations of ST.
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water phase ratio. Further analysis of ST and PGPR concentrations at
this ratio revealed that increasing ST concentration led to a denser
network structure and improved stability of the gel emulsion. At a 65 wt
% water phase ratio, the gel emulsion containing 2% PGPR and ST
achieved stabilization through a continuous phase network structure.
The gel emulsion prepared with 3% PGPR and ST was strengthened and
stabilized via the Pickering interface stabilization and continuous-phase
crystal network stabilization mechanisms. The 6% PGPR and ST gel
emulsions were predominantly stabilized via the Pickering interface
stabilization mechanism. Compared with the gel emulsions formed with
2% and 6% PGPR and ST, the 3% emulsifier and ST gel emulsion
exhibited superior rheological strength and viscosity recovery. The gel
emulsion displayed a maximal melting temperature of 111.1 ◦C, indi-
cating excellent thermal stability. It maintained its gel-like consistency
during high-temperature storage, with minimal changes in particle size
and a pronounced delay in lipid oxidation.

Additionally, W/O gel emulsions formulated with ST and PGPR as
co-emulsifiers exhibited low trans-fat and saturated fatty acid content.
Incorporating water into the gel system reduced its calorie content by
leveraging its 65% fat composition. This study paves the way for
developing novel W/O emulsions with enhanced stability, potentially
replacing puff pastry fat and margarine in culinary applications.
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