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A B S T R A C T

Developing structured lipid systems with high oil content and functional applicability is critical for advancing 
next-generation clean-label and health-oriented food products. In this study, soy protein isolate (SPI) and sodium 
alginate (SA) were conjugated via pH-regulated Maillard glycation and used as emulsifiers to stabilize high in
ternal phase emulsions (HIPEs). The emulsions, containing up to 75% (v/v) soybean oil, were transformed into 
oleogels using a solvent-free, energy-efficient hot-air drying process. The resulting oleogels exhibited real oil 
contents as high as 78.3%, with well-developed weak-gel rheological behavior, excellent oil-holding capacity, 
and desirable textural characteristics. Notably, oleogels with 70–75% oil content showed superior structural 
stability under ambient storage, thermal processing, and freeze–thaw conditions. In addition, the oleogels 
demonstrated good spreadability and 3D printability, indicating their suitability for application in advanced food 
structuring. These findings provide a sustainable and scalable approach for fabricating functional oleogels 
through the synergistic design of glycated biopolymer emulsifiers and mild drying techniques.

1. Introduction

In the food industry, solid fats are widely used to enhance product 
texture, flavor, and thermal stability. However, conventional solid fats 
are primarily derived from hydrogenated vegetable oils or animal fats 
and are rich in trans fatty acids (TFAs) and saturated fatty acids (SFAs). 
Long-term intake of these lipids is closely associated with health risks 
such as cardiovascular diseases (Li et al., 2022; Morales et al., 2023). As 
a result, developing healthy lipid substitutes based on polyunsaturated 
liquid vegetable oils has become a key direction in fat functionality 
research.

Oleogels are systems that convert liquid oils into semi-solid materials 
through the construction of three-dimensional networks. They confer 
solid fat-like processing and structural functionality to liquid oils, rep
resenting a promising strategy for healthy lipid replacement (Manzoor 
et al., 2022; Shuai et al., 2023). Compared with traditional approaches 
using high-melting-point waxes or crystalline fatty acids, the emulsion- 
template method is a solvent-free, gentle, and structurally tunable 
oleogel preparation technology that offers improved safety and 

industrial adaptability in food applications (Chen et al., 2025; Chen & 
Yang, 2019; Kavimughil et al., 2022; Tan et al., 2024; Wang et al., 2025; 
Xie et al., 2023). This method induces the formation of oil droplet net
works via stabilized emulsion structures and is particularly suitable for 
constructing food-grade oleogels with high internal phase and high oil 
loading.

The key to constructing stable emulsion templates lies in emulsifier 
design. Protein–polysaccharide complexes are widely used in food 
interfacial material research due to their synergistic emulsification 
properties and film-forming capabilities. Among these, soy protein 
isolate (SPI) and sodium alginate (SA) are particularly attractive owing 
to their natural origin, amphiphilic structure, and electrostatic 
compatibility. In recent years, protein glycation modification has been 
proven to significantly enhance their structural flexibility and interfacial 
stability, making it an effective strategy for improving emulsion stability 
and gelation potential (Cai et al., 2018; Cui et al., 2023; Pan et al., 2021). 
However, the construction of high-oil oleogels that were previously 
difficult to obtain via emulsion-templated methods, whether SPI–SA 
conjugates can reliably stabilize high internal phase emulsions (HIPEs) 
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and subsequently form structurally coherent oleogels has not been sys
tematically investigated. Furthermore, although freeze-drying is 
frequently employed to induce emulsion-to-gel transitions, the resulting 
gels are often rigid and brittle, limiting their applicability in spreadable 
or printed food systems (Abdolmaleki et al., 2020; Plazzotta et al., 
2020). In contrast, hot-air drying offers a continuous, energy-efficient, 
and solvent-free alternative that is more compatible with large-scale 
food manufacturing (Moradabbasi et al., 2022). The thermal profile 
and gradual moisture removal characteristic of hot-air drying may 
facilitate the development of more cohesive and deformable oleogel 
networks. However, despite its industrial feasibility, whether hot-air 
drying can yield oleogels that simultaneously maintain structural 
integrity and application-relevant functionality (e.g., spreadability or 
3D shape retention) remains poorly understood, and systematic studies 
in this context are lacking.

Based on these considerations, SPI–SA conjugates were selected as 
stabilizers because SPI provides amphiphilic interfacial activity while SA 
contributes hydrophilicity and structural support; after Maillard-type 
glycation, their combination enhances emulsion stability, reduces oil 
leakage, and facilitates the construction of high-oil oleogels with good 
integrity. It is hypothesized that SPI–SA conjugates obtained via pH- 
regulated glycation can effectively stabilize HIPEs, and that subse
quent hot-air drying can convert these emulsions into structurally robust 
and functionally adaptable oleogels. The resulting oleogels, particularly 
at higher oil contents, are expected to exhibit improved oil-holding ca
pacity, structural integrity, and desirable functional characteristics such 
as spreadability and 3D shape retention.

To evaluate this hypothesis, a pH-regulated glycated SPI–SA conju
gate system was employed to stabilize high-oil emulsions, which were 
subsequently transformed into oleogels via hot-air drying. The resulting 
oleogels were systematically characterized for their rheological prop
erties, textural behavior, structural stability, and functional perfor
mance, including 3D shape fidelity. This strategy offers a practical and 
scalable route for developing high-oil, plant-based oleogels suitable for 
food structuring and solid fat replacement.

2. Materials and methods

2.1. Materials

SA, SPI, o-phthaldialdehyde (OPA), and L-lysine were purchased 
from Shanghai Titan Scientific Co., Ltd. (Shanghai, China). Nile red was 
obtained from Nanjing Dolai Biotechnology Co., Ltd. (Nanjing, China), 
and fluorescein isothiocyanate (FITC) was purchased from Shanghai 
Macklin Biochemical Co., Ltd. (Shanghai, China). Soybean oil was ob
tained from COFCO Donghai Grain and Oil Industry Co., Ltd. (Zhang
jiagang, China). All other reagents were of analytical grade and used as 
received without further purification.

2.2. Preparation of SPI–SA conjugates

The method was adapted from the reported protocol with some 
modifications (Hao et al., 2020; Kutzli et al., 2018; Peng et al., 2018; Zhu 
et al., 2023). SA (final concentration 0.5%, w/w) and SPI (final con
centration 5%, w/w) were dissolved in sodium phosphate buffer (pH 
6.8) under magnetic stirring at 1000 rpm for 6 h to ensure complete 
dissolution. The resulting mixture was then adjusted to pH 3.0, 5.0, 7.0, 
or 9.0, and incubated overnight at 4 ◦C. Subsequently, the solutions were 
incubated in a water bath at 70 ◦C for 36 h to induce glycation. After 
incubation, the pH of each solution was readjusted to its original value 
to obtain the SPI–SA conjugates.

2.3. Characterization of SPI–SA conjugates

2.3.1. Surface wettability
Powder samples were compressed into discs (10 mm diameter) at 20 

MPa using a tablet press. The static contact angle was measured with a 
contact angle analyzer (LSA 100, LAUDA Scientific GmbH, Germany). A 
3 μL droplet of deionized water was deposited onto the sample surface 
using a microsyringe, and the contact angle was automatically deter
mined by the instrument software. All measurements were performed in 
triplicate.

2.3.2. Average particle size and zeta potential of the conjugates
The average particle size and zeta potential of the particle disper

sions were measured using a Malvern Zetasizer Nano ZS (Malvern In
struments, UK). Prior to analysis, 1 mL of each sample was diluted 100- 
fold with deionized water. All measurements were conducted at 25 ◦C.

2.3.3. Degree of grafting and browning index of the conjugates
The browning index (BI) was determined at 420 nm using a modified 

version of the reported method (Lertittikul et al., 2007). Prior to mea
surement, the SPI–SA conjugate solution was diluted with distilled water 
to a final concentration of 5 mg/mL. The degree of grafting (DG) of the 
SPI–SA conjugates was quantified using the OPA method (Dinnella et al., 
2002). The OPA reagent was prepared by dissolving 40 mg OPA in 1 mL 
methanol, followed by the addition of 25 mL of 0.1 M sodium borate 
buffer (pH 9.85), 100 μL β-mercaptoethanol, and 2.5 mL of 20% (w/v) 
sodium dodecyl sulfate (SDS). Deionized water was then added to reach 
a final volume of 50 mL. For analysis, 4 mL of OPA reagent was mixed 
with 200 μL of the sample solution in a test tube and incubated at 35 ◦C 
for 2 min. The absorbance was recorded at 340 nm using a UV–visible 
spectrophotometer. A standard curve was generated using L-lysine so
lutions at concentrations ranging from 0.5 to 3 mM.

The degree of glycation (DG) of the SPI–SA conjugates was deter
mined according to Eq. (1): 

DG(%) =

(
C1 − Ct

C1

)

× 100 (1) 

where C₁ and Cₜ represent the free amino group content in the mixture 
before and after the Maillard reaction, respectively.

2.3.4. Emulsifying activity and stability
The emulsifying activity (EAI) and emulsion stability (ESI) of the 

SPI–SA conjugates were determined using a turbidimetric method as 
previously described (Chen & Zhang, 2023; Yi et al., 2024; Zhang et al., 
2024; Zhang, Zhang, et al., 2021). Briefly, 5 mL of soybean oil was mixed 
with 20 mL of a 0.1% (w/v) sample solution and homogenized at 12,000 
rpm for 3 min using a high-speed homogenizer to prepare the emulsion. 
A 100 μL aliquot of the fresh emulsion was diluted in 9.9 mL of 0.1% (w/ 
v) SDS solution. The emulsifying activity and stability were subse
quently calculated using Eqs. (2) and (3): 

EAI
(
m2/g

)
=

2 × 2.303 × A0 × D
C × V × W × 104

(2) 

ESI (min) =
A0 × 15
A0 − A15

(3) 

where A₀ and A₁₅ represent the absorbance of the emulsion at 500 nm 
measured at 0 and 15 min, respectively. D is the dilution factor (D =
100), C is the protein concentration (g/mL), V is the volume fraction of 
oil in the emulsion (V = 0.2), and W is the path length of the cuvette (W 
= 0.01 m).

2.3.5. Fourier transform infrared (FTIR) spectroscopy
Freeze-dried powders of SPI–SA conjugates prepared at different pH 

values (3.0, 5.0, 7.0, and 9.0) were used for FTIR analysis. The samples 
were thoroughly ground and mixed with spectroscopic-grade potassium 
bromide (KBr) at a ratio of 1:100 (w/w), and then compressed into 
transparent pellets using a hydraulic press. FTIR spectra were acquired 
using a spectrometer (Nicolet iS10, Thermo Fisher Scientific, USA) over 
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the range of 4000–400 cm− 1, with a resolution of 4 cm− 1 and 32 scans 
per sample, as described by Chen et al. (2023).

2.4. Preparation of SPI–SA-based oleogels via emulsion templating and 
hot-air drying

Oleogel preparation was carried out according to the reported 
method, with some modifications to suit the experimental conditions 
(Chen & Yang, 2019; Miao et al., 2025). Soybean oil was incorporated 
into the glycated SPI–SA conjugate solutions (5.5%, w/w) at final con
centrations of 40%, 55%, 70%, and 75% (v/v). The mixtures were ho
mogenized at 12,000 rpm for 2 min using a high-speed homogenizer to 
form fresh emulsions. The emulsions were then transferred into flat petri 
dishes and subjected to hot-air drying at 45 ◦C for 24 h. This process 
induced structural gelation of the emulsion, yielding SPI–SA-based 
oleogels with varying oil contents. Following drying, the actual oil 
content of the resulting oleogels was recalculated based on gravimetri
cally determined residual moisture and initial emulsion oil volume. 
Assuming an oil density of 0.92 g/mL, the true oil content of the dried 
oleogels was estimated to be 64.78%, 71.00%, 75.22%, and 78.34% for 
the 40%, 55%, 70%, and 75% formulations, respectively. The oleogels 
were collected and stored at room temperature (~25 ◦C) for further 
characterization.

2.5. Characterization of emulsions and oleogels

2.5.1. Average droplet size and zeta potential of emulsions
The method was the same as described in Section 2.3.2.

2.5.2. Confocal laser scanning microscopy (CLSM)
To visualize the internal network structure of the emulsion and 

oleogel, the oil phase was stained with Nile red and the aqueous phase 
with FITC. The samples were then imaged using a CLSM (LSM 900, 
ZEISS, Germany) under 565 nm and 488 nm excitation, respectively.

2.5.3. Centrifugal stability
To evaluate centrifugal stability, the freshly prepared emulsions 

were centrifuged at 5000 rpm for 30 min. The centrifugal stability (%) 
was calculated according to Eq. (4): 

Centrifugal stability (%) =
w0 − w1

w0
× 100 (4) 

where w0 is the total mass of the emulsion before centrifugation, and w1 
is the mass of the remaining gel-like phase after removal of the separated 
water and oil.

2.5.4. Rheological characterization of emulsions and oleogels
The rheological properties of emulsions and oleogels were measured 

using a rotational rheometer (MARS60, Thermofisher Scientific, Ger
many) equipped with a 40 mm parallel plate geometry and a fixed gap of 
1 mm. All measurements were performed at 25.0 ± 0.1 ◦C, and samples 
were allowed to equilibrate on the plate for 1 min before testing.

To identify the linear viscoelastic region (LVR), a strain sweep was 
first conducted at a constant frequency of 1 Hz over a strain range of 
0.1% to 100%. All subsequent dynamic measurements were performed 
within the LVR.

For steady shear measurements, the apparent viscosity of the emul
sions and oleogels was recorded over a shear rate range of 0.1 to 100 s− 1.

For frequency sweep tests, the storage modulus (G′) and loss modulus 
(G″) were determined over a frequency range of 1–10 Hz at a constant 
strain of 0.1% (within the LVR).

For creep–recovery tests, a constant shear stress of 100 μN/m2 was 
applied to the oleogel samples for 2 min to monitor time-dependent 
deformation (creep phase), followed by stress removal and a 2 min 
observation of recovery behavior.

For temperature ramp tests, the G′ and G″ of oleogels were recorded 
during a controlled heating–cooling cycle: the temperature was 
increased from 25 ◦C to 80 ◦C, held at 80 ◦C for 5 min, and then 
decreased back to 25 ◦C.

2.5.5. Oil loss measurement of oleogels during ambient storage
The oil-holding capacity of oleogels under ambient conditions was 

evaluated by monitoring oil loss over a 7-day period at room tempera
ture (~25 ◦C). Freshly prepared oleogels were placed in petri dishes and 
stored undisturbed. Every 24 h, the released oil on the surface was 
carefully removed using filter paper and weighed. The relative oil 
release rate (%) was calculated based on the initial mass of the oleogel 
according to Eq. (5): 

Oil release rate (%) = (Wr/Wi) × 100 (5) 

where Wr is the cumulative weight of the oil released at each time point, 
and Wi is the initial weight of the oleogel sample.

2.5.6. Oil loss measurement of oleogels under heating conditions
The thermal oil-holding capacity of the oleogels was assessed by 

quantifying oil loss during heating at 60 ◦C over an 8 h period. Oleogel 
samples were placed in petri dishes and transferred to a constant- 
temperature oven set at 60 ◦C. At 2 h intervals (0, 2, 4, 6, and 8 h), 
the released surface oil was gently removed and weighed. After each 
measurement, samples were returned to the oven for continued 
incubation.

The oil holding capacity (%) was calculated relative to the initial 
mass of the oleogel according to Eq. (6): 

Oil holding capacity (%) =

(

1 −
WO

Wg

)

× 100 (6) 

where Wₒ is the cumulative weight of oil released at each time point, and 
Wg is the initial weight of the oleogel.

2.5.7. Freeze-thaw stability of oleogels
The freeze–thaw stability of the oleogels was evaluated over five 

complete cycles. In each cycle, samples were stored at − 20 ◦C for 18 h, 
followed by thawing at 25 ◦C for 6 h. After each cycle, the oil released 
from the surface of the oleogel was gently removed and weighed.

The oil loss (%) for each cycle was calculated according to Eq. (7): 

Oil holding capacity (%) =

(

1 −
Wf

Wo

)

× 100 (7) 

where Wf is the weight of oil released after each freeze–thaw cycle, and 
Wo is the initial weight of the oleogel sample.

2.5.8. Texture profile analysis (TPA) of oleogels
The textural properties of the oleogels were assessed using a texture 

analyzer (Stable Micro Systems Co. Ltd., Godalming, UK) operating in 
TPA mode. A cylindrical probe (P/0.5) was used, and samples were 
equilibrated to room temperature (~25 ◦C) prior to testing. The pre-test, 
test, and post-test speeds were each set to 1.0 mm/s, with a compression 
depth of 3 mm. Measurements were conducted at room temperature, 
and each sample group was tested in triplicate to obtain hardness, 
cohesiveness, springiness, and chewiness parameters.

2.6. Spreadability measurement of oleogels

The spreadability of the oleogels was determined using a modified 
parallel-plate method as previously described by Erum et al. (2024) and 
Abdallah et al. (2021), with slight modifications. Briefy, approximately 
1.0 g of oleogel sample was placed between two parallel glass plates (10 
cm × 10 cm), and a standard weight (typically 500 g) was gently placed 
on the upper plate. After 60 s, the diameter of the spread area was 
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measured in two perpendicular directions and averaged. The spread
ability value was calculated according to Eq. (8): 

Spreadability (g • cm/s) = (m × d)/t (8) 

where m is the applied weight (g), d is the average diameter of the spread 
area (cm), and t is the time allowed for spreading (s). All measurements 
were conducted at room temperature (~25 ◦C), and each test was per
formed in triplicate.

2.7. Assessment of 3D printing fidelity and structural stability of oleogels

To evaluate the printability and shape retention of oleogels, samples 
with different oil contents (40%, 55%, 70%, and 75%) were loaded into 
a syringe-based extrusion 3D printer (FOODBOT D1, Hangzhou Shiyin 
Technology Co., Ltd., China). A standardized model, a Mickey Mouse 
head (35 mm length × 30 mm width × 5 mm height), was printed onto a 
flat acrylic substrate under room temperature (~25 ◦C) condition. Each 
formulation was printed in triplicate.

Printing accuracy was assessed by measuring the actual length, 
width, and height of each printed structure using a digital caliper 
(precision ± 0.01 mm). The mean deviation from the target dimension 
was calculated for each axis and averaged to obtain the overall dimen
sional error. Accuracy (%) was then determined according to Eq. (9): 

Accuracy (%) =

[

1 −

(
|Measured − Design|

Design

)]

× 100 (9) 

Printing stability was evaluated by monitoring shape deformation 
over 6 h at room temperature (~25 ◦C). Length, width, and height were 
recorded at 0, 2, 4, and 6 h. Shape retention was calculated based on 
dimensional change according to Eq. (10): 

Stability (%) = (Dimension t/Dimension₀) × 100 (10) 

where Dimension_t is the length, width, or height at time t, and 

Dimension₀ is the initial printed dimension.

2.8. Statistical analysis

All experiments were conducted in triplicate, and the results are 
expressed as means ± standard deviations. Statistical significance was 
assessed using analysis of variance (ANOVA), followed by Waller- 
Duncan post hoc test. Differences were considered significant at P <
0.05. All statistical analyses were performed using SPSS software 
(version 20.0; SPSS Inc., Chicago, IL, USA), and data visualizations were 
generated with Origin 2024 (OriginLab Corp., Northampton, MA, USA).

3. Results and discussion

3.1. Structural and emulsifying characteristics of SPI–SA Maillard 
conjugates prepared under different pH conditions

The SPI–SA conjugates exhibited significant variation in interfacial 
and structural properties with pH. As shown in Fig. 1B, conjugates 
prepared at pH 9 showed the smallest mean particle size (~2.7 μm), 
which is advantageous for emulsion stability due to a higher surface area 
facilitating rapid interfacial adsorption. Although the zeta potential at 
pH 9 (− 28.2 mV) was not the most negative among all groups, it 
remained within the effective electrostatic repulsion range for colloidal 
stability (typically − 30 to − 50 mV), aligning with reported findings that 
moderate surface charge combined with structural flexibility optimizes 
emulsion stabilization (Sun et al., 2022). By contrast, the non-glycated 
SPI–SA complexes at pH 9 exhibited a comparable zeta potential 
(around − 28.9 mV) but a larger particle size (~3.6 μm) (Fig. 1A). These 
results suggest that while both systems provided sufficient electrostatic 
repulsion, glycation substantially reduced particle size and enhanced 
interfacial adsorption.

The DG and BI also peaked under pH 9 (Fig. 1C), suggesting 
enhanced Maillard reactivity. The DG (~31.5%) at pH 9 falls within the 

Fig. 1. (A) Average particle size and zeta potential of SPI and SPI–SA complexes. (B) Average particle size and zeta potential of SPI–SA conjugates. (C) Degree of 
grafting and browning index of SPI–SA conjugates. (D) EAI and ESI of SPI and SPI–SA complexes. (E) EAI and ESI of SPI–SA conjugates. (F) Contact angles. Different 
letters indicate significant differences (P < 0.05).
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optimal range (30–50%) for functional modification without excessive 
protein cross-linking or polymerization, which can otherwise impair 
solubility and emulsification (Kusumastuti et al., 2024; Tao et al., 2024). 
Moderate browning, as indicated by the BI, suggests that the conjugation 
process remained controlled, consistent with effective Maillard conju
gation without overreaction.

In terms of emulsification, the pH 9 conjugate exhibited the highest 
emulsifying activity index (EAI = 56.2 m2/g) and emulsion stability 
index (ESI = 115.3 min) (Fig. 1E). These values are notably higher than 
those reported for other SPI-based conjugates such as SPI–pectin (EAI 
~49.8 m2/g) (Ma et al., 2022), SPI–ginseng polysaccharide (EAI ~31.3 
m2/g) (Tao et al., 2024), and enzymatically hydrolyzed SPI–sugar con
jugate system (EAI 44.6 m2/g) (Wang et al., 2019). The combination of 
fine particle size, optimal charge, and high DG likely synergistically 
enhanced interfacial film formation and viscoelastic stabilization, 
consistent with the hypothesis that moderate glycation improves 
emulsifier flexibility and surface activity without causing excessive 
insolubility (Sun et al., 2022). In comparison, the non-glycated SPI–SA 
complexes at pH 9 showed lower EAI and ESI values, further confirming 
that glycation substantially improved the emulsifying capacity of 
SPI–SA systems.

The contact angle measurements (Fig. 1F; SPI: 81◦, SA: 45◦; non- 
glycated SPI–SA complexes: 73.3◦; glycated SPI–SA conjugates: 82.2◦

at pH 3, 72.4◦ at pH 5, 76.0◦ at pH 7, 78.2◦ at pH 9) indicate interme
diate wettability (60–90◦), characteristic of Pickering particles (Wang 
et al., 2024). These results suggest that SPI–SA conjugates can serve as 
Pickering-type stabilizers, while still retaining protein–polysaccharide 
interfacial activity.

Taken together, the SPI–SA conjugates prepared at pH 9 exhibit the 
most favorable balance of physicochemical and interfacial properties. 
Their superior emulsifying performance and stability indicate that they 
provide a suitable foundation for further applications in HIPEs and 
oleogel structuring.

3.2. FTIR spectroscopy

FTIR spectroscopy was applied to characterize the structural changes 
of SPI–SA conjugates prepared at pH 3, 5, 7, and 9, in order to assess the 
extent of Maillard-type glycation (Fig. 2). Across all samples, a broad 
absorption band at 3200–3400 cm− 1, corresponding to the stretching 
vibrations of O–H and N–H groups, was observed. At pH 9, this band 
became broader and slightly less intense, suggesting stronger hydrogen 
bonding and possible consumption of free amino groups during conju
gation, a pattern that has been linked to early-stage Maillard reactions in 
other protein–polysaccharide systems (Boonlao et al., 2023).

Changes in the amide I (~1650 cm− 1, C––O stretching) and amide II 
(~1550 cm− 1, N–H bending) bands were also observed, especially in 
the pH 9 sample. The slight shift and reduced intensity of these peaks are 
indicative of alterations in the protein secondary structure, likely caused 
by the formation of covalent bonds between the amino groups of SPI and 
the carbonyl groups of SA. These spectral features are consistent with 
previous FTIR characterizations of Maillard-conjugated pro
tein–polysaccharide conjugates (Hussain et al., 2024; Li, Huang, et al., 
2025).

Furthermore, increased intensity in the 1030–1070 cm− 1 region, 
associated with C–O–C stretching of glycosidic bonds, was more pro
nounced in the pH 9 conjugate, supporting the hypothesis that more 
sugar residues were successfully grafted. Combined with the highest DG 
(32.5%) and BI observed at this pH, these spectral trends confirm that 
Maillard reactions proceeded more efficiently under mildly alkaline 
conditions.

Overall, the FTIR results provide molecular-level evidence that gly
cation between SPI and SA was more extensive at pH 9. These findings 
support the selection of the pH 9 conjugate as the optimal emulsifier 
precursor in subsequent HIPE and oleogel fabrication.

3.3. Physicochemical stability of emulsions

The physicochemical stability of emulsions plays a critical role in 
determining their suitability for downstream processing into oleogel 

Fig. 2. FTIR spectra.
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systems. Here, we systematically evaluated the impact of oil content 
(40–75%) on droplet size, zeta potential, and centrifugal stability of 
SPI–SA-based emulsions (Fig. 3).

As the oil content increased from 40% to 75%, a progressive increase 
in average droplet size was observed (from ~2.6 μm to ~6.9 μm). This 
trend aligns with classical emulsion theory: at higher internal phase 
volume fractions, limited aqueous continuous phase and surfactant lead 
to less efficient oil droplet dispersion and larger droplet formation.

The zeta potential values ranged from − 37.4 to − 43.2 mV, with 
emulsions at 70% and 75% oil exhibiting the highest surface charge 
(− 42.1 and − 43.2 mV, respectively). These values surpass the − 30 mV 
threshold commonly associated with electrostatic stabilization (Djerdjev 
& Beattie, 2008), suggesting robust repulsive forces between droplets 
and reduced aggregation risk. However, while smaller droplet size 
typically correlates with improved kinetic stability, the strong zeta po
tential of the larger-droplet emulsions at 70% and 75% may offset their 
size disadvantage by preventing coalescence.

Centrifugal testing revealed a significant increase in emulsion sta
bility with higher oil content: from 85.2% at 40% to 98.4% at 75%. This 
result may be attributed to the transition into high internal phase 
emulsion (HIPE) regime (>74% oil), where densely packed droplets 
form a pseudo-solid network that resists phase separation under cen
trifugal force (Roland et al., 2003). Similar behavior has been reported 
in emulsions stabilized by polymeric interfaces or dense droplet packing, 
where structural rigidity compensates for lower aqueous phase mobility 
(Onaizi, 2022).

Interestingly, although the 40% emulsion showed the smallest 
droplet size, it had the weakest centrifugal stability. This supports 
findings by Carasso et al., who emphasized that surface charge magni
tude, rather than droplet size alone, is a more reliable predictor of 
emulsion stability under stress (Carasso et al., 1995). Collectively, the 
data indicate that SPI–SA emulsions with 70–75% oil content strike a 

favorable balance between interfacial charge, droplet size, and me
chanical stability. These attributes are essential for maintaining emul
sion integrity during subsequent thermal drying, positioning these 
formulations as optimal templates for stable oleogel development.

3.4. Microstructure of emulsions and oleogels observed by CLSM

The microstructures of emulsions and the corresponding oleogels 
prepared with varying oil contents (40% to 75%) were visualized by 
CLSM (Fig. 4). As the oil content increased, striking differences in 
droplet morphology and spatial organization were observed, which 
directly relate to emulsion stability and suitability for oleogel formation.

In emulsions with lower oil contents (40% and 55%), oil droplets 
were mostly spherical, loosely distributed, and exhibited noticeable 
polydispersity. The inter-droplet spacing was large, and only partial 
interfacial coverage was observed under CLSM, suggesting a discontin
uous network and limited steric stabilization. These characteristics 
imply lower physical stability and reduced resistance to structural 
rearrangement or coalescence during gelation or drying processes. 
Similar observations have been reported in emulsions stabilized with 
under-packed droplet phases (Zhang, Cheng, et al., 2021).

In contrast, the 70% and 75% emulsions displayed typical HIPE 
microstructures, featuring closely packed, often polygonal droplets with 
minimal continuous phase. The CLSM images revealed clear interfacial 
layers between neighboring droplets, forming a compact and jammed 
droplet network. These features are known to enhance emulsion sta
bility by restricting droplet mobility and promoting gel-like rheological 
behavior (Leng et al., 2022).

The observed dense droplet packing and interfacial continuity in the 
70% and 75% emulsions are consistent with their high ESI and low oil 
separation rate. Importantly, this spatial structure offers a favorable 
physical framework for the construction of self-supporting oleogels. 

Fig. 3. (A) Inverted morphology of emulsions with different oil contents. (B) Average droplet size and zeta potential of emulsions with different oil contents. (C) 
Centrifugal stability of emulsions with different oil contents. Different letters represent a significant difference (P < 0.05).
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Previous studies have shown that emulsions with HIPE-like architec
tures serve as ideal templates for gelation due to their inherent visco
elasticity and minimal phase separation (Pan et al., 2025).

After hot-air drying, the emulsions transformed into oleogels with 
more compact and continuous networks, where oil droplets were closely 
packed and embedded within the SPI–SA matrix. At higher oil contents 
(70% and 75%), the oleogels exhibited a denser droplet network with 
reduced void spaces, indicating improved structural integrity and oil- 
holding capacity.

3.5. Rheological behavior of emulsions

The rheological profiles of emulsions with different oil contents 
(40%, 55%, 70%, 75%) were investigated through oscillatory frequency 
sweep and steady-state shear tests to evaluate their viscoelastic prop
erties and shear behavior (Fig. 5). All emulsions exhibited solid-like 
viscoelastic behavior, with G′ consistently higher than G″ across the 
frequency range, and demonstrated shear-thinning behavior, charac
teristic of structured emulsions.

Specifically, G′ values increased significantly with oil content. At 
75% oil loading, the emulsion exhibited the highest G′ (>103 Pa), sug
gesting enhanced structural integrity due to droplet crowding and 
jamming in HIPEs. This phenomenon aligns with previous findings 
indicating that increasing the dispersed phase volume enhances elastic 
modulus and yield stress due to droplet deformation and close packing 
(Pal, 2006).

The tan δ values (G″/G′) of emulsions with different oil contents 
(Table 1) further confirmed the dominance of elastic behavior in 70% 
and 75% emulsions, remaining below 0.15 across most frequencies, 
indicating strong gel-like characteristics desirable for oil gel precursor 
systems (Tripathi et al., 2017). In contrast, the 40% emulsion exhibited 
much lower G′ and higher tan δ, indicating a weaker structure with 
predominantly viscous behavior, unsuitable for further gel formation.

Steady shear tests (Fig. 5D) revealed that all samples displayed 
pronounced shear-thinning behavior, typical of structured emulsions. 

Viscosity dramatically decreased with increasing shear rate, particularly 
for the 70% and 75% systems. These emulsions also possessed the 
highest zero-shear viscosity, implying greater resistance to flow under 
low stress, a favorable attribute for structural stability and subsequent 
oil gelation (Welch et al., 2006).

Notably, the 70% emulsion showed a superior balance of elasticity, 
moderate viscosity, and low tan δ, this suggests that it combines struc
tural rigidity with controllable flow behavior, both of which are bene
ficial for downstream oleogel processing. The 75% emulsion, although 
highly elastic and viscous, may be prone to slightly reduced homoge
neity due to excessive internal phase crowding, potentially affecting 
surface smoothness after drying. This is consistent with reports that 
overly concentrated HIPEs may exhibit irregular microstructures or 
localized phase inversion when exceeding optimal packing limits (Ling 
et al., 2024; Zou et al., 2019).

3.6. Rheological evolution from emulsions to oleogels

To evaluate the mechanical performance of SPI–SA oleogels derived 
from high internal phase emulsions HIPEs, we conducted comprehen
sive rheological assessments including frequency sweep, shear flow, 
temperature ramp, and creep recovery tests (Fig. 6). The data revealed a 
consistent increase in viscoelastic properties with rising oil content 
(from 40% to 75%), indicating superior network integrity in high-oil 
formulations. This behavior aligns with recent studies demonstrating 
that oleogels with higher internal phase fractions typically show 
enhanced stiffness and stability due to tighter droplet packing and more 
continuous network formation (Shang et al., 2023).

The G′ and G″ of all samples were frequency-independent, suggesting 
solid-like gel behavior. Both G′ and G″ increased significantly with oil 
content. The 70% and 75% oleogels exhibited the highest G′ values 
(above 1000 Pa), reflecting robust network formation and structural 
rigidity. This trend mirrors observations in HIPE-derived oleogels where 
viscoelasticity improves due to the formation of a highly percolated 
droplet structure (Zheng et al., 2023).

Fig. 4. CLSM images of emulsions (A) and oleogels (B) with different oil contents. Scale bar: 10 μm.
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Moreover, the tan δ values of 70% and 75% oleogels (Table 2) 
remained below 0.15, indicating the dominance of elastic behavior. 
Such tan δ values are consistent with findings from Zhang et al. (2022), 
who reported that tan δ < 0.1 is characteristic of strong, weak gels with 
high deformation resistance.

All oleogels displayed typical shear-thinning behavior. Notably, 70% 
and 75% oleogels demonstrated the highest initial viscosity (>9000 
Pa⋅s), with a steep decline under increasing shear rate, implying efficient 
structural breakdown under external stress. Such rheo-fluidifying char
acteristics are advantageous for applications requiring spreadability or 
extrusion (e.g., 3D printing), as highlighted by Wang, Huang, et al. 
(2023).

The creep-recovery tests indicated that the 70% and 75% oleogels 
had better recoverability, reflecting greater resistance to long-term 
deformation. Furthermore, during the temperature sweep (25 ◦C → 
80 ◦C → 25 ◦C), 75% oleogels maintained a relatively high G′ 
throughout, indicating superior thermal robustness. Similar results were 
seen in caseinate- or polysaccharide-stabilized HIPE systems where high 
oil fractions conferred enhanced thermal stability through tightly 
packed droplet interfaces (Chen et al., 2017).

Compared to their precursor emulsions, the SPI–SA-based oleogels 
exhibited a marked transition in rheological behavior, characterized by 
a substantial increase in storage modulus, loss modulus, and apparent 
viscosity. For instance, at identical frequency and strain conditions, the 
G′ of 70% and 75% oil content oleogels increased by nearly an order of 
magnitude relative to their emulsion counterparts, indicating a denser 
and more elastic network structure. This enhancement is attributed to 

the water removal during drying, which facilitates droplet crowding and 
promotes the formation of a continuous inter-droplet pro
tein–polysaccharide matrix. Similar gelation-enhancing effects upon 
emulsion dehydration have been reported in high internal phase systems 
stabilized by polysaccharide–protein complexes (Sun et al., 2023). 
Moreover, the reduction in tan δ values in the gels highlights a shift from 
predominantly viscoelastic to more elastic, solid-like behavior, critical 
for ensuring post-processing shape retention and mechanical stability.

3.7. Stability of SPI–SA oleogels under ambient, thermal, and 
freeze–thaw conditions

3.7.1. Room-temperature oil loss
The oil release behavior of oleogels over seven days at ambient 

storage revealed a clear oil content-dependent trend (Fig. 7). The 40% 
oil system exhibited a steep rise in oil release, reaching ~16% by day 7, 
whereas the 70% and 75% oleogels retained over 95% of oil content 
throughout. The enhanced oil-holding performance of higher oil content 
gels may be attributed to a denser droplet packing and a more contin
uous 3D network structure that restricts oil diffusion.

Similar results were reported by Zhang, Lu, et al. (2021), who 
demonstrated that increased internal phase fractions in oleogel-based 
HIPEs led to improved thermodynamic stability and suppressed oil 
migration during storage. This suggests that in our system, the SPI–SA- 
stabilized high internal phase structure provides robust interfacial 
resistance and capillary forces that hinder oil coalescence and leakage.

Fig. 5. Effect of oil content on the rheological behavior of emulsions. (A–C) Frequency sweep. (D) Apparent viscosity.
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3.7.2. Thermal stability
Under accelerated thermal stress (60 ◦C), all oleogels showed some 

oil separation, but again, the 70% and 75% gels performed significantly 
better, with oil release remaining below 10% after 8 h (Fig. 8). This 
superior thermal stability likely arises from a combination of stronger 
viscoelasticity (Fig. 6D) and thermally resilient protein–polysaccharide 
interfacial layers.

Xu et al. (2024) found that reinforcing protein networks and inter
facial film integrity in HIPEs substantially reduced thermally induced 

droplet coalescence and oil egress during heating cycles. Our data sup
ports this conclusion, where the oil-retention efficiency at elevated 
temperatures increases with internal oil phase fraction.

3.7.3. Freeze-thaw stability
The freeze–thaw performance, evaluated over five cycles, again 

underscored the superiority of 70% and 75% oleogels (Fig. 9). These 
formulations retained more than 85% of their original oil after five 

Table 1 
Tan δ values of emulsions with different oil contents at various frequencies.

Frequency 
(Hz)

Oil content

40% 55% 70% 75%

0.10
0.267 ±
0.006a

0.172 ±
.0355a

0.102 ±
0.003a

0.097 ±
0.007a

0.15 0.252 ±
0.021ab

0.159 ±
0.013a

0.099 ±
0.009a

0.080 ±
0.007b

0.22
0.217 ±
0.014c

0.143 ±
0.010a

0.071 ±
0.036ab

0.078 ±
0.004b

0.32
0.218 ±
0.005c

0.148 ±
0.015a

0.091 ±
0.003ab

0.078 ±
0.003b

0.464
0.235 ±
0.008bc

0.147 ±
0.014a

0.092 ±
0.001ab

0.077 ±
0.009b

0.68 0.232 ±
0.012bc

0.153 ±
0.002a

0.093 ±
0.007ab

0.075 ±
0.003b

1
0.236 ±
0.011bc

0.157 ±
0.002a

0.091 ±
0.001ab

0.076 ±
0.001b

1.47
0.216 ±
0.007c

0.160 ±
0.002a

0.091 ±
0.001ab

0.078 ±
0.001b

2.15 0.185 ±
0.009d

0.161 ±
0.001a

0.092 ±
0.004ab

0.080 ±
0.002b

3.16 0.169 ±
0.012d

0.161 ±
0.001a

0.093 ±
0.001ab

0.082 ±
0.002b

4.64
0.120 ±
0.008e

0.149 ±
0.012a

0.090 ±
0.003ab

0.081 ±
0.002b

6.81
0.078 ±
0.015f

0.110 ±
0.017b

0.084 ±
.0065ab

0.076 ±
0.008b

10 0.030 ±
0.014g

0.083 ±
0.013b

0.064 ±
0.005b

0.071 ±
0.007b

Data are presented as mean ± SD. Different superscript letters within the same 
column indicate significant differences between groups (P < 0.05).

Fig. 6. Effect of oil content on the rheological behavior of oleogels. (A–C) Frequency sweep. (D) Apparent viscosity. (E–F) Temperature sweep. (G) Creep 
and recovery.

Table 2 
Tan δ values of oleogels with different oil contents at various frequencies.

Frequency 
(Hz)

Oil content

40% 55% 70% 75%

0.10
0.192 ±
0.010ab

0.179 ±
0.068a

0.163 ±
0.044a 0.127 ± 0.005a

0.15 0.225 ±
0.048a

0.134 ±
0.044ab

0.108 ±
0.005b

0.106 ±
0.015bcd

0.22 0.184 ±
0.006b

0.109 ±
0.013b

0.103 ±
0.001b 0.100 ± 0.006d

0.32
0.162 ±
0.008b

0.104 ±
0.004b

0.102 ±
0.001b 0.102 ± 0.007d

0.464
0.161 ±
0.008b

0.107 ±
0.011b

0.100 ±
0.002b 0.101 ± 0.005d

0.68 0.159 ±
0.007b

0.108 ±
0.011b

0.117 ±
0.032b

0.103 ±
0.004cd

1 0.161 ±
0.009b

0.102 ±
0.013b

0.100 ±
0.003b

0.106 ±
0.006cd

1.47
0.163 ±
0.011b

0.106 ±
0.012b

0.103 ±
0.004b

0.105 ±
0.006cd

2.15
0.166 ±
0.004b

0.114 ±
0.003ab

0.105 ±
0.001b

0.111 ±
0.002bcd

3.16 0.172 ±
0.005b

0.115 ±
0.006ab

0.107 ±
0.001b

0.115 ±
0.003abc

4.64 0.179 ±
0.001b

0.124 ±
0.005ab

0.110 ±
0.004b

0.120 ±
0.004ab

6.81
0.175 ±
0.001b

0.118 ±
0.012ab

0.113 ±
0.003b

0.122 ±
0.003ab

10
0.167 ±
0.002b

0.112 ±
0.003b

0.109 ±
0.003b

0.120 ±
0 .003ab

Data are presented as mean ± SD. Different superscript letters within the same 
column indicate significant differences between groups (P < 0.05).
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cycles, while the 40% system dropped below 70%. This can be attributed 
to the reduced free water and stronger network entrapment in high-oil 
gels, which minimized phase separation caused by ice crystal damage.

Li, Su, et al. (2025) reported that freeze–thaw resilience in HIPEs 
improved with increased internal oil fraction and robust interfacial as
sembly, which minimized structural breakdown upon ice melting. 
Similarly, Hu et al. (2023) showed that HIPEs with higher oil loadings 
preserved network integrity and volatile retention better over repeated 
freezing cycles.

Overall, the SPI–SA oleogels with 70% and 75% oil content 
demonstrate superior structural integrity and oil retention across diverse 
environmental stresses, underscoring their potential in applications 
requiring long-term and thermal stability.

These findings demonstrate that increasing oil content to 70–75% 
not only enhances the rheological properties of SPI–SA oleogels but also 
imparts superior stablity under ambient, thermal, and freeze–thaw 
conditions. This confirms the potential of high-oil HIPE-derived oleogels 
as robust fat alternatives for thermally or mechanically demanding food 
applications.

3.8. Textural properties of oleogels

Textural analysis revealed a consistent enhancement in mechanical 
robustness of SPI–SA oleogels with increasing oil content from 40% to 
75% (Fig. 10A–F). Hardness, resilience, cohesiveness, gumminess, and 
chewiness all increased significantly with oil content (P < 0.05), sug
gesting that the higher oil fraction contributed to the formation of a 
more densely packed and structurally continuous gel network. The 
hardness rose from 30.4 g (40%) to 138.1 g (75%), and chewiness fol
lowed a similar trend, indicating stronger intermolecular interactions 
and a stiffer three-dimensional matrix as oil loading increased.

These results are consistent with previous findings demonstrating 
that elevated oil content within oleogel matrices can improve elasticity 
and firmness due to denser droplet packing and enhanced droplet–
droplet interactions (Palla et al., 2017). In HIPEs, this behavior is 
attributed to the formation of a space-filling droplet network that 
transitions into a gel-like material upon dehydration (Wang, Jayani, 
et al., 2023).

Interestingly, springiness remained relatively stable across formula
tions (~80–85%), indicating that despite increased rigidity, the material 
maintained its ability to recover after deformation. This balance be
tween firmness and elasticity is particularly relevant for applications 
requiring spreadability and shape retention, such as 3D printing or as 
functional lipid carriers in food matrices (Leahu et al., 2025).

Fig. 7. Storage stability of oleogels at room temperature. (A) Visual appearance of oleogels after 7 days of storage. (B) Oil loss rate of oleogels during storage at room 
temperature. Different letters represent a significant difference (P < 0.05).

Fig. 8. Oil holding capacity of oleogels after heating. Different letters represent 
a significant difference (P < 0.05).

Fig. 9. Oil holding capacity of oleogels after five freeze–thaw cycles.
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The improved texture of the 70% and 75% oleogels correlates with 
their superior rheological and oil-holding performance, supporting the 
hypothesis that increased oil content leads to tighter network packing 
without compromising functional integrity. This supports previous 
claims that high oil fraction can improve both mouthfeel and physical 
stability, depending on the emulsifier and drying approach used 
(Martínez-Velasco et al., 2024).

3.9. Spreadability assessment of oleogels

Spreadability is an essential indicator of the functional performance 
of semi-solid lipid systems, particularly those intended for applications 
such as plant-based spreads or fat substitutes. In this study, SPI–SA 
emulsion-templated oleogels exhibited spreadability indices ranging 
from 33.2 to 41.1 g⋅cm/s (Fig. 11), with all formulations demonstrating 
favorable values within the typical range for food-grade spreads 
(Abdallah et al., 2021). The highest spreadability was observed in the 
40% (41.1 ± 0.3 g⋅cm/s) and 55% (39.5 ± 0.2 g⋅cm/s) oil content gels, 
which likely benefit from a looser gel network and lower resistance to 
deformation under applied shear. As oil content increased to 70% and 
75%, spreadability values slightly decreased (33.2 and 37.4 g⋅cm/s, 
respectively), reflecting the formation of denser, more cohesive internal 
structures, consistent with their enhanced textural strength and rheo
logical profiles. However, these values still fall within the acceptable 
spreadability range reported for oleogel-based food spreads. For com
parison, Bascuas et al. (2021) reported that chocolate spreads formu
lated with hydrocolloid-based oleogels showed comparable consumer- 
accepted spreadability and sensory properties when coconut oil was 
partially replaced by sunflower oil-based oleogels. Likewise, Tirgarian 
et al. (2023) observed that water-in-oleogel emulsions used in reduced- 
fat chocolate spreads maintained spreadability similar to the full-fat 
commercial references.

3.10. 3D printing accuracy and structural stability of oleogels

To evaluate the practical structuring capacity of the SPI–SA-based 
oleogels, their 3D printability was assessed across different oil contents 

(Fig. 12). Key performance indicators included dimensional accuracy, 
shape stability over time, and visual resolution of the printed models. 
Based on our printing results (Table 3), the 55% oleogel showed the 
highest dimensional accuracy (97.47 ± 0.51%), enabling precise layer 
stacking and high shape fidelity. This is consistent with previous find
ings where moderate-viscosity emulsions exhibit better flow control 
during extrusion-based printing (Qiu et al., 2023).

The 70% oleogel displayed the best shape stability over 6 h (99.10 ±
0.17%), with minimal dimensional shrinkage. This outcome is sup
ported by its well-balanced rheological properties (high G′, low tan δ), 
dense microstructure, and low oil release.

Although the 75% sample demonstrated high cohesiveness and 

Fig. 10. Textural properties of oleogels. (A) Hardness. (B) Resilience. (C) Cohesiveness. (D) Springiness. (E) Gumminess. (F) Chewiness. Different letters represent a 
significant difference (P < 0.05).

Fig. 11. Spreadability of oleogels with different oil contents. Different letters 
represent a significant difference (P < 0.05).
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viscoelastic strength, it exhibited slightly lower accuracy (96.90 ±
0.42%) and a rougher surface finish. This may be attributed to excessive 
lubrication effects caused by higher oil content, which can reduce fila
ment fusion and increase surface irregularity during deposition. This 
trade-off is consistent with earlier reports showing that excessive fluidity 
at very high oil loadings can compromise surface smoothness and line 
precision (Shang et al., 2023).

Together, these results suggest a complementary relationship be
tween oil content and 3D printing behavior: 55% gel offers superior 
geometric precision, 70% gel provides optimal shape retention and 
mechanical stability, 75% gel exhibits strong internal strength but re
quires flow control to ensure surface quality. This aligns with recent 
literature emphasizing the balance between viscoelasticity, recovery, 
and droplet network structure in designing oleogel-based 3D printing 
inks (Kan et al., 2023).

4. Conclusions

This study presents a clean-label strategy for structuring unsaturated 
plant oils into highly stable oleogels via emulsion-templated gelation. By 
utilizing glycation-enhanced SPI–SA protein–polysaccharide conjugates, 
we successfully constructed high internal phase emulsions with oil 
contents up to 78.34%, which were transformed into oleogels through 

mild hot-air drying. The resulting oleogels exhibited solid-like rheo
logical behavior, excellent structural stability under ambient, thermal, 
and freeze–thaw conditions, and desirable functional attributes such as 
spreadability and 3D printability. Notably, increasing oil content 
enhanced the gel’s oil-holding capacity and network integrity, with the 
70% formulation demonstrating optimal performance in shape reten
tion. These findings offer new insights into the design of high-oil, plant- 
based fat replacers and provide a promising framework for future ap
plications in personalized nutrition, food printing, and healthy lipid 
structuring.
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