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1. Introduction

Food gels, typically formulated from proteins, polysaccharides, and lipids, are vis-
coelastic systems capable of entrapping water (hydrogels), oil (oleogels), and air (aero-gels)
within their three-dimensional networks [1]. These gels play a crucial role in modern food
formulation and production due to their versatile functional properties, including tailoring
the structure of food to achieve a desired appearance, sensory attributes, and textures;
incorporating bioactive compounds with high physicochemical stability and bioavailability;
enabling the creation of customized food shapes via 3D printing; serving as fat replacers
to reduce excessive saturated fatty acid, cholesterol, and calorie intake; and stabilizing
metastable food structures and extending their shelf life [1–3]. The rational design of food
gels can therefore enhance not only food quality and modification, but also its nutritional
and health benefits. However, due to their inherent complexity compared to synthetic poly-
mer gels, the relationships between material selection, fabrication strategies, microstructure,
and mechanical and functional properties remain insufficiently understood in specific food
systems. Moreover, as scientific research often overlooks practical considerations, bridging
the gap between theory and application represents a critical challenge in scaling up the
production of innovative gel-based foods with enhanced characteristics and functionalities.

This Special Issue comprises recent advancements in food gel technology and their
applications across multiple domains, encompassing surimi-based seafood analogs that
demand mechanically robust networks and dairy products requiring high emulsification
stability and efficient nutrient integration. The innovation of composite gels, which in-
corporate bioactive components such as enzymatic crosslinkers (e.g., transglutaminase),
polysaccharides (e.g., cassia bean gum and soy protein isolate), and nutritional fortificants
(e.g., omega-3 fatty acids and iron microcapsules), has further expanded their functional
capabilities and health-promoting potential. The research landscape encompasses critical
advancements, including low-salt surimi gelation strategies utilizing amino acid supple-
ments and high-pressure processing, emulsion restructuring in milk via homogenization
and ultrasonic treatment, and the design of double emulsions (W1/O/W2) for enhanced
nutrient encapsulation. Moreover, it addresses emerging sustainable resource utilization
approaches, such as gelatin extraction from underutilized raw materials (e.g., Yanbian
cattle bones, and crayfish muscle), biotherapeutic delivery through protein–polysaccharide
complexes, and advanced processing technologies like microfluidization and membrane
emulsification to improve texture and stability.

Gels 2025, 11, 886 https://doi.org/10.3390/gels11110886
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The multidisciplinary nature of food gel research requires the integration of protein
science, colloidal chemistry, process engineering, and nutritional biology. This interdisci-
plinary synergy has resulted in significant advances in understanding inter-component
interactions, optimizing mechanical properties for targeted food matrices, and develop-
ing innovative crosslinking strategies that improve functionality without compromising
nutritional quality. Through these developments, food gels continue to pioneer the cre-
ation of next-generation food products that support global health and environmental
sustainability goals.

2. Overview of Papers Published in This Special Issue

This Special Issue, “Food Gels: Fabrication, Characterization, and Application”, brings
together nine research articles and two review papers highlighting recent advancements in
food gels in terms of their fabrication, characterization, and application. These contributions
explore innovative synthesis methods, novel material properties, and diverse applications
in products including milk, margarines, Surimi, meat, and bioactive delivery systems.

The study “A Comparative Study of Soy Protein Isolate-κ-Carrageenan Emulsion
Gels and Bigels for the Encapsulation, Protection, and Delivery of Curcumin” by Gray
et al. examines curcumin delivery performance across soy protein isolate-κ-carrageenan
emulsion gels and bigels incorporating glycerol monostearate. The research demonstrates
that bigels with optimized glycerol monostearate content significantly enhance curcumin
stability and controlled release profiles compared to emulsion gels. Bigels exhibited su-
perior curcumin retention during storage and delayed gastric release while promoting
intestinal liberation through improved lipolysis. The findings highlight bigels’ structural
advantages for hydrophobic polyphenol delivery in functional food applications.

The study “Improvement of Gel Properties of Nemipterus virgatus Myofibrillar Protein
Emulsion Gels by Curdlan” by Wu et al. examines the enhancement of emulsion gel prop-
erties through the incorporation of curdlan (Cur) into myofibrillar protein (MP) matrices
and its application in emulsified surimi. The research demonstrates that Cur, primarily
interacting with MP via hydrogen bonding, promotes the formation of a uniform and dense
composite network structure, significantly improving adsorption capacity at the oil/water
interface. At an optimal concentration of 6% (w/v), Cur substantially enhances the gel’s
hardness, strength, water-holding capacity, and viscoelastic properties. Furthermore, the
application of Cur/MP emulsion gels in surimi products outperforms direct oil addition,
yielding superior texture, gel strength, and water retention. These findings advance the
development of protein–polysaccharide emulsion gels and highlight their potential as
functional fat substitutes in seafood products.

The study “Encapsulation of Lactobacillus reuteri in Chia-Alginate Hydrogels for Whey-
Based Functional Powders” by Cid-Córdoba et al. examines the efficacy of electrohydrody-
namic atomization (EHDA) and drip mode (DM) encapsulation techniques for protecting
Lactobacillus reuteri DSM 17938 within chia mucilage–sodium alginate hydrogels, and their
integration into whey-based functional beverage powders. Both EHDA and DM achieved
a high encapsulation efficiency (99.0%) and maintained bacterial viability above 9.9 log10

CFU/mL post-lyophilization, demonstrating the hydrogel’s exceptional protective capac-
ity. Microstructural analysis revealed well-preserved cell morphology and homogeneous
distribution within the polymer matrix, with SEM images confirming spherical, porous
microcapsules with surface characteristics influenced by the encapsulation method.

The study “Development, Characterization, and Stability of Margarine Containing
Oleogels Based on Olive Oil, Coconut Oil, Starch, and Beeswax” by Naves et al. examines
the formulation of margarines using oleogels structured with extra virgin olive oil, coconut
oil, corn starch, and beeswax as alternatives to conventional saturated and trans-fat-rich
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spreads. Their key findings reveal that oleogel-based margarines exhibit higher melting
temperatures (46–49 ◦C) and broader melting ranges due to beeswax’s structuring abilities,
alongside lower enthalpy values (1.9–2.8 mW) attributed to the higher unsaturated oil
content. A color analysis showed a distinct greenish hue from the olive oil, contrasting
with commercial samples. Crucially, the oleogel margarines displayed superior thermal
stability, resisting oil exudation during thermal cycling, while their commercial counter-
parts suffered phase separation. The microstructural differences included larger, irregular
water droplets in the oleogels, yet their oxidative stability remained acceptable (peroxide
values ≤ 9.73 mEq O2/kg) owing to olive oil’s natural antioxidants. This research confirms
the viability of oleogel-based margarines as functional, healthier options with enhanced
thermal performance, oxidative resistance, and reduced saturated fat content.

The paper “Development and Application of Anthocyanin-Based Complex Polysac-
charide Gels Based on Blueberry Pomace for Monitoring Beef Freshness” by Zhi et al.
examines the fabrication of pH-responsive gels using anthocyanins extracted from blue-
berry pomace incorporated into chitosan/polyvinyl alcohol (CS/PVA) and starch/PVA
(S/PVA) matrices for real-time beef freshness monitoring. The study demonstrated that
CS/PVA-BA gels achieved optimal elongation at break (high flexibility), low hydration
(8.33% water content), and potent antioxidant activity, while S/PVA-BA gels exhibited supe-
rior tensile strength and enhanced pH-sensitive colorimetric responses. Structural analyses
confirmed molecular compatibility through hydrogen bonding between anthocyanins and
polymer networks. Applied to chilled beef storage at 4 ◦C, the gels displayed visible color
transitions from magenta-red (initial spoilage at 48 h) to bluish-gray (advanced spoilage by
day 6), correlating with biochemical spoilage markers (TVB-N > 15 mg/100 g, TVC > 4.0
lg CFU/g). These findings establish a multifunctional platform for intelligent packaging
that integrates real-time freshness indication with antioxidant protection, highlighting the
potential of waste-derived anthocyanins in sustainable food safety solutions.

The paper “A Mathematical Model of Myosin Heavy Chain Dynamics in the Disin-
tegration of Golden Threadfin Bream Nemipterus virgatus Surimi Gel” by Nakamizo et al.
investigates the disintegration mechanism of surimi gel in golden threadfin bream, a species
characterized by low transglutaminase activity and high protease activity at elevated tem-
peratures. The study focuses on the competition between non-enzymatic polymerization
and proteolytic degradation of myosin heavy chain (MHC), a key protein governing gel
network formation. Using a kinetic model based on SDS-PAGE analysis of MHC dynamics
during heating at 60 ◦C, the research demonstrates that the model accurately captures
MHC depletion, revealing significant degradation of both unpolymerized and polymerized
MHC. This degradation directly correlates with the reduced mechanical strength of the
gel, highlighting the role of proteolytic activity in gel disintegration. The mathematical
framework provides a predictive tool for optimizing heating conditions and controlling the
surimi gel’s properties, facilitating the application of underutilized fish species in surimi
processing. This work advances the understanding of protein dynamics in food gels and
offers practical strategies for improving the quality of seafood products.

The paper “High-Quality Application of Crayfish Muscle in Surimi Gels: Fortification
of Blended Gels by Transglutaminase” by Wang et al. investigates the integration of crayfish
muscle (0–10%) into silver carp surimi gels and the compensatory role of transglutaminase
(TGase) in mitigating structural deterioration. The study demonstrates that crayfish muscle
incorporation without TGase progressively reduced the gel’s strength, water-holding capac-
ity (WHC), and structural homogeneity due to disrupted hydrogen bonding, hydrophobic
interactions, and disulfide bond formation, as evidenced by decreased whiteness, increased
porosity, and free water migration. Conversely, 0.6% TGase addition counteracted these
effects by catalyzing ε-(γ-Glu)-Lys crosslinks, enhancing protein aggregation, and pro-
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moting shifts in secondary structures from α-helices to β-turns, resulting in denser gel
networks, improved WHC, and restored mechanical properties, even at 7.5% crayfish inclu-
sion. TGase-mediated restructuring optimized water distribution and reduced electrostatic
repulsion, facilitating disulfide bond formation despite the activity of crayfish-derived
proteases. This synergy enables utilization of high-value crayfish byproducts in surimi
products, offering a strategy to enhance texture, moisture retention, and sustainability in
seafood processing.

The paper “Physicochemical and Functional Properties of Yanbian Cattle Bone Gelatin
Extracted Using Acid, Alkaline, and Enzymatic Hydrolysis Methods” by Zhang et al.
examines the extraction efficiency, structural integrity, and functional performance of
gelatin derived from Yanbian cattle bones using three distinct methods: acid hydrolysis
(with hydrochloric acid), alkaline hydrolysis (with sodium hydroxide), and enzymatic
hydrolysis (with papain). The study demonstrated that enzymatic hydrolysis with papain
achieved the highest yield (25.25%) and optimally preserved collagen’s native structure,
resulting in superior hydroxyproline content (19.13 g/100 g), gel strength (259 g), viscosity
(521.67 cP), and thermal stability compared to acid and alkaline methods. Structural
analyses confirmed that papain extraction minimized protein degradation and maintained
the triple-helical conformation, while the amino acid composition revealed enhanced levels
of functional residues (e.g., glycine, proline, and hydroxyproline). These findings highlight
enzymatic hydrolysis as a mild and efficient approach for producing high-quality, halal-
compliant gelatin from underutilized bone byproducts, offering a sustainable alternative
for food, pharmaceutical, and biomedical applications.

The paper “Preparation of Cassia Bean Gum/Soy Protein Isolate Composite Matrix
Emulsion Gel and Its Effect on the Stability of Meat Sausage” by Zou et al. examines the
development and application of emulsion gels formulated with soy protein isolate (SPI) and
varying concentrations of cassia bean gum (CG) (0–2%) as fat substitutes in meat sausages.
The study demonstrated that emulsion gels with 1.75% CG concentration exhibited optimal
structural properties, including the highest gel strength (586.91 g), elasticity (0.94 mm),
chewiness (452.94 mJ), water-holding capacity (98.45%), and thermal stability, attributed to
enhanced hydrogen bonding and a compact, homogeneous microstructure. When applied
as fat replacers in meat sausages, the 1.75% CG/SPI emulsion gel at a 50% substitution level
maintained cooking loss, emulsification stability, color, texture, and antioxidant activity
comparable to full-fat sausages, while also improving freeze–thaw stability. These findings
highlight the potential of CG/SPI emulsion gels as effective fat alternatives for producing
low-fat meat products with preserved quality and enhanced functional properties.

The review “Surimi and Low-Salt Surimi Gelation: Key Components to Enhance the
Physicochemical Properties of Gels” by Walayat et al. examines strategies to mitigate the
textural deterioration of surimi gels in low-salt (reduced NaCl) formulations, focusing on
the role of gelation enhancers such as microbial transglutaminase, polyphenols, phosphates,
hydrocolloids, amino acids (e.g., L-arginine, L-lysine), and plant/animal proteins. The
study demonstrates that these additives compensate for reduced salt by promoting protein
crosslinking, hydrogen bonding, and hydrophobic interactions, thereby improving gel
strength, water-holding capacity, and structural integrity. Notably, specific amino acids
and protein combinations effectively maintained the properties of the gel comparably
to those of full-salt controls, highlighting their potential for producing healthier surimi
products without compromising on techno-functional quality. These findings provide a
practical framework for the industry to address sodium reduction challenges while meeting
consumer demands for nutritious, low-salt seafood alternatives.

The review “Emulsion Structural Remodeling in Milk and Its Gelling Products” by
Yao et al. examines the restructuring of milk’s native oil-in-water (O/W) emulsion into
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three distinct types—restructured single emulsion, mixed emulsion, and double emulsion
(W1/O/W2)—through the incorporation of alternative lipids (e.g., fish oil and flaxseed
oil) or pre-formed emulsions, alongside the impact of processing technologies (including
heat treatment, high-pressure processing, homogenization, ultrasonic treatment, micro-
fluidization, freezing, and membrane emulsification) on microstructure and functional
properties. The study demonstrated that these processing methods significantly reduce
the dispersed phase size, modify the interfacial layer composition (e.g., enhancing protein
adsorption or milk fat globule membrane integrity), and alter the aqueous phase mor-
phology, thereby improving emulsion stability, shelf-life, and sensory characteristics while
enabling nutrient encapsulation in double emulsions. This structural remodeling approach
facilitates the development of low-fat, nutritionally fortified dairy products with tailored
textural and functional attributes, addressing consumer demands for health-focused and
sustainable food options.

3. Conclusions and Future Perspectives

I would like to acknowledge all the authors who have contributed to this Special Issue,
which underscores the significant advancements made in modifying food gels, highlight-
ing their versatility in food applications such as surimi products, meat sausages, dairy
items, and gelatin-based materials. The investigations included delve into fundamental
gelation mechanisms, advanced processing techniques, and innovative additive strategies
to enhance physicochemical properties, reduce salt content, and improve nutritional pro-
files, all while addressing sustainability and health concerns. Key technological strides
include the development of enzymatic hydrolysis methods, like papain extraction from
Yanbian cattle bones, which preserved native collagen structures and achieved superior
yield, gel strength, viscosity, and thermal stability compared to traditional acid or alkaline
approaches. Additionally, the integration of transglutaminase (TGase) and polysaccharides,
such as cassia bean gum, fortified gel networks in surimi and meat products, boosting
their water-holding capacity, reducing their porosity, and mitigating salt reduction effects
through enhanced protein crosslinking. Non-thermal processing technologies, including
high-pressure processing, ultrasonication, and microfluidization, optimized emulsion sta-
bility in milk-based systems by reducing fat globule size and improving sensory properties
without nutrient degradation. Low-salt formulations utilizing amino acids (e.g., L-arginine)
and hydrocolloids maintained gel integrity and functionality, addressing health risks linked
to sodium intake, while the structural remodeling of milk emulsions (single, mixed, and
double types) through homogenization and membrane emulsification enabled functional
foods with improved nutrient delivery, oxidative stability, and tailored textures for specific
consumer needs.

Looking ahead, future research should prioritize scaling up innovative processing
techniques, ensuring cost-effectiveness and reproducibility in large-scale food production.
This entails developing standardized protocols for evaluating the safety and regulatory
compliance of new additives to facilitate faster market entry. Advancing molecular-level
understanding of protein–polysaccharide–lipid interactions during gelation will allow
for tailored textural customization, particularly for demographic-specific products like
those for elderly populations or health-focused diets. Exploring sustainable raw material
sources, such as underutilized fish species and agricultural byproducts, can reduce envi-
ronmental impact and promote circular economy practices. Comprehensive in vivo and
clinical studies are needed to validate health benefits like antioxidant or antihypertensive
effects, strengthening evidence-based nutritional claims. Leveraging digital technologies,
including artificial intelligence and machine learning, will optimize formulation design and
predict gel behavior under varying conditions, enabling personalized nutrition solutions.
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The interdisciplinary collaboration among food scientists, engineers, nutritionists, and
regulatory specialists remains crucial for translating laboratory innovations into commer-
cially viable products that meet evolving consumer demands for healthy, sustainable, and
high-quality food options, ultimately contributing to global food security and public health.
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Abstract: The use of plant-derived emulsified gel systems as fat substitutes for meat products has
always been an important direction in the development of healthy foods. In this study, a composite
matrix emulsion gel was prepared with soy protein isolate (SPI) and different concentrations of cassia
bean gum (CG), and then the selected emulsion gel was applied to meat sausage as a fat substitute to
explore its stability. Our results showed that the hardness, chewiness, viscosity, shear stress, and G′

and G′′ moduli of the emulsion gel increased considerably with the cassia bean gum concentration,
the thickness of the emulsion gel increased, and the pore size decreased. The gel strength of the
1.75% CG/SPI emulsion gel was the highest, which was 586.91 g. The elasticity was 0.94 mm,
the masticability was 452.94 mJ, and the water-holding capacity (WHC) was 98.45%. Then, the
1.75% CG/SPI emulsion gel obtained via screening was applied as a fat substitute in meat sausage.
With an increase in the substitution amount, the cooking loss, emulsification stability, pH, color
difference, texture, and antioxidant activity of the meat sausage before and after freezing and thawing
increased first and then decreased. The indexes of meat sausage with 50% fat replacement were not
considerably different from those of full-fat meat sausage. This study can provide a theoretical basis
for the application of plant-derived emulsified gel systems as fat substitutes in meat sausage.

Keywords: composite matrix emulsion gel; cassia bean gum; meat and sausage; fat substitute;
freeze–thaw stability

1. Introduction

Meat sausage is a popular and frequently eaten processed meat product because of its
high nutritional value, convenience, and unique flavor. Pig back fat is one of the main raw
materials of meat sausage (accounting for approximately 30%). It not only improves the
flavor of meat sausage but also affects its texture and sensory quality. However, excessive
intake will increase the risk of diseases, such as coronary heart disease, cardiovascular
disease, diabetes, and obesity [1], adversely affecting human health. In addition, traditional
meat sausage retains oil and has poor freeze–thaw and oxidation stability because of
excessive animal fat [2]. Thus, the meat industry has studied different lipid reduction
technology strategies to produce healthier and more nutritious products while improving
product stability.

Emulsion gels as animal fat substitutes have gradually attracted interest. They are gel-
like solid materials with spatial network structures that are formed through an emulsion
that is initiated using induction methods, which can effectively emulsify and disperse oil
droplets [3]. The preparation of emulsion gels with proteins or polysaccharides often has
limited practical applications because of the poor emulsification and thermal stability of the
products [4]. Hence, many studies have focused on preparing composite matrix emulsion
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gels with excellent properties, not only enhancing the emulsifying effect of the emulsions
but also improving the stability of the emulsion gels [5].

Soy protein isolate is one of the high-quality plant proteins that can replace animal
protein, mainly consisting of soy globulin and β-conglycinin, and can be applied to foods to
increase their protein content and provide desired functions such as gelation, emulsification,
and foaming properties, where the ability to gel is a key functional property of SPI. The
gelation process begins with protein denaturation, resulting in structural changes, the ex-
posure of functional groups including sulfhydryl or hydrophobic groups, and then various
interactions that trigger aggregation [6]. Moreover, the incorporation of polysaccharides
can alter the intermolecular and/or intramolecular interactions involved in the complex,
thus affecting the gelling function of the protein [7]. Zhang et al. [8] prepared emulsion
gels containing soy protein isolate and pectin using the thermal sensitivity method, which
effectively improved the texture, rheology, and microscopic and other functional properties
of composite gels. For novel food development, protein–polysaccharide interactions are
widely used to achieve certain food functions. Wang et al. [9] added an emulsion gel, which
was prepared via the composite preparation of soy protein isolate and κ-carrageenan, to
sausage in different proportions instead of pig backfat to reduce the content of fat and
cholesterol, and the difference in texture and product yield was not significant compared
with the control group. In this regard, there are few reports on emulsion gels being prepared
using the combination of soybean protein isolate and cassia bean gum. Cassia bean gum is
the polysaccharide of cassia seeds. It is a water-soluble polysaccharide that is extracted
and isolated from the endosperm of mature seeds of Cassia obtusifolia or small cassia in
the legumes. Its main structure is composed of galactomannan. It has been reported that
cassia bean gum can be used as a fat substitute in food and can achieve thickening, freeze–
thaw stability, synergistic gelatinization, film formation, etc. [10]. Cao et al. [11] made
an edible oil packaging film from cassia bean gum, which has a higher barrier property
and heat-sealing property. There are few reports on the application of cassia bean gum
as a fat substitute. Generally, meat sausage is a frozen storage food, and its freeze–thaw
stability and storage stability have an important impact on the product quality. However,
the application of soy protein isolate/cassia bean gum composite matrix emulsion gel as a
fat substitute in meat sausage has not been studied.

Therefore, in this study, soybean protein isolate and cassia bean gum were prepared
into a protein–polysaccharide composite matrix emulsion gel using heat treatment, and
the effects of cassia bean gum (0%, 0.85%, 1.15%, 1.45%, 1.75%, and 2%) at different
concentrations on the rheological behavior, texture properties, microstructure, WHC, and
thermal phase transformation temperature of the composite matrix emulsion gel were
investigated. Then, the selected emulsion gel was used as a fat substitute and added into
meat sausage at different replacement amounts (0%, 25%, 50%, 75%, and 100%). The texture,
emulsification stability, color difference, and antioxidant activity during the storage of meat
sausage before and after freezing and thawing were used as indicators to screen out the
meat sausage with the best stable fat replacement amount. This study serves as a reference
for the research and development of low-fat meat sausage products.

2. Results and Discussion

2.1. Texture Characteristics of the Emulsion Gel

As shown in Table 1, the hardness and chewiness of the emulsion gel increased with the
CG concentration, increasing from 43.67 N to 586.91 N and 43.53 mJ to 452.94 mJ, respectively.
When the CG concentration was greater than 1.75%, the properties decreased to 558.94 N and
339.89 mJ, respectively. Cassia bean gum may have promoted the interaction between the
proteins and polysaccharides, forming a dense gel network structure [12]. Cassia bean gum at
2% reduced firmness and chewiness because the overfilling effect inhibited the aggregation of
SPIs. This result is consistent with the previous results of Jiang et al.’s study [13] on the effect
of κ-carrageenan on the texture of oyster protein treated with high pressure homogenization.

9



Gels 2024, 10, 643

Table 1. Texture characteristics of emulsion gels.

Groups Hardness (N) Elasticity Cohesiveness Chewiness (mJ)

SPI/CG 0% 43.67 ± 0.16 f 0.99 ± 0.02 a 0.98 ± 0.01 a 43.53 ± 0.16 f
SPI/CG 0.85% 131.68 ± 1.22 e 0.98 ± 0.01 ab 0.91 ± 0.01 b 115.35 ± 4.16 e
SPI/CG 1.15% 221.50 ± 3.10 d 0.95 ± 0.01 c 0.82 ± 0.01 c 167.26 ± 8.16 d
SPI/CG 1.45% 384.67 ± 6.34 c 0.94 ± 0.01 c 0.81 ± 0.01 c 294.79 ± 4.41 c
SPI/CG 1.75% 586.91 ± 11.84 b 0.94 ± 0.01 bc 0.81 ± 0.01 c 452.94 ± 9.77 a

SPI/CG 2% 558.94 ± 9.14 a 0.93 ± 0.01 bc 0.80 ± 0.01 d 399.89 ± 7.23 b
Data are expressed as the mean ± standard deviation. a–f: different lowercase letters indicate significant
differences (p < 0.05). SPI/CG0%: soy protein isolate, no cassia bean gum added; SPI/CG 0.85%: SPI + 0.85%
cassia bean gum; SPI/CG 1.15%: SPI + 1.15% cassia bean gum; SPI/CG 1.45%: SPI + 1.45% cassia bean gum;
SPI/CG 1.75%: SPI + 1.75% cassia bean gum; SPI/CG 2%: SPI + 2% cassia bean gum.

The initial elasticity and cohesion of the emulsion gel were 0.99 and 0.98, respectively
(Table 1). As the CG concentration increased, the values gradually declined. The lowest
values were 0.93 and 0.80, respectively, and the gradual decrease in cohesiveness indicated
that damage to the irreversible structure of the sample increased after compression. The
elasticity decreased, but the change was not considerable. The high chewiness of the sample
indicated that the emulsion gel was mainly elastic. This may be because the electrostatic at-
traction between soy protein isolate increases the interface adsorption, protein aggregation
enhances the viscoelasticity of the gel, and the addition of an appropriate polysaccharide
increases the viscosity of the continuous phase; the structure of the emulsion gel is more
stable, and the polysaccharide does not affect the protein-led gel behavior in the emulsion
gel [14].

2.2. Rheological Behavior of the Emulsion Gel

The shear rate ranged from 0.01 s−1 to 10 s−1, the viscosity of the emulsion gel de-
creased with an increasing shear rate, and the emulsion gel showed typical pseudoplastic
fluid characteristics [15]. Different concentrations of CG showed similar effects on the
emulsion gel’s viscosity, and shear thinning behavior was observed at all concentrations
possibly because the gel network structure in the emulsion was destroyed by shear force.
Moreover, droplet migration resistance was reduced, and this effect prevented the dis-
persion and aggregation of oil droplets and decreased the apparent viscosity [16]. At the
same shear rate, compared with the 0% CG/SPI emulsion gel, the emulsion gel with a
higher CG concentration had higher viscosity, and the 2% CG/SPI emulsion gel had the
highest viscosity possibly due to the cross-linking of CG and SPI after heating. This process
increased the viscosity of the gel network structure and, thus, reduced the degree of shear
thinning [17].

The energy storage modulus (G′) and consumption modulus (G′′) of emulsion gels
with different concentrations of CG varied within a frequency range of 10–100 rad/s
(Figure 1B). Different concentrations of cassia bean gum increased the G′ values of the
emulsion gels to different degrees, and the G′ value increased with the cassia bean gum
concentration. These changes indicated that the G′ value of an emulsion gel was less
dependent on the application frequency, and the network structure of the gel was stable
and not easily destroyed [18]. In addition, the G′ values of the emulsion gels with different
concentrations of CG were higher than the G′′ values, indicating that the emulsion gels
were mainly elastic gel network structures. The 2% CG/SPI emulsion gels had large G′
and G′′ values and prominent viscoelastic properties possibly due to the noncovalent
interactions between cassia bean gum and proteins as anion hydrophilic colloids. The flow
of free water in the gel network was restricted, and the gel network was enhanced [19].
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Figure 1. Rheological characteristics of emulsion gels with different concentrations of cassia bean
gum. Effects of cassia bean gum on the viscosity (A), frequency scan (B), and temperature scan (C).
Data are expressed as the mean ± standard deviation. SPI/CG 0%: soy protein isolate, no cassia bean
gum added; SPI/CG 0.85%: SPI + 0.85% cassia bean gum; SPI/CG 1.15%: SPI + 1.15% cassia bean
gum; SPI/CG 1.45%: SPI + 1.45% cassia bean gum; SPI/CG 1.75%: SPI + 1.75% cassia bean gum;
SPI/CG 2%: SPI + 2% cassia bean gum. Different letters indicate significant differences in the data
(p < 0.05).

Figure 1C shows the change in the G′ value of the SPI/CG emulsion gel at varying
temperatures. The change in the G′ values of the composite gels presented two stages
during heating. At 25–53 ◦C, the G′ value tended to be stable at an increasing temperature.
The G′ value of the emulsion gels at this stage was much higher than that of the 0% CG/SPI
emulsion gels, and the G′ value increased with the CG concentration. The interaction of
hydrogen or ionic bonds between CG and SPI in the gel network enhanced the elasticity
and hardness of the emulsion gel [20]. When the temperature was higher than 56 ◦C, the G′
value of the emulsion gel with different concentrations of CG increased considerably, and
different degrees of “kinking” occurred on the G′ curve, that is, the melting and gelation
behaviors of the gel, indicating that CG exerted a synergistic effect that enhanced the gel
strength of the emulsion and helped to improve the final gel strength [21].

2.3. Water-Holding Capacity and Strength of the Emulsion Gel

The gel strength can directly reflect the gelling degree of a complex gel, is a key
index for evaluating the gel structures of proteins and protein-based products, and is
closely related to the WHC. As shown in Figure 2, the gel strength and WHC increased
first and then decreased with an increasing CG concentration. The gel strength increased
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from 43.67 g to 586.91 g, and the highest gel strength of the emulsion gel (586.91 g) was
obtained at a 1.75% CG concentration. The presence of polysaccharides could affect the
microstructure and texture properties of the gel, which might be related to an exclusion
effect of incompatible biopolymers in a mixed solution [22]. Moreover, an increase in the
CG concentrations led to the increase in hydrogen-bonding groups, thus enhancing the
internal network structure of the emulsion gels.

Figure 2. Effects of different concentrations of cassia bean gum on the water holding capacity and
strength of emulsion gel. SPI/CG 0%: soy protein isolate, no cassia bean gum added; SPI/CG 0.85%:
SPI + 0.85% cassia bean gum; SPI/CG 1.15%: SPI + 1.15% cassia bean gum; SPI/CG 1.45%: SPI + 1.45%
cassia bean gum; SPI/CG 1.75%: SPI + 1.75% cassia bean gum; SPI/CG 2%: SPI + 2% cassia bean gum.
Different letters indicate significant differences in the data (p < 0.05).

The WHC is one of the most important indexes for evaluating the structural quality
of protein gel networks. The WHC increased from 68.17% to 98.45%, and a 30% increase
in water retention rate was observed. These results are similar to those in Table 1. On the
one hand, more and more CG filled the void space of the SPI, thus reducing the pore size
of the gel network; on the other hand, the increase in CG concentrations led to the tighter
adsorption of SPI with CG onto the oil–water interface, thus improving the compactness of
the gel structure [23].

2.4. Observation of the Emulsion Gel Structure

As shown in Figure 3, the emulsion gels with different concentrations of CG were
white, and the addition of 1.45% cassia bean gum resulted in the formation of a line dividing
the different morphology of the composite gel. The addition of 1.45% or more CG can
form a complete semisolid composite gel in positive and negative positions, whereas the
composite emulsion gels with less than 1.45% CG were semifluid and semisolid. These
results demonstrated that the cassia bean gum concentration plays an important role in
emulsion gel formation, and smooth and delicate gels with hard surfaces can be obtained
by increasing the cassia bean gum concentration.

The microstructure of the gels was observed using scanning electron microscopy. The
0% CG/SPI emulsion gel presented a relatively smooth and irregular network composed
of cavities of different sizes. After cassia bean gum was added, the emulsion gel presented
a network structure composed of pores of different sizes and flaky edges. The pores were a
result of the synergistic effect of SPI and cassia bean gum, which formed a dense gel with a
lamellar pore structure [24]. As the CG concentration increased, the size of the structural
pores in the emulsion gel gradually decreased, whereas the thickness of the flake increased.
Thus, the stability of the emulsion increased. This result was consistent with the observed
appearance of the gel. The highest thickness of the emulsion gel and the smallest pores
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were obtained by adding 2% CG. This may be because during the gelation process of soy
protein isolate, protein structures aggregate to form a three-dimensional gel network, and
some denatalized, exposed functional groups interact with cassia gum to form a dense,
saturated spatial network structure [25].

Figure 3. The appearance and scanning electron microscopy (SEM) images of emulsion gels with
different concentrations of cassia bean gum. (a) SPI/CG 0%: soy protein isolate, no cassia bean gum
added, (b) SPI/CG 0.85%: SPI + 0.85% cassia bean gum, (c) SPI/CG 1.15%: SPI + 1.15% cassia bean
gum, (d) SPI/CG 1.45%: SPI + 1.45% cassia bean gum, (e) SPI/CG 1.75%: SPI + 1.75% cassia bean
gum, and (f) SPI/CG 2%: SPI + 2% cassia bean gum.

2.5. FTIR Spectroscopy of Emulsion Gel

The chemical interaction information of emulsion gels with different concentrations
of cassia bean gum were investigated using FTIR spectroscopy (Figure 4). The wide
absorption peak between 3100 and 3500 cm−1 was a response to hydrogen bonds (O-H and
N-H; Figure 4). As the CG concentration increased, the peak value of the hydrogen bond
gradually increased, and the strength of the hydrogen bonds was enhanced during gel
formation [26]. These observations were consistent with previous reports on cassia bean
gum and κC/KGM composite gels [27].

Figure 4. FTIR spectra of emulsion gels with different concentrations of cassia bean gum. SPI: pure
soy protein isolate solution; SPI/CG 0%: soy protein isolate, no added cassia bean gum; SPI/CG
0.85%: SPI + 0.85% cassia bean gum; SPI/CG 1.15%: SPI + 1.15% cassia bean gum; SPI/CG 1.45%:
SPI + 1.45% cassia bean gum; SPI/CG 1.75%: SPI + 1.75% cassia bean gum; SPI/CG 2%: SPI + 2%
cassia bean gum.
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The strong absorption bands at 2928, 2854, 1748, and 1026 cm−1 were the characteristic
signals of rapeseed oil, indicating that rapeseed oil only served as a filler in the emulsion
gel, but the particle size of the oil droplets changed. The amide I band (1635.69 cm−1) was
mainly caused by the C=O stretching vibration in the peptide bond, and the amide II band
(1532.03 cm−1) represented the bending vibration of the N-H group and the stretching
vibration of the C-N group. All SPI/CG emulsion gels showed an increased absorption
peak strength at amides I and II possibly due to the large number of hydrogen bonds and
cross-linked isopeptide bonds that were generated during gel formation [28].

2.6. Analysis of the Thermal Properties of the Emulsion Gel

The influence of DSC on the thermal properties of the cassia bean gum emulsions of
different concentrations was studied. The absorption peak on the thermal characteristics
curve of the 0% CG/SPI emulsion gel was not obvious (Figure 5), and the denaturation
temperature was 69.25 ◦C. As the CG concentration increased, the absorption peaks on the
thermal characteristic curves of the cassia bean gum emulsion gels were evident at 69–81 ◦C,
which was the denaturation temperature range of the emulsion gel. The absorption peak
gradually moved to the right, and the denaturation temperature increased. When the CG
concentration was 2%, the denaturation temperature of the emulsion gels reached 80.66 ◦C
possibly because the interaction between cassia bean gum at a high concentration and SPI
was strengthened, the oil–water interface area increased, and a stable emulsion gel structure
formed. The complete denaturation of the emulsion gel required an increase in the heat
absorption rate, thus improving the thermal stability of the gels [29].

Figure 5. Effect of different concentrations of cassia bean gum on the thermal properties (DSC) of
emulsion gels. SPI/CG0%: soy protein isolate, no cassia bean gum added; SPI/CG 0.85%: SPI + 0.85%
cassia bean gum; SPI/CG 1.15%: SPI + 1.15% cassia bean gum; SPI/CG 1.45%: SPI + 1.45% cassia
bean gum; SPI/CG 1.75%: SPI + 1.75% cassia bean gum; SPI/CG 2%: SPI + 2% cassia bean gum.

2.7. Cooking Loss, Emulsification Stability, and pH of Meat Sausage before and after FT Treatment

The cooking loss, pH, and emulsion stability of the meat sausage before and after
freezing and thawing are shown in Table 2. The pH of the meat sausage was not significantly
affected by the addition of different fat replacement ratios before and after freezing and
thawing (p ≤ 0.05), and the average pH of the emulsion gels ranged from 6.53 to 6.68.
Panagiotopoulou et al. [30] demonstrated that substituting part of or all the animal fat
with a Pickering emulsion did not affect the average pH value of the pork sausage; this
result was consistent with the results of the present study. As the amount of emulsion gel
increased, the cooking loss of meat sausage before and after freezing and thawing increased.
When the amount of fat replacement was less than 50%, the cooking loss of S1 (0.04%) and
S2 (0.06%) was significantly lower than that of the control group (0.07%) possibly due to
the tight network structure and texture of the emulsion gel during cooking, which locked
oil and water [31]. However, the rates of cooking loss in S3 and S4 were greater than the
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rate in the control group because water and fat were bound during heating. When the
amount of fat replacement was 50%, the cooking loss was similar to that in the control
group. The same trend was observed for the water seepage rate and oil permeability in all
the experimental groups possibly because an appropriate amount of emulsion gel and meat
protein formed the dense spatial network structure, which effectively locked water and oil.
Paglarini et al. [32] found that the emulsification stability and cooking loss of emulsified
sausage with a certain proportion of composite gel were close to those of the control group.

Table 2. Cooking loss, emulsification stability, and pH of meat sausage before and after FT treatment.

Groups Cooking Loss
Before FT Treatment After FT Treatment

PH W F PH W F

C 0.07 ± 0.002 c 6.56 ± 0.02 c 0.046 ± 0.004 c 0.01 ± 0.008 c 6.53 ± 0.04 d 0.058 ± 0.001 c 0.028 ± 0.004 c
S1 0.04 ± 0.002 e 6.61 ± 0.02 b 0.041 ± 0.007 c 0.011 ± 0.003 bc 6.55 ± 0.01 c 0.046 ± 0.003 d 0.026 ± 0.003 d
S2 0.06 ± 0.002 d 6.62 ± 0.04 d 0.047 ± 0.005 c 0.017 ± 0.006 ab 6.57 ± 0.02 c 0.056 ± 0.004 c 0.031 ± 0.005 c
S3 0.09 ± 0.003 b 6.63 ± 0.01 b 0.073 ± 0.006 b 0.02 ± 0.005 ab 6.59 ± 0.01 b 0.074 ± 0.008 b 0.04 ± 0.005 b
S4 0.1 ± 0.001 a 6.68 ± 0.02 a 0.085 ± 0.001 a 0.022 ± 0.002 a 6.63 ± 0.02 a 0.096 ± 0.002 a 0.053 ± 0.002 a

Data are expressed as the mean ± standard deviation. FT, freeze–thaw; cook loss; cook loss; W, water permeability;
F, oil permeability. a–e: different lowercase letters indicate significant differences (p < 0.05). C stands for (emulsion
gel 1.75% CG/SPI) minced sausage with 0% fat replacement; S1 represents (emulsion gel 1.75% CG/SPI) meat
sausage with 25% fat replacement; S2 stands for (emulsion gel 1.75% CG/SPI) minced sausage with 50% fat
replacement; S3 stands for (emulsion gel 1.75% CG/SPI) minced meat with 75% fat replacement; S4 stands for
(emulsion gel 1.75% CG/SPI) meat sausage with 100% fat replacement.

2.8. Color Difference Characteristics of Meat Sausage before and after Freeze–Thaw Treatment

Color is one of the most important factors for determining consumers’ preferences
regarding meat products. As shown in Table 3, the color parameters brightness (L*), red
(a*), and yellow (b*) of the meat sausage before and after freezing and thawing were higher
than those of the control group (p < 0.05). The highest L* values were 63.74 and 63.81 in
the S4 group. This may be because the oil droplet diameter of a meat sausage containing
the emulsified gel is smaller than that produced by animal fat, which creates a greater
light reflection, resulting in a higher L* [33]. The a* value of the meat sausage was not
considerably different from that of the control group before and after the freeze–thaw
treatment, indicating that the addition of the emulsion gel had no adverse effect on the
redness value of the meat sausage. The b* value of the meat sausage before and after the
freeze–thaw treatment was lower than that of the control group, showing a downward
trend. The lowest values were 1.78 and 2.71 (S4), which may have been influenced by
changes in the vegetable oil pigment and the emulsification of SPI after the emulsion gel
was heated [34]. Li et al. [35] added laminaria polysaccharides at different concentrations
into chicken sausage as a fat substitute. The L* value increased with the proportion of the
substitute, and the a* value gradually decreased. Moreover, after the freeze–thaw treatment,
the L* and a* values increased, and the b* values showed no considerable difference before
and after the freeze–thaw treatment.

Table 3. Color difference in minced meat before and after FT treatment.

Groups
Before FT Treatment After FT Treatment

L* a* b* L* a* b*

C 60.55 ± 0.17 e 15.78 ± 0.13 a 3.11 ± 0.03 a 61.59 ± 0.16 e 15.86 ± 0.11 a 3.77 ± 0.12 a
S1 61.45 ± 0.16 d 15.56 ± 0.08 b 2.84 ± 0.13 b 62.04 ± 0.04 d 15.64 ± 0.05 c 3.63 ± 0.04 ab

S2 61.78 ± 0.05 c 15.49 ± 0.02
bc 2.34 ± 0.09 c 62.81 ± 0.14 c 15.61 ± 0.26

ab 3.49 ± 0.11 b

S3 62.63 ± 0.13 b 15.37 ± 0.08 c 1.90 ± 0.09 d 63.51 ± 0.10 b 15.42 ± 0.17 b 2.92 ± 0.04 c
S4 63.74 ± 0.12 a 15.31 ± 0.14 c 1.78 ± 0.06 d 63.81 ± 0.06 a 15.40 ± 0.19 b 2.71 ± 0.15 d

Data are expressed as the mean ± standard deviation. FT, freeze–thaw; L*, brightness; a*, red; b*, yellow.
a–e: different lowercase letters indicate significant differences (p < 0.05). C stands for (emulsion gel 1.75% CG/SPI)
minced sausage with 0% fat replacement; S1 represents (emulsion gel 1.75% CG/SPI) meat sausage with 25% fat
replacement; S2 stands for (emulsion gel 1.75% CG/SPI) minced sausage with 50% fat replacement; S3 stands for
(emulsion gel 1.75% CG/SPI) minced meat with 75% fat replacement; S4 stands for (emulsion gel 1.75% CG/SPI) meat
sausage with 100% fat replacement.
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2.9. Texture Characteristics of Meat Sausage before and after Freeze–Thaw Treatment

TPA is an important index for evaluating the quality and overall acceptability of meat
products. As shown in Table 4, as the amount of emulsion gel replacement increased, the hardness
of the meat sausage before and after the freeze–thaw treatment increased and then decreased, and
the hardnesses of S1 and S2 before the treatment were 9097.83 and 9745.53 N, respectively. After
freezing and thawing, the hardnesses of S1 and S2 were 7643.38 and 7911.79 N. When the amount
of emulsion gel was greater than 50%, the hardness decreased considerably, and the lowest
hardness of S4 was obtained (5959.92 and 4850.13 N). The possible reason is that animal fat is a
solid fat with a hard texture. By contrast, the emulsion gel has a soft texture. The lowest hardness
of S4 was observed when the emulsion gel partially or completely replaced animal fat in meat
sausage. The quality of meat products can be negatively affected [36]. Pintado et al. [37] found that
when different proportions of a soybean emulsion gel were used to replace animal fat in sausage,
its hardness and chewiness were be substantially reduced. The hardness of S2 before and after
the freeze–thaw treatment was close to that of the control group, showing excellent freeze–thaw
stability. In all the experimental groups, the chewiness, viscosity, and hardness showed the same
change trend; that is, the chewiness and viscosity of S3 and S4 were significantly lower than those
of C, S1, and S2 (p < 0.05), and the chewiness and viscosity of S2 and C were similar. This also
proves that meat sausage has a lower hardness, and S2 showed excellent freeze–thaw stability.
There was no significant difference in the elasticity and cohesiveness between the two groups
(0.91–0.96) (p < 0.05).

Table 4. Texture characteristics of meat sausage before and after FT treatment.

Groups

Before FT Treatment After FT Treatment

Hardness (N) Elasticity Cohesiveness
Adhesiveness

(N-mm)
Chewiness

(mJ)
Hardness (N) Elasticity Cohesiveness

Adhesiveness
(N-mm)

Chewiness
(mJ)

C 9897.42 ± 107.7 a 0.95 ± 0.01 0.94 ± 0.02 9413.59 ± 76.09 a 8831.74 ± 107.64 a 7643.38 ± 57.28 b 0.94 ± 0.02 0.94 ± 0.02 7248.75 ± 131.14 a 6905.06 ± 73.94 a
S1 9097.83 ± 65.34 b 0.96 ± 0.01 0.95 ± 0.01 8612.65 ± 44.14 b 8268.27 ± 121.65 c 7911.79 ± 111.77 a 0.95 ± 0.01 0.91 ± 0.06 6532.66 ± 92.26 b 6108.69 ± 72.63 b
S2 9745.53 ± 55.31 c 0.96 ± 0.01 0.95 ± 0.01 9131.36 ± 83.81 c 8989.2 ± 83.95 b 7860.28 ± 99.01 a 0.94 ± 0.01 0.91 ± 0.05 7169.74 ± 292.5 a 6878.2 ± 84.31 a
S3 7236.98 ± 22.04 d 0.95 ± 0.02 0.95 ± 0.01 6907.28 ± 64.29 d 6566.53 ± 53.83 d 5236.98 ± 22.04 c 0.93 ± 0.01 0.92 ± 0.01 5207.28 ± 64.29 c 5033.2 ± 33.25 d
S4 5969.92 ± 43.49 e 0.95 ± 0.01 0.92 ± 0.01 5471.42 ± 113.59 e 5195.68 ± 101.17 e 4850.13 ± 60.66 d 0.93 ± 0.01 0.92 ± 0.01 4552.31 ± 55.05 d 4394.4 ± 65.19 c

Data are expressed as the mean ± standard deviation. FT, freeze–thaw. a–e: different lowercase letters indi-
cate significant differences (p < 0.05). C stands for (emulsion gel 1.75% CG/SPI) minced sausage with 0% fat
replacement; S1 represents (emulsion gel 1.75% CG/SPI) meat sausage with 25% fat replacement; S2 stands
for (emulsion gel 1.75% CG/SPI) minced sausage with 50% fat replacement; S3 stands for (emulsion gel 1.75%
CG/SPI) minced meat with 75% fat replacement; S4 stands for (emulsion gel 1.75% CG/SPI) meat sausage with
100% fat replacement.

2.10. Antioxidant Activity of Meat Sausage

As shown in Figure 6, as the amount of emulsion gel added increased, the DPPH and
ABTS free radical clearance rates of the meat sausage increased and then decreased. When
the amount of fat replacement was 0–50%, the DPPH free radical scavenging rate increased
from 83% to 92%, and the ABTS free radical scavenging rate increased from 86% to 95%
possibly because the dense networks in the emulsion gel hindered the movement of the
liquid oil phase and the transfer of oxidation products while inhibiting the penetration and
diffusion of oxygen within the meat sausage meat sausage, thus inhibiting oil oxidation [38].
Millao et al. [39] reported that due to the strengthening of the gel structure, the antioxidant
capacity of oleogel gradually increased with an increasing EC concentration. In addition,
the antioxidant capacities of raw materials enhanced the antioxidant capacity of oil; that
is, rapeseed oil was rich in antioxidant materials, such as vitamin E, which can remove
free radicals. Therefore, the free radical scavenging rates of DPPH and ABTS were high
in all the groups and increased with the amount of the emulsion gel. However, when
the amount of fat replacement was greater than 50%, the free radical scavenging rates for
DPPH and ABTS significantly decreased (p < 0.05). The scavenging rates for DPPH and
ABTS decreased to 63% and 65%, respectively, because of the large amount of water lost
from the meat sausage during processing after the addition of the emulsion gel. Moreover,
the structure of the gel network was damaged, and the rapeseed oil was degraded by heat.
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Figure 6. DPPH (A) and ABTS (B) free radical clearance of meat sausage during storage with different
fat replacement amounts. C stands for (emulsion gel 1.75% CG/SPI) minced sausage with 0% fat
replacement; S1 represents (emulsion gel 1.75% CG/SPI) meat sausage with 25% fat replacement;
S2 stands for (emulsion gel 1.75% CG/SPI) minced sausage with 50% fat replacement; S3 stands
for (emulsion gel 1.75% CG/SPI) minced meat with 75% fat replacement; S4 stands for (emulsion
gel 1.75% CG/SPI) meat sausage with 100% fat replacement. Different letters indicate significant
differences in the data (p < 0.05).

As the storage time increased, the free radical scavenging rates for DPPH and ABTS
in the meat sausage increased and then decreased because of the hydrolysis of some
antioxidants at the later stage of storage. The DPPH and ABTS free radical scavenging
rates in S2 were the most stable during storage.

3. Conclusions

The effects of cassia bean gum on the texture, rheology, stability, and microstructure
of the emulsion gels of a protein–polysaccharide composite matrix were investigated. As
the cassia bean gum concentration increased, the texture of the emulsion gels became
harder, and the surface was smooth and delicate. The size of the internal structural pores
gradually decreased and was evenly distributed, and the thickness of the gel increased.
Thus, the stability of the emulsion increased. During gel formation, the interaction between
CG and SPI produced a large number of hydrogen and isopeptide bonds, increasing the
absorption peak intensity at amides I and II in the infrared region. The presence of CG
considerably improved the hardness, elasticity, and WHC of the emulsion gel. The viscosity
of the emulsion gels with different concentrations of CG decreased with an increasing shear
rate, showing typical pseudoplastic fluid characteristics. The G′ values of emulsion gels
in frequency scanning were higher than the G′′ values, and the G′ and G′′ values were
less dependent on the frequency. Thus, the gel network structure was stable and resilient.
DSC analysis showed that the denaturation temperature of emulsion gel reached to 80.66
◦C after the addition of different concentrations of CG. The 1.75% CG/SPI emulsion gel
was applied to replace animal fat in meat sausage. As the amount of the replacement
increased, the texture, emulsification stability, color difference, and DPPH and ABTS free
radical clearance rates of the meat sausage increased first and then decreased. The freeze–
thaw stability and oxidation stability of S2 were stronger than those of the control group.
Therefore, the emulsion gel can replace 50% of fat for low-fat meat sausage production.
This study provides a novel method for reducing the content of animal fat in meat sausage
and maintaining its quality.

4. Materials and Methods

4.1. Materials

The materials used were as follows: soybean protein isolate (purity ≥ 90%): Shandong
Zeenda Food Raw Materials Co., LTD. (Shandong, China); rapeseed Oil: Hunan Baling Oil
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Co., LTD. (Hunan, China); cassia bean gum: Shaanxi Chenming Biotechnology Co., LTD.
(Shaanxi, China); potassium bromide (analytical grade): Guangdong Qianjin Chemical
Reagent Co., LTD. (Guangdong, China); pork lean meat, pig backfat, and other ingredients
were purchased from local shopping malls (Chengdu, China); all other reagents used in
this study are analytical-grade reagents.

4.2. Preparation of Emulsion Gel

The emulsion gel was prepared by referring to the method of Gao et al. [40], with modifica-
tions. The soybean protein isolate powder was dispersed in deionized water (5 g/100 mL) and
magnetically stirred at 6 ◦C at room temperature for 1.5 h to achieve a fully hydrated solution.
The soybean protein isolate solution was heated to 75 ◦C for 15 min and then rapidly cooled in an
ice bath. The concentrations of cassia bean gum used were 0%, 0.85%, 1.15%, 1.45%, 1.75%, and
2%; these were mixed with soybean protein isolate solution, and then the composite solution was
mixed with rapeseed oil (19%, w/w). A high-pressure homogenizer (XHF-DY, Xinzhi Biotechnol-
ogy Co., LTD., Ningbo, China) was used for homogenization at 20,000 rpm for 8 min, and the
sample was then heated at 50 ◦C for 30 min and cooled to a gel. The final emulsion gel was left to
rest overnight at 4 ◦C for analysis.

4.3. Observation of Emulsion Gel Structure

Our appearance observation occurred as follows: 30 g of the prepared fresh sample
was transferred into a bottle and placed in the refrigerator at 5 ◦C overnight, and then it
was left to stand at room temperature for 1 h before shooting, and the inverted non-flowing
form was used as the standard for forming the gel.

We performed scanning electron microscopy (SEM) as follows: According to the method
of Lei et al. [41], with some changes, the sample was first frozen in a freezer (−80 ◦C) for 8 h
to fix its structure, was then put in a freeze-drying machine for 48 h for removal, and then the
sample was soaked in petroleum ether for 12 h; this process was repeated 6 times, and then
the degreased sample was placed in a vacuum drying oven at 70 ◦C for 4 h to evaporate the
petroleum ether. The microstructure of the samples was observed using SEM (JSM-5800 LV,
JEOL Ltd., Tokyo, Japan). The acceleration voltage was 10.0 kV, and the micromorphology of
the sample was observed at 500×.

4.4. Determination of Physical and Chemical Properties of Emulsion Gel
4.4.1. Texture Characteristics

Here, we referred to the method of Meng et al. [42] and modified it. The physical property
tester (Vector 33, Bruker Optics, Ettlingen, Germany) and P36 R probe were used to determine
the emulsion gel’s texture properties. Before the experiment, the emulsion gel was left to
stand at room temperature at 5 ◦C for 2 h. The emulsion gels (3.2 cm in diameter) were tested
in parallel 4 times, the strain level was 50%, and the following parameters were used for
determination: the pre-test velocity, the lateral center velocity, and the post-test velocity; these
were 5.0, 5.0, and 6.0 mm/s, respectively, and the contact force was 15 g. The hardness (N),
elasticity, cohesiveness, and chewiness (mJ) of the emulsion gel were recorded.

4.4.2. Rheological Behavior

Referring to the method of You et al. [43], with modifications, the rheological proper-
ties of the sample were determined using a rheological analyzer (MCR-101, Anton Paar
Co. Ltd., Graz, Austria) with a measuring gap of 1 mm and a parallel plate diameter of
50 mm.

Temperature scanning was conducted as follows: The gel sample was placed in the
rheological plate, the excess sample around the pressed plate was scraped off, and the
plate was sealed with silicone oil and covered to prevent water loss at high temperature.
The fixed scanning frequency was 1 Hz, the strain was 0.1%, and the change of the energy
storage modulus (G′) when the gel sample was heated from 20 ◦C to 90 ◦C was recorded.
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The shear rate was determined as follows: in the shear rate range of 0.01–10 s−1, the
temperature is 25 ◦C, and the change of the apparent viscosity of the sample with the shear
rate is recorded to determine the fluid type.

Frequency scanning was conducted as follows: The angular frequency range is
10~100 rad/s and the strain is 0.1%. Frequency scanning is performed on the emulsion
gel at 25 ◦C, and the changes in the energy storage modulus (G′) and loss modulus (G′′) with
the angular frequency are recorded.

4.4.3. Water Holding Capacity

According to Zhao et al.’s method [44], with slight modifications, 20 g samples were
placed in a 50 mL centrifuge tube, the gels were centrifuged at 4 ◦C at 12,000× g for 15 min
to remove excess water, and the surface water of the emulsion gel was absorbed using filter
paper before being weighed. The water holding capacity (WHC) of the emulsion gel is
calculated according to the formula:

WHC(%) =
W2
W1

× 100

where W1 is the mass of emulsion gel before centrifugation, and W2 is the mass of emulsion
gel after centrifugation.

4.4.4. FTIR Spectroscopy

Using a modified method with reference to Meng et al. [45], freeze-dried and crushed
samples were mixed with potassium bromide at 1:120 and pressed into tablets for further
FTIR determination (Vector 33, Bruker Optics, Ettlingen, Germany). The scanning range of
infrared spectrum is 4000–400 cm−1, the resolution is 4 cm−1, and the scanning times is 32.

4.4.5. Differential Scanning Calorimetry (DSC) Analysis

Referring to Zhu et al.’s [46] method, with modifications, a differential scanning
calorimeter (Q200M, TA instrument, New Castle, DE, USA) was used to analyze the
thermal properties of the samples. Each sample of about 5–6 mg was sealed in an aluminum
crucible with a hole cover, and an empty aluminum crucible without samples was used as
a reference group. The heating temperature range was 25–200 ◦C, and the heat distribution
was measured under inert nitrogen gas at a rate of 5 ◦C/min and a flow rate of 10 mL/min.

4.5. Preparation of Meat Sausage

Here, we referred to the method of Qi et al. [47] and modified it. Each experiment
consisted of five groups of meat sausages, as shown in Table 5. All laboratory meat sausages
utilized the same lean meat from the front leg of the pig, along with consistent backfat and
toppings, to minimize variations between batches. The pork front leg meat underwent
a pre-treatment process in which the visible fasciae were removed and the meat was
minced. Subsequently, the minced meat was combined with an appropriate amount of
salt, sodium ascorbate, and sodium tripolyphosphate to facilitate the dissolution of the
meat proteins. After marinating for eight hours, the mixture was blended at a high speed
for approximately 20 min until a strong texture was achieved, during which 30 g of cold
water was added in batches. Following this, the cured minced meat, pork fat, or emulsion
gel (with fat replacement ratios of 0%, 25%, 50%, 75%, and 100%) was stirred in a food
processor for five hours. The resulting meat sausage mixture was then steamed in a pot at
60 ◦C for 30 min, rapidly cooled in an ice bath, and stored at 4 ◦C for further analysis.

4.6. Quality Determination of Meat Sausage before and after FT Treatment

The samples were frozen in a constant temperature freezer at −18 ◦C for 24 h. After
freezing, the samples were thawed in a constant temperature refrigerator at 4 ◦C for testing.
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Table 5. List of ingredients for meat sausage preparation.

Component
Groups (Unit: g/100 g)

C S1 S2 S3 S4

Forehock 70 70 70 70 70
Pork backfat 30 22.5 15 7.5 0
Emulsion gel 0 7.5 15 22.5 30

Ice water 25 25 25 25 25
Salt 3 3 3 3 3

Sugar 1 1 1 1 1
Sodium tripolyphosphate 0.2 0.2 0.2 0.2 0.2

natrascorb 0.1 0.1 0.1 0.1 0.1
Other ingredients 0.7 0.7 0.7 0.7 0.7

C stands for (emulsion gel 2% CG/SPI) minced sausage with 0% fat replacement; S1 represents (emulsion gel 2%
CG/SPI) meat sausage with 25% fat replacement; S2 represents (emulsion gel 2% CG/SPI) minced meat with 50%
fat replacement; S3 stands for (emulsion gel 2% CG/SPI) minced meat with 75% fat replacement; S4 stands for
(emulsion gel 2% CG/SPI) meat sausage with 100% fat replacement.

4.6.1. Determination of Cooking Loss

About 15 g of minced meat samples were weighed and heated at 90 ◦C for 30 min.
After cooling in a cold bath for 30 min, the surface moisture of the sample was absorbed
with filter paper to record the quality of the minced meat before and after cooking. The
cooking loss of minced meat was calculated according to the formula:

Cooking loss (%) =
M1 − M2

M1
× 100

where M1 is the weight of the minced meat before cooking, and M2 is the weight of the
minced meat after cooking.

4.6.2. Determination of Emulsification Stability

In accordance with the modifications suggested by Pan et al. [48], 20 g of raw minced
meat was placed into a 50 mL centrifuge tube, which was then heated in a water bath
at 80 ◦C for 20 min. After heating, the tube was removed and allowed to cool before
being centrifuged at a centrifugal force of 2500× g for 3 min. The centrifuge tube was
subsequently inverted and placed in a beaker for 1 h. Following this, the solid portion of
the sample was extracted, weighed, and dried in an oven at 100 ◦C for 10 h to achieve a
constant weight. The water permeability (W) and fat permeability (F) of the minced meat
were calculated using the appropriate formulas:

W(%) =
M2 − M3

M1
× 100

F(%) =
M3 − M4

M1
× 100

where M1 is the quality of the raw meat, M2 is the quality before drying, M3 is the quality
after drying, and M4 is the quality of the empty bottle.

4.6.3. Measurement of pH Value

We referred to the method of Yu et al. [49] to determine the pH value of meat sausage.
We took 5 g of the cut sausage sample, added 50 mL distilled water to homogenize it for
5 min, then let it stand for 30 min, and removed the supernatant to determine the pH value.

4.6.4. Determination of Color Difference

According to the method of Cheng et al. [50], with modifications, the color of the meat
sausage was determined. The meat sausage was cut into a flat and smooth cylinder with
a section height of 2 cm, corrected with a standard blackboard and whiteboard, and the
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observer angle was measured to be 0◦. Using the three color values (brightness, L* value;
redness, a* value; yellowness, b* value), each sample was measured 6 times in parallel.

4.6.5. Determination of Texture

The method of Wang et al. [51], with slight modifications, was used to determine the
texture of the meat sausage. Meat sausage samples were cut into cylinders with a diameter
of 20 mm and a height of 20 mm, and the texture analysis of meat sausage samples was
performed with a physical property tester (Vector 33, Bruker Optics, Ettlingen, Germany).
A p/50 probe was equipped to perform a two-cycle axial compression test with a stress of
30%. The test speeds before, during, and after the test were 5.0 mm/s, 5.0 mm/s, 1.0 mm/s,
and the trigger force was 5.0 g, respectively. The parameters measured were hardness (g),
elasticity, cohesion, chewiness (mJ), and adhesion.

4.7. Determination of Antioxidant Activity of Meat Sausage

According to the method of Feng et al. [52], although slightly modified, 10 g of cut
meat sausage was placed into 50 mL of distilled water and homogenized in a water bath at
30 ◦C for 1 h, and 0.2 mL of filtrate was mixed with 1 mL of DPPH solution (0.1 mM, diluted
with anhydrous ethanol). After 30 min of light-avoidance reaction at room temperature, the
absorbance at 517 nm was measured as the experimental group. Also, 0.2 mL of distilled
water and 1 mL of DPPH solution were used as the control group, and 0.2 mL of filtrate and
1 mL of anhydrous ethanol were used as the blank group. The DPPH radical scavenging
capacity of the meat sausage was calculated according to formula:

DPPH radical scavenging capacity (%) =
B1 − (B2 − B3)

B1
× 100

where B1 is the absorbance at 517 nm of the control group, B2 is the absorbance at 517 nm
of the experimental group, and B3 is the absorbance at 517 nm of the blank group.

According to the method of Kong et al. [53], although slightly modified, the mother
liquor of ABTS was obtained by mixing 200 mg of ABTS with 34 mg of potassium persulfate
and 50 mL of distilled water, shaking well, and leaving overnight at room temperature
away from light. The ABTS solution, with an absorbance 0.7 ± 0.02 at 734 nm, was prepared
by diluting the ABTS mother solution to a certain multiple with 95% anhydrous ethanol.
The absorbance at 734 nm was measured by mixing 25 μL of filtrate and 1 mL of ABTS
solution at room temperature for 10 min after the reaction. Here, 25 μL of distilled water
and 1 mL of ABTS solution were used as the blank group. The ABTS radical scavenging
capacity of the meat sausage was calculated according to formula:

ABTS radical scavenging capacity (%) =
Bblank − Bsample

Bsample
× 100

where Bsample is the absorbance of the experimental group at 734 nm, and Bblank is the
absorbance of the blank group at 734 nm.

4.8. Data Analysis

All tests were carried out in triplicate, and the data were presented as the mean ± SD
(standard deviation). SPSS software (26.0 for Mac, IBM SPSS Statistical software Inc., Chicago,
IL, USA) was used for statistical analysis. ANOVA and Duncan’s multiple range tests were
used for statistical analysis. The significance level for all tests was established at p ≤ 0.05.
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Abstract: The fat covered by fat globule membrane is scattered in a water phase rich in lactose
and milky protein, forming the original emulsion structure of milk. In order to develop low-fat
milk products with good performance or dairy products with nutritional reinforcement, the original
emulsion structure of milk can be restructured. According to the type of lipid and emulsion struc-
ture in milk, the remolded emulsion structure can be divided into three types: restructured single
emulsion structure, mixed emulsion structure, and double emulsion structure. The restructured
single emulsion structure refers to the introduction of another kind of lipid to skim milk, and the
mixed emulsion structure refers to adding another type of oil or oil-in-water (O/W) emulsion to milk
containing certain levels of milk fat, whose final emulsion structure is still O/W emulsion. In contrast,
the double emulsion structure of milk is a more complicated structural remodeling method, which
is usually performed by introducing W/O emulsion into skim milk (W2) to obtain milk containing
(water-in-oil-in-water) W1/O/W2 emulsion structure in order to encapsulate more diverse nutrients.
Causal statistical analysis was used in this review, based on previous studies on remodeling the
emulsion structures in milk and its gelling products. In addition, some common processing tech-
nologies (including heat treatment, high-pressure treatment, homogenization, ultrasonic treatment,
micro-fluidization, freezing and membrane emulsification) may also have a certain impact on the
microstructure and properties of milk and its gelling products with four different emulsion structures.
These processing technologies can change the size of the dispersed phase of milk, the composition
and structure of the interfacial layer, and the composition and morphology of the aqueous phase
substance, so as to regulate the shelf-life, stability, and sensory properties of the final milk products.
This research on the restructuring of the emulsion structure of milk is not only a cutting-edge topic
in the field of food science, but also a powerful driving force in promoting the transformation and
upgrading of the dairy industry to achieve high-quality and multi-functional dairy products, in order
to meet the diversified needs of consumers for health and taste.

Keywords: milk; emulsion structure; milk fat globule membrane; protein; nutrient

1. Introduction

Milk is rich in macro- and micronutrients, including lipids, proteins, carbohydrates,
vitamins and minerals [1]. These nutrients contribute to the growth and development
of mammalian newborns. Among them, the lipids in milk and other dairy products are
an important source of energy and nutrition for infants and even adults. For example,
lipids in breast milk account for about 40–50% of an infant’s energy needs. Milk lipids
are usually in the form of fat globules, which are natural colloidal particles that release
energy-rich lipids (e.g., triglycerides) and various bioactive molecules (e.g., essential fatty
acids, conjugated linoleic acid, phospholipids, sphingolipids, cholesterol, carotenoids, and
fat-soluble vitamins A, D, E, and K). After infancy, humans continue to consume milk
from non-human sources to supplement various nutrients, such as cow’s milk and ewe’s

Gels 2024, 10, 671. https://doi.org/10.3390/gels10100671 https://www.mdpi.com/journal/gels25



Gels 2024, 10, 671

milk [2]. However, due to the potential microbiological risks of milk (e.g., the presence of
pathogens, such as Campylobacter, Salmonella, and E. coli), as well as the instability of milk
because of the large size of natural milk fat globules, commercially available milk often
undergoes multiple processing operations to improve its safety, stability, and shelf-life, the
most common of which is thermal treatment and homogenization [2].

Processing operations, such as homogenization or heating, can improve the stability
and shelf-life of milk, and one of the most important reasons is their ability to alter the fat
globule structure in raw milk and remodel the emulsion structure. In fact, milk, including
cow’s milk, is itself an unstable oil-in-water (O/W) emulsion, in which milk fat globules
(about 3.25 wt% in milk, ranging from 1 to 10 μm in diameter) encapsulated by a milk fat
globule membrane (MFGM, containing highly polar lipids and proteins) are dispersed in
~90% water. Over time, this emulsion system may experience physical instability, such as
changes in the arrangement or size distribution of milk fat globules, which can eventually
lead to problems, such as flocculation, coalescence, and creaming [3]. However, after
the processing of milk, its stability is mainly improved by reducing the size of emulsion
droplets and reducing the number of microorganisms. The reduction in the size of the
emulsion droplets leads to an increase in the interfacial area, but the newly formed interface
is not completely covered by the MFGM, and casein can then be incorporated into the
newly produced fat surface and thus provide stability against coalescence [1,2]. In addition,
a lower microbial count reduces microbial spoilage and thus improves the safety of milk [4].

The structural remodeling of milk involves not only the modification of the particle
size of the original milk fat globules, but also the change of the structure and configuration
of the milk emulsion. Firstly, another oil/bubble can be used to replace the original milk fat
globules to obtain milk with the structure of remolded single emulsion, which is generally
based on skim milk for structural remodeling with the purpose of improving its taste and
nutritional value. Second, a small amount of another O/W emulsion or a small amount
of another oil can be mixed into the original O/W structure of the milk, such as fish
oil [5,6], flaxseed oil [7], rapeseed oil [8] and sunflower oil [9], obtaining milk with a mixed
emulsion structure, which is eventually still a kind of O/W emulsion. Finally, the original
O/W structure of milk can also be transformed into water-in-oil-water (W1/O/W2) or
oil-in-water-in-oil (O1/W/O2). For example, after removing the milk fat globules, another
W/O emulsion system is introduced, and the W1/O/W2 composite/double emulsion
structure is fabricated after mixing and homogenization. The purpose of this kind of milk
emulsion structure remodeling is mainly to improve the physical properties of milk and
construct milk with a specific functional property or suitable for a certain type of special
population (e.g., consumers looking for functional foods and lactose intolerant patients), so
as to produce new milk-based products and enhance their market competitiveness.

In recent years, there have been many in-depth studies on the structure of milk, but
there is a lack of a systematic overview of the construction and application of milk with
different emulsion structures and milk emulsion structure remodeling during processing.
Therefore, the content of this review mainly focuses on the following aspects: (i) the
original emulsion structure of milk and its remodeled single emulsion structure, (ii) the
mixed emulsion structure of milk, (iii) the double emulsion structure of milk, and (iv) the
changes of original/remodeled emulsion structures in milk during food processing, in
order to provide researchers with a comprehensive understanding of the emulsion structure
remodeling of milk.

2. Original Emulsion Structure and Restructured Single Emulsion Structure of Milk

Milk is an emulsion composed of aqueous and oil phases, which is a chemically and
physically unstable system. The aqueous and oil phases in an emulsion have different
compositions and functions. The aqueous phase of milk is the continuous phase that
is mainly composed of water, emulsifiers, and other water-soluble components, such
as lactose and whey protein [10]. Water, as the main component of milk, mainly acts
as a solvent in the milk emulsion, dissolving some water-soluble components, such as
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proteins, sugars, and vitamins, so that they are evenly dispersed in the milk emulsion
system (Figure 1). At the same time, it also ensures the fluidity and taste of the milk. The
oil phase of milk is the dispersed phase, which is usually composed of oil, emulsifiers,
and other fat-soluble components, such as carotenoids, fat-soluble vitamins (A, D, E, K),
and a variety of volatile flavor compounds [2] (Figure 1). The oil phase provides nutrients
and taste, as the oils provide nutrients, such as energy and fat-soluble vitamins, while also
imparting a rich mouthfeel and smoothness to the milk.

Figure 1. The original emulsion structure of milk. The left part of the figure shows the O/W emulsion
structure of milk, in which the aqueous phase contains proteins, sugars, vitamins, etc., and the oil
phase is composed of fat-soluble components, such as carotenoids, fat-soluble vitamins (A, D, E, K)
and a variety of volatile flavor compounds. The right part is the structure of the milk fat globules,
which are formed by a triglyceride core and coated by a milk fat globule membrane (MFGM) with
a three-layer structure, where MFGM is composed of phospholipids, sphingolipids, cholesterol,
glycoproteins and enzymes.

In milk, lipids account for about 3.5–5.2% of its total composition, mainly composed
of triglycerides, accounting for more than 98% of the total lipids of milk, and the remaining,
approximately 2%, of milk fats can be subdivided into different subcategories, mainly
including diglycerides, monoglycerides, free fatty acids, phospholipids, and cholesterol [11].
The triglycerides in milk are in the form of MFGM-encapsulated spherical droplets, also
known as milk fat globules. Structurally, milk fat globules are formed by a triglyceride-
based core and surrounded by MFGMs with a three-layer structure, where MFGMs are
composed of phospholipids, sphingolipids, cholesterol, glycoproteins, and enzymes [2]
(Figure 1). MFGM plays a key role in the physical stability of triglycerides in milk because,
as a natural emulsifier, it is able to form an interfacial adsorption layer on the surface
of the lipid droplets, reducing the physical attraction between fat globules and reducing
their tendency to aggregate, thereby reducing the flocculation and coalescence of fat
globules [11–13]. In addition, MFGM can also protect fat globules from the action of lipase
and slow down the decomposition of milk fat, because the MFGM membrane can act as
a physical barrier to block the contact between lipase and fat globules, and MFGM also
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contains lipase inhibitors, which can slow down the action of lipase, thereby delaying the
hydrolysis process of fat [2,11,12,14,15].

Although the presence of MFGMs in milk can reduce the surface tension between
the aqueous and oil phases to a certain extent, the emulsified colloidal structure is still
susceptible to interference and damage by external factors, which leads to the deterioration
of the stability and quality of milk. There are two main triggers for this instability. On the
one hand is the creaming caused by gravity, due to the different densities of oil droplets
and water droplets, during which the oil may float to the top layer of the emulsion,
leading to instability of the milk emulsion structure; on the other hand, the changes in
temperature and pH can also affect the stability of milk. High-temperature treatment may
melt emulsifiers with high melting points, losing the ability to stabilize the emulsion, and
extreme acid-based conditions may alter the structure and properties of milk proteins,
thereby disrupting the emulsion structure. In order to improve the stability of milk, some
measures can be taken, such as adding appropriate emulsifiers, reasonably adjusting the
pH and temperature of the emulsion system and adopting appropriate processing methods
to prevent the occurrence of unstable phenomena, such as emulsion creaming [16–18].

In addition, most of the fat in fresh milk can be removed by physical methods, such
as high-speed centrifugation, and skim milk can be obtained. Skim milk is easy to store
because it contains almost no fat, is less prone to oxidation, and is also beneficial for
lowering cholesterol, blood pressure and triglycerides. However, skim milk does not taste
as good as whole milk, and fat-soluble substances (vitamins A, D, E, K) are lost during the
skimming process. Therefore, there are also a small number of studies on the structural
remodeling of skim milk, mainly by introducing a small amount of another oil/bubble into
skim milk to obtain milk with a restructured single emulsion structure, in order to improve
the taste and nutritional value of skim milk (Figure 2). For example, the replacing of fat
globules with bubbles in acidified milk matrices has been studied to develop better-tasting
and low-fat products [19].

Figure 2. Milk with three different remodeled emulsion structures: restructured single emulsion
structure, mixed emulsion structure, and double emulsion structure. Milk with the restructured single
emulsion structure contains non-milk lipids. Milk with the mixed emulsion structure contains both milk
fats and non-milk lipids. Milk with the double emulsion structure contains W/O emulsion droplets.
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3. Mixed Emulsion Structure in Milk

Milk with mixed emulsion structure refers to the original structure of milk (i.e., the
O/W emulsion structure) mixed with a small amount of another O/W or a small amount
of another lipid substance (such as fish oil and flaxseed oil), and the final milk emulsion
contains multiple lipids but it is still an O/W emulsion (Figure 2). The first step in fabri-
cating the mixed emulsion structure is to add various admixtures to the original emulsion
structure to obtain a mixed dispersion after mixing. These admixtures can be prepared
with O/W emulsions and single or mixed oil phases (Table 1). Then, various processing
methods are used, and the above mixed dispersion is emulsified to obtain a mixed emul-
sion. The aim of this kind of structural remodeling is to nurture the milk without affecting
its stability, integrity and organoleptic properties, with the expectation of enhancing its
beneficial effects on human health.

Table 1. Examples of milk containing mixed emulsion structures.

The Type of Admixture Original Milk Added Oil Phase References

O/W emulsion
Whole milk 8–12 wt% flaxseed oil emulsion (addition

amount of 5 wt%) [20]

Whole milk or milk with 2% fat 25 wt% algal oil emulsion (final concentration
with 5 wt% algal oil added) [21]

Oil

Whole milk Flaxseed oil (addition amount of 10 wt%) [7]

Whole milk Cod liver oil (addition amount of 5 wt%) [6]

Whole milk Ghee and canola oil blends (addition amount of
20–50 wt%) [8]

Milk with 1.5% or 3.5% fat Cod liver oil (addition amount of 0.5 wt%) [22]

Milk with 3.5% fat Buttermilk powder (addition amount of
0.3–1.5%, w/v) [15]

Milk with 4.5% fat Chia oil and α-lipoic acid nanoliposomes
(addition amount of 20 wt%) [23]

Milk with 0.5 wt% and 1.5 wt %
fat (1:1) Cod liver oil (addition amount of 0.5 wt%) [5]

Milk with 0.5 wt% and 1.5 wt %
fat (1:1) Cod liver oil (addition amount of 0.5 wt%) [24]

Remix concentrated milk Phospholipids (addition amount of 0.0–0.2 wt%) [25]

Compound evaporated milk Cream residuum powder and sweet buttermilk
powder (addition amount of 0–6 wt%) [26]

Full-fat donkey milk Sunflower oil (addition amount of 1.6%, v/v) [9]

w/v mass solubility, v/v volume ratio, and wt% mass percentage.

The addition of different admixtures may have different fortifying effects on milk. In
terms of adding O/W emulsions, the nutritional value of milk has been enhanced by the
addition of emulsions containing flaxseed oil or algae oil (Table 1), as they are both rich
in omega-3 fatty acids. However, this method of structural remodeling may cause some
adverse effects on milk. On the one hand, studies have shown that, with the increase of
flaxseed oil addition (i.e., 8 wt%, 10 wt%, 12 wt%), the sensory score of milk decreases;
therefore, an appropriate added concentration of oil should be selected and controlled
to guarantee the nutritional fortification effect on milk without significant effects on its
sensory scores [20]. On the other hand, the addition of oils rich in polyunsaturated fatty
acids may reduce the oxidative stability of milk; therefore, it is necessary to add some
antioxidants (such as ascorbic acid, ethylenediaminetetraacetic acid (EDTA) and sodium
caseinate) to improve the oxidative stability of the mixed emulsion system [21].
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In terms of adding lipids directly, many studies have been reported on remodeling the
structure of milk by adding oils, such as fish oil, flaxseed oil, and sunflower oil. On the
one hand, these enhance the nutritional value of milk. For example, fish oil and flaxseed oil
are a class of oils rich in omega-3 polyunsaturated fatty acids (PUFAs) [6,7]; the addition of
long-chain unsaturated lipids (e.g., canola oil) can balance lipid chain length and saturation
levels to replicate the structure and nutrition of human milk [8]; the addition of sunflower
oil to donkey milk lowers energy intake and improves its texture and health properties [9];
the introduction of lipids with specific biological activities, such as α-linolenic acid (ALA)
and α-lipoic acid (LA), can also confer specific health effects on milk [23]. On the other
hand, added lipids may also be beneficial in enhancing the physical stability of milk. For
example, buttermilk powder is added to homogenized milk as an emulsifier for dairy
products to produce milk emulsions containing a stable colloidal phase [15]; the addition
of substances such as sweet buttermilk powder and cream residue powder, which are rich
in natural emulsifier phospholipids, may also enhance the physical stability of milk [25,26].

Although, in most cases, the direct addition of lipids will reduce the oxidative stabil-
ity of milk, this problem can be effectively solved by encapsulating the oil in advance
(i.e., using spray drying to encapsulate the oil in food-grade wall materials, such as
sodium caseinate, maltodextrin, and soy protein) or encapsulating it in liposomes to form
nanoliposomes [6,23]. There are also studies of cow’s milk and soy milk supplemented
with fish oil containing gallates, which have been shown to maintain the tocopherol content
in the emulsion and inhibit lipid oxidation [22]. In addition, the direct addition of lipids
with special flavors (such as fish oil) can adversely affect the flavor of milk. It has been
found that the use of different homogenization temperatures and pressures to blend fish
oil into commercial homogenized milk affected the fishy smell residue of fish oil [5]. The
mixed milk emulsion after high-temperature and high-pressure homogenization (72 ◦C,
22.5 Mpa) is less fishy than that after low-temperature and low-pressure homogenization
(50 ◦C, 5 Mpa); high-temperature and low-pressure (72 ◦C, 5 Mpa) emulsification also
lead to a stronger fishy smell than high-temperature and high-pressure (72 ◦C, 22.5 Mpa)
homogeneous emulsification, because the high temperature and high pressure can reduce
the formation of volatiles [5].

4. Double Emulsion Structure in Milk

Liquid emulsion with a double emulsion structure refers to the transformation of
the original O/W structure of milk into an O1/W/O2 or W1/O/W2 structure, which
may involve multiple steps, including the removal of milk fat globules from milk and the
introduction of another W/O emulsion system [16,27,28] (Figure 2). Table 2 shows the
composition of the inner aqueous phase, oil phase, outer aqueous phase and emulsifier of
milk with a double emulsion structure in several previous studies. Studies on introducing
prepared W1/O/W2 emulsions into whole milk have also been reported [29]. However,
such emulsion structures are complex, and precious research has mainly focused on skim
milk with a double emulsion structure, which is therefore also the main focus of this review.
unless otherwise specified.

Table 2. Examples of milk containing a double emulsion structure.

Inner Aqueous Phase W1 Aliphatic Phase O Outer Aqueous Phase W2 Emulsifiers References

Distilled water (20 g) (LT, BF, HS, or SO, 80 g)
Reconstituted milk (80 g,
containing 10.0 wt% skimmed milk
powder)

PGPR [30]

Distilled water (20 wt%) Olive oil (71.9 wt%) Aqueous solution of biopolymers
(80 wt%) WE, OE, and GG [31]

Ferrous sulfate (1%, w/v) in
distilled water (40 wt% to
W1/O emulsion)

MCT (60 wt%) 30% WPI solution (75 wt% to
W1/O/W2) PSML, and PGPR [32]

0.001 M phosphate buffered saline
containing 0.2%, w/v vitamin B12
(10–30% oil-based)

Sunflower Oil (70–90%) Skim milk (75–95%) PGPR [17]
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Table 2. Cont.

Inner Aqueous Phase W1 Aliphatic Phase O Outer Aqueous Phase W2 Emulsifiers References

0.001 M phosphate buffered saline
containing 0.2%, w/v vitamin B12
(10–30% oil-based)

Sunflower Oil (70–90%) Skim milk (75–95%) PGPR [18]

Skimmed milk (30 wt%) Sunflower Oil (70 wt%) Skim milk (95 wt%) PGPR and lecithin mixture [28]

Skimmed milk (10 wt% oil-based) Sunflower Oil (90 wt%) Skim milk (80–95 wt%) Span 80 [16]

Skim milk (40 wt%) Canola oil or anhydrous milk
fat (60 wt%) Skim milk (80 wt%) Sunflower lecithin, and PGPR [27]

[Abbreviation: low trans vegetable fat (LTVF), refined bovine fat (BF), partially hydrogenated soybean oil
(HS), refined sunflower oil (SO), hydrophilic emulsifier (WE), hydrophobic emulsifier (OE), gellan gum (GG),
medium-chain triglyceride (MCT), whey protein isolate (WPI), poly-oxyethylene sorbitan monolaurate (PSML),
polyglycerol poly-ricinoleate (PGPR), Span 80: lipophilic surfactant], [w/v mass solubility, v/v volume ratio, wt%
mass percentage].

Preparation of milk with a double emulsion structure enables fat replacement and the
development of low-fat products. For example, W1/O/W2 milk has been prepared with
skim milk, PGPR, and different alternative non-dairy fats, including LTVF, BF, HS, and SO,
which may serve as a potential lipid-lowering alternative to full-fat dairy products [30].
However, this fat substitution may affect the subsequent processing performance of milk.
For example, a study on how olive oil-based (W1/O/W2) composite milk emulsion affects
curdling behavior indicated that the restructured milk had the lowest cheese yield com-
pared to whole and low-fat milk [31]. Although olive oil-based restructured milk is not
ideal in terms of cheese yield, this study provides a reference for the replacement of cheese
milk fat with olive oil emulsions, and also provides a basis for the application of milk with
a double emulsion structure in the development of other milk fat substitute products [31].

In addition, the double emulsion structure can also be fabricated for milk fortification.
Some studies have used water-in-oil (W/O) emulsification to encapsulate iron, glycyrrhizic
acid (GA) or vitamin B12 to prepare nutrient-fortified milk [17,18,32]. It is important to
note that iron in milk may catalyze lipid oxidation, which subsequently leads to rancidity,
producing unpleasant odors and tastes. Therefore, in order to prevent lipid oxidation in
iron-micro-capsulated milk, the amount of added iron needs to be controlled within a small
range (i.e., 0.1–0.3%, w/v) [32].

5. Remodeled Emulsion Structures in Gelled Dairy Products

Some studies have mainly focused on the effect of the original structures on the
properties of gelled dairy products with the purpose of improving their taste and nutritive
quality [33–35]. For example, it has been indicated that buffalo set-yoghurts made with
unhomogenized milk exhibited higher syneresis and poor stability upon shear-induced
breakdown, mainly due to the porous gel structure containing a large number of bigger
fat globules [36]. Generally, the purpose of fabricating the emulsion structures of gelled
dairy products is to use health-beneficial lipids, like those derived from plants, to replace
saturated fatty acids [37]. Therefore, in most cases, remodeled emulsion structures in gelled
dairy products include restructured single, mixed and double emulsion structures [31].
Milk can be processed along with other gelled/semi-gelled dairy products, including
fermented (e.g., cheese and yogurt) and condensed milk products. Therefore, the first
strategy in fabricating the emulsion structures in gelled dairy products is implying milk
with pre-fabricated emulsion structures to produce dairy products with different emulsion
structures [31]. For example, recombined milks were formulated using two different
concentrations (4 g/100 g and 6 g/100 g) of spray-dried emulsions containing PUFA-
rich oils encapsulated with buttermilk, followed by fermentation to produce yogurt [38].
However, milk with different fabricated emulsion structures can affect the processing and
quality of its gelling products. It has been found that skim milk containing olive oil-based
W1/O/W2 emulsions showed a shorter reticulation phase and a lower cheese-making yield
than full-fat milk [31].
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Another strategy is processing skim milk or whole-fat milk followed by directly fabri-
cating the emulsion structures in gelled dairy products [39]. For instance, the replacement
of milk fat by rapeseed oil stabilized emulsion with an oil content of 25%, 50% or 75%
(w/w basis) in full-fat or free fat commercial yogurt has been investigated in a previous
study [37]. The findings indicated that incorporating rapeseed oil stabilized emulsion with
75% oil would seemingly reduce oil droplet size without much compromise to bacterial
viability, sensory, or texture, and that such a fat replacement strategy shows promise in
dairy products [37].

6. Remodeling Emulsion Structures of Milk During Food Processing

Milk is highly nutritious, which also means that it is prone to spoilage and is an
excellent substrate for the growth of disease-causing microorganisms. This poses a huge
challenge for the dairy industry in providing safe, shelf-stable, and affordable milk [40].
As a result, various processing techniques are applied to extend the shelf-life, improve the
taste and texture, enhance the stability, and improve the nutritional value and functionality
of milk. The common processing methods include heat treatment [41,42], high-pressure
processing [43,44], homogenization [34,45], ultrasound [10,46], micro-fluidization [35,47],
freezing [48–50] and membrane emulsification [51–53]. These processing technologies are
widely used in the manufacture of milk, dairy products, and dairy ingredients.

6.1. Thermal Treatment

Thermal treatment is one of the major traditional food processing methods. Heat
treatment of milk reduces microbial spoilage by destroying the proteins and nucleic acids
in the cells, cell wall and cell membrane structure of microorganisms, and thus provides
safer products with an extended shelf-life [40]. Although intense heat treatment of milk
components can improve the safety and shelf-life of milk, the flavor and nutritional value
are negatively affected, accompanied by many other drawbacks, such as protein denatura-
tion and modification, reduced nutritional value, and the formation of Maillard products.
Heat treatment also affects mineral and vitamin balance, leading to undesirable changes in
the flavor and color of milk [4,26,54].

Heat treatment may adversely affect the stability of the original emulsion structure and
restructured single emulsion structure in milk for the following reasons. Firstly, coagulation
in milk during thermal processing is one of the biggest challenges in dairy sterilization.
Several reactions have been found to occur during heating, including denaturation of whey
protein and the formation of complexes between denatured whey proteins, casein micelles,
and milk fat globules, leading to the occurrence of thermocoagulation [12,26,55]. Therefore,
in milk emulsion systems with high concentrations of proteins, such as (recombinant)
evaporated milk, the thermal stability of proteins during heating, especially whey proteins,
is very important for milk products [12,13]. The mechanism of thermal instability of dairy
proteins is that heat treatment leads to the unfolding of the natural dense structure of
globulin, which exposes buried hydrophobic residues and leads to the aggregation of
denatured proteins [41]. Studies have shown that thermally induced protein instability
and calcium phosphate thermo-precipitation are the main causes of scale on some parts
during the thermal processing of milk. Under certain conditions, whey protein, casein,
calcium phosphate and fat can be contained in the scale. When milk is heated, κ-casein
may undergo heat-induced dissociation at temperatures greater than 60 ◦C, reducing the
stability of casein micelles. In addition, pH (from 6.6 to 5.5) is a major factor in heat-induced
κ-casein dissociation, which collapses casein micelles during acidification due to charge
neutralization [40].

Second, heat treatment of milk can also affect lipid digestion. Studies have shown
that heat treatment may alter the structure of the interfacial coating surrounding the fat
globules, such as protein denaturation and cross-linking, making lipase molecules more
difficult to adsorb. In addition, heat treatment may promote a greater degree of fat globule
flocculation, which again limits the ability of lipase to adsorb on the surface of fat globules,
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thereby reducing the initial rate of lipid digestion [2]. Temperature also has a significant
impact on the stability and integrity of MFGMs. Studies have shown that, in milk, heat
treatment between 60 ◦C and 95 ◦C affects the surface structure of milk fat globules, mainly
by whey protein binding to MFGM protein [11,56].

Third, during thermal processing, the degradation of lipids, proteins, and other
emulsion components leads to change in the flavor profile of milk, which is associated with
the formation of volatile compounds [12]. It has also been shown that heat treatment of
milk also produces methyl ketones, such as 2-pentanone, 2-heptanone, and 2-nonanone,
and 2-heptanone, which has been identified as one of the compounds with the strongest
volatile flavor in hot milk [12].

Ultra-high-temperature heat-treated (UHT) milk has a long shelf-life at room tem-
perature, making it a nutritionally, technically and economically important food. Studies
have shown that certain chemical and physical changes caused by UHT treatment can
lead to storage instability, including the formation of protein precipitates at the bottom of
the storage container or the formation of precipitates or gels throughout the milk (mainly
involving the aggregation of milk proteins), which limits the shelf-life and market potential
of UHT milk [42]. However, the heat load after UHT (including evaporation and spray
drying) generally has little effect on the physicochemical and functional properties of the
production of infant formula (IMF) powders [57].

Indeed, consumer acceptance of milk is largely determined by its organoleptic charac-
teristics and nutritional value, so there is a huge demand for new technologies to replace
conventional thermal processing with technologies that cause minimal damage to nutrients
and provide a longer shelf-life. To achieve this, a number of non-thermal techniques have
been explored, such as high-pressure processing and ultrasonics [4,54].

There are currently no studies on the effect of heat treatment on the structure of milk
with mixed or double emulsion structures. Heat treatment may affect the stability, taste
and nutritional value of this kind of milk, which however needs further investigation.

6.2. High-Pressure (HP) Processing

HP processing is a non-thermal processing method that can replace traditional thermal
processing and is widely used in the food processing industry. HP treatment is able to
kill microorganisms by disrupting the fluidity and integrity of their cell membranes and
inactivate specific enzymes by changing their spatial structures under high pressures at
room temperature to extend the shelf-life of raw materials and food products in order to
ensure food safety while reducing quality loss in the processed products. HP treatment
does not lead to thermal degradation of food ingredients, does not impair the organoleptic,
nutritional and physicochemical properties of food, does not affect the composition of fatty
acids, and minimizes the use of chemical additives [43,44].

HP treatment is also widely used in the pre-treatment of milk. HP treatment requires
the use of extremely high pressures (typically between 100 and 1000 Mpa) for a specific
period of time [58]. This allows HP treatment to achieve a reduction in the population of
microorganisms in milk, such as E. coli, without the aid of heating [44].

In addition, the pressure during HP treatment also affects the properties of the milk
itself, such as temperature, pH, fat globule size, casein micelle particle size and protein
distribution and hydrophobicity [46]. Studies have shown that the diameter of the particle
size of untreated goat’s milk increases after 14 days of refrigeration while, in HP-treated
goat’s milk, the increase in the above parameters is inhibited or eliminated after higher
pressure (>200 MPa) treatment, and even 400 Mpa HP-treated goat’s milk has no significant
difference in particle size during storage [43].

In terms of effects on lipids, HP treatment has been shown to alter the size of the fat
globules and the composition of the MFGM, with pressure slightly affecting the size of the
fat globules and temperature parameters having a greater effect on the size [44]. Processing
milk at temperatures above 25 ◦C produces smaller fat globules, while the effect is opposite
at lower temperatures. However, the HP treatment itself has been shown to have little
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to no effect on the lipid composition of milk. In addition, under mild pressure (250 MPa)
conditions without heating, enzymatic lipolysis is facilitated and, due to the release of
free fatty acids, as well as the production of mono- and ditriglycerides and additional
volatile compounds, leads to undesirable flavors and aromas. Therefore, the effects of high
pressure on milk fat and fat globules need to be studied in more depth, especially since
these changes are related to the stability of the emulsion system and quality changes in the
final products [44].

HP treatment also alters casein micelle size. The effect of HP treatment on the electro-
static and hydrophobic interactions leads to the breakdown of submicelles, followed by
the dissociation of casein moieties from micellar casein, after which they re-aggregate and
rebind, causing changes in casein micelle size [43]. HP treatment can also cause protein
denaturation, mainly by causing the unfolding and destruction of different bonds and
interactions, which changes the native structure of proteins. These changes in milk proteins
also lead to alterations in their functions and properties. During HP treatment, the size,
composition and hydration of casein micelles undergo structural changes. However, the
specific variation and the extent of these changes depend on the processing conditions.
During HP treatment, the water is compressed, which causes the hydrophobic bonds of the
casein micellar components to be broken and then changes the light transmission of the
milk, and the minerals are also dissolved (mainly micellar phosphate). A study indicated
that HP treatment exacerbated the change in casein micelle size [44]. HP treatment after
the application of 500 MP severely affected and changed the size and structure of casein
micelles (the spherical structure became irregular, the structural integrity was lost, and the
size decreased), and these changes were thought to be responsible for additional effects on
the properties of milk, such as changes in color and stability, rheological properties, and
pH [44].

HP treatment also has an effect on whey protein. The whey protein in HP-treated
milk undergoes reversible unfolding due to pressure, which allows the water molecules in
the medium to penetrate the hydrophobic region of molecules, leading to conformational
change of the protein and eventually the formation of aggregates. This structural change
promotes the improvement of some specific functions of the milk, such as hydrophobicity,
solubility, gelatinity, firmness and emulsifying properties, which can improve the quality
of other dairy products, such as cheese and yogurt. However, the specific variation and
the extent of these changes depend on the processing conditions. For instance, due to the
interaction between denatured β-lactoglobulin and κ-casein, a lighter pressure of about
250 MPa may increase the size of the micelles; however, these changes are reversible [44].
Temperature and pH also affect the change in micelle size during processing, and it was
found that, as the pH increased, the temperature increased the micelle size [44]. At the
same time, HP treatment has a dual effect on enzymes, which can be activated or inhibited
depending on the intensity of the pressure, the type of enzyme, and the temperature.
Pressures below 350 MPa can increase the activity of the enzyme because the partial
unfolding of the enzyme and protein-based substrate is conformationally flexible, thus
facilitating the interaction between them. Inactivation is known to begin at pressures above
400 MPa, and inactivation may increase as pressure increases. However, the degree of
inactivation is affected not only by pressure level, but also by processing time, enzyme
type, milk composition, and pH level [44].

During the processing of milk, the degradation of lipids, proteins, and other milk
components leads to changes in the flavor profile of final products, which is associated
with the formation of volatile compounds, such as aldehydes and sulfur compounds [12].
Overall, however, HP treatment offers an alternative to heat preservation, pasteurization,
and sterilization in dairy technology, and allows for the development of new products with
the desired texture, flavor, and functional properties [43].
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6.3. Homogenization

In the food industry, homogenization usually refers to the more even dispersion of fat,
protein and other components in food through physical methods (such as high-pressure
homogenizers), so as to improve the taste, texture and stability of food. Homogenization
is widely used in the dairy industry to prevent creaming of milk during storage [34]. For
example, in milk processing, homogenization can cause the fat globules to break into
smaller particles, preventing the fat from floating and making the milk more delicate.
Homogenization is also used to produce reformulated milk with skimmed milk powder
and milk fat, as well as to produce filled milk with non-dairy lipids, such as vegetable
oils [1].

6.3.1. Effect of Homogenization on Milk with Original or Restructured Single
Emulsion Structures

Homogenization can inhibit emulsion creaming during storage of liquid dairy prod-
ucts by reducing the size of milk fat globules [45]. The main mechanism is that the milk
is forced through a narrow gap under high pressure in the high-pressure homogenizer,
creating a strong shear force, impact force, and cavitation effect, which work together to
break the fat globule. Homogenization also prevents milk fat globules from clumping to-
gether by converting them into smaller particles. Thus, homogenization is able to promote
fat dispersion [33]. For example, homogenization can reduce the size of milk fat globules,
thereby improving milk stability [59]. Studies have also shown that homogenization can
reduce the size of goat milk fat globules, thereby increasing the interaction between fat
globules and casein, which is beneficial to the stability of the emulsion structure of goat
milk [60]. Turbulence, shear, and cavitation during homogenization are the main forces
that lead to fat globule rupture [11,12]. However, the extent of reduced size of fat droplets
by homogenization (5–25 MPa) highly depends on the pressure. Sometimes, fat globule
aggregation may occur during homogenization, but this can be eliminated by two-stage
homogenization [56].

Studies have shown that homogenization reduced the size of milk fat globules in milk,
increased their number and surface area, and altered MFGM properties [12,13,15,56]. As
a result, the milk fat globules are not completely covered by the MFGMs. Therefore, the
surface-active components in the aqueous phase of milk emulsion, such as casein and whey
protein, spontaneously adsorb to the surface of the fat globules, form new interfaces, and
provide stability against coalescence [1,2,56]. However, at the time of homogenization to
reduce the size of milk fat globules, proteins can be partially replaced by phospholipids,
which is determined by the polarity of phospholipids and their concentration on the outer
bilayer of MFGMs [34].

The above-mentioned changes in emulsion structure caused by homogenization may
affect the digestibility of milk. The reduced size of the milk fat globules may result in
a faster digestion rate. However, homogenization of natural milk fat globules does not
appear to improve the lipolysis rate, as the effect of increased surface area may be offset by
the presence of proteins at the interface of lipid droplets, and homogenized droplets tend to
aggregate more quickly than natural milk fat globules under gastric conditions [11,13,56].
Studies have shown that homogenization does not appear to have a significant effect on
the final degree of milk fat digestion, but following thermal treatment appears to reduce
the overall degree of lipid digestion of homogenized samples [2]. The probable reason was
that heating above the thermal denaturation temperature of the adsorbed whey protein can
promote the unfolding and interfacial cross-linking of the whey protein. As a result, the
interfacial structure and fat globule aggregation are significantly changed, which reduces
the speed and degree of fat globule digestion [2]. However, higher temperatures during
homogenization can improve the efficiency of homogenization [12], but previous studies
showed that milk fat globules (MFGs) after homogenization and thermal treatment had
higher flocculation rates than natural MFGs [36].
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In addition, different homogenization methods (e.g., shear homogenization, atmo-
spheric homogenization, high-pressure homogenization (HPH), and ultra-high-pressure
homogenization (UHPH)) may have different effects on the structural changes of the milk
described above.

The application of HPH can increase the temperature of milk [15,34]. As a result,
milk can be homogenized at a lower initial temperature compared to atmospheric pressure
homogenization, which eliminates the heating phase and simplifies the process [34]. HPH
is more effective in generating small emulsion droplets [28]. This technique can replace
atmospheric homogenization or pasteurization with a lower pasteurization temperature.
At the same time, it effectively eliminates pathogenic microorganisms and improves the
quality of milk emulsions [15,34].

HPH treatment is also able to affect the adsorption of proteins on the surface of fat
globules, lead to the denaturation of whey proteins, and alter the structural properties of
casein micelles, thereby altering the functional properties of proteins and their conden-
sation [45]. It was found that the adsorption of milk proteins on the surface of milk fat
globules was promoted by the application of HPH in the pressure range of 100–200 MPa
and the temperature range of 20–40 ◦C, and the adsorption capacity increased with the
increase of temperature [34]. The properties of these new interfaces (i.e., stability and
viscosity) can also be significantly altered during thermal treatment, due to changes in the
conformation and interactions (i.e., protein–protein and protein–fat interactions) of the
different types of proteins present (e.g., casein and whey protein) [12]. In the temperature
range of 20 ◦C to 40 ◦C, the molecular movement of milk protein intensified with the
increase in temperature [12], which was conducive to its adsorption and rearrangement
on the surface of milk fat globules. In addition, elevated temperatures may also promote
protein–protein and protein–fat interactions, further enhancing the stability of the emulsion.
However, excessively high temperatures can also cause protein denaturation or aggregation,
which is detrimental to the stability of the emulsion.

UHPH is a homogenization method based on the same principles as atmospheric
pressure homogenization, but working at higher pressures. UHPH can operate at pressures
as high as 400 Mpa, compared to 20–50 MPa homogenized at atmospheric pressure [38,54].
Cavitation, friction, turbulence, and shear stresses are the forces that arise during the
UHPH process. UHPH is also able to reduce milk microbial counts, denature whey protein,
inactivate intrinsic lactases, such as plasmin and alkaline phosphatase, and drastically
reduce fat globule size. Studies have shown that UHPH could reduce the size of fat
globules (down to a fraction or even less) and enhance the activity of natural lactoprotein
lipase [54]. However, the study also showed that high-temperature short-time (HTST)
thermal treatment (72 ◦C, 15 s) was able to completely inactivate natural lipases that cause
liquid lipolysis, such as natural lactoprotein lipase [54].

Shear homogenization refers to crushing and refining materials through extrusion,
impact and shear, so that the dispersed phase is distributed in the immiscible continuous
phase to achieve the purpose of uniform mixing. Studies have shown that shear homoge-
nization of buffalo milk improved its texture and made its gel firmer with a higher storage
modulus, a smaller hysteresis area, and better deformation recovery ability. In addition,
the newly formed MFGMs after homogenization are different from the original MFGMs,
and the former are mainly composed of membrane fragments and casein, in which a newly
formed dense protein layer is covered by the MFGMs. These newly formed MFGMs are
cross-linked with the surrounding milk protein matrix, resulting in higher gel strength.
However, homogenization also has side effects, with studies showing that shear homoge-
nization increased the total content of free fatty acids in buffalo milk compared to untreated
buffalo milk, which may lead to fat-soluble rancidity [36]. Compared with raw milk, shear
homogenization could increase free saturated fatty acids by 2.75~3 g per 100 g of fat [36].

36



Gels 2024, 10, 671

6.3.2. Effect of Homogenization on Milk with Mixed Emulsion Structure

In the study of milk with mixed emulsion structure, after homogenization under
atmospheric pressure, milk is rich in substances that can accumulate on the surface of
newly formed fat globules, accompanied by a reduction in the size of fat globules. HPH
can also reduce the diameter of milk fat globules, increase the surface area of milk fat
globules, and promote the emulsification of excess fat in dairy products. Both conventional
homogenization and HPH can improve the thermal stability (HS) of milk emulsions, while
HPH can increase the viscosity of emulsions [15]. In a study on the effect of homoge-
nization conditions on the oxidative stability of fish oil-fortified milk, it was found that
homogenization conditions (e.g., temperature and pressure) had no effect on the oxidative
stability of milk emulsions containing stable fish oil, and that the actual composition of the
oil–water interface (e.g., protein composition) was more important than the total surface
area itself [5].

6.3.3. Effect of Homogenization on Milk with Double Emulsion Structure

In the study of the formation of a double W1/O/W2 emulsion in skim milk using
minimal food-grade emulsifiers (i.e., skim milk in the inner and outer aqueous phases and
sunflower oil in the oil phase), ultrasonic waves were used in the first emulsification step
and different high-shear techniques (i.e., ultrasonic and HPH) were used in the second
emulsification step [28]. Results showed that an increase in HPH pressure or an increase
in the duration of ultrasound resulted in a smaller droplet diameter, but HPH was more
efficient at producing small emulsion droplets because the mechanism of HPH is not to
produce droplets larger than the valve gap. However, for a given energy load, either
ultrasound or HPH could form a double emulsion with similar size and similar degree of
encapsulation [28]. Therefore, it can be concluded that homogenization can reduce the size
of the fat globules in milk with a double emulsion structure and, at the same time, increase
the surface area of the milk fat globules.

6.4. Ultrasonic Treatment

Ultrasound treatment is a promising technology for disrupting particles and can be
applied to food processing [4,61]. Ultrasound refers to sound waves with frequencies above
20 kHz that are imperceptible to the human ear and are divided into two categories: power
ultrasound and diagnostic ultrasound. Diagnostic ultrasound ranges from 2 MHz to about
15 MHz and is widely used in the medical field. In contrary, power ultrasound, which
ranges from 20 kHz to about 1 MHz, has been applied in food processing [4]. For example,
powder ultrasound has been used to form stable functional skim milk with the bioactive
substance (i.e., black seed oil) [10].

6.4.1. Effect of Ultrasonic Treatment on Milk with Original or Restructured Single
Emulsion Structures

Ultrasonic treatment is considered to be an effective processing method, because it
can lead to acoustic cavitation in liquids. When energy passes through a liquid medium, it
causes the formation, growth, and rupture of bubbles, resulting in strong local shear forces
and turbulence with an increase in temperature. These stresses and repeated disintegration
of bubbles can disrupt the MFGMs, creating spatial and transient stresses on the surface
of the fat globules and particles, which can lead to particle breakage. Many studies have
proved that ultrasonic waves mechanically create air bubbles in fluids through cavitation,
resulting in a reduction in particle size [4,28,33,36,62].

For milk, the turbulence associated with acoustic cavitation enhances the partial
mobility of milk fat globule particles, thereby improving the aggregation between co-
aggregated protein and the newly formed MFG-protein complex. As a result, milk gels
produced from ultrasonicated milk showed improved gel properties, such as gel strength,
elasticity and hardness, viscosity, and water holding capacity, while reducing gelling
time [36]. However, prolonged ultrasonic treatment has been reported to have adverse

37



Gels 2024, 10, 671

effects on milk gel because whey proteins dissociate from micellar aggregates and MFG
flocculates to form homogeneous clusters, resulting in a weak gel network with high
synergistic effects [36].

During ultrasonic treatment, the shear forces generated by acoustic cavitation can also
cause changes in the protein particles in the milk emulsion. The strong cavitation force
usually leads to partial cleavage of the hydrophobic interaction between whey protein
molecules, resulting in reversible or irreversible denaturation, depending on the ultrasound
intensity [36]. It has been found that whey proteins and whey–whey aggregates in milk
were denatured and soluble whey–whey/whey–casein aggregates were formed, which
further interacted with casein micelles to form micellar aggregates during the first 30 min
ultrasound treatment; however, prolonged treatment with ultrasound results in the de-
struction of some of the whey protein from these aggregates [4]. Partially denatured whey
protein can provide stability to emulsified droplets, allowing for the production of emulsion
droplets with smaller sizes [63]. In addition, the physical forces of acoustic cavitation have
no effect on the integrity of the casein micelles but result in a slight reduction in their size.
However, studies have shown that small changes to the protein by ultrasound do not alter
the viscosity of milk [4].

Ultrasonic treatment can also be used to assist in producing milk with a restructured
single emulsion structure. Studies have shown that ultrasound-assisted emulsification can
be used to prepare stable turmeric oil-loaded milk emulsions [64]. Ultrasound-assisted
emulsification has considerable advantages over conventional methods, such as obtaining
submicron-sized milk fat globule particles, narrow particle size distributions and more
stable emulsions, and low energy requirements, and can be used as a simple and low-cost
processing technique [16,64]. Ultrasound-assisted emulsification is a two-step process in
which Rayleigh–Taylor instability drives the formation of droplets of the dispersed phase
in a continuous phase, followed by resulting droplets in the second step, which are broken
into tiny droplets by a shock wave generated by instantaneous cavitation. The formation
and final size of the droplets are influenced by a number of operational factors, including
the presence of surfactants. The main role of surfactants is to reduce the interfacial tension
so that less energy is required to produce the droplets, and also to adsorb on the surface
of the newly prepared droplets to prevent droplet recoalescence, resulting in a stable
emulsion [64].

Ultrasonic treatment can also be used in combination with homogenization to process
milk. The main purpose of ultrasonic homogenization is to reduce the size of fat globules,
but also to increase the stability and consistency of the resulting milk emulsion, and to
reduce the separation of fat and aqueous phases during consumption and storage. By
controlling the temperature and shortening the homogenization duration, the negative
effects of ultrasonic treatment, such as lipid oxidation, can be avoided [46].

6.4.2. Effect of Ultrasonic Treatment on Milk with Double Emulsion Structure

The physical and chemical effects produced by cavitation bubbles have many practical
applications in milk with a double emulsion structure. In the study of the preparation of
W1/O/W2 emulsions containing skim milk and sunflower seed oil with low-frequency
ultrasonic treatment, sonication was used in the preparation of both W1/O and W1/O/W2
emulsions, and the results showed that the resulted double emulsion droplets were rel-
atively stable within 7 days [16]. The results of above study suggested that, for a given
energy load, either ultrasound or HP treatment can form a similar size and similar degree of
encapsulation of milk with a double emulsion structure [28]. As expected, an increase in the
duration of ultrasound or HP treatment pressure could result in a smaller droplet diameter.
However, increasing the ultrasonic power may lead to greater shear forces, which results
in more emulsion droplets being destroyed and then reduces the retention of internalized
aqueous droplets [16]. Compared with HP homogenization, ultrasonic treatment has an
inherent randomness due to its mechanism of acoustic cavitation, and the reduction in
droplet size is random, resulting in a larger size distribution. Therefore, in this case, the

38



Gels 2024, 10, 671

presence of larger droplets may lead to a higher encapsulation efficiency at the time of
encapsulation, but this may also reduce the stability of the double milk emulsion [28].

Another application example is the encapsulation of glycyrrhizic acid (GA) with an
ultrasound-assisted milk-based double emulsion, in which ultrasonic treatment was used
in the preparation of both W1/O and W1/O/W2 emulsions [17]. Studies have shown
that sonication was able to reduce droplet size; However, prolonged ultrasonic treatment
could lead to droplet rupture in the original emulsion, a decrease in pH and an increase in
temperature, resulting in uncontrolled release of the encapsulated compound and lower
encapsulation efficiency [17]. Therefore, an appropriate sonication time should be selected
to control the encapsulation efficiency [16–18].

6.5. Membrane Emulsification (ME)

ME involves the use of low compression to allow the dispersed phase to permeate
through the membrane with a specific pore size under the action of different pressures
into the continuous phase. In contrast to homogenization, the resulting droplet size is
mainly controlled by the choice of membrane rather than by the generation of turbulent
droplet breakage. The technique is very attractive due to its simplicity, potentially lower
energy requirements, the need for less surfactant and the resulting narrow droplet size
distribution [1,51]. The advantages of ME in the food processing industry may come from
its low shear properties and mild processing conditions, especially for the preparation of
double emulsions, structural phases with fine droplets, and microcapsules. Therefore, in
contrast to traditional emulsification methods (e.g., homogenization), small and monodis-
persed droplets can be produced without the use of high shear stresses that cause internal
droplets to escape, which is more effective in maintaining the microstructures and nutrients
in emulsion food products [51]. Another advantage of ME is the amplification capability
of the membrane device. By adding more fibers to the unit, increasing the fiber length,
and using the unit in parallel, the flow rate can be easily increased to achieve the desired
conversion rate and productivity. The limitations of the ME process may be related to the
low flux and fouling of monodisperse emulsions. These shortcomings can be addressed by
other operations, such as premixed processing, as well as rotating or vibrating membrane
devices [51].

ME technology is divided into two types: direct ME and premixed ME: (i) in direct
ME, a continuous phase flows tangentially to the membrane surface, while the dispersed
phase is squeezed through the pores of the membrane, and the droplets of the dispersed
phase grow at the openings of the pores in the membrane and separate when they reach
a certain size; (ii) premixed ME is based on the formation of a coarse emulsion by traditional
mechanical techniques and then passing it through a membrane to obtain a narrow droplet
size distribution [1,65].

In ME, different types of membranes can be used, such as Shirasu-porous glass (SPG)
membranes, ceramic membranes, and silicon and silicon nitride membranes [1,51]. In the
food industry, different membranes have their own specific application scenarios. Inorganic
membranes (e.g., ceramic and SPG membranes) are suitable for the preparation of food
emulsions that require strict hygiene, high-temperature sterilization or chemical resistance.
Silicone-based membranes may be more suitable for some food emulsions that require
precise control of droplet size. ME is a suitable technology for emulsified oils and milk.
It has been reported that milk proteins could stabilize emulsions without the use of any
external reagents as surfactants, achieve encapsulation at an oil concentration of 30 wt%,
and obtain droplet sizes that are approximately 2 to 6 times the size of the membrane
pore [1].

In the study of the preparation of O/W emulsion containing fish oil by premixed ME
method, the study showed that the emulsion produced by premixed ME has a smaller
droplet size distribution and is more monodisperse than the emulsion produced by the
rotor-stator [53]. Another study indicated that ME could be successfully used to produce
astaxanthin-containing O/W emulsions with significantly narrow droplet size distribution,
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and that the average size of the droplets could be adjusted by varying experimental
parameters, such as pressure and dispersed phase fraction, and small mean diameter
values were obtained at high pressure and low disperse phase fractions [65].

At present, there are no studies on the effect of membrane emulsification on the struc-
ture of mixed milk emulsions. However, the predicted effect of membrane emulsification
on the structure of the mixed milk emulsion is mainly in terms of droplet size, which
can produce relatively small droplets and may have a higher encapsulation efficiency.
In future, understanding the effect of different material-based membranes with different
pore sizes on mixed milk emulsions can help to provide a basis for selecting the right
membrane. The experimental parameters in the membrane emulsification process, such as
pressure, temperature, flow rate, emulsifier type and concentration, need to be investigated
for regulating the structure and properties of mixed milk emulsions. In terms of milk
with a double emulsion structure (i.e., W1/O/W2), primary emulsions can be prepared by
conventional methods or by ME. The mild conditions of ME are particularly useful for the
second emulsion step, which prevents the rupture of the double emulsion droplets [51].

6.6. Microfluidization

Microfluidization is an emerging technique and the most effective method for generat-
ing uniformly distributed droplets [35,66]. Due to its high cost and production limitations,
its applicability on a larger scale is limited, but microfluidization has an important role in
various studies due to its advantages such as short processing time, low thermal effect, and
almost no nutrient loss. Therefore, microfluidization technology can produce emulsified
products with uniform particle size, good nutrient retention and high stability, which meets
the production requirements of high value-added products. In such cases, the advantages
of microfluidics may indeed outweigh its high costs. Microfluidization is not only used
in the preparation and production of emulsions, nanoparticles, and beverages, but is also
used to process some food materials to improve their specific properties and thus is suitable
for new applications [67]. In principle, the production of emulsions using microfluidizers
is the most energy-efficient and suitable for high-throughput processing, though the cost of
maintenance is high [16].

The formation of milk emulsion using a microfluidizer usually involves two steps.
First, a high-shear agitator is used to mix the oil, emulsifier, and water phase together
to form a coarse emulsion. Secondly, pneumatic pressure is used to force the coarse
emulsion through the microfluidizer. After the coarse emulsion enters the microfluidizer,
it is split into two separate streams, causing them to collide with each other at high
speed. This process generates strong destructive forces, such as cavitation, turbulence,
and shear, which effectively disrupt the large droplets in the coarse emulsion, resulting in
the formation of very tiny droplets [66–71]. In addition, the frequent collisions occurring
between the particles (e.g., fat globules and protein aggregates) and between the particles
and the microchannel walls are also able to break up larger particles and reduce their
size, thus improving the uniformity and stability of milk. Crude emulsions prepared
by high-shear mixers can reach a particle size of 1.5 μm, while emulsions prepared by
microfluidization processes have a smaller particle size (≥200 nm) [68]. The results of a
study in the production of emulsion containing fish oil showed that microfluidization could
form stable nano=emulsions, and that, when the average droplet size of nano=emulsions
was around 200 nm, it could be used to improve their absorption in the digestive tract [68].
Another study showed that microfluidization techniques allowed emulsions to have droplet
sizes in the nanometer range (<500 nm) with a single-modal particle size distribution and
good stability [70].

In general, the size of the emulsion decreases with increasing pressure and duration
within the optimal microfluidization pressure range. However, after exceeding the optimal
treatment conditions, the emulsion size may increase or barely change, because the emul-
sion droplets break and aggregate [69,72]. A study indicated that that, during the process of
emulsification homogenization, the shear, turbulence and collision caused by microfluidiza-
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tion could simultaneously change the size of oil droplets in an O/W emulsion stabilized by
natural pea globulin and the structure of the pea globulin-based interfacial membrane [73].
In addition, when the microfluidization pressure increased, the emulsion stability of the
liquid emulsion had two opposite effects, either an improvement in the emulsion stability
or a decrease in the emulsion stability of the liquid emulsion, which might be a consequence
of flocculation [73]. Further research should be carried out to determine the specific effects
of different pressure gradients, temperatures, and processing flow on the droplet size in
milk. However, it has been indicated that, when the microfluidization pressure was held
constant, the particle sizes increased as the milk fat concentration was increased, indicating
that higher microfluidization pressure might be needed for milk containing higher levels of
fat to obtain stable final products [74].

In terms of the effect of microfluidization on the digestive behavior of milk, it has
been indicated that microfluidization treatment could promote in vitro and in vivo protein
digestibility of milk [75]. This may be due to the breakage of fat, as well as protein
molecules, into a very small size with increased surface area as a result of microfluidization,
thereby interacting more fully with digestive enzymes and accelerating the release of
nutrients, such as fatty acids and amino acids. However, more research is needed to further
clarify this relationship and provide a basis for the development of more efficient nutrient
delivery systems.

6.7. Freezing

Freezing is a common technique in the food industry to preserve food and extend its
shelf-life. Food is exposed to extremely low temperatures, usually below freezing, which
slows down bacterial growth and chemical changes, thus preserving the freshness and
quality of food. Freezing can also be applied to the storage of milk, and freezing has
a certain effect on the original emulsion structure in milk. When milk is frozen, several
reactions occur, which are related to the freezing temperature or freezing time. There
are two unstable phenomena in milk when it is frozen. One is fat separation, which
occurs during the cooling process of milk in the early stage of freezing. The other is
protein flocculation, which depends on the final storage temperature and the time of frozen
storage [48].

When milk is stored at low temperatures, the fat globules may undergo partial coales-
cence. The possible mechanism is that freezing can lead to the crystallization of triglyceride
nuclei, and the fat crystals can protrude from the surface of the fat globules and pierce the
neighboring MFGMs, partially coalescing to produce large, irregularly shaped particles or
a continuous network of aggregated fats, which tend to rapidly form fat creaming. The
partially coalesced fat globules themselves can further coalesce as the temperature rises
and the fat crystals melt. During the partial coalescence, some components in MFGMs can
be released into the water phase [11,56,60].

In addition to the changes in fat, freezing also has an effect on the non-fat compositions
in milk, mainly the balance of salt. This can be explained by the partial freezing of water
and the formation of a supersaturated salt solution, increasing the ionic strength and thus
the osmotic pressure of the system [60].

7. Future Outlook

The future development of milk with different emulsion structures may focus on the
following areas:

(i) The design of functional milk: Future research may focus on the design of multifunc-
tional milk, which can give milk more functionality by changing the surface structures
of milk fat globules, remodeling its emulsion structures, and introducing other func-
tional components into milk. Moreover, in the relevant practical applications, it is
necessary to select the appropriate additives (e.g., oil from different sources with
various properties) and processing processes according to the specific production
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needs and product characteristics to achieve the best effects, which also needs more
in-depth and systematic research.

(ii) The innovation in emulsifying technology: The innovation of emulsification tech-
nology helps to improve the stability and texture of milk with remodeled emulsion
structures. On the one hand, although some emulsifying technologies (e.g., homoge-
nization and ultrasonic treatment) have been used for preparing milk with original,
restructured single, mixed, or double emulsion structures, some novel emulsifying
technologies (e.g., ME and microfluidization) are still limited to remodeling the orig-
inal emulsion structures in milk. These novel emulsifying technologies may show
good performance to improve the properties of milk, which however needs further
investigation for confirmation. On the other hand, the combination of different emulsi-
fying technologies (e.g., the combination of homogenization and ultrasonic treatment)
may show synergetic effects. Therefore, more diverse combinations of different emul-
sifying technologies with different working mechanisms to overcome their respective
shortcomings in the production of milk with different emulsion structures may also
be an interesting research topic in future.

(iii) The development of gelled dairy products with different emulsion structures and
functions: Previous studies mainly focus on the fabrication of emulsion structures
in milk for various purposes, but research on the processing properties of milk with
remodeled emulsion structures and the functional properties of the relevant processed
products are still insufficient. Therefore, more efforts are needed to understand how
remodeling emulsion structures in milk affects its subsequent processing performance
(e.g., fermentation, concentration, and curdling) and the sensory and functional
properties of the resultant final dairy products (e.g., yogurt and cheese).

8. Conclusions

Milk with its original emulsion structure has problems, such as short shelf-life and
high number of microorganisms, which limit its economic value. The treatment of milk us-
ing different processing technologies, including thermal treatment, high-pressure treatment,
homogenization, sonication, micro-fluidization, freezing and membrane emulsification, can
improve the stability of milk and reduce microbial counts, thereby extending its shelf-life.
Among them, heat treatment and UHP technologies have been most widely used in reduc-
ing the number of microorganisms in milk, due to their advantages in low cost and good
maturity. In addition, these processing methods can have an impact on the microstructure
of milk, such as altering the structural and functional properties of milk proteins, the size
and surface area of milk fat globules, and the structural and digestive properties of milk
lipids. In addition, in order to improve the taste and texture of milk (especially skim milk)
and improve its nutritional value and functionality, the original emulsion structure of milk
can be remolded by using cod liver oil, flaxseed oil and sunflower oil to prepare final
products containing restructured single, mixed or double emulsion structures. Similarly,
different processing methods can also affect the microstructure of liquid emulsions contain-
ing the three remodeled emulsion structures above, but current research mainly focuses
on homogenization and sonication. In addition, changes of the structural properties of
milk during a single processing method have been widely investigated in previous studies,
while the effect of multiple processing methods on milk is rarely reported. In summary,
the structural remodeling of milk can improve the texture, taste, stability and nutritional
value of dairy products. Further research on remodeling the emulsion structure of milk will
promote the application and development of milk emulsion, and provide more innovative
and improved directions for the food industry.
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Abstract: Surimi-based products are nutritionally valuable due to their essential amino acid
composition, their content of high-quality proteins with excellent digestibility, and their
low fat content. However, to achieve the desired texture, a significant amount of salt (1–3%)
must be added, which could compromise their health benefits. This study provides an
overview of surimi production, the gelation mechanism of myosin, and the most relevant
gelation enhancers that could be used in manufacturing low-salt surimi-based products.
Reducing the salt content in surimi-based products presents a significant challenge for the
industry, not only from technological and sensory perspectives but also in response to the
growing demand of consumers for healthier food options. So, this manuscript highlights
several strategies for achieving optimal quality characteristics in relation to functional
properties for the surimi products industry. In addition, surimi as a raw material is often
misunderstood by consumers, who may question its nutritional value and, consequently,
its consumption. Therefore, it is crucial to thoroughly explain the processing of this raw
material and emphasize the importance of proper myofibrillar protein gelation to develop
high-value surimi-based products.

Keywords: surimi; low salt; gelation challenges; physicochemical properties; technological
additives

1. Introduction

The nutritional quality of fishery products, especially those made from surimi, will
depend mainly on the species from which the surimi is made and the ingredients added
to the product. Surimi is mainly composed of water and myofibrillar proteins, so the
higher the percentage of surimi used in the production of surimi products (kamaboko,
chikuwa, fish balls, sausages, etc.), the higher the nutritional quality of the product. Surimi
contains proteins of high biological value and good digestibility (due to the composition
of essential amino acids) and has a low fat content [1]. In addition, its possible bioactive
effects have been studied, and it was found that its protein could be effective in the control
of dementia [2], could prevent colon cancer [3], or could inhibit the absorption of fat and
sugar [4], among other benefits.

However, the preparation of surimi gels requires the addition of a significant amount
of salt (1–3%) to achieve the desired texture, which may compromise their health benefits
and, consequently, their consumption. As a result, the surimi products industry is working
to reduce the salt content due to growing health concerns in surimi products by replacing
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it with alternative compounds, such as seaweed extract, potassium chloride, protein hy-
drolysates, and amino acids, or by employing different processes that enable the production
of low-salt surimi-based products [5].

Common salt (NaCl) is the main source of sodium in the diet. Sodium is necessary for
the proper functioning of the body; however, epidemiological studies worldwide suggest
that salt consumption is an inducer of increased blood pressure [6]. As reported by the
World Health Organization [7], arterial hypertension is one of the leading causes of prema-
ture death worldwide. For that reason, one of the global goals related to non-communicable
diseases is to reduce the prevalence of hypertension by 25% by 2030 compared to the
2010 baseline levels.

To face the increasing concerns about sodium intake, various countries and regions
have enacted sodium labelling laws to indicate the salt content in food products. These
labels generally classify sodium levels as no sodium (<5 mg), very low sodium (<35 mg),
low sodium (<140 mg), reduced sodium (<25%), and light sodium (<50%) [8]; however,
the criteria for sodium labelling vary across countries. The European Union adopted
“Regulation N◦ 1924/2006 (2006) of the European Parliament and of the Council on nutrition
and health claims made on foods”, which applies to all nutrition and health claims made
in commercial communications [9]. As a result, the food industry, particularly the surimi
products industry, is facing a significant challenge in reducing the salt content of surimi gel
products while maintaining their quality [10]. Although significant efforts have been made
to develop innovative salt reduction processing methods, researchers have faced numerous
challenges, such as compromised gel quality, increased costs, and safety concerns [11].

The global production of surimi has been estimated at approximately 800,000 tons
in 2023. This volume reflects a robust global market, led by countries such as Japan,
the United States, and Russia, which has shown an increasing interest in expanding its
production capacity, exemplified by its plan to triple surimi production in the coming
years. The industry is supported by strong demand due to the versatile use of surimi in
processed food products and its popularity in gastronomy [12]. The social changes that
have taken place in recent years have led to an increase in the consumption of fishery
products and, more specifically, surimi-based products. This increase in the consumption
of these products is mainly due to the fact that they have a competitive price compared to
other fishery products [13,14].

In the processing of surimi-based products, the final texture is crucial, as these products
are often analogues that must replicate the characteristic texture of the original product
they aim to imitate. Approximately 20% to 25% of the world’s produced surimi is used in
the manufacture of crab substitute [13,15]. To achieve an adequate texture in these products,
a significant amount of salt (commonly 1–3% NaCl) is required to promote the thermal
gelation of myofibrillar proteins [16–18]. As stated before, this fact makes it difficult to
comply with nutritional requirements that call for a reduction in salt in the diet and seek to
promote the consumption of healthy foods. Meanwhile, considering the role of salt in the
techno-functional characteristics of surimi-based products, mainly texture, its reduction
represents an important technological challenge for industry. According to this, different
technological additives have been studied as potential enhancers of the gelation of low-salt
surimi-based products [5,19–23]. Therefore, the objective of this work is to provide an
in-depth descriptions of surimi as a raw material and the process of surimi gel formation,
as well as to explore various alternatives that the surimi products industry can employ to
compensate for the reduction in salt in terms of physicochemical properties, particularly
texture. This includes optimizing the use of technological additives that promote surimi
gelation without compromising the final physicochemical properties of the final products.

48



Gels 2025, 11, 142

2. Surimi

The origin of the word “surimi” is Japanese and means “minced fish”. Basically,
it refers to the frozen block of fish myofibrillar protein concentrate that is mixed with
cryoprotectants and finally undergoes freezing. This product is sold to food processors,
who blend it with other ingredients to impart texture, taste, and colour [24]. In Japan, surimi
has traditionally been used to produce a product called kamaboko (a mildly flavoured
fish gel that is nearly tasteless and widely used in Japanese cuisine). However, it is
now also employed in the production of substitutes for high-value seafood products,
aiming to replicate their texture, flavour, and appearance [25]. Additionally, particularly
in Japan, but also in the United States and Europe, various surimi-based products, either
alone or combined with other ingredients, are becoming increasingly popular as snacks,
representing a growing sector in the food industry. Surimi commercialization was initially
limited to Japan and some Asian countries, but its worldwide expansion took place in the
1960s, when the use of low-molecular-weight carbohydrates (sucrose and sorbitol) was
optimized as efficient cryoprotectants of fish protein, facilitating its commercialization in
the freezing stage [15].

Surimi was mainly made from Alaska pollock (Theragra chalcogramma), a very abun-
dant but undervalued fish due to its soft texture. However, the surimi obtained from this
fish species has excellent gelling properties and is the base of the technological development
of surimi-based products [15,26]. The increase in surimi production to meet consumers’
needs, the raw material costs, market fluctuations, and the use of new technologies have
boosted its production from other species of greater availability and/or lower economic
value, such as hake (Merluccius gayi; Merluccius productus), horse mackerel (Trachurus tra-
churus), sardine (Sardine sp.), Pacific halibut (Atheresthes stomias), southern blue whiting
(Micromesistius australis), blue-tailed hake (Macruronus novaezelandiae), Japanese bogue
(Nemimpterus sp.), etc. These species are underutilized in many parts of the world and
have sufficient properties for the manufacture of quality surimi [14,27,28].

2.1. Surimi Processing

The surimi manufacturing process begins with the capture of the fish and ends with
the storage of the surimi in a frozen state (Figure 1).

 

Figure 1. Flow chart of surimi manufacturing.

This process has been extensively described by several authors [15,25] and can be
synthesized as follows: the fish is quickly beheaded and gutted to prevent intestinal en-
zymes from migrating to the muscle and damaging myofibrillar proteins. It is then washed
thoroughly with water, followed by the removal of skin, bones, scraps, cartilage, and as
many impurities as possible before being minced. The minced fish is washed several times
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with water or saline solutions (at temperatures between 5 and 10 ◦C) to remove soluble
proteins, mainly sarcoplasmic proteins, and other impurities that could reduce the gelation
capacity of the surimi. The next step is the refining process, which eliminates additional
impurities before moisture adjustment (to around 80%). In addition to that, cryoprotectants
are then incorporated to ensure that the proteins maintain maximum functionality after
freezing, resulting in high-quality surimi. Commonly used cryoprotectants include sucrose
and sorbitol (4% of each), while polyphosphates (0.3%) are also added to facilitate protein
solubilization and enhance gel elasticity. Depending on the species, other additives may
be used to adjust the pH, inhibit enzymes, and/or chelate metals, helping to preserve
protein functionality. Surimi is typically frozen in contact plate freezers (to a thermal centre
temperature of −20 ◦C) in standard 10 kg blocks. It is then packaged in cardboard boxes
containing two 10 kg blocks of surimi. According to surimi processing, factors such as the
solubility of myofibrillar proteins as affected by ionic strength, pH, washing cycles, the
wash/meat (W/M) ratio, and proteolysis are important considerations taken into account
by surimi processing industries before selecting the fish species used to make surimi.

2.2. Surimi Quality

The key factor that determines surimi quality and is closely linked to its freshness is
the functionality of surimi myofibrillar protein [29]. This functionality primarily depends
on whether processing was carried out properly and under optimal conditions, as well as
the type of fish being used.

There is not a standardized method for raw surimi quality evaluation. In the case of
Alaska pollock (Theragra chalcogramma) surimi, its quality is assessed by its gel-forming
ability (measured through texture tests) although gel properties change greatly depending
on the cooking process especially preheating procedures for surimi gelation [15]. During
surimi production, the use of large machinery (Figure 1) presents a significant risk of
contamination or cross-contamination. One of the relevant hazards that might occur during
raw surimi processing is the potential inclusion of metal fragments [15]. Nevertheless,
current industrial processing includes a metal detector before frozen storage (Figure 1).

On the other hand, Surimi is the main ingredient in surimi seafood products, which are
cooked and/or pasteurized during production, therefore the presence of microorganisms
in raw surimi is more of a quality concern than a safety issue [15].

Surimi is usually classified according to the properties exhibited by Alaska pollock
(Theragra chalcogramma) surimi. Its quality is assessed by its gel-forming ability (measured
through texture tests), colour (the whiter the colour, the higher the quality), purity (the
complete absence of blood, bits of skin, and dark meat indicates greater purity), homo-
geneity, and microbiological and enzymatic quality [24]. These characteristics result in a
three-grade grading system: the primary grade (SA, FA, A), which refers to the surimi
that comes from the first refining process; the secondary grade (KA), which comes from a
second refining process; and the recovered grade (KB, RA), which refers to the surimi that
has undergone two refining processes and comes from discards.

3. Surimi Gelation

Surimi-based products primarily rely on thermal gelation, which is influenced by
several factors. Therefore, it is important to describe the factors that contribute to the
proper gelation process.
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3.1. Main Factors Affecting Gelation Process
3.1.1. Protein Content

The gelling capacity of surimi is mainly attributed to the presence of myofibrillar
proteins, especially myosin, that account for about 55–60% of the total protein content [17].
In the gelation phenomenon, myosin must be dissociated by the addition of salts, and then
myosin heads predominantly aggregate through disulfide bonds, while the hydrophobic
effect drives tail aggregation [30–33]. During the washing process in the production
of surimi, the non-functional components present in the fish muscle (blood, pigments,
impurities, and sarcoplasmic proteins, which are largely enzymes) are removed, and the
functional myofibrillar proteins are concentrated, which enhances the gelation capacity of
the surimi.

3.1.2. Salt Content

The addition of salt, usually 1–3%, is necessary to solubilize and disperse the myofib-
rillar proteins [17,34]. In fact, gelation does not occur or does so defectively in the absence
of salt because myofibrillar proteins are insoluble at a low ionic strength, and to facilitate
the formation of a well-organized and stabilized protein network, the protein must be
solubilized. At low salt concentrations (<0.3 mol/L), myosin tends to form a discontinuous
network that is a porous structure [35], while high-salt conditions (≥0.3 mol/L) enable the
formation of a three-dimensional network gel [17]. During the homogenization process
with NaCl, the salt ions (Cl− and Na+) bind to the oppositely charged groups on the protein
surface, resulting in a disruption of the intermolecular ionic bonds of the myofibrillar
proteins. This increases the affinity of proteins (mainly myosin) for water molecules and
allows for their solubilization by partially unfolding the structure of the myosin molecule,
favouring gelation [17,18].

3.1.3. pH

Changes in pH can alter molecular interactions and the spatial conformations of
proteins. When the pH is close to the isoelectric point, the proteins present zero net charge;
therefore, the repulsion between proteins is lower and they tend to precipitate due to
minimal solubility, giving rise to less hydrated and less firm gels [30]. When the pH
is located above or below the isoelectric point, the proteins are negatively or positively
charged so that the chains of the protein molecules repel each other and are therefore more
susceptible to binding with the water molecules present in the medium, increasing the
water retention capacity of the protein gels [22,25].

3.1.4. Effect of Endogenous Transglutaminase (TGe)

The endogenous transglutaminase is an enzyme naturally found in fish muscle that
catalyses the formation of non-disulfide covalent bonds (ε-(γ-glutamyl) lysine), resulting in
the formation of myosin polymers, which is correlated with increased gel strength [16,36].
TGe activity is calcium ion-dependent, so it can be modulated depending on the presence
of calcium ions in the medium. TGe acts at low temperatures (<40 ◦C); therefore, to favour
its action, the gelation process starts with a “setting” period, which consists of starting with
a 5–40 ◦C treatment for a certain period of time to obtain highly deformable gels called
suwari gel [37,38].

3.2. Thermal Gelation of Myofibrillar Proteins

Focusing on the modification that occurs in proteins during the gelation process, these
can be described in two phases: denaturation or unfolding of the proteins, followed by
intermolecular aggregation of the proteins (Figure 2). The gel formation process begins with
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the mixing process of surimi and salt, which solubilizes the proteins, resulting in the forma-
tion of a viscous mass. The progressive increase in temperature results in the formation of
a matrix that finally transforms into a gel with viscoelastic solid properties [22,39].

Figure 2. Denaturation or unfolding of proteins, followed by intermolecular aggregation of myofibril-
lar proteins during thermal gelation of surimi.

3.2.1. Denaturation Process of Myofibrillar Proteins

The gelation process starts with the solubilization of the proteins by the addition
of salt (commonly NaCl). During this process, myosin loses its quaternary, tertiary, and
secondary structures, so the α-helix structure stabilized by non-covalent bonds, mainly
hydrogen bonds, unfolds. The loss of this structure gives rise to the formation of a β-sheet
structure stabilized by non-covalent bonds [16]. This denaturation results in the exposure
of reactive groups, resulting in a high hydration of the proteins upon interaction with the
water molecules present in the medium. These reactive groups will be involved in the
formation of bonds of different types during the aggregation stage (Figure 2). Denaturation
proceeds continuously and can occur to varying degrees, and during this process, a large
number of hydrogen bonds are broken between the carboxyl and amino groups of the
polypeptide chain of proteins responsible for keeping the native structure of the protein
folded [17,40,41].

3.2.2. Myofibrillar Protein Aggregation Process

Aggregation refers to the formation of protein–protein interactions that lead to the
creation of large, high-molecular-weight protein complexes. Gelation is the process where
previously unfolded proteins aggregate into a three-dimensional structure, with protein–
protein and protein–solvent interactions forming an organized protein matrix that can retain
a substantial amount of water molecules [42]. As the thermal denaturation temperature of
proteins varies among different fish species, it is necessary to study the most appropriate
time and temperature according to the specific properties of fish species [10].

During the initial phase of the heating process, myosin molecules undergo denatu-
ration, which causes the helical structure of the tail to gradually unfold and reveal the
previously hidden active groups. When the molecule is in its folded state, the activity of
disulfide bonds is low; however, when proteins are unfolded by any agent, the reactivity
and formation of these bonds increase [43]. Consequently, these proteins connect through
intermolecular interactions. As the temperature continues to rise, hydrophobic interactions
and disulfide bonds between proteins are strengthened, leading to the formation of an
organized three-dimensional reticular gel structure [44,45] (Figure 2).
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The main types of bonds involved in the gelation of myofibrillar proteins are hydro-
gen bonding, ionic interactions or salt bridges, hydrophobic interactions, and covalent
bonds [16]. Ionic interactions are those formed between positive and negative charges on
the protein surface. At a neutral pH, the carboxyl groups (COO−) are negatively charged,
while the amino groups (NH2

+) are positively charged. These groups attract each other,
forming such interactions. The addition of salt to surimi breaks the ionic bonds and aids in
the dispersion of myofibrillar proteins [41]. On the other hand, hydrophobic interactions,
like disulfide bonds, are formed by the action of heat or high-pressure (>300 MPa) treat-
ments [46]. The formation of these bonds also occurs as a consequence of the unfolding of
the protein structure, which exposes the hydrophobic residues and reactive groups inside
the protein molecule. The association of the hydrophobic zones decreases the entropy of the
system, resulting in balanced bonding, which concludes with the formation of an ordered
three-dimensional structure [17]. Finally, disulfide (S-S) bonds are formed by the oxidation
of sulfhydryl groups present on cysteine residues. Their formation is considered to be
thermo-irreversible [44,45] (Figure 2). Additionally, the addition of oxidants can accelerate
the formation of intermolecular disulfide bonds [47,48].

The gelation process of surimi is significantly affected by the heating method and
conditions applied. Research has shown that the breaking force achieved with two-stage
heating (firstly at 40 ◦C/60 min and secondly at 90 ◦C/30 min) is considerably stronger than
that obtained with a single heating treatment [49]. This is because a single high-temperature
heating treatment (121 ◦C) leads to myosin degradation due to the disintegration of the
protein’s secondary structure and the weakening of binding forces (hydrophobic interac-
tions and ionic bonds) responsible for maintaining the stability of the gel. The resulting
gel has a highly porous and discontinuous microstructure. In contrast, low-temperature
pre-treatment (40 ◦C) assists TGe action, advocating the formation of covalent cross-linking
bonds of ε-(γ-glutamyl) lysine. TGe efficiently binds protein molecules together, avoiding
the thermal breakdown of myosin at high temperatures. The result is a dense three-
dimensional network. For this reason, performing surimi gelation in two steps is the most
convenient heating gelation method to obtain a firm and elastic surimi gel [20,50,51].

4. Using Gelation Enhancers as a Strategy for Surimi Gelation with a Low
Salt Content

Salt plays a crucial role in the production of surimi-based products, making its reduc-
tion a significant challenge for the food industry in the manufacturing of these products.

4.1. Substitution of NaCl with Other Salts

This is the most used method; however, modifications in the presence of metal salt and
in their amount can alter the forces and spatial conformation relating to myosin molecules,
thereby affecting the properties of the resulting gel [52]. In particular, substitution with
potassium chloride has certain disadvantages, such as adding strange flavours to the prod-
uct; in fact, the substitution of 50% NaCl with 50% KCl has been described to significantly
increase bitterness and to reduce the salt appreciation [53], although substitution with
25% KCl resulted in a gel with very appropriate physicochemical properties, which can
be attributed to the great exposure of amino acid residues and hydrophobic groups in
combination with the decrease in the alpha helix presence and the growth in the beta
sheet presence of myofibrillar proteins that, at the end, enhance the water-holding capac-
ity, maintaining the desired taste and improving the gel properties. Other salts, such as
CaCl2 and MgCl2, have been tested without very positive results since the solubilization of
myofibrillar proteins is facilitated, resulting in an organized and dense gel network with
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significant water-holding capacity [54]. Therefore, the type of salt and the amount added
must be carefully tested in each case.

However, compared to salt, using the ingredients mentioned above could considerably
increase the cost of the products, add extra calories, and reduce the nutritional value of the
low-salt surimi gel.

4.2. Incorporation of Different Gelation Enhancers in Low-Salt Surimi Gels

The addition of small quantities of ingredients and/or adjuvants that improve or
modify certain characteristics of foods is a common practice in the food industry. Therefore,
many exogenous additives have been studied in the manufacture of surimi-based products
and low-salt surimi-based products to improve the gel properties [22]. All of these ingre-
dients serve a technological function; however, they also have several drawbacks from a
nutritional standpoint. They could contribute extra empty calories to the final product and
may contain allergens (such as milk protein and egg white), among other concerns.

4.2.1. Addition of Microbial Transglutaminase

The use of microbial transglutaminase (MTGase) to enhance the texture of myobibrillar
protein gels from both fish and meat has been extensively studied [23,55]. However,
MTGase might diminish gel strength due to excessive cross-linking, which could reduce
the interaction between proteins and water as it constantly enhances cross-linking among
proteins [56]. This could result in water loss within the system, causing the gel to become
overly firm and less flexible, ultimately leading to an inelastic and fragile gel [23,57]. So, the
use of MTGase should be optimized according to the surimi fish species, gelation process,
and the presence of other technological adjuvants or salts [20,55].

4.2.2. Addition of Polyphenols

Polyphenols have been studied as gelation enhancers since they can function as
protein cross-linkers. These compounds possess multiple hydroxyl groups that can trigger
the formation of hydrogen bonds and interact with hydrophobic amino acids via their
non-polar aromatic ring [58]. Additionally, phenols can oxidize to quinones, which may
react with sulfhydryl and amino groups in the protein to create a covalent bond (C–S
or C–N) [59]. Polyphenols from apple [60], tea [61], and olive leaf powder [62], among
others, have demonstrated a positive effect on the gel strength of heat-induced surimi
gels, although their effect on other physicochemical properties, such as colour and water-
holding capacity, has to be considered, as well as the effect of the interaction with other
technological adjuvants [23].

4.2.3. Addition of Phosphates

Phosphates are commonly added to surimi as cryoprotectants, usually in the form
of sodium tripolyphosphate or tetrasodium pyrophosphate. These compounds prevent
actin and myosin binding and thus myosin aggregation in frozen storage, resulting in
improved gelling ability in different surimi types [25,63,64]. However, although they are
sodium salts and, in percentage terms, provide a sodium content similar to that of NaCl
(31.24% compared to the 39.34% that NaCl would provide), their advantage lies in the
fact that they are added in lower percentages than NaCl to achieve similar effects [65].
Sodium pyrophosphate can enhance the water-holding capacity and strength of surimi
gel [63,66]. On the other hand, a correlation has been described between the effect of sodium
phosphate and the pH of the medium, indicating that an increase in the phosphate levels
at an alkaline pH in rainbow trout surimi resulted in better emulsification properties and
poorer gelation ability [67]. A positive effect in enhancing surimi gelation in low-salt surimi
gels has also been described for tetra-sodium pyrophosphate at very low concentrations
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(0.05%) [5]. However, although phosphate compounds have been proven as promising
processing agents, they most likely have a detrimental effect on gel properties as they
may chelate the Ca2+ ion. This could hinder the gelling of surimi induced by endogenous
transglutaminase [63], which indicates the need to carefully study the range at which they
are added to surimi.

4.2.4. Addition of Hydrocolloids

Polysaccharides (e.g., agar gum, K-carrageenan, curdlan, and fucoidan) and some
proteins, such as gelatine, are hydrocolloids that significantly impact the texture and
functional characteristics of restructured and surimi gels [33,68–70].

Hydrocolloids can absorb water and expand during heating, which fills in the network
of surimi gels and exerts pressure on the protein network, thus increasing surimi gel
strength [33,71–73]. In addition, some hydrocolloids can form a thermo-irreversible gel
once the temperature rises to 80 ◦C, enhancing the gel strength of surimi [74]. Recently,
yeast β-glucan, konjac glucomannan, and deacetylated konjac glucomannan, as functional
polysaccharides, have been used as additives to improve surimi gel properties [75]. In
general, hydrocolloids can interact with myofibrillar proteins through non-covalent bonds
and electrostatic interactions. These interactions help stabilize the gel network and improve
its texture, enhancing both gel strength and elasticity. As a result, they form a more cohesive
and stable gel matrix, which improves the overall mechanical properties. However, the best
effect on the mechanical properties of low-salt surimi gels was observed when treatment
such as high-pressure processing was applied to aid the gelation process [21].

On the other hand, the addition of a small amount of gelatine has been reported to
increase surimi gel’s strength, which could be attributed to its water binding ability [76]. In
addition, the effect of hydroxypropyl-methylcellulose (HPMC), a polysaccharide derived
from cellulose able to form a thermo-reversible gel, has been checked as a gelation enhancer.
Although it did not result in a well-built combinative gel, the rheological and textural
properties of horse mackerel surimi gel were enhanced [77]. Nevertheless, the addition of a
higher concentration of hydrocolloids might inhibit the cross-linking of surimi proteins and
disrupt the formation of an organized matrix, leading to a reduction in gel strength due to
the dilution effect of myofibrillar proteins in surimi because of hydrocolloid addition [73].

4.2.5. Addition of Amino Acids

A few recent studies have stated the positive effect of some amino acids on surimi
gelation because these amino acids are amphoteric above their isoelectric point [5,78]. They
can supply ionic strength to the medium, which is particularly interesting because, under
low-salt conditions, myosin remains as insoluble fibres that are difficult to fully solubilize
and disperse [79]. However, the charged amino acids in the dissolution of myofibrillar
protein may promote the orderly interaction of protein molecules during heating. Firstly,
basic amino acids such as Arg, Lys, and His can cooperate electrostatically with exposed
negatively charged amino acid residues in the protein chain, modifying protein solubility.
Additionally, basic amino acids can attach with aromatic amino acid residues through
π-cation interactions, disrupting hydrogen bonds in the myosin backbone and partially
preventing myosin aggregation. Lys can form complexes with metal ions, leading to the
dissociation of actomyosin in proteins, thereby improving surimi gel strength. Glu and Asp
can bind with amino acid residues like Ser, Thr, and Tyr on protein chains via ion–dipole
interactions or interact with amino acid residues on myosin through hydrogen bonding
during heating [80]. L-histidine, L-arginine, L-glutamine, and L-lysine have been research
hotspots as additives for low-salt surimi gels [81–83]. Studies have reported that L-arginine
(L-Arg) stabilizes proteins, prevents aggregation, and induces hydrophobic amino acid
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groups to engage with one another, enhancing the solubility of myofibrillar proteins. Com-
pared to L-histidine, L-Arg has shown a more evident effect on the myofibrillar protein
gel [84]. Additionally, the effect of cystine and L-lysine in low-salt surimi gels has also
been described in [78]. Cystine is a weak oxidant; it causes the oxidation of SH groups on
the surface of proteins, leading to the formation of S-S bonds [27], and lysine enhances the
formation of cross-links mediated by endogenous transglutaminase that are established
between lysine and glutamine amino acids. These amino acids improve the gel strength and
thus the techno-functional properties of surimi gels by initially promoting protein denatura-
tion or the unfolding of myofibrillar proteins, enabling the establishment of different types
of bonds and resulting in compact and well-structured network gels. The combination of
some of these amino acids with other components, such as oxidized caffeic acid, has also
shown a strong potential for enhancing the gel properties of low-salt surimi gel [85].

4.2.6. Addition of Proteins

The most frequently utilized proteins are egg white, whey protein concentrate, chicken
or porcine plasma protein, etc. [86]. Nevertheless, due to an allergy to different animal
proteins, mainly from cow’s milk, lactose intolerance problems, or religion, certain people
cannot consume specific animal proteins. Therefore, plant proteins have gained relevance
as effective additives to enhance surimi products’ gelation since they can interact with my-
ofibrillar proteins through hydrophobic interactions and disulfide bonds, thus modifying
the gel structure and functionality [19,87–89].

Concerning plant proteins, the most popular and reasonably priced plant proteins are
soy isolate protein (SPI) [87], low-lectin bean protein (LLBP) [88], wheat gluten (WG) [89],
and pea protein (PP) [18]. The effect of the incorporation of soy protein isolate has been
reported to be effective in improving the mechanical properties in silver carp surimi
gels in a relatively low concentration (6 g/100 g) [87]. The effect of the incorporation of
LLBP in a range from 14 to 17 g/100 g in low-salt Alaska pollock surimi gels indicated
a high correlation with the salt content. Better gels were achieved when the salt content
was decreased, likely due to the presence of saline ions that modify the electrostatic
equilibrium of the charges that stabilize the gel network in the gels with a reduced salt
content [18]. WB and hydrolysed WB have also shown a positive effect on enhancing
surimi gel properties [89]. The effect of these proteins has demonstrated their ability
as gelation enhancers by enhancing conformational flexibility and structural stabilizing
ability [86,90]. Although a limited number of existing studies have initially assessed the
potential use of these plant proteins as gel enhancers in surimi gels within a range of less
than 10 g/100 g, not all of them have been studied with a low salt content in the medium,
and the mechanisms underpinning the reinforcement effects are still unclear, suggesting
that the gel-enhancing effectiveness of plant proteins depends on their concentration and
could be related to the presence of different salt levels in the system.

5. Techno-Functional Properties of Low-Salt Surimi Gels

Surimi-based products have a series of techno-functional properties, which depend
fundamentally on the quality of the raw material (protein functionality and protein con-
centration), the additives incorporated, and the gelation process carried out. According
to [15], the three most important functional characteristics in surimi-based products, re-
lated to or derived from the protein’s functionality, are colour, flavour, texture, and water
holding capacity.
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5.1. Texture

Texture is one of the most important sensory properties of surimi-based gels since it
determines the degree of consumer acceptance.

Instrumental analysis is very useful for its study since there are several parameters
that correlate well with its sensory analysis. One of the most used methods is the Puncture
Test, which mimics the deformation that takes place during chewing of the food until the
food breaks [55] and determines the breaking force (N) and breaking deformation (mm)
(Figure 2).

Another method commonly used is the Texture Profile Analysis (TPA), which consists
of a mechanical compression that aims to mimic the chewing process and determines the
hardness (N), adhesiveness (N.s), springiness (mm), and cohesiveness [55].

At reduced salt levels, the challenges in myosin unfolding and assembly often result
in structural disorder and weak gels [82], which are typically reflected in a reduced gel
strength (Figure 3). However, not all additives used as gelation enhancers for low-salt
surimi gels have the same effect on the mechanical properties. Therefore, regulating the
addition levels is essential to optimize the quality of surimi gels and prevent adverse effects
on the formation of the gel network [22].

 
Figure 3. Effect of salt reduction on texture of surimi gels.

5.2. Water-Holding Capacity (WHC)

This is an essential characteristic of surimi gels that significantly affects their texture,
mouthfeel, and overall quality. This property can be described as the ability of a food to
retain its own moisture or added water (bound water, immobile water, and free water)
when subjected to pressure, centrifugation, or heating forces [91]. These water molecules
are firmly held within the gel matrix through hydrogen bonds and protein–water interac-
tions [92]. The reduction in salt in surimi gels generally implies a reduction in the WHC,
but the addition of different technological additives that act as gelation enhancers could
increase the WHC. Depending on the additive, the enhancement is attributed to different
processes: the exposure of hydrophilic groups, which bind more effectively with water
molecules [93]; the increase in the contact area between protein and water molecules [87]; or
the increase in the repulsion of protein groups due to the predominance of negative charges
on the protein groups, which disorganizes the structure of the proteins and enhances the
sites available to bind to water molecules [5].
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5.3. Colour

Colour is one of the parameters that is modified during the gelation process due to
protein aggregation. It is usually measured in the CIE L*a*b* colour space. In this space,
colour is defined in a three-dimensional space, and each parameter corresponds to an axis,
where L* indicates lightness (light to dark), a* is a colour coordinate from red to green,
and b* is a colour coordinate from yellow to blue [15]. In surimi gels, special interest is
usually paid to the brightness since it gives an idea of the degree of aggregation, and a
lighter colour is associated with a higher quality. Due to protein aggregation, the amount
of protein–protein bonds increases considerably, forming a compact protein structure that
reflects light to a greater extent and therefore increases the luminosity [94]. According
to this, all additives that enhance protein aggregation in low-salt surimi gels would also
increase the lightness of the gel, which is not necessarily higher than the gels with a higher
level of salt.

5.4. Flavour

The decrease in salt content in surimi-based products can considerably weaken their
flavour, especially the perception of saltiness. The salty flavour of surimi gels has been
related to the presence of adenosine triphosphate and its degradation products and to
the formation of free amino acids, mainly alanine, a sweet amino acid, during thermal
treatment [95,96]. In addition, it has been described that the addition of a small amount
of yeast extract to reduced-salt surimi gels can enhance the salty and umami flavours of
the product and, at the same time, reduce the sour and bitter flavours linked to the umami
amino acids [80].

Achieving the optimal values of all of these parameters in low-salt surimi gels repre-
sents a major technological challenge for the surimi industry, which indicates that further
research is required to achieve the desired properties.

6. Conclusions and Future Directions

In this paper, a comprehensive review of the most relevant low-salt surimi gelation
enhancers has been provided, considering their feasibility for use by surimi product
manufacturers or industries. Undoubtedly, salt reduction in surimi-based products poses a
significant challenge for the industry, not only from technological and sensory perspectives
but also in response to the growing consumer demand for healthier food options. In this
context, surimi quality as a raw material is often poorly understood by consumers, who
may question the nutritional value of this raw material and, by extension, the resulting
surimi-based products. Therefore, it is essential to thoroughly describe the processing of
this raw material and the importance of proper myofibrillar protein gelation to achieve
products that are appealing to consumers. However, it is essential to inform consumers
about the boundaries of surimi-based products by transmitting scientific information
related to surimi processing, gelation, the effect of salt on the technological properties of the
final products, and their nutritional value. To achieve this, education programs in schools,
high schools, and universities, as well as well-designed marketing campaigns on TV, radio,
and social media, would be effective options. As scientists, the best we can do is conduct
research to provide society with reliable information and help disseminate it.

While surimi-based products typically require the addition of high levels of salt (1–3%)
to obtain an adequate texture, such formulations may compromise their health benefits. In
response, numerous countries and regions have introduced sodium-labelling regulations to
indicate the level of salt in food products. Despite considerable efforts to develop low-salt
surimi-based products, challenges remain, including issues with gel quality, increased
costs, and a higher calorie content, all of which require further optimization. Moreover, it
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is important to recognize that both surimi-based and low-salt surimi-based products can
be enriched with various ingredients (such as fibres, proteins, vitamins, and omega-3 fatty
acids) that enhance their nutritional value and improve their final texture. Additionally,
surimi-based products are fishery-derived, bone-free items that can serve as a valuable
protein source for specific groups, such as children, young adults, and the elderly.

In this regard, substantial efforts must be directed toward the selection of surimi
enhancers, either alone or in combination with different gelation methods (e.g., 3D printing,
microwave processing, ultrasound, and high-pressure processing) that can enhance the
physicochemical and sensory properties of low-salt surimi-based products. The most
significant challenge for future research is the development of specific surimi gelation
methods (additives and gelation techniques) that are affordable for the surimi-based prod-
ucts industry, which, together with consumers, remain the ultimate beneficiary of these
advancements. Accordingly, the interaction between surimi production industries and
researchers is fundamental to making progress in low-salt surimi gelation.
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Abstract: Yanbian cattle, a high-quality indigenous breed in China, were selected due
to their unique biological characteristics, underutilized bone byproducts, and potential
as a halal-compliant gelatin source, addressing the growing demand for alternatives to
conventional mammalian gelatin in Muslim-majority regions. This study investigates
the physicochemical and functional properties of gelatin extracted from Yanbian cattle
bones using three different methods: acid, alkaline, and papain enzymatic hydrolysis.
The extraction yields and quality of gelatin were evaluated based on hydroxyproline
content, gel strength, viscosity, amino acid composition, molecular weight distribution,
and structural integrity. Specifically, A gelatin, prepared using 0.075 mol/L hydrochloric
acid, achieved the highest yield (18.64%) among the acid-extraction methods. B gelatin,
extracted with 0.1 mol/L sodium hydroxide, achieved the highest yield (21.06%) among
the alkaline-extraction methods. E gelatin, obtained through papain hydrolysis, exhibited
the highest yield (25.25%) among the enzymatic methods. Gelatin extracted via papain
enzymatic hydrolysis not only retained better protein structure but also exhibited higher
hydroxyproline content (19.13 g/100 g), gel strength (259 g), viscosity (521.67 cP), and
superior thermal stability. Structural analyses conducted using SDS-PAGE, GPC, FTIR,
XRD, and CD spectroscopy confirmed that papain extraction more effectively preserved
the natural structure of collagen. Furthermore, amino acid composition analysis revealed
that gelatin extracted via papain hydrolysis contained higher levels of essential residues,
such as glycine, proline, and hydroxyproline, emphasizing the mild and efficient nature
of enzymatic treatment. These findings suggest that, compared with acid and alkaline
extraction methods, enzymatic hydrolysis has potential advantages in gelatin production.
Yanbian cattle bone gelatin shows promise as an alternative source for halal gelatin produc-
tion. This study also provides insights into optimizing gelatin production to enhance its
functionality and sustainability.

Keywords: Yanbian cattle; bone; gelatin; enzymatic hydrolysis; physicochemical properties

1. Introduction

Gelatin, a biopolymer derived from the partial hydrolysis of collagen, is widely
utilized in the food, pharmaceutical, and biomedical industries due to its biocompatibility,
biodegradability, and excellent film-forming and gelling properties [1,2]. For example, a
recent study explored the influence of gelatin/guar gum mixtures on the rheological and

Gels 2025, 11, 186 https://doi.org/10.3390/gels11030186
64



Gels 2025, 11, 186

textural properties of restructured ricotta cheese. The combination of gelatin and guar
gum significantly improved the texture and viscosity of the cheese, making it a promising
candidate for food products requiring improved mouthfeel and stability [3]. Zhao et al.
used citric acid as a cross-linking agent to form a film matrix through the condensation
reaction between bovine bone gelatin and chitosan. Using the blueberry anthocyanin–iron
ion complex as a pH-sensitive indicator, they developed a highly sensitive indicator film to
effectively monitor the freshness of pork [4]. Traditional gelatin extraction from mammalian
sources (e.g., bovine bones) faces limitations in meeting halal certification requirements,
driving demand for alternative processing methods and underutilized raw materials [5].
Yanbian cattle, a high-quality Chinese breed with unique collagen composition due to
genetic and environmental factors, offer a promising yet underexplored gelatin source [6].
Comparative studies on extraction methods for this specific collagen source remain scarce,
particularly regarding structural preservation and functional performance.

Currently, three main methods are used for gelatin production: the alkaline method,
the acid method, and the enzymatic method. Ismail and Abdullah treated fish skin with
hydrochloric acid (HCl) at different concentrations (0.05–0.2 M), followed by thermal ex-
traction of gelatin in a water bath at 45 ◦C. The results showed that the gelatin yields were
18.86% and 20.95% when using 0.05 M and 0.2 M HCl, respectively [7]. Similarly, Amertan-
ingtyas et al. compared acid (0.25 M HCl) and alkaline (0.25 M NaOH) pretreatments for
cattle hide-derived gelatin, revealing that HCl pretreatment yielded superior outcomes in
terms of extraction efficiency, protein content, and gel strength. Alkaline methods, while
advantageous for mature collagen sources (e.g., cattle bones and ligaments) due to their
ability to preserve cross-linked structures and minimize yield loss, may inadvertently
reduce yields if excessively prolonged, as prolonged alkali exposure increases collagen
solubility in aqueous phases [8,9]. For instance, Mafazah et al. identified 0.01 M NaOH with
a 12 h treatment as optimal for fish skin gelatin extraction, noting that alkaline conditions
induce deamidation of glutamine and asparagine residues, shifting the isoelectric point
from 7–9 to 5 [10,11]. However, alkaline-derived gelatin typically exhibits lower yields
and higher lipid residues compared to acid-based methods [12]. In contrast, enzymatic
strategies utilizing proteases (e.g., papain) offer a sustainable alternative by hydrolyzing
collagen from animal byproducts into gelatin with enhanced efficiency. This biocatalytic
approach not only shortens processing times but also improves yield and reduces waste
generation [13]. Ma et al. selected a protease with specific catalytic specificity, pepsin,
which remains stable and effectively cleaves peptide bonds under low pH conditions.
They then innovatively combined the demineralization process (using hydrochloric acid
to dissolve hydroxyapatite in bones) with pepsin hydrolysis in a single-step reaction. By
eliminating the lime treatment and demineralization steps found in traditional methods,
this approach reduces environmental pollution. As a result, a high-quality gelatin product
with improved physicochemical properties was obtained compared to the gelatin extracted
by traditional methods [14]. Zaitsev et al. have demonstrated that the molecular weight
distribution (MWD) of gelatin significantly influences its properties [15]. To preserve the
structural integrity of collagen, it is crucial to select enzymes that cleave collagen chains
gently while minimizing damage to critical structural domains. Enzymes such as papain
exhibit advantages in this regard, as they specifically target and cleave certain peptide
bonds rather than randomly disrupting the three-dimensional structure of collagen. This
selective cleavage can help maintain or enhance the content of key amino acids such as
hydroxyproline, which plays a vital role in determining the properties of gelatin [16,17].
However, comparative studies on extraction methods for specific collagen sources remain
scarce, particularly regarding structural preservation and functional performance.
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This study aimed to comprehensively evaluate and compare the properties of gelatin
extracted from Yanbian cattle bone using acid, alkaline, and enzymatic hydrolysis. Specifi-
cally, the study focused on two primary objectives: (1) Structural analysis: Investigating the
molecular structural characteristics and molecular weight distribution of gelatin using spec-
troscopic and chromatographic techniques to understand the degree of collagen degrada-
tion and preservation of the triple-helix structure in each extraction method. (2) Functional
property assessment: Examining the functional properties of gelatin, including moisture
content, crude protein content, ash content, gel strength, and viscosity, which are critical
for its application in the food industry. The findings provide valuable insights into how
different extraction methods affect the characteristics and performance of Yanbian cattle
bone gelatin, thereby contributing to the development of high-value-added products from
sustainable and underutilized animal byproducts.

2. Results and Discussion

2.1. Yield of Extraction

Figure 1a shows the effect of different hydrochloric acid concentrations on gelatin
yield. The yield of A 0.075 gelatin was significantly higher than that of other concentration
groups (p < 0.05). As the concentration of hydrochloric acid increased, the yield initially
increased, reaching its maximum at 0.075 mol/L, and then decreased. This phenomenon
may be attributed to the fact that an appropriate acid concentration can effectively break
cross-linked structures, producing more gelatin, while excessively high concentrations
may lead to excessive degradation of collagen, thereby reducing the yield. A certain
concentration of acid disrupts the cross-linking between collagen fibers, leading to the
degradation of collagen chains into smaller peptides. This degradation not only reduces
the molecular weight of collagen but also results in the loss of functional amino acids,
such as hydroxyproline, which are essential for maintaining the structural integrity of
collagen and the yield of gelatin [18]. Figure 1b shows the effect of different sodium
hydroxide concentrations on gelatin yield. The yield of B 0.1 gelatin was significantly
higher than that of other samples (p < 0.05). The results indicate that an increase in
sodium hydroxide concentration facilitates the removal of non-collagenous proteins and
lipids, thereby promoting the release of gelatin. However, when the concentration exceeded
0.1 mol/L, the yield slightly decreased, which may be attributed to the strong corrosiveness
of the alkali causing excessive structural damage and affecting the extraction efficiency.
Compared to acid treatment, the hydrolysis process of collagen under lower concentrations
of NaOH is relatively milder. While alkaline conditions can also degrade the collagen
structure, the effect is slower, allowing for better preservation of the collagen’s molecular
structure. Hydroxide ions (OH-) primarily act on non-collagenous proteins and lipids,
rather than directly attacking the collagen backbone, thus the hydrolysis process is relatively
slower, and the degree of degradation is milder. Under lower concentrations of sodium
hydroxide, the alkaline hydrolysis generally occurs at a slower and less pronounced rate
than acidic hydrolysis. This difference is supported by findings in the literature, such
as Gómez-Guillén et al., who reported that acid treatments at higher concentrations lead
to a more extensive breakdown of collagen’s molecular structure compared to alkaline
treatments [19]. Additionally, Cao et al. also observed that acid pretreatment causes
more severe molecular weight reduction in collagen, whereas alkaline treatment preserves
the collagen structure to a greater extent [20]. Figure 1c illustrates the effect of different
enzyme treatments on gelatin yield. E papain gelatin showed a significantly higher yield
compared to other enzyme-treated samples (p < 0.05). The catalytic mechanism of papain is
determined by the cysteine-25 triad located at its active site, which operates effectively when
the pH is maintained between 3.0 and 9.0 and the temperature ranges from 60 to 70 ◦C.
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During this process, asparagine-175 and histidine-159 work synergistically to cleave peptide
bonds by attracting the carbonyl carbon of the peptide backbone, thereby releasing the
amino-terminal end [16]. This explains the strong catalytic activity of papain, making
it suitable for extracting bone gelatin. The high degree of cross-linking within collagen
molecules is primarily determined by the presence of certain amino acids, such as proline
and hydroxyproline, which are essential for the formation and stabilization of the collagen
triple helix. The cross-linking is further influenced by environmental factors such as pH,
temperature, and the concentration of specific ions or chemicals used during extraction.
In particular, acidic or alkaline conditions can disrupt these cross-links, causing either
partial or complete degradation of the collagen structure. The degree of cross-linking in
collagen is essential for its functional properties, such as gel strength, viscosity, and thermal
stability [21]. On the other hand, enzymatic hydrolysis using proteases offers a milder
approach that specifically targets collagen without causing excessive degradation, thus
enabling the more efficient release of high-quality gelatin. Therefore, the release conditions,
such as pH, enzyme concentration, and reaction time, need to be carefully controlled to
achieve an optimal balance between cross-link disruption and the preservation of collagen
structure, leading to high yields and high-quality gelatin [22].

 

(a) (b) 

 

(c)  

Figure 1. Yields (%) extracted from Yanbian cattle bone using different methods. (a) A0.025 gelatin,
A0.05 gelatin, A0.075 gelatin, A0.1 gelatin, A0.125 gelatin, and A0.15 gelatin denote the gelatins extracted
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with different hydrochloric acid concentrations. (b) B0.025 gelatin, B0.05 gelatin, B0.075 gelatin, B0.1

gelatin, B0.125 gelatin, and B0.15 gelatin denote the gelatins extracted with different sodium hy-
droxide concentrations. (c) E pepsin gelatin, E papain gelatin, E ficin gelatin, E ginger protease gelatin,
E composite protease gelatin, E bromelain gelatin, E trypsin gelatin, and E chymotrypsin gelatin denote the
gelatins extracted with different enzymes. Results are presented as mean ± SD (n = 3). Statistical
analysis was performed between samples for the same property. Different superscript letters (a–g)
within the same color of bar chart indicate statistically significant differences as determined by
one-way ANOVA followed by Duncan’s post hoc test (p < 0.05).

2.2. Physicochemical Properties
2.2.1. Moisture Content

As shown in Table 1, moisture content was consistent across the three methods:
enzymatic, alkaline, and acid. This similarity suggests that the final drying processes were
effectively controlled and that the extraction method had minimal impact on moisture
retention in the gelatin samples. The lack of significant differences in moisture content
across the different extraction methods (acid, alkaline, and enzymatic) can be attributed
to the effectiveness of the final drying process in all methods. After the gelatin was
extracted, it underwent a similar drying procedure, which controlled the moisture content
and likely minimized the impact of the extraction method on the final moisture levels.
Moisture content in gelatin is primarily influenced by the drying conditions rather than the
extraction process itself [23]. In gelatin production, stable moisture content is important, as
it affects the shelf life, handling, and susceptibility to microbial growth [24]. Since there
were no significant differences in moisture content among the methods, this parameter
does not distinguish product quality. Therefore, the primary factors influencing gelatin
quality are more likely related to protein integrity and yield rather than moisture content.

Table 1. Hydroxyproline and chemical properties of Yanbian cattle bone gelatin.

Type of Gelatin Hydroxyproline Content (g/100 g) Moisture (%) Ash (%) Crude Protein (%)

A gelatin 11.51 ± 0.20 c 7.67 ± 0.29 a 0.94 ± 0.07 a 77.57 ± 0.46 c

B gelatin 13.48 ± 0.35 b 7.47 ± 0.26 a 1.00 ± 0.06 a 84.16 ± 0.42 b

E gelatin 19.13 ± 0.13 a 7.40 ± 0.11 a 1.00 ± 0.09 a 87.54 ± 0.40 a

Results are presented as mean ± SD (n = 3). Statistical analyses were performed on samples with the same
properties. Different superscript letters (a–c) within the same column indicate statistically significant differences,
as determined by one-way ANOVA followed by Duncan’s post hoc test (p < 0.05).

2.2.2. Ash Content

Ash content, an important indicator of gelatin quality, reflects the residual inorganic
matter in the product. As shown in Table 1, the ash content of gelatin obtained from different
extraction methods showed no significant differences. These ash values indicated that the
three methods were similarly effective in removing inorganic substances. Ash content is
closely related to the purity of gelatin, with lower ash contents indicating higher purity,
which is particularly important for applications in food and pharmaceuticals. The low ash
content observed in all gelatin samples suggests high purity, making these gelatins suitable
for applications requiring high quality [25]. Furthermore, low ash content contributes to
an improved transparency and sensory quality of gelatin, preventing color darkening and
enhancing transparency. It also helps to maintain desirable gel strength and solubility.

2.2.3. Crude Protein Content

As shown in Table 1, enzymatic extraction yielded the highest crude protein content,
followed by alkaline and the acid methods. A higher protein content typically indicates
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a greater proportion of collagen in the final product, as impurities and non-collagen pro-
teins are minimized [26]. The reason why enzymatic extraction results in a higher crude
protein content is that during enzymatic hydrolysis, the enzyme specifically targets col-
lagen molecules, selectively cleaving peptide bonds and avoiding excessive degradation
of the collagen. This gentle treatment preserves more collagen molecules, resulting in a
higher proportion of collagen in the final extracted gelatin. Therefore, enzymatic extraction
better preserves the structure and protein content of collagen. In contrast, acid or alkaline
extraction methods may cause partial degradation of collagen, leading to a reduction in
protein content [15]. The selective cleavage of papain likely reduces non-collagen protein
contaminants, thereby enhancing the purity and functionality [27]. In contrast, acid extrac-
tion may partially hydrolyze the collagen backbone, resulting in reduced protein content
and molecular breakdown [28]. The high protein content of the enzymatically extracted
gelatin is particularly valuable for applications requiring high gel strength and purity.

2.2.4. Hydroxyproline Content

As shown in Table 1, hydroxyproline content, a key marker of collagen integrity, was
highest in enzymatically extracted gelatin, followed by the alkaline and the acid methods.
The higher hydroxyproline content in enzymatic gelatin reflects better preservation of the
triple-helical structure of collagen, as hydroxyproline stabilizes collagen fibers through
hydrogen bonding and supports gel strength [29]. The selective action of papain likely
prevents the extensive molecular breakdown observed with hydrochloric acid and sodium
hydroxide treatments, which can cause excessive denaturation or decarboxylation of hy-
droxyproline residues.

In acidic environments, hydrogen ions (H+) can promote the removal of a hydrogen
ion from the carboxyl group (-COOH) of hydroxyproline residues, forming a carboxylate
salt, which may lead to a decarboxylation reaction. Under stronger acidic conditions, acids
not only protonate functional groups such as amino and carboxyl groups but may also
cause collagen degradation. The decarboxylation of hydroxyproline alters its chemical
structure, thereby affecting the stability of collagen. Excessive acidic treatment can lead
to the decarboxylation of hydroxyproline, which in turn reduces the quality of gelatin,
particularly affecting its structural stability. In alkaline conditions, hydroxide ions (OH-)
can deprotonate the carboxyl group, causing it to enter a deprotonated state. This process
can disrupt the normal structure of hydroxyproline, leading to the loss of a hydrogen
ion and subsequent decarboxylation. Deprotonation in alkaline environments may not
only result in the decarboxylation of hydroxyproline but also further disrupt the collagen
triple-helix structure, affecting the stability of collagen and the functionality of gelatin [30].
In contrast to these two treatments, papain, as a cysteine protease, exhibits strong selectivity.
It specifically cleaves peptide bonds within collagen, primarily targeting non-collagenous
components while having a minimal impact on the core collagen structure, thereby pre-
serving the integrity of collagen. This selective action ensures that the hydroxyproline
content remains higher, leading to improved gelatin quality [31]. This structural preserva-
tion enhances the functional properties of gelatin, particularly gel strength, elasticity, and
thermal stability—critical for high-value applications such as pharmaceuticals, biomedical
materials, and high-quality food gels [32].

2.2.5. Gel Strength

Gelatin gel strength is a critical parameter reflecting the structural integrity and func-
tionality of extracted collagen. As shown in Table 2, E gelatin, prepared using the enzymatic
method, exhibited the highest gel strength, significantly outperforming B gelatin from
the alkaline method and A gelatin from the acid method. The superior gel strength of E
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gelatin indicates that the papain process preserves the triple-helical structure of collagen
more effectively. The gentle and specific action of papain minimizes the breakdown of
collagen chains compared to the more aggressive hydrolysis observed with hydrochloric
acid and sodium hydroxide treatments. The triple-helical structure of collagen is formed
by three tightly intertwined polypeptide chains (α-chains) stabilized through hydrogen
bonds and van der Waals forces. The non-helical telopeptide regions at the termini of
collagen molecules serve as critical sites for intermolecular cross-linking. Papain, a cysteine
protease with substrate specificity, preferentially hydrolyzes the non-helical telopeptide
regions of collagen molecules, which are characterized by loose conformations or specific
amino acid sequences, while avoiding direct cleavage of the triple-helical core domain.
This selective cleavage releases intact helical domains, thereby preserving the integrity
of the triple-helical structure. The triple-helical regions, enriched with glycine, proline,
and hydroxyproline, exhibit strong resistance to papain-mediated proteolysis due to their
rigid conformation conferred by the closely packed arrangement of these amino acids [33].
Consequently, the core triple-helical structure remains undamaged. The retention of rela-
tively intact triple-helical fragments enables the formation of a denser three-dimensional
network during gelation through hydrogen bonding and hydrophobic interactions. Fur-
thermore, the residual triple-helical structures act as “physical cross-linking junctions”,
enhancing intermolecular interactions within the gelatin matrix and ultimately improving
gel strength. This makes E gelatin ideal for applications requiring robust gel formation,
such as high-quality gelatin desserts, gummy candies, and pharmaceutical gel capsules,
where mechanical strength and texture are essential [34].

Table 2. Gel strength, viscosity, pH, and isoelectric point of Yanbian cattle bone gelatin.

Type of Gelatin Gel Strength (g) Viscosity (cP) pH Isoelectric Point

A gelatin 197.33 ± 13.58 c 484.33 ± 5.13 b 5.31 ± 0.01 c 7.44 ± 0.22 b

B gelatin 207.67 ± 11.59 b 482.67 ± 6.81 b 7.41 ± 0.01 a 5.42 ± 0.06 c

E gelatin 259.00 ± 10.54 a 521.67 ± 7.37 a 6.44 ± 0.01 b 8.5 ± 0.14 a

Results are presented as mean ± SD (n = 3). Statistical analyses were performed on samples with the same
properties. Different superscript letters (a–c) within the same column indicate statistically significant differences,
as determined by one-way ANOVA followed by Duncan’s post hoc test (p < 0.05).

2.2.6. Viscosity

Viscosity plays a crucial role in determining the texture and stability of gelatin so-
lutions, thereby influencing their suitability as thickening agents in various food and
pharmaceutical products [35]. As shown in Table 2, the papain-extracted gelatin (E gelatin)
also showed the highest viscosity, compared to the acid and alkaline extractions. The high
gel strength and high viscosity of E gelatin are interconnected, as both properties rely on
the structural integrity of collagen molecules [24]. The triple-helix structure of collagen
plays a crucial role in forming a strong gel network. E gelatin retains a higher content of
hydroxyproline, effectively maintaining the collagen triple-helix structure, which allows
the gelatin to form a stronger gel network upon cooling, thereby enhancing gel strength. At
the same time, E gelatin better preserves the integrity of the collagen structure, resulting in
a higher molecular weight, which increases its water-holding capacity and thus improves
its viscosity. This means that larger and more intact collagen molecules enable the gelatin
to form a more stable gel, increasing the viscosity of the solution, and ultimately resulting
in higher gel strength and viscosity.

2.2.7. pH

As shown in Table 2, A gelatin exhibits significant differences in pH compared to B
gelatin and E gelatin. This indicates that gelatin produced using the acidic method retains

70



Gels 2025, 11, 186

a certain level of acidity, it is likely due to the use of hydrochloric acid during the extraction
process. During this process, some of the acid may remain in the final gelatin product,
causing it to be acidic [36]. whereas gelatin produced using the alkaline method shows
a neutral pH, and the enzymatic method yields a slightly acidic pH. The near-neutral to
slightly acidic pH value of the enzymatic method may help maintain the natural properties
of gelatin and improve its stability in certain food systems. The higher pH value of the
alkaline method may be disadvantageous for food applications sensitive to pH changes,
whereas the lower pH of acidic gelatin may limit its use in certain neutral food systems.
However, acidic gelatin could be advantageous for acidic food formulations, as a neutral
pH minimizes undesirable interactions with other food systems, ensuring consistent texture
and taste [37]. Additionally, compared to gelatin A, gelatin B and gelatin E are more suitable
for incorporation into food systems. The higher pH value of the alkaline method may be
disadvantageous for food applications sensitive to pH changes, whereas the lower pH of
acidic gelatin may limit its use in certain neutral food systems. However, acidic gelatin
could be advantageous for acidic food formulations, as a neutral pH minimizes undesirable
interactions with other food systems, ensuring consistent texture and taste [37].

2.2.8. Isoelectric Point

The isoelectric point represents the pH at which gelatin carries no net charge. As
shown in Table 2. The high isoelectric point of E gelatin may result from the selective
hydrolysis of specific amino acid residues by papain, yielding a structure closer to its
native state. Differences in the isoelectric points directly affect the solubility and stability
of gelatin under different pH conditions. The high isoelectric point of E gelatin suggests
better solubility and thermal stability in neutral and alkaline conditions. In contrast, the
lower isoelectric point of B gelatin may render it more prone to precipitation in acidic
environments, potentially affecting its dispersion and emulsification properties in some
food applications [38].

2.3. Rheological Properties of Gelatin

The gelation and melting temperatures are key parameters for evaluating the gelling
characteristics of gelatin [20]. Figure 2 shows the dynamic viscoelastic curves of A, B, and
E gelatins during the cooling and heating processes. The storage modulus (G′) and loss
modulus (G′) intersect, defining the gelation and melting temperatures, respectively [39].
Figure 2a shows the rheological behavior of A gelatin. During cooling, the G′ (storage
modulus) of A gelatin significantly increases at around 24.1 ◦C, indicating the onset of
gelation. As the temperature decreases further, the G′ value rises rapidly, reflecting the
progressive formation and stabilization of the gelatin network. During the cooling process
of A gelatin, a phase transition occurs from a liquid to a gel state. This process is driven
by molecular interactions between collagen molecules, particularly hydrogen bonding,
which promotes the aggregation and network formation of gelatin molecules. As the
gel structure gradually forms, the G′ value increases [40]. The triple-helix structure of
collagen may be partially disrupted during the extraction process, but as the temperature
decreases, the triple-helix structure begins to reassemble and stabilize, strengthening the
gel network and causing a significant increase in G′ [41]. Conversely, G′′ (loss modulus)
decreases at lower temperatures, indicating the dominance of elasticity in the gelatin
structure. A gelatin exhibits a melting temperature of approximately 33.0 ◦C, indicating
relatively low thermal stability. This suggests that acid-extracted gelatin forms elastic
gels at lower temperatures, making it suitable for applications requiring quick setting
and low melting points. Figure 2b shows the rheological characteristics of gelatin B.
Compared to A gelatin, B gelatin has a slightly higher gelation point (24.3 ◦C) and a melting
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temperature (33.6 ◦C). The G′ and G′′ modulus curves were relatively smooth, indicating
that alkaline treatment had a milder impact on the collagen structure. This results in stable
rheological properties over a broader temperature range. Figure 2c shows the rheological
analysis of gelatin E. Compared to A and B gelatins, E gelatin exhibits a significantly higher
gelation point (approximately 28.9 ◦C) and the highest melting temperature (36.7 ◦C). The
enzymatic treatment with papain significantly enhances the thermal stability of the gelatin.
Additionally, the G′ modulus of E gelatin remains higher than that of A and B samples
across all temperature ranges, demonstrating superior gel-forming capability and structural
stability. Ma et al. and Sarbon et al. reported that the intrinsic differences in the gelatin
structure and the processing methods used in gelatin production can lead to variations in
gelling ability [14,36]. Abedinia et al. also reported that the source of gelatin, breed and age
of the animal, molecular weight, peptide chain cleaving position, and the concentration
of amino acid residue in gelatin are the key contributors to the rheological properties of
gelatin [36]. This is consistent with the conclusions of this study.

 
(a) (b) 

 
(c) 

Figure 2. Viscoelastic properties (a–c) of A gelatin, B gelatin, and E gelatin. A gelatin denotes the
gelatins extracted with 0.075 mol/L hydrochloric acid. B gelatin denotes the gelatins extracted with
0.1 mol/L sodium hydroxide. E gelatins denote the gelatins extracted with papain. hey are the
highest-yielding samples from the three methods (acid method, alkaline method, and enzymatic
method), respectively.

2.4. The Protein Structure of Gelatin
2.4.1. SDS-PAGE

SDS-PAGE analysis of gelatin extracted from Yanbian cattle bones using different
methods—acidic (A gelatin), alkaline (B gelatin), and enzymatic (E gelatin)—revealed
notable differences in the preservation of collagen protein subunits (Figure 3a). All three ex-
traction methods displayed distinct bands at around 140 kDa, corresponding to the α1 and
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α2 chains, characteristic of collagen proteins. This result is consistent with previous studies
on gelatin [14,41–43]. However, the intensity and clarity of these bands varied, reflecting
the degree of preservation or degradation of the collagen structure during extraction. For
acid-extracted gelatin (A), the α1 and α2 bands were relatively weak, indicating that the
acidic environment caused significant structural breakdown, resulting in partial hydrolysis
of collagen. This finding correlates with the prior FTIR analysis, which suggested that acid
extraction reduces the integrity of the protein structure, resulting in a lower molecular
weight and potentially reduced gel strength and viscosity. Hydrochloric acid protonates
the amino and carboxyl functional groups in collagen, disrupting the hydrogen bonds and
other non-covalent interactions between collagen molecules, leading to their unraveling
and degradation. As the structure is damaged, the collagen molecules become shorter and
irregular, resulting in a significant decrease in molecular weight. The smaller molecular
weight prevents the gelatin from forming a strong gel network upon cooling, which causes
a reduction in gel strength and viscosity [44]. In contrast, alkaline-extracted gelatin (B)
exhibits clearer and stronger bands at α1 and α2, suggesting better retention of collagen
subunits. However, the use of a strong alkali, such as sodium hydroxide, causes some
degradation, as evidenced by slightly diffuse bands. This intermediate retention of the
collagen structure positions alkali-extracted gelatin between acidic and enzymatic methods
in terms of gel strength and functional properties, making it suitable for general food
additive applications. Notably, enzymatic extraction (E) shows the most prominent and
well-defined α1 and α2 bands, indicating minimal structural damage during the extrac-
tion process. Selective hydrolysis by papain enabled efficient extraction while preserving
high-molecular-weight components. These results align with previous FTIR findings,
which demonstrated superior retention of the protein’s secondary structure and functional
properties (Figure 4a). Consequently, enzymatically extracted gelatin offers a higher gel
strength and viscosity, making it ideal for high-value applications in pharmaceuticals and
premium food formulations [45]. This underscores the significance of the molecular weight
distribution, structure, and subunit composition of gelatin (including α chains and low-
molecular-weight protein fragments) in determining the functional and physical properties
of gelatin.

2.4.2. GPC

Gel Permeation Chromatography (GPC) analysis of gelatin extracted from Yanbian
cattle bones using different methods—acid extraction (A gelatin), alkaline extraction (B
gelatin), and enzymatic extraction (E gelatin)—demonstrated significant differences in
molecular weight distribution among the samples (Figure 3b,c). The GPC chromatogram
revealed that gelatin A (acid-extracted) exhibited a major peak at approximately 26 min,
indicating a lower molecular weight due to extensive hydrolysis caused by acidic con-
ditions, which generated a higher proportion of small molecular fragments. In contrast,
gelatin B (alkaline extract) showed a broader distribution, with peaks between 24 and 28
min, reflecting the presence of both high- and low-molecular-weight components. This
suggests that, while alkaline treatment partially degrades collagen structure, it retains a
moderate level of molecular integrity compared to the acid method. Notably, gelatin E
(enzymatically extracted) showed a prominent peak at an earlier retention time (15–20 min),
indicative of higher-molecular-weight fractions. Selective hydrolysis by papain preserved
larger collagen chains, resulting in shorter retention times in the chromatogram. Papain
selectively hydrolyzes collagen through its specific and mild enzymatic action, and the
mechanism by which it protects larger collagen chains is primarily reflected in its selective
hydrolysis characteristics. Papain is a cysteine protease, and its mechanism involves a
catalytic triad consisting of cysteine, histidine, and asparagine residues. The enzyme selec-
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tively targets peptide bonds that are more susceptible to hydrolysis, while preserving those
bonds that are crucial for the structural integrity of the collagen molecule. The protease
cleaves peptide bonds at specific sites within the collagen molecule, thereby removing
non-collagenous impurities, while retaining key structural components of collagen, par-
ticularly the larger collagen chains [16]. The molecular weight distribution chart further
supports these observations. For gelatin A, 40% of the content was in the 10–100 kDa range,
32% was below 10 kDa, and only 13% exceeded 300 kDa, indicating a high proportion of
low-molecular-weight fragments. Gelatin B displayed a relatively balanced distribution,
with 34% in the <10 kDa range, 38% in the 10–100 kDa range, and smaller fractions in
the 100–300 kDa (14%) and >300 kDa (13%) ranges, suggesting moderate degradation
and a diverse molecular weight profile suitable for general food additive applications. In
contrast, gelatin E showed a significant shift toward higher molecular weights, with 39%
of its content exceeding 300 kDa and only 3% below 10 kDa, reflecting minimal structural
breakdown during enzymatic extraction.

 
(a) 

(b) (c) 

Figure 3. SDS-PAGE patterns: (a) molecular weight distribution and (b) molecular weight ratio (c) of
A gelatin, B gelatin, and E gelatin.
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(a) (b) 

 
(c) 

Figure 4. FTIR spectra: (a) XRD patterns and (b) CD spectra (c) of A gelatin, B gelatin, and E gelatin.

2.5. Functional Groups of Gelatin

Table 3 and Figure 4a present the FTIR spectra, wavenumber ranges, and assign-
ments of the gelatin extracted from Yanbian cattle bone. The Amide A band for the
three types of gelatin (A gelatin, B gelatin, and E gelatin) exhibited wavenumber ranges
of 3348.42–3435.22 cm−1. Gelatin A and B exhibited higher wavenumbers, attributed
to hydrolysis by hydrochloric acid and sodium hydroxide, which altered the hydrogen-
bonding environment of the protein [46]. This process weakened hydrogen bonding and
increased the freedom of N–H stretching vibrations [47]. Similar results were reported by
Ahmad et al. when extracting gelatin using different enzymes [48,49]. The Amide B band
appeared within 2931.8–3064.89 cm−1, with gelatin A showing the highest wavenumber
(3064.89 cm−1). This increase was attributed to acid hydrolysis, which reduces molecular
cross-linking and enhances molecular vibrational freedom [50]. The Amide I band, primar-
ily arising from C=O stretching vibrations, serves as a critical fingerprint region for protein
secondary structure [51]. The results indicated that all three types of gelatin retained a
certain degree of protein secondary structure. This result ties well with previous studies by
Ahmad et al., Samatra et al., and Ma et al. who found a similar wavenumber for gelatin
pre-treated with different types of enzymes [14,27,48,52]. The wavenumber is generally
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indicative of the hydrogen-bonding strength involving the carbonyl group (C=O), with
higher wavenumbers indicating weaker hydrogen bonds [53]. Gelatin E displayed the
lowest wavenumber (1629.85 cm−1), suggesting that papain hydrolysis led to stronger
hydrogen bonding involving carbonyl groups compared to the other two hydrolysis meth-
ods. The amide II band, mainly consisting of N–H bending and C–N stretching vibrations,
is influenced by hydrogen bonding and the degree of protein folding [54]. Gelatin A
showed the lowest wavenumber (1462.04 cm−1), indicating that papain hydrolysis has a
lesser impact on molecular cross-linking and hydrogen bonding compared to hydrolysis
by hydrochloric acid or sodium hydroxide. The amide III band, generated by a combi-
nation of C–N stretching and N–H bending vibrations, is another important region for
studying protein secondary structures [55]. Gelatin E exhibited the highest wavenumber
(1247.94 cm−1), indicating that enzymatic hydrolysis has the least effect on the stability of
C–N bonds. Meanwhile, a lower amplitude indicates a significant shift to a disordered
coiled structure due to molecular disorder [48].

Table 3. FTIR spectra wavenumber and assignments of Yanbian cattle bone gelatin.

Type of Gelatin
Wavenumber (cm−1)

Amide A Amide B Amide I Amide II Amide III

A gelatin 3390.86 3064.89 1643.35 1550.77 1238.30
B gelatin 3435.22 2935.66 1641.42 1529.55 1242.16
E gelatin 3348.42 2931.80 1629.85 1462.04 1247.94

Assignment
Corresponds to the

N–H stretching
vibration

Corresponds to another
mode of N–H

stretching vibration

Primarily arises from
the C=O stretching

vibration

Mainly composed of
N–H bending

vibration and C–N
stretching vibration

Results from a
combination of C–N
stretching and N–H
bending vibrations

Overall, among the three types of gelatins, E gelatin had a more compact molecular
structure, lower vibration wavenumbers, and the most intact protein secondary structure.
Gelatin B exhibited moderate structural damage with intermediate wavenumbers, while
gelatin A showed the greatest disruption of hydrogen bonding and secondary structures,
resulting in higher wavenumbers for most vibration bands and increased freedom from
molecular vibrations.

2.6. XRD Analysis

XRD analysis is commonly used to analyze the crystallinity and triple-helical structure
of gelatin [56]. Based on the XRD analysis of gelatin extracted from Yanbian cattle bones
using acid (A gelatin), alkaline (B gelatin), and enzymatic (E gelatin) methods, distinct
differences in crystallinity and structural characteristics were observed (Figure 4b). All
three types of gelatin exhibited broad diffraction peaks, reflecting primarily an amorphous
structure with some degree of crystallinity. Gelatin, a denatured form of collagen, gener-
ally lacks a highly ordered structure but retains minor crystalline regions due to residual
sequences from the native triple helix [57]. The XRD pattern of A gelatin (acid-extracted)
shows a broad, low-intensity peak centered around 21◦ (2θ), suggesting significant dis-
ruption of the collagen structure by acid treatment. This led to a more amorphous gelatin
with minimal crystalline regions, a result of extensive hydrolysis under acidic conditions
that degraded ordered structures. In contrast, B gelatin (alkaline-extracted) displayed a
moderately sharper and higher-intensity peak around 21◦ (2θ), indicating partial retention
of the crystalline regions of the original collagen. Alkaline extraction caused less aggressive
degradation compared to acid treatment, preserving a moderate degree of structural order.
Notably, E gelatin (enzymatically extracted) showed the highest peak intensity at around
20◦ (2θ), indicating that enzymatic extraction best preserved the ordered regions within the
gelatin structure. The sharper and more intense peaks reflect a higher degree of crystallinity,
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likely due to selective hydrolysis by enzymes such as papain, which minimizes structural
disruption while effectively extracting gelatin [58].

2.7. Amino Acid Composition of Gelatin

The concentration of amino acids in gelatin varies depending on the source and
extraction method used [59,60]. Table 4 presents the amino acid composition of Yanbian
cattle bone gelatin prepared using acidic (A gelatin), alkaline (B gelatin), and enzymatic
(E gelatin) methods, each showing distinct variations. Hydrochloric acid extraction under
acidic conditions tends to hydrolyze and degrade collagen chains. Under acidic conditions,
some essential amino acids, such as glycine, glutamic acid, and leucine, are subject to
varying degrees of damage and loss. Glutamic acid and leucine are crucial for collagen
properties; however, the strong hydrolytic ability of the acid extraction method disrupts the
triple-helix structure of collagen, resulting in lower levels of these amino acids compared to
B gelatin and E gelatin. Furthermore, basic amino acids, such as lysine, are prone to partial
degradation under acidic conditions, leading to reduced lysine content. Consequently,
gelatin extracted using the acid method exhibited lower amounts of glycine, glutamic acid,
and lysine, as well as a lower overall amino acid composition. In contrast, extraction using
sodium hydroxide (the alkaline method) retains certain amino acids due to the higher
pH, although it still leads to collagen degradation. Amino acids such as glycine, glutamic
acid, and leucine demonstrate higher stability in alkaline environments. This suggests that,
compared to gelatin A, gelatin B retains more of its original collagen structure. Studies
have shown that alkaline treatment helps remove non-collagenous substances, resulting
in purer collagen. When properly controlled, this method preserves more of the native
collagen structure [61].

Table 4. Amino acid compositions (residues per 100%) of A gelatin, B gelatin, and E gelatin.

Amino Acid A Gelatin B Gelatin E Gelatin

Asp 3.06 ± 0.37 5.01 ± 0.41 5.06 ± 0.33
Thr 1.03 ± 0.58 1.90 ± 0.83 1.95 ± 0.78
Ser 2.46 ± 0.26 3.43 ± 0.11 3.36 ± 0.16
Glu 6.23 ± 0.27 8.65 ± 0.22 8.27 ± 0.17
Gly 33.25 ± 0.48 37.40 ± 0.51 36.55 ± 0.41
Ala 13.19 ± 0.35 14.08 ± 0.21 14.09 ± 0.28
Cys 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Val 1.96 ± 0.80 2.46 ± 0.74 2.42 ± 0.79
Met 0.29 ± 0.55 0.75 ± 0.32 0.54 ± 0.27
Ile 1.06 ± 0.58 1.37 ± 0.62 1.36 ± 0.63

Leu 2.17 ± 0.21 2.97 ± 0.12 3.01 ± 0.11
Tyr 0.14 ± 0.05 0.29 ± 0.42 0.31 ± 0.35
Phe 1.37 ± 0.34 1.49 ± 0.51 1.54 ± 0.44
Lys 2.46 ± 0.15 3.03 ± 0.11 3.16 ± 0.25

NH3 3.15 ± 0.08 3.83 ± 0.22 3.78 ± 0.18
His 0.47 ± 0.21 0.59 ± 0.31 0.61 ± 0.23
Arg 4.83 ± 0.18 5.54 ± 0.25 5.52 ± 0.22

Imino Acid
(Pro + Hyp) 12.26 ± 0.11 16.44 ± 0.12 22.31 ± 0.07

Enzymatic extraction (using papain) causes the least damage to collagen due to its
high specificity and mild reaction conditions. This method effectively preserves the natural
structure of collagen, resulting in higher levels of key amino acids such as glycine, glutamic
acid, lysine, proline, and hydroxyproline. These amino acids are essential for maintaining
the triple-helical structure of gelatin, as well as its physical and chemical properties, such
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as gel strength and thermal stability. Moreover, enzymatic extraction conducted at lower
temperatures and under neutral to mildly acidic conditions minimizes the risk of amino
acid degradation, particularly for basic amino acids such as lysine. As a result, gelatin
extracted using the enzymatic method exhibited a more complete amino acid composition
and optimal physical and functional properties [15].

2.8. Circular Dichroism Spectrum of Gelatin

CD analysis of gelatin extracted from Yanbian cattle bones using acidic (A gelatin),
alkaline (B gelatin), and enzymatic (E gelatin) methods revealed significant differences in
the secondary structure of gelatin (Figure 4c and Table 5). E gelatin exhibited a relatively
more ordered structure, characterized by prominent peaks around 210 nm, indicating a
higher content of α-helix and β-sheet [62,63]. The secondary structure analysis showed that
E gelatin contained 14.4% α-helix and 27.1% β-sheet, suggesting that enzymatic extraction
preserved the collagen triple helix and retained more ordered structures. B gelatin, Similar
results were reported by Ma et al. when extracting gelatin using different enzymes [14], on
the other hand, showed a more balanced secondary structure with a significant proportion
of β-turn (35.5%) and unordered coil (35.6%), while its α-helix content was 8.7% and β-
sheet content was 20.2%. The CD spectrum for B gelatin exhibited a more gradual curve,
indicating a less ordered structure compared to E gelatin but still more stable than A gelatin.
A gelatin exhibited a more disordered structure, as indicated by the strong absorption
peaks and higher content of unordered coil (44.9%) and β-turn (28.2%). The secondary
structure analysis revealed that A gelatin had only 1.4% α-helix and 25.5% β-sheet, with a
predominance of disordered regions likely due to the harsh conditions of acid extraction.
These findings suggest that enzymatic extraction (E gelatin) better preserves the collagen
triple helix, resulting in more ordered structures, while acid extraction (A gelatin) leads to
excessive degradation and a greater proportion of disordered structures.

Table 5. Content of the secondary structure in three varieties of Gelatin (%).

Type of Gelatin α-Helix β-Sheet β-Turn Unordered Coil

A gelatin 1.4 ± 0.2 25.5 ± 0.1 28.2 ± 0.1 44.9 ± 0.2
B gelatin 8.7 ± 0.2 20.2 ± 0.3 35.5 ± 0.3 35.6 ± 0.1
E gelatin 14.4 ± 0.1 27.1 ± 0.2 35.2 ± 0.2 23.3 ± 0.1

3. Conclusions

This study comprehensively evaluated the extraction efficiency and physicochemical
properties of gelatin obtained from Yanbian cattle bones using acid, alkaline, and enzymatic
methods. The results demonstrated that enzymatic hydrolysis with papain produced the
highest yield and preserved collagen structure, as evidenced by superior hydroxyproline
content, gel strength, viscosity, and molecular weight distribution. Compared to acid and
alkaline methods, enzymatic extraction minimized structural damage, retained functional
groups, and maintained higher crystallinity, as confirmed by FTIR and XRD analyses.
These findings suggest that papain-assisted enzymatic hydrolysis is an effective method for
preparing bone gelatin from Yanbian cattle. Yanbian cattle bone gelatin shows promise as a
viable halal gelatin alternative to traditional mammalian gelatin, with broad application
prospects in fields such as food and pharmaceuticals.

4. Material and Methods

4.1. Materials

Yanbian cattle bones were purchased from the Yanji market and stored at −20 ◦C
before use. Pepsin (15,600 U/g), papain (800 U/mg), ficin (40,000 U/g), ginger pro-
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tease (400 U/mg), compound protease (120 U/mg), bromelain (50,000 U/g), pancreatin
(100 U/mg), and trypsin (250 U/g) were purchased from Shanghai Yuanye Biotechnol-
ogy Co., Ltd. (Shanghai, China). Analytical-grade chemicals were obtained from Tianjin
Kemiou Chemical Reagent Co., Ltd. (Tianjin, China).

4.2. Pretreatment

Yanbian cattle bone powder was prepared based on the method described by
Cao et al. [20], with minor modifications. The Yanbian cattle bone was thoroughly washed
with distilled water and soaked in distilled water for 3 h to remove blood. The bone was
then dried in an oven at 40 ◦C for 24 h. Subsequently, the dried bone was pulverized using
a high-speed grinder and sieved through a 60-mesh sieve to obtain Yanbian cattle bone
powder. The bone powder was mixed with 0.25 M EDTA (1:10, v/v) at 20 ◦C to remove
calcium salts. The EDTA solution was replaced every 12 h for three consecutive days. After
the demineralization process, the slurry was centrifuged at 12,000 rpm for 10 min at 4 ◦C to
remove the supernatant. The residue was concentrated using a rotary evaporator, (Buchi,
Flawil, St. Gallen, Switzerland) followed by freeze-drying to obtain demineralized Yanbian
cattle bone powder. The resulting powder was stored at −80 ◦C for further use.

4.3. Gelatin Extraction
4.3.1. Enzymatic Extraction and Enzyme Selection

A total of 4.00 g of pre-treated Yanbian cattle bone powder was weighed, and enzy-
matic hydrolysis was performed under the optimal conditions (temperature and pH) for
different enzymes. The conditions for each enzyme were as follows: pepsin (37 ◦C, pH 3),
papain (60 ◦C, pH 6.5), ficin (37 ◦C, pH 10), ginger protease (60 ◦C, pH 6.5), compound
protease (50 ◦C, pH 7.5), bromelain (60 ◦C, pH 7), pancreatin (37 ◦C, pH 7.5), and trypsin
(37 ◦C, pH 8). The enzyme dosage was 140 U/g, with a solid-to-liquid ratio of 1:7 (w/v).
After 3 h of enzymatic hydrolysis, the enzymes were inactivated by boiling in a water bath
at 100 ◦C for 10 min. The resulting mixture was then extracted with deionized water at
60 ◦C for 5 h. After extraction, based on the method of Ma et al., the mixture was cen-
trifuged at 12,000 rpm for 10 min, and the supernatant was collected. The supernatant was
filtered through Whatman No. 4 filter paper to obtain a gelatin solution. The solution was
subsequently frozen at −80 ◦C for 24 h and freeze-dried to obtain enzymatically treated
bovine bone gelatin samples [14]. The most suitable enzyme was determined by comparing
the gelatin yield from different treatments.

4.3.2. Acid Extraction and Determination of HCl Concentration

Based on the method of Cao et al. and Samatra et al. [13,20], with slight modifications,
we aimed to maximize gelatin yield while avoiding excessive degradation of bovine bone
collagen due to hydrochloric acid treatment; 4.00 g of pre-treated bovine bone powder was
weighed and added to 1:7 (w/v) mixtures of hydrochloric acid solutions with concentrations
of 0.025, 0.05, 0.075, 0.1, 0.125, and 0.15 mol/L. The mixtures were gently stirred at 4 ◦C
for 24 h, with the solution replaced every 6 h. After treatment, the bovine bone residue
was washed repeatedly with distilled water until the pH of the wash water became neutral.
The washed bone powder was air-dried and weighed. The treated samples were mixed
with deionized water at a 1:7 solid-to-liquid ratio (w/v) and extracted in a water bath at
60 ◦C for 5 h. After extraction, the mixture was centrifuged at 12,000 rpm for 10 min, and
the supernatant was collected. The supernatant was filtered through Whatman No. 4
filter paper (Whatman, Maidstone, Kent, UK) to obtain a gelatin solution. The solution
was then frozen at −80 ◦C for 24 h and freeze-dried to obtain acid-treated gelatin samples.
The most suitable HCl concentration was determined by comparing the gelatin yield from
different treatments.
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4.3.3. Alkaline Extraction and Determination of NaOH Concentration

Slight modifications were made based on the experimental method of Ahmad et al. [48].
A total of 4.00 g of pre-treated bovine bone powder was weighed and added to 1:7 (w/v)
mixtures of sodium hydroxide solutions with concentrations of 0.025, 0.05, 0.075, 0.1, 0.125,
and 0.15 mol/L. The mixtures were gently stirred at 4 ◦C for 24 h, with the solution replaced
every 6 h. After treatment, the bovine bone residue was washed repeatedly with distilled
water until the pH of the wash water became neutral. The washed bone powder was
air-dried and weighed. The treated samples were mixed with deionized water at a 1:7
solid-to-liquid ratio (w/v) and extracted in a water bath at 60 ◦C for 5 h. After extraction, the
mixture was centrifuged at 12,000 rpm for 10 min, and the supernatant was collected. The
supernatant was filtered through Whatman No. 4 filter paper to obtain a gelatin solution.
The solution was then frozen at −80 ◦C for 24 h and freeze-dried to obtain alkaline-treated
gelatin samples. The most suitable NaOH concentration was determined by comparing the
gelatin yield from different treatments.

4.4. Extraction Yield of Yanbian Cattle Bone Gelatin

The yield of gelatin was calculated using the following Equation (1):

Yield of Yanbian cattle bone gelatin (%) =
Wg

Wb
× 100, (1)

where Wg is the weight of dry gelatin and Wb is the wet weight of Yanbian cattle bone.

4.5. Characterization of Yanbian Cattle Bone Gelatin

In this experiment, the gelatin samples with the highest extraction yields from the
three preparation methods were selected for further analysis. They were named as A
gelatin, B gelatin, and E gelatin. The quality of bone gelatin was evaluated based on key
indicators, including chemical properties, hydroxyproline content, gel strength, and viscos-
ity. Additionally, supplementary parameters such as amino acid composition, molecular
weight distribution and structure, rheological properties, crystal structure, and protein
structure were also analyzed.

4.5.1. Chemical Properties

The moisture, ash, and crude protein contents were determined following the methods
outlined in (AOAC), 2000 [64]. Each measurement was conducted in triplicate.

4.5.2. Hydroxyproline Content

Hydroxyproline content was determined as described by Ristaniemi et al. [38]. A
20 mg sample of freeze-dried gelatin was weighed and mixed with 3 mL of hydrochloric
acid (6 mol/L). The mixture was hydrolyzed at 130 ◦C for 4 h. After cooling, the solution
was transferred to a small beaker, and one drop of methyl red reagent was added. Sub-
sequently, 1 mL of citrate buffer and 1 mL of chloramine-T solution were added, and the
mixture was allowed to react at room temperature for 10 min. Next, 1 mL of perchloric acid
(3.5 mol/L) was added, and the reaction was continued at room temperature for another
10 min. Afterward, 1 mL of color reagent was introduced, and the reaction was incubated
in a water bath at 65 ◦C for 20 min. The mixture was then cooled to room temperature, and
the absorbance was measured at 558 nm. The hydroxyproline content was quantified using
a standard curve derived from hydroxyproline as a reference.
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4.5.3. Gel Strength

The gelatin solution, consisting of 120 mL at a concentration of 6.67% (w/v), was
transferred into a Bloom jar and matured at 10 ◦C for 17 h. Gel strength was assessed using
the TA. XT Plus Texture Analyzer (Stable Micro Systems, England, UK) equipped with a
flat-ended cylindrical probe with a diameter of 4.12 mm. The probe was set to descend
at a constant rate of 0.5 mm/s and was allowed to penetrate the gel to a depth of 4 mm.
The test was performed once, and the peak force (measured in g) encountered during the
compression was recorded as the gel strength. The compression test was carried out at
room temperature (approximately 20 ◦C) [19].

4.5.4. Viscosity

Gelatin (1.34 g) was dissolved in distilled water (20 mL) to prepare a 6.67% (w/v)
gelatin solution, which was then heated to 60 ◦C. The viscosity of the solution was measured
using a RheolabQC viscometer (Anton Paar, Graz, Austria). Triplicate measurements were
performed to ensure accuracy, and the mean value was calculated [27].

4.5.5. Measurement of ζ -Potential and pH

The pH of Yanbian cattle gelatin was measured according to the method described
by Ahmad et al. [65]. A 1% (w/v) gelatin solution was prepared by dissolving 0.2 g of
gelatin in 20 mL of distilled water and cooling it at 25 ◦C. The pH meter (Thermo Fisher
Scientific, Waltham, MA, USA) was calibrated with buffer solutions of pH 4.0 and 7.0, and
measurements were repeated three times.

The ζ-potential analyzer (Zeta PALS, Malvern, UK) was used to measure the ζ-
potential at room temperature (25 ◦C). Gelatin solution (0.5 mg/mL) dissolved in deionized
water was adjusted to different pH levels (2, 3, 4, 5, 6, 7, 8, 9, 10, 11) using 0.1 M hydrochloric
acid or 0.1 M sodium hydroxide. The isoelectric point (pI) was determined as the pH at
which the ζ-potential reached zero.

4.5.6. Rheological Properties

The rheological behavior of the 6.67% (w/v) gelatin solution was investigated using
an AR G2 rheometer (TA Instruments Inc., New Castle, DE, USA) equipped with a parallel-
plate geometry with a diameter of 40 mm. Temperature sweeps were conducted from 5 ◦C
to 60 ◦C and back to 5 ◦C at a rate of 2 ◦C/min, with a strain of 1% and a frequency of 1 Hz.
The storage modulus (G′) and loss modulus (G′) were recorded during the temperature
scans. All measurements were performed within the linear viscoelastic region of the
rheometer, and each experiment was repeated at least three times.

4.5.7. Electrophoresis Analysis of Gelatin (SDS-PAGE)

Electrophoretic analysis was employed to evaluate the molecular weight distribution
of the gelatin samples, as previously reported [66]. For the SDS-PAGE gel electrophoresis
(6% stacking gel, 8% separating gel), gelatin samples (0.1 mg/mL) were mixed with
5× sample loading buffer in a 1:4 ratio, followed by heating in a boiling water bath for
5 min. A 10 μL aliquot of the sample was then loaded onto the gel. Electrophoresis was
initially performed at 80 V, and once the bands entered the separating gel, the voltage
was increased to 120 V until the electrophoresis was complete. After electrophoresis, the
polyacrylamide gel was carefully removed and stained with Coomassie Brilliant Blue R-250
solution at room temperature for 30 min. The gel was then washed with distilled water
to remove excess stain and destained with a decolorizing solution until the bands were
clearly visible. Finally, the destained gel was photographed using a gel imaging system.
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4.5.8. Molecular Weight Distribution (GPC)

The relative molecular weight distribution of gelatin proteins was determined us-
ing an Agilent 1260 High-Performance Liquid Chromatography (HPLC) system (Ag-
ilent Technologies, Santa Clara, CA, USA) coupled with three Waters Ultrahydrogel
columns (TM120, TM250, and TM500 (Waters Corporation, Milford, MA, USA); dimensions:
7.8 mm × 300 mm). The experimental conditions included a flow rate of 1 mL/min, col-
umn and detector temperatures of 40 ◦C, and detection with a G1362A differential refractive
index detector. The mobile phase consisted of a 0.1 M aqueous solution of NaNO3.

For sample preparation, 0.020 g of gelatin was dissolved in 4 mL of the mobile phase
using ultrasonic dissolution and filtered through a 0.45 μm filter membrane. A 40 μL
sample was injected into the system, and the analysis runtime was 35 min. The relative
molecular weight distribution of the gelatin proteins was determined by analyzing the
obtained chromatograms.

4.5.9. Fourier Transform Infrared Spectroscopy (FT-IR)

The Fourier transform infrared (FTIR) spectra of gelatin were obtained using an
FTIR spectrometer (Shimadzu, IRTRACER-100, Kyoto, Japan). Dried gelatin powder was
analyzed at 25 ◦C, and transmittance (%) data were recorded from 400 cm−1 to 4000 cm−1.
The results were plotted as a function of the wavenumber (cm−1).

4.5.10. X-Ray Diffraction (XRD)

XRD patterns of the gelatin samples were acquired using an X-ray diffractometer
(Bruker AXS, Rheinfelden, Germany). Gelatin powder was evenly dispersed on a sample
plate and scanned over a 2θ range from 5◦ to 50◦ in 0.05◦ increments. Cu Kα radiation was
employed as the X-ray source, operating at 30 kV and 10 mA. The resulting XRD data were
exported and visualized using OriginPro2021 graph-plotting software.

4.5.11. Amino Acid Analysis

Gelatin samples were hydrolyzed with 6 mol/L HCl in a hydrolysis tube and pro-
cessed as previously described. After purging with nitrogen for 1 min to exclude air, the
samples were heated at 110 ◦C for 24 h. The hydrolysates were filtered through a 0.45 μm
filter membrane, and the filtrates were analyzed using an LC-MS/MS system (Shimadzu,
LCMS-8050, Kyoto, Japan) equipped with a C18 chromatographic column (Discovery HS
F5-3, 15 cm × 2.1 mm, 3 μm, Supelco, Bellefonte, Pennsylvania, USA). The column temper-
ature was maintained at 35 ◦C, and the flow rate was 0.6 mL/min. Data were processed
using LabSolutions Ver. 5.99 SP3 software and LabSolutions Insight™ Ver. 3.5 (Shimadzu
Corporation, Kyoto, Japan) [67].

4.5.12. Circular Dichroism (CD) Spectroscopy

The circular dichroism (CD) spectrum of gelatin was measured at 25 ◦C using a J-815
CD spectropolarimeter (Jasco, Tokyo, Japan). Approximately 100 mL of gelatin solution
(0.5 mg/mL, dissolved in deionized water) was pipetted into a cuvette and scanned from
190 to 260 nm at a scanning speed of 50 nm/min.

4.5.13. Statistical Analysis

All experiments were conducted in triplicate, and the results are expressed as the
mean ± standard deviation (SD). Statistical analysis of the data was performed using
analysis of variance (ANOVA). To further analyze the test data, a multiple-range test was
conducted using SPSS Statistics 23.0. Graphical representation of the data was achieved
using Origin 2021 software. The means were compared using Duncan’s test at a significance
level of p < 0.05.
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Abstract: The application of crayfish muscle in surimi products is a potential way to
promote their processing and ensure that it is of a high value. In this study, a one-way
completely randomized design was used to prepare mixed surimi gels with different pro-
portions of crayfish muscle. The effect of transglutaminase (TGase) on the improvement in
the structural properties, water-binding capacity, micromorphology and protein confor-
mation of blended gels was explored using mass spectrometry, centrifugation, scanning
electron microscopy, and Fourier transform infrared spectroscopy. The results of thus
study were analyzed by one-way ANOVA showed that in the absence of TGase, crayfish
muscle made the microstructure of the blended gel looser and rougher, with a reduction
in the strength of the gel and a decrease in the water holding capacity. The addition of
0.6% TGase was able to ameliorate this negative effect by promoting the formation of
key chemical bonds and changes in protein conformation, which ultimately led to the
enhancement of the crayfish–surimi blended gel properties. Practically, this study provides
a viable strategy for incorporating crayfish into surimi products, enabling the development
of novel, high-quality seafood products with improved texture and moisture retention,
thereby enhancing consumer appeal and reducing waste in crayfish processing.

Keywords: surimi; transglutaminase; crayfish muscle; blended gel; gel properties

1. Introduction

Crayfish (Procambarus clarkii) are native to northeastern Mexico and the South Central
United States, and subsequently, their distribution has gradually expanded to almost the
entire globe, with the exception of Antarctica and Oceania [1]. Crayfish have a strong
ability to adapt to the environment and are an important economic freshwater product
in China, with their aquaculture production reaching 3,161,000 tons in 2023 alone, an
increase of 9.35% over that in the previous year [2]. In addition, crayfish also has a delicious
flavor, nutritional value and high food value, and very good processing and utilization
prospects [3]. In 2023, 1,402,300 tons of crayfish was processed in China, making up 44.36%
of farmed production [2]. However, at present, processed crayfish are mainly distributed
as fresh crayfish and single frozen crayfish (whole crayfish and crayfish tails). Serious
homogenization of crayfish processing products limits the high-quality development of the
crayfish processing industry.
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The preparation of surimi gels shows high compatibility with a wide range of food-
borne ingredients. The application of protein-based low-value ingredients to the devel-
opment of surimi products to enhance their application is a widely used approach, and
a large number of studies have been devoted to it. These proteins contain both plant
and animal sources. Plant proteins, as a low-cost and widely available food processing
ingredient, have received equal attention for their application in surimi gels. Different plant
proteins can participate in hydrophobic interactions, disulfide bond formation, and protein
structural rearrangements to couple with myofibrillar proteins in surimi to form blended
gels [4]. Further enhancement of the addition of plant proteins could also lead to the
development of softened surimi gels with higher in vitro digestibility [5]. Research related
to low-value raw materials of animal origin in surimi gels is equally extensive. Chinese
mitten crab meat was applied to the preparation of surimi gel in an amount of up to 10%
of the gel [6]. Based on microwave puffing technology, surimi gels containing crab meat
exhibiting degree of fibrillation of up to 2.23% have also been derived [7]. Animal-derived
protein raw materials such as chicken breast, egg, and plasma are also thought to be able
to participate in the formation of the gel matrix and are used in the preparation of surimi
gels [8–10]. In addition, some protein hydrolysis products have strong functional properties
due to them carrying a large number of surface active groups, and they often show good
application in surimi gels [11,12]. In summary, the application of crayfish muscle in the
preparation of surimi blended gels is a promising development strategy. It is not only
conducive to solving the problem of the huge production of crayfish using a single form of
processing, but also conducive to encouraging surimi processing enterprises to develop
new high-value-added products. Therefore, the development of crayfish surimi blended
gel is not only a technological breakthrough, but also an important strategy to promote
industrial transformation and respond to the trend of efficient resource utilization and
improvements in consumption.

The quality of surimi gels is mainly reflected by its gel properties. For this reason,
rinsing is usually required during the preparation of surimi to remove components that are
not conducive to gel formation, such as proteases and water-soluble proteins with poor
gelation properties [13]. These components are also present in crayfish muscle, and the
complexity of its composition also reduces the relative concentration of the main component
in gel formation (myofibrillar protein). These factors could potentially severely limit the
gel properties of surimi gels blended with crayfish. Currently, a large number of studies
have been devoted to the enhancement of the gel properties of surimi. In this regard,
some novel processing techniques have been introduced into the gelatinization process
of surimi. Microwave heating can utilize the dielectric effect of surimi to increase the gel
strength of low-salt surimi gels to 821.74 g·cm by promoting protein solubilization and
cross-linking [14]. The mechanical effect and cavitation generated by ultrasonic treatment
can promote the unfolding of structural proteins and expose more hydrophobic groups
and reaction sites, thus enhancing cross-linking between protein molecules in surimi [15].
Appropriate radiofrequency heating induces the conversion of α-helixes into random
curls and promotes hydrophobic interactions between and the cross-linking of proteins
by disulfide bonds to improve the structural properties of grass carp protein gels [16].
In addition, ohmic heating is also an emerging method for celiac gel fortification [17].
The enhancement of surimi gel by exogenous additives is more stable and simple to
implement compared to the physical field technique. Polysaccharide additives enhance the
structural properties of surimi gels through the synergistic effects of matrix enhancement,
water binding and encapsulation, and covalent–noncovalent interactions [18]. The phase
behavior of polysaccharides during the gelatinization of surimi can also be used to judge
their appropriate concentration to improve the physicochemical properties of blended
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gels [19]. TGase catalyzes the generation of ε-(γ-Gln)-Lys bonds from ε-amino group with
the γ-carboxy amide group in glutamine and promotes intermyosin cross-linking [20].
Therefore, it is considered to be an effective fortifier for surimi gels. TGase could enhance
the surimi blended gel properties of a variety of exogenous proteins intervening in surimi,
including chickpea protein, sheep plasma protein, and crabmeat, to name a few [6,21,22].
Even in different gelation environments, including intrinsic environments such as salt
ion concentration and extrinsic environments such as processing methods, TGase was
able to promote cross-linking between proteins in the blended system [21,23]. The broad
adaptability of TGase opens up possibilities for the use of crayfish muscle in surimi gels.
However, it has not been clarified whether or not the lifting effect of TGase on surimi
blended gels is affected by the type and concentration of ingredients other than surimi; it is
also unclear what the coupling characteristics of crayfish muscle in this catalytic effect are.
Related research will facilitate the high-quality application of crayfish muscle in surimi
gels and promote the industrial innovation of crayfish and surimi products.

In this study, surimi-based blended gels containing crayfish muscle were investigated.
The effects of different crayfish muscle additions (0%, 2.5%, 5%, 7.5%, and 10%) on the
gel properties in the presence or absence of TGase were investigated by analyzing the
textural features, water binding capacity, micro-morphology, and protein conformation
of the blended gels. The results of this study may provide theoretical references for the
high-value utilization of crayfish muscle in surimi products, to promote the utilization of
crayfish in deep processing, and to alleviate the problem of homogenization of processed
crayfish products.

2. Results and Discussion

2.1. Effect of TGase and Crayfish Meat on the Texture Properties of Blended Gels
2.1.1. Texture Properties

Figure 1A–C show the effect of different amounts of crayfish muscle on the breaking
force, deformation and gel strength of surimi blended gels, and the intervention of TGase
on this effect. A decreasing trend in gel strength and breaking force in gels without TGase
was observed as the crayfish muscle content increased. Notably, with 5% inclusion of
crayfish muscle, significant reductions in breaking force, deformation, and gel strength
were documented, dropping from 580.28 g, 0.98 cm, and 566.89 g·cm to 539.64 g, 0.93 cm,
and 503.72 g·cm, respectively (p < 0.05). These trends are similar to those found in previous
studies for the addition of Chinese mitten crab meat to surimi gels; this may be due
to the co-precipitation of myoplasmic proteins with myofibrillar proteins in the added
crayfish, which weakened the structure of the gel [6,24]. Interestingly, the TGase-containing
gels improved in all measured gel strength characteristics after the addition of moderate
amounts of crayfish muscle, highlighting the positive impact of TGase on gel properties.
Research indicates that TGase’s role in forming ε-(γ-Glu)-Lys covalent bonds stabilizes the
protein structure within the gel, substantially boosting gel strength [25]. The addition of
microbial transglutaminase (MTG) has been found to improve gel properties notably [26].
As crayfish muscle content increased up to 7.5%, the differences in gel properties between
TGase-added and non-TGase-added gels became more pronounced, though no further
differences were seen between the 7.5% and 10% groups.
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Figure 1. Changes in breaking force (A), deformation (B), gel strength (C), and WHC (D) of blended
gels. Lowercase letters above each standard deviation bar reveal significant variations among gels
with different crayfish muscle contents (p < 0.05). Uppercase letters highlight significant differences
between samples with and without added TGase (p < 0.05).

2.1.2. Effect of TGase and Crayfish Muscle on the Water Holding Capacity of Blended Gels

Water holding capacity (WHC) is an indication of the ability of crayfish–surimi blended
gels to bind to water, which can reflect the stability of the gel system laterally [27]. The
effect of crayfish muscle and TGase addition on the WHC of the blended gel is shown in
Figure 1D. The WHC of the blended gels decreased with increasing crayfish muscle content,
with or without the addition of TGase. This decline was significant when the amount of
crayfish muscle exceeded 7.5%. This reduction in WHC may be linked to the structural
properties of crayfish proteins and their interactions within the gel matrix. However, at
the same level of crayfish muscle addition, the blended gels containing TGase consistently
showed higher WHC, suggesting that TGase improves the water holding capacity of these
gels. This enhancement is attributed to the role of TGase in the promotion of myofibrillar
proteins’ cross-linking reactions, forming a denser gel network that effectively retains
more water [28]. Therefore, TGase can effectively enhance the water retention capacity of
crayfish–surimi blended gels and stabilize the gel system.
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2.2. Effect of TGase and Crayfish Muscle on the Color Properties of Blended Gels

The magnitude of the whiteness value is often used as an indication of the tightness of
the surimi gel structure; when the texture is tight, there is a greater ability to reflect light,
which will exhibit a larger whiteness value. This is calculated from the red–green value
(a*), the yellow–blue value (b*) and the luminance value (L*). Figure 2 illustrates the effect
of crayfish muscle and TGase addition on each of the color characteristics of the surimi
blended gels. The increase in the amount of crayfish muscle significantly affected the color
properties. The increase in a* and b* may be attributed to the presence of blue and red
carotenoproteins and the oxygen-carrying molecule, hemocyanin, found in crayfish [29].
On the other hand, the reduction in gel strength implies that the crayfish muscle may have
disrupted the homogeneity of the texture of the surimi blended gels, resulting in reduced
light reflectivity on the gel surface and poorer L* and whiteness [6]. The application of
TGase did not notably affect the whiteness of surimi gels that lacked crayfish muscle
(p > 0.05). However, at the same level of crayfish muscle addition, the surimi blended
gel containing TGase showed lower a* and b* values as well as higher L* and whiteness
(p < 0.05). This indicates that TGase contributes to the development of a denser gel network,
which enhances the gel’s ability to reflect visible light, thereby improving its whiteness.
The enhancement of the whiteness of surimi gels by TGase is a more general phenomenon,
even in different thermal gelation methods [23]. This phenomenon is consistent with the
higher performance of gel strength and WHC. A comprehensive observation of the color
characteristics of the crayfish–surimi blended gel (Figure 2E) showed that the effect of
TGase on the overall color characteristics of the blended gel was greatest (p < 0.05) when
the crayfish muscle addition was 7.5%. This was consistent with the fact that its gel strength
was no longer significant (p > 0.05) after increasing to 827.79 g·mm. Overall, crayfish muscle
may lead to a reduction in the color properties of surimi hybrid gels due to a number of
reasons, including compositional characteristics, and TGase may attenuate this negative
effect through cross-linking facilitation.

Figure 2. Cont.
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Figure 2. Changes in a* (A), b* (B), L* (C), whiteness (D) and ΔE (E) of blended gels. Lowercase letters
above each standard deviation bar reveal significant variations among gels with different crayfish
muscle contents (p < 0.05). Uppercase letters highlight significant differences between samples with
and without added TGase (p < 0.05).

2.3. Effect of TGase and Crayfish Muscle on the Water Distribution of Blended Gels

The low-field nuclear magnetic resonance (LF-NMR) technique can be used to analyze
the rate and proportion of water molecules migrating through a gel by measuring the
relaxation properties of the hydrogen atoms in the gel [30]. LF-NMR was applied to
investigate the effects of crayfish muscle and TGase addition on the co-water distribution
characteristics of surimi blended gels, as shown in Figure 3A,B. The relaxation spectra show
three separate peaks, each indicating a distinct water state. T2b (0.1–1 ms) indicates water
molecules tightly bound to the gel matrix. T22 (20–400 ms) indicates water molecules tightly
encapsulated by the gel matrix. T23 (400–2000 ms) indicates free water molecules outside
the gel matrix. The T2 relaxation times directly reflect the mobility of water molecules;
longer T2 times suggest greater migration capabilities [31]. The T2b relaxation time of the
blended gel increased with increasing crayfish muscle addition, while the relaxation times
of T22 and T23 decreased (Figure 3A). This suggests that the addition of crayfish muscle
reduced the stability of bound water in the blended gel, while the stability of immobile
and free water was improved. Among them, the peak area of T22 is clearly larger than
the other peak areas, and its representation of water that does not flow easily is also the
main observation in the related study. When TGase was added, the T2b relaxation time and
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T23 relaxation time of the blended gels were reduced to a degree that increased with the
increase in the amount of crayfish muscle (Figure 3B). This suggests that the addition of
TGase made the bound and free water more stable, while the relaxation time of the less
mobile water did not change significantly.

Figure 3. The effect of different treatments on the spin relaxation time (T2) of blended gels treated
(A) without TGase and (B) with TGase, as well as the percentage of relative area of peaks (C,D). Note:
PT2b, PT22, and PT23 represent the peak area ratios of T2b, T22, and T23, respectively.

The proportions of the three water distributions expressed by the peak area share
are shown in Figure 3C,D. As the crayfish muscle content increased, the PT2b of blended
gel gradually decreased while PT23 gradually increased, suggesting that adding crayfish
muscle enhanced the escape capability of bound water in the gel. Figure 3D shows that
the addition of TGase altered the relaxation peak area percentages of bound water and
free water. Compared to the group without TGase, the PT23 of the TGase-added group
significantly decreased, indicating a decrease in free water content within the gel following
the incorporation of TGase. However, as the content of crayfish muscle increased, PT23

in blended gels with TGase continued to show an upward trend. Additionally, after
adding TGase, the proportion of bound water generally increased, while the proportion of
immobile water exhibited no significant changes. Thus, the application of TGase resulted
in an elevation in bound water content coupled with a reduction in the proportion of free
water. This effect is due to TGase inhibiting the conversion of bound water to free water
in blended gels, resulting in changes in water distribution and enhanced water retention.
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Similarly, TGase-catalyzed cross-linking between soy protein and scallop muscle was found
to be inhibited by the conversion of bound water [32].

2.4. Effect of TGase and Crayfish Muscle on the Magnetic Resonance Imaging of Blended Gels

Magnetic resonance imaging (MRI) can efficiently, accurately and non-destructively
visualize the state of water distribution in a gel system. The darker-color (tending toward
blue) portion of the MRI is meant to reflect a lower distribution of hydrogen protons,
indicating the poorer water retention capacity of the gel, and vice versa (brighter color
tending toward red) indicates a higher distribution of hydrogen protons and the better
water retention capacity of the gel [33]. The effect of crayfish muscle addition and TGase
on the hydrogen proton density in surimi blended gels is shown in Figure 4. Variations in
these images reveal that with increasing additions of crayfish muscle, the samples exhibit
fewer red areas and more yellow areas, indicating an increase in the uneven distribution of
water. In addition, under the same level of crayfish muscle addition, a significant increase
in red areas and a more homogeneous distribution was observed in the MRI of the blended
gel after the introduction of TGase. This enhancement shows that adding TGase improved
the bound water retention within the blended gel network, thereby improving the water
holding capacity of the crayfish–surimi blended gel. This phenomenon is consistent with
the state of moisture distribution and the results of the correlation analysis of WHC. This
further validates the negative effect of crayfish muscle on surimi blended gels and the
ameliorating effect of TGase on this negative effect.

Figure 4. T2-weighted magnetic resonance images of surimi gel with different amounts of crayfish
muscle (0%, 2.5%, 5%, 7.5% and 10%) in the samples with TGase and without TGase.
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2.5. Effect of TGase and Crayfish Muscle on the Microstructural of Blended Gels

In Figure 5A, the pictures of each group on the left provide a visualization of the
untreated crayfish–surimi blended gel. Visual observation cannot not reveal the effect of
crayfish addition and TGase addition on the apparent differences in the surimi blended
gels, both in terms of structural and color characteristics. Scanning electron microscopy
(SEM) is a commonly used method to observe the microstructure of surimi gels [34]. It was
able to visualize the extensive effect of crayfish muscle and TGase addition on the structure
of the surimi blended gel. In Figure 5A, the images to the right of each group show the
results of SEM observations. The results of porosity quantification in the images obtained
using image analysis software are shown in Figure 5B,C. As the crayfish muscle content
increased, the microstructure of the blended gel became rougher and more irregular, while
the porosity increased. The structural damage induced by crayfish muscle inevitably led
to a reduction in the water retention capacity of the blended gel, as well as a reduction in
gel strength due to stress reduction. Thus, the microstructural observations are consistent
with the results of correlation analyses such as that of WHC. The introduction of TGase
was more effective in optimizing the microstructure of the blended gels. The addition of
TGase reduced the porosity from 24.508% to 11.036% when the crayfish muscle content
was 10%. This effect resulted from TGase influencing the protein molecule interactions
and the covalent bonding between glutamine and lysine residues, allowing myofibrillar
proteins to aggregate more effectively and form a dense protein gel network. According
to recent research, reduced porosity enhances the gel’s ability to trap excess moisture,
thereby improving its textural properties [35]. The most significant effect of TGase on the
reduction in the porosity (8.151%) of the blended gel was observed when crayfish muscle
was added at 7.5%. This suggests that the molecular structure was most uniform at this
point, with the most significant protein cross-linking, corresponding to the most compact
three-dimensional gel network. This finding is consistent with the enhanced gel strength
observed in the experiments.

2.6. Effect of TGase and Crayfish Muscle on the Chemical Interactions of Blended Gels

Noncovalent bonds, including hydrogen, ionic, and hydrophobic interactions, and
disulfide bonds are critical in the formation of surimi gels [36]. The effect of crayfish
muscle addition and TGase on the content of chemical interactions in the surimi blended
gels is shown in Table 1. In myofibrillar proteins, interactions occur between carbonyl
and amino groups within and across peptide chains mainly through hydrogen bonds [37].
According to Table 1, there is a notable decrease in hydrogen bonds in blended gels as
the content of crayfish muscle increases (p < 0.05). This decrease may be linked to the
lipids in crayfish muscle, which can obstruct the formation of hydrogen bonds, thereby
adversely affecting water retention, as corroborated by earlier WHC measurements. This
underscores the pivotal role of hydrogen bonds in maintaining water stability within the
gel matrix. The addition of TGase appeared to significantly enhance the formation of
hydrogen bonds between proteins, possibly due to the rearrangement of hydrogen bonds
induced by conformational changes during protein cross-linking [38]. This course of action
mitigates the negative effects of crayfish muscle addition on hydrogen bond formation to
some extent.
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Figure 5. Effect of different crayfish muscle additions (0%, 2.5%, 5%, 7.5%, 10%) and TGase addition
on the microstructure (A) and porosity ((B): with TGase, (C): without TGase) of surimi blended gels.

Table 1. The effect of TG on the chemical interactions in blended gels.

Crayfish Muscle
Content (%)

Hydrogen Bonds Ionic Bonds Hydrophobic Interactions

Without
TGase

With
TGase

Without
TGase

With
TGase

Without
TGase

With
TGase

0 1.66 ± 0.04 Ba 2.31 ± 0.12 Aa 0.88 ± 0.03 Ae 0.35 ± 0.04 Be 21.99 ± 0.32 Aa 20.1 ± 0.33 Bd

2.5 1.27 ± 0.10 Bb 2.09 ± 0.11 Ab 1.25 ± 0.08 Ad 0.66 ± 0.02 Bd 20.21 ± 0.23 Bb 21.1 ± 1.04 Ac

5 0.97 ± 0.13 Bc 1.74 ± 0.06 Ac 1.60 ± 0.10 Ac 0.95 ± 0.08 Bc 18.1 ± 0.33 Bc 22.82 ± 1.54 Ab

7.5 0.47 ± 0.16 Bd 1.37 ± 0.03 Ad 2.04 ± 0.15 Ab 1.27 ± 0.05 Bb 16.55 ± 0.28 Bd 25.6 ± 0.74 Aa

10 0.21 ± 0.10 Be 0.85 ± 0.05 Ae 2.34 ± 0.12 Aa 1.69 ± 0.03 Ba 14.16 ± 0.9 Be 25.62 ± 0.36 Aa

Notes: Lowercase letters above each standard deviation bar reveal significant variations among gels with different
crayfish muscle contents (p < 0.05). Uppercase letters highlight significant differences between samples with and
without added TGase (p < 0.05).

Ionic bonds are crucial in sustaining the tertiary and quaternary structures of my-
ofibrillar proteins. During gel processing, the disruption of these bonds under various
conditions facilitates cross-linking reactions, which are essential for forming a robust gel
network [26]. Table 1 illustrates that the concentration of ionic bonds increases with the
addition of crayfish muscle. This suggests that with the addition of crayfish muscle, the
proteins in the blended gel system had more stable structural characteristics before gelation
and were less susceptible to change during the thermogenic gelation process [39]. However,
the presence of TGase significantly reduced the concentration of ionic bonds. The reason
for this change may have been that the catalytic action of TGase consumed positively
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charged lysine residues while reducing the exposure of neighboring charged residues
(e.g., glutamate, aspartate), resulting in a reduced opportunity for ionic bond pairing [20].
Similarly, ionic bonding was reduced in TGase-enhanced pea protein isolate gels [40]. This
further corroborates the positive role played by TGase in promoting the intermolecular
cross-linking of proteins.

Regarding hydrophobic interactions, these are essential for a gel’s structural integrity
and are closely linked to gel strength. In samples with TGase, an increase in crayfish
muscle content resulted in enhanced hydrophobic interactions, with no significant differ-
ence observed between 7.5% and 10% crayfish content. This may be due to the fact that
TGase-induced noncovalent cross-linking shortens the spacing of intermolecular hydropho-
bic groups, making hydrophobic interactions easier to form [41]. At the same time, the
formation of hydrophobic interactions further enhances the intermolecular cross-linking.
This process of action was similarly found in TGase-containing cowpea protein isolate
gels [42]. Thus, at a certain crayfish muscle threshold, the presence of TGase catalyzed the
improvement in hydrophobic interactions, which improved the mechanical properties of
the gel, consistent with the observed improvement in gel strength.

Clearly, the incorporation of crayfish muscle through chemical bonding does not favor
cross-linking between proteins in surimi blended gels. However, the addition of TGase
can promote chemical cross-linking between proteins through indirect effects such as the
smaller molecular spacing mediated by catalysis.

2.7. Effect of TGase and Crayfish Muscle on the Total Sulfhydryl Content of Blended Gels

Sulfhydryl groups are the basis for the formation of disulfide bonds, and disulfide
bonds are an important force for stabilizing the structure of surimi gels. The effects of
crayfish muscle addition and TGase on the sulfhydryl content in the surimi blended gels is
shown in Figure 6. As the muscle content of crayfish increased, the sulfhydryl content also
tended to increase. It was hypothesized that this could be due to the hydrolysis of proteins
in the blended system into small peptides containing free sulfhydryl groups due to the
endogenous proteases (e.g., tissue protease) in crayfish muscle [43]. Although this also
implies an increase in the concentration of substrate available for disulfide bond formation,
it appears that the amount of disulfide bonds does not increase as a result, and the gel
properties of the blended gel are instead diminished. This may be due to the change
in potential induced by the changes in the peptide segments introduced by hydrolysis,
which nay increase intermolecular electrostatic repulsion and consequently inhibit contact
between the sulfhydryl groups [44]. However, a notable difference, as observed when
TGase was added to this blended system, was that the sulfhydryl content decreased with
increasing crayfish muscle content. This is an indirect indication of the enhanced ability
to form disulfide bonds, although protein cross-linking catalyzed directly by TGase is
mainly maintained by ε-(γ-Gln)-Lys bonds (non-covalent bonds) and does not involve the
formation of disulfide bonds (covalent bonds) [20]. However, the resulting reduction in the
spacing between protein molecules promotes contact between sulfhydryl groups, which
provides a good precondition for disulfide bond formation [45]. As mentioned earlier, the
endogenous protease in crayfish muscle provides more available sulfhydryl groups for
the blended system, and the electrostatic repulsion is counteracted by TGase, facilitating
binding of sulfhydryl groups to each other to form disulfide bonds. This phenomenon
is consistent with the elevating effect of TGase on disulfide bond content in myofibrillar
protein gels [45]. Thus, although the addition of small dragon muscle decreases the cross-
linking of proteins in the blended system due to its inhibitory effect on disulfide bonds, the
catalytic effect of TGase counteracts this phenomenon and allows disulfide bond formation
to be promoted.
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Figure 6. The effect of TG on the total sulfhydryl group content in blended gels. Lowercase letters
above each standard deviation bar reveal significant variations among gels with different crayfish
muscle contents (p < 0.05). Uppercase letters highlight significant differences between samples with
and without added TGase (p < 0.05).

2.8. Effect of TGase and Crayfish Muscle on the Fourier Transform Infrared Spectroscopy of
Blended Gels

Fourier transform infrared (FTIR) spectroscopy is commonly used to analyze the
composition of protein secondary structures in surimi gels. The FTIR spectra of the crayfish–
surimi blended gel are shown in Figure 7A,B. The blended gels had absorption peaks near
1200 cm−1, 1500 cm−1, 1600–1700 cm−1, 2926–2953 cm−1, and 3100–3300 cm−1, which
correspond to the amide III, II, I, B, and A bands of protein molecules, respectively [46,47].
Comparable observations have been reported in cod surimi gels [48]. These wavenum-
ber regions reflect the vibrational modes of various chemical bonds within the protein
molecules, providing critical insights into the secondary and tertiary protein structures. As
the content of crayfish muscle increases, the peak values of amide A, amide I, and amide
II bands tend to decrease. This trend suggests that the addition of crayfish muscle dimin-
ishes the hydrogen bonding interactions between protein molecules within the blended
gel [49]. Each sample exhibited an absorption peak at 1050 cm−1, where the peak intensity
decreased as the crayfish muscle content increased. Generally, gel samples subjected to
different processing conditions demonstrated analogous spectral graphs, as depicted in
Figure 7A,B. All samples featured a peak at 1050 cm−1, with decreasing amplitude as the
proportion of crayfish muscle increased. Studies on the effect of antifreeze on the protein
structure of tilapia showed that the peak near 1050 cm−1 was related to the -OH group of
sucrose in surimi [50].

The amide I band, typically situated in the 1600 to 1700 cm−1 range, corresponds to the
vibrational modes of carbonyl (C=O) groups in protein molecules, crucial for revealing the
protein’s secondary structure. For α-helices, β-sheets, β-turns, and random coils, distinct
absorption peaks are identified within the respective spectral ranges of 1651–1660 cm−1,
1600–1639 cm−1, 1661–1700 cm−1, and 1640–1650 cm−1, respectively [51]. As illustrated
in Figure 7C, the TGase-added group, compared to the group without TGase, displayed
a significant reduction in α-helix content (p < 0.05) and a rise in the proportion of β-
turns (p < 0.05), with minimal effects on random coils and β-sheets. The stability of the
α-helix relies on continuous hydrogen bonding within the main chain, and TGase-catalyzed
cross-linking may interrupt the arrangement of the original hydrogen bonds, leading to
deconvolution of the helical structure [52]. The deconvolution of the helical structure can be
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enhanced after inverse fold accumulation, which provides a good prerequisite for structural
transformation and chemical bond formation [53]. The resulting ordered intermolecular
cross-linking of proteins imparts good stress and water retention properties to the blended
gels. In contrast, higher α-helix content was thought to reduce the mechanical properties
and stability of surimi gels [54]. Thus, while the deteriorating effect of crayfish muscle on
surimi blended gels may be attributed to the insufficient transformation of the secondary
structure, the addition of TGase was able to enhance the cross-linking between proteins in
the blended gels through structural changes by promoting the transition from the α-helix
to β-turn. This process of action was demonstrated in microbial the transglutaminase-
mediated enhancement of the mechanical properties of pork gels [55].

Figure 7. FTIR spectra of surimi gel with varying crayfish muscle contents ((A): samples without
TGase; (B): samples with TGase), and the effect of different crayfish muscle contents on the secondary
structure of proteins in the TG and WTG groups of surimi gel (C). TG: with TGase; WTG: without
TGase. Lowercase letters above each standard deviation bar reveal significant variations among gels
with different crayfish muscle contents (p < 0.05). Uppercase letters highlight significant differences
between samples with and without added TGase (p < 0.05).

3. Conclusions

This study systematically elucidates the effects of crayfish muscle incorporation and
transglutaminase (TGase) addition on the physicochemical properties, microstructure,
and molecular interactions of silver carp–surimi blended gels. Increasing crayfish muscle
content (0–10%) in surimi gels without TGase progressively reduced gel strength, WHC,
and structural homogeneity. This is attributed to the inhibition of hydrogen bonding
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forcing insufficient structural transformations to occur between proteins and attenuating
conformationally mediated cross-linking between proteins. Meanwhile, the inhibitory effect
of crayfish muscle on hydrophobic interactions and disulfide bonds in the surimi blended
gel further hindered cross-linking between protein molecules. Ultimately, the protein
cross-linking in the mixed system is disordered and is reflected by a loose gel structure.
Proteases in crayfish muscle have been suggested as potential factors contributing to the
latter’s negative effects, and hydrolysis by proteases may alter the peptide composition in
the blended system and inhibit protein conformational shifts and the binding of reactive
groups through enhanced electrostatic repulsion. The addition of 0.6% TGase counteracted
the negative effects of the addition of crayfish muscle. TGase-catalyzed ε-(γ-Gln)-Lys
bonds promote protein aggregation while possibly counteracting the electrostatic repulsion
induced by crayfish proteases, driving the shift in protein hooking as well as the binding
of reactive groups. Under these conditions, protein cross-linking in the blended system
becomes more organized. A compact gel structure not only has good water retention
capacity, but also has strong stress resistance, which manifests as increased gel strength.

The synergistic use of crayfish muscle (≤7.5%) and TGase represents a viable strategy
to develop high-value surimi products with enhanced texture and moisture stability. TGase
effectively mitigated the structural defects induced by crayfish muscle; it could thus
promote the resource-efficient utilization of underutilized aquatic proteins, and at the same
time help to alleviate the problem of product homogenization in crayfish processing.

4. Materials and Methods

4.1. Materials

The frozen silver carp surimi used in the experiment was AAA-grade (Hubei Honghu Jili
Aquatic Food Co., Ltd., Honghu, China). Crayfish were purchased from RT-Mart Supermarket
(Hefei, China), and crayfish muscle was taken by hand by removing the head and tail.
Phosphoric Acid, Urea, Ethanol, Sodium Chloride and other chemicals were all analytically
pure and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

4.2. Preparation of Surimi and Crayfish Muscle Blended Gels

Crayfish muscle was chopped and mixed with surimi, and the amounts of crayfish
muscle added were 0%, 2.5%, 5%, 7.5%, and 10%. Subsequently, salt (2.5%, w/w) and TGase
(0.6%, w/w) were added, and chopping continued for 2 min. The homogeneous surimi
mixture was then encased in sausage casings and sealed at both ends using a clipper. The
encased surimi–crayfish mixtures underwent a two-stage heating process, being initially
submerged in a 40 ± 2 ◦C water bath for 60 min, followed by undergoing gelation at
90 ± 2 ◦C for 30 min. The heat-treated sausages were subsequently cooled and stored
overnight at 5 ± 3 ◦C.

4.3. Gel Strength

After reaching equilibrium at room temperature for approximately 60 min, the blended
gels were sectioned into cylinders approximately 2 cm in height. Puncture tests were
performed with a TA-XT Plus texture analyzer (Stable Micro Systems, Surrey, London, UK)
fitted with a P/5S spherical probe, executing five replicates per sample [56]. Test settings
were as follows: automatic trigger, trigger force = 5.0 g, both pretest and test speeds at
1.0 mm/s, post-test speed = 1.0 mm/s, pressing displacement = 15 mm, and a return speed
of 10.0 mm/s. We calculated the gel strength according to Formula (1):

Gel strength (g·cm) = Breaking force (g)× Deformation (cm) (1)
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4.4. WHC

Thin slices of approximately 5 g of the blended gel (2 mm) were wrapped in three
layers of filter paper and centrifuged at 7040× g for 15 min at room temperature (Tianmei
Scientific Instrument Co., Ltd., Zurich, Switzerland) [7]. We record the mass of the sample
before (m1) and after (m2) centrifugation. Each sample was tested in triplicate, and then
we calculated the WHC according to Formula (2):

WHC (%) = (m2/m1)× 100 (2)

4.5. Whiteness

Gel samples were sliced into cylinders about 10 mm thick, and their color attributes
were measured using an automatic colorimeter (ZE7700, Nippon Denshoku Industries Co.,
Ltd., Tokyo, Japan) [7]. The measurements consisted of a* (red/green), b* (yellow/blue)
and L* (luminance), and were performed six times for each sample. The whiteness was
calculated according to Equation (3). Subsequently, ΔE was calculated to measure the
difference in the overall color change in the blended gel before and after TGase addition
under the addition of different amounts of crayfish. ΔE was calculated as shown in
Equation (4):

Whiteness= 100 −
√
(100 − L∗)2 + a∗2 + b∗2 (3)

ΔE =

√
(L∗

2 − L∗
1)

2 + (a∗2 − a∗1)
2 + (b∗

2 − b∗
1)

2 (4)

In Equation (4), L*1, a*1, and b*1 are the color characteristics of the blended gel
without TGase with the same amounts of crayfish added, and L*2, a*2, and b*2 are the color
characteristics of the blended gel with TGase and with the same amounts of crayfish added.

4.6. Low-Field Nuclear Magnetic Resonance

A low-field nuclear magnetic resonance analyzer (MesoMR23-060H-I, Niumag Elec-
tronic Technology Co., Ltd., Suzhou, China) was utilized to evaluate the water relaxation
characteristics in surimi gel [2]. After removing the casing, 4 g of the sample was imme-
diately transferred into a 15 mm diameter NMR tube for analysis. A CPMG sequence
was utilized to capture transverse relaxation time (T2) signals at a resonance frequency
of 18 MHz. The T2 relaxation data were processed through inversion, with each sample
undergoing triple testing.

4.7. Magnetic Resonance Imaging

The proton density distribution in samples was analyzed using a multi-slice spin-
echo pulse sequence and subsequently transformed into color images using pseudo-color
processing [19]. The samples were sectioned into cylinders 20 mm in height and posi-
tioned within an NMR tube for imaging. The imaging parameters were set as follows:
slice width = 3.0 mm, slice spacing = 1.0 mm, TE = 0.5 ms, and TR = 1800 ms.

4.8. SEM

The surface morphology of blended gel samples was examined. Gel samples were
sectioned into 4 mm cubes and immersed in 0.1 M phosphate buffer (pH 7.2) for 20 min.
Subsequently, the samples were stabilized in a 2.5% glutaraldehyde solution at 4 ◦C for a
period of 24 h and rinsed five times with the same buffer. The samples then underwent a
sequential dehydration process using ethanol solutions at concentrations increasing from
30% to 90% for 15 min each step, followed by dehydration in anhydrous ethanol for 20 min.
After the removal of anhydrous ethanol, the samples underwent freeze-drying for a period
of 24 h. The samples were surface sprayed with gold (Au-Pd alloy), and the surface features
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of the blended gels were observed with a scanning electron microscope (EM30+, COXEM
Co., Ltd., Daejeon, Republic of Korea) at an operating voltage of 8 kV with a magnification
of 2000 times [27]. After converting the raw SEM images into 8-bit grayscale images using
ImageJ software (1.54f, National Institutes of Health, Bethesda, MD, USA), the “Threshold”
tool (Otsu automatic thresholding) was used to distinguish between pore and matrix areas.
By manually fine-tuning the threshold range (gray scale values 0–50 for pores and 51–255
for the matrix), it was ensured that the binarized image accurately reflected the actual pore
structure [57]. Three porosity calculations were carried out as shown in Equation (5):

Porosity (%) = (Pore area/Total image area)× 100% (5)

4.9. Chemical Interactions

Chemical interactions in the blended gels were analyzed by examining the differential
solubility of chemical bonds in four different solutions: 0.05 M NaCl (SA), 0.6 M NaCl
(SB), 0.6 M NaCl + 1.5 M urea (SC), and 0.6 M NaCl + 8 M urea (SD) [58]. In each
experimental run, 10 mL of the designated solution was introduced to 2 g of finely minced
gel samples, which were then homogenized for one minute. Subsequently, the mixture
was then stirred gently at a steady 4 ◦C for 2 h before being centrifuged at 8000× g for 20
min. Using a detergent-compatible Bradford protein concentration assay kit (Beyotime
Biotechnology Co., Ltd., Shanghai, China) to measure the protein content in the solution,
absorbance at 595 nm−1 was measured with a microplate reader (Bio Tek Instruments Inc.,
Burlington, VT, USA), while protein concentrations were determined based on the formula
provided with the kit. The quantification of ionic interactions (SB–SA), hydrogen bonding
(SC–SB), and hydrophobic forces (SD–SC) was facilitated by the observed variations in
protein concentration. Each measurement was replicated three times to ensure accuracy
and consistency.

4.10. Total Sulfhydryl Content

An amount of 1 g of the blended gel sample was taken and mixed with 10 mL of the
extraction solution and centrifuged at 8000× g for 10 min. The total sulfhydryl content
in the supernatant was quantified using the sulfhydryl detection kit (Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China), adhering to the manufacturer’s guidelines.
Sulfhydryl groups interact with DTNB to produce a yellow derivative that exhibits a
prominent absorption peak at 412 nm−1. Absorbance at this wavelength was recorded
using a microplate reader (Bio Tek Instruments Inc., Burlington, VT, USA), and the total
sulfhydryl content was precisely calculated with the formula provided in the kit.

4.11. FTIR

Samples were sectioned into small fragments, freeze-dried under vacuum conditions,
and then finely pulverized to minimize moisture interference during analysis. Spectral
analysis was conducted using a Nicolet 6700 Fourier-transform infrared spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) [19]. Spectra were acquired from
500 to 4000 cm−1, with each measurement taken at a 4 cm−1 resolution. Air served as the
background reference for calibration before experiments. The ATR crystal was cleaned with
anhydrous ethanol before and after each measurement. Data accuracy was enhanced by
averaging 32 scans. Using PeakFit 4.12 software, the Amide I band spectra (1600–1700 cm−1)
were analyzed to ascertain the relative content of the secondary structure by deconvolution,
Gaussian curve fitting, and second derivative calculations, represented as a percentage of
the peak area.
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4.12. Statistical Analysis

Data analysis was performed using SPSS 19.0 software. Data from blended gel samples
with different contents of crayfish muscle were analyzed using one-way ANOVA. Data
from two groups (without TGase and with TGase) of blended gel samples with the same
contents of crayfish muscle were analyzed by independent t-tests. The results of data
analysis were plotted graphically using Origin 2021 software.
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Abstract: Surimi gel, a type of hydrocolloidal food, is formed through the gelation of fish
meat proteins. Myosin heavy chain (MHC), a key myofibrillar protein, plays a crucial
role in the formation of the gel network via both transglutaminase (TGase)-catalyzed and
non-enzymatic polymerization. Gel disintegration in surimi is primarily attributed to the
proteolytic degradation of MHC. This study focused on golden threadfin bream Nemipterus
virgatus, a species characterized by low TGase activity and high protease activity at elevated
temperatures. We investigated the competition between non-enzymatic polymerization
and proteolytic degradation of MHC and their effects on gel mechanical properties using a
mathematical model. A mathematical model based on kinetic reactions accurately reflected
the changes in MHC observed through SDS-PAGE analysis during N. virgatus gel disinte-
gration. Our results indicate that not only unpolymerized but also polymerized MHC was
significantly degraded, which substantially contributed to the reduction in the mechanical
properties of the N. virgatus surimi. Mathematically understanding the dynamics of MHC
in surimi during heating helps promote the utilization of noncommercial fish species for
surimi processing by enabling better control over surimi gel properties.

Keywords: surimi gel; Nemipterus virgatus; gel disintegration; protein gel; mathematical
model

1. Introduction

The global demand for fish and fish products has been increasing in parallel with
population growth and economic development. To reduce the fishing pressure on commer-
cially important species, the effective utilization of noncommercial or underutilized species
is becoming increasingly important. Surimi production represents a practical strategy for
utilizing these resources, as surimi can be further processed into a variety of gelled food
products, such as fish balls and crab-flavored kamaboko. These surimi-based products are
categorized as hydrocolloid gels. During surimi gel production, fish meat is homogenized
and its proteins are solubilized under high ionic strength conditions through the addition
of salt, followed by gelation mediated by catalytic cross-linking and thermal aggregation
of proteins. In surimi gels, myosin heavy chain (MHC), a myofibrillar protein with a
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molecular weight of approximately 220 kDa, plays a pivotal role in the formation of the gel
network [1].

Species-specific differences in the thermal behavior of surimi gel properties complicate
surimi processing, particularly due to variations in the temperature at which gelation
or disintegration occurs [2,3]. Transglutaminase (TGase) is known as the enzyme that
catalyzes the polymerization reaction between MHC molecules through the formation of
ε-(γ-Glu)-Lys isopeptide bonds [4–7]. TGase are widely expressed in the muscle tissues
of various fish species, but their activity or temperature dependency is highly species-
specific [8]. Conversely, proteases expressed in fish muscle tissues interfere with surimi
gelation, and their enzymatic activity and temperature dependency are also highly species-
specific [2,3,5,7]. The disintegration of surimi gel due to MHC degradation by proteases
can be explained by the following mechanisms: degradation of MHCs proceeds prior to
polymerization, known as modori, and degradation of polymerized MHCs, referred to as
himodori [5,9].

To maximize the cross-linking of MHCs catalyzed by TGase and to minimize their
proteolytic degradation, a combination of different heating temperatures—known as two-
step heating—is commonly employed in the surimi food industry [10]. However, the
prediction of surimi gel properties under varying two-step heating conditions remains
challenging, as no kinetic model has yet been proposed to explain the dynamics of MHC
and the associated mechanical properties during surimi gelation and disintegration. A
kinetic model that explains the dynamics of MHC, including the competition among TGase-
catalyzed polymerization, non-enzymatic polymerization, and proteolytic degradation,
is necessary for a comprehensive understanding of the mechanisms underlying surimi
gelation and disintegration. First, it is necessary to develop individual kinetic models
that describe modori or himodori and TGase-catalyzed MHC polymerization, respectively.
These models should then be integrated to construct a comprehensive model capable of
describing the competitive dynamics among these processes. However, few studies have
elucidated the detailed relationship between MHC polymerization/degradation during
himodori and the mechanical properties of surimi gels, and sufficient empirical data for
model construction are still lacking. Therefore, the present study aimed to construct a
fundamental model describing the competition between non-enzymatic polymerization and
proteolytic degradation of MHC. We focused on golden threadfin bream Nemipterus virgatus,
which exhibits low TGase activity and high protease activity at elevated temperatures
(>50 ◦C) [3,8,11], and developed a model of MHC dynamics during surimi disintegration
caused by himodori.

2. Results

2.1. Effects of the Heating Temperature on the Properties of N. virgatus Surimi Gel

Figure 1a illustrates the effect of the initial heating temperature on the fracture strength
of N. virgatus surimi gel. Among the samples, the gel prepared by two-step heating 60–85
exhibited the lowest fracture strength, whereas the gel prepared by two-step heating 50–85
showed the highest.

The separation patterns of the WSP and the reduced USP from the N. virgatus surimi
gels prepared via two-step heating 50–85, 55–85, and 60–85, as well as single-step heating
85, are shown in Figure 1b,c. In the surimi gel prepared by two-step heating 60–85, the
WSP bands appeared smeared, and the band intensity of MHC in the reduced USP was
clearly lowest among all samples.
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Figure 1. Effects of heating temperature on the properties of N. virgatus surimi gel: (a) fracture
strength of the surimi gels; (b) SDS-PAGE profiles of the WSP; (c) SDS-PAGE profiles of the reduced
USP. In (a), error bars represent the standard error of the mean (SEM) (n = 4). * p < 0.001 (Dunnett’s
test, vs. single-step heating 85).

2.2. Time Course Analysis of N. virgatus Surimi Gel Disintegration

Figure 2a shows the temperature curve near the center of the N. virgatus surimi during
heating at 60 ◦C. The core temperature of the 5.5 mL surimi-filled jars reached 60 ◦C at
approximately 16 min. Figure 2b shows the changes in maximum compression strength in
relation to the duration of heating at 60 ◦C. The maximum compression strength rapidly
increased with heating duration up to 16 min, after which it gradually declined until
60 min.
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Figure 2. Changes during heating at 60 ◦C: (a) core temperature profile of the surimi sample;
(b) maximum compression strength as a function of heating duration. Error bars represent the SEM
(n = 3).

2.3. Time Course Analysis of Protein Changes in N. virgatus Surimi During 60 ◦C Heating

Figure 3a,b,d show the changes in the WSP, reduced USP, and non-reduced USP
profiles of the N. virgatus surimi during heating at 60 ◦C. Figure 3c,e illustrate the quantified
MHC band intensities in the reduced and non-reduced USP, respectively. In the WSP,
both the number and intensity of protein bands decreased with increasing heating time
(Figure 3a). Smeared bands were observed in the WSP from the surimi samples heated
for 60 min. In the reduced USP, the intensity of MHC (227 kDa) significantly decreased
after 20 min of heating, while bands at 38, 51, 83, 126, 144, 157, 173, and 203 kDa increased
(Figure 3b,c). However, after 60 min of heating, the 173 and 203 kDa bands showed a
marked decrease. In the non-reduced USP, the intensity of MHC decreased after just 2 min
of heating (Figure 3e), and the region above 50 kDa became markedly smeared after 30 min
of heating (Figure 3d).

 

Figure 3. Cont.
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Figure 3. Changes in protein profiles of N. virgatus surimi during heating at 60 ◦C: (a) SDS-PAGE
profile of the WSP; (b) SDS-PAGE profile of the reduced USP; (c) MHC band intensities in the reduced
USP; (d) SDS-PAGE profile of the non-reduced USP; (e) MHC band intensities in the non-reduced
USP. In (c,e), error bars represent the standard error of the mean (SEM, n = 3), and A.U. denotes
arbitrary units (dimensionless).

2.4. Mathematical Modeling of MHC Non-Enzymatic Polymerization and Proteolytic Degradation

Figure 4 compares the calculated amounts of MHC with the measured MHC intensities.
The MHC band intensities were normalized by setting the initial value to 1 for both the
reducing and the non-reducing USP conditions. The calculated changes in MHC levels
matched the measured values in both the reduced and non-reduced USP. The decreases in
MHC during heating at 60 ◦C exhibited a delay of approximately 16–18 min in the reduced
USP, whereas in the non-reduced USP, the decrease began as early as 2 min.
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Figure 4. Comparison between the estimated amounts of MHC derived from the mathematical
model and the measured MHC band intensities obtained from SDS-PAGE analysis in N. virgatus
surimi during heating at 60 ◦C. Solid and dashed lines represent the modeled MHC amounts in the
reduced and non-reduced USP, respectively. Circles and triangles indicate the normalized MHC band
intensities measured in the reduced and non-reduced USP, respectively.

3. Discussion

The present study investigated the competition between the non-enzymatic polymer-
ization and proteolytic degradation of MHC, and their effects on the gelation of golden
threadfin bream N. virgatus surimi. N. virgatus is one of the important fish species used as
a raw material for surimi in Asia. Consequently, insights into the himodori phenomenon
of N. virgatus surimi have been accumulated over a long period [3,12–16], and research
aimed at improving its gel properties continues to be actively conducted [11,17–21]. First,
we confirmed that proteases in N. virgatus surimi are activated by heating at 60 ◦C, which
leads to gel disintegration (Figure 1a) [3,13]. The protease responsible for gel disintegration
at 60 ◦C was purified and identified as a sarcoplasmic serine proteinase with a molecular
weight of 77 kDa [13]. A sarcoplasmic serine proteinase with a molecular weight of 540 kDa,
which has an optimum temperature of 50 ◦C, was also purified from N. virgatus meat [14].
Kinoshita et al. (1990) [3] referred to the protease activated at 60 ◦C as Sp-60-MIP, and
the one activated at 50 ◦C as Sp-50-MIP. They reported that the N. virgatus meat used
for the purification of Sp-50-MIP exhibited gel disintegration when heated at 50 ◦C, but
not at 60 ◦C [14]. In the present study, the N. virgatus surimi exhibited gel disintegration
when heated at 60 ◦C, but not at 50 ◦C (Figure 1a). The results of SDS-PAGE indicate that
MHC degradation was clearly promoted at 60 ◦C, whereas heating at 50 ◦C did not induce
noticeable degradation (Figure 1c). Seasonal variations and freeze-thaw effects are possible
factors contributing to this reversal [22,23]; however, further investigation is needed in
future studies.

TGase in white croaker Pennahia argentata, a species commonly used as surimi ingre-
dients in Japan due to its strong gelation properties, has been reported to show higher
peak activity around 30 ◦C and little to no activity at 50 ◦C [5,8]. In contrast, TGase in N.
virgatus meat exhibits relatively lower activity but operates over a broader temperature
range, with an optimum around 40 ◦C [8]. During two-step heating 50, the slower rate of
temperature increase compared to single-step heating 85 results in a longer residence time
within the temperature range conductive to TGase activity in the N. virgatus surimi. Al-
though the N. virgatus surimi gel prepared by two-step heating 50 exhibited higher fracture
strength than that prepared by single-step heating 85 (Figure 1a), the MHC band intensities
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remained at comparable levels (Figure 1c). Since TGase-catalyzed MHC polymerization
typically results in a decrease in MHC band intensity, as observed by SDS-PAGE, the ob-
served difference in fracture strength between two-step heating 50 and single-step heating
85 cannot be attributed to TGase activity. These results confirmed the negligible activity of
TGase during heating at 50–85 ◦C in the N. virgatus surimi used in the present study. The
thermal denaturation point of myosin is approximately 40–50 ◦C in many fish species [24].
During two-step heating 50, the progression from thermal unfolding to aggregation of
MHC occurs more gradually compared to single-step heating 85. It has been reported that
purified MHC derived from Cyprinus carpio forms multimers at 30 ◦C through association
via subfragment-1 [25]. Based on these findings, it is considered that during heating at
50 ◦C for 60 min, MHC multimerization progresses in the surimi of N. virgatus, leading to
the formation of MHC clusters, which subsequently bind to each other at 85 ◦C. This slower
polymerization process may contribute to the formation of a finer gel network, thereby
enhancing the fracture strength of the surimi gel.

Next, time-course changes in the mechanical properties and MHC monomer levels of
the N. virgatus surimi during heating at 60 ◦C were investigated. The maximum strength of
the N. virgatus surimi reached its highest value after 16 min of heating (Figure 2b), which
corresponded to the time when the core temperature of the surimi sample reached 60 ◦C
(Figure 2a). These results suggest that gelation of the surimi progressed until the core
temperature reached approximately 60 ◦C; however, gel disintegration began once the core
temperature reached this point.

The WSP decreased with increasing heating time (Figure 3a). The WSP consists
primarily of sarcoplasmic proteins, including glycolytic enzymes. It has been shown that
WSP of both rainbow trout Oncorhynchus mykiss meat and deep-sea bonefish Pterothrissus
gissu surimi begin to undergo thermal aggregation above approximately 40 ◦C [26,27].
Although the thermal denaturation point of sarcoplasmic proteins varies depending on
fish species and their living environment, it can be estimated to fall within the range of
40–50 ◦C in N. virgatus surimi. Therefore, the decrease in WSP with increasing heating
time at 60 ◦C can be attributed to thermal aggregation rather than proteolytic degradation
(Figure 3a). The bands at 34, 38, 51, and 83 kDa observed in the reduced USP are likely
sarcoplasmic proteins that became insoluble through thermal aggregation, as indicated by
the increase in their band intensities with prolonged heating (Figure 3b).

A decrease in MHC band intensity in N. virgatus surimi during heating at 60 ◦C
was observed in both the reduced and non-reduced USP fractions (Figure 3b,d). The
decrease observed in the reduced USP indicated proteolytic degradation of MHC, as
it was accompanied by an increase in the staining intensities at 126, 144, and 157 kDa
(Figure 3b,c). On the other hand, the decrease observed in the non-reduced USP indicates
both non-enzymatic polymerization and proteolytic degradation of MHC (Figure 3d,e).
The decrease in MHC intensity in the reduced USP began after approximately 20 min
of heating (Figure 3b,c), whereas in the non-reduced USP, the decrease was observed
as early as 2 min into heating (Figure 3d,e). Taken together, these results suggest that
thermal polymerization of MHCs via disulfide bonding occurred prior to their proteolytic
degradation in the N. virgatus surimi during heating at 60 ◦C.

To elucidate the competition between non-enzymatic polymerization and proteolytic
degradation of MHC in the N. virgatus surimi during heating at 60 ◦C, the experimen-
tally measured values were compared with those calculated using a mathematical model
(Figure 4). The model incorporates only non-enzymatic polymerization and proteolytic
degradation of MHC, as TGase activity was confirmed to be negligible during heating
at 50–60 ◦C (Figure 1c), as described above. The decrease in MHC levels in the reduced
USP during heating at 60 ◦C, which exhibited a delay of approximately 16 min, was accu-
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rately traced by the estimated values (Figure 4). Thus, this delay can be attributed to the
temperature-dependent activation of proteases. In both the measured and calculated data,
the decrease in MHC levels in the non-reduced USP began as early as 2 min into heating
(Figure 4). This result suggests that the 2 min delay before the decrease in MHC level in
the non-reduced USP, due to disulfide bonding, can be explained by the time required to
reach the myosin denaturation point. A comparison between the MHC dynamics estimated
by mathematical modeling and the measured time-course changes in maximum strength
indicates that gelation progresses through the non-enzymatic polymerization of MHC prior
to the gel disintegration caused by the proteolytic degradation of MHC in N. virgatus surimi.
Considering the difference in onset time between non-enzymatic polymerization (~2 min)
and proteolytic degradation (~16 min), not only unpolymerized but also polymerized MHC,
as described in Equation (1), was significantly degraded, which contributed markedly to
the reduction in the mechanical properties of the N. virgatus surimi.

It has been suggested that proteolytic degradation of the pre-formed gel network
(himodori) underlies the mechanism of gel disintegration in N. virgatus surimi [3,5,13].
The present study quantitatively elucidated these details using a mathematical model.
Elucidating the molecular mechanisms underlying surimi gelation and disintegration
enables the prediction of gel properties under varying heating temperatures and with
the addition of TGase or protease inhibitors. Therefore, our approach may facilitate the
utilization of noncommercial fish species for surimi processing by enabling better control
over surimi gel properties. However, it is also necessary to construct a mathematical
model that can quantitatively describe the relationship between MHC polymerization and
degradation, and the mechanical properties of surimi gels.

4. Conclusions

The present study proposes a model representing the interplay between the non-
enzymatic polymerization and the proteolytic degradation of MHC during gel disintegra-
tion in golden threadfin bream N. virgatus surimi. The reaction rate of MHC was estimated
from a densitometric analysis of SDS-PAGE performed under reducing and non-reducing
conditions, and its dynamic behavior was represented by a kinetic model. The changes in
mechanical strength during the disintegration of N. virgatus surimi can be largely explained
by the dynamics of MHC, indicating that the approach presented in this study is effective
for quantitatively understanding the gelation process of surimi.

5. Materials and Methods

5.1. Material

Fresh specimens of N. virgatus were purchased at a local market in Tokyo, Japan. The
fish were transported to the laboratory on ice. Filleting was performed in a cold room, and
the deboned, skinned flesh was stored at −35 ◦C until further use.

5.2. Surimi Preparation

N. virgatus surimi was prepared according to the method described by Kominami
et al. (2025) [28] with slight modifications. Briefly, frozen flesh was ground with 3% (w/w)
NaCl after thawing overnight at 4 ◦C. The salt-ground surimi was then packed and sealed
into plastic jars of either 20 mL (ϕ42 × 26 mm) or 5.5 mL (ϕ29 × 16 mm) capacity. All
operations were conducted at 4◦C.

The surimi-filled 20 mL jars were subjected to a temperature-controlled water bath
heating under the following conditions: 50, 55, and 60 ◦C for 60 min, followed by heating at
85 ◦C for 20 min (referred to as two-step heating 50–85, 55–85, and 60–85), or a single-step
heating at 85 ◦C for 20 min (referred to as single-step heating 85). Immediately after heating,
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the jars were rapidly cooled in ice water. Following overnight storage in ice water, the N.
virgatus surimi gels were subjected to fracture strength measurements.

The 5.5 mL surimi-filled jars were heated in a 60 ◦C water bath for varying durations
(2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 30, 40, and 60 min), then rapidly cooled and stored
overnight in ice water. The temperature near the center of the surimi was monitored during
60 ◦C heating using a coated thermocouple wire (Type T, outer diameter: 0.9 mm, wire
diameter: 0.254 mm), and data were recorded using a multichannel recorder (MCR-4TC,
T&D Corporation, Nagano, Japan). Some of the 5.5 mL surimi-filled jars were stored in
ice water without heating and used as unheated controls. Both unheated and heated N.
virgatus surimi samples were subjected to constant-speed compression testing.

5.3. Fracture Strength Measurements

The fracture strength of the N. virgatus surimi gels was determined using a rheometer,
according to the method described by Kominami et al. (2020) [29]. After measurement, the
central portion of the sample was excised, flash-frozen in liquid nitrogen, and stored at
−80 ◦C.

5.4. Compression Test

A rheometer (FUDOH RHEOMETER, NRM-2010-CW, Rheotech, Tokyo, Japan) was
used to perform compression tests. Since non-gelled surimi lacks shape-retaining properties,
it must be evaluated while contained in a plastic jar. Therefore, the evaluation method for
gelatin described in the Japanese Industrial Standard K6503 was modified accordingly. In
this study, to assess gelation at the center of the jar, a plunger with a diameter (ϕ5 mm)
significantly smaller than that of the jar (ϕ25 mm) was employed. The 5.5 mL plastic jar
with its lid removed was secured onto the sample stage. A cylindrical plunger (ϕ5 mm)
was pressed into the surimi-filled plastic jar at a speed of 1 mm/sec to a depth of 10 mm,
and the resulting stress transition of the surimi was recorded using a data logger (NR-HA08,
KEYENCE, Osaka, Japan). The maximum stress during compression was defined as the
maximum compressive stress (gf) for each sample. After measurement, the central portion
of the sample was excised, flash-frozen in liquid nitrogen, and stored at −80 ◦C.

5.5. Protein Fractionation and SDS-PAGE

Proteins in the N. virgatus surimi gel were fractionated into a water-soluble protein
(WSP) fraction and a urea-solubilized protein fraction (USP) according to the method
described by Kominami et al. (2025) [28] with slight modifications. The frozen surimi
sample was ground to a fine powder within the precooled steel cylinders (TH-SPT, Taitec
corporation, Saitama, Japan) of an automatic cryogenic crusher (Taitec Freeze Crusher
μT-48, Taitec corporation). The frozen powdered sample was suspended in an ice-cold
low ionic strength buffer (20 mM KCl, 100 mM Tris-HCl, pH 7.4) at a concentration of
100 mg/mL, followed by centrifugation at 4000 g for 20 min at 4 ◦C. The supernatant was
collected as the WSP fraction. The remaining pellet was washed twice with the low-ionic
strength buffer. Subsequently, 40 mg of the resultant pellet was resuspended in 1 mL of
either urea-SDS reducing buffer (0.03% bromophenol blue, 3% SDS, 8 M urea, 2 M thiourea,
75 mM dithiothreitol, 50 mM Tris-HCl, pH 6.8) or urea-SDS non-reducing buffer (0.03%
bromophenol blue, 3% SDS, 8 M urea, 2 M thiourea, 50 mM Tris-HCl, pH 6.8). The samples
were then solubilized overnight at room temperature by gentle inversion using a benchtop
tube rotator. Subsequently, they were centrifuged at 12,000 g for 15 min at 20 ◦C, and the
resulting supernatants were collected as the USP fraction.

The WSP fraction was mixed with 4× Laemmli’s sample buffer (Bio-Rad, Hercules,
CA, USA) at a 3:1 ratio. The reduced USP fraction was diluted 10-fold with the urea−SDS
reducing buffer. Both samples were heated at 95 ◦C for 3 min prior to SDS-PAGE. The
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WSP sample was separated using a 12% poly acrylamide gel, while both reduced and
non-reduced USP samples were separated using a gradient 2−15% gel (Multi gel II mini
2/15, Cosmo Bio Co., Ltd., Tokyo, Japan). CBB staining and quantitative analysis were
performed as described in a previous study [30]. Briefly, images of the SDS-PAGE bands
were acquired using an infrared imaging system (Odyssey Fc Imaging System, LI-COR,
Lincoln, NE, USA), configured for an excitation wavelength of 680 nm and an emission
wavelength of 700 nm. Densitometric analysis of the acquired images was conducted using
ImageJ version 1.51t (US National Institutes of Health, MA, USA).

5.6. Data Analysis

Dunnett’s test was conducted using the package “DescTools” in R v3.4.37 to compare
the fracture strength of the surimi gels versus those prepared by single-step heating [30,31].

5.7. Mathematical Modelling

The polymerization and degradation of MHC were described by a system of ordinary
differential equations. Let X[t] denote the amount of MHC monomer, P[t] the amount
of MHC polymer, and T[t] the core temperature of the surimi sample at time t. To focus
on relative changes, X[t] and P[t] represent normalized amounts of MHC monomer and
polymer, respectively. The conceptual framework of the model is depicted in Figure 5. The
amount of MHC in the reduced USP corresponds to the sum of X[t] and P[t], whereas in
the non-reduced USP, it corresponds to X[t] alone. We assume that the polymerization
rate of MHC depends on the surimi sample temperature T[t] through a sigmoid function,
which reflects the thermal denaturation behaviour of MHC observed in experiments. Con-
sidering that MHC degradation is maximized at an optimal temperature, the degradation
rate is assumed to be modeled as a Gaussian function dependent on the surimi sample
temperature T[t]. The dynamics of MHC polymerization and degradation are described by
the following system of differential equations:
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dt = − k1
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T1

)d
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(
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T1

)d X[t]− k2exp
(
− (T[t]−T0)

2

2β2

)
X[t]

dP[t]
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(
T[t]
T1
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(
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)d X[t]− k2exp
(
− (T[t]−T0)

2

2β2

)
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dT[t]
dt = α(Tmax − T[t])

(1)

with the initial values X[0] = 1, P[0] = 0, and T[0] = 0. The model contains the following
parameters: k1, k2, α, β, T0, T1, Tmax, and d. The parameter k1 represents the maximum
polymerization rate of MHC. The parameters T1 and d are the inflection point and the
steepness of the sigmoid function, respectively. The parameter k2 denotes the maximum
rate of temperature-dependent degradation. The parameter T0 is the optimal temperature
for MHC degradation and β is the width of a Gaussian function. Tmax is defined as the
highest temperature that the surimi sample can reach, i.e., the temperature of the water
bath. The parameter α is the rate at which the heating temperature is increased to approach
the target temperature Tmax.

Based on measurements of the thermal denaturation of MHC, the parameters T1

and d were estimated as 29.61 and 22.34, respectively, using the Simple Fit app (v4.33)
in OriginPro 2024 SR1. The parameters α and Tmax were set to 0.3 and 60, respectively,
from experimental data for the heating temperature. The parameter T0 was assigned a
value of 60, since the optimal temperature for MHC degradation is assumed to be 60 ◦C, as
supported by our findings (Figure 1) and a previous study [13]. The parameters k1, k2, and
β were determined by grid search to minimize the residual sum of squares between the

115



Gels 2025, 11, 348

numerical results and the experimental data. The values of the optimal parameters were
found to be k1 = 0.044, k2 = 0.053, and β = 0.214. Estimation of the parameters (k1, k2, β),
numerical solutions to the differential equations, and the data visualization for comparison
with the experimental data were obtained using Wolfram Mathematica 13.1.

Figure 5. A conceptual illustration of the proposed mathematical model.

Author Contributions: Y.K. and T.H. developed the concept and designed the experimental outline.
R.N. and Y.K. performed the experiments and data acquisition. T.H. and Y.K. conducted the in-
silico analyses. H.U. supervised the data analysis. All authors wrote the manuscript and approved
the final version of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partially supported by The Toyo Suisan Foundation (Academic Research
H29) and the Sasakawa Scientific Research Grant from the Japan Science Society (28-741).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Conflicts of Interest: Author Ryoko Nakamizo is employed by the company Suzuhiro Kamaboko
Honten Co., Ltd. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Lanier, T.; Yongsawatdigul, J.; Carvajal-Rondanelli, P. Surimi Gelation Chemistry. In Surimi and Surimi Seafood, 3rd ed.; Park, J.W.,
Ed.; CRC Press: Boca Raton, FL, USA, 2013; pp. 101–140. ISBN 1439898588/9781439898581.

2. Shimizu, Y. Species Variations in Gel-Forming Ability of Fish Meat Paste. Nippon Suisan Gakkaishi 1974, 40, 175–179. [CrossRef]
3. Kinoshita, M.; Toyohara, H.; Shimizu, Y. Diverse Distribution of Four Distinct Types of Modori (Gel Degradation)-Inducing

Preoteinases among Fish Species. Nippon Suisan Gakkaishi 1990, 56, 1485–1492. [CrossRef]
4. Folk, J.E. Transglutaminases. Annu. Rev. Biochem. 1980, 49, 517–531. [CrossRef] [PubMed]
5. Takeda, H.; Seki, N. Enzyme-Catalyzed Cross-Linking and Degradation of Myosin Heavy Chain in Walleye Pollack Surimi Paste

during Setting. Fish. Sci. 1996, 62, 462–467. [CrossRef]
6. Ni, S.; Nozawa, H.; Seki, N. The Combined Effect of Transglutaminase and Protease Inhibitors on the Thermal Gelation of

Actomyosin Sol from Carp and Salmon Muscles. Fish. Sci. 1999, 65, 606–612. [CrossRef]
7. Shimizu, Y.; Machida, R.; Takenami, S. Species Variations in the Gel-Forming Characteristics of Fish Meat Paste. Nippon Suisan

Gakkaishi 1981, 47, 95–104. [CrossRef]

116



Gels 2025, 11, 348

8. Tsukamasa, Y.; Miyake, Y.; Ando, M.; Makinodan, Y. Total Activity of Transglutaminase at Various Temperatures in Several Fish
Meats. Fish. Sci. 2002, 68, 929–933. [CrossRef]

9. Saeki, H.; Iseya, Z.; Sugiura, S.; Seki, N. Gel Forming Characteristics of Frozen Surimi from Chum Salmon in the Presence of
Protease Inhibitors. J. Food Sci. 1995, 60, 917–921. [CrossRef]

10. Matsuoka, Y.; Wan, J.; Ushio, H.; Watabe, S. Thermal Gelation Properties of White Croaker, Walleye Pollack and Deepsea Bonefish
Surimi after Suwari Treatment at Various Temperatures. Fish. Sci. 2013, 79, 715–724. [CrossRef]

11. Gao, Y.L.; Yoshida, A.; Liu, J.Y.; Yuan, J.; Maeda, S.; Wang, Y.; Jiang, Y.R.; Sun, X.M.; Chen, C.P.; Wang, Y.; et al. Quality
Improvement of Threadfin Bream (Nemipterus Virgatus) Surimi-Gel Using Soy Protein as a Natural Food Additive. Food Chem.
2024, 460, 140423. [CrossRef]

12. Kinoshita, M.; Toyohara, H.; Shimizu, Y. Purification and Properties of a Novel Latent Proteinase Showing Myosin Heavy
Chain-Degrading Activity from Threadfin-Bream Muscle. J. Bio-Chem. 1990, 107, 587–591. [CrossRef]

13. Kinoshita, M.; Toyohara, H.; Shimizu, Y.; Sakaguchi, M. Induction of Modori-Phenomenon (Thermal Gel Degradation)by A
Latent Serine Proteinase. Nippon Suisan Gakkaishi 1991, 57, 1935–1938. [CrossRef]

14. Kinoshita, M.; Toyohara, H.; Shimizu, Y.; Sakaguchi, M. Modori-Inducing Proteinase Active At 50◦C In Threadfin Bream Muscle.
Nippon Suisan Gakkaishi 1992, 58, 715–720. [CrossRef]

15. Liu, J.Y.; Yoshida, A.; Gao, Y.L.; Shirota, K.; Shiina, Y.; Osatomi, K. Identification of a Modori-Inducing Proteinase in the Threadfin
Bream: Molecular Cloning, Tissue Distribution and Proteinase Leakage from Viscera during Ice Storage. Food Chem. 2020,
330, 127246. [CrossRef]

16. Liu, J.Y.; Yoshida, A.; Gao, Y.L.; Shirota, K.; Shiina, Y.; Noguchi, E.; Kuwahara, K.; Osatomi, K. Purifi-cation and Characterization
of a Sarcoplasmic Serine Proteinase from Threadfin Bream Nemipterus Virgatus Muscle. Food Chem. 2019, 284, 198–204. [CrossRef]

17. Fang, Q.; Shi, L.; Ren, Z.; Hao, G.; Chen, J.; Weng, W. Effects of Emulsified Lard and TGase on Gel Properties of Threadfin Bream
(Nemipterus Virgatus) Surimi. LWT 2021, 146, 111513. [CrossRef]

18. Ren, Z.; Huang, X.; Shi, L.; Liu, S.; Yang, S.; Hao, G.; Qiu, X.; Liu, Z.; Zhang, Y.; Zhao, Y.; et al. Char-acteristics and Potential
Application of Myofibrillar Protein from Golden Threadfin Bream (Nemipterus Virgatus) Complexed with Chitosan. Int. J. Biol.
Macromol. 2023, 240, 124380. [CrossRef] [PubMed]

19. Yu, S.; Pang, G.; Li, S.; Lv, S.; Wei, Z.; Wang, J.; Xiao, H.; Zhu, L. Impacts of Zein-Fucoidan Nanoparticles with and without
Curcumin on Gel Properties of Golden Threadfin Bream (Nemipterus Virgatus) Surimi. Food Chem. 2025, 468, 142415. [CrossRef]
[PubMed]

20. Chen, H.; Zhou, A.; Benjakul, S.; Zou, Y.; Liu, X.; Xiao, S. The Mechanism of Low-Level Pressure Coupled with Heat Treatment on
Water Migration and Gel Properties of Nemipterus Virgatus Surimi. LWT 2021, 150, 112086. [CrossRef]

21. Benjakul, S.; Visessanguan, W.; Thummaratwasik, P. Inhibition of Gel Weakening of Threadfin Bream Surimi Using Thai Legume
Seed Proteinase Inhibitors. J. Food Biochem. 2000, 24, 363–380. [CrossRef]

22. Liu, J.-Y.; Yoshida, A.; Shirota, K.; Shiina, Y. Effect of Spawning on Endogenous Proteinases in Abdominal Muscle of Threadfin
Bream Nemipterus Virgatus. In Proceedings of the JSFS 85th Anniver-Sary-Commemorative International Symposium “Fisheries
Science for Future Generations”; The Japanese Society of Fisheries Science: Tokyo, Japan, 2017; pp. 1–2.

23. Yamashita, M.; Konagaya, S. High Activities of Cathepsins B, D, H and L in the White Muscle of Chum Salmon in Spawning
Migration. Comp. Biochem. Physiol. Part B Comp. Bio-Chem. 1990, 95, 149–152. [CrossRef] [PubMed]

24. Howell, B.K.; Mattews, A.D.; Donnelly, A.P. Thermal Stability of Fish Myofibrils: A Differential Scanning Calorimetric Study. Int.
J. Food Sci. Technol. 1991, 26, 283–295. [CrossRef]

25. Tazawa, T.; Kato, S.; Katoh, T.; Konno, K. Role of Neck Region in the Thermal Aggregation of Myosin. J. Agric. Food Chem. 2002,
50, 196–202. [CrossRef] [PubMed]

26. Okamoto, Y.; Kominami, Y.; Izawa, S.; Nakamizo, R.; Matsuoka, Y.; Ueki, N.; Wan, J.; Watabe, S.; Ushio, H. The Effects of Length
Distribution of the MHC and Its Fragments on Fracture Strength of Fish Meat Gel. In Proceedings of the 19th Food Colloids
Conference, Thessaloniki, Greece, 17 April 2024; p. 269.

27. Sakuyama, M.; Kominami, Y.; Hayashi, T.; Ushio, H. Effects of Sous-Vide Cooking Temperature on Protein Changes and Texture
of Rainbow Trout (Oncorhynchus Mykiss) Meat. Int. J. Gastron. Food Sci. 2025; IJGFS-D-25-00323. under review.

28. Kominami, Y.; Nakamizo, R.; Matsuoka, Y.; Ueki, N.; Wan, J.; Watabe, S.; Ushio, H. Exploration of Myosin Heavy Chain Fragments
within the Protein Network in Disintegrated Deep-Sea Bonefish Pterothrissus Gissu Surimi Gel. ACS Food Sci. Technol. 2025, 5,
1072–1081. [CrossRef]

29. Kominami, Y.; Nakakubo, H.; Nakamizo, R.; Matsuoka, Y.; Ueki, N.; Wan, J.; Watabe, S.; Ushio, H. Peptidomic Analysis of a
Disintegrated Surimi Gel from Deep-Sea Bonefish Pterothrissus gissu. J. Agric. Food Chem. 2020, 68, 12683–12691. [CrossRef]

117



Gels 2025, 11, 348

30. Dunnett, C.W. A Multiple Comparison Procedure for Comparing Several Treatments with a Control. J. Am. Stat. Assoc. 1955, 50,
1096–1121. [CrossRef]

31. Andri, S. DescTools: Tools for Descriptive Statistics. Available online: https://cran.r-project.org/web/packages/DescTools/
index.html (accessed on 2 July 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

118



Article

Development and Application of Anthocyanin-Based Complex
Polysaccharide Gels Based on Blueberry Pomace for Monitoring
Beef Freshness

Jingxi Zhi 1,2,†, Fuqian Xu 1,†, Shuhuan Yu 1, Jiahui Hao 1, Jie Wang 1 and Ziluan Fan 1,3,*

1 College of Life Science, Northeast Forestry University, 26 Hexing Road, Xiangfang District,
Harbin 150040, China; aulin-zjx@nefu.edu.cn (J.Z.); xufuqian@nefu.edu.cn (F.X.);
yushuhuan@nefu.edu.cn (S.Y.); haojiahui5832@163.com (J.H.); wj18365936610@163.com (J.W.)

2 Hangzhou Institute for Advanced Study, School of Life and Health Sciences, University of Chinese Academy
of Sciences, 1 Xiangshan Branch Lane, Xihu District, Hangzhou 310024, China

3 Key Laboratory of Forest Food Resources Utilization, Harbin 150040, China
* Correspondence: fzl_1122@nefu.edu.cn; Tel./Fax: +86-0451-82190514
† These authors are considered the first author.

Abstract: This study aimed to develop a green and sustainable composite polysaccha-
ride gel with antioxidant activity and freshness-monitoring properties. Blueberry pomace
was repurposed to extract anthocyanins (BA), which were incorporated into chitosan
(CS)/polyvinyl alcohol (PVA) and starch (S)/PVA matrices to prepare pH-indicating com-
posite polysaccharide gels. The anthocyanin solution exhibited significant colorimetric
responses to pH 2–14 buffer solutions. Comparative analyses revealed distinct performance
characteristics: the CS/PVA-BA gel showed optimal elongation at break, low hydration
(8.33 ± 0.57% water content), and potent antioxidant activity (DPPH: 73.59 ± 0.1%; ABTS:
77.47 ± 0.1%), whereas the S/PVA-BA gel demonstrated superior tensile strength and
pH-responsive sensitivity. Structural characterization via FT-IR and SEM confirmed molec-
ular compatibility between BA and polymeric matrices, with anthocyanins enhancing
intermolecular hydrogen bonding. Applied to chilled beef (4 ◦C) freshness monitoring, the
CS/PVA-BA gel exhibited color transformations from magenta-red (initial spoilage at 48 h:
TVB-N > 15 mg/100 g, TVC > 4.0 lg CFU/g) to bluish-gray (advanced spoilage by day
6), correlating with proteolytic degradation metrics. These findings established a multi-
functional platform for real-time food quality assessment through anthocyanin-mediated
color changes in the composite gels, coupled with preservation activity, highlighting their
significant potential as intelligent active packaging in the food industry.

Keywords: blueberry pomace anthocyanins; complex polysaccharide gels; freshness
monitoring; chilled beef

1. Introduction

With the improvement of living standards, the market demand for chilled beef has
significantly increased. Beef, rich in protein, vitamins, and minerals, is an essential compo-
nent of the human diet [1]. However, due to microbial contamination, lipid oxidation, and
protein degradation, chilled beef is highly susceptible to spoilage, compromising its quality
and commercial value [2,3]. Currently, consumers primarily rely on expiration dates and
appearance to assess freshness, which lacks scientific rigor [4]. Therefore, food packaging
technology requires further development, and there is an urgent need to create intuitive
and rapid methods for monitoring food freshness.

Gels 2025, 11, 385 https://doi.org/10.3390/gels11060385
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In recent years, intelligent packaging has emerged as a novel solution, particularly in
systems that enable the visual judgment of food quality through color changes. pH-sensitive
substances blended with polymers can form packaging gels that display distinct colors
under varying pH conditions, achieving the real-time monitoring of food freshness [5,6].
However, indicators are categorized into synthetic and natural pigments. Synthetic indica-
tors, such as methyl red, bromocresol green, and bromocresol purple [7], pose safety risks
due to potential toxicity [8]. In contrast, natural pigments like anthocyanins have gained
prominence. Anthocyanins, as polyphenolic flavonoids, constitute a class of water-soluble
natural pigments widely present in plants [9]. Anthocyanins, characterized by their ease of
extraction and pH-responsive color changes, were extracted and purified from blueberry
pomace in this study to serve as indicators in multifunctional gels. These compounds also
exhibit potent antioxidant activity, enabling their utilization in active packaging systems to
extend the shelf lives of food products [10]. Blueberry pomace, a processing byproduct typ-
ically discarded or used as low-value fertilizer, poses environmental risks when landfilled
or incinerated. Direct disposal generates greenhouse gases and leachate, which contami-
nate soil and water systems [11]. However, blueberry pomace retains significant amounts
of underutilized anthocyanins. Utilizing this low-cost byproduct drastically reduces the
production costs of anthocyanins. Extracting anthocyanins from blueberry pomace not
only achieves a “waste-to-resource” transformation but also aligns with sustainable devel-
opment goals. Furthermore, compared to synthetic pigments, anthocyanins exhibit higher
biological activity and lower costs.

To ensure food safety, freshness-indicating gels are typically fabricated from biodegrad-
able, biocompatible, and non-toxic materials such as starch, chitosan, carboxymethyl
cellulose (CMC), and their composites [12]. Natural renewable resources, including
polysaccharide-based (e.g., cellulose, starch, and chitosan) and protein-based materials
(e.g., corn protein, soy protein isolate, and gelatin), are increasingly utilized due to their
low costs and abundant availability [13]. Chitosan, a natural polysaccharide extracted
from crustacean shells, is characterized by biodegradability, antibacterial properties, and
film-forming ability [14]. Under acidic conditions, the amino groups (−NH2) in chitosan
molecules undergo electrostatic interactions with negatively charged molecules to form
gels [15]. In food packaging applications, chitosan’s antibacterial properties extend the
shelf lives of products while its film-forming ability enables the formation of uniform film
structures. Starch, a widely available and low-cost natural polymer, exhibits excellent film-
forming properties and biodegradability. When starch particles are gelatinized by heating,
amylose and amylopectin recombine through hydrogen bonds to form a three-dimensional
network structure [16]. This network binds water molecules via hydrogen bonds, con-
ferring viscoelasticity and moisture retention to the gel. For example, Zong et al. [17]
used purple potato anthocyanins as indicators to prepare complex polysaccharide gels
with starch and gelatin and applied them to the freshness monitoring of the Flammulina
velutipes mushroom. Feng [18] fabricated corn starch (CS)/carboxymethyl cellulose (CMC)
composite gels with blueberry pomace anthocyanins (BA) as indicators, demonstrating
an effective monitoring of beef freshness. These studies validated the feasibility of an-
thocyanins as functional indicators. Polyvinyl alcohol (PVA), a synthetic water-soluble
polymer, offers excellent film-forming ability, mechanical strength, and chemical stability.
It exhibits good compatibility with natural components (e.g., anthocyanins and essential
oils) and can stably incorporate functional additives [19]. However, pure starch films may
suffer from limited mechanical strength or poor water resistance while the biodegradability
of PVA requires further enhancement. Blending chitosan with PVA improves the mechan-
ical strength of gels and imparts antimicrobial properties [20]. Barbara Merz et al. [21]
investigated chitosan/polyvinyl alcohol (PVA) gels incorporating anthocyanins, analyzing
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their thickness, microstructure, moisture content, and hydrophobicity, and applied them
to monitor shrimp freshness. When starch is mixed with polyvinyl alcohol, its brittle-
ness can be improved. Chen et al. [22] immobilized con go red (CR) and anthocyanins
(ATH) in starch/PVA/glycerol gels, highlighting the excellent gel-forming properties of
polysaccharide-PVA blends.

This study extracted anthocyanins from blueberry pomace and prepared smart indica-
tor films by combining starch and chitosan with polyvinyl alcohol (PVA) as film-forming
matrices, using glycerol as a plasticizer. The films were applied to monitor the freshness
of chilled beef, providing a theoretical foundation for the use of smart packaging in meat
freshness detection. The resulting gel demonstrated significant potential for application in
active food packaging and real-time freshness indication, advancing sustainability goals in
the food industry.

2. Results and Discussion

2.1. Quantification and Characterization of Anthocyanins from Blueberry Pomace

The total anthocyanin content extracted from blueberry pomace was 29.31 ± 1.18 mg/g.
The anthocyanin solution exhibited distinct color changes under varying pH conditions.
As shown in Figure 1a, the solution appeared red at pH 2–3, transitioned to pink at pH
4–6 with gradual fading, turned purple at pH 7–8, shifted to blue and green in alkaline
conditions (pH 9–11), and finally turned yellowish-brown at pH 12–14 [23]. The color
of blueberry pomace anthocyanins varied significantly in different pH ranges. Figure 1b
displays the UV-Vis spectra of blueberry pomace anthocyanins. In acidic solutions (pH 2–5),
the maximum absorption peak appeared near 523 nm. As the pH increased, the red peak
shifted to 540 nm with reduced absorbance. At pH 8, the absorption maximum shifted to
576 nm, while under alkaline conditions (pH 10–14), it stabilized around 600 nm. These
spectral shifts corroborated the structural transitions observed in color changes.

This color variation and shift in maximum absorption wavelength arose from the
highly conjugated system within anthocyanin molecules, which underwent structural
transformations in response to pH changes. Under strongly acidic conditions (pH < 3),
anthocyanins primarily exist as red-colored flavylium cations in solution, exhibiting lower
maximum absorption wavelengths [24]. As the pH increases, the flavylium cations undergo
hydration to form colorless carbinol pseudobases, resulting in diminished red coloration
and reduced absorbance [25]. At neutral to slightly alkaline conditions (pH 7–9), an-
thocyanins adopt a blue quinonoidal base structure. When the pH exceeds 9, further
deprotonation leads to the formation of yellowish-brown chalcones [26,27].

The colorimetric analysis data of anthocyanin solutions under different pH conditions
are shown in Figure 1c,d. The L value (lightness) of the solution increased under acidic
conditions, decreased under neutral conditions (resulting in darker solutions), and gradu-
ally rose again as the pH increased to alkaline levels, restoring the solution’s brightness.
With increasing pH, the a value (redness) gradually decreased, reaching its lowest level
at pH 10. Subsequently, as the alkalinity further increased, the a value initially rose and
then declined again. This trend aligned with the visual observations shown in Figure 1a,
where the redness diminished as the pH increased from 2 to approximately 7. The b value
(yellowness) increased under alkaline conditions, accompanied by a color transition of the
solution from green to yellowish-brown. ΔE (Delta E) is a metric used to quantify color
differences, representing the numerical value of perceptual differences between two colors
in a uniform color space. When the ΔE value exceeds 5, the color variation becomes visually
perceptible [28]. Since all ΔE values of the indicator were greater than 5, the color changes
in the indicator could be distinctly differentiated by the naked eye.
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Figure 1. (a) Color changes in blueberry pomace anthocyanin solution at pH 2–14; (b) UV-VIS
spectrum of blueberry pomace anthocyanin solution at pH 2–14; (c) ΔE values and (d) lab values of
blueberry pomace anthocyanin solution at pH 2–14. Vertical bars represent the standard deviations
of three replicates.

2.2. Characterization and Analysis of Complex Polysaccharide Gels
2.2.1. SEM Analysis of Gels

The dispersion state and compatibility of components within a composite gel can be
determined through SEM (scanning electron microscopy) images. The surface scanning
electron microscopy images of the four gels are shown in Figure 2. Typically, a smooth and
flat surface with a uniform structure, free of protrusions or wrinkles, indicates excellent
film-forming properties and high compatibility among the gel matrix components [29]. On
the contrary, there were obvious protrusions and pores, indicating that the gel surface was
rough. Figure 2 shows the surface microstructure of the four gels magnified 1000 times.
Compared with the gels without blueberry pomace anthocyanins, the CS/PVA-BA gels and
S/PVA-BA gels with blueberry pomace anthocyanins added were tighter and smoother
with no obvious bumps and folds. This suggests that blueberry anthocyanins (BA) not only
exhibit good compatibility with chitosan (CS), polyvinyl alcohol (PVA), and starch (S) but
also enhance intermolecular interactions between CS-PVA and S-PVA matrices [30]. The
anthocyanins effectively bind to polysaccharides and disperse uniformly within the film,
which aligns with the findings reported by Merz et al. [21].
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Figure 2. Scanning electron microscopy images (1000×) of surface of (a) CS/PVA, (b) S/PVA,
(c) CS/PVA-BA, and (d) S/PVA-BA gel.

2.2.2. Infrared Spectrum Analysis of Gel

FT-IR can be used for the qualitative analysis of substances and effectively charac-
terizes the molecular structure and cross-linking of organic compounds. It can be seen in
Figure 3 that the absorption peak at 3289–3300 cm−1, indicating that the gel was in the
range of 3200–3600 cm−1, belonged to the stretching vibration of free amino (−NH2) in the
chitosan (CS) and hydroxyl (−OH) of polymers (such as PVA and starch) [31]. Aliphatic
C-H vibrations at 2937–2986 cm−1 are related to hydrophobic groups in the plasticizer or
polymer side chain, which may regulate the gas permeability of a gel [32]. The charac-
teristic front at 1710 cm−1 is caused by the stretching vibration of C=C on the aromatic
ring skeleton in anthocyanins. In addition, the C-O vibration peak at 1034–1094 cm−1

indicates the hydrogen bond between the polysaccharide matrix (CS and starch) and the
plasticizer [33], and the low frequency shift of CS/P at 1029 cm−1 reflects the strengthening
effect of chitosan molecular chain rigidity on the hydrogen bond network [34]. Therefore, it
can be seen from the FT-IR spectrum that the structure of the material was mainly affected
by the intermolecular force, and the chemical composition of the gel-forming substrate did
not change.

Figure 3. Fourier-transform infrared (FT-IR) spectrum analysis of CS/PVA, S/PVA, CS/PVA-BA, and
S/PVA-BA gel.
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2.2.3. Analysis of Physical Properties of Gel

It can be seen from Table 1 that there were differences in the thickness of the four gels.
In the process of gel forming preparation, the molecular cohesion between gel-forming
substrates will lead to differences in gel thickness [35]. The addition of anthocyanins also
increased the thickness of the gel.

Table 1. Gel thickness, mechanical properties, moisture content, and water vapor transmission
coefficient data.

Complex
Polysaccharide

Gels Name
Thickness/μm

Tensile
Strength/MPa

Elongation at
Break/%

Moisture
Content/%

Water Vapor
Transmission
Coefficient ×

10−4/(g·mm)/(m2·h·Pa)

CS/PVA 55.00 ± 2.00 c 23.94 ± 1.08 c 62.27 ± 1.26 b 10.89 ± 0.23 b 2.56 ± 0.12 b

S/PVA 71.33 ± 1.51 b 27.95 ± 1.69 a 43.45 ± 1.09 c 11.97 ± 0.57 a 3.25 ± 0.31 ab

CS/PVA-BA 84.48 ± 1.83 b 25.42 ± 2.01 b 87.84 ± 2.34 a 8.33 ± 0.57 c 2.68 ± 0.11 b

S/PVA-BA 99.00 ± 1.55 a 28.31 ± 1.28 a 64.52 ± 2.33 b 10.12 ± 0.15 b 3.81 ± 0.21 a

Values are expressed as means ± standard deviations. Different letters in the same column indicate significant
differences (p < 0.05).

Tensile strength and elongation at break are fundamental indicators for evaluating the
performance of packaging materials. Superior mechanical properties enhance resistance
to compression during food transportation and improve product protection. Significant
differences (p < 0.05) were observed in tensile strength and elongation at break among the
four indicator films. Chitosan (CS), with its flexible molecular chains, exhibits high elonga-
tion at break. However, the incorporation of anthocyanins disrupts the crystalline structure
of the film matrix, reducing rigidity. The hydrogen bonding between CS amino groups
(−NH2) and polyvinyl alcohol (PVA) hydroxyl groups (−OH) may be insufficient in cross-
linking density, leading to molecular chain slippage and decreased tensile strength [36].
Starch–PVA films exhibit poor compatibility, resulting in high brittleness. While these
films demonstrate higher tensile strength, their elongation at break is significantly lower
than that of chitosan-based films [37,38]. The addition of anthocyanins enhances inter-
molecular interactions, improves structural stability, and partially enhances mechanical
properties [39]. Chitosan and PVA films form strong intermolecular interactions, limiting
water molecule penetration and maintaining a low water content [40]. The incorporation
of anthocyanins further reduces gel hydration due to interactions between chitosan/starch
and anthocyanin molecules, which restrict the availability of polysaccharide hydroxyl
groups and weaken the water binding capacity.

Water vapor permeability (WVP) is a critical parameter for assessing the moisture bar-
rier performance of food packaging materials. A lower WVP indicates superior resistance
to external moisture ingress [41]. As shown in the table, chitosan–PVA gels exhibit lower
WVP compared to starch-based gels. However, the addition of anthocyanins increases WVP,
likely attributed to the hydrophilic phenolic hydroxyl groups in blueberry anthocyanins
(BA), which enhance the film’s water adsorption capability [42].

2.3. Antioxidant Properties of the Complex Polysaccharide Gels

The antioxidant properties of the gels were evaluated through DPPH and ABTS radical
scavenging assays, as shown in Figure 4. The DPPH and ABTS radical scavenging rates
of the CS/PVA gel were 11.69% and 5.98%, respectively, while those of the S/PVA gel
were 8.28% and 8.97%. The antioxidant activity of the gels without anthocyanins was
relatively low. However, with increasing anthocyanin concentrations, the scavenging
rates of CS/PVA (4 mg/mL) reached 73.59% and 77.47%, and those of S/PVA (4 mg/mL)
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reached 71.69% and 62.46%, demonstrating significant antioxidant capacity. This activity is
attributed to the phenolic hydroxyl groups (−OH) in anthocyanins, which donate hydrogen
atoms or electrons to neutralize reactive oxygen species (ROS) such as superoxide anions
(O2

−), hydroxyl radicals (·OH), and hydrogen peroxide (H2O2), thereby interrupting free
radical chain reactions and delaying lipid oxidation and protein denaturation [43]. Notably,
the antioxidant efficacy of gels depends on the interaction between active components
and the polymer matrix [44]. Factors such as the cross-linking status, moisture content,
temperature, and microstructure of the gels may also influence the accessibility and stability
of the antioxidant compounds [45].

Figure 4. Antioxidant properties of the gels. (a) DPPH radical scavenging activity of the gels;
(b) ABTS radical scavenging activity of the gels.

2.4. Analysis of Sensitivity of Complex Polysaccharide Gels to Ammonia

Volatile nitrogen-containing compounds such as ammonia, trimethylamine, and
dimethylamine will be produced in the spoilage process of high-protein foods, resulting
in an increase in the pH value in food packaging [46]. Simulating this process with
ammonia gas is used to assess the sensitivity of the complex polysaccharide gels to
volatile alkaline gases. The release of volatile amines causes the pH in the food packaging
environment to rise, and anthocyanins are sensitive to pH changes, resulting in the gel
in use showing a significant color change [28]. Figure 5a shows the color changes in
the two gels in an ammonia environment in 8 min, and Figure 5b demonstrates the
response kinetics and sensitivity of two indicator gels to ammonia. The rate of color
change in the gels varied over time. During the initial 4 min, both CS/PVA-BA and
S/PVA-BA gels exhibited rapid sensitivity enhancement, indicating their high reactivity
and fast response to ammonia. Notably, S/PVA-BA achieved a maximum sensitivity
of 69.931% at 8 min while CS/PVA-BA also showed significant responsiveness with
a sensitivity of 53.016% at the same time point. The sensitivity enhancement during
the reaction primarily resulted from NH3 molecules interacting with water in the gel
matrix, generating an alkaline environment that increased the gel’s swelling capacity
and thereby amplified its chromatic response.
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Figure 5. Response of the gels to ammonia. (a) Color change in the gels after 8 min of ammonia
exposure. (b) Sensitivity of gel response to ammonia. Vertical bars represent the standard deviations
of five replicates.

2.5. Application of Complex Polysaccharide Gels in Beef Freshness Monitoring
2.5.1. Analysis of Changes in Beef Physicochemical Properties

The spoilage of beef during storage at 4 ◦C was reflected by changes in total volatile ba-
sic nitrogen (TVB-N), which indicates protein degradation and microbial metabolic activity.
According to national standards, fresh meat should have a TVB-N value ≤ 15 mg/100 g [47].
Beef is classified as sub-fresh when TVB-N ranges between 15 and 25 mg/100 g and spoiled
when exceeding 25 mg/100 g [48]. As shown in the Figure 6, the initial TVB-N value of
beef was 7.65 mg/100 g. After 2 days, it increased to 13.25 mg/100 g, approaching the
upper limit for fresh meat. By day 8, the TVB-N value reached 31.25 mg/100 g, indicating
complete spoilage with extensive protein breakdown and the production of hydrogen
sulfide (H2S) and amines [49].

The pH evolution of chilled beef is shown in Figure 6a. Freshness criteria classify
meat as follows: pH 5.8–6.2 (fresh), pH 6.3–6.6 (sub-fresh), and pH > 6.7 (spoiled) [50].
The initial pH of fresh beef was 5.72. The post-slaughter glycolysis of residual glycogen
under anaerobic conditions produced lactic acid, temporarily lowering the pH to 5.52
by day 2 [51]. During this phase, microbial activity (e.g., lactic acid bacteria) further
decomposed carbohydrates, generating organic acids (e.g., lactic acid and acetic acid)
and slightly reducing the pH [52]. Subsequently, dominant spoilage bacteria (e.g.,
Pseudomonas) metabolized proteins and amino acids, releasing alkaline metabolites
(e.g., ammonia and amines), leading to a significant pH increase to 6.75 by day 8,
confirming spoilage.

Microbial growth and metabolism are the primary drivers of meat spoilage [53].
Freshness standards define total viable counts (TVCs) as follows: <4.0 lg (CFU/g) (fresh),
4.0–6.0 lg (CFU/g) (sub-fresh), and >6.0 lg (CFU/g) (spoiled) [54]. A TVC exceeding
7.0 lg (CFU/g) indicates complete deterioration. As shown in Figure 6c, the initial TVC
of beef was 2.67 lg (CFU/g). By day 4, it increased to 4.87 lg (CFU/g), categorizing the
beef as sub-fresh. After 6 days, the TVC surpassed 6.0 lg (CFU/g), marking the onset
of spoilage.
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Figure 6. Application of the gels in beef freshness monitoring. (a) Changes in pH value during
beef storage. (b) Changes in TVB-N value during beef storage. (c) Changes in the total number of
colonies during beef storage. (d) Changes in the values during beef storage. Vertical bars represent
the standard deviations of five replicates.

2.5.2. Freshness Monitoring Experiment

The CS/PVA-BA gel, selected for its high sensitivity and superior performance, was
applied to monitor the freshness of chilled beef. Figure 7a illustrates the chromatic tran-
sitions of the gel during the 10-day storage of beef at 4 ◦C. Initially, the gel exhibited a
magenta-red hue, which transitioned to pale magenta-red as storage progressed. Con-
current with the continuous accumulation of volatile nitrogenous compounds, the gel
darkened and shifted toward bluish tones, turning bluish-gray by day 8 and fading to light
bluish-gray by day 10. These color variations were visually discernible throughout the
storage period.

Figure 6d, corresponding to Figure 7a, presents the color difference (ΔE) values of the
gel during refrigeration. Higher ΔE values indicate more pronounced chromatic shifts. The
CS/PVA-BA gel demonstrated a rapid increase in ΔE, reaching 16.51 by day 4 (visually
noticeable color change) and 27.93 by day 8 (bluish-gray appearance). The gel’s chromatic
evolution closely correlated with beef quality deterioration, validating its applicability in
detecting freshness.

A colorimetric indicator label (Figure 7b) was developed based on these transitions,
enabling consumers to assess real-time beef freshness through visual comparison. The label
features referenced colors corresponding to storage days 0, 4, 6, and 8. Day 0 (magenta-
red): Fresh and safe for consumption. Day 4 (pale pink): Sub-fresh; immediate use
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recommended. Day 6 (pale magenta-red): Early spoilage. Day 8 (bluish-gray): Fully
spoiled. This system will allow consumers to visually determine beef freshness, achieving
the real-time monitoring of product quality.

Figure 7. The color changes in the CS/PVA-BA gel for monitoring the freshness of beef stored at
4 ◦C. (a) Color changes in the gels at different storage times. (b) Label card image. (c) Usage of the
label card.

3. Conclusions

Anthocyanins extracted from blueberry pomace were utilized as pH indicators to
develop freshness-indicating gels by combining them with film-forming matrices of
starch/polyvinyl alcohol (S/PVA) and chitosan/polyvinyl alcohol (CS/PVA). Four types of
gels were prepared based on the presence or absence of anthocyanins. Microstructural anal-
ysis revealed good compatibility between the matrices and anthocyanins, with anthocyanin
incorporation improving the physicochemical properties of the gels. Mechanical and sensi-
tivity evaluations demonstrated that the CS/PVA-BA gel exhibited the highest elongation
at break, a low water content (8.33 ± 0.57%), and reduced water vapor permeability (WVP)
while the S/PVA-BA gel showed superior tensile strength and higher pH-responsive sensi-
tivity. DPPH and ABTS radical scavenging assays confirmed the antioxidant capacity of the
gels, effectively extending the shelf life of chilled beef. The CS/PVA-BA gel, selected for its
optimal performance, was applied to monitor the freshness of chilled beef. Physicochemical
analysis indicated initial spoilage at 48 h (TVB-N > 15 mg/100 g, TVC > 4.0 log CFU/g),
with the gel transitioning from magenta-red to pale magenta-red. By day 6 of refrigeration,
advanced spoilage was marked by a bluish-gray color shift. A smart colorimetric label
card was developed to visually indicate freshness stages (0–8 days), enabling consumers
to assess beef quality in real time. This composite polysaccharide gel integrates freshness
monitoring and preservation functionalities, demonstrating significant potential for intelli-
gent meat packaging. The study has provided guidance for the high-value utilization of
blueberry pomace and aligned with current trends in food safety, smart packaging, and
sustainable development.

128



Gels 2025, 11, 385

4. Materials and Methods

4.1. Materials and Reagents

Blueberry pomace was provided by the Horticulture Branch of Heilongjiang Academy
of Agricultural Sciences (2022); chilled fresh beef was purchased from a local supermarket
(Harbin, China); polyvinyl alcohol (PVA) (degree of polymerization = 1700–1800; 88%
alcoholysis), chitosan (CS) (deacetylated grade 85%), and starch (S) were obtained from
Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China; glycerol and cit-
ric acid were sourced from Shanghai Pinchen Biotechnology Co., Ltd., Shanghai, China.
All other chemicals were analytical-grade and were purchased from Shanghai Macklin
Biochemical Technology Co., Ltd., Shanghai, China.

4.2. Extraction and Quantification of Anthocyanins from Blueberry Pomace

Anthocyanins were extracted following the method of Fan [55] with slight modifica-
tions. Briefly, 200 g of frozen blueberry pomace was weighed using an electronic balance,
mixed with 400 mL of 60% (v/v) acidified ethanol (pH around 4.5), and soaked at room
temperature for 2.5 h. The mixture was homogenized for 5 min in a tissue homogenizer
(WBL80Y21, Shanghai Yuanmai Trading Co., Ltd., Shanghai, China) and the homogenate
was subjected to vacuum filtration. The filtrate was concentrated to near dryness under
reduced pressure at 42 ◦C using a rotary evaporator (Rotavapor R-300, Buchi Labortechnik
AG, Flaville, Switzerland). The concentrate was then adsorbed onto AB-8 macroporous
resin, eluted with ethanol, and dried at 40 ◦C for 24 h to obtain anthocyanins.

The total anthocyanin content (TAC) following the method of Merz [21] in the extract
was determined by spectrophotometer (UV-1800, Shimadzu Corporation, Kansai, Japan).
Equal aliquots of 0.5 mL sample (1 mg/mL) were dissolved in 4.5 mL of 0.025 M potassium
chloride buffer (pH = 1) and 4.5 mL of 0.4 m sodium acetate buffer (pH = 4.5) and placed in
different test tubes. The absorbance of the extract was determined at 525 nm (A525 nm)
and 700 nm (A700 nm). TAC was calculated using Equation (1):

TAC(mg/g) =

[
(A525nm − A700nm)pH=1.0 − (A525nm − A700nm)pH=4.5

]
MωDF

εL
(1)

Here, M, DF, ε, and L were the molecular weight of anthocyanin-3-glycoside
(449.2 g/mol), dilution factor (10), molar extinction coefficient (29,600 L/(cm, mol)), optical
path length (1 cm), and blank, respectively.

4.3. pH Response of Anthocyanin Solution
4.3.1. Color Response of Anthocyanins to pH

Buffer solutions (pH 2–14) were prepared and anthocyanin solution was added to each
at a final concentration of 0.01% (w/v). Color changes were observed and photographed.
The L*, a*, and b* values of the solution were determined by a colorimeter (CR-400/410,
Konica Minolta, Inc., Tokyo, Japan). Total color difference (ΔE) was calculated using
Equation (2):

ΔE =

√
(L∗ − L0)

2 + (a∗ − a0)
2 + (b∗ − b0)

2 (2)

Here, L*= the measured brightness value of the sample, a* = the measured red–green
value of the sample, b* = the measured yellow–blue value of the sample; L0 = the initial
brightness value of the sample, a0 = the initial red–green value of the sample, and b0 = the
initial yellow–blue value of the sample.
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4.3.2. UV-VIS Spectra of Anthocyanins at Different pH Values

UV-VIS spectra of anthocyanin solutions (pH 2–14) were recorded using a spectropho-
tometer (UV-1800, Shimadzu Corporation, Japan) at wavelengths of 400–800 nm.

4.4. Preparation of Complex Polysaccharide Gels

Gels were prepared based on Xue’s method with modifications [56]. CS, S, and PVA
solutions were mixed to form gel substrates. CS solution was prepared by dissolving 1 g
of chitosan in 100 mL of citric acid solution under magnetic stirring at 20 ◦C for 30 min.
S solution (1 g starch/100 g solution) and PVA solution (1 g PVA/100 g solution) were
prepared by heating at 95 ± 1 ◦C and 80 ± 1 ◦C, respectively.

Solutions were mixed at CS/PVA (60/40, %v/v) and S/PVA (40/60, %v/v) ratios.
CS/PVA gel was prepared from a suspension of chitosan (0.6, %m/m), polyvinyl alco-
hol (0.4, %m/m), citric acid solution (0.25, %m/m), and glycerol (1, %m/m); S/PVA gel
was prepared from a suspension of starch (0.4, %m/m), polyvinyl alcohol (0.6, %m/m),
citric acid solution (0.25, %m/m), and glycerol (1, %m/m), followed by stirring at 20 ◦C for
30 min [57]. Gels were cast by pouring 18 mL of degassed solution into 9 cm Petri dishes
and dried at 36 ◦C. The gel was colorless and transparent. The resulting gels (CS/PVA,
S/PVA) were stored in the dark. The solution was mixed in a CS/PVA ratio of 60/40 (%v/v)
and a S/PVA ratio of 40/60 (%v/v). CS/PVA-BA gel was prepared from a suspension of
chitosan (0.6, %m/m) and polyvinyl alcohol (0.4, %m/m); S/PVA-BA gel was prepared from
a suspension of starch (0.4, %m/m) and polyvinyl alcohol (0.6, %m/m). Citric acid solution
(0.25, %m/m) and glycerol (1, %m/m) were added to the mixed solution, and the addition
amount of blueberry pomace anthocyanin (pH = 4.5) was 2%. The mixture was stirred at
20 ◦C with a magnetic stirrer for 30 min. They were named CS/PVA-BA membrane and
S/PVA-BA membrane, respectively. The gel was translucent and purplish-red.

4.5. Characterization of Gels
4.5.1. Microstructural Analysis

Gel surfaces were observed using scanning electron microscopy (SEM, 5 kV accelera-
tion voltage, 1000× magnification) (SU1510, Hitachi, Ltd., Tokyo, Japan). Samples were
cryo-fractured in liquid nitrogen and sputter-coated with gold.

4.5.2. FT-IR Analysis

Fourier-transform infrared (FT-IR) spectra (Nicolet iS10, Thermo Fisher Scientific
Inc., Waltham, MA, USA) were recorded in the range of 4000–500 cm−1 with 16 scans per
sample [48].

4.5.3. Thickness and Mechanical Properties

Gel thickness was measured using a digital micrometer (average of 8 random points,
μm) (CH-1-ST, Shanghai Precision Instrument Co., Ltd., Shanghai, China). Tensile strength
(TS) and elongation at break (EB) were tested using a microcomputer-controlled electronic
universal testing machine (UTM5205X, Shenzhen Suns Technology Stock Co., Ltd., Shen-
zhen, China) in accordance with GB/T 1040.3-2006 [58]. Samples (60 mm × 20 mm) were
stretched at 36 mm/min with a 40 mm initial grip distance. TS and EB were calculated
using Equations (3) and (4):

TS(Mpa) =
F
ωd

(3)

Here, F = maximum load (N), ω = width (mm), and d = thickness (mm).

EB(%) =
L0 − L1

L0
×100 (4)
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Here, L1= final length at break (mm) and L0 = initial grip distance (mm).

4.5.4. Moisture Content

Taking Valencia’s method and tweaking it slightly [59], samples (m0) were dried at
105 ◦C to constant weight (m1). Moisture content (MC) was calculated using Equation (5):

MC(%) =
m0 − m1

m0
×100 (5)

Here, m0 = indicates the initial mass(g) of the gel and m1 = indicates the mass (g) of
the gel after drying to a constant mass.

4.5.5. Determination of Water Vapor Transmission Coefficient

Taking Zou’s method and tweaking it slightly [41], the composite gels were submerged
in beakers containing 20 mL of distilled water and placed in a desiccator at 22 ◦C. Measure-
ments were taken every 2 h, averaging the six weights from three parallel samples. The
water vapor transmission coefficient (WVP) was calculated using Equation (6):

WVP
(

10−4 /(g·mm)/
(

m2·h·Pa
)
) =

Δm × x
A × Δp × t

(6)

Here, Δm = the mass of water transmitted (g), x = the thickness of the gel (mm),
A = the effective permeable area of the gel (m2), Δp = the pressure difference between the
two sides of the membrane (3179 Pa (22 ◦C)), and t = the interval time (s).

4.6. Antioxidant Properties
4.6.1. DPPH Radical Scavenging Activity

Gels (0.1 g) were soaked in 10 mL distilled water for 24 h. The extract (1 mL) was
mixed with 3 mL of 0.1 mmol/L DPPH-methanol and incubated in the dark for 30 min.
Absorbance was measured at 517 nm through spectrophotometry (UV-1800, Shimadzu
Corporation, Kansai, Japan). DPPH scavenging rate was calculated using Equation (7) [60]:

DPPH(%) =

[
1−AX − AX0

A0

]
×100 (7)

Here, AX, AX0, andA0 = absorbance of sample, control, and blank, respectively.

4.6.2. ABTS Radical Scavenging Activity

ABTS working solution (absorbance 0.7 ± 0.02 at 734 nm) was prepared by mixing
7.4 mmol/L ABTS and 2.6 mmol/L potassium persulfate (1:1), followed by 12 h incubation.
Sample solution (1 mL) was mixed with 4 mL ABTS working solution, incubated for
6 min, and absorbance (A) was measured. Absorbance was measured at 734 nm through
spectrophotometry (UV-1800, Shimadzu Corporation, Kansai, Japan). Scavenging activity
was calculated using Equation (8) [61]:

ABTS(%) =
A0 − A

A0
× 100 (8)

Here, A = the light absorption value of the sample and A0 = the light absorption value
of the blank.

4.7. Ammonia Sensitivity

According to the method of Kuswandi with appropriate modifications [62], in a 50 mL
centrifuge tube containing 45 mL of 8 mmol/L ammonia solution, the gel (2 cm × 2 cm) was
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fixed within the culture medium and inverted on the bottle mouth. After 8 min, gel images
were collected under room temperature conditions. Five sets of RGB values were extracted
from the gel every two minutes using Photoshop 2018 color sampler, with mean values
calculated to determine gel sensitivity. The calculation formula is shown in Equation (9):

S(%) =
|R − R0|+ |G − G0|+ |B − B0|

R + G + B
× 100 (9)

Here, R0, G0, and B0 are the initial values before this gel reaction; R, G, and B are the
values after the reaction.

4.8. Application in Beef Freshness Monitoring
4.8.1. Color Change

Gels were fixed on Petri dish lids and stored with beef at 4 ◦C. Color parameters (L*,
a*, b*) were measured every 2 days using a colorimeter (CR-400/410, Konica Minolta, Inc.,
Tokyo, Japan). Total color difference (ΔE) was calculated using Equation (10):

ΔE =

√
(L∗ − L0)

2 + (a∗ − a0)
2 + (b∗ − b0)

2 (10)

Here, L* = the measured brightness value of the sample, a* = the measured red–green
value of the sample, b* = the measured yellow–blue value of the sample; L0 = the initial
brightness value of the sample, a0 = the initial red–green value of the sample, and b0 = the
initial yellow–blue value of the sample.

4.8.2. TVB-N Determination

Total volatile base nitrogen (TVB-N) was measured according to GB 5009.228-2016 [63].
Sample Preparation: A quantity of 10 g of beef was added to 50 mL of water. The beef
sample was pre-homogenized into a fine paste, thoroughly mixed, and oscillated for
30 min. The mixture was then filtered and the filtrate was transferred to a conical flask for
subsequent analysis. Determination Procedure: A condenser was inserted into a receiving
flask containing 10 mL of 2% boric acid absorption solution, which was supplemented with
a mixed indicator solution (0.2% methyl red ethanol solution and 0.1% methylene blue
aqueous solution, mixed in a 1:1 ratio). Quantities of 5 mL of the filtered sample solution
and 5 mL of a 1% magnesium oxide suspension were combined and introduced into the
reaction chamber of the distillation apparatus. The chamber was sealed and distilled water
was added. Steam distillation was initiated, with timing starting upon collection of the first
condensate droplet. The distillation was terminated after 5 min. The absorption solution
was titrated with 0.01 mol/L hydrochloric acid (HCl) until the endpoint (transition to a
bluish-purple hue) was reached. A blank experiment was performed in parallel. Total
volatile base nitrogen (TVB-N) was calculated using Equation (11):

X(mg/100g) =
(V1 − V2)× c × 14

m
× 100 (11)

Here, V1 = the volume of hydrochloric acid consumed by the sample (mL), V2 = the
volume of hydrochloric acid consumed by the blank (mL), c = the concentration of hy-
drochloric acid (mol/L), and m = the mass of the sample (g).

4.8.3. pH Measurement

Beef (10 g) was homogenized with 50 mL distilled water. The pH of the supernatant
was measured after 30 min.
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4.8.4. Total Bacterial Count

Total viable count (TVC) was determined using GB 4789.2-2016 [64] (plate count
method). Under aseptic conditions, 10 g of ground beef sample was placed into a sterile bag,
mixed with 90 mL of sterile saline solution, and homogenized for 120 s. The homogenate
was then serially diluted at a 1:10 ratio. Three appropriate dilution gradients were selected,
and three plates were prepared for each dilution, along with blank controls. The spread
plate method was performed using plate count agar (PCA). The plates were incubated at
37 ◦C in a constant-temperature incubator for 48 h. The total viable count was calculated,
and the results were expressed in lg CFU/g (logarithmic colony-forming units per gram).
Three replicates were performed for each sample.

4.9. Statistical Analysis

Data were analyzed using SPSS26 and Origin2021 software. Results are expressed
as means ± standard deviations. ANOVA was performed, and (p < 0.05) indicated
statistical significance.
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Abstract: The removal of partially hydrogenated fats, as well as the substitution of sat-
urated fats with healthier alternatives, has become increasingly common due to their
well-established association with adverse health effects. As a result, the demand for alterna-
tive formulations in the food industry has driven the development of a promising emerging
technology: oleogels. Oleogels are a semi-solid material made by trapping liquid oil within
a three-dimensional network formed by structuring agents. Within this context, this study
aimed to develop and characterize margarines prepared with oleogels formulated from
extra virgin olive oil, coconut oil, starch, and beeswax at varying concentrations. The pro-
posed oleogel-based formulations exhibited a high melting temperature range and lower
enthalpy. Although lipid oxidation levels differed between the commercial and oleogel-
based margarines, they remained within acceptable limits. A significant difference in color
was observed, with the oleogel formulations imparting a slight greenish hue compared
to the commercial margarine. In terms of microstructure, the commercial margarine pre-
sented smaller and more uniformly distributed water droplets. Oleogel-based margarines
demonstrated technological feasibility. Considering consumers’ growing interest in food
innovation and health-conscious products, olive oil-based oleogel margarines represent a
promising alternative, particularly due to the nutritional benefits associated with olive oil.

Keywords: trans-fatty acid; beeswax; saturated fatty acid; lipid oxidation; organogel

1. Introduction

The human diet plays a key role in the prevalence of chronic noncommunicable
diseases, such as cardiovascular diseases. Both the quantity and the quality of the food
consumed, especially fats, are extremely important in health [1]. Therefore, the elimination
of partially hydrogenated fats is a key goal in the food industry due to their well-supported
association with increased cardiovascular risk, and several guidelines recommend their
exclusion from the diet [2].

Hydrogenated and interesterified fats are widely used in food products because
they confer desirable sensory and technological properties, including consistency, specific
melting characteristics, flavor, cost reduction, and extended shelf life [1]. However, the
removal of these components—often rich in saturated and trans-fatty acids—presents a
significant challenge for the processed food sector. As such, there is a need for fat substitutes
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that are technologically viable, offer sensory acceptance, maintain stability during and after
processing, and meet texture and spreadability requirements [3].

In recent years, significant advances have been made in the study of oleogels, which
can be used to replace trans and saturated fats in processed foods such as pastes, bars, mar-
garines, cakes, and ice creams [4]. Oleogels are semi-solid systems formed by entrapping
liquid oils within a three-dimensional network created by structuring agents [5,6].

The preparation of oleogels requires careful selection of both oils and structuring
agents, with their proportions tailored to the specific food application. A successful
formulation must combine components in a way that enhances functional performance.
Nevertheless, challenges remain, particularly in achieving and maintaining the desired
physical properties of the final product [7].

Olive oil, known for its well-documented health benefits, is widely used as a base oil
in oleogel formation [8–10]. It is rich in monounsaturated fatty acids and is associated with
numerous health benefits, including reduced risk of cardiovascular disease and cancer,
lower body mass index with long-term moderate consumption, and anti-inflammatory
properties [11].

Coconut oil, although predominantly composed of saturated medium-chain fatty
acids, has an intermediary melting point and is extensively used in the food industry due
to its structural and stabilizing properties at room temperature [12,13]. Its medium-chain
triglycerides (MCTs) yield different metabolic effects compared to long-chain saturated fats,
with some studies reporting increased energy expenditure and fat oxidation. Despite its
high saturated fat content, moderate coconut oil consumption has been linked to favorable
lipid profiles, such as increased HDL cholesterol without a significant rise in LDL choles-
terol [14,15]. However, few studies have explored the combination of olive oil and coconut
oil in oleogel systems, particularly in health-oriented food formulations.

Margarine is a fat-based product used both for direct consumption and as an ingredient
in baking, confectionery, and homemade preparations [16,17]. While previous studies
on Brazilian margarines report low trans-fat levels, they often contain high amounts
of saturated fats [18]. Reducing saturated fat content improves the nutritional profile
by increasing unsaturated fatty acid levels and lowering atherogenic and thrombogenic
indices, thereby reducing cardiovascular risk [18]. According to the 2015–2020 Dietary
Guidelines for Americans, replacing trans and saturated fats with polyunsaturated fats
significantly lowers blood cholesterol and cardiovascular risk [19].

Similarly, the 2017 Brazilian Guidelines for Dyslipidemia and Atherosclerosis Pre-
vention [20] recommend eliminating trans fats and partially replacing saturated fats with
mono- and polyunsaturated fats. These recommendations are echoed in the 2019 Euro-
pean guidelines for dyslipidemia management [21], and the World Health Organization
advises limiting trans-fat intake to less than 1% of total energy intake, while encouraging
replacement of saturated fats with polyunsaturated fats [22].

Given consumers’ growing interest in healthier foods and the innovative potential of
oleogel systems, margarine based on olive oil oleogels represents a promising alternative.
However, a consistent challenge with wax-based oleogels is their tendency to produce
an undesirable waxy mouthfeel [16,23,24]. Moreover, achieving both low saturation and
zero trans fats remains difficult when reformulating water-in-oil emulsions such as mar-
garine [18]. In this context, the present study aimed to develop a novel margarine using a
multi-component oleogel with extra virgin olive oil, coconut oil, starch, and beeswax.
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2. Results and Discussion

2.1. Effect of Oleogelators on Margarine Formation and Physical Properties

To optimize the texture of the margarines, the values of firmness, adhesiveness, and
consistency of oleogel-based margarines were targeted to match those of a commercial
margarine [25]. These individual responses were transformed into desirability values,
which consolidate multiple textural attributes into a single score ranging from 0 to 1. A
desirability value closer to one indicates a texture more closely resembling that of the
commercial reference. Table 1 presents the experimental design matrix used to evaluate the
effects of the oleogel components on texture desirability.

Table 1. Experimental design matrix used to evaluate the effects of the oleogel components on texture
desirability of the formulated margarines. Experimental values are shown in parentheses.

Formulation CS (g/100 g) BW (g/100 g) OO/CO (g/100 g) Average Desirability

1 −1.00 (1.80) −1.00 (2.80) −1.00 (36.10/39.30) 0.00
2 −1.00 (1.80) −1.00 (2.80) 1.00 (53.90/21.50) 0.85
3 −1.00 (1.80) 1.00 (5.20) −1.00 (36.10/36.90) 0.40
4 −1.00 (1.80) 1.00 (5.20) 1.00 (53.90/19.10) 0.82
5 1.00 (4.20) −1.00 (2.80) −1.00 (36.10/36.90) 0.46
6 1.00 (4.20) −1.00 (2.80) 1.00 (53.90/19.10) 0.36
7 1.00 (4.20) 1.00 (5.20) −1.00 (36.10/45.50) 0.53
8 1.00 (4.20) 1.00 (5.20) 1.00 (53.90/16.70) 0.46
9 −1.68 (0.98) 0.00 (4.00) 0.00 (45.00/30.02) 0.87

10 1.68 (5.02) 0.00 (4.00) 0.00 (45.00/25.98) 0.76
11 0.00 (3.00) −1.68 (1.98) 0.00 (45.00/30.02) 0.65
12 0.00 (3.00) 1.68 (6.02) 0.00 (45.00/25.98) 0.81
13 0.00 (3.00) 0.00 (4.00) −1.68 (30.03/42.97) 0.52
14 0.00 (3.00) 0.00 (4.00) 1.68 (59.97/13.03) 0.47
15 0.00 (3.00) 0.00 (4.00) 0.00 (45.00/28.00) 0.20
16 0.00 (3.00) 0.00 (4.00) 0.00 (45.00/28.00) 0.10
17 0.00 (3.00) 0.00 (4.00) 0.00 (45.00/28.00) 0.00

CS: corn starch, BW: beeswax, OO: olive oil, CO: coconut oil.

The concentrations of corn starch (CS), beeswax (BW), extra virgin olive oil (OO), and
coconut oil (CO) were modeled using a quadratic regression to evaluate their effects on
the desirability associated with the texture of a commercial margarine. The quality of the
model fit was assessed using pure error analysis. The regression coefficients and results of
the analysis of variance (ANOVA) are presented in Tables 2 and 3, respectively. Among
the model terms, only the interaction between CS and BW was not statistically significant
(p > 0.05), indicating that this interaction did not have a meaningful effect on texture. All
other main effects and interactions were statistically significant (p < 0.05), demonstrating
that variations in these components had a direct influence on the textural attributes of the
margarine, either enhancing or diminishing overall desirability.

According to Table 3, although the model exhibited a significant lack of fit, it still
showed a satisfactory coefficient of determination (R2 = 0.76), and the regression was
statistically significant (p < 0.05). This indicates that the model reasonably described the
relationship between the independent and dependent variables. Furthermore, the small
difference between R2 and the adjusted R2 (0.08) reinforces the adequacy of the model fit.

In general, an increase in corn starch concentration was associated with a reduction
in the overall desirability, indicating a negative effect on the target texture parameters.
Beeswax (BW) acted as the primary oleogelator, contributing significantly to the structure
and texture of the oleogel-based margarine. This trend is consistent with previous findings,
such as those reported for oleogels structured with potato starch and candelilla wax, where
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higher starch levels led to reduced stability, and in the absence of wax, self-sustaining gels
could not be formed [26,27].

Table 2. Regression coefficients of the quadratic model used to evaluate the effects of the oleogel
components on texture desirability of the formulated margarines.

Coefficient Value Error t p

b0 0.12 0.03 4.22 0.000464
CS −0.03 0.01 −2.54 0.019896
BW 0.06 0.01 4.55 2.19 × 10−4

OO/CO 0.07 0.01 5.70 1.70 × 10−5

CS × BW −0.03 0.02 −1.49 0.152451
CS × OO/CO −0.18 0.02 −10.68 1.81 × 10−9

BW × OO/CO −0.05 0.02 −3.02 7.04 × 10−3

CS2 0.20 0.01 14.16 1.51 × 10−11

BW2 0.17 0.01 12.07 2.35 × 10−10

OO/CO2 0.09 0.01 6.30 4.79 × 10−6

CS: corn starch, BW: beeswax, OO: olive oil, CO: coconut oil.

Table 3. ANOVA for the quadratic model used to evaluate the effects of the oleogel components on
texture desirability of the formulated margarines.

GL SQ QM F p-Value

Regression 2.04 8 0.26 9.90 4.23 × 10−6

Residue 0.64 25 0.03
Lack of fit 0.56 6 0.09 20.58 2.27 × 10−7

Pure error 0.09 19 0.00
Total 2.69 33

R2 0.76
R2 adjusted 0.68

Among the formulations tested, those that achieved high desirability values (>0.8)—
notably formulations 2, 4, and 9—had lower concentrations of corn starch, while formula-
tion 12 attained a similar desirability through a markedly high BW content. These results
align with other studies using oleogel systems based on wax and monoglycerides, where
the mechanical properties of the gels were predominantly influenced by wax concentration
rather than by other components [28,29]. However, for oleogel emulsions, the partial
substitution of wax with starch appears to promote the formation of a softer and more
uniform oleogel system capable of absorbing up to 45 times more water. This results in a
gel with a solid-like appearance, reduced candelilla wax content, and improved spreadabil-
ity [27]. These findings support the complementary structuring roles of corn starch and
wax—where corn starch more effectively structures the aqueous phase and wax structures
the lipid phase—with beeswax being particularly efficient due to the higher oil content in
the formulation.

Based on the results described above, a numerical optimization was conducted to
determine the proportions of corn starch, beeswax, extra virgin olive oil, and coconut oil
that would yield a desirability value of one in the response surface model. This target
desirability reflects textural attributes (firmness, adhesiveness, and consistency) closest to
those of commercial margarine. As a result, three optimized margarine formulations were
generated for further analysis:

Margarine formulation 1 (M1): 1.8% CS, 4.0% BW, and 73.9% combined OO and CO,
with a ratio of 60% OO to 40% CO.

Margarine formulation 2 (M2): 1.8% CS, 5.2% BW, and 72.7% combined OO and CO,
with a ratio of 57.5% OO to 42.5% CO.
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Margarine formulation 3 (M3): 1.0% CS, 5.2% BW, and 73.5% combined OO and CO,
with a ratio of 45% OO to 55% CO.

In addition to the optimized formulations prepared for further analyses, a commercial
margarine sample was also evaluated to serve as a reference standard, enabling comparison
of the parameters of the newly developed products with those of an existing market option.

2.2. Melting Behavior

The melting profiles of the margarine formulations (M1, M2, M3) and the commercial
margarine (MC) are presented in Figure 1. The commercial margarine exhibited a lower
melting temperature range, with a peak melting temperature (Tp) of 34.46 ◦C, compared to
all oleogel-based margarines. Initially, both commercial and oleogel margarines had similar
Tp values, as also reported in previous studies [16,23]. However, the oleogel margarines
presented a broader and higher melting range, approximately between 42 ◦C and 55 ◦C
(Tp ranging from 46 ◦C to 49 ◦C). This elevated melting temperature is likely attributable
to the melting point of beeswax, which acts as the primary structuring agent in the oleogel
formulations [16,30,31].
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Figure 1. Melting profile (DSC) of the margarine formulations expressed in milliwatts (mW) as a
function of temperature.

The formulations containing oleogels exhibited onset melting temperatures (Tonset)
between 42 and 45 ◦C, with maximum melting peak temperatures of 46.69 ◦C, 48.26 ◦C, and
49.21 ◦C for M1, M3, and M2, respectively. The higher Tp values for M3 and M2 correspond
to their greater beeswax content. M1, which had the highest proportion of olive oil and the
lowest wax concentration among the oleogel-based formulations, showed a comparatively
lower melting range. A notable difference was also observed in the enthalpy values: the
commercial margarine had an enthalpy of 5.20 mW, whereas the oleogel margarines ranged
from 1.9 to 2.8 mW. This reduced enthalpy in the oleogel samples is commonly attributed to
their higher unsaturated oil content [23], with M1, containing the most olive oil, presenting
the lowest enthalpy (1.9 mW). From a practical perspective, oleogel-based margarines
demonstrate greater stability at room temperature, enabling them to remain unrefrigerated
for longer periods without melting or losing creaminess—qualities that are highly desirable
for consumers in everyday use [16,23].
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2.3. Color

Visual attributes are among the primary and most noticeable characteristics perceived
in a product [32]. Consequently, color is a crucial factor influencing consumer acceptance
of new products. Figure 2 illustrates the visual appearance of the margarine formulations
evaluated in this study.

Figure 2. Visual appearance of the evaluated margarine formulations.

Initially, formulations M1, M2, and M3 exhibited similar color characteristics, which ap-
peared slightly lighter than those of the commercial margarine—an observation confirmed
by instrumental analysis. Figure 3 presents the results for lightness (L*), the green-red axis
(a*), and the blue-yellow axis (b*), highlighting the differences among all formulations as
well as their changes over time.

The lightness parameter (L*) ranged from 77 to 86 across all formulations. Significant
differences in L* values were observed among the samples at each time point. The ascending
order of lightness was M2 < M3 < M1 < MC, suggesting that beeswax had a substantial
influence on luminosity. All formulations exhibited a significant increase in lightness after
30 and 60 days of storage, followed by a decrease at 90 days, indicating a gradual loss of
lightness during the shelf life of both the commercial and oleogel-based margarines.

Similarly, the a* values varied significantly among formulations at all time points. The
oleogel-based margarines had negative a* values, indicating a shift toward green tones,
whereas the commercial margarine exhibited positive a* values, reflecting a redder hue.
This difference is likely attributable to the presence of extra virgin olive oil in the oleogel
formulations [9,16].

Regarding the b* coordinate, although significant differences were observed among
samples, all values were positive, ranging from 27 to 37, indicating a consistent yellow
hue—characteristic of margarine products. Among the oleogel formulations, M2 showed
the least variation in b* values over time, while M3’s b* values closely matched those of the
commercial sample throughout the study.

Comparable results were reported in previous studies for the b* coordinate; however,
the a* values differed, as all their formulations exhibited positive a* values [23]. The varia-
tions in a* among the oleogel formulations in the present study may be due to experimental
variability or interactions with other formulation components whose concentrations dif-
fered. Despite minor shifts in color parameters, the product remained within acceptable
visual quality standards [23].
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Figure 3. Color parameters of the margarines over time: L* (lightness), a* (red-green), and b*
(yellow-blue), shown from top to bottom. Uppercase letters indicate statistical differences within
each formulation over time, while lowercase letters denote comparisons between formulations at
each time point.

2.4. Thermal Cyclization

The formulations were subjected to thermal cycling to evaluate their stability under
elevated temperatures and fluctuating storage conditions. Figure 4 presents the applied
storage conditions and depicts the appearance of the formulations at the conclusion of
the experiment.

Based on the presented images, the standard commercial sample exhibited the lowest
stability, as evidenced by substantial oil exudation in the central and upper regions of the
product. This exudation progressively increased, reaching approximately 4 milliliters (mL)
by the conclusion of the experiment (Figure 4). Furthermore, the commercial margarine
was unable to regain its structure upon returning to 5 ◦C, regardless of the duration
of exposure. In contrast, the oleogel-based margarines did not exhibit any oil or water
exudation. Overall, a very slight onset of exudation was observed after 24 h at 35 ◦C;
however, following the final stage of thermal cycling (72 h at 5 ◦C), the samples reverted
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to their initial condition. These findings are consistent with the melting profiles of the
margarines and reinforce the observation that the commercial sample was more susceptible
to temperature fluctuations, particularly during extended storage periods.

Figure 4. Margarine formulations (from left to right: M1, M2, M3, MC) stored in test tubes at times
T0, T30, T60, and T90, and after the final cyclization stage: (a) Formulations M1, M2, M3, and MC at
the end of the storage period (T90). (b) Oil exudation observed in sample MC at T90.

The commercial margarine sample also demonstrated lower resistance to temperature
fluctuations, which led to oil exudation in several instances [23,33]. In some cases, emulsion
breakdown was observed. This instability may be attributed to the absence of a robust
crystalline network, as found in the oleogel-based formulations. The oleogels likely formed
a strong crystal network capable of effectively entrapping oil through the action of the
structuring agent and other formulation components, thereby preventing phase separation
even under thermal stress. These findings, in combination with the melting profile analyses,
suggest that margarines formulated with oleogels exhibited greater stability than the
commercial margarine, making them less susceptible to temperature variations such as
those associated with alternating storage between refrigeration and ambient conditions.

2.5. Microstructure

The microstructure of the margarine samples was assessed both qualitatively and
quantitatively by measuring the mean diameter of water droplets. Staining confirmed the
formation of a water-in-oil (W/O) emulsion, with water droplets dispersed throughout the
lipid phase. The microstructural characteristics of the samples are presented in Figure 5.

At the initial time point, a clear distinction was observed between the microstructure of
the oleogel-based margarines and that of the commercial margarine. In all the formulations,
a general trend was noted wherein the number of water droplets decreased while their size
increased over time. However, the commercial margarine consistently displayed smaller
droplets in higher numbers compared to the oleogel-based samples. These findings are
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supported by the data shown in Figure 6, which present the average droplet diameter (DD).
Although variations in DM were observed throughout the storage period, these changes
were not statistically significant (p > 0.05).

Figure 5. Microstructure of the margarine formulations observed over 90 days of storage.
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Figure 6. Average droplet diameter of the margarine formulations over time. Uppercase letters
indicate statistical differences within each formulation over time, while lowercase letters compare
different formulations at the same time point.

In general, the formulations M1, M2, and M3 had mean diameters between 20 and
34 μm, while the commercial margarine had an average of 12.16 μm, possibly due to the
difference in the margarine production process. Nevertheless, the margarines formulated
with oleogels remained stable, with similar textures and without oil exudation. Addition-
ally, in M1, M2, and M3, the water droplets were more irregular, larger, and more dispersed
in the visualized space. A disorganized aqueous phase characterized by large droplets
has been previously reported in nonpolarized microstructure analyses [23]. This confirms,
once again, a greater uniformity, including structurally, of the commercial sample, which
probably did not negatively influence its stability over time, as seen in the thermal and
oxidative analyses. These irregularities became more pronounced over time, with visually
larger and more agglomerated droplets observed. Nevertheless, the mean droplet diameter
did not change significantly over the storage period (Figure 6).

Although the oleogel-based formulations appeared less regularly structured and less
homogeneous under microscopic observation, they were not less stable, contrary to what
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might be expected given the typical correlation between microstructure and macroscopic
properties. In fact, as demonstrated in the thermal stability analyses, these formulations ex-
hibited greater resistance to thermal fluctuations. This enhanced stability may be attributed
to the synergistic effect of the CS-BW-CO combination. When used alone at similar concen-
trations, beeswax has been reported to produce margarines with structural instability [28].
Previous studies have shown that combining BW with a second wax can improve structural
integrity; however, such combinations may also intensify a waxy mouthfeel. In contrast,
the use of starch in combination with waxes may result in improved sensory properties
and overall product acceptability [34].

2.6. Oxidation Evaluation

Foods with high lipid content are particularly susceptible to spoilage, primarily due
to oxidative processes [35]. The peroxide value (PV) is a key indicator used to assess fat
rancidity, reflecting the extent of primary lipid oxidation. In the food industry, oxidation
and the resulting rancidity negatively impact product quality and compromise various
functional properties [23]. The PV measurements for the margarine samples are presented
in Figure 7a.

With the exception of the measurement at T60, the commercial margarine exhib-
ited a significantly lower PV compared to the other samples, with an average PV of
1.74 mEq O2/kg. In contrast, the PV of the oleogel-based margarines ranged from 1.74 to
approximately 9.73 mEq O2/kg. The higher PV observed in the oleogel margarines is likely
attributable to the inclusion of extra virgin olive oil, for which a PV ≤ 20 mEq O2/kg is
generally considered acceptable [36]. The initial PV (T0) was higher in samples with greater
amounts of olive oil, a trend explained by the higher unsaturated fat content of olive oil
relative to coconut oil or the commercial fat blend used in the commercial margarine.

A substantial increase in PV was observed during the first 30 days of storage, particu-
larly in the oleogel-based formulations, followed by a subsequent decline. This decrease
may be attributed either to the activity of antioxidants halting the propagation of peroxides
or to the progression of oxidation into secondary stages. In the commercial margarine,
multiple antioxidants and additional preservatives are included, whereas the formulations
developed in this study contained only a single antioxidant and no industrial preservatives.
In a previous study [37], significantly lower PVs and no notable changes in oleogel samples
during storage were reported—findings attributed to the natural antioxidant compounds
present in extra virgin olive oil.

Margarine contains water, which can influence oxidative stability during storage [37].
When peroxide value analysis was conducted on samples subjected to the thermal cycling
process, the resulting values were slightly elevated but did not exceed the maximum
recorded in Figure 7a, which was approximately 5.77 mEq O2/kg. Nevertheless, as pre-
viously discussed, although the oleogel-based margarines exhibited higher PVs than the
commercial sample, the values remained within acceptable limits, particularly considering
the inclusion of extra virgin olive oil in the formulations.

Figure 7b presents the acidity values measured throughout the storage period. The
commercial margarine consistently showed significantly lower acidity compared to all
other formulations, with an average value of 0.53 mg KOH/g. In contrast, the oleogel-based
margarines exhibited some variation in acidity over the 90-day storage period; however,
these fluctuations were gradual and not statistically significant at specific time points.
Notably, the acidity values of the oleogel margarines remained stable, ranging from 1.20 to
1.70 mg KOH/g, indicating good chemical stability and the absence of spoilage. Further-
more, the thermal cycling treatment did not significantly alter the acidity index, suggesting
that this process preserved the chemical integrity of the samples. These results indicate
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that while the incorporation of oleogels may influence initial acidity, all formulations
maintained acceptable acidity levels throughout storage.
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Figure 7. Lipid stability based on (a) peroxide value, (b) acidity value, and (c) p-anisidine value of
the margarine formulations over time. Uppercase letters indicate statistical differences within each
formulation across time points, and lowercase letters indicate differences between formulations at
the same time point.

Secondary oxidation products, resulting from lipid degradation, were assessed using
the p-anisidine value, as shown in Figure 7c. The average p-anisidine values were low,
ranging from 0 to 1.70, indicating minimal formation of secondary oxidation products
during storage, especially considering that values below 10 are commonly regarded as
acceptable. Similar to the PV trend, the p-anisidine values declined after day 30 (T30), with
all formulations approaching a value of 0. This reduction may be attributed to antioxidant
activity, preventing the formation of secondary oxidation compounds. However, these
slight variations remain within a narrow range. Among the oleogel formulations, M3—
containing the lowest percentage of olive oil—exhibited the smallest increase in p-anisidine
value after T60. This suggests that the observed decrease in PV for formulations M1 and M2
during storage was likely due to the progression of lipid oxidation into secondary stages.
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In samples subjected to thermal cycling, a further decrease in the p-anisidine values of M1
and M2 was observed, while an increase occurred in M3 and MC.

3. Conclusions

The production of margarines using oleogels based on extra virgin olive oil, coconut
oil, starch, and wax is a feasible approach, particularly due to the favorable appearance,
thermal stability, and oxidative stability of the resulting products. The presence of bioactive
compounds in extra virgin olive oil likely contributed to enhanced oxidative stability, as
the oleogel-based formulations did not exhibit elevated oxidation values throughout the
study. Additionally, the structuring agents may have played a role in protecting the lipid
components of olive oil from oxidation during storage. As expected, attributes such as color
were only minimally influenced by the ingredients used, which is unlikely to negatively
affect consumer perception. The oleogel-based margarines met established identity and
quality standards, making them a promising and appealing alternative for the food industry—
especially in response to growing consumer demand for healthier fat sources.

4. Materials and Methods

4.1. Materials

Extra virgin olive oil was supplied by Irarema Farm (Poços de Caldas, Minas Gerais,
Brazil). The monoglyceride VEROL N-90 was provided by Lasenor (Potim, São Paulo,
Brazil), and the butter flavoring was obtained from Doremus (Guarulhos, São Paulo, Brazil).
The antioxidant butylhydroxytoluene (BHT) was acquired from Mix das Essências (Belo
Horizonte, Minas Gerais, Brazil), while beeswax was purchased from Fenix Ceras (São Paulo,
São Paulo, Brazil). Coconut oil, powdered milk, salt, corn starch, commercial margarine, and
turmeric (used as a coloring agent) were procured from a local market in Lavras, Minas Gerais,
Brazil. Methylene blue and Sudan III were used as dyes for microstructural analysis. Reagents
employed in the oxidation analyses included sodium thiosulfate, starch, potassium hydroxide
(KOH), and phenolphthalein, all obtained from Êxodo Científica. All ingredients were stored
according to the manufacturers’ recommendations until use in margarine preparation.

4.2. Formulation of the Oleogel-Based Margarines

The final margarine formulations were prepared according to the compositions out-
lined in Table 4. Each formulation consisted of 80% lipid phase and 20% aqueous phase. A
simplified production method, adapted for the incorporation of oleogels, was employed
based on the procedure described by da Silva [23].

Table 4. Formulation of the oleogel-based margarine used in the study.

Ingredients g/100 g

Aqueous phase 20%:
Water * 16.2
Salt * 2.0

Powdered milk * 1.8
Lipid phase 80%:

Extra virgin olive oil 45–60
Coconut oil 40–55

Beeswax 4–5.2
Corn starch 1–1.8

Monoacylglycerol * 0.2
Turmeric * 0.03

Butter scent * 0.04
Antioxidant * 0.03

* fixed amount.
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4.2.1. Experimental Design

The concentrations of the structural components were initially defined through prelim-
inary testing, followed by a Central Composite Rotational Design (CCRD) to establish the
minimum and maximum concentration limits required to obtain spreadable margarines.
The CCRD was employed as an optimization tool. Seventeen margarine formulations
(Table 1) were prepared following the procedure detailed in Section 4.2.2. These formu-
lations, along with a commercial reference sample, were stored under refrigeration and
characterized using a texture analyzer (TA-XT.plus, Stable Microsystems, England). The
optimized variables included the contents of corn starch (CS), beeswax (BW), extra virgin
olive oil (OO), and coconut oil (CO), while the remaining formulation components were
kept constant.

The optimization objective was to achieve a texture most similar to that of commer-
cial margarine. This target was quantified using a desirability function with the criterion
“Nominal-The-Best” [25]. Firmness, adhesiveness, and consistency values were trans-
formed into desirability scores ranging from 0 to 1, with a value of 1 indicating the closest
match to the desired texture. All texture measurements were performed in duplicate.
The CCRD data were analyzed using Chemoface software version 1.71 [38], applying a
quadratic model based on pure error estimation.

4.2.2. Margarine Preparation

All ingredients were weighed according to the formulations presented in Table 4.
The aqueous phase ingredients were manually mixed and heated to 60 ◦C in a water
bath (HH-S3 Warmnest, Brazil). Simultaneously, the lipid-phase components were pre-
mixed and heated to 80 ◦C in a separate water bath for approximately 10 min until fully
solubilized. The two phases were then combined and homogenized at 1400 revolutions
per minute (rpm) using an overhead agitator (713D, Fisatom, Brazil) for 20 min to ensure
complete emulsification.

Following homogenization, the emulsions underwent a rapid dynamic cooling process
(~10 ◦C/min) to room temperature (25 ± 1 ◦C) using a water bath maintained at 10 ± 1 ◦C,
while being stirred with the overhead agitator at 200 rpm for 5 min. The resulting mar-
garines were transferred into plastic containers, sealed with aluminum foil, appropriately
labeled, and stored under refrigeration at 5 ± 1 ◦C until further analysis.

Samples were evaluated over a 90-day storage period at intervals of 0 (T0), 30 (T30),
60 (T60), and 90 (T90) days. All subsequent analyses were performed at each storage inter-
val, with the exception of differential scanning calorimetry (DSC), which was conducted
only at the start of the experiment.

4.3. Thermal Behavior

Differential Scanning Calorimetry (DSC) was performed to evaluate the melting be-
havior of the margarine samples. The analysis was conducted using a DSC-60A calorimeter
equipped with a TA-60WS data acquisition system and an FC-60A furnace flow and at-
mosphere controller (Shimadzu, Japan). Approximately 5 mg of each margarine sample
was weighed into a non-sealed aluminum pan. The samples were introduced into the
DSC at room temperature (~25 ◦C), which was considered the onset temperature (Tonset).
The heating protocol involved a linear temperature increase from 25 ◦C to 90 ◦C at a rate
of 2 ◦C/min. The melting peak temperature (Tp) was recorded and used as the primary
parameter for comparing the samples. All measurements were conducted under a nitrogen
(N2) atmosphere to prevent oxidative degradation during the analysis.
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4.4. Color Analysis

Color analysis of the margarine samples was performed using a spectrophotometer
(CM-5, Konica Minolta, Japan). Samples were placed in 50 mL graduated glass beakers, and
color measurements were conducted based on the CIELAB color space, recording the L*,
a*, and b* values. The L* value represents lightness, ranging from 0 (black) to 100 (white).
The a* coordinate indicates chromaticity along the green (negative) to red (positive) axis,
while the b* coordinate reflects the blue (negative) to yellow (positive) axis. Measurements
were carried out in triplicate using a D65 standard illuminant and a 10◦ observer angle.

4.5. Thermal Stability by Cyclization

The margarines were evaluated for emulsion stability—specifically, oil or water
exudation—at various storage times and temperatures using a modified thermal cycling
method adapted from [33]. Triplicate samples of approximately 25 g were placed in test
tubes. To simulate temperature fluctuations, the samples were initially stored at 5 ◦C (T-34,
Thelga, Brazil) for 48 h to ensure complete crystallization. They were then subjected to a
temperature of 35 ◦C for 24 h. Following this period, the samples were returned to 5 ◦C for
an additional 72 h. Visual inspections and, when possible, quantitative measurements of
oil or water exudation were performed after each stage of the thermal cycle.

4.6. Microstructure Analysis

The microstructure of the margarine samples was analyzed using an optical micro-
scope (BA210E, Motic, Spain) equipped with a 40× objective lens. To confirm the formation
of an emulsion, a dual-staining technique was employed: methylene blue was used to
stain the aqueous phase, and Sudan III was used to stain the lipid phase. These dyes were
applied to the samples and examined microscopically to verify the presence of both phases,
thereby confirming the formation of a water-in-oil (W/O) emulsion.

Following confirmation, the microstructure was further evaluated in the unstained,
natural state. Small droplets were collected from various regions of each sample and placed
onto glass slides, which were then sealed with coverslips. These slides were analyzed both
qualitatively and quantitatively to assess the diameter of dispersed water droplets over
time. For each sample, three slides were prepared, and quantitative measurements were
conducted using ImageJ software (version 1.53, National Institutes of Health, Bethesda,
MD, USA).

4.7. Lipid Stability and Oxidation

To evaluate lipid stability, margarine samples were preheated in an oven (MD1.1,
Medicate, Brazil) at approximately 40 ◦C. Prior to analysis, the samples were filtered
through filter paper to separate the lipid and aqueous phases; only the lipid phase was
subjected to further analysis.

4.7.1. Peroxide Index

The peroxide index (PI) was determined in triplicate using iodometric titration.
Sodium thiosulfate was used as the titrant and starch as the indicator, following the
AOCS official method Cd 8-53 [39].

4.7.2. Acidity Index

The acidity index (AI) was measured in triplicate through acid–base titration, us-
ing potassium hydroxide (KOH) as the titrant and phenolphthalein as the indicator, in
accordance with AOCS method Cd 3d-63 [39].
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4.7.3. Anisidine Value

The p-anisidine value was determined in triplicate based on a modified version of
the AOCS method Cd 18-90 [40]. Approximately 1 g of each sample was diluted to a final
volume of 10 mL in a volumetric flask prior to analysis.

4.8. Statistical Analysis

For statistical analysis, analysis of variance (ANOVA) was performed, followed by
the Scott–Knott test. Both analyses were conducted using Sisvar version 5.6 [41], with a
level of significance of 5%. In the figures, uppercase letters indicate statistical differences
within each formulation over time, while lowercase letters represent differences among
formulations at each specific time point.
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Abstract: This study aimed to develop a functional powder using whey and milk matrices,
leveraging the protective capacity of chia–alginate hydrogels and the advantages of elec-
trohydrodynamic spraying (EHDA), a non-thermal technique suitable for encapsulating
probiotic cells under stress conditions commonly encountered in food processing. A hy-
drogel matrix composed of chia seed mucilage and sodium alginate was used to form a
biopolymeric network that protected probiotic cells during processing. The encapsulation
efficiency reached 99.0 ± 0.01%, and bacterial viability remained above 9.9 log10 CFU/mL
after lyophilization, demonstrating the excellent protective capacity of the hydrogel matrix.
Microstructural analysis using confocal laser scanning microscopy (CLSM) revealed well-
retained cell morphology and homogeneous distribution within the hydrogel matrix while,
in contrast, scanning electron microscopy (SEM) showed spherical, porous microcapsules
with distinct surface characteristics influenced by the encapsulation method. Encapsulates
were incorporated into beverages flavored with red fruits and pear and subsequently
freeze-dried. The resulting powders were analyzed for moisture, protein, lipids, carbo-
hydrates, fiber, and color determinations. The results were statistically analyzed using
ANOVA and response surface methodology, highlighting the impact of ingredient ratios
on nutritional composition. Raman spectroscopy identified molecular features associated
with casein, lactose, pectins, anthocyanins, and other functional compounds, confirming
the contribution of both matrix and encapsulants maintaining the structural characteristics
of the product. The presence of antioxidant bands supported the functional potential of the
powder formulations. Chia–alginate hydrogels effectively encapsulated L. reuteri, maintain-
ing cell viability and enabling their incorporation into freeze-dried beverage powders. This
approach offers a promising strategy for the development of next-generation functional
food gels with enhanced probiotic stability, nutritional properties, and potential application
in health-promoting dairy systems.

Keywords: encapsulation; Lactobacillus reuteri DSM 17938; electrospraying; whey
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1. Introduction

In recent years, the primary purpose of foods has evolved from fulfilling their basic
nutritional role to providing health and well-being benefits, thereby driving the growth of
the functional food and probiotic industry [1]. In this sense, the International Life Sciences
Institute (ILSI) defines a functional food as “A food that contains a component, nutrient,
or non-nutrient, with an effect on one or more functions of the body, with an added effect
beyond its nutritional value” [2]. Within this context of development, the incorporation
of probiotic strains into food matrices has gained significant importance as they must
withstand processing conditions to ensure a sufficient quantity of viable cells (≥106 CFU/g)
at the time of consumption, thus guaranteeing their functional effect. Functional foods
often incorporate probiotics, as the inclusion of beneficial live microorganisms is one of the
most effective ways to enhance the beneficial properties of food products.

Considering the above, some probiotic microorganisms, such as Lactobacillus reuteri,
contribute to the balance of the intestinal microbiota, immune modulation, and the pre-
vention of gastrointestinal disorders, thus reinforcing the functional attributes of the food
products that deliver them. Accordingly, probiotics have become a central element in the
formulation of dairy products, beverages, and functional supplements, representing a
rapidly growing sector of the food industry. However, their integration into food matrices
requires strategies that guarantee their viability and stability during processing and storage.
However, achieving high levels of viability represents a challenge for the food industry due
to the sensitivity of probiotics to adverse factors such as temperature and oxygen during
processing [3]. Therefore, the use of encapsulation techniques that protect probiotic cells
and promote their stability and functionality has become essential.

Encapsulation is a technique that has been established as a strategy to improve the
survival of probiotic microorganisms against adverse conditions in food and during their
passage through the gastrointestinal tract, enhancing cell viability by retaining the bacteria
within polymeric matrices that act as semipermeable physical barriers, regulating the
interaction between the probiotic and the environment. Currently, extrusion, ionic gelation,
and spray drying are the most commonly used methods for probiotic encapsulation. How-
ever, these methods present several limitations due to poor control of particle size, low
uniformity in the microcapsules, and exposure to high temperatures during the process.

Despite the growing demand for functional foods enriched with probiotics, the in-
dustry continues to face major challenges related to the survival of these microorganisms
during food processing, storage, and gastrointestinal transit. Conventional encapsulation
methods often expose probiotics to high temperatures or produce irregular microcapsules
with poor protective capacity. At the same time, there is an urgent need to incorporate
sustainable ingredients such as whey, a dairy by-product, into value-added formulations.
Therefore, this study seeks to address these limitations by applying electrohydrodynamic
atomization (EHDA) to encapsulate L. reuteri in chia–alginate hydrogels, aiming to preserve
viability and functionality in a stable powdered beverage system.

Electrohydrodynamic atomization (EHDA), also known as electrospraying, has es-
tablished itself as an emerging technology that allows the formation of monodisperse
microcapsules at room temperature, making it a particularly suitable technique for ther-
mosensitive compounds such as enzymes and probiotics [4–6]. EHDA is a non-thermal
process that uses a high-voltage electric field to disperse a polymeric solution into fine
droplets. These droplets are then solidified by cross-linking or dehydration, enabling the
formation of uniform microparticles with tunable size and morphology. EHDA is especially
advantageous in food applications for protecting labile bioactives under mild conditions.
This technique has gained increasing attention due to its ability to generate particles with
high homogeneity and dimensional control [7]. In this regard, EHDA is considered a
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promising technique for the encapsulation of various thermolabile compounds, such as
enzymes and probiotic strains, since it operates without the use of heat and enables the
formation of uniform microcapsules, thereby maintaining the viability of probiotics and
improving their stability against gastrointestinal stress [8,9]. Studies have demonstrated
its efficacy for strains such as Lactobacillus plantarum, Bifidobacterium animalis, L. rhamnosus,
and Lactobacillus fermentum, helping to improve survival during gastrointestinal digestion,
promoting adhesion to the intestinal mucosa, and allowing for a controlled release in the in-
testine [8,10,11]. Furthermore, the use of natural coating materials, such as sodium alginate
and chia seed mucilage, contributes to improving the protective barrier and modulating
the release kinetics. Salvia hispanica seed mucilage and sodium alginate in this study were
carefully selected based their proven biocompatibility, film forming ability, and synergistic
gelling properties. These polymers have demonstrated excellent performance in forming
hydrogel networks that entrap probiotics and preserve their viability under gastrointestinal
stress and processing conditions. Studies have reported that their combination improves
encapsulation efficiency, modulates release kinetics, and enhances the mechanical stability
of the capsules, making them suitable carriers for functional food applications [12].

In addition to the technological advantages of EHDA, it is crucial to consider the use of
sustainable food matrices. In this context, the dairy industry is positioned as one of the main
generators of by-products, with whey being one of the most abundant. According to Silva e
Alves et al. (2018) [13], it is estimated that the global dairy industry produces approximately
200 million tons of whey per year, which has a high nutritional value containing lactose,
calcium, phosphorus, folic acid, vitamins, and high-quality proteins [14], making it a
functional matrix with great potential for the development of new fermented or functional
beverages. In addition to the above, in recent years, various whey-enriched beverages have
been developed, valued not only for their nutritional profile but also for their low cost and
potential sustainability. Within this framework, the present study aimed to evaluate the
encapsulation efficacy of Lactobacillus reuteri DSM 17938 electrohydrodynamic spraying
(EHDA) and dripping mode, with sodium alginate and chia seed mucilage as coating
materials. The resulting encapsulates were added to a whey-based functional beverage
flavored with pear and red berries, which was subsequently dehydrated by lyophilization
for preservation and characterization.

Although prior research has demonstrated the potential of probiotic encapsulation
through various techniques, the present study introduces a novel integration of electro-
sprayed L. reuteri into a real powdered beverage system based on dairy by-products, a
combination not previously explored in this depth. Moreover, structural and functional
characterization using advanced spectroscopic tools, such as Raman spectroscopy, remains
scarce in this context. Therefore, this study fills a methodological and application gap
by evaluating not only the encapsulation process but also the behavior of the encapsu-
lated probiotics within a functional matrix. This dual focus on process optimization and
matrix-level analysis distinguishes our approach from prior works and contributes new
knowledge to both probiotic delivery and sustainable product development.

Unlike previous studies, this research presents an integrated approach that combines
the encapsulation of Lactobacillus reuteri in chia–alginate hydrogels using electrohydro-
dynamic atomization (EHDA) with the development of freeze-dried functional powders
based on whey and milk matrices. The innovation lies in the application of encapsulated
probiotics to a complete food system, which was structurally characterized by Raman spec-
troscopy to assess the impact of matrix components and drying conditions. Furthermore,
the use of whey as a sustainable ingredient not only adds value to dairy by-products but
also enhances the functional properties of the formulation. This approach bridges the gap
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between encapsulation technology and real food applications, offering a promising strategy
for the design of next-generation functional beverages.

2. Results and Discussion

2.1. Encapsulation Efficiency (EE)

As shown in Table 1, the results obtained showed no significant differences (p > 0.05)
between the two microencapsulation methods (drip mode (DM) and electrohydrodynamic
atomization (EHDA), with both achieving a viability of 9.9 log CFU/mL and an average EE
of 99 ± 0.16%. The encapsulation efficiency (EE) values are expressed as mean ± standard
deviation, based on three independent replicates (n = 3). No significant differences (p > 0.05)
were found between the two encapsulation methods. These results suggest that both
EHDA and DM provided a highly protective matrix for Lactobacillus reuteri during the
encapsulation process. These values suggest that both encapsulation methods are effective
in protecting and preserving L. reuteri cells during the microencapsulation process. This is
possibly related to the characteristics of the polymers used (MC-AlgNa) and the type of
structural network they form, which positively contributed to the microorganism’s survival.
In addition, the nature of the coating may have facilitated some interactions, such as ionic
or hydrogen bonds, which not only increased cell retention within the polymer matrix but
also protected LR from adverse conditions during powder formulation. In this regard, Lee
et al. (2003) [15] reported that the high effectiveness of these biopolymers is associated with
an increased number of active calcium-binding sites in the polymer chains, resulting in a
greater degree of crosslinking.

Table 1. Encapsulation efficiency (EE) and viability of Lactobacillus reuteri DSM 17938 using different
encapsulation methods. Results are expressed as mean ± standard deviation (n = 3). Different letters
in the same column indicate significant differences (p < 0.05).

Encapsulation Method Viability (log CFU/mL) EE (%)

Dripping mode (DM) 9.90 ± 0.05 a 99.00 ± 0.16 a

Electrohydrodynamic
spraying (EHDA) 9.91 ± 0.04 a 99.00 ± 0.01 a

According to the above, several studies have reported that sodium alginate is a
highly effective material for encapsulating probiotic bacteria, achieving high encapsulation
efficiencies. In this sense, Perea-Flores et al. (2020) [12] reported that the combination
of chia seed mucilage and sodium alginate as wall materials exhibited high entrapment
efficiency (~94%) and provided a controlled release profile of the encapsulated compound.
Although their study focused on rhodamine B, their findings highlight the potential of this
biopolymer blend to protect sensitive compounds, suggesting it could be promising for
applications involving probiotic encapsulation and protection under adverse conditions.
Additionally, Popović et al. (2021) [16] reported a higher number of viable L. reuteri B2 cells
encapsulated in sodium alginate combined with another biopolymer (sodium maleate),
which improved their stability and viability.

2.2. Micromorphology Analysis
2.2.1. Confocal Laser Scanning Microscopy (CLSM) Analysis

The micrographs obtained (Figure 1a,b) show the interaction between Lactobacillus
reuteri DSM 17938 cells, the coating material (MC-AlgNa) and the fluorochromes (pro-
pidium iodide and calcofluor), where the uniform red fluorescence observed indicates
that the bacteria remained embedded within the polymeric matrix of the biopolymers
(MC-AlgNa), highlighting their typical bacillus morphology, with well-defined edges and a
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regular periphery. These morphological characteristics demonstrate that the encapsulation
methods evaluated (EHDA and DM) did not cause deformations or damage to the bacterial
cells. The smooth and uniform cell surface indicates an adequate interaction between
the polymeric matrix and the cells, contributing to the protection of the bacteria against
processing conditions.

Figure 1. Confocal laser scanning microscopy (CLSM) images showing the distribution of Lactobacillus
reuteri DSM 17938 entrapped within the polysaccharide matrix composed of mucilage–alginate (MC–
AlgNa). (a) Cells stained in red with propidium iodide; the orange box highlights a magnified
region to emphasize bacteria embedded within the matrix. (b) Polymer matrix stained in blue with
Calcofluor White.

In micrograph (a), a more uniform distribution of the bacteria in the matrix is observed.
In contrast, in (b), the bacteria appear to be more dispersed, and some are grouped in
specific regions. This difference is probably due to the rheological properties of the wall
material during the formation of the capsules or to the specific operating conditions of
each encapsulation method, as reported by Dragoni-Rosado, (2014) [17], who encapsulated
Lactobacillus casei ATCC 393 by extrusion and atomization methods, finding that extrusion
tended to generate capsules with a more dispersed and clustered distribution of the bacteria,
while atomization promoted a more homogeneous distribution, associating it with the
forces applied during the process, which directly influenced the final distribution of the
cells within the polymeric matrix. In addition, Huang et al. (2015) [18] demonstrated
that similar biopolymeric matrices offer high biocompatibility and good cell retention.
Furthermore, the absence of cell surface irregularities or deformations suggests that the
processing conditions (EHDA, DM) did not negatively impact cell viability, which is crucial
for prebiotic applications.

2.2.2. Micromorphology Analysis by SEM

Morphological analysis of chia mucilage and sodium alginate microcapsules contain-
ing Lactobacillus reuteri (MC-AlgNa-LR) was performed by scanning electron microscopy
(SEM) (Figure 2). The encapsulates prepared by electrohydrodynamic spraying (EHDA)
had an average diameter of 1 ± 0.02 mm, while those obtained by the drip method showed
a diameter of 2.5 ± 0.01 mm. Significant differences (p < 0.05) were observed between
the two encapsulation methods (p < 0.05), which can be attributed to the conditions of
microcapsule formation. After the lyophilization process, a reduction in particle size was
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observed, reaching values of 252 ± 0.02 μm for the microcapsules obtained by EHDA and
515 ± 0.003 μm for those prepared by dripping.

 

Figure 2. Scanning electron microscopy (SEM) images of microcapsules formulated with Lactobacillus
reuteri DSM 17938. (a1–a4) Microcapsules obtained by the dripping method. (b1–b4) Microcapsules
produced by electrohydrodynamic spraying (EHDA). Scale bars correspond to 200 μm in images
(a1,b1), 100 μm in images (a2,b2), 50 μm in images (a3,b3), and 10 μm in images (a4,b4).

The encapsulates obtained by both methods (DM and EHDA) presented a spherical
shape, with a rough surface and some wrinkles, characteristics typically associated with
the partial collapse of the polymer gel network during dehydration by lyophilization [19].
Similarly, irregular structures were observed in both encapsulates, likely due to the forma-
tion of an agglomerate with variable textures, an effect attributed to moisture loss during
the dehydration process. Figure 2a1–a4 (DM) display corrugated structures with fractures,
similar to those observed in electrohydrodynamic spraying (Figure 2b1–b4). However, a
significant difference in terms of uniformity and porosity was observed, as this parameter
appeared to be affected in the encapsulates made by EHDA. This may be because the
fractions of the hydrocolloids used as wall materials first gelled on the surface due to the
interaction of calcium ions, slightly increasing the roughness. This result is consistent with
data reported by Nasiri et al. (2021) [20], who encapsulated Lactobacillus casei in alginate
microcapsules containing wild sage seed mucilage using the emulsion technique. Their
results demonstrated spherical beads with a rough surface due to the incorporation of wild
sage seed mucilage.

On the other hand, greater porosity was observed in the encapsulates prepared by
EHDA (Figure 2b4), which was associated with the applied voltage, creating an electrostatic
force that stretches the material and generates much finer, electrostatically charged droplets,
thus promoting a much faster gelation compared to DM. Moreover, during lyophilization,
these structures tend to retain and amplify the porosity channels initially formed. While
in DM, the droplets are larger and more compact, with less interaction with the gelling
solution, resulting in a denser network with fewer pores, as reported by Hernández San
José, C. (2018) [21]. Humidity plays a critical role in the structural integrity and stability
of microcapsules. Although the lyophilized powders obtained in this study exhibited low
residual moisture, the porous structure observed especially in EHDA-derived microcap-
sules may increase their susceptibility to water uptake under high humidity conditions.
Biopolymers such as alginate and chia mucilage are hygroscopic and tend to swell upon
moisture absorption, which can lead to capsule deformation, reduced mechanical strength,
and premature release or degradation of encapsulated probiotics. Similar phenomena have
been reported in alginate-based hydrogel systems stored under uncontrolled humidity,
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where microcapsule stability deteriorates over time [22,23]. In agreement, Rajam et al.
(2012) [24], demonstrated that probiotic-loaded microcapsules stored under humid condi-
tions showed significant structural collapse, decreased cell retention, and early release of
encapsulated Lactobacillus plantarum during storage. These findings underscore the impor-
tance of controlling environmental moisture to preserve probiotic functionality. Therefore,
to maintain probiotic viability and microcapsule performance, it is essential to store these
powders in low-humidity environments using moisture barrier packaging.

2.3. Physicochemical Properties of the Functional Beverages

Figure 3 shows response surface graphs for different physicochemical properties of
beverages made from whey and milk, flavored with red fruits (columns A, C, E, G) and pear
(columns B, D, F, H). Each graph evaluates a specific property: total lipids, carbohydrates,
total fiber, and protein, depending on the concentrations of whey and milk. The graphs
were generated from a statistically validated 32 factorial design using Design Expert ®

v10 software, with milk and whey concentrations as independent variables. Although the
regression parameters are not displayed in the figure, the models showed strong predictive
ability (R2 > 0.90), supporting the interpretation of the plotted surfaces. Regarding the
total lipids present in the beverages (Figure 3A,B), it was observed that for red fruits (A),
there was a linear increase with the proportion of milk, confirming that milk contributes
the greatest amount of fat to the beverage. In contrast, the pear beverage (B) showed
a peak in the intermediate combinations of milk and whey, suggesting that a possible
synergistic effect between whey and milk components, or better homogenization, might
have influenced the total lipid content. In addition, these differences are likely associated
with the intrinsic composition of the fruits and their interaction with the liquid bases.

Similar studies have been reported by Chacón-Gurrola (2017) [25] in the physico-
chemical analysis of whey and milk, obtaining values of 0.3 g of fat content, while Shiby
et al. (2013) [26] reported a value of 0.2 g in the development of energy drink mixes based
on whey and Blue Grapes (Vitis vinifera) juice. On the other hand, Sepúlveda Valencia &
Peña Alvarez, (2002) [27] reported a fat content of 2.64% in a beverage made from sweet
whey (a fermented drink added with passion fruit), which is higher than that observed
in the pear formulation, which showed a percentage of 1.02%. This difference is possibly
associated with the type of milk used in both studies. In addition, these differences can
be attributed to other factors such as the composition of the fruit, since red fruits (straw-
berry, raspberry and blueberry) have a very low fat content (<1%) [28], whereas pears,
although also low in fat, contain pectins and soluble fibers that could interact with the
lipids present in the dairy matrix, altering their distribution. Pectin is also widely used to
stabilize acidified milk products, thanks to electrostatic interactions between its negatively
charged chains and positively charged milk proteins, which reduce syneresis and help
maintain a homogeneous texture [13]. However, this interaction is less significant in berry
beverages, where pectins and other polysaccharides are present in lower concentrations.
According to previous studies, the interaction between the dairy matrix and soluble fibers
can promote the formation of more stable emulsions in formulations containing fruits, such
as pears [29,30]. This phenomenon may explain the peak observed in the intermediate
concentrations of milk and whey in pear beverages.

Similar behavior was observed regarding total carbohydrates, with distinct trends
between the two formulations (red fruits and pear), depending on the proportions of milk
and whey used. In Figure 3C, the carbohydrate content increased linearly with the increase
in the proportion of milk, suggesting that the lactose present in milk is the primary source
of carbohydrates in this formulation. In contrast, in Figure 3D, total carbohydrates are
lower compared to drinks with red fruits, although they also increase with the proportion
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of milk. These results are possibly associated with the composition of the fruits. In this
regard, red fruits have a significant carbohydrate content, primarily in the form of simple
sugars such as glucose, fructose, and sucrose.

Figure 3. Response surface plots showing the effect of whey and milk concentrations on the physico-
chemical properties of beverages flavored with red fruits (A,C,E,G) and pear (B,D,F,H): total lipids
(A,B), carbohydrates (C,D), total fiber (E,F), and protein content (G,H).
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Furthermore, lactose, the main carbohydrate present in milk, although constant in
concentration, can form complexes or interact with polysaccharides (such as pectins from
pear), potentially limiting the availability of free carbohydrates in pear-flavored bever-
ages, which could explain the lower apparent concentrations observed [31]. Moreover,
Liang et al. (2020) [32] report that pectin binds to casein micelles in acidified milk systems,
reducing syneresis and modifying the release and apparent concentration of carbohydrates
in the matrix.

In pear-based beverages, pectin could form networks with proteins and other com-
ponents of the dairy matrix, retaining part of the sugars and decreasing their measured
concentration. In this sense, similar studies have shown that the addition of strawberry
or berry pulps modifies the carbohydrate profile in dairy formulations [33]. Moreover,
Silva et al. (2020) [13] found that beverages made with pectin-rich fruits, such as pears,
may exhibit a reduction in available carbohydrates due to the interaction of the protein
and fiber matrix. Additionally, Arcila & Mendoza (2006) [34] reported a content of 7.62%
total carbohydrates in their drink based on whey and amaranth, attributed the higher
carbohydrate content in the whey they used in its preparation.

Regarding fiber, a linear increase was observed in the red fruit drinks (Figure 3E) as
the proportion of milk increased, which is associated with a greater retention of soluble
fibers in the dairy matrix. On the other hand, in the pear drinks (Figure 3F), the highest
amount of fiber was observed at intermediate concentrations of milk and whey; this effect
may be attributed to the higher pectin content in pears and its ability to form networks
with milk proteins [35].

In addition to the above, it was observed that the protein percentage in the red fruit
drinks showed a linear trend, indicating that proteins were directly derived from the
proportion of added milk. However, in pear drinks, a non-linear effect was observed
due to the presence of pectins and other soluble polysaccharides that can form three-
dimensional networks with proteins, improving their stability. In this sense, Laurent and
Boulenguer (2003) [36] demonstrated that the addition of pectin-rich fruits to dairy products
enhances protein–polymer interactions, thereby increasing the stability and viscosity of the
beverages. On the other hand, Zamani et al. (2020) [30] found that interactions between
pectins improve the stability of pear drinks.

2.4. Determination of Moisture and Color

In order to determine the moisture content of the powders used to prepare berry and
pear-flavored beverages, a significant change was observed (p < 0.05) in both powders. For
the berry powder, the higher the whey concentration (10/90 milk/whey) and the lower the
milk concentration, the higher the moisture content, with an average value of 3.60 ± 0.20%.
The opposite effect was observed at lower whey concentrations (90/10 milk/whey), with
a percentage of 2.53 ± 0.31%. A similar trend was observed in the pear flavored bever-
ages, where the highest moisture content was reported at higher whey concentrations
(4.13 ± 0.12%), and the lowest moisture content corresponded to the formulation with the
highest proportion of milk (3.98 ± 0.13%) (Table 2). This behavior can likely be attributed
to the high water content of whey, which is approximately 93–94% [37].

Furthermore, the higher whey concentration likely favored an increase in free water
and, consequently, moisture content in the powders. The opposite effect occurred with
increasing milk concentration, as the higher fat content tended to limit water retention by
displacing available water within the matrix. Likewise, differences in the solids content of
the fruits used may have influenced the results; in this sense, red fruits provide a higher
amount of total soluble solids, which may contribute to a reduction in moisture, while
pears, with a lower solids content, may favor water retention [29].
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Table 2. Humidity and color parameters (L, a, b*) of functional beverage powders flavored with pear
and red berries containing encapsulated Lactobacillus reuteri DSM 17938. Different letters within the
same row indicate significant differences (p < 0.05).

Parameter
Concentration
(Milk/Whey)

Pear Flavor Red Fruits

Moisture (%) 10/90 4.13 ± 0.12 a 3.6 ± 0.2 b

Color (L*) 76.16 ± 10.47 a 44.06 ± 5.44 b

(a*) 1.92 ± 0.56 b 11.21 ± 7.27 a

(b*) 14.87 ± 11.66 a 1.43 ± 1.44 b

Moisture (%) 50/50 4.6 ± 0.13 a 3.8 ± 0.6 b

Color (L*) 74.91 ± 5.70 a 41.58 ± 5.34 b

(a*) 7.20 ± 9.00 a 7.2 ± 8.87 a

(b*) 0.53 ± 0.79 a 0.53 ± 0.79 a

Moisture (%) 90/10 3.98 ± 0.13 a 2.53 ± 0.31 b

Color (L*) 71.43 ± 7.20 a 44.11 ± 4.07 b

(a*) 5.90 ± 4.10 b 18.54 ± 4.57 a

(b*) 1.00 ± 0.60 a 0.63 ± 1.56 b

With respect to the color of the powders, the formulations with red fruits presented
statistically different lightness (L), red–green (a) and yellow–blue (b) values than those of
the pear drink (p < 0.0500) (Table 2). In the 10/90 formulation (milk/whey), the powders
with red fruits reached L = 44.06 ± 5.44, while the pear drink reached L = 76.16 ± 10.47,
evidencing a considerably darker color in the former. Similarly, the a parameter was higher
in red fruits (11.21 ± 7.27) compared to pear (1.92 ± 0.56), indicating a more intense red
blue. For its part, the b value was lower in red fruits (1.43 ± 1.44) compared to the pear
drink (14.87 ± 11.66), reflecting a lower tendency towards yellow or bluish tones. This
behavior was maintained in the other proportions (50/50 and 90/10), where lower L and
higher a values were recorded in drinks with red fruits (Table 2). This pattern resulted
from the high concentration of anthocyanins, water-soluble pigments present in red fruits
(such as strawberries, raspberries, and blueberries), which generate dark purple tones and
produce a decrease in luminosity and an increase in absorbance [38]. Furthermore, the
relationship between anthocyanin intensity and CIELAB values has been documented
as inversely proportional to L and directly proportional to a [39]. On the other hand,
pear-flavored powders exhibited high L and low a values, reflecting their light color and
absence of intense pigments, such as anthocyanins [38]. This behavior is characteristic of
fruits with low phenolic pigment content and has been reported in studies involving clear
juices and flavored dairy products.

2.5. Structural and Molecular Characterization of Reconstituted Beverages by Raman Spectroscopy

Regarding molecular characterization and interactions, Raman spectroscopy enabled the
evaluation of the chemical composition of the reconstituted beverage from their respective
powders. Figure 4A,B (pear and red fruit flavors) show the relative intensity of the Raman
signal (Y axis) as a function of the wavenumber (X axis, in cm−1) for three samples labeled C1,
C2, and C3. Several characteristic bands associated with the molecular vibrations of the com-
pounds present in the samples were observed, allowing the identification of possible structural
changes resulting from the addition of different ingredients and whey concentrations.
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Figure 4. Raman spectra of functional beverages prepared with different concentrations of whey
and milk. (A) Red fruit-flavored beverage: C1 (10% whey, 90% milk), C2 (50% whey, 50% milk), and
C3 (90% whey, 10% milk). (B) Pear-flavored beverage: C1 (10% whey, 90% milk), C2 (50% whey,
50% milk), and C3 (90% whey, 10% milk). All formulations contain 20 g of stevia and 102 g of the
corresponding fruit.

In the case of the pear-flavored beverage (Figure 4A), the peaks around 200–499 cm−1

are attributed to bond vibrations and heavy atom movements, such as those present in
polymeric compounds or crystalline structures. These peaks are also associated with antiox-
idants and fruit-derived pectins. In contrast, in Figure 4B (red fruits), in this same region,
fat-soluble fibers, antioxidants, and pectins present in the fruits (especially strawberries and
blueberries) are highlighted, which contribute to the functional properties of the beverage
and its structural stability. These results are consistent with those reported by Schulz and
Baranska (2007) [40], who identified similar bands in fruits with high carbohydrate content,
structural fibers, and pectins in fresh fruits.

On the other hand, in the pear drink, the vibrations observed in the 500–1000 cm−1

region are associated with the presence of iron, casein, and fat-soluble fibers, possibly
originating from milk and whey. In this sense, for the red fruit powder, these peaks indicate
the presence of iron, proteins, and casein, in addition to structural carbohydrates. This
combination is typical of fruit-enriched dairy drinks. In the 1000–1250 cm−1 region in
Figure 4A, pectins and key components of fruit cell walls, such as C-O-C groups and
esters, are identified. These findings highlight the structural role of pectins in pear drinks.
In contrast, in red fruit drinks, some compounds such as anthocyanins, sugars, and fats
are more prominent in this spectral region. In this regard, Tadapaneni et al. (2012) [41]
demonstrated that strawberry anthocyanins interact with dairy matrices, contributing to
antioxidant functionality and influencing the stability of fruit-based dairy beverages.

In the 1250–1500 cm−1 region, the peaks observed in the pear-flavored beverage are
associated with C–H bonds in methyl and methylene groups, as well as dairy proteins
such as casein. Etzion et al. (2004) [42] reported that FTIR spectra exhibit characteristic
amide I and II bands (1500–1700 cm−1) related to milk proteins, and that lipid-related
vibrations (C–H stretching) appear in the 1400–1477 cm−1 region. Similarly, this region
also indicates the presence of casein and milk fat. In the 1500–1750 cm−1 region, C = C and
C = O stretching vibrations are associated with phenolic compounds, methylated pectins,
and carboxylic acids. However, although these signals are present in the pear drink, a
lower intensity is observed compared to the red fruit drink, since red fruits have a notably
high content of phenolic compounds, especially anthocyanins and vitamin C, which are
recognized for their antioxidant potential.
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Finally, in the 2800–3000 cm−1 region, peaks related to O-H and C-H stretching
vibrations were detected, which are characteristic of hydroxyl and methyl groups present
in carbohydrates, lipids, and water. In the pear-flavored beverages, the higher intensity of
these peaks was associated with the presence of total solids and a slight lipid contribution,
although the fat content did not exceed 1%. This behavior is likely due to structural water
retention and the possible formation of hydrogel networks resulting from interactions
between proteins and pectins present in the beverage.

These structures are relevant for the development of gel-based systems capable of
modulating the release of bioactive compounds and enhancing the physical stability of the
product. These observations are consistent with the O-H and C-H group vibrations com-
monly found in carbohydrates and lipids, as reported by Schulz and Baranska (2007) [40].
In contrast, the red fruit-flavored beverages exhibited lower intensity peaks in this region,
reflecting a compositional profile with a lower solids and fats content and a reduced ability
to form hydrogel-like structures.

3. Conclusions

This study demonstrated that electrohydrodynamic spraying and dripping techniques
are effective for encapsulating Lactobacillus reuteri DSM 17938 using sodium alginate and
chia seed mucilage as wall materials, achieving encapsulation efficiencies above 99%. The
physicochemical characterization of functional powders made with different ratios of
whey and milk revealed that matrix composition significantly influences moisture content,
macronutrient distribution, and molecular interaction. Raman spectroscopy analysis re-
vealed structural differences between pear- and berry-flavored beverages, highlighting the
presence of pectin, casein, and specific phenolic compounds in the formulation. The highest
intensity of the carbohydrate- and lipid-associated bands in the 3000 cm−1 region suggests
the possible formation of hydrogel-like networks in the re-constituted beverages, particu-
larly in the pear-flavored formulations. These hydrogels could promote water retention,
structural stability, and controlled release of bioactive compounds.

These findings support the potential of combining dairy by-products with encapsu-
lated fruit and probiotic ingredients to develop reconstituted functional beverages with
enhanced structural, nutritional, and gelling properties. Future studies should investi-
gate the rheological behavior, gel-forming capacity, and in vitro gastrointestinal release to
validate the functionality and consumer acceptance of these formulations.

From a theoretical standpoint, this study contributes to the understanding of how
hydrogel-based microencapsulation with chia mucilage and sodium alginate can enhance
the stability and functional integration of probiotics into food matrices, particularly under
freeze-drying conditions. Methodologically, it supports the use of electrohydrodinamic
atomization (EHDA) as a non-thermal encapsulation technique suitable for sensitive probi-
otic strains, and it highlights the relevance of Raman spectroscopy and multiscale analysis
(SEM, CLSM) for structural and functional evaluation of encapsulated systems.

4. Materials and Methods

4.1. Materials

Chia seeds (Salvia hispanica) and strawberries (Fragaria ananassa) were purchased from
the local market in San Felipe del Progreso, State of Mexico. Lactobacillus reuteri DSM
17938 (BioGaia, Stockholm, Sweden), De Man Rogosa and Sharpe (MRS) broth (Merck,
04053252452864, Rahway, NJ, USA), MRS agar (Merck, 110660), monobasic potassium
phosphate (Sigma-Aldrich, 7778-77-0, St. Louis, MO, USA), sodium citrate (Merck, 6132-
04-3), magnesium sulfate (Sigma-Aldrich, 7487-88-9), and glycerol (Merck, 104057) were
used. Peptone water (Merck, 107228), sodium alginate (Deiman S.A. de C.V., 8060), CaCl2
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(JT Baker, 1313-01, Phillipsburg, NJ, USA), propidium iodide (5 mg/mL; Sigma-Aldrich,
81845), and Calcofluor White stain (Sigma-Aldrich, 18909) were also utilized. Additionally,
pasteurized whey and whole milk (approx. 3.5% fat content) were included as components
of the beverage matrices. All reagents were of analytical grade and used as received, unless
otherwise stated.

4.2. Methods
4.2.1. Chia Seed Mucilage Extraction

Chia mucilage (CM) was extracted following the method previously described by
Rentería-Ortega et al. (2021) [43]. Briefly, 15 g of Salvia hispanica seeds were mixed with
1000 mL of distilled water and stirred at 6000 rpm for 60 min at 40 ◦C. The mucilage was
separated by pressing the hydrated seeds against a 40-mesh screen, and the resulting filtrate
was precipitated using an ethanol–acetone solution (70:30, v/v). The extracted mucilage
was dried at 40 ◦C for 4 h and it reached a final moisture content of 6.0%; then, it was milled
and stored in sealed plastic containers for further use.

4.2.2. Activation and Growth of Lactobacillus reuteri DSM 17938

The activation of the microorganism (Lactobacillus reuteri DSM 17938) was carried out
in saline solution through serial dilutions according to that reported by Castro (2020) [44].
In the first tube, 100 μL of the commercial preparation Lactobacillus reuteri DSM 17938 and
900 μL of saline solution were added and vortexed for 30 s. Then, in the second tube,
100 μL of the previous tube and 900 μL of saline solution were added, and it was vortexed
again for 30 s. This process was repeated until eight serial dilutions were prepared, which
were then incubated for 45 min at 25 ◦C. To determine the growth of lactobacillus reuteri, 1
mL of each dilution was transferred to Falcon tubes containing 9 mL of Man, Rogosa, and
Sharpe (MRS) broth, resulting in a total of eight tubes. These tubes were incubated for 24 h
at 37 ◦C, allowing for optimal development of the strain.

4.2.3. Solution Preparation

For the preparation of the chia mucilage (CM), sodium alginate (AlgNa), and Lactobacillus
reuteri DSM 17938 (LR) solution, the methodology proposed by Sadeghi-Varkani et al. (2018) [45]
was used with some modifications. The CM-AlgNa solution (0.5% w/v) was stirred at 6000 rpm
(Thermo Scientific, Shanghai, China) for 15 min at room temperature (25 ◦C) until a homogeneous
mixture was achieved. Then, Lactobacillus reuteri (6.98 × 1010 CFU/mL) was added by stirring
until a uniform distribution was obtained.

The bacterial concentration was selected based on previous scientific recommendations
and regulatory guidelines to ensure probiotic effectiveness. Burgain et al. (2011) [46] report
that doses above 108 CFU/mL are required to achieve gastrointestinal benefits. Additionally,
Hill et al. (2014) [47] indicate that probiotic foods or supplements must contain at least
1 × 109 viable cells per daily dose to be considered functional and properly labeled.

4.2.4. Preparation of Encapsulates by Electrohydrodynamic Atomization (EHDA) and Drip
Mode (DM)

The encapsulates were obtained using the electrohydrodynamic atomization equip-
ment. The equipment was fed with the MC-AlgNa-LR solution, which was placed in a
10 mL syringe. The syringe was connected to the positive electrode of the current unit, with
a voltage of 17 kV, a distance of 5.5 cm, and a flow rate of 2.0 mL/h. The collector was used
to ground the system. To determine the preparation of the capsules made by DM, the same
process conditions were used, except for the voltage. Finally, during the atomization and
drip process, the encapsulates were collected from the CaCl2 solution and stored for later
analysis [7].
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4.2.5. Encapsulation Efficiency (EE)

Regarding the determination of EE, the capsules were broken using the procedure
described by Chávarri et al. (2010) [48], which involved combining 9 mL of sterile 100 mM
sodium citrate solution, pH 7, with 1 g of capsules and vortexing until they were completely
dissolved. Serial dilutions were then performed to obtain a countable number of cells. The
dilutions were spread on Petri dishes containing MRS agar, and the dishes were incubated
for 24 h at 37 ◦C for subsequent counting. The seedings were performed in triplicate. MRS
agar (de Man, Rogosa, and Sharpe, Merk, Darmstadt, Germany; 110660) was used as the
selective medium for the growth of Lactobacillus reuteri. This medium contains peptone,
meat extract, yeast extract, dextrose, sodium acetate, triammonium citrate, polysorbate 80,
dipotassium phosphate, magnesium sulfate, and manganese sulfate. The pH of the medium
was adjusted to 6.5 ± 0.1 prior to autoclaving. After pouring the agar into Petri dishes, they
were incubated in a humidity-controlled incubator at 37 ◦C for 24 h in aerobic conditions.
Triplicate seedings were performed, and encapsulation efficiency was calculated as the
ratio of viable cells recovered from broken capsules to the initial cell concentration. The
colony-forming unit (CFU) was counted, and the encapsulation efficiency was determined
according to the methodology reported by Mohammad et al. (2021) [49], which calculated
the percentage of cells trapped in the capsule relative to the initial number of viable cells in
the sample.

4.2.6. Lyophilization of Encapsulates

The encapsulates were distributed in a Petri dish, frozen at −80 ◦C, and lyophilized
using a 75,034 Bench Top Freeze Dryer (Labconco, Kansas City, MO, USA) for 24 h. The
obtained powders were stored in amber bottles wrapped in aluminum foil until further
analysis. Three individually prepared replicates were analyzed for each formulation.

4.2.7. Microstructure Analysis
Confocal Laser Scanning Microscopy (CLSM) Analysis

The microstructure of chia seed and sodium alginate (MC-AlgNa) capsules loaded with
Lactobacillus reuteri DSM 17938 (LR) was evaluated by multiphoton confocal microscopy
using an LSM 710 NLO (Carl Zeiss, Oberkochen, Germany). Staining of the probiotic and
the coating material was performed before encapsulation.

The bacterial pellet (6.98 × 1010 CFU/mL) was resuspended in 1.5 mL of sterile
distilled water, 500 μL of propidium iodide (5 mg/mL; Sigma-Aldrich, 81845) was added,
and the pellet was sonicated in an ultrasonic bath (Branson-1510, Danbury, CT, USA) for 60 s
at 40 kHz. It was then mixed with 16 mL of a solution containing 0.5 mg of chia mucilage
and 0.5 mg of sodium alginate. Further, 2 mL of Calcofluor White (Sigma-Aldrich, 18909)
was added to this mixture as a wall fluorochrome. The solution was transferred to 10 mL
syringes (BD Plastipak, Dickson and Company, Franklin Lakes, NJ, USA) fitted with blunt-
tip hypodermic needles (0.80 mm inner diameter) and subjected to electrohydrodynamic
spraying (electrospraying), as described in Section 4.2.4.

Three-dimensional images of 100 sections were obtained using the LSM 710 NLO micro-
scope, equipped with excitation lasers at 405 nm (for calcofluor) and 594 nm (for propidium
iodide), and employing a Plan-Apochromat 63×/1.40 Oil DIC M27 objective. Image analysis
was performed with NIS-Elements software (version 5.30.02; Nikon, Melville, NY, USA).

Scanning Electron Microscopy (SEM)

The capsules were characterized using micrographs obtained with a Field Emission
Scanning Electron Microscope (JEOL, JSM-7800F, Akishima, Japan), with an acceleration
voltage of 25 kV and a back-scatter electron detector (BSE). The capsules were lyophilized
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in a Freeze Dryer (ECO-FD10PT, LabTech, Sorisole, Bergamo, Sorisole, Italy) and sprinkled
onto aluminum trays provided with conductive double-sided carbon tape and gold coating
(Sputter coater, SPI-module, West Chester, PA, USA).

4.3. Beverage Preparation

The beverages were prepared following the methodology reported by Cuellas &
Wagner et al. (2010) [50], with some modifications. Different concentrations of whey
(10, 50, and 90%) and raw milk (10, 50, and 90%) were used, combined with fruit and
a sugar substitute, stevia (20 g). The selected fruit proportions—98 g strawberry, 60 g
raspberry, 45 g blueberry, and 203 g pear—were established through pilot-scale sensory
screening to determine the most acceptable formulation when combined with the dairy
matrix. These exact quantities were retained to ensure consistency and reflect the outcome
of the optimization process. The mixtures were frozen at −80 ◦C and freeze-dried for
24 h (Labconco, model 75034, Kansas City, MO, USA). Afterwards, 10 g of Lactobacillus
reuteri DSM 17938 encapsulates were homogeneously mixed with 100 g of the lyophilized
beverage powder, ensuring uniform distribution of the probiotic cells within the MC-AlgNa
hydrogel matrix, as confirmed by CLSM imaging.

4.4. Physicochemical Characterization
4.4.1. Protein

The crude protein content was determined using the Kjeldahl digestion method, with
the standard nitrogen-to-protein conversion factor (N × 6.25). In detail, 15 g of each sample
was weighed, and 0.4 g of copper sulfate pentahydrate, 6 g of potassium sulfate, and
20 mL of concentrated sulfuric acid were added as digestion reagents. The mixture was
subjected to sequential digestion in a graphite digester (Hanon SH220, Hanon Instrument
Co., Ltd., Jinan, China) at different temperatures and times: 120 ◦C for 30 min, 240 ◦C
for 30 min, 360 ◦C for 1 h, and 420 ◦C for 1 h. The samples were then allowed to cool to
room temperature. The determination of total nitrogen content was performed using an
automatic Kjeldahl analyzer (ZDDN-II, Tuopu Instrument Co., Ltd., Hangzhou, China),
according to the methodology reported by Lai Jing (2022) [51].

4.4.2. Total Lipids

To determine total lipid content, 7 mL of each sample was added, followed by 90
mL of chloroform–methanol solution (2:1 v/v) at 45 ◦C for 2 h. A 30 mL NaCl solution
(0.9%, w/w) was immediately added and mixed thoroughly. The chloroform was removed
using a rotary evaporator at 40 ◦C (RE-52AA, Shanghai Yarong Biochemistry Instrument
Factory, Shanghai, China). The remaining material was weighed using an electronic
analytical balance (CP114, Ohaus International Trading Co., Ltd., Changzhou, China). It
was expressed as a percentage of total lipid [51].

4.4.3. Fiber

The fiber content was determined using the methodology reported by Guaman Rivera
et al. (2023) [52], which involves sequential acid and alkaline digestion to remove proteins,
lipids, and soluble carbohydrates. Briefly, 1 g of defatted sample was digested in 1.25%
H2SO4 followed by 1.25% NaOH, with intermediate filtration and washing steps. The dried
residue was weighed and then incinerated at 550 ◦C to obtain the ash content. The fiber
percentage was calculated using Equation (1):

Crude f iber (%) =
(W2 − W1)− (W4 − W3)

W5
× 100 (1)

where

168



Gels 2025, 11, 613

W1 = Weight of filter paper (g);
W2 = Weight of filter paper + dried residue (g);
W3 = Weight of empty crucible (g);
W4 = Weight of crucible after incineration (g);
W5 = Weight of defatted sample (g).

4.4.4. Ash Percentage

Ash content was determined using AOAC Method 923.03. First, the sample was
weighed on an analytical balance (Precisa, model XT220A, Dietikon, Switzerland). After
drying, the sample was incinerated at 550 ◦C in a muffle furnace (Selecta, model Select-
furnace, Murten, Switzerland), and the incineration residue was determined by calculating
the weight difference. The results are expressed as the percentage of ash calculated accord-
ing to Equation (2).

Ash (%) = (
W ash

W sample
)× 100 (2)

where
W ash = Weight of ash after incineration (g);
W sample = Initial weight of the dried sample (g).

4.4.5. Percentage of Total Carbohydrates

The total carbohydrate content was determined by difference, using the proximate
analysis data. The percentage was calculated according to Equation (3):

Carbohydrates (%) = 100 − (Moisture (%) + Protein (%) + Lipids (%) + Ash (%) + Crude fiber (%)) (3)

4.5. Color

For colorimetric analysis, 0.3 g of freeze-dried beverage powder was taken from the
total formulation weight (110 g: 100 g beverage base + 10 g encapsulates). This sample size
was selected according to the specifications of the colorimeter and allowed for consistent
evaluation across all replicates. The reflection spectrum readings of the powders were
performed as described by Rentería-Ortega et al. (2023) [53], using a Konica Minolta CR-
400 colorimeter (Konica Minolta, NJ, USA), which had been previously calibrated with
a standard reference plate (Y = 93.7, x = 0.3159, y = 0.3324). Measurements were taken
at five different points on each sample, and the results represented the average of these
readings. The coordinates obtained in the CIELab color space were reported, where L*
indicates lightness (values between 0 and 100), a* represents the chromatic component
from green (−) to red (+), and b* corresponds to the chromatic component from blue (−)
to yellow (+). All measurements were taken on a standard white plate background to
minimize interference. The results were analyzed statistically using one-way ANOVA, with
a significance level of p < 0.05, using SigmaPlot 12.5 software. The reported values are the
average of three independent measurements taken for each experimental condition.

4.6. Humidity

The moisture content was determined using an Ohaus MB120 moisture analyzer
(Ohaus Corporation, Pine Brook, NJ, USA), according to the manufacturer’s specifica-
tions. For each measurement, 0.500 g of sample was placed directly onto the equipment’s
weighing pan. Humidity was determined at a constant temperature of 105 ◦C for a 10 min
analysis time, and the final value was obtained as a percentage of mass loss.
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4.7. Raman Spectroscopy

For Raman analysis, 0.2 g of the powdered sample was used, extracted from the same
110 g total formulation. This amount complies with the standard sample volume required
for instrument calibration and spectral stability. The molecular and structural changes in
the powdered beverage added with whey-based LR encapsulants under different times,
ingredients, and methods were described using Raman spectroscopy (LabRAM model
HR800, Horiba Jobin Yvon, Kyoto, Japan) equipped with an Nd: YAG laser (785 nm) at
room temperature (25 ◦C) and an integration time of 6 s. Three spectra were obtained for
each sample and averaged using Origen Pro 8 software (v8.0724, OriginLab, Northampton,
MA, USA). A baseline was then created and smoothed using the Savitzky–Golay method
with a 2nd-order polynomial and 12 reference points in each spectrum, as reported by
Rojas-Candelas et al. (2023) [54].

4.8. Experimental Design

A face-centered rotatable composite statistical design was used for each whey and
milk concentration, with five replicates at the center point and duplicates at the other
points. Data were processed using multiple regression analysis, and statistical significance
(p ≤ 0.005) was found for the model and its variables. Design Expert V9 software (Stat-Ease,
Inc., Minneapolis, MN, USA) was used to independently analyze the effects of the variables
on the responses of protein, fat, moisture, fiber, and carbohydrates.

Author Contributions: M.R.-O. and A.Y.C.-C.; methodology: M.R.-O., M.d.J.P.-F., A.P.-B., G.C.-D.
and R.B.-F.; software: G.C.-D., M.R.-O. and R.B.-F.; validation: M.R.-O. and G.C.-D.; formal analysis:
A.Y.C.-C. and F.S.S.-V.; investigation: A.Y.C.-C. and G.C.-D.; resources: M.R.-O., M.G.-V. and G.C.-
D.; original draft preparation: A.Y.C.-C. and M.R.-O.; writing—reviewing and editing: M.R.-O.,
A.P.-B., M.d.J.P.-F. and G.C.-D.; visualization: F.S.S.-V. and M.R.-O.; supervision: M.R.-O.; project
administration: M.R.-O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: Minerva Rentería-Ortega thanks Tecnológico Nacional de México, Tecnológico de
Estudios Superiores de San Felipe del Progreso, Escuela Nacional de Ciencias Biológicas, and Centro
de Nanociencias y Micro y Nano Tecnologías del Instituto Politécnico Nacional for the experimental
support to prepare electrospraying capsules and to analyze the samples by CSLM and SEM. All
individuals mentioned in this section have given their consent to be acknowledged.

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

Abbreviations

The following abbreviations are used in this manuscript:

CFU Colony Forming Units
CLSM Confocal Laser Scanning Microscopy
CM Chia Mucilage
DM Drip Mode
EHDA Electrohydrodynamic Atomization
FTIR Fourier Transform Infrared Spectroscopy
LR Lactobacillus reuteri
SEM Scanning Electron Microscopy

170



Gels 2025, 11, 613

References

1. Mosquera-Vivas, E.; Ayala-Aponte, A.; Serna-Cock, L.; Torres-León, C.; Tirado, D.F. Viability of Lactobacillus reuteri DSM 17938
Encapsulated by Ionic Gelation during Refractance Window® Drying of a Strawberry Snack. Foods 2024, 13, 823. [CrossRef]
[PubMed]

2. Bagchi, D. (Ed.) Nutraceutical and Funcional Food Regulations in the United States and Around the Word, 2nd ed.; Elsevier: Houston,
TX, USA, 2014; ISBN 978-0-12-405870-5.

3. Niu, X.; Yin, X.; Wu, X.; Zhang, Q.; Jiang, Y.; He, J.; Zhao, Y.; Zhang, C.; Ren, Y.; Lai, M.; et al. Heat-killed Bifidobacterium longum
BBMN68 in pasteurized yogurt alleviates mugwort pollen-induced allergic airway responses through gut microbiota modulation
in a Murine model. Foods 2023, 12, 2049. [CrossRef]

4. Rentería-Ortega, M.; Salgado-Cruz, M.D.L.P.; Morales-Sánchez, E.; Alamilla-Beltrán, L.; Valdespino-León, M.; Calderón-
Domínguez, G. Liberación de glucosa oxidasa de cápsulas de mucílago de chía-alginato de sodio estresadas preparadas por
electropulverización. Rev. Proces. Conserv. Aliment. 2021, 45, e15484.

5. Coghetto, C.C.; Webster, K.; Silva, M.L.; Leite, B.; Castell-Palou, M.A. Electrospraying microencapsulation of Lactobacillus plan-
tarum enhances cell viability under refrigeration storage and simulated gastric and intestinal fluids. Colloids Surf. B Biointerfaces
2016, 146, 677–685. [CrossRef]

6. Yang, S.; Wei, S.; Wu, Y.; Fang, Y.; Deng, Z.; Xu, J.; Zhang, H. Encapsulation techniques, action mechanisms, and evaluation
models of probiotics: Recent advances and future prospects. Food Front. 2024, 5, 1212–1239. [CrossRef]

7. Rentería-Ortega, M.; Salgado-Cruz, M.D.L.P.; Morales-Sánchez, E.; Alamilla-Beltrán, L.; Farrera-Rebollo, R.R.; Valdespino
León, M.; Calderón-Domínguez, G. Effect of electrohydrodynamic atomization conditions on morphometric characteristics and
mechanical resistance of chia mucilage-alginate particles. CyTA-J. Food 2020, 18, 461–471. [CrossRef]

8. Jia, H.; Li, Y.; Tian, Y.; Li, N.; Zheng, M.; Zhang, W.; Jiang, Y.; Zhao, Q.; Man, C. Recent advances in electrospray encapsulation of
probiotics: Influencing factors, natural polymers and emerging technologies. Crit. Rev. Food Sci. Nutr. 2025, 1–18. [CrossRef]

9. Librán, C.M.; Castro, S.; Lagaron, J.M. Encapsulation by electrospray coating atomization of probiotic strains. Innov. Food Sci.
Emerg. Technol. 2017, 39, 216–222. [CrossRef]

10. Premjit, Y.; Mitra, J. Synthesis, characterization, and in vitro digestion of electrosprayed and freeze-dried probiotics encapsulated
in soy protein isolate-sunflower oil emulsions. Food Biosci. 2023, 53, 102532. [CrossRef]

11. Hua, C.; Yang, F.; Jia, X.; Lu, Y.; Li, X.; Zhao, P.; Xing, M.; Lyu, G. Multi-comparted microgels delivering human derived probiotics
and deferoxamine for multidrug-resistant infection and healing. Chem. Eng. J. 2024, 483, 148432. [CrossRef]

12. Perea-Flores, M.D.J.; Aguilar-Morán, H.F.; Calderón-Domínguez, G.; García-Hernández, A.B.; Díaz-Ramírez, M.; Romero-
Campos, H.E.; Cortés-Sánchez, A.D.J.; Salgado-Cruz, M.d.l.P. Entrapment efficiency (EE) and release mechanism of rhodamine B
encapsulated in a mixture of chia seed mucilage and sodium alginate. Appl. Sci. 2020, 13, 1213. [CrossRef]

13. Silva e Alves, A.T.; Spadoti, L.M.; Zacarchenco, P.B.; Trento, F.K. Probiotic functional carbonated whey beverages: Development
and quality evaluation. Beverages 2018, 4, 49. [CrossRef]

14. Malos, I.G.; Ghizdareanu, A.I.; Vidu, L.; Matei, C.B.; Pasarin, D. The role of whey in functional microorganism growth and
metabolite generation: A biotechnological perspective. Foods 2025, 14, 1488. [CrossRef]

15. Lee, D.W.; Hwang, S.J.; Park, J.B.; Park, H.J. Preparation and release characteristics of polymer-coated and blended alginate
microspheres. J. Microencapsul. 2003, 20, 179–192. [CrossRef]
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Abstract: This study aims to improve the gel properties of Nemipterus virgatus myofibrillar
protein (MP) emulsion gels by Curdlan (Cur) and investigate the effect of the emulsion gels
on the quality of emulsified surimi gels. The effects of different concentrations of Cur on
the gel properties of MP emulsion gels were investigated. Fourier transform infrared (FTIR)
results indicated that intermolecular interactions between Cur and MP were primarily
hydrogen bonds. Cur enhanced the adsorption capacity of MP at the oil/water interface,
inducing the formation of a more uniform and dense composite network structure in
Cur/MP emulsion gels. Adding 6% (w/v) of Cur significantly increased the hardness, gel
strength, water-holding capacity (WHC) and rheological properties of the gel. In addition,
microstructural images showed that MP formed a complex interpenetrating network with
Cur, thus enhancing the gel network skeleton. Low-field NMR confirmed that the addition
of Cur decreased water mobility in the emulsion gel system. Compared to the direct
addition of oil, the application of Cur/MP emulsion gels to surimi significantly improved
the texture, gel strength, and WHC of the surimi gel. These findings provide a reference
for the development of myofibrillar protein emulsion gels and broaden their potential
application in the food industry.

Keywords: emulsion gel; composite network; textural properties; surimi

1. Introduction

Dietary fat is an important nutrient for maintaining human physiological functions
and provides energy for human metabolism. Saturated fatty acids are the most common
type of lipid in daily consumed meat products, but excessive intake may induce cardio-
vascular diseases, coronary heart disease, type 2 diabetes, and obesity [1]. Replacing
saturated fats with plant oils or marine liquid oils in surimi products confers health
benefits [2]. However, their liquid state results in a softer surimi texture. Furthermore,
direct oil addition hinders protein cross-linking, thereby disrupting the surimi gel net-
work structure [3]. Therefore, developing healthy and sustainable fat substitutes with
fat-mimetic textures has become urgent to meet growing consumer demand for natural
and health-promoting alternatives [4]. In recent years, emulsion gels have been widely
recognized as a promising fat substitute due to their unique structural and functional
properties [5]. Emulsion gels possess dual emulsion and gel characteristics, which reduce
oil droplet size while helping maintain fat-mimicking sensory properties [6]. Emulsion
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gels formulated with vegetable oils and natural materials (proteins, polysaccharides, or
oligosaccharides) offer advantages including safety, health benefits, low calorie content,
and richness in unsaturated fatty acids [7]. Among them, proteins are ideal components
for the development of emulsion gels due to their dual capabilities, excellent ability
to stabilize the water/oil interfaces, and gel-forming properties [8]. Animal proteins,
especially fish proteins, have garnered increasing attention due to their high nutritional
value and functional properties. As a high-quality protein resource, fish protein contains
essential amino acids (lysine, etc.) and exhibits advantages such as easy digestibility
and hypoallergenicity, making it suitable for diverse populations requiring nutritional
supplementation [9]. However, its high-value applications in emulsification and delivery
systems remain insufficient. Myofibrillar protein (MP), the primary structural protein of
fish muscle, demonstrates excellent gel-forming ability and emulsification properties.
MP not only forms intermolecular cross-linked networks, but also its abundant hy-
drophobic groups anchors on the surface of oil droplets to form interfacial protein films
that prevent oil droplet aggregation [10]. However, pure MP stabilized emulsion gels are
susceptible to thermal denaturation and aggregation of MP molecules during heating,
leading to unsatisfactory product quality [11]. Additionally, the texture of pure MP emul-
sion exhibits insufficient texture firmness. Pei et al. [12] reported that while the addition
of MP emulsion gels improved the water/oil retention of fish sausage, they reduced
the gel strength of surimi gel, potentially diminishing consumer sensory satisfaction.
Previous studies demonstrate that polysaccharides can enhance the functional properties
of proteins by strengthening the protein gel network through covalent or non-covalent
interactions [13]. Zhao et al. [5] demonstrated that the addition of Konjac glucomannan
improved the gel properties of soybean isolate protein emulsion gels through physical
bonding. In order to enhance the thermal stability, emulsification, and gel strength of
MP emulsion gels, polysaccharide incorporation is a natural and safe strategy.

Curdlan (Cur), a linear β-1,3-glucan produced by microbial fermentation, which
exhibits the advantages of food safety, water-holding capacity, thermal stability, and
gel-forming ability [14]. Cur has been widely used to improve the gelation proper-
ties of protein gels by hydration and filling effects, including water-holding capacity
and gel strength [15]. Cur is insoluble in cold water, but heating Cur aqueous sus-
pension to 55–60 ◦C or above 80 ◦C yields thermo-reversible and thermo-irreversible
gels, respectively. At temperatures above 80 ◦C, the disordered coil-like molecular
conformation of Cur transforms into a stable and ordered triple-helix structure and
undergoes hydration [16]. Upon cooling, this triple-helix molecular structure forms a
thermally irreversible three-dimensional network through strong intermolecular hydro-
gen bonding interactions that encapsulate water in the network [17]. Cur after high
temperature heating exhibits excellent gel strength and mechanical stiffness [18]. It
had been shown that strategically mixing Cur with soybean isolate proteins yields a
desirable texture comparable to animal fat, which prevented emulsion gels from forming
an imbalanced texture (excessive rigidity or flexibility) [19]. Furthermore, unfolded Cur
is able to enhance protein gel strength through hydrogen bonding and hydrophobic
interactions with MP [20]. Although the effect of Cur on the properties of MP gels has
been extensively studied, there is a lack of reports on emulsion gels prepared by mixing
fish MP with Cur as the aqueous phase. Meanwhile, the effect of replacing unemulsified
vegetable oils with MP/Cur emulsion gels on the gel properties of surimi products
unknown. Nemipterus virgatus has become one of the major raw materials in surimi
processing due to its high nutritional value, rapid growth rate, and high yield, ranking
as the second most important resource for surimi production after Alaska pollock [21].
As an abundant and low-value marine fish species, the development and utilization
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of Nemipterus virgatus for high-value applications is of significant research importance.
Therefore, this study used Nemipterus virgatus as the raw material for the extraction of
MP and the preparation of surimi gel.

Accordingly, this study aimed to investigate the formation and gel properties of
emulsion gels prepared by blending MP with Cur, as well as the effect of such emulsion
gels on the gel characteristics of surimi products. Cur/MP emulsion gel was prepared
using a one-step method and characterized for their gel properties such as structure,
texture and water retention capacity. Subsequently, surimi gels were prepared by mixing
Cur/MP emulsion gels containing different Cur contents with surimi, and their effects on
the properties of surimi gels were evaluated compared to the direct addition of soybean oil.
This study provides an efficient strategy for improving the physical properties of fish MP
emulsion gels. The results are expected to provide theoretical references to advance the
development of MP emulsion gels and their application in surimi products.

2. Results and Discussion

2.1. Characterization of Cur/MP Mixtures
2.1.1. FTIR

The intermolecular interactions of Cur/MP complexes were investigated by FTIR
spectroscopy. As shown in Figure 1a, the characteristic bands of the samples at about
3000–3500 cm−1 corresponded to O–H or N–H stretching vibrations, while the absorp-
tion bands at 2990–2890 cm−1 were attributed to C–H stretching vibrations [22]. Typical
protein bands were observed: the absorption band at 1680–1630 cm−1 corresponded to
C–O stretching vibration (amide I band), the absorption band at 1560–1530 cm−1 corre-
sponded to N–H vibration (amide II band), and the absorption band at 1450–1240 cm−1

corresponded to N-H deformation and C–H stretching vibration (amide III band) [19].
In addition, the absorption peak at 1038.34 cm−1 in the spectrum of MP represented
C–O or C–C stretching vibration [23]. For Cur, the absorption peaks at 1077.93 cm−1

(C–O glycosidic bond) and 890.04 cm−1 (β-1, 3-D-glucan) were observed [24]. Notably,
no new absorption peaks were observed in the FTIR spectra of Cur/MP complexes
with different Cur concentrations compared to pure MP (Figure 1a). This suggested
that no new functional groups were formed between Cur and MP molecules and that
no covalent interactions occurred between the compounds. In the Cur/MP complexes
profile, the signals of the unique absorption peaks of Cur (3433 cm−1, 2891.68 cm−1,
1077.93 cm−1 and 890.04 cm−1) were intensified and the signals of the MP absorption
peaks (3191.98 cm−1, 2989.77 cm−1, 1631.91 cm−1, 1553 cm−1 and 1038.34 cm−1) were
diminished as the concentration of Cur was increased. The absorption bands of Cur/MP
complexes gradually changed from being similar to pure MP (Cur ≤ 3%) to being similar
to pure Cur (Cur > 3%), indicating that Cur gradually became the dominant component
of the complexes, and intermolecular interactions were enhanced with the increase in
Cur concentration. Blue shifts in hydroxyl absorption peaks of the Cur/MP complexes
were observed in comparison to the spectrum of Cur and red shifts compared to the
spectrum of MP [24]. These wavelength shifts confirmed hydrogen bonding between
Cur and MP. Similar findings were found by Zhu et al. [20] in a study of TGase and
curdlan to improve the gel strength of surimi gels.
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Figure 1. FTIR spectrum (a), XRD spectrum (b) appearance and (c) of Cur/MP emulsion gels prepared
with different concentrations of Cur.

2.1.2. XRD

The crystal structures of Cur/MP complexes with different Cur contents were
characterized by XRD to gather information related to the interaction between Cur and
MP (Figure 1b). Pure Cur exhibited a broad diffraction peak at about 2θ = 21◦ and
a weak peak at 2θ = 29◦, confirming the amorphous structure of Cur [25]. Pure MP
displayed an amorphous band at 2θ = 21◦. The presence of differential amorphous peaks
in Cur and MP maps also indicated the inconsistent arrangement of atoms in proteins or
polysaccharides [26]. Notably, the disappearance of the 2θ = 29◦ diffraction peaks in the
profile of Cur-MP complexes compared to pure Cur might be caused by the interaction
of Cur with MP disrupting the original crystal structure domains of Cur [24]. The profile
of Cur/MP complexes was similar to that of pure MP and the signal intensity of all the
diffraction peaks of Cur/MP polymer varied with the difference in the concentration
of Cur, which suggested that Cur may have altered the crystalline properties of the
complexes, and that Cur-MP interactions resulted in conformational changes in MP [27].
The intensity of the diffraction peaks of Cur/MP complexes with a Cur concentration
of 2% tended to increase but tended to decrease slightly with continued increase in
Cur concentration. This may be attributed to the interaction between excess Cur [28].
The strong interactions formed by high concentrations of Cur prevent spontaneous
interactions between Cur-MP and MP molecules [28]. Collectively, the experimental
results of XRD were in agreement with the existence of natural interactions in Cur/MP
complexes as evidenced by FTIR spectroscopy. Furthermore, XRD analysis confirmed
that the addition of Cur enhanced the intermolecular interactions within the emulsion
gel system, thereby contributing to improved gel strength. This enhancement was further
reflected in TPA (Table 1) and rheological properties.

177



Gels 2025, 11, 753

Table 1. Effects of different Cur concentrations on gel strength and TPA of Cur/MP emulsion gels.

Concentration
of Cur

Gel Strength
(g·mm)

Hardness (g)
Springiness

(cm)
Gumminess (g)

Chewiness
(mJ)

Cohesiveness

Control 105.85 ± 6.34 e 125.06 ± 5.78 f 7.60 ± 0.02 c 75.24 ± 10.25 e 57.29 ± 9.28 e 0.6 ± 0.06 c

2% 241.06 ± 20.08 d 247.82 ± 18.77 e 8.06 ± 0.00 b 136.73 ± 21.44 d 110.12 ± 16.96 d 0.55 ± 0.06 cd

3% 316.36 ± 23.73 c 306.39 ± 24.46 d 7.96 ± 0.02 b 158.20 ± 11.6 d 125.86 ± 7.18 d 0.52 ± 0.00 e

4% 378.28 ± 65.87 c 424.04 ± 36.6 c 8.76 ± 0.02 a 290.45 ± 22.33 c 254.59 ± 20.58 c 0.69 ± 0.04 b

5% 481.04 ± 72.29 b 521.05 ± 5.76 b 8.65 ± 0.01 a 384.47 ± 9.19 b 332.52 ± 14.26 b 0.74 ± 0.02 ab

6% 734.89 ± 64.97 a 736.45 ± 30.76 a 8.66 ± 0.05 a 568.19 ± 21.57 a 492.06 ± 21.41 a 0.77 ± 0.00 a

Different letters within the same column indicate statistically significant differences (p < 0.05).

2.2. Cur/MP Emulsion Gels Property Determination
2.2.1. TPA and Gel Strength

The texture of the food affects the acceptance of consumer, and TPA can present a
comprehensive picture of the texture condition of emulsion gels from a mechanical point
of view. As shown in Figure 1c, with increasing Cur concentration, Cur/MP emulsion
gels exhibited a harder solid morphology compared to the pure MP emulsion gel. In
addition, the emulsification system collapsed when the Cur concentration reached 7% and
subsequent experiments could not be performed, necessitating the maximum concentration
of Cur was set at 6% in this study. Hardness is determined by the ability of the sample
to resist external pressure, chewiness and springiness respond to the combined texture
properties of the food when it is chewed [25]. Gumminess reflects the force of the sample to
resist external separation, and cohesion responds to the strength of the internal interactions
of the sample when it resists damage from external forces. As reflected in Table 1, the
hardness, chewiness, springiness, gumminess and cohesiveness of Cur/MP emulsion gels
were significantly increased (p < 0.05) with increasing Cur content. At the maximum
concentration of Cur (6%), the chewiness, springiness, gumminess and cohesiveness of
Cur/MP emulsion gel reached the maximum value and increased by 488.86%, 758.85%,
13.95%, 286.01% and 28.67%, respectively, over the pure MP emulsion gel. The results
indicated that Cur could significantly improve the texture and mouthfeel of Cur/MP
emulsion gels and enhance their mechanical properties (p < 0.05). The improvement
in textural properties could be attributed to the strong hydrogen bonding interactions
between Cur molecules in the continuous phase of the emulsion gel to form an elastic
three-dimensional network induced at high temperatures, enhancing the strength of the
MP gel network structure. This is consistent with the findings from Figure 1a FTIR, where
the hydrogen bond signal peak gradually intensifies with increasing Cur concentration,
indicating that Cur addition enhances the hydrogen bonding interactions between Cur
and MP molecules. The heating treatment induced the gradual stretching of the Cur
molecular conformation from the curled state, and the resulting unfolded Cur and MP
molecules generated noncovalent interactions and formed a dense microstructure, which
enhanced the textural properties of emulsion gels [29]. A large increase in the Cur content
led to a significant increase in the intermolecular forces between Cur molecules and the
formation of a Cur-dominated composite gel, and a high concentration of Cur reduced the
interference of MP on the intermolecular interactions between Cur molecules, as evidenced
by the FITR spectrum.

Gel strength is an important index to assess the performance of gels and reflects the
density of the gel structure. The gel strength of all Cur/MP emulsion gels were significantly
higher than that of the control (p < 0.05), with a positive correlation between gel strength
and Cur concentration. The gel strength reached a maximum value of 734.89 g·mm at a
Cur concentration of 6%, representing a 594.26% increase over pure MP emulsion gels. The
textural properties and the enhancement of gel strength of Cur/MP emulsion gels indicated
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that the density of the gel structure was enhanced by Cur. The results were consistent with
the TPA. The enhancement of textural properties and gel strength of Cur/MP emulsion gels
suggests that Cur is able to improve the network structure of the gels. This is due to the
thermogenic gel properties of Cur. Cur can form thermally irreversible highly solidifying
gels and enhance the mechanical properties of emulsion gels through hydration and filling.

2.2.2. Water-Holding Capacity (WHC)

The water holding capacity of emulsion gels represents the ability of emulsion gels to
immobilize and retain water. The ability of the gel network to retain water also indirectly
reflects the state of the gel network structure [30]. As shown in Figure 2, the addition of
Cur significantly increased the WHC of pure MP emulsion gels (p < 0.05). At 6% Cur, WHC
reached a maximum value of 97.56%, representing a 38.11% increase compared to pure MP
emulsion gel (70.64%). Cur retained water by exposing a large number of hydroxyl groups
that combine with water molecules to form hydrogen bonds during gel formation [31]. The
addition of Cur enhanced hydrogen bonding interactions with MP will improve the water
binding capacity of emulsion gels [20]. In addition, Cur produced a three-dimensional
network structure when forming gels. The results from Figure 1a FTIR and Figure 1b XRD
collectively demonstrated that the addition of Cur enhanced the intermolecular interactions
between Cur and MP within the emulsion gel, which was a key factor contributing to the
improved gel network structure. Furthermore, such a dense and compact network played
a critical role in enhancing the WHC of the gel [32]. As the concentration of Cur increases,
the resultant denser and multi-hierarchical network structure from the interaction of Cur
and MP contributed to generating stronger capillary forces to trap water.

Figure 2. WHC of Cur/MP emulsion gels prepared with different concentrations of Cur. Different
letters indicate significant differences (p < 0.05).

2.2.3. Rheological Behavior

Information on the dynamic rheological properties of emulsion gels at increasing strain
at a fixed frequency was obtained by strain scanning. The energy storage modulus (G′) and
loss modulus (G′′) reflected the elastic and viscous properties of the samples, respectively.
The results are shown in Figure 3a, where the energy storage modulus (G′) is higher than
the loss modulus (G′′) in the linear viscoelastic region (LVR) for all experimental groups,
indicative of their elastic behavior at low strains. Both G′ and G′′ of the emulsion gels
progressively increased with Cur concentration. This trend indicated that Cur enhanced the
solid-like characteristics of MP emulsion gels. It was observed that all samples exhibited
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relatively stable G′ values and G′′ values in the 1% strain range, due to the structural
integrity of the emulsion gel. Consequently, a strain of 1% was selected for subsequent
frequency and temperature scans within the LVR.

Figure 3. Strain scans (a) and frequency scans (b) of Cur/MP emulsion gels prepared with different
concentrations of Cur.

The frequency scans of the emulsion gels were able to respond to the effect of the
available gel on the viscoelasticity of the MP emulsion gel network structure. As shown
in Figure 3b, the G′ values of all experimental groups were higher than the G′′ values
throughout the frequency range, which indicated that all samples exhibited elastic gel
properties. The G′ values of the emulsion gels increased with increasing Cur concentration,
peaking at a Cur addition of 6%. This trend was consistent with the strain scan results,
indicating that Cur improved the gel strength of the MP emulsion gels. The enhancements
of gel properties of gel systems were associated with the improvement of gel network
structures. Cur formed a dense three-dimensional network with MP in the emulsion gel
matrix, thus enhancing the viscoelastic behavior [33]. Cur molecules were linked to the
protein network to enhance the stability of the emulsion gel network.

2.2.4. LF-NMR Relaxation

Transverse relaxation time (T2) can characterize the binding of hydrogen protons in
samples and thus reflects the strength of water mobility in the sample. The T2 of emulsion
gels was determined by low field nuclear magnetic resonance (LF-NMR) to analyze the
distribution and migration of water. A shorter relaxation time represents a smaller degree
of freedom for the hydrogen proton. Figure 4 shows the relaxation peaks of three different
hydrogen proton signals for emulsion gel samples: the T21 (0.5–12 ms) was associated
with water/oil tightly bound by the macromolecules, the T22 (12–900 ms) corresponded
to immobilized water/oil in the emulsion gel network, and the T23 (>900 ms) represented
free water/oil [26]. With the increase in Cur content, the relaxation times of T22 and T23

of Cur/MP emulsion gels were gradually shortened compared to the control group. In
particular, the relaxation time of peaks in the emulsion gel samples did not exceed 1000 ms
at Cur concentrations ≥5%, which was closely related to the Cur induced unique stability
of MP emulsion gels. The results suggested that the addition of Cur to the MP emulsion gel
system decreased the degree of freedom of hydrogen protons and enhanced the binding
capacity to water/oil. To further analyze the water distribution in each experimental group,
the relative contents of water in different states are shown in Table 2. A21, A22 and A23

represented the relaxation peak relative areas of T21, T22 and T23, respectively. The A21

of all groups had no significant difference (p > 0.5) and was much lower than the other
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relaxation peaks (not more than 1% of the total content), indicating that the content of Cur
had no significant effect on the bound water/oil of MP emulsion gels. The addition of Cur
resulted in a significant increase in A22 along with a significant decrease in A23 compared
to the control (p < 0.5). The higher the concentration of Cur the higher the proportion of
immobilized water in the system, and no free water was detected at higher concentrations
of Cur (5–6%). These changes indicated that the addition of Cur resulted in the migration
of free water to immobilized water in MP emulsion gels, which was consistent with the
results of WHC. This may be because the dense gel network induced by Cur was helpful to
improve the water retention of MP emulsion gels, a finding further supported by CLSM
(Figure 5) and Cryo-SEM (Figure 6) images. Combined with the microstructural imaging
results, it was demonstrated that Cur/MP emulsion gels formed a denser network, which
increased capillary forces and thereby enhanced the retention of both water and oil. The
Cur molecule was rich in hydroxyl groups capable of binding more free water through
hydrogen bonding interactions. In addition, the complex network system formed by the
interpenetration of Cur and MP networks also reduced the water/oil mobility [20].

Figure 4. Spin-spin relaxation spectra (T2) of Cur/MP emulsion gels prepared with different concen-
trations of Cur.

Table 2. Effects of different Cur concentrations on T2 relaxation peak relative area of Cur/MP
emulsion gels.

Concentration of Cur
T2 Relaxation Peak Relative Area (%)

A21 A22 A23

Control 0.03 ± 0.02 b 79.87 ± 0.71 d 20.10 ± 0.68 a

2% 0.04 ± 0.01 ab 84.11 ± 1.99 c 14.64 ± 1.04 b

3% 0.03 ± 0.01 b 86.83 ± 1.41 bc 13.14 ± 1.41 b

4% 0.05 ± 0.02 ab 87.67 ± 3.31 b 12.28 ± 3.3 b

5% 0.07 ± 0.02 a 99.93 ± 0.02 a -
6% 0.07 ± 0.03 a 99.93 ± 0.03 a -

Different letters within the same column indicate statistically significant differences (p < 0.05).
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Figure 5. CLSM images of Cur/MP emulsion gels prepared with different concentrations of Cur.

Figure 6. Cryo-SEM images of Cur/MP emulsion gels prepared with different concentrations of Cur.
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2.2.5. CLSM

The influence of Cur on the morphological conformation of MP emulsion gels was
observed by CLSM. As shown in Figure 5, Cur labeled green, MP labeled blue and oil
droplets labeled red can be observed to determine the spatial distribution of these three
substances. The image of pure MP emulsion gel showed that the particle size and distribu-
tion of oil droplets in the gel network structure were severely inhomogeneous, and there
were some larger irregularly shaped oil droplets, which impeded the cross-linking between
MP molecules and led to the creation of large voids in the microstructure of the pure MP
emulsion gels, thus decreasing their ability to retain water and oil. With the addition of Cur
(2–6%), Cur/MP emulsion gels achieved a more uniform microstructure, the shape of the
oil droplets showed a more regular spherical shape, and the particle size of the oil droplets
were smaller compared with that of the pure MP emulsion gel. In terms of the interfacial
state, from CLSM images of Cur/MP emulsion gels, it could be observed that part of the
blue fluorescence signals overlapped with the red color, and MP was adsorbed on the
surface of the oil droplets to form an interfacial layer. Moreover, the oil droplet was sur-
rounded by strong blue and green fluorescence, and part of the blue and green fluorescence
signals overlapped with red to form purple and orange fluorescence, indicating that the
interface around the oil droplets were totally encapsulated by Cur and MP. In addition to
these, more Cur and MP filled in the voids among the oil droplets and connected with the
Cur and MP at the droplet interface, which helped to form a spatial barrier to stabilize the
droplets. Cur has been shown to have certain hydrophobic and emulsifying properties [34].
Incorporation of an appropriate amount of Cur in the continuous phase contributed to
enhancing the tight adsorption of MP on the surface of oil droplets, intertwining with
Cur at droplet-to-droplet interfaces. This interpenetrating network structure effectively
restricted the movement of oil droplets, preventing aggregation and thereby improving the
stability of the emulsion gel [35]. Specifically, molecular chains of Cur were interconnected
with MP in the continuous phase of emulsion gels through hydrophobic interactions, hy-
drogen bonding and van der Waals forces to form a more stable three-dimensional network
structure [19]. At the same time, Cur also formed aggregates to fill in the emulsion gel
networks. The synergistic effect of bridging and flocculation structures contributed to the
formation of a more stable emulsion system [20]. In summary, in addition to the adsorption
of Cur and MP at the oil/water interfacial layer (MP predominantly), another part of Cur
and MP filled the space between the oil droplets and acted as the emulsion gel skeleton,
thus improving the stability of the emulsion gel.

2.2.6. Cryo-SEM

Cryo-SEM was used to analyze the reasons for the changes in the gel properties of
emulsion gels from a microscopic point of view. Figure 6 shows Cryo-SEM images of
emulsion gels with different Cur contents. Some irregular, large and unevenly distributed
oil droplets could be observed in the microstructure of pure MP emulsion gels, the protein
interfacial film could not be uniformly and tightly wrapped around the surface of the oil
droplets, and the structure of the gel network was relatively loose and disordered. This
phenomenon may be due to the fact that the amount of MP was not sufficient to completely
cover all the oil droplets formed during the homogenization process [36]. As the Cur
concentration increased (2–6%), the oil droplet size was gradually reduced and tightly
wrapped by the interfacial film. The Cur/MP emulsion gels showed a more homogeneous
and compact network structure. The possible reasons affecting the emulsification effect of
Cur/MP emulsion gels are as follows. On the one hand, Cur had a thickening effect on the
emulsion gel system, which prevented oil droplets from agglomerating by strengthening
the spatial site resistance during high-speed shear. It has been reported that the higher
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viscosity aqueous phase in the emulsified system contributes to the formation of smaller
oil droplets [37]. On the other hand, Cur increased the network structure strength of
Cur/MP emulsion gels by self-assembling from a mixture of single helices and loosely
interconnected triple helices to form a more cohesive rod-like triple-helical structure during
thermal treatment [6]. These would significantly alter the microstructure of emulsion gels,
thereby affecting the water- and oil-holding capacity and textural properties of emulsion
gels. Similarly, Li et al. [38] reported that appropriate addition of Konjac glucomannan
improved the emulsification properties of MP and contributed to the formation of network
structure. As shown in Figures 5 and 6, the observed trend in the microstructural changes
in Cur/MP emulsion gels was consistent with Figure 2 WHC and Figure 3 rheological
behavior results. This reinforced gel network structure contributed to enhanced WHC and
exhibited favorable gel elasticity.

2.3. Emulsified Surimi Gels Property Determination
2.3.1. TPA and Gel Strength

TPA and gel strength are critical indicators for assessing surimi gel quality. As shown
in Table 3, pure MP emulsion gel did not significantly improve the gel strength or TPA
properties of surimi gels compared to those with added soybean oil (p > 0.05). Pei et al. [12]
similarly observed that incorporating pure tilapia MP emulsion gel weakened surimi gel
strength due to the aqueous phase in the MP emulsion gel. In contrast, adding Cur/MP
emulsion gel significantly enhanced gel strength, hardness, chewiness, and gumminess of
surimi gels at 4–6% Cur concentrations (p < 0.05), with optimal values at 6% Cur. Numerous
studies have shown that pre-emulsification reduces the particle size of oil droplets and
thus decreases their damage to the protein gel network [27]. Figures 5 and 6 demonstrated
that increasing Cur concentration reduced oil droplet size and improved uniformity in
Cur/MP emulsion gels. Additionally, the texture of the surimi gel was hardened due to the
thickening and gelling properties of Cur.

Table 3. Gel strength, TPA, WHC and whiteness of emulsified surimi gels.

Sample
Name

Gel Strength
(g·mm)

Hardness (g) Springiness (cm) Gumminess (g) Chewiness (mJ) Cohesiveness WHC Whiteness

Control 2276.94 ± 121.62 d 3363.11 ± 45.82 d 8.99 ± 0.00 a 2778.56 ± 5.21 d 2498.68 ± 8.19 d 0.83 ± 0.01 a 82.39 ± 1.85
f

81.45 ± 0.31
a

C0 2327.28 ± 141.69 d 3439.76 ± 41.41 d 9.08 ± 0.01 a 2864.74 ± 29.92 d 2601.66 ± 35.69 cd 0.83 ± 0.00 a 84.40 ± 0.47
e

76.85 ± 0.31
e

C2 2354.61 ± 107.67 d 3608.62 ± 64.26 c 9.03 ± 0.03 a 3012.90 ± 23.68 d 2720.11 ± 106.41
bc 0.84 ± 0.01 a 85.20 ± 0.33

de
77.76 ± 0.63

d

C3 2470.32 ± 125.07 cd 3775.74 ± 14.28 b 9.05 ± 0.01 a 3137.31 ± 53.47 d 2837.85 ± 77.31 b 0.83 ± 0.01 a 86.28 ± 0.41
cd

78.36 ± 0.11
d

C4 2654.41 ± 107.10 bc 3837.46 ± 30.98 b 9.11 ± 0.01 a 3149.79 ± 60.39 c 2867.74 ± 39.98 b 0.82 ± 0.02 a 87.22 ± 0.55
bc

78.46 ± 0.44
d

C5 2766.86 ± 111.26 ab 4111.54 ± 106.42
a 9.14 ± 0.00 a 3455.46 ± 152.53

b
3157.24 ± 151.49

a 0.84 ± 0.02 a 88.31 ± 0.45
b

79.35 ± 0.31
c

C6 2916.58 ± 56.45 a 4163.11 ± 89.49 a 9.18 ± 0.02 a 3481.12 ± 116.91
a

3196.54 ± 133.86
a 0.84 ± 0.01 a 90.14 ± 0.40

a
80.10 ± 0.17

b

Different letters within the same column indicate statistically significant differences (p < 0.05).

2.3.2. WHC and Whiteness

Surimi gels form elastic colloids by trapping water through a protein network. Com-
pact and homogeneous gel network exhibits excellent WHC [39]. As shown in Table 3,
emulsion gel addition significantly improved surimi gel WHC compared to soybean oil
incorporation (p < 0.05). At 6% Cur concentration, WHC increased by 9.41% relative to
the control group. This enhancement can be attributed to the smaller oil droplets in the
emulsion gel minimizing the interference of cross-linking between surimi proteins [27].

As shown in Table 3, whiteness was significantly higher in the control group than in
the emulsion gel group (p < 0.05). This difference was attributed to soybean oil enhancing
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light scattering in surimi gels [40]. This may also be attributed to fading caused by in-
creased light scattering from smaller droplets, as light waves penetrate less deeply into the
emulsion before being backscattered, resulting in reduced light absorption [41]. Further-
more, whiteness increased with higher Cur concentrations in emulsion gel formulations.
This may stem from improved light scattering properties due to structural modifications
induced by Cur/MP emulsion gels in the surimi matrix [32]. The exceptional ability of Cur
to bind water molecules and the denser three-dimensional gel network structure induced
by Cur addition both contributed to the retention of more water and oil droplets, which
ultimately enhanced light scattering [11].

2.3.3. LF-NMR

Table 4 and Figure 7 show the effect of soybean oil and Cur/MP emulsion gel with
varying Cur contents on the water distribution of surimi gels. Compared with the control
group, the addition of emulsion gel promoted the migration of free water to immobi-
lized and bound water (p < 0.05), which was consistent with the results of WHC. This
suggested that pre-emulsification facilitates the reduction in network structure disrup-
tion by oil droplets. As shown in Table 4, Cur/MP emulsion gel with high Cur content
(4–6%) significantly reduced the water mobility in surimi gels, with C6 group exhibiting
the highest proportion of immobilized and bound water (p < 0.05). These findings collec-
tively demonstrate that Cur/MP emulsion gels enhanced structural integrity in emulsified
surimi gels.

Table 4. T2 relaxation peak relative area of emulsified surimi gels.

Samples

T2 Relaxation Peak Relative Area (%)

A21 A22

A23

A23a A23b

Control 0.08 ± 0.01 c 65.34 ± 1.50 d 18.82 ± 1.28 b 15.77 ± 2.56
C0 0.07 ± 0.01 c 67.34 ± 0.22 c 16.71 ± 0.34 c 15.87 ± 0.40
C2 0.09 ± 0.01 bc 77.78 ± 0.49 b 22.13 ± 0.50 a -
C3 0.09 ± 0.01 bc 79.57 ± 1.49 ab 20.34 ± 1.50 ab -
C4 0.11 ± 0.02 ab 80.08 ± 0.99 a 19.80 ± 0.99 b -
C5 0.11 ± 0.02 a 81.00 ± 0.64 a 18.89 ± 0.63 b -
C6 0.13 ± 0.01 a 80.99 ± 0.57 a 18.88 ± 0.58 b -

Different letters within the same column indicate statistically significant differences (p < 0.05).

Figure 7. Spin-spin relaxation spectra (T2) of emulsified surimi gels.
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3. Conclusions

In this research, the Cur/MP emulsion gels were prepared by adding different propor-
tions of Cur, and the feasibility of improving the gel properties of MP emulsion gels by Cur
was confirmed. The results indicated that Cur had a filling role and enhanced the strength
of the network structure in Cur/MP emulsion gels. The high concentration (6%) of Cur
dominated the continuous phase of the emulsion gel, resulting in a substantial enhance-
ment of the hardness of the MP emulsion gel. Cur formed a composite network structure
with MP molecules mainly through hydrogen bonding interactions, thus promoting the
migration of free water to immobilized water in the emulsification system, ultimately ex-
hibiting better gel elasticity. Moreover, the addition of Cur enhanced the adsorption of MP
at oil/water interface and improved the emulsion stability. Compared with the pure MP
emulsion gel, the Cur/MP emulsion gel had superior water-holding properties, gel texture,
rheological properties and microstructure. In conclusion, this study presents a simple and
efficient method for the construction of Cur/MP emulsion gels and elucidates the effect
of Cur on the performance of Cur/MP emulsion gels. This study provides a reference for
improving the utilization of low-value fish protein and meeting public demand for dietary
health. Future research should further investigate the mechanism by which the Cur/MP
emulsion gel improves the gel properties of emulsified surimi gels and evaluate the effects
of its addition on the sensory properties and shelf life of surimi products.

4. Material and Methods

4.1. Materials and Chemicals

Frozen surimi of Nemipterus virgatus used in this study was purchased from Qingdao
Tengbenwei Foods Co., Ltd. (Qingdao, China). Cur (food grade), supplied by Jiangsu
Yiming Technology Co., Ltd. (Taixing, China), consists of molecules with 300–500 glu-
cose residues, an average polymerization degree of 450, and a molecular weight of ap-
proximately 74,000. Soybean oil was procured from Yonghui Fresh Food Supermarket
(Guangzhou, China). Nile Red and Nile Blue were purchased from Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China). Calcofluor White was available from Sigma-
Aldrich Co., Ltd. (Shanghai, China). All other chemicals were of analytical grade and
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

4.2. Extraction of MP

MP was extracted from frozen surimi of Nemipterus virgatus following the method
of Lv et al. [42]. The extraction process was maintained at a low temperature of 4 ◦C
throughout, and the concentration of MP was determined using the Biuret method [43].

4.3. Preparation of Cur/MP Mixtures

The MP concentration was diluted to 20 mg/mL with phosphate-buffer solution
(0.6 M NaCI, pH 7.4). Subsequently, different proportions of Cur powder were added
to the MP suspension and continuously stirred for 2 h to form a mixed homogeneous
dispersion. The concentrations of Cur added into MP suspension were 0, 2, 3, 4, 5 and 6%
(w/v), respectively. After being heated at 40 ◦C for 20 min, the samples were immediately
transferred to a water bath preheated to 90 ◦C and held for 20 min. Following heating,
the gels were rapidly cooled in crushed ice for 1 h. Finally, they were stored in a 4 ◦C
refrigerator until further testing.
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4.4. Characterization of Cur/MP Mixtures
4.4.1. Fourier Transform Infrared Spectrometer (FTIR)

The Cur/MP mixture was lyophilized for 48 h and homogenized into a powder for
testing. The powder was mixed with KBr at a 1.5:100 (w/w) ratio, ground and pressed into
a thin sheet. Subsequently, spectra were collected in the 4000–400 cm−1 range in 64 scans
by a Vertex-70 spectrophotometer (Bruker Technologies Ltd., Billerica, MA, USA).

4.4.2. X-Ray Diffraction (XRD)

X-ray diffraction analyses of pure Cur, pure MP, and Cur/MP mixtures with varying
Cur concentrations were carried out using an X-ray diffractometer (Ultima IV; Kuraray
Co., Ltd., Tokyo, Japan) in reflection mode at 40 kV and 40 mA. The 2θ range was scanned
from 10◦ to 60◦ with a step size of 0.02◦ [27].

4.5. Preparation of Cur/MP Emulsion Gels

Cur powder was added to MP suspensions at designated ratios then uniformly dis-
persed (as described in Section 2.3). The Cur/MP suspension and soybean oil were emulsi-
fied at a high speed of 12,000 rpm for 2 min to form emulsified systems, and the volume of
the oil phase ϕ = 50%. Subsequently, emulsions were incubated at 40 ◦C for 30 min and
then heated to 90 ◦C for 20 min to obtain Cur/MP emulsion gels, rapidly cooled, and stored
overnight at 4 ◦C for subsequent characterization.

4.6. Cur/MP Emulsion Gels Property Determination
4.6.1. Texture Profile Analysis (TPA) and Gel Strength

TPA and gel strength of the samples were analyzed by TA-XT texture analyzer (TA-XT
plus, Stable Micro Systems Ltd., Godalming, UK). After equilibrating to room temperature,
the emulsion gel samples were cut into cylinders with a height of 20 mm for subsequent
analysis. TPA was performed according to the method described by Yang et al. [44] with
slight modifications. The TA/50 probe was used under the following parameters: constant
test speed of 1 mm/s, trigger force of 5 g, and engineering strain of 50%. Gel strength was
determined based on the method of Jiang et al. [17] with minor adjustments. Measurements
were carried out using a TA/0.5 probe, which penetrated the gel axially to a depth of 15 mm
at a speed of 1.5 mm/s. All measurements were performed in triplicate.

4.6.2. Water-Holding Capacity (WHC)

The WHC of the sample was measured by referring to the method of Lv et al. [45]
with minor modifications. Briefly, emulsion gel samples (5 g) were centrifuged for 10 min
(10,000× g, 4 ◦C). Surface moisture was removed using filter paper. The WHC was calcu-
lated as the percentage ratio of post-centrifugation to pre-centrifugation sample weight.

4.6.3. Rheological Properties

The rheological properties of emulsion gels were analyzed using a rheometer (HR20,
TA Corporation, Santa Fe Springs, CA, USA) equipped with T20 parallel plates at a gap
distance of 1 mm with reference to previous methods [34]. The parameters of the strain
scan are shown below: frequency 1 Hz, shear strain range 0.01–100%, temperature 25 ◦C. A
strain of 0.1–1% in the viscoelastic region (LVE) was determined from the strain scan. The
parameters for the frequency scan were as follows: shear strain 1%, frequency 0.1–10 Hz,
temperature 25 ◦C.

4.6.4. Low-Field Nuclear Magnetic Resonance (LF-NMR)

In order to determine the effect of Cur on the stability of MP emulsion gels, the water
and oil distributions of the emulsion gel samples were assessed by a nuclear magnetic
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resonance (NMR) analyzer (Niumag Co., Ltd., Shanghai, China). The setup parameters
were consistent with those of Zhu et al. [20].

4.6.5. Confocal Laser Scanning Microscopy (CLSM)

Samples were sectioned stained and imaged using a CLSM (TCS SP8 STED 3×, Leica
Microsystems Inc., Wetzlar, Germany) at 20× magnification. The emulsion gel samples
were stained after cutting into thin slices. Oil, protein and polysaccharide were labeled
with Nile Red (1 mg/mL, excitation wavelength 488 nm), Nile Blue (1 mg/mL, excitation
wavelength 633 nm) and Calcium Fluorescent White stain (1 mg/mL, excitation wavelength
405 nm), respectively.

4.6.6. Cryo-Scanning Electron Microscope (Cryo-SEM)

Referring to the previous method [46], the emulsion gel samples were sublimated with
liquid nitrogen at −80 ◦C for 15 min and sputter plated with gold. The microstructures
of the emulsion gel samples were examined using a scanning electron microscope (S4800,
Hitachi, Ltd., Tokyo, Japan) equipped with a Cryo-SEM preparation system (PP3010T,
Quorum Technologies Ltd., Lewes, UK) at 700× magnification.

4.7. Preparation of Emulsified Surimi Gels

Frozen surimi thawed overnight at 4 ◦C, was mixed with 2.5% NaCl for 1 min. Subse-
quently, 10% unheated Cur/MP emulsion gel (prepared as described in Section 4.5) with
varying Cur contents was added to the surimi. These mixtures were designated C0, C2,
C3, C4, C5, and C6, respectively. The control consisted of surimi supplemented with 10%
soybean oil. The moisture content of all surimi mixtures was adjusted to 78% using crushed
ice, followed by continuous chopping for 4 min. The surimi mixtures were then stuffed
into polyvinylidene chloride casings (inner diameter 30 mm), incubated at 40 ◦C for 30 min
followed by 90 ◦C for 20 min, rapidly cooled. After heat treatment, all samples were stored
overnight at 4 ◦C.

4.8. Emulsified Surimi Gels Property Determination
4.8.1. TPA and Gel Strength

TPA and gel strength of the samples were analyzed using a TA-XT plus texture ana-
lyzer (Stable Micro Systems Ltd., Godalming, UK). After equilibrating to room temperature,
the surimi gel samples were cut into cylinders with a height of 20 mm for subsequent
analysis. The TPA and gel strength of the surimi gel samples were measured using the
same test parameters as those described in Section 4.6.1. Each sample was analyzed with
three replicates.

4.8.2. WHC and Whiteness

WHC and whiteness were measured according to the previous method [8] with
slight modifications. For WHC determination, a surimi gel sample (3 g) was wrapped in
filter paper and centrifuged at 10,000× g for 10 min at 4 ◦C. WHC was calculated as the
percentage of the sample weight retained after centrifugation relative to its initial weight.

A colorimeter (CR-410, Konica Minolta Camera, Co, Tokyo, Japan) was used to de-
termine the lightness (L*), red-green value (a*), and yellow-bulb value (b*) of surimi gels
with a height of 20 mm. All measurements were performed in triplicate. Whiteness was
calculated as follows:

Whiteness = 100 − [(100 − L*)2 + a*2 + b*2]1/2
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4.8.3. LF-NMR

The moisture distribution of surimi gel was determined according to the method of
Zhou et al. [47] using low-field NMR (MesoMR23-040V-I; Niumag Analytical Instrument
Corporation, Shanghai, China). Cylindrical surimi gel samples (30 mm thickness) were
prepared and placed in NMR tubes. Spin-spin relaxation time (T2) was measured at 32 ◦C.
Each sample was analyzed with three replicates.

4.9. Statistical Analysis

All experiments were repeated three times and data were expressed as mean ±
standard deviation. Significance analysis was performed using SPSS 22.0 software (IBM
Corp., Armonk, NY, USA), with and one-way analysis of variance (ANOVA) applied to
determine the data for significant differences. Significantly different groups (p < 0.05) were
denoted by distinct superscript letters. Tukey’s Honestly Significant Difference test was
performed on all data following analysis of ANOVA.
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Abstract: Protein-based emulsion gels and bigels serve as ideal delivery systems owing
to their distinctive structural properties, high encapsulation efficiency, and adjustable
digestive behavior. However, limited research has examined the differences between
emulsion gels and bigels as polyphenol delivery systems. In this study, oil-in-water (O/W)-
type emulsion gels formulated with soy protein isolate (SPI) and κ-carrageenan (κ-CG)
were fabricated using a cold-set gelation method, and then the bigels were prepared
through further oil gelation by the addition of glycerol monostearate (GMS). Both SPI-
κ-CG emulsion gels and bigels were mainly stabilized by electrostatic and hydrophobic
interactions, exhibiting high gel strength, varying from 940 g to 1304 g, and high water
holding capacity (~84%). Both the SPI-κ-CG emulsion gels and bigels demonstrated high
curcumin encapsulation efficiency, reaching 98~99%. Stability testing revealed that bigels
prepared with 15% and 20% GMS exhibited the highest curcumin retention ratios, with
a value of around 78% after storage for 21 days at 25 ◦C, suggesting that denser network
structures more effectively prevent the degradation of the encapsulated compound. During
the in vitro simulated gastric digestion, higher GMS content significantly delayed curcumin
release by over 7%. Increasing GMS concentration from 0% to 20% elevated lipolysis by
over 8% and concurrently improved the release of curcumin by more than 18% during
the in vitro simulated intestinal digestion. This study provides comparative insights into
polyphenol delivery performance between emulsion gels and bigels, offering valuable
guidance for developing functional foods based on gel delivery systems.

Keywords: bigels; emulsion gels; soy protein isolate; κ-carrageenan; curcumin; delivery

1. Introduction

Curcumin, a natural polyphenol characterized by its bis-feruloylmethane structure,
demonstrates multiple pharmacological activities including antioxidant, anti-inflammatory,
anticancer, hepatoprotective, and anti-atherosclerotic effects [1]. Recent studies have
demonstrated that the health benefits of curcumin result from its numerous active metabo-
lites transformed by the host and microbial enzymes [2,3]. However, its poor aqueous
solubility, sensitivity to environmental factors, and gastrointestinal tract conditions (e.g.,
oxygen, light, heat, enzymes) limit its application in functional foods [4]. Therefore, de-
veloping edible carriers is crucial to enhancing curcumin’s physicochemical stability and
targeted release properties.

Gels 2025, 11, 782 https://doi.org/10.3390/gels11100782
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To date, food gels have gained considerable interest owing to their distinctive ther-
modynamic stability, tunable rheological properties, and controlled-release capabilities [5].
Among these gel systems, emulsion-filled gels consisting of emulsified oil droplets en-
trapped within a hydrogel have been developed for the encapsulation, protection, and
delivery of both hydrophobic and hydrophilic bioactives because they combine the advan-
tages of both emulsion and gel network characteristics [6–10]. Within emulsion gel matrices,
protein-bound oil droplets functionally integrate bioactive encapsulation with structural
modulation of the 3D network [11]. This configuration enhances protection efficacy for
oil-phase bioactives through compartmentalization effects and achieves spatiotemporally
programmed release during gastrointestinal transit [12,13].

Bigels possess a novel biphasic system integrating both hydrogel and oleogel phases,
making them serve as novel carriers, 3D printing materials, and fat replacers [14]. The
bigels with an oleogel-in-hydrogel microstructure can serve as a special form of emulsion-
filled gels, exhibiting higher stability due to both gelled phases in the gel network [15].
The gelled oil phase in bigels not only protects encapsulated ingredients against envi-
ronmental stressors (e.g., oxidation, humidity) but also critically governs microstructure
and mechanical properties. By modulating the oleogel’s composition, such as crystalline
network density or oleogelator concentration, the entire bigel system can be engineered to
optimize loading capacity and achieve stimuli-responsive release kinetics for incorporated
bioactives [14]. Lu and co-workers fabricated oleogel-in-hydrogel bigels for the co-delivery
of epigallocatechin gallate and curcumin [16]. It was found that the increase in oleogelator
concentration resulted in more compact gel networks, leading to a lower release rate of cur-
cumin in gastric digestion but a higher release rate in the intestinal stage. In another study,
bigels with konjac glucomannan-gelatin hydrogel phase and stearic acid oleogel phase were
fabricated for the delivery of curcumin, and found that the increase in oleogel/hydrogel
volume ratio could achieve a sustained free fatty acid release but decrease the bioacces-
sibility of curcumin [17]. Bigels have been also used for the encapsulation and delivery
of other polyphenols, such as quercetin, catechin [18], and epigallocatechin gallate [19].
These bioactive-loaded bigel systems show great promise as functional ingredients for use
as fat replacers, in food packaging applications, and in 3D printing foods [20]. Recently,
Kaimal and co-workers compared the difference in the encapsulation of ascorbic acid
within emulsion gels and bigels formulated with xanthan-guar gum and ethyl cellulose;
they found that bigels and emulsion gels had the same bioaccessibility of ascorbic acid
with a value of 87% [21]. While oleogel-in-hydrogel bigels, with their structured oil phase,
are theoretically expected to provide enhanced protection and tunable release profiles for
bioactives compared to emulsion-filled gels, direct comparative studies between these two
systems remain scarce.

Proteins and polysaccharides are widely used in the formation of food gels. The
combination of these two biomacromolecules can lead to distinctive structural and func-
tional properties, owing to the interactions between proteins and polysaccharides [22].
Soy protein isolate (SPI), a commercially significant food protein, is widely recognized for
its nutritional value, functional properties, and health benefits. κ-Carrageenan (κ-CG), a
linear sulfated polysaccharide (15~40% ester sulfate), consists of alternating α-(1→3)-D-
galactopyranose and β-(1→4)-3,6-anhydro-D-galactopyranose units. Our previous studies
demonstrated that protein-κ-CG hydrogels sequentially crosslinked by KCl and glucono-δ-
lactone (GDL) showed enhanced mechanical strength and decreased swelling ratio. In this
study, SPI-κ-CG emulsion-filled gels were fabricated using the double crosslinking gelation
method. Glycerol monostearate (GMS) with various concentrations was further used as an
oleogelator to prepare SPI-κ-CG bigels. This study systematically investigated structural
evolution mechanisms, microstructural architectures, textural profiles, and in vitro diges-
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tive behaviors to elucidate functional divergences between emulsion gels and bigels in
encapsulating, protecting, and delivering curcumin. Our research establishes a theoretical
framework for selecting optimal gel carriers to enhance hydrophobic polyphenol delivery
in nutraceutical applications.

2. Results and Discussion

2.1. Size Distribution and ζ-Potential of Emulsions

As shown in Figure 1A, all SPI-stabilized emulsions with various GMS concentrations
in the absence and presence of κ-CG exhibited a unimodal size distribution. SPI-stabilized
emulsions without GMS exhibited the largest droplet size with a peak of around 300 nm.
The addition of GMS resulted in the gradual decrease in oil droplet size of emulsions,
with a peak of around 150 nm at 20% GMS. These results suggested that the addition
of GMS facilitates smaller oil droplet formation. This was attributed to the high surface
activity of GMS with low molecular weight absorbing faster than SPI into the water–oil
interface during the homogenization [23]. Additionally, unlike sunflower oil, which consists
largely of triacylglycerides, the GMS molecule lacks esterified fatty acyl groups and is more
hydrophilic. This property causes a substantial reduction in the interfacial tension of the
oil phase, thereby decreasing the size of emulsified oil droplets [24,25]. The addition of
0.25% κ-CG had a slight impact on the size distribution of emulsions, which was observed
in the pea protein-κ-CG sunflower oil emulsions and whey protein-gum Arabic sunflower
oil emulsions due to the weak interaction between the protein and anion polysaccharide in
the neutral environment [13,26].
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Figure 1. The size distribution (A) and ζ-potential (B) of soy protein isolate-stabilized emulsions
with various glycerol monostearate (GMS) concentrations in the absence and presence of 0.25%
κ-carrageenan (κ-CG). Different letters (uppercase letters for samples with or without κ-CG, lowercase
letters for GMS concentration) indicate statistically significant differences (p < 0.05).

SPI-stabilized emulsions exhibited a ζ-potential of approximately −48 mV (Figure 1B).
Since the emulsion pH (~7.0) exceeded the isoelectric point of SPI (~4.5) [27], the emulsified
oil droplets possessed negatively charged surfaces. Adding GMS slightly increased the
ζ-potential of the droplets (e.g., −54 mV at 20% GMS), possibly due to altered protein
adsorption at the oil–water interfaces [24]. However, incorporating κ-CG into the SPI-
stabilized emulsion had no significant effect (p < 0.05) on ζ-potential. This suggests that the
negatively charged κ-CG molecules remained primarily in the aqueous phase and did not
adsorb onto the oil droplet surfaces.

2.2. Gel Formation and Microstructure

Figure 2 shows the visual appearance and microstructure of the curcumin-loaded
SPI-κ-CG emulsion gels and bigels with various GMS concentrations. All formulations
could form self-supporting gels with a yellow color. Generally, the emulsifier oil droplets
were almost dispersed within the protein network in the absence and presence of GMS,
suggesting that both oil droplets and proteins were co-localized during the gel formation.
It should be noted that larger oil droplets could be observed in the SPI-κ-CG emulsion gel,
indicating that the aggregation or coalescence of oil droplets occurred during the gelation.
There was no significant oil coalescence in SPI-κ-CG bigels, which is consistent with the
DLS results (Figure 1A).
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Figure 2. Appearance images and confocal laser scanning microscopy images of curcumin-loaded
soy protein isolate-κ-carrageenan emulsion gels and bigels with various glycerol monostearate (GMS)
concentrations. The red and green represent the oil phase and protein phase, respectively. The scale
bar is 75 μm.

2.3. Encapsulation Efficiency of Curcumin

Curcumin possesses very low hydrosolubility of 11 ng/mL, which can be overcome
by encapsulating with protein particles and emulsions [4]. As shown in Table 1, the
encapsulation efficiency of curcumin in SPI-κ-CG emulsions was around 93%. This result
was consistent with goat whey protein-gum Arabic complex-stabilized emulsion (96%) [28],
glutelin-stabilized emulsions (~94%) [29], and mussel protein-stabilized sunflower oil
emulsions (~95%) [7]. GMS addition slightly increased the encapsulation efficiency of
curcumin, as the oil gelation prevented the release and diffusion of curcumin from the
oil to the aqueous phase [30]. The encapsulation efficiency of curcumin in emulsion
gels and bigels was around 100% (Table 1), suggesting that curcumin was completely
encapsulated in emulsified oil droplets or colloidal particles in the aqueous phase during
the gel formation [31]. That is to say, curcumin molecules did not release from the gel
system during the KCl and GDL double crosslinked gelation process, resulting from the
low hydrosolubility of curcumin and complexation of curcumin with soy protein particles
dispersed in the aqueous phase [32].
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Table 1. Encapsulation efficiency of curcumin within soy protein isolate-κ-carrageenan emulsions,
emulsion gels, and bigels with various glycerol monostearate (GMS) concentrations.

GMS (%) Encapsulation Efficiency (%)

Oil Droplet of Emulsion Gel Sample

0 93.2 ± 0.9 a 98.2 ± 0.7 a

10 95.5 ± 1.1 b 99.1 ± 0.9 a

15 96.4 ± 0.8 b 98.8 ± 0.4 a

20 97.1 ± 1.0 b 99.3 ± 0.3 a

Different letters in the same column indicate statistically significant differences (p < 0.05).

2.4. Textural Properties

The textural characteristics of SPI-κ-CG emulsion gels and bigels containing different
GMS concentrations are shown in Table 2. Overall, the gel matrix structure, emulsified
oil droplets, and their interactions primarily influenced the textural profile of emulsion-
filled gels and bigels [33,34]. The gel hardness and chewiness of SPI-κ-CG emulsion
gel were 1304 g and 392 g, respectively. The incorporation of 10% GMS initially led to
a slight reduction in the mechanical strength of the bigels. This may be explained by
the ability of GMS to partially displace proteins from the oil–water interface, thereby
weakening the interactions between emulsified oil droplets and the gel matrix and resulting
in lower overall hardness [11]. However, with further increase in GMS concentration, a
moderate enhancement in gel strength was observed. This strengthening effect is likely
attributable to the role of GMS as an oleogelator, which contributes to the formation of a
more structured and robust oleogel network within the bigel system, thereby increasing its
overall mechanical properties [16]. It should be noted that the double crosslinking SPI-κ-CG
bigels still showed higher gel strength than SPI-agar-alginate double crosslinking emulsion
gels (gel hardness ~360 g) [35] and whey protein-gellan gum double crosslinking emulsion
gels (gel hardness ~123.5 g) [36] at similar protein and polysaccharide concentrations.
Therefore, the KCl-GDL sequential double crosslinking is an effective approach for the
improvement of both SPI-κ-CG emulsion gel and bigel strength, mainly attributed to the
higher degree of crosslinking and intertwined double protein-polysaccharide networks.
The addition of GMS slightly decreased the gel springiness and cohesiveness of SPI-κ-CG
emulsion gels and bigels (Table 2). This was primarily due to oil gelation weakening
interactions between emulsified oil droplets and the gel matrix, thereby reducing gel
elasticity and cohesiveness [37].

Table 2. Textural characteristics of soy protein isolate-κ-carrageenan emulsion gels and bigels with
various glycerol monostearate (GMS) concentrations.

GMS (%)
Hardness

(g)
Springiness Cohesiveness

Chewiness
(g)

0 1304.6 ± 24.7 a 0.594 ± 0.025 a 0.506 ± 0.027 a 392.9 ± 32.3 a

10 940.5 ± 38.9 b 0.592 ± 0.014 a 0.465 ± 0.001 ab 259.1 ± 21.1 b

15 1117.8 ± 30.3 c 0.573 ± 0.022 ab 0.429 ± 0.021 bc 274.7 ± 6.7 b

20 1285.8 ± 15.8 c 0.544 ± 0.003 b 0.414 ± 0.037 c 289.6 ± 30.3 b

Different letters in the same column indicate statistically significant differences (p < 0.05).

2.5. Water Holding Capacity

Water holding capacity of SPI-κ-CG emulsion gels and bigels was around 84%, which
was independent of the GMS concentration (Figure 3). The double crosslinked SPI-κ-CG
emulsion gels and bigels showed higher water holding capacity than Ca2+-induced pea
protein-κ-CG emulsion gels (~75%) [13]. The water holding capacity of gels is affected
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by the crosslinking methods due to the diverse gel microstructure [38,39]. The double
crosslinking emulsion gels and bigels had denser networks and higher gel strength (Table 2)
against water loss during centrifugation.

 
0 10 15 20

0

70

80

90

100

aaa

W
at

er
 h

ol
di

ng
 c

ap
ac

ity
 (%

)

Glycerol monostearate (%)

a

Figure 3. Water holding capacity of soy protein isolate-κ-carrageenan emulsion gels and bigels with
various glycerol monostearate concentrations. Different letters indicate the statistically significant
differences (p < 0.05).

2.6. FTIR

In Figure 4A, the broad absorption peaks at 3200~3600 cm−1 could be observed in
curcumin (~3510 cm−1), GMS (~3312 cm−1), κ-CG (~3388 cm−1), and SPI (~3293 cm−1),
indicating the presence of O-H stretching vibrations participating in hydrogen bonding.
For the sunflower oil and GMS, peaks at 2800~3000 cm−1 corresponded to the stretching
of C-H groups of triglycerides and monoglyceride [40]. SPI displayed two diagnostic
peaks of 1659 cm−1 (amide I, C=O stretch) and 1539 cm−1 (amide II, N-H bend/C-N
stretch). κ-CG exhibits characteristic peaks at 1644 cm−1 (carbonyl group stretching),
1240 cm−1 (ester sulfate group), 848 cm−1 (galactose-4-sulfate), 916 cm−1 (3,6-anhydro-D-
galactose), and 1070 cm−1 (glycosidic bond) [41]. The FTIR spectrum of curcumin exhibited
characteristic peaks in the regions 800~1627 cm−1, while no significant peaks were observed
in the carbonyl region (1650~1800 cm−1), confirming that curcumin adopts the keto-enol
tautomeric form [42].
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Figure 4. Fourier-transform infrared (FTIR) spectra of soy protein isolate (SPI), κ-carrageenan (κ-CG),
curcumin, glycerol monostearate (GMS), and sunflower oil (A), as well as emulsion gels and bigels
with various concentrations of GMS (B).

FTIR analysis of curcumin-loaded emulsion gels and bigels (Figure 4B) revealed
substantial attenuation of characteristic curcumin peaks, indicating successful compart-
mentalized encapsulation within emulsified oil droplets and protein particles during gel
network formation [43]. The FTIR spectra of emulsion gels and bigels were similar to
those of sunflower oil and GMS, attributing to the high proportion of the oil phase in the
freeze-dried gel powders. Furthermore, the characteristic peaks of SPI and κ-CG were
included in the spectrum of emulsion gels and bigels. No new peaks and drastic shifting
were observed in the spectra of emulsion gels and bigels. It is therefore speculated that the
SPI-κ-CG emulsion gels and bigels were mainly stabilized by the noncovalent bonds.

2.7. Intermolecular Force

The significant gel disintegration (Figure 5A) and protein dissolution (Figure 5B)
of all gel samples were observed in EDTA and SDS solutions, while no significant gel
dissolution was observed in water, β-mercaptoethanol solution, and urea, indicating that
electrostatic and hydrophobic interactions are the primary forces for maintaining SPI-κ-CG
emulsion gels’ and bigels’ integrity. During the double crosslinking emulsion gel and bigel
formation, the presence of K+ would induce the aggregation of the helices and κ-CG gel
network formation through the hydrogen bonds and hydrophobic interactions by shielding
the electrostatic repulsion of the κ-CG sulfate groups [44]. Meanwhile, GLD-induced
pH decrease facilitates the electrostatic interactions between SPI and κ-CG to form the
secondary networks. Therefore, the electrostatic and hydrophobic interactions play an
important role in the SPI-κ-CG emulsion gel and bigel formation.

2.8. Chemical Stability of Curcumin in Emulsion Gels and Bigels

Curcumin is sensitive to environmental conditions (e.g., pH, light, and heat) and
rapidly degraded in the aqueous phase [45]. As shown in Figure 6A,B, curcumin retention
in SPI-κ-CG emulsion gels decreased progressively during storage at both 25 ◦C and 45 ◦C,
with 45% and 8% remaining after 21 days, respectively. This high initial retention was due to
curcumin encapsulation within the inner oil phase, which provided substantial protection
from the external environment [46]. Furthermore, the pH decrease during GDL-induced
gel formation enhanced curcumin’s physicochemical stability [45]. GMS incorporation
further reduced curcumin degradation (Figure 6), demonstrating that the bigel structure
offers enhanced protection. This effect intensified at higher GMS concentrations. At

199



Gels 2025, 11, 782

20% GMS, curcumin retention reached ~78% at 25 ◦C and 50% at 45 ◦C after storage
for 21 days (Figure 6A,B). These findings align with studies showing that entrapment
within gel networks improves bioactive compounds’ stability [5]. In bigels, the concurrent
gelation of both aqueous and lipid phases synergistically impedes ingredient degradation.
The hydrogel matrix acts as a physical barrier against pro-oxidants and free radicals [47],
while oleogel networks restrict molecular mobility and limit contact with environmental
degradation factors [14]. Therefore, the encapsulation of curcumin in SPI-κ-CG bigels with
high GMS concentration could effectively improve its chemical stability during storage.
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Figure 5. Appearance images (A) and protein solubility (B) of the emulsion gels and bigels with
various concentrations of glycerol monostearate (GMS) in water, β-mercaptoethanol (β-ME), urea,
sodium dodecyl sulfate (SDS), and ethylene diamine tetraacetic acid•2Na (EDTA). Different letters
(uppercase letters for the samples with different GMS concentration in the same solvent, lowercase
letters for the samples at the same GMS concentration in different solvents) indicate statistically
significant differences (p < 0.05).
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Figure 6. Retention of curcumin encapsulated within soy protein isolate-κ-carrageenan emulsion gels
and bigels with various glycerol monostearate (GMS) concentrations during storage for 21 days at
25 ◦C (A) and 45 ◦C (B).

2.9. In Vitro Digestion
2.9.1. Free Fatty Acids Release

Figure 7A depicts free fatty acid (FFA) release profiles during intestinal digestion
for SPI-κ-CG emulsion gels and bigels with varying GMS concentrations. All systems
exhibited rapid initial FFA liberation followed by progressively slower release kinetics.
Without GMS, about 15% FFAs were released within 30 min, increasing to just 26% by the
end of intestinal digestion. Incorporation of 10% GMS slightly enhanced both release rate
and extent, with values of 17% and 28% after 30 min and 120 min, respectively (Figure 7A).
Further increase in GMS concentration resulted in a slight increase in lipid digestion rate
and extent. As the GMS concentration reached 20%, there was a further increase in lipid
digestion, with 23% and 34% of lipids being digested after 30 min and 120 min, respectively.
These results suggested that the addition of GMS could improve the lipid digestion of bigels
during in vitro intestinal digestion. The oelogel with three-dimensional networks has been
expected to delay lipid digestion through inhibiting the liquid oil diffusion and the access of
the lipase to oils, depending on the oil composition, oleogelator types, gelation mechanism,
and the gel structure and strength [17,48,49]. However, it has been reported that GMS
presented significantly higher digestibility than glyceryl tripalmitate, because pancreatic
lipase could selectively hydrolyze GMS with fatty acids located at sn-1 or 3 positions [50].
Therefore, the increase in GMS concentration might contribute to the higher overall fatty
acids release values.

2.9.2. In Vitro Release Profile of Curcumin

Figure 7B displays curcumin release profiles from emulsion gels and bigels during
simulated gastrointestinal digestion. Generally, a small fraction of curcumin was released
(<11%) after SGF digestion, as curcumin was mainly present in the oil phase or oleogel
phase. Minimal curcumin release (<4%) in bigels with 20% GMS occurred during the
simulated gastric fluid (SGF), as most curcumin remained encapsulated within the oleogel
phases. Bigels with higher GMS concentrations exhibited significantly slower release
rates than emulsion gels, demonstrating enhanced gastric protection against curcumin
degradation. This aligns with findings in whey protein-based [51], gelatin-based [16], and
alginate-based emulsion gel and bigel systems [19].
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Figure 7. (A) The release of free fatty acids from soy protein isolate-κ-carrageenan emulsion gels and
bigels with various glycerol monostearate concentrations during in vitro simulated intestinal diges-
tion. (B) The release of curcumin from emulsion gels and bigels with various glycerol monostearate
concentrations during simulated gastrointestinal digestion.

Upon transition to simulated intestinal fluids, both emulsion gels and bigels showed
rapid curcumin release (Figure 7B), primarily driven by protein and lipid hydrolysis. No-
tably, bigels with higher GMS concentrations ultimately released more curcumin than
emulsion gels, which correlates with their higher FFA release (Figure 7A). The increased
availability of FFAs promotes the formation of mixed micelles, thereby enhancing the
solubilization and bioaccessibility of curcumin [50]. This improvement in bioaccessibility
suggests a corresponding increase in curcumin bioavailability, demonstrating that modulat-
ing GMS content enables tailored control over nutraceutical release kinetics in bigel-based
delivery systems.

The bigel system demonstrates excellent protection and controlled release of curcumin,
making it suitable for enhancing the stability of hydrophobic bioactive compounds in
functional food products, such as fortified beverages, yogurts, or health bars. Furthermore,
the ability to suppress premature release in gastric conditions while enabling intestinal-
specific liberation suggests potential for designing targeted nutrient delivery systems
that improve absorption and efficacy. However, it should be noted that this study has
certain limitations, including the absence of in vivo tests to evaluate the bioavailability and
physiological efficacy of the released curcumin, as well as a lack of assessment regarding
the sensory properties and stability of the bigels when incorporated into real food matrices.
Future studies should therefore focus on validating the in vivo performance of curcumin-
loaded SPI-κ-CG bigels and evaluating their sensory compatibility and stability in actual
food applications.

3. Conclusions

This study successfully fabricated soy protein isolate-κ-carrageenan emulsion gels
and bigels, demonstrating excellent curcumin encapsulation efficiency, protective capacity,
and targeted delivery performance. Incorporating GMS to form hydrogel-in-oleogel bigel
structures slightly decreased gel mechanical strength but significantly improved curcumin’s
chemical stability during storage. Crucially, GMS-enriched bigels suppressed premature
curcumin release in gastric conditions while enhancing intestinal-phase liberation. Compar-
ative analysis revealed that the bigels, with their embedded oleogel phase, outperformed
emulsion gels in encapsulating hydrophobic polyphenols like curcumin. These structures
notably improved the compound’s resistance to degradation and enabled more efficient
intestinal-specific release. The findings underscore the potential of SPI-κ-CG bigels as
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effective oral delivery systems for lipophilic bioactive compounds, offering promising
applications in functional foods, nutraceuticals, and targeted nutrient delivery platforms.

4. Materials and Methods

4.1. Materials

Soy protein isolate (BR, 99%) was purchased from Shandong Xiya Reagent Co., Ltd.
(Linyi, Shandong, China). Sunflower oil (Brand Duoli) was obtained from a local retailer
(Wuxi, Jiangsu, China). κ-Carrageenan (molecular weight 300,000 g/mol), bile salts, porcine
pancreatin (4 × USP specifications), Nile Red, Nile Blue, β-mercaptoethanol, and porcine
pepsin (≥500 U/mg) were purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA).
Glycerol monostearate, sodium dodecyl sulfate (SDS), HCl, ethylene diamine tetraacetic
acid (EDTA), and NaOH were of analytical grade and obtained from SinoPharm CNCM
Ltd. (Shanghai, China). All samples were formulated with deionized water purified using
a Milli-Q purification system (Millipore, Billerica, MA, USA).

4.2. Emulsion Preparation

A 5 wt% soy protein isolate (SPI) solution was subjected to thermal denaturation at 90
◦C for 30 min, followed by controlled cooling to room temperature. Separately, a 0.5 wt%
κ-carrageenan (κ-CG) stock solution was formulated by dissolving κ-carrageenan powder
in pure water at 55 ◦C with continuous stirring for 2 h. Glycerol monostearate (0, 10, 15, or
20 wt% based on oil weight) was incorporated into sunflower oil at 75 ◦C under agitation.
Curcumin (0.5 mg/g oil phase) was dispersed in the lipid phase. Primary emulsions were
formulated via homogenization of a 90 wt% SPI dispersion with a 10 wt% oil phase using
a high-speed homogenizer (Ultra-Turrax T25, IKA, Staufen, Germany) at 12,000 rpm for
2 min, followed by high-pressure homogenization (AH-2010, ATS Engineering, Brampton,
ON, Canada) under 50 MPa pressure and at 50 ◦C for 2 min. The resulting emulsion was
combined with an equal-volume κ-CG solution under continuous stirring (55 ◦C, 30 min).
Final compositions contained 2.5 wt% SPI, 5 wt% oil phase, and 0.25 wt% κ-CG.

4.3. Emulsion Size Distribution and ζ-Potential Measurement

The particle size distribution and ζ-potential of emulsion samples were measured
via dynamic light scattering (DLS) using a Brookhaven Instruments Co., Ltd. (New York,
NY, USA) analyzer at 25 ◦C after suitable dilution. For particle size analysis, intensity
distributions were derived from measurements conducted at a 90◦ scattering angle. ζ-
Potential values were computed using the Smoluchowski theory.

4.4. Fabrication of Emulsion Gels and Bigels

The freshly prepared emulsion was mixed with 1 M KCl to achieve a final gel concen-
tration of 10 mM KCl. After overnight storage at 4 ◦C for gelation, KCl-induced emulsion
gels/bigels were immersed in twice the volume of 1 wt% GDL solution and incubated at
4 ◦C. This yielded dual-crosslinked gels/bigels through successive KCl and GDL crosslink-
ing mechanisms.

4.5. Encapsulation Efficiency of Curcumin in the Emulsions and Gels

Curcumin content in emulsified oil droplets, emulsion gels, and bigels was quantified
following established protocols [52]. Emulsions were centrifuged at 20,000× g for 30 min.
The supernatant (0.5 mL) and GDL solution (0.5 mL) used for the gel preparation were
mixed with 9.5 mL ethanol to extract curcumin, followed by centrifugation at 10,000× g
for 10 min. Curcumin concentration in ethanol extracts was determined at 425 nm using a
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Shimadzu UV-Vis spectrophotometer (Tokyo, Japan) against a standard curve (y = 137.73x
− 0.0017, r2 = 0.9996). Encapsulation efficiency was calculated using Equation (1):

Encapsulation efficiency (%) =

(
1 − Ca

Ct

)
× 100% (1)

where Ct represents total curcumin content in whole emulsion, emulsion gels, and bigels,
Ca represents curcumin content in the supernatant and GDL solution during gelation.

4.6. Water Holding Capacity (WHC)

WHC was determined using an established method [53]. Approximately 3 g gel
samples were centrifuged (8000× g, 20 min) in 50 mL tubes. Excess water was removed
with filter paper, and WHC was calculated using Equation (2):

WHC (%) =

(
1 − Wt − W1

Wt

)
× 100% (2)

where Wt represents the initial gel mass (g), W1 represents gel mass after centrifugation
and water removal (g).

4.7. Texture Profile Analysis (TPA)

TPA was conducted using a TA.XT Plus texture analyzer (Stable Micro Systems, Surrey,
UK) equipped with a P-36R cylindrical probe [35]. Cylindrical samples (2 cm diameter ×
1.5 cm height) were compressed twice to 50% strain at 1.0 mm/s with a 3 g trigger force.
Textural parameters were derived from the resultant force-time curves using Exponent
software (Version 8).

4.8. Microstructure Characterization

The microstructure of samples was observed using a TCS SP8 confocal laser scanning
microscope (Leica Microsystems GmbH, Heidelberg, Germany). Nile Red (2 mg/mL,
ethanol, dyes in oil phase) and Nile Blue (2 mg/mL, distilled water, dyes in protein phase)
were added to the emulsion at ratios of 1:50 and 1:100 (v/v, dye: emulsion), respectively,
before the gel preparation. The dyeing gel samples were placed on a slide and covered
with a coverslip. At excitation spectra of 633 nm for Nile Blue and 552 nm for Nile Red,
images of the regions represented by each sample were taken with 40× (objective lens)
magnification using an He-Ne laser.

4.9. Fourier Infrared Spectroscopy (FTIR)

Freeze-dried gel samples were ground with KBr in a 1:100 (w/w) mass ratio and
homogenized to form a uniform powder. FTIR spectral data were collected using a Nicolet
iS10 Fourier-transform infrared (FTIR) spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). Spectra were recorded from 4000~400 cm−1 at 4 cm−1 resolution (32 scans
co-added), with background subtraction using pure KBr.

4.10. Intermolecular Force Analysis

Intermolecular forces stabilizing emulsion gels and bigels were characterized using an
established solvent-disruption protocol [54]. Gel samples (2.5 g) were immersed in 10 mL of
target solvents and continuously dissolved at 25 ◦C for 3 h. Post dissolution, residual gels
were filtered to obtain solubilized fractions. Four solvent systems were employed: pure
water, Tris buffer containing 4 mmol/L EDTA·2Na (0.086 mol/L Tris, 0.09 mol/L glycine,
pH 8.0; disrupting electrostatic interactions), 2% (w/v) SDS (disrupting hydrophobic inter-
actions), 8 mol/L urea (disrupting hydrogen bonding), and 1% (v/v) β-mercaptoethanol
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(disrupting disulfide bonds). Soy protein concentrations in each solubilized fraction were
quantified via the Kjeldahl method (N × 6.25 conversion factor).

4.11. Stability of Curcumin in Emulsion Gels and Bigels

All samples underwent accelerated stability testing at 25 ◦C and 45 ◦C for 21 days.
The curcumin content in gel samples was determined using previously published
protocols [52,55]. Briefly, 0.5 g gel samples were homogenized with 9.5 mL ethanol to
extract curcumin, then centrifuged at 20,000× g for 30 min. The supernatant was analyzed
at 425 nm using UV-Vis spectrophotometry. The stability of curcumin in emulsion gels and
bigels was assessed by its retention throughout storage.

4.12. In Vitro Digestion of Emulsion Gels and Bigels
4.12.1. Simulated Gastrointestinal Tract Digestion

Gel samples underwent in vitro digestion following a modified INFOGEST 2.0 proto-
col [56]. Briefly, 10 g of gel samples were minced and dispersed in 10 mL of PBS (pH 7.0) for
3 min. Subsequently, the resulting mixture was incubated with simulated gastric fluid (SGF)
containing 2000 U/mL pepsin at pH 3.0 over a 2 h period. Following SGF incubation, the
digesta were combined with 40 mL of simulated intestinal fluid (SIF) containing 100 U/mL
pancreatin and 10 mM bile salts, and mixed for 2 h. The pH of the digestive fluid was
maintained at 7.0 by incremental addition of 0.1 M NaOH throughout the entire intesti-
nal digestion phase. Quantification of free fatty acid (FFA) release was performed using
Equation (3) [57,58]. All digestions occurred at 37 ◦C with constant agitation (100 rpm).

FFA (%) =
VNaOH × CNaOH × MLipid

2 × WLipid
× 100% (3)

where VNaOH represents volume of NaOH titrant consumed (mL), CNaOH represents mo-
larity of NaOH solution (0.1 M), MLipid represents average molecular weight of sunflower
oil triglycerides (880 g/mol), and WLipid represents mass of lipids in digested samples
(g). The stoichiometric relationship arises from lipase-catalyzed hydrolysis, where each
triacylglycerol molecule releases two free fatty acids.

4.12.2. Release Profile of Curcumin During the Digestion

To evaluate curcumin release kinetics from emulsion gels and bigels, digestive aliquots
were collected every 30 min during gastrointestinal simulation. Each sample was imme-
diately quenched in ice-water to halt enzymatic activity. Curcumin content in quenched
aliquots was quantified per Section 2.5 methodology. Cumulative release was calculated
using Equation (4):

Release ratio of curcumin (%) =
Ct

Ci
× 100% (4)

where Ci represents the initial content of curcumin in emulsion gels or bigels, Ct represents
the content of curcumin at time t during digestion.

4.13. Statistical Analysis

Each experiment was conducted in at least triplicate replicates. The results are ex-
pressed as mean ± standard deviation (SD). Statistical analysis was performed using
one-way analysis of variance (ANOVA) combined with Dunnett’s post hoc test, executed
via SPSS 20.0 software (IBM Corporation, New York, NY, USA). A p-value less than 0.05
was considered statistically significant.
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