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ABSTRACT

Emulsion gels can be potentially used to structure lipids when developing novel plant-based food products. Current emulsion
gels comprising a single polymeric network in the continuous phase are limited in their ability to deliver the desired textural
and functional properties. In biomedical engineering, double-network hydrogels are extensively used. Here, the concept was
applied to create double-network emulsion gels with enhanced stability, texture, and encapsulation of bioactive ingredients to
closely mimic animal-based food. The existence of a second network is crucial to tuning the thermal characteristics for cooking
stability and controlled release for functional food applications. The textural and thermal characteristics in dual gel network
systems could be modulated by varying the concentration of individual biopolymers and/or gelators. Albeit the improvement
compared to a single gel system, there are still challenges in creating double-network emulsion gel systems from food proteins
and polysaccharides, mainly due to the differences in osmotic pressure of the hydrophilic continuous polysaccharide gel network
and the hydrophobic dispersed oil phase. This led to apparent phase separations in these mixed protein-polysaccharide systems
that have negative implications on the gel strength of these gels. This review provides a summary of the current understanding
of double-network emulsion gels in terms of formation, network interaction, and implications on their properties relevant to
food processing and product applications. The double-network emulsion gels could be a better option for structuring lipids than
single-network emulsion gels and oleogels in plant-based food products.

1 | Introduction

garnered interest due to their structural similarity to animal

The versatile use of gels encompasses various applications,
from carriers of bioactive ingredients to the creation of food
analogs. Single network emulsion gels are soft materials that
consist of stabilized oil droplets, encased and immobilized by a
three-dimensional polymeric network in the continuous aqueous
phase. For food applications, the continuous phase typically
consists of proteins and polysaccharides interacting through
physical and/or chemical interactions. Likewise, the amphiphilic-
ity of protein and certain polysaccharides is responsible for
the stabilization of the dispersed phase. Emulsion gels have

tissues and animal-derived foods. Like the case for adipose
tissue, where lipocytes are immobilized in a matrix of connective
tissues, or cheese, where milk fat is encased within a casein
network (Ren et al. 2022). Compared with other lipid structuring
regimes, such as oleogels, emulsion gels typically require lower
gelation temperatures during their formation, thus preventing the
degradation of bioactive ingredients or oxidation of lipids (Lin
etal. 2020; Valle et al. 2024; Zetzl et al. 2012). Food categories such
as dairy, confectionery, and condiments are typical emulsion-
based foods encountered in our diets. As they contain both lipid
and aqueous phases, emulsion gels have been investigated as
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controlled-release delivery devices for hydrophilic and lipophilic
bioactive ingredients (Yiu et al. 2023).

On the other hand, double-network hydrogels are characterized
by the existence of two interpenetrating polymeric networks
within a three-dimensional aqueous phase. These gels have
been adopted in biomedical and tissue engineering for creating
materials with enhanced mechanical strength and increased
functionality, as the advantages of each network could be comple-
mentary to the target application (Gu et al. 2018; X. Xu et al. 2021).
Efforts to apply the double network approach to create highly
texturized food hydrogels were observed recently to mimic the
tough texture of beef reticulum and rumen (Du et al. 2023).

Most studies to date remain focused on emulsion gels with a
single network as their structural formation. As the demand for
novel food rises due to global challenges in human health and the
environment, a prominent need exists to develop more versatile
food gels with targeted properties. Challenges persist in tailoring
properties such as stability, texture, and other functional proper-
ties with the current emulsion gel frameworks. In single-network
emulsion gels, the delivery of these properties is shouldered by
the single biopolymer. Such that, in cases where the strength of
the network is not sufficient, another solid material was used.
For instance, saturated fat was used to increase gel firmness
(Dreher et al. 2020; Oliver et al. 2015). Thus, emulsion gels
with complementing polymeric networks could be a possible
solution to improve texture with better health implications
without using saturated fat. Moreover, despite single-network
emulsion gels being successful in the protection of bioactive
ingredients and probiotics in both phases, a recent study showed
that the inclusion of a second polymeric network could offer
better protection and modulation of release in double-network
emulsion gels. (Ghiraldi et al. 2021; Lu et al. 2019; Qin et al.
2023). Therefore, a double-network schematic could enable the
creation of healthier texturized food with greater control over its
performance for improved effectiveness in delivering desirable
characteristics.

This review seeks to outline the current progress in the devel-
opment of double-network emulsion gels in relation to network
interactions and their implications on gel properties. From these
properties, potential applications of double-network emulsion
gels in food were examined to demonstrate the benefits of using
double-network gels in new products.

2 | Double-Network Gels in Food

2.1 | Double-Network Hydrogels: Network
Formation and Interaction

The existence of two interpenetrating or semi-interpenetrating
networks in double-network hydrogel allows for the mechanical
strength of the gel to be enhanced (Yin et al. 2023). The
intra- and internetwork interactions may be guided by covalent
and/or physical interactions like hydrogen bonds, hydrophobic
interactions, and electrostatic interactions (Yin et al. 2023; Zhang
et al. 2019). In food, double-network hydrogels focus on the use
of biopolymers as the building block for the two networks. These
hydrogels could function as edible delivery systems, as well as

plant-based meat mimetics, owing to their enhanced resistance
to environmental stressors and mechanical strength (Yin et al.
2023).

The biopolymers that could be used in these hydrogels include
both naturally extracted proteins and polysaccharides, as well
as modified variants of biopolymers. Double-network hydrogels
have been created using double protein, double polysaccharide,
and mixed protein-polysaccharide systems (Yin et al. 2023).
Common protein candidates in double-network food gels include
whey protein, gelatin, and pea protein. Polysaccharides used in
double-network food gels are alginates, carrageenan, cellulose,
konjac glucomannan (KGM), gellan gum, and starches. The
gelation of these biopolymers can be done through the addition
of food-grade gelators like salts, acids, and enzymes, or processing
means such as heat or shear (McClements 2024).

The networks could form sequentially (two-step) or simultane-
ously (one-step), where the gel-inducing process may be common
or varying between proteins and polysaccharides. A two-step
process, in which each network was formed via its respective
gelling condition, offers greater control over the gel formation as
each network could be tailored and adapted as needed. A two-
step process may be significantly slower than a one-step process,
as second network formation requires additional processing,
handling, and/or incubation (Chen et al. 2015; Du et al. 2021).
These limitations could be partially remedied through a “one-
pot” method, where both monomers are dissolved in the initial
solution and gelled by varying processing conditions (Chen et al.
2015; Du et al. 2021; Du et al. 2022). On the other hand, a one-
step process allows for the rapid formation of a double-network
system with increased uniformity (Li et al. 2016). This is achieved
by the co-addition of gelators or the use of a common processing
pathway. Nonetheless, protein and polysaccharides share similar
gel-initiation, despite differences in their chemical structure (Du
etal. 2021; Kim et al. 2024). A range of factors, such as the type and
concentration of gelators, thermal processing, and the relative
concentration and molecular weight of each biopolymer, may
affect the inter and intramolecular interactions within the gel
microstructure. As such, the design of food double-network gels
needs to account for these factors during fabrication to optimize
the desired characteristics (Du et al. 2021).

In a protein-polysaccharide mixed system, where calcium ions
may gel both pea protein and sodium alginate (SA), Wang et al.
(2022) described a two-step, one-pot method to create a double-
network hybrid interpenetrating gel. The first network, which
covalently crosslinks pea protein with TGase, was formed before
submerging the gel in a calcium chloride solution for 18 h to
create the second network. Conversely, a one-step method is
sufficient to create a physical double-network gel between protein
and polysaccharide with interactions between the two networks.
Du et al. (2022) described a gelatin/agarose gel created simply by
sequential heating and cooling. ATR-FTIR analysis showed that
the interactions between the networks were through hydrogen
bonds, with no covalent bonds formed between the two species
(Du et al. 2022). Furthermore, in protein-polysaccharide gels cre-
ated by heat and oxidase treatment, the degree of interpenetration
and linked interaction between gels may also be modulated by the
protein/polysaccharide ratio and enzyme concentration (Chen
et al. 2019).
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On the other hand, an interpenetrating double-network hydro-
gel may also be formed in a one-pot, one-step method using
both charged and neutral polysaccharides. Amici et al. (2002)
described a xC and agar double-network gel formed by exploiting
the charged nature of x¥C. Although both agar and ¥C may be
gelled by sequential heating and cooling, the addition of potas-
sium salt into the mixture selectively binds with the carrageenan
to elevate its gelation temperature and promotes carrageenan-—
carrageenan interactions. As shown by Tao et al. (2022), excessive
addition of ions may disrupt the formation of the double helix
of high-acyl gellan gum (HAG) in a double-network gel with
agarose, which results in a weakened gel. This may be rectified
by immersing the cooled gel in calcium chloride rather than the
addition of salt prior to cooling. The immersion of a set gel after
the gelation of a first network is preferred if the second network
requires additional gelators or modification. Such was the case for
the creation of a DKG/agarose gel, where a set gel of agarose and
KGM was first created before the gel was immersed in sodium
carbonate for the deacetylation of KGM (Du et al. 2023).

A different prospect exists when attempting to form an inter-
penetrating network of two proteins, where the selection of
proteins is critical to forming a double-network gel. In mixed-
protein systems between whey and soy, the one-step heat-induced
gelation created a singular network as whey and $-conglycinin
share a similar denaturation temperature. The singular network
was observed to have a storage modulus (G’) that is between
the pure gel of the respective species at a constant total protein
content. However, the composite gel is stronger than the sum of
the individual gels at their respective ratio (Jose et al. 2016). How-
ever, an interpenetrating network may be formed where the two
proteins have different denaturation temperatures. Such a case
was observed as demonstrated by Wu et al. (2019) for cod actin
(73-74°C) and soy protein (77°C and 94°C). Moreover, double-
network protein gels may also be formed by two proteins that
gel via contrasting interactions that are affected by their native
amino acid composition. Interpenetrating protein networks were
able to be formed from a prolamin and a globulin. Globulin, like
soy protein, is limited in free sulfhydryl groups that would not
readily form disulfide bonds with cystine-rich prolamin, such
as gluten, during heating (Cornet et al. 2020; Lambrecht et al.
2017). Moreover, the lack of Lys in zein protein, and its low
water solubility were not found to have formed co-protein with
soy/pea in the presence of TGase (Mattice and Marangoni 2021).
Therefore, it is apparent that success in making double-network
protein gel lies within the correct pairing of proteins.

22 |
Food

Design of Double-Network Emulsion Gels in

Double-network emulsion gels add a further layer of complexity
compared with double-network hydrogel, as it is crucial to
maintain emulsion stability and understand the role of the
dispersed phase in the network.

Both proteins and polysaccharides may be used as emulsifiers to
stabilize the oil/water (O/W) interface. Proteins are amphiphilic
species that contain both hydrophobic and hydrophilic amino
acids, allowing them to adsorb at the surface of oil droplets
(Yiu et al. 2023). In contrast, most polysaccharide chains are

hydrophilic, resulting in poor emulsifying properties (Nakauma
et al. 2008). Certain polysaccharides, such as sugar beet pectin
(SBP) and gum arabic, contain hydrophobic moieties on the
chain, allowing them to stabilize the O/W interface. The viscosity-
inducing, along with their steric and electrostatic effects, hinder
the flocculation and aggregation of droplets, which result in the
stability of the emulsion (Miao et al. 2021; Nakauma et al. 2008).
Furthermore, Pickering emulsions may be formed by micro- or
nanoparticles of protein and polysaccharides. Pickering particles
are spherical solids that adsorb at the O/W interface. The partial
wetting of the particle by both fluids creates a physical and an
energy barrier against coalescence and Ostwald ripening (Sarkar
and Dickinson 2020; Schroen et al. 2024). In food, Pickering
emulsions, mixed interfaces were identified to be more common
in food-based Pickering particles due to the existence of surface-
active components (Schroen et al. 2024). The role of various
surfactant types and Pickering particles is indispensable as the
stability at the interface is key to the quality of the emulsion gel
product.

In addition, the dispersed droplet may act as an integral part
(active filler) or a noninteracting component (inactive filler)
within an emulsion-filled gel, which could impact its mechanical
properties (Dickinson 2012). In emulsion gels where the dispersed
phase participates as an active filler, gel strengthening was
typically observed. As an active filler, the emulsion gel would
also be more akin to animal tissues, where cells adhere to the
connective network (van Oosten et al. 2019). In the formation
of a double-network emulsion gel, the overlapping of the emul-
sifying and structuring biopolymer was seen to strengthen the
participation of the dispersed phase in the gel network. This
is illustrated in Figures 1al,a3, as protein-stabilized oil droplets
could form an interpenetrating network with other protein or
polysaccharide molecules. On the other hand, the hydrophilicity
of polysaccharides was highlighted in Figure 1a2 as a typical
emulsion-filled gel where amphiphilic species-stabilized droplets
are dispersed within interpenetrating polysaccharide networks.
The above factors highlight the importance of the combination
and compatibility between biopolymers in double-network emul-
sion gel, as another degree of freedom was introduced beyond
single-network systems.

The formation mechanism of double-network emulsion gel sys-
tems could be imprinted from their hydrogel counterparts, as the
network largely exists in the hydrophilic phase. Both two-step
and one-step formation mechanisms exist for a double-network
emulsion gel. Figure 1b outlines the common formation mech-
anism of double-network emulsion gels in food. The gelation
process usually begins with blending biopolymers and gelators
into a stock emulsion stabilized by one of the biopolymers or
a small molecule emulsifier (SME). The process then could be
accompanied by heat processes to initiate gelation or dispersion
for cold-set gelation. Like double-network hydrogels, two-step
processes were identified using different gelation conditions that
were tailored for respective biopolymers. This could manifest as
changing heating conditions or the submersion of the interme-
diate emulsion gel into a salt bath to initiate the gelation of the
second network.

The added complexity, albeit with existing similarities to
existing single-network emulsion gels and double-network
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FIGURE 1 |

Schematic illustration of double-network emulsion gels and their formation process. (a) Graphical illustration of the progression of

gelation from an emulsion with constituent biopolymers (leftmost) to a double-network emulsion gel (rightmost). (al) Double-network formed by

proteins and polysaccharides showing an interpenetrating polysaccharide network with a protein-stabilized and crosslinked oil droplet network. (a2)
Double-network formed by interpenetrating polysaccharide networks with a dispersed oil phase. (a3) Double-network formed and stabilized by proteins
with varying methods of cross-linking. (b) Typical formation mechanisms of double-network emulsion gels with their advantages and disadvantages.

hydrogels, creates great opportunities for developing double-
network emulsion gels. This review follows the develop-
ment of a double network by the possible combinations of
proteins and polysaccharides (protein-polysaccharide, double-
polysaccharide, and double-protein), by analyzing their gelation
mechanisms, interactions, and properties that are unique to their
combination.

3 | Protein-Polysaccharide Double-Network
Emulsion Gel Systems

Various formulations of proteins and polysaccharides have been
studied to create firm and stable emulsion gels. In most cases,
polysaccharides were used as the gelling agent in a protein-
stabilized emulsion, in which protein does not form a continuous
network within the polysaccharide gel. Conversely, protein-
only emulsion gels form a porous particulate gel (Dickinson
2012). The porous nature of protein gels rendered proper-
ties such as water holding capacity (WHC) and gel strength
dependent on its microstructure, namely its aggregate size and
uniformity (X. F. Wang et al. 2019). As the incorporation of
polysaccharides into protein-emulsion gel occupies the voids left
by the protein network, the WHC, and mechanical strength
may be improved. Table 1 shows current research on protein-
polysaccharide emulsion gels by identifying their structuring
agent, gelation mechanism, and their interactions in the gel.

3.1 | Fabrication Process, Gelation Mechanisms,
and Network Interaction

Cold-set double-network gels using both protein and polysac-
charide were routinely investigated as a carrier for bioactive
ingredients. In a study by X. Li et al. (2024), pea protein isolate
(PPI)/xC emulsion gels were created at varying xC concentrations
(0.25-1.5%). Incorporating xC into the protein emulsion gel
improved WHC and increased the gel’s hardness, springiness,
as well as chewiness of the gel. The intra- and internetwork
interactions were determined by solvent dissociation. The gel was
found to be guided by hydrophobic interactions (disassociated by
EDTA) and hydrogen bonds (disassociated by SDS). However, the
group determined that a double network could only be created
with xC below 0.75%. As seen in Figure 2a, distinct phases of
protein and xC locales were seen under confocal laser scanning
microscopy (CLSM) and scanning electron microscopy (SEM) at
high xC concentrations. This was attributed to the preferential
binding of CaCl, to ¥C, which, in high concentrations, curtailed
the aggregation of pea protein, leading to the formation of a
phase-separated gel.

Qin et al. (2023) investigated the use of whey protein isolate
(WPI) (—)-epigallocatechin-3-gallate (EGCG) and HAG to form a
Pickering double-network emulsion gel for the encapsulation of
probiotic bacteria Lactobacillus plantarum. Amphiphilic wettable
particles of WPI and EGCG were formed by free-radical induction
to create Pickering emulsions that are resistant to enzymatic
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TABLE 1 | Summary of protein-polysaccharide network emulsion gel in research.

Structuring Gelation Filler
Biopolymer Emulsifier mechanism (A/T) Properties Reference
xC, PPI PPI Ca**-induced A * 1G’, texture, water holding capacity (X. Lietal.
gelation of PPI and (0-1.5% xC) 2024)
. 10n-'as51steq . * Phase-separation observed >0.75% xC
coil-helix transition
of xC * Hydrophobic interactions and hydrogen
bonds (PPI/xC)
WPI-EGCG, WPI-EGCG GDL/Ca* -induced A + 1G’(0.1-0.2% HAG) (Qin et al.
HAG Pickering gelation of , 2023)
* |G’ (0.3% HAG
particles WPI-EGCG 16 )
complex, * Phase-separation observed >0.2% HAG
2+
Ca . induced * Hydrogen bond (HAG/HAG), ionic and
gelation of HAG . -
hydrophobic interaction
(HAG/WPI-EGCG), disulfide bond
(WPI-EGCG/WPI-EGCG)
PPI, xC PPI TGase-induced - * 1G’, texture (0-1.0%, k<C>HAG >KGM) (Hou et al.
crosshnklln & Of,PPI * TWater holding capacity (HAG> xC = 2022)
and Coil-helix
g KGM)
transition of xC
PPI, HAG TGase-induced _ * Phase separation observed at high
crosslinking of PPI polysaccharide content (HAG>>KGM>
and Coil-helix xC)
transition of HAG * Covalent bond (PPI/PPI), hydrogen bond
PPI, KGM TGase-induced - (xC/ xC, HAG/HAG, KGM/KGM)
crosslinking of PPI
and swelling of KGM
Zein, SA Zein TGase-induced - * 171G’ (0-0.5% SA, +ve Ca**, +ve TGase) (Yan et al.
crosslinking of zein . . e 2021)
and Ca>-induced TEmulsion stability, viscosity (+ve SA)
cross-linking of SA * TGase produced a weak zein gel but
increased interfacial and emulsion
stability
* Covalent bonds (zein/zein), ionic
interactions (zein/SA, SA/SA)
WPC-XG, xC WPC-XG  CA and K*-induced A * 1G’, water holding capacity (0-0.8% xC,  (Shen et al.
complex aggregation of 0-0.09% CA-K*) 2024).
WPC-XG comp lex * 1Freeze-thaw stability (+ve xC, +ve
and ion-assisted
S . CA-K*)
coil-helix transition
of xC * Electrostatic interactions
(WPC-XG/WPI-XG), ionic interactions
(xC/xC), hydrogen bonds (xC/WPC-XG).
SPI, SA SPI Ca?*-induced - * 171G’ (0-0.6% SA) |G’ (0.8-1.0% SA) (Wang et al.
aggregation of SPI 2024)

and Ca**-induced
cross-linking of SA

* tWater holding capacity, freeze-thaw
stability (0-1.0% SA)

* Phase-separation observed at high SA
content (>0.8% SA)

* Electrostatic interactions (SA/SPI),
hydrophobic interactions (SPI/SPI), Ionic
interactions, and hydrogen bonds (SA/SA)

Abbreviations: A: active, CA: citric acid, EGCG: (—)-epigallocatechin-3-gallate conjugate, GDL: glucono-d-lactone, HAG: high-acyl gellan gem, I: inactive, xC:
x-carrageenan, KGM: konjac glucomannan, PPI: pea protein Isolate, SA: sodium alginate, TGase: transglutaminase, WPC: whey protein concentrate, WPI: whey
protein isolate.
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FIGURE 2 | Microstructure and rheological properties of polysaccharide-protein double network emulsion gel. (a) CLSM micrographs of a PPI-xC

double network gel from 0.75% to 1.5% xC (w/w). (al) Micrograph showing the oil phase (red, Nile Red), pea protein (green, Nile Blue), and a merged
image. (a2) Micrographs showing xC (red, fluorescein-5-isothiocyanate), pea protein (green, Nile Blue), and a merged image. Source: Reproduced from
X. Li et al. (2024) under terms of CC-BY license, Copyright 2024, MDPI. (bl) Frequency sweep of a WPI/EGCG-HAG double network emulsion gel
at varying HAG concentrations. (b2) Optical and SEM images of WPI/EGCG-HAG double network emulsion gel with 0.1-0.3% (w/w) HAG. Source:
Reproduced with permission from Qin et al. (Qin et al. 2023), Copyright 2022, Elsevier. Images were adapted.

digestion. A one-step method was used to create a double-
network emulsion gel by simultaneously adding GDL, CaCl,, and
HAG. As a result, two networks of GDL-induced WPI/EGCG
particulate gel and Ca**-induced HAG network were formed as
the gel was allowed to set after 2 h. Overall, the existence of
the double network improved the G’ of the emulsion gel, with
maximum gel strength observed at 0.2% HAG (Figure 2bl). The
simultaneous addition of GDL and CaCl, was shown to encourage
the aggregation of gelation of WPI/EGCG and HAG, respectively,
with synergetic effects. Namely, this came in the form of acid-
ification, which enhanced hydrogen bond formation in HAG
alongside ion bridging of Ca**, hydrophobic interactions between
WPI/EGCG and HAG, and disulfide bonds between Pickering
droplets. Nonetheless, excessive HAG (0.3%) was shown to have
weakened the gel by showing a lower G’ compared to 0.2% HAG
(Figure 2bl). It was suggested that this observation may be due
to bridging flocculation, which could be the case as the gels’
microstructure becomes more compact as HAG content increases
(Figure 2b2). This is not dissimilar to the findings from X. Li
et al. (2024) (Figure 2a2), in which excessive polysaccharide (xC)

caused phase separation. Thus, both studies indicate that achiev-
ing an optimal concentration of polymer is critical to obtaining
maximum gel strength when salt/acid gelators are used.

A similar effect was seen in a covalently linked protein gel with
a polysaccharide network, despite no competition in gelators. A
double-network emulsion gel system was created using TGase
cross-linked PPI and various polysaccharides (xC, HAG, and
KGM) by Hou et al. (2022) using a one-step method. PPI, along
with a polysaccharide, was solubilized before forming an emul-
sion under high shear. The addition of TGase dispersed followed
the emulsion formation, where the mixture was incubated at
37°C for protein covalent cross-linking and later heated to 85°C
for enzyme inhibition. Fourier transform infrared spectroscopy
(FT-IR) analysis of the emulsion gel revealed that interaction
within the gel is guided by hydrogen bonds (broad absorption,
3100-3400 cm™), and the addition of polysaccharides had a
limited effect on the chemical cross-linking of protein. Phase
separation was again observed in samples prepared with high
polysaccharide content at varying extents. The effect was the
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most pronounced with HAG, as large voids of presumed HAG-
rich areas were seen in its microstructure under CLSM across
all concentrations tested (0.2-1% (w/w)) with larger oil droplets
suggesting coalescence. Although a similar effect was seen in xC
and KGM emulsion gels, the size of the voids was substantially
smaller with well-dispersed and uniform droplets. The effect was
attributed to the thermodynamic incompatibility and volumetric
effect between protein and polysaccharide at neutral pH. When
a neutral polysaccharide such as KGM was added, changes in
osmotic pressure from hydrophilic polysaccharides promoted the
concentration and aggregation of the protein phase (Tobin et al.
2012). While at neutral pH or low ionic strength, repulsion occurs
between the negatively charged protein and polysaccharide
(Zhang et al. 2017).

The properties of proteins and polysaccharides allowed for the
ready manipulation into forming distinctive networks within
a single gel body. Double-network in protein-polysaccharide
systems could take the benefit of both common (salt and acid)
and distinctive gelators (enzymes) to form via a one-step process
during gelation. Interactions between networks by ionic and
hydrophobic interactions were observed, especially in gel systems
where common gelators were used. However, phase separation
was observed for protein-polysaccharide emulsion gels regardless
of the type of gelator and bonds present in the gel. As phase-
separation was observed in gel created at higher polysaccharide
concentrations and instances where preferential binding of ionic
gelators to one species was observed, it implies that optimization
of its formulation to ensure the greatest compatibility to create a
synergistic network.

3.2 | Properties of Protein-Polysaccharide
Emulsion Gel System

Polysaccharide-protein double network emulsion gel possesses
several advantages over single network gels. In a protein-based
emulsion gel, the formation of an additional polysaccharide
network improves gel strength and WHC beyond that achieved
by the single network (Table 1). Generally, an increase in
polysaccharide concentration would increase the WHC of a gel
as the pores within the particulate gel network are filled by
hydrophilic polysaccharides. WHC in double-network emulsion
gel may reach >90% at higher polysaccharide concentrations
(Hou et al. 2022; X. Li et al. 2024; Zhang et al. 2024). Much like
single-network systems, WHC of double-network gels may also
depend on oil volume and the type and amount of gelator used
(Shen et al. 2024; Zhang et al. 2021). As the principal component
for inducing cross-linkage between molecules, an increase in the
gelator concentration may enhance cross-linkage, resulting in a
denser gel (Shen et al. 2024). An increase in oil content increases
water retention within the gel as the compacting oil droplets
enhance capillary effects and resistance to mechanical forces
from the droplet’s elasticity (Line et al. 2005). A similar effect
was seen in wheat bran arabinoxylan and soy protein isolate (SPT)
emulsion gel up to 10% (w/w) oil. Beyond that point, the increase
in oil content led to a decrease in WHC as phase separation was
amplified (Zhang et al. 2021).

The formation of a protein-polysaccharide double network emul-
sion gel has also seen improvements in gel strength and texture.

Increases in biopolymer content were generally seen to positively
affect gel strength and the resulting texture of the gel as measured
in texture profile analysis (Hou et al. 2022; Zhang et al. 2024). For
instance, the inclusion of xC (0.25-1.5% xC) in PPI emulsion gel
yielded 1.09 to 74.45 times hardness improvement compared to
0% xC. This indicates that the addition of polysaccharides is a
viable pathway to further texturize protein gels, thus improving
the perceived texture of these systems. A maximum G’ in small
amplitude oscillatory strain analysis was observed in samples
containing an intermediate gum content in systems with gellan,
inulin, and SA (Qin et al. 2023; Wang et al. 2024; Q. Q. Xu
et al. 2021). The effect was attributed to the disruption of
gel microstructure as phase separation was enhanced at high
polysaccharide concentration. The preparation method and the
role of oil droplets within the double network were also seen to
affect the final mechanical properties. Using Tween 80 as the
emulsifier in a casein and SA system decreased the extent of
phase separation (Li et al. 2021). As phase separation happens in
samples without Tween 80, a maximum G’ and firmness were
observed at an intermediate alginate content of 0.4% (Li et al.
2021). The use of an SME like Tween 80 enabled an emulsion
to be created in the presence of alginate, which thickens the
emulsion and impedes the coalescence of oil droplets (Li et al.
2021). Even as oil droplets predominantly exist within the casein
phase, the Tween 80 stabilized emulsion was still observed to
minimize phase separation and, hence, allow the hardness of the
gel to increase (Li et al. 2021).

The creation of a polysaccharide-protein double network gel
was often able to achieve properties beyond those of a single
network. The difference in interactions between protein and
polysaccharide was easily exploited to readily form a double
network. Nevertheless, it was also the difference in interactions
that led to phase separation. The compatibility of biopolymers
appeared to be the determining factor governing the properties of
the protein-polysaccharide double network. The compatibility in
a mixture is determined by pH, ionic strength, net charge of each
biopolymer, and hydrophobicity demonstrated by various studies
(Tobin et al. 2012; Wang et al. 2024; Zhang et al. 2017). The model
on binary protein and polysaccharide solutions by Grinberg and
Tolstoguzov (1997) appeared to apply to double-network emulsion
gel. Where only a slight net repulsive protein and polysaccharide
are required for a bi-phased microstructure to appear at low
total biopolymer concentration (Dickinson 2003; Grinberg and
Tolstoguzov 1997). Therefore, while polysaccharides acted as a
filler to form a dense combined network that could ensure the
stability of the emulsion gel, the overall mechanical strength of
the emulsion gel is highly dependent on the compatibility of
the two biopolymers. The management of the interaction via
the selection of biopolymer and the concentration of gelator(s)
is critical in modulating the characteristics of the gel. All in all,
the polysaccharide-protein double-network structured emulsion
remains a robust schematic for emulsion gel design.

4 | Double Polysaccharide Emulsion Gel Systems

Emulsion gels structured by a double polysaccharide network
have garnered interest among researchers aiming to create firm
and resilient emulsion gels. The creation of a second network
offers flexibility in manipulating the thermal properties of the
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emulsion gel. Polysaccharides were adopted into various configu-
rations within the emulsion gel. Unlike the previously described
protein-polysaccharide system, where one of the structuring
agents could be readily used as an emulsifying agent, specific
polysaccharides with surface-active properties and Pickering
particles were used for emulsion stabilization. This section
explores the current state of research on double polysaccharide
emulsion gels, focusing on processing, gelation mechanisms, and
properties enhanced through combining polysaccharides. Table 2
shows current research on double-polysaccharide emulsion gels
by identifying their structuring agent, gelation mechanism, and
their interactions in the gel.

4.1 | Fabrication Process, Gelation Mechanisms,
and Network Interaction

Synergistic gelation of polysaccharides has been extensively
explored by researchers between gelling and nongelling polysac-
charides. A combination of polysaccharides was shown to induce
gelation at a lower polysaccharide concentration that would
otherwise not gel (Nishinari 2021). Extending the understanding
to emulsion gels, Yang et al. (2019) explored the use of xanthan
and KGM with and without an SME (Tween-80). The xanthan-
KGM gel was created through a one-pot, one-step method where
xanthan/KGM/KGM-Tween-80 was used to emulsify the oil
phase before mixing with KGM/xanthan (depending on the initial
emulsifier) in a heating and cooling cycle. A Type A interaction
was found to be the dominant interaction between KGM and
xanthan in the emulsion gel (Yang et al. 2019). Type A interaction
is characterized by a low gel-sol transition temperature between
30-45°C due to the retention of the xanthan helical structure
when interacting with KGM (Abbaszadeh et al. 2016). The
emulsifying capacity of the individual polysaccharide and the
inclusion of SME were critical to the stability and stiffness of the
final gel in this regime. Due to the lower emulsifying capacity
of xanthan, the xanthan-KGM format displayed a weaker gel
structure than its KGM-xanthan counterpart, as the former was
prone to destabilization. The inclusion of an SME was effective
in creating uniform droplets that were smaller in size. However,
as the concentration of Tween-80 was above its critical micelle
concentration, the dispersed phase behaved as an inactive filler.
This manifested in the weakening of the gel in stiffness and
strength as oil content increased.

A thermal-irreversible emulsion gel using methylcellulose (MC)
and DKG was created by Jeong et al. (2023). In a binary mixture
of DKG and MC, oil was added and homogenized to form an
emulsion before the gel was heat-set at 80°C for 30 min in
a one-pot, one-step method. In this configuration, MC and,
to a certain extent, partially deacetylated KGM were responsi-
ble for both emulsion stabilization and gel structuring due to
their amphiphilic nature and gelling properties by hydrophobic
interactions upon heating. Unlike DKG, which forms a thermal-
irreversible gel upon heating, MC gels are thermal-reversible and
soften upon cooling (Kobayashi et al. 1999). Individually, FT-IR
analysis shows that hydrogen bonds were responsible for DKG
cross-linkage, and MC was predominantly linked by hydrophobic
interactions within the gel matrix. Both hydrogen and hydropho-
bic interactions were found at the interface as droplets were
stabilized by DKG and MC. In contrast, hydrogen bonds were the

dominant force guiding inter-network interactions between MC
and DKG far from the interface.

Combining surface active polysaccharides with protein may
enhance the gel properties of a double polysaccharide emulsion
gel system. Choi et al. (2023) reported a double-network emulsion
gel comprising SPI, alginate, and agar to create a thermal-
irreversible emulsion gel (Figure 3a). The gel was created through
a two-step method where an initial agar-structured emulsion
gel was first created before immersion into a CaCl, solution for
alginate cross-linking. As a result, two networks of assembled
agar helix and Ca?" mediated alginate network were formed.
Hydrogen bonds formed the guiding interactions between the
two matrices due to the abundance of hydroxyl groups on both
agar and alginate. Notably, an increase in polysaccharide content
did not cause phase separation (Figure 3b) or detriment to the
mechanical properties of the gel (Figure 3a). Alginate was used as
one of the structural components with a stabilizing effect on the
dispersed oil droplets due to its ability to adsorb at the oil/water
interface of food oils itself and especially through electrostatic
interactions with protein molecules adsorbed at the oil/water
interface (Lii et al. 2020; Su et al. 2018). As alginate was partially
responsible for the stabilization of oil droplets, the droplets could
behave as an active filler within the gel matrix. Thus, an increase
in gel mechanical properties was observed for alginate content
up to 1% (w/w) (Figure 3a). Unlike the SME used in the study by
Yang et al. (2019), both SPI and alginate were able to participate
in the emulsification process in creating a rigid gel even as
polysaccharide content increased.

The formation of Pickering particles has proven to be a robust
method to negate the use of surfactants in polysaccharide-based
systems (Cai et al. 2024; Jiang et al. 2019; Li et al. 2023; Zheng
et al. 2022) Starch is one of the most utilized polysaccharides
due to its cost-effectiveness and GRAS nature (Zhu 2019). In
order to stabilize emulsion, most starches require modification
due to their hydrophilic nature. Modifications such as octenyl
succinic anhydride modification (OSA), hydrolysis, and milling
are common methods to produce starch-based Pickering parti-
cles. Cai et al. (2024) explored the use of alginate to improve
the stability and mechanical properties of starch nanocrystal
Pickering emulsion gel. Alginate and starch nanocrystals partook
in the co-stabilization of the oil interface with the two polysaccha-
rides interacting through hydrogen bonds. The viscosity-inducing
effect of alginate was found to be critical to the rheological
behavior of the gel, inducing a solid-like rheology and increased
stability. Apart from co-stabilization, the use of starch as a
Pickering particle embedded within a polysaccharide matrix is
also attractive. Starch particles were able to interact with an
external polysaccharide matrix, as shown by Zheng et al. (2022).
Despite the chemical modification, OSA-starch could interact
through hydrogen bonds and electrostatic interactions with the
alginate-gellan-carboxymethyl chitosan matrix while stabilizing
the dispersed oil phase. Particularly, the electrostatic interaction
and matrix-filling effect of the droplets provide resistance to
swelling.

Among the regimes studied for double-polysaccharide emulsion
gel, it was apparent that the formation of synergistic polysac-
charide networks could improve the stability, mechanical prop-
erties, and thermal behavior of single-network emulsion gels.
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TABLE 2 | Summary of double polysaccharide network emulsion gels in research.

Structuring Gelation Filler
Biopolymer Emulsifier mechanism Steps (A/I) Properties Reference
KGM, XG Tween Synergistic gelation 1 I/A * | Gel strength (0-40% oil (w/w), (Yang et al.
80/KGM-XG of KGM and XG KGM-XG) 2019)
* |l Gel strength (0-40% oil,
KGM-tween-XG)
* Type A interaction, XG helix attached to
KGM chain.
* Tween-80 concentration was above the
critical micelle concentration, creating
an inactive filler.
Methylcellulose, Methylcellulose = Heat-induced 1 - * G’ pax (20°C) at 6:4 DKG:MC, G’ (Jeong et al.
DKG gelation of MC and (80°C) at 2:8 DKG:MC 2023)
DKG * Mixing ratio does not affect WHC
* DKG limited thermal reversibility of MC
* Hydrogen bond and hydrophobic
interactions (DKG/MC at oil interface),
hydrogen bond (DKG/MC far from
interface)
SA, agar, SPI SPI Coil-helix transition 2 A * 1G*, water holding capacity, freeze-thaw (Choi et al.
agar, Ca’*-induced stability (0-1% (w/w) SA) 2023)
gelation of SA. * G*remained steady during heating
(10-90°C, SA >0.25%)
* Ionic interactions (SA/SA), hydrogen
bond (SA/agar).
SNC, SA SNC, SA SNC-SA-co- 1 - * 171G (0-0.5% SA), | G’ (1.0% SA) (Caietal.
stabilized d'roplet * 1 emulsion stability (0-0.5% SA, 20-60% 2024)
aggregation, oil)
swelling of SA.
* Hydrogen bond (SNC/SA)
SA-LAG, OSA starch Ca**-induced 1 - * 1 Hardness, Young’s modulus (0.2-0.8% (Zheng et al.
CMCS, OSA gelation of SA and LAG) 2022)
starch LAG * Ionic interactions (SA/SA, SA/GG,
CMCS/CMCS), hydrogen bond
(SA/GG/CMCS)
WPC, xC, SA WPC Coil-helix transition 1 - * 1 Hardness, Water holding capacity =~ (Liang et al.
of xC ar;(;zwelhng * Oil droplet flocculation at high SA 2024)
OF A content (1.0 g/100 mL SA)
* Hydrogen bond (SA/xC), electrostatic
interactions (SA/WPC).
SA, KGM. Egg Egg yolk Swelling of KGM 1 A+ 171G’ freeze-thaw stability (0.5-4.0% (w/v) (Yangetal.
yolk and SA KGM, 5-30% oil) 2020)

* KGM enhanced thixotropic properties of
the SA gel

Abbreviations: A: active, CMCS: carboxymethyl chitosan, DKG: deacetylated konjac glucomannan, I: inactive, ¥C: x-carrageenan, KGM: konjac glucomannan,
LAG: low-acyl gellan gum, OSA-starch: octenyl succinic anhydride modified starch, SA: sodium alginate, SNC: starch nanocrystal, SPI: soy protein isolate, WPC:
whey protein concentrate, XG: xanthan gum.
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Mechanically, polysaccharides were shown to readily form intra-
and internetwork hydrogen bonds, which greatly improved
mechanical properties. Moreover, the mixing of a thermal
reversible and a thermal irreversible polysaccharide was able to
create the desired rheological profile over a range of tempera-
tures. The relationship between the dispersed oil phase and the
gel matrix was observed to be determined by the emulsifying
capacity of individual polysaccharides or the inclusion of an
emulsifier. Depending on the choice of emulsifier and structuring
polysaccharide, the dispersed phase may be either inactive or
active.

4.2 | Properties of Polysaccharide-Based Emulsion
Gel Systems

The dense gel created by polysaccharides has demonstrated
excellent WHC and freeze-thaw stability (Table 2). The WHC
double-polysaccharide emulsion gels were observed to be typ-
ically above 90% (Choi et al. 2023; Jeong et al. 2023; Liang
et al. 2024; Yang et al. 2020). A progressive increase in the
concentration of the second polysaccharide improved the freeze-
thaw stability of the emulsion gel. An addition of 1% alginate
into an agar/alginate emulsion gel matrix was observed to reduce
syneresis by >50% (Choi et al. 2023). Droplet coalescence was not
observed in alginate/KGM-based emulsion gels for oil content up
to 30% (w/w) (Yang et al. 2020).

The mechanical properties of double-polysaccharide networks
were shown to be superior to those of a single network (Choi et al.
2023; Yang et al. 2020). Gel strength as measured in rheological
and texture analysis (compression/penetration) of the emulsion
gel was increased as a second polysaccharide was introduced
(Choi et al. 2023; Yang et al. 2019; Yang et al. 2020). A 2.57x
increase in gel hardness and 1.27x increase in chewiness was
recorded in the alginate/agar emulsion gel devised by Choi et al.
(2023). Between xanthan and KGM, a maximum strength was
obtained at a ratio of 4:6, with the strength being greater than
the sum of samples prepared with only either polysaccharide.
The creation of two individual networks is a strategy to mitigate
temperature-dependent properties. A temperature sweep of an
alginate/agar gel revealed that the gel remained irreversible at
increasing temperatures with the introduction of alginate (Choi
et al. 2023). In samples prepared with no alginate, the complex
shear modulus (G*) was reduced by at least three magnitudes
when the gel was heated to 100°C, while samples with alginate
remained steady (Figure 3a). Thermal dependency at lower
temperatures, like that of MC, could be further mitigated through
the use of fat instead of oil (Jeong et al. 2023). This enables these
double-polysaccharide systems to be used in processed food, as
cooking would not deform their structure.

Phase separation was observed to a lesser degree in double-
polysaccharide emulsion gels than in protein-polysaccharide
systems. Several factors may have contributed to this issue.
Polysaccharide-based emulsion gels using two hydrophilic
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polysaccharides may use SME for emulsion stabilization (Yang
et al. 2019). In these cases, the network does not interact with
the droplet, hence limiting incompatibility. A similar case
with protein-polysaccharide double-network systems was also
observed (Li et al. 2021). An increase in viscosity during the
dispersion of polysaccharides was also believed to contribute to
the stability of droplets within the gel matrix. An increase in
viscosity reduces coalescence and droplet size as shear forces are
increased during mixing (Choi et al. 2023). The use of surface-
active polysaccharides and a protein-based emulsifier blend may
allow oil droplets to behave as an active filler, thus limiting phase
separation. Nonetheless, only a small amount of polysaccharide
would be involved in droplet stabilization. Studies have suggested
that this effect may be at the helm of the interaction between
the biopolymers and their respective concentration. Although
agar/alginate and SPI (1% and 3%) were not found to undergo
phase separation, alginate, and casein (0.75% and 8%) were
readily separated (Choi et al. 2023; Li et al. 2021). It was
suggested that the difference in amphiphilicity, where alginate
is substantially more hydrophilic than casein, was responsible
for their differences (Li et al. 2021; McClements and Jafari
2018).

Although not unique to polysaccharide-only systems, the use
of polysaccharides as an emulsifier and structuring agent has
proven to be effective in controlling and directing the release of
oil or other encapsulated ingredients. For instance, the use of
starch also gives rise to the potential of directing the release of
oil during mastication. A modified starch/gellan gum emulsion
gel was created by Hu et al. (2021) to study the difference in
oil release between WPI- and starch-emulsified droplets. As a-
amylase was able to digest the emulsifier, using modified starch
was effective in increasing oil release during oral processing.
The increase in oil release was accompanied by an increase
in oily perception. At 5% oil (w/w), modified starch/gellan
emulsion gel was able to achieve a similar oiliness to 20%
WPI/gellan emulsion gel. The findings may be used in creating
low-fat food with little compromise on sensory attributes. On
the other hand, the release of nutrients may also be modulated
through the use of different polysaccharides. In [S-carotene-
loaded Pickering emulsions, the high viscosity of KGM was
effective in creating a sustained release regime as it impedes the
contact between the oil droplets and digestive fluids (Xu et al.
2023).

The success of a double-polysaccharide emulsion gel design
depends on multiple variables that are unique to this regime.
Overall, double-polysaccharide emulsion gels are an effective
way to create highly texturized foods. These polysaccharide-
based networks demonstrated high stability and strength against
stressors, mainly due to their hydrophilic nature, which forms
a compact gel structure. Again, due to the mostly hydrophilic
nature of polysaccharides, the choice of emulsifier (whether
SME, protein, or polysaccharide) will influence the stability,
mechanical properties, as well as the nutritional profile of
the emulsion gel. Thus, this makes the selection of emulsi-
fier in a double-polysaccharide system a critical step to be
modulation optimized for the specific use of the emulsion
gel.

5 | Double Protein Emulsion Gel Systems
Protein-based emulsion gel was among the first types of emulsion
gels created, as protein could be both a structuring agent and an
emulsifier. The desire to use protein in novel food development
stems from the nutritional importance of protein in our diet
and its associated positive consumer perception (Aschemann-
Witzel and Peschel 2019). However, difficulties exist in creating
double-network mixed protein gels. The mechanical properties
of a binary protein gel are determined by the interactions
between the protein molecules and their respective interaction
with water (Nicolai 2019). Furthermore, similarities between
proteins and the mostly nonspecific nature in inducing gelation
created mixed results. This stands in contrast to the previously
discussed protein-polysaccharide and double-polysaccharide sys-
tems. Nonetheless, the prospect of a protein-based product
remains enticing from the better consumer acceptance alone. To
meet this end, recent studies explored blends between various
sources (plant and animal) and classes. Table 3 shows current
research on double-protein emulsion gels by identifying their
structuring agent, gelation mechanism, and their interactions in
the gel.

5.1 | Fabrication Process, Gelation Mechanisms,
and Network Interaction

A study to understand the physical characteristics of a double-
crosslinked protein emulsion gel was conducted by Liang et al.
(2020). A WPI-stabilized emulsion was crosslinked by Ca?" and
TGase in a one-pot one-step method involving the simultaneous
addition of the two gellators and subsequent incubation at 37°C
for 4 h. A dense and uniform gel was observed under CLSM
and SEM due to the double-cross-linkage. Between TGase and
Ca?*, the latter was seen to have increased protein aggregation
as the ion is not sub-unit specific. FT-IR analysis revealed the
formation of both strong amide covalent bonds (1651 and 1746
cm™) and salt bridges between protein molecules (1651 cm™),
which contributed to the structure of the emulsion gel. The
protein structure was also rearranged by double-cross-linkage.
The simultaneous addition of the two gelators was seen to
increase a-helix and decrease 3-turns within the emulsion gel
compared to those formed by either. All of these collimated
to enhanced mechanical properties (G’ and hardness). The oil
phase was identified as an active filler from the dual role
protein plays as the emulsifier and structural agent. Thus, the
mechanical properties were improved compared with double-
crosslinked WPI hydrogels. Although the double-cross-linked
network formed by a single protein, albeit through two means,
may not seem as distinctive as a double network formed by pro-
tein/polysaccharide or polysaccharide/polysaccharide, the study
underscored the potential of manipulating proteins to develop
protein-only structures.

Amongst common proteins used to construct emulsion gels, a
composite SPI and WPI emulsion gel was created by X. Zhang
etal. (2022) and Chenget al. (2024). The composite gel was created
through a one-pot, one-step method where the final gel was
induced by heat. CaCl, was also included in the formulation by
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TABLE 3 | Summary of double-protein network emulsion gels in research.

Structuring Gelation Filler
Biopolymer Emulsifier mechanism Steps (A/T) Properties Reference
WPI WPI TGase-induced 1 A * Double cross-linked WPI emulsion gel (Liang et al.
crosiln?klng and * 1G’, hardness, WHC, F-T stability (+ve 2020)
Ca**-induced oil, +ve Ca?*, +ve Ca>*-TGase)
gelation of WPI ’ ’
* TGase has a limited effect on G’ and
hardness but increased WHC and F-T
stability
* Covalent bond, ionic interactions
(WPI/WPI)
SPI, WPI SPI/WPI Heat-induced 1 A * G’ and hardness of mixed samples lie (Cheng et al.
gelation of WPI and between pure WPI and SPI emulsion gel,  2024; X.
SPI depending on their ratio Zhang et al.
Ca*-induced and 2022)
* TWHC (0.1-0.5 /L Ca*+
Heat-induced T ( mol/L Ca™)
gelation of WPI and * No distinctive networks, SPI may be
SPI active fillers
MCN, PPI/SPI MCN-PPI/ Heat-induced 1 A * TG’ (0-15% Oil, 1-4% total protein) (Schmitt et al.
MCN-SPT gelatlogPoIf/g/II)?N and * Ca,(PO,), from MCN led to some Ca?* 2?;?25(1)11\;;
ionic bridges between proteins ’
* Lower protein content required for
gelation as oil causes protein structure
changes.
* Distinctive MCN and PPI/SPI network
SPI, EP SPI-EP TGase-induced 2 A * 171G’ hardness, chewiness, and WHC  (Zhang et al.
crosslinking of SPI (0-20% oil) 2020b)
and he.a t-induced * | Springiness and cohesiveness (0-20%
gelation of EP .
oil)
* Oil type had little influence on gel
properties
WPF, FG WPF-FG/WPI- Coil-helix transition 1 - * WPF decreases gelation time of FG at (Lin et al.
FG of FG low pH (pH = 3) 2023)
* WPF-FG has increased deformation
resistance compared to WPI-FG
* Hydrophobic interactions (WPF/FG)
PNP, HGRF PNP GDL-induced 1 - * Highest G’, F-T stability at 2:1 PNP: (Kong et al.
gelation of PNP HGRF 2024)

* Nanofibrils fill the void between oil
droplets and adsorb at the O/W interface

* Electrostatic interactions (PNP/PNP),
hydrophobic interactions (PNP/HGRF)
Abbreviations: A: active, EP: egg protein, FG: fish gelatin, F-T: freeze-thaw, HGRF: hydrolyzed rice glutelin fibril, I: inactive, MCN: micellar casein, PNP: pea

protein nanoparticles. PPI: pea protein isolate, SPI: soy protein isolate, TGase: transglutaminase, WHC: water holding capacity, WPF: whey protein fibrils, WPI:
whey protein isolate.
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Rheological properties and microstructure of double-protein emulsion gels. (al) CLSM of SPI/MCN emulsion gel. The oil droplets were

stained by Nile Red, with SPI and MCN being specifically labeled with antibodies. (a2) G’ of hydrogel (0% oil) or emulsion gel (10% oil) at varying globular
plant protein fractions with 4% total protein content (MCN with PPI, SPI, or WP). Source: Reproduced with permission from Schmitt et al. (2019) and
Silva et al. (2019), Copyright 2019, Elsevier and Copyright 2019, Elsevier). (b1) Amplitude sweeps of PNP/HGRF emulsion gel at different PNP: HGRF
ratios. (b2) CLSM micrographs of PNP/HGRF emulsion gels at varying ratios (oil: red, protein: green). Source: Reproduced with permission from Kong

et al. (2024), Copyright 2024, Elsevier.

X. Zhang et al. (2022) before heating. The inclusion of a dispersed
oil phase did not impact the interactions between WPI and SPI,
as it was shown by Jose et al. (2016). Within a heat-induced
WPI/SPI composite emulsion gel, WPI and SPI were not able to
form distinct networks, with SPI largely impeding the formation
of a dense WPI network when used at a high ratio (Cheng
et al. 2024). Like its hydrogel counterpart, both the rheology and
textural quality of the composite emulsion gel were found to be
between pure WPI and SPI emulsion gel at a constant protein
content. However, the G’ of SPI/WPI composite emulsion gel was
greater than the sum of the G’ recorded by the individual gel at
their respective ratio (2.15x at 1:1 WPI/SPI). Since SPI requires a
higher protein content to form a self-supporting gel, along with
SPI and WPI differ in denaturation and gelation temperature.
SPI was believed to have acted as an active filler in the whey
protein network, particularly at a lower SPI ratio. Evidently, both
similarities and differences between SPI and WPI, particularly
gelation mechanisms and conditions, underpin the difficulty in
creating a true double network between the two species.

Various emulsion gels by blending different classes of proteins
such as plant prolamin-globulin, plant globulin-casein, and
ovalbumin-plant globulin were investigated by researchers. Silva
et al. (2019) reported that the replacement of micellar casein
(MCN) by plant protein (soy or pea) in a heat-set emulsion gel
yielded comparable gel firmness to MCN-only samples. CLSM
observations with individual protein labeling revealed that soy
protein and MCN formed distinctive networks rather than co-

gelation (Schmitt et al. 2019) (Figure 4al). Oil was seen to be
embedded within the protein matrix and acted as an active filler
contributing positively to its stiffness. At 4% total protein content
(MCN with PPI, SPI, or whey protein (WP)) and 10% oil content,
the emulsion gel created negated the antagonistic effect between
the plant proteins and MCN within an aqueous dispersion
(Figure 4a2). This indicated that the protein interaction at the
O/W interface is more significant than those further removed
from the interface (Silva et al. 2019).

Glusac et al. (2018) reported the creation of a tyrosinase
cross-linked zein and potato protein emulsion gel. Tyrosinase
crosslinked emulsion gel was seen to have a greater G’ than
noncrosslinked emulsion gel by 2.5 orders of magnitude with sub-
stantial improvement in stability. SDS-PAGE patterns revealed
that tyrosinase was responsible for the polymerization of potato
protease inhibitors and a-zein fractions. It was assumed that
both proteins participated in the covalent gel network, indicating
that synergy exists between potato and zein proteins. Despite
the improvement achieved, limited evidence showed that two
independent networks existed in the current gel. Moreover,
the role of potato patatin is largely unknown in the current
study. Potato patatin may be utilized to form a secondary
network, owing to its gelation properties and emulsifying poten-
tial (Schmidt et al. 2019). As patatin makes up ~40% of the
total protein content, further involvement may be beneficial in
unlocking the full potential of the protein blend (Schmidt et al.
2019).
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A study by Zhang et al. (2020a) investigated the effect of oil type
and content on a combined egg protein with SPI in a TGase cross-
linked emulsion gel. A one-pot, two-step method was reported
where sequential gelation was conducted by incubation at 40°C
and then at 85°C for the complete gelation of the two proteins.
As established by their previous study, it was understood that
two networks may have been created within the gel matrix. In
the gel, TGase was found to primarily crosslink SPI with a heat-
induced egg protein gel interspersed within (Zhang et al. 2020b).
An active dispersed oil phase was seen as protein participated as
both the emulsifier and structure agent. This was marked by an
increase in G’ and hardness of the gel as oil content increased
from 5-20% (w/w). A denser and more uniform gel network was
observed as oil content increased. The abundance of oil droplets
encouraged the unfolding and rearrangement of protein, in turn,
promoting enzymatic cross-linkage. The type of oil (olive, soy,
and menhaden) did not have a significant impact on the gelation
mechanism and properties of the protein-based emulsion gel.

Recent advancements in utilizing protein fibrils may prove useful
in creating double protein network gels. The fibrilization of
globulin protein typically takes place at pH substantially below
the isoelectric point and at high temperatures, where protein self-
assembles into amyloid-like strands by hydrophobic interactions.
These fibrils were reported to minimize allergenicity and improve
emulsion stability by reducing aggregation and flocculation
through droplet entanglement (Xu et al. 2024). An emulsion
gel using whey protein fibrils (WPF) and fish gelatin (FG) was
created by Lin et al. (2023). The group reported that WPF-FG
emulsion gel possesses several advantages over WPI-FG and FG-
only gels, especially at low pH. WPF was seen to accelerate the
gelatin gelation by promoting coil-helix transformation and thus
provide rapid stabilization at pH 3. Kong et al. (2024) proposed
a Pickering emulsion gel using pea protein nanoparticles (PNP)
and hydrolyzed rice fibrils (HRGF) through a one-step gelation
process. The group reported that a 2:1 (PNP: HRGF) ratio was
optimal to achieve superior mechanical properties. At this ratio,
the G’ under large amplitude oscillatory shear analysis of the
emulsion gel is the greatest and greater than that of PNP-only and
HRGF-only gel (Figure 4bl). This was supported by the Lissajous
plot, where, despite showing rectangular distortion, the stress of
the 2:1 ratio sample is the greatest among all other ratios tested.
A smaller droplet size as well as an increase in hydrophobic
interactions (FT-IR, peak shift from 2924 to 2923 cm™) between
the PNP and HGRF networks was attributed to the observed result
(Figure 4b2). Furthermore, HGRF may have also acted as a filler
between voids, along with the hydrophobic interactions, added to
the mechanical properties of the gel (Kong et al. 2024).

The use of protein blends yielded mixed results in creating an
emulsion gel with two distinctive protein networks. The inter-
actions between proteins and their interactions with the gelator
during gelation were instrumental in determining the final gel
matrix. Successful double-network formation was observed with
proteins that showed preferentiality with their gelator. This
was the case for the TGase-induced soy and egg protein mix.
Discrepancies in gelation condition and required concentration
contributed to the malformation of two distinctive networks in
heat-set WPI/SPI emulsion gels. Prefabricated protein fibrils may
offer another means of creating double networks, as it appears
that protein fibrils have limited interference in the formation

of the second protein network. Nonetheless, the dual role of
protein remains beneficial in emulsion gel design. Differing
from polysaccharide-protein emulsion gel, weakening due to
phase separation was not observed in double-protein gels. The
active role of oil means that characteristics allow for tunable gel
characteristics as well as the suitability of creating stable high-oil
content products.

5.2 | Properties of Protein-Based Emulsion Gel
Systems

Like the systems examined previously, a double protein system
improves the gel strength and stability of a single network
emulsion gel. A double-network, as well as double-crosslinked
emulsion gel, possesses a denser gel network that has increased
water retention and resistance to deformation (Table 3). As an
active filler, the inclusion of oil reinforces these properties (Silva
et al. 2019; Zhang et al. 2020a). For instance, an oil content
increase from 0% to 20% (w/w) translated to an increase in
hardness for TGase-induced SPI-egg emulsion gel. In comparison
with other double-network systems, protein-only systems have
the benefit of carrying a high oil content without obvious
destabilization (Zhang et al. 2020a). Nonetheless, current double-
protein gels typically showed weaker gel strength at G’ ~1x10° Pa
compared with other double-network systems, where G’ could
reach up to 10° Pa (Choi et al. 2023; Hou et al. 2022; Kong et al.
2024; Liang et al. 2024; Qin et al. 2023; Silva et al. 2019). On the
other hand, the dense gel that was created by two distinctive
networks or double-cross-linkage was able to demonstrate a high
WHC (>80%) (Li et al. 2022; Liang et al. 2020; Zhang et al.
2020a). Similarly, freeze-thaw stability was also improved when
protein was double-crosslinked with TGase and Ca?*. In double-
crosslinked gels, the syneresis was the lowest, with the rate
gradually decreasing over cycles. Despite the desirable stability,
a weaker gel remains a limiting factor for the adoption of these
double-protein emulsion gels.

In comparison, a protein-based gel may also have advantages
in digestibility and nutrition. PNP/HRGF emulsion gel was
found to have superior digestibility as it achieved a 96.1% free
fatty acid release over PNP-only and HRGF-only gel (88.8% and
70.9%, respectively). This was due to the smaller oil droplet size
of the double-network emulsion gel. The dense gel network
in PNP/HRGF emulsion gel has also increased the stability
of curcumin during digestion. The denser gel network and
smaller droplet size subsequently contributed to improving the
bioavailability of curcumin (Kong et al. 2024). On the other hand,
modulation of digestion may also be easily achieved by altering
gelator content. SPI/WPI emulsion gel induced by 0.3% CaCl, was
found to improve stability and have a sustained release of vitamin
E (X. Zhang et al. 2022). The inclusion of a blended protein
would supplement a functional protein that may be deficient
in certain essential amino acids. The addition of potato protein
with zein may deliver a more complete amino acid profile as
outlined by Glusac et al. (2018). This was because potato protein
has a high essential amino acid index while zein lacks lysine and
tryptophan. Likewise, blending animal protein and plant protein
would curate a more complete essential amino acid profile as the
amino acid composition could be complementary. Blends such
as dairy (limited by methionine + cysteine) with cereal (limited
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by lysine) or those with eggs could deliver more nutritionally
appealing products (Day et al. 2022).

The formulation and creation of double protein network emul-
sion gels remain compelling. Compared with their single-
network counterparts, the creation of a double network improves
WHC and freeze-thaw stability. The modulation of these prop-
erties could be done by increasing the filled oil content and the
degree of cross-linkage through the use of gelator(s). This could
be done without compromise on nutritional content and design
constraints from biopolymer incompatibility. The active role of
the dispersed oil phase in the gel matrix makes double protein
network emulsion gels a viable candidate for creating high oil
content products. Despite that, the field of creating binary protein
blends that are both contributing to the gel network remains
emerging. Efforts are still required to advance our understanding
of the relationship and interactions between different protein
sources, especially in the presence of oil.

6 |
Gels

Food application of Double-Network Emulsion

Food that is animal-derived or traditionally created using animal
ingredients may be replaced or enhanced using double-network
emulsion gels that are formulated using plant-based or other
ingredients. Researchers have developed both food compo-
nents/ingredients and products such as animal fat, mayonnaise,
and egg replacements. Double network emulsion gels may also
act as functional carriers of bioactive ingredients with tunable
release characteristics. Recently, double-network emulsion gels
have been developed into 3D-printable ink. The added biopoly-
meric network is critical in creating an intermediate structure
for high-fidelity prints. This section seeks to outline tested
applications of double-network emulsion gel that have been
reported in the literature. Table 4 shows various possible food
applications of double-network emulsion gels segregated by type,
biopolymers used, and key qualities.

6.1 | Replacement of Animal-Based Products

Researchers had proposed to use double-network emulsion gels
as animal fat analogs in meat alternatives and fat replacers
in frozen desserts. Animal fat tissue plays a critical role in
the mouthfeel and other sensory attributes of meat during
mastication. Retention of oil and texture after cooking is critical
for these properties. Highly texturized and thermal-irreversible
animal fat analogs were created in research (Choi et al. 2023;
Jeong et al. 2023; Su et al. 2024; Tan and Phoon 2023). The
double-polysaccharide regimes devised by Jeong et al. (2023) and
Choi et al. (2023) were able to rectify the softening of MC (low
temperature) and helix-coil transition of agar (high temperature)
using DKG and alginate, respectively. The use of citrus fiber and
high-set curdlan was able to maintain structural integrity after
boiling in water (Tan and Phoon 2023) (Figure 5al). On the other
hand, the excellent freeze-thaw stability created by the coexisting
network demonstrated potential as a fat replacer in ice cream.
Gao et al. (2023) devised a low-oil Pickering emulsion gel using
cellulose nanofiber and SPI that replaces cream in an ice cream
formulation. A replacement ratio of up to 60% was found to

have indistinguishable taste, aroma, and texture from a control
full-fat ice cream model. Retardation of melting rate (—18.23 to
—61.14%) was also observed as fat replacement increased (30-90%
replacement; Figure 5a2).

Double-network emulsion gels could also be used as a replace-
ment for egg components and whole-egg products. Proteins from
both the white and yolk of eggs are critical in the gelation
of certain food items. S.S. Li et al. (2024) created an egg yolk
analog using potato protein, 5-glucan, and olive oil. The emulsion
gel formed by potato protein and f-glucan formed a thermal-
irreversible gel through heating, much like that of egg yolk. The
texture of the gel may be modulated through the addition of -
glucan, as it could alter the formation of a protein gel. It was
reported that the addition of 2.5% -glucan mimicked the chewi-
ness and springiness of egg yolk. Lu et al. (2022) attempted to
recreate whole eggs in an omelet-like product with SPI, chickpea
flour, starch, and xC or gellan gum. Samples created with 0.3%
xC were found to mimic the texture of the control egg omelets.
At 0.3% xC, the carrageenan and protein were able to interact
via electrostatic interactions and form a synergistic network with
void-filling gelatinized starch granules. The creation of a double-
network emulsion gel may also improve the health aspect of
mayonnaise with little compromise in texture and thixotropy
(Yang et al. 2020). An egg yolk/KGM/alginate emulsion gel at
30% oil could achieve similar rheological properties to full-fat
mayonnaise (70% oil) (Yang et al. 2020).

6.2 | Functional Foods

The simultaneous existence of two independent networks offers
greater latitude in manipulating the release profile of bioactive
ingredients. Lipid digestion may be delayed or hastened in
double-network emulsion gels (Feng et al. 2024; Kong et al. 2024;
Liang et al. 2024; Xu et al. 2023; M. Zhang et al. 2022). For instance,
an SPI-SBP network was reported to restrict the contact between
oil droplets and digestive enzymes, showing a slower, sustained
release profile of S-carotene that better preserves the molecule
(Feng et al. 2024; M. Zhang et al. 2022). The bioaccessibility
of B-carotene in SPI/SBP emulsion gel (~15%) after a simulated
pectinase colonic model was greater than the emulsion-only
(~10%) and SBP-only emulsion gels (<5%). On the other hand,
double protein emulsion gels may increase the release of free
fatty acid and the bioavailability of curcumin due to smaller
droplets and less aggregation (Kong et al. 2024). However, the
bioaccessibility of lipophilic ingredients may also be impeded
by highly viscous gums such as KGM. Using the standardized
static digestion model, the addition of 0.4% KGM reduced the
bioavailability of S-carotene from 2.69% to 0.0028% (measured
after intestinal digestion). This was due to the inability of bile
salt and lipase to adhere to the KGM structure to access the
dispersed droplets for digestion (Xu et al. 2023). A strong and
dense gel network that was made possible by the creation of a
double network may also translate to targeted release regimens.
Double-network emulsion gels were shown to be an effective
method for delivering probiotic bacteria, with an increased rate of
survivability (Qin et al. 2023; Shen et al. 2024). Probiotic bacteria
were able to survive simulated static gastric digestion to have an
increased release in the small intestine and colon. Again, these
properties may still be dependent on the structure of the double
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TABLE 4 | Food application of double-network emulsion gels.

Application Type Biopolymers Qualities Reference
Animal fat analog PS/PS MC, DKG * Thermal irreversible mechanical properties upon cooling (Jeong et al.
2023)

* Comparable hardness to pork fat achieved with 1:1 MC: DKG
and the use of coconut oil.

PS/PS Agar, SA - Thermal irreversible mechanical properties upon heating (Choi et al.
- Lighter (higher L*) than pork fat and more yellowish and slightly 2023)
greenish than reddish pork fat.
- Comparable springiness but inferior hardness and chewiness to
uncooked pork fat.

PS/PS CF, CD/DKG - Thermal irreversible mechanical properties upon heating (Tan and
- Emulsion gels with CF and CD or DKG showed G’ approaching  Phoon 2023)
pork belly fat/animal skin
- CF-DKG gels showed shear stability, indicating suitability for
extruded products.

PS/PS CS, SA - Thermal irreversible mechanical properties upon heating (Su et al. 2024)
- Minimal cooking loss at 30% (v/v) oil

Milk fat replacer PS/PN BCNF, SPI - Substitution of milk fat with BCNF-SPI emulsion gel could retard  (Gao et al.
melting of ice cream 2023)
- Limited changes in sensory perception up to 60% substitution of
milk fat with BCNG-SPI emulsion gel
- Similar texture to full cream ice cream up to 90% substitution

Egg replacer PS/PN PP, B-glucan - Similar thermal gelation profile between PP-g-glucan emulsion  (S.S. Liet al.
gel (2.5-5% B-glucan) and egg yolk 2024)
- Emulsion gels with 2.5% B-glucan have similar springiness and
chewiness to egg yolk but weaker hardness and resilience.
- Appearance may be modulated by the addition of S-carotene

PS/PN CPF, SPL, xC, - A similar thermal gelation profile to liquid egg was achieved.  (Lu et al. 2022)

starch, HAG - Emulsion gel at 0.3% xC had similar hardness to egg omelet
Functional food PS/PN SPI, SBP - Increased gel hardness from the addition of SBP (Feng et al.
- SBP contributed to the controlled release of -carotene and ~ 2024; M. Zhang
riboflavin during digestion et al. 2022)
PS/PN WPI-EGCG, - Increased probiotic survivability during digestion up to 0.2% HAG (Qin et al. 2023)
HAG - GDL-induced gel created a more compact gel structure for

increased survivability

PS/PN  WPC-XG, xC - Increased thermal, storage, and digestion survivability for CA and (Shen et al.
K*-induced gel 2024)
- The dense gel structure created by CA and K*-induced gel
increased survivability.

3D printing PS/PN PPI, xC - Glycyrrhizic acid cross-linking increased viscoelasticity and ~ (Lin et al. 2024)
printability of ink
-10% PPI with 0.3% Glycyrrhizic acid showed the highest fidelity in
print
PS/PN PP, SA, - Shear thinning was observed for SA-BCNF double-network (Wang et al.
BCNF emulsion gel regardless of TGase addition. 2023)

- BNCF and TGase were shown to increase the fidelity of prints

PS/PS HS, xC - xC content was critical to shape retention during printing (Cai et al. 2022)
- Presence of HA and xC could limit heat aggregation of WPI
during printing
- 0.5% xC and 3-6% HS/WPI were successful in printing custom
Ready-to-eat custard cream.

Abbreviations: BCNF: bacterial cellulose nanofiber; CD: curdlan; CF: citrus fiber; CPF: chickpea flour; CS: corn starch; DKG: deacetylated konjac glucomannan;
EGCG: (—)-epigallocatechin-3-gallate conjugate; HAG: high-acyl gellan gum; HS: hydroxypropylated starch; xC: x-carrageenan; MC: methylcellulose; PN: protein;
PP: potato protein; PPI: pea protein isolate; PS: polysaccharide; SA: sodium alginate; SBP: sugar beet pectin; SPI: soy protein isolate; TGase: transglutaminase;
‘WPC: whey protein concentrate; WPI: whey protein isolate; XG: xanthan gum.
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FIGURE 5 | Potential applications of double-network emulsion gels in food. (al) Thermally irreversible double-polysaccharide emulsion gel based

on CF and DKG or CD. (a2) Retardation of melting in ice cream by replacing milk fat with low oil emulsion gel. Source: Reproduced with permission from
Tan and Phoon (2023) and Gao et al. (2023), Copyright 2023, Elsevier and Copyright 2023, Elsevier. (b) Thermal protection of probiotic bacteria in protein-
polysaccharide emulsion gel. Free: free L. acidophilus. PE: L. acidophilus in WPC-XG Pickering emulsion, K*-PE: Pickering emulsion crosslinked by K*,
CA-PE: Pickering emulsion crosslinked by citric acid, CA-K*-PE: Pickering emulsion double crosslinked by citric acid and K*. Source: Reproduced with
permission from Shen et al. (2024), Copyright 2024, Elsevier. (c) High-fidelity printing of ready-to-eat custard at varying extruding rates (ER) and WPI
and HS content. Source: Reproduced with permission from Cai et al. (2022), Copyright 2021, Elsevier.

network, as it was shown that an intermediate 0.2% gellan gum
had the greatest protection at 85.3% of the initial loading in a study
by Qin et al. (2023).

Aside from modulation of release, double-network emulsion
gels may increase the retention of photosensitive and thermal-
sensitive ingredients. The denser and stronger internal structure
of double-network emulsion gels provided enhanced stability
when the sample was heated (Shen et al. 2024). Double-network
formation improved the survivability of L. acidophilus during
pasteurization. Although a reduction in final viable cells was
observed for double network emulsion gels (—1.58 log CFU/mL
after 3 min at 72°C), the reduction is significantly smaller than
that of free probiotics bacteria (—4.89 log CFU/mL after 3 min
at 72°C) (Figure 5b) (Shen et al. 2024). Likewise, the dense
network may impede the penetration of UV radiation within the
emulsion gel (Miao et al. 2021; Yan et al. 2021). The absorption
and scattering of light by the gel network and oil droplets may
have also reduced exposure to radiation of the loaded bioactive
ingredients (Miao et al. 2021; Yan et al. 2021). KGM was shown
to increase the thickness of the interface and therefore impede
the irradiation of §-carotene (Xu et al. 2023). Lastly, the use of
polyphenols such as tannic acid may also act as an antioxidant,
preventing the oxidation of the loaded bioactive ingredient (Miao
et al. 2021).

6.3 | 3D Printing

3D-printed food garnered interest due to its customizability in
appearance and morphology. The addition of a second structuring
agent could achieve one of the following. Improvement of the
final gel strength with no penalty on its printability (Y. Li et al.
2024; Lin et al. 2024; Wang et al. 2023). Improvement of flowability
during extrusion at a lower primary structuring biopolymer
concentration (Cai et al. 2022).

3D-printing of rigid double-network emulsion gel may involve
modification of the formation process to suit varying gelation
conditions of biopolymers (Lin et al. 2024; Wang et al. 2023). A
3D-printable double-network high internal phase emulsion gel
was created by Wang et al. (2023). The researchers reported a
two-step approach to create the final emulsion gel. A TGase-
crosslinked pea protein network was the dominant gel network
with dispersed bacterial cellulose nanofibers (BCNF)-stabilized
oil droplets and SA within the ink. The second alginate network
was formed by immersion in CaCl, solution for 24 h after the
initial printing of the gel. The TGase-crosslinked pea protein ink,
with the help of BCNF entanglement, displayed desirable shear-
thinning and self-supporting properties as an intermediate phase.
Reinforcement of the gel structure was observed after CaCl,
immersion, where the hardness was increased by 1.86x. Thus, the
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sequential gelation of biopolymers is effective in the formation of
a strong double-network matrix postprinting with no or limited
penalty in printability.

A network with multiple components was also seen to improve
the printability of the ink to achieve high-fidelity prints. In a
WPI/hydroxypropylated starch (HS) and xC stabilized custard
cream, the printability was increased as the two polysaccharides
prevented excessive aggregation of WPI and increased viscosity
(Cai et al. 2022). Synergistic interactions between HS and xC
were observed at low HS content, with gelatinized HS providing
stabilizing effects and x¥C providing a rigid gel network as it
experienced coil-helix transition when cooled. Sufficient self-
supporting properties could be achieved at 0.5% xC and 3-6%
WPI/HS (2:3) with adequate preservation of details (Figure 5c). At
high xC content (1-2%), the domination of xC helical interaction
overwhelmingly dominated the gel structure at extrusion temper-
ature (45°C), leading to misprints due to difficulty in extrusion
(Cai et al. 2022). Thus, a balance of major and minor structuring
polysaccharides and proteins is key to creating printable emulsion
gels. In the case of the study, the balance of the two polysac-
charides produced ready-to-eat emulsion gels with customizable
appearance.

Several areas, such as the replacement of animal-based food
products, functional food, and 3D printing, have been iden-
tified as possible application areas. Through the adoption of
a double-network system, these emulsion gels were able to
better target their desired properties, such as texture, thermal
properties, bioavailability, and printability. Nonetheless, double-
polysaccharide and protein-polysaccharide systems were the
most prominent. Double-protein systems were only used in
limited cases. This indicates a potential area of development to
create more appealing novel food products that could incorporate
double-network emulsion gels.

7 | Outlook of Double-Network Emulsion Gels

7.1 | Industrial Adoption and Consumer
Acceptance

Double-network emulsion gels in food have been limited to
research and have yet to have widespread industrial adoption.
Emulsion gels, like their hydrogel counterparts, have several
processing advantages over other texturization methods, such as
extrusion. This includes not requiring specific machinery and
lower energy requirements due to the lower thermal gelation
conditions of food biopolymers (De Angelis et al. 2024; Kim
et al. 2024). In the context of double-network emulsion gels,
the schematic of inducing gelation for the two networks would
underpin its suitability for industrial-scale adoption. A one-pot
or even a one-step process would be favored over a two-step
method for minimizing handling and maximizing throughput in
a double-network structure (Sinad et al. 2023; Yin et al. 2023).
A two-step method that requires incubation in an ionic bath
would be the most challenging for scalability and efficiency due
to its dependency on the rate of diffusion and surface area-to-
volume ratio. As contemporary studies focused on elucidating
these gels’ formation mechanisms and properties on a lab scale,

greater attention on processing could improve the appeal of
double-network emulsion gels.

The development of double-network emulsion gel in foods has
been focused on improving the consumer experience in a wide
range of existing and novel food categories, including plant-
based meat, plant-based cheese, confectionery, and condiments.
Nonetheless, it remains unclear how its incorporation into
food could affect the sensory perception of the entire product.
Moreover, the perception of ultraprocessing has undermined
the perceived healthiness of novel food products such as meat
alternatives (Hissig et al. 2023). Many double-network emulsion
gels have also relied on allergenic protein sources such as dairy,
egg, meat, and legume proteins for their network formations
(Muthukumar et al. 2020). Overall, these issues have played a
part in restricting the proliferation of novel products that could
use double-network emulsion gels. To improve the prospects
of these products amidst these challenges, both transparency
in materials used and processing done, are needed for more
effective promotion of novel food products. Stricter compliance,
self and otherwise, with regulatory standards would be needed
to ensure safety and instill confidence in consumers, especially
when novel materials are used. These novel materials may take
the form of structural or chemical modifications of existing
ingredients, such as polyphenol conjugation or new extracts
of other food sources. On the other hand, less resistance may
be seen in the adoption of double-network emulsion gels as
a delivery system for bioactive ingredients, as their benefits
in functionality could be better communicated to consumers.
Further research is warranted in double-network emulsion gels
to alleviate the multifaceted challenges currently faced in the
development of novel food products. Further understanding of
the synergistic effects between double-network emulsion gels and
their surrounding food matrix could better promote the use of
and adoption of double-network emulsion gel by the industry and
consumers.

7.2 | Future Research

The use of common gelling agents seen in current research is a
natural extension to the established single network emulsion gels.
Future investigations may be dedicated to using underutilized
plant and animal biopolymers will be indispensable in creating
novel structures. Research into underutilized protein sources has
yielded dividends when applied to simpler gel designs. Protein
extracts from oilseeds, pseudocereals, and marine organisms
were seen in literature to create hydrogels and, in certain cases,
emulsion gels. Canola protein extracts from spent canola meal
have shown promising emulsifying and gelling properties in
research (Lerch et al. 2024; Tan et al. 2014). Recent advances in
protein preparations have also enabled cold-set gelation of canola
protein that was previously heat-induced. Lerch et al. (2024)
determined that alkaline extraction at pH 12 was a prerequisite for
forming a 3D CacCl, cross-linked gel matrix. Pseudocereals such
as quinoa proteins have shown favorable Pickering properties and
interactions with a myofibrillar protein gel with increased WHC
and gel strength up to 7.5% (w/w) Pickering droplet addition (Cen
et al. 2022). The synergy between oyster protein and xC was iden-
tified by Jiang et al. (2022). The addition of xC to oyster protein
increased the proportion of S-sheets and created more orderly
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cross-linkages as a result. All in all, the use of underutilized
biopolymers and their combinations with other biopolymers will
be instrumental in identifying novel uses for current agricultural
products and reducing wastage. Food upcycling may also be
achieved as by-products and surplus may be used in more
value-adding processes and products (Aschemann-Witzel et al.
2023).

Currently, mixed results were seen in the creation of double-
protein systems with limited experiments on how these sys-
tems would perform as food. An expanded investigation into
protein-based systems could maintain the healthy perception of
plant-based food while improving current challenges in inferior
physical properties. Increasing protein fraction utilization for
supplementary networks or functions may aid the creation of
“clean label” foods by reducing the ingredient list. (Aschemann-
Witzel et al. 2021). Expanding the use of prolamins from familiar
protein sources such as corn, wheat, and barley in creating
double network emulsion gel may also unlock better prospects for
developing a protein-based product. Prolamin-based hydrogels
have shown excellent strength and were found to have synergy
when used with other proteins to form complexes (Jia et al. 2020;
J. J. Wang et al. 2019; Zhao et al. 2023). Blending animal protein
with plant protein in developing double-network emulsion gels
may serve as a short-term intermediary to reduce our consump-
tion of animal-sourced foods. Consumers were shown to favor
animal-like products over purely plant-based products and that
substitution of animal protein with plant does not immediately
impact sensory favorability (Grasso and Goksen 2023; Sogari et al.
2023). Thus, expanding the use of prolamins with the inclusion
of other protein sources, including blends of both animal and
plant proteins, may hold the key to unlocking the full potential
of a protein-based system. In such a format, emulsifying capacity,
protein profile, and gel properties may be accurately optimized by
different protein components.

Unique properties of individual biopolymers (such as gel-sol
transition temperature) may be better exploited to recreate
animal-based products. Double-network emulsion gels are cre-
ated as food analogs to tailor for varying temperature and
pH responses of food gels. Food gels are required to sustain
temperatures from freezing to high-temperature cooking and
acidity from weak during fermentation to chemical digestion at
low pH. Difficulties had been observed in creating plant-based
food analogs as direct substitution of structuring agent yielded
poor results. In food like cheeses, a casein emulsion gel of milk
fat that has low pH and thermal reversibility, current analogs
struggle to recreate key melting and stretching properties. The
creation of emulsion gels based on multiple structuring agents
may help target these thermal and mechanical properties. Thus,
further exploration of methods to utilize the unique properties of
individual biopolymers to form a synergistic network could assist
in the delivery of a greater variety of food properties.

8 | Conclusion

Double-network emulsion gels have emerged as a novel method
to structure emulsions in food. The combination of the food
proteins and polysaccharides yielded enhanced and additional

properties greater and unseen in single network emulsion gels
that could be modulated.

In a protein-polysaccharide network, polysaccharide enhanced
WHC and texture due to its hydrophilic and void-filling nature.
Nonetheless, incompatibility was observed in systems with high
polysaccharide content as phase separation became apparent.
Tunable thermal properties may be achieved in double polysac-
charide gels when a thermal reversible and irreversible blend
of polysaccharides is used. Whether the dispersed droplets are
active or inactive in double-polysaccharide gels may implicate
the gel’s suitability at high oil concentrations. This may be
modified depending on the selection of polysaccharides. As
protein acts as both the emulsifier and structuring agent, oil
droplets are typically active in double-protein systems. Despite
that, the nature of the gel network is still dependent on the
interactions between the two proteins and their respective gelator,
as differences between the proteins in gelation conditions may
cause malformation of the double network.

Various applications of double-network emulsion gels including,
food analogs, functional food, and 3D printing have been reported
in the literature. The existence of two networks is more versatile
in tailoring the performance of the emulsion gel. Several areas
have also been identified for further research, including the explo-
ration of underutilized biopolymers to create novel structures,
the use of various protein types and fractions to create protein-
based emulsion gels, and the use of a double-network system to
target specific culinary properties of food. The double-network
emulsion gel has been shown to be promising in potentially
solving key challenges in creating texturized and functional
foods.
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