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Abstract: Emulsion gel, a novel oral delivery carrier, provides the possibility to co-load hydrophilic
and lipophilic nutrients simultaneously. In this study, duo-induction methods of laccase and glucono-
d-lactone (L&GDL) or laccase and transglutaminase (L&MTG) were used to prepare the soy protein
isolate-sugar beet pectin (SPI-SBP) emulsion gel. The textural data of the emulsion gel was normalized
to analyze the effect of different induction methods on the gel property of the SPI-SBP emulsion
gels. The characterization studies showed the structure of L&MTG emulsion gel was denser with
a lower swelling ratio and reduced degree of digestion, compared with L&GDL emulsion gel.
Moreover, the release profiles of both 3-carotene and riboflavin co-loaded in the SPI-SBP emulsion
gels were correlated to the digestion patterns of the gel matrix; the controlled-release of encapsulated
functional factors was regulated by a gel network induced by different induction methods, mainly
due to the resulting porosity of the structure and swelling ratio during digestion. In conclusion,
SPI-SBP emulsion gels have the capability of encapsulating multiple functional factors with different
physicochemical properties.

Keywords: SPI-SBP emulsion gel; duo-inducing; co-loading

1. Introduction

Designing a bio-degradable and safe delivery system for nutrient delivery has attracted
much attention in recent years [1]. Traditional hydrogels have limited applications due
to their inability to encapsulate lipophilic nutrients. Therefore, emulsion gels have been
developed to increase the delivery capacity of lipophilic biologically active nutrients and
to further expand the application of hydrogels. Emulsion gels have a three-dimensional
network structure consisting of oil droplets within a hydrogel matrix [2]. The presence
of the oil droplets does not only improve the textural properties of the hydrogel matrix,
but also allows for the delivery of lipophilic biomolecules [3]. Moreover, due to the
coexistence of water and oil phases, the emulsion gels can also act as an ideal multi-phased
nutrient carrier for functional biomolecules with varied solubility and physicochemical
properties [4]. Functional factors with different solubility can be loaded within the same
carrier simultaneously, which provides the possibility for functional factors to play the
synergistic action at the target.

Food-grade emulsion gels are usually constructed by biomacromolecules such as
proteins and polysaccharides. Proteins are amphiphilic and are therefore often used as an
emulsifier in an oil-water system. Although research on emulsion gels fabricated by whey
protein isolate (WPI) [5], soy protein isolate (SPI) [6] and casein [7] have been reported,
there have been many reported cases associated with protein flocculation and poor stability
during food processing and storage. Polysaccharides have also been used as the matrix of
food emulsion gel systems and usually exhibit enhanced rigidity, such as gellan gum [8],
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sodium alginate [9], and pectin [10]. Compared with the single protein or polysaccharide-
matrix emulsion gel, the network structure of emulsion gels formatted by proteins and
polysaccharides can be regulated by the ratio between different biomacromolecules, and
the ability of the gels to control-release functional factors in the gastrointestinal tract is also
improved [11].

Protein-polysaccharide emulsion gels can be fabricated through methods such as phys-
ical alterations, ionic strength, pH, and applications of enzymes [12]. For low-temperature
gels, pH and enzyme alterations are the two main induction methods. Adjusting pH is one
of the common methods used in the food industry due to convenience in the application.
It is achieved by reducing pH until the system reaches the isoelectric point (pI) of the
protein, to allow for protein aggregation and precipitation. For example, in the addition
of glucono-é-lactone (GDL), SPI neutralized by acidification reached the pl, which led to
the formation of a protein gel network [13]. Additionally, the enzymatic induction method
also has been widely used in the preparation of food-grade emulsion gels due to high
substrate specificity, efficiency, and stability. For example, transglutaminase (MTG) cat-
alyzes acyl transfer reactions and is mostly used to catalyze protein cross-linking gels [14].
Another enzyme commonly used for emulsion-gel induction is laccase. Laccase induces gel
formation mainly through catalyzing the cross-linking reaction between tyrosine residue
in proteins or ferulic acid from polysaccharides [15]. Laccase has been widely applied in
various food processes such as bioremediation, beverage processing, sugar beet pectin
gelation and baking, to improve food sensory parameters [16]. Moreover, laccase can be
used in combination with other methods (such as heating, pH, and other enzymes) to
improve the textural properties of food through catalyzed gel formation. In a previous
study, laccase catalysis and thermal co-treatment were used to form SPI-SBP gel [17], but
most of nutrients in food would lose their functional activity due to thermal treatment. To
the best of our knowledge, SPI-SBP gels induced by laccase in the absence of high heat has
yet to be reported.

The current study aims to prepare a novel SPI-SBP emulsion gel as a multi-phased
carrier to co-encapsulate both hydrophilic and lipophilic nutrients. The effect of different
duo-induction methods using laccase in combination with GDL or MTG on the structural
properties of SPI-SBP emulsion gel was evaluated. The digestive properties of the selected
SPI-SBP emulsion gels for the subsequent release rate of bioactive substances were also
measured. The establishment of a relationship among the gelation mechanisms, texture,
microstructure and digestive profiles was attempted. The current study broadens the
application of SPI-SBP emulsion gels as a multi-phased nutrient carrier to encapsulate
thermal-sensitive substances.

2. Materials and Methods
2.1. Materials

Soy protein isolate (SPI) was supplied by Shandong Yuwang Ecological Food Industry
Co., Ltd. (Shandong, China). Sugar beet pectin (SBP) was purchased from Herbstreith
& Fox KG (Elmsford, Germany). Medium-chain triglycerides (MCT) was obtained from
Guangzhou Yeshang trade Co., Ltd. (Guangdong, China). Laccase (>0.5 U/mg) was
provided by Sigma-Aldrich Co. Ltd. (St. Louis, MI, USA). Glucono-$-lactone (GDL)
was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China).
Transglutaminase (MTG) (>1.5 U/mg) was supplied by Kuer Chemical Technology Co.,
Ltd. (Beijing, China). All other chemicals were of analytical grade.

2.2. Preparation of SPI-SBP Emulation Gel

SBP (2.0%, w/w) was dissolved in an SPI solution (6.0%, w/w) and the mixture was
stirred for 4 h at room temperature. After being stored at 4 °C overnight, the SPI-SBP
solution was heated at 85 °C for 15 min before being cooled down to room temperature
immediately. Then, 20% MCT (w/w) was added to the SPI-SBP solution, and the mix-
ture was mixed with a high-speed shear machine (T25 basic, IKA, Staufen, Germany) at
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10,000 r/min for 3 min, followed by homogenization five times at 30 MPa with a homoge-
nizer (EmusiFlex-C5, Avestin, Ottawa, ON, Canada) to obtain the SPI-SBP emulsion. The
emulsion was mixed with GDL (0.3-1.8%, w/w) and stirred for 1 min to yield the GDL
SPI-SBP emulsion, or mixed with MTG (5-30 U/g protein) to obtain the MTG SPI-SBP emul-
sion. Next, a 20 U/g substrate of laccase was added into GDL or MTG SPI-SBP emulsion
and stirred for 1 min to obtain L&GDL or L&MTG SPI-SBP emulsion. A control emulsion
was prepared with 20 U/g substrate of laccase with SPI-SBP emulsion to illustrate the
advantages of duo-induced emulsion gels in gel properties and functional factor delivery.
Finally, the laccase, L&GDL, or L&MTG emulsion gels were prepared after heating the
L&GDL or L&MTG emulsion at 40 °C for 4 h. All prepared gels were settled at 4 °C
overnight for the subsequent experiments.

2.3. Texture Profile Analysis (TPA) of SPI-SBP Emulsion Gel

For texture analysis, two down-pressure tests using a TMS-Pro Texture Analyzer (Food
Technology Corp., Sterling, VA, USA) and the 20 mm diameter P/20a cylindrical probe
were performed to measure the textural properties of the SPI-SBP emulsion gel. The TPA
parameters were as follows: the pressing height was 25% of the sample height, and the
test speed was 60 mm/min. The TPA curves were recorded and the parameters (hardness,
springiness, and cohesiveness) were calculated using the software provided by the Texture
Analyzer [17].

2.4. Minkowski Distance Normalization

The original texture parameters (hardness, springiness, and cohesiveness) were nor-
malized based on the Minkowski distance to obtain the comprehensive property index
(CPI) of all samples [18]. The correlation between three texture parameters (hardness,
springiness, and cohesiveness measured as described in Section 2.3) and the CPI of each
sample was analyzed using a Pearson correlation analysis. The accuracy and reliability of
the model were evaluated by the obtained correlation coefficient. A regression analysis was
performed to analyze the relationship between the original texture data and CPL

2.5. Microstructure of SPI-SBP Emulsion Gel

The previously obtained SPI-SBP emulsion gel was freeze-dried before being observed
on a scanning electron microscope (SEM, Hitachi S-480, Tokyo, Japan) at a voltage of 15 kV.

Based on a previously published method [19], SBP was labeled with fluoresceine
isothiocyanate (FITC), and the other preparation processes of SPI-SBP emulsion were the
same as described in Section 2.2. Then, 20 pL of 0.2% (w/v) rhodamine B and 0.1% (w/v)
Nile Red mixed staining solution was added into 2 g of the prepared SPI-SBP emulsion,
after which the gelling agents were added according to the method described in Section 2.2
to obtain L&GDL or L&MTG SPI-SBP emulsion and the gelation process was finished on
a glass slide. The confocal laser scanning microscope (CLSM) was used to observe SBP
labeled with FITC at 488 nm, SPI labeled with Nile Red at 553 nm, and MCT labeled with
rhodamine B at 633 nm.

2.6. Swelling Properties Measurement of SPI-SBP Emulsion Gel

To assess the swelling property of the prepared emulsion gel, fresh prepared SPI-SBP
emulsion gel was soaked in a 0.02% sodium azide solution (to prevent microbial spoilage)
for 48 h [20], and the gel swelling ratio was calculated based on the following equation

Swelling rate (%) = sz;lwl x 100% 1)

where w is the weight of the fresh emulsion gel and wy is the weight of the emulsion gel
after soaking.
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2.7. In Vitro Simulated Digestion Test

The SPI-SBP emulsion gels were cut into 0.2 cm x 0.2 cm x 0.2 cm cubes. These cubes
were firstly incubated in simulated saliva fluid (SSE, pH 7.0) at 37 °C for 5 min, and the ratio
of gel cubes to SSF of 50:50 (w/v) was targeted. After that, the same volume of simulated
gastric fluid (SGF, pH 2.0, 37 °C) was added to the oral mixture. Following this, 2000 U/mL
of porcine pepsin (EC 3.4.23.1) was added to the mixture. The mixture was incubated at
37 °C for 120 min. After gastric digestion, the gastric chyme was mixed with the same
volume of simulated intestinal fluid (SIF, pH 7.0, 37 °C). The activity of trypsin (EC 3.4.21.4)
and pancreatic lipase (EC 3.1.1.3) was 100 U/mL and 2000 U/mL in the final mixture, and
the final concentration of bile salts was 10 mmol/L. The final mixture was incubated at
37 °C for 120 min. All incubating processes were performed in a 37 °C water bath shaker
with a speed of 120 rpm [21].

2.7.1. Free Amino Acid (FAA) Determination

The determination of FAA was based on the method published by Rui [22]. After
in vitro digestion, the digestive mixtures of SPI-SBP emulsion gels were centrifuged at
8000 g for 10 min using a bench-top centrifuge (MH2100RA, Merrick Instruments Co.,
Ltd., Shanghai, China). Next, 10 pL of the supernatant was added into a 96-well microtiter
plate, and 100 pL of ninhydrin reagent (20 mg/mL) dissolved in acetate buffer (pH 5.5,
contained 2.5 mg/mL SnCl,) was added into the mixture; the resulting microtiter plate was
heated at 104 °C for 10 min. The absorbance was measured at 575 nm using a microplate
reader (Multiskan FC, Thermo Fisher Scientific, Shanghai, China), and glycine standards
were used to calculate the amount of FAA in the samples.

2.7.2. Free Fatty Acid (FFA) Determination

In this study, a titration method reported by Sarkar [23] was used for the determination
of FFA during digestion. After being digested in SSF and SGF, the SPI-SBP emulsion gels
were transformed into SIF and a pH automatic titrator was used to titrate FFA released
from the SPI-SBP emulsion gels in SIF. During titration, the pH of the system was kept at
7.0. The volume of 0.3 M NaOH used for neutralization of the system was recorded. The
percentage of FFA released was calculated using the following equation

Vv —V C M
FFA (%) — (VNaoH blan‘l;]) x CNaoH X MMCT | 4100, 2
MCT

where Vnyon (mL) was the volume of titrant used; Vpjank (ML) was the volume of the
MCT-free SBP-SPI emulsion gel which was used as a blank sample in the experiment;
Cnaon (mol/L) was the concentration of NaOH; Myict was the molecular weight of MCT;
and wycr (g) was the weight of MCT added to the digestive fluid.

2.8. Characterization of SPI-SBP Emulsion Gel Co-Loading Riboflavin and B-Carotene
2.8.1. Preparation of SPI-SBP Emulsion Gel Co-Loading System

Based on Section 2.2, 0.6 mg/mL riboflavin was added to the SPI-SBP solution, and
the preparation of aqueous phase of the emulsion was identical to the process described
above. The p-carotene (0.2% (w/w)) was dissolved in MCT at 45 °C to prepare the emulsion
oil phase. Steps to prepare SPI-SBP emulsions and emulsion gels (laccase, L&GDL, and
L&MTG SPI-SBP emulsion gel) co-loading systems were carried out following the steps
described in Section 2.2.

2.8.2. Determination of Embedding Efficiency (EE) in SPI-SBP Gel Delivery System

Freshly prepared emulsion samples and emulsion-gel samples loaded with nutrients
were freeze-dried. A total of 0.5 g of each freeze-dried sample was soaked in 10 mL DI water
for 24 h to release the embedded nutrients. Following this, 10 mL of n-hexane was added
to the mixture, which was centrifuged at 8500 g for 10 min. The n-hexane phase was
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collected and the absorbance was measured at 450 nm using a microplate reader (Multiskan
FC, Thermo Fisher Scientific, Shanghai, China). The (3-carotene standards were used to
calculate the amount of 3-carotene in the hexane layer [24]. The amount of riboflavin in
the residual aqueous layer after centrifugation was also measured at 450 nm, for which the
calculations were based on the riboflavin calibration curves [25,26]. The EE of nutrients
was calculated using Equation (3)

w1

W17 W2 100% 3)

EE(%) = =

where EE (%) is the embedding efficiency of nutrients (3-carotene in n-hexane phase or
riboflavin in water phase), wi (mg) is the total amount of nutrients, w, (mg) is the amount
of nutrients in the supernatant.

2.8.3. Determination of Release Rate in SPI-SBP Delivery System during Digestion In Vitro

The co-loading systems of the SPI-SBP emulsion and emulsion gels (laccase, L&GDL,
and L&MTG SPI-SBP emulsion gel) were digested based on the digestive procedure de-
scribed in Section 2.7. All samples in every digestive phase were adjusted to pH 7.0 before
measurement. The amount of riboflavin and (3-carotene was determined according to
Section 2.8.2. The release rate (%) of nutrients was calculated using Equation (4)
w1

W1 = W2\ 100% )

Release rate(%) = w
1

where w; (mg) is the total amount of nutrients, w; (mg) is the amount of nutrients in the
supernatant.

2.9. Statistics and Analysis

SPSS Statistics 26.0 software was used to analyze the data, and one-way analysis of
variance (ANOVA) was used to determine the significant difference between each test
(p < 0.05). Matlab 2016 software was used to analyze and normalize the textural data
statistically and to perform a regression analysis as well as Pearson correlation analysis.
The experimental data were processed using Origin 2019 software, and the results were
expressed in means =+ standard deviation. All experiments were conducted in triplicate.

3. Results and Discussion
3.1. Textural Properties of SPI-SBP Emulsion Gels

The textural properties were characterized by TPA, as shown in Figure 1. The
L&GDL induction method showed improved textural properties of SPI-SBP emulsion
gel than that of laccase single-induced SPI-SBP emulsion gel and L&GDL SBP emulsion
gel (Figure 1A-C). As displayed in Figure 1A, as the GDL concentration increased, the
hardness of SPI-SBP emulsion gel improved. In SPI-SBP emulsion, acidification caused by
GDL in the system continued to approach the protein pl, which eventually caused SPI to
form a gel network [4]. When the concentration of GDL continued to increase, the pH of
the emulsion decreased faster, until it eventually reached “over-acidification” as the pH of
the emulsion deviated from the pl (Figure S1). At this point, proteins became positively
charged, and the gel strength decreased as the repulsive force between SPI molecules
became more pronounced. The SBP network in both SPI-SBP and SBP emulsion gel was
induced by laccase and the optimum pH for laccase activity ranged from 4.0-5.0 [15]. Thus,
decreasing the pH of the emulsion also induced the laccase to form a SBP gel network at
a low GDL concentration. Nevertheless, when the pH of the emulsion was far from the
optimum pH for laccase activity, it resulted in a decrease in the strength of the SBP network,
leading to a weakening of the SPI-SBP and SBP emulsion gel.
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Figure 1. The hardness (A,D), springiness (B,E), and cohesiveness (C,F) of SPI-SBP and SBP emulsion
gels induced by L&GDL (A-C) and L&MTG (D-F).

On the other hand, the hardness (Figure 1D), springiness (Figure 1E), and cohesiveness
(Figure 1F) of the SPI-SBP emulsion gel induced by L&MTG were better than the SBP
emulsion gel induced by L&MTG. In the L&MTG SPI-SBP emulsion gel, the SBP network
skeleton was formed under the action of laccase. Within the same system, MTG promoted
the formation of the SPI network, and the double network formed by SPI and SBP increased
the mechanical strength of the SPI-SBP emulsion gel. The results also show that compared
with the SBP emulsion gel induced by laccase alone, the addition of MTG enhanced the
hardness and cohesiveness of the SBP emulsion gel. This is because SBP usually contains
1.5-4.5% protein, and under the action of MTG, lysine residue within proteins can cross-link
to form covalent bonding between SBP intra- and inter-molecularly [27], resulting in a
denser SBP network.

3.2. Normalized Analysis of Texture Indexes

Based on the Minkowski distance, the three-dimensional data of the gel textural
properties were normalized into one-dimensional data, which was defined as CPI of the
SPI-SBP emulsion gel (Figure 2). According to the Pearson correlation analysis, this CPI
was positively correlated to hardness (r = 0.916), springiness (r = 0.9322), and cohesiveness
(r = 0.9136). The positive correlation of gel hardness, springiness, and cohesiveness with
CPI indicated the reliability of the regression model. Based on the normalized data, a



Foods 2022, 11, 469

7 of 14

regression analysis of hardness, springiness, and cohesiveness was performed, and the
equation (Equation (5)) obtained was

CPI = 0.0926 x H+ 0.0939 x S+ 0.3199 x C — 0.5387 (5)

where H was the hardness of the gel; S was the springiness of the gel; C was the cohesiveness
of the gel. R? of the equation was 0.9785, which suggested that the linear regression model
fitted the textural property data and could reflect the texture properties of the SPI-SBP
emulsion gel.

MTG Concentration in L&MTG emulsion Gel (U/g)

0 5 10 15 20 25 30 35
0. 18 —m——m/—-—"—"-—-—-1r—-"+—-"—"TF—r—"+—"p—-+—"-"T—"—"T—T——
' e L&MTG emulsion Gell
L&GDL emulsion Gel
0.15 |
® @
0.12 F ® ¢ ®
o B
00.09
0.06 |
Laccase
0.03 |
0.00 1 L 1 1 1 M 1 L 1

0.0 0.3 0.6 0.9 1.2 1.5 1.8 % |
GDL Concentration in L&GDL emulsion Gel (%)

Figure 2. The CPI of SPI-SBP emulsion gels induced by laccase, L&GDL, and L&MTG. The plots of
gels induced by laccase (0% GDL) and L&GDL were marked orange square (M) versus bottom X-axis,
and the plots of gels induced by L&MTG were marked green circle (o) versus top X-axis.

Figure 2 shows CPI of emulsion gels under different induction methods, and the CPI
value of the emulsion gel induced by L&MTG was generally higher than that of the gel
induced by L&GDL. To analyze the effect of different induction methods on the SPI-SBP
emulsion gel, induction combinations that yielded similar CPI were selected and marked
with a red circle, as shown in Figure 2, for the subsequent studies. In the proceeding studies,
the GDL concentration of the L&GDL SPI-SBP emulsion gel was set at 0.9%, and the MTG
addition of the L&MTG SPI-SBP emulsion gel was set at 20 U/g.

3.3. Microstructure of the SPI-SBP Emulsion Gel

As shown in Figure 3, SEM was used to evaluate the effect of different induction
methods on the microstructure of SPI-SBP emulsion gels. The SPI-SBP emulsion gel induced
by laccase alone had a regular structure, consisting of uniform pores. The emulsion gels
induced by L&GDL presented a porous structure, similar to the structure induced by
laccase alone, yet the L&MTG emulsion gel yielded a denser structure with fewer pores,
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250X

1000X

due to a higher degree of cross-linking. The SPI-SBP emulsion gel induced by laccase and
thermal treatment has been reported to have a porous structure and the porosity value
depended on SBP concentration [6]. Yan [13] also found that Corn fiber gum-SPI hydrogels
induced by L&GDL exhibited a honeycomb network.

Figure 3. The SEM micrographs of SPI-SBP emulsion gels induced by laccase (A), L&GDL (B), and
L&MTG (C) in 250 . (D-F) are a section of images (A-C) with higher magnification (1000x).

In Figure 4, the green area of the CLSM result represents the FITC-labeled SBP, the
blue area represents rhodamine-stained SPI, and the red area indicates Nile Red-stained
MCT oil droplets (red oil droplets appear purple due to superposition with blue protein).
As shown in Figure 4A, oil droplets were embedded in the networks of SPI or SBP. An
aggregation of oil droplets occurred in the SPI emulsion gel induced by MTG alone, because
MTG treatment increased the interfacial and surface tensions of proteins and the formation
of a stronger interfacial gel network during gelation, which caused the rupture and re-
aggregation of oil droplets [28]. In contrast, GDL can quickly disperse into the emulsion
system and slowly release hydrogen ions to form a uniformed SPI network [29], so that the
oil droplets can disperse uniformly in the network. Compared with the SPI and SPI-SBP
emulsion gel induced by MTG alone in Figure 4A, B, the rupture and aggregation of oil
droplets in the SPI-SBP emulsion gel induced by the duo-induction of L&MTG, presented
in Figure 4C, was alleviated, indicating that the SBP network structure induced by laccase
can support and protect the oil droplets to a certain extent, and reduce the damage to
the oil droplets when MTG induces the SPI gel network. For L&GDL SPI-SBP emulsion
gel, the internal matrix distribution of the emulsion gel induced by GDL was relatively
uniform. SPI was in an aggregated state and dispersed within the network of SBP, and the
oil droplets were embedded within the SPI and SBP network, which is in agreement with
the previous study [6].
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SBP + Laccase SPI| + GDL SPlI+ MTG

e 200

SPI-SBP + Laccase SPI-SBP + GDL  SPI-SBP + MTG

Blue area-SPI
C Green area-SBP
Purple area-MCT

SPI-SBP + L&GDL SPI-SBP + L&MTG

Figure 4. The CLSM micrographs of SPI or SBP emulsion gel induced by single method (A), SPI-SBP
emulsion gel induced by single method (B), and SPI-SBP emulsion gel induced by double methods
(C). The scale bar indicates 200 uM. SBP was labeled by FITC for green. SPI was stained by Rhodamine
B for blue. MCT was stained by Nile Red for red.

3.4. Swelling Properties of the SPI-SBP Emulsion Gel

A previous study indicated that the greater the swelling, the easier it is for water
and digestive enzymes to diffuse into the gel network structure, which in turn promotes
the release of functional factors [20]. As shown in Figure 5A, compared with the SPI-SBP
emulsion gel induced by laccase alone, the additional inducing agent reduced the swelling
of the emulsion gels. For the duo-inducing SPI-SBP emulsion gel, the swelling ratio of the
L&MTG emulsion gel was lower than the L&GDL emulsion gel, which mainly depends
on the microstructure. When pore size in the hydrogel network becomes smaller, the free
movement of molecular chains is restricted. Then, the interaction between the hydrophobic
groups inside the hydrogel increases, which makes it difficult for water molecules to enter
the hydrogel network [30]. Based on the SEM results, the L&MTG emulsion gel had a
denser structure, with a higher degree of cross-linking and fewer pores, so its swelling ratio
was lower than others. On the other hand, gels that have a loose network structure display
better swelling abilities, which was the case in L&GDL induced emulsion gels.
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Figure 5. The swelling properties (A) and the digestive profiles of FAA (B) and FFA (C) for SPI-SBP
emulsion gels induced by different methods. Different letters indicate significant differences in the
same group at p < 0.05 level. P1: Oral Phase; P2: Gastric Phase; P3: Intestinal Phase.

3.5. The Digestion Profiles of the SPI-SBP Emulsion Gel

As shown in Figure 5B, FAA released during digestion increased gradually in all
samples. During the early stage of the gastric digestion phase (P2, 5-65min), the L&MTG
emulsion gel showed that a larger amount of FAA released. Because of the dense structure,
the L&MTG emulsion gel should have a lower degree of hydrolysis and FAA release rate
than L&GDL emulsion gel during digestion; however, the results showed that was released
at a greater rate for L&MTG in the oral digestion phase (P1) until the middle of P2. This
is because compared with GDL induction, gelation by MTG resulted in more uncross-
linked proteins [22], which were digested more easily than the proteins cross-linked in the
gel network. At the end of P2 (125 min), the L&MTG emulsion gel began to present its
advantage of having a denser structure, which resulted in releasing a lower amount of FAA.
In this phase, the protein that was most hydrolyzed was the cross-linked one in the gel
network, and the denser structure of the gel network led to the lower rate of hydrolyzation
for cross-linked proteins [31]. At the end of the intestinal phase (P3), the order of the FAA
release amount from highest to lowest was as follows: the emulsion, the emulsion gel
induced by laccase alone, L&GDL emulsion gel, and L&MTG emulsion gel. Out of the
three induction methods, the L&MTG emulsion gel had the lowest FAA release, due to the
lowest swelling ratio with small pore size, preventing the digestive enzymes from entering
into the gel network and imparting the effect of enzymolysis [32].

After experiencing shear effects in the mouth and stomach, the oil in the emulsion is
mixed with pancreatic lipase, trypsin, bile salts, and phospholipids in the small intestine.
Oil digestion under the action of lipase was mainly carried out in the small intestine [33],
so the release rate of FFA from SPI-SBP emulsion gels was analyzed in SIF. As can be
observed in Figure 5C, the release rate of FFA from emulsion gels presented a rapid initial
release from 0 min to 20 min, before plateauing at 60 min. At the end of the intestinal
digestion process (120 min), the FFA release rate of each sample from high to low was as
follows: SPI-SBP emulsion, the emulsion gel induced by laccase alone, L&GDL emulsion
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gel, L&MTG emulsion gel. In the SPI-SBP emulsion gel system, the rate and extent of oil
digestion usually depend on the integrity of network structure [34]. In the duo-inducing
SPI-SBP emulsion gels, the SPI network was digested during the digestive process, and the
digestive rate of the SPI network in the L&GDL emulsion gel was higher than that in the
L&MTG emulsion gel, based on the results of the amount of FAA released. On the other
hand, the SBP network in L&GDL emulsion gels remained and protected the oil droplets
from being digested. SPI-SBP emulsion did not form any network, thus, the amount of FFA
released from L&GDL emulsion gel was higher than that from the L&MTG emulsion gel
but still lower than the other two at the end of digestion.

3.6. EE of the SPI-SBP Emulsion Gel as the Multi-Phased Nutrients Carrier

EE is essential to the performance of the nutrient delivery system, and affects the stor-
age and bioavailability of functional factors that are embedded in the delivery system [35].
In this study, the hydrophilic phase (SPI-SBP network) was loaded with the riboflavin, and
the lipophilic phase (MCT) was loaded with (3-carotene. As indicated in Figure 6A, there
was no significant difference in the EE of 3-carotene between the laccase emulsion gel and
duo-induced emulsion gels. The oil droplets containing 3-carotene were wrapped in the gel
network, which reduced direct contact of the oil droplets with the outside environment [36].
For the riboflavin embedded in the water phase, compared with the SPI-SBP emulsion,
the emulsion gel had higher EE of riboflavin. The order of EE for riboflavin from low to
high was as follows: the emulsion, the emulsion gel induced by laccase alone, L&GDL
emulsion gel, and L&MTG emulsion gel. The EE of hydrophilic functional factors is related
to the porosity of the gel matrix [37]. Combined with the results from previously stated
microstructure and swelling ratio measurement, the SPI-SBP emulsion gel that had a looser
and more porous structure tended to have lower EE of riboflavin.
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Figure 6. The embedding (A) and the release profiles of 3-carotene (B) and riboflavin (C) from
co-loading SPI-SBP emulsion gel induced by different methods. Different letters indicated significant
differences among different inducing methods at p < 0.05 level. P1: Oral Phase; P2: Gastric Phase; P3:
Intestinal Phase.

3.7. The Release Profiles of Co-Encapsulated Functional Factors

The release of 3-carotene in the SPI-SBP emulsion gel during the digestion process
is mainly related to the digestion process of oil embedded in the gel network [38]. After
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simulated gastric digestion, these oil droplets were released partly into the SGF from the
gel network. The part of 3-carotene which was measured was in the free oil droplets, but
those oil droplets did not undergo continued digestion in SSF and SGF [39]. As shown
in Figure 6B, during P1, there was no significant release of (3-carotene, as observed in all
samples. As the digestion proceeded to P2, the release rate of 3-carotene from the emulsion
began to increase significantly compared with the emulsion gels, which could indicate
that the gel carrier presented in this study was capable of delivering and control-releasing
[-carotene in vitro simulated digestion. After entering P3, the release rate of 3-carotene
in each sample greatly increased, mainly due to the action of the pancreatic lipase in the
intestinal phase. Lipase can hydrolyze the oil droplets in the emulsion gel, leading to the
release of 3-carotene from the oil phase [20]. At the end of P3 (245 min), the (3-carotene
release rate from both L&MTG (60.1%) and the L&GDL (65.7%) emulsion gel was lower
than that of the other systems (68.0% and 76.4%). In the SPI-SBP emulsion gels induced
by duo-induction methods, the SPI network was digested by pepsin and trypsin during
the digestive process, while due to lack of digestive enzymes, the SBP network continued
to reduce the contact between oil droplets and lipase, protecting 3-carotene from being
released [19]. Finally, the 3-carotene in all three emulsion gels (laccase, L&GDL, and
L&MTG) was still partially wrapped in the gel network after 245 min (P3), indicating that
the gel carrier required more time to release the residual 3-carotene [40]. Thus, the releasing
process of 3-carotene was more closely related to the polysaccharide network structure in
the system.

As indicated in Figure 6C, during P1, no significant release of hydrophilic riboflavin
was observed in all samples. After 65 min, the SPI-SBP emulsion and the emulsion gel
induced by laccase alone had released more riboflavin. When samples entered P3, all the
release rates of riboflavin increased as the gel network was further hydrolyzed. At the end
of P3 (245 min), the riboflavin release rate of each SPI-SBP sample from high to low was
as follows: SPI-SBP emulsion (89.8%), the emulsion gel induced by laccase alone (88.6%),
L&GDL emulsion gel (86.4%), L&MTG emulsion gel (79.1%). The L&MTG emulsion gel
had the lowest riboflavin release rate at each digestion phase, because the L&MTG emulsion
gel had a dense structure with the lowest swelling ratio, which controlled the riboflavin
release [41]. Therefore, the release profiles of riboflavin had a higher correlation with the
swelling performance of the gel and the density of the gel network structure. The looser
the network structure, the easier it was for the embedded functional factors to be released
through water diffusion.

4. Conclusions

In this study, a novel SPI-SBP emulsion gel was prepared as a multi-phased carrier
to co-encapsulate both hydrophilic and lipophilic nutrients. Compared with the L&GDL
emulsion gel, the structure of the L&MTG emulsion gel was denser and had a lower
swelling ratio; therefore, the digestion rate was lower. The EE of 3-carotene in the SPI-SBP
emulsion gel was not affected by the induction method, while the EE of riboflavin was
mainly correlated to the pore size of the SPI-SBP network synthesized under different
induction methods. During simulated digestion studies, the release of both (3-carotene
and riboflavin in the SPI-SBP emulsion gels was regulated by the gel network induced
by different induction methods. The swelling ratio accompanied by these structures was
responsible for the controlled-release profiles of functional factors co-loaded within the
system. Therefore, the capability of SPI-SBP emulsion gels of encapsulating multiple
functional factors with different physicochemical properties will further expand their
applications in the food industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11030469/s1. Figure S1: Effects of GDL concentration on
pH changes of SPI-SBP emulsion.


https://www.mdpi.com/article/10.3390/foods11030469/s1
https://www.mdpi.com/article/10.3390/foods11030469/s1

Foods 2022, 11, 469 13 of 14

Author Contributions: Conceptualization, L.Y.; methodology, C.G.; software, M.Z. and C.G.; formal
analysis, M.Z. and W.Y.; resources, L.Y. and X.J.; data curation, M.Z. and W.Y.; writing—original draft
preparation, M.Z.; writing—review and editing, M.Z. and X.J.; supervision, L.Y. and X.J.; funding
acquisition, L.Y. and X.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science Foundation of China (No. 31771934) and
supported by Xinghua Health Food Industry Research Institute of China Agricultural University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1.  Bao, C.; Liu, B.; Chai, J.; Zhang, L.; Jiao, L.; Li, D.; Yu, Z.; Ren, F,; Shi, X; Li, Y. Enhanced Transport of Shape and Rigidity-Tuned
a-Lactalbumin Nanotubes across Intestinal Mucus and Cellular Barriers. Nano Lett. 2020, 20, 1352-1361. [CrossRef]

2. Provost, C. Transparent oil-water gels. Int. ]. Cosmet. Sci. 1986, 8, 233-247. [CrossRef]

3.  Farjami, T.; Madadlou, A. An overview on preparation of emulsion-filled gels and emulsion particulate gels. Trends Food Sci. Technol.
2019, 86, 85-94. [CrossRef]

4. Mao, L,;Lu, Y,; Cui, M;; Miao, S.; Gao, Y. Design of gel structures in water and oil phases for improved delivery of bioactive food
ingredients. Crit. Rev. Food Sci. Nutr. 2020, 60, 1651-1666. [CrossRef]

5. Geremias-Andrade, LM.; Souki, N.P.; Moraes, I.C.; Pinho, S.C. Rheological and mechanical characterization of curcumin-loaded
emulsion-filled gels produced with whey protein isolate and xanthan gum. LWT 2017, 86, 166-173. [CrossRef]

6. Feng, L.; Jia, X.; Yan, J.; Yan, W,; Yin, L. Mechanical, thermal stability and microstructural properties of emulsion-filled gels: Effect
of sugar beet pectin/soy protein isolate ratio. LWT 2021, 141, 110917. [CrossRef]

7. Matia-Merino, L.; Lau, K.; Dickinson, E. Effects of low-methoxyl amidated pectin and ionic calcium on rheology and microstruc-
ture of acid-induced sodium caseinate gels. Food Hydrocoll. 2004, 18, 271-281. [CrossRef]

8.  Guo,J; Liu, Y.-C,; Yang, X.-Q.; Jin, Y.-C.; Yu, S.-J.; Wang, ].-M.; Hou, ].-].; Yin, S.-W. Fabrication of edible gellan gum/soy protein
ionic-covalent entanglement gels with diverse mechanical and oral processing properties. Food Res. Int. 2014, 62, 917-925.
[CrossRef]

9.  Pintado, T.; Ruiz-Capillas, C.; Jimenez-Colmenero, F; Carmona, P.; Herrero, A. Oil-in-water emulsion gels stabilized with chia
(Salvia hispanica L.) and cold gelling agents: Technological and infrared spectroscopic characterization. Food Chem. 2015, 185,
470-478. [CrossRef]

10. Elmowafy, EM.; Awad, G.A.S.; Mansour, S.; El-Shamy, A.E.-H.A. Ionotropically emulsion gelled polysaccharides beads: Prepara-
tion, in vitro and in vivo evaluation. Carbohydr. Polym. 2009, 75, 135-142. [CrossRef]

11.  Yang, X,; Li, A.; Li, D.; Guo, Y.; Sun, L. Applications of mixed polysaccharide-protein systems in fabricating multi-structures of
binary food gels—A review. Trends Food Sci. Technol. 2021, 109, 197-210. [CrossRef]

12.  Banerjee, S.; Bhattacharya, S. Food Gels: Gelling Process and New Applications. Crit. Rev. Food Sci. Nutr. 2012, 52, 334-346.
[CrossRef]

13.  Yan, W.; Zhang, B.; Yadav, M.P,; Feng, L.; Yan, J.; Jia, X.; Yin, L. Corn fiber gum-soybean protein isolate double network hydrogel
as oral delivery vehicles for thermosensitive bioactive compounds. Food Hydrocoll. 2020, 107, 105865. [CrossRef]

14. Liu, Y,; Weng, R.; Wang, W.; Wei, X,; Li, J.; Chen, X,; Liu, Y,; Lu, E; Li, Y. Tunable physical and mechanical properties of gelatin
hydrogel after transglutaminase crosslinking on two gelatin types. Int. J. Biol. Macromol. 2020, 162, 405-413. [CrossRef]

15.  Daronch, N.A ; Kelbert, M.; Pereira, C.S.; de Araujo, PH.H.; de Oliveira, D. Elucidating the choice for a precise matrix for laccase
immobilization: A review. Chem. Eng. J. 2020, 397, 125506. [CrossRef]

16. Minussi, R.C.; Pastore, G.M.; Duran, N. Potential applications of laccase in the food industry. Trends Food Sci. Technol. 2002, 13,
205-216. [CrossRef]

17. Chen, H.; Gan, ] Ji, A.; Song, S.; Yin, L. Development of double network gels based on soy protein isolate and sugar beet pectin
induced by thermal treatment and laccase catalysis. Food Chem. 2019, 292, 188-196. [CrossRef] [PubMed]

18. Wang, L,; Liu, H.; Liu, L.; Wang, Q.; Li, Q.; Du, Y.; Zhang, J. Protein Contents in Different Peanut Varieties and Their Relationship
to Gel Property. Int. J. Food Prop. 2014, 17, 1560-1576. [CrossRef]

19. Pai, V,; Srinivasarao, M.; Khan, S.A. Evolution of Microstructure and Rheology in Mixed Polysaccharide Systems. Macromolecules
2002, 35, 1699-1707. [CrossRef]

20. Guo, Q.; Bellissimo, N.; Rousseau, D. Role of gel structure in controlling in vitro intestinal lipid digestion in whey protein
emulsion gels. Food Hydrocoll. 2017, 69, 264-272. [CrossRef]

21. Minekus, M.; Alminger, M.; Alvito, P.; Ballance, S.; Bohn, T.; Bourlieu, C.; Carriere, F.; Boutrou, R.; Corredig, M.; Dupont, D.; et al.

A standardised staticin vitrodigestion method suitable for food—An international consensus. Food Funct. 2014, 5, 1113-1124.
[CrossRef]


http://doi.org/10.1021/acs.nanolett.9b04841
http://doi.org/10.1111/j.1467-2494.1986.tb00453.x
http://doi.org/10.1016/j.tifs.2019.02.043
http://doi.org/10.1080/10408398.2019.1587737
http://doi.org/10.1016/j.lwt.2017.07.063
http://doi.org/10.1016/j.lwt.2021.110917
http://doi.org/10.1016/S0268-005X(03)00083-3
http://doi.org/10.1016/j.foodres.2014.05.014
http://doi.org/10.1016/j.foodchem.2015.04.024
http://doi.org/10.1016/j.carbpol.2008.07.019
http://doi.org/10.1016/j.tifs.2021.01.002
http://doi.org/10.1080/10408398.2010.500234
http://doi.org/10.1016/j.foodhyd.2020.105865
http://doi.org/10.1016/j.ijbiomac.2020.06.185
http://doi.org/10.1016/j.cej.2020.125506
http://doi.org/10.1016/S0924-2244(02)00155-3
http://doi.org/10.1016/j.foodchem.2019.04.059
http://www.ncbi.nlm.nih.gov/pubmed/31054664
http://doi.org/10.1080/10942912.2012.723660
http://doi.org/10.1021/ma0115545
http://doi.org/10.1016/j.foodhyd.2017.01.037
http://doi.org/10.1039/C3FO60702J

Foods 2022, 11, 469 14 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

Rui, X; Fu, Y.; Zhang, Q.; Li, W.; Zare, F.; Chen, X,; Jiang, M.; Dong, M. A comparison study of bioaccessibility of soy protein gel
induced by magnesiumchloride, glucono-6-lactone and microbial transglutaminase. LWT 2016, 71, 234-242. [CrossRef]

Sarkar, A.; Juan, J.-M.; Kolodziejczyk, E.; Acquistapace, S.; Donato-Capel, L.; Wooster, T.]. Impact of Protein Gel Porosity on the
Digestion of Lipid Emulsions. J. Agric. Food Chem. 2015, 63, 8829-8837. [CrossRef]

Lu, Y; Zhang, Y.; Yuan, F; Gao, Y.; Mao, L. Emulsion gels with different proteins at the interface: Structures and delivery
functionality. Food Hydrocoll. 2021, 116, 106637. [CrossRef]

Chen, L.; Subirade, M. Elaboration and Characterization of Soy/Zein Protein Microspheres for Controlled Nutraceutical Delivery.
Biomacromolecules 2009, 10, 3327-3334. [CrossRef]

Maltais, A.; Remondetto, G.E.; Subirade, M. Soy protein cold-set hydrogels as controlled delivery devices for nutraceutical
compounds. Food Hydrocoll. 2009, 23, 1647-1653. [CrossRef]

Nunez, A.; Fishman, M.L.; Fortis, L.L.; Cooke, P.H.; Hotchkiss, A.T. Identification of Extensin Protein Associated with Sugar Beet
Pectin. J. Agric. Food Chem. 2009, 57, 10951-10958. [CrossRef]

Liu, Y,; Selig, M.].; Yadav, M.P; Yin, L.; Abbaspourrad, A. Transglutaminase-treated conjugation of sodium caseinate and corn
fiber gum hydrolysate: Interfacial and dilatational properties. Carbohydr. Polym. 2018, 187, 26-34. [CrossRef] [PubMed]
Ringgenberg, E.; Alexander, M.; Corredig, M. Effect of concentration and incubation temperature on the acid induced aggregation
of soymilk. Food Hydrocoll. 2013, 30, 463—469. [CrossRef]

Li, Z,; Liu, W,; Li, Z.; Duan, X,; Gao, X.; Li, Y,; Yang, M.; He, S.; Zhu, C. Swelling properties and molecular simulation of PNIPA
porous hydrogels. J. Cent. South Univ. 2013, 20, 1161-1172. [CrossRef]

Pan, Y; Li, X.-M.; Meng, R.; Xu, B.-C.; Zhang, B. Investigation of the Formation Mechanism and Curcumin Bioaccessibility of
Emulsion Gels Based on Sugar Beet Pectin and Laccase Catalysis. J. Agric. Food Chem. 2021, 69, 2557-2563. [CrossRef]

Maltais, A.; Remondetto, G.E.; Subirade, M. Tabletted soy protein cold-set hydrogels as carriers of nutraceutical substances.
Food Hydrocoll. 2010, 24, 518-524. [CrossRef]

Ye, Z.; Cao, C,; Liu, Y,; Cao, P; Li, Q. Triglyceride Structure Modulates Gastrointestinal Digestion Fates of Lipids: A Comparative
Study between Typical Edible Oils and Triglycerides Using Fully Designed in Vitro Digestion Model. J. Agric. Food Chem. 2018,
66, 6227-6238. [CrossRef]

McClements, D.J.; Decker, E.A.; Park, Y.; Weiss, ]J. Structural Design Principles for Delivery of Bioactive Components in
Nutraceuticals and Functional Foods. Crit. Rev. Food Sci. Nutr. 2009, 49, 577-606. [CrossRef]

Tai, K.; Rappolt, M.; He, X.; Wei, Y.; Zhu, S.; Zhang, J.; Mao, L.; Gao, Y.; Yuan, E. Effect of 3-sitosterol on the curcumin-loaded
liposomes: Vesicle characteristics, physicochemical stability, in vitro release and bioavailability. Food Chem. 2019, 293, 92-102.
[CrossRef]

Park, S.; Mun, S.; Kim, Y.-R. Effect of xanthan gum on lipid digestion and bioaccessibility of 3-carotene-loaded rice starch-based
filled hydrogels. Food Res. Int. 2018, 105, 440-445. [CrossRef] [PubMed]

Cao, Y.; Mezzenga, R. Design principles of food gels. Nat. Food 2020, 1, 106-118. [CrossRef]

Zhang, R.; Zhang, Z.; Zhang, H.; Decker, E.A.; McClements, D.]. Influence of lipid type on gastrointestinal fate of oil-in-water
emulsions: In vitro digestion study. Food Res. Int. 2015, 75, 71-78. [CrossRef] [PubMed]

Geng, M.; Wang, Z.; Qin, L.; Taha, A.; Du, L.; Xu, X.; Pan, S.; Hu, H. Effect of ultrasound and coagulant types on properties of
p-carotene bulk emulsion gels stabilized by soy protein. Food Hydrocoll. 2022, 123, 107146. [CrossRef]

Cabral, H.; Miyata, K.; Osada, K.; Kataoka, K. Block Copolymer Micelles in Nanomedicine Applications. Chem. Rev. 2018, 118,
6844—6892. [CrossRef] [PubMed]

Guo, Q.; Ye, A.; Lad, M.; Dalgleish, D.; Singh, H. Impact of colloidal structure of gastric digesta on in-vitro intestinal digestion of
whey protein emulsion gels. Food Hydrocoll. 2016, 54, 255-265. [CrossRef]


http://doi.org/10.1016/j.lwt.2016.03.032
http://doi.org/10.1021/acs.jafc.5b03700
http://doi.org/10.1016/j.foodhyd.2021.106637
http://doi.org/10.1021/bm900989y
http://doi.org/10.1016/j.foodhyd.2008.12.006
http://doi.org/10.1021/jf902162t
http://doi.org/10.1016/j.carbpol.2018.01.034
http://www.ncbi.nlm.nih.gov/pubmed/29486841
http://doi.org/10.1016/j.foodhyd.2012.05.011
http://doi.org/10.1007/s11771-013-1599-3
http://doi.org/10.1021/acs.jafc.0c07288
http://doi.org/10.1016/j.foodhyd.2009.11.016
http://doi.org/10.1021/acs.jafc.8b01577
http://doi.org/10.1080/10408390902841529
http://doi.org/10.1016/j.foodchem.2019.04.077
http://doi.org/10.1016/j.foodres.2017.11.039
http://www.ncbi.nlm.nih.gov/pubmed/29433234
http://doi.org/10.1038/s43016-019-0009-x
http://doi.org/10.1016/j.foodres.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/28454974
http://doi.org/10.1016/j.foodhyd.2021.107146
http://doi.org/10.1021/acs.chemrev.8b00199
http://www.ncbi.nlm.nih.gov/pubmed/29957926
http://doi.org/10.1016/j.foodhyd.2015.10.006

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of SPI-SBP Emulation Gel 
	Texture Profile Analysis (TPA) of SPI-SBP Emulsion Gel 
	Minkowski Distance Normalization 
	Microstructure of SPI-SBP Emulsion Gel 
	Swelling Properties Measurement of SPI-SBP Emulsion Gel 
	In Vitro Simulated Digestion Test 
	Free Amino Acid (FAA) Determination 
	Free Fatty Acid (FFA) Determination 

	Characterization of SPI-SBP Emulsion Gel Co-Loading Riboflavin and Β-Carotene 
	Preparation of SPI-SBP Emulsion Gel Co-Loading System 
	Determination of Embedding Efficiency (EE) in SPI-SBP Gel Delivery System 
	Determination of Release Rate in SPI-SBP Delivery System during Digestion In Vitro 

	Statistics and Analysis 

	Results and Discussion 
	Textural Properties of SPI-SBP Emulsion Gels 
	Normalized Analysis of Texture Indexes 
	Microstructure of the SPI-SBP Emulsion Gel 
	Swelling Properties of the SPI-SBP Emulsion Gel 
	The Digestion Profiles of the SPI-SBP Emulsion Gel 
	EE of the SPI-SBP Emulsion Gel as the Multi-Phased Nutrients Carrier 
	The Release Profiles of Co-Encapsulated Functional Factors 

	Conclusions 
	References

