Food Chemistry: X 20 (2023) 100931

Contents lists available at ScienceDirect

Food Chemistry: X e

journal homepage: www.sciencedirect.com/journal/food-chemistry-x —=

ELSEVIER

The influence of a and o subunits on SPI Pickering emulsions based on
natural hybrid breeding varieties

Chunmei Gu ", Pengchao Dong b, Feihong Jiangn‘""b, Hongling Fu®", Bo Lyu™", Haoming Li?,
Youbao Li*", Hansong Yu ™", Weichang Dai*""

& College of Food Science and Engineering, Jilin Agricultural University, Changchun 130118, China
Y Division of Soybean Processing, Soybean Research & Development Center, Chinese Agricultural Research System, Changchun 130118, China

ARTICLE INFO ABSTRACT

Keywords:

Pickering emulsion
Soy protein isolate
Protein nanoparticle
Subunit deficiency

In this study, food-grade protein nanoparticles (Wild-NPs, a-lack-NPs, «-lack-NPs, and (a + o')-lack-NPs) were
organized as emulsion stabilizers via thermal induction. The effects of a and o subunits in soybean protein isolate
(SPI) on Wild nanoparticle Pickering emulsion (Wild-NPPEs), a-lack nanoparticle Pickering emulsion (a-lack-
NPPEs), «-lack nanoparticle Pickering emulsion (o-lack-NPPEs) and (« + o)-lack nanoparticle Pickering
emulsion ((o« + o)-lack-NPPEs) were investigated. The Pickering emulsion stabilization mechanism indicated
that the o/-lack-NPs particle size, surface hydrophobicity, and contact angle were mostly comparatively large.
Therefore, the absence of the o subunit made the desorption of protein nanoparticles at the oil and water
interface require higher energy. Through the hydrophobic interaction between molecules, the structure and
properties of the emulsion were improved, showing good stability. The existence of o-lack-NPPEs leads to the
formation of a gel-like network in the emulsion, which increases the viscosity of the emulsion and makes the
network structure of the emulsion more uniform and denser.

1. Introduction

Pickering emulsions contain solid particles that stabilize the emul-
sion, generally at the micron or nanoscale, called Pickering particles.
The Pickering emulsion stability mechanism is different from that of
traditional emulsions. The former stabilizes the oil-water interface
through solid particles attached to it, increasing the spatial resistance
and increasing the rheology of the nondisperse phases (Xiao, Wang,
Perez Gonzalez, & Huang, 2016). The latter consists of amphiphilic
surfactant molecules adhering to the interface to reduce interfacial
tension and stabilize the emulsion system (Sun et al., 2022). In recent
years, traditional emulsifier-stabilized emulsions have suffered from the
disadvantages of inconvenient storage and high emulsifier usage, and
Pickering emulsions that are stabilized by nanoparticles have been used
by scientists in a wide range of different fields. However, more research
has focused on the synthesis of inorganic polymer particles based on
physics or chemistry, but these particles are non-biodegradability and
non-compatibility for organisms (Li, Li, Huang, Luo, & Mei, 2021). The
main solid particles that are not food-based are titanium dioxide (Amar
Feldbaum et al., 2021), asphalt (Wang, Babadagli, & Maeda, 2021),

* Corresponding authors.

silica (Slavova, Pollak, & Petermann, 2019), volcanic mineral clay
(Aimable, Lecomte-Nana, & Pagnoux, 2022), and graphene (Ma et al.,
2021). Therefore, because of environmental factors, the development of
environmental protection, harmless, biodegradable food grade particles
as Pickering emulsion stabilizers, has aroused great interest.

Proteins, as amphiphilic compounds with good surface activity, can
be used as solid particles and are widely explored to enhance the
traditional oil-in-water emulsions, formation of good interface adsorp-
tion, emulsifying properties, and stability. Given health, ethical, and
environmental protection issues, the preparation of Pickering emulsion
solid particles from plant proteins has become a significant hotspot in
research. Pea protein isolate microgels were heated and homogenized
with sucrose and sunflower oil to stabilize the edible mayonnaise-like
Pickering emulsion (Li et al., 2022). The quinoa protein isolated Pick-
ering high internal phase emulsion gel as an antifreeze for frozen foods is
important for improving food quality (Cen, Yu, Gao, Feng, & Tang,
2021). To improve the bioaccessibility of astaxanthin, we prepared high
internal phase Pickering emulsions (HIPPEs) based on Seabass protein
(SBP) microgel granules and used astaxanthin-containing HIPPEs for
rapid prototyping technology (3D printing) (Zhang, Xu, Zhao, & Zhou,
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2022). The freeze-thaw stabilities of heated SPI and whey protein (WP)
(nano) granule stable Pickering emulsions and unheated separated
soybean protein (or WP) and sodium caseinate (sodium cyanide) were
compared. These results of food protein granule stable Pickering emul-
sion preparation and its application in food formulas are of great sig-
nificance (Zhu, Zhang, Lin, & Tang, 2017). SPI has good emulsification,
gel, and foam properties (Huang, Lee, Wang, & Qiu, 2023). Heat-
induced denaturation can alter the functional properties of SPI, lead-
ing to both the exposure and formation of hydrophobic amino acids and
protein aggregates within the protein and affecting its solubility and
emulsification (Guo et al., 2021). Differences in the structural compo-
sition of SPI can directly affect its processing characteristics and nutri-
tional quality. Therefore, further analysis of the influence of subunit
levels on the functional properties of gel is necessary and is more
conducive to the industry trend of specialization of processed varieties.

In addition, our group has determined in preceding research that the
different gel properties (Fu et al., 2023) and foaming residences (Li
et al., 2022) of soy protein are due to a or o subunit deficiency.
Therefore, it is of theoretical importance to explore the emulsification
properties of soy protein at the subunit level to improve the utilization of
soy protein. In this research, we analyzed the emulsification properties
of SPI at the subunit level by thermally inducing subunit-deficient soy
protein to prepare protein nanoparticles and analyzed and compared
their particle size, {-potential, surface hydrophobicity, and contact angle
to investigate the properties of the prepared Pickering emulsions. In this
paper, we investigated the properties of Pickering emulsions of different
subunit deletion kinds of soy protein. The improvement and future
application of soy protein product additives provide a theoretical basis.

2. Materials and methods
2.1. Materials

Wild-type, a-lacking, o-lacking, and (« + o)-lacking soybeans were
provided by the Key Laboratory of Soybean Biology in the Chinese
Ministry of Education (Harbin, China). Soybean oil was purchased from
a local supermarket (Changchun, China). 1-Anilinonaphthalene-8-sul-
fonic acid (ANS) (St Louis, MO, USA) and coomassie Brilliant Blue and
sodium dodecyl sulfate (SDS) (Jinhua University Chemical Reagent Co.
Ltd. Guangzhou, China) were used. All other chemicals and reagents for
the analysis were from the Beijing Chemical Industry Group Co., Ltd.
(Beijing, China).

2.2. Preparation of soy protein isolate (SPI)

Following the methodology studied by Li et al. (2022), the four kinds
of soybeans were peeled, crushed, and screened for 60 mesh, and then
the powder was mixed with acetone to prepare the defatted soybean
powder. After repeating this process four times, the powder was dried.
According to the principle of alkali-soluble acid precipitation, the
degreased soybean powder was mixed with deionized water (1:10). The
acidity and alkalinity of the solution were adjusted with 2 mol/L NaOH
solution to pH = 8.5, and after 2 h of full agitation, 2 mol/L HCl solution
was added, and the acid-base pH of the solution was adjusted to 4.5.
After 2 h of full agitation, the pH of the mixture was adjusted to 4.5. The
mixture was centrifuged for 30 min (14,000 g at 4 °C), and the precip-
itate was taken and redissolved in water several times. A 2 mol/L sodium
hydroxide solution was added to adjust the acidity and alkalinity of the
solution to pH = 7.0. After the mixed solution was stirred for 2 h, the
supernatant was obtained by centrifugation for 30 min (14,000g at 4 °C).
Dialysis was performed at 4 °C for 48 d and freeze-dried. Four proteins
were labeled as Wild, a-lack, o -lack, and (¢ + «') -lack for later data
processing.
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2.3. SDS-PAGE

The protein compositions of soybeans were analyzed by SDS-PAGE
with some minor modifications to Laemmli (1970) method, and a 12%
PAGE separation gel and 4% concentrated gel were prepared. At room
temperature, each sample was spiked with 0.02% p-mercaptoethanol
after heating (100 °C, 5 min) and centrifuge (10,000g, 5 min). The
samples were then held in constant current mode at 17 mA for 20 min,
then adjusted to 37 mA, and continued until the electrophoresis was
complete. The samples were stained with Coomassie bright blue G-250
overnight and decolorized with a decolorizing solution several times
until the bands were evident. The gel sections were observed with a gel
imager (iBright CL1000, Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA), and the protein subunit content of the sample was
analyzed.

2.4. Preparation of thermotropic nanoparticles

Based on the approach of Li et al. (2022) with some slight modifi-
cations, first, four accurately weighed SPIs were dissolved in room
temperature deionized water to make a 2% solution of SPI, stirred for
120 min, and then stored in a refrigerator at 4 °C overnight for hydra-
tion. In four kinds of solutions, 0.02% NaN3 was added to inhibit the
growth of microorganisms in the solution. The pH was adjusted to 7.0
for the four protein solutions, and the solutions were centrifuged again
at 14,000 x g for 30 min (Allegra X-22, Beijing Dongxun Tiandi Medical
Instrument Co., LTD, Beijing, China) to remove insoluble material.
Finally, these four SPI solutions were heated and stirred in a water bath
at 95 °C for 30 min, and immediately after heating, the solutions were
cooled to room temperature and freeze-dried. The solutions were named
Wild-NPs, a-lack-NPs, o-lack-NPs and (o + o)-lack-NPs for later data
processing.

2.5. Fourier transform infrared spectroscopy

FTIR spectra of samples were recorded using a Bio-Rad FTS-60A FTIR
spectrum meter according to the method of Huang, Bekiaris, Fitamo,
Scheutz, and Bruun (2021) with slight modifications. Four kinds of
protein nanoparticles (1 mg each) and 100 mg potassium bromide (KBr)
were fully ground and placed in a thin sheet. The sample was scanned 48
times at a temperature of 25 °C, a scanning range of 4000-400 em ™} a

wavenumber accuracy setting of 0.01 cm ™}, and a resolution of 4 cm™*.
2.6. Particle size and {-potential

Based on this method of Igarttia, Platania, Balcone, Palazolo, and
Cabezas (2022), at room temperature, Wild-NPs, a-lack-NPs, o'-lack-
NPs, and (« + o)-lack-NPs were hydrated with deionized water, stirred
continuously for 2 h to ensure adequate protein solubilization, and then
hydrated at 4 °C. The sample solutions were diluted 100-fold, and the
mean particle size and {-potential were determined by dynamic optical
scattering and a particle size analyzer (173plus, Brookhaven In-
struments Corporation, Austin, Texas USA).

2.7. Surface hydrophobicity (Hp)

The method of Zhang, Chen, Qi, Sui, and Jiang (2018) with minor
modifications was used to determine surface hydrophobicity using a 1-
anilinonaphthalene-8-sulfonic acid (ANS) fluorescent probe. Briefly,
Wild-NPs, a-lack-NPs, o-lack-NPs, and (« + o)-lack-NPs were then dis-
solved in 10 mmol/L PBS at pH 7.0 to obtain 1 mg/mL protein solutions,
which were then diluted to various concentrations (0.1, 0.2, 0.3, 0.4, 0.5
mg/mL). Two milliliters of the diluted SPI solution were mixed with 25
uL of 8.0 mmol/L ANS at pH 7.0. After 0.5 h of reaction in darkness, the
fluorescence intensities of the four samples were measured at 390 nm
(excitation wavelength), 470 nm (emission wavelength), and 5 nm (slit
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width). The recorded fluorescence intensities were plotted against pro-
tein concentrations and linearly fitted with slopes corresponding to the
surface hydrophobicity of the proteins.

2.8. Contact angle (6)

The contact angle was measured based on the method described by
Meng et al. (2022) with a few modifications. The sample powders of
Wild-NPs, o-lack-NPs, o-lack-NPs, and (o + o)-lack-NPs were pressed
into thin sheets. Ten microliters of distilled water were applied to the
sample surface using a high-precision syringe. The images of the
resulting three-phase contact angle (6) were recorded simultaneously by
a high-speed camera equipped with an image analysis system.

2.9. Preparation of Pickering emulsion

The Pickering Emulsion was made based on Ji et al.’s (2022) method
with slight modification, and the prepared solution of raw thermal
nanoparticles as an aqueous solution and the addition of 20% (v/v)
soybean oil as the oil phase and then a high-speed shear emulsifier was
added (Ultra-Turrax T10, Germany IKA Instrument Equipment Co., LTD,
Staufen, Germany). The colostrum was then homogenized 3 times at
400 bar using a high-pressure homogenizer (ULTRA-TURRAX UTL 2000,
Germany IKA Instrument Equipment Co., LTD, Staufen, Germany) to
prepare Pickering emulsions with different subunit deletion types of soy
protein. The Pickering emulsions were kept sealed and stored at 4 °C.
These Pickering emulsions were labeled Wild-NPPEs, a-lack-NPPEs,
«’-lack-NPPEs and (« + o')-lack-NPPEs for later data processing.

2.10. Rheological properties

According to Zhang et al. (2022), the apparent viscosities were
measured at 25 °C using a Bohlin CVO rotational rheometer (Malvern
Instruments, Shanghai, China) with a parallel plate of d = 40 mm and a
gap of 1.0 mm. The apparent viscosities were measured in the range of
shear rates from 0.1 to 100 s™! by taking an appropriate amount of
sample on the parallel plate. The energy storage modulus G’ and loss
modulus G”’ were measured at 1% constant strain and 0.1 ~ 100 Hz
dynamic frequency scan range.

2.11. Emulsification activity index (EAI) and emulsion stability index
(ESI) of Pickering emulsions

The determination was carried out based on the approach of Wang
et al. (2022) with minor modifications by preparing a 0.1% (w/v) so-
dium dodecyl sulfate (SDS) solution, diluting the freshly prepared
emulsion to 0.1 mg/ml and shaking well to mix. The absorbance Ay was
measured at a wavelength of 500 nm using 0.1% (w/v) SDS solution as a
blank, and the absorbance A;j was measured after standing for 10 min.
The EAI and ESI were calculated as follows.

2XxTxAyxN
EAI (m?/g) = —— "~ 1
(m/8) = & G % L x 10000 M
. Ay
ESI (min) = — x 10 2)
(min) Ap — Ay

where A - absorbance at 0 min

T -2.303

N - dilution times

C - concentration of protein (g/mL)
0 - the proportion of the oil phase
L - cuvette optical path length

Ajp - absorbance at 10 min.

Food Chemistry: X 20 (2023) 100931
2.12. Confocal laser scanning microscopy (CLSM)

The method of Shen et al. (2022) was slightly modified to view the
morphology of the emulsion using laser confocal microscopy (SP8,
Germany IKA Instrument Equipment Co., LTD, Staufen, Germany. A
staining solution containing 1 mg Nile Red and 1 mg Nile Blue was
prepared in 1 mL of ethanol and added to the emulsion (1:4) for 1 h. The
dyed Pickering emulsion was then dropped into a slot on a groove on the
slide, covered, and observed at excitation wavelengths of 488 nm and
633 nm.

2.13. Stability of Pickering emulsions

Four kinds of freshly prepared Pickering emulsions were stored in
centrifugal tubes at 4 °C and 25 °C, and the Creaming Index (CI) was
calculated on Days 1, 3, 5, 7, 15, and 30. According to the method of Niu
etal. (2022), the emulsion was added to a 10 mL centrifuge tube, and the
total height H) (cm) and H; clear liquid height (cm) of the emulsion were
measured with a ruler to analyze its stability.

H
Cl= E] x 100% 3

t

where Hj is the height of the lower liquid layer.
H; is the total height of the emulsion.
2.14. Statistical analysis

The experiments described above were performed in three replica-
tions, and statistical calculations (ANOVA) were applied using the SPSS
22.0 software program (IBM Corporation, Armonk, New York, USA).
Statistical values were usually set at p < 0.05.

The specific results of 3 unbiased replicates are presented as the
mean =+ standard variance. Data were analyzed and drawn by using
Origin 8.5 software.

3. Results and discussion
3.1. SDS-PAGE

The SDS-PAGE electrophoresis profiles of soybean and SPI with four
different subunit deficiencies are shown in Fig. 1. The main components
of soy protein are p-conglycinin (7S globulin) and soy globulin (11S
globulin), where 7S globulin is a trimer containing three subunits, a, o,
and f§ (molecular weight in the range of 48-100 kDa). 11S globulin is
composed of acidic subunit A (molecular weight at approximately 35
kDa) bridged by disulfide bonds and essential peptides B (at a molecular
weight of approximately 17 kDa) consisting of a hexamer (Hu et al.,
2023). The characteristic bands of four of these soybeans and SPI were
consistent with the findings of previous studies (Shen et al., 2022; Wang
et al., 2021).

3.2. Particle size and ¢-potential

As shown in Fig. 2A, the «-lack-NPs formed under heating at 95 °C
for 30 min had a maximum particle size of 385.33 nm. This result was
once consistent with the findings of Guo et al. (2021). This may be
because the heating treatment allowed the protein to transition from the
small molecule shape to the polymer structure, exposing a massive wide
variety of its hydrophobic groups. According to Chevalier and Bolzinger
(2013):

AE = mry(1 — |cosf] ) “@

The smaller the particle size of the nanoparticles is, the larger the con-
tact area with oil and water, so the more significant the requirement for
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Fig. 1. SDS-PAGE electrophoresis patterns of four different subunit deletion types. (A: soybean; B: soybean protein isolate).

energy for the successful desorption of particles at the interface between
oil and water (Wang et al., 2022). In this study, «’-lack-NPs has a larger
average size than the others, which means it can have higher desorption
energy from the interface between oil and water, and the more signifi-
cant energy of desorption may favor the stabilization of Pickering

emulsions (Wu et al., 2015). Additionally, {-potential is an important
index of the stability of the dispersion system. The larger the absolute
value of {-potential, the more stable the dispersion system is; the smaller
the absolute value, the greater the system is dispersed, and the more it
tends to coalesce or condense (Wong, Day, & Augustin, 2011). The
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Fig. 2. The characteristics of a and o subunit deletion soybean protein nanoparticles. A: Effects of deletion of a and « subunits on the particle size and {-potential; B:
Analysis of surface hydrophobicity; C: Fourier transforms infrared spectroscopy analysis. Different letters represent significant differences (p < 0.05).

C-potential of all samples was negative, which may be because soy
protein nanoparticles are negatively charged at pH values above that of
the isoelectric point. Heat treatment operations increase the negative
charge of the protein surface, which usually prevents the agglomeration
of particles and improves their internal stability (Guo et al., 2021).
However, the potential of (a + o)-lack-NPs was relatively small,
consistent with the results of the study by Ju et al. (2023). This may
additionally be due to the surface of the protein having a less homoge-
nous charge, which leads to the weakening of the electrostatic repulsion
among protein molecules. The {-potential of Wild-NPs, a-lack-NPs, and
«’-lack-NPs was relatively large, indicating that they have the potential
to stabilize Pickering emulsions.

3.3. Surface hydrophobicity

The surface hydrophobicity of soy protein nanoparticles is a critical
parameter affecting their surface-related functions. Surface hydropho-
bicity is closely associated with useful properties, such as emulsification
and foaming properties (Alavi et al., 2019). As seen in Fig. 2B, the
«-lack-NPs had the highest surface hydrophobicity, possibly due to the
more extended protein molecules. The surface hydrophobicity of soy
protein nanoparticles with different subunit deletion types was
different, which might be related to the different surface hydrophobic
groups and spatial conformations of soy protein nanoparticles. Consis-
tent with the study by Ma et al. (2022), the surface hydrophobic groups
of o/-lack-NPs expose greater hydrophobic amino acids, increasing Hy.
The greater the Hy was, the more favorable the hydrophobic interactions
of the protein substrates. More large molecular aggregates form in the
solution, and the volumes of the soluble aggregates become larger
(Fig. 2A). At the same time, more hydrophobic groups are exposed to the
molecular surface, promoting the cross-linking of hydrophobic in-
teractions between molecules and improving the structural properties
(Kang et al., 2016). Therefore, the hydrophobic group exposed by
o’-lack-NPs can promote the formation of a more stable structure.

3.4. FTIR spectroscopy

Fourier infrared (IR) spectroscopy is an effective means to study
protein structures and can detect functional groups of proteins and vi-
brations of highly polar bonds in soy protein nanoparticles. Four soy
protein nanoparticles were analyzed by FTIR spectroscopy. The results
are shown in Fig. 2C. The four soy protein nanoparticles had C=0
stretching (amide I), N—H bending of primary amine groups (amide I), C
—N stretching, and N—H bending (amide III) bands at 1630 em ! (Kan g
et al., 2023). Moreover, the absorption at approximately 1630 cm™!
indicates the C=O stretching vibration, and the absorption at 1600
cm ! suggests the C—H stretching vibration. The peak of «-lack-NPs in
the amide I region undergoes a redshift from 1627.98 cm ™ to 1627.92
cm ! relative to wild-type NPs, which may disrupt hydrophobic in-
teractions and hydrogen bonding between protein aggregates (Zhao

et al., 2021). This is probably because intermolecular hydrogen bonds
were formed between free amino acid residues in the process of thermal
denaturation with the expansion of its spherical folding structure. When
hydrogen bonding was strong, the density of the C=0 electron cloud
decreased, causing absorption peaks to shift in the direction of lower
wavenumbers. In contrast, o-lack-NPs had a more stable 3D structure,
indicating that the deletion of the o subunit affected the stability of soy
protein nanoparticles (Fu et al., 2023).

3.5. Contact angle

To a certain extent, the contact angle shows the interface wettability
and lipophilicity of the material (Destribats, Rouvet, Gehin-Delval,
Schmitt, & Binks, 2014). When 6 < 90°, the solid particles exhibited
better hydrophilicity; when 6 > 90°, the solid particles exhibited greater
lipophilicity; when 6 was close to 90°, the solid particles were amphi-
philic, and the prepared nanoparticles had good stability (Rai Widarta,
Rukmini, Santoso, Supriyadi, & Raharjo, 2022). The contact angles of
four different subunit-deficient soy protein nanoparticles are shown in
Fig. 3. The 0 values of all samples were less than 90°, and the contact
angles of Wild-NPs, a-lack-NPs, o’-lack-NPs and (a + «)-lack-NPs were
76.49°, 76.25°, 80.69°, and 53.50°, respectively. Among them, o-lack-
NPs were the closest to 90°, which indicates that its heating rearranged
the structure and exposed more of the hydrophobic amino acids on the
surface. Based on the desorption energy equation (Eq. (4)), the higher
the 0 value of o-lack-NPs is, the better their ability to stabilize Pickering
emulsions. The reason for this is that it is relatively hydrophobic, which
is consistent with the theory of Cui et al. (2023). In addition, heating

Wild-NPs
(76.49°)

a-lack-NPs
(76.25°%)

a’-lack-NPs
(80.69°)

(ata’)-lack-NPs
(53.50°)

Fig. 3. Analysis of contact angle of a and « subunit deletion soy protein
nanoparticles.
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exposes the hydrophobic amino acids in the protein’s interior, which is
also in agreement with the surface hydrophobicity data (Fig. 2B). This
leads to an improved affinity of the particles for the oil and thus an in-
crease in 0 (Zhou et al., 2022). Therefore, o-lack-NPs can enhance the
wettability and stability of emulsions at the interface.

3.6. Particle size and {-potential of emulsions

The smaller the particle size of the emulsion, the slower and more
uniformly distributed the emulsion will be, and the emulsion will be
more stable (Su et al., 2023). As shown in Fig. 4A, the particle size of
«’-lack-NPPEs was the smallest, which may be attributed to the large
particle size of o-lack-NPs (Fig. 2A), and can be dispersed in the
continuous phase and form a gel network due to the tight arrangement
on the oil-water interface, which prevents the condensation of droplets.
Thus, the particle size of the emulsion was reduced, and the stability of
the emulsion was increased (Hunter, Pugh, Franks, & Jameson, 2008;
Tang, 2017). Another reason could be the formation of protein thermal
aggregation nanoparticles due to heat treatment, which dramatically
improved the emulsifying efficiency of soybean protein, and emulsifi-
cation efficiency largely due to the increase in the surface hydropho-
bicity, among them, «’-lack-NPs large surface hydrophobicity, increasing
the stability of the emulsion. The results indicated that the o'-lacking-
NPs could be better aligned at the oil-water interface, and their emul-
sions had smaller droplet sizes and better storage properties.

C-Potential is one of the most important indicators of the stability of a
colloidal dispersal system and can also measure the strength of the
interaction between the particles (Jeong, Oh, & Kim, 2001). The smaller
the particles of an emulsion are, the higher the absolute value of the
C-potential, and the more stable the mixed system, which allows the
particles to resist aggregation when dissolved or dispersed (Mikulcova,
Bordes, Minarik, & Kasparkova, 2018). When the Pickering emulsion
had a high {-potential value, it indicated relatively good stability of the
emulsion.
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3.7. Rheological properties

One of the essential indicators of emulsion properties is the rheo-
logical properties, which are closely related to their internal system and
the interaction between droplets (Zhang, Liang, & Li, 2022). As shown in
Fig. 4C, the apparent viscosity of the four Pickering emulsions was
inversely related to the shear rate. All of the emulsions exhibited the
properties of non-Newtonian fluids (pseudoplastic fluids) (Hebishy,
Buffa, Juan, Blasco-Moreno, & Trujillo, 2017), probably because the
shear stress caused the protein nanoparticles and oil droplets to form
aggregates that were deformed or even destroyed by the bridging
interaction between them as the shear rate gradually increased (Ren
et al., 2021). The highest apparent viscosity of o-lack-NPPEs may be
attributed to the vital role of the surface hydrophobicity of protein
nanoparticles in the formation of gel-like network structures in the
emulsions (Liu & Tang, 2016). For stable emulsions, intermolecular
interactions and the formation of weak transient networks may lead to
shear thinning behavior due to interactions between adjacent aggre-
gated molecules (Dapueto, Troncoso, Mella, & Zuniga, 2019). The re-
sults showed that o’-lack-NPPEs were conducive to maintaining better
stability of the emulsion.

To better appreciate the connection between the microstructure and
macroscopic properties of emulsions, dynamic viscoelasticity tests were
conducted. As shown in Fig. 4C, the G’ (energy storage modulus) of all
four emulsions was larger than G” (loss modulus) and in the range of
0.1-100 Hz, indicating that the emulsions exhibited elastic behavior and
had gel-like properties at this time (Ren, Chen, Zhang, Lin, & Li, 2020).
Among them, the o subunit-deficient nanoparticle Pickering emulsion
had the largest G', which may be the result of thermal induction to in-
crease the surface hydrophobicity of proteins (Ai, Zhang, Fan, Cao, &
Jiang, 2021) (consistent with Fig. 2B). At the same time, the smaller the
particles in the emulsion (Fig. 4A), the more the protein nanoparticles
were allowed to adsorb at the oil-water interface and form stable
network structures, which was consistent with the results from Guo, Cui,
Huang, and Meng (2022). The results showed that a higher G' (energy
storage modulus) of the o subunit-deletion nanoparticle Pickering
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emulsion was beneficial for the emulsion to maintain better stability.

3.8. Emulsifying activity and emulsification stability

The EAI is the ability of nanoparticles to be adsorbed on the oil--
water interface for Pickering emulsions as well as to control the
dissemination and aggregation of oil droplets. The ESI was expressed as
the stability of the droplets in the emulsion (Zhang et al., 2022). As
indicated in Fig. 4B, the four kinds of emulsions showed good emulsi-
fying activity and emulsion stability. Among them, the emulsifying ac-
tivity of o-lack-NPPEs was relatively high. This may be related to their
diffusion into newly formed interfaces, their expansion and reposition-
ing in a manner that reduces interfacial tension, and their formation by
polymerization of viscous and viscoelastic film aggregation, together
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with disulfide bonding and hydrophobic interactions (Felix, Yang,
Guerrero, & Sagis, 2019). The proteins that adsorb at the oil-water
interface affect the stability of emulsions, possibly through the reduction
of the interfacial tension from water to oil, which is associated with the
formation of viscoelastic films at the oil-water interface (Fig. 4C), as
they facilitate interfacial tension reduction (Gomes, Costa, & Cunha,
2018; Zhang, Xu, Zhao, & Zhou, 2022). Additionally, combined with
particle size (Fig. 2A), it can be seen that the larger the particle size of
o-lack-NPs is, the more effective the diffusion into the oil-water inter-
face of the emulsion during the emulsification process; thus this results
in the formation of smaller liquid droplets in the emulsion, reducing the
particle size in the emulsion. The adsorption of o-lack-NPs was irre-
trievable and therefore may be more useful in the prevention of emul-
sion agglomeration (Linke & Drusch, 2018).

Fig. 5. (A) Wild nanoparticle Pickering emulsion; (B) a subunit-deletion nanoparticle. Pickering emulsion; (C) o subunit-deletion nanoparticle Pickering emulsion;

(D) « and o double-subunit-deficient emulsifying.
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3.9. CLSM images

The microstructure of Pickering emulsions prepared from different
subunit-deficient soy protein nanoparticles was characterized using
laser confocal microscopy (Zhang et al., 2022). As illustrated in Fig. 5,
the green spherical objects in the four emulsions represented oil drop-
lets, the red particles represented soy protein nanoparticles, and the soy
protein nanoparticles surrounded the oil droplets. This adsorption pro-
moted emulsion stability and further confirmed oil-in-water emulsion
formation, in agreement with the theory from Ji et al. (2022). In this
case, the droplets in the o'-lack-NPPEs were closely packed and difficult
to remove. In certain situations, two adjacent droplets share the same
interface layer, which forms a gel-like network structure (Zhao, Gu,
Hong, Liu, & Li, 2021). This may be due to the larger particle size of
nanoparticles with o substituent deletion, which makes the emulsion
process formed by the particles and oil droplets stable by creating a
dense network, providing spatial site resistance for agglomeration and
Ostwald maturation and improving the stability of the emulsion (Zhu
et al., 2020). The results showed that the o subunit-deletion nano-
particle Pickering emulsions were relatively stable.

3.10. Emulsion storage stability

One of the most important indicators for determining the stability of
emulsions is storage stability. During storage, emulsions emerged as the
obvious water—oil phase separation, mainly due to gravity, resulting in
emulsions on the top of the system and precipitated water layers on the
bottom (Zhu, Zheng, Song, Ren, & Gong, 2020). When the value of CI
was quantified, the higher the value was, the higher the phase separa-
tion and the relatively poor storage stability of the emulsion (Hong, Kim,
& Lee, 2018). As shown in Fig. 6, the phenomena of Wild-NPPEs, a-lack-
NPPEs, o-lack-NPPEs, and (« + o)-lack-NPPEs occurred on the 5th, 7th,
15th, and 3rd days, respectively. Furthermore, the CI value increased
with storage time. Among them, o-lack-NPPEs had a relatively small
creaming index, so its emulsion was more stable at Day 30. According to
Stokes’ law, an enhancement in emulsion viscosity (Fig. 4C) or a
decrease in droplet size (Fig. 4A) can prevent gravitational separation
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(Wang, Zhang, Chen, He, & Ju, 2020). In addition, because the protein
nanoparticles adsorbed at the oil-water interface, they may have a
larger particle size and more considerable desorption energy, which is
not accessible to desorption, which will make the interfacial film formed
between oil and water thicker, and the steric hindrance formed will be
enhanced, thus increasing the ability to block the polymerization be-
tween oil droplets, consistent with the results of Wu et al. (2022).
Indeed, as shown in Fig. 5, the protein particles in Pickering emulsions
are tightly bound to the oil droplets, and the gel-like network structure is
more stable, providing an effective impediment to the free movement of
droplets and promoting long-term stability (Zhao, Fan, Liu, & Li, 2023).

4. Conclusions

This study investigated the application of different subunit-deficient
soybean isolated proteins (Wild-NPs, a-lack-NPs, «-lack-NPs and (o +
a)-lack-NPs) in food Pickering emulsions. In this study, thermal induc-
tion of o subunit-deletion proteins was prepared to produce o'-lack-NPs
with the largest size (385.33 nm) with good surface hydrophobicity and
particle wettability. In addition, the heating treatment promoted the
formation of protein interconnections, which resulted in good stability
of the prepared emulsions (Wild-NPPEs, a-lack-NPPEs, «’-lack-NPPEs
and (a + o)-lack-NPPEs) in terms of particle size, potential, EAI ESI, and
rheological behavior, and the clustering of oil droplets and protein
nanoparticles in the emulsions can also be observed by CLSM, indicating
good stability. The o subunit-deletion soybean isolate stabilizes Pick-
ering emulsions with good stability and potential for innovative new
applications in food formulations. In the present study the production of
food-grade « subunit-deletion soybean isolates can be used as an
effective emulsion stabilizer compared with the wild type and provides a
prospective strategy. In this study, the effects on the stability of Pick-
ering emulsion were discussed in terms of variety and raw protein
composition, but the effects of processing methods on the product were
not considered in this study. Therefore, one of the next targets is the
influence of raw material properties and processing methods on emul-
sion stability.
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Fig. 6. Analysis of storage stability of Pickering emulsion with a and o subunit deletion of soy protein.
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