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Food-grade high internal phase Pickering emulsions (HIPPEs) are stabilized by protein-based particles, which
have attracted extensive attention due to their good gel-like structure. The black soybean isolate protein/
cyanidin-3-O-glucoside (BSPI-C3G) covalent particles were used as a particulate emulsifier to form stable
HIPPEs with oil phase fractions (74 % v/v) and low particle concentrations (0.5 %-3 % w/v) The particle size
distribution and microstructure demonstrated that the BSPI-C3G covalent particles acted as an interfacial layer

and surrounded the oil droplets. As the concentration of BSPI-C3G particles increased from 0.5 % to 3 %, the
droplet size, elasticity, antioxidant capacity of the heated or stored HIPPEs more stable. So, the HIPPEs had the
best stability with the BSPI-C3G particle at 3 % (w/v) concentration. These findings may extend the application
of BSPI and C3G in foods and provide the guidelines for the rational design of food-grade HIPPEs stabilized by

protein/anthocyanin complexes.

1. Introduction

Anthocyanins belong to the group of flavonoids and are vital sec-
ondary metabolites for fruit and vegetables (Li et al., 2019). They
showed various colors at different pH and were the major color-
presenting substances of plants, with strong antioxidant, anti-diabetic,
anti-proliferative properties, and anti-inflammatory functions (Ma,
Xie, & Wang, 2021). The antioxidant capacity of polyphenols directly
relates to the hydroxyl group, which donates hydrogen, scavenges
singlet oxygen and various types of free radicals, and chelates metal ions
(Fu, Wang, Belwal, Xu, Li, & Luo, 2021). Black beans belong to the same
family as soybeans, whose coat black color is due to the richness of
anthocyanins such as cyanidin, delphinidin, petunidin, and pelargonidin
as 3-O-glucosides, of which cyanidin-3-O-glucoside (C3G) is the most
abundantly found anthocyanin (Chen et al., 2019). Despite the multiple
health-promoting properties of anthocyanins from black soybeans, there
was less research on black soybean anthocyanins than on berry
anthocyanin.

Anthocyanins are not stable in nature, but the interaction of proteins

and polyphenols occurs in food systems and can protect the stability of
anthocyanins, alter the structural, functional, and nutritional properties
of proteins and improve the stability of complexes (Li et al., 2021).
Protein-anthocyanin complexes were formed by covalent and non-
covalent bonds, such as hydrogen bonds, hydrophobic interactions,
static quenching, and disulfide bonds (Fu, Belwal, He, Xu, Li, & Luo,
2020; Ma, Cheng, Jiao, & Jing, 2022). It was reported that preheated
soybean isolate protein (SPI) could interact with black rice extract, and
C3G through hydrophobic interactions or static quenching mechanisms.
They reported that the following complex of SPI-anthocyanins, the di-
gestibility, emulsifying, and foaming capabilities of SPI were improved
as well as the thermal and oxidative stability of anthocyanins (Chen
et al.,, 2019; Sui, Sun, Qi, Zhang, Li, & Jiang, 2018). There are some
studies on the covalent complexes of SPI with black rice extract or C3G,
and the stability of the complexes was improved (Ju et al., 2020; Sui
et al., 2018). Generally, covalent complexes exhibited better foam and
emulsion stability than non-covalent complexes. In simulated gastroin-
testinal studies, SPI with C3G, the main anthocyanin monomer in mul-
berry anthocyanins (MA) was binned through hydrophobic interactions,
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promoting protein digestibility by pepsin (Ma et al., 2022). Black soy-
bean protein isolate (BSPI), like SPI, contains high-quality amino acids,
thus BSPI-polyphenol complexes deserve to be studied extensively.

Solid particles (including nanoparticles and particulates), which
were difficult to desorb down from the interface, can prepare stable
Pickering emulsions, including ordinary Pickering Emulsion (PE) and
High Internal Phase Pickering Emulsion (HIPPE) (Shi, Feng, Wang, &
Adhikari, 2020). High internal phase emulsions (HIPEs) are emulsions
with a volume fraction of dispersed phase more than 74 % and show
solid-like characteristics. SPI can self-assemble into nanoparticles after
heating and is used widely as a stabilizer for emulsions due to its
amphiphilic nature (Sui et al., 2018). Anthocyanins and SPI can form
stable complexes, resulting in a significant reduction in particle size,
which led to the preparation of better external digestibility and more
stable emulsions (Ju et al., 2020; Sui et al., 2018). Pickering emulsions
Stabilized by Gliadin/Proanthocyanidins Hybrid Particles (GPHPs) were
found to delay lipid oxidation during storage and simulated gastroin-
testinal digestion, which was beneficial in fighting against the fight
obesity. By the methyl thiazolyl tetrazolium assay, protein-
proanthocyanidin nanoparticles exhibited no cytotoxicity for normal
liver cells but significant cytotoxicity against liver hepatocellular car-
cinoma (HepG2 cells), thus have great potential in drug delivery (Liu, Li,
Yang, Xiong, & Sun, 2017). There are now many studies on natural
globulins, protein—polysaccharides, and protein-pectin-polyphenol
complexes for the preparation of HIPPEs (Feng et al., 2021; Ribeiro,
Morell, Nicoletti, Quiles, & Hernando, 2021; Xu, Tang, Liu, & Liu,
2018). However, the preparation of HIPPEs with protein-polyphenol
composite particles needs more research.

In this study, we aim to prepare stable BSPI-C3G covalent composite
particles and prepare Pickering emulsions with fish oil as the model-
internal phase without surfactants. Therefore, we investigated the
structure of BSPI-C3G particles by Fourier transform infrared spectros-
copy (FTIR), X-ray diffraction (XRD), differential scanning calorimetry
(DSC), and oil-water interfacial tension. In addition, the effects of BSPI-
C3G particles with various BSPI concentrations and various ratios of oil
phases for the preparation of Pickering emulsions were investigated by
particle size, microstructure, Laser scanning confocal microscopy
(LSCM), rheology, thermal stability, storage stability and oxidative
stability (determination of hydrogen peroxide and secondary oxidation
products). We expect this study to provide a new approach for the
preparation of Pickering emulsions from BSPI-C3G particles and to be
used to provide new bioactive ingredients in the food and pharmaceu-
tical industries.

2. Materials and methods
2.1. Materials

BSPI (>99 %) was purchased from Heilongjiang Heliang Agriculture
Co., Itd. ( Harbin, China). Cyanidin-3-O-glucoside (C3G, purity >98 %)
was purchased from Xi’an Ruilin Biotechnology Co., Itd. (Xi’an, China).
Fish oil (contain 50 % DHA) was obtained from Xi’an Weisbo Biotech-
nology Co., 1td. (Xi’an, China). Nile red (>95 %) was purchased from
sigma (Shanghai, China). Fluorescein isothiocyanate (FITC, purity >95
%) was purchased from Shanghai Aladdin Biochemical Technology Co.,
1td. (Shanghai, China). Cumene hydroperoxide (>85 %) was purchased
from Shanghai McLean Biochemical Technology Co., ltd. (Shanghai,
China). 1,1,3,3- tetrathoxypropane (>97 %) was purchased from
Shanghai lianshuo Biotechnology Co., 1td. (Shanghai, China). All other
chemicals used were of analytical grade and used as purchased.

2.2. Preparation of BSPI-C3G covalent complexes
BSPI-C3G covalent complexes were prepared by the previous

research method (Ju et al., 2020). Briefly, 6.0 g of black soybean protein
isolate (BSPI) was dispersed in 100 mL of ultrapure water to prepare the
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BSPI solution (6 %, w/v) with stirring for 2 h and separating from ox-
ygen, then stored overnight at 4°C to completely hydrate the protein.
Then anthocyanin aqueous solution (0.15 %, w/v) was added and ho-
mogeneously mixed with freshly prepared BSPI solution (6 %, w/v) ata
volume 1:1 ratio and the pH of the mixture was adjusted to 9.0 with
stirring for 24 h in full contact with oxygen. Afterward, the pH was
adjusted to 7.0, heated in a water bath at 95°C for 15 min and cooled to
room temperature to get the BSPI-C3G covalent complex (3 %, w/v). The
various concentrations of BSPI-C3G covalent complex solutions were
obtained by diluting the ultrapure water to BSPI-C3G concentrations (C)
of 0.5 %, 1 %, and 2 % (w/v). The unreacted C3G was dialyzed in a 3500
kDa dialysis bag and the dialysates were replaced per 12 h, for 48 hin a
4°C refrigerator. At the end of dialysis, the solution of BSPI-C3G was
transferred to pre-freeze and dried by a freeze dryer, after which was
ground into a powdered solid for reserve.

2.3. Fourier transform infrared (FTIR) spectroscopy

The infrared spectra of C3G, BSPI, and BSPI-C3G were obtained by
FTIR device (BRUKER ALPHA, German). The sample powder was mixed
with potassium bromide at a mass ratio of 1:100 and pressed it into 1-2
mm thin sheets by a tablet press. The infrared spectra were collected
with 16 scans in the range of 4000-400 cm ™! and resolution of 32 cm ™"

2.4. X-ray diffraction (XRD) analysis

XRD patterns were determined on a Bruker D8 Advance diffrac-
tometer (Bruker company, Germany). The sample powder was laid flat
on the glass plate, and the diffraction patterns were obtained with Cu Ka
X-rays (A = 1.54060 nm). The range of scan was from 5° to 70°, step size
of 20 and a scanning speed of 2°/min.

2.5. Differential scanning calorimetry (DSC)

The TAQ2000 calorimeter (American TA company, USA) was used to
characterize thermal transformation curves of C3G, BSPI, and BSPI-C3G.
About 10 mg of sample powder was sealed in a hermetic aluminum pan
and heated from 30°C to 200°C at a rate of 10°C/min, and the transfer
gas was 25 mL/min flow rate of nitrogen to obtain the DSC thermal map.

2.6. Determination of oil-water interfacial tension

The surface tension of 3600 s was monitored at room temperature for
BSPI-C3G complex solutions of various BSPI-C3G concentrations (C, 0.5
%, 1 %, 2 % and 3 %, w/v). BSPI was used as a blank control group. The
test started when the sample solutions and fish oil were left for 1 h. The
droplet volume was set to 30 pL and a sample was collected per 30 s. The
Young-Laplace equation is used to determine how oil-water interfacial
tension varies with adsorption time.

2.7. Preparation of Pickering emulsion

Pickering emulsions were prepared with various oil-phase fractions
(¢, 20 % ~ 78 %, v/v) and BSPI-C3G concentrations (C, 0.5 % ~ 3 %, w/
v). The fish oil was added to the BSPI-C3G complex solutions and ho-
mogenized by FLUKO FM200A high shear dispersing mixer (FLUKO
Equipment Shanghai Co., Itd., China) at 20,000 rpm for 3 min at 25°C.

2.8. Microscope

Microscopic changes in Pickering emulsion samples were observed
by DFC 7000 T fluorescence microscope (Leica GmbH, Germany) with
400 x magnification at 25 °C. About 20 pL of Pickering emulsions were
titrated into a glass slide and covered with a cover glass.
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2.9. Droplet size distribution

The droplet size distributions of Pickering emulsions were analyzed
by BT-9300ST laser particle size analyzer (Dandong bait Instrument Co.,
Itd. Liaoning, China) and expressed as volume-mean diameter (Dg, 3).
The particle absorption index of 0.001, the refractive index of 1.470 and
the refractive index of dispersant of 1.330 were set.

2.10. Confocal laser scanning microscope (CLSM)

Add 10 pL of fluorescent dye solution (0.5 % FITC or 0.2 % Nile Red)
to 1 mL of sample for dyeing. The microstructure was observed by the
FluoView™ FV3000 Confocal Laser Scanning Microscope (OLYMPUS
China, Beijing, China) with excitation wavelengths of 488 nm and 561
nm, respectively.

2.11. Rheological properties

The rheological properties of Pickering emulsions were investigated
with Discovery Hybrid Rheometer HR-10 (TA, USA) with a parallel plate
geometry (40 mm diameter), the fixed gap of 1 mm, strain 0.5 % and
frequency scanning (0.1-10 Hz) at 25°C. All the samples were tested in
the range of the linear viscoelastic zone.

2.12. Thermal stability of Pickering emulsion

The Pickering emulsions with various BSPI-C3G concentrations (C,
0.5 % ~ 3 %, w/v) and the oil-phase fraction (¢ = 74 %, v/v) were
heated in a water bath at 100°C for 15 min, then microstructure, particle
size distribution and rheological of emulsions were observed and
measured.

2.13. Storage stability of Pickering emulsion

The Pickering emulsions with BSPI-C3G various concentrations (C,
0.5 % ~ 3 %, w/v) and the oil-phase fraction (¢ = 74 %, v/v) were
placed at 25°C for 14 d. Then microstructure, particle size distribution
and rheological of emulsions were observed and measured.

2.14. Oxidative stability of Pickering emulsion

The Pickering emulsions with various BSPI-C3G concentrations (C,
0.5 % ~ 3 %, w/v) at the oil-phase fraction (¢ = 74 %, v/v) were placed
at 50°C for 14 d in the baking oven to accelerate the oxidation. The
degree of emulsion corruption was determined by testing the content of
primary hydroperoxide and secondary oxidation products per 2 d.

2.14.1. Hydrogen peroxide measurement

The measurement of hydrogen peroxide referred to the method of Shi
et al (2020). Briefly, 0.3 mL of the sample was mixed with 1.5 mL
isooctane/isopropanol (3:1 v/v), following by vortexing continuously
for 10 s and centrifugation at 2000 x g for 5 min to collect the upper
solution. Then the upper solution (200 pL) was mixed with methanol/n-
butanol mixture (2.8 mL, 2:1, v/v) and added NH4SCN (15 pL, 3.94 M)
and Fe?" solution (15 pL, 0.132 M BaCl, and 0.144 M FeSO4 mixed in the
ratio of 1:1). The reaction’s absorbance was measured at 510 nm using
an ultraviolet spectrophotometer after 20 min. The lipid hydrogen
peroxide was determined according to the cumene hydroperoxide
standard curve.

2.14.2. Measurement of secondary oxidation products

Secondary oxidation products were monitored by thiobarbituric acid
reactive substances assay (TBARS) (Xiao, Li, & Huang, 2015). 1 mL
emulsion was mixed with 2 mL thiobarbituric acid (TBA) reagent (15 %
trichloroacetic acid and 0.375 % TBA in 0.25 M HCI). Boiling the
mixture in a water bath for 15 min, the mixture was cooled immediately
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to room temperature and used 1.2 pm microporous membrane filter. The
absorbance of the mixture was measured by ultraviolet spectropho-
tometer at 532 nm. The secondary oxidation products were determined
according to the 1,1,3,3-tetrathoxypropane standard curve.

2.15. Statistical analysis

One-way analysis of variance (ANOVA) was performed to compare
the differences and differences were considered statistically significant
when p < 0.05 using the SPSS 18.0 (SPSS Inc., Evanston, IL, USA). All
experiments were formed with at least three replications. Results were
expressed as mean + standard deviation (SD).

3. Results and discussion

3.1. Interaction of BSPI-C3G particles and analysis of oil-water
interfacial tension

FTIR spectroscopy can be used to characterize the interaction be-
tween BSPI and C3G through changes of characteristic absorption band
shifts and intensities. Fig. 1A shows that the characteristic peaks of BSPI
appeared in the amide A band (3100-3500 cm™'), amide I band
(1750-1600 cm ') and amide II band (1550-1510 em ™), which rep-
resented the stretching of N—H bond and the change of hydrogen bond,
the stretching of C=0 bond, the bending of C—N bond, and N—H bond,
respectively (Dai, Sun, Wei, Mao, & Gao, 2018). The absorption bands of
C3Gat 1338 cm’l, 1502 cm’l, and 1634 cm ™! were mainly, which were
due to C=C stretching of the aromatic ring, the stretching and bending
vibration of the alkane C—H bond, and = C—H bending of the aromatic
ring. While at 3407 cm™, it was produced mainly by vibrational
stretching of phenolic hydroxyl group (Chen et al., 2020). The BSPI-C3G
covalent complexes had a wider characteristic peak at 3286 cm !
compared to the characteristic peak of C3G. The results indicated that
the number of hydroxyl groups increased with higher covalent binding
of BSPI to C3G, due to the stretching vibration of C-OH, which was
consistent with the results of Qin et al (2021). Compared with the
characteristic peaks of BSPI, the absorption peak at 3428 cm™! corre-
sponding to the hydrogen bond in the BSPI-C3G particles redshifted to
3286 cm ! in the covalent composite particles. The absorption vibration
of the amide A band may come from the hydrogen bond or the stretching
vibration of the O—H bond. The shift of absorption wave number from
large wave number to small wave number indicated that a new
hydrogen bond has been formed between BSPI and C3G. By studying the
infrared spectra of zein and epigallocatechin (EGCG), He et al (2020)
found that the absorption peak at 3412 cm™! corresponding to the
hydrogen bond in zein redshifted to 3406 cm™' in the composite
nanoparticles, indicating that a new hydrogen bond between the hy-
droxyl group of EGCG and the amide group of zein was formed.

As shown in Fig. 1B, the diffraction spectrum of C3G showed a multi-
peak shape, indicating a highly crystalline structure with a directional
and orderly arrangement (He et al., 2020). The 10° and 20° diffraction
peaks of protein were shown in the XRD study o-Spiral and p-Folding
structure (Chen, Chen, Zhu, Chen, Zhao, & Ao, 2013). BSPI had obvious
diffraction peaks at about 9° and 20°, and the intensity of the diffraction
peak at 20° was much greater than 9°. The results indicated that the
B-Folding of the secondary structure in the BSPI was dominant and was
important for protein stability. After the addition of C3G, there was no
new diffraction peak but the diffraction intensity at 10° and 20°
decreased in BSPI-C3G, indicating that no new crystal structure was
generated between them in the covalent complex and the protein
structure changed from crystal to amorphous structure. A similar result
was also observed in another study of soy peptide-based nanoparticle
(SPN) loaded curcumin (Zhang, Zhao, Ning, Yu, Tang, & Zhou, 2018).
Additionally, the characteristic crystal diffraction peak of anthocyanin
almost completely disappeared, suggesting that anthocyanin was
embedded in the complex matrix of BSPI in an amorphous state (Li et al.,
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Fig. 1. FTIR spectra (A), XRD spectrums (B) and DSC thermograms (C) of C3G (a), BSPI (b) and BSPI-C3G covalent complex (c). the oil-water interfacial tension
diagram (D) of particles with various BSPI-C3G concentrations (C, 0.5 %, 1 %, 2 %, and 3 %, w/v), and the blank control group was BSPI without C3G.

2019). As expected, the results of XRD match FTIR.

DSC technique is one of the advanced methods to study the
compatibility of polymers by controlling the temperature. Peak tem-
perature (Tp) can indicate protein denaturation and higher Tp was
closely associated with higher thermal stability and tighter tertiary
conformation proteins (Diedericks, Shek, Jideani, Venema, & Linden,
2020; Tang, Sun, & Foegeding, 2011). Fig. 1C shows that there was an
endothermic melting peak for C3G at 97.13°C, but no peak shape for the
complex, suggesting that the crystal morphology of the anthocyanins
has changed. After interacting with C3G, the Tp of BSPI decreased from
88.97°C to 84.40°C, which also observed similar phenomena in other
C3G-protein systems (Ren, Xiong, Li, & Li, 2019). Therefore, C3G could
change the stability of the tertiary structure of BSPI, which was
conducive to improve the emulsifying performance of protein and pro-
duce smaller lipid droplets (Tang et al., 2011).

Generally, the stability of Pickering emulsions is dependent on their
interfacial strength. Some small molecule surfactants typically have a
lower interfacial strength, which could further cause destruction of the
emulsion. Fig. 1D shows the trend of oil-water interfacial tension of the
BSPI-C3G complexes with time. The interfacial tension of sample solu-
tions decreased rapidly, and protein was adsorbed on the oil-water
interface within 1200 s. The interfacial decreased slowly, and a rela-
tively stable protein adsorption membrane was gradually formed at the
oil-water interface after 1200 s (Hu et al., 2016). Moreover, the BSPI-
C3G complexes were found to be more readily absorbed at the oil—
water interface than BSPI. Kim & Shin (2016) obtained similar results by
studying the interfacial tension of bovine serum albumin fucoidin con-
jugate prepared by Maillard reaction. In Addition, the potential effect of
concentration on the adsorption of BSPI-C3G covalent complexes at the
oil-water interface was also discussed, and it was found that the

interfacial tension decreased as the concentrations of the covalent
complexes increased. This was similar to the structure of previous
studies, and the concentrations of the complex were found to affect the
interfacial arrangement and interfacial layer thickness, with higher
concentrations of particles increasing the interfacial layer thickness and
further increasing the stability of the emulsion (Qin et al., 2021).

3.2. Characteristics and particle size distribution of Pickering emulsion

The Pickering emulsion with BSPI-C3G complexes could be fast
dispersed in distilled water but keep granular aggregate in the oil, thus it
was an O/W type (Qin et al., 2021). Fig. 2A shows the stability of the
Pickering emulsions with various BSPI-C3G concentrations (C, 0.5 %-3
%, w/v) and oil phase fractions (¢, 20 %-78 %, v/v). The Pickering
emulsions with various BSPI-C3G concentrations formed layers rapidly
at the oil phase fraction (¢) lower than 60 % (v/v) (Kaganyuk & Mohraz,
2019). With the oil phase fraction (¢) increased, the emulsion layer of
the Pickering emulsion increased significantly and the inverted emul-
sion did not flow downward, possibly forming a homogeneous gel
emulsion. To further determine whether the Pickering emulsion was a
concentrated emulsion or a hydrogel, a part of the Pickering emulsion
(about 0.15-0.2 g) was mixed with distilled water or 6 M urea in the
weight ratio of 1:10 and then incubated at 25 °C for 12 h. The
morphology and microstructure of the prepared dispersions were eval-
uated by visual observation and optical microscope after vortexing for
10s. In Fig. 2B, the dispersion behavior of the emulsion in distilled water
or 6 M urea was similar, and urea did not cause any damage to the
droplet structure, indicating that the emulsion formed a gel-like struc-
ture when the oil phase fraction was greater than 70 % (v/v) (Xu, Liu, &
Tang, 2018).
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Fig. 2. A: The visual observation of Pickering emulsions with various BSPI-C3G concentrations (C, 0.5 %, 1 %, 2 % and 3 %, w/v) and oil-phase fractions (¢, 20 %,
40 %, 60 %, 74 % and 78 %, v/v). B: Visual observation and optical microscope of Pickering emulsions with various BSPI-C3G concentrations (C) and fixed oil phase
fraction (¢, 74 % v/v) in distilled water and 6 M urea. C: Particle size (D4 3) analysis of Pickering emulsions with various oil-phase fractions (¢) and fixed BSPI-C3G
concentration (C, 1 %, w/v). D: D4 3 analysis of Pickering emulsions with various BSPI-C3G concentrations (C) and fixed oil-phase fraction (@, 74 %, v/v).

Fig. 2C and Fig. 2D show the D4 3 of Pickering emulsions with various
BSPI-C3G concentrations (C, 0.5 % ~ 3 %, w/v) and oil phase fractions
(9, 20 % ~ 78 %, v/v). The D4 3 of the Pickering emulsion increased with
an increase in the oil phase fractions when the particle concentration
was constant. When the particle concentration was fixed 0.5 % (w/v)
and the oil phase fractions increased from 20 % to 78 % (v/v), the D43
reached from 6.55 + 2.85 pm to 56.64 + 3.3 pm. There was a possibility
that the low concentration complex particles cannot completely enclose
the fish oil, and the D4 3 became larger as droplets undergo aggregation
(Li et al., 2020). When the oil phase fraction was 74 % (v/v) and the
BSPI-C3G concentrations increased from 0.5 % to 3 % (w/v), the Dy 3 of
the Pickering emulsions decreased with increasing oil phase fractions,
and the droplet size decreased from 51.12 + 2.16 pm to 19.72 + 1.95
pm. The higher concentration of BSPI-C3G could stabilize more oil
droplets, probably because the higher concentration of composite par-
ticles had a larger interfacial layer thickness, which wrapped around
smaller oil droplet and reduced the Dy 3 of the Pickering emulsions (Sun,
Zhong, Zhao, Li, Qi, & Jiang, 2022). It had been found that large size
droplets could be formed by hydrophobic interaction, at low particle
concentrations and oil phase fractions, while small size droplets were
squeezed into bridging monolayers at high BSPI-C3G concentrations and
oil phase fractions (Ju et al., 2020).

3.3. Confocal microstructure of Pickering emulsion

Fig. 3 shows that HIPPEs (¢ = 74 %, v/v) prepared with various BSPI-
C3G concentrations were characterized by CLSM. The fluorescent
structures of oil and water were superimposed, the fish oil was stained
red by Nile Red, and the BSPI-C3G complex particles were stained green
by FITC. It can be clearly observed that the red oil droplets were sepa-
rated into individual grids by the green BSPI-C3G solution, indicating
that the BSPI-C3G complex particles formed a stable structure on the
surface of the oil droplets, and the oil droplets formed a crowded but
non-aggregated state as the filler of the network structure, forming a
typical O/W Pickering emulsion (Feng et al., 2021). When the HIPPEs
with the BSPI-C3G particles concentration (C = 0.5 %, w/v), the droplets
were not uniformly distributed and most of them had independent in-
terfaces with a particle size of about 50 pm, which was consistent with
the results of D4 3. When the concentration of BSPI was increased to 3 %
(w/v), the distribution of droplets was more uniform and the particle
size of the droplets became significantly smaller. The reason for this
result may be because the particle concentration increased and the
combination of C3G-BSPI improved the hydrophilicity of the protein and
better inhibited the aggregation between droplets (Ju et al., 2020; Liu,
Guo, Wan, Liu, Ruan, & Yang, 2018).
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Fig. 3. The CLSM images with various BSPI-C3G concentrations (C, 0.5 %, 1 %, 2 % and 3 %, w/v) and fixed oil-phase fraction (¢, 74 %, v/v). (A1-D1): overlapping
fluorescence images of oil and water; (A2-D2): oil phase fluorescence images; (A3-D3): BSPI-C3G solution fluorescence images.

3.4. Visual and microscopic observation and rheological properties of
Pickering emulsion

Fig. 4A shows the sizes of the Pickering emulsions at the various
BSPI-C3G concentrations and oil phase fractions were about 10-50 pm.
When oil phase fractions were 20 %, 40 %, and 60 % (v/v), the droplets
showed small size spheres dispersed in the emulsions. The droplets of
the Pickering emulsions formed at the oil phase (¢, 74 % and 78 %, v/v)
were small and polygonal, and the increase in repulsion force between
BSPI-C3G complex particles was considered an important contribution
(Ju et al., 2020).

An important indicator to evaluate the stability of Pickering emul-
sions is the rheological properties, of which the storage modulus (G’)
and loss modulus (G’’) might reflect the macroscopic viscoelastic
properties of the interfacial films (Liu, Liu, Wang, & Li, 2021). The
rheological properties of Pickering emulsions prepared with various
BSPI-C3G concentrations and oil phase fractions are shown in Fig. 4B
and Fig. 4C. For all of the samples, G’ was always larger than G”’,
showing frequency dependence, which indicated that the Pickering
emulsion might form a high internal phase gel structure. The inter-
connected network formed between the adsorbed and without adsorbed
protein particles in the emulsions also improved the elasticity of the
emulsion (Xu et al., 2021). With the increase of BSPI-C3G particle
concentration, the elasticity of emulsion gradually increased and then
remained at a relatively high level, which may be due to the increase in
the number of droplet-droplet interactions, indicating that BSPI-C3G
particle-stabilized Pickering emulsion with an interfacial three-
dimensional network promoted the formation of the elastic gel-
emulsion network (Liu et al., 2020). In contrast, when the particle

concentration was constant, the viscoelasticity of the Pickering emulsion
increased as the volume of the oil phase increased. When the oil phase
fraction was 78 % (v/v), it was indicated that the emulsion had the best
viscoelasticity and the strongest gel was formed. In addition, the
increasing oil phase fraction also had a significant effect on the visco-
elasticity of the emulsion droplets.

3.5. Thermal stability analysis

Heating is a common operation unit in food processing. Fig. 5 shows
the visual and microstructure observations, particle size distribution and
rheological properties of HIPPEs with oil phase fraction (¢p = 0.74, v/v)
and various BSPI-C3G concentrations (C = 0.5 % ~ 3 % w/v) upon
heating (at 100°C for 15 min). After heating, the particle size of HIPPEs
(Fig. 5A and B) stabilized with BSPI-C3G concentrations (C = 0.5 % and
1 %, w/v) increased significantly from 52.57 + 2.0 and 31.66 + 2.9 pm
to 104.6 £+ 3.9 and 53.57 + 1.3 pm, respectively (P < 0.05). Droplet size
of HIPPEs stabilized with BSPI-C3G concentration (C = 3 %, w/v) did
not significantly (p > 0.05). Obviously, the droplet stability of the
emulsions was enhanced with increasing BSPI-C3G particle concentra-
tions. This may be because the oil droplets’ surface was tightly adsorbed
by the BSPI-C3G particles, and the energy provided by heating was not
enough to separate the oil from the protein particles, thus the high
concentration of BSPI-C3G could better maintain the thermal stability of
the emulsion (Zhu, Zhang, Huang, & Xiao, 2021). As shown in Fig. 5C,
the elasticity of HIPPE after heating increased with increasing concen-
tration of BSPI-C3G concentration but the increase was not significant
when the BSPI-C3G concentration was higher (p < 0.05). The reason was
supposed to be that the protein structure of the low protein
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Fig. 4. A: The visual observation and optical microscope of Pickering emulsions with fixed BSPI-C3G concentration (C, 1 %, w/v) and various oil-phase fractions (¢,
20 %, 40 %, 60 % and 74 %, v/v), and fixed oil-phase fraction (¢, 74 %, v/v) and various BSPI-C3G concentrations (C, 0.5 %, 1 %, 2 % and 3 %, w/v). B: Rheological
properties of HIPPEs with fixed oil-phase fraction (¢, 74 %, v/v) and various BSPI-C3G concentrations (C, 0.5 %, 1 %, 2 % and 3 %, w/v). C: Rheological properties of
Pickering emulsions with fixed BSPI-C3G concentration (C, 1 %, w/v) and various oil-phase fractions (¢, 20 %, 40 %, 60 %, 74 % and 78 %, v/v).

concentration was rearranged during the heating process. Furthermore,
the heating-induced protein denaturation enhanced the interaction be-
tween adsorbed and without adsorbed protein particles when the pro-
tein concentration became higher. This effect may compensate for the
effect of structural rearrangement on elasticity thus the elasticity of
Pickering emulsion was significantly improved during heating (Xu, Liu,
et al., 2018).

3.6. Storage stability analysis

The visual and microstructure observations, particle size distribution
and rheological of HIPPEs with oil phase fraction (¢ = 0.74, v/v) and
various BSPI-C3G concentrations (C = 0.5 % ~ 3 % w/v) were stored at
25°C for 14 d (Fig. 6A-C). The D4 3 of HIPPEs stabilized with BSPI-C3G
(0.5 % w/v) increased significantly after 14 d of storage at room tem-
perature (Fig. 10A). However, the particle size of the emulsions gradu-
ally stabilized as the BSPI-C3G concentration increased. When the BSPI-
C3G concentration was 3 % (w/v), the D4 3 of the emulsions changed
from 14.53 £+ 1.6 pm to 15.26 + 0.83 pm, with almost no significant
difference (P < 0.05). This may be due to the high concentration of
molecular polymers preventing the droplets from moving with each
other and improving the stability of the emulsion (Zhang et al., 2018).
Fig. 6B shows more clearly that the D4,3 of HIPPEs emulsions gradually
decreases with increasing BSPI-C3G concentration but the D4,3 varia-
tion becomes less and less significant. The particle size of Pickering
emulsion becomes smaller, which is consistent with the microstructure.
Therefore, the Pickering emulsion with high particle stability was more
stable. When the BSPI-C3G concentration was 0.5 % (w/v), the D4 3 of

the Pickering emulsion increased from 46.26 + 1.2 pm to 63.7 + 3.0 pm.
Although the particle size of the Pickering emulsion increased obviously,
it still possessed some characteristics of a high internal phase Pickering
emulsion. This may be attributed to the addition of anthocyanins pro-
moting the hydrophobic interaction between C3G and BSPI, and
improving the interfacial wettability of the complexes, and resulting in
certain stability of the Pickering emulsion (Feng et al., 2021). By
observing the rheological properties of different emulsions before and
after storage, it was found that the G’ of the emulsions did not change
much when the BSPI-C3G concentrations were 2 % and 3 % (v/v), which
indicated that the BSPI-C3G complex could stabilize the HIPPEs very
well (Liu et al., 2018).

3.7. Oxidation stability analysis

The oxidative stability of the Pickering emulsion was determined by
measuring the content of lipid hydrogen peroxide (LH) and malondial-
dehyde (MDA) (Fig. 6D and Fig. 6E). BSPI-C3G particles significantly
stabilized Pickering emulsions and reduced the content of LH and MDA.
As shown in Fig. 6D, the hydroperoxides of all samples showed an up-
ward trend during storage, indicating that the fish oil had an oxidation
reaction. At the same time, compared with the fish oil in the blank
control group, the lipid oxidation value gradually decreased with the
increase of the concentrations of BSPI-C3G from 15.1 mmol/L to 7.9
mmol/L. For oil in water emulsion, the composition and structure of the
oil-water interface played a key role in regulating the rate and degree of
lipid oxidation. Meanwhile, the changing trend of MDA was basically
the same as that of hydroperoxide. With the increase in BSPI-C3G
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Fig. 5. The appearance and microstructure (A), D4 3 (B), and rheological properties (C) of HIPPEs with various BSPI-C3G concentrations (C, 0.5 %, 1 %, 2 %, and 3 %,
w/v) were heated in a water bath at 100°C for 15 min. Values with different superscript letters are significantly different (p < 0.05).

concentrations, the MDA content decreased from 4.5 mmol/L to 1.2
mmol/L. Zou et al (2017) reported that zein-tannic acid stabilized
Pickering emulsion also inhibited the formation of MDA in the oxidation
process. In this study, the content of LH and MDA gradually decreased,
indicating that the BSPI-C3G particles stabilized Pickering emulsion had
good oxidation stability. The complex particles further blocked the lipid
hydrogen peroxide and scavenged free radical chain reaction by block-
ing the interaction between LH and oxidant and played the role of lipid
oxidation barrier. In addition, because the antioxidant sites of antho-
cyanins were on phenolic hydroxyl groups, phenolic hydroxyl groups
reacted with free radicals produced by lipid oxidation to inhibit the
oxidation of oils and fats. The study also showed that the structure of
Pickering emulsion may help inhibit the transfer from the aqueous phase
to the interfacial region (Zhou et al., 2018).

4. Conclusion

In conclusion, as a novel food-grade particle stabilizer, BSPI-C3G
covalent particles with a high amount of C3G grafting fabricated
under alkalescence conditions could be applied for the preparation of
HIPPEs successfully. Stable HIPPEs can be formed with low particle
concentrations (C, 0.5 %-3 %, w/v). The microstructure of HIPPEs was
observed by CLSM which confirmed the BSPI-C3G particles formed a
dense particle layer around the surfaces of the oil droplets. In addition,
the oil droplets formed a crowded but non-aggregated state as the filler
of the network structure. The storage modulus (G’) was higher than loss

modulus (G’), showing a clear frequency dependence. The appearance
and the rheological characteristics of HIPPEs verified the gel-like state.
Particle concentration was an important factor to affect the stability of
HIPPEs by modifying the structural and physical properties of them. As
the concentration of BSPI-C3G increased, the emulsion droplet size
gradually decreased and the emulsion droplet distribution was more
uniform. Pickering emulsions with different concentrations of BSPI-C3G
inhibited the oxidation of oil to some extent but the HIPPEs with
excellent stability could be obtained at the 3 % (w/v) BSPI-C3G particle
concentration. This study prepared new solid particles with BSPI and
C3G and successfully prepared Pickering emulsions, which provided a
reference for the research of new stabilizers and also increased the added
value of BSPI and C3G. Then the gel-like HIPEs were stabilized entirely
by food-grade ingredients which might have a wide range of applica-
tions in food.
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