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A B S T R A C T   

Plant protein nanoemulsion delivery system has high biocompatibility, but its instability in special environment 
needs to be solved urgently. In this study, glycated soybean protein isolate (GSPI) was used to the construction of 
nanoemulsions for carrying β-carotene. The interface properties of GSPI, the stability and digestive properties of 
nanoemulsions stabilized by GSPI were investigated. The results showed that the diffusion rate of GSPI at oil- 
water interface decreased, while the permeation and rearrangement rates increased. Moreover, the interfacial 
film formed by GSPI had higher viscoelasticity. The average particle size of GSPI nanoemulsions was less than 
500 nm, and the retention rate of β-carotene was more than 80% during the storage of 28 days. Meanwhile, the 
bioaccessibility of β-carotene in GSPI nanoemulsions increased to above 70% after in vitro digestion. It is 
concluded that glycated soybean protein nanoemulsions have good storage stability and can be used to encap
sulate and deliver of β-carotene.   

1. Introduction 

β-Carotene is a typical fat-soluble nutrient, which exists widely in 
animals and plants (Haskell, 2012). It has important biological func
tions, such as antioxidant activity and reducing cardiovascular disease 
risk, skin disease, cancer and eye diseases (Boon et al., 2010). However, 
β-carotene is insoluble in water and has low oxidative stability and 
bioavailability, which greatly limits its application in food industry 
(Donhowe and Kong, 2014). In recent years, some studies have 
demonstrated that the nanocarrier system using biological macromole
cules can improve the water-solubility of fat-soluble nutrients and 
control their release in gastrointestinal tract (Chen et al., 2014; Kong 
et al., 2018). Therefore, the bioavailability of fat-soluble nutrients is 
greatly improved (Afonso et al., 2020; Ma et al., 2022). 

Nanoemulsions have the advantages of low cost and high safety 
because of its simple preparation method and less surfactant (Borba 
et al., 2019). In addition, nanoemulsions have high kinetic stability and 
excellent bioaccessibility in gastrointestinal digestion, and show a high 
application prospect in fat-soluble nutrient delivery system (Chen et al., 
2020). Soy protein isolate (SPI) has hydrophobic and hydrophilic 
groups, which can form an interfacial film at oil-water interface, thus 
acting as a surfactant. Meanwhile, SPI, as a kind of natural biological 

macromolecular emulsifier, has the advantages of high stability, bio
accessibility and cell permeability in nanoemulsion delivery system 
(Bhushani et al., 2016; Tian et al., 2021). In order to further improve the 
stability of protein-based nanoemulsions in extreme environments such 
as strong acid and high temperature, proteins are usually treated by 
different modifications. It was found that protein-polysaccharide com
plex by glycation had great potential application in the delivery system 
of nanoemulsions (Semenova, 2017; Wang et al., 2020a). 

Glycation is a protein modification method by introducing sugar 
molecules into polypetide chains, and can improve the solubility, ther
mal stability and emulsification of protein (Corredig et al., 2011; Peng 
et al., 2018; Seo et al., 2013; Zhong et al., 2021). Meanwhile, the 
presence of sugar molecules can slow down the digestion of interfacial 
proteins and improve the digestion of lipids in the emulsion system, 
which facilitate the absorption of lipid-soluble bioactive substances 
(Lesmes and McClements, 2012; Zhong et al., 2019). As an interfacial 
dispersion system, the formation and stability of emulsion, encapsula
tion and release of fat-soluble bioactive substances are closely related to 
the interfacial characteristics of emulsifier. Many studies focused on the 
improvement of functional properties of soybean protein by glycation 
modification (Boostani et al., 2017; Caballero and Davidov-Pardo, 
2021). However, the effects of glycation on the interface properties of 
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SPI are still unclear, and the delivery system of glycated soybean protein 
nanoemulsions is not systematically studied. 

The objective of this study is to prepare glycated soybean protein 
with good interface properties and to construct the nanoemulsions de
livery system for carrying β-carotene by glycated soybean protein as 
emulsifier. In addition, the effects of glycation on storage stability and in 
vitro digestion properties of nanoemulsions were also investigated. This 
study will provide theoretical basis for the application of glycated soy
bean protein in nanoemulsion delivery system of β-carotene. 

2. Materials and methods 

2.1. Materials 

Soybean protein isolate (SPI) was obtained from Henan Kunhua 
Biotechnology Co., Ltd. (Anyang, China). Glucose (Glu), lactose (Lac), 
galactose oligosaccharide (GOS) and dextran (Dex) were purchased 
from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). 
Soybean oil was obtained from Yihai Kerry Arawana Holdings Co., Ltd. 
(Shanghai, China). Deionized water was used for the experiment. Other 
reagents were purchased from Tianjin Kemiou Chemical Reagent Co., 
Ltd. (Tianjin, China). All the other chemicals were of analytical reagent 
grade. 

2.2. Preparation of glycated SPI by wet-heating reaction 

The mixture of SPI (4%, w/v) in borax-sodium hydroxide buffer 
(0.05 mol/L, pH 10.0) was stirred for overnight until SPI was dispersed 
uniformly. Then the solution was kept stirring for another 0.5 h after 
addition of different reducing sugars (4%, w/v). The mixed suspension 
was heated in water bath at 80 ◦C for 210 min (Glu, Lac, GOS) or 360 
min (Dex). Afterwards, the reaction was terminated immediately with 
ice bath. Then the dialysis was performed with deionized water at 4 ◦C 
for 48 h. Glycated soybean protein was obtained after dialysis solution 
was lyophilized. All the prepared samples were kept at − 20 ◦C until used 
(Wang et al., 2020b). 

2.3. Dynamic interfacial pressure and interfacial viscoelasticity 
measurement of SPI and GSPI 

The interfacial pressure and viscoelasticity were measured by con
tact angle measuring instrument (DSA100, KRUSS Scientific Instruments 
Co., Ltd., Hamburg, Germany) at 25 ◦C. The drop volume used in each 
sample was 10 μL and the adsorption time was 180 min. The amplitude 
and frequency were 10% and 0.1 Hz, respectively (Wang et al., 2020a). 

2.4. Preparation of nanoemulsions for carrying β-carotene 

An oil phase was prepared by dispersing 0.1% (w/v) β-carotene in 
soybean oil with mild heating at 50 ◦C for 5 min, and then was stirred at 
ambient temperature for about 3 h to ensure full dissolution. An aqueous 
phase was prepared by dispersing 0.5% (w/v) SPI or GSPI in deionized 
water. 5 mL oil phase and 95 mL aqueous phase were homogenized at 
11, 000 rpm for 2 min with a high-speed shearer (FM200, FLUKO 
Shanghai Equipment Co., Ltd., Shanghai, China), and then the mixture 
was treated through a high-pressure homogenizer (AH-BASIC100, ATS 
Engineering Co., Ltd., Germany) at 500 bar for three times to prepare the 
nanoemulsions. The freshly prepared nanoemulsions were then sealed in 
aluminum foil covered glass tubes and stored at 4 ◦C (Salvia-Trujillo 
et al., 2013). 

2.5. Particle size and Zeta potential measurement of emulsions 

All samples were diluted 200-fold with deionized water. The particle 
size and Zeta-potential of the samples were detected using a Zetasizer 
Nano-ZS90 dynamic light scattering (DLS) instrument (Malvern 

Instruments, Worcestershire, UK), and each sample was tested three 
times (Liao et al., 2020). Instrument parameters: refraction rate 1.450, 
test temperature 25 ◦C, balance time 120 s. 

2.6. The encapsulation efficiency and retention rate of β-carotene 

β-Carotene in the nanoemulsions was extracted 3 times with ethanol 
and n-hexane solution (2:3, v/v). All the extracts were combined and the 
absorbance at 450 nm was measured by ultraviolet spectrophotometer 
(UV-1901, Beijing Purkinje General Instrument Co., Ltd., Beijing, 
China). The content of β-carotene in the samples was calculated ac
cording to the method described by Liu et al. (2021). Three groups of 
samples were taken for each nanoemulsion and were tested separately as 
parallel, and then the average value was taken. 

Encapsulation efficiency%=
1 − Free β − carotene content

Total β − carotene content
× 100  

Retention rate%=
β − carotene content after storage X d

Total β − carotene content
× 100 

X d represents the different storage time of samples. 

2.7. Microstructure analysis of emulsions 

The microstructure of emulsions was analyzed by a confocal laser 
scanning microscopy (CLSM) (TCS-SP5, Leica Microsystems Inc., Hei
delberg, Germany). 20 μL of fluorescent dye (0.1% FITC and 0.1% Nile 
Red) was added to 5 mL emulsion, then the emulsion was incubated for 
20 min at 4 ◦C in dark. 5 μL sample was dropped on one microscope slide 
and covered with a cover slip for microscopy. Images were immediately 
taken with a 40× magnification lens with excitation at 488 nm and 633 
nm (Chen et al., 2020). 

2.8. Establishment of the in vitro digestion model 

A two stage digestion method in vitro was used to simulate the 
conditions of human stomach and intestine. 2 g NaCl and 7 mL HCl were 
dissolved in 1 L deionized water as simulated gastric reserve fluid. 
Before simulating gastric digestion, 10 mL of sample was mixed with 10 
mL of simulated gastric reserve solution. The pH of the mixtures was 
adjusted to 2.0 by HCl dilution solution (0.1 mol/L), and then 32 mg 
pepsin was added. The mixtures were incubated in water bath at 37 ◦C 
for 1 h with stirring. After simulated gastric digestion, the pH of mix
tures was quickly adjust to 7.0 by NaOH dilution solution (0.2 mol/L), 
then 10 mL of mixtures was mixed with 10 mL of simulated intestinal 
digestive juice (including 20 mg/mL bile salt and 1 mg/mL pancreatic 
enzyme). The mixtures were further incubated in water bath at 37 ◦C for 
1 h with stirring (Yi et al., 2014). 

2.8.1. Free fatty acid release rate 
During simulated intestinal digestion, 0.25 mol/L NaOH was added 

constantly to keep the pH of digestive solution at 7.0. By recording the 
consumption of NaOH over time, the free fatty acid (FFA) release rate of 
lipid digestion can be calculated according to the following equation. 

FFA%=
VNaOH × CNaOH × mlipid

Wlipid × 2
× 100%  

Where VNaOH is the volume of NaOH required for titration (mL); CNaOH is 
the concentration of used NaOH (0.25 mol/L); mlipid is the molecular 
weight of oil (g/mol); Wlipid is the initial weight of oil. 

2.8.2. Bioaccessibility of β-carotene 
Digestive juices after simulated gastro-intestinal digestion were 

collected and ultracentrifuged at 4 ◦C with 10, 000 rpm for 30 min. The 
micellar phase of the interlayer was carefully separated using a syringe 
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and filtered with a 0.22 μm filter. The β-carotene in micellar phase was 
extracted and determined according to the method described in 2.6. 
Bioaccessibility was calculated according to the following equation. 

Bioaccessibility%=
β − carotene content in micelles
β − carotene content in digesta

× 100%  

2.9. Statistical analysis 

The data were analyzed and expressed as mean values ± standard 
deviation using SPSS software (Version 16.0, Chicago, IL, USA). The 
ANOVA of Duncan’s multiple range test was used to evaluate the sta
tistical significance of data, and the significance level was set at P <
0.05. 

3. Results and discussion 

3.1. Interfacial adsorption and dilatational rheological properties 

3.1.1. Effects of glycation on adsorption kinetics of SPI 
As can be seen from Fig. 1A, with the increase of adsorption time, the 

interface pressure (π) of SPI and GSPI increased rapidly in the early stage 
and then increased slowly. This indicated that the amphiphilic proteins 
could quickly diffuse to the oil-water interface in the early stage. But 
proteins at the interface might gradually become saturated as the 
number of proteins adsorbed at the interface increased (Seta et al., 
2014). Moreover, the adsorbed proteins could undergo structural 

rearrangement at the interface, which hindered the continued adsorp
tion of proteins (Baldursdottir et al., 2010). Compared with SPI, the 
interface pressure of GSPI at oil-water interface was weaker. In this 
study, the grafting degrees of SPI with glucose, lactose, galactose 
oligosaccharide and dextran were 31.42%, 43.84%, 39.65% and 
39.80%, respectively. The introduction of sugar chain could reduce the 
hydrophobic groups of soybean protein. Meanwhile, sugar chain in 
water phase can also prevent the movement of soybean protein to the 
oil-water interface. So, the interface pressure of GSPI decreased. 

The adsorption kinetics parameters of protein include diffusion rate 
(Kdiff), permeation rate (Kp) and rearrangement rate (Kr). They are 
calculated by fitting, regressing, or just the line-slope from some selected 
points in Fig. 1. As shown in Fig. 1B and C, these parameters can be 
obtained by analyzing changes of interface pressure in a specific time 
through Ward-Tordai equation and the first-rate equation (Xiong et al., 
2018). The results are shown in Table 1. Compared with SPI, the 
diffusion rate of glycated soybean protein decreased at the oil-water 
interface, but the permeate and rearrangement rate increased. This 
might be due to the fact that the covalent grafting of reducing sugars 
shielded the hydrophobic groups on the surface of SPI or provided a 
strong steric hindrance effect, thus limiting the adsorption of protein 
molecules at the oil-water interface (Dong and Hua, 2018). Meanwhile, 
the conformational changes of protein also affected its adsorption at the 
oil-water interface. Unmodified SPI contained more globulins with small 
molecular weight, which were easily adsorbed at the oil-water interface 
and exposed more hydrophobic groups. After glycation modification, 
the adsorption process of protein was slowed down due to the presence 

Fig. 1. (A) Time dependence of interfacial pressure (π) for SPI and GSPI adsorbed films at the oil-water interface. (B) Square root of time (t1/2) dependence of 
interfacial pressure (π) for SPI and GSPI adsorbed films at the oil-water interface. Kdiff represents diffusion rate. (C) Typical profile of molecular permeation and 
structural rearrangement steps at the oil-water interface for SPI and GSPI. Kp represents permeation rate, Kr represents rearrangement rate. 
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of sugar chains, and each molecule occupied a larger interface area. 
Moreover, the spatial structure of glycated soybean protein became 
disordered and conformational flexibility increased, which was condu
cive to the unfolding and rearrangement of protein molecules at the 
interface (Tian et al., 2020). 

3.1.2. Effects of glycation on interface dilatational viscoelasticity of SPI 
The dilatational viscoelasticity can reflect the resisting external 

deformation ability of the interfacial film, which is usually related to the 
interaction between interfacial molecules (Maldonado-Valderrama and 

Patino, 2010). The slope of interfacial expansion modulus (E) and 
interfacial pressure (π) curve is generally used to analyze the degree of 
intermolecular interaction (Rodriguez Patino et al., 2003). It was found 
that the interfacial expansion modulus of all samples increased with the 
increase of adsorption time (Fig. 2A), indicating that intermolecular 
interaction was formed after protein was adsorbed to the interface. The 
interfacial film formed by GSPI had the higher interfacial expansion 
modulus with the adsorption time of more than 150 min. These results 
indicated that glycation improved the viscoelasticity of the protein 
interface film and made it more resistant to external deformation, which 
was beneficial to the long-term stability of the emulsion (Wang et al., 
2020a). 

According to Fig. 2B, the slopes of E-π curve of all samples were 
greater than 1.0. This manifested that there was a strong interaction 
between molecules, which was in a serious non-ideal behavior (Romero 
et al., 2011). The slopes of E-π curve of GSPI were larger than that of SPI, 
indicated that the interaction of interface proteins was enhanced after 
glycation. This may be due to the greater molecular flexibility of GSPI 
which can fully unfold and rearrange at the oil-water interface (Li et al., 
2019). The change of tangent value of phase angle (tan δ) with 
adsorption time, which was equal to the ratio of viscous modulus to 
elastic modulus, was presented in Fig. 2C. It could be found that the tan δ 
values of almost all samples were less than 0.4 and decreased gradually 
with the extension of adsorption time. This indicated that the interfacial 
film formed by protein had high elasticity, and the elastic modulus of the 
interfacial film gradually increased with the increase of adsorption time. 

Table 1 
Interface adsorption kinetics parameters of SPI and GSPI.  

Samples Kdiff × 102/(mN/m/s1/ 

2) (R2) 
Kp × 104/(s− 1) (R2) Kr × 103/(s− 1) (R2) 

SPI 8.754 ± 0.151 
(0.9879) 

− 2.963 ± 0.007 
(0.9996) 

− 1.966 ± 0.192 
(0.9454) 

SPI-Glu 6.874 ± 0.069 
(0.9959) 

− 3.069 ± 0.007 
(0.9997) 

− 2.724 ± 0.138 
(0.9824) 

SPI-Lac 7.345 ± 0.125 
(0.9882) 

− 2.747 ± 0.011 
(0.9990) 

− 4.090 ± 0.236 
(0.9773) 

SPI- 
GOS 

6.968 ± 0.029 
(0.9993) 

− 4.545 ± 0.029 
(0.9974) 

− 3.517 ± 0.402 
(0.9163) 

SPI-Dex 4.458 ± 0.018 
(0.9994) 

− 3.304 ± 0.025 
(0.9962) 

− 4.086 ± 0.502 
(0.9043) 

Note: Kdiff is the diffusion rate; KP is the permeation rate; Kr is the rearrangement 
rate. 

Fig. 2. (A) Interfacial expansion modulus (E) as a function of adsorption time for SPI and GSPI adsorbed films at the oil-in-water interface. (B) Interfacial expansion 
modulus (E) as a function of interfacial pressure (π) for SPI and GSPI adsorbed films at the oil-in-water interface. (C) Time-dependent phase angle tangent (tan δ) for 
SPI and GSPI adsorbed films at the oil-in-water interface. 
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3.2. Effects of glycation on the properties of β-carotene nanoemulsions 

The properties of β-carotene nanoemulsions formed from SPI and 
GSPI are showed in Table 2. The polymer dispersity index (PDI) values of 
all emulsions were around 0.2 (Table 2), indicating that the nano
emulsions obtained by high pressure homogenization had good disper
sion property. Compared with the SPI, the average particle size of GSPI 
stabilized nanoemulsions decreased significantly, and the absolute value 
of Zeta potential increased significantly. The results indicated that gly
cation modification increased the electrostatic repulsion between the 
droplets. Meanwhile, the introduction of sugar chain also increased the 
thickness of the interface film, which was beneficial to the stability 
between the droplets (Liu et al., 2018). Compared with SPI, GSPI had the 
higher encapsulation efficiency of more than 94%, indicating the good 
emulsifying properties of GSPI. 

3.3. Effects of glycation on storage stability of β-carotene nanoemulsions 

Due to thermodynamic instability, nanoemulsions are prone to be 
unstable under adverse environmental conditions. This is a challenge for 
the delivery of bioactive substances. Therefore, the physical stability 
and β-carotene retention of nanoemulsions stored at 4 ◦C and 25 ◦C for 
28 days were evaluated. 

3.3.1. The particle size and Zeta potential changes of nanoemulsions during 
storage 

As shown in Fig. 3A and B, the average particle size of the emulsion 
increased with the prolonging of storage days. The average particle size 
of SPI stabilized nanoemulsions was below 600 nm during storage at 
4 ◦C, after 14 days storage at 25 ◦C, the particle size increased signifi
cantly, reaching about 3000 nm at 28 days. However, the average par
ticle size of GSPI stabilized nanoemulsions remained below 500 nm at 
4 ◦C and 25 ◦C during the whole storage. These results indicated that 
GSPI stabilized nanoemulsions had good physical stability, which could 
resist the flocculation of oil droplets during the long-term storage. In 
addition, the larger the molecular weight of grafted sugar was, the 
smaller the change of average particle size was, indicating that the 
nanoemulsions formed by SPI-dextran complex had better storage 
stability. 

It was found from Fig. 3C and D that the charged amount of the 
emulsion was reduced during storage. Notably, the charge of SPI 
nanoemulsions was reduced by about half after storage for 28 days at 
25 ◦C. The absolute values of Zeta potential of GSPI nanoemulsions were 
higher than those of SPI nanoemulsions. This indicated that in SPI 
emulsions the electrostatic repulsion between droplets gradually 
weakened with the prolonging of storage time and increase of temper
ature, which was not conducive to the stability of the emulsion. After 
glycation, the covalently grafted sugar chain on protein molecule 
increased the surface charge and provided a certain steric repulsion. 

Therefore, the glycated protein could maintain the balance between the 
droplets during storage and prevent droplet aggregation. 

Fig. 3E and F showed that the particle size distribution of all emul
sions was relatively uniform after 28 days storage at 4 ◦C. The particle 
size distribution of SPI nanoemulsions moved significantly in the di
rection of larger particle size at 25 ◦C, while GSPI emulsions tended to 
the direction of smaller particle size. Higher storage temperatures could 
speed up the movement of oil droplets and increase the probability of 
collisions between oil droplets, resulting in the formation of large oil 
droplets (Borba et al., 2019). However, glycation could effectively 
reduce the collision of oil droplets by introducing sugar chains as the 
shells of droplets or increasing the electrostatic repulsion between the 
droplets (Zhang et al., 2019). Thus, the GSPI emulsion can maintain 
stable properties even under adverse storage conditions. 

3.3.2. The microstructure of nanoemulsions during storage 
The microstructure of nanoemulsions after 28 days of storage was 

shown in Fig. 4. The nanoemulsions still maintained a good dispersion 
state under low temperature storage (4 ◦C), and there was no large 
amount of flocculation between oil droplets. However, large oil droplets 
appeared in the SPI nanoemulsions under high storage temperature 
(25 ◦C), and obvious flocculation phenomenon occurred. The droplets in 
GSPI nanoemulsions were still evenly distributed. The results were 
consistent with Fig. 3, indicating that glycated protein could effectively 
improve the storage stability of nanoemulsions. 

3.3.3. The retention rate changes of β-carotene during storage 
β-Carotene is easily degraded by oxidation in air due to its conju

gated unsaturated double bond (Boon et al., 2010). As shown in Fig. 5, 
β-carotene retention rate of all nanoemulsions decreased to varying 
degrees during storage at 4 ◦C and 25 ◦C. During storage at 4 ◦C, the 
β-carotene retention rate of the emulsions basically remained above 
95%. After storage at 4 ◦C for 28 days, the β-carotene retention rate of 
GSPI nanoemulsions was significantly higher than that of SPI nano
emulsions (P <0.05). During storage at 25 ◦C, β-carotene was greatly 
lost. The β-carotene retention rate of SPI nanoemulsions was only 63% 
after 28 days storage at 25 ◦C, while the retention rate of β-carotene in 
GSPI nanoemulsions was basically above 80%. The protective effect of 
GSPI on β-carotene in nanoemulsion system was stronger than that of 
SPI. On the one hand, glycated protein can form a thick interface film to 
prevent the diffusion of dissolved oxygen and free radicals on the 
interface. On the other hand, it may also be related to the high antiox
idant effect of glycated products (Jia et al., 2020). 

3.4. Effects of digestion in vitro on physicochemical properties of 
nanoemulsions 

3.4.1. The particle size and Zeta potential changes of nanoemulsions after 
the in vitro digestion 

As shown in Fig. 6A, compared with the initial emulsion, the average 
particle size of the emulsion increased significantly after entering the 
stomach phase. The average particle size of GSPI stabilized emulsion 
was significantly lower than that of SPI stabilized emulsion. The inter
facial protein was hydrolyzed by pepsin and the interfacial membrane 
structure of droplets was destroyed in the process of simulated gastric 
digestion, resulting in the aggregation of droplets (Yao et al., 2013). The 
steric hindrance effect of glycated protein can block pepsin adsorption 
and weaken the hydrolysis of interfacial protein, thus protecting the 
structure of emulsion from damage (Zhong et al., 2019). Subsequently, 
the average particle size of nanoemulsions decreased greatly during 
intestinal digestion. This may be due to the fact that in intestinal 
digestion bile salts with high surface activity can replace the interface 
molecules and compete with emulsifiers for adsorption, resulting in the 
formation of smaller droplets. 

After simulated gastric digestion, the absolute value of Zeta potential 
decreased significantly (Fig. 6B), which might be due to the electrostatic 

Table 2 
Properties of β-carotene nanoemulsions stabilized by SPI and GSPI.  

Samples Average particle 
size (nm) 

PDI Zeta potential 
(mV) 

Encapsulation 
efficiency (%) 

SPI 333.77 ± 7.50a 0.21 ±
0.02ab 

− 38.23 ±
0.71a 

89.90 ± 1.01c 

SPI-Glu 280.80 ± 2.34c 0.21 ±
0.02ab 

− 50.17 ±
1.07c 

96.09 ± 0.50ab 

SPI-Lac 294.77 ± 2.99b 0.24 ±
0.00a 

− 49.27 ±
0.67c 

94.31 ± 1.61b 

SPI- 
GOS 

289.20 ± 2.43bc 0.18 ±
0.04b 

− 49.33 ±
0.86c 

97.44 ± 0.60a 

SPI-Dex 282.80 ± 5.06c 0.22 ±
0.03ab 

− 45.80 ±
0.56b 

97.51 ± 0.91a 

Note: Means ± standard deviations of triplicate analyses are given. Different 
superscript letters indicate a significant difference between the same column of 
data (P < 0.05). 

G. Bu et al.                                                                                                                                                                                                                                       



Journal of Food Engineering 345 (2023) 111411

6

shielding effect caused by high ionic strength in simulated gastric juice 
or the hydrolysis of pepsin (Nik et al., 2011). After the simulation of 
intestinal digestion, the absolute value of Zeta potential increased 
significantly again, which might be related to the replacement of protein 
hydrolysate at the interface by bile salts and fatty acids released by lipid 

hydrolysis (Chen et al., 2020). In addition, after simulated gastrointes
tinal digestion, the absolute value of Zeta potential of GSPI nano
emulsions was generally higher than that of SPI nanoemulsions, 
indicated that glycated soybean protein could increase the electrostatic 
repulsion between molecules and improve emulsion stability. 

Fig. 3. Effects of glycated protein on the physical stability of nanoemulsions during 28 days storage. Average particle size: (A) 4 ◦C; (B) 25 ◦C. Zeta potential: (C) 
4 ◦C; (D) 25 ◦C. Particle size distribution after 28 days of storage: (E) 4 ◦C; (F) 25 ◦C. 
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3.4.2. The microstructure of nanoemulsions after the in vitro digestion 
It could be seen from Fig. 7 that the formation of large oil droplets 

was observed in SPI emulsion after simulating digestion of gastric juice, 
and flocculation phenomenon occurred between the droplets. In com
parison, the droplet size of GSPI emulsion in simulated stomach phase 
was relatively small and more uniform, which was almost consistent 
with the detection results of average particle size. It indicated that the 
structure of interface protein in SPI emulsion was destroyed greatly due 
to pepsin digestion, and small oil droplets fused with each other to form 
large oil droplets. In contrast, pepsin had less damage to the interface 
protein after glycation modification, and the GSPI nanoemulsions still 
had a large interface area after simulated gastric juice digestion. It was 
observed that the number and size of oil droplets decreased significantly 
after simulated intestinal digestion, indicating that most of the oil 
droplets were hydrolyzed by lipase during the process of simulating 
intestine digestion. 

3.4.3. The free fatty acid release of nanoemulsions after the in vitro 
digestion 

As shown in Fig. 8, the free fatty acid (FFA) release rate increased 
rapidly within 25 min of simulated intestinal digestion. With the pro
longation of digestion time, the FFA release rate increased slowly, and 
reached a stable state after 30 min of simulated intestinal digestion. This 

phenomenon indicated that bile salt and lipase adsorbed quickly to the 
surface of oil droplets at the initial intestinal digestion stage, promoting 
oil digestion (Infantes-Garcia et al., 2021). Then bile salts on the 
oil-water interface tended to saturate gradually, and the free fatty acids 
generated by lipolysis also competed and adsorbed to the interface, 
preventing the contact between lipase and oil droplets (Lv et al., 2019). 
In addition, it also could be found from Fig. 8 that the FFA release rate of 
GSPI nanoemulsions was higher than that of SPI, and increased with the 
increase of molecular weight of reducing sugars. This might be related to 
the fact that the average particle size of GSPI nanoemulsions was 
significantly lower than that of SPI after gastric juice digestion (Fig. 6A), 
and then in the simulated intestinal digestion, GSPI nanoemulsions had 
a larger specific surface area, which could absorb more bile salts and 
lipase, thus releasing more FFAs (Salvia-Trujillo et al., 2013). 

3.4.4. Bioaccessibility of β-carotene in nanoemulsions 
The bioaccessibility of β-carotene was positively correlated with the 

final free fatty acid release rate of nanoemulsions. It can be seen from 
Fig. 9, in GSPI nanoemulsions, the bioaccessibility of β-carotene was 
above 70%, which was significantly higher than that of β-carotene in SPI 
nanoemulsions. Especially, in the nanoemulsions formed by SPI-dextran 
complex, β-carotene had the highest bioaccessibility. After simulated 
gastric digestion, glycated proteins might be more easily replaced by bile 

Fig. 4. CLSM images of nanoemulsions after 28 days of storage at 4 ◦C (A) and 25 ◦C (B). 1: nanoemulsion stablized by SPI; 2–5: nanoemulsions stablized by SPI-Glu, 
SPI-Lac, SPI-GOS and SPI-Dex, respectively. The white scale bar in the figure represents 50 μm. 

Fig. 5. Effects of glycated protein on the retention rate of β-carotene in nanoemulsions during 28 days storage at 4 ◦C (A) and 25 ◦C (B).  

G. Bu et al.                                                                                                                                                                                                                                       



Journal of Food Engineering 345 (2023) 111411

8

salts, thus providing more action sites for pancreatic lipase (Liu et al., 
2020). Free fatty acids released by lipid hydrolysis and bile salts can 
form mixed micelles with hydrophobic domains. So, the more free fatty 
acids were eventually released, the more mixed micelles were produced. 
The micelles could dissolve β-carotene and allow it to be absorbed and 
utilized by intestinal epithelial cells (Yi et al., 2015). In addition, the 
introduction of sugar chain could effectively protect the droplets 
structure in GSPI nanoemulsions from being damaged by gastric juice. 
Therefore, they had a larger specific surface area when they reached the 
small intestine, which was conducive to the adsorption of bile salt and 
lipase (Salvia-Trujillo and McClements, 2016). Consequently, the GSPI 
nanoemulsions could transfer more β-carotene into the mixed micelles, 
thus improved the bioaccessibility of β-carotene. 

4. Conclusions 

In this study, SPI was glycated with four reducing sugars of different 
molecular weights. The permeability and rearrangement rate of SPI after 
glycation increased at the oil-water interface, which enhanced the 
interfacial protein interaction and the viscoelasticity of interface film. In 
GSPI nanoemulsions, the encapsulation efficiency and storage stability 

Fig. 6. The average particle size (A) and Zeta potential (B) of nanoemulsions in 
different digestion phases. Different letters indicate significant differences in 
values among samples at various treatments (P < 0.05). 

Fig. 7. CLSM images of nanoemulsions after the in vitro digestion. (A): simulated gastric digestion; (B): simulated intestinal digestion. 1: nanoemulsion stablized by 
SPI; 2–5: nanoemulsions stablized by SPI-Glu, SPI-Lac, SPI-GOS and SPI-Dex, respectively. The white scale bar in the figure represents 50 μm. 

Fig. 8. The free fatty acid release rate in nanoemulsions during simulated in
testinal digestion. 

G. Bu et al.                                                                                                                                                                                                                                       



Journal of Food Engineering 345 (2023) 111411

9

were improved, and the improvement effect of dextran glycation was the 
best. During the in vitro gastrointestinal digestion, the GSPI nano
emulsions had higher interface area after entering intestine digestion, 
which could improve the free fatty acid release rate and increase the 
bioaccessibility of β-carotene. Therefore, glycated soybean protein could 
been used to prepare nanoemulsions with better stability, and could 
effectively increase the bioavailability of β-carotene. The study provides 
theoretical basis for the application of glycated soybean protein nano
emulsions in the delivery system of β-carotene and other fat-soluble 
bioactive substances. 
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