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Abstract: The nanoemulsions of soy protein isolate-phosphatidylcholine (SPI-PC) with different
emulsion conditions were studied. Homogenization pressure and homogenization cycle times were
varied, along with SPI and PC concentration. Evaluations included turbidity, particle size, ζ-potential,
particle distribution index, and turbiscan stability index (TSI). The nanoemulsions had the best
stability when SPI was at 1.5%, PC was at 0.22%, the homogenization pressure was 100 MPa and
homogenization was performed 4 times. The average particle size of the SPI-PC nanoemulsions was
217 nm, the TSI was 3.02 and the emulsification yield was 93.4% of nanoemulsions.
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1. Introduction

Nanoemulsions are emulsions where the droplets are 100 nm to 500 nm [1]. The advantages
of nanoemulsions are high optical clarity, good physical stability against gravitational separation
and droplet aggregation, and enhanced bioavailability of encapsulated substances, which make
them suitable for food applications [2], such as for food processing, packaging, safety, nutrition and
nutraceuticals [3]. Nanoemulsions have been mainly produced by homogenization, either using
high-pressure homogenization or microfluidization. Microfluidization uses high pressure to force
the fluid through microchannels that have a specific configuration, emulsifying the fluid by the
combined effects of cavitation, shear and impact, thus resulting in excellent emulsifying efficiency [4].
However, the microfluidization method requires high energy and dedicated equipment, which leads
to a high production cost [5]. High-pressure homogenization is one of the most efficient ways to make
nanoemulsions that are uniform, and which have strong stability and high preparation efficiency.
Studies by Molina et al. (2001) have shown that high-pressure homogenization can improve the
emulsifying activity of soy proteins but, in most cases, it does not improve emulsifying stability [6].
Tan and Nakajima (2005) successfully prepared β-carotene nanoemulsions using high-pressure
homogenization with a narrow size distribution of the β-carotene particles [7].

The surfactant is important for preparing emulsions. The most common proteins used in
emulsion stabilization are dairy-based proteins such as casein and whey proteins. However,
plant proteins and phosphatidylcholine may be used, and nanoemulsions as delivery systems have
good emulsifying properties, binding capacity for hydrophobic bioactive compounds, and gelation
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properties. Plant proteins (e.g., proteins from soy, pea, lentil and canola) are less understood
as emulsifiers compared to dairy proteins [2,8]. Soybean protein-lecithin complex shows better
emulsifying activity with thermal treatment [9]. Henry et al. (2010) showed that phospholipids or
food-grade proteins could be the sole interfacial species, because of the droplet size being dependent
on both the breakup and coalescence of droplets at emulsifier concentrations below 1%, while only
being dependent on the droplet breaking up at higher concentrations [10]. According to several
authors, phospholipids may either displace proteins from the interface or can interact with the
proteins either in solution or on the surface, and lecithin addition enhances the heat-stability of
whey protein-stabilized O/W emulsions [11,12]. Kasinos et al. [13] reported that the heat stability
of solutions and emulsions containing whey protein was greatly improved through the addition of
sunflower lecithin. Our previous studies firstly discovered that the hydrophobic group at the sn-2
position of phosphatidylcholine (PC) is the main component of lecithin, and that it is used to determine
the emulsifying activity of PC [14]. Then, we found that the ultrasonic treatment increased the
Emulsifying Activity Index (EAI) and Emulsion Stability Index (ESI) of SPI-lecithin stabilized emulsion,
but the continuous increases of ultrasonic power and duration had negative impacts on their emulsion
stability [15]. Meanwhile, the effect of high-pressure homogenization on the emulsion properties and
stability of SPI-phosphatidylcholine emulsions has not yet been systematically studied. The regulation
and selection of suitable high-pressure homogenous preparation parameters have significant effects
on the stability and function of the nanoemulsion. Therefore, this work aims at evaluating the effects
of high-pressure homogenization on the properties of nanoemulsions prepared when stabilized by
SPI and phosphatidylcholine, while SPI and PC were used as the emulsification phase, and sunflower
seed oil was used as the oil phase. The interfacial structure and micro-morphology characteristics
of high-pressure homogenous nanoemulsions preparations were observed and analyzed by Raman
imaging technology to provide the theoretical basis and data support for nanoemulsions preparation
and quality control. The results of this work would be useful in providing a novel and improved
method of producing soybean protein-stabilized nanoemulsions.

2. Materials and Methods

2.1. Experimental Materials

Soybeans were obtained from Gao Tang Co., Ltd., Liao Cheng, Shandong Province, China.
PC, with a content of acetone-insoluble material >95%, was obtained from Sigma-Aldrich (St. Louis,
MO, USA). Sunflower oil (COFCO Co. Ltd., Harbin, Heilongjiang Province, China) was purchased
from a local supermarket. All other chemicals were of analytical reagent grade was used throughout.

2.2. Preparation of Nanoemulsions

SPI were prepared according to the method of Niu, Xia, Wang, Kong and Liu (2018) [16]. SPI (0.5%,
1.0%, 1.5%, 2.0%, 2.5%, 3.0%) was mixed with PC (0.10%, 0.17%, 0.20%, 0.22%, 0.25%) with varying
ratios before being dispersed in 0.05 M sodium phosphate buffer, pH 7.4, followed by mixing at room
temperature (22 ◦C to 25 ◦C) for 30 min using magnetic stirring. β-carotene (≥97.0%, 0.01 g, w/w),
(COFCO Co. Ltd., Harbin, Heilongjiang Province, China) was then added to the sunflower oil (5 g,
w/w), followed by mixing at room temperature for 30 min using magnetic stirring. The two phases
were homogenized at room temperature using an Ultra-Turrax T18 homogenizer (ANGNI Co. Ltd.,
Shanghai, China) at 20,000 rpm according to the manufacturer for 5 min to form a coarse emulsion,
followed by high pressure homogenization using an D-6L ultra-high pressure homogenizer (PhD
Technology Co., Ltd., Saint Paul, MN, USA) at various pressures. The prepared oil in water (O/W)
nanoemulsions comprises by SPI, PC, sunflower oil and β-carotene. The freshly-prepared (O/W)
emulsion was used for the following studies.
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2.3. Measurement of Nanoemulsion Particle Size, Polydispersity Index (PDI) and ζ- Potential

The particle size distribution and PDI for nanoemulsions was determined using dynamic light
scattering (Zetasizer Nano-ZS90, Malvern Instrument Co., Ltd., Worcestershire, UK) with a phosphate
buffer solution dilution of 1:1000 v/v using the method of Salvia-Trujillo, L. (2015) [17]. Prior to
analysis, the emulsions were diluted to a suitable concentration in phosphate buffer to prevent
multiple scattering. The refractive index was taken as 1.46 for emulsion particles and 1.33 for the
aqueous dispersion medium as recommended by the manufacturer. Particle size was expressed as
the volume weighted mean diameter D[4,3]. Definition of the PDI was a dimensionless measure of
the broadness of the size distribution calculated from the cumulants analysis. The ζ-potential of
the freshly-prepared emulsion was determined using a ζ-potential analyzer (Zetasizer Nano-ZS90,
Malvern Instrument Co., Ltd., Worcestershire, UK) with a dilution of 1:105 v/v with DI [18].

2.4. Measurement of Turbidity

The emulsions were diluted 40 times with phosphate buffer solution and phosphate buffer was
used as the blank. Absorbance was measured using an LW-1600FC UV spectrophotometer (Shanghai
Jinghua Technology Equipment Company, Ltd., Shanghai, China) at 600 nm. Turbidity (T) was
calculated as in [19], using the formula:

T = 2.302 × (A × V)/I (1)

A = Absorbance of diluted emulsion at 600 nm measured against the blank. V = Dilution (40).
I = Optical path length (1 cm).

2.5. Turbiscan Stability Index

The stability of the nanoemulsions were measured using the Turbiscan Lab Expert Concentration
System Stability Analyzer (France Formulaction Company, Toulouse, France). The measured
reflected light is directly related to the particle volume concentration and the average particle size.
The instrument mainly uses the central part of the reflected light spot. Reference Luo M et al. (2017),
take 18 mL of β-carotene nanoemulsions in Turbiscan special cylindrical glass. Scan every 30 min at
55 ◦C for 6 h [20]. The Turbiscan Stability Index (TSI) is an emulsion stability index calculated with a
Turbiscan lab expert for rapid stability of the emulsion.

2.6. Emulsificaton Yield

The β-carotene in the nanoemulsions was extracted with an organic phase of ethanol/n-hexane
(1:1), and the β-carotene content was analyzed by HPLC. The C30 column was used. The mobile phase
was methanol and methyl tert-butyl ether. The flow rate was 1.0 mL/min. The gradient elution was 20
µL. The sample was injected at 450 nm with a DAD detector. The data was processed using Dionex
Chromeleon software to determine the content of β-carotene in the SPI-PC nanoemulsions, and the
emulsification yield of the SPI-PC nanoemulsions was calculated by the following formula:

Emulsification yield (%) =
β− carotene content in nanoemulsions

total β− carotene content
× 100 (2)

2.7. Nanoemulsions Morphology by Confocal Laser Scanning Microscopy

SPI can be stained by Nile Blue dye (1%, w/v), emitting green fluorescence. Sunflower oil droplets,
however, are stained by Nile Red dye (0.1%, w/v), which do not fluoresce in most polar solvents,
but can fluoresce intensely with reddish colors upon placing in a lipid-rich environment. A Leica TCS
SP2 confocal laser scanning microscope (Leica Microsystems, Heidelberg GmbH, Heidelberg, Germany)
was employed to examine the structure of SPI-PC nanoemulsions. An aliquot of 10 mL of stained
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nanoemulsions was placed on a microscope slide, and then gently covered with a coverslip. Then,
the microstructure of SPI-PC nanoemulsions was determined by confocal laser scanning microscopy.

2.8. 3D Raman Imaging of Nanoemulsions Morphology

In this study, the interface structure of the nanoemulsions was analyzed using a confocal Raman
imaging system (AIR MP Raman-11, Shimadzu Co., Ltd., Shimane, Japan) with laser excitation at
532 nm and exposure time of 7 s [21]. Droplets were placed on a glass slide and the 5 mW laser focused
onto the droplets. Raman scattering signals were focused into the slit entrance of a spectrometer.
The scan distances along the X- and Y-axes were adjusted depending on the scan range using the
Win Spec 32 software (included with the spectrometer) to automatically collect the spectrum at each
point in 2 um increments. The three-dimensional imaging was based on the two-dimensional imaging,
while manually adjusting the laser focus depth (i.e., the Z-axis), which the computer then integrated to
create the three-dimensional image.

2.9. Statistical Analysis

All the experiments were done in triplicate, and the results are presented as mean ± standard
deviation. Means were compared using one-way ANOVA followed by Duncan’s test (p < 0.05).
Statistical analysis was done using SPSS (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Effect of SPI Addition

The effect of SPI addition on nanoemulsion is shown in Table 1. The particle size and the PDI of
nanoemulsions decreased significantly between 1 and 1.5% SPI to its minimum, while the PDI was
minimal at 1.5%, suggesting that the smallest, most stable droplets were formed at that concentration.
With higher concentrations, both measurements showed larger, less stable particles. Hebishy et al.
(2015) studied the effect of protein concentration on the particle size of whey protein-stabilized
nanoemulsions, where the emulsions containing 1% protein had the largest droplets, which is consistent
with the current results [22]. Li et al. (2014) found that an increase in SPI addition suggested that more
protein was available to cover the surface of the droplets, which would lead to smaller droplets and also
help prevent aggregation [23]. However, additional protein leads to less stability and larger droplets,
due to the presence of excess unabsorbed soluble proteins and the non-protein components leading to
depletion flocculation. Emulsification yield followed a similar pattern. However, the turbidity showed
a continuous upward trend. The changes above 1.5% SPI could be due to the additional SPI aggregating
on the surface, leading to ionic bonding lowering the net charge of the particles, which may lead to
aggregation as suggested by the increase in turbidity [24]. Song et al. (2013) suggested that excess
protein may form micelles or aggregates with high-pressure homogenization [25]. Berton, Genot &
Ropers (2011) found that the unadsorbed proteins increased 2% [26]. Berton et al. (2015) thought
that these unadsorbed proteins could also remove proteins from the emulsion surface (depletion
flocculation), leading to the physical and chemical destabilization of the emulsion [27].

The ζ-potential was also maximal at 1.5% and 2.0% SPI and above absolute 30 mV. Previous
work has suggested that when the absolute value of the ζ-potential is greater than 30 mV, emulsion
droplets are stabilized by electrostatic repulsion [15]. The results of Sun et al. (2015) showed that
smaller droplets led to an increase in surface energy, which is another measure of the greater stability
of smaller particles [28].
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Table 1. Effect of soybean protein isolates (SPI) addition on emulsion stability of nanoemulsions.

SPI (%) Particle Size
(nm) PDI Zeta Potential

(mV)
Emulsificat

on Yield (%) Turbidity TSI

0.5 735 ± 7 a 0.42 ± 0.03 a −8.85 ± 0.08 d 80.53 ± 0.80 d 27,000 ± 300 f 5.33 ± 0.05 a

1.0 726 ± 7 a 0.38 ± 0.02 b −12.73 ± 0.12 c 88.82 ± 0.80 b 28,200 ± 300 e 4.12 ± 0.04 c

1.5 222 ± 2 e 0.26 ± 0.01 e −33.61 ± 0.33 a 91.25 ± 0.90 a 29,100 ± 300 d 3.03 ± 0.02 f

2.0 395 ± 4 d 0.29 ± 0.00 d −33.42 ± 0.33 a 90.47 ± 0.90 a 29,900 ± 300 c 3.26 ± 0.03 e

2.5 468 ± 5 c 0.29 ± 0.04 d −26.81 ± 0.26 b 87.24 ± 0.80 c 34,800 ± 300 b 3.88 ± 0.03 d

3.0 626 ± 6 b 0.31 ± 0.05 c −15.95 ± 0.15 c 80.79 ± 0.80 d 37,400 ± 300 a 4.34 ± 0.04 b

All samples are average value ± standard deviation (n = 3) and different letters in the same column represent a
significant difference between samples (p < 0.05). Arrange all the averages in descending order, and use the letter
“a” on the maximum average. The amount of phosphatidylcholine addition was 2 mg/mL, the homogenization
pressure was 120 MPa, run 4 times.

3.2. Effect of PC Addition

The effect of PC addition levels on the properties of the SPI-PC nanoemulsions is shown in
Table 2. The hydrophobic fatty acid groups of the PC can interact on the oil surface and the hydrophilic
glycerophosphate groups can align with the water/protein interface to reduce the interfacial tension,
helping to stabilize the emulsion [14]. The PC showed a minimum particle size at 0.20% PC and a
minimum PDI at 0.22% PC, suggesting the optimum interaction. This confirms that PC could enhance
emulsifiability through its own action, as well as interaction with SPI. The absolute value of the
ζ-potential gradually increased above 0.17% PC, and all were above absolute 30 mV. Wang B and
Martínez K et al. report that PC can enhance the surface negativity of the SPI, leading to increased
repulsion between particles [29,30]. In this study, the emulsification yield increased with the addition
of PC up to 0.22%. Thus, 0.20% or 0.22% PC seems to be the best amount to use. The results of J. Li et al.
(2014) indicate that the interaction between PC and SPI during the preparation of nanoemulsions
could increase the compactness of the interfacial emulsion layer [31]. Negatively charged lecithin
was also reported in the study of García-Moreno, Horn, and Jacobsen, suggesting that the ζ-potential
of casein was shifted to more negative potentials upon the addition of lecithin [32]. At the same
time, the decrease of the average particle size of the SPI-PC nanoemulsion and the increase of the
absolute value of the ζ-potential enhanced the stability of the emulsion, and the nutrients were better
encapsulated within the nanoemulsion.

Table 2. Effect of phosphatidylcholine addition on emulsion stability of nanoemulsions.

Phosphatidylch
Oline Addition (%)

Particle Size
(nm) PDI Zeta Potential

(mV)
Emulsification

Yield (%) Turbidity TSI

0.10 433 ± 4 a 0.43 ± 0.05 a −12.62 ± 0.12 d 84.72 ± 0.84 e 27,300 ± 300 d 5.14 ± 0.05 a

0.17 324 ± 3 b 0.27 ± 0.01 c −31.03 ± 0.31 c 89.21 ± 0.89 c, d 28,700 ± 300 c 4.41 ± 0.04 c

0.20 222 ± 2 c 0.26 ± 0.02 d −33.61 ± 0.33 b 91.24 ± 0.91 b 29,200 ± 300 a 3.45 ± 0.03 e

0.22 210 ± 2 d 0.27 ± 0.01 c −34.75 ± 0.34 a 92.95 ± 0.92 a 29,000 ± 300 b 4.32 ± 0.04 d

0.25 212 ± 2 d 0.29 ± 0.00 b −34.86 ± 0.34 a 90.12 ± 0.90 c 29,400 ± 300 a 4.76 ± 0.04 b

All samples are average value ± standard deviation (n = 3) and different letters in the same column represent a
significant difference between samples (p < 0.05). Arrange all the averages in descending order, and use the letter “a”
on the maximum average. The amount of soybean protein isolates (SPI) addition was 15 mg/mL, the homogenous
pressure was 120 MPa, run 4 times.

3.3. Effect of Homogenization Pressure

Homogenization can affect the relative adsorption of soy proteins (in particular β-conglycinin
and glycinin), leading to different interfacial compositions [33,34]. As shown in Table 3, increasing the
homogenization pressure resulted in a significant (p < 0.05) optimum for particle size, PDI, turbidity
and TSI, which was in agreement with the findings of Tan and Nakajima [7]. As pressure increases,
the distribution becomes more uniform. These results suggest that 100 MPa resulted in the best values.
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Table 3. Effect of homogenization pressure on emulsion stability of nanoemulsions.

Homogenization
Pressure (MPa)

Particle Size
(nm) PDI Zeta Potential

(mV)
Emulsification

Yield (%) Turbidity TSI

60 433 ± 4 a 0.43 ± 0.02 a −18.62 ± 0.18 d 63.21 ± 0.63 d 36,600 ± 400 b 5.72 ± 0.05 a

80 312 ± 3 c 0.37 ± 0.00 b −31.24 ± 0.31 b 85.63 ± 0.85 b 30,800 ± 300 c 4.94 ± 0.04 b

100 205 ± 2 e 0.20 ± 0.00 d −31.36 ± 0.31 b 92.57 ± 0.92 a 29,800 ± 300 d 3.66 ± 0.03 d

120 222 ± 2 d 0.26 ± 0.00 c −33.62 ± 0.33 a 91.24 ± 0.90 a 29,300 ± 300 e 3.41 ± 0.03 e

140 385 ± 3 b 0.45 ± 0.01 a −20.89 ± 0.20 c 82.83 ± 0.82 c 40,500 ± 400 a 4.78 ± 0.04 c

All samples are average value ± standard deviation (n = 3) and different letters in the same column represent
a significant difference between samples (p < 0.05). Arrange all the averages in descending order, and use the
letter “a” on the maximum average. The amount of soybean protein isolates (SPI) addition was 15 mg/mL,
phosphatidylcholine addition was 2 mg/mL, run 4 times.

Excessive pressure may lead to droplets cracking. In this study, homogenization pressure was able
to significantly influence the properties of emulsions, such as the shear forces and turbulence—both
of which are pressure dependent—produced during homogenization being able to affect the particle
size and size distribution [35,36]. In this study, the emulsification interface was accompanied by
the phenomenon of “lost stabilization” of the nanoemulsion droplets under the condition of high
omogenization pressure (140 MPa) output. At this time, the absolute value of the ζ-potential of the
nanoemulsion was significantly reduced.

3.4. Effect of Homogenization Cycles

The effect of homogenization times on nanoemulsion is shown in Table 4. The optima for
the different parameters were not consistent with a single choice of cycle time. However, from a
commercial perspective, the emulsion yield, if still stable, is presumably the most important. Therefore,
a set of 4 cycles is suggested, assuming the cost of running each cycle is less than the value of the
additional yield. Sadeghpour Galooyak and Dabir found that both the droplet diameter and the
PDI improved when the number of cycles was increased from 2 to 4 for nanoemulsions prepared
by microfluidization [37]. In practical applications, the proper ratio of homogenization pressure and
number of homogenization cycles plays an important role in the economics.

Table 4. Effect of number of homogenizing cycles on emulsion stability of nanoemulsions.

Number of
Homogenizing Cycles

Particle Size
(nm) PDI Zeta Potential

(mV)
Emulsification

Yield (%) Turbidity TSI

2 291 ± 2 b 0.21 ± 0.01 c −28.23 ± 0.22 c 83.22 ± 0.24 e 29,700 ± 200 b 4.62 ± 0.04 c

3 295 ± 2 a 0.23 ± 0.01 b −30.84 ± 0.23 b 88.81 ± 0.66 c 29,900 ± 200 b 3.43 ± 0.03 e

4 222 ± 2 c 0.26 ± 0.02 a −33.66 ± 0.33 a 91.20 ± 0.91 a 29,300 ± 200 c 4.24 ± 0.04 d

5 210 ± 2 d 0.25 ± 0.03 a −33.98 ± 0.31 a 90.81 ± 0.34 b 29,100 ± 100 c 4.75 ± 0.04 b

6 225 ± 2 c 0.27 ± 0.01 a −31.21 ± 0.21 b 87.52 ± 0.77 d 30,600 ± 300 a 5.12 ± 0.05 a

All samples are average value ± standard deviation (n = 3) and different letters in the same column represent
a significant difference between samples (p < 0.05). Arrange all the averages in descending order, and use the
letter “a” on the maximum average. The amount of soybean protein isolates (SPI) addition was 15 mg/mL,
phosphatidylcholine addition was 2 mg/mL and the homogenization pressure was 120 MPa.

Increasing the number of homogenization cycles, which leads to a longer time for the mechanical
action, results in a smaller system size. Decreasing the particle size of particles or small particle
aggregates after multiple homogenization cycles resulted in emulsion droplets with greater stability.
However, when the number of homogenization cycles reaches 5, the “overprocessed phenomenon”
occurred, with new droplets rapidly aggregating, generating a large amount of energy during the
homogenization [35]. High-frequency aggregation and extremely high energy density are two of the
main causes for the occurrence of “overtreatment”, which is consistent with the current results [38,39].
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3.5. Confocal Microscopy Imaging

The red fluorescence of Nile red showed the oil phase of the nanoemulsions. It showed that the oil
phase was spherical within spherical droplets (Figure 1A). The fluorescence excited by the Nile blue’s
green fluorescence (Figure 1B) indicated that the SPI created a continuous and complete coverage of
the emulsion surface. It can be seen from Figure 1 that the shape of the nanoemulsions was spherical,
indicating that the SPI was completely adsorbed at the interface of the nanoemulsions, the protein
of which completely encapsulated the emulsion, showing a core-like structure. Anya Kwan found
that orange oil, medium-chain triglyceride (MCT) oil, and Whey Protein Isolate (WPI) could be used
to make stable nanoemulsions, and also observed stable spherical nanoemulsions by microscopic
confocal microscopy [40].
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Figure 1. Nanoemulsion morphology using laser confocal microscopy. The red color (A) shows the oil
droplets, while the green color (B) shows the aqueous SPI.

3.6. 3D Raman Imaging

Normally, 3D images help to observe the spatial structural morphology, and the 3D
confocal Raman imaging technique is able to simultaneously provide the Raman spectrum results
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simultaneously [41]. Therefore, in this study, 3D Raman imaging was used to observe the structure of
SPI-PC nanoemulsions. A single nanoemulsion droplet was selected for analysis in the yellow box
region shown in Figure 2a. As the displacement gradually probed into the center of the oil phase,
six Raman imaging formations of the nanoemulsions droplets were formed, as shown in Figure 2b.
As the observation gradually explored the center of the oil phase, the green soy protein was more
widely distributed at the nanoemulsion interface. It can be seen that, according to our processing
conditions, soybean protein can be evenly distributed at the interface of the emulsion droplets. Figure 3
shows characteristic peak of the SPI amide I and the characteristic peaks of the C-H and C-H2 groups
of PC, which were observed at the peak of 1665, 2840, and 2880 cm−1, respectively, further proving
that SPI and PC were distributed at the interface of the nanoemulsion droplets. The overall Raman
intensity was reduced as the observation angle gradually moved towards the center of oil phase,
which was related to the decrease in the distribution of soybean protein in the observed area. However,
the characteristic peaks of SPI and PC did not disappear in this process. It was proved that SPI and PC
were evenly distributed and interacted at the interface of the nanoemulsion droplets.
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4. Conclusions

This work was focused on obtaining high-stability SPI-PC nanoemulsions by high-pressure
homogenization technology for future applications in the food industry. High-pressure
homogenization technology was suitable for producing stabilizing SPI-PC nanoemulsions containing
SPI, PC, sunflower oil and β-carotene with good emulsion stability. The results showed that the
nanoemulsions had the best stability when SPI was at 1.5%, PC was at 0.22%, the homogenization
pressure was 100 MPa, and homogenization was performed 4 times. In addition, confocal microscopy
imaging showed that the shape of the nanoemulsions was spherical, with SPI completely adsorbed at
the interface of the nanoemulsions, with the protein completely encapsulating the emulsion. Finally,
the 3D Raman imaging showed that SPI and PC could be evenly distributed at the interface of the
nanoemulsions droplets, according to our processing conditions.

Author Contributions: L.-Z.J., Y.L., Z.-J.W. and J.L. conceived and designed the experiments; C.-L.W. performed
the experiments; C.-L.W. and F.T. analyzed the data; Z.-J.W., X.-N.Z., Y.Z., B.-K.Q. and X.-Y.Z. contributed
reagents/materials/analysis tools; C.-L.W. wrote the paper.

Funding: This research was funded by the 13th Five-Year Plan (research grant numbers: 2016YFD0401402,
2016YFD0400402, and 2016YFD0400702), the National Natural Science Foundation of China (research grant
numbers: 31430067, 31601475, 31571876, and 31671807), the National Key Technology Support Program (research
grant number: 2014BAD22B01), the Natural Science Foundation of Heilongjiang Province of China (research
grant number: ZD201302), the Fok Ying Tung Education Foundation (research grant number: 151032), the “Young
Talents” Project of Northeast Agricultural University, and the Key Laboratory of Soybean Biology in the Chinese
Education Ministry (Harbin, Heilongjiang, China).

Acknowledgments: The authors would like to acknowledge the support for this study from the 13th Five-Year
Plan (research grant numbers: 2016YFD0401402,2016YFD0400402, and 2016YFD0400702), the National Natural
Science Foundation of China (research grant numbers: 31430067, 31601475, 31571876, and 31671807), the National
Key Technology Support Program (research grant number: 2014BAD22B01), the Natural Science Foundation of
Heilongjiang Province of China (research grant number: ZD201302), the Fok Ying Tung Education Foundation
(research grant number: 151032), the “Young Talents” Project of Northeast Agricultural University, and the Key
Laboratory of Soybean Biology in the Chinese Education Ministry (Harbin, Heilongjiang, China).

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

References

1. Xu, J.; Mukherjee, D.; Chang, S.K.C. Physicochemical properties and storage stability of soybean protein
nanoemulsions prepared by ultra-high pressure homogenization. Food Chem. 2017, 240, 1005–1013.
[CrossRef] [PubMed]

2. Oca-Ávalos, J.M.; Candal, R.J.; Herrera, M.L. Nanoemulsions: Stability and physical properties. Curr. Opin.
Food Sci. 2017, 16, 1–6. [CrossRef]

3. Pradhan, N.; Singh, S.; Ojha, N.; Shrivastava, A.; Barla, A.; Rai, V.; Bose, S. Facets of nanotechnology as seen
in food processing, packaging, and preservation industry. BioMed Res. Int. 2015, 3–4, 365–672. [CrossRef]
[PubMed]

4. Ricaurte, L.; Perea-Flores, M.D.J.; Martinez, A.; Quintanilla-Carvajal, M.X. Production of high-oleic palm oil
nanoemulsions by high-shear homogenization (microfluidization). Innov. Food Sci. Emerg. Technol. 2016, 35,
75–85. [CrossRef]

5. Komaiko, J.; McClements, D.J. Low-energy formation of edible nanoemulsions by spontaneous
emulsification: Factors influencing particle size. J. Food Eng. 2015, 146, 122–128. [CrossRef]

6. Molina, E.; Papadopoulou, A.; Ledward, D.A. Emulsifying properties of high pressure treated soy protein
isolate and 7S and 11S globulins. Food Hydrocoll. 2001, 15, 263–269. [CrossRef]

7. Tan, C.P.; Nakajima, M. Effect of polyglycerol esters of fatty acids on physicochemical properties and stability
of b-carotene nanodispersions prepared by emulsification/evaporation method. J. Sci. Food Agric. 2005, 85,
121–126. [CrossRef]

8. Yerramilli, M.; Longmore, N.; Ghosh, S. Improved stabilization of nanoemulsions by partial replacement of
sodium caseinate with pea protein isolate. Food Hydrocoll. 2017, 64, 99–111. [CrossRef]

9. Hirotsuka, M.; Taniguchi, H.; Narita, H.; Kito, M. Increase in emulsification activity of soy lecithin-soy
protein complex by ethanol and heat treatments. J. Food Sci. 1984, 49, 1105–1110. [CrossRef]

http://dx.doi.org/10.1016/j.foodchem.2017.07.077
http://www.ncbi.nlm.nih.gov/pubmed/28946216
http://dx.doi.org/10.1016/j.cofs.2017.06.003
http://dx.doi.org/10.1155/2015/365672
http://www.ncbi.nlm.nih.gov/pubmed/26613082
http://dx.doi.org/10.1016/j.ifset.2016.04.004
http://dx.doi.org/10.1016/j.jfoodeng.2014.09.003
http://dx.doi.org/10.1016/S0268-005X(01)00023-6
http://dx.doi.org/10.1002/jsfa.1947
http://dx.doi.org/10.1016/j.foodhyd.2016.10.027
http://dx.doi.org/10.1111/j.1365-2621.1984.tb10404.x


Nanomaterials 2018, 8, 307 10 of 11

10. Henry, J.V.L.; Fryer, P.J.; Frith, W.J.; Norton, I.T. The influence of phospholipids and food proteins on the size
and stability of model sub-micron emulsions. Food Hydrocoll. 2010, 24, 66–71. [CrossRef]

11. Van der Meeren, P.; El-Bakry, M.; Neirynck, N.; Noppe, P. Influence of hydrolysed lecithin addition on
protein adsorption and heat stability of a sterilised coffee cream simulant. Int. Dairy J. 2005, 15, 1235–1243.

12. Euston, S.R.; Finnigan, S.R.; Hirst, R.L. Aggregation kinetics of heated whey protein-stabilised emulsions:
Effect of low-molecular weight emulsifiers. Food Hydrocoll. 2001, 15, 253–262. [CrossRef]

13. Kasinos, M.; Goni, M.L.; Nguyen, M.T.; Sabatino, P.; Martins, J.C.; Dewettinck, K.; Van Der Meeren, P.
Effect of hydrolysed sunflower lecithin on the heat-induced coagulation of recombined concentrated milk
emulsions. Int. Dairy J. 2014, 38, 187–194. [CrossRef]

14. Sui, X.; Li, Q.; Wang, Z.; Qi, B.; Zou, X.; Li, Y.; Jiang, L. Does the hydrophobic group on sn-2 position of
phosphatidylcholine decide its emulsifying ability? Food Sci. Technol. 2016, 74, 255–262. [CrossRef]

15. Sui, X.; Bi, S.; Qi, B.; Wang, Z.; Zhang, M.; Li, Y.; Jiang, L. Impact of ultrasonic treatment on an emulsion
system stabilized with soybean protein isolate and lecithin: Its emulsifying property and emulsion stability.
Food Hydrocoll. 2017, 63, 727–734. [CrossRef]

16. Niu, H.; Xia, X.; Wang, C.; Kong, B.; Liu, Q. Thermal stability and gel quality of myofibrillar protein as
affected by soy protein isolates subjected to an acidic pH and mild heating. Int. J. Biol. Macromol. 2018, 242,
188–195. [CrossRef] [PubMed]

17. Salvia-Trujillo, L.; Rojas-Graü, A.; Soliva-Fortuny, R.; Martín-Belloso, O. Physicochemical characterization
and antimicrobial activity of food-grade emulsions and nanoemulsions incorporating essential oils.
Food Hydrocoll. 2015, 43, 547–556. [CrossRef]

18. Jiang, L.; Wang, J.; Li, Y.; Wang, Z.; Liang, J.; Wang, R.; Hen, Y.; Ma, W.; Qi, B.; Zhang, M. Effects of ultrasound
on the structure and physical properties of black bean protein isolates. Food Res. Int. 2014, 62, 595–601.
[CrossRef]

19. Rahn-Chique, K.; Puertas, A.M.; Romero-Cano, M.S.; Rojas, C.; Urbina-Villalba, G. Nanoemulsion stability:
Experimental evaluation of the flocculation rate from turbidity measurements. Adv. Colloid Interface Sci. 2012,
178, 1–20. [CrossRef] [PubMed]

20. Luo, M.; Qi, X.; Ren, T.; Huang, Y.; Keller, A.A.; Wang, H.; Wu, B.; Jin, H.; Li, F. Heteroaggregation of CO2,
and TiO2, Engineered Nanoparticles in the Aqueous Phase: Application of Turbiscan Stability Index and
Fluorescence Excitation-Emission Matrix (EEM) Spectra. Colloids Surf. Physicochem. Eng. Asp. 2017, 533, 9–19.
[CrossRef]

21. Yu, T.; Ni, Z.; Du, C.; Wang, Y.; Shen, Z. Raman mapping investigation of graphene on transparent flexible
substrate: The strain effect. J. Phys. Chem. 2008, 112, 12602–12605. [CrossRef]

22. Hebishy, E.; Buffa, M.; Guamis, B.; Blasco-Moreno, A.; Trujillo, A.J. Physical and oxidative stability of whey
protein oil-in-water emulsions produced by conventional and ultra high-pressure homogenization: Effects
of pressure and protein concentration on emulsion characteristics. Innov. Food Sci. Emerg. Technol. 2015, 32,
79–90. [CrossRef]

23. Li, M.; Ma, Y.; Cui, J. Whey-protein-stabilized nanoemulsions as a potential delivery system for
water-insoluble curcumin. Food Sci. Technol. 2014, 59, 49–58. [CrossRef]

24. Yang, F.; Liu, X.; Ren, X.; Huang, Y.; Huang, C.; Zhang, K. Swirling cavitation improves the emulsifying
properties of commercial soy protein isolate. Ultrason. Sonochem. 2018, 42, 471–481. [CrossRef] [PubMed]

25. Song, X.; Zhou, C.; Fu, F.; Chen, Z.; Wu, Q. Effect of high-pressure homogenization on particle size and film
properties of soy protein isolate. Ind. Crops Prod. 2013, 43, 538–544. [CrossRef]

26. Berton, C.; Genot, C.; Ropers, M.H. Quantification of unadsorbed protein and surfactant emulsifiers in
oil-in-water emulsions. J. Colloid Interface Sci. 2011, 354, 739–748. [CrossRef] [PubMed]

27. Berton-Carabin, C.C.; Ropers, M.H.; Genot, C. Lipid oxidation in oil-in-water emulsions: Involvement of the
interfacial layer. Compr. Rev. Food Sci. Food Saf. 2014, 13, 945–977. [CrossRef]

28. Sun, C.; Wu, T.; Liu, R.; Liang, B.; Tian, Z.; Zhang, E.; Zhang, M. Effects of superfine grinding and
microparticulation on the surface hydrophobicity of whey protein concentrate and its relation to emulsions
stability. Food Hydrocoll. 2015, 51, 512–518. [CrossRef]

29. Wang, B.; Li, D.; Wang, L.J. Ozkan, N. Effect of concentrated flaxseed protein on the stability and rheological
properties of soybean oil-in-water emulsions. J. Food Eng. 2010, 96, 555–561. [CrossRef]

http://dx.doi.org/10.1016/j.foodhyd.2009.08.006
http://dx.doi.org/10.1016/S0268-005X(01)00022-4
http://dx.doi.org/10.1016/j.idairyj.2013.12.001
http://dx.doi.org/10.1016/j.lwt.2016.07.056
http://dx.doi.org/10.1016/j.foodhyd.2016.10.024
http://dx.doi.org/10.1016/j.foodchem.2017.09.055
http://www.ncbi.nlm.nih.gov/pubmed/29037677
http://dx.doi.org/10.1016/j.foodhyd.2014.07.012
http://dx.doi.org/10.1016/j.foodres.2014.04.022
http://dx.doi.org/10.1016/j.cis.2012.05.001
http://www.ncbi.nlm.nih.gov/pubmed/22657245
http://dx.doi.org/10.1016/j.colsurfa.2017.08.014
http://dx.doi.org/10.1021/jp806045u
http://dx.doi.org/10.1016/j.ifset.2015.09.013
http://dx.doi.org/10.1016/j.lwt.2014.04.054
http://dx.doi.org/10.1016/j.ultsonch.2017.12.014
http://www.ncbi.nlm.nih.gov/pubmed/29429693
http://dx.doi.org/10.1016/j.indcrop.2012.08.005
http://dx.doi.org/10.1016/j.jcis.2010.11.055
http://www.ncbi.nlm.nih.gov/pubmed/21167495
http://dx.doi.org/10.1111/1541-4337.12097
http://dx.doi.org/10.1016/j.foodhyd.2015.05.027
http://dx.doi.org/10.1016/j.jfoodeng.2009.09.001


Nanomaterials 2018, 8, 307 11 of 11

30. Martínez, K.D.; Ganesan, V.; Pilosof, A.M.R.; Harte, F.M. Effect of dynamic high-pressure treatment
on the interfacial and foaming properties of soy protein isolate-hydroxypropylmethylcelluloses systems.
Food Hydrocoll. 2011, 25, 1640–1645.

31. Li, J.; Li, Y.; Guo, S. The binding mechanism of lecithin to soybean 11S and 7S globulins using fluorescence
spectroscopy. Food Sci. Biotechnol. 2014, 23, 1785–1791. [CrossRef]

32. García-Moreno, P.J.; Horn, A.F.; Jacobsen, C. Influence of caseinephospholipid combinations as emulsifier on
the physical and oxidative stability of fish oil-in-water emulsions. J. Agric. Food Chem. 2014, 62, 1142–1152.
[CrossRef] [PubMed]

33. Nik, A.M.; Wright, A.J.; Corredig, M. Impact of interfacial composition on emulsion digestion and rate
of lipid hydrolysis using different in vitro digestion models. Colloids Surf. Biointerfaces 2011, 83, 321–330.
[CrossRef] [PubMed]

34. Molina, E.; Defaye, A.B.; Ledward, D.A. Soy protein pressure-induced gels. Food Hydrocoll. 2002, 16, 625–632.
[CrossRef]

35. Floury, J.; Desrumaux, A.; Lardieres, J. Effect of high-pressure homogenization on droplet size distributions
and rheological properties of model oil-in-water emulsions. Innov. Food Sci. Emerg. Technol. 2000, 1, 127–134.
[CrossRef]

36. Floury, J.; Desrumaux, A.; Legrand, J. Effect of ultra-high-pressure homogenization on structure and on
rheological properties of soy proteinstabilized emulsions. J. Food Sci. 2002, 67, 3388–3395. [CrossRef]

37. Galooyak, S.S.; Dabir, B. Three-factor response surface optimization of nano-emulsion formation using a
microfluidizer. J. Food Sci. Technol. 2015, 52, 2558–2571. [CrossRef] [PubMed]

38. Jafari, S.M.; He, Y.; Bhandari, B. Effectiveness of encapsulating biopolymers to produce sub-micron emulsions
by high energy emulsification techniques. Food Res. Int. 2007, 40, 862–873. [CrossRef]

39. Jafari, S.M.; He, Y.; Bhandari, B. Optimization of nano-emulsions production by microfluidization. Eur. Food
Res. Technol. 2007, 225, 733–741. [CrossRef]

40. Kwan, A.; Davidov-Pardo, G. Controlled release of flavor oil nanoemulsions encapsulated in filled soluble
hydrogels. Food Chem. 2017, 250, 46–53. [CrossRef] [PubMed]

41. Smitthipong, W.; Gadiou, R.; Vidal, L.; Wagner, P.; Nardin, M. 3D Raman images of rubber blends (IR-HNBR).
Vib. Spectrosc. 2008, 46, 8–13. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10068-014-0244-8
http://dx.doi.org/10.1021/jf405073x
http://www.ncbi.nlm.nih.gov/pubmed/24437721
http://dx.doi.org/10.1016/j.colsurfb.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21194901
http://dx.doi.org/10.1016/S0268-005X(02)00028-0
http://dx.doi.org/10.1016/S1466-8564(00)00012-6
http://dx.doi.org/10.1111/j.1365-2621.2002.tb09595.x
http://dx.doi.org/10.1007/s13197-014-1363-1
http://www.ncbi.nlm.nih.gov/pubmed/25892755
http://dx.doi.org/10.1016/j.foodres.2007.02.002
http://dx.doi.org/10.1007/s00217-006-0476-9
http://dx.doi.org/10.1016/j.foodchem.2017.12.089
http://www.ncbi.nlm.nih.gov/pubmed/29412926
http://dx.doi.org/10.1016/j.vibspec.2007.07.005
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Preparation of Nanoemulsions 
	Measurement of Nanoemulsion Particle Size, Polydispersity Index (PDI) and - Potential 
	Measurement of Turbidity 
	Turbiscan Stability Index 
	Emulsificaton Yield 
	Nanoemulsions Morphology by Confocal Laser Scanning Microscopy 
	3D Raman Imaging of Nanoemulsions Morphology 
	Statistical Analysis 

	Results and Discussion 
	Effect of SPI Addition 
	Effect of PC Addition 
	Effect of Homogenization Pressure 
	Effect of Homogenization Cycles 
	Confocal Microscopy Imaging 
	3D Raman Imaging 

	Conclusions 
	References

