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Abstract: The effects of different emulsifiers, such as soy protein isolate–sucrose ester (SPI-SE)
and whey protein isolate–sucrose ester (WPI-SE), on the properties of the emulsion during the
microencapsulation of cannabis oil were studied. The influence of SE concentration on the emulsion
properties of the two emulsifying systems was analyzed. The results of the adsorption kinetics
show that SE can decrease the interfacial tension, particle size and zeta potential of the emulsions.
The results of the interfacial protein concentration show that SE could competitively replace the
protein at the oil-water interface and change the strength of the interfacial film. The results of the
viscoelastic properties show that the emulsion structure of the two emulsion systems results in the
maximum value when the concentration of SE is 0.75% (w/v), and the elastic modulus (G’) of the
emulsion prepared with SPI-SE is high. The viscosity results show that all emulsions show shear-
thinning behavior and the curve fits well with the Ostwald–Dewaele model. The addition of SE in
the emulsions of the two emulsion systems can effectively stabilize the emulsion and change the
composition and strength of the oil–water interface of the emulsion. The cannabis oil microcapsules
prepared with protein-SE as an emulsion system exhibit high quality.

Keywords: sucrose ester; protein; rheological properties; emulsion properties; oil microcapsule

1. Introduction

Functional oils have the effects of improving intestinal health [1], anti-atherosclerosis [2]
and protecting the heart [3]. However, functional oils contain many unsaturated fatty acids,
which undergo oxidation and lead to oil rancidity [4], thus causing some harm to human
health. The shelf-life of functional oils can be extended by spray-drying microencapsu-
lation. The preparation of the emulsion is a key step in the preparation of functional oil
microcapsules, and a stable emulsion can improve the efficiency and effect of microen-
capsulation. High-quality microcapsules can be produced by studying the relationship
between emulsion and microcapsule properties during microencapsulation.

Proteins are often used as emulsifiers to stabilize emulsions because of their excellent
amphiphilic, film-forming [5] and biocompatibility [6] properties. Proteins undergo expan-
sion and rearrangement after they are spontaneously adsorbed on the oil–water interface
because of the hydrophobic interaction of non-polar side chains in the emulsion [7]. In this
set-up, the hydrophilic groups are in contact with water, and the hydrophobic groups are
bound to the oil phase. Consequently, the proteins are arranged directionally and orderly
on the interface. As a result, the interfacial tension is reduced, and a viscoelastic interface
film is formed, which can effectively stabilize the emulsion. The type, concentration and
structure of proteins affect the adsorption behavior on the interface. Seta et al. [8] found

Foods 2022, 11, 3923. https://doi.org/10.3390/foods11233923 https://www.mdpi.com/journal/foods

https://doi.org/10.3390/foods11233923
https://doi.org/10.3390/foods11233923
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://orcid.org/0000-0003-1451-0194
https://doi.org/10.3390/foods11233923
https://www.mdpi.com/journal/foods
https://www.mdpi.com/article/10.3390/foods11233923?type=check_update&version=1


Foods 2022, 11, 3923 2 of 16

that compared with β-casein, the conformation of β-lactoglobulin changes more easily at
the oil–water interface, its adsorption rate is faster, and it has a greater tendency to domi-
nate the interface. The emulsion stabilized by casein gradually changes from Newtonian
thinning to shear thinning with the increase in casein concentration [9]. ManeephanKeerati-
u-rai et al. [10] found that the structure of soy protein isolate changes after heating, thus
decreasing its adsorption capacity at the oil–water interface. Small molecular surfactants
are also commonly used as emulsifiers, and they have higher surface activity than proteins
and can be quickly adsorbed on the interface to reduce interfacial tension; through charge
repulsion and the Gibbs–Marangoni mechanism, they can form a tight adsorption layer
to stabilize the emulsion [11]. However, small molecular surfactants cannot stabilize the
emulsion continuously and effectively over a relatively long time. Although the protein
can form a viscoelastic interface film outside the oil droplets, its surface activity is low.
However, the film formed by small molecular surfactant does not have viscoelasticity, and
the strength of the interfacial film is weak, making it easily destroyed during process-
ing [12]. Therefore, the combination of protein and small molecular surfactants to improve
the interfacial properties of emulsion is the current research focus. The addition of small
molecular surfactants, such as monoglyceride and lecithin, will change the adsorption
behavior of proteins at the interface and the rheological properties of the emulsion [13–15].

Small molecule surfactants can interact with proteins at the oil–water interface, re-
sulting in the partial or complete replacement of proteins [16]. Sucrose ester (SE) is a
small molecular surfactant with sucrose as the hydrophilic group and a fatty acid chain
as the hydrophobic group. Sucrose molecules have eight free hydroxyl groups. Different
hydrophobic SE can be obtained by optimizing the esterification degree and alkyl chain
properties [17], and carbon chain length mainly affects the surface properties of SE [18]. SE
can not only adsorb together with proteins at the oil–water interface, but also replace pro-
teins at the oil–water interface, depending on the concentration of SE in the emulsion [19,20].
SE can change the rheological properties of the emulsion, reduce the interfacial tension
and increase the viscosity of the emulsion, but excessive SE causes negative effects [21]. In
conclusion, when protein and sucrose ester are used as emulsifiers, the concentration of
SE can affect the properties of the emulsion. Therefore, the use of protein–sucrose ester
as an emulsifier may affect the properties of the emulsion during microencapsulation,
thereby affecting the quality of oil microencapsulation. However, research on this field has
rarely been reported, and it is helpful to further understand the relationship between the
properties of emulsion during microencapsulation and the quality of oil microcapsules.

Cannabis oil is an edible oil extracted from dried seeds of cannabis. It is rich in unsat-
urated fatty acids, and it contains linoleic acid and α-linolenic acid, which are necessary for
the human body, in a 3:1 ratio. Cannabis oil has the effect of preventing arteriosclerosis. In
this paper, soy protein isolate–sucrose ester (SPI-SE) and whey protein isolate–sucrose ester
(WPI-SE) were used as emulsifiers to study the effects of different emulsifiers and their
compositions on the properties of emulsions and their relationship with the properties of
oil microcapsules. Subsequently, cannabis oil microcapsules were produced.

2. Materials and Methods
2.1. Materials

Soy protein isolate (SPI, containing 90.4% protein, 0% lactose, 0.9% fat, 6.8% moisture)
was purchased from Linyi ShanSong Biological products Co., Ltd. (Linyi, China). whey
protein isolate (WPI, containing 91.6% protein, 0% lactose, 1.3% fat, 4.4% moisture) was
purchased from Zhejiang Yinuo Biotechnology Co., Ltd. (Quzhou, Chian). Sugar ester
(SE) was purchased from Guangxi GaoTong Food Technology Co., Ltd. (Liuzhou, China).
Cannabis oil was purchased from Guangxi Bama yishutang health and longevity Industry
Co., Ltd. (Hechi, China). All other chemicals were of analytical grade. Deionized water
from a water purification system (Millipore, Billerica, MA, USA) was used throughout
the experiment.
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2.2. Preparation of Emulsion

Proteins (SPI and WPI) and SE were dissolved in deionized water at a ratio of 4:0, 4:1,
4:2, 4:3, 4:4 and 4:6, in which the concentration of protein was constant at 1% (w/v). After
stirring for 2 h, it was stored overnight at 4 ◦C to form an aqueous solution. Cannabis
oil (10% w/v) was added to the aqueous phase, and a high-speed probe (IKA T18, IKA,
Königswinter, Germany) was used for dispersion at 10,000 rpm for 120 s. Then, we used the
homogenizer (UH-06, Yonglian Biotechnology, Shanghai, China) to homogenize for the sec-
ond time at 30 MPa to form an emulsion to be tested. According to the different emulsifiers
in the emulsion, the samples were named as SPI, SPI-SE, WPI and WPI-SE emulsion.

2.3. Determination of Particle Size

The particle size of the emulsion was measured by a Malvern laser particle size ana-
lyzer (Mastersizer 3000, Malvern, UK). The refractive index was 1.530, and the absorptivity
index was 0.100. Water was used as a dispersant, and its refractive index is 1.330. The
machine measured automatically three times and took the average.

2.4. Determination of Zeta Potential

The Zeta potential of the emulsion was determined by Malvern laser particle size
analyzer (Malvern Zetasizer Nano ZSP, Malvern, UK). Before the determination, the sample
was diluted to a suitable concentration, the refractive index was 1.33, and the measurement
was carried out at 25 ◦C. The machine measured automatically three times and took
the average.

2.5. Observation of the Microstructure of Emulsion

The microstructure of the emulsion was observed using the method of Zhang et al. [22]
with slight modification. The microstructure of the emulsion was observed using a TCS
SP8 confocal laser scanning microscope (Leica, Wetzlar, Germany). The emulsion samples
were stained with 0.02% (w/v) Nile red and 0.1% (w/v) Nile blue, and the appropriate
amount of dyeing emulsion was observed under the microscope. Nile red was excited by
an argon–krypton laser at 488 nm, and Nile blue was excited by a He-Ne laser at 633 nm.
The sample was observed with 100× magnification lens, and laser confocal images were
obtained via LAS AF software.

2.6. Determination of Interfacial Protein Concentration

The interfacial protein concentration was determined using the method of Zhang et al. [11]
with slight modification. Approximately 2.0 mL of fresh emulsion was poured into a
centrifugal tube and centrifuged 30 min at 10,000 rpm at 20 ◦C. After centrifugation, the
clear liquid layer was carefully removed with a syringe and filtered through a 0.22 µm filter
membrane. Then, the filtrate was collected. The BCA protein concentration determination
kit (Solaibao, Beijing, China) was used to determine the concentration of the emulsion
protein. Bovine serum albumin was used as the standard protein. This was repeated
three times for each test. The interfacial protein loading rate (AP%) and interfacial protein
concentration (Γ) were calculated using Equations (1) and (2) as follows:

AP% = (ct − cs)/ct · 100% (1)

Γ = (ct − cs) · d3,2/6ϕ (2)

In the formula, Γ is the interfacial protein concentration (mg/m2), Ct is the total
concentration of emulsion protein (mg/mL), Cs is the concentration of protein in the clear
solution (mg/mL), d3,2 is the specific surface area of the droplet (µm), which can be obtained
by the particle size tester, and ϕ is the proportion of the oil phase (10%).
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2.7. Determination of Surface Pressure of Emulsion

The emulsion surface pressure was determined as described by Seta et al. [8] with
slight modification. The solutions were prepared by dispersing 1% (w/v) protein powder
and different concentration of SE (0.00–1.50%, w/v) in deionized water. Dynamic drop
shape analysis was used to detect the change of the interfacial tension (σ) of the protein
adsorbed at the oil–water interface with the adsorption time (t), and the OCA25 optical
contact angle meter was used as the detection system. This was repeated three times for
each test. The dynamic interfacial tension is expressed by the change of surface pressure π

within the adsorption time t (Equation (3)):

π = σ0 − σt (3)

In the formula, σ0 (mN/m) is the interfacial tension of the buffer solution to the oil
phase without protein, and σt (mN/m) is the interfacial tension of the sample at time t.

2.8. Shear Rheological Measurement

The viscosity of the emulsion was determined using the method of Shuang Chen et al. [23]
with a slight modification. The samples were measured using an Antonpa MCR302 rheome-
ter (Antonpa, Graz, Austria). A certain amount of sample was obtained from the sample
table and measured with a flat plate probe with a diameter of 50 mm. The measuring
temperature is 25 ◦C, and the shear rate was ranged from 0.01 to 100 s−1. The viscosity of
the emulsion at different shear rates was determined after being stabilized for 30 s. Then
the repeatability of the measurement results was verified. The viscosity curve follows the
Ostwald–Dewaele model (Equation (4)) [24]:

η = K · γn−1 (4)

In the formula, η is the viscosity (Pa·s), K is the consistency coefficient (Pa·sn), γ is the
shear rate (s−1), and n is the flow characteristic index (dimensionless).

2.9. Determination of Viscoelastic Properties

The viscoelastic properties of the emulsion were determined as described by Wang et al. [25]
with slight modification, and were measured using an Antonpa MCR302 rheometer (An-
tonpa, Graz, Austria). A certain amount of emulsion was placed on the sample stage
and measured with a cone plate probe with a diameter of 50 mm (cone angle is 0.1◦ cone
vertex). The spacing is 0.103 mm. After stabilization for 30 s, the dynamic oscillating
frequency scanning mode was selected, and the sinusoidal deformation of different fre-
quencies (0.1~10 Hz) was applied in the linear viscoelastic range. The elastic modulus
(G’) and viscous modulus (G”) of the emulsion at different oscillating frequencies were
measured. The repeatability of the measurement results was verified.

2.10. Preparation of Microcapsules of Cannabis Oil

The emulsions were dried using a centrifugal spray drying tower (MDR.P-5, Wuxi
Modern Spray Drying Equipment Co., Wuxi, China) with an inlet temperature of 180 ◦C
and outlet temperature of 85 ◦C. Emulsion was fed into the main chamber through a
peristaltic pump and the feed flow rate was controlled by the pump rotation speed at
24 rpm. Prepared microcapsules were collected in hermetically plastic bags (light protected
environment) and stored at 4 ◦C.

2.11. Observation on the Microstructure of Microcapsules

Appropriate amount of cannabis oil microcapsules was placed on the surface of the
sample stage with conductive adhesive, and the microstructure of cannabis oil microcap-
sules was observed using an environmental scanning electron microscope (Quanta200F,
Dreieich, Germany) in vacuum.
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2.12. Determination of Entrapment Efficiency

The entrapment efficiency of the microcapsules was determined as described by
Shi et al. [26] with slight modification. Approximately 2.0000 g microcapsule powder was
added to 40 mL of petroleum ether small amplitude concussion 1 min, and then filtered.
The filtrate was collected in flasks with constant weight, and the filter residue was extracted
with 25 mL of petroleum ether. After filtration, the filtrate was collected and combined.
A rotary evaporator was used to remove petroleum ether from the filtrate. The flask was
placed in an oven at 105 ◦C and dried to a constant weight. This was repeated three times
for each test. The entrapment efficiency were calculated using Equations (5) and (6):

SO% = (m2 − m1)/m0 × 100% (5)

EE% = (1 − SO/TO)× 100% (6)

In the formula, m1 is the initial constant weight of the round bottom flask, m2 is the
weight of the round bottom flask containing the sample after constant weight, m0 is the
mass of the microcapsule powder, SO% is the surface oil content of the microcapsule,
TO% is the total oil content of the microcapsule, and EE% is entrapment efficiency of
the microcapsule.

2.13. Determination of Water Content and Solubility

The water content and solubility of microcapsule were determined as described by
Li et al. [27] with slight modification. One gram of microcapsule powder was accurately
weighed and placed in an oven at 105 ◦C and dried to constant weight. This was repeated
three times for each test. Water content (MC) was calculated using Equation (7):

MC(%) = (m0 − m1)/m0 (7)

In the formula, m0 is the weight before drying; m1 is the weight after drying.
Each 0.50 g microcapsule powder was mixed with 50 mL deionized water and stirred

by a magnetic stirrer for 5 min at 25 ◦C. Then, centrifugation was performed at 3000 rpm
for 5 min. Then, the supernatant was poured into constant weight weighing bottle and
dried to a constant weight in an oven at 105 ◦C. This was repeated three times for each test.

2.14. Statistical Analysis

The data were analyzed by SPSS16.0.0 and origin 9.1. Differences between samples
and treatment effects were tested using Duncan’s multiple-range test (p < 0.05).

3. Results
3.1. Particle Size Analysis

Table 1 shows the particle size of SPI-SE and WPI-SE emulsions at different concen-
trations of SE. The SE concentration is in the range of 0.25–0.75% (w/v), the particle size
of SPI-SE emulsion decreased with the increase in SE concentration, and no significant
difference was observed when the SE concentration was above 0.75% (w/v) (p > 0.05). The
particle size of WPI-SE emulsion decreased with the increase in SE concentration. When
the concentration of SE is low, the particle sizes of the two emulsions are relatively large,
because the protein in the emulsion is not enough to cover the surface of the oil droplets,
and the hydrophobic force between the oil droplets is strong, causing the aggregation of
droplets [28]. At high SE concentration, the increase in SE concentration increases the
amount of SE on the interface, covering a larger area of oil droplets, and thus weakening
the hydrophobic interaction between oil droplets and decreasing the aggregation between
droplets; subsequently, the emulsion particle size becomes smaller and more stable, possi-
bly because of the synergistic adsorption of protein and SE at the interface [25]. When SE is
excessive, the particle size of WPI-SE emulsion further decreases (p < 0.05), possibly because
of the accumulation and diffusion of effective emulsion components at the interface [29].
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Except for 0.5% (w/v) and 1.5% (w/v) SE concentration, the particle size of SPI-SE emulsion
is smaller than that of the WPI-SE emulsion, indicating that SPI-SE emulsion has a stronger
ability to stabilize the emulsion. At the concentration of 0.75% (w/v) SE, the particle size
of SPI-SE emulsion reached the minimum value of 2.803 µm, indicating that the emulsion
was the most stable at this SE concentration.

Table 1. Particle size and Zeta potential of emulsion at different concentrations of SE.

Particle Size (µm) Zeta Potential (mV) pH

SE SPI WPI SPI WPI SPI WPI

0% 4.26 ± 0.41 b 5.85 ± 0.16 a −41.03 ± 2.76 a −45.63 ± 1.02 a 7.41 ± 0.03 a 7.98 ± 0.03 a

0.25% 4.82 ± 0.33 a 5.05 ± 0.05 b −57.63 ± 1.59 b −46.87 ± 0.95 a 7.46 ± 0.01 b 8.45 ± 0.01 b

0.50% 3.73 ± 0.22 c 3.67 ± 0.29 c −60.60 ± 1.00 c −52.07 ± 2.02 b 7.57 ± 0.02 c 8.81 ± 0.02 c

0.75% 2.80 ± 0.16 d 3.57 ± 0.12 c −68.17 ± 0.29 d −54.93 ± 0.97 c 7.75 ± 0.02 d 9.00 ± 0.02 d

1.00% 3.09 ± 0.06 d 3.51 ± 0.08 c −68.57 ± 0.35 d −61.50 ± 0.27 d 7.93 ± 0.02 e 9.10 ± 0.02 e

1.50% 2.98 ± 0.30 d 2.74 ± 0.18 d −69.47 ± 2.15 d −73.00 ± 0.69 e 8.19 ± 0.02 f 9.31 ± 0.02 f

Different letters (a–f) indicate significant difference at p < 0.05. Soy protein isolate (SPI); sucrose ester (SE); whey
protein isolate (WPI).

3.2. Zeta Potential Analysis

The zeta potential can reflect the stability of the emulsion [30]. In general, the larger the
absolute value of the zeta potential is, the more difficult it is for the droplet aggregates, and
the more stable the emulsion is [31]. Table 1 shows the effect of SPI-SE and WPI-SE emulsion
on the zeta potential and pH at different concentrations of SE. The pH of all emulsions is
greater than the isoelectric point of the protein contained (pISPI ≈ 4.5, pIWPI ≈ 5), so the
zeta potential of all emulsions is negative. The zeta potential of the two kinds of emulsions
decreased with the increase of SE concentration. The addition of SE increases the pH
value of the emulsions, causing changes in the surface charge of the oil droplets, which
may unfold the protein structure, thus exposing the negatively charged groups buried in
the protein to the outside and increasing the charge on the interface [32]. Consequently,
the electrostatic interaction between the oil droplets and the difficulty of aggregation and
flocculation between the oil droplets increase, making the emulsion more stable [32]. It will
not screen the potential of the oil droplet surface, due to SE being a nonionic surfactant,
so the potential change of the oil droplet at different pH levels comes from the potential
change of the protein surface. When the concentration of SE is more than 1.00% (w/v),
the potential of the SPI-SE emulsion is larger than that of the WPI-SE emulsion, possibly
because excessive SE leads to the further expansion of the WPI structure and exposure
of more charged groups, which is consistent with the results of particle size. When the
concentration of SE is 0, the zeta potential of SPI emulsion is higher than that of WPI
emulsion, but in the concentration range of 0.25–1.00% (w/v) SE concentration, the potential
of emulsion containing SPI-SE is lower than that of WPI-SE, indicating that the interaction
between SPI and SE is stronger than that between WPI and SE. Therefore, the stability of
the SPI-SE emulsion is higher than that of WPI-SE emulsion in this concentration range.

3.3. Analysis of Interfacial Protein Loading Rate (AP%) and Interfacial Protein Concentration (Γ)

The interfacial protein loading rate and interfacial protein concentration can be used
to predict the strength of the interface film [20]. As shown in Figure 1A, AP% of the two
emulsions decreases with the increase in SE concentration, possibly because SE replaces
proteins from the interface [9], and the SE adsorbed on the interface occupies a certain
space to prevent protein re-adsorption. The replacement process may occur through the
replacement mechanism, in which the surfactant is superior to the protein in terms of
reducing the interfacial free energy. In this process, the protein is replaced by the surfactant
from the interface. The replacement process can also occur through the solubilization
mechanism, in which the surfactant binds to the hydrophobic water point of the protein and
reduces the hydrophobicity of the protein. Subsequently, the solubility in the aqueous phase
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increases, and the sample is desorbed from the interface [33]. Figure 1A shows that the AP%
of the SPI-SE emulsion is much higher than that of the WPI-SE emulsion, indicating that SPI
is more easily adsorbed at the oil–water interface than WPI, the amount of SPI accumulated
at the oil–water interface is much higher than that of WPI. Γ and AP% of the two emulsions
had a similar trend, and Γ decreased with the increase in SE concentration. Jiang et al. [20]
also observed a similar phenomenon. They found that the interface protein concentration of
casein decreased with the increase in SE concentration. However, when the SE concentration
is more than 1.00% (w/v), Γ and AP% have no significant difference with the increase in
SE concentration (p > 0.05), possibly because of the competitive adsorption equilibrium
between SE and protein, and SE plays a leading role at the interface. Yang et al. [34] also
found that with the increase in rhamnolipid concentration, the dominant component on
the oil–water interface in the emulsion changes from protein to rhamnolipid. In summary,
at the same SE concentration, Γ and AP% of SPI-SE emulsion were higher than those of the
WPI-SE emulsion, and the thickness of the interfacial film formed by SPI-SE may be larger
than that of WPI-SE.
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3.4. Surface Pressure Analysis

The addition of a surfactant can reduce the interfacial tension and reduce the free
energy to promote the stability of the emulsion. The dynamic interfacial tension is expressed
by the change of surface pressure with time. As shown in Figure 2A,B, when the SE
concentration is 0, the value of π increases with the increase in adsorption time, indicating
that the number of proteins adsorbed at the oil–water interface increases. The value of π
increases rapidly within 400 s, and at this stage, protein molecules accumulate and expand
rapidly at the interface, making the surface pressure increase rapidly. The rate of surface
pressure decreases with time, and the value of π is basically stable after 10,800 s. This
finding shows that the adsorption of protein at the oil–water interface reached equilibrium.
In the later stage of adsorption, many proteins adsorbed on the interface produced stronger
steric hindrance, and the high energy barrier produced by more aggregated proteins
prevented other aggregated proteins from reaching the oil–water interface [22]. Therefore,
the π value is relatively stable in the later stage of adsorption. As shown in Figure 2A, the
addition of SE increased the π value, indicating that SE could promote the stability of the
emulsion. In comparison with other SPI-SE emulsions with SE concentration, the π value
of SPI-SE emulsion with 0.75% (w/v) SE concentration reached the maximum, indicating
that the oil–water interfacial tension of the emulsion at this SE concentration is the lowest.
Zou et al. [14] also observed a similar phenomenon. They found that high concentrations
of lecithin can increase the interfacial tension. The slope of the π-t1/2 curve represents the
diffusion rate (Kdiff). A linear π-t1/2 curve indicates that the diffusion process is controlled
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by emulsifier molecule [35]. The Kdiff of SPI-SE emulsions is larger than the Kdiff of the SPI
emulsion, indicating that the addition of SE promotes the diffusion of effective components
on the interface. Unlike the SPI-SE emulsion, the difference in the π value of the WPI-SE
emulsion with different SE concentrations is larger, and this condition may be related to
the lower interfacial protein loading and interfacial protein concentration of WPI at the
oil–water interface because the emulsifying effect of small molecular surfactants is higher
than that of proteins [20]. The lower interfacial protein concentration caused a great change
in π value after the addition of SE [32].
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3.5. Analysis of Viscoelastic Properties

The viscoelastic properties of the protein adsorption layer are related to the abil-
ity of the emulsion to prevent the oil droplet from coalescence, bridging flocculation
and re-coalescence [12]. The G’ curve of emulsions with SE concentration is shown in
Figure 3A,B. In the frequency range of 0.1–10 Hz, the G’ curve of the emulsions systems
initially increased, and then decreased with the increase in SE concentration. When the
SE concentration was 0.75% (w/v), the G’ of the emulsion was the highest. When the
concentration of SE exceeded 0.75% (w/v), the G’ of the emulsion decreased, because in the
presence of high concentration of SE, the interaction between SE and protein molecules
is reduced by hydrophobic interaction [25], Moreover, considering that the emulsifying
property of SE is higher than that of protein molecules [20], part of the protein is replaced
by the interface film. Figure 3C,D show that the consumption angle tangent (tan θ) of
SPI-SE and WPI-SE emulsions is greater than 1, indicating that the emulsions are mainly
G”, and all emulsions have no gel behaviors, highlighting the viscous behavior of the
liquid [11]. In the high-frequency range (1–10 Hz), the G’ of the emulsions decreased
greatly, and the corresponding G” showed an upward trend to a certain extent, indicating
that the original structure was destroyed by external forces. When the concentration of
SE was 0.25% (w/v), the G’ of SPI-SE emulsion decreased by four orders of magnitude
and decreased from 1.4447 Pa to 0.00013 Pa with the increase in frequency at 3–10 Hz. At
the same conditions, the G’ of WPI-SE emulsion decreased from 0.2457 Pa to 0.00004 Pa,
possibly because the original structure was destroyed and the droplets were broken at the
high frequency, resulting in a significant decrease in G’. At a low SE concentration, the G’
of WPI-SE emulsion is one order of magnitude lower than that of the SPI-SE emulsion,
indicating that the structural strength of the SPI-SE emulsion is higher than that of the
WPI-SE emulsion. In the high-frequency range, the decrease in G’ of the WPI-SE emulsion
is larger than that of the SPI-SE emulsion, and the initial frequency of the decrease in G’ of
the WPI-SE emulsion is less than that of the SPI-SE emulsion, indicating that the structural
strength of the SPI-SE emulsion is higher than that of the WPI-SE emulsion. Therefore, the
SPI-SE emulsion has the ability to prevent oil droplet flocculation and re-aggregation, and
it is the strongest at the SE level of 0.75% (w/v).

3.6. Shear Rheological Analysis

The study of shear rheology can effectively obtain information about the interaction
between the protein and surfactant in the interfacial adsorption layer by applying a different
strain, strain rate and stress [8]. Viscosity is the ability of a non-Newtonian fluid that obeys
the law of exponential flow to resist shear deformation at the action of an external force. The
η of emulsions decreased with the increase in shear rate, indicating typical shear-thinning
behaviors. The η measurement result was subjected to curve fitting, and the curve-fitting
result fits well with the Ostwald–Dewaele model [24]. The fitting result is shown in Table 2,
where R2 is greater than 0.98, indicating that the curve-fitting result is reliable. The n
values of all curves are less than 1, indicating shear thinning. The shear-thinning behaviors
may be related to the rupture and deformation of emulsion oil droplets [19], or it may
be caused by the hydrophobic repulsion of oil droplets and the destruction of hydrogen
bonds between the protein and protein [36]. For the SPI-SE emulsion, the absolute value
of n increased with the increase in SE concentration, indicating that the addition of SE
made the viscosity of the emulsion more dependent on the shear rate. By contrast, the
viscosity of the WPI-SE emulsion is less dependent on the shear rate. Figure 4 shows that
the viscosity of both emulsions increases with the increase in SE concentration. Gomes et al.
also observed a similar phenomenon. In the emulsion with WPI and Tween 80 as the
emulsifier, the viscosity of the emulsion increased with the increase in the proportion of
Tween 80 [33]. When the SE concentration was more than 0.75% (w/v), the rising rate of
the viscosity decreased, which may be related to the interfacial protein load and particle
size. During interfacial adsorption, protein can dominate the interface, and AP% has no
significant difference at a high concentration of SE. Therefore, the dominant substance of
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the interface changes from protein to SE. When the concentration of SE is high, the change
of emulsion viscosity is very small [8].
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The K value of emulsions increased with the increase in SE concentration, indicating
that the viscosity of the emulsion increased. This phenomenon was observed because SE
can reduce the particle size of the emulsion and enhance the fluid interaction force between
oil droplets [14]. However, when the concentration of SE is 0.25% (w/v), the K value of the
SPI-SE emulsion is less than that of the SPI emulsion, and this phenomenon may be related
to the particle size of the emulsion at this concentration. Generally, the smaller the particle
size, the greater the viscosity of the emulsion [19]. The internal fluidity of the fluid with
high viscosity is weak, making it hard for the oil droplets to gather, making the emulsion
more stable. However, the viscosity of WPI-SE emulsion is lower than that of the control
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group at low SE concentration, and this condition may be related to the low interfacial
protein load. The low interfacial protein loading indicates increased SE adsorption, and the
interface film, mainly composed of small molecular surfactants, is easily destroyed with an
external force [12].

Table 2. Parameters of Ostwald–Dewaele model fitting (K: slope; n: dimensionless; R2: variance).

SPI WPI

SE K n R2 K n R2

0.00% 0.14 ± 0.00 0.06 ± 0.01 0.99 0.26 ± 0.00 0.12 ± 0.01 0.99
0.25% 0.05 ± 0.00 0.21 ± 0.02 0.98 0.07 ± 0.00 0.13 ± 0.01 0.99
0.50% 0.24 ± 0.00 0.20 ± 0.01 0.99 0.10 ± 0.00 0.15 ± 0.01 0.99
0.75% 0.31 ± 0.00 0.22 ± 0.01 0.99 0.14 ± 0.00 0.00 ± 0.01 0.99
1.00% 0.38 ± 0.00 0.20 ± 0.00 0.99 0.25 ± 0.00 0.15 ± 0.01 0.99
1.50% 0.37 ± 0.00 0.17 ± 0.00 0.99 0.29 ± 0.00 0.20 ± 0.00 0.99
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3.7. CLSM Analysis

As shown in Figure 5, compared with SPI and WPI emulsion, the addition of SE
remarkably reduced the particle size of the emulsion. The emulsion oil droplets without SE
are large, the oil droplet size distribution is uneven, and the oil droplet size varies greatly.
By contrast, with the addition of SE, the large particles decreased, and the distribution of
the oil droplets was more uniform: on the one hand, because the electrostatic repulsion
between oil droplets increasesd on the other hand, when SE is added to the emulsion, the
interfacial tension and interfacial free energy decreased. Figure 5A,D show that the particle
size of the WPI-SE emulsion was remarkably larger than that of the SPI-SE emulsion, which
was consistent with the results of the particle size measurement. The microstructure of
emulsion at other SE concentrations is shown in Figure S1.

3.8. Physicochemical Properties of Microcapsules

Cannabis oil microcapsules were prepared using SPI-SE and WPI-SE as emulsifiers
at 0.75% (w/v) SE concentration. As shown in Table 3, the moisture content of the micro-
capsules was lower than 3%. The low moisture content is conducive to the preservation of
the microcapsules, and it is different to bond into blocks and mildew. The food industry
limits the moisture content of dry powder to 3–4% [37] so the microcapsules can ensure the
stability of the products within the shelf life. Solubility is an important indicator of micro-
capsules. High solubility is needed for microcapsules to ensure their potential application
in food processing. The microcapsules made in this study had higher solubility, which may
be related to the high water solubility of the components in the microcapsules [38].
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Table 3. Entrapment efficiency, surface oil content, moisture content and solubility of microencapsulation.

SPI-SE WPI-SE

Surface oil content (g/g) 0.56 ± 0.08 b 0.83 ± 0.00 a

Encapsulation efficiency (%) 81.33 ± 2.67 b 72.40 ± 0.15 a

Moisture content (%) 2.38 ± 0.12 b 2.02 ± 0.20 a

Solubility (%) 97.72 ± 1.92 a 96.65 ± 1.51 a

Different letters (a,b) indicate significant difference at p < 0.05.

The main components of SPI are 7S globulin (180–210 kDa) and 11S globulin (300–360 kDa),
which account for more than 70% of the total protein. The chemical structures of 7S globulin
and 11S globulin are shown in Figure 6A,B. It may lead to increased interactions between
proteins due to the larger interfacial protein concentration of SPI. The interaction between
7S/11S proteins will lead to protein structure relaxation [39], exposing more hydrophobic
regions. Moreover, the molecular weights of 7S and 11S are larger, which is conducive to
covering a larger area on the interface. In addition, at the concentration level of 0.75% SE,
the particle size and potential of lotion were smaller, the viscosity of the emulsion was
larger, the fluid fluidity was weaker, and the probability of oil droplet aggregation caused
by contact and collision was smaller so that the emulsion can maintain good stability
during the formation of microcapsules. Therefore, the microencapsulation with SPI-SE
as emulsifier had a high encapsulation efficiency, smooth surface and complete structure
(Figure 7A).

The main component of WPI is β-lactoglobulin (18 kDa), accounting for more than
50% of the total protein. The chemical structure of β-lactoglobulin is shown in Figure 6C.
Li et al. [40] indicated that the increase in β-fold and the decrease in α-helix in β-lactoglobulin
were conducive to the adsorption of the protein at the oil–water interface. We speculated
that SE may cause changes in the secondary structure of the protein, making it difficult
to adapt to the oil–water interface. In addition, due to the low AP% and small molecular
weight of WPI, excessive SE attached to the surface of β-lactoglobulin and covered part of
the protein-binding region [41], which was not conducive to β- lactoglobulin adhesion on



Foods 2022, 11, 3923 13 of 16

the interface. Therefore, the microcapsules with WPI-SE as emulsifier had smaller particles
and rough surfaces (Figure 7B).
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PyMOL software.
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4. Conclusions

The protein-SE composite emulsifier can change the related properties of the emulsion.
The addition of SE to the emulsion can reduce the particle size and potential, increase
the surface pressure and viscosity, and help to maintain the stability of the emulsion
during microencapsulation. At the same SE concentration, the adsorption amount of
SPI at the interface is higher than that of WPI, indicating that the interfacial film formed
by SPI is strong. Although SE can replace some proteins to reduce the strength of the
interfacial film, it can increase the G’ of the emulsion in a suitable range of SE concentration
(0–0.75%), thus improving the processability of the emulsion. Adding an appropriate
amount of sucrose ester is conducive to improving the stability of the emulsion, and a stable
emulsion is conducive to the production of high-quality microcapsules. Therefore, adding
an appropriate amount of sucrose ester may improve the quality of the microcapsules. At
the level of 0.75% SE, the microcapsules prepared with SPI-SE and WPI-SE as emulsifiers
have a good appearance and high entrapment efficiency, indicating that the characteristics
of the emulsion affect the effect of microencapsulation to a certain extent. The results of
this study provide some theoretical support for the selection of suitable emulsifiers to
produce oil microcapsules with excellent performance and controlling the process of oil
microencapsulation. The emulsion system studied in this paper may not be universal; we
only discussed the influence of a nonionic small molecule surfactant on the properties of
emulsion during the microencapsulation, and the influence of an ionic surfactant on the
properties of emulsion during the microencapsulation needs further study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11233923/s1, Figure S1: Microstructure of emulsion at
different concentrations of SE (0.00–1.50%).

Author Contributions: Q.Z.: Investigation, Methodology, Writing—original draft. Y.S.: Funding
acquisition, Conceptualization, Writing—review and editing. Z.T.: Resources, Supervision. C.H.:
Data curation, Software, Validation. Y.H.: Methodology, Visualization. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 31960479 and the Innovation Special Graduate Foundation of Jiangxi Province of China,
grant number YC2021-S114.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained with the article.

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

References
1. Moita, V.H.C.; Duarte, M.E.; da Silva, S.N.; Kim, S.W. Supplemental Effects of Functional Oils on the Modulation of Mucosa-

Associated Microbiota, Intestinal Health, and Growth Performance of Nursery Pigs. Animals 2021, 11, 1591. [CrossRef] [PubMed]
2. Huang, W.J.; Zeng, Z.J.; Lang, Y.; Xiang, X.; Qi, G.F.; Lu, G.; Yang, X.L. Cannabis Seed Oil Alleviates Experimental Atherosclerosis

by Ameliorating Vascular Inflammation in Apolipoprotein-E-Deficient Mice. J. Agric. Food Chem. 2021, 69, 9102–9110. [CrossRef]
[PubMed]

3. Tan, C.H.; Lee, C.J.; Tan, S.N.; Poon, D.T.S.; Chong, C.Y.E.; Pui, L.P. Red Palm Oil: A Review on Processing, Health Benefits and
Its Application in Food. J. Oleo Sci. 2021, 70, 1201–1210. [CrossRef] [PubMed]

4. Jia, C.H.; Huang, S.J.; Liu, R.; You, J.; Xiong, S.B.; Zhang, B.J.; Rong, J.H. Storage stability and in-vitro release behavior of
microcapsules incorporating fish oil by spray drying. Colloids Surf. A Physicochem. Eng. Asp. 2021, 628, 127234. [CrossRef]

5. Li, R.; Wang, X.B.; Liu, J.N.; Cui, Q.; Wang, X.D.; Chen, S.; Jiang, L.Z. Relationship between Molecular Flexibility and Emulsifying
Properties of Soy Protein Isolate-Glucose Conjugates. J. Agric. Food Chem. 2019, 67, 4089–4097. [CrossRef]

6. Fan, L.H.; Lu, Y.Q.; Ouyang, X.K.; Ling, J.H. Development and characterization of soybean protein isolate and fucoidan
nanoparticles for curcumin encapsulation. Int. J. Biol. Macromol. 2021, 169, 194–205. [CrossRef]

7. Dickinson, E. Mixed biopolymers at interfaces: Competitive adsorption and multilayer structures. Food Hydrocoll. 2011, 25,
1966–1983. [CrossRef]

https://www.mdpi.com/article/10.3390/foods11233923/s1
https://www.mdpi.com/article/10.3390/foods11233923/s1
http://doi.org/10.3390/ani11061591
http://www.ncbi.nlm.nih.gov/pubmed/34071448
http://doi.org/10.1021/acs.jafc.0c07251
http://www.ncbi.nlm.nih.gov/pubmed/34037390
http://doi.org/10.5650/jos.ess21108
http://www.ncbi.nlm.nih.gov/pubmed/34373407
http://doi.org/10.1016/j.colsurfa.2021.127234
http://doi.org/10.1021/acs.jafc.8b06713
http://doi.org/10.1016/j.ijbiomac.2020.12.086
http://doi.org/10.1016/j.foodhyd.2010.12.001


Foods 2022, 11, 3923 15 of 16

8. Seta, L.; Baldino, N.; Gabriele, D.; Lupi, F.R.; de Cindio, B. Rheology and adsorption behaviour of beta-casein and beta-
lactoglobulin mixed layers at the sunflower oil/water interface. Colloids Surf. A Physicochem. Eng. Asp. 2014, 441, 669–677.
[CrossRef]

9. Hebishy, E.; Buffa, M.; Juan, B.; Blasco-Moreno, A.; Trujillo, A.J. Ultra high-pressure homogenized emulsions stabilized by sodium
caseinate: Effects of protein concentration and pressure on emulsions structure and stability. LWT-Food Sci. Technol. 2017, 76,
57–66. [CrossRef]

10. Keerati-u-rai, M.; Wang, Z.B.; Corredig, M. Adsorption of Soy Protein Isolate in Oil-in-Water Emulsions: Difference between
Native and Spray Dried Isolate. J. Am. Oil Chem. Soc. 2011, 88, 1593–1602. [CrossRef]

11. Zhang, X.Z.; Lei, Y.J.; Luo, X.G.; Wang, Y.X.; Li, Y.; Li, B.; Liu, S.L. Impact of pH on the interaction between soybean protein isolate
and oxidized bacterial cellulose at oil-water interface: Dilatational rheological and emulsifying properties. Food Hydrocoll. 2021,
115, 106609. [CrossRef]

12. Liu, T.T.; Su, G.Z.; Yang, T.S. Functionalities of chitosan conjugated with lauric acid and L-carnitine and application of the
modified chitosan in an oil-in-water emulsion. Food Chem. 2021, 359, 129851. [CrossRef] [PubMed]

13. Du, L.Y.; Li, S.Y.; Jiang, Q.B.; Tan, Y.Q.; Liu, Y.F.; Meng, Z. Interfacial interaction of small molecular emulsifiers tea saponin and
monoglyceride: Relationship to the formation and stabilization of emulsion gels. Food Hydrocoll. 2021, 117, 106737. [CrossRef]

14. Zou, H.N.; Zhao, N.; Li, S.H.; Sun, S.; Dong, X.R. Physicochemical and emulsifying properties of mussel water-soluble proteins as
affected by lecithin concentration. Int. J. Biol. Macromol. 2020, 163, 180–189. [CrossRef] [PubMed]

15. Wang, F.C.; Marangoni, A.G. pH and stability of the alpha-gel phase in glycerol monostearate-water systems using sodium
stearoyl lactylate and sodium stearate as the co-emulsifier. RSC Adv. 2015, 5, 96746–96749. [CrossRef]

16. Dalgleish, D.G. Food emulsions—Their structures and structure-forming properties. Food Hydrocoll. 2006, 20, 415–422. [CrossRef]
17. Liu, Y.; Binks, B.P. A novel strategy to fabricate stable oil foams with sucrose ester surfactant. J. Colloid Interface Sci. 2021, 594,

204–216. [CrossRef]
18. Zhang, X.; Song, F.; Taxipalati, M.; Wei, W.; Feng, F.Q. Comparative Study of Surface-Active Properties and Antimicrobial

Activities of Disaccharide Monoesters. PLoS ONE 2014, 9, e114845. [CrossRef]
19. Zhao, Q.Z.; Liu, D.L.; Long, Z.; Yang, B.; Fang, M.; Kuang, W.M.; Zhao, M.M. Effect of sucrose ester concentration on the interfacial

characteristics and physical properties of sodium caseinate-stabilized oil-in-water emulsions. Food Chem. 2014, 151, 506–513.
[CrossRef]

20. Jiang, J.; Jin, Y.; Liang, X.Y.; Piatko, M.; Campbell, S.; Lo, S.K.; Liu, Y.F. Synergetic interfacial adsorption of protein and
low-molecular-weight emulsifiers in aerated emulsions. Food Hydrocoll. 2018, 81, 15–22. [CrossRef]

21. Thanatrungrueang, N.; Harnsilawat, T. Effect of sucrose ester and carboxymethyl cellulose on physical properties of coconut milk.
J. Food Sci. Technol.-Mysore 2019, 56, 607–613. [CrossRef] [PubMed]

22. Zhang, X.Y.; Zhang, S.; Xie, F.Y.; Han, L.; Li, L.; Jiang, L.Z.; Qi, B.K.; Li, Y. Soy/whey protein isolates: Interfacial properties and
effects on the stability of oil-in-water emulsions. J. Sci. Food Agric. 2021, 101, 262–271. [CrossRef] [PubMed]

23. Chen, S.; Wang, X.D.; Xu, Y.Y.; Zhang, X.N.; Wang, X.B.; Jiang, L.Z. Effect of High Pressure Treatment on Interfacial Properties,
Structure and Oxidative Stability of Soy Protein Isolate-Stabilized Emulsions. J. Oleo Sci. 2019, 68, 409–418. [CrossRef] [PubMed]

24. Pirestani, S.; Nasirpour, A.; Keramat, J.; Desobry, S.; Jasniewski, J. Effect of glycosylation with gum Arabic by Maillard reaction
in a liquid system on the emulsifying properties of canola protein isolate. Carbohydr. Polym. 2017, 157, 1620–1627. [CrossRef]
[PubMed]

25. Wang, S.J.; Shi, Y.; Tu, Z.C.; Zhang, L.; Wang, H.; Tian, M.; Zhang, N.H. Influence of soy lecithin concentration on the physical
properties of whey protein isolate-stabilized emulsion and microcapsule formation. J. Food Eng. 2017, 207, 73–80. [CrossRef]

26. Shi, Y.; Wang, S.J.; Tu, Z.C.; Wang, H.; Li, R.Y.; Zhang, L.; Hang, T.; Sun, T.; Li, C. Quality evaluation of peony seed oil spray-dried
in different combinations of wall materials during encapsulation and storage. J. Food Sci. Technol. 2016, 53, 2597–2605. [CrossRef]

27. Li, C.W.; Fan, X.K.; Sun, Y.Y.; Zhou, C.Y.; Pan, D.D. Preparation, Morphology and Release of Goose Liver Oil Microcapsules. Foods
2022, 11, 1236. [CrossRef]

28. Gu, X.; Campbell, L.J.; Euston, S.R. Effects of different oils on the properties of soy protein isolate emulsions and gels. Food Res.
Int. 2009, 42, 925–932. [CrossRef]

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

30. Zang, Z.H.; Chou, S.R.; Geng, L.J.; Si, X.; Ding, Y.M.; Lang, Y.X.; Cui, H.J.; Gao, N.X.; Chen, Y.; Wang, M.S.; et al. Interactions
of blueberry anthocyanins with whey protein isolate and bovine serum protein: Color stability, antioxidant activity, in vitro
simulation, and protein functionality. LWT-Food Sci. Technol. 2021, 152, 112269. [CrossRef]

31. Yang, X.Y.; Ke, C.X.; Li, L. Physicochemical, rheological and digestive characteristics of soy protein isolate gel induced by lactic
acid bacteria. J. Food Eng. 2021, 292, 110243. [CrossRef]

32. Sun, Y.F.; Zhang, S.; Xie, F.Y.; Zhong, M.M.; Jiang, L.Z.; Qi, B.K.; Li, Y. Effects of covalent modification with epigallocatechin-
3-gallate on oleosin structure and ability to stabilize artificial oil body emulsions. Food Chem. 2021, 341, 128272. [CrossRef]
[PubMed]

33. Gomes, A.; Costa, A.L.R.; Cunha, R.L. Impact of oil type and WPI/Tween 80 ratio at the oil-water interface: Adsorption, interfacial
rheology and emulsion features. Colloids Surf. B Biointerfaces 2018, 164, 272–280. [CrossRef]

http://doi.org/10.1016/j.colsurfa.2013.10.041
http://doi.org/10.1016/j.lwt.2016.10.045
http://doi.org/10.1007/s11746-011-1818-8
http://doi.org/10.1016/j.foodhyd.2021.106609
http://doi.org/10.1016/j.foodchem.2021.129851
http://www.ncbi.nlm.nih.gov/pubmed/33957325
http://doi.org/10.1016/j.foodhyd.2021.106737
http://doi.org/10.1016/j.ijbiomac.2020.06.225
http://www.ncbi.nlm.nih.gov/pubmed/32599247
http://doi.org/10.1039/C5RA16457E
http://doi.org/10.1016/j.foodhyd.2005.10.009
http://doi.org/10.1016/j.jcis.2021.03.021
http://doi.org/10.1371/journal.pone.0114845
http://doi.org/10.1016/j.foodchem.2013.11.113
http://doi.org/10.1016/j.foodhyd.2018.02.038
http://doi.org/10.1007/s13197-018-3515-1
http://www.ncbi.nlm.nih.gov/pubmed/30906018
http://doi.org/10.1002/jsfa.10638
http://www.ncbi.nlm.nih.gov/pubmed/32627183
http://doi.org/10.5650/jos.ess18228
http://www.ncbi.nlm.nih.gov/pubmed/30971642
http://doi.org/10.1016/j.carbpol.2016.11.044
http://www.ncbi.nlm.nih.gov/pubmed/27987876
http://doi.org/10.1016/j.jfoodeng.2017.03.020
http://doi.org/10.1007/s13197-016-2225-9
http://doi.org/10.3390/foods11091236
http://doi.org/10.1016/j.foodres.2009.04.015
http://doi.org/10.1016/j.ultsonch.2017.12.014
http://doi.org/10.1016/j.lwt.2021.112269
http://doi.org/10.1016/j.jfoodeng.2020.110243
http://doi.org/10.1016/j.foodchem.2020.128272
http://www.ncbi.nlm.nih.gov/pubmed/33031958
http://doi.org/10.1016/j.colsurfb.2018.01.032


Foods 2022, 11, 3923 16 of 16

34. Yang, Y.Y.; Li, J.H.; Su, Y.J.; Gu, L.P.; Yang, Y.J.; Chang, C.H. Composite emulsifying behavior of egg white protein and rhamnolipid:
Properties of the constructed high internal phase emulsions. Food Hydrocoll. 2022, 123, 160913. [CrossRef]

35. Zhang, X.Y.; Qi, B.K.; Xie, F.Y.; Hu, M.; Sun, Y.F.; Han, L.; Li, L.; Zhang, S.; Li, Y. Emulsion stability and dilatational rheological
properties of soy/whey protein isolate complexes at the oil-water interface: Influence of pH. Food Hydrocoll. 2021, 11, 106391.
[CrossRef]

36. Ningtyas, D.W.; Tam, B.; Bhandari, B.; Prakash, S. Effect of different types and concentrations of fat on the physico-chemical
properties of soy protein isolate gel. Food Hydrocoll. 2021, 111, 106226. [CrossRef]

37. Cui, T.T.; Chen, C.J.; Jia, A.R.; Li, D.D.; Shi, Y.P.; Zhang, M.S.; Bai, X.F.; Liu, X.; Liu, C.H. Characterization and human microfold
cell assay of fish oil microcapsules: Effect of spray drying and freeze-drying using konjac glucomannan (KGM)-soybean protein
isolate (SPI) as wall materials. J. Funct. Food 2021, 83, 104542. [CrossRef]

38. Lekshmi, R.G.K.; Tejpal, C.S.; Anas, K.K.; Chatterjee, N.S.; Mathew, S.; Ravishankar, C.N. Binary blend of maltodextrin and whey
protein outperforms gum Arabic as superior wall material for squalene encapsulation. Food Hydrocoll. 2021, 121, 10676. [CrossRef]

39. Zhao, G.X.; Zhu, L.J.; Yin, P.; Liu, J.; Pan, Y.Y.; Wang, S.N.; Yang, L.; Ma, T.; Liu, H.; Liu, X.Y. Mechanism of interactions between
soyasaponins and soybean 7S/11S proteins. Food Chem. 2022, 368, 130857. [CrossRef]

40. Li, H.; Pan, Y.X.; Yang, Z.Y.; Rao, J.J.; Chen, B.C. Modification of β-lactoglobulin by phenolic conjugations: Protein structural
changes and physicochemical stabilities of stripped hemp oil-in-water emulsions stabilized by the conjugates. Food Hydrocoll.
2022, 128, 107578. [CrossRef]

41. Xi, C.Y.; Sun, Z.W.; Chen, X.; Ding, X.; Zhang, T.H. Characterization of coacervation behavior between whey protein isolate and
propylene glycol alginate: A morphology, spectroscopy, and thermodynamics study. Food Chem. X 2022, 15, 100402. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.foodhyd.2021.106913
http://doi.org/10.1016/j.foodhyd.2020.106391
http://doi.org/10.1016/j.foodhyd.2020.106226
http://doi.org/10.1016/j.jff.2021.104542
http://doi.org/10.1016/j.foodhyd.2021.106976
http://doi.org/10.1016/j.foodchem.2021.130857
http://doi.org/10.1016/j.foodhyd.2022.107578
http://doi.org/10.1016/j.fochx.2022.100402
http://www.ncbi.nlm.nih.gov/pubmed/36211725

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Emulsion 
	Determination of Particle Size 
	Determination of Zeta Potential 
	Observation of the Microstructure of Emulsion 
	Determination of Interfacial Protein Concentration 
	Determination of Surface Pressure of Emulsion 
	Shear Rheological Measurement 
	Determination of Viscoelastic Properties 
	Preparation of Microcapsules of Cannabis Oil 
	Observation on the Microstructure of Microcapsules 
	Determination of Entrapment Efficiency 
	Determination of Water Content and Solubility 
	Statistical Analysis 

	Results 
	Particle Size Analysis 
	Zeta Potential Analysis 
	Analysis of Interfacial Protein Loading Rate (AP%) and Interfacial Protein Concentration () 
	Surface Pressure Analysis 
	Analysis of Viscoelastic Properties 
	Shear Rheological Analysis 
	CLSM Analysis 
	Physicochemical Properties of Microcapsules 

	Conclusions 
	References

