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To form a stable emulsion system, the water-soluble proteins (WSPs) of Sipunculus
nudus were prepared as the sole effective stabilizer for the high internal phase emulsion
(HIPEs), of which the influence of the WSPs concentration and environmental stability
was investigated. The HIPEs were fabricated using a simple one-pot homogenization
process (10,000 rpm/min, 3min) that involved blending the WSPs (0.1, 1, 2, 3, 4,
and 5 wt%) with soybean oil (60, 65, 70, 75, 80, 85, and 90%). The microstructure
and properties of stable HIPEs were characterized by particle size, ¢-potential, visual
observations, optical microscopy, and dynamic rheology property measurements. As
the concentration of WSPs increases, the mean particle diameter of HIPEs decreases,
on the contrary, the apparent viscosity and storage modulus gradually increase. At a
given emulsifier concentration (3 wt%), the stable and gel-like HIPEs were formed at the
oil internal phase (¢) values of 70-75%, all the pH range in values from 3 to 9, and the
ionic strength from 100 to 500 mM. Furthermore, the HIPEs that were stabilized formed
a gel-like state that was relatively stable to heat and storage (80 days). And there was
a new phenomenon that the destabilized HIPE of the freeze-thaw treatments could still
return to a gel-like state again after homogenizing. The study results suggest that the
WSPs of S. nudus as a natural emulsifier could be widely used in the food industry.

Keywords: Sipunculus nudus, the water-soluble proteins (WSPs), the high internal phase emulsions (HIPEs), stable
emulsions, environmental stability

INTRODUCTION

High internal phase emulsions are potentially applied in food products and industries (1-7)
because it has relatively high stability to droplet aggregation and creaming (8, 9). Characteristics
of the high internal phase emulsion (HIPE) systems are usually a minimum internal phase
volume fraction (¢) of 0.74 for hexagonal close packing of droplets or 0.64 for random close
packing (10). Traditional stable HIPE systems were commonly stabilized by a great majority of
expensive surfactants as emulsifiers (11, 12). To date, HIPEs could be stabilized by modified silica
(13-15), microgels (16), titania particles (17), and hydroxyapatite (18), but among these, only
a few particles are food-grade or suitable for food formulations. The particle-stabilized HIPEs
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have advantages in terms of environmental safety, long-term
coalescence stability, and gel-like behavior compared with
surfactants (16, 19, 20). The HIPEs stabilized by some natural
active ingredients exposed many advantages over traditional
surfactants, such as the much fewer number of stabilizers
demanded, higher storage stability, and much less extent of
environmental problems (21). Among them, protein-based
particles appear more likely to be HIPE stabilizers because of their
good emulsifying ability and ease of manufacturing (21). The first
study of protein-based Pickering HIPEs was reported on pure
bovine serum albumin (BSA) scaffolds from HIPEs template (22).
In the previous research, Pickering HIPEs stabilized by various
protein-type particles were manufactured, including prolamine
(i.e., gliadin, zein) (23-27), gelatin (6, 28), whey protein (29), and
native plant globular proteins (21). Pickering HIPEs, especially
protein-based Pickering HIPEs have gained widespread attention
in many domains, comprising food, pharmaceuticals, personal
care products, as well as tissue engineering (28).

Sipunculus nudus (S. nudus) is a species of marine worms
belonging to the phylum Sipuncula. It is widely cultivated
in coastal areas globally (30, 31). Sipunculus nudus is rich
in proteins, polysaccharides, fatty acids, and other substances.
Its body is like a piece of intestine and its body length is
approximately 10-20 cm, and the protein content is as high as
85% (g/g, d.b.). However, there was little research for studying
the functional properties of S. nudus protein. In previous work,
Cha et al. (32) found that the Emulsifying Activity Index (EAI),
Emulsifying Stability Index (EsI), apparent viscosity, and zeta
absolute potential of mussel myofibrillar protein (MMP) and
lecithin stabilized emulsion increased and were in a state of
good dispersion after a high-pressure homogenization treatment.
These results will contribute to improving the formulation of
emulsions and their properties, and provide a new understanding
of MMP as a natural emulsifier in the food industry. Zou
et al. (33) reported that ultrasound treatment could cause an
increase in the surface hydrophobicity, fluidity, and emulsifying
properties of water-soluble proteins (WSPs) in this study, which
changed the advanced spatial conformation of proteins. The
WSPs from chicken livers by ultrasound treatment had a higher
emulsifying activity index and emulsion stability index than those
without ultrasound. It is worth noting that most water-soluble
proteins are used in emulsion-based foods by compounding
with lecithin and other ingredients or using high-pressure
homogenization and other processing techniques to improve
their emulsification properties. The emulsification ability is
not strong, and the complexity of the processing procedures,
increased cost and other defects, and the use of protein as the
only emulsifier to build a stable HIPE emulsion system by adding
small doses, has not been reported. The preliminary experiment
of the applicant found that the crude WSP of S. nudus as the sole
emulsifier can form a stable oil-in-water HIPE system through
a one-step homogenization method. Therefore, it is necessary to
carry out the emulsion stabilized with protein to fill the study of
the functional properties of S. nudus protein.

In this work, the main objective was to probe the potential
of the WSPs from S. nudus as stabilizers for HIPEs. The
effects of protein concentration in the continuous phase

and environmental stability on the formation and properties
of the HIPEs stabilized by WSPs were investigated. The
test performance of the HIPEs was researched using visual
observations, optical microscopy, and dynamic oscillatory
measurements. This study uses WSPs as the sole stabilizer to
prepare stable gel-like HIPEs, which provides a theoretical basis
and technical support for studying the structural characteristics
of food-grade emulsifiers and the formation mechanism of stable
emulsion systems.

MATERIALS AND METHODS

Materials

Sipunculus nudus samples were obtained from the Dongfeng
market in Zhanjiang, Guangdong, China. Soybean oil was
obtained from Wal-Mart in Zhanjiang, Guangdong, China. All
other reagents arose out of analytical grade.

Extraction and Analysis of S. nudus WSPs

Water-soluble proteins extraction was performed on S. nudus
using the ammonium sulfate precipitation method according
to previous research but with some modifications (25). The
fresh S. nudus was washed, and its visceral and coelomic fluid
was removed to get the body wall. The body wall of S. nudus
was mixed with a phosphate buffer solution (PBS) (10 mM, pH
7.2) (1:2 w/v) and was minced using a meat grinder (SD-JR39,
Foshan Shunde Sandi Electric Appliance Manufacturing Co.,
Ltd, China) at high speed gear for 30s three times, paused for
10 s between intervals. After being minced, the meat slurry was
centrifuged at 10,000 g for 15 min at 4°C (Sigma/3-30K, Sigma,
Germany). After centrifugation, the supernatant was salted out
and precipitated with saturated ammonium sulfate for 12h,
and dialyzed with PBS (10 mM, pH 7) for 48 h. The dialysate
was lyophilized to produce protein powders. The purity of the
WSPs after lyophilization was 85.3% by the method of Kjeldahl
nitrogen. The mean particle sizes and ¢-potential of WSPs were
234.2 & 25.1nm and —22.8 & 0.4 mV (pH: 7; salt level: 0 mM).

Pickering HIPEs Preparation

Pickering HIPEs were fabricated using a method in the previous
study (34). Briefly, aqueous proteins (0.1, 1, 2, 3, 4, and 5 wt%)
in a buffer solution (0.1 mM, pH 7) containing sodium azide
(0.02% w/w) as an antimicrobial agent was added to oil (75%
v/v) and then homogenized at 10,000 rpm (Ultraturrax T18,
IKA, Staufen, Germany) for 3 min at room temperature to form
Pickering HIPEs.

Effect of Oil Phase Fractions

In this series, the protein concentration was 3%, and the volume
fractions of the oil phase were 60, 65, 70, 75, 80, 85, 90, and 95%,
respectively. The Pickering emulsion for HIPEs were fabricated
using the preceding emulsification procedure (section Pickering
HIPEs Preparation).
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Droplet Size and Zeta Potential

Measurements

The droplet size and polydispersity index (PDI) of the Pickering
HIPEs were measured using a Malvern Zetasizer Nano (Malvern
Instruments, United Kingdom). The refractive indexes of the oil
and deionized water were 1.46 and 1.33, respectively. The diluted
sample (1 mL, 0.5 mg/ml) was transferred to the quartz tube using
a pipette and the droplet size was measured. The zeta potential
of the Pickering HIPEs was measured by phase analysis light
scattering (PALS) using Zetasizer. The electrophoretic mobility
was measured and then the zeta potential was calculated with
the Smoluchowski equation. All measurements were made at
25°C. The results were recorded as the average of at least three
independent readings for each sample.

Microstructure

The microstructures of the Pickering HIPEs were surveyed using
an inverted microscope (Leica DMI6000 B, Leica, Germany). A
drop of the emulsion sample from the bottom of the sample
bottle was deposited on the microscope slide and covered
with a coverslip. All the measurements were performed at
room temperature.

Rheological Properties

The rheological properties were measured using a dynamic
rheometer (TA, American) with a P 35mm steel parallel
plate configuration as described by the method of Zhao
et al. (35) with minor modifications. Each sample was placed
between the parallel plates with a 0.5mm gap. Dynamic
strain scanning confirmed the range of the linear viscoelastic
region (LVR). At a constant frequency of 1Hz, the strain was
increased logarithmically from 0.1 to 100%. Frequency sweep
measurement, including the storage modulus (G') and loss
modulus (G"), was performed with the frequency increasing
from 0.1 to 100 rad/s to at 1% shear strain. Shear sweeps
were performed from 0.1 to 100 s~ to study the change in
the apparent viscosity (n) of the HIPEs with shear rate. All
these rheological measurements were carried out at 25°C and
performed in three replicates.

HIPEs Stability Testing

The HIPEs samples were stored at room temperature for 0, 7,
and 30 days, and the storage stability was evaluated visually to
investigate creaming or coalescence. The phenomenon of cream
or oil was checked and photographed by a mobile phone camera
(iPhone 6, Apple, California, United States) during storage.

Environmental Stability of HIPEs
The stability of the HIPEs stabilized by WSPs was subjected
to environmental stresses that emulsion-based food products
might encounter in commercial applications, such as pH
variations, salt addition, heating, or freeze-thawing treatment
at ambient temperature. In all the emulsions prepared, the
protein concentration and the volume fractions of oil were 3 and
75%, respectively.

pH-stability: The effect of pH (3-9) on the properties of
the HIPEs was investigated. The pH value was adjusted by

adding different amounts of hydrochloric acid (HCI) or sodium
hydroxide (NaOH) solution.

Salt-stability: The emulsion was adjusted to different salt levels
[0-500 mM sodium chloride (NaCl)] by adding NaCl, and then
transferred into a glass sample bottle.

Thermal stability: The effect of the HIPE properties
under different heat treatment (40-100°C) conditions were
investigated. Briefly, the HIPEs were held for 30 min at different
temperatures and then cooled down to 25°C.

Freeze-thawing stability: To verify the freeze-thaw stability,
the HIPEs were frozen at —20°C for 24h and then thawed at
25°C for 4h. The appearance and microstructure of the fresh
or treated HIPEs were characterized by visual observation and
optical microscopy, as described above.

Statistical Analysis

All analyses were performed in triplicate. The experimental
results were expressed as means & SD. Statistical analysis was
conducted using Origin 8.5 and SPSS 16.0 (IBM, Armonk,
New York, United States). The data were analyzed by ANOVA
(p < 0.05) and the means was separated by Duncan’s multiple
range test.

RESULTS AND DISCUSSION

Formation and Characteristics of HIPEs
Stabilized by WSPs

The visual appearance and optical micrographs of the freshly
prepared WSP-stabilized emulsion by the protein at a constant
protein concentration (3 wt%) and oil phase ¢ values of 60-90%
were recorded in Figure 1. Traditionally, extensive surfactants
are often demanded to availably perform table HIPEs (36). As
expected, the emulsion suffered from creaming slowly for the
dispersed phase fractions lower than 70%. This is unanimous
with the fact that when soy oil fractions ¢ values increased above
70%, droplets begin to deform due to the close packing or close
hexagonal packing in the emulsion (37, 38). However, for internal
phases between 70 and 75%, the emulsion exhibited a gel-like
behavior and marked stability against coalescence, and if the
¢ values were higher than 75%, catastrophic phase separation
occurred (Figure 1A). Similar results have been reported for the
HIPE:s stabilized by protein/polysaccharide hybrid particles (39)
and assembled block copolymer (3). The optical microscopic
images of these emulsions showed that the droplet size gradually
decreased when the soy oil fractions ¢ values increased from 60
to 75%, and it cannot form the emulsion droplet at ¢ >75%
(Figure 1B). This result reflected that WSPs are suitable for
stabilizing Pickering HIPEs, but a stable emulsion system cannot
be generated when a fewer amount of proteins are incapable to
cover the interfacial area during the emulsification. With respect
to that, HIPEs are usually obtained by a suitable internal ¢ value
of 74% (14, 40). Therefore, most of the emulsion droplets were
generally engendered with internal volume fraction of up to 70 or
75%, which has been similarly discovered for the HIPEs stabilized
by meat protein particles (41) and protein-pectin compounds (5).

Figure 2A showed the visual appearance and optical
micrographs of fresh WSP-stabilized HIPEs (oil fraction, ¢ =
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FIGURE 1 | Visual appearance (A) and optical micrographs (B) of freshly prepared water-soluble protein (WSP)-stabilized emulsion by the protein at a constant solid
concentration (3 wt%) in the aqueous phase, but varying soy oil fractions ¢ values of 60-90%. The pH and salt concentrations were 7 and 0 mM, respectively. The
scale bars are 100 and 50 wm, respectively.
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75%), at varying protein concentration ¢ values of 0.1-5 wt%. It ~ The appearance change of the HIPEs was not observed as the
is noteworthy that the gel-like emulsion could not form as the =~ WSP concentration enhancement from 1 to 5 wt% and exhibited
¢ values of 0.1% and showed creaming and phase separation.  gel-like behavior. The optical microscopic observations exhibited
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FIGURE 3 | Rheological properties of HIPEs prepared by WSP (0.1, 1, 2, 3, 4,

that the droplet size of these HIPEs reduced with enhancing the
c in the range 1-5 wt%. In addition, the change of the mean
particle sizes with WSP concentrations was also characterized

in Figures 2B,C. It can be observed that their mean particle
sizes decreased from around 8.66-5.46 um while the protein
concentration increased from 0.1 to 5 %, wherein the PDI ranged
from 0.4 to 0.6. It suggested that the particle concentration
in the continuous phase plays a crucial role in the hydrogel
network formation in these stabilized HIPEs (42). Interestingly,
the absolute value of the ¢-potential (Figure 2D) of the HIPEs
was stable at 45 & 5 mV and the potential value slightly increased
with the increase of protein concentration. This result suggested
that the increase of protein concentration contributed to the
electrophoretic signal used to calculate the ¢-potential (43).

Frontiers in Nutrition | www.frontiersin.org

November 2021 | Volume 8 | Article 770218


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Cao et al.

Pickering High Internal Phase Emulsion

772 Mean particle size|

11 Zo—PDI 1.4
a 1.2

8 7%

7,

NN

.

64 77

Mean particle size(um)

N

N

/
.
.é%

N\
\
N

0 100 200 300 400 500
lonic strength(mM)

1000 -

3!::::3:;33:53:3::

100 4 ;::S:::;

'
EERRRRRAL

G'and G"(Pa)

OmMG' ® 0mMG”

100mMG" ¥ 100mMG”
200mMG" € 200mMG”
300mMG @ 300mMG”
400mMG’ ® 400 mMG”
500 mM G" 500 mM G”

exvern

T T T
0.01 0.1 1 10

Frenquency (Hz)

FIGURE 5 | Visual appearance and optical micrographs (A), mean particle
sizes and PDI (B), frequency sweeps (C) of the WSP-stabilized HIPEs at
different salt concentrations. Different letters (a, b, ) in the same column
indicate significant differences (o < 0.05).

The relatively high negative charge probably accounts for their
good physical stability since it will lead to a strong electrostatic
repulsion between them (44).

Rheological measurements provided valuable information
about the properties and performance of food emulsions (45,
46). The relationship between WSP concentrations and the gel-
like structure of HIPEs is shown in Figure 3. The strain sweep
(Figure 3A) of the HIPEs indicated that the G and G' were
independent of the strain at the low strain amplitude, and the G’
was lesser than the G , which demonstrated that all of the HIPEs
behaved elastic and gel-like (25, 47). Furthermore, the G and G’
gradually decreased with the increase of the WSP concentration
at the same strain. These results show that the smaller droplets

of emulsions had higher G, which is also accordant with the
existing finding (48). It is observed that with the increase of
strain amplitude, G and G~ did not change significantly, and
then decreases slightly, so as to further determine the strain
force. The frequency sweep tests (Figure 3B) were executed at
a fixed strain (1%) with the frequency ranging from 0.01 to
15Hz. As can be seen from the frequency sweeps curves, the G
was always higher than G~ for the WSP-stabilized HIPEs, which
represents viscoelastic solid behavior and a high gel-like strong
structure. Both G and G~ presented slight increases with the raise
of protein concentrations in the emulsion, in accordance with
the HIPEs stabilized by WSP (0.1-5% w/w). There were some
similar findings with soy B-conglycinin (10) and whey protein
(49). As shown in Figure 3C, the apparent viscosity depressed
evidently with the enhancing the shear rate, and the increase of
the protein particle concentration resulted in higher viscosity,
especially, the viscosity decreased significantly compared with
other concentrations when the protein concentration was 0.1%.
This influence suggested that the effect of the WSP concentration
on the rheology of the HIPEs was chiefly owed to the larger
contact surface area between the oil droplets at higher WSP
concentrations, rather than the free flow of HIPEs in a shear field
(50). According to Stoke’s law, the improved viscosity of emulsion
would help to slow down the droplet floating speed and maintain
better stability (51).

Effects of pH on Properties and Stability of
the HIPEs

According to previous reports, some food-grade particles
required specific pH conditions to form stable HIPEs such as
zein-propylene glycol alginaterhamnolipid complex particles (pH
5) (23), gelatine particles (pH 12) (6), and soy glycinin (pH 7)
(52), which might limit the application of HIPEs. Therefore, in
this study, the visual appearance, optical micrographs, frequency
sweeps, mean particle sizes, and PDI of the HIPEs (c: 3 wt%; ¢:
75%) with different pH values (3-9) were measured to analyze
the limited pH values of the WSP-stabilized HIPEs. With the
visual appearance (Figure 4A, left), stable HIPEs were formed
from disparate pH values of the water phase. Moreover, the
samples did not flow when they were inverted, denoting that they
preserved their mechanical integrity. The optical micrographs
images (Figure 4A, right) and mean particle sizes (Figure 4B)
showed that the distribution of the droplet sizes of the HIPEs
ranged from 1 to 10 pm (PDI: 0.40-0.5), and the droplet size
of the HIPEs slightly reduced under the acidic or alkaline
conditions. It can be observed that the droplet size of the WSP-
stabilized HIPEs was the smallest at pH 7 and five of the WSP-
stabilized HIPEs had almost the same droplet size. When pH
is higher than 7, the droplet size increased with the increase of
the pH value. In contrast, if the pH value is lower than 5, the
droplet size increased with the decrease of the pH value. This
may be because of the impairment of the emulsification ability,
which could be due to the solubility of WSPs in stronger acidic
or alkaline conditions or the change of electrostatic repulsion,
resulting in the flocculation of emulsion droplets. This was
further supported by the results of the rheology measurements. In
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Figure 4C, the HIPEs had variant dynamic rheology properties
under different pH conditions. When the pH was 3, the elastic
modulus values of the HIPEs were higher than that of other
treatments. These phenomena manifested that the rheological
properties of the emulsion had a certain degree of change with
the pH value of the aqueous phase (53, 54). This suggested
that the intensity of protein interactions at different pH values
is sensitively incarnated in the rheological properties of the
emulsion (55, 56). However, the characteristics of protein on the
emulsion interfacial film are not yet clear, and further studies are
needed (57).

Effects of Salt Levels on Properties and
Stability of the HIPEs

Figure 5 exhibits the visual appearance and optical micrographs,
mean particle sizes, and PDI of the frequency sweeps of the WSP-
stabilized HIPEs by 3 wt% of WSPs, at pH 7 and varying salt
levels of 0-500 mM. In the visual appearance picture (Figure 5A),
the HIPEs had good stability at all salt levels, there was no
alteration in their visual appearance and they did not flow when
they were inverted. These results indicated that the Pickering
HIPEs stabilized by WSPs could be formed over a range of
salt concentrations, which may be because steric repulsion was
the dominant force opposing droplet aggregation, rather than
electrostatic repulsion (58). From the measurement of the droplet
size (Figure 5B), the mean particle sizes of all these HIPEs
ranged from 5 to 10 um, and the droplet size enlarged with
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FIGURE 7 | Visual appearance (A) and frequency sweeps (B) of the
WSP-stabilized HIPEs as unheated, heated at 40, 60, 80, and 100°C,

Initial

respectively.

Cyclel

Freeze-thawing stability
-20 °C for 24 h and thawed at 25 °C for 4 h

Cycle2

FIGURE 8 | Visual appearance and optical micrographs of the WSP-stabilized
HIPEs at a fixed ¢ value of 3 wt%, before or after two cycles of freeze-thaw
treatment. The scale bars are 50 and 100 um, respectively. All the HIPEs were
frozen at —20°C for 24 h and then thawed at 25°C for 2 h. In all cases, the
same emulsification process was performed using a one-pot homogenization
at 10,000 rpm for 3 min at room temperature.

the enhancement of the NaCl concentration. It suggests that
increasing the ionic levels would raise the size of the emulsion
droplet (41). Finally, frequency sweeps (Figure 5C) showed that
the G was always higher than G’ for all of the WSP-stabilized
HIPEs, further explaining the viscoelastic solid behavior and high
gel-like strength structure at all salt concentration levels. Li et al.
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(34) detected similar phenomena for HIPEs stabilized by marine
Antarctic krill protein. And the elastic moduli of HIPEs did not
depend strongly on salt levels. These results were consistent with
the visual observations, suggesting that electrostatic interactions
did not play a major role in holding the gel structure of the HIPEs
together (59).

Stability of HIPEs Storage, Heating, and

Freeze-Thawing

The stability of the HIPEs by WSPs to the ¢ values of 0.1-5 wt%
elongated storage (up to 0, 7, and 30 days) was evaluated, using
visual observations and rheological measurements. As shown in
Figure 6A, the visual appearance of the HIPEs did not suffer a
noticeable change after storage up to 30 days at the ¢ values of 3-5
wt%. At the c values of 1 and 2 wt%, the formed Pickering HIPEs
were in a liquid state after storage up to 30 days, though the
HIPEs were kinetically stable in storage up to 7 days. However,
when the ¢ was 0.1 wt%, unstable emulsion with severe oiling off
was observed, which was consistent with the results observed in
Figure 2A. In addition, Figure 6B described that the frequency
sweeps of the WSP-stabilized HIPEs of the ¢ values of 3, 4, and
5 wt% during storage at 0 and 30 days, respectively, and their G
distinctly decreased after storage. Xu et al. (21) detected similar
phenomena for HIPEs stabilized by soy B-conglycinin.

Foods are usually subjected to thermal processes during their
manufacturing or utilization (60). On this account, the influence
of heat treatment (at 40, 60, 80, and 100°C for 30 min and then
cooled to 25°C) on the stability of the samples was implemented.
Figure 7A showed that the visual appearance of all test HIPEs
did not change under heating. Moreover, according to Figure 7B,
the HIPEs had more stronger elasticity after heating, which could
be because the protein was denatured to form a tighter network
structure after heating treatment (61). In the food industry,
oil-in-water emulsion with good freeze-thaw stability has many
potential applications (41). In this research, the HIPEs were
tested with a freeze-thawing treatment (freeze: —20°C for 24 h;
thaw: room temperature for 2h) (Figure 8). It should be noted
that after one cycle of freeze-thawing treatment, all the HIPEs
appeared to have a phase separation occurring from the visual
appearance. Surprisingly, in the optical microscope image, the
phenomenon was found that the destabilized HIPE of the freeze-
thaw treatments could still return to a gel-like state again after
homogenizing at 10,000 rpm for 3 min at room temperature. The
cycle of the freeze-thaw treatment indicated that these HIPEs
exhibited extraordinary temperature responsiveness.

CONCLUSIONS

In this work, the WSPs from the body wall of S. nudus
were firstly studied if they will successfully form and stabilize
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