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Emulsion gels with low oil contents have been continuously developed in recent decades. In this study, the use of
high-intensity ultrasound for the preparation of low oil emulsion gel (oil fraction of 0.25) was investigated.
Specifically, defatted Antarctic krill protein (dAKP) was used to stabilize the interface of soybean oil and water.
Then, the microstructure and the stabilization mechanism of the formed emulsion gel were evaluated by cryo-
SEM, CLSM, zeta potential, rheological measurements, and FTIR. Besides, the particle diameter was measured to

be around 5 pm. The results of CLSM indicated that the emulsion gel was the oil-in-water type. The emulsion gel
exhibited gel-like viscoelastic behavior even at a low concentration of dAKP due to the formation of a rigid
particle network while the rheological behavior of the emulsion gel was significantly affected by the con-
centration of dAKP. The stabilization of the emulsion gel can be maintained by space steric hindrance and
hydrophobic interactions between particles in the emulsion gel system.

1. Introduction

Protein emulsions are prevalently applied as the food-grade delivery
system of flavor and nutrition compounds for the development of foods,
nourishments, pharmaceutics, and cosmetics [1-4]. However, conven-
tional emulsions stabilized by proteins exhibit weak stabilities due to
protein aggregation, coalescence, and thermal denaturation [5,6]. By
comparison, the emulsion gels rely on their specific gel-like network
structure and solid-like mechanical characteristics to highlight their
outstanding stability [7,8]. Emulsion gels are mainly formed by a
protein-stabilized oil-in-water emulsion [9] with wide applications such
as developing healthy meat products [10,11], reducing trans-fat [12],
improving food structuring [13], and amending heat-sensitive in-
gredients [14]. Consequently, a series of emulsions gels have fascinated
considerable attention in recent decades.

Pickering high internal phase emulsions (HIPEs) that have porous
structures with at least 74% of internal phase volume are one type of
the extensively studied emulsion gels [15]. HIPEs made by droplets
with rigid particle layers have a higher level of stability than conven-
tional emulsions [16]. However, HIPEs with high oil contents for food
products are not suitable for a direct diet and can cause diverse health
problems with the intake of high oil to some extent. In the last decades,
emulsion gels with low oil phase, such as emulsion filled gels, emulsion

fluid gels, and emulsion particulate gels, were continuously developed
to reduce the oil content and broaden the range of emulsion gels.
However, these emulsion gels are complicated in preparation [17]. Two
steps are indispensable in the conventional method of preparing an
emulsion gel; the first is to obtain a protein-stabled emulsion and the
second is to convert the liquid-like emulsion into emulsion gel [10]. For
example, a low-in-fat emulsion gel (o/w: 15 g/100 g) stabilized with
bovine gelatin was primarily pre-emulsified by homogenizer for 4 mins
at 11,500 rpm; then, the final emulsion was acquired by a high-pressure
valve homogenizer at 40 MPa and 4 MPa for two valves severally [18].
Hence, exploring one-step emulsion gel preparation methods is fol-
lowing up to simplify the process of emulsion gels preparation.
Several novel techniques have been exploited in producing emul-
sion gels. A miniature twin-screw extruder was first investigated in
producing emulsion gel [19]. Alexandre et al. reported that the pendant
drop method has high potentiality in producing emulsion gels [20].
Ultrasound techniques are proverbially used in characterizing emul-
sions, exhibiting the operating factors of ultrasonic emulsification, such
as input power, irradiation time, and the ratio of oil to water [21].
Moreover, ultrasound enables emulsification through cavitation [21].
Ultrasonication was reported as an assistant to prepare emulsion gels in
synergy together with other methods such as homogenization [22]
while few studies considered a single application of ultrasound in the

* Corresponding author at: No. 1 Qinggongyuan, Ganjingzi District, National Engineering Research Center of Seafood, School of Food Science and Technology,

Dalian Polytechnic University, Dalian 116034, PR China.
E-mail address: xianbingxu@gmail.com (X. Xu).

https://doi.org/10.1016/j.ultsonch.2020.105294

Received 11 October 2019; Received in revised form 30 June 2020; Accepted 26 July 2020

Available online 30 July 2020
1350-4177/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2020.105294
https://doi.org/10.1016/j.ultsonch.2020.105294
mailto:xianbingxu@gmail.com
https://doi.org/10.1016/j.ultsonch.2020.105294
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2020.105294&domain=pdf

S. Hu, et al.

preparation of emulsion gels. It has a broad prospect of preparing
emulsion gels using ultrasound, especially high-intensity ultrasound
alone due to the expected features of ease of operation, high energy
efficiency, cost-saving, and eco-friendly [23].

As mentioned earlier, protein plays a crucial role in the formation of
stable emulsion gel. Plentiful proteins have been reported to be in-
gredients of the stabilized emulsion gels. Zein [11], potato protein [11],
soy protein [9], myofibrillar protein [24], and whey protein [25] are
frequently used in emulsion gel production. However, using Antarctic
krill protein as a stabilizer has not been reported in emulsion gel pro-
duction. Antarctic krill (Euphausia superba) is a public marine resource
with enormous reserves and is rich in nutrients such as protein and lipid
[26]. Besides, it was demonstrated that Antarctic krill contains around
77.9-83.1% of moisture, 11.9-15.4% of crude protein, and 0.5-3.6% of
lipids [27]. Therefore, it is promising to use defatted Antarctic krill
protein (dAKP) for the emulsion gel production.

This study illustrated that it is feasible to prepare emulsion gel
stabilized by defatted Antarctic krill protein using high-intensity ul-
trasound. In this work, the microstructure, stability, and rheology of
emulsion gel produced were evaluated, and the stability mechanism of
the emulsion gel was briefly investigated.

2. Materials and methods
2.1. Materials

Antarctic krill (Euphausia superba) was purchased from Dalian
Liaoyu Group Co., Ltd. (Dalian, China). Soybean oil was obtained from
a local supermarket (Dalian, China). Nile Red and Nile Blue were ac-
quired from Shanghai Aladdin Bio-Chem Technology Co., Ltd.
(Shanghai, China). KBr used in the study was spectral grade, and other
chemicals used were analytical grade.

2.2. Preparation of defatted Antarctic krill protein

Defatted Antarctic krill protein (dAKP) was obtained using the
method developed by Wang et al. Frozen Antarctic krill was thawed at
room temperature and then crushed into minced krill by a homo-
genizer. Anhydrous ethanol was added to minced krill (1:80, w/v);
then, they were mixed at room temperature for 4 h; next, ethanol was
removed to acquire defatted Antarctic krill powder. Alkaline solubili-
zation and acidic precipitation processes were used to gain dAKP.
Defatted Antarctic krill powder was stirred with 0.1 M NaOH at a
concentration of 10% (w/v) for 100 min at 40 °C. The solution was
centrifuged at 5000g for 20 min at 4 °C, and the supernatant was col-
lected to be adjusted with 2 M HCI to pH 4.5. After the solution was
placed at 4 °C for 30 min, it was centrifuged under the same condition,
and the precipitate, dAKP, was collected. Afterward, dAKP was re-
suspended into distilled water and adjusted to pH 7.0 with 2 M NaOH.
The obtained dAKP solution was stored at 4 °C, and the dried dAKP was
obtained through vacuum freeze-drying.

The molecular weight of dAKP was analyzed by SDS-PAGE. The
microstructure of dAKP was evaluated by Atomic Force Microscopy
(AFM).

2.3. Nano-LC ESI-QTOF MS/MS analysis

Dried dAKP (1 mg) was rehydrated in 1 mL of 8 M urea and 100 mM
ammonium bicarbonate (pH 8.2). The sample was reduced by 10 uL of
1 M DTT and incubated at 37 °C for 2 h. Until the temperature reduced
to room temperature, 20 pL of 1 M IAA was added, and the sample was
maintained in a dark place for 40 min. Then, the urea concentration
was diluted to 1 M by 100 mM ammonium bicarbonate; the sample was
digested by the added 40 pg trypsin at 37 °C for 16 h (overnight). The
digests were purified by reversed-phase extraction using a C18 car-
tridge. Besides, eluted peptides were dried using a nitrogen blowing
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instrument. The hydrolysate peptides were resuspended in 80% me-
thanol and separated and identified using nano-LC ESI-QTOF MS/MS
(Bruker Daltonik GmbH, Germany).

2.4. Preparation of low oil emulsion gel

Emulsion gels were produced using dAKP as a emulsifier. The re-
suspended dAKP was boiled at 100 °C for 1 h and then cooled to room
temperature. Afterward, 5 mL of soybean oil was added into 15 mL of
dAKP solution (0.5%, 1.0%, 1.5%, and 2.0% w/v) at pH 4.5. Low oil
emulsion gel was prepared by ultrasonic treatment in an ultrasonic cell
disintegrator (SCIENTZ-IID, China) for 2 min at 6690 W/cm?. Besides,
ice water was circulated continuously during sonication.

2.5. Cryo-scanning electron microscopy (cryo-SEM)

The microstructure of formed emulsion gel was elucidated by taking
cryo-SEM photographs using SU8010/PP3010T (Hitachi, Japan). The
frozen sample was sublimated for 20 min at —90 °C and then sputter-
coated with thin (< 20 nm) powdered gold. The photographs were
taken at 1.0 k, 10.0 k, and 15.0 k magnification and 5.0 kV voltage.

2.6. Confocal laser scanning microscopy (CLSM)

The microstructure of emulsion gel droplets was observed using
CLSM (Leica SP8, Germany). Specifically, 1 mL of emulsion gel was
stained with 20 pL fluorescent colorant solution Nile Blue (1 mg/mL)
and Nile Red (0.5 mg/mL) and coated with a glass coverslip before
observation. He/Ne laser with an excitation wavelength of 633 nm for
Nile Blue and argon laser with an excitation wavelength of 488 nm for
Nile Red were employed to excite the fluorescent dyes.

2.7. Particle size and zeta-potential

The particle size and zeta-potential were determined using an ul-
trasonic particle size analyzer (DTI DT-1200, USA). Emulsion gel was
diluted to the appreciate concentration before detection. All measure-
ments were conducted in triplicate at 25 °C.

2.8. Rheological measurement

All rheological measurements were analyzed with a rheometer (TA
Discovery HR-1, USA) equipped with parallel plate geometry (diameter
of 60 mm, plate gap of 1 mm). Strain sweep was conducted at a fre-
quency of 1 Hz which determined the linear viscoelastic region. Torage
modulus (G’) and loss modulus (G”) were measured by performing
frequency sweep at a strain of 0.5%. Regarding apparent viscosity
measurements, shear rate, as a function of shear stress, was increased
from 0.1 to 400 s~ .

2.9. Fourier transform infrared spectroscopy (FTIR)

Infrared spectra were measured with a Fourier transform infrared
instrument (PikerElmer Frontier, USA). First, 10 g of emulsion gel was
frozen at —30 °C and thawed at room temperature. Then, it was cen-
trifuged at 100,000g for 10 min using L550 centrifuge (Cence, China) to
remove the separated oil phase. The above steps were repeated three
times, and the remaining oil phase was separated three times by me-
thanol/chloroform (1:3, v/v) extraction. After the freeze-drying pro-
cessing, the interface protein was stored until it was analyzed for the
structure.

The sample (2 mg) was finely grounded with KBr (200 mg) in
mortar pressed into a disk under a pressure of 15 ton/m? for 10 min.
The spectra were scanned from 400 to 4000 cm ™! at a resolution of
4 cm ™', A KBr disk smeared with soybean oil and a disk using defatted
Antarctic krill protein as samples were measured as controls.
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Table 1

Proteins from Antarctic krill protein identified by Nano-LC ESI-QTOF MS/MS.
No. Protein Score Monoisotopic mass Sequence emPAI
1 Tropomyosin 581 32,643 MDALESQLK 3.79
2 Tropomyosin 532 32,679 IVELEEELR 3.37
3 ATP synthase subunit beta 352 55,881 TIAMDGTEGLIR 0.46
4 Slow-type skeletal muscle actin 5 231 41,594 IIAPPER 0.79
5 Myosin heavy chain type 1 226 219,576 AEELEAAR 0.12
6 Fast-type skeletal muscle actin 10 224 41,814 AVFPSIVGR 0.92
7 Actin 1 210 41,801 AGFAGDDAPR 0.66
8 Fast-type skeletal muscle actin 12 196 41,824 HQGVMVGMGQK 0.92
9 Actin 189 41,825 QEYDESGPSIVHR 0.54
10 Tubulin beta chain 161 49,872 YLTVAAIFR 0.28
11 Histone H2B (Fragments) 156 12,767 AMSIMNSFVNDIFER 0.26
12 Myosin heavy chain type 2 141 219,056 TLLEQSDR 0.09
13 Fast-type skeletal muscle actin 8 130 41,867 SYELPDGQVITIGNER 1.54
14 Tubulin alpha chain 100 50,102 DVNAAIATIK 0.27
15 Beta-actin (Fragment) 94 21,479 YPIEHGIITNWDDMEK 0.99
16 Arginine kinase 3 92 39,481 LGVENLMK 0.17
17 Eukaryotic initiation factor 4A 84 48,413 MFVLDEADEMLSR 0.06
18 Arginine kinase 1 69 39,520 ASVHVDLPGWTK 0.17
19 Elongation factor 1-alpha (Fragment) 64 40,210 RTGKELESTPK 0.16
20 ATP synthase subunit alpha 62 59,188 VLSIGDGIAR 0.11
21 Elongation factor 2 60 94,056 LFDAIMNFK 0.1
22 Myosin heavy chain type 5 104 33,366 MQDLVDKLQQK
23 Myosin heavy chain (Fragment) 104 29,269 TLLEQSDR
24 Myosin heavy chain (Fragment) 86 28,352 QIEEAEEIAALNLAK

3. Results and discussion
3.1. Molecular weight analysis and microstructure of dAKP

24 peptides with significant scores were identified using Nano-LC
ESI-QTOF MS/MS (Table 1). Besides, the molecular weight of dAKP was
defined by SDS-PAGE, and the pattern is illustrated in Fig. 1a. The
traces of the protein band can be discerned in the range of 20-220 kDa.
The bands representing myosin heavy chain (220 kDa), actin (42 kDa),
beta-actin (Fragment, 22 kDa), and myosin heavy chain (Fragment,
25-37 kDa) can be visible in Fig. 1a, as demonstrated in Table 1. This
result was previously testified by Shi et al. and Zheng et al. [27,28].

The microstructure and morphology of dAKP were evaluated by
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AFM. As presented in Fig. 1b, protein particles performed needle-like
and peak shapes, suggesting that protein particles were spherical or
elliptical at pH 4.5 with heights ranging from about 16 nm to 24 nm.
Furthermore, the aggregation behavior between dAKPs at the iso-
electric point can be observed in Fig. 1b. Moreover, dAKP was expected
to form stable emulsion gels by attaching to the oil-water surface to
exert steric hindrance against coalescence.

3.2. Characterization and stability of dAKP stabilized low oil emulsion gel

A low oil emulsion gel was prepared using high-intensity ultrasound
with dAKP as the stabilizer. The particle size of the emulsion gels is
presented in Fig. 2a. Two prominent peaks of the profile at 10 nm and
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Fig. 1. a: SDS-PAGE pattern of dAKP. Lane M: marker, Lane 1: dAKP. b: AFM images of dAKP (pH = 4.5). a: 3D image, b: the plane and data analysis diagrams.
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Fig. 2. a: Particle size distribution of low oil emulsion gel stabilized by different concentrations of dAKP. b-d: The cryo-SEM (b: x1.00 k, c: x10.0 k, d: x15.0 k)
images of the low oil emulsion gel stabilized by 1.5% of dAKP. e-g: CLSM images of the low oil emulsion gel stabilized by 1.5% of dAKP. h: Zeta potential of low oil
emulsion gel stabilized by different concentration dAKP (0.5%, 1.0%, 1.5%, and 2.0%).

5 um can be observed, attributed to dAKP and low oil emulsion gels,
respectively. Different from previous reports [29,30], the particle size
did not decrease as the protein concentration increased while the
quantity is heavily and irregularly influenced by protein concentration.

The microstructure of low oil emulsion gel was further analyzed by
cryo-SEM and CLSM. Cryo-SEM micrographs (Fig. 2b-d) illustrate that
emulsion droplets were spherical and ellipsoidal; this was also con-
firmed by CLSM micrographs (Fig. 2e-g). The porosity of gel (Fig. 2b) is
caused by random aggregation and cavitation during the high-intensity
ultrasonic step. Fine filaments observed in Fig. 2d were attributed to the
precipitation of protein crosslink in the sublimation step of gel; similar
filaments between the protein network were observed in the previous
report [31]. Such observation strengthened the occurrence of phase
separation among protein networks [31]. Moreover, soybean oil and
dAKP were stained by Nile Red and Nile Blue, respectively, as exhibited
in Fig. 2e. Moreover, the oil phase and spherical droplets in green
fluorescence were tightly surrounded by protein with red fluorescence,
further demonstrating that the formed low oil emulsion gel is an oil-in-
water emulsion gel. CLSM pictures (Fig. 2e) also indicate that the ad-
jacent droplets were closely packed with each other to form a network
structure, which was significant for the stability against coalescence of
the emulsion gel. Additionally, oil droplets were evenly distributed in
the CLSM image, reflecting that ultrasound is an effective method in
forming an ordered emulsion system.

The extent of electrostatic repulsion between the droplet surfaces
was checked by measuring zeta potential [32]. The zeta potential of
emulsion gels stabilized by different concentrations of dAKP is illu-
strated in Fig. 2h. According to the report [33], the isoelectric point (pI)
of Antarctic krill protein is around pH 4.5. The zeta potential values of

the emulsion gels stabilized by different concentration proteins at pH
4.5 in this study were between +6 mV and +17 mV. This can be as-
sociated with the rearrangement of protein after ultrasonic treatment.
Zeta potential value is a considerable parameter to evaluate the elec-
trostatic stability of emulsions [34]. Particularly, emulsions with the
high-value zeta potential should be stable due to the presence of strong
repulsive forces between emulsion droplets while those droplets with
little repulsion tend to coalesce rapidly ascribe to interparticle inter-
action [35]. Therefore, it can be speculated that the emulsion gel sta-
bilized by 0.5% of dAKP, which was detected to exhibit the lowest zeta
potential, should be the least stable one. This inference was verified by
observing the storage stability of emulsion gels produced in this study
(Fig. 3).

The apparent morphology of prepared emulsion gels was displayed
in Fig. 3a. It can be revealed that the morphology of formed emulsions
exhibited gel-like states. Moreover, the structure of the emulsion gel
became more compact as the dAKP concentration increased (Fig. 3c). It
was reported that the firmer and compacted emulsion gel disintegrated
slowly [35], and this was consestent with our finding. As presented in
Fig. 3c, low oil emulsion gel stabilized by 0.5% of dAKP performed
creaming and phase separation after stored for 7 days. Meanwhile,
emulsion stabilized by other concentrations of dAKP exhibited long-
term storage stability, and were capable of building self-supporting gels
(Fig. 3d). Combined with the results of zeta protein (Fig. 2h), it can be
inferred that 1.5% of dAKP as a stabilizer could promote the formation
of low oil emulsion gel.
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Fig. 3. Appearance of emulsion gels stabilized by dAKP at different concentrations (A 0.5%, B 1.0%, C 1.5%, and D 2.0%). a, b, and d were freshly prepared emulsion

gel. ¢ was photographed after 7 days storage at 2 °C.

3.3. Rheological measurements

Rheology measurements were performed to obtain more informa-
tion on the texture properties and the effects of dAKP concentration on
the network structure of low oil emulsion gel. The storage modulus (G")
and loss modulus (G”) were provided to respond to the elastic and
viscous of low oil emulsion gel stabilized by dAKP; G’ indicated the
amount of stored energy in the viscoelastic system, the solid elastic
behavior of formed network [36].

The frequency dependency of G’ and G” of emulsion gels stabilized
by different dAKP concentrations (0.5%, 1.0%, 1.5%, and 2.0%) was
illustrated in Fig. 4a. For all cases, tested G’ was always higher than G”.
Generally, a highly structured solid or gel performed an elastic rheo-
logical behavior (G”> G”) [37]. Thus, all emulsions in this study con-
tained a well-developed gel-like structure, and the structure was formed
even for a low concentration of dAKP (0.5%). As demonstrated in
Fig. 4a, the higher the concentration of the dAKP, the higher their
viscoelastic moduli (G’ and G”). Regarding the emulsion gels produced
in this study, the amounts of G’ and G” gradually increased as the dAKP
concentration increased from 0.5% to 2.0%, indicating the formation of
stronger gel-like structures. This was attributed to the gel properties
being affected by the particle network involving dAKP in the con-
tinuous phase. Furthermore, the slight dependence of G’ and G” upon
the angular frequency was observed that both G’ and G” for all emulsion
gels increased faintly as the frequency increased, suggesting that the
network formed in emulsion gels mainly constituted by non-covalent
bonds in nature [38].

The previous measurements were performed for small deformation
(linear viscoelastic regime), providing direct and indirect information
on emulsion gel strength and microstructure, respectively. However,
large and rapid deformations occurred frequently during actual food
processing [36]. Therefore, amplitude sweeps of the emulsion gels
stabilized by different concentrations of dAKPs were implemented at a
fixed frequency of 1 Hz to obtain information on mechanical properties
and the change in structure caused by large deformations. The changes
of G’ and G” as a function of strain from 0.1% to 1000% are displayed in
Fig. 4b. In all investigated cases, G’ was much higher than G” at low
strain amplitude (y < 10%), and both G’ and G” were almost in-
dependent of the strain for small deformations. Furthermore, the values
of G’ and G” increased as the dAKP concentration increased in the in-
dividual linear viscoelastic regions, though less pronounced when the

concentration was above 5%. Therefore, elastic-dominant behavior of
all emulsion gels and an increase in the stiffness of emulsion gels at
higher dAKP concentration were indicated. With further increase in the
strain amplitude, both G’ and G” decreased, and G’ decreased more
rapidly than G”, leading to the observed crossover point (G” > G’). The
crossover point can be considered to be an indicator of the structural
breakdown of the particle network [39], suggesting that emulsions
started to show viscosity-dominant behavior after this degree of de-
formation.

Viscosities as a function of the shear rate of emulsion gels stabilized
by 0.5%, 1.0%, 1.5%, and 2.0% of dAKP are exhibited in Fig. 4c. As
demonstrated, the viscosities of emulsion gels decreased with the in-
creasing of shear rate which indicated typical shear-thinning behavior
[40]. This can be explained by the disintegration of oil droplet clusters
in the emulsion gels during the shearing process, and the shear-thinning
behavior also can be related to the non-Newtonian behavior of the
continuous phase [29,40]. It was observed that higher concentrations of
dAKP (from 0.5% to 1.5%) resulted in increased viscosity along the
entire shear-thinning curve, demonstrating that a more rigid particle
network was created with the increased dAKP concentration. Interest-
ingly, four characteristic regions were observed evidently to divide the
shear-thinning curves of emulsion gels stabilized by 1.5% and 2.0% of
dAKP. In the first region, a gradual decrease in viscosity can be ob-
served under the low shear force. The viscosity stopped decreasing, and
a plateau was then noticeable in the second region. The reasons for this
phenomenon were that the reduction of viscosity was prohibited by a
newly formed entangled network constituted by fine filaments pre-
sented in Fig. 2d during shearing. In the next region, the formed en-
tangled network was disrupted by high shear force as the shear rate
continued increasing, contributing to a sharp drop in the viscosity. In
the last region, a steady downward trend of viscosity appeared, in-
dicating that a well-oriented structure was formed. Similar shear-thin-
ning behaviors were noticed in previous work [37]. Moreover, the
thixotropy of emulsion gels increased, as indicated by increasing shear
rate vs viscosity plot in the first measurement. Thixotropy is significant
to flow assurance [41]. However, the thixotropic phenomena abated in
all cases in three subsequent measurements, verifying that the structure
of emulsion gels was destroyed by shear force.



S. Hu, et al. Ultrasonics - Sonochemistry 70 (2021) 105294

—=—0.5%GCG

—_ —e—0.5%G"
= —4—1.0%G'
[} v— 1.0 % G"
2 *—15%G
= —<—1.5%G"
© —»—20%G'

—o—2.0% G"

10I y i | FEVPE FETE. SR B UL | 5 v TSV Noo¥ XN v

(=]
i —=— 0.5 %-G’
& —®— 0.5 %-G"
= —a— 1.0 %-G’
(S5
o ———1.0 %-G'’
E —— 1.5 %-G’
1 —<— 1.5 %-G"”’
014 s 50%G"
q —e— 2.0 %-G"”’
0.01 B L S R
0.1 1 10 100 1000
Strain (%)
000
ot = 0.5 %1 s —=— 1.0 %-1
® 0.5%2 - o 1.0 %2
100 -._ —a— 0.5 %-3 1004 ™=, A 1.0%-3
- —v— 0.5 %-4 u v 1.0%-4
-I .'.
= 104 b 54 o 104 '.‘-
e i . ] -
z 14 Eg "=, Z 13w, "=
é lll“‘ e § .*3::;-&. -“-_
=z *e, . = M2 -
5oy % L > o4 b -~
e 2 OO ] **400008800s3
”’.‘. - *ee38n
0.01+ 000‘3“ 0.01
153 11:-3 - - - .
o T 10 100 7000 0.1 1 10 100 1000
Shear Rate (1/5) Shear Rate (1/5)
lnom‘- - 1.59%-1 1000
e 1.5%-2 3 - 2.0 %-1
" g X o
e S onf "o g o5
= .5 %- 3 - i
i e v 20¢
w0y "-__ = 104 o
£ b < 3 -
s i = by S
E o] ‘-.‘_-‘ - O =y
g e - z ugy -
2 ‘.“‘00“‘ T 2 ¥ug oo
S 0.4 “m“‘:z- = Setsay -
323y $88004a0m
0014 0.014 .u'.-
LL-3 - - y
0.1 1 190, 100 T lL_'u 1 i 0 100 1000
Shear Rate (1/5) : Shear Rate (1/5) :

Fig. 4. G’ and G” versus (a) frequency and (b) strain (at 1 Hz) of emulsion gels stabilized by different dAKP concentration (0.5%, 1.0%, 1.5%, and 2.0%). c: Apparent
viscosity versus shear rate of emulsion gels stabilized by 0.5%, 1.0%,1.5%, and 2.0% dAKP.
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Fig. 5. The FTIR spectra of low oil emulsion gel, a: soybean oil, b: dAKP, c: the

control of dAKP deoiling treatment, d-f: emulsion gels stabilized by 0.5%, 1.0%,
1.5%, and 2.0% dAKP, respectively.

3.4. FTIR analysis of interface protein of emulsion gel

FTIR spectra for soybean oil (a), dAKP (b), the control of dAKP
deoiling treatment (c) and interface protein of low oil emulsion gels
stabilized by 0.5%, 1.0%, 1.5%, and 2.0% of dAKP (d-g, respectively)
were carry out to verify the presence of connection between dAKPs
(Fig. 5). As seen from the spectra, -OH peak around 3400 cm ! in all
case FTIR spectra for soybean oil (a), dAKP (b), the control of dAKP
deoiling treatment (c), and interface protein of low oil emulsion gels
stabilized by 0.5%, 1.0%, 1.5%, and 2.0% of dAKP (d-g, respectively)
were conducted to verify the presence of a connection between dAKPs
(Fig. 5). As observed from the spectra, -OH peak around 3400 cm ™! in
all cases except soybean oil was an indicator of water. The peaks be-
tween 3000 cm ™! and 2800 cm ™! were associated with —CH,- asym-
metric stretching vibration. Furthermore, the absorption peak of soy-
bean oil at 3000 cm ™! for C=C symmetric stretching vibration and
1750 ecm ™! for C=0 stretching vibration, which were not found in b
and c, were also exhibited in the infrared spectrum of spectra d-g. This
was due to the residue of soybean oil. The characteristic bands of
soybean oil at 1580 em™1, 1290 em ™!, and 780 cm ™! corresponded to
stretching vibration of C-O bonds and —CH,- bonds. Besides, the ex-
istence of C=0 bonds and N-H bonds was confirmed by the presence of
peaks between 1600 cm ™! and 1200 cm ™! of dAKP. Thus, there were
no crosslinks between interface proteins, and no chemical structure
changes in the protein. The stable particle structures in emulsion gels
were supposed to the interaction between soybean oil and dAKP. It can
be inferred that the stabilization of emulsion gel was maintained by
space steric hindrance and hydrophobic interactions between particles
in the emulsion gel system.

4. Conclusions

The formation and stabilization mechanisms for the low oil emul-
sion gel stabilized by dAKP using high-intensity ultrasound formation
were revealed in this work. Specifically, the microstructure of formed
emulsion gel illustrated that dAKP encapsulated soybean oil by cavi-
tation caused by high-intensity ultrasound, and dAKP tightly sur-
rounded oil droplets in case of aggregation. In addition, the elastic gel
network was formed without chemical modification or crosslink be-
tween proteins on emulsion droplets. To sum up, a green, economical
method was proposed in this study to prepare low oil emulsion gel
stabilized by dAKP, and the preparation of low oil emulsion gel has

Ultrasonics - Sonochemistry 70 (2021) 105294

more application value in a wide range of fields such as food, nour-
ishment, pharmaceutic, and cosmetics.
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