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A novel protein extraction method of ultrasound-assisted basic electrolyzed water (BEW) was proposed, and its
effects on the structural and functional properties of Antarctic krill proteins were investigated. Results showed
that BEW reduced 30.9% (w/w) NaOH consumption for the extraction of krill proteins, and its negative redox
potential (—800 ~ —900 mV) protected the active groups (carbonyl, free sulfhydryl, etc.) of the proteins from
oxidation compared to deionized water (DW). Moreover, the ultrasound-assisted BEW increased the extraction
yield (9.4%), improved the solubility (8.5%), reduced the particle size (57 nm), favored the transition of a-helix
and B-turn to B-sheet, promoted the surface hydrophobicity and disulfide bonds formation of krill proteins when
compared to BEW without ultrasound. These changes contributed to the enhanced foam capacity, foam stability
and emulsifying capacity of the krill proteins. Notably, all the physicochemical, structural and functional
properties of the krill proteins were comparable to those extracted by the traditional ultrasound-assisted DW.
This study suggests that the ultrasound-assisted BEW can be a potential candidate to extract proteins, especially
offering an alternative way to produce marine proteins with high nutritional quality.

1. Introduction

Antarctic krill is one of the most abundant biomass species in
Southern Ocean, which is estimated at about 500 million metric tons
[1]. Whole Antarctic krill contains 11.9-15.4% protein, 3% ash, 2%
carbohydrates, 0.5-3.6% lipid and 77.9-83.1% water [2]. Thereinto,
krill proteins have high nutritional values and even their biological
values are higher than those of other meat and milk proteins, because it
contains adequate levels of all essential amino acids [3,4]. However, a
great amount of krill is now used to produce low-value commodities
such as animal and fish feed [5]. Recently, protein-based emulsions have
received enormous attention, due to that they are promising in phar-
maceutical, cosmetics and food fields. Therefore, a high value-added
utilization of krill proteins for developing emulsions will provide

sustainable marine proteins resource with high nutritional values to
human diet.

At present, the frequently-used method for extracting plant or animal
proteins is alkaline extraction [6,7]. During the whole process, a large
amount of alkaline solution (NaOH, KOH, etc.) will be consumed to
adjust the pH of mixture reaching the target pH value, leading to a high
economic investment. On this basis, basic electrolyzed water (BEW) is a
promising reagent to be a candidate for traditional alkaline solution
owing to its aqueous alkali nature. At present, BEW is the by-product of
acidic electrolyzed water (AEW) which has a wide range of applications
in food, agriculture, aquaculture, livestock industries [8,9]. Addition-
ally, BEW also possesses excellent functional characteristics, including
typically higher pH > 12.0 and redox potential (ORP, —800 to —900
mV) [10,11]. More importantly, BEW has a broad-spectrum ability of
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anti-bacteria and enzyme inactivation, which can effectively prevent the
products from degradation [11,12]. Furthermore, its negative redox
potential can protect the active groups of proteins from oxidation and
improve the quality of end products [10,13]. Therefore, there is an ur-
gent need for the development of BEW in food industry.

Ultrasound assisted extraction (UAE) is an effective extraction
method of using ultrasonic waves as a pretreatment to extract proteins
including rapeseed protein [12], rice bran [14], chicken egg shell
membrane [15] and porcine placenta [16]. UAE treatment greatly
improved the processing quality of food proteins. For example, the ul-
trasound treatment partially unfolded three-dimensional structure of
proteins leading to the exposure of sulfhydryl group and hydrophobic
groups [17,18], which finally enhances the emulsifying properties of
these proteins. Furthermore, such structural changes increase the pro-
tein flexibility, reduce the interfacial tension and strengthen the for-
mation of protein membrane at the oil/water interface. However, the
ultrasound treatment often induces the active substances or functional
groups to generate highly reactive free radicals under extreme condi-
tions of cavity collapse, which causes the oxidation of protein or lipid
[19]. Taking above advantages of BEW into consideration, its negative
redox potential can certainly reduce the oxidation or damage of protein
or lipid caused by ultrasound.

Up to now, there are no reports of using BEW to extract marine an-
imal proteins in combination with ultrasound. On this basis, this study
aimed to extract the Antarctic krill proteins by the UAE and BEW
treatment, and then evaluate their structural and functional properties.
Notably, the effects of the ultrasound treatment (0, 10, 20, 30 min) on
the structural changes of krill proteins were investigated from the
viewpoint of the morphology, particle size, secondary structure, tertiary
structure, surface hydrophobicity, etc. The functional properties of the
extracted proteins were explored by determining their foaming capacity,
foam stability, water/oil absorption capacity, emulsifying capability,
etc. The generated knowledge will provide a new and effective extrac-
tion method of ultrasound-assisted BEW to produce various proteins,
which facilitates the exploitation of natural protein resources with high
quality.

2. Materials and methods
2.1. Materials

Antarctic krill (Euphausia superba) were purchased from Dalian
Ocean Fishery Group Ltd. (Dalian, China). N-hexane and sodium azide
were bought from Sigma-Aldrich, Inc. (St. Louis, MO, USA). All reagents
were analytical grade and bought from Sangon Biotech Co., Ltd
(Shanghai, China).

2.2. Preparation of basic electrolytic water

Basic electrolytic water (BEW) was prepared by our previous method
[20]. BEW were produced by electrolyzing sodium chloride (0.5%, 1%,
1.5% NaCl, w/v) solution using electrolyzed water generator (FW-200,
AMANO, Japan). A pH/ORP meter (Mettler-Toledo, Zurich,
Switzerland) was used to measure pH (pH = 12.3 4+ 0.12) and oxidation
reduction potential (ORP = —850 + 13.6 mV).

2.3. Extraction and analysis of Antarctic krill proteins

2.3.1. Extraction of proteins

Antarctic krill proteins were extracted by ultrasound-assisted BEW
(produced by electrolyzing 0.5% sodium chloride) solution and
ultrasound-assisted deionized water (DW). The procedure of ultrasound-
assisted BEW was as follows: 20 g Antarctic krill flesh were mixed with
BEW (1:10, w/v), and then the mixture was homogenized for 1 min at
800 rpm. The pH of the resulting slurry was adjusted to pH 12 by 1 M
NaOH. For the ultrasound-assisted DW, the extraction procedure was the
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same to above one except replacing BEW with DW. Afterwards, 200 mL
of resulting slurry was left in the beaker (diameter: 65 mm) with ice-
water bath, and then treated by an ultrasound processor (NingBo Sci-
entz Biotechnology Co. Ltd., Ningbo, China) with a 15 mm diameter
titanium probe at 20 kHz (350W, 70% amplitude) for 0, 10, 20 and 30
min (pulse duration of on-time 6 s and off-time 3 s). And the ultrasound
probe was submerged in a depth of 10 mm in the samples.

Subsequently, the mixture was stirred for 1 h at 25 °C. The mixture
was centrifuged at 8000g for 10 min, and then the pH of supernatant was
adjusted to 4.5 by 3 M HCI [6]. The precipitated proteins were washed
by 3-stage countercurrent method [7], and then quick-frozen in liquid
nitrogen. Afterwards, the protein samples were freeze-dried in a vacuum
dryer (=76 °C, 1.3 x 10~2 mbar) to remove water [21]. The protein
content was determined by combustion with a nitrogen analyzer (FP-
428, Leco Corporation, USA).

2.3.2. Protein extraction yield and purity

The purity of krill proteins was determined by Kjeldahl method, and
6.25 was used as Kjeldahl nitrogen-to-protein conversion factor [7].
Protein yield of ultrasound-assisted BEW or DW were calculated by Eq.
(1):

W x P

Yield(%) = VX C

x 100 (@)

where W, P, V and C are the weight of dried protein, the protein purity,
the solution amount (mL) for extraction and the protein content of
extract, respectively [22].

2.3.3. Protein solubility

Protein solubility was determined according to the method of Anon
et al. [21] with slight modification. Briefly, 0.1 g krill proteins were
dissolved in sodium phosphate buffer (pH 7.0), and then centrifuged at
8,000g for 15 min (4 °C). The concentration of supernatant protein was
measured by Coomassie brilliant blue method using BSA as a standard.
Protein solubility was expressed as the mass percentage of supernatant
proteins and total proteins before centrifugation. All determinations
were conducted in triplicate.

2.3.4. Protein carbonyl content

The protein carbonyl content was determined using the 2,4-dinitro-
phenyl hydrazine (DNPH) as described by Wang et al. [23]. Briefly, 1
mL protein solution (2 mg/mL) was mixed with 3 mL of 10 mM 2,4-dini-
trophenylhydrazine (DNPH) and incubated at 25 °C for 2 h. DNPH-
reacted samples after 20% trichloroacetic acid (TCA) precipitation
were collected by centrifugation at 10,000g for 15 min (4 °C), and then
the unreacted DNPH was removed using ethanol/ethyl acetate solution
(1:1, v/v). The resulting pellets were dissolved in 3 mL of 6 M guanidine
hydrochloride. The absorbance (370 nm) of samples was determined
using an UV-vis spectrophotometer (U-3900, Hitachi Corportion,
Tokyo, Japan) and carbonyl content was expressed as nmol/mg protein
using an absorption coefficient of 22,000 M~ em ™! [24].

2.3.5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE was performed based on the method of Wang et al. [25]
and Chen et al. [26]. SDS-PAGE was performed at 25 °C with 12%
separating gel and 5% stacking gel. 20 pL protein solutions (2 mg/mL)
were mixed with 5 pL loading buffer (0.0625 M Tris-HCl, 12% glycerin,
2% sodium dodecyl sulfate (SDS), 5% 2-mercaptoethanol, and 0.0025%
bromophenol blue), and then heated at 100 °C for 10 min. Aliquots (10
uL) of the samples were loaded into the gels. The gels were stained with
Coomassie Brilliant Blue-R250.

2.3.6. Atomic force microscopy (AFM) and particle size determination
Proteins (50 ug/mL) were dissolved in sodium phosphate buffer (pH
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12.0), and then aliquots (10 pL) of the samples were dropped on a fresh
mica surface, air-dried in a fume hood. Samples were scanned in tapping
mode with the scan rate and step of 1.0 Hz and 2 pm, respectively. AFM
images were analyzed by using NanoScope Analysis 1.8 (Bruker Co.,
Karlsruhe, Germany) [27].

The particle sizes of protein were measured by Zetasizer Nano ZS90
(Malvern Instruments, Worcestershire, UK). The determination was
performed in a quartz cuvette with a 1.1 mL aliquot solution (0.3 cm/
ml) with a light path of 1 cm [25].

2.3.7. Scanning electron microscopy (SEM)

The microstructure of dried Antarctic krill proteins was observed
with a SEM (Carl Zesiss Evol8, Zesiss, Germany) at an accelerating
voltage of 30 kV. Before measurement, the dried samples were coated
with gold using an ion sputter coater.

2.4. Structural characterization

2.4.1. Secondary structure analysis

FT-IR analysis of krill proteins was performed by the method of Wang
et al. [28]. The protein powder was mixed with potassium bromide at a
ratio of 1:100. Then, a total of 64 scans from 500 to 4000 cm ™' against
the background were taken at a resolution of 4 cm ™. Before further
analysis, the 7-point Savitsky-Golay function was used to smooth the
spectrum to reduce signal noise. Afterwards, PeakFit software 4.12
(SPSS Inc., Chicago, IL, USA) was used to analyze secondary structure
components from the amide I band (1600-1700 ecm™ ), and peak area to
different secondary structures was calculated.

2.4.2. Fluorescence measurement

The fluorescence spectra of protein samples were obtained using a
fluorescence spectrophotometer (Hitachi F7100 Co., Japan) by the
method of Jiang et al. [29] with some modifications. Protein solutions
(0.2 mg/mlL) were prepared, and then the excitation wavelength was
280 nm, and the emission spectra were recorded from 290 nm to 450 nm
using a 4 nm slit. Each sample was repeated for five times.

2.4.3. Surface hydrophobicity (Hp-ANS) measurements

Hp-ANS was determined using 1-anilino-8-naphthalene-sulfonate
(ANS) as a fluorescence probe according to the method of Kato et al.
[30] and Haskard et al. [31]. 20 mL of ANS solution (8.0 mM in 0.01 M
phosphate buffer, pH 12.0) was added to serial dilutions of samples
containing 25-800 pg/mL target proteins. The fluorescence intensity at
364 nm (excitation) and 475 nm (emission) was measured (Hitachi
F7100 Co., Japan). The initial slope of fluorescence intensity versus
protein concentration was calculated as surface hydrophobicity (Ho-
ANS). All determinations were performed in triplicate.

2.4.4. Sulfhydryl contents

The free sulfhydryl (SH) of the proteins were determined using Ell-
man’s reagent DTNB. Protein samples (2 mg/ml) were prepared in
buffer (0.086 M Trise, 0.09 M glycine, 4 mM Na;EDTA, pH = 8) to
determine free SH. The mixtures were incubated at 25 °C for 24 h in a
shaking water bath, and then centrifuged at 12,000g at 4 °C for 15 min.
30 L of Ellman’s reagent solution (4 mg/mL of DTNB) was added to 3
mL mixtures. The solution was rapidly mixed and allowed to stand at
25 °C for 15 min, and then the absorbance was read at 412 nm, and the
buffer was used as a reagent blank. The absorbance measurements were
converted to free SH values using a calibration curve with reduced
glutathione. All determinations were conducted in triplicate.

2.5. Functional properties
2.5.1. Determination of foaming capacity and foam stability

Foaming capacity (FC) and foam stability (FS) were measured ac-
cording to the method of Timilsena et al. [32]. 1 g protein powder was
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dispersed in 20 mL of Milli-Q water. Foam was formed using shear
emulsifying machine (AD500S-H, Suotn, Inc., Shanghai, China) at
10,000 rpm for 1 min. Total volumes were recorded before and after
whipping and FC was calculated using Eq. (2). Total volume of the foam
after 30 min formation were recorded and (FS) was evaluated using Eq.

3.
V-V,
X

1

FC(%) = 100 2

_Vz*Vg

27 V1

FS(%) x 100 3)
where V; (mL) is the initial volume of protein solution, V, (mL) is the
volume of solution plus the foam and V3 is the volume after 30 min of
foam formation.

2.5.2. Water absorption capacity (WAC) and oil absorption capacity
(0AQ)

The WAC was measured according to the method of Resendiz-
Vazquez et al. [33]. The samples (0.5 g) were rehydrated with 10 mL
distilled water in centrifuge tubes (15 mL) and dispersed for 30 s. The
dispersion was allowed to stand at 25 °C for 15 min and then centrifuged
at 2000g for 10 min. The supernatant was decanted, and the residue was
weighed together with the centrifuge tube. The WAC was expressed as
absorbed water (g)/protein (g). The OAC was determined by the same
procedure for WAC by replacing water with Sunflower seed oil.

2.6. Emulsion preparation

0Oil in water emulsions (O/W) were prepared according to Zhao et al.
[34] with slight modifications. Briefly, protein solutions (2% w/v) were
mixed with sunflower seed oil at oil-water ratio of 3:7 (Total volume =
50 mL), and sodium azide (0.02%, wt %) was added to suppress mi-
crobial growth. The shear emulsifying machine was used to homogenize
the mixtures at 16,000 rpm for 3 min. All experiments were performed
in ice-bath condition.

2.7. Creaming index (CI)

Freshly prepared emulsions were transferred into 1 mL glass tubes
and stored at 4 °C for 30 d. The creaming index (CI) was calculated by
the Eq. (4) [35]

H-
="
Hi

x 100% )
where the H, is the height (mm) of the cream layer (H,) after 30 d stor-
age; H; is the total height (mm) of the emulsion at 0 d.

2.8. Droplet size

The size of emulsion droplet was measured by Mastersizer 3000
(Malvern Instruments, UK) according to the study [36]. The samples
were diluted with deionized water. The refractive indices of water and
sunflower seed oil were taken as 1.33 and 1.47, respectively. The droplet
size dy4 3 of the emulsions was calculated using Eq. (5)

dss = > md?/ Y n;d? (5)where n; is the number of droplets with
diameter d;, and dy4 3 represents the volume-average droplet sizes of the
emulsions in water dispersion.

2.9. Rheology of emulsions

The dynamic oscillatory measurements of emulsions were deter-
mined with the frequency ranging from 1 to 10 rad/s by a controlled
stress rheometer (DSR200, Rheometric Scientific, USA). A parallel plate
geometry (40 mm diameter) was employed, and the gap of two parallel
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plates was 1.0 mm. To determine the linear viscoelastic region, oscil-
lation strain sweep was carried out ranging from 0.01 to 10% (fre-
quency, 1 Hz) at 25 °C. Frequency sweeps (from 0.1 to 10 Hz) test was
performed at a fixed strain amplitude of 0.1%. The elastic moduli (G'),
loss moduli (G”) and loss tangent (tan §) as a function of the frequency
were recorded [37]. All the experiments were conducted in three
replicates.

2.10. Statistical analysis

The experimental data were expressed as the mean =+ standard de-
viation. One-way analysis of variance (ANOVA) was used to compare the
value differences (p < 0.05) using SPSS 19.0 (SPSS Inc., Chicago, IL).

3. Results and discussion

3.1. Extraction of Antarctic krill proteins using ultrasound-assisted BEW
and DW

As shown in SDS-PAGE profiles (Fig. 1A), no significant difference
was obverted in the composition of krill proteins extracted by the
ultrasound-assisted BEW or DW, preliminarily suggesting that the
ultrasound-assisted BEW was an effective method for the extraction of
krill proteins. It was reported that the carbonyl group of protein was
widely considered as an indicator for protein oxidation [38]. In this
study, the carbonyl content of krill proteins obviously increased
regardless of ultrasound-assisted BEW or DW with the ultrasound from 0
min to 30 min, which was attributed to the oxidation of active groups of
amino acids driven by ultrasound treatment [39]. However, the
ultrasound-assisted BEW treatment presented a significantly lower
carbonyl content compared to the ultrasound-assisted DW (Fig. 1B),

BEW + + o+ + = - S
DW - - N N + + + o+
350W (min) 0 10 20 30 0 10

=3
o
1

104

1 MNaOH (uL)

DW 0.5% 1% 2%
Electrolyzed NaCl concentration
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which was predominantly attributed to the antioxidant capacity of
higher redox potential (—800 to —900 mV). The result was also sup-
ported by Athayde et al. [13], reporting that BEW had the antioxidant
capacity due to its redox potential. Therefore, the ultrasound-assisted
BEW could certainly maintain the nutritional values of natural pro-
teins. In addition, the ultrasound-assisted BEW (electrolyzing 0.5% NaCl
solution) reduced 30.9% NaOH consumption compared to DW (Fig. 1C),
and no significant changes in NaOH consumption was further observed
with the increase of electrolyzed NaCl concentration (1%, 1.5%, w/v).
Therefore, 0.5% NaCl solution was used to produce BEW for the sub-
sequent experiments.

The yield and purity of krill proteins extracted by the ultrasound-
assisted BEW or DW are showed in Table 1. Overall speaking, the
ultrasound-assisted BEW increased the extraction yield and purity of
krill proteins compared to individual BEW treatment, with their values
reaching maximum 9.38% and 1.66%. Moreover, no significant differ-
ence was determined in these values between ultrasound-assisted BEW
and ultrasound-assisted DW (Table 1). Additionally, the solubility of
krill proteins after the ultrasound-assisted BEW and DW treatment also

Table 1
Extraction yield and purity of krill protein. Different letters (a, b, c, etc) indicate
significant differences at p < 0.05.

Treatment (min) Extraction yield (%) Purity (%)

BEW BEW-10 68.03 + 3.14% 72.88 + 1.54° 78.37 + 2.56 80.03 £ 2.26
BEW-20 77.44 +1.78¢ 79.23 + 2.55
BEW-30 77.41 £ 2.39¢ 79.47 + 3.38
DW 68.79 + 1.67% 78.90 + 2.42
DW-10 73.20 + 1.66° 78.81 + 2.34
DW-20 77.87 + 1.48¢ 79.77 + 3.17
DW-30 77.66 £ 1.65° 79.23 £ 2.51
B
8
E ABEW b

= 71 oW b

2 b :

S 6

2

éﬂ 5

S 44 a

g

= a

: 3 a

£,] 3

2

o

04
0 10 20 30
Treatment time (min)

Fig. 1. Effects of ultrasound-assisted BEW or DW on the krill proteins composition (A), the carbonyl content (B) and the consumption volume of 1 M NaOH (C).

Different letters (a, b, c, etc) indicate significant differences at p < 0.05.
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presented similar change trends (Fig. 2A). In detail, the ultrasound-
assisted BEW significantly improved the solubility of krill proteins by
8.5%, and no significant difference was observed compared to the
ultrasound-assisted DW. The protein solubility was increased because of
the ultrasound cavitation-induced disruption of intermolecular
hydrogen bonds of proteins, causing the disassociation of larger protein
aggregates into soluble smaller aggregates [40]. In addition, the ultra-
sonic energy could also partially hydrolyze high molecular biopolymers
[15].

The effects of ultrasound-assisted BEW or DW on the particle size of
krill proteins were examined by DLS analysis. In Fig. 2B, the particle
sizes of proteins were significantly (p < 0.05) reduced from 234.4 nm to
178.3 nm with the ultrasound treatment from 0 min to 20 min, but no
significant decrease (175.4 nm) was determined with the prolonging of
ultrasound to 30 min. Such phenomenon caused by ultrasound has been
reported in previous studies [41,42]. The particle size of krill proteins
extracted by the ultrasound-assisted DW showed similar results with the
ultrasound-assisted BEW, and no significant difference was monitored
(Fig. 2C). Meanwhile, the morphological details of krill proteins were
also investigated by AFM. In Fig. 2D, massive aggregates were observed
in the samples without ultrasound treatment. However, these aggregates
disassociated after the ultrasound treatment, and the disassociation
degree was enhanced with the increase of ultrasound time. All these
facts visually showed that the ultrasound treatment indeed disassociated
the protein aggregates, which supported the results in Fig. 2A.
Furthermore, the smaller particle size also contributed to the increased
protein solubility, because of its larger surface area and greater charge
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strengthening the protein-water interactions [43].

The microstructures of krill proteins treated by the ultrasound-
assisted BEW or DW was observed using SEM (Fig. 3). Compared to
the samples without ultrasound treatment, the ultrasound-treated sam-
ples exhibited more disordered structure and irregular fragments, sug-
gesting that the ultrasound treatment greatly disrupted the natural
distribution and arrangement of krill proteins. These were mainly
generated by the cavitation forces exerted by the probe and micro-
streaming as well as turbulent forces during the ultrasonic treatment
[29]. Based on these results, it could be concluded that the components
and critical physicochemical properties of krill proteins extracted by the
ultrasound-assisted BEW were comparable to those extracted by the
ultrasound-assisted DW.

3.2. Structural properties of the extracted Antarctic krill proteins

The structural characterization of Antarctic krill proteins extracted
by the ultrasound-assisted BEW or DW were studied by FT-IR and
fluorescence spectra. Fig. 4A shows the proportion of secondary struc-
tures of krill proteins extracted by the ultrasound-assisted BEW. In
particular, the p-sheet conformation was found to dominate in the pro-
teins followed by random coil, a-helix and B-turn. It was reported that
the secondary structures of a protein were highly related to its emulsi-
fying properties [44]. In this study, increasing the duration of ultrasound
significantly elevated the p-sheet from 33.2% to 38.98%, but reduced
the a-helix (from 23.6% to 22.1%) and p-turn (from 15.4% to 12.5%),
suggesting that the ultrasound treatment favored the transition of
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Fig. 2. Effects of ultrasound-assisted BEW or DW on the solubility (A), particle size (B and C) and microstructures (D) of krill proteins. 350W-0, 350W-10, 350W-20
and 350W-30 represent 350W ultrasound for 0, 10, 20 and 30 min; BEW-0, BEW-10, BEW-20 and BEW-30 represent 0.5% NaCl electrolyzed BEW treatment for 0, 10,
20 and 30 min; DW-0, DW-10, DW-20 and DW-30 represent DW treatment for 0, 10, 20 and 30 min. Scale bar = 600 nm. Different letters (a, b, c, etc) indicate

significant differences at p < 0.05.
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Fig. 3. Effects of ultrasound-assisted BEW or DW on the morphology of krill proteins. BEW-0, BEW-10, BEW-20 and BEW-30 represent 0.5% NaCl electrolyzed BEW
treatment for 0, 10, 20 and 30 min; DW-0, DW-10, DW-20 and DW-30 represent DW treatment for 0, 10, 20 and 30 min. Scale bar = 200 pm.
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a-helix and f-turn to p-sheet. The conformation of a-helix was mainly
stabilized by intramolecular hydrogen bonds, and the disruption of
hydrogen bonds would increase the flexibility of protein structures [45].
Overall speaking, the ultrasound-assisted DW (Fig. 4B) also presented
the similar results in the secondary structures with the ultrasound-
assisted BEW. However, the p-sheet of krill proteins treated by the
ultrasound-assisted DW was obviously higher than that treated by the
ultrasound-assisted BEW, conversely, the a-helix and f-turn were
significantly lower. Such structural difference was mainly attributed to
the protective function of BEW against the oxidation of functional
groups (Fig. 1B), because Sun et al. [46] and Zhao et al. [38] proved that
the oxidation treatment significantly increased the p-sheet and
decreased the a-helix and p-turn of myofibrillar proteins and soybean
proteins.

Fluorescence spectroscopy can probe the microenvironment of the
tryptophan (Trp) residues in proteins and can be used for studying
protein folding/unfolding [25]. In Fig. 4C, the wavelength emission
maxima (Amax) Of proteins extracted by the ultrasound-assisted BEW had
a red shift ranging from 340 nm to 344 nm with the increase of ultra-
sound time. Likewise, the Apax of proteins extracted by the ultrasound-
assisted DW also displayed a red shift from 342 nm to 346 nm
(Fig. 4D). A red shift in the Apay indicated that the tertiary conformation
of protein molecules was opened, and more aromatic amino acids (Trp
residues) were exposed to the polar environment, which was an indi-
cator of protein unfolding [47]. In addition, ANS binds to the exposed
hydrophobic patches in partially unfolded protein, and the increase in
surface hydrophobicity (Hp) is accompanied by an increase in the rela-
tive fluorescence intensity. In Fig. 4E, the ultrasound treatment obvi-
ously increased the surface hydrophobicity of krill proteins through the
mechanical and cavitation effects generated by ultrasound. The ultra-
sonic cavitation induced a high degree of protein unfolding, causing the
exposure of hydrophobic groups and regions to a more polar sur-
rounding environment [48]. Additionally, Estévez [49] reported that the
oxidation of proteins also led to partial unfolding of the structures,
exposing the certain groups which were originally located inside pro-
teins. All these factors collectively contributed to the red shift of Apax
and the increased Hp of krill proteins. In addition, the exposure of
functional groups (e.g. hydrophobic groups) in side chains caused the
reduction of intramolecular hydrogen bonds[46], which might be the
reason that the a-helix and p-turn decreased while p-sheet increased
(Fig. 4A and B).

In Fig. 4F, the free sulfhydryl groups of proteins extracted by the
ultrasound-assisted BEW decreased from 6.9 to 4.0 pmol/g protein with
the increase of ultrasound time. Likewise, the free sulfhydryl groups of
proteins treated by the ultrasound-assisted DW also exhibited a
decreased trend, ranging from 5.6 to 2.9 pmol/g protein. Similar results
have been reported in the ultrasound-treated soybean proteins [50] and
squid mantle proteins [51]. Notably, the high-intensity ultrasound
treatment markedly decreased the sulfhydryl groups of soybean pro-
teins, and the cavitation-generated hydrogen peroxide was considered
as the dominant factor to oxidize the free sulthydryl groups [52].

However, it could be seen that the free sulfhydryl groups of proteins
treated by the ultrasound-assisted BEW were obviously higher that those
treated by the ultrasound-assisted DW. This phenomenon was certainly
caused by the negative redox potential (—800 ~ —900 mV) of BEW,
because it protected the free sulfhydryl groups from being oxidized by
reactive free radicals. However, Xiong et al. [53] and Hu et al. [17]
pointed out that the ultrasound treatment increased the content of
sulfhydryl groups. The discrepancy in these results might depend on the
difference in the ultrasound intensity, protein species, etc [53].

3.3. Functional properties of the extracted Antarctic krill proteins
The effects of ultrasound treatment on the foam capacity (FC) and

foam stability (FS) of Antarctic krill proteins are shown in Fig. 5A. The
FC of proteins extracted by the ultrasound-assisted BEW was
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Fig. 5. Effects of ultrasound-assisted BEW or DW on the foaming capacity (FC),
foaming stability (FS), water absorption capacity (WAC) and oil absorption
capacity (OAC) of krill proteins treated by different ultrasound time (0, 10, 20,
30 min). Different letters (a, b, c, etc) indicate significant differences at p
< 0.05.

significantly increased (p < 0.05) from 142.4% to 163.7% with the ul-
trasound from 0 to 30 min. The highest FC value was determined under
30 min ultrasound treatment. Meanwhile, the FS was also significantly
(p < 0.05) increased from 67.2% to 72.7% under the same treatment
(Fig. 5A). For the ultrasound-assisted DW, the FC and FS of krill proteins
showed the similar trend with the ultrasound-assisted BEW treatment.
Amir et al. [54] reported that the good formation capability of foam was
greatly contributed by the reduced particle size, increased surface hy-
drophobicity, unfolded protein chains, exposed hydrophobic groups at
the interface, etc. In this study, the ultrasound treatment unfolded and
expanded the structures (Fig. 4C and D), reduced the particle size
(Fig. 2C and D) and increased the hydrophobicity (Fig. 4E) of krill
proteins, which would facilitate the diffusion of proteins at the interface
and finally improve the FC. Meanwhile, the homogenization effect of
ultrasound made the protein molecules more uniformly dispersed in
solution, resulting in the increase of FS [55]. Similar results were pre-
viously reported that the FC and FS of pea protein isolates and jackfruit
seed protein isolates were significantly increased by ultrasound treat-
ment [33,56].

3.4. Water absorption capacity (WAC) and oil absorption capacity
(0AQ)

The interactions between protein and water as well as oil are
important in food systems, because they affect the flavor and texture of
food products [57]. In Fig. 5B, the WAC of proteins extracted by the
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ultrasound-assisted BEW was decreased from 3.93 to 3.36 g/g protein
with the ultrasound from 0 to 30 min. However, the OAC values were
increased from 4.90 to 6.34 g/g protein. No significant difference was
observed between BEW and DW treatment. The decrease of WAC and the
increase of OAC were certainly caused by the exposure of nonpolar
residue side chains interacting with hydrocarbon chains in fat (oil)
molecules [58]. Another probable reason was that the exposure of hy-
drophobic groups allowed the physical entrapment of oil [59].

3.5. Emulsifying performance of the extracted Antarctic krill proteins

The extracted Antarctic krill proteins were used to evaluate their
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potential ability in fabricating emulsions. Fig. 6 shows the visual pho-
tographs and droplet sizes of the krill proteins-stabilized emulsions. The
emulsions stabilized by the krill proteins (2%, w/v) exhibited an obvious
creaming after storage at 4 °C for 30 d, regardless of BEW or DW
extraction without ultrasound (Fig. 6A-D). However, the creaming de-
gree of emulsions stabilized by the ultrasound-treated proteins was
significantly decreased, especially after 20 min and 30 min treatment.
Meanwhile, the CI values were calculated to quantitatively evaluate the
emulsifying stability, and generally, the lower the CI value, the more
stable the emulsion will be [35]. After 30 d storage, the CI values of
emulsions stabilized by the proteins extracted by the ultrasound-assisted
BEW were obviously decreased from 0.49 to 0.20 with the ultrasound
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time from O to 30 min (Fig. 6A and B). Similar results were also moni-
tored for the samples extracted by the ultrasound-assisted DW, and the
values were reduced from 0.51 to 0.22 (Fig. 6C and D). These results
indicating that the ultrasound-assisted extraction facilitated the fabri-
cation of more stable emulsions.

It was reported that the decrease of protein particle size increased the
adsorption rate of proteins at the oil-water interface, and the high ab-
sorption and migration rate effectively prevented gravitational separa-
tion, flocculation and coalescence [45,60], which ultimately maintained
the stability of emulsions. Meanwhile, the ultrasound-induced disor-
dered and irregular structures also contributed to the stability of emul-
sions. Generally, disordered, small and flexible proteins more efficiently
reduced the surface tension than ordered, larger and rigid proteins [61],
because such proteins had balanced size and flexibility to facilitate their
adsorption at the interface [45]. In addition, the fresh emulsions stabi-
lized by the proteins extracted by the ultrasound-assisted BEW presented
a significant decrease of droplet size from 27.3 pm to 12.4 pm with the
ultrasound ranging from O min to 20 min. No obvious decrease was
detected in the droplet size (11.8 pm) when the ultrasound was extended
to 30 min. Likewise, almost the same change trend was observed for the
proteins extracted by the ultrasound-assisted DW (Fig. 6C and D), with
the droplet size decreasing from 27.6 pm to 13.4 pm. After 30 d storage,
there was no great changes in the droplet sizes of all the proteins-
stabilized emulsions, regardless of the ultrasound-assisted BEW or DW
(Fig. 6B and D).

The rheological properties of krill proteins-stabilized emulsions are
shown in Fig. 6E-H. Compared to samples without ultrasound treat-
ment, the G’ and G” value presented an increase regardless of
ultrasound-assisted BEW (Fig. 6E) or DW (Fig. 6G) with the increase of
ultrasound time, and G’ was predominantly larger than G” throughout
the whole measurement, implying a predominantly elastic gel-like
structure. In addition, theloss tangent (tan 5, G’/G’) was used to
determine whether elastic or viscous properties predominate in emul-
sions. Overall, the tan § values of these emulsions were almost kept
constant ~ 0.3, indicating the characteristics of predominantly weak
and viscous gels [62]. Nevertheless, no significant changes in the G/, G”
and tan § values were determined for all samples after 30 d storage at
4 °C (Fig. 6F, H), implying that the gel structures became much stable. It
has reported that the formation of gel-like networks mainly originated
from the interactions of protein molecules [63]. In this study, the ul-
trasonic treatment increased the hydrophobicity (Fig. 4E) and disulfide
bonds (Fig. 4F) of the proteins. In addition, the increased p-sheet
structure indicated the increased formation of intermolecular hydrogen
bonds (Fig. 4A). Overall, the intermolecular interactions of proteins
were increased after ultrasound-assisted treatment, which finally
contributed to the enhanced emulsifying ability (Fig. 6). Based on above
facts, it was firmly believed that the functional properties of krill pro-
teins extracted by the ultrasound-assisted BEW could compete with
those extracted by the ultrasound-assisted DW.

4. Conclusion

This study proved that the ultrasound-assisted basic electrolyzed
water (BEW) was an effective and feasible method to extract marine krill
proteins. Compared to ultrasound-assisted deionized water (DW), the
ultrasound-assisted BEW reduced the consumption of 30.9% (w/w)
NaOH. Moreover, the antioxidant capacity of negative redox potential of
BEW could protect the active groups of proteins from oxidation. In
addition, the ultrasound-assisted BEW increased the extraction yield and
the solubility, reduced the particle size, favored the transition of a-helix
and p-turn to p-sheet, elevated the surface hydrophobicity and promoted
the formation of disulfide bonds of the krill proteins, in comparison with
individual BEW treatment. All these properties contributed to the
improved foam capacity (FC), foam stability (FS) and emulsifying ca-
pacity of the krill proteins. More importantly, the functional properties
(foam capacity, foam stability, water absorption capacity, oil absorption

Ultrasonics Sonochemistry 71 (2021) 105364

capacity and emulsifying capacity) of the krill proteins extracted by
ultrasound-assisted BEW were comparable to those extracted by
ultrasound-assisted DW. In conclusion, this study indicates that the
ultrasound-assisted BEW will become a novel candidate method with
tremendous potential to extract various proteins, and does not produce
negative effects on the functional properties of the extracted proteins.
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