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Abstract The effects of heating (90 °C/30 min) or ultra-
sound (200/400/600 W) treatment on antioxidant and
angiotensin-converting enzyme inhibitory (ACEI) activity
of hydrolysates from hempseed protein isolates (HPI) were
studied. The secondary structure, surface hydrophobicity,
intrinsic  fluorescence, scanning electron microscopy
(SEM) and sodium dodecyl sulfate—polyacrylamide gel
electrophoresis of HPI treated by heating or ultrasound
were measured. The results showed that hydrolysate from
HPI treated with ultrasound at 200 W showed higher
hydrolysis degree, proportion of lower molecular mass
components (1.0-3.0 kDa), antioxidant and ACEI activity
than those from heating or high-power treated. The changes
in secondary structure, surface hydrophobicity and intrinsic
fluorescence indicated the unfolding of HPI after ultra-
sound. The SEM results showed that HPI treated with
ultrasound at 200 W exhibited decrease in particle size and
deformation and further increased in power caused the
aggregates of HPI. In conclusion, the ultrasound treatment
at low-power was superior to 90 °C/30 min treatment in
facilitating enzymatic release of antioxidant and ACEI
peptides from HPL

Keywords Hempseed protein - Antioxidant activity - ACE
inhibitory activity - Ultrasound

< Feng Xue
xuefeng @njucm.edu.cn

School of Pharmacy, Nanjing University of Chinese
Medicine, Nanjing 210023, People’s Republic of China

College of Food Science and Light Industry, Nanjing Tech
University, Nanjing 211816, People’s Republic of China

Introduction

Hemp (Cannabis sativa L.) is widely cultivated plant of
great industrial importance in China, and its seed is a
valuable source of Chinese medicine and pharm food. The
seed typically contains about 2.5 g kg~' proteins which
contain essential amino acids and can be easily digested
than soy protein (Tang et al. 2006; Wang et al. 2008).
However, seeds of hemp have been only used for the
extract of oil for a long period in China resulting in
abundant protein waste. Recently, hempseed protein iso-
lates (HPI) have attracted more and more attention as an
food ingredient, which is incorporated into many food
(such as milk products and snack food) (House et al. 2010).
In fact, functional properties of hempseed protein were
poor compared to those of soy protein isolate, which lim-
ited greatly its application in industry (Tang et al. 2006).
Therefore, it is necessary to employ modern technique to
improve its undesirable properties in order to utilize this
nutritional protein preferably.

Recently, HPI have been applied for preparation of
bioactive peptides which exerted various activities, such as
antioxidant, antihypertensive, o-glucosidase inhibitory
(Girgih et al. 2014, 2011; Ren et al. 2016; Malomo et al.
2015). Six commercial proteases, including Flavourzyme,
Protamex, Neutrase, Papain, Trypsin and Alcalase, were
widely used to activate the enzymatic reactions. Alcalase
was reported to possess the highest catalytic efficiency for
HPI among above six proteases (Ren et al. 2016). Alcalase
is known as a non-specific serine-type protease which has
been used in the production of hydrolysates from different
sources of protein (ZuZa et al. 2017). In the process of
enzymatic hydrolysis, degree of hydrolysis is a key
parameter that could affect the bioactivity of peptides.
However, proteins from plant seed are usually resistant to
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enzymatic hydrolysis due to their compact structures (Chen
et al. 2011). Therefore, unfolding of protein is necessary
step to expose more groups inside the molecules, improv-
ing the efficiency of enzymatic hydrolysis (Girgih et al.
2015). However, limited information is available con-
cerning the unfolding treatment of HPI for increasing their
accessibility to enzymatic hydrolysis.

The ultrasound has been widely used to modify protein
structure and functional properties. Several papers have
reported on the application of ultrasound treatment to
increase the enzymatic hydrolysis of proteins (Chen et al.
2011; Li et al. 2018; Yang et al. 2017). It has been sug-
gested that ultrasonic treatment could induce alterations in
tertiary or secondary structure and more hydrolysis sites
were then exposed (Giilseren et al. 2007; Giizey et al. 2006;
Xue et al. 2017). However, no research has been reported
about whether ultrasound treatment could induce the
unfolding of HPI for improving the efficiency of enzymatic
hydrolysis.

Hence, the objective of this work was to study whether
the ultrasound treatment could improve the antioxidant and
ACE inhibitory activity of hydrolysis from HPI. It was also
hoped that by measuring changes in structure of HPI, the
underpinning mechanisms of improved efficiency of
Alcalase hydrolysis for HPI can be better understood.

Materials and methods
Materials and chemicals

The hempseed flour was purchased from a local supplier
(Nanjing, China). Alcalase and Hip-His-Leu were pur-
chased from Yuanye Biotechnology (Shanghai, China).
1,8-Anilinonaphthalenesulfonate (ANS) regent and angio-
tensin converting enzyme (ACE) were purchased from
Sigma Aldrich Chemical Company (St Louis, MO, USA).
Other reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China).

Preparation of HPI

The 100 g hempseed flour was dispersed in 1200 mL
n-hexane/ethanol (10:1, v/v) for oil extraction (for 1 h at
25 °C). The 100 g defatted flour was added into 1200 mL
distilled water and the pH was adjusted to 8.0 for protein
extraction (for 2 h at 25 °C), and then centrifuged at
4000 g for 30 min. The supernatant was adjusted to 4.5 for
protein precipitation and then centrifuged at 4000 g for
30 min. The pellet was dispersed in distilled water and
neutralized to pH 7.0, and then dried using FD-2B freezing
dryer (Beijing Boyikang Experimental Instrument Co. Ltd.,
China). Protein content in the prepared HPI powder was
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89.16 + 3.01% (w/w) as determined with the biuret
method (Gornall et al. 1949).

Ultrasound or heating treatment

The 5 g HPI was dispersed in 100 mL phosphate buffer
(0.05 M, pH 7.0) with stirring at 4 °C for at least 12 h.
Ultrasound equipment (NingBo Scientz Biotechnology Co.
Ltd., China) with a 0.636 cm diameter titanium probe was
applied to treat the HPI samples. The HPI dispersions were
treated at 20 kHz at different levels of power output (200,
400 or 600 W) for 20 min. The ultrasound power and
intensity in this study were determined according to the
previous research (Jiang et al. 2014). The ultrasonic
intensity in this study was 79.40, 105.86 and
158.79 W cm ™2, respectively. The sample from ultrasound
treatment was defined as HPI treated with ultrasound.
Meanwhile, the heating treatment (90 °C for 30 min) was
used as comparison with ultrasound to induce the unfolding
of protein. The sample from heating treatment was defined
as 90 °C/30 min treated HPI. The freshly prepared HPI
were also used as control. All samples were dried using
FD-2B freezing dryer (Beijing Boyikang Experimental
Instrument Co. Ltd., China) and stored at 4 °C for further
study.

Enzymatic hydrolysis of HPI

The 100 mL slurries of freshly prepared HPI, 90 °C/
30 min treated HPI or HPI treated with ultrasound were
adjusted to pH 9.0 and heated to 50 °C before addition of
Alcalase (0.4 g kg™', protein content basis). After 5 h of
hydrolysis, the sample was immersed in water (100 °C) for
15 min to inactivate the Alcalase, cooled to 25 °C and
adjusted to pH 4.5 for precipitation of unhydrolyzed pro-
tein by centrifugation (4000 x g for 30 min). The collec-
tion of supernatant was adjusted to pH 7.0 and freeze-dried
for further study.

Determination of the degree of hydrolysis (DH)

The DH was estimated according to the 2,4,6-trinitroben-
zenesulfonic acid (TNBS) methods described by previous
study (Adler-Nissen 1979) with modifications. The 5 mg
hydrolysates from freshly prepared HPI, 90 °C/30 min
treated HPI or HPI treated with ultrasound were added into
100 mL phosphate buffer (0.2 M, pH 8.2). The 1 mL
hydrolysates buffer was mixed with 1 mL TNBS to start
the reaction. After incubation, 1 mL sodium sulfite (0.1 M)
was added to stop the reaction and the absorbance values
were measured using Spark 10 M microplate spectropho-
tometer (Tecan, Switzerland). The leucine was used as
standard.
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Gel filtration high-performance liquid
chromatography (GP-HPLC)

Molecular mass distribution (MWD) was determined
according to the method of Nongonierma et al.(Nongo-
nierma and Fitzgerald 2012) with modifications. The
0.01 g/kg freshly prepared HPI, hydrolysates from freshly
prepared HPI, hydrolysates from 90 °C/30 min treated HPI
or hydrolysates from HPI treated with ultrasound were
suspended in mobile phase. The TSK G3000 SW column
(Stuttgart, Germany) was used for separation on a HPLC
(Waters, USA). The 45% (v/v) acetonitrile containing 0.1%
(v/v) trifluoroacetic acid was used as mobile phase. The
standards of cytochrome C, trasylol, ovalbumin, glu-
tathione, Vitamin B,, cytidine, Asp-Glu and Tyr were
used to draw the standard curve.

Antioxidant properties of HPI hydrolysate

The scavenging activity of DPPH were determined by the
method of Liu et al. (2009) with modifications. The 0.3 mL
hydrolysates from freshly prepared HPI, 90 °C/30 min
treated HPI, HPI treated with ultrasound or glutathione
solution was mixed with 2.7 mL DPPH (0.10 mM) to give
final protein concentration of 1 mg/mL. After incubation,
the absorbance values of 200 pL samples were measured
using Spark 10 M microplate spectrophotometer (Tecan,
Switzerland).

The scavenging activity of ABTS were determined by
the method of Yikling et al. (2009) with modifications. The
0.3 mL hydrolysates from freshly prepared HPI, 90 °C/
30 min treated HPI, HPI treated with ultrasound or glu-
tathione solution was mixed with 2.7 mL ABTS (7 mM) to
give final protein concentration of 1 mg/mL. After incu-
bation, the absorbance values of 200 puL samples were
measured using Spark 10 M microplate spectrophotometer
(Tecan, Switzerland).

The scavenging activity of hydroxyl radical were
determined by the method of Kuda and Ikemori (2009)
with modifications. The 3.0 mL sodium phosphate buffer
(0.2 M, pH 7.4, containing 2 mM 1,10-phenanthroline and
2 mM FeSO,) and 1.0 mL H,O, (0.001 gkg™") were
prepared. Thereafter, the 1 mL hydrolysates from freshly
prepared HPI, 90 °C/30 min treated HPI, HPI treated with
ultrasound or glutathione solution was added to give final
protein concentration of 1 mg/mL. After incubation, the
absorbance values of 200 pL samples were measured using
Spark 10 M  microplate spectrophotometer (Tecan,
Switzerland).

The reducing power were determined by the method of
Escudero et al. (2013) with modifications. The 0.5 mL of
hydrolysates from freshly prepared HPI, 90 °C/30 min
treated HPI, HPI treated with ultrasound or glutathione

solution was mixed with 2.0 mL of 0.2 M sodium phos-
phate buffer (0.2 M, pH 6.6, containing 0.05 g kg™
potassium ferricyanide). After incubation, 2.5 mL tri-
chloroacetic acid (1 g kg™ ') was added to give final protein
concentration of 1 mg/mL and the absorbance values were
measured using Spark 10 M microplate spectrophotometer
(Tecan, Switzerland).

The metal ions chelating activity were determined by
the method of Decker and Welch (1990) with modifica-
tions. The 1 mL of hydrolysates from freshly prepared HPI,
90 °C/30 min treated HPI, HPI treated with ultrasound or
glutathione solution was mixed with 0.05 mL iron
dichloride solution (2 mM) and 1.85 mL deionized water.
Thereafter, 0.1 mL ferrozine solution (5 mM) were added
to give final protein concentration of 1 mg/mL and the
absorbance values were measured using Spark 10 M
microplate spectrophotometer (Tecan, Switzerland).

Angiotensin-converting enzyme inhibitory activity
(ACEI)

ACEI was measured by the spectrophotometric assay
according to the method of Cushman and Cheung (1971)
with modifications. The hydrolysates (5 mg/mL, 50 pL)
from freshly prepared HPI, 90 °C/30 min treated HPI or
HPI treated with ultrasound were incubated with 50 pL of
ACE (0.4 U/mL) at 25 °C for 10 min. To this mixture,
200 pL of 8.3 mM Hip-His-Leu were added and incubated
at 37 °C for 30 min. After incubation, 200 uL. HCI (1 N)
was added to stop the reaction. The hippuric acid released
was extracted with 1.2 mL ethyl acetate. After removal of
ethyl acetate by heat evaporation, hippuric acid was dis-
solved in 2 mL deionized water and the absorbance values
were measured using Spark 10 M microplate spectropho-
tometer (Tecan, Switzerland).

Structure of HPI

The 0.20 mg/mL freshly prepared HPI, 90 °C/30 min
treated HPI or HPI treated with ultrasound in phosphate
buffer (10 mM, pH 7.0) were used to obtain spectra by
Mos-450 CD spectropolarimeter (Biologic, Claix, France)
for secondary structure analyze (Feng et al. 2017).

The freshly prepared HPI, 90 °C/30 min treated HPI or
HPI treated with ultrasound were dispersed into phosphate
buffer (10 mM, pH 7.0) to give the final concentration of
0.05-2.00 mg/mL. The 20 pL. ANS (8.0 mM) was added
into to 4 mL protein buffer and fluorescence intensity was
measured at 390 nm (excitation) and 470 nm (emission)
using a Hitachi F-7000 fluorescence spectrophotometer
(Tokyo, Japan). The surface hydrophobicity was calculated
according to our previous study (Feng et al. 2017).
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The 0.15 mg/mL freshly prepared HPI, 90 °C/30 min
treated HPI or HPI treated with ultrasound in phosphate
buffer (10 mM, pH 7.0) was used to obtain fluorescence
emission spectroscopy by using Hitachi F-7000 fluores-
cence spectrophotometer (Tokyo, Japan).

The microstructure of the freeze-dried freshly prepared
HPI, 90 °C/30 min treated HPI or HPI treated with ultra-
sound was observed with a SEM (Hitachi S3400, Japan) at
an accelerating voltage of 20 kV.

Sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) was carried out on a Bio-rad
Mini-Protein Tetra Electrophoresis System (Hercules,
USA) with a 12% separating gel and a 5% stacking gel.
The protein content of freshly prepared HPI, 90 °C/30 min
treated HPI or HPI treated with ultrasound was 2 mg/mL.
After electrophoresis, gels were stained for protein with
Coomassie R250 dye and analyzed by Bio-rad GelDoc XR
System (Hercules, USA).

Statistical analysis

All the experiments were performed in triplicate and the
data obtained were analyzed by one-way analysis of vari-
ance (One-Way ANOVA) using SPSS for Windows ver-
sion 17.0 (SPSS Inc., Chicago, IL, USA). Values are
expressed as mean £ SD. Duncan’s multiple range test
was used to identify significant differences (p < 0.05)
between means.

Results and discussion
DH of hydrolysates

The effects of ultrasound or heating treatment on DH of
hydrolysates are shown in Fig. la. As compared with
freshly prepared HPI, the hydrolysates from both 90 °C/
30 min treated HPI and HPI treated with ultrasound
exhibited higher degree of hydrolysis. This finding indi-
cated that both heating and ultrasound treatment could
increase the accessibility of HPI to the Alcalase. However,
HPI treated with ultrasound at low-power (200 W) showed
higher degree of hydrolysis than those of high-power
treated samples. This could be an indication that HPI
treated with ultrasound at higher power could decrease the
supporting of groups and regions for the process of enzy-
matic hydrolysis.

MWD of hydrolysates
The effects of ultrasound or heating treatment on MWD of

hydrolysates are shown in Fig. Ib. As compared with
freshly prepared HPI, the hydrolysates from both 90 °C/

@ Springer

30 min treated HPI and HPI treated with ultrasound pos-
sessed higher proportion of lower molecular mass
(1.0-3.0 kDa) components. However, HPI treated with
ultrasound at low-power (200 W) showed higher degree of
hydrolysis than those of high-power treated samples. This
result is consistent with the finding in DH (Sect. 3.1).

Antioxidant properties of hydrolysates

As shown in Fig. 2a—e, the antioxidant properties of
hydrolysates from HPI are much lower than the glutathione
at the concentration of 1 mg/mL, but higher than hydro-
lysates from pea protein isolates (Girgih et al. 2015) and
hydrolysates from Quinoa protein (Li et al. 2018) at the
similar concentration. This result indicated that HPI can be
used as sources of antioxidant peptides. As compared with
freshly prepared HPI, the hydrolysates from both 90 °C/
30 min treated HPI and HPI treated with ultrasound
showed the better antioxidant activities. However, hydro-
lysates from HPI treated with ultrasound at low-power
(200 W) showed higher radical scavenging activity,
reducing powder and metal chelating activity than those of
high-power treated samples. The better antioxidant prop-
erties might be related to the degree of hydrolysis (as
shown in Sect. 3.1) and higher proportion of lower
molecular mass components (as shown in Sect. 3.2).

ACEI of hydrolysates

It is well known that food protein-derived peptides can be
used as alternative natural sources for ACEI (Hartmann
and Meisel 2007). For example, the hydrolysates obtained
from squid pen chitosan extraction effluent showed the
ACETI activity (Shavandi et al. 2017). As shown in Fig. 2f,
the ACE was inhibited by HPI hydrolysate to the extent of
80-92% at the final concentration of 0.5 mg/mL in test
tube. The similar study about peanut protein hydrolysate
has also shown that the final concentration for ACEI to the
extent of 90-97% was about 0.7 mg/mL in test tube
(Jamdar et al. 2010). As compared with freshly prepared
HPI, the hydrolysates from both 90 °C/30 min treated HPI
and HPI treated with ultrasound showed higher ACEI
activity. As expected, hydrolysates from HPI treated with
ultrasound at low-power (200 W) showed better ACEI
activity than those of high-power treated samples, which is
consistent with the results of antioxidant properties
(Sect. 3.3).

Structure of HPI
The secondary structure of samples was determined using

CD spectroscopy and results were shown in Fig. 3.
According to the calculation from website (http://
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Fig. 3 Circular dichroism spectra of freshly prepared hempseed
protein isolates (HPI), 90 °C/30 min treated HPI or HPI treated with
ultrasound. HPI-HT: protein obtained by heated to and held at 90 °C
for 30 min. HPI-200/400/600: protein obtained by ultrasound at
20 kHz at different levels of power output (200 W, 400 W or 600 W)
for 20 min

dichroweb.cryst.bbk.ac.uk/html/process.shtml), both heat-
ing and ultrasound treatments could change the proportions
of a-helix, B-sheet, B-turn and random coil comparing with
freshly prepared HPI. In general, HPI treated with ultra-
sound showed increase in the proportions of o-helix,
decrease in the proportions of B-turn and random coil. This
result is inconsistent with previous studies. Li et al. (2018)
showed that ultrasound treatment decreased the proportion
of a-helix in Quinoa protein. Hu et al. (2013) also found
that ultrasound treatment decreased the a-helix in soy
protein. However, study about peanut protein showed that
ultrasound treatment could not change the secondary
structure of protein (Jiang et al. 2014). The contradictory
results are probably due to the differences in protein frac-
tions. Furthermore, HPI treated with ultrasound at low-
power (200 W) showed higher proportions of a-helix than
those of high-power treated samples. The decrease in o-
helix is probably related to the exposure of the hydrophobic
regions in protein (Sun et al. 2013). Therefore, the surface
hydrophobicity of HPI was further analyzed.

As shown in Fig. 4a, both heating and ultrasound
treatment could increase the surface hydrophobicity as
compared with freshly prepared HPI, which indicated that
both treatments could induce the exposure of hydrophobic
groups initially buried in the interior of protein. This
finding is consistent with previous studies about soy, pea-
nut and Quinoa protein (Hu et al. 2013; Jiang et al. 2014;
Li et al. 2018). Furthermore, HPI treated with ultrasound at
higher-power (600 W) showed lower values of surface
hydrophobicity than those of lower-power treated samples.
The exposure of hydrophobic groups might result in the
change in tertiary structure of protein. Therefore, the

@ Springer

intrinsic fluorescence emission spectra of HPI were further
investigated.

As shown in Fig. 4b, both heating and ultrasound
treatment could decrease the relative fluorescence intensity
(Amax) as compared with freshly prepared HPI, which
indicated that both treatments could induce the unfolding
of protein, then caused the more chromophores exposed to
the solvent (Pallares et al. 2004). Furthermore, the values
of Amax decreased as ultrasound power decreased, which
indicated that HPI treated with ultrasound at higher-power
might result in aggregates. The aggregates were probably
due to the increase of surface hydrophobicity (Fig. 4a).

The microstructures of freshly prepared HPI, 90 °C/
30 min treated HPI or HPI treated with ultrasound were
shown in Fig. 5. The freshly prepared HPI showed the very
tight structure and smooth surface. After the heating or
ultrasound treatment, the samples showed more disordered
structures and irregular fragments. This result is consistent
with previous study about jackfruit seed protein isolate in
which ultrasound treatment disrupted the microstructure of
protein (Resendiz-Vazquez et al. 2017). Furthermore, the
aggregates were observed in 90 °C/30 min treated HPI or
HPI treated with ultrasound at higher-power (600 W),
which is consistent with the results of surface hydropho-
bicity and relative fluorescence intensity (Fig. 4).

As shown in Fig. 6, comparing freshly prepared HPI,
HPI treated with ultrasound did not show any changes in
protein electrophoretic patterns. This finding is consistent
with previous study in which ultrasound treatment only
caused physical modifications of the protein macroscopi-
cally, while the native protein themselves remained
unchanged (Zisu et al. 2011). In contrast, Resendiz-Vaz-
quez et al. (2017) observed that ultrasound treatment
changed the primary structure of jackfruit seed protein. The
inconsistent results indicated that effects of shear stress and
turbulence of ultrasound on molecular structure of the
protein are probably related to the type of protein. Fur-
thermore, no aggregation was observed in SDS-PAGE,
which indicated that formation of aggregates observed in
SEM (Fig. 5) is a noncovalent bond. However, the new
band about 43 kDa was observed in high temperature
treated HPI, which suggested that aggregates observed in
SEM is covalent bond.

Supposed mechanism for the effect of heating
or ultrasound treatment with different power output
on antioxidant and ACEI activities of hydrolysate

More recently, proteins from hempseed are recognized as
an excellent alternative plant protein because it can exert a
range of functionalities, such as emulsification, gelation,
foaming properties and film formation (Hadnadev et al.
2018; Dapcevic-Hadnadev et al. 2018). Moreover,
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Fig. 5 Microstructure of freshly prepared hempseed protein isolates
(HPI), 90 °C/30 min treated HPI or HPI treated with ultrasound. HPI-
HT: protein obtained by heated to and held at 90 °C for 30 min. HPI-

bioactive peptides derived from HPI have also shown many
health effects (Ren et al. 2016). Usually, preheating is used
to induce the unfolding of protein and enhance efficiency
of enzymatic protein hydrolysis. For instance, Ren et al.
(2016) used the preheating (at 90 °C for 30 min) to treat
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protein obtained by heated to and held at 90 °C for 30 min. HPI-200/
400/600: protein obtained by ultrasound at 20 kHz at different levels
of power output (200 W, 400 W or 600 W) for 20 min

A:HPI
B:HPI-HT

C:HPI-200
D:HPI-400
E:HPI-600

200/400/600: protein obtained by ultrasound at 20 kHz at different
levels of power output (200 W, 400 W or 600 W) for 20 min

the protein before the enzymatic hydrolysis. Girgih et al.
(2015) used the preheating (30 min at 100 °C) as com-
parison with high pressure pretreatment to produce the
antioxidant peptides from pea protein. In this study, the
high-intensity ultrasound with different output power was
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Fig. 6 Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) of freshly prepared hempseed protein isolates (HPI),
90 °C/30 min treated HPI or HPI treated with ultrasound. M: marker
(kDa); 1: freshly prepared HPI; 2-4: HPI obtained by ultrasound at
20 kHz at different levels of power output (200 W, 400 W or 600 W)
for 20 min; 5: HPI obtained by heated to and held at 90 °C for 30 min

used to facilitate the release of bioactive peptides from
HPI. The results showed that the hydrolysate from HPI
treated with ultrasound have better antioxidant and ACEI
activities than those from 90 °C/30 min treated HPI. The
better antioxidant and ACEI activities might be related to
the higher degree of hydrolysis. Previous studies have
shown positive correlation between radical scavenging
activities and hydrolysis degree in both porcine collagen
hydrolysate (Li et al. 2007) and peanut protein hydrolysate
(Jamdar et al. 2010). The higher degree of hydrolysis can
also be proved by the higher proportion of lower molecular
mass components in HPI treated with ultrasound (Fig. 1b).
The higher degree of hydrolysis is probably due to the
unfolding of HPI induced by ultrasound treatment. This
result is consistent with previous study that thermal,
mechanical and chemical effects of ultrasound could
induce the unfolding of protein and provide more groups
for the process of enzymatic hydrolysis (Li et al. 2018).
The unfolding of HPI treated with ultrasound can be
proved by increase in the proportions of a-helix (Fig. 3),
increase in Hy (Fig. 4a) and decrease in fluorescence
intensity (Fig. 4b). On the other hand, the improvement in
degree of hydrolysis might be also related to the cracked
microstructure (Fig. 5) of HPI treated with ultrasound in
which protein could provide more surface area and chances
to contact with Alcalase. Moreover, the lower degree of
hydrolysis in 90 °C/30 min treated HPI is probably due to
the formation of covalent bond (Fig. 5).

Ultrasound power output was one important parameter
for its application to induce the unfolding of protein. Many
studies have focused on the effects of ultrasound treatment

@ Springer

at different levels of power output (200, 400 or 600 W) on
the structure and functional properties of soy protein (Hu
et al. 2013), jackfruit seed protein isolate (Resendiz-Vaz-
quez et al. 2017), Quinoa protein (Li et al. 2018) and plum
seed protein (Xue et al. 2018). The results showed that
effects of ultrasound power output on unfolding of protein
are related to the type of protein. Previous study showed
that hydrolysate from Quinoa protein treated with ultra-
sound at 400 W possessed higher degree of hydrolysis than
200 W or 400 W (Li et al. 2018). Resendiz-Vazquez et al.
(2017) reported that jackfruit seed protein treated with
ultrasound at 200 W and 600 W showed higher degree of
hydrolysis than those from 400 W. These results are
inconsistent with our findings in which the sample from
HPI treated with ultrasound at 200 W showed higher
degree of hydrolysis and degree of hydrolysis decreased
with further increase of power output. The inconsistent
results might be due to different protein fractions being
used. The decrease of hydrolysis degree in HPI treated with
ultrasound at higher-power (400 W or 600 W) might be
related to the formation of aggregates which is probably
due to the exposure of hydrophobic groups (as shown in
Fig. 4) and free SH groups (Hu et al. 2013). On the other
hand, attenuation of ultrasound occurs at high ultrasonic
power (Sutkar and Gogate 2009), which might decrease
shear stress and turbulence effects in protein solution. In
order to study this mechanism, further study should be
focus on the pure protein or protein subunits and more
parameters, such as different frequencies, working modes
and time. Moreover, it has been proved that ultrasound
field in liquids can produce reactive radicals via a cascade
effect of the cavitation (Misra et al. 2018). However, little
work has been undertaken for analysis of effects of free
radicals produced by ultrasound on the structure and
functional properties of protein.

Conclusion

In summary, this study found that both heating and ultra-
sound treatment could improve the antioxidant and ACEI
activity of HPI hydrolysates as compared with freshly
prepared HPI. Ultrasound power could significantly affect
the enzymatic hydrolysis of HPI and hydrolysates from
HPI treated with ultrasound at low-power (200 W) showed
higher activities than those of high-power treated or 90 °C/
30 min treated samples. The molecular mechanism of
ultrasound treatment includes the changes in secondary/
tertiary structure and microstructure of HPI and then
enhances the accessibility of HPI to Alcalase.
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