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Abstract: Hempseed protein has become a promising candidate as a future alternative protein source
due to its high nutritional value. In the current study, hempseed protein isolate (HPI) was obtained
using ultrasonic-assisted extraction with the aim to improve the functionality of HPI via protein
structure modification. The solubility of HPI could be improved twofold under 20 kHz ultrasound
processing compared to conventional alkaline extraction-isoelectric point precipitation. The protein
solubility was gradually enhanced as the ultrasonic power improved, whereas excessive ultrasound
intensity would cause a decline in protein solubility. Ultrasonic processing was found to have
beneficial effects on the other functionalities of the extracted HPI, such as emulsifying and foaming
properties. This improvement can be ascribed to the physical effects of acoustic cavitation that
changed the secondary and tertiary structures of the protein to enhance surface hydrophobicity
and decrease the particle size of the extracted protein aggregates. In addition, more available thiols
were observed in US-treated samples, which could be another reason for improved functionality.
However, the results of this study also revealed that prolonged high-power ultrasound exposure
may eventually have a detrimental impact on HPI functional properties due to protein aggregation.
Overall, this study suggests that high intensity ultrasound can enhance the functionality of HPI,
which may ultimately improve its value in HPI-based food products.

Keywords: ultrasound; hempseed protein isolates; free sulfhydryl content; protein structure
modification; functionality

1. Introduction

The increasing global population requires new and sustainable sources of dietary
protein that can help address the insufficiency of conventional protein sources. Hempseed
has always been regarded as a by-product from industrial oil and fiber extraction. However,
whether it has potential to provide high-quality edible oil and dietary protein for the food
industry remains underdeveloped [1]. Among all hempseed-based products, hempseed
protein is attracting attention due to its beneficial amino acid composition and excellent
digestibility [2,3]. Edestin is the major storage protein of hempseed protein composition,
which consists of two types, CsEdel and CsEde2 [4]. CsEde2, especially, exhibited abun-
dant cysteine (1.07%) residue, which contains high sulfhydryl content. The current HPI
extraction protocol conditions include a high pH (9-12), high temperature (32-80 °C),
and long extraction time (14 h) to achieve viable protein yields [5-8]. However, these
conditions also provide an excellent environment for thiol deprotonation followed by
intermolecular disulfide bond formation in the HPI product. To the best of our knowledge,
no literature has reported the dominance of thiol content to protein functionality in the
hempseed system.
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To improve the functionality of HPI, various structural modification methods have
been conducted, such as heating [8], succinylation [9], and pH-shifting [10]. However,
all of these approaches are not suitable for food processing, due to the addition of toxic
chemicals, nutrition loss, and less sensory acceptance. Moreover, most of the previous
studies still focused on the macro mixing scale (magnetic stirring) for hempseed protein
extraction. There is still a lack of literature on the micro mixing scale in the hempseed
extraction system. Therefore, it is preferable to find a novel practical technique to enhance
the functionality of HPI in order to broaden its usefulness.

The impact of high-intensity ultrasound (HIU) on plant protein extraction has been
widely investigated for decades [11]. HIU can generate a series of physical effects via
acoustic cavitation, such as high shear force, micro-jets, turbulent flow, and high temper-
ature and pressure in localized areas. Many researchers have studied HIU (ultrasound
intensity >1 W/cm?) under various frequencies (20-100 kHz) to improve the protein ex-
traction process [12,13]. In general, low frequency ultrasound (20 kHz) is found to be useful
in food processing due to the generation of strong physical forces. Ultrasound has been
reported to be an effective technique in protein aggregation prevention. Zisu et al. [14]
reported that ultrasound could significantly hinder the extent of protein aggregation in the
whey protein system, as indicated by the increase in the clarity of WPC solutions. Moreover,
Mohapatra et al. [15] discovered that ultrasound is able to control polymer chain growth
and yield a narrower PDI in US-induced polymerization. On the other hand, recent studies
have demonstrated that HIU can also improve plant protein solubility and functional
properties by causing protein structure changes [16,17]. Hu et al. [18] discovered that the
application of excessive US power might result in protein aggregation in the soy protein sys-
tem. In another investigation, Jiang et al. [19] also reported that longer sonication time and
excessive US power resulted in poor protein solubility in black bean protein isolate system.
However, there is a limited number of investigations regarding the effect of ultrasound in
HPI systems. Karabulut et al. [20] investigated the optimization of ultrasound conditions
on the protein extraction yield and its functionality. In another investigation, Liu et al. [21]
studied the effect of various ultrasound conditions on improving physical properties. None
of them have considered the impact of disulfide bond formation during the extraction in
the HPI system. According to the literature, the reduced functionality most likely occurs
at the alkaline extraction step. Despite this, the feasibility of ultrasound-assisted alkaline
extraction has not been studied yet. Therefore, hempseed contains unique proteins, and
there is still a lack of systematic investigation regarding the connection of thiol chemical
reactivity to its functionality.

Therefore, this study aims to systematically analyze different ultrasound-assisted
extraction parameters on hempseed protein molecular property changes during and after
alkaline extraction. To achieve a good balance between protein yield and protein function-
ality, suitable ultrasound parameters were first determined by preliminary tests. Then, the
functionality of US-modified HPI products was compared to that of HPI obtained based
using the conventional AE-IEP method. Ultimately, the mechanism of ultrasound-assisted
hempseed protein extraction is proposed, which is completely missing in the literature.
This study may provide new insights into a fundamental understanding of the effect of
ultrasound on the extraction yield and properties of HPL

2. Materials and Methods
2.1. Materials

Non-dehulled commercial hempseed powder (supplied by Maxarham) was utilized
as the hempseed protein source in this study. All the chemicals and reagents were of
analytical grade purchased from Sigma-Aldrich and stored at room temperature (24 °C)
until use. Criterion™ Precast Midi PAGE Gels were obtained from Bio-Rad (Bio-Rad
Technologies, Gladesville, Australia) and stored at 4 °C until use. Protein assay dye reagent
concentrate (Catalog#500-0006) was obtained from Bio-Rad. Canola oil was purchased
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from Woolworths, Australia. Mille-Q water (Millipore Australia Pty Ltd., NSW, Australia)
was used in all experiments with a typical resistivity of 18.2 M()-cm at 24 °C.

2.2. Preparation of HPI Based on AE-IEP and Ultrasonic-Assisted Extraction

HPI was prepared based on Hadnadev’s method, with a slight modification [22].
A mass of 250 g hempseed powder was first dispersed in 500 mL of hexane at room
temperature for 16 h to remove the excessive lipids and eliminate the impact of the lipids
in the protein characterization. Then, the dispersion was centrifuged at 4383 x g (Megafuge
8, Thermo Fisher Scientific Inc., Waltham, MA, USA) for 10 min to remove the solvent.
The pellet was then re-dispersed in hexane for another defatting cycle, and this process
was repeated at least two times until the supernatant was colorless. Then, the pellet
was collected and placed in an oven (set at 60 °C) overnight to ensure the hexane was
entirely removed. The defatted hempseed powder was mixed with distilled water with
a weight/volume ratio = 1:15, and the pH was adjusted to 10.0 using 1 M NaOH. The
extraction process was conducted at 37 °C and stirred using a magnetic stirrer for 2 h. The
dispersions were then centrifuged at 4383 x g for 20 min. The bottom layer was discarded,
the supernatant was collected and vacuum-filtered, and the filtrate was subjected to acidic
precipitation at pH = 4.5 with 1 M HCl. The suspension was centrifuged at 4383 x g for
20 min, and the precipitate was collected and washed using distilled water for at least four
cycles to remove excess salt. The de-salting precipitate was then re-dispersed in deionized
water, and the pH was adjusted to 7.0 using 1 M NaOH and lyophilized for 72 h to obtain
the HPI powder.

For HPI obtained via ultrasound-assisted extraction, only the alkaline extraction step
was slightly modified. The defatted hempseed powder was mixed with distilled water
with a weight/volume ratio = 1:15, and the pH was adjusted to 10.0 using 1 M NaOH.
Afterwards, the dispersions were subjected to ultrasonic treatment using a high-intensity
ultrasound horn (20 kHz, Branson 450 digital sonifier, Marshall Scientific Inc., Hampton,
NH, USA) with 0.6 cm diameter. The bottom of the horn was placed at the center of the
suspensions for equal distribution of power. An ice bath was used during the ultrasound
to avoid overheating the protein.

2.3. Mechanistic Investigation on US-Assisted Hempseed Extraction

For mechanistic study purposes, the extracts were collected in centrifuge tubes at 1,
3, 5,7, and 10-min during US-assisted extraction (under 11.2, 26.8, and 50.0 W/ cm?). The
solutions were centrifuged at 4383 x g for 20 min (Megafuge 8, Thermo Fisher Scientific
Inc., Waltham, MA, USA). The fresh supernatant was carefully collected for further char-
acterization (the determination of protein concentration and free -SH content). This work
was aimed at monitoring the hempseed protein extraction kinetic, which could auxiliary
prove our proposed mechanism.

2.4. Ultrasound Calorimetry Power and Intensity Determination

Calorimetric investigations were conducted by sonicating 100 mL of water for specified
time intervals and recording the temperature changes. Acoustic power and energy intensity
were then calculated based on Equations (1) and (2) [23]:

P =mxCp* (dT/dt) @

I, =P/aA (2

where P (W) is the ultrasonic calorimetric power, m is the mass of sonicated water (m = 0.1 kg),
Cp represents the specific heat capacity of the sonicated medium (C, of water = 4.2 x 10°
J/kg-K), and dT/dt represents the slope of temperature increase versus specific time intervals.
I, represents ultrasound power intensity (W/ cm?), and A is the surface area (cm?) of the
ultrasound horn.
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2.5. Determination of Protein Concentration (Protein Assay)

In this study, the protein concentration was determined using a BCA protein assay kit
(Bio-Rad Technologies, Gladesville, Australia) [24]. Briefly, 10 uL of protein samples were
injected into separate microtiter plate wells (96 wells). Then, 200 pL of diluted dye (1:4
dilution) was injected into each well. The sample and assay dye were thoroughly mixed
using a microplate mixer (Spectro star Nano, BMG Labtech, Australia) for 5 min. The
absorbance was read at 595 nm using an absorbance microplate reader (Spectro star Nano,
BMG Labtech, Australia). A standard curve was first established by the bovine serum
albumin (BSA) standard, and the unknown protein concentration could be subsequently
calculated from the regression equation. At least three replicates were conducted for each
measured sample. BCA assay could provide the protein yield changes during the extraction.
Furthermore, all the experiments conducted in this work were standardized to the same
initial protein concentration based on the current assay.

2.6. Determination of Free -SH Group Content

The free -SH group content of the soluble protein samples was determined using
5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) based on the DTNB assay method reported
by Beveridge et al. [25] with slight modification. The free -SH content is crucial in the
current research. Owing to the intermolecular SS bond formation might occur during
the extraction, which could consume the available free sulfhydryl content. Hence, the
DTNB-detectable sulthydryl content changes could indirectly reflect the extent of disulfide
bond formation. The protein samples were dispersed in Tris-Gly standard buffer solution
(86 mM Tris, 90 mM glycine, and 4 mM EDTA, pH 8.0). The mixtures were centrifuged
at 4383 x g for 20 min, and the supernatants were first collected for protein concentration
determination. Afterwards, the supernatants were diluted using Tris-Gly buffer, aiming to
have 0.2% protein concentration (2 mg/mL). For free -SH determination, 40 uL of DTNB
(4 mg/mL) solution was added into a 4 mL aliquot of the protein supernatant. The mixture
was shaken and incubated at 24 °C for 15 min and subjected to spectrometric analysis (Cary
3E UV-vis spectrophotometer, Varian, Australia). The absorbance was read at 412 nm, and
Tris-Gly buffer was used as a reagent blank. The free -SH content in the soluble fraction of
protein can be calculated as Equation (3) [26]:

10° x A x D

1.36 x 104 x ¢ )

SH (umol/ g soluble protein) =
where A is the absorbance, D represents the dilution factor, 1.36 x 10* M~ lem~1 is the
molar extinction coefficient, and c is the initial protein concentration (2 mg/mL) used in
this study.

2.7. Amino Acid Composition (HPLC)

It has been reported that ultrasound may affect the primary structure of proteins by
oxidizing the amino acid residues. Therefore, the effect of ultrasound on the amino acid
composition of HPI was investigated following the method reported by Wu et al. [27].
Briefly, untreated or sonicated HPI solution (2 mg/mL) was mixed with 6 M HCl at a ratio
of 1:1 (v:v) and was then transferred into a 1 mL Thermo Scientific™ vacuum hydrolysis
tube (Thermo Fisher Scientific Inc., Waltham, MA, USA). Next, the tube was slowly sealed
at a vacuum pressure of 0.8 bar using a vacuum pump. The sealed tube was placed into a
metal block and heated at 110 °C for 20 h to hydrolyze the HPI into amino acids. Finally,
hydrolyzed samples were filtered with a 0.45 um filter and stored at 4 °C before analysis.

An Agilent HPLC system (1260 Infinity II, Agilent Technologies Pty Ltd., Santa Clara,
CA, USA) coupled with a fluorescence detector (FLD) was applied to quantify the amino
acids. The stationary phase consists of an Agilent RP Poroshell C-18 column (100 x 4.6 mm,
2.7 um), and the mobile phase was composed of phase A and phase B. Mobile phase
A contained 10 mM Nap;HPOy, 10 mM NayB4O7 and 5 mM NaN3 with pH 8.2. Mobile
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phase B contained HPLC-grade acetonitrile, HPLC-grade methanol, and deionized water
at a ratio of 45:45:10 (v:v:v). The gradient program was set as follows: 0-0.35 min, 2% B;
0.35-13.4 min, 57% B; 13.4-13.5 min, 100% B; 13.5-15.7 min, 100% B; 15.7-15.8 min, 2% B;
15.8-18 min, 2% B. The excitation and emission wavelength were set at 230 nm and 460 nm,
respectively. The column temperature was 40 °C, and the flow rate was 1.5 mL/min. To
acquire the spectra of primary amino acids, the online derivatization of amino acids was
performed. A total of 0.4 mL of H3PO4 was added into 100 mL of mobile phase A as
the injection diluent, and other reagents (borate buffer, OPA and FMOC) were all bought
from Agilent Technologies Pty Ltd. The injection program is summarized in Table 1. The
concentration of each amino acid was calculated based on the calibration curves of amino
acid standards and expressed as mM.

Table 1. The injection program for online derivatization of amino acids.

Function Amount (uL) Reagent
Draw 2.5 Borate buffer
Draw 1.0 Sample

Mix 3.5 -
Draw 0.5 OPA
Mix 4.0 -
Draw 0.4 FMOC
Mix 4.4 -
Draw 32.0 Injection diluent
Mix 20.0 -
Inject 2.0 -

2.8. Circular Dichroism (CD)

Ultrasound can affect the secondary structure of proteins to change their physico-
chemical properties and functionality [28]. Therefore, the secondary structures (x-helix,
[-sheet, 3-turn, and random coil) of untreated and sonicated HPI were measured with a
CD spectrometer (Chirascan plus, Applied photophysics, Skipton, UK). HPI solution was
diluted with deionized water to 0.1 mg/mL. Then, it was transferred into a quartz cell
with a 1-mm path length. The wavelength was scanned from 260 nm to 190 nm with a
bandwidth of 1 nm, and each spectrogram was an average of three spectra accumulations.
The secondary structure was analyzed by the CD tool software.

2.9. Intrinsic Fluorescence Emission

Emission fluorescence spectroscopy was used to identify microenvironment changes
of tyrosine (Tyr) and tryptophan (Trp) residues, which are related to HPI tertiary struc-
ture [29]. Original and sonicated HPI solutions were diluted with deionized water to reach
a concentration of 0.1 mg/mL, and all spectra were obtained using an Agilent Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies Pty Ltd., Santa Clara, CA, USA). In
brief, 3 mL of diluted HPI solution was added to a quartz cuvette with a 1 cm path length.
The excitation wavelength was set at 280 nm, and the emission wavelength was measured
from 290 nm to 450 nm. The slit widths of emission and excitation were both 5 nm, and
the photomultiplier tube (PTM) voltage was set to ‘medium’ for all measurements. The
measurements were performed in duplicate.

2.10. Identification of Protein Subunits (SDS-PAGE)

Reducing and non-reducing SDS-PAGE can be used to identify the change in the
molecular weight of HPI and the formation of intermolecular disulfide bonds [30]. Differ-
ent sample buffer solutions were prepared first. For non-reducing SDS-PAGE, Laemmli
sample buffer (Bio-Rad Laboratories Pty., Ltd., South Granville, Australia) was applied
directly to disrupt the quaternary, tertiary, and secondary structure and maintain covalent
and disulfide bonds. For reducing SDS-PAGE, 50 puL of 3-mercaptoethanol was added into
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950 pL of Laemmli sample buffer solution as the sample buffer to break all intramolecu-
lar and intermolecular disulfide bonds. In this study, the non-reducing SDS-PAGE was
our main focus, as it can reflect the extent of protein oligomer formation. In addition,
the result could provide support to our proposed mechanism. Subsequently, untreated
or sonicated HPI solutions of 2 mg/mL were diluted with non-reducing sample buffer
(Laemmli sample buffer) or reducing sample buffer (the mixture of Laemmli sample buffer
and (-mercaptoethanol) at a ratio of 1:1 (v:v). Then, diluted samples were heated at 90 °C
for 5 min to linearize protein structures following a cooling at room temperature. Tris/SDS
running buffer (Bio-Rad Laboratories Pty., Ltd., South Granville, Australia) was diluted
with deionized water at a ratio of 1:9 (v:v). The integrated upper buffer chamber and lower
buffer tank were filled with approximately 60 mL and 400 mL of diluted running buffer.
Afterwards, 30 uL of cooled samples and protein standard (Bio-Rad Laboratories Pty., Ltd.,
Australia) were added into different gel lanes. The gel was run at a constant voltage of
200 V for 40 min and then washed with deionized water. A Bio-Safe™ Coomassie Stain
(Bio-Rad Laboratories Pty., Ltd., Australia) was applied to stain the gel for 1 h with gentle
shaking, after which the gel was de-stained with deionized water to image using a Gel
Doc™ XR (Bio-Rad Laboratories Pty., Ltd., Australia).

2.11. Surface Hydrophobicity (Hy)

Protein surface hydrophobicity was determined using 1-anilinonaphthalene-8-sulfonate
(ANS) as a fluorometric probe [31]. The HPI solutions were diluted with PBS buffer (20 mM,
pH 7.0) to have at least four different concentrations between 0.05~0.5 mg/mL. Afterwards,
20 uL of ANS (8 mM) was added to 4 mL protein solutions. The protein solutions were agi-
tated and incubated at room temperature in the dark for 10 min. The fluorescence intensity
was recorded using an excitation wavelength of 390 nm and the emission wavelength of
470 nm with a fluorescence spectrophotometer (Agilent Technologies, Inc., Santa Clara, CA,
USA). The slit widths of emission and excitation were both 5 nm, and the photomultiplier
tube (PTM) voltage was set to ‘medium’ for all measurements. The surface hydrophobicity
was calculated as the slope of the linear regression equation (fluorescence intensity as a
function of protein concentration).

2.12. Protein Percentage Solubility

The percentage protein solubility of HPI samples was determined according to the
method described by Malomo et al. [32] with some modifications. Briefly, 20 mg of HPI
powder was dissolved in 10 mL phosphate-buffered saline (PBS buffer, 20 mM) at a pH
5.0 (HPI isoelectric point), 7.0 (neutral pH), and 14.0 (considered as a fully dissolved
pH point). The mixtures were subjected to orbital shaking at 24 °C overnight, followed
by centrifugation at 4383 g for 10 min. The supernatant was collected and used to
determine the protein concentration by the same BCA assay shown in Section 2.4. Hence,
the percentage protein solubility (PS (%)) was calculated using Equation (4):

PS (%) =

x 100 4
where C, represents the concentration of the soluble fraction in HPI at pH value n (n = 5.0,
7.0), and C stands for the concentration of the soluble fraction in HPI at pH value at pH 14.

2.13. Protein Emulsifying Properties

The emulsifying ability index (EAI) and the emulsifying stability index (ESI) were
determined based on the methods described by Guo et al. [33] with minor modifications.

Firstly, emulsions were formulated at a standardized protein concentration (0.25 wt%,
pH 7.0) with 5 wt% canola oils as the dispersed phase. The aqueous and oil phases were
homogenized in a plastic container with a total volume of 18.76 mL and mixed using an
Ultra-Turrax (IKA-WERKE, T25 Basic) high-shear mixer at 13,500 rpm for 5 min. After
mixing, a fixed volume of 20 uL of the emulsion was taken from the tube bottom and
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immediately diluted with 5 mL SDS solution (0.1 wt%). Subsequently, the absorbance
of the emulsion was read at 500 nm using a UV-Vis spectrometer (Cary 50 bio UV-Vis,
Agilent, Mulgrave, Australia). ESI was determined by examining the sample absorbance
after 10 min. The EAI and ESI were calculated using Equations (5) and (6):

2 %2303 x DF x A
2 _ 0
EAI(m/g)_cxlx(l—Q)x104 ©)
A
ESI (min):AO_iOAlet (6)

where DF stands for the dilution factor, ¢ denotes the initial protein concentration (g/mL), |
is the optical path (I = 0.01 m) and @ represents the emulsion’s oil proportion (v/v), and Ag
and Aj are the emulsion absorbance at 0 and 10 min.

2.14. Particle Size and Microstructure

A light scattering instrument (Mastersizer 3000, Malvern, UK) was used to measure

nir?
g nir?
and droplet radius) [34]. The particle size of HPI could reflect the protein aggregation
difference in the ultrasound-assisted and control samples. Moreover, the emulsion droplet
size difference could reflect the emulsifying ability in different samples. The HPI samples
were first transferred into 5 mL distilled water, aimed to have a 1.0 wt% initial concentration.
Subsequently, a suitable number of drops from HPI suspensions were dripped into the
measurement beaker of the device. The droplet size was measured using laser diffraction
analysis, and the droplet size and size distribution were determined by the Malvern
Mastersizer software.

An optical microscope was used to further support our findings relating to the emul-
sifying properties. Emulsion microstructure was recorded using an optical microscope
(Olympus Model IX7, Melbourne, Australia) to ensure emulsion homogeneity. For the
measurement, 10 pL of the emulsions was loaded on the microscope slide, and the images
were captured using an inverted 60X objective lens (Olympus, UPlanFL, Tokyo, Japan).
The images were taken for each emulsion sample from three individual experiments.

the volume-weight mean size Dy3 (D3 = ), where n; and r; are the droplet number

2.15. Foaming Properties

Foaming capacity (FC) and stability (FS) properties were determined based on the
method reported by Li et al. [35] with some modifications. For foam formation, 20 mL
of HPI protein solutions (2.0 wt%) diluted using distilled water were homogenized at
13,500 rpm for 2 min using an Ultra-Turrax (IKA-WERKE, T25 Basic) high-shear mixer.
The suspensions were immediately transferred into a 100 mL measuring cylinder, and the
total volume was recorded as Vy. The mixtures were allowed to stand for 20 min at room
temperature, and the volume was recorded again (V) to determine the protein foaming
stability. Then, the FC and FS were calculated by Equations (7) and (8):

FC (%) = Mo=V1) 199 @)
I
FS (%) = M % 100 ®)
0— VI

where V) is the total volume after homogenization at 0 min, Vg represents the total volume
after keeping at room temperature for 20 min, and V| stands for the initial volume of the
suspension (V=20 mL).

2.16. Water Holding Capacity and Oil Holding Capacity

Water (WHC) and oil holding capacity (OHC) were determined according to the
method described by Stone et al. [36] with minor modifications. HPI (1.0 g) was suspended
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with either deionized water (10.0 g, pH 6.8) or canola oil (10.0 g) in a 50 mL centrifuge
tube. The tubes were completely vortexed by a shaking table and incubated at 24 °C for
30 min. Afterwards, samples were centrifuged at 4383 x g for 20 min. The supernatant was
cautiously decanted, and the tube was inverted for another 30 min to drain the remaining
supernatant. Subsequently, the pellet was weighed for WHC and OHC calculation. WHC
and OHC were determined by Equations (9) and (10):

WHC (%) = ’”WT_I’”I % 100 )

OHC (%) = “0—"1 x 100 (10)
mp
where 1, stands for the total weight of the tube after HPI absorbed the water, m, represents
the total weight of the tube after HPI absorbed the oil, and 1 is the initial weight of the
tube content (the mass of the tube plus the initial weight of HPI).

2.17. Statistical Analysis

All experiments were repeated three times, and measurements were performed on the
triplicate samples. Data were expressed as mean =+ standard derivations and analyzed by
analysis of variance (ANOVA). The significance of the differences between variables was
found by ANOVA analysis and was defined at the p < 0.05 level.

3. Results
3.1. Mechanistic Investigation of US-Assisted Hempseed Protein Extraction

As aforementioned, two chemical reactions might occur simultaneously during
hempseed protein extraction. Namely, protein solubilization and disulfide bond formation.
With the purpose of whether US promotes or inhibits protein extraction and thiol reactivity,
we have carried out the investigations of protein yield and free thiol content as a function
of extraction time.

The conventional AE-IEP extraction protocol used magnetic stirring, which focused on
the macro mixing scale, as the cavitational effects generated by ultrasound can accelerate
chemical reactions by enhancing mass transfer at microscale. As shown in Figure 1A, ata
certain extraction time interval, the extraction yields slightly increased under 11.2 W /cm?
power density. Strikingly, the extraction yield can increase ~twofold as the ultrasound
power was increased. Physical effects, such as turbulent flow and liquid circulation gen-
erated by ultrasound, bring about this significant improvement in mass transfer in the
system. Interestingly, the extraction yield changes at 50.0 W /cm? were negligible in com-
parison to that of 26.8 W/cm?. This could be ascribed to the high possibility of protein
re-aggregation or degradation under higher US power. Therefore, ultrasound power
density of 26.8 W/cm? will be first selected for the optimized sonication time assessment.

In the literature, researchers have suggested a few reasons for the poor functionality of
HPI after AE-IEP extraction. The hempseed protein nature and extraction conditions might
lead to intermolecular SS formation in the system. Therefore, thiol content changes in the
HPI extraction system are essential for protein early functionality evaluation. Unsurpris-
ingly, it can be seen in Figure 1B that the trend is similar to protein extraction yield. Long
extraction time and high US power lead to a greater decline in thiol content, indicating more
edestin oligomers generated in the system. In this study, we evaluated the free thiol changes
of the extracted supernatant. Almost all proteins can be solubilized at the alkaline extraction
stage; at the same time, edestin monomers link via intermolecular disulfide bonds. Notably,
the peptide chains would not fold until hydrogen ions (H") were introduced to the system.
Owing to the current protein structure being fully DTNB-accessible (no -SH content was
buried in the interior), the figure of the thiol content is roughly equal to the total thiol
content. Further research is required to be conducted for protein functionality to assess
whether disulfide bond formation would cause detrimental effects on the HPI products.
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Figure 1. The diagram of the effects of ultrasound as a time function on the hempseed protein
extraction process. The protein concentration and free sulfhydryl content changes could reflect the
process of protein solubilization and disulfide bond formation. The alkaline extraction condition was
set at a fixed pH of 10.0. (A) The effect of ultrasound power-time on protein extraction yield. (B) The
effect of ultrasound power-time on thiol content changes. In this figure, control represents using the
conventional magnetic stirring method. US10p, US30p, and US50p represent the sonication power of
11.2 W/cm?, 26.8 W/ecm?, and 50.0 W/cm?, respectively. Experiments were conducted in triplicates.

3.2. The Optimization of Ultrasound Parameter Selection

This study aims to determine an optimal sonication time to obtain a balance between
HPI yield and its functionality. We selected 1-, 5-, and 10-min extraction time based on the
preliminary investigations for US-assisted extraction optimization.

Based on the literature, most hempseed protein extraction was based on the AE-IEP
extraction method. However, the highest yield obtained was only 24.2 £ 0.2% by Hadnadev
et al. [22], with the low yield possibly due to the mass transfer limitations when using
magnetic stirring. Based on ultrasound-assisted extraction, ultrasound can significantly
improve the mass transfer in the system by acoustic cavitation, therefore accelerating the
extraction process. As shown in Table 2, the extraction yield of HPI was indeed enhanced by
ultrasound treatment, with the yield improving with increased US time at fixed US power
density (26.8 W/cm?). However, prolonging US-assisted extraction past 5 min had minimal
additional benefits on the protein yield. This trend is in line with previous reports on other
proteins [37-39]. For instance, Preece et al. [37] observed a soybean protein yield increase as
the sonication time increased up to 5 min of extraction, with minimal improvement beyond
this time. This behavior can be attributed to the maximum extent of protein extraction
being reached for a given US power.

Table 2. The impact of ultrasonic time (at fixed US power density = 26.8 W/cm?) on the protein
extraction yield, particle size, and selected functionality (emulsifying properties) of HPL

Treatment

Extraction Yield (%) EAI (m?/g) ESI (min)

Particle Size of Extracted
Protein Aggregates (um)

Control
US30p, 1 min
US30p, 5 min
US30p, 10 min

176+ 14°¢ 6.6 +06¢ 206+1.0¢ 457 + 682
248 +3.6° 78 +12P 27.4+33P 113 +21P
3514332 87+032 31.6+242 54+02¢
358+252 82+0.7P 29.8 + 1.6 72+1.60¢

Note: Note: Fisher’s exact test was adopted to determine the statistical significance; ‘*’ represents highest average,
and means denoted by ?, ¢, indicate significant differences across columns at a probability level, p < 0.05.

Protein acts as an emulsifier by creating a film over oil droplets dispersed in the
solvent. Accordingly, protein can influence emulsion properties, such as creaming and
coalescence. EAI and ESI are two key parameters that determine the ability of that proteins
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to produce and stabilize emulsions. Moreover, emulsifying properties are one of the crucial
functionalities that determine the use of a protein in food manufacturing [40]. As shown in
Table 2, the emulsifying properties of protein extracted with ultrasound were significantly
improved compared to conventional extraction (control). In addition, EAI and ESI were
enhanced as a function of sonication time up to 5 min. Greater solubility and protein
structural changes attribute to the enhanced emulsifying properties, which improved
protein absorption at the oil-water interface. However, further sonication caused a decrease
in emulsifying properties. During alkaline extraction, most proteins are solubilized in the
solvent, as the pH is away from the protein isoelectric point. With US applied during
this extraction process, the hydrophilic and hydrophobic groups in protein are exposed.
Prolonged US exposure may lead to more hydrophobic groups being released leading to
aggregation as indicated by increased particle size from 5 min to 10 min. Similar findings
were also reported for other proteins [21,41]. Therefore, a longer sonication time (10 min)
resulted in a decrease in protein emulsifying properties. Based on the findings in protein
yield and emulsifying properties, a sonication time of 5 min was found to be the most
suitable time for conducting further experiments using the set-up in this study.

Next, the impact of ultrasound power on HPI protein yield was determined. As
shown in Table 3, compared to the untreated sample, the extraction yield was increased
as the US power was increased at the selected US time of 5 min. Higher sonication power
can provide stronger turbulent flow, which increases mass transfer, thereby achieving a
greater extraction yield. The extraction yields gradually plateaued when the ultrasound
power intensity increased from 26.8 W/cm? to 50.0 W/cm?. The maximum yield obtained
under high-power ultrasound increased approximately twofold from untreated extraction.
A similar trend was reported by Zhu et al. [42], where perilla seed protein yield was
observed to plateau as the sonication power was increased from 60 W to 80 W. This could
be due to the maximum extractability of protein being already reached at a certain power
level /ultrasonication time.

Table 3. The impact of ultrasonic power (after 5 min sonication) on the protein extraction yield,
particle size, and free -SH content of HPI.

Treatment Ultrasound Power Extraction Yield Free -SH Content Particle Size of Extracted
Intensity (W/cm?) (%) (umol/g) Protein Aggregates (um)
Control 0 175+ 1.6P 19.14+21°¢ 45.7 +6.82
US10p, 5 min 11.2 19.9 4 24P 327 +28Pb 19.2 4230
US30p, 5 min 26.8 35.1+334 480+4.12 54+0249
US50p, 5 min 50.0 373+2142 46.6 +5.34 89+04°¢

Note: Fisher’s exact test was adopted to determine the statistical significance; ‘*” represents highest average, and
means denoted by ?, ¢, ¢ indicate significant differences across columns at a probability level, p < 0.05.

Interestingly, we discovered that a significant increase of the free -SH content in US-
assisted HPI samples (Table 1). The observed increase in free -SH content could be due to
buried -SH groups becoming exposed to the surface of the protein following ultrasonication.
This can also be supported by the decreased particle size of the extracted protein aggregates
(Table 2). The particle size was significantly reduced after US treatment due to the high
shear force and high turbulent flow generated in the system. Hence, it is highly possible for
the -SH group to get exposed during the sonication process via the opening of the structure
of individual proteins. Surprisingly, the previous investigation suggested that HIU (20 kHz,
600 W, 30 min) could break the disulfide bonds in the SPI system [18]. In contrast, the
mild power and shorter sonication time used in the current study cannot cleave covalent
disulfide bonds (7.1 k] /mol). In addition, the free -SH content and the particle size were
increased when the sonication power was further increased to 50 W/cm?. The data suggest
that HIU can rapidly break apart aggregates, which exposes free -SH moieties that can
eventually react with each other to form new aggregates. Interestingly, Jiang et al. [43] also
observed that the free -SH content of pea protein isolate (PPI) decreased after US treatment.
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The difference between our study and theirs might be due to the different protein and
extraction conditions (they used pH 12.0 compared to pH 10.0 in our study). The formation
of disulfide bonds can account for the decrease in free -SH content, with the thiol (-SH)
group tending to be a more reactive thiolate (S™).

3.3. The Impact of Ultrasound Power on HPI Structural Properties

Generally, the cavitation effects from low-frequency ultrasound generates both physi-
cal and chemical effects [44]. To clarify whether the generated sonochemical effects can alter
the chemistry of the primary structure of HPI, the amino acid composition of the proteins
in untreated and sonicated HPI were compared first. As shown in Figure S1 and Figure 2B,
the major amino acid in HPI is glutamic acid (Glu), which accounted for ~20% of the overall
amino acid content. Compared with untreated HPI, the amino acid profiles of the HPI
suspensions were not significantly changed by exposure to ultrasound at 26.8 W /cm? for
10 min. This result confirms that sonochemical effects did not chemically change any of the
amino acids comprising the HPI [45], indicating that this is not a contributing factor to the
modified functional properties of HPI resulting from ultrasonication.

SDS-PAGE was carried out to demonstrate the impact of ultrasound on protein in-
tegrity, while non-reducing SDS-PAGE probed interactions between protein molecules. As
visualized in Figure 2A, the SDS-PAGE profile of untreated HPI (lane 2 and lane 6) was
consistent with previous studies [46-48]. Edestin (~50.0 kDa) was shown to be the major
component in HPI, accounting for more than 70% of the total protein content according to
the previous study [49]. In addition, edestin is a hexameric legumin, and each monomer
consists of an acidic (AS) and a basic subunit (BS). Therefore, the bands at 34.0 kDa and
20.0 kDa under reducing conditions (lane 6) correspond to edestin AS and BS, respectively.
Notably, the smearing was observed on the high MW area or even stacked on the top
of the gel in Lane 2, whereas it disappeared in its reducing protein profile (lane 6). This
discovery confirmed that intermolecular disulfide bonds account for protein “aggregation”
formation. Moreover, we did not observe the apparent smearing in other US-treated non-
reducing profiles (lanes 3, 4, 5). These findings suggested a shorter peptide chain formed
during sonication, leading to smaller aggregates formation. Apart from this, there were
no significant changes in the non-reducing and reducing SDS-PAGE profiles of US-treated
HPIs. This indicated that the ultrasound process did not significantly impact the protein
subunits. In combination with the amino acids results (Figure 1), it can be concluded that
the primary structure of the HPI proteins was not affected by ultrasonication. This finding
was consistent with previous studies in mustard meal [50], whey protein isolate [51], and
oat protein [52]. Therefore, further investigations should aim at protein secondary and
tertiary structures to determine the ultrasound influences on protein structure.

In this study, we chose circular dichroism (CD) spectroscopy to evaluate the sec-
ondary structure changes, including a-helix, p-turn, -sheet, and random coil in the
ultrasound-treated HPL. The CD spectrum of untreated HPI exhibited two negative bands
at approximately 208 and 222 nm and a positive band at approximately 195 nm (Figure S2).
It has been suggested that these bands are an indication of the presence of x-helix [53].
Ultrasonication contributed to the negative peaks at 208 and 222 nm shifting upward and
the positive peaks at 195 nm shifting downward, indicating the loss of o-helix structure
in sonicated HPI [54]. In fact, compared to the untreated HPI, all samples after sonication
showed a decrease in the x-helix proportion and an increase in the 3-sheet and random
coil (Figure 2C). Moreover, such changes in the secondary structure of HPI were power
density-dependent, and higher effects were observed at medium power density levels. For
example, sonicated HPI at 26.8 W/cm? had a greater decrease in the o-helix than sonicated
HPI at 11.2 W/cm? and 50.0 W/cm?. Similarly, Malik et al. [55] found that ultrasound
can increase the 3-sheet proportion and reduce the «-helix structure of proteins. This may
be explained by the fact that HPI molecules were unfolded during ultrasound treatment,
leading to the disruptions of the «-helix and conversion to the 3-sheet.
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Figure 2. (A) SDS-PAGE profiles of control HPI and US-treated HPI with (reducing) or without (non-
reducing) the addition of 3-ME. Lanes in SDS-PAGE profiles: Lane 1: Marker; Lane 2: Conventionally
extracted HPL; Lane 3: 11.2 W/cm?Z, 5 min US; Lane 4: 26.8 W/cm?, 5 min US; Lane 5: 50.0 W/cm?,
5 min US. Lanes 2-5 are under non-reducing conditions, whereas lanes 6-9 are their corresponding
reducing SDS-PAGE profiles; (B) The amino acid profiles of untreated HPI and HIU-treated HPI;
(C) The secondary structure of untreated and US-treated HPI under different power densities (11.2,
26.8, and 50.0 W/cm? for 5 min); (D) Fluorescence spectra indicating tertiary structural differences
between conventionally extracted and US-treated HPI under different power densities (11.2, 26.8,
and 50.0 W/cm? for 5 min); (E) Changes in surface hydrophobicity (Hg) of conventionally and
high-intensity ultrasound extracted (11.2, 26.8, and 50.0 W/cm? for 5 min) HPIL The experiments
were conducted in triplicate. Different lowercase letters in (B,C,E) represent the significant differences
among different US treatments (p < 0.05).



Foods 2023, 12, 348

13 of 20

The fluorescence spectra of conventionally extracted HPI and US-treated HPI were
obtained to determine the protein tertiary structure changes, based on the intrinsic fluo-
rescence of tryptophan (Trp) and tyrosine (Tyr) residues, which have a high fluorescence
quantum yield in hempseed protein. The other amino acids only exhibit either no or faint
fluorescence. Most commonly, the protein tertiary structure changes can be evaluated
by the fluorescence intensity (FI) and the maximum wavelength (Amax). As shown in
Figure 2D, ultrasound did not significantly impact the fluorescence spectrum, but the FI
and Amax changed. As previously reported, Amax < 330 nm indicated a non-polar adjacent
environment, whereas Amax > 330 nm suggested Trp residues are located in the polar envi-
ronment [56]. Compared to untreated HPI, samples after sonication observed a redshift of
Amax, indicating that the local environment’s polarity increased. This could be attributed
to the embedded Trp residues exposed to the protein surface. Therefore, ultrasound can
rupture the hydrophobic interactions in the protein molecules, which leads to more buried
hydrophobic regions getting exposed to the protein surface. Moreover, FI showed a sig-
nificant increase at 50.0 W/cm? power density, which was consistent with some reported
studies [19,57]. As reported, the FI intensity is proportional to the number of hydrophobic
Trp residues [58]. The excessive exposure of hydrophobic regions under high US power
density accounts for the increase in FI. Hence, leading to the re-formation of insoluble
protein aggregates.

Surface hydrophobicity (Hp) is an index of the number of hydrophobic groups exposed
on the protein surface in contact with water. It is a crucial structural characteristic associated
with protein functionality. Sonication can significantly increase the surface hydrophobicity
of proteins, including pea protein isolate [59], perilla protein isolate [60], and whey protein
isolate [61]. This increase could be ascribed to the partial unfolding of the protein by US
turbulence flow and high shear, leading to more embedded hydrophobic regions becoming
exposed. The impact of ultrasound extraction on protein surface hydrophobicity is shown
in Figure 2E. The surface hydrophobicity steadily increased when the US power was
increased up to 26.8 W/cm?, to a maximum of an approximate twofold increase over the
conventionally extracted sample. This indicates that US can exert significant effects on the
Hj of HPI, promoting more buried hydrophobic groups exposed to the polar environment
by stronger cavitation effects. However, excessive hydrophobic group exposure reinforced
the connection between protein molecules by hydrophobic interaction. Hence, a decline
in HPI surface hydrophobicity under higher US power (50.0 W/cm?). Results found
in surface hydrophobicity were in accord with our findings in protein tertiary structure
characterization.

3.4. The Impact of Ultrasound on HPI Functional Properties

The significant changes in the secondary and tertiary structure and surface hydropho-
bicity of the ultrasonically extracted HPI suggest that functionality properties would also
be altered. The main section investigated the functional properties of HPI in relation to
ultrasonic treatment and the observed protein structural differences.

Protein solubility is an essential property that impacts many functional properties,
such as foaming, gelling, and emulsifying capacity [62]. In particular, it is a prerequisite
for protein to be further used in food applications. In general, commercial protein food
applications involve weakly acidic (pH 4.0-6.0) and neutral (pH 7.0) food matrices [63].
According to the literature, HPI exhibits a typical U-shape pH-solubility profile, with the
lowest solubility of only 5% at its isoelectric point (pH 5.0) [46]. Therefore, this study aims
to evaluate to what extent that ultrasound can improve solubility at the common food
processing pH (pH 5.0) and neutral pH (pH 7.0). As can be seen in Figure 3A, compared
with the control sample, the protein solubility at pH 7.0 was significantly enhanced from
~25% to ~42% when extracted using 11.2 W/cm? US. Moreover, the solubility at pH 7.0
was further improved to ~53% as the power intensity increased to 26.8 W/cm?. As for
the solubility at pH 5.0 (isoelectric point), the maximum solubility of 27.7% was also
obtained under mild power (26.8 W/cm?). The increased solubility could be attributed to
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the physical disruption of aggregates that decrease the particle size to the extent that they
are registered as ‘soluble” in the assay used. However, the solubility of HPI reduced as the
power density further increased to 50.0 W/cm?, consistent with the increased particle size.
This is in general agreement with previous investigations. Jiang et al. [19] reported that
black bean protein solubility decreased under 450 W US conditions compared to mild US
power (300 W). Similarly, Xue et al. [64] observed a dramatic solubility decrease in plum
seed protein isolates under 158.8 W/ cm? in comparison to those treated at 105.9 W/ cm?,
The insoluble protein aggregates re-formation accounts for the decreased solubility. This

can be evidenced by the observed secondary and tertiary structural changes.
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Figure 3. (A) Percentage protein solubility of untreated HPI and HPI extracted with the US-assisted
method (under 11.2, 26.8, and 50.0 W/cm? for 5 min) at pH 5.0 and 7.0; (B) Emulsifying ability index
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(EAI) and emulsifying stability index (ESI) of conventionally extracted HPI and HPI extracted with the
US-assisted method (under 11.2, 26.8, and 50.0 W/cm? for 5 min) at pH 7.0; (C) The microstructures
of (1) Conventionally extracted HPI, (2) US10p-HP], (3) US30p-HPI, and (4) US50p-HPI-stabilized
emulsions, the scale bar in the OM is 20 um; (D) The hempseed protein-stabilized emulsion droplet
size; (E) The effect of high-intensity ultrasound extraction (11.2, 26.8, and 50.0 W /cm? for 5 min) on
foaming properties of HPI; (F) The impact of high-intensity ultrasound extraction (11.2, 26.8, and
50.0 W/cm? for 5 min) on WHC and OHC of HPI. Different lowercase letters in (A,B,D-F) represent
the significant differences among different US treatments (p < 0.05).

As shown in Figure 3B, ultrasonic extraction significantly improved the emulsifying
properties of HPI compared to the conventional AE-IEP. This is presumably due to the
protein conformational changes caused by HIU treatment that enable more protein to
engage in emulsion interface adsorption. Both the EAI and ESI were further enhanced as
the power intensity was increased to 26.8 W/cm?, and then dropped a little at 50.0 W /cm?.
These trends are in line with the reductions in particle size and increased protein solubility,
which result from the observed structural changes and would facilitate protein interactions
at the water—oil interface to increase the EAI and ESI. In addition, more retained sulfhydryl
content in US30p HPI could also account for the emulsifying improvement. Compared to
the HPI obtained from the conventional AE-IEP extraction method, the improvement found
in US-treated HPI suggested that ultrasound is a promising technique that could ameliorate
the compact protein structure. To provide further support to the observed changes in the
emulsifying properties, the microstructures of the HPI-stabilized emulsions were observed
under optical microscopy, as shown in Figure 3C. It is evident that the emulsion droplet size
was significantly reduced in comparison to the untreated HPI-stabilized emulsion sample.
The smallest emulsion droplet size was acquired under 26.8 W /cm? US treatment. This
is connected to the significant reduction in the emulsion droplet size from 52.4 &+ 2.6 um
to 17.1 & 1.6 pm for emulsions made using protein extracted using increasing times of
sonication (Figure 3D). The result was consistent with our findings in EAI determination,
indicating that US30p HPI has the best emulsifying ability as the emulsifier among all
samples.

The formation of foam involves a process of protein transfer, diffusion, and re-
organization at the air-water interface. The foam formation process is highly governed by
surface hydrophobicity, particle size, and protein structural flexibility. Furthermore, foam-
ing is an important property in manufacturing different functional foods. As demonstrated
in Figure 3E, HIU extraction can significantly enhance the foaming properties of HPI in
comparison to conventional extraction. This observation can be ascribed to the exposure of
hydrophobic regions of the proteins during sonication that occur as a consequence of the
observed secondary and tertiary structure changes. Ultrasonication has previously been
reported to enhance protein surface hydrophobicity, hence improving the FC and FS by
increasing the protein adsorption at the interface. This can be confirmed by our findings
in protein surface hydrophobicity. More hydrophobic regions exposure makes protein
molecules easier to absorb at the air-water interface. In addition, the smaller particle
size after US extraction would enhance protein absorption to improve the FC. This result
was consistent with previous studies, where Morales et al. [65] and Wang et al. [66] also
discovered that smaller particle sizes after US could lead to better foaming properties of SPL
Moreover, the reduced size can form tiny air bubbles, resulting in a more stable interface,
hence increasing the FS. Moreover, the FC and FS improved with the increase in sonication
power. This is because higher ultrasonication power can expose more hydrophobic regions
buried inside of the protein to be exposed, leading to the improvement in FC and FS.
Interestingly, the improvement in foaming properties was negligible as US power density
(50.0 W/cm?) further increased, which could be related to the apparent reaggregation
observed (Table 3). A similar trend was observed by Yang et al. [67], who reported that the
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foaming properties of pumpkin seed protein isolate declined under high sonication power
(500 W).

WHC and OHC represent the ability of proteins to retain water or oil within a three-
dimensional structure physically. These functionalities can impact the quality of food
products, such as the food texture, juiciness, and mouthfeel. As observed in Figure 3F,
compared to conventionally extracted HPI, the OHC was improved by approximately
25%. On the contrary, the changes in WHC were less dramatic and reversed, with a
minor decline under medium (26.8 W/ cm2) and high power (50.0 W/ cmZ) ultrasound
treatment. The negative correlation observed between WHC and OHC in this study was not
contradictory. As aforementioned, HIU treatment can increase the exposure of hydrophobic
regions on the protein surface. Therefore, the ability of protein molecules to entrap the oil is
enhanced due to the affinity of hydrophobic groups to oil. In contrast, the increase in surface
hydrophobicity would cause a low level of WHC. Malik and Saini [68] observed a decline
in WHC and increased protein surface hydrophobicity. In the investigation of Resendiz-
Vazquez et al. [69], a similar trend as shown in this study was discovered. They concluded
that the negative correlation between WHC and OHC was due to the partial denaturation of
the protein and the hydrophobic regions exposure after the ultrasound process, consistent
with the changes in secondary and tertiary structure observed in this study.

3.5. Proposed Mechanism of US-Assisted Hempseed Protein Extraction System

As shown in Figure 4, two reactions occur simultaneously in the US-assisted hempseed
protein extraction system. The protein solubilization is the main reaction, whereas inter-
molecular disulfide bond formation is the side reaction. Ultrasound, as the micro mixing
technique, can boost all chemical processes in the system. Therefore, the protein concentra-
tion was increased, and the free -SH content of the supernatant declined. This finding is
mainly because the hempseed protein can be considered fully solubilized at the alkaline
condition and behaves as a peptide chain. Therefore, the thiol content measured in the
supernatant is roughly equal to all thiol content in the protein, as the structure is entirely
DTNB detect-accessible. However, after isoelectric point precipitation, protein gradually
forms insoluble aggregates. The aggregates formed in the US-treated sample were smaller
than that of the conventionally extracted sample due to the physical effects generated by
ultrasound. The increased thiol content results found in US-treated HPI samples were
not contradictory. Owing to the compact structure (aggregation) formed in HPI, more
thiol groups were buried inside the protein. However, smaller aggregates were formed in
US-treated HPI samples, and more thiols were able to bind with DTNB chemicals. In other
words, more thiols exist in the initial untreated hempseed protein supernatant. However,
more thiols were retained in US-treated HPI products, which is more promising for further
food applications.
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Figure 4. The schematic mechanism of the conventionally extracted and US-assisted extracted
hempseed protein system.

4. Conclusions

In this current research, the impact of ultrasound-assisted extraction on the structural
and functional properties of HPI was comprehensively studied. In general, ultrasound-
assisted extraction significantly improved the HPI yield. Compared to HPI extracted
based on the conventional approach, a maximum of a 2.1-fold increase in protein yield
can be achieved. The increased yield was ascribed to high shear and mass transfer effects
generated by the acoustic cavitation. At neutral pH (7.0), the highest solubility of 53%
obtained under 26.8 W/cm? for 5 min US was about twofold that of the conventionally
extracted HPIL. The improvement was due to the smaller particle size of protein aggregates
and partial protein unfolding under sonication treatment. In this study, ultrasound was
found not significantly to impact protein subunits or amino acid compositions. Instead,
alterations to the secondary and tertiary protein structure were observed, along with the
exposure of hydrophobic regions. In particular, ultrasound was found to reduce the o-helix
and increase the (3-sheet structure of the extracted HPI, with the tertiary structure changes
indicated by a fluorescence intensity decline and a redshift. Importantly, ultrasound
extraction was also shown to have beneficial effects on HPI functional properties, including
emulsifying properties, foaming properties, and oil-holding capacity. Notably, excessive
ultrasound power (50.0 W/cm?) can adversely impact the functional properties of HPI
due to protein aggregates re-formation. In addition, more thiol groups were retained in
the US-treated HPI, which could be another reason for the functionality improvement.
Overall, ultrasound is a promising technique to improve the extraction yield and broaden
its potential usefulness, hence increasing the application of HPI in the food area.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/foods12020348 /s1. Figure S1: The amino acid profile of conventionally
extracted and US-assisted extracted HPL Figure S2: The Circular dichroism spectra of conventionally
extracted and HIU-assisted extracted HPI.


https://www.mdpi.com/article/10.3390/foods12020348/s1
https://www.mdpi.com/article/10.3390/foods12020348/s1

Foods 2023, 12, 348 18 of 20

Author Contributions: Conceptualization, S.Y. and W.L.; methodology, S.Y.; software, S.Y.; investiga-
tion, S.Y. and Y.W.; writing—original draft preparation, S.Y. and Y.W.; writing—review and editing,
WL, GJ.OM. and M.A ; supervision, W.L., G.J.O.M. and M.A; funding acquisition, M.A. All authors
have read and agreed to the published version of the manuscript.

Funding: SY acknowledges the University of Melbourne Research Scholarship. Authors acknowledge
funding from Maxarham Pty Ltd.

Data Availability Statement: The data showed in this study are available in this article.

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

References

1. Burton, R.A.; Andres, M.; Cole, M.; Cowley, ] M.; Augustin, M.A. Industrial hemp seed: From the field to value-added food
ingredients. J. Cannabis Res. 2022, 4, 45. [CrossRef]

2. Kim, J.-].; Lee, M.-Y. Isolation and characterization of edestin from Cheungsam hempseed. J. Appl. Biol. Chem. 2011, 54, 84-88.
[CrossRef]

3. House, ].D.; Neufeld, J.; Leson, G. Evaluating the quality of protein from hemp seed (Cannabis sativa L.) products through the use
of the protein digestibility-corrected amino acid score method. J. Agric. Food Chem. 2010, 58, 11801-11807. [CrossRef]

4. Docimo, T.; Caruso, I.; Ponzoni, E.; Mattana, M.; Galasso, I. Molecular characterization of edestin gene family in Cannabis sativa L.
Plant Physiol. Biochem. 2014, 84, 142-148. [CrossRef]

5. Orio, L.P; Boschin, G.; Recca, T.; Morelli, C.F; Ragona, L.; Francescato, P.; Arnoldi, A.; Speranza, G. New ACE-inhibitory peptides
from hemp seed (Cannabis sativa L.) proteins. J. Agric. Food Chem. 2017, 65, 10482-10488. [CrossRef]

6. Ren, Y, Liang, K; Jin, Y.; Zhang, M.; Chen, Y.; Wu, H.; Lai, F. Identification and characterization of two novel x-glucosidase
inhibitory oligopeptides from hemp (Cannabis sativa L.) seed protein. J. Funct. Foods 2016, 26, 439-450. [CrossRef]

7. Lu,R-R;Qian, P; Sun, Z.; Zhou, X.-H.; Chen, T.-P; He, ].-F; Zhang, H.; Wu, ]. Hempseed protein derived antioxidative peptides:
Purification, identification and protection from hydrogen peroxide-induced apoptosis in PC12 cells. Food Chem. 2010, 123,
1210-1218. [CrossRef]

8. Raikos, V.; Duthie, G.; Ranawana, V. Denaturation and oxidative stability of hemp seed (Cannabis sativa L.) protein isolate as
affected by heat treatment. Plant Foods Hum. Nutr. 2015, 70, 304-309. [CrossRef]

9. Yin, SW.; Tang, C.H.; Wen, Q.B.; Yang, X.Q. Functional and structural properties and in vitro digestibility of acylated hemp
(Cannabis sativa L.) protein isolates. Int. J. Food Sci. Technol. 2009, 44, 2653-2661. [CrossRef]

10. Wang, Q.; Xiong, Y.L. Processing, nutrition, and functionality of hempseed protein: A review. Compr. Rev. Food Sci. Food Saf. 2019,
18, 936-952. [CrossRef]

11.  Ampofo, J.; Ngadi, M. Ultrasound-assisted processing: Science, technology and challenges for the plant-based protein industry.
Ultrason. Sonochem. 2022, 84, 105955. [CrossRef]

12.  Taha, A,; Hu, T;; Zhang, Z.; Bakry, A.M.; Khalifa, I; Pan, S.; Hu, H. Effect of different oils and ultrasound emulsification conditions
on the physicochemical properties of emulsions stabilized by soy protein isolate. Ultrason. Sonochem. 2018, 49, 283-293. [CrossRef]

13. Rahaman, A.; Kumari, A.; Zeng, X.-A.; Farooq, M.A; Siddique, R.; Khalifa, I.; Siddeeg, A.; Ali, M.; Manzoor, M.F. Ultrasound
based modification and structural-functional analysis of corn and cassava starch. Ultrason. Sonochem. 2021, 80, 105795. [CrossRef]

14. Zisu, B,; Lee, J.; Chandrapala, ].; Bhaskaracharya, R.; Palmer, M.; Kentish, S.; Ashokkumar, M. Effect of ultrasound on the physical
and functional properties of reconstituted whey protein powders. J. Dairy Res. 2011, 78, 226. [CrossRef]

15. Mohapatra, S.; Dandapat, S.; Thatoi, H. Physicochemical characterization, modelling and optimization of ultrasono-assisted acid
pretreatment of two Pennisetum sp. using Taguchi and artificial neural networking for enhanced delignification. J. Environ. Manag.
2017, 187, 537-549. [CrossRef]

16. Dabbour, M.; Jiang, H.; Mintah, B.K.; Wahia, H.; He, R. Ultrasonic-assisted protein extraction from sunflower meal: Kinetic
modeling, functional, and structural traits. Innov. Food Sci. Emerg. Technol. 2021, 74, 102824. [CrossRef]

17. Ghasemi Kia, A.; Ganjloo, A.; Bimakr, M. Optimization of Ultrasound-assisted Extraction of Fenugreek Seed Protein and
Evaluation of Its Structural, Functional Properties and Antioxidant Activity. J. Food Sci. Technol. 2022, 19, 39-55.

18. Hu, H.; Wu, J.; Li-Chan, E.C.; Zhu, L.; Zhang, E; Xu, X; Fan, G.; Wang, L.; Huang, X; Pan, S. Effects of ultrasound on structural
and physical properties of soy protein isolate (SPI) dispersions. Food Hydrocoll. 2013, 30, 647-655. [CrossRef]

19. Jiang, L.; Wang, J.; Li, Y.; Wang, Z.; Liang, J.; Wang, R.; Chen, Y.; Ma, W.; Qi, B.; Zhang, M. Effects of ultrasound on the structure
and physical properties of black bean protein isolates. Food Res. Int. 2014, 62, 595-601. [CrossRef]

20. Karabulut, G.; Yemis, O. Modification of hemp seed protein isolate (Cannabis sativa L.) by high-intensity ultrasound treatment.
Part 1: Functional properties. Food Chem. 2022, 375, 131843. [CrossRef]

21. Liu, X.; Wang, M.; Xue, F.; Adhikari, B. Application of ultrasound treatment to improve the technofunctional properties of hemp
protein isolate. Future Foods 2022, 6, 100176. [CrossRef]

22. Hadnadev, M.; Dapcevi¢-Hadnadev, T.; Lazaridou, A.; Moschakis, T.; Michaelidou, A.-M.; Popovi¢, S.; Biliaderis, C.G. Hempseed

meal protein isolates prepared by different isolation techniques. Part I. physicochemical properties. Food Hydrocoll. 2018, 79,
526-533. [CrossRef]


http://doi.org/10.1186/s42238-022-00156-7
http://doi.org/10.3839/jabc.2011.015
http://doi.org/10.1021/jf102636b
http://doi.org/10.1016/j.plaphy.2014.09.011
http://doi.org/10.1021/acs.jafc.7b04522
http://doi.org/10.1016/j.jff.2016.07.024
http://doi.org/10.1016/j.foodchem.2010.05.089
http://doi.org/10.1007/s11130-015-0494-5
http://doi.org/10.1111/j.1365-2621.2009.02098.x
http://doi.org/10.1111/1541-4337.12450
http://doi.org/10.1016/j.ultsonch.2022.105955
http://doi.org/10.1016/j.ultsonch.2018.08.020
http://doi.org/10.1016/j.ultsonch.2021.105795
http://doi.org/10.1017/S0022029911000070
http://doi.org/10.1016/j.jenvman.2016.09.060
http://doi.org/10.1016/j.ifset.2021.102824
http://doi.org/10.1016/j.foodhyd.2012.08.001
http://doi.org/10.1016/j.foodres.2014.04.022
http://doi.org/10.1016/j.foodchem.2021.131843
http://doi.org/10.1016/j.fufo.2022.100176
http://doi.org/10.1016/j.foodhyd.2017.12.015

Foods 2023, 12, 348 19 of 20

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Kikuchi, T.; Uchida, T. Calorimetric method for measuring high ultrasonic power using water as a heating material. J. Phys. Conf.
Ser. 2011, 279, 012012. [CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Beveridge, T.; Toma, S.; Nakai, S. Determination of SH-and SS-groups in some food proteins using Ellman’s reagent. J. Food Sci.
1974, 39, 49-51. [CrossRef]

Ladjal-Ettoumi, Y.; Boudries, H.; Chibane, M.; Romero, A. Pea, chickpea and lentil protein isolates: Physicochemical characteriza-
tion and emulsifying properties. Food Biophys. 2016, 11, 43-51. [CrossRef]

Wu, Y,; Li, W,; Martin, G.J.; Ashokkumar, M. Mechanism of low-frequency and high-frequency ultrasound-induced inactivation
of soy trypsin inhibitors. Food Chem. 2021, 360, 130057. [CrossRef]

Wang, J.; Wang, ].; Vanga, S.K.; Raghavan, V. Influence of high-intensity ultrasound on the IgE binding capacity of Act d 2 allergen,
secondary structure, and In-vitro digestibility of kiwifruit proteins. Ultrason. Sonochem. 2021, 71, 105409. [CrossRef]

Wu, D,; Tang, L.; Duan, R.; Hu, X;; Geng, F; Zhang, Y,; Peng, L.; Li, H. Interaction mechanisms and structure-affinity relationships
between hyperoside and soybean 3-conglycinin and glycinin. Food Chem. 2021, 347, 129052. [CrossRef]

Wang, J.; Bai, Y.; Xie, A.; Huang, H.; Hu, M.; Peng, ]J. Difference in an intermolecular disulfide-bond between two highly
homologous serum proteins Legla and Leglb implicates their functional differentiation. Biochem. Biophys. Res. Commun. 2021,
579, 81-88. [CrossRef]

Gamlath, CJ.; Leong, T.S.; Ashokkumar, M.; Martin, G.J. Incorporating whey protein aggregates produced with heat and
ultrasound treatment into rennet gels and model non-fat cheese systems. Food Hydrocoll. 2020, 109, 106103. [CrossRef]
Malomo, S.A.; He, R.; Aluko, R.E. Structural and functional properties of hemp seed protein products. J. Food Sci. 2014, 79,
C1512-C1521. [CrossRef]

Guo, Q.; Mu, T. Emulsifying properties of sweet potato protein: Effect of protein concentration and oil volume fraction. Food
Hydrocoll. 2011, 25, 98-106. [CrossRef]

Mettu, S.; Yao, S.; Sun, Q.; Lawson, S.R.; Scales, PJ.; Martin, G.J.O.; AshokKumar, M. Effect of bulk viscosity and emulsion
droplet size on the separation efficiency of model mineral oil-in-water (O/W) emulsions under ultrasonic standing wave fields: A
theoretical and experimental investigation. Ind. Eng. Chem. Res. 2020, 59, 7901-7912. [CrossRef]

Li, R.; Cui, Q.; Wang, G.; Liu, J.; Chen, S.; Wang, X.; Wang, X; Jiang, L. Relationship between surface functional properties and
flexibility of soy protein isolate-glucose conjugates. Food Hydrocoll. 2019, 95, 349-357. [CrossRef]

Stone, A.K,; Karalash, A.; Tyler, R.T.; Warkentin, T.D.; Nickerson, M.T. Functional attributes of pea protein isolates prepared using
different extraction methods and cultivars. Food Res. Int. 2015, 76, 31-38. [CrossRef]

Preece, K.E.; Hooshyar, N.; Krijgsman, A.; Fryer, PJ.; Zuidam, N.]J. Intensified soy protein extraction by ultrasound. Chem. Eng.
Process. Process Intensif. 2017, 113, 94-101. [CrossRef]

Ly, H.L.; Tran, TM.C,; Tran, T.T.T.; Ton, N.M.N.; Le, V.V.M. Application of ultrasound to protein extraction from defatted rice
bran. Int. Food Res. |. 2018, 25, 695-701.

Ochoa-Rivas, A.; Nava-Valdez, Y.; Serna-Saldivar, S.0.; Chuck-Hernandez, C. Microwave and ultrasound to enhance protein
extraction from peanut flour under alkaline conditions: Effects in yield and functional properties of protein isolates. Food
Bioprocess Technol. 2017, 10, 543-555. [CrossRef]

Zayas, ].F. Emulsifying properties of proteins. In Functionality of Proteins in Food; Springer: Berlin/Heidelberg, Germany, 1997; pp.
134-227.

Nazari, B.; Mohammadifar, M.A.; Shojaee-Aliabadi, S.; Feizollahi, E.; Mirmoghtadaie, L. Effect of ultrasound treatments on
functional properties and structure of millet protein concentrate. Ultrason. Sonochem. 2018, 41, 382-388. [CrossRef]

Zhu, J.; Fu, Q. Optimization of ultrasound-assisted extraction process of perilla seed meal proteins. Food Sci. Biotechnol. 2012, 21,
1701-1706. [CrossRef]

Jiang, S.; Ding, J.; Andrade, J.; Rababah, T.M.; Almajwal, A.; Abulmeaty, M.M.; Feng, H. Modifying the physicochemical properties
of pea protein by pH-shifting and ultrasound combined treatments. Ultrason. Sonochem. 2017, 38, 835-842. [CrossRef] [PubMed]
Tao, Y.; Wu, P; Dai, Y,; Luo, X.; Manickam, S.; Li, D.; Han, Y.; Show, P.L. Bridge between mass transfer behavior and properties of
bubbles under two-stage ultrasound-assisted physisorption of polyphenols using macroporous resin. Chem. Eng. J. 2022, 436,
135158. [CrossRef]

Li, W.; Wu, Y.; Martin, G.J.; Ashokkumar, M. Turbulence-dependent reversible liquid-gel transition of micellar casein-stabilised
emulsions. Food Hydrocoll. 2022, 131, 107819. [CrossRef]

Tang, C.H.; Ten, Z.; Wang, X.S.; Yang, X.Q. Physicochemical and functional properties of hemp (Cannabis sativa L.) protein isolate.
J. Agric. Food Chem. 2006, 54, 8945-8950. [CrossRef]

Shen, P.; Gao, Z.; Xu, M.; Ohm, ].-B.; Rao, ].; Chen, B. The impact of hempseed dehulling on chemical composition, structure
properties and aromatic profile of hemp protein isolate. Food Hydrocoll. 2020, 106, 105889. [CrossRef]

Nasrollahzadeh, F.; Roman, L.; Swaraj, V.; Ragavan, K.; Vidal, N.P,; Dutcher, J.R.; Martinez, M.M. Hemp (Cannabis sativa L.)
protein concentrates from wet and dry industrial fractionation: Molecular properties, nutritional composition, and anisotropic
structuring. Food Hydrocoll. 2022, 131, 107755. [CrossRef]

Mamone, G.; Picariello, G.; Ramondo, A.; Nicolai, M.A; Ferranti, P. Production, digestibility and allergenicity of hemp (Cannabis
sativa L.) protein isolates. Food Res. Int. 2019, 115, 562-571. [CrossRef]


http://doi.org/10.1088/1742-6596/279/1/012012
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1111/j.1365-2621.1974.tb00984.x
http://doi.org/10.1007/s11483-015-9411-6
http://doi.org/10.1016/j.foodchem.2021.130057
http://doi.org/10.1016/j.ultsonch.2020.105409
http://doi.org/10.1016/j.foodchem.2021.129052
http://doi.org/10.1016/j.bbrc.2021.09.045
http://doi.org/10.1016/j.foodhyd.2020.106103
http://doi.org/10.1111/1750-3841.12537
http://doi.org/10.1016/j.foodhyd.2010.05.011
http://doi.org/10.1021/acs.iecr.0c00616
http://doi.org/10.1016/j.foodhyd.2019.04.030
http://doi.org/10.1016/j.foodres.2014.11.017
http://doi.org/10.1016/j.cep.2016.09.003
http://doi.org/10.1007/s11947-016-1838-3
http://doi.org/10.1016/j.ultsonch.2017.10.002
http://doi.org/10.1007/s10068-012-0226-7
http://doi.org/10.1016/j.ultsonch.2017.03.046
http://www.ncbi.nlm.nih.gov/pubmed/28411065
http://doi.org/10.1016/j.cej.2022.135158
http://doi.org/10.1016/j.foodhyd.2022.107819
http://doi.org/10.1021/jf0619176
http://doi.org/10.1016/j.foodhyd.2020.105889
http://doi.org/10.1016/j.foodhyd.2022.107755
http://doi.org/10.1016/j.foodres.2018.09.017

Foods 2023, 12, 348 20 0f 20

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Jahan, K.; Ashfaq, A.; Islam, R.U.; Younis, K.; Yousuf, O. Optimization of ultrasound-assisted protein extraction from defatted
mustard meal and determination of its physical, structural, and functional properties. J. Food Process. Preserv. 2022, 46, e16764.
[CrossRef]

Meng, Y.; Liang, Z.; Zhang, C.; Hao, S.; Han, H.; Du, P;; Li, A.; Shao, H.; Li, C.; Liu, L. Ultrasonic modification of whey protein
isolate: Implications for the structural and functional properties. LWT 2021, 152, 112272. [CrossRef]

Li, R;; Xiong, Y.L. Ultrasound-induced structural modification and thermal properties of oat protein. LWT 2021, 149, 111861.
[CrossRef]

Tamamizu-Kato, S.; Wong, ].Y.; Jairam, V.; Uchida, K.; Raussens, V.; Kato, H.; Ruysschaert, J.-M.; Narayanaswami, V. Modifi-
cation by acrolein, a component of tobacco smoke and age-related oxidative stress, mediates functional impairment of human
apolipoprotein E. Biochemistry 2007, 46, 8392-8400. [CrossRef]

Wang, B.; Meng, T.; Ma, H.; Zhang, Y.; Li, Y;; Jin, J.; Ye, X. Mechanism study of dual-frequency ultrasound assisted enzymolysis
on rapeseed protein by immobilized Alcalase. Ultrason. Sonochem. 2016, 32, 307-313. [CrossRef]

Malik, M.A; Saini, C.S. Rheological and structural properties of protein isolates extracted from dephenolized sunflower meal:
Effect of high intensity ultrasound. Food Hydrocoll. 2018, 81, 229-241. [CrossRef]

Wang, Y.; Wang, Z.; Handa, C.L.; Xu, J. Effects of ultrasound pre-treatment on the structure of 3-conglycinin and glycinin and the
antioxidant activity of their hydrolysates. Food Chem. 2017, 218, 165-172. [CrossRef]

Kang, S.; Zhang, J.; Guo, X.; Lei, Y.; Yang, M. Effects of ultrasonic treatment on the structure, functional properties of chickpea
protein isolate and its digestibility in vitro. Foods 2022, 11, 880. [CrossRef]

Li, C; Huang, X; Peng, Q.; Shan, Y.; Xue, E. Physicochemical properties of peanut protein isolate—glucomannan conjugates
prepared by ultrasonic treatment. Ultrason. Sonochem. 2014, 21, 1722-1727. [CrossRef]

Gao, K;; Rao, J.; Chen, B. Unraveling the mechanism by which high intensity ultrasound improves the solubility of commercial
pea protein isolates. Food Hydrocoll. 2022, 25, 107823. [CrossRef]

Yang, J.; Duan, Y.; Geng, F.; Cheng, C.; Wang, L.; Ye, J.; Zhang, H.; Peng, D.; Deng, Q. Ultrasonic-assisted pH shift-induced
interfacial remodeling for enhancing the emulsifying and foaming properties of perilla protein isolate. Ultrason. Sonochem. 2022,
89,106108. [CrossRef]

Jiang, Z.; Gao, Y,; Li, J.; Wang, K.; Ma, C.; Sun, D.; Hussain, M.A.; Qayum, A.; Hou, J. Consecutive pH-shift and ultrasound
treatment modify the physicochemical properties of whey protein isolate. Int. Dairy J. 2022, 127, 105211. [CrossRef]

Rahman, M.M.; Lamsal, B. Ultrasound-assisted extraction and modification of plant-based proteins: Impact on physicochemical,
functional, and nutritional properties. Compr. Rev. Food Sci. Food Saf. 2021, 20, 1457-1480. [CrossRef] [PubMed]

Gao, Z; Shen, P; Lan, Y.; Cui, L.; Ohm, ].-B.; Chen, B.; Rao, J. Effect of alkaline extraction pH on structure properties, solubility,
and beany flavor of yellow pea protein isolate. Food Res. Int. 2020, 131, 109045. [CrossRef] [PubMed]

Xue, F; Zhu, C,; Liu, F; Wang, S.; Liu, H.; Li, C. Effects of high-intensity ultrasound treatment on functional properties of plum
(Pruni domesticae semen) seed protein isolate. J. Sci. Food Agric. 2018, 98, 5690-5699. [CrossRef] [PubMed]

Morales, R.; Martinez, K.D.; Ruiz-Henestrosa, V.M.P; Pilosof, A.M. Modification of foaming properties of soy protein isolate by
high ultrasound intensity: Particle size effect. Ultrason. Sonochem. 2015, 26, 48-55. [CrossRef]

Wang, Y.; Wang, S.; Li, R.; Wang, Y.; Xiang, Q.; Li, K.; Bai, Y. Effects of combined treatment with ultrasound and pH shifting on
foaming properties of chickpea protein isolate. Food Hydrocoll. 2022, 124, 107351. [CrossRef]

Du, H.; Zhang, J.; Wang, S.; Manyande, A.; Wang, J. Effect of high-intensity ultrasonic treatment on the physicochemical,
structural, rheological, behavioral, and foaming properties of pumpkin (Cucurbita moschata Duch.)-seed protein isolates. LWT
2022, 155, 112952. [CrossRef]

Malik, M.A; Saini, C.S. Polyphenol removal from sunflower seed and kernel: Effect on functional and rheological properties of
protein isolates. Food Hydrocoll. 2017, 63, 705-715. [CrossRef]

Resendiz-Vazquez, ].; Ulloa, J.; Urias-Silvas, J.; Bautista-Rosales, P.; Ramirez-Ramirez, J.; Rosas-Ulloa, P.; Gonzélez-Torres, L.
Effect of high-intensity ultrasound on the technofunctional properties and structure of jackfruit (Artocarpus heterophyllus) seed
protein isolate. Ultrason. Sonochem. 2017, 37, 436—444. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/jfpp.16764
http://doi.org/10.1016/j.lwt.2021.112272
http://doi.org/10.1016/j.lwt.2021.111861
http://doi.org/10.1021/bi700289k
http://doi.org/10.1016/j.ultsonch.2016.03.023
http://doi.org/10.1016/j.foodhyd.2018.02.052
http://doi.org/10.1016/j.foodchem.2016.09.069
http://doi.org/10.3390/foods11060880
http://doi.org/10.1016/j.ultsonch.2014.03.018
http://doi.org/10.1016/j.foodhyd.2022.107823
http://doi.org/10.1016/j.ultsonch.2022.106108
http://doi.org/10.1016/j.idairyj.2021.105211
http://doi.org/10.1111/1541-4337.12709
http://www.ncbi.nlm.nih.gov/pubmed/33533197
http://doi.org/10.1016/j.foodres.2020.109045
http://www.ncbi.nlm.nih.gov/pubmed/32247471
http://doi.org/10.1002/jsfa.9116
http://www.ncbi.nlm.nih.gov/pubmed/29736924
http://doi.org/10.1016/j.ultsonch.2015.01.011
http://doi.org/10.1016/j.foodhyd.2021.107351
http://doi.org/10.1016/j.lwt.2021.112952
http://doi.org/10.1016/j.foodhyd.2016.10.026
http://doi.org/10.1016/j.ultsonch.2017.01.042

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of HPI Based on AE-IEP and Ultrasonic-Assisted Extraction 
	Mechanistic Investigation on US-Assisted Hempseed Extraction 
	Ultrasound Calorimetry Power and Intensity Determination 
	Determination of Protein Concentration (Protein Assay) 
	Determination of Free -SH Group Content 
	Amino Acid Composition (HPLC) 
	Circular Dichroism (CD) 
	Intrinsic Fluorescence Emission 
	Identification of Protein Subunits (SDS-PAGE) 
	Surface Hydrophobicity (H0) 
	Protein Percentage Solubility 
	Protein Emulsifying Properties 
	Particle Size and Microstructure 
	Foaming Properties 
	Water Holding Capacity and Oil Holding Capacity 
	Statistical Analysis 

	Results 
	Mechanistic Investigation of US-Assisted Hempseed Protein Extraction 
	The Optimization of Ultrasound Parameter Selection 
	The Impact of Ultrasound Power on HPI Structural Properties 
	The Impact of Ultrasound on HPI Functional Properties 
	Proposed Mechanism of US-Assisted Hempseed Protein Extraction System 

	Conclusions 
	References

