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Abstract

Objective: Protein extraction methods play a crucial role in the quality,
functionality, and recovery efficiency of protein products, and directly affect their
subsequent applications. Hemp seeds are rich in proteins and oils; however, the process
of hemp seed protein extraction has rarely been studied. To bridge this knowledge gap,
we aimed to explore the effects of the extraction conditions on the yield,
physicochemical characteristics, functional properties, and biological activities of
hemp seed proteins.

Methods: Alkaline extraction (AE), alkaline extraction combined with
ultrasonication (AEU), salt extraction (SE), and salt extraction combined with
ultrasonication (SEU) were used to extract the hemp seed proteins.

Results: The protein yields of SE and SEU were significantly higher than those of
AE and AEU. All four types of protein extracts showed no obvious differences in
protein purity, which was higher than 95%; however, significant differences were

observed in protein physicochemical properties, functional properties, and biological
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activities among the proteins obtained by the four extraction methods. The hemp seed
proteins extracted by the SE (HPS) and SEU (HPSU) methods possessed better
nutritional quality, digestion properties, higher fat absorption capacity, and a lower
water-holding capacity. Moreover, we found that the proteolytic products of HPS and
HPSU exhibited superior biological activities, including DPPH scavenging capacity
and DPPIV inhibitory activity, but similar anti-inflammatory activities.

Conclusion: We concluded that SE was more suitable for the extraction of hemp
seed protein because the SE method maintained the high nutritional value for the
proteins. We believe that these findings contribute to a better understanding of the
effects of extraction methods on protein quality.
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Alkaline Extraction; Salt Extraction; Physicochemical Properties; Functional
Properties; Biological Activities
1 Introduction

In recent years, the prevalence of chronic diseases, including diabetes,
cardiovascular diseases, and cancer, has increased owing to an aging population,
urbanization, and lifestyle changes. However, maintaining a healthy lifestyle and
healthy dietary habits can exert protective effects, thereby decreasing the morbidity of
chronic diseases. A high-protein diet, particularly the consumption of plant-based
proteins, is associated with a decreased risk of various chronic diseases [, The
consumption of protein-based dietary supplements in developed countries has
increased sharply in recent years > 31, and the global demand for protein is expected to
double by 2050 . However, domesticated animals and birds may not be an option to
meet future needs as they have significant environmental impacts, including threats to
biodiversity, greenhouse gas emissions, destruction of natural habitats, and destruction
of terrestrial ecosystems 1. Plant protein sources, including legumes, wheat, and
sorghum, are widespread among vegetarian and vegan populations but do not meet the
Recommended Dietary Allowance (RDA) level ). Therefore, there is a need to develop
new natural resources containing high-quality proteins for the prevention of chronic

diseases and healthcare.



The non-drug type Cannabis sativa, also called hemp or industrial hemp, is crucial
to the industrial, medicinal, and food sectors ['°1. Hemp seeds have been used as food
and medicine in China for at least 3000 years [1%*2. Over the past 20 years, products (oil,
meal, and protein powder) derived from hemp seeds have attracted interest owing to
their nutritional and pharmaceutical values ™ %2, The main focus is on the content of
both macro- and micronutrients: polyunsaturated fatty acids of oil, proteins, total fiber,
vitamins, and minerals in hemp seeds [ %1325 |n particular, hemp seed proteins are
characterized by good digestibility, contain all the essential amino acids in a balanced
ratio, and have nutritional value comparable to that of other proteins, such as soy
protein and egg white 1. The presence of abundant proteins and other essential
nutrients indicates that hemp seeds are an excellent alternative natural protein source
for human health management.

Isoelectric precipitation and salt extraction are the most commonly used methods
for the extraction of plant proteins. Isoelectric precipitation extraction involves the use
of a powerful acidic or alkaline solution to enhance the charge on protein molecules,
resulting in their solubilization. Salt extraction involves dispersing plant flours in a
highly concentrated salt solution. This phenomenon causes proteins to aggregate
through a salting-out phenomenon, resulting in the formation of a protein-rich
precipitate phase that can be collected by centrifugation [*8l. The characteristics of
proteins extracted using different methods may vary significantly. For instance, Stone
et al. ] reported that the water-holding capacity of pea protein isolates depended on
the extraction method adopted and that the water-holding capacity of proteins extracted
by isoelectric precipitation was higher than that of salt extraction ], According to
Karaca et al., the emulsifying capability of pulsed protein isolates obtained by
isoelectric precipitation extraction is considerably greater than that of isolates obtained
by salt extraction - The methods used for extraction play a vital role in determining
the functional characteristics of proteins. Alkaline and salt extraction combined with
ultrasonication-assisted extraction is the most frequently employed method for the
extraction of hemp seed proteins. However, studies regarding the impact of extraction

conditions on physicochemical and nutritional properties, as well as bioactivity, are
3



rarely reported.

Based on these considerations, this study aimed to compare the physicochemical,
functional, and biological properties of four protein extracts obtained via alkaline
extraction, alkaline extraction combined with ultrasonication, salt extraction, and salt
extraction combined with ultrasonication.

2 Materials and Methods
2.1 Materials

Industrial hemp seeds (Cannabis sativa L.) were provided by Bama Miao
Autonomous County, Guangxi Zhuang Autonomous Region, China.

2.2 Chemicals

Ethanol was purchased from Sichuan Kolon Chemical Reagent Co., Ltd.
(Chengdu, China). n-hexane, petroleum ether and n-butyl alcohol were purchased from
Guangdong Guanghua Technology Co., Ltd. (Guangzhou, China). The kit to determine
plant total phenolic content was purchased from Suzhou Comin Biotechnology Co., Ltd.
(Suzhou, China). Hydrochloric acid and sodium hydroxide were obtained from China
National Pharmaceutical Group Co., Ltd. (Beijing, China). Other conventional
analytical grade chemicals and reagents such as ethylenediaminetetraacetic acid
(EDTA), dithiothreitol, glycine, sodium tetraborate, 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB), L-serine, decahydrate, and o-phthaldialdehyde were procured from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). The polyacrylamide gel
electrophoresis (PAGE) fast preparation kit, 5% loading buffer supplemented with
protease inhibitors, and pre-stained protein markers were obtained from Shanghai
EpiZyme Biomedical Technology Co., Ltd. (Shanghai, China). Coomassie Blue G-250
staining buffer and Coomassie Blue destaining buffer were purchased from GenStar
(Beijing, China).

2.3 Cells and culture medium

The Raw246.7 cell line was purchased from the China Center for Type Culture
Collection (Wuhan, China). Dulbecco's modified Eagle’s medium (DMEM) was
purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China).

Foundation B™ fetal bovine serum (FBS) was purchased from Gemini BioProducts
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Holding, Inc. (West Sacramento, CA, USA). Penicillin-streptomycin was purchased
from Life Technologies Corporation (Grand Island, NY, USA). Lipopolysaccharide
(LPS) and CCK-8 kits were purchased from Beijing Solarbio Science & Technology
Co., Ltd. (Beijing, China).
2.4 Defatting of hemp seeds

In this study, to extract the hemp seed oil, solvent extraction was applied. Briefly,
dehulled hemp seeds were ground using a grinding instrument (Supor, China). Next, 40
mL of different solvents (petroleum ether, n-hexane, n-butyl alcohol, ethanol,
petroleum ether:n-butyl alcohol (5:2, v/v), n-hexane:n-butyl alcohol (5:2, v/v),
petroleum ether:ethanol (5:2, v/v), and n-hexane: ethanol (5:2, v/v)) and 2 g of the
pulverized hemp seed sample were mixed and stirred at room temperature for 12 h. The
sample was centrifuged at 5000 rpm for 15 min to collect the precipitate, and the
extraction procedure was repeated once. Finally, the precipitates were collected, heated
at 60 <C by a water bath to volatilize residual solvents in the draught cupboard and kept
at ambient temperature for subsequent examination. The recovery of the defatted

powder was analyzed and calculated using the following formula:

Recovery (%) = (Weight of Defatted powder) *100/ (Weight of hemp seed powder)

2.5 Extraction of hemp seed proteins

2.5.1 Alkaline extraction (AE) and alkaline extraction combined with ultrasonication
(AEV)

Atotal of 2 g of defatted hemp seed powder was suspended in 40 mL of deionized
water, and the pH was adjusted to 9.5 with NaOH (1.0 M). Subsequently, the mixture
was magnetically stirred at 35 <C for 2 h or for 10 min, sonicated in an ultrasound bath
(35 T, 0.3 kVA) for 30 min, centrifuged at 5000 rpm for 20 min, and the supernatants
were collected. The extraction was repeated once, and the supernatants were combined.
The supernatant pH was decreased to 4.0 with HCI (1.0 M) to isolate the protein, and
then centrifuged at 8000 rpm for 20 min. The sediments were rinsed with deionized
water (pH 4.0) and centrifuged three times to eliminate any remaining salts and other

non-protein substances. The precipitated proteins were dissolved in water (pH 7.0),
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lyophilized, and stored at room temperature. The proteins obtained using AE and AEU

were HPA and HPAU, respectively.
2.5.2 Salt extraction (SE) and salt extraction combined with ultrasonication (SEU)
Atotal of 2 g of defatted hemp seed powder was mixed with 20 mL of a 0.8 mol/L

NaCl aqueous solution (pH 7.0). The mixture was magnetically stirred at 35 <C for 2 h
or at 35 <C for 10 min, then sonicated the mixture in ultrasound bath (35 <C, 0.3 kVA)
for 30 min, followed by centrifugation at 5000 rpm for 20 min, and the supernatants
were collected. The extraction was repeated twice, and the supernatants were mixed.
The isoelectric precipitation and lyophilization treatments for the isolate were the same
as those described in section 2.5.1. Proteins obtained by SE were designated as HPS,
whereas those obtained by SEU were designated as HPAS.

2.6 Physicochemical properties analysis
2.6.1 Determination of protein content
The total protein content of the four protein extracts was measured following the

Kjeldahl nitrogen method using a Hanon K1160 Automatic Kjeldahl Protein/Nitrogen
Analyzer (Hanon, China). The nitrogen conversion factor adopted in this study was

6.25.
2.6.2 Electrophoresis
Sodium dodecyl sulphate (SDS)-PAGE was used to analyze the

protein/polypeptide composition of the four protein extracts. Briefly, the lyophilized
protein extracts were suspended with phosphate-buffered saline (PBS) (10 mg/mL) and
analyzed under reducing conditions (with f-mercaptoethanol). The electrophoresed gel
was stained with Coomassie brilliant blue R-250 (0.1 %) for 30 min and then
transferred to destained buffer for another one hour. Finally, the ChemiDoc MP
Imaging System (Bio-Rad, USA) was used to capture the electrophoretic signals and

analyze the molecular weights using the pre-stained marker.
2.6.3 Determination of free sulfhydryl contents
The free sulfthydryl (SH) contents of hemp seed protein samples were measured

following Shen et al. [19]. Briefly, 15 mg of protein was mixed with 5 mL of
Tris-glycine buffer (0.086 M Tris, 0.09 M glycine, 0.004 M EDTA, pH 8.0) and 0.05

mL of Ellman's reagent (4 mg/mL DTNB in Tris-glycine buffer) and incubated at room
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temperature in the dark for one hour. The absorbance of the mixture was measured at
412 nm using a UV-Vis spectrophotometer (Shanghai Yoke Instrument Co., Ltd.,
Shanghai, China). The calculation for levels of free sulfhydryl groups (umol SH/g) was

as follows:
SH (zmol /g) = (73.53x<A42 <D) /C

Where A412 is the absorbance at 412 nm, C is the protein extraction solution
concentration (mg/mL), D is the dilution factor (73.53) from 106 /(1.36><104 );

1.36>104 is the molar absorptivity constant (M*cm™).
2.6.4 Total phenolic content
Total phenolic content was measured using a commercial kit (Comin, China)

according to the manufacturer’s instructions. Briefly, 50 uL of a 1 mg/mL solution was
mixed with 250 pL of reagent A, vortexed, and incubated at room temperature for 2 min.
The solution was subsequently mixed with 250 pL of reagent B and 450 mL of
deionized water, vortexed, then incubated at room temperature for 10 min and
measured at 760 nm using an L6 UV-VIS spectrophotometer (Shanghai Yoke
Instrument Co., Ltd, Shanghai, China). Deionized water (250 L) was used instead of
the reagent A as the control corresponding to the sample and tested, as previously

described. Quantification was performed using the following formula:
Total phenolic content (mg/ g) = Absanple — ébgoln;m—0.00lZ xVreaction + Vsample - Viotal X W

Where Absample and Abcontrol are the absorbance values of the sample, control

corresponding to sample at 340 nm, respectively; Vreaction was 1 mL; Vsample was 50

pL; Vtotal was 100 mL; W was 100 mg.

2.6.5 Amino acid composition analysis
2.6.5.1 Free amino acids quantification

The o-phthaldialdehyde (OPA) method was used to measure the free amino acid
levels [20]. Briefly, the assay was carried out by adding 600 L of L-serine standard
solution or 1.0 mg/mL protein solution to 4.5 mL of OPA reagent, the mixture was
vortexed and kept at room temperature for 2 min. Absorbance was measured at 340 nm
using an L6 UV-Vis spectrophotometer (Shanghai Yoke Instrument Co., Ltd., Shanghai,

China). Levels of free amino acids were calculated using the L-serine equivalent from
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the calibration curve derived from serial dilutions (0, 0.2, 0.4, 0.6, 0.8, and 1.0 mM) of

the L-serine standard solution.
2.6.5.2 Quantification of hydrolyzed amino acids
Four types of protein extracts were placed into anaerobic hydrolysis tubes, filled

with high-purity nitrogen for 20-30 seconds and hydrolysed with 6.0 M HCI at 110 T
for 22 hours, respectively. After hydrolysis, the amino acid levels were analyzed using
an S334D automatic amino acid analyzer (Sykam, Germany) following standard

procedures.
2.6.6 Scanning electron microscopy (SEM)
The molecular morphologies of the proteins were recorded using an

MDTC-EQ-M18-01 (HITACHI, Japan) following standard procedures, with the

following parameters: voltage of 3.0 kV, magnification at 500- or 1000-fold.
2.6.7 Measurement of internal fluorescence
The protein extracts were suspended in deionized water at a concentration of 1.0

mg/mL. Following this, 9 L of the supernatant was loaded into the instrument high
throughput protein stability analyzer (Unchained Labs, USA) to evaluate the protein

extract’s internal fluorescence.
2.6.8 Measurement of circular dichroism (CD) spectra
A J-1500 CD spectrometer (JASCO, Japan) was used to obtain the CD spectra.

Briefly, protein samples were dissolved in deionized water at pH levels of 5.0, 7.0, and
10.0, to a concentration of 5 mg/mL. The samples were then centrifuged at 12000 for
15 min and further diluted to the proper concentration for CD structural analysis within
the range of 190-260 nm. CD Multivariate SSE software (optimized for 190-260 nm)

was used to calculate the secondary structure fractions.
2.6.9 Fourier transform infrared (FTIR) spectroscopy analysis of proteins
The FTIR spectroscopic analysis of the proteins was performed using a Bruker

Verter 70 spectrometer (Bruker, Germany). Prior to analysis, protein samples were
dried to eliminate moisture. Samples were spread onto the sample plate, after which
they were introduced into the optical scanning path and evaluated in the 4004000 cm™*

range.
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2.7 Functional properties analysis
2.7.1 Water holding capacity (WHC) evaluation
The WHC of the proteins was evaluated following the method described by

Hadnadev et al. [21] with some modifications. Briefly, 0.1 g of protein and deionized
water (10 g) were added to a weighed Eppendorf tube, vortexed for 2 min, kept at room
temperature for 2 h, and centrifuged at 5000 rpm for 20 min. The supernatant was
discarded, and the tube was inverted onto a filter paper for 30 min at room temperature.
Finally, the total weight of the tube, including that of the precipitate, was recorded.

WHC was calculated using the following formula:
WHC = (W2-W1)/W1

Where W1 is the mass of the tube, including the dry sample, and W2 is the mass of

the tube containing the obtained precipitate.
2.7.2 Fat absorption capacity (FAC) evaluation
The FAC of the proteins was evaluated using the method reported by Hadnadev et

al. [21] with modifications. Briefly, 0.1 g of protein and oil (10 g) were added to a
weighed centrifuge tube, vortexed for 2 min, left at room temperature for 2 h, and
centrifuged at 5000 rpm for 20 min. The supernatant was discarded, and the tube was
inverted onto a filter paper for 30 min at room temperature. Finally, the total weight of
the tube, including that of the precipitate, was recorded. FAC was calculated using the

following formula:
FAC=(W2-W1)/W1

Where W1 is the mass of the tube, including the dry sample, and W2 is the mass of

the tube containing the obtained precipitate.
2.7.3 Digestion properties analysis
The in vitro protein digestibility of the samples was determined according to the

method described by Ohanenye et al. [22] with some modifications. Briefly, 10 mg
lyophilized protein was mixed with 3 mL porcine pepsin (5000 U/mL, pH 3.0). The
mixture was incubated with continuous shaking in a water bath at 37 <C for 2 h, then the
mixture was adjusted to pH 7.0 and 3 mL of trypsin (100 U/mL) was added with

continuous shaking at 37 <C for another 2 h. After digestion, the enzyme was

9



inactivated and treated at 100 <T water bath for 20 min. They were then centrifuged at
6000 rpm for 20 min, and the supernatants were collected for further analysis.

The degree of hydrolysis (DH) of the enzymolysis solutions was evaluated
according to the procedure described by Wang et al. [23]. Briefly, 400 pL of diluted
enzymolysis solution or serine standard solution was mixed with 3 mL of OPA reagent.
The cells were then incubated in the dark for exactly 2 min, and the absorbance was
measured at 340 nm using an L6 UV-Vis spectrophotometer (Shanghai Yoke
Instrument Co., Ltd., Shanghai, China) with a 1 cm optical path length. 400 uL. dH20

was used instead of the sample as the blank. The DH was calculated using the following

formula:
. Absample - Abblank 09516
Serinenwz = X
ADbs tan d — Abblank C

he Serinew.— f
o
h

DH(%) = -~ x100

tot

SerineNH2 represents the milliequivalents of amino group per gram of protein;
Absample, Abblank and Abstand are the absorbance values of the sample, blank and
L-serine standard at 340 nm, respectively; c is the concentration of sample solution
(g/L); a and B are 1.00 and 0.40, respectively; h is the number of peptide bonds
hydrolysed; htot is the total number of peptide bonds of the protein. The htot depends
on the amino acid composition of the protein. The htot value of hemp seed protein was
7.6.

In addition, the homogeneity and distribution of the enzymolysis solutions were
evaluated using high-performance gel permeation chromatography (HPGPC),
according to our previously described method [24].

2.8 Evaluation of bioactivities of extracted proteins enzymatic hydrolysates
2.8.1 Evaluation of antioxidant activity
DPPH free radical-scavenging ability was measured following the method

reported by Wang et al. [23]. Briefly, 2 mL of 0.1 mM DPPH solution was mixed with 1
mL of diluted enzymolysis solution, shielded from light, incubated for 30 min, and the

absorbance was measured at 517 nm. Water was used as blank control. The DPPH
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radical-scavenging rate was calculated using the following formula:

DPPH free radical scavenging rate% = Ao = Abara 1 9

Abblank

Absample and Abblank are the absorbance values of the sample and blank at 517

nm, respectively.
2.8.2 Evaluation of DPP IV inhibition activity
The DPP-1V inhibition assay was performed using a Protease Assay (G8350,

Promega). Briefly, the reaction system was 100 uL, DPPIV-Glo™ Reagent volume to
sample volume was 1:1, the final concentration of hDPP IV was 1 ng/mL, and
concentrations of enzymatic products were 1000, 5000 and 10000 pg/mL, respectively.
After incubation at room temperature for 30 min, the luminescence was measured using
a microplate reader (EnVision 2105 HTS, USA). The inhibition ratios were calculated

using the following formula:

Inhibition ratio (%) = —ume = LUMsme 964
LU Mbtan

Lumsample and Lumblank are the luminescence of the sample and blank

respectively.

2.8.3 Evaluation of anti-inflammatory activity
2.8.3.1 Cell viability

Cell viability was evaluated using a CCK-8 kit (Solarbio, China). Raw264.7 cells
were inoculated at a density of 1.0 <105 cells/cm2 and counted using a hemocytometer
(Bodboge, China) in 96-well plates and cultured with DMEM (10 % FBS and 1 %
antibiotics) for 24 h. The medium was then replaced with DMEM that contains various
concentrations of enzymatic products (0, 50, 100, 200, 500, 2000, 5000, 10000 mg/mL)
for 24 h. Afterwards, the cells were rinsed once with PBS, and 100 puL fresh DMEM
and 10 uL. CCK-8 solution were added. The plates were incubated further at 37 ‘C for

another 2 h and then the absorbance at 450 nm was measured.
2.8.3.2 Detection of inflammatory cytokines
Raw264.7 cells were inoculated at a density of 5 <104 cells/cm2 in 48-well plates

and cultured with DMEM (with the addition of 10 % FBS and 1 % antibiotics) for 24 h.

The medium was then changed into DMEM contains various concentrations and
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pre-treated for 1 h followed by the addition of LPS (final concentration of 1 pg/mL),
co-incubated for 12 h to collect the supernatant for measuring NO and cytokines
(TNF-a, TNF-1B) content. NO and cytokine levels were determined using an ELISA
Kit (Elabscience, China).
2.9 Statistical analysis

SPSS version 22.0 software (SPSS Inc., Chicago, IL, USA) was used for data
analysis. Significant differences (p < 0.05) were evaluated by One-factor analysis of
variance (ANOVA), Tukey test. Data were represented as the mean =standard error.
3 Results and discussion
3.1 Results of defatting of hemp seeds

To ensure the efficient retrieval of plant seed proteins, it is essential to perform
degreasing or defatting, as the presence of oil invariably results in the creation of
lipid-protein complexes and diminishes the extraction efficiency. Solvent extraction is a
common method for degreasing oils. In this study, we selected eight different
solvent/solvent mixtures to remove oil from hemp seeds and examined the protein
extraction conditions. The results showed that extraction with n-butyl alcohol and
ethanol resulted in a highly efficient oil removal ratio compared to the other six
solvents (Fig. 1a); n-butyl alcohol had the highest removal ratio; however, the defatting
powder gave an unpalatable smell, so ethanol was applied as a solvent during the

degreasing of hemp seed.
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Fig. 1 Hemp seeds powder recovery for different oil extraction methods (a); Protein yields for
different extraction methods (b); Protein purity measurement (c); Electropherograms of the four
types of protein extracts (d); Contents of free sulfthydryl content (umol/g), total phenolic content

(mg/g), free amino content (mM) (e-g).

3.2 Effects of extraction methods on protein physicochemical properties

3.2.1 Effects of different extraction methods on protein extraction yield and protein
purity
Four different protein extraction methods, AE, AEU, SE, and SEU were used. The

protein yield and content were measured and are shown in Fig. 1b and c respectively.
The results showed that the protein yields extracted by both SE and SEU were
significantly higher than those extracted by AE and AEU; however, no significant
difference was observed between AE and AEU. The same was observed between SE
and SEU, indicating that the extraction buffer had a noticeable effect on protein
extraction yield. This may be attributed to the difference in buffer pH and high salt
concentration, as hemp seeds mainly consist of aloumin (25-37 %) and the legumin
edestin (67-75 %) [10, 12, 25]. Edestin is soluble in neutral saline and salt solutions

[26]. The protein content of the four types of extracts were also measured, and the
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results showed that all four types of protein extracts possessed a high protein content
(greater than 95 %). The protein contents of HPS and HPSU were slightly higher than

those of HPA and HPAU but showed no significant difference among them (Fig. 1c).
3.2.2 Effects of different extraction methods on protein composition
The composition of the four proteins was determined using SDS-PAGE. The

results showed that HPA and HPAU mainly consisted of 15, 25, and 50 kDa protein
constituents, whereas the molecular weights of HPS and HPSU were 10-15, 20, and 35
kDa, respectively (Fig. 1d), indicating that the protein extraction conditions affected the
protein composition or quality. In particular, edestin is composed of six identical
subunits, and each subunit consists of an acidic (AS) and a basic (BS) subunit linked
together by a disulfide bond; AS is characterized by a molecular weight of 33-34 kDa,
and the BS consists of two subunits of approximately 20 and 18 kDa, respectively [27,
28]. In addition, the edestin fraction was identified as salt-soluble [27], indicating that
the electrophoresis bands corresponding to molecular weights of approximately 20 and
33 kDa in HPS and HPSU were presumably the components of edestin protein fractions,
one AS subunit, and two BS subunits, respectively, which is similar to previous
findings. Both HPA and HPAU contained a protein constituent of approximately 45
kDa, corresponding to the subunit of soy -conglycinin, which was in agreement with
observation over hemp seed protein isolates extracted under alkaline conditions
reported previously [28, 29]. AIll four protein extracts contain minor bands
corresponding to Mw <15 kDa, which is likely to be the albumins as previously

reported [29, 30].
3.2.3 Free sulfhydryl contents
Free sulfhydryl content is one of the decisive factors affecting the functional

properties (gelling, emulsifying, foaming, etc.) of proteins and is also a key indicator
for estimating conformational changes in proteins [30]. Moreover, the differences in
functional properties may be attributed to the distinct protein composition and
aggregation properties of glycinin and the edestin fractions [29]. As shown in Fig. 1e,
the free sulfhydryl contents of HPS and HPSU were higher than those of HPA and
HPAU (Fig. 1e). A previous study showed that disulfide bonds and free sulfhydryl
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groups can be transformed into each other [31]. It has been indicated that the SH groups
are rather active, particularly under alkaline conditions [30]. The aggregation or
conformational change triggered by covalent disulfide bonds resulted in the surface SH
being buried in the interior of the protein structure, which might be the reason for the
lower free sulfhydryl content of the hemp seed protein extracted by alkaline extraction

in this study [29-31].
3.2.4 Total phenol quantification
The total phenolic content of the four types of protein extracts were evaluated, and

the results show that the total phenolic contents in HPS and HPSU were notably higher
than those in HPA and HPAU, which could be attributed to the consumption of the
Maillard reaction under alkaline conditions (Fig. 1f). The speed of the Maillard reaction,
formed by the glycosylation of food proteins with carbohydrates as conjugates, also

increases with pH [32].

3.2.5 Amino acid composition analysis
3.2.5.1 Free amino acids content

Free amino acids in the four protein extracts were characterized using the OPA
method. As shown in Fig. 1g, the free amino acid contents of HPAU and HPA were
notably higher than those of HPS and HPSU. There was no difference between HPA
and HPAU, which indicated that alkaline condition promotes protein hydrolysis, hence
playing an effect on protein structural, while ultrasound treatment has almost no effect

on protein hydrolysis (Fig. 19).
3.2.5.2 Hydrolyzed amino acids quantification
The amino acid composition directly influences the nutraceutical and functional

properties of proteins. The amino acid composition of the four protein extracts were
measured, and the results are shown in Table 1. These results suggest that hemp seed
proteins are rich in functional amino acids, including arginine, glutamic acid,
methionine, and cysteine, in line with previously reported data [10, 28, 29]. In
particular, the cysteine, methionine, histidine, and lysine contents of HPA and HPAU
were higher than those of HPS and HPSU, whereas amino acids, including aspartic acid,
alanine, valine, leucine, phenylalanine, and arginine, showed the opposite trend (Table

1). In addition, we found that HPS and HPSU contained higher levels of essential

15



amino acids, than HPA and HPAU, except for methionine and lysine. This finding may
be attributed to the ionic strength of the NaCl solution, which attracts and preferentially
retains several types of protein fractions in the solution. In addition, we found that
ultrasonic treatment resulted in the reduction of essential amino acids (EAA),
suggesting that salt extraction may be an optimal choice to preserve the nutritional
properties of hemp seed proteins.

Table 1. Hydrolyzed amino acids profiles of the protein extracts

Amino acids HPA (%) HPAU (%) HPS (%) HPSU (%)
Aspartic acid 7.77 7.57 10.87 10.3
Threonine 2.9 2.78 3.34 3.21
Serine 4.99 4.78 5.09 4.88
Glutamic acid 19.82 18.03 18.76 17.85
Proline 3.28 3.19 3.47 3.43
Glycine 3.42 3.36 4.01 3.83
Alanine 2.94 3.05 4.18 3.97
Cystine 2.35 2.51 0.98 1.03
Valine 3.79 3.60 4.92 4.66
Methionine 2.77 2.22 1.89 141
Isoleucine 3.02 2.99 3.94 3.74
Leucine 5.41 5.46 6.47 6.15
Tyrosine 3.00 3.08 3.60 3.45
Phenylalanine 3.69 3.52 4.74 451
Histidine 3.10 3.10 2.61 2.50
Lysine 4.24 3.95 2.69 2.63
Arginine 11.38 11.08 13.88 13.05
EAA 25.82 24.52 27.99 26.31
PAA 62.97 60.24 65.83 62.73
NPAA 24.9 24.03 29.61 27.87
SCAA 5.12 4.73 2.87 2.44
AAA 27.59 25.6 29.63 28.15
BAA 18.72 18.13 19.18 18.18

EAA: essential amino acid; PAA: polar amino acid; NPAA: non-polar amino acid; SCAA:

sulfur-containing amino acid; AAA: acidic amino acid; BAA: basic amino acid.

3.2.6 Effects of different extraction methods on protein morphology
The morphology of the four types of protein samples was observed via SEM, and

the results are displayed in Fig. 2, showing that there was a significant difference in

morphology among the four types of proteins. HPA and HPS displayed a consistent
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spherical form, forming spherical protein complexes, but compared with HPA, HPS
formed smooth lump-like aggregates, while HPA formed rough lump-like aggregates.
Compared to HAP, HPAU was well dispersed, and the proteins formed into with
proteins forming particles that resembled flower-like structures, albeit with varying
sizes and folds, and were well dispersed into small and smooth ball-like aggregates,

indicating that ultrasonic treatment would disrupt the integrity of the proteins.

ST = ¥ oo - HPA v‘u»» . A ‘: _’_‘-\
Vir = PN g R \ N

3.2.7 Effects on protein internal fluorescence
Proteins containing aromatic amino acid residues, including tryptophan (Trp),

tyrosine (Tyr), and phenylalanine (Phe), emit fluorescence upon excitation at 280 nm.
Trp, Tyr, and Phe exhibit distinct fluorescence spectra due to their unique side chain
chromophores, and significant fluorescence emission peaks can be observed at 348,
303, and 282 nm, respectively [33]. Nevertheless, the fluorescence intensity of Phe is
extremely low and rarely observed as it is difficult to excite. Therefore, the intrinsic
fluorescence of the protein primarily arises from Trp and Tyr residues. However, in

cases where proteins contain both Trp and Tyr, the fluorescence of Tyr residues is
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suppressed owing to the transfer of energy from Tyr residues to Trp residues [34]. The
results displayed in Fig. 3a show that a strong fluorescence signal of Trp can be
observed for the HPS and HPSU samples at wavelengths of approximately 350 nm,
whereas the fluorescence peaks of Tyr and Trp can be seen in both the HPA and HPAU
samples at nearly 300 and 350 nm. The height of the peak indicated the relative content

of these amino acids in the sample; therefore, HPS and HPSU were estimated to have a

higher content of Trp residues.
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Fig. 3 (a) Internal fluorescence of hemp proteins prepared by different methods under reducing
conditions, molecular masses of standards are indicated on the right; (b—d) Circular dichroism
spectra of the proteins; (e) The FTIR spectra of the purified protein; (f-h) Measurement of WHC,

FAC, and DH; HPGPC chromatogram (i) and percentage of the fractions (j).
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3.2.8 Secondary structural composition of the proteins
Proteins are macromolecules with optical activity and exhibit varying absorption

of circularly polarized light. Proteins and peptides can be analyzed using CD
spectroscopy, which primarily relies on exciting electronic transitions in amide groups
within a wavelength range of 180-250 nm. Secondary structures such as a-helices,
B-pleated sheets, turns, and disordered sections with specific ®@, ¥, dihedral angles and
H-bond patterns have an impact on the CD spectrum of the peptide backbone. CD
spectroscopy is extensively used in the investigation of protein secondary structures,
and various algorithms have been established to estimate the secondary structure
composition from CD spectra [35]. Circular dichroism was used to evaluate the impact
of the extraction methods and pH on the secondary structural conformations of the
hemp seed protein, and the results are displayed in Fig. 3b—d and Table 2. The findings
indicated that the proteins derived from hemp seeds were primarily characterized by the
a-helix conformation, particularly at pH levels of 5.0 and 10.0 (Table 2). This
observation is further supported by the significant ellipticity observed between 200 and
220 nm (Fig. 1b-d). There was a significant decrease in a-helix conformation
domination, and with an increasing domination of B-turn and unordered composition at
pH 7.0, indicating weaker inter-hydrogen and intra-hydrogen bonds at pH 7.0. With the
increase of pH, the a-helix conformation domination increased, which may be
attributed to the increase in negative charge as the pH becomes more alkaline. This
creates a more hydrophilic environment, promoting structural rearrangements that
move aromatic residues away from the protein surface into hydrophobic environments.
In addition, we found that HPAU and HPSU were more sensitive to pH than that of HPA
and HPS, as with the changing of pH, the former showed a more significant decrease in
the domination of a-helix conformation, which may be attributed to ultrasound
extraction having a negative effect on the integrity of proteins.

Table 2 CD-derived protein secondary structure composition of hemp seed protein at different pH

(n=3)
pH Samples  a-helix (%) B-sheet (%) B-turn (%) Unordered (%)
pH5.0 HPA 98.60+1.98 0.00+0.00 1.40+1.98 0.0040.00
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HPAU 98.70+1.84 0.0040.00 1.30+1.84 0.0040.00

HPS 92.97+1.76 0.0049.00 7.03+1.76 0.0049.00
HPSU 96.2044.25 0.0049.00 3.8044.25 0.0049.00
HPA 73.2742.21 0.0049.00 17.5344.45 9.20+1.30
oH7.0 HPAU 69.9044.60 0.0049.00 3.80+1.50 27.4047.20
HPS 81.0045.20 0.0049.00 19.0045.20 0.0049.00
HPSU 66.40+1.60 0.0049.00 22.8341.55 10.7540.05
HPA 92.9044.30 0.0049.00 0.95+).58 6.1543.45
oH10.0 HPAU 96.1940.11 0.0049.00 0.0049.00 3.8140.11
HPS 93.0043.60 0.0049.00 4.4342.84 2.574).75
HPSU 85.9044.18 0.0049.00 4.634.47 9.4742.12

Moreover, FTIR experiments were conducted to assess the effects of the extraction
methods on the protein structural characteristics, and the results are shown in Fig. 3e.
The findings indicated that in all FTIR spectra, there were two prominent absorption
bands observed at 3278 and 2930 cm-1. These two bands were linked to the amide A
and B regions, representing N-H stretching vibrations and C-N stretching vibrations,
respectively. As shown in Fig. 3e, HPA and HPAU exhibited stronger absorption than
HPS and HPSU, which can be attributed to the alkaline environment that enhanced the
Maillard reaction and facilitated the formation of Amadori compounds through the
arrangement of a Schiff base [36]. The number of N-H groups in the protein increases
after undergoing a structural rearrangement, similar to the Maillard reaction [37]. The
saccharides caused absorption peaks in the range of 1100-1000 cm-1 due to the
stretching vibration of C-OH and C-C [37], and the results displayed in Fig. 3e show
that HPA and HPAU had stronger absorption peaks at 1056 cm-1 than that of HPS and
HPSU, which indicated that saccharide modifications appeared much more marked in
the HPA and HPAU proteins. The FTIR spectra contained three regions that were highly
responsive to changes in the protein structure. The amide | region, which is generated
by the stretching vibration of the C=0 bond in the peptide backbone, spans 1700-1600
cm-1. The amide Il region is the result of the stretching vibration of C-N and the
bending vibration of N-H, spanning from 1600 to 1500 cm-1. Additionally, the amide
I11 region, also caused by the stretching vibration of C-N and the bending vibration of

N-H, ranges between 1360 and 1200 cm-1 [38]. In our study, the FTIR spectra revealed
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absorption peaks at 1635, 1526, and 1230 cm-1 for the amide I, 11, and 111 regions (Fig.
3e). In particular, the amide | region showed the strongest correlation with each
secondary structural element of the protein. From Fig. 3e we can see that HPA and
HPAU have stronger absorption peaks at 1635 and 1526 cm-1, but weaker absorption
peaks at 1230 cm-1.

3.3 Effects on protein functional properties
3.3.1 Effects on protein WHC
WHC pertains to the quantity of water soaked in proteins, which is crucial in

influencing the functional characteristics, palatability, and shelf life of protein-based
food products [39]. WHC is affected by several parameters, including protein
molecular weight, subunit composition, and conformation [39]. Protein molecules can
undergo conformational alterations that may reveal previously enclosed amino acid
side chains, allowing them to interact with water [40]. The balance between the
water-attracting and water-repelling properties of amino acids in proteins, along with
factors like the pH and ionic strength of the environment, and the ability of polar amino
groups in proteins to dissolve in water, which are crucial for protein-water interactions,
are all vital [27]. The effects of the extraction methods on the WHC were evaluated in
this study, and the results displayed in Fig. 3f show that the WHC of HPA and HPAU
were markedly higher than those of HPS and HPSU. In other words, the HPS and
HPSU extracts had a lower ability to hold water against centrifugal forces than HPA and
HPA.. Several studies have also reported that protein extracted by an NaCl solution has
a lower WHC than that extracted by an alkaline solution [40, 41]. This may be
attributed to the extensive conformational changes caused by alkali extraction,
including partial protein denaturation and exposure to additional hydrophilic binding

sites for hemp proteins [21, 42].
3.3.2FAC
FAC, which indicates how well the hydrophobic groups of proteins can interact

with lipids, is an important functional property as it is closely associated with protein
taste and flavor retention [27]. Proteins with a high FAC can be used as ingredients in

food formulations [39]. Hemp seeds are typically abundant in over 30 % of the oil,
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accounting for over 80 % of the polyunsaturated fatty acids [10]. In this study, the FAC
of HPS and HPSU were notably higher than those of HPA and HPAU (Fig. 3g). Similar
trends have been observed in protein isolates from guava [43], flaxseed [41], and wild
Lupinus campestris seeds [40], indicating that an NaCl solution may improve the
exposure of several surface-enclosed hydrophobic groups/non-polar side chains from
protein extracts. This in turn facilitates the effective absorption of oil by binding to the

hydrocarbon chains of the fats [40].
3.3.3 In vitro digestion properties
The breakdown of proteins into peptides by enzymes in the gastrointestinal tract

may be necessary for the fragments to be taken up by the bloodstream, and may have
either a beneficial or detrimental effect on health. To assess the digestive properties of
the protein extracts, we used an in vitro static model to simulate gastrointestinal
digestion and measured the degree of hydrolysis (DH). As shown in Fig. 3h, the DH
values of HPS and HPSU were notably higher than those of HPA and HPAU. In
addition, the results of the distribution and homogeneity evaluation showed that the
degree of hydrolysis for HPS and HPSU was higher than that for HPA and HPAU (Fig.
3i).The percentages of the <1000 Da fractions for HPA, HPAU, HPS, and HPSU were
65.37 %, 62.56 %, 77.53 %, and 77.42 %, respectively (Fig. 3j), indicating better
digestion properties of proteins extracted using a NaCl solution than those of proteins
extracted under alkaline conditions. This may be attributed to the higher molecular
weights of the protein subunits in HPA/HPAU than in HPS/HPSU (Fig. 1d).

3.4 Biological activities evaluation of enzymatic products of the extracted protein
3.4.1 DPPH free radical scavenging capacity
The antioxidant activities of the four protein enzymatic products were evaluated

by measuring their DPPH free radical scavenging ability. The results displayed in Fig.
4a illustrate that the DPPH free radical scavenging abilities of HPS and HPSU were
notably higher than those of HPA and HPAU (Fig. 4a). Previously reported findings
have indicated that digestion leads to the release or synthesis of novel peptides or amino
acids possessing antioxidant properties. Furthermore, these compounds exhibit an

enhanced capacity to absorb oxygen free radicals, as evidenced by their increasing
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categories and contents during reactions [44, 45]. Peptides with low molecular weights

can readily interact with and eliminate free

radicals due to their small size [44].

Previous research on the simulated digestion of purple kidney bean (Phaseolus vulgaris

L.) protein and Z. bungeanum seed proteins in vitro demonstrated that the antioxidant

activity of digestive products improved with an increase in the degree of hydrolysis [44,

46], which was in accordance with the trend observed in this study.
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3.4.2 DPP 1V inhibition evaluation
Glucagon-like peptide-1 (GLP-1), a hormone known as incretin, is released by L

cells in the intestine. It plays a vital role in maintaining glucose balance by stimulating
the secretion of insulin, enhancing the mass of beta-cells, suppressing the release of
glucagon, delaying stomach emptying, decreasing intestinal movement, and reducing
food consumption [47, 48]. However, DPP-IV secreted by intestinal L cells causes
rapid degradation (with a half-life of 1-2 min) of GLP-1 [49]. Therefore, DPP-1V
inhibitors, which are known to hinder DPP-IV activity and prolong the lifespan of
active hormones, are regarded as effective agents for regulating the glucose balance.
The results displayed in Fig. 4b illustrate that after proteolysis, all four protein extracts
could inhibit DPP-IV activity to a degree, and with increasing concentrations of
enzymatic products, the inhibition of DPP-IV activity increased in a dose-dependent
manner. In addition, the inhibitory effects of HPS and HPSU were notably higher than
those of HPA and HPAU at levels of 10, 000 pg/mL. This may be attributed to the

higher values of DH of HPS and HPSU.
3.4.3 Anti-inflammatory activity
Raw264.7 cells are widely used because of their high sensitivity to external stimuli

and secretion of inflammatory cytokines. In our study, Raw264.7 cells were used to
evaluate the anti-inflammatory activity of the four kinds of protein extract enzymatic
products. First, we treated Raw264.7 cells with various concentrations of enzymatic
products for 24 h, and cell viability was measured using a CCK-8 kit (). The results
showed that all enzymatic products showed no toxicity below 10, 000 pg/mL (Fig.
4c—f), hence, 5000 pg/mL of enzymatic products was used in the subsequent
experiments. After aggregation growth for 24 h, the cells were treated with 5000 pg/mL
of enzymatic products and 1 pg/mL lipopolysaccharide for one hour. It has been
reported that when the Raw264.7 cells were subjected to inflammatory stimulants
including LPS, the levels of NO and cytokines (TNF-a and IL-1f) can participate in the
immune response with abnormal secretion [50]. In our study, we also found that after
treatment with LPS, the concentrations of TNF-a, IL-1B, and NO were significantly

increased; however, they were decreased by the treatment of enzymatic products (Fig.
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4g-i), indicating the potential anti-inflammatory effects of HPA, HPAU, HPS, and
HPSU enzymatic products. No significant difference was observed in
anti-inflammatory activity among the four types of enzymatic products.
4 Conclusion

In this study, we used four different methods (alkaline extraction, alkaline
extraction combined with ultrasonication, salt extraction, and salt extraction combined
with ultrasonication) to extract the hemp seed proteins. The results illustrated that an
extraction buffer plays a vital role in releasing protein physicochemical and nutritional
properties, as well as its bioactive properties, and that salt extraction protein products
including HPS and HPSU possessed significantly higher total phenolic content, FAC,
DPPH free radical scavenging, and DPP IV inhibiting ability, as well as more effective
digestibility than alkali extraction protein products (HPA and HPAU). Ultrasonic
treatment may result in a decrease in hemp seed nutritional quality, as it leads to the
distribution of protein integrity, a more significant Maillard reaction, and a reduction of
EAA, suggesting that salt extraction may be the optimal choice to preserve the
nutritional properties, functional characteristics, and biological activities of hemp seed
proteins. These findings contribute to developing an economically viable and
sustainable extraction process of proteins from hemp seed.
Acknowledgments

The financial support received from the Shenzhen Science and Technology Plan
Project (JCYJ20230807111614030), Youth Science Foundation Project (32101936),
Shenzhen Science and Technology Innovation Commission
(KCXFZ20201221173207022), and China Postdoctoral Science Foundation, No.15
Special Fund (In-Station) (2022T150366) are gratefully acknowledged.
Declaration of competing interest

All the contributing author(s) report(s) no conflict of interests in this work.
References

[1] P. Hajihashemi, R. Hassannejad, F. Haghighatdoost, et al, The long-term association of
different dietary protein sources with metabolic syndrome, Scientific Reports 11 (2021) 19394.

[2] O.C.J, S. Meaney, G. A. Williams, et al, Extraction of Protein from Four Different Seaweeds

25



Using Three Different Physical Pre-Treatment Strategies, Molecules 25 (2020) 2005.

[3] C.L.Salgado, R. Mufbz, A. Blanco, et al, Valorization and upgrading of the nutritional value
of seaweed and seaweed waste using the marine fungi Paradendryphiella salina to produce
mycoprotein, Algal Research 53 (2021) 102135.

[4] B. P. Ismail, L. Senaratne-Lenagala, A. Stube, et al, Protein demand: review of plant and
animal proteins used in alternative protein product development and production, Anim Front 10
(2020) 53-63.

[5] S. Bleakley, M. Hayes, Algal Proteins: Extraction, Application, and Challenges Concerning
Production, Foods 6 (2017) 33.

[6] FAO. (1994). Food and Agriculture Organization. In.
http://www.fao.0rg/3/x0172e/x0172e10.htm#P2471_ 244321: FAO.

[7] J.I. Alonso-Esteban, J. Pinela, A. Ciric, et al, Chemical composition and biological activities
of whole and dehulled hemp (Cannabis sativa L.) seeds, Food Chemistry 374 (2022) 131754.

[8] H. Chen, B. Xu, Y. Wang, et al, Emerging natural hemp seed proteins and their functions for
nutraceutical applications, Food Science and Human Wellness 12 (2023) 929-941.

[9] P. Shen, Z. Gao, B. Fang, et al, Ferreting out the secrets of industrial hemp protein as
emerging functional food ingredients, Trends in Food Science & Technology 112 (2021) 1-15.

[10] J. C. Callaway, Hempseed as a nutritional resource: An overview, Euphytica 140 (2004)
65-72.

[11] M. Irakli, E. Tsaliki, A. Kalivas, et al, Effect omicronf Genotype and Growing Year on the
Nutritional, Phytochemical, and Antioxidant Properties of Industrial Hemp (Cannabis sativa L.)
Seeds, Antioxidants 8 (2019) 491.

[12] W. Leonard, P. Zhang, D. Ying, et al, Hempseed in food industry: Nutritional value, health
benefits, and industrial applications, Comprehensive Reviews in Food Science and Food Safety 19
(2019) 282-308.

[13] F. Plati, C. Ritzoulis, E. Pavlidou, et al, Complex coacervate formation between hemp protein
isolate and gum Arabic: Formulation and characterization, International Journal of Biological
Macromolecules 182 (2021) 144-153.

[14] N. M. Rodriguez-Martin, R. Toscano, A. Villanueva, et al, Neuroprotective protein
hydrolysates from hemp (Cannabis sativa L.) seeds, Food Function 10 (2019) 6732-6739.

[15] W. Zhang, F. Du, G. Tian, et al, Characterization of an acidic alpha-galactosidase from hemp
(Cannabis sativa L.) seeds and its application in removal of raffinose family oligosaccharides
(RFOs), Acta Biochimca Polonica 65 (2018) 383-389.

[16] K. K. Ma, M. Greis, J. Lu, et al, Functional Performance of Plant Proteins, Foods 11 (2022)
594.

[17] A. K. Stone, N. A. Avarmenko, T. D. Warkentin, et al, Functional properties of protein
isolates from different pea cultivars, Food Science and Biotechnology 24 (2015) 827-833.

26


http://www.fao.org/3/x0172e/x0172e10.htm#P2471_

[18] A. C. Karaca, N. Low, M. Nickerson, Emulsifying properties of chickpea, faba bean, lentil
and pea proteins produced by isoelectric precipitation and salt extraction, Food Research
International 44 (2011) 2742-2750.

[19] X. P. Shen, T. B. Fang, F. Gao, et al, Effects of ultrasound treatment on physicochemical and
emulsifying properties of whey proteins pre- and post-thermal aggregation, Food Hydrocolloids
63 (2016) 668-676.

[20] P. M. Nielsen, D. Petersen, C. Dambmann, Improved Method for Determining Food Protein
Degree of Hydrolysis, Food Chemistry and Toxicology 66 (2001) 642-646.

[21] M. Hadnadev, T. Dapcevic-Hadnadev, A. Lazaridou, et al, Hempseed meal protein isolates
prepared by different isolation techniques. Part I. physicochemical properties, Food Hydrocolloids
79 (2018) 526-533.

[22] I. C. Ohanenye, X. Sun, R. A. Sarteshnizi, et al, Germination alters the microstructure, in
vitro protein digestibility, a-glucosidase and dipeptidyl peptidase-IV inhibitory activities of
bioaccessible fraction of pigeon pea (Cajanus cajan) seeds, Legume Science 3 (2021) e79.

[23] S. Wang, Y. Gan, X. Mao, et al, Antioxidant Activity Evaluation of Oviductus Ranae Protein
Hydrolyzed by Different Proteases, Molecules 26 (2021) 1625.

[24] W. Li, H. Chen, H. Chen, et al, Andrias davidianus bone peptides alleviates
hyperuricemia-induced kidney damage in vitro and in vivo, Food Science and Human Wellness 13
(2024) https://doi.org/10.26599/FSHW.2022.9250157.

[25] G. Aiello, E. Fasoli, G. Boschin, et al, Proteomic characterization of hempseed (Cannabis
sativa L.) - ScienceDirect, Journal of Proteomics 147 (2016) 187-196.

[26] M. Hatamikia, S. Abbaszadeh, A. H. Elhamirad, et al, Evaluating the production efficiency,
purity and chemical compounds of the Vicia ervilia protein isolates produced by different methods
of extraction, Journal of Herbmed Pharmacology 8 (2019) 314-319.

[27] S. A. Malomo, R. He, R. E. Aluko, Structural and functional properties of hemp seed protein
products, Journal of Food Science 79 (2014) C1512-C1521.

[28] X. Wang, C.-H. Tang, X.-Q. Yang, et al, Characterization, amino acid composition and in
vitro digestibility of hemp (Cannabis sativa L.) proteins, Food Chemistry 107 (2008) 11-18.

[29] C.-H. Tang, Z. Ten, X.-S. Wang, et al, Physicochemical and functional properties of hemp
(Cannabis sativa L.) protein isolate, Journal of Agricultural and Food Chemistry 54 (2006)
8945-8950.

[30] O. Kahraman, G. E. Petersen, C. Fields, Physicochemical and Functional Modifications of
Hemp Protein Concentrate by the Application of Ultrasonication and pH Shifting Treatments,
Foods 11 (2022) 587.

[31] X. Yang, Y. Su, L. Li, Study of soybean gel induced by Lactobacillus plantarum: Protein
structure and intermolecular interaction, Lwt 119 (2020) 108794.

[32] F. C. de Oliveira, J. S. d. R. Coimbra, E. B. de Oliveira, et al, Food protein-polysaccharide

27



conjugates obtained via the Maillard reaction: A review, Critical Reviews in Food Science and
Nutrition 56 (2016) 1108-1125.

[33] S. Roy, An insight of binding interaction between Tryptophan, Tyrosine and Phenylalanine
separately with green gold nanoparticles by fluorescence quenching method, Optik 138 (2017)
280-288.

[34] V. V. lIsaev-lvanov, M. G. Kozlov, D. M. Baitin, et al, Fluorescence and excitation
Escherichia coli RecA protein spectra analyzed separately for tyrosine and tryptophan residues,
Archives of Biochemistry and Biophysics 376 (2000) 124-140.

[35] A. Micsonai, F. Wien, L. Kernya, et al, Accurate secondary structure prediction and fold
recognition for circular dichroism spectroscopy, Proc Natl Acad Sci U S A 112 (2015)
E3095-3103.

[36] N. L. Casper G. Schalkwijk, Harry Twaalfhoven, Agnes Jager, Harri& G.T. Blaauwgeers, , L.
T. r. n. 0. w. Reinier O. Schlingemann, Hans-Henrik Parving, Coen D.A. Stehouwer, , a. V. W. M.
v. Hinsbergh, Amadori Albumin in Type 1 Diabetic Patients, Diabetes 48 (1999) 2446-2453.

[37] Y. Han, J. Wang, Y. Li, et al, Circular dichroism and infrared spectroscopic characterization
of secondary structure components of protein Z during mashing and boiling processes, Food Chem
188 (2015) 201-209.

[38] M. J. L.-P. i. C. P. H. W. W. C. H. H. H. Mantsch, Beware of connective tissue proteins:
assignment and implications of collagen absorptions in infrared spectra of human tissues,
Biochimica et Biophysics Acta 1270 (1995) 1-6.

[39] S. Vinayashree, P. Vasu, Biochemical, nutritional and functional properties of protein isolate
and fractions from pumpkin (Cucurbita moschata var. Kashi Harit) seeds, Food Chemistry 340
(2021) 128177.

[40] S. L. Rodr guez-Ambriz, A. L. Mart mez-Ayala, F. Mill&n, et al, Composition and functional
properties of Lupinus campestris protein isolates, Plant Foods for Human Nutrition 60 (2005)
99-107.

[41] J. P. Krause, M. Schultz, S. Dudek, Effect of extraction conditions on composition, surface
activity and rheological properties of protein isolates from flaxseed (Linum usitativissimum L),
Journal of the Science of Food and Agriculture 82 (2002) 970-976.

[42] S.-S. Teh, A. E.-D. Bekhit, A. Carne, et al, Effect of the defatting process, acid and alkali
extraction on the physicochemical and functional properties of hemp, flax and canola seed cake
protein isolates, Journal of Food Measurement and Characterization 8 (2014) 92-104.

[43] A. B. Nicanor, A. O. Moreno, A. L. M. Ayala, et al, Guava seed protein isolate: functional
and nutritional characterization, Journal of Food Biochemistry 25 (2001) 77-90.

[44] Q. Luo, X. Li, Z. Zhang, et al, Extraction of Zanthoxylum seed protein and identification of
its simulated digestion products, LWT 161 (2022) 113412.

[45] S. Phongthai, S. D'Amico, R. Schoenlechner, et al, Fractionation and antioxidant properties
of rice bran protein hydrolysates stimulated by in vitro gastrointestinal digestion, Food Chemistry

28



240 (2018) 156-164.

[46] X. Mao, X. Xu, H. Yang, et al, Antioxidant activity and structural characteristics of in vitro
digestion products of kidney bean protein, Food Science 42 (2021) 56-62.

[47] J. Rosenstock, C. Wysham, J. P. Frs, et al, Efficacy and safety of a novel dual GIP and
GLP-1 receptor agonist tirzepatide in patients with type 2 diabetes (SURPASS-1): a double-blind,
randomised, phase 3 trial, The Lancet 398 (2021) 143-155.

[48] D. J. Drucker, GLP-1 physiology informs the pharmacotherapy of obesity, Molecular
Metabolism 57 (2021) 101351.

[49] M. C. Pelle, M. Provenzano, |. Zaffina, et al, Role of a Dual Glucose-Dependent
Insulinotropic Peptide (GIP)/Glucagon-like Peptide-1 Receptor Agonist (Twincretin) in Glycemic
Control: From Pathophysiology to Treatment, Life 12 (2021) 29.

[50] L. Fu, L. Xing, Y. Hao, et al, The anti-inflammatory effects of dry-cured ham derived
peptides in RAW264.7 macrophage cells, Journal of Functional Foods 87 (2021) 104827.

29



