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Abstract

The enzymatically and physically modified lentil protein (LP) was assessed for antioxidant, antihypertension, and anti-
diabetic activities. First, Alcalase and Flavourzyme were sequentially used to produce lentil protein hydrolysate (LPH).
Then, the LPH underwent microbial transglutaminase (MTGase)-mediated cross-linking (LPHC) and ultrasound treatment
(LPHUS) individually and combinatory (LPHUSC). The amino acid composition, surface hydrophobicity (H,), molecular
weight (MW) profile and distribution, DPPH and ABTS radical scavenging activities (RSA), angiotensin-converting enzyme
I-inhibitory (ACE), a-amylase, and a-glucosidase inhibitory activities, and functional properties were investigated. Results
showed that the amino acid profiles were maintained after hydrolysis, cross-linking, and sonication while the residual values
were slightly altered due to the centrifugation stages. Hydrolysis exposed the buried hydrophobic patches which led to a
significant increase in H, while cross-linking reburied them which caused a remarkable reduction in H; Ultrasound also
indicated a slight reducing effect in H,. Sodium dodecyl sulfide polyacrylamide gel electrophoresis (SDS-PAGE) and gel
permeation chromatography (GPC) results indicated that hydrolysis remarkably decreased the MW, cross-linking had an
enlarging effect on peptides, and ultrasound disrupted the formed aggregates during hydrolysis. The hydrolysis increased
DPPH and ABTS RSA while cross-linking had a decreasing effect on DPPH RSA and a slight increasing effect on ABTS
RSA; Ultrasound indicated a slight reduction in DPPH RSA. The highest ACE, a-amylase, and a-glucosidase inhibitory
activities were obtained for LPHC and LPHUSC. Also, LPHUSC indicated higher emulsifying activity and moderate stability.
Consequently, LPHC and LPHUSC could be introduced as a potent mixture of peptides with antioxidant, antihypertension,
and antidiabetic activities.
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Introduction

The bad lifestyle, inappropriate food diets, and also genetic
disorders have led to an increase in the patients who suf-
fer from hypertension and diabetes type 2 [1-3]. The
intention to use chemical drugs due to their side effects

P< Mohammad Saeid Yarmand
yarmand.m.s @ gmail.com

Department of Food Science and Technology, Razi Food
Chemistry Lab, College of Agriculture and Natural
Resources, University of Tehran, Karaj, Iran

Department of Food Science and Technology, Faculty
of Agriculture, University of Tabriz, Tabriz, Iran

has decreased while using natural compounds with phar-
macological impacts has been appealing [4—7]. Recently,
the investigation of plant proteins has remarkably increased
[8—10]. Especially, the modified plant proteins successfully
have revealed potent biological and functional properties
[1, 11, 12]. In this regard, plant protein hydrolysates have
shown anti-hypertensive and antidiabetic effects as reported
in the previous accomplished studies [9, 13]. These bioac-
tive peptides due to their potent biological activities can be
efficiently substituted by chemical drugs such as acarbose
and voglibose [1, 2, 14]. Besides, they can be substituted by
antihypertensive drugs and chemical antioxidants in food
formulations [14—-16]. The bioactivity of peptides is directly
related to their molecular size, amino acid composition, and
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amino acid sequences [10, 14, 17]. So, the production of
bioactive peptides from plant protein sources has become
the case study of several researchers [9, 10].

Hydrolysis of plant proteins is accounted as one of the
ways to modify their structures [9, 10, 18]. However, the
extent of hydrolysis is a substantial issue, and a higher or
lower degree of hydrolysis (DH) can alter the peptide bioac-
tivity [9, 10, 19]. Acidic hydrolysis has been introduced as
an abolished method due to the production of carcinogenic
compounds such as 3-Chloropropane-1,2-diol (3-MCPD)
[9, 20]. Acidic hydrolysis is an intensive reaction (using
HCI at 6 M) that produces peptides with uncontrolled DH
which rises to higher than 50% [21, 22]. Due to applying
high temperature (above 110 °C) and intensive acidic condi-
tion (pH ~2.0), carcinogenic compounds are produced and
amino acids are undergone chemical reactions leading to
reduction of peptides bioactivity [9, 10]. Enzymatic hydroly-
sis of proteins is performed by proteolytic enzymes such
as Alcalase, Flavourzyme, pepsin, pancreatin, bromelain,
ficin, etc. [15, 23, 24]. These enzymes find the specific
site of proteins, break down the peptide bonds, and liber-
ate peptides with different bioactivity; Hence, limited and
controlled DH value can be obtained [25, 26]. Alcalase and
Flavourzyme are hydrolyzing enzymes that are extensively
used in umami-taste production companies [9, 27]. Alcal-
ase widely hydrolyzes the protein structure and is an endo-
peptidase that cleaves the protein through the inner section
[28]. The produced peptides via Alcalase have mostly shown
higher DH (> 10%) and also higher antioxidant and biologi-
cal activities [29, 30]. Rezvankhah et al. [9, 10] reported
that lentil protein hydrolysate obtained by Alcalase indicted
higher angiotensin I-converting enzyme (ACE) inhibitory
activity than non-hydrolyzed protein. Similar results were
reported by Garcia-Mora et al. [31, 32] and Barbana et al.
[33, 34] for lentil protein hydrolysates. Also, the associated
enzymes in diabetes mellitus, a-glucosidase, and a-amylase
have been efficiently inhibited by the hydrolysates produced
by Alcalase [1, 35, 36]. It was reported that potato protein
hydrolysates obtained by Alcalase exhibited a-glucosidase
and a-amylase inhibitory activities [36]. Similar results
were found for Changii Radix protein hydrolysates under
the optimal enzymatic hydrolysis conditions of trypsin, Fla-
vourzyme, compound proteinase, papain, alkaline protein-
ase, and neutral protease [25]. When the Alcalase is used
sequentially with Flavourzyme as endo- and exopeptidase
enzyme (or other secondary enzymes), the produced hydro-
lysates have shown higher biological activity likely due to
their small molecular weight (MW) [10, 37, 38]. Most of the
plant protein hydrolysates have shown higher antioxidant
activity compared to native proteins [1, 9, 18].

Lentil (Lens culinaris) is one of the pulse proteins
which has shown good functional properties [39, 40]. It
has 21-31% wt protein with a dominant portion of storage
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proteins (80% wt) [31, 40, 41]. Its protein is comprised of
legumins with MW of 350—400 kDa and vicilins with MW
of 150-200 kDa as the two main globulins [9, 10, 37]. Also,
prolamins and glutelins are a minority present in lentil pro-
tein [9, 39]. Enzymatic hydrolysis of lentil protein (LP) has
produced bioactive peptides with antioxidant and ACE-
inhibitory activities [9, 31]. Various studies have shown that
lentil protein hydrolysate (LPH) can be potentially used as
an anti-hypertensive compound [9, 10, 31, 39]. However,
there were no reports regarding the antidiabetic properties
of LPH.

Enzyme modification is not only the hydrolysis of pro-
teins but also cross-linking by a microbial transglutaminase
(MTGase) through catalyzing the acyl-transfer reactions
between y-carboxyamine groups of peptide-bound glutamyl
residues and a range of primary amino groups, has been
also considered the protein’s structure enzymatic modifica-
tion [42, 43]. When the amine-containing substrate is the
e-amino group of a peptide-bound lysyl residue, peptide
chains can be covalently connected through e-(y-glutamyl)
lysine isopeptide bonds [23, 44]. MTGase reaction has
been reported to increase the MW and improve solubility
and interfacial properties of hydrolysates [23, 44]. After
MTGase catalyzing, it has been reported that the content
of peptides with MW of 1000-5000 Da was increased and
higher umami taste with a reduction of bitterness (by mask-
ing) was developed [45]. The bitterness of produced cross-
linked peptides was decreased by post-hydrolysis cross-link-
ing when MTGase was used in a combination with Alcalase
[44, 46]. Also, scavenging capabilities were detected for gly-
copeptides obtained by proteolysis from corn gluten meal
followed by transglutaminase-induced glycosylation with
glucosamine [47]. No further studies were observed regard-
ing the antihypertensive and antidiabetic effects of MTGase.

Physical modifications such as heating, freeze-thawing
have also shown significant effects on the protein structures
[48]. The novel non-thermal processing methods have been
extensively used recently due to their high efficiency in
modifications [11, 49]. Ultrasound is one of the non-thermal
strategies in the physical modification of protein structures
[50]. The acoustic cavitation of ultrasound can rupture/dis-
integrate the aggregated polypeptides, alter the protein’s
secondary structure, and change the biological activities of
proteins and peptides [29, 51-53]. Unraveling of protein’s
structure can also lead to improved functional characteristics
[4, 29, 54]. Besides, increased antioxidant activity, ACE,
a-amylase, and a-glucosidase inhibitory activities have been
reported for proteins exposed to ultrasound pretreatment and
then enzymatically hydrolyzed [15, 29, 53, 55].

This study was performed to evaluate the post-MTGase-
mediated cross-linking and ultrasound treatment on the
sequentially hydrolyzed lentil protein by Alcalase and Fla-
vourzyme. The effects were investigated on antioxidant
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activity, ACE, a-amylase, and a-glucosidase inhibitory
activities, and functional properties via the evaluation of
amino acid composition, surface hydrophobicity, and MW
changes.

Material and methods
Materials

Lentils were provided from the local market of Karaj (Iran).
Alcalase 2.4 L with a specific activity of 2.4 Anson Units
(AU)/g and Flavourzyme 1000 L with a specific activity of
1000 leucine aminopeptidase unit (LAPU)/g were purchased
from Novozymes Co. (Bagsvaerd, Denmark). MTGase with
the activity of 100 U/g was supplied by Ajinomoto Co.
(Foods Europe S.A.S, EMB 80585A, France). Angiotensin
I-converting enzyme (ACE) from rabbit lung and the ACE
synthetic substrate hippuryl-L-histidyl-L-leucine (HHL) were
purchased from Sigma—Aldrich Canada Ltd. (Oakville, ON,
Canada). Porcine pancreatic a-amylase (Cat no. A3176) and
rat intestinal a-glucosidase (Cat no. [1630) were purchased
from Sigma-Aldrich Co. (St. Louis, Mo, USA). Other chem-
icals used were analytical grade and provided by Sigma-
Aldrich Co. (St. Louis, Mo, USA) or Merck Co. (Darmstadt,
Germany).

Preparation of hydrolysate

Lentil protein hydrolysate (LPH) was generated according
to the method described by Rezvankhah et al. [10]. Briefly,
lentil protein (LP) solution at 3% wt was prepared from the
produced spray-dried powder obtained by the alkalization-
precipitation procedure [9, 56]. Then, the LP solution was
heated at 95 °C for 15 min to unfold the protein’s structure
and cooled down to the optimal temperature of Alcalase
activity (60 °C). The enzymatic hydrolysis was initiated
using Alcalase (at pH 8.0) at the enzyme to the substrate
(E:S) of 2% wt for 120 min; Then, the enzyme was termi-
nated by heating the solution at 90 °C for 15 min [9, 10].
The hydrolysate solution was cooled down to 50 °C as the
optimal temperature of Flavourzyme activity. The secondary
hydrolysis stage was started by the Flavourzyme addition at
pH 7.0 and E:S of 2% wt for 60 min and then the enzymatic
reaction was stopped by heating at the mentioned condition.
The optimal pH conditions were maintained by dropping 2 N
NaOH solution. The hydrolysate solution was centrifuged at
15,000xg for 15 min and the obtained supernatant rich in
soluble peptides was collected and spray-dried using a mini
spray-dryer (FAnyuan Instrument, FYI, SP-1500, China) at
inlet temperature of 160 °C, outlet temperature of 80 °C, and
air compressor pressure of 0.3 MPa [56]. The spray-dried

hydrolysate was termed lentil protein hydrolysate (LPH) and
stored at 4 °C.

Degree of hydrolysis (DH)

DH (%) of LPH was measured based on the pH-stat method
described by Rezvankhah et al. [9]. Accordingly, the pH of
enzymatic hydrolysis was maintained constant by continu-
ous addition of 2 N NaOH solution (mL) and its consump-
tion was recorded. The DH was measured using the equation
below [9, 10]:

DH(%)=B><Nb><l><L><L (D

a MP hlot

where B was the volume of consumed NaOH solution; N,
was the normality of basic solution; Mp was the mass of
protein in LP powder; h,,, was the total number of peptide
bonds in the protein substrate (considered 7.78); a was the
NH, groups released during the hydrolysis and computed
using the equation below:

10PH -7k

ST @

where pK was the average pK-value of a-NH, groups liber-
ated. pH was the optimum pH activity of enzymes used in
hydrolysis. The pK was the temperature-dependent param-
eter and was calculated by the following relation:

298 —-T

pk=7.8+(W

) X 2400 3)
where T (Kelvin, K) was the temperature of enzymatic
hydrolysis.

Cross-linking of LPH

The MTGase-mediated cross-linking was conducted accord-
ing to the established method of Song et al. [45] with slight
modifications. First, LPH solution at 10% wt was prepared
and allowed to be hydrated for 30 min. Then, the pH of the
solution was adjusted to 8.0, and the temperature was set
at 45 °C. MTGase was added at E:S of 1.2% wt and the
reaction was performed for 5 h. After then, the enzyme was
terminated at 95 °C for 10 min and the solution was cen-
trifuged at 11,300 X g for 10 min at 25 °C. The supernatant
was collected and spray-dried at the mentioned conditions of
the last section and termed lentil protein hydrolysate cross-
linked (LPHC). The produced sample was stored at 4 °C.

Ultrasound treatment of LPH

The ultrasound treatment of LPH was carried out using the
method of Tian et al. [53] with slight modifications. LPH
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solution (10%) was subjected to an ultrasound probe system
(TopSonics UPH-400), with 400 W output power at 20-kHz
frequency, an amplitude of range ~of 83-95 pm, and a flat-
tip probe diameter (Horn) of 12 mm. The sonication was
conducted at 150 W for 10 min at the interval conditions of
2 s on and 2 s off. The temperature of the LPH solution was
controlled using an ice bath. The sonicated LPH solution
was centrifuged at 10,000xg for 20 min and the supernatant
was collected and spray-dried at the abovementioned con-
ditions. The ultrasound-treated LPH was termed LPHUS.
Also, LPHUS underwent the MTGase-mediated cross-link-
ing process and the obtained cross-linked sample was termed
LPHUSC. The produced samples were stored at 4 °C.

Characterization of produced hydrolysates
Amino acid composition

The amino acid profile of LP, LPH, LPHC, LPHUS, and
LPHUSC was determined using the method suggested by
Rezvankhah et al. [9]. Accordingly, reverse-phase high-per-
formance chromatography (RP, Agilent 1100 HPLC; Agilent
Ltd., Palo Alto, CA, USA) was applied to determine the total
amino acid composition. First, the samples underwent HCI
hydrolysis (6 N) at 120 °C for 22 h in the glass tubes filled
with nitrogen. The hydrolyzed samples then were trans-
ferred into 25 mL volumetric flasks and neutralized with
NaOH 10 N. The obtained hydrolysate samples were filtered
through the two layers of filter paper No. 40, and the filtrates
were transferred to the centrifuge tubes and centrifuged at
1000xg for 10 min. A volume of 400 uL of each sample was
taken and transferred into an injection bottle. The injection
program was as follows: each sample was injected into a
Zorbax, 80 A C-18 column (with the size of 4 X250 mm,
5 pm particle size; Agilent, USA) at 40 C with detection
at 338 nm. For elution of the column, two series of mobile
phases were used. The mobile phase A was comprised of
7.35 mM/L of sodium acetate/triethylamine/tetrahydrofuran
(500:0.12:2.5, v/v/v), adjusted to pH 7.2 using acetic acid.
The mobile phase B was comprised of 7.35 mM/L of sodium
acetate/methanol/acetonitrile (1:2:2, v/v/v), adjusted to pH
7.2. For quantification of amino acids, a standard solution
containing 17 amino acids was also injected into the column
as an external standard.

Surface hydrophobicity

The H, of LP, LPH, LPC, LPHUS, and LPHUSC was
determined according to the method of Ashraf et al.
[57] with slight modifications. Accordingly, 1-anilino-
8-naphthalene sulfonate (ANS) was used as the hydro-
phobic fluorescence probe. Briefly, 4 mL of sample solu-
tion (0.2—1 mg/mL) was mixed with 20 pL (8 mM) of
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freshly prepared ANS solution. The mixture was vigor-
ously shaken by a vortex and stored at room temperature
in darkness. The fluorescence (FI) of each sample was
recorded at 280 nm as excitation and 350 nm as emission
using a fluorometer (F-2500; Hitachi, Tokyo, Japan). The
H, value was computed by the linear regression from the
initial slope of the plot of net FI versus protein/peptide
concentration (mg/mL).

MW profile

The polypeptide profiles of LP, LPH, LPHC, LPHUS, and
LPHUSC were determined using sodium dodecyl sulfide
polyacrylamide gel electrophoresis (SDS-PAGE) according
to the method described by Avramenko et al. [58]. Briefly,
the sample concentration of 0.5% (v/v) (75 uL of 1% sample
in 75 pLL water) was used for SDS-PAGE analysis. Then, 150
pL of each sample were transferred into separate Eppendorf
tubes followed by the addition of 150 pL of Laemmli sample
buffer. Before the electrophoresis, the samples were heated
at 95 °C for 10 min and centrifuged at 12,000xg for 5 min.
The molecular weight standards (Bio-Rad Broad Range
Marker) were also run in conjunction with samples on Bio-
Rad Tris—HCl gel (15%) at 100~110 V for 1.5 h. The protein
bands were stained using Coomassie blue R-350.

MW distribution

MW distribution of LP, LPH, LPC, LPHUS, and LPHUSC
was determined using the method of Rezvankhah et al.
[10]. Gel permeation chromatography system (GPC, Waters
Breeze HPLC system, Waters Corporation, Milford, MA,
USA) equipped to Waters UV detector and Superdex Gel fil-
tration column, phase Superdex Peptide HR (length X inter-
nal diameter 30 cm X 10 mm and 13-15 um particle size)
was applied to determine MW distribution. The samples
were dissolved in ultrapure water and then centrifuged at
12,000xg for 10 min. The supernatants were collected and
filtered through a 0.22 um membrane. The filtered solution
was transferred into an analysis bottle and 50 uL of each
sample was injected into the column. The isocratic elution
process was considered for the column and 0.02 M phos-
phate buffer containing 0.25 M NaCl (pH 7.2) was used as
the mobile phase at a flow rate of 0.5 mL/min. To deter-
mine the MW distribution of samples, the MW calibration
curve was plotted using standards with specific retention
times. The applied standards were Cytochrome C, Aprotinin,
Cyanocobalamin, Glutathione disulfide, and Glutathione
reduced. The MW distribution of samples was obtained
according to the comparison of the volume of the eluted
peaks with the standard elution volumes.
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Antioxidant activity
DPPH radical scavenging activity

DPPH' radical scavenging activity assay was carried out
according to the method of Rezvankhah et al. [9]. First, a
reaction mixture containing 2 mL of each sample solution
(7 mg/mL) and 2 mL of DPPH' ethanolic solution (0.2 mM)
was prepared. The mixture was kept in darkness for 30 min
and then the absorbance value was recorded using a UV-vis
spectrophotometer (SP-UV 500DB spectrophotometer,
Spectrum instruments, Canada). Ascorbic acid (0.01 mg/
mL) was also used as the positive control. The radical scav-
enging activity percentage (RSA%) was determined by the
following equation [9]:

A
RSA(%) = -5 x 100 4)
AC_AB

where A, Ag, and Ay indicated the absorbance values of
control, sample, and blank.

ABTS radical scavenging activity

The 2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonate) radi-
cal cation (ABTS*) scavenging activity of LP, LPH, LPHC,
LPHUS, and LPHUSC was determined according to the
method of Ambigaipalan et al. [59] with slight modifica-
tions. ABTS* was prepared by oxidizing a 5 mmol/L aque-
ous solution of ABTS with manganese dioxide at ambient
temperature for 30 min. The absorbance of ABTS™* solution
was adjusted to 0.7 at 734 nm. Then, 50 pL of each sample
solution (7 mg/mL) were mixed with 950 uL. of ABTS*
solution and after a 10 min reaction, the absorbances were
determined using a UV—vis spectrophotometer. The ABTS™*
radical scavenging activity was measured by the equation
mentioned in the previous section.

ACE-inhibitory activity

The angiotensin I-converting enzyme (ACE) inhibitory
activity of LP, LPH, LPHC, LPHUS, and LPHUSC was
determined according to the method established by Ambi-
gaipalan et al. [59] with slight modifications. The sam-
ples and enzyme were dissolved in 50 mM HEPES-HCI
buffer containing 300 mM NaCl (pH 8.3). The 10 pL of
samples (0.1-2 mg/mL) were mixed with 20 uL. of ACE
solution (0.25 unit/mL). The mixture was pre-incubated
at 37 °C for 5 min. The reaction was initiated by dis-
solving 50 pL of HHL (6 mg/mL) in distilled water and

added to the mixture followed by incubating at 37 °C for
15 min. The hippuric acid formed was extracted with 1 mL
of ethyl acetate. The mixture was centrifuged at 1200xg
for 5 min. The obtained supernatant was collected and
placed in boiling water to remove ethyl acetate. The hip-
puric acid retained was dissolved in 1 mL of distilled water
and the absorbance was measured at 228 nm. The control
was prepared using 50 mM HEPES-HCI buffer contain-
ing 300 mM NaCl (pH 8.3) instead of the sample. Also,
the sample blank and control blank were run in the same
manner, except that ACE solution was added to the reac-
tion before the addition of 1 M HCI. The ACE-inhibitory
activity (%) was calculated using the equation below [59]:

" . Ac = Ag
Inhibitory activity(%) = ——— X 100 3)
Ac—Ag

C

where A was the absorbance of the control, Ag was the
absorbance of the sample, and Ay was the absorbance of
the blank. The IC, values were also calculated based on the
prepared serial concentrations. The ICs, of ACE-inhibition
meant that the least concentration of samples was needed to
inhibit the enzyme.

a-amylase inhibitory activity

The a-amylase inhibition assay was carried out based on
the suggested method of Karimi et al. [3] with slight modi-
fications. Briefly, 100 pL of sample solution (10-500 ug/
mL) were mixed with 100 uL of a-amylase solution (0.5
U/mL) and incubated at 37 °C for 5 min. After preincuba-
tion, 100 pL of 0.5% (w/v) starch solution were added and
the obtained reaction mixture was incubated at 37 °C for
20 min. Then, the reaction mixture was heated at 100 °C
for 10 min and then cooled down to the ambient tempera-
ture followed by centrifuging at 15,000xg for 2 min to
separate the undigested starch. Then, 20 uL of supernatant
were mixed with 1 mL of PAHBAH and heated to 70 °C
for 10 min. The solution was cooled down to room temper-
ature and absorbance was read at 410 nm. Acarbose was
also used as the positive control. The a-amylase inhibitory
activity was measured using the equation below [3]:

o (AS _AB)
Inhibition of a — amylase (%) = [ 1 — ————— ] x 100

Ac
(6)
where Ag, Ay, and A represented the absorbance of sam-
ple, blank (phosphate buffer, enzyme, sample), and control
(starch, buffer, enzyme), respectively. Also, ICs, values were
measured by preparation of serial concentrations. It was

meant that the least concentration of samples could inhibit
50% activity of the enzyme.
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a-glucosidase inhibitory activity

The a-glucosidase (rat intestinal) inhibitory activity of LP,
LPH, LPHC, LPHUS, and LPHUSC was measured accord-
ing to the method of Karimi et al. [3] with slight modifica-
tions. The enzyme was extracted from rat intestinal acetone
powders and then diluted to 90 mU/mL. Then, 100 pL of
sample solution (10-500 pg/mL) were mixed with 200 uL.
of a-glucosidase and incubated at 37 °C for 10 min. After
preincubation, 5 mM PNPG solution (100 puL) were added
and incubated at 37 °C for 10 min. The absorbance of the
solution was read every 2 min at 405 nm. The phosphate
buffer was also used as a control instead of a sample solu-
tion. Acarbose was also used as the positive control. The
enzyme inhibitory activity was measured using the relation
below [3]:

Ac—A
€ 2 x100 @)
AC

Inhibtion of a — glucosidase (%) =

where A and Ag represented the absorbance of control and
sample, respectively. ICy, values were also determined for
protein and peptides by preparation of serial concentrations.
It was meant that the least concentration of protein and bio-
active peptides could inhibit 50% of enzyme activity.

Functional properties
Solubility

The solubility of LP, LPH, LPHC, LPHUS, and LPHUSC
was determined according to the method described by Rez-
vankhah et al. [10]. The samples were prepared at 10 mg/mL
at pH values of 4.0, 7.0, and 9.0 and centrifuged at 8000xg
for 15 min. The protein content of the supernatant was deter-
mined using the Bradford method. Bovine serum albumin
(BSA) was used to plot the standard curve. The solubility
was calculated using the following equation [10]:

Protein content in the supernatant

Solubility(%) = x 100

®)

Total protein content in the sample

Emulsifying properties

The emulsifying activity index (EAI, m?*/g) and emulsifying
stability index (ESI, min) were determined using the method
suggested by Rezvankhah et al. [10]. The samples at the
concentration of 10 mg/mL were prepared and then mixed
with 1 mL of sunflower oil followed by homogenization at
19,000 rpm for 1 min using a laboratory-scale homogenizer
(IKA, T25, Staufen, Germany). To determine EAI, 50 uL of
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the emulsion were taken from the bottom of the container
immediately after emulsion fabrication. To determine ESI,
50 pL of the emulsion were taken from the bottom of the
container after 10 min storage of emulsion. The taken vol-
umes were mixed with 5 mL of SDS (0.1%) and diluted solu-
tions were evaluated for their absorbances at 500 nm using
a spectrophotometer. EAI and ESI were computed from the
equations below [10]:

oal < m_2> _ (9(2.303)(A))(DF) o
8 H(6)(O)

ESI(min) = Ay A 10

(min) = Vd (10)

where A indicates the absorbance of diluted emulsion at
500 nm immediately after homogenization, DF =dilution
factor (100), I =path length of the cuvette (m), 6 indicates
the oil volume fraction (0.25), C =protein concentration in
the aqueous phase (g/m’), AA = Ay — Ay, At = 10 min.

Foaming properties

The foaming capacity (FC) and foaming stability (FS) of
the LP, LPH, LPHC, LPHUS, and LPHUSC were deter-
mined according to the method of Rezvankhah et al. [10].
The samples at 10 mg/mL were prepared and then whipped
at 19,000 rpm for 2 min with a laboratory-scale homogenizer
(IKA, T25, Staufen, Germany). The whipped solutions were
transferred into a 50 mL graded cylinder and the total vol-
umes were determined. Also, they were allowed to stand for
30 min at 20 °C, and then the total volumes were recorded.
FC and FS were calculated using the following equations
[10]:

B—-A

FC(%) = x 100 (11)

FS(%) = c-A

X 100 (12)

where A, B, and C indicate the volume of protein or peptide
solutions before being whipped (mL), the volume imme-
diately after whipping (mL), the volume after standing for
30 min (mL), respectively.

Statistical analysis

All experiments were accomplished at three replications and
data were reported with means and standard deviations. The
statistical analysis of the results was conducted by one-way
ANOVA. The mean difference of data was assessed by the
Duncan test using the SPSS software (version 23, IBM soft-
ware, NY, USA).
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Results and discussion

The hydrolysis of LP was conducted sequentially to pro-
duce bioactive peptides with high biological activities [10,
60]. First, LP was hydrolyzed by Alcalase and DH reached
17.5% after 120 min. Alcalase can produce polypeptides
with medium and small-sized polypeptides through the
inner part of the protein [9, 26, 28]. Then, Flavourzyme
continued the hydrolysis process for a further 60 min and
cleaved the produced peptides by Alcalase and DH reached
36%. Similar results were found in the previous studies [9,
10]. Indeed, when Alcalase hydrolyzed the protein, the
initial structure of the protein was unraveled and peptides
with the associated specific sites were highly matched with
the active site of Flavourzyme, and extensive hydrolysis
occurred [10, 61]. Sequential hydrolysis has been reported
to significantly increase the DH, increase the biological
activities, and reduce the bitterness of produced peptides

[9, 27, 38, 62]. In other words, the combined hydrolyz-
ing enzymes can more efficiently increase the DH and
subsequently produce peptides with stronger biological
activities [28, 59, 63]. The produced LPH underwent the
MTGase-mediated cross-linking process and also was
treated with ultrasound individually and combined with
cross-linking [53, 64]. It was hypothesized that hydrolysis,
cross-linking, and ultrasound treatment could show a sig-
nificant effect on the antioxidant activity, ACE, a-amylase,
and a-glucosidase inhibitory activities, umami taste devel-
opment, and functional properties. The effects could be
associated with the changes in MW profile and distribu-
tion, conformation, surface hydrophobicity, and hydrophi-
licity [4, 13, 23, 38, 64].

Amino acid composition

The amino acid composition of samples was determined
using RP-HPLC and the obtained results were provided in

Table 1 RP-HPLC amino acid

Amino acid composition (%w/w) LP LPH LPHC LPHUS LPHUSC
profiles of LP, LPH, LPHC,

LPHUS, and LPHUSC Aspartic acid (Asp) 12.02 13.01 11.92 11.61 11.33
Serine (Ser) 5.35 4.59 5.49 5.23 4.98
Glutamic acid (Glu) 15.76 17.07 17.52 15.45 15.03
Glycine (Gly) 443 4.26 3.94 442 4.13
Histidine (His) 2.02 1.81 2.17 2.35 2.19
Arginine (Arg) 6.59 7.67 7.43 6.65 6.72
Threonine (Thr) 3.88 441 3.76 3.19 2.82
Proline (Pro) 4.73 5.40 5.81 6.28 5.54
Alanine (Ala) 4.21 4.52 4.74 5.10 4.89
Cystine (Cys) 1.51 1.30 1.44 1.31 1.61
Tyrosine (Tyr) 3.26 2.64 291 3.25 3.69
Valine (Val) 4.88 4.38 4.58 4.81 4.27
Methionine (Met) 1.73 1.47 1.91 1.80 1.73
Lysine (Lys) 8.56 7.73 8.32 8.65 8.19
Isoleucine (Ile) 3.86 3.45 3.60 3.11 2.87
Leucine (Leu) 8.98 9.35 9.17 9.76 9.70
Phenylalanine (Phe) 4.53 4.13 3.60 3.20 2.53
Amino acid residue yield (%) 96.29 97.19 98.29 96.17 92.21
Total essential amino acids 38.44 36.73 37.11 36.87 343
Total non-essential amino acids 57.86 60.46 61.2 59.3 57.92
Hydrophobic amino acids 38.86 38.26 38.79 39.79 37.27
Hydrophilic amino acids 14 12.94 13.6 12.98 13.1
Positively charged amino acids 17.17 17.21 17.92 17.65 17.1
Negatively charged amino acids 27.78 30.08 29.44 27.06 26.36
Sulfur-containing amino acids 3.24 2.77 3.35 3.11 3.34
Umami amino acids 38.74 41.81 42.16 40.79 38.98

Essential amino acids include His, Ile, Leu, Lys, Met, Phe, Thr, and Val. Non-essential amino acids include
Asp, Ser, Glu, Gly, Arg, Pro, Ala, Cys, and Tyr. Hydrophobic amino acids include Ala, Val, Ile, Leu, Phe,
Pro, Met, Cys, and Gly. Hydrophilic amino acids include Ser, Thr, Cys, and Tyr. Positively charged amino
acids include Arg, His, and Lys. Negatively charged amino acids include Asp and Glu. Sulfur-containing
amino acids include Met and Cys. Umami amino acids include Asp, Glu, His, Pro, and Ala
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Table 1. The initial look at the amino acid table exhibited
that hydrolysis, cross-linking and ultrasound did not have
a significant effect on the main amino acid composition of
LP. Asp, Ser, Glu, Gly, Arg, Pro, Ala, Val, Lys, Leu, and
Phe were detected mostly higher than 4% wt in the LP and
processed hydrolysates [9, 10]. Most of these amino acids
are the main contributors to biological activities [10, 29].
Alcalase had a broad specificity for methionine, leucine, ser-
ine, and alanine. The produced hydrolysates by Alcalase
have shown a high amount of these amino acids depending
on the protein source while Flavourzyme hydrolysates have
been reported to be richer in glutamic acid, arginine, and
isoleucine [15]. Hence, the sequential hydrolysis led to the
production of a high amount of those amino acids.

According to Table 1, a slight difference within the amino
acid residue yields was possibly related to the separation
of polypeptides during the centrifugation, either in the pro-
duction of LP that some polypeptides were separated in the
alkalization stage or the production of LPH that unhydro-
lyzed polypeptides were separated. Besides, the produc-
tion of LPHC, LPHUS, and LPHUSC had centrifugation
processes, thereby unprocessed proteins were separated
[15, 65-67]. The same explanation was presented by You
et al. [67] and Fadimu et al. [15] that some dipeptides and
larger peptides may fail to be hydrolyzed. Separation of
unprocessed proteins led to slight differences in the essen-
tial amino acid contents (Table 1). The highest content of
essential amino acids was obtained for LP while the lowest
content was obtained for LPHUSC (Table 1). This phenom-
enon could be related to the several centrifugation stages that
LPHUSC underwent. Despite this, LP and also its processed
products indicated acceptable essential amino acid contents
which should be delivered according to the daily intake sug-
gested by FAO/WHO [15, 65]. This implied that the pro-
duced hydrolysates (LPH, LPHC, LPHUS, and LPHUSC)
had good potential to be used as a dietary protein supple-
ment in foods.

The dominant part of LP and produced hydrolysates was
assigned to the hydrophobic amino acids including Ala,
Val, Ile, Leu, Phe, Pro, Met, Cys, and Gly (Table 1) [9, 10].
The higher hydrophobic amino acid content was achieved
for LPHUS related to the centrifugation processes and
supernatant polypeptides [15]. Ultrasound solubilized the
peptides and exposed the hydrophobic segments, thereby
higher hydrophobic amino acids were detected [64]. Albeit,
the hydrophobic amino acids cannot individually show the
hydrophobicity of peptides [10]. The sequence of amino
acids in the peptides and more specifically the amino acid
at the end residue of the peptide can also affect the hydro-
phobicity, hydrophilicity, and other biological activities [68].
Total amino acid composition by RP-HPLC indicated just
amino acids constructed the protein or peptides' initial struc-
tures [9]. Further, hydrolysis, cross-linking, and sonication
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can change the MW of peptides; thus, different amino acid
compositions can be provided [69]. Also, some amino acids
inherently have been accepted as an antioxidant [9, 10]. Asp,
Glu, Lys, Pro, Leu, Val, Phe, His, Tyr, Lys, and Met are such
amino acids. However, their position in the peptide chain can
substantially affect the peptide’s biological activities [15].

Higher positively charged amino acids were obtained for
LPHC and LPHUS while higher negatively charged amino
acids were achieved for LPH and LPHC (Table 1). These
amino acids including Arg, His, Lys, Asp, and Glu have been
known as an antioxidant and also umami-taste contributor
amino acids [10, 70]. Sulfur-containing amino acids altered
after hydrolysis and the highest amounts were detected for
LPHC and LPHUSC, which can render higher meat analog
flavor [45, 71].

Surface hydrophobicity

The H, values of LP, LPH, LPHC, LPHUS, and LPHUSC
were represented in Fig. 1. The surface hydrophobicity has
important influences on the macromolecular structural sta-
bility, surface property, and fat-binding ability of protein
[58, 72]. Also, possessing surface hydrophobicity has been
introduced as a prerequisite for appreciable surface activity
[73]. ANS has been known as one of the most popular types
of fluorescence probes which may combine or interact with
the aromatic amino acid residues [73]. Non-hydrolyzed LP
indicated a moderate surface hydrophobicity likely due to
the presence of hydrophobic peptides in its protein mixture
[58]. LP has been reported to show higher interfacial prop-
erties due to containing hydrophobic proteins [74, 75]. LP
has also shown high comparable interfacial attributes with
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Fig.1 Surface hydrophobicity (H,) values of LP (control), LPH,
LPHC, LPHUS, and LPHUSC. LP was native lentil protein; LPH was
Alcalase-Flavourzyme hydrolysates; LPHC was MTGase cross-linked
LPH; LPHUS was treated LPH with ultrasound; LPHUSC was LPH
treated with ultrasound and MTGase
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animal-based proteins such as sodium caseinate, whey pro-
tein concentrate, and BSA [75]. Based on the reports, LP has
shown higher surface hydrophobicity than sodium caseinate,
whey protein concentrate, and lysozyme [75]. According to
Fig. 1, it was observed that hydrolysis led to a significant
increase in surface hydrophobicity for LPH [15, 76]. This
increase could be associated with the unraveling of protein
structure and exposing the buried hydrophobic patches [15].
Indeed, Alcalase-Flavourzyme combined hydrolysis system
led to the liberation of peptides with small- and medium-
sized properties and also exposed hydrophobic surfaces [15,
76]. Hydrolysis has shown declining effects on disulfide (SS)
bonds which were found to be significantly lower than that
of intact protein. Disulfide bonds might be the driving force
required to approach and maintain together with the protein
chains [73]. On another side, it has been declared that the
high content of SS bonds, the non-covalent interactions, par-
ticularly the hydrophobic interactions are important for the
aggregation tendency of a protein although they are not the
driving force for the aggregation process [73]. When LP was
hydrolyzed, the H, reached the highest value (Fig. 1) within
the present samples due to the unfolding of the main struc-
ture, and the production of lower MW peptides with exposed
hydrophobic segments that highly interacted with the ANS
probe [58, 73]. The current findings were in agreement with
those reported for hydrolysis of corn glutelin by Protamex
and walnut protein hydrolysis by trypsin [73, 76]. Hydrolysis
causes exposing the buried hydrophobic parts of proteins
to the outer surface of the molecule [58, 76]. However, it is
not enough to promote aggregation [73]. Soluble and dis-
crete aggregates are formed during the hydrolysis which may
not be removed by a centrifugal operation [73]. Conversely,
insoluble aggregates may be segregated by centrifugation.
In the present study, a very important experimental phenom-
enon occurred that the hydrolysates exhibited an emulsion-
like appearance. It showed that sufficient hydrolysis of LP
not only increased its surface hydrophobicity (LPH) but also
decreased the MW and disulfide bonds of proteins, eventu-
ally transforming the insoluble native aggregates to soluble
ones during the hydrolysis process [73].

According to Fig. 1, MTGase-mediated cross-linking
LPH that led to the production of LPHC reduced H,, value
compared to LP and LPH. This significant decrease could
be attributed to the re-burying effect of cross-linking on the
exposed hydrophobic residues [43]. Indeed, the hydroly-
sis led to enforced exposure of hydrophobic residues, and
cross-linking of LPH led to the approaching the exposed
hydrophobic patches which increased the hydrophobic inter-
actions. In other words, cross-linking reburied hydrophobic
patches within the interior structure of new larger aggregates
formed [43, 44, 58, 77]. Also, based on the amino acid com-
position shown in Table 1, a higher amount of negatively
charged amino acids were found for LPHC which indicated

that the hydrophilicity of LPH was remarkably increased
after cross-linking. A similar manner was observed for lim-
ited hydrolysis and conjunction of zein with chitosan oli-
gosaccharide by MTGase-mediated reaction [43]. Indeed,
covalent bond formation between two molecules reduced the
accessibility of exposed hydrophobic groups which rendered
reduced the H, value [43].

Ultrasound treatment of LPH (LPHUS) indicated a dif-
ferent manner compared to cross-linking (LPHC) (Fig. 1).
Although sonication caused a slight reduction of H, value
compared to LPH, the produced hydrolysates still had higher
surface hydrophobicity than LP and LPHC (Fig. 1). Soni-
cation disrupted the soluble aggregates formed during the
hydrolysis process; thus, the solubility and hydrophilicity
of peptides were increased [29, 53, 64]. Indeed, sonication
could solely unravel the produced peptides’ structure with
reduction of a-helix and f-turn and increase of f-sheet in the
secondary structure, disrupt the aggregates, and maintain the
most of the exposed hydrophobic patches which conversely
occurred compared to cross-linking process [15, 29, 53, 57].
According to the literature, pretreatment of mung bean pro-
tein with ultrasound and then its enzymatic hydrolysis led to
an increase in the concentration of peptides with 0.5—-1 kDa
and 1-3 kDa which showed higher surface hydrophobicity
and antioxidant activity [53]. Although ultrasound treatment
has shown an increasing effect on the surface hydrophobic-
ity of proteins and peptides, the hydrophobic region of the
proteins or peptides might be reburied by excessive ultra-
sound treatment which leads to the reaggregation of protein
or peptide molecules by disulfide bonds [15, 78].

MTGase-mediated cross-linking of ultrasound-treated
LPH (LPHUSC) indicated a different manner compared to
LPHC. Ultrasound indicated disrupting effect on the LPH,
maintained the exposed hydrophobic segments, and a slight
reduction of H, was obtained for LPHUS. Cross-linking of
LPHUS exhibited a more impressive influence on the reduc-
tion of surface hydrophobicity due to the reason mentioned
for LPHC [15, 58, 78]. Although sequential ultrasound treat-
ment and then cross-linking (LPHUSC) led to a reduction of
H, value compared to LPH and LPHUS, LPHUSC still had
higher surface hydrophobicity than LPHC and no significant
difference with LP (Fig. 1). Some of the disrupted aggre-
gates via ultrasound were cross-linked through the MTGase
catalyzing action and become larger and higher hydrophobic
interactions led to reburying of hydrophobic patches; thus,
H, was decreased for LPHUSC compared to LPHUS [43].

MW profile
The electrophoretic profiles of LP, LPH, LPHC, LPHUS,
and LPHUSC were represented in Fig. 2. LP’s electro-

phoretic profile indicated four intense bands at 100, 150,
170-180, and 200-230 kDa. The bands with MW higher
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Fig.2 SDS-PAGE patterns of LP (control), LPH, LPHC, LPHUS,
and LPHUSC. LP was native lentil protein, LPH was Alcalase-
Flavourzyme hydrolysates; LPHC was MTGase cross-linked LPH;
LPHUS was treated LPH with ultrasound; LPHUSC was LPH treated
with ultrasound and MTGase

than 85 kDa have been attributed to legumins and vicilins
[33, 39]. The salt-soluble globulin fraction mainly consists
of legumin ascribed to 11S, and S—Svedberg Unit with an
MW of higher than 200 kDa, and vicilin 7S with an MW
of 175-180 kDa [9, 33, 34, 58]. The sequential hydrolysis
of LP disappeared the bands at higher than 200 kDa and
175-180 which were shifted to 200 and 150 kDa (become
more intense) [10]. The band at 100 kDa was also dimin-
ished which coincided with the appearance of new intense
bands at 60-85 kDa and 45-50 kDa for LPH. Legumin is
a hexameric protein comprised of ~60 kDa subunits of o
(~40 kDa). Also, subunits of 7S globulins such as vicilin
and convicilin have shown bands at 48 kDa and 63 kDa as
reported previously [10, 32, 39].

MTGase-mediated cross-linking led to the appearance
of main LP bands and the bands at 60-85 kDa and 45-50
were shifted to 85-90 indicating vicilins and legumins and
50-52 kDa representing vicilin fractions, for the produced
LPHC, respectively (Fig. 2) [10, 39]. Indeed, MTGase
enlarged the hydrolyzed polypeptides via cross-linking. The
same results were reported for soy protein hydrolysate (SPH)
that was cross-linked by MTGase [44]. It was reported that
MTGase catalyzed the formation of iso-peptide bonds
within or among SPH peptide fragments, resulting in pep-
tide aggregates with an increased molecular mass [44]. Also,
MTGase-mediated cross-linking has shown the promotion of
synthesizing a larger protein subunit (66 kDa) through new
hydrogen and disulfide bonds [44, 79]

Conversely, ultrasound treatment of LPH led to the dis-
ruption of aggregated peptides (LPHUS) produced through
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hydrolysis (Fig. 2) [53]. Accordingly, the bands at 200 and
150 kDa were diminished and shifted to 160, 85-90 kDa
and 50 kDa, 40-42 kDa, and 25-27 kDa, respectively. The
intense band at 50 kDa probably represented the subunit of
vicilin (48 kDa) and the band at 40 kDa could be attributed
to legumin subunit 11S (acidic subunit) [9, 39]. The band
around 25-27 kDa was assigned to albumin-rich fraction
peptides, contaminants with vicilin subunit 7S, and a legu-
min-rich fraction (basic subunit) or § chains [10, 34, 39].

Cross-linking of LPHUS (LPHUSC) led to occurrence of
some shifts at bands (Fig. 2). Indeed, enlarging of peptides
diminished the band at 25-27 kDa and a new intense band
was formed at 29-30 kDa [44]. Also, the band at 40 kDa
became thinner with a bit shift to 45 kDa. The band at 85-90
also exhibited a slight shift to 93-95 kDa.

According to the electrophoretic results of SDS-PAGE
(Fig. 2), the lowest MW profile within the hydrolysate sam-
ples was obtained for LPHUS attributed to the disruption
effects of the sonication process and then LPHUSC, LPH,
and LPHC indicated the lower MW peptides, respectively.
It was worth noting that some changes occurred at a lower
MW range that was not visible on the SDS-PAGE gel [9,
10]. It could be likely due to the effects of heating on protein
or peptides structures. Heating (for denaturation/unfolding
of proteins/peptides and termination of enzyme) was per-
formed during the hydrolysis and also during the prepara-
tion of samples for running the SDS-PAGE process [9, 10].
Also, it has been reported that most SDS-PAGE gels are
designed to reveal MW above 10 kDa; thus, visualizing vari-
ations at MW range below 10 kDa might be achieved using a
more suitable spectroscopic technique such as size exclusion
chromatography (SEC) or gel permeation chromatography
(GPO) [9, 15].

MW distribution

The variations in MW patterns that could not be visualized
on SDS-PAGE below 10 kDa were observed by GPC, indi-
cating the potential of GPC as a robust technique for moni-
toring changes in MW patterns not visible in SDS-PAGE [9,
10, 15]. The MW distribution of LP, LPH, LPHC, LPHUS,
and LPHUSC was illustrated in Fig. 3. A sharp intense peak
was detected for LP assigned to polypeptides with 4943 Da
which could be attributed to vicilin, lectin, protease, and
amylase inhibitors subunits as reported by Avramenko et al.
[58]. Sequential hydrolysis of LP led to the production of
peptides (LPH) with a major sharp peak assigned to MW
of 1678 Da. Alcalase cleaved the LP peptide bonds broadly
and medium-sized peptides were produced [10, 29, 35, 80].
After then, Alcalase-hydrolyzed LP was further cleaved by
the Flavourzyme. Individual application of Flavourzyme has
been demonstrated lower DH than Alcalase [27, 29]. How-
ever, when Flavourzyme was applied in the second stage
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Fig.3 MW distribution by GPC for LP (control), LPH, LPHS,
LPHUS, and LPHUSC. LP was native lentil protein; LPH was Alca-
lase-Flavourzyme hydrolysates; LPHC was MTGase cross-linked

of hydrolysis, the produced medium-sized peptides in the
first hydrolysis stage were also degraded into small-sized
peptides [9, 29]. Based on the reports, a MW less than 3 kDa
peptides are mainly derived from convicilin, vicilin, and
legumin containing bioactive amino acid sequences, which
make them potential contributors to ACE-inhibitory and
antioxidant activities [31].

Cross-linking (LPHC) did not show a significant effect
on MW of LPH at lower MW ranges and the detected sharp
peak was assigned to 1637 Da (Fig. 3). Although based on
the SDS-PAGE pattern, MTGase-mediated cross-linking
led to enlarging of hydrolyzed LP (LPH), at the lower MW
range, the peptides were not efficiently cross-linked. It could
be likely that large MW peptides have many specific sites
for the MTGase enzyme while small MW peptides do not
have sufficient sites (lysine and glutamine residues) for

Minutes

LPH; LPHUS was treated LPH with ultrasound; LPHUSC was LPH
treated with ultrasound and MTGase

enzyme cross-linking action [81]. It was worth declaring
that LPH had aggregated peptides that masked the glu-
tamine and lysine residues, especially at small MW pep-
tides. These results followed the reports by Carvalho et al.
[81] that peptides without glutamine or lysine resides may
have limited cross-linking. Also, the presence of free glu-
tamine may have prevented cross-linking [81]. Conversely,
sonication led to disruption of LPH; thus, the size of pep-
tides was markedly decreased with the detection of a sharp
intense peak for LPHUS assigned to 1033 Da (Fig. 3). On
another side, MTGase-mediated cross-linking of ultrasound-
treated LPH (LPHUSC) altered MW distribution compared
to LPHUS. Possibly, disruption of peptides by ultrasound led
to increasing glutamine and lysine residues becoming acces-
sible to the MTGase; thus, the efficiency of cross-linking
was increased, and higher MW peptides were produced for
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LPHUSC (Fig. 3). Accordingly, the GPC chromatogram of
LPHUSC indicated a sharp peak at 1294 Da which showed
that combined processes of disruption and cross-linking
could change the MW distribution of peptides [82]. Ultra-
sound has been reported to promote cross-linking action
[82]. According to the previous studies, SEC results have
shown that the concentration of peptides (0.5 kDa-1 kDa and
1-3 kDa) in the hydrolysate was significantly increased after
thermosonication [57].

DPPH radical scavenging activity

DPPH has been introduced as a stable free radical, which
can accept protons from an antioxidant to form a stable
diamagnetic molecule [10]. It is worth noting that DPPH
radicals have a higher hydrophobic intention and are
oil-soluble [10, 83]. According to Fig. 4a, LP indicated
12.77% DPPH RSA which could be attributed to its inher-
ent hydrophobic peptides on the protein surface as shown
by H, [10]. Also, the amino acid residues (Asp, Glu, Pro,
Arg, His, Met, Leu, Ala, Try, and Val) might contribute
to the DPPH RSA of LP. The sequential hydrolysis of LP
led to a significant increase in RSA and reached 68.75%
for LPH (Fig. 4a). This increase was attributed to unfolded
and broken polypeptide molecules of LP. Based on the pre-
vious reports, the medium and small-sized peptides pos-
sess higher RSA against radicals [80, 83]. Alcalase gener-
ated hydrolysates have shown stronger antioxidant activity
[10, 80]. When the Flavourzyme was added sequentially,
the hydrolysates cleaved to smaller MW peptides and
more stronger antioxidant activity was rendered [9, 10]. It
has been reported that small-sized peptides have a higher
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Fig.4 Antioxidant activity of LP, LPH, LPHC, LPHUS, and
LPHUSC by DPPH (a) and ABTS (b) radical scavenging activities
(RSA). LP was native lentil protein; LPH was Alcalase-Flavourzyme
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chance to be adsorbed to oxidative agents [9, 10, 83].
Besides, the produced peptides had unraveled structure;
thus, the buried hydrophobic segments were exposed to
the surface of peptides leading to higher interaction with
DPPH radicals (Figs. 1, 4a) [5, 53, 73, 76, 84, 85]. Vari-
ous studies have reported that hydrolysis of proteins liber-
ates bioactive peptides with potent antioxidant activity [9,
10, 19, 84]. Especially, Alcalase-Flavourzyme sequential
hydrolysis has shown stronger RSA [9, 10]. Regarding the
LPHC, a significant reduction in RSA was observed and
reached 62.71% (Fig. 4a). MTGase-mediated cross-linking
process led to reduction of H, which directly had a relation
to DPPH RSA (Figs. 1, 4a). Cross-linking reaggregated
the LPH and masked the hydrophobic patches with higher
reactivity with DPPH radicals; thus, RSA was decreased
[86]. A slight decrease was observed for LPHUS and
LPHUSC which indicated 67.49 and 67.60% RSA, respec-
tively (Fig. 4a). This decrease could also be associated
with a reduction of H, values compared to LPH (Fig. 1).
Despite this, LPHUS and LPHUSC exhibited higher RSA
than LP and LPHC (Fig. 4a). Ultrasound treatment has
been reported to have disrupting and unfolding effects on
the aggregated peptides [53, 57]. Although disruption has
led to a reduction of surface hydrophobicity of LPHUS,
unraveling of spatial conformation of peptide structure
could maintain the higher surface hydrophobicity value
achieved for LPH (Fig. 4a). Therefore, the RSA of LPHUS
and LPHUSC did not remarkably decrease compared to
LPHC (Fig. 4a). All obtained hydrolysates indicated
stronger DPPH RSA than that obtained from ascorbic acid
(54.50%) which exhibited their potential as natural pre-
servatives to be used in food formulations [9, 10].
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hydrolysates; LPHC was MTGase cross-linked LPH; LPHUS was
treated LPH with ultrasound; LPHUSC was LPH treated with ultra-
sound and MTGase
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ABTS radical scavenging activity

ABTS radicals have been recognized as water-soluble radi-
cals which can be efficiently interacted with hydrophilic anti-
oxidants [83]. According to Fig. 4b, LP indicated 84.14%
RSA while sequential hydrolysis led to a significant increase
in ABTS RSA reaching 96.25% RSA for LPH. The higher
ABTS RSA of LP could be attributed to higher hydrophilic
amino acid residues [83]. Sequential hydrolysis led to the
production of small-sized peptides which have been reported
to be efficiently adsorbed to radicals [10, 83]. Also, reduc-
tion of molecular size can increase the solubility which leads
to higher interaction with ABTS hydrophilic radicals [59].
The same results were obtained for date seed hydrolysates
prepared using Alcalase and Flavourzyme [59]. MTGase-
mediated cross-linking (LPHC) led to a slight increase
(97.28% RSA) compared to LPH (Fig. 4b). This could be
attributed to the reduction of the H, value of LPHC and rela-
tively higher hydrophilic interactions occurred with ABTS
radicals which increased RSA. Ultrasound treatment could
maintain hydrophobic/hydrophilic balance and higher DPPH
and ABTS RSA values were achieved for LPHUS. Ascorbic
acid also indicated 97.60% RSA which showed that the pep-
tides obtained from LP can be potentially substituted with it
in food formulations.

Anti-hypertension activity

ACE-inhibitory results were represented in Fig. 5a. LP
indicted 57.35% inhibition which was in agreement with
that reported in the recent studies [9, 10]. Sequential
hydrolysis led to a significant increase in antihypertension
activity and ACE-inhibitory activity reached 70.73% for
LPH (Fig. 5a) [9, 10]. Degradation of LP into medium-
and small-sized peptides led to the liberation of active
antihypertensive sequences of amino acids [31, 39]. Simi-
lar results were recorded in the previous studies [9, 10,
39]. Garcia-Mora et al. [32] reported that ACE-inhibition

100 60

ranged between 40 to 57% for LPH which was produced
by high pressure-assisted proteolysis by Alcalase. In most
cases, the peptides with MW less than 3000 Da have
shown higher anti-hypertension activity [9, 10, 32, 84].
Also, the enriched legumin (119 +0.5 pmol/L), albumin
(127 £ 2 pmol/L), and vicilin (135 +£2 pmol/L) fractions
in LPH have been reported to render the highest ACE-
inhibitory activity [39].

MTGase-mediated cross-linking also increased ACE
inhibition and reached 86% for LPHC (Fig. 5a). It could
be related to the association of some peptides that highly
interacted with ACE. Although LPHC had the peptides
with MW of 1637 Da detected by GPC chromatogram, the
higher MW peptides around 50 kDa respected to vicilin
fractions were also detected by the SDS-PAGE electropho-
retic pattern (Figs. 2, 3). The collection of these peptides
gave rise to higher inhibition of ACE. Different range of
MW has been reported for ACE-inhibition and also other
biological activities. The biological activities are highly
associated with specific peptide sequences in hydrolysates.
Digestion of bean (Phaseolus vulgaris L.) seeds released
peptide fractions with MW of 3.5-7 kDa which indicated
the highest ACE-inhibitory activity [87].

Ultrasound treatment of LPH (LPHUY) led to an increase
in ACE-inhibitory activity (78.32%) compared to individual
LPH (Fig. 5a). Each treatment produced a different sequence
of peptides with different amino acids; thus, different bio-
logical activities were presented. According to the SDS-
PAGE profile and GPC chromatogram results (Figs. 2, 3), a
combination of peptides indicated a specific ACE inhibition.

The determined ICs, values were 0.91, 0.48, 0.27,
0.33, and 0.23 mg/mL for LP, LPH, LPHC, LPHUS, and
LPHUSC, respectively. Different ICs, values have been
found in the literature based on the enzyme employed in
hydrolysis. The lowest ICs, value indicated a higher inhi-
bition of ACE. The reported ICs, values ranged between
0.15 to 0.44 mg/mL for LPH without cross-linking or
ultrasound-treated LPH [10, 31, 34, 88].

60 d

ACE-inhibitory activity (%)
a-amylase inhibitory activity (%)

a-glucosidase inhibitory activity (%)

LPH LPHC LPHUS LPHUSC Lp LPH

Sample

Fig.5 ACE (a), a-amylase (b), and a-glucosidase (c) inhibitory
activities of LP, LPH, LPHC, LPHUS, and LPHUSC. LP was native
lentil protein; LPH was Alcalase-Flavourzyme hydrolysates; LPHC

LPHC

Sample

LPHUS ~ LPHUSC  Acarbose Lp LPH LPHC ~ LPHUS LPHUSC Acarbose

Sample

was MTGase cross-linked LPH; LPHUS was treated LPH with ultra-
sound; LPHUSC was LPH treated with ultrasound and MTGase
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Antidiabetic activity

One of the strategies to control type 2 diabetes is the use
of synthetic medicines like acarbose and voglibose [28].
They suppress the absorption of glucose by indicating
inhibition effects on a-amylase and a-glucosidase [28].
The a-amylase is an enzyme that hydrolyses alpha-bonds
(internal alpha-1,4-glucan links) of polysaccharides such as
glycogen and starch to yield glucose and maltose [28, 89].
The a-glucosidase cleaves the disaccharides and releases
glucose molecules [15, 36]. The reduction of glucose lev-
els in the blood by the inhibition of a-amylase is known as
in vitro indicator of controlling diabetes [36, 68]. Although
these drugs can efficiently show inhibiting effects on the
respective enzymes, they suffer from high cost and also gas-
trointestinal side effects like diarrhea (14% of patients) and
flatulence (78% of patients) [28].

The a-amylase and a-glucosidase inhibitory activities of
LP, LPH, LPHC, LPHUS, and LPHUSC were represented
in Fig. 5bc. Regarding the a-amylase inhibitory activity
(Fig. 5b), LP indicated 35.13% inhibition. The sequential
hydrolysis led to a slight increase and reached 36.63% for
LPH. The most efficient process was MTGase-mediated
cross-linking of LPH which led to the a-amylase inhibitory
activity of 41.16% for LPHC. Also, ultrasound treatment
increased the a-amylase inhibitory activity compared to LP
and LPH and reached 38.06% for LPHUS. The LPHUSC
indicated 41.06% inhibition without significant difference
with LPHC. Acarbose is the synthetic drug for diabetes
Mellitus control indicated the highest a-amylase inhibitory
acidity (51%) which could be related to its purity [3]. The
produced hydrolysates had a variety of antidiabetic and non-
antidiabetic sequences of peptides; thus, they exhibited lower
a-amylase inhibitory activity than that obtained for acarbose.
The 50% a-amylase inhibitory concentrations (ICs,) were
4.22,2.51, 1.35, 1.95, 1.16, and 0.43 mg/mL for LP, LPH,
LPHC, LPHUS, LPHUSC, and acarbose, respectively. The
a-amylase inhibition of LP and produced hydrolysates were
higher than lupin protein and its hydrolysates produced by
Alcalase and Flavourzyme [15]. This difference could be
attributed to a different sequence of proteins/peptides with
different amino acid residues [15]. The bioactive peptides
can bind or interact with the enzyme’s active site and inhibit
the interaction between the enzyme and substrate [3, 15].
Furthermore, bioactive peptides can bind to the allosteric
site of the enzyme, for instance, calcium and chloride ion
sites, and create an unstable conformation, restricting the
displacement of the enzyme on the substrate [3]. Indeed,
calcium ions have crucial roles in the structure, function, and
stability of a-amylase [3]. Removal of calcium ions can inac-
tivate the enzyme. Besides, amino acids including aspartic
and glutamic acids, glycine, leucine, serine, proline, pheny-
lalanine, tryptophan, and tyrosine have been reported likely
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to bind active domains and indicate a potential to inhibit the
enzyme [3]. According to the literature, using Flavourzyme
led to the production of peptides with higher a-amylase inhi-
bition [15]. Rahimi et al. [36] reported that potato protein
hydrolysates (obtained by Alcalase) with high MW peptides
indicted higher a-amylase inhibition. Also, the ability of
peptides to interact through hydrophobic interactions with
the active site of enzymes has been demonstrated to be the
mechanism behind the inhibitory action of peptides [15, 36].
The determined values of a-amylase inhibitory activities
indicated that LP, LPH, and processed LPH samples can be
potentially used as antidiabetic agents especially when the
specific fractions become separated (Fig. 5Sb). LPHC and
LPHUSC were the most efficient peptides for the inhibition
of a-amylase.

Regarding the a-glucosidase inhibitory activity (Fig. 5¢),
LP indicated 37.45% inhibition while hydrolysis led to a
slight increase and reached 38.80% for LPH. MTGase-
mediated cross-linking increased a-glucosidase inhibitory
activity a bit more and reached 40.43% for LPHC. LPHUSC
indicated 39.41% inhibition which was higher than LP, LPH,
and LPHUS and lower than LPHC. Acarbose is a synthetic
drug for diabetes control indicating 50.75% inhibition which
was related to its high purity. Also, the ICy, values were
2.58, 1.74, 1.20, 1.75, 1.23, and 0.51 mg/mL for LP, LPH,
LPHC, LPHUS, LPHUSC, and acarbose, respectively.
Molecular docking analyses revealed that the a-glucosidase
inhibition by the peptides could be mainly attributed to the
formation of five strong hydrogen bonds between Glu-Ala-
Lys and His-674, Asp-518, Arg-600, Asp-616, and Asp-282
in a-glucosidase, and four hydrogen bonds between Gly-
Ser-Arg and residues Asp-282, Asp-518, and Asp-616 [90].
However, in the present samples, different peptides with dif-
ferent amino acid sequences have shown different results. A
higher DH value has also been reported rendering higher
antidiabetic and a-glucosidase inhibitory activity [91]. The
higher inhibition for LPHC and LPHUSC could be associ-
ated with the production of a range of small- and medium-
sized peptides with MW less than 100 kDa [85]. The amino
acid residues have also been reported to efficiently influence
the a-glucosidase inhibitory activity [15, 36]. The deter-
mined a-glucosidase inhibitory activities exhibited that LP
and its hydrolysates can be efficiently used as antidiabetic
agents especially when the peptides become fractionated.

Functional properties

The determined values of solubility, EAI, ESI, FC, and FS
were provided in Table 2. Regarding the solubility, LP indi-
cated no solubility at pH values of 4.0 and 7.0 attributed to
lack of electrostatic repulsion at pH 4.0 (isoelectric point)
and inherent hydrophobic surface of intact protein at pH
7.0. pH shifting to 9.0 significantly increased the solubility
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Table 2 Functional properties of LP, LPH, LPHC, LPHUS, and LPHUSC

Sample Solubility (%) EAI (mzlg) ESI (min) FC (%) FS (%) after 30 min
pH4 pH7 pHO

LP 00.00+00.00%¢  00.00+0.00¢  56.00+0.002¢  49.10+0.50° 21.80+2.30% 80.10+2.10°  57.89+0.20°

LPH 92.00+01.30%°  96.00+0.00%¢  96.00+0.002°>  29.47+1.20¢ 10.30+0.50° 90.00+1.50*  48.71+3.40°

LPHC 96.00+01.20°*  98.00+0.00%®  100.0+£0.00%*  38.50+1.50° 67.41+£3.40° 46.15+£2.30°  12.82+1.30¢

LPHUS 86.00+02.10°  98.00+£0.004>  94.00+0.005¢  2579+2.10°  100.0+0.00°  53.84+1.40% 23.07+2.10°

LPHUSC  92.00+02.10%°  100.0+0.00%*  100.0+0.00**  5527+1.30* 51.72+3.20° 65.00+1.90°  10.00+0.20°

The different small and large superscripts indicate significant differences among the columns and rows (p <0.05)

and reached 56% for LP which could be attributed to the
increase of negative charge on the protein surface; thus, an
increase in electrostatic repulsion led to higher solubility
[9, 10, 43]. Hydrolysis of LP and subsequent processing
methods resulted in higher solubility at the 3 mentioned pH
values (Table 2). LPH indicated solubility values of 92, 96,
and 96%, LPHC indicated 96, 98, and 100%, LPHUS exhib-
ited 86, 98, and 94%, and LPHUSC showed 92, 100, and
100% at pH values of 4.0, 7.0, and 9.0, respectively [10, 38,
92]. Most alterations were observed at pH 4.0 attributed to
changes in particle charges and surface hydrophilicity and
hydrophobicity of produced peptides [38]. MTGase-medi-
ated cross-linking indicated a rising effect on the solubility
while sonication (LPHUS and LPHUSC) slightly reduced
the solubility, especially at a pH of 4.0 (Table 2). Changes
in MW altered the hydrophilicity and hydrophobicity of
peptides and different solubility values were observed [10].

Regarding the emulsifying attributes, LP indicated EAI of
49.10 m%g which declined to 29.47 m?/g for LPH (Table 2).
LP due to possessing highly hydrophobic patches in the
protein structure has been introduced as a good emulsifier
[75, 93]. It is noteworthy that emulsifying activity not only
depends on the surface hydrophobic activity of proteins
but also on their hydrophilicity [10]. When a protein tends
to be adsorbed to the interface of oil-water by mechanical
enforcement, it should have first high solubility in water.
Then, the adsorbed protein with its surface activity disperses
the oil within the continuous phase [56]. Also, exposed non-
degraded proteins (by thermal or non-thermal denaturing)
have shown higher EAI compared to intact non-degraded
proteins [10, 56]. Although sequential hydrolysis by Alcal-
ase and Flavourzyme led to an increase in H,, value and solu-
bility, due to the reduction of molecular mass, there were not
sufficient proteins at the interface to drag the oil droplets
and enforce them to be distributed within the continuous
phase [7, 56]. Indeed, hydrolysis increased the aggregation
of soluble peptides which were not efficiently adsorbed to
the interface [10, 56, 73]. MTGase-mediated cross-link-
ing led to a significant increase in EAI and reached 38.50
m?/g (Table 2). Cross-linking likely formed peptides with
well-balanced hydrophilic/hydrophobic properties which

exhibited higher EAI than LPH [58, 77]. On another side,
enlarging the peptides supported the improvement of sur-
face interfacial tension attributes which led to the efficient
fabrication of emulsion [44, 94]. Similar results were found
for soy protein hydrolysates obtained by Alcalase and cross-
linked with MTGase [44]. Ultrasound treatment of LPH led
to a significant reduction of EAI which reached 25.79 m%/g
for LPHUS (Table 2). It could be attributed to the disrup-
tion effects of sonication on the aggregated peptides and
the reduction of MW. Therefore, it could be declared that
MW exhibited a fundamental role in EAI The highest EAI,
55.27 m2/g was achieved for LPHUSC (Table 2). The com-
bined sonication and cross-linking likely formed peptides
with higher interfacial tension activity. Ultrasound treatment
first disrupted the aggregates then cross-linking rearranged
them with higher surface activity associated with enlarged
MW of peptides [44]. The ESI values were 21.80, 10.30,
67.41, 100, and 51.72 min for LP, LPH, LPHC, LPHUS, and
LPHUSC, respectively. Hydrolysis led to a reduction of ESI
while cross-linking and sonication significantly improved
the ESI corresponding to the formation of new peptides
with strong electrostatic repulsion and lower particle size
(Table 2) [10, 44, 49, 54, 56].

Regarding the foaming properties (Table 2), LP indicated
80.10% FC while reaching 90% for LPH. Lower molecu-
lar size peptides with higher solubility have shown higher
FC than large peptides [10, 92]. Indeed, the adsorption of
small peptides into the interface of air—water was facilitated
[10, 92]. MTGase-mediated cross-linking led to a reduc-
tion of LPH’s FC reaching 46.15% for LPHC [44]. It could
be likely attributed to enlarging effects that increased the
MW of peptides and FC was decreased. Ultrasound treat-
ment of LPH also decreased FC for LPHUS (53.84%) com-
pared to LP and LPH. Possibly more reduction of MW led
to lower foam production [10]. Combined sonication and
cross-linking (LPHUSC) resulted in higher FC (65%) than
individual cross-linking (LPHC) and sonication (LPHUS)
(Table 2). Regarding the FS, the obtained values were 57.89,
48.71,12.82,23.07, and 10% for LP, LPH, LPHC, LPHUS,
and LPHUSC, respectively. As shown in Table 2, FS was
significantly decreased by hydrolysis and more reduced by
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further processing. It could be attributed to the formation
of new peptides with smaller MWs which indicated a lower
ability in maintaining the foam [9, 44, 58]. In more details,
cross-linking and sonication led to a reduction of FC and
FS values. Regarding the cross-linking, formation of new
peptide aggregates reduced the surface hydrophobicity of
peptides; thus, weaker interactions occurred with oxygen
at the air—water interface [44]. Ultrasound treatment also
slightly reduced the surface hydrophobicity and lower FC
was obtained. However, as mentioned, combined cross-
linking and sonication treatment (LPHUSC) led to a sig-
nificant increase in FC while the lowest FS was obtained for
LPHUSC (Table 2). Also, higher DH (36%) impaired foam-
ing properties [10, 58]. It has been reported that excessive
hydrolysis makes the hydrolysates more hydrophilic disturb-
ing the hydrophilic/hydrophobic balance which results in
decreasing foam formation and stability [10, 44, 65].

Conclusion

The potent antioxidant, anti-hypertension, and antidiabetic
peptides were produced through sequential hydrolysis of
LP via Alcalase-Flavourzyme, cross-linking by MTGase,
and sonication. Amino acid profiles were maintained after
processes and slight changes were observed for residual
values. The highest H, value was obtained for LPH. Cross-
linking of LPH indicated a decreasing effect on H,, while
ultrasound exhibited maintaining influence. Hydrolysis of
LP (LPH) and sonication of LPH (LPHUS) decreased MW
while cross-linking of LPH indicated enlarging effect. A
higher hydrophobicity value led to higher DPPH RSA for
LPH, LPHUS, and LPHUSC. The reduction of MW led to
higher ABTS RSA for all hydrolysate samples. The highest
ACE, a-amylase, and, a-glucosidase inhibitory activities
were obtained for LPHC and LPHUSC. Hydrolysis led to a
reduction of EAI while combined cross-linking and sonica-
tion led to improvement of it.

This study indicated that processed LPH can be substi-
tuted by chemical antioxidants, reducing blood pressure
drugs, and antidiabetic drugs. Albeit, further research stud-
ies are needed to investigate the effects of modified LPH on
human health, evaluation of digestibility in gastrointestinal
conditions, and investigate the possible applications of the
modified LPH in the food sector.
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included in this published article.
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