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Abstract

Protein hydrolysates from soft and hard wheat gluten were prepared using kiwifruit protease, followed by post-treatments
using ultrasound (US) and atmospheric cold plasma (ACP). Peptides with different molecular weights (Mw) were deter-
mined for in vitro physicochemical and biological properties. US and ACP-treated peptides with molecular weight (Mw) of
451-1002 Da and > 12,400 Da constituted by 63—-65% and 36-39%, respectively. The content of free SH groups in US and
ACP treated peptides increased and decreased, respectively, while the S—S content was not altered. The surface hydrophobic-
ity of hydrolysate increased with treatment intensity and time. The selected fraction with the smallest Mw namely HGH-U25
(<1 kDa) exhibited the highest inhibitory activity toward a-glucosidase (14.25+0.11%), and a-amylase (37.56 +1.12%).
SGH-CP60/30 (10— 100 kDa) showed the strongest cholesterol-lowering activity (47.08 +1.71%). High levels of hydro-
phobic amino acids and proline in S2 (40.91%, 10.88%) and P3 (54.11%, 29.11%) respectively, were more likely related
with a-glucosidase (22.17%) and a-amylase inhibition (37.16%) and cholesterol-lowering (55.26%) activity. Thus, new
hydrolysates derived from gluten with in vitro cholesterol-lowering activity could act as an anti-diabetic agent.
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Introduction

Bioactive peptides have gained increasing interest as nutra-
ceuticals. In general, a typical amino acid residue has a
molecular weight (MW) of around 100 Da, and a complex
of two to twenty of these residues (MW < 6 kDa) are con-
sidered as bioactive peptides. There are many methods for
generating biological peptides, including fermentation,
microbial, enzymatic, and chemical hydrolysis. Bioactivities
of peptides such as heavy metals binding, anti-diabetic, anti-
oxidant, antimicrobial, and lowering cholesterol activities
depend on their specific structural properties (i.e., hydropho-
bicity, chain length, net charge, and amino acid composition)
[1]. To produce the bioactive peptides, the enzymatic pro-
cess has been widely implemented. Proteases from different
sources have been employed [2]. However, plant proteases,
especially from kiwifruit, were documented to be able to
hydrolyze a wide range of proteins [1, 2].

Ultrasound (US) and atmospheric cold plasma (ACP)
treatments, which are non-thermal treatments, are able to
expose the buried functional groups in the peptides and

increase their biological properties. In US, ultrasonic waves
(20-100 kHz) are applied at high power to liquid-filled sys-
tems. Acoustic cavitation occurs whenever sound waves
propagate through a liquid, thus creating pressure varia-
tions, and causing vapor bubbles to grow, implode, and grow
again. A cavitation explosion creates high localized shear
force, pressure, and temperature, which can dramatically
alter the chemical and physical properties of food [3]. Dur-
ing ultrasound treatment, peptide bonds in protein molecules
are broken, thus releasing the biologically active peptides
[1]. Revero-Pino et al. [4] stated that the increases in biologi-
cal activity, following ultrasonic treatment were mainly due
to changes in surface hydrophobicity, —SH, S-S, and second-
ary structure of proteins. Atmospheric cold plasma (ACP) is
partially ionized and includes reactive substances (reactive
nitrogen and oxygen species) [5]. It contains molecules such
as oxygen, nitrogen, electrons, and ions that affected food
components including proteins. Various reactions can take
place when the radicals interact with proteins or peptides.
Those include dimerization, oxidization, degradation, sul-
foxidation, dehydrogenation, and hydroxylation [6]. ACP has
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been shown to effectively modify proteins and amino acids
or alter biological functionality [5, 6].

In our previous study, actinidin was employed to produce
anti-diabetic bio-peptides from soft and hard wheat gluten
subunit proteins [1]. The use of non-thermal processing
technology as a pretreatment followed by enzymatic hydrol-
ysis has been reported in many studies [3, 4, 7, 8]. Until
now, there has been no report about the use of non-thermal
processing after enzymatic digestion to enhance bioactivi-
ties of peptides produced. It is well known that US and ACP
can have important effects on the modification of proteins
or peptides. Therefore, the post-enzymatic treatments with
ACP and US might enhance the biological properties of
peptides derived from various wheat gluten (hard and soft
wheat) hydrolysates (WGH) prepared by partially purified
kiwifruit enzyme.

The main goal of this study was to assess the impacts of
US and ACP post-treatment (power density and time) on the
biological properties of the soft and hard WGH. Some of the
structural properties such as molecular weight distribution,
surface hydrophobicity and free sulfhydryl group content
of treated hydrolysates were demonstrated. Fractions with
different Mws were evaluated for their inhibition effects
toward a-glucosidase and a-amylase activities as well as
cholesterol-lowering activity. Amino acid contents of the
fractions with the highest inhibitory effects were determined.

Materials and methods
Materials

The soft and hard wheats were kindly supplied by Shah-
dineh Flour Co., (Iran). The selected kiwifruit (Actinidia
deliciosa var. Hayward) was collected from the local
farms (Rasht, Iran) (May June 2020). Chemicals, such as
C,Hs0H, C;0H,, NaOH, K,HPO,, KH,PO,, (NH,),SO,,
Dithiothreitol (DTT), Ethylenediaminetetraacetic acid
(EDTA), L—Cysteine, Casein, Trichloroacetic acid (TCA),
Tyrosine, Polyacrylamide, 1-aniline-8-naphthalene sulfonate
(ANS), trifluoroacetic acid (TFA), PNPG (4-nitrophenyl
a-D-glucopyranoside), porcine pancreatic a-amylase (Cat
no. A3176), DNS (3,5-Dinitrosalicylic acid), rat intestinal
a-glucosidase (Cat no. 11630), color indicators (coomassie
brilliant blue G, bromophenol blue) and dialysis membrane
(Mw cut-off 14 kDa) were purchased from Merck (Darm-
stadt, Germany). All chemicals were of analytical grade.

Preparation of hydrolysates
Kiwifruit extract containing protease was used to hydro-

lyze wheat gluten proteins (pH 6.5, 35 °C). To prepare the
partially purified protease from the kiwifruit extract, the
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method of Mousavi et al. [1] was adopted. Wheat gluten
powder (hard gluten and soft gluten) was dispersed in dis-
tilled water (5% w/v) in a reaction chamber (100 mL flask
bioreactor), heated (10 min, 85 °C), and the pH was adjusted
to 6.5 before adding the enzyme (kiwifruit extract 7.3 U/mg
protein). The dispersion (5% gluten protein) was hydrolyzed
by kiwifruit extract (6 h, 37 °C) using an enzyme to the
substrate (1:10) and the pH of the mixture was fixed using 1
N NaOH throughout the hydrolysis process (pH—stat). The
enzyme was subsequently inactivated by submerging the
reaction chamber in hot water (90 °C, 10 min) and then cool-
ing in an iced bath. After cooling, solutions were centrifuged
(8000 g, 15 min, 4 °C) and the supernatant was collected,
lyophilized and the obtained powder was stored in an amber
glass bottle (4 °C) until further analysis [1]. Based on the
raw materials used, hard gluten hydrolysates (HGH) and soft
gluten hydrolysates (SGH) were obtained.

Treatment of hydrolysates

The obtained hydrolysates were then subjected to US and
ACP.

For US treatment, the lyophilized wheat gluten hydro-
lysates (5 g) were mixed with distilled water (100 mL) fol-
lowed by stirring (1 h, 25 °C) and then sonicated at different
amplitudes: 30 W (amplitude of 25%), 50 W (amplitude of
50%), and 73 W (amplitude of 75%) for 10 min using the
pulse mode (pulse duration of 10 s and off-time 5 s). To
maintain the temperature during US treatment, the hydro-
lysate samples were kept in an iced bath [7]. After US treat-
ment, HGH-U and SGH-U samples were lyophilized before
the subsequent analyses.

In another set of experiments, each hydrolysate (5 g) was
placed in a polystyrene petri dish (150 mm X 15 mm) and
distributed evenly. A dielectric plasma barrier reactor was
formed by placing a petri dish between two aluminum plate
electrodes (outer diameter =158 mm) using polypropylene
dielectric layers (2 mm thick) and sealed in a tray with O,
inside. Then, the tray was treated directly at 60 and 70 kV for
the 30 s and 60 s. After the treatment, a cloud of hydrolysate
powder was continuously forming in the petri dish. Treated
samples (HGH-CP and SGH-CP) were kept (4 °C, 24 h)
before analysis [9].

Determination of molecular weight distribution
of treated hydrolysates

The molecular weight distribution was determined by gel
permeation chromatography on a TSKgel G2000SWXL
column (7.8 mm X 300 mm i.d., 5 um) with a HPLC system
(Tosoh, Tokyo, Japan) [10]. A mixture of water, acetonitrile
and trifluoroacetic acid (85:15:0.1, v/v/v) was used as the
mobile phase. Then, the molecular weight distribution of
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the samples was recorded (flow rate: 0.6 m/L; A=220 nm)
at room temperature. The calibration curve was determined
using the following standards: leucine—enkephalin (451 Da),
His-Leu-Ser- Thr-Ala-Phe-Ala-Arg-Val (1002 Da), and
tochrome-C (12,400 Da).

Determination of the contents of free sulfhydryl
(SH) group and disulfide bond (SS) contents

The sulfhydryl (-SH) and disulfide bonds (S—S) contents
of treated hydrolysates were measured using the method of
Mahdavian and Koochaki [11]. The sample solutions were
diluted (5 times) by Tris-Gly buffer (0.086 M Tris, 0.09 M
glycine, 4 mM EDTA, pH 8.0). Thereafter, 20 uL. of DTNB
(4 mg/mL) was added to 2 mL of sample solution and mixed
well After incubation for 25 min at 25 °C, the absorbance
was read (A=412 nm, Agilent-Carry 60, Santa Clara, CA,
USA). Equation (1) was used to calculate the —SH group
content.

456.2 x Absorbance
Concentration of protein

eY)
The mixing ratio of samples (200 pL), f-mercaptoethanol,
and Tris-Gly buffer was 5:1:10 (v/v/v). Following the addi-
tion of the TCA (10 mL, 12%, w/v), the mixture was centri-
fuged (15 min, 5000 g). The precipitate was collected and
mixed with DTNB (0.15 mL, 4 mg/mL) at 25 °C for 25 min
in a water-bath and the absorbance was read (A=412 nm).

Equation (2) was used to calculate the S—S content.

—SH group content(ymol/g) :

1103 x Absorbance
2 x (Concentration of protein — SH content)

@

S-S content(umol/g) :

Surface hydrophobicity index (SHI) determination

A hydrophobic fluorescence probe, ANS, was used to deter-
mine the surface hydrophobicity index (SHI) of treated
hydrolysates. The sample was serially diluted [0.002-0.01%
(w/v)] in phosphate buffer (0.1 mol/L, pH 7.0, 25 °C). Then
sample solution (4 mL) was mixed with ANS (20 pL, 8 mM
in 0.1 M phosphate buffer, pH 7) followed by vortexing (10
S). A spectrofluorometer (Cary Eclipse, Varian Inc., Palo
Alto, CA, USA) was used to measure the fluorescence inten-
sity of each sample at its excitation (295 nm) and emission
(475 nm), after storage in dark (15 min). A surface hydro-
phobicity index (SHI) was calculated from the slope of rela-
tive fluorescent intensity (RFI) vs. protein concentrations.
RFI was defined as (F — FO)/F0O, where F represented the
fluorescence of ANS conjugate protein and FO represented
the fluorescence of ANS solution without protein [11].

Preparation of ultrafiltration fractions

The treated hydrolysate having the highest bioactivities
were subjected to an ultrafiltration with different molecu-
lar weight (MW) cut-offs (100, 10, and 1 kDa). Fractions
with varying MW distributions > 100, 10-100, 1-10,
and < 1 kDa were recovered separately, lyophilized, and
their biological activities were measured.

In vitro bioactivity assay

The treated hydrolysates and the obtained fractions
obtained from the ultra-filtration and RP-HPLC sepa-
ration were tested for the in vitro anti-diabetic activity
(a-glucosidase and a-amylase enzymatic inhibitory activi-
ties) and in vitro inhibition activity of micellar solubility
of cholesterol.

The a-glucosidase inhibitory activity of samples was
assayed based on the modified method of Revero-Pino et al.
[4] The lyophilized treated (US and ACP) samples (100 pL,
30 mg/mL PBS (pH 6.8, 0.1 M) were incubated (37 °C, 10
min) with the a-glucosidase solution. Then, pNPG (100 pL,
3 mM) was added to the mixture and incubation was per-
formed (37 °C, 30 min). After the addition of the Na,CO,
(0.1 M, 750 pL), the reaction was terminated and the absorb-
ance was recorded (A=405 nm) every 2 min. The inhibitory
activity (%) was calculated using the Eq. (3).

Inhibition of a-glucosidase(%) :

Ac — As
A

1
—— x 100 3)

where Ac and As represent the slope of curve for absorbance
of control and sample, respectively.

The in vitro a-amylase inhibitory effect was assayed
according to the method of Revero-Pino et al. [4] The freeze-
dried sample (100 pL, 30 mg/mL) was incubated (37 °C,
10 min) with enzyme solution (100 pL, 3.75 U/mL) and
then the starch solution (100 pL, 0.5% w/v) was added to the
mixture. To stop the reaction, 200 uLL of DNS solution was
added. Subsequently, the test tubes were placed in boiling
water (5 min) to inactive the enzyme. After cooling in the
iced bath, 500 pL of distilled water was added to every tube
and the absorbance (A =540 nm) was read.

The inhibitory activity (%) was calculated using the

Eq. (4).

Inhibition of & -amylase(%) : Ac — As
c

x 100 “)
where Ac and As represent the absorbance of control and
sample, respectively.

According to Ashraf et al., [8] cholesterol micelles
were prepared. The mixture of cholesterol (2 mM), NaCl
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(132 mM), sodium taurocholate (10 mM), oleic acid
(1 mM), and sodium phosphate buffer (15 mM) was soni-
cated (400 W, 20 kHz, 20 min) to prepare an emulsion (pH
7.4). After adding 100 pL of the sample (2 mg/mL) to the
emulsion (100 pL), the solution was incubated (37 °C, 24
h) and then centrifuged (8000xg, 30 min). Total choles-
terol (TC) kits were used to measure cholesterol levels
in the supernatants. The total cholesterol was measured
by a total cholesterol kit (TC) from Biorex-fars (Iran).
The mean values for each set of three measurements were
reported. Using the Eq. (5), the percent inhibition of
micelle cholesterol uptake was computed.

Inhibition activity (%) : COC_ Cs x 100 5)
0

where Co represents the cholesterol concentration of the

original micelles and Cs is the cholesterol concentration

after the peptide fraction was added.

Peptide separation with RP-HPLC

Lyophilized fractions from ultrafiltration process with high
inhibitory (anti-diabetic & preventing micelle cholesterol
uptake) activity were re-suspended in HPLC-grade water
(10% w/v). The separation was performed after the sample
(60 uL) was injected into the semi-preparative C,3 column
(Agilent ZORBAX SB-C18, 5 um, 4.6 mm X 250 mm) of the
RP-HPLC system (Agilent Technologies, Santa Clara, CA,
USA) equipped with a fraction collector. Eluents A (0.1%
(v/v) TFA in ultrapure water) and eluent B [0.1% TFA in
acetonitrile (ACN)] were used for a gradient elution as fol-
lows: 1-5 min, 20% B; 5-35 min, 20-45% B; 35-45 min,
45-90% B then back to 20% B for 5 min and flow rate (1 mL/
min). Absorbance at 280 nm was monitored. Five fractions
(S1, S2, P1, P2, and P3) were detected. The collected pep-
tide fractions were freeze-dried and subjected to bioactivity
tests [12].

Amino acid analysis

The RP-HPLC fractions with the highest biological activity
were collected, and the amino acid compositions of these
fractions were determined. After samples (2 mg) were
hydrolyzed in HCI (4 mL, 6 N, 110 °C and 24 h) and deri-
vatized with diethyl ethoxy methylene emalonate, the amino
acid composition of the hydrolysate fractions was measured
using an amino acid analyzer equipped with a Hitachi ion
exchange resin column (60 mm X 4.6 mm id, 1 ym). Twenty
different amino acids in the samples were examined, and the
results were expressed as g/100 g using D, L-a-aminobutyric
acid as an internal standard [8, 12].
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Statistical analysis

All experiments were carried out in triplication; except the
amino acid composition of each sample, which was analyzed
in duplicate. Comparison of sample means was carried out
via one-way analysis of variance (ANOVA) and Duncan’s
multiple range test under the significance level of p<0.05.
The less significant differences (LSD) of post hoc tests were
presented as the mean + standard deviations (SD). Excel
software was used to plot the bar graphs and Normal distri-
bution was tested using SPSS statistics 18 software (IBM,
New York, USA).

Results and discussion
Molecular weight distribution

The molecular weight distribution of the all hydrolysates
was detected by GPC (Fig. 1). The molecular weight of
the un-treated hydrolysates mainly ranged from 451 to
12,400 Da (78-79%), indicating that the actinidin enzyme
in kiwifruit extract effectively hydrolyzed the gluten and
high-molecular-weight protein (> 10 kDa). The most fre-
quent molecular weight distribution of US-treated samples
was mainly (63-65%) in the range of 451-1002 Da with
minor distribution at Mw > 12,400 (2%). ACP-treated hydro-
lysates contained the large quantity (>98%) of peptides with
Mw >451 and the peptides larger than 12,400 was found
(36-39%). The application of both US and ACP treatments
did not have the marked impact on hydrolysis improvement.
However cavitation explosion in ultrasound treatments
altered the physical properties of hydrolysate and created
high amount of peptides ranging from 451 to 1002 kDa. In
ACP-treated hydrolysates various reactions such as dimeri-
zation and oxidization led to the formation of peptides with
Mw larger than 12,400 kDa. Non-thermal technologies such
as US and ACP altered the structure of hydrolysates, mainly
via unfolding. Di- and tripeptides could be absorbed more
efficiently with greater efficiency than free amino acids and
bigger peptide molecules [7]. These peptides were postu-
lated to possess antioxidative, antihypertensive, and anti-
diabetic properties [13]. Jayawardana et al. [10] also dem-
onstrated that the highest antioxidant activity and a-amylase
inhibitory activity was found in gluten hydrolysate fraction
with Mw less than 3 kDa.

Surface hydrophobicity

Amphiphilic fluorescent dyes such as ANS can be used to
detect hydrophobic patches on protein surface. With US
and ACP treatments, hydrophobic groups can be exposed,
impacting the stability, structure, and function of the
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Fig.1 GPC chromatogram (left) and molecular weight distribution (right) of hydrolysates. Values above peaks indicate molecular weight

protein [11]. It was observed that (Fig. 2A) the hydro-
phobicity of the hydrolysates was significantly affected by
US and ACP post-treatments. This was more likely cor-
related with increased biological activity of the treated
hydrolysates. The hydrophobicity of the hydrolysates post-
treated with ACP (SGH-CP60/30) and US (SGH-U25)
reached the maximum value (2122.5 and 1041 a.u), which
had 227% and 61% increases, compared to that of the con-
trol (649.2 a.u), respectively. In general, ACP upsurged
surface hydrophobicity of both SGH and HGH, in com-
parison with the controls and those subjected to ultrasound
post-treatment. The highest hydrophobicity was found in
SGH subjected to APC at 60 kVpp for 30 s (p <0.05).

Radicals in plasma plausibly increased surface property of
peptides, in the way which hydrophobic domain was more
exposed to aqueous phase. Furthermore, the hydrophobic-
ity of the peptide increased as the ultrasonic amplitude
of 25% was used in both SGH and HGH. Jin et al. [14]
reported that the ultrasound action may cause amino acids
that are buried inside native proteins to become exposed,
thereby increasing the number of hydrophobic sites. Nev-
ertheless, surface hydrophobicity of both hydrolysates
decreased as the amplitude was higher than 25% (p < 0.05).
Chandrapala et al. [15] also found that during prolonged
ultrasound treatments, surface hydrophobicity could be
reduced. These results indicated that both post-treatments
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Fig.2 Surface hydrophobicity (A) and Free SH and SS content (B) of treated hydrolysates

could facilitate the accessibility of hydrophobic amino
acid residues to ANS binding.

Sulfhydryl (SH) group and disulfide bond (SS)
contents

The total free SH group (T-SH) and SS contents of wheat
gluten hydrolysate treated with US (25-75% amplitude) and
ACP (60-70 kV and 30-60 s) are represented in Fig. 2B.
Free SH group content in SGH was higher than that of HGH
(p<0.05). As a result of sonication, free SH group content
increased significantly (p <0.05), suggesting the possible
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exposure of internal SH groups in peptides derived from
LMW and HMW glutenin subunits. According to Saleem
and Ahmad, [16] the increased SH content were observed
after ultrasound pretreatment. The amount of free SH groups
were highest in the treated hydrolysate. With ACP post-treat-
ment, the amount of SH content decreased dramatically in
all samples (p < 0.05), especially for 70kV treated samples.
SH radicals produced by plasma free radicals, specifically
OH: could combine with free —SH groups on peptide sur-
faces [17]. Radicals were very readily active in intramolecu-
lar or intermolecular —SS— crosslinking. Furthermore, these
SH radicals are capable of further interacting with oxygen
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molecules to produce thiol peroxyl radicals (SOO-), which
would deoxygenate the thiol groups found in LMW and
HMW of glutenin to form SS bonds [9]. Plasma discharge
produces a large amount of ozone, which oxidizes sulfur-
containing amino acids, such as cysteine, and thus decreased
the number of free SH groups via oxidizing thiol groups to
disulfide bonds [5]. OH radicals exhibited a five-fold higher
rate of reaction than O; radicals [6]. Thus, it was speculated
that OH radicals more likely played a more important role
in decreasing free—SH groups after ACP post-treatment
of both hydrolysates. These findings were also consistent
with previous works [18]. No difference (p> 0.05) could be
seen in the content of S—S bonds between SGH and HGH.
The increases in —SH bonds were attained in the SGH post-
treated with ultrasound of 25 and 75%. For the APC post-
treatment, the increases were found in SGH subjected to
APC at 60 and 70 kV for 30 s (p <0.05). The exposed free
SH groups might undergo oxidation to form S—S bonds to
high extent.

Anti-diabetic (a-glucosidase and a-amylase
inhibitory activities) of hydrolysates as affected
by post-treatments

HGH-U25 (30 mg/mL) showed the highest a-glucosidase
inhibitory activity, (9.71 +0.23% inhibition). As the ampli-
tude intensity increased to 25%, the inhibitory activity
of the sample increased. The activity was then decreased
when amplitude of 75% was applied. After sonication of
hydrolysates, hidden amino acid residues and side chains
with inhibitory activity (which might be concealed within
folded peptides) were more exposed, leading to an increase
in inhibitory activity. High amplitude of ultrasound post-
treatment could increase aggregation of peptides, which
could not provide more a-glucosidase inhibition sites. As
a result, the inhibitory activity was decreased. Among the
methods used to treat diabetic patients, one involves the inhi-
bition of a-glucosidase secretion by attaching to the inhibi-
tor through electrostatic interactions and hydrogen bonds.
As a consequence, the disaccharides are not degraded into
monosaccharides in the small intestine [19]. Gonzalez-Mon-
toya et al. [20] stated that peptides which contain amino
acids with hydroxyl side groups were effective in inhibiting
a-glucosidase. When ultrasound was applied as pretreat-
ment, the Tenebrio molitor peptides released by trypsin was
able to inhibit a-glucosidase (~ 50%) [4]. Ultrasound cou-
pled with subcritical water (USW) technology was employed
to extract anti-diabetes peptides from S. platensis [21].

The results of a-amylase inhibitory activity of post-treated
US and ACP hydrolysates indicated that all hydrolysates
had an inhibitory effect but the highest inhibitory activi-
ties toward a-amylase were observed in HGH-U25, HGH-
U75, SGH-U50 and SGH-U75, while the control showed

the lowest inhibitory activity (2.28 £0.06%) (Table 1). The
peptides post-treated with APC showed less effect on inhi-
bition of a-amylase activity than ultrasound post-treatment.
Another method used to treat diabetic patients is the use of
a-amylase inhibitors that delay the digestion of carbohy-
drates [22]. Hu et al. [21] reported that ultrasound treatment
(200 W) can release a-amylase inhibitory peptide from S.
platensis (~ 37%).

The highest anti-diabetic activity (HGH-U25) was sepa-
rated into different fractions with varying Mws including
(MW <1 kDa) and (MW 1-10 kDa), (MW 10-100 kDa), and
(MW > 100 kDa). The highest inhibition (37.56+1.12 and
14.25+0.11) of a-amylase and a-glucosidase activities was
HGH-U25 (MW < 1 kDa), while the fractions HGH-U25

Table1 Comparison of the anti-diabetic and cholesterol-lowering
activity of treated hydrolysates

Samples Inhibition of micellar  Inhibitory activity (%)

cholesterol solubilisa- -

tion (%) a-glucosidase a-amylase
HGH 9.55+1.01 N.D 2.28 +0.06°
SGH 9.28+0.45' N.D 2.31+0.45°
HGH-U25 2511+ 141 9.71+0.23*  7.35+0.12*
HGH-U50 24.95+1.09" 452+023%  6.91+0.43°
HGH-U75 23.25+1.56¢ 8.81+0.31°  7.12+0.25
SGH-U25 20.47+2.33" 3.22+0.83°  4.18+0.16°
SGH-U50 21.30+1.89" 1.75+£0.56"  7.08+0.33"
SGH-U75 21.21+1.66" 485+0.61¢  7.02+0.11°
HGH-CP60/30  28.53+2.01¢ N.D 3.43+0.164
HGH-CP70/30  28.15+1.22¢ N.D 3.33+0.06¢
HGH-CP60/60 26.50+0.39° 2.03+0.11F  3.11+0.51¢
HGH-CP70/60 29.01+1.12¢ 5274043  320+0.21¢
SGH-CP60/30  34.32+2.75" 5494025  6.41+0.55
SGH-CP70/30  30.65+1.91° 325+0.71°  3.57+0.349
SGH-CP60/60  33.18+0.47% 3.27+0.15°  6.02+0.76
SGH-CP70/60  28.27+1.49¢ 5.44+0.06°  4.06+0.29°

The results represent mean + SD for three experiments

HGH hard gluten hydrolysate, SGH soft gluten hydrolysate, HGH-
U25 hard gluten hydrolysate ultrasounded, amplitude 25%, HGH-U50
hard gluten hydrolysate ultrasounded, amplitude 50%, HGH-U75
hard gluten hydrolysate ultrasounded, amplitude 75%, SGH-U25 soft
gluten hydrolysate ultrasounded, amplitude 25%, SGH-U50 soft glu-
ten hydrolysate ultrasounded, amplitude 50%, SGH-U75 soft gluten
hydrolysate ultrasounded, amplitude 75%, HGH-CP60/30 hard gluten
hydrolysate, atmospheric cold plasma, 60 kV, 30 s, HGH-CP70/30
hard gluten hydrolysate, atmospheric cold plasma, 70 kV, 30 s, HGH-
CP60/60 hard gluten hydrolysate, atmospheric cold plasma, 60 kV,
60 s, HGH-CP70/60 hard gluten hydrolysate, atmospheric cold
plasma, 70 kV, 60 s, SGH-CP60/30 soft gluten hydrolysate, atmos-
pheric cold plasma, 60 kV, 30 s, SGH-CP70/30 soft gluten hydro-
lysate, atmospheric cold plasma, 70 kV, 30 s, SGH-CP60/60 soft glu-
ten hydrolysate, atmospheric cold plasma, 60 kV, 60 s, SGH-CP70/60
soft gluten hydrolysate, atmospheric cold plasma, 70 kV, 60 s

Different small letters in each column indicate the significant differ-
ence between sample treatments (p <0.05)
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(MW > 100 kDa) exhibited little or no inhibitory effect
(6.81 £1.33 & N.D.) (Table 2). The result indicated that
the peptide's molecular size determined the a-glucosidase
inhibitory activity. This might be the result of the pres-
ence of amino acids with sulfur that dramatically increased
a-glucosidase inhibitory activity. Peptides with proline resi-
dues close to the C-terminal, and amino acids with hydroxyl
groups at their N-terminal accounting for 3.78, 10.88, and
13.57 g/100 g, respectively showed a-glucosidase inhibitory
activity [19, 20]. Wang et al. [13] suggested an anti-diabetic
peptide (<5 kDa) from fermented soybean protein. The
highest and lowest a-amylase inhibitory activity of Pinto
bean peptides were attributed to peptide with MW < 3 kDa
(62.10+3.49%) and MW > 100 kDa (18.11 +0.55%),
respectively [23]. The hydrolysate (MW < 1 kDa) of buck-
wheat protein exhibited significantly (p < 0.05) stronger
a-glucosidase (90%) and a-amylase (79%) inhibition activity
compared to others [24]. Although the relationship between
the structure and the activity of these peptides is not well
known, it can be claimed that gluten peptides produced by
sonication after enzymatic digestion (SGH-U25) had anti-
diabetic activity.

Micellar solubilization of cholesterol of hydrolysates
as affected by post-treatments

To be absorbed by the intestinal epithelium, cholesterol and
triglycerides must be transported in micelles and remained
non-aggregated. Human bile is frequently modeled using
phosphatidylcholine and bile salts suspensions. The deter-
gent effect of bile salts and the amphiphilic character of
phospholipids are combined and sonicated to create small
micelles similar to those found in the digestive tract. This
process is crucial for solubilizing digested products and
allowing cholesterol to be dissolved and absorbed. Several
precursor structures (cholesterol crystals) are created when
cholesterol is too high in the body. The bile is responsible
for removing these crystals from the body [25]. Other sterols
including phytosterols, can reduce cholesterol concentration
because micelles have limited space. One mechanism inves-
tigated for explaining the effect of food on lowering plasma

cholesterol is how protein hydrolysates modulate cholesterol
absorption [26].

As illustrated in Table 1, both hydrolysates with ACP
and US post-treatments inhibited cholesterol solubility into
micelles significantly (p <0.05). It was proven that SGH-
CP-60/30 (60 kV, 30 s) effectively reduced the solubility
of cholesterol (34.32 +£2.75%) as compared to the control
(9.28 +0.45%). One of the main reasons for the low solu-
bilization of micellar cholesterol in the control was the low
hydrophobic amino acid composition (Table 3). The control
also had the lowest surface hydrophobicity (Fig. 2A). After
sonication, inhibitory activity was significantly (p <0.05)
improved (25.11+1.41%), which revealed that sonication
could change both the structure and functional properties
of hydrolysates. Hydrophobic peptides have also been dem-
onstrated to have the ability to lower the critical micellar
concentration by binding to bile salts, thereby decreasing
the micellar lipid-carrying capacity [26]. It has been demon-
strated that the voltage applied and time of ACP processing
play a significant role in the biological activities. The gener-
ation of peptide with lowering solubilization of the micellar
cholesterol can be achieved by moderate ACP treatment and
had a high potential for industrial production [7]. As demon-
strated by Won et al. [27] low and limited exposure to ACP
increased the inhibitory activity, whereas extended exposure
at high flow rates decreased the inhibitory capacity. Ashraf
et al. [8] found that the composition and hydrophobicity of
amino acids in both mung bean and white kidney bean soni-
cated hydrolysates might be involved in (p < 0.05) inhibition
of cholesterol absorption (45.00% + 1.99; 31.90% +0.77).

Applications of enzymolysis for the production of biopep-
tide possessing the lowering blood cholesterol activity have
also been reported in the literature for white rice (10 mg/
mL, 5-15%) [26], chickpea (2 mg/mL, 50%) [28], soybean
(5 mg/mL 56.9%) [7] and sunflower (1 mg/mL, 60%) [25]
hydrolysates.

As the SGH-CP60/30 had the strongest cholesterol-lower-
ing activities, four molecular weight cut-off membranes were
used for fractionation (Table 2). The results showed that all
fractions were able to lower the solubility of cholesterol but
the strongest (53.26 + 1.91%) inhibitory effect was achieved

Table 2 Comparison of the most potent anti-diabetic (HGH-U25) and cholesterol-lowering (SGH-CP60/30) activity based on four MWCOs

Sample Inhibitory method Peptides with membrane MWCOs

> 100 kDa 10-100 kDa 1-10 kDa <1kDa
HGH-U25 Inhibitory activity a-glucosidase (%) N.D 6.15+0.31°¢ 8.16+0.91° 14.25+0.11%
HGH-U25 Inhibitory activity a-amylase (%) 6.81+1.334 11.02+0.91°¢ 24.41 +1.60° 37.56+1.12°
SGH-CP60/30 Inhibition of micellar cholesterol solubili- ~ 13.85+0.12¢ 47.08+1.71* 35.28+0.89° 31.44+1.64°

sation (%)

The results represent mean =+ SD for three experiments. N.D. represents for not detected. Different letters in each row indicate the significant dif-

ference between fractions (p <0.05)
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Table 3 Comparison of the amino acid compositions of S1, S2, P1, P2, and P3 sub-fractions

Amino acid 3-letter code S1 S2 P1 P2 P3
Alanine**e Ala 1.11+0.41° 223+0.11° 0.52+0.66° 1.93+0.018 3.52+0.214
Cysteine** Cys 2.52+0.35 2.55+0.14* 2.14+0.70° 255404448 29140014
Aspartic acid** Asp 10.89+0.76°  12.12+0.75*  9.90+0.06° 10.2+0.138 15.40+0.124
Glutamic acid** Glu 3.24+0.51° 5.11+0.21° 3.63+0.228 40702248 47310524
Phenylalanine*e Phe 0.00+0.00° 4.25+0.36" 0.00+0.00¢ 1.36+0.038 2.92+0.09*
Glycine**e Gly 1.06+0.42° 3.33+0.02 0.76 +0.05¢ 2.13+0.198 3.22+0.74%
Histidine* His 3.19+0.15* 1.85+0.41° 233+0.154 0.88+0.018 0.59+0.028
Isoleucine*e Ile 0.00+0.00° 2.07+0.16° 0.00+0.00® 1.27+0.054 1.74+0.014
Lysine* Lys 1.67+0.11 0.89+0.01° 1.97+0.014 0.29+0.028 1.44+0.04%
Leucine*e Leu 0.00+0.00° 2.04+0.81° 0.00+0.00¢ 1.25+0.078 3.99+0.174
Methionine*e Met 0.00+0.00° 1.23+0.11* 0.00+0.00° 0.76+0.018 1.53+0.03*
Asparagine** Asn 5.22+0.17* 5.77+0.03* 4.59+0.148 3.14+0.01¢ 8.78£0.29%
Proline**e Pro 1.21+0.81° 10.88+1.15*  1.51+0.91€ 8.21+2.558 29.11+0.57*
Glutamine** Gln 25.05+0.85°  27.05+026°  24.71+0.118  26.82+0.51%  26.31+0.34*
Arginine** Arg 3.27+0.15° 4.18+0.88" 2.87+0.548 3.16+0.56*  3.65+0.124
Serine**e Ser 3.41+0.43° 7.45+0.71° 4.50+0.258 4.83+0.118 21.50+0.83*
Threonine*e Thr 3.58+0.98° 6.12+0.22° 2.31+£0.988 5.28+0.574 5.54+0.514
Valine*e Val 0.00+0.00° 1.09+0.01* 0.00£0.00® 0.56+0.01* 0.82+0.02*
Tryptophan* Trp 1.09 +0.02° 1.84+0.09* 0.00+0.00¢ 0.94+0.028 1.55+£0.01%
Tyrosine**e Tyr 2.67+£0.44° 3.35+0.32° 2.26+0.18% 2.31+0.148 3.16+0.45%
% Amino acid distribution

Hydrophobice 18.85 40.91 18.53 36.47 54.11
Essential AA*/Non-essential AA** 16.89 27.09 12.29 19.28 17.11
Essential AA*/Total AA (%) 13.77 20.28 10.32 15.36 14.12

Different letters in each row indicate the significant difference between sub-fractions (p <0.05)

for the medium molecular weight (10—100 kDa) fraction.
The finer and larger MW fractions showed the lower inhibi-
tory activity 31.44 +1.64% and 13.85+0.12%, respectively.
The exact mechanisms responsible for the cholesterol-low-
ering effects are still unclear. The amino acid composition
of hydrolysates might influence their cholesterol-lowering
effects. Our results coincided well with the former observa-
tion that hydrophobic peptides derived from soy protein [7]
and mung bean [29] could bind bile acids, thereby lowering
cholesterol levels. The in vitro bile acid binding capacity of
citrus pectin was higher with mono-frequency ultrasound
than with dual-frequency ultrasound treatment [30, 31]. ACP
might also have modulated the physicochemical properties
of the peptides in hydrolysate, leading to an increase in the
cholesterol-lowering activity.

Fractionation via RP-HPLC

Two major proteins in wheat gluten were gliadins (a-, -,
v- and ®) and glutenins (high molecular weight (HMW),
and low molecular weight (LMW) [10, 32]. Actinidin with
MW of ~29 kDa was present [1, 2]. Glutenin showed diverse
bands over the range of 67-88 kDa as HMW and MW of

28-39 kDa as LMW. GLY was also composed of the a-f
and A-GLY with MW of 28-39 kDa and »-GLY with MW
of 39-55 kDa [1]. Based on preliminary study, actinidin
was effectively degraded and high-molecular-weight bands
(=10 kDa) disappeared. US and ACP treatments did not
induce major changes in the protein electrophoretic pat-
terns (data not shown). Since the sample fractions with MW
below 1 kDa in HGH-U25 and SGH-CP60/30 having MW
in the range of 10-100 kDa had stronger anti-diabetic activ-
ity and inhibition of micellar solubilisation of cholesterol,
respectively, it was chosen for further fractionation using
RP-HPLC, one of the most important and rapid techniques
for purification and separation of bio-peptides [7].

In HGH-U25 (< 1 kDa), two fractions (S1 and S2) were
isolated, and their a-amylase and a-glucosidase inhibition
activities were calculated (Fig. 3A). The results showed
that they possessed different inhibition activities. The S1
and S2 sub-fractions showed high potential for inhibition
of a-glucosidase and a-amylase at 12.33 —22.17% and
15.12 = 37.16%, respectively. Significant differences in
inhibition activities were observed among the two frac-
tions and S2 exhibited the strongest inhibitory activities.
The cholesterol-lowering activity in the SGH-CP60/30
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tides obtained from chromatogram

having peptide with MW in the range of 10-100 kDa
was measured. The results showed (Fig. 3B) that they
possessed different inhibition activities. The P1, P2 and
P3 sub-fractions showed cholesterol-lowering activities
around 11.27, 39.81 and 55.26%, respectively. These
results suggested that P2 and P3 contributed more to the
cholesterol-lowering activities. The cholesterol-lowering
activity in P3 were significantly higher (p <0.05) than
those of the remaining fractions. Fractions S2 and P3 had
relatively long retention times, indicating the presence of
peptides with low polarity or non-polar peptides.

Amino acid profile
Table 3 illustrates the amino acid profile of antidiabetic sub-
fractions (S1 and S2) and cholesterol-lowering sub-fractions

(P1, P2, and P3) obtained by prep-RP-HPLC of HGH-U25
(MW <1 kDa) and SGH-CP60/30 (Mw of 10-100 kDa),

@ Springer

respectively. There was a significant difference (p <0.05) in
the proportion of hydrophobic amino acids in the sub-frac-
tions (S1, S2, P1, P2 and P3), which was 18.85, 40.91, 18.53,
36.47, and 54.11%, respectively. The major amino acids
found in sub-fractions were aspartic acid (Asp), cysteine
(Cys), glutamic acid (Glu), glutamine (Gln), serine (Ser),
arginine (Arg), proline (Pro), asparagine (Asn) and theronine
(Thr). All the sub-fractioned were found to be rich in aspar-
tic acid (9.90-15.40 g/100g) and glutamine (24.71-27.05
g/100g). The high amounts of aspartic acid and proline
(1.51-29.11 g/100 g) and serine (3.41-21.50 g/100 g) are
essential for various bodily functions. Memory, learning,
and neurotransmitter production are affected by glutamic
acid and glycine. Blood circulation, erectile dysfunction
treatment, wound healing, and immunity are all attributed
to arginine’s function [6, 23].

There was a considerable difference (p <0.05) between
the sub-fractions in the composition of hydrophobic amino
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acids, which might explain why S2 showed a slightly bet-
ter inhibitory action (both glucose and amylase inhibitory)
and P3 showed a cholesterol-lowering effect (Sect. 3.5). The
sub-fractions had an essential amino acid (EAA)/total amino
acid (TAA) and EAA/non-essential amino acid (non-EAA)
of 10.32-20.28% and 12.29-27.09%, respectively. In adults,
FAO/WHO joint committee recommends that the ratio of
EAA to non-EAA should not be less than 60% and the ratio
of EAA to TAA should not be lower than 40%. Based on the
results, none of the sub-fractions had nutritionally desirable
characteristics. Therefore, enrichment of these peptides with
EAA is still needed. Ultrasound and cold plasma post-treat-
ments did not help yield bioactive peptides with desirable
nutritional properties.

Although many of these techniques can be very efficient
in the lab-scale, their high manufacturing costs usually
make them ineffective for large-scale applications. Identi-
fied challenges to the commercialization of peptide-based
products include the lack of large-scale technologies and
the high cost of purifying methods. In industrial biotechnol-
ogy processes, the main operating cost (70%) of a project
is related to the separation and purification process [1]. In
this study, the gluten hydrolysates were post-treated by US
and ACP, isolated, and identified. Ten gram of wheat gluten
produced 3.4 g (34% w/w) of partially purified peptides with
a-amylase (37.56%), a-glucosidase (14.25%) inhibition, and
cholesterol-lowering (47.08%) activity. The anti-diabetic and
cholesterol-lowering effectiveness of post-treated (US and
ACP) gluten hydrolysate was still needed to be improved via
the combined methods or other approaches.

Conclusions

Innovative technologies (US and ACP) could be applied for
the post-treatments of hydrolysate to obtain bio-functional
peptides derived from hard and soft wheat gluten. GPC
analysis showed that the US and ACP-treated peptides had
MW in the range of 451-1002 and MW of 451 and > 12,400
Da, respectively. With the increase of US amplitude in US,
voltage and time in ACP, the hydrophobic value and free
S—H content of the hydrolysates were modified. HGH-U25
fraction with MW < 1 and SGH-CP60/30 fraction with MW
of 10-100 kDa had the highest anti-diabetic and cholesterol-
lowering activity, respectively which mainly due to the
presence of hydrophobic amino acids. However, additional
in vivo studies (animal experiments) are required to ascer-
tain whether a-glucosidase and a-amylase inhibitory pep-
tides, and cholesterol-lowering activities can be employed
as drugs for the treatment of type II diabetes and hyperlipi-
demia advantage.
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