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Abstract The objective of this study was to investigate
the effects of different ultrasound pretreatment on enzy-
matic hydrolysis of egg white proteins (EWPs) by Alcal-
ase as well as evaluating some functional and antioxidant
properties of hydrolysates obtained by various proteases
treatment and ultrasound technology. The effects of chosen
ultrasound pretreatment parameters including frequency
of ultrasonic waves (35 and 40 kHz), temperature (25 and
55 °C), time of pretreatment (15-60 min) and pH of egg
white solution (7.00-10.00) were examined. It appeared
that controlled ultrasound treatment can improved the
hydrolysis process compared with untreated samples, but
optimization of the power and length of sonication was
important. The optimal ultrasound pretreatment at calo-
rimetric power of 21.3 W and frequency of 40 kHz for
15 min at 25 °C and with naturally basic egg white (pH
9.25) resulted in increased initial rate and equilibrium
degree of Alcalase hydrolysis by about 139.8 and 13.86 %
compared with the control, respectively. EWP hydrolysates
with ~27.0 % degree of hydrolysis obtained with heat pre-
treatment and ultrasound pretreatments under optimal con-
ditions were further separated by sequential ultrafiltration
into 4 hydrolysate fractions (<1, 1-10, 10-30 and >30 kDa)
which were investigated for protein content, peptide yield
and antioxidant activity. The hydrolysis after heat pretreat-
ment generated more peptides <1 kDa (19.04 £ 1.02 %)
than ultrasound pretreatment did (11.90 £ 0.53 %),
whereas the proportion of peptides <10 kDa were higher
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in the second case (28.80 £ 0.07 vs. 20.46 + 0.39 %). The
fraction obtained by the ultrasound pretreatment containing
peptides with a molecular weight between 1 and 10 kDa
demonstrated the strongest ABTS radical scavenging effi-
cacy among the fractions (97.54 £ 0.30) with ICy, value
of 4.31 mg/mL. Compared with single-enzyme processes,
the two-stage enzymatic processes did not significantly
improve both antioxidant and functional hydrolysates’
properties.

Keywords Ultrasound pretreatment - Proteases - Egg
white hydrolysates - Antioxidant activity - Functional
properties

Introduction

Ultrasound pretreatment as a nonthermal process for modi-
fication food ingredients has attracted more and more atten-
tion in food science and technology due to its promise in
the development of novel, gentle but targeted processes to
improve quality and safety of processed foods [1, 2]. Its
application in food processing is based on the fact that it
can bring about significant changes in some chemical,
functional and physical properties of food ingredients that
may be of interest as technological benefit, especially at
high power (low frequency; between 20 and 100 kHz). The
changes in protein molecules caused by ultrasound energy
could be explained by the cavitation phenomena, heating,
dynamic agitation, shear stresses and turbulence [3] and
may include breaking of covalent bonds [4], generation of
low molecular weight peptides [5] and fragmentation of
large aggregates into smaller particles that alters the func-
tional properties of the proteins. The parameters that are
essential to cause changes of the functional properties of
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sonicated proteins seem to be intensity of ultrasonic waves,
time of ultrasonic treatment and conditions in which the
pretreatment was performed (pH, temperature and ionic
strength of the solution) [6].

The egg white, or albumen, possesses properties that
make it attractive as a protein source in human nutrition due
to high bioavailability of egg white proteins (EWPs) and
high content of essential amino acids [7, 8]. Furthermore, it
is considered to be a multi-purpose ingredient that imparts
multiple functional properties such as gelling, foaming and
emulsification in many food products, in addition to their
nutritional quality [9]. However, its wider commercial use
as protein supplements is limited due to allergenicity, insuf-
ficient digestibility, thermolability and high viscosity [10].

Enzymatic hydrolysis is frequently used to improve and
upgrade the functional and nutritional properties of EWPs
and obtain value-added egg products. EWP hydrolysates
provide a number of benefits as a protein source in human
nutrition in regard to the native EWPs, and they also have
a positive impact on body functions or conditions and may
ultimately influence health. For example, the hydrolysates
are more water soluble, digestible for their lower molecu-
lar weight, their allergy is decreased, and they may have
potential biological functions [11, 12]. Specifically, bio-
active peptides with different activities can be released by
enzymatic hydrolysis enhancing the value of the hydro-
lysates, and, therefore, the obtained hydrolysates can be
used as bioactive functional food supplements.

EWPs are thought to be a good resource to obtain bio-
active peptides by protease during food processing or
gastrointestinal digestion. Over 24 different proteins have
been identified and characterized in egg white [13]. The
most abundant protein in egg white is ovalbumin, com-
prising 54 % of the protein content. Other proteins include
ovotransferrin (12-13.6 %), ovomucoid (11 %), ovomucin
(3.5 %), lysozyme (3.4-3.5 %), ovoflavoprotein (0.8 %),
ovomacroglobulin (0.5 %), ovoinhibitor (1.5 %), ovogly-
coprotein (1 %), avidin (0.5 %), ovoglobulins G2 and G3
(8 %), cystatin (ficin-papain inhibitor, 0.05 %), and some
other enzymes than lysozyme. Numerous bioactive pep-
tides with specific benefits for human and animal health
derived from egg proteins via enzymatic hydrolysis have
been identified [14]. These peptides released from intact
egg white as well as from purified ovalbumin, ovotransfer-
rin or lysozyme mostly have ACE-inhibitory and antihyper-
tensive effects [8, 15, 16] or antioxidant activity [17]. Novel
antimicrobial peptides released from native lysozyme by
proteolytic digestion have shown to exhibit bacteriostatic
activity against both Gram-positive bacteria and Gram-
negative bacteria [18]. Some egg-protein-derived peptides
are multifunctional exerting both antioxidant and antimi-
crobial activities or strong ACE-inhibitory and antioxidant
activities, making these multifunctional preparations very
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attractive for the prevention and control of many chronic
human diseases such as cardiovascular diseases [19].
Enzyme type and degree of hydrolysis (DH) are substan-
tial factors which affect the hydrolysates’ performances,
such as amino acid distribution, molecular weight distribu-
tion and amount of residual intact protein, thus influencing
their bioactivity. An appropriate selection of protease for
EWP hydrolysis will result in maximum biological activ-
ity of the high-quality hydrolysate providing design of a
low-cost process with high productivity. Proteases repre-
sent a very large and complex group of enzymes, which
differ in their origin and properties such as substrate speci-
ficity, chemical nature of their active site and catalytic
mechanism, pH and temperature activity profile. They are
broadly classified into two major classes based on their
ability to cleave N- or C-terminal peptide bonds (exopepti-
dases) or internal peptide bonds of the polypeptide chain
(endopeptidases) [20]. On the bases of their active site
and mechanism of catalysis, proteases can be divided into
seven groups by the MEROPS database: serine proteases,
cysteine (thiol) proteases, aspartic proteases, metallopro-
teases, threonine proteases, glutamic acid proteases and
unknown proteases [21]. Proteases of microbial origin
such as Alcalase, Neutrase, Flavourzyme are the most com-
monly enzymes used in producing protein hydrolysates, but
others such as protease from plant (e.g., papain) and ani-
mal sources (digestive enzymes, e.g., pepsin and trypsin)
are also used [12, 14, 17]. Alcalase (EC 3.4.21.14) and
Neutrase (EC.3.4.24.28) are an alkaline and a neutral endo-
peptidase produced from Bacillus licheniformis and Bacil-
lus amyloliquefaciens, respectively, and commercialized
by Novozymes. Alcalase is a relatively nonspecific serine-
type protease with broad specificity, characterized by the
presence of an essential serine residue at its active site. A
main component of the commercial Alcalase preparation
is the serine protease subtilisin having capacity for cleav-
age various peptide bonds with some preference for termi-
nal hydrophobic amino acids. Some studies shown that it
also preferentially cleaves peptide bonds on the C-terminal
side of glutamate and aspartate residues [22]. Papain (EC
3.4.22.2) is a plant enzyme extracted from Carica papaya
also with endopeptidase activity, which is characterized by
the presence of an essential cysteine and a histidine residue
at the active site (cysteine protease). Flavourzyme, obtained
by the controlled fermentation of Aspergillus oryzae, is a
mixture of proteases with both exo- and endopeptidase
activities, which is frequently used to reduce the bitter taste
of protein hydrolysates. All these commercial microbial or
plant-origin proteases have recently drawn increased inter-
est for obtaining protein hydrolysates and/or bioactive pep-
tides on a commercial scale due to their unique functions
and specificity, wide accessibility and cost-effectiveness
[7, 23]. The purpose of this investigation was to study the
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impact of different ultrasound pretreatments on the EWP
on hydrolysis and antioxidant activity using these commer-
cial food-grade proteases.

Because of the presence of specific serine protease
inhibitors, the hydrolysis of EWPs demands a heating pro-
cess to inactivate the inhibitors before protease action and
facilitate the enzymatic hydrolysis. Although the potential
of heat pretreatment to improve enzymatic hydrolysis of
EWPs has been explored widely in the last decade [24],
such method leads to destruction of some functional prop-
erties of egg white, such as gelling and foaming, which are
often desirable for food manufacture [13]. Ultrasound pre-
treatment has also been used to improve the hydrolysis of
several proteins [25] and in turn improve the production of
angiotensin-converting enzyme (ACE) inhibitory peptides,
by causing unfolding of protein chains and thus release
possible peptides that are responsible for ACE-inhibitory
activity [26]. Despite the promising effects of sonication
alone or in combination with heat or pressure on a labora-
tory scale, there is limited information on the hydrolysis
of EWPs from different ultrasound treatments and pro-
teolytic enzyme systems. Few studies have been carried
out on the effect of ultrasound on functional properties of
EWPs including surface hydrophobicity, concentration of
sulthydryl (SH) groups, gelation temperature, bulk viscos-
ity, foaming and emulsifying properties, but research on
impact of ultrasound on enzymatic hydrolysis of EWPs
and biological activity of hydrolysates is a rather scare
[27, 28].

Generally, the effects of applying ultrasound pre-
treatment on enzymatic hydrolysis of various proteins
were mostly inconsistent. For example, Lei et al. [27]
showed that the application of ultrasound pretreatment
on ovotransferrin as a model EWP before thermolysin
hydrolysis with both, 20 and 60 kHz horn increased the
reactive sulphydryl groups in 5 % ovotransferrin solu-
tion even by 50 %, but there were no improvements in the
overall DH. On the other hand, Ren et al. [23] reported
that the sweeping frequency ultrasound (SFU) treatment
at 40 =+ 2 kHz can remarkably raise the degree of zein
hydrolysis and ACE-inhibitory activity of the hydro-
lysates. Similarly, Qu et al. [25] reported that ultrasound
significantly promoted the reaction rate of defatted wheat
germ protein (DWGP) hydrolysis at various temperatures
using a probe-type sonicator and an ultrasonic cleaning
bath. On the contrary, the ultrasonic pretreatment reported
to promote the release of ACE-inhibitory peptides from
DWGP, whereas the overall DH did not significantly alter
at different power intensities and at different times using
both ultrasonic horn reactor and ultrasonic bath operat-
ing with single fixed and sweep frequencies (24-68 kHz)
modes [29]. The differences found in these studies could
be due to factors related to the type of protein substrate,

equipment design and ultrasound power, and condi-
tions used, but also on the composition of the sonicating
medium.

The aims of this study were as follows: (1) to determine
the impact of the ultrasound pretreatment on the hydroly-
sis of EWPs under different conditions (the power and the
frequency of the applied ultrasonic field, temperature and
pH, time of pretreatment); (2) to investigate the effects of
the ultrasound pretreatment under adapted conditions on
antioxidant activity of the obtained hydrolysates as well
as their fractions and compare with conventional heat pre-
treatment. The final aim was to provide more information
about characteristics (functional properties, digestibility)
of the hydrolysates obtained with the pretreatment for
potential applications in industries. For this purpose, the
ultrasound pretreated EWPs were subjected to hydrolysis
by various combinations of exo- and endopeptidase, and
some functional properties including solubility, digest-
ibility and foaming properties have been determined and
compared.

Materials and methods
Materials

Freshly laid chicken eggs (pH 7.6-8.6), kindly provided
from Jata Emona d.o.o. Ljubljana, were used immediately
or stored at 4 °C upon collection. Egg white was separated
from the yolk and gently stirred without foam formation
to provide homogeneous mixture. Four commercially
available proteases used in this work were Alcalase® 2.4 L
(EC 3.4.21.14) from B. licheniformis, Neutrase® 0.8 L
(EC 3.4.24.28) from B. amyloliquefaciens, Flavourzyme®
500 L, and Papain® from Papaya latex (EC 3.4.22.2), pro-
viding by Sigma—Aldrich Chemie (Steinheim, Germany).
The declared enzyme activities were >2.4 U/g Anson
Units, >0.8 U/g Anson Units, >500 U/g Anson Units and
1.5-10 U/mg solid for Alcalase, Neutrase, Flavourzyme
and papain, respectively. One Anson Unit is defined as
the amount of enzyme which, under specified conditions,
digests urea-denatured hemoglobin at an initial rate such
that there is liberated an amount of TCA-soluble product
per minute which gives the same color with the Folin—
Ciocalteu phenol reagent as one milliequivalent of tyros-
ine at 25 °C and pH 7.50. The chemicals, bovine serum
albumin (BSA), 2,2’-diphenyl-1-picrylhydrazyl (DPPH),
2,2'-azinobis (3-ethylbenzothiazoline-6-sulphonic acid)
diammonium salt (ABTS), trypsin (from porcine pan-
creas, type I) and protein standards were also purchased
from Sigma-Aldrich Chemie Gmbh, all of analytical
grade. All other chemicals used in this research were of
analytical grade.
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Table 1 Hydrolysis condition

. Type of proteases
used for preparation of EWP

Enzyme activity

Activity of enzyme in samples (U)  Temperature (°C)  pH

hydrolysates

Alcalase >2.4U/g 2.12 50 8
Neutrase >0.8 U/g 0.76 50 7
Papain 1.5-10 U/mg solid ~ 5.00 55 7
Flavourzyme >500 U/g 450 50 7

The ultrasound pretreatment

Before the enzymatic hydrolysis, a series of 10 % (w/w)
egg white solution samples was exposed to ultrasonic
waves in ultrasonic water baths with a frequency of 40 kHz
(EI-NIS-RO-VEP, Serbia) and 35 kHz (BENDELIN elec-
tronic, sonorex digitec, DT 102 H, Germany). The sam-
ples were prepared in a beaker of 600 mL capacity where
the working volume (~360 mL) was kept constant for all
treatments and subjected to different ultrasound treatments.
Two levels of temperature (25 &+ 3.5 and 55 & 3.5 °C) were
used to compare the ultrasound treatment between 40 and
35 kHz, and the samples were subjected to sonication for
different time (15, 30 and 60 min). For a control, 10 %
(w/w) egg white solution was left in the ultrasonic bath at
a frequency of 0 kHz at the same temperatures and time.
The initial temperature of double distilled water inside the
ultrasonic bath was continuously monitored using a ther-
mocouple with digital display and maintained constant
during the treatment. Also, the ultrasonic pretreatment was
investigated in the pH range of 7.0-10.0 at 25 £ 3.5 °C in
the ultrasonic water bath at 35 kHz for 30 min. Prior to son-
ication, the pH of the 10 % (w/w) egg white solution was
adjusted to 7.0-10.0 using 2 M HCl or 2 M NaOH.

The ultrasonic power was determined calorimetrically
[30] using following equation:

dT
P —mC, <a:) O ()
1=

where m is the mass, C,, is the specific heat capacity and
(d7/dr) is the initial rate of change of temperature dur-
ing sonication. This was determined by fitting the data
obtained for temperature rise (using a standard thermocou-
ple) against time to a polynomial curve and extrapolating
to time. The values of actual ultrasonic power dissipated in
the liquid have been calculated to be 65.7 and 21.3 W for
water baths with frequency 35 and 40 kHz, respectively.

The heat pretreatment

To find out the effect of ultrasound on enzymatic hydroly-
sis of EWPs and antioxidant activity of the obtained hydro-
lysates, the experiments with heat-treated EWPs have also
performed having the same processing conditions. Heat
treatment was carried out by first heating EW solution
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[10 % (w/w)] at 75 °C for 15 min and then subjecting it to
the hydrolysis by Alcalase described above. The rest of the
conditions were the same as those for ultrasound treatment
described above.

One-stage enzymatic hydrolysis of EWPs

Enzymatic hydrolyses were carried out in a 600-mL
mechanically stirred batch reactor with temperature and
pH control by using three enzymes separately, namely
Alcalase, Neutrase and papain according to the previously
published protocol with slight modification [28]. The sub-
strate for enzymatic hydrolysis was 10 % (w/w) aqueous
solution of untreated or pretreated egg white (11.9 mg/mL,
protein content determined according to the standard Kjel-
dahl method, N x 6.25) which was adjusted to optimum
pH for particular enzyme activity with 2 M HCl or 2 M
NaOH, then stirred and allowed to equilibrate to the work-
ing temperature for 15 min (typically 50 °C). A preliminary
assay of enzymatic hydrolysis was previously done in order
to establish the suitable hydrolysis temperature and pH
for each enzyme and results are presented in Table 1. The
reactions were started by adding the appropriate amount
of enzyme (enzyme/substrate ratio was around 2 % w/w).
During the course of the reaction, pH was kept at a constant
value by adding 1 M NaOH, using pH-stat method with
automatic dosage of the base.

The reaction was stopped by heating the mixture at
90 °C for 15 min to inactivate the enzyme. The hydrolysate
obtained was cooled down to room temperature and centri-
fuged at 3,500x g for 20 min. The supernatant was finally
collected as the hydrolysate and stored at 4 °C for subse-
quent analysis or used for the following two-stage hydroly-
sis by selected protease. All sets of hydrolysis experiments
were carried out in triplicate.

Two-stage enzymatic hydrolysis of EWPs

Alcalase Flavourzyme sequential digestions were per-
formed as previously described in Pedroche et al. [31] with
slight modifications. For the two-stage hydrolysis with
Alcalase and Flavourzyme or Alcalase and Neutrase, the
egg white solution (10 % w/w) was first hydrolyzed with
Alcalase (2.1 % E/S ratio) at 50 °C, pH 8, until the DH of
approximately 18 % was reached. Then, pH was adjusted
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to 7.0 followed by adding Neutrase or Flavourzyme (2.1 %
E/S ratio) and the reaction mixture was incubated at 50 °C
for 60-80 min. During the reaction pH was kept at a con-
stant value by adding 1 M NaOH, using pH-stat method.
The enzymatic reaction was stopped by heat inactivation at
90 °C for 15 min.

For the two-stage hydrolysis with Neutrase and Alcalase,
the egg white solution (10 % w/w) was first subjected to a
partial hydrolysis with Neutrase at 50 °C, pH 7 until the DH
around 18 % was reached. Then, the pH value was adjusted to
8.0 by the addition of 2 M NaOH, and 2.12 U of Alcalase was
added. The rest of the protocol was the same as before. All
experiments were derived in the batch reactor with continuous
stirring under the appropriated reaction conditions (Table 1).

The degree of hydrolysis

The number of peptide bonds cleaved is directly propor-
tional to base consumption. The DH was used as a param-
eter to measure the effect of ultrasonic waves on suscepti-
bility of EWPs to enzymatic hydrolysis and was calculated
by the following equation [32]:

1 1 1 h
DH (%) =B x Ng Xx — x — x — x 100 = — x 100

(o4 mp ot hiot

@)

where B is the consumption of the base in mL, Ny is the
normality of the base, m,, is the mass of protein in g,  is
the number of equivalents of peptide bonds hydrolyzed at
the time per weight unit; A, is the total amount of pep-
tide bonds per weight unit of a protein and can be calcu-
lated from its amino acid composition (for EWPs h,, is
7.67 mmol/g protein), « is the degree of dissociation of the
a-amino groups (1/a = 1.13 at 50 °C and pH 8.0).

The average peptide chain length (APCL) of hydro-
lysates was estimated using the DH [Eq. (2)], assuming that
the entire hydrolysate was soluble, as only the supernatants
were analyzed [32]:

100

APCL = DH (%) 3)

Determination of antioxidant activity
Reducing power

Reducing power of the obtained hydrolysates containing
bioactive peptides was determined by the modified method
of Oyaizu [33]. The sample solution (0.5 mL) was mixed
with 2.5 mL of 0.2 M sodium phosphate buffer (pH 6.6)
and 2.5 mL of 1 % (w/v) potassium ferricyanide. The mix-
ture was incubated at 50 °C for 20 min. An aliquot (2.5 mL)
of 10 % trichloroacetic acid was added to the mixture after
cooling to room temperature, followed by centrifugation at

3,000 rpm for 10 min. The supernatant (2.5 mL) was mixed
with 2.5 mL of distilled water and 2.5 mL of 0.1 % (v/v)
iron(IlT)chloride, and the absorbance was read at 700 nm.
The increased absorbance of the reaction mixture indicates
increasing reducing power [34].

DPPH radical scavenging activity

DPPH has been a synthetic organic radical frequently
applied to evaluate radical scavenging capacity of bioac-
tive compounds and food extracts [35]. It is more stable
than conventional natural radical and unaffected by metal
ion chelation. The effect of EWP hydrolysates on the scav-
enging of DPPH radicals was determined as previously
described by Jakoveti¢ et al. [36] with slight modifications.
Briefly, a 0.2-mL aliquot of each obtained hydrolysate was
mixed with 1.8 mL of 0.1 mM DPPH solution in metha-
nol. After mixing vigorously for 2 min, the mixture was
allowed to stand at room temperature in the dark and after
30 min absorbance was measured at 517 nm using UV-
Vis spectrophotometer (Ultrospec 3300 pro, Amerischam
Bioscience). DPPH radical scavenging activity (RSA,
%), expressed as the percentage of inhibition, was calcu-
lated according to the method described elsewhere [36] as
follow:

Ay _Ab

C

RSA (%) = {1 } x 100 4)
where A, is the absorbance of the tested antioxidant
(EWH), A is the absorbance of the EWH in methanol and
A, is the absorbance of the DPPH solution without the
sample. The protein content in all samples was determined
using the Lowry method [37].

ABTS-free radical scavenging activity

The ability of EWP hydrolysates and their ultrafiltered
fractions to scavenge ABTS radical was tested according to
the previously described method [38]. This method is based
on the ability of antioxidant molecules to quench the stable
bisradical cation, ABTSe+, a blue-green chromophore with
characteristic absorption at 734 nm. ABTS radical cation
(ABTSe+) was produced in the reaction between ABTS
(7 mM) and potassium persulfate (2.45 mM final concen-
tration). The reaction mixture was kept in dark at room
temperature for at least 12 h before use. Further, ABTSe+
solution was diluted with 5 mM phosphate-buffered saline
(PBS, pH 7.4), until the absorbance of 700 (40.05) was
reached. Diluted ABTSe+ solution (500 pyL) was mixed
with hydrolysates containing 2 mg/mL of protein (5 pL),
and absorbance was measured at 734 nm after 5 min. The
ABTS antiradical scavenging activity (%) was calculated
using the following equation:
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Ag — Ay
ABTS (%) = 100 x ( 2 > 5)

C

where A represents the absorbance of the sample solution
in the presence of the ABTS, A, is the absorbance of the
sample solution without ABTS and A_ is the absorbance
of the control solution with ABTS. The assay was stand-
ardized using both Trolox and ascorbic acid, a synthetic
and a natural antioxidant, respectively, and results were
expressed as Trolox equivalent (Trolox equivalent antioxi-
dant capacity, TEAC) as well as ascorbic acid equivalent
(ascorbic equivalent antioxidant capacity, AEAC).

Peptide fractionation by ultrafiltration

The Alcalase EWP hydrolysates obtained with ultra-
sound and heating pretreatments were subjected to
ultrafiltration using membranes with 30, 10 and 1 kDa
molecular weight cutoff (MWCO), sequentially. The
ultrafiltration was performed using a Millipore ultrafil-
tration stirred cell unit (Model 8050 1 Unit, Millipore
Corporation, Bedford, MA, USA) through cellulose
membranes with different MWCO under 40 psi nitrogen
gas. A sample of 50 mL hydrolysates was first ultrafil-
tered through a 30-kDa membrane to obtain two frac-
tions: retentate (fraction 1, F1, representing hydrolysates
>30 kDa) and permeate (MW <30 kDa). The permeate
fraction was further ultrafiltered through a 10-kDa mem-
brane to yield the second retentate (fraction 2, F2, rep-
resenting hydrolysates between 10 and 30 kDa) and the
second permeate (MW <10 kDa). The permeate was also
further subjected to ultrafiltration through a 1-kDa mem-
brane to obtain the third retentante (fraction 3, F3, repre-
senting hydrolysates between 1 and 10 kDa) and perme-
ate (fraction 4, representing hydrolysates <1 kDa). Each
retentate or permeate was collected and freeze-dried to
determine its protein concentration. The second perme-
ate (fraction <10 kDa) was subjected to molecular sieve
chromatography.

Molecular weight distribution of EWP hydrolysates

The permeate fraction <10 kDa (before ultrafiltration
through a 1 kDa membrane) was subjected to molecular
sieve chromatography on a 250 x 25 mm column, packed
with Toyopearl] HW-40F (Tosoh Bioscience GmbH, Stutt-
gart, Germany) to determine the molecular weight distri-
bution. The column was operated with a flow rate of 1 mL/
min and elution was monitored at 214 and 280 nm (UV-
Vis detector C-640, Buchi Labortechnik AG, Switzer-
land). The elution buffer was 30 mM sodium phosphate
buffer (pH 7.0), while cytochrome ¢ (12,400 Da), diglu-
tathione (691.59 Da), L-glutathione reduced (307 Da) and
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phenylalanine (165.19 Da) were used as the comparable
standards of molecular weight.

Functional properties of EWP hydrolysates
Solubility

Solubility of all EWP hydrolysates was determined at two
pH values and compared. Samples were suspended in water
(10 % w/v), and pH was adjusted to 6 or 8 using 0.5 M
NaOH or 0.5 M HCI while stirring at room temperature for
1 h. The samples were then centrifuged at 10,000xg for
15 min. The protein content in all samples was determined
using the Lowry method [37] using BSA as the stand-
ard. Solubility was expressed as the percentage of protein
remaining in the supernatant as compared to the untreated
samples.

Digestibility

In vitro protein digestibility was carried out according to
the method described by Elkhalil et al. [39] with slight
modifications. About 2 mL of 10 % (w/w) egg white aque-
ous solution or hydrolysates was digested by 10 mL of
trypsin solution (0.2 mg/mL in 100 mM Tris—HCI buffer,
pH 7.6). The suspension was incubated at 37 °C for 2 h.
Hydrolysis was stopped by adding 5 mL 50 % trichloro-
acetic acid (TCA). The mixture was allowed to stand for
30-35 min at 4 °C and was then centrifuged at 10,000x g
for 25 min (SIGMA 2-16, rotor 12141, Germany). The
resultant precipitate was dissolved in 5 mL of 0.2 M NaOH,
and protein concentrate was measured using the Lowry
method. Digestibility was calculated as follows:

Protein digestibility (%) =

x 100 (6)

where A is total protein content (mg) in the sample and B is
total protein content (mg) in the TCA precipitate.

Foaming properties

The aqueous egg white solution and the obtained hydro-
lysates with concentration of 10 % (w/w) were diluted to
8 % (wlw) to prepare foams. The initial volume of 50 mL
(20 °C) foaming solution was placed in the plastic beaker
of 700 mL (diameter 7.2 cm) and whipping for 4 min with
laboratory homogenizer at a speed of 9.500 rpm and ambi-
ent temperature (Yellowline, DI 25 basic, Ica Works Inc.,
Wilmington, 600 W, 50 V, 8,000-24,000 rpm) [40]. Foam
capacity (FC) was expressed as foam expansion at 0 min,
which was calculated according to the following equation:

A-B
FC (%) = x 100

)
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—A— without pretreatment
25 °C: —m— 15 min —e— 30 min

The degree of hydrolysis, DH (%)

60 min
55 °C: —0— 15 min —0— 30 min —v— 60 min
0 T T T T T T T

0 50 100 150 200 250 300 350
Time (min)

Fig. 1 Profiles and degrees of hydrolysis as a function of temperature
and ultrasound pretreatment time. a at 40 kHz (calorimetric power of
21.3 W) and b at 35 kHz (calorimetric power of 65.7 W). Pretreat-
ment conditions: closed black triangle control, closed square 25 °C,

where A is the volume after whipping (mL) and B is the
volume before 4 min of whipping (mL). The foam stability
(FS) was defined as the percentage of liquid still present in
the foam after 30 min compared with the solution at 4 min
after whipping:

A—B
FS (%) = x 100 (8)
A is the volume of foam after 30 min standing (mL) and B
is the volume before 4 min whipping (mL).

Statistical analysis

Experiments were carried out in duplicate or triplicates
and expressed as means with SD. Analysis of variance
(ANOVA), followed by the Tukey test, was used to deter-
mine the significant difference between samples at p < 0.05
level. All analyses were done using Microsoft Office Excel
2007 software (Microsoft Corporation, WA, USA).

Results and discussion

The effect of ultrasound pretreatment of EWPs on their
susceptibility to Alcalase

Because of the presence of specific serine protease inhibi-
tors in raw egg white (for example ovomucoid) and low
susceptibility to enzymatic hydrolysis, the hydrolysis of
EWPs demands a pretreatment process before protease
action. In this part of work, EWPs were subjected to differ-
ent ultrasound pretreatments and then hydrolyzed by Alca-
lase. The effects of the pretreatment were studied at two
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different calorimetric powers and temperatures for different
periods of time. The objective was to find the conditions
that would lead to irreversible denaturation of the Alcalase
inhibitor, but at the same time, would not result in the for-
mation of insoluble aggregates or precipitates, which are
poor substrate for proteolysis. The results obtained from
this experimental set are presented in Fig. 1.

It is apparent from Fig. 1 that the initial rate, extent and
pattern of EWP hydrolysis varied according to the condi-
tions, exposure time and intensity of the ultrasound treat-
ment. The treatment at a calorimetric power of 21.3 W
and frequency of 40 Hz at a lower temperature (25 °C)
seemed to improve the hydrolysis for all treatment time
(Fig. 1a). In this case, the treatment time did not signifi-
cantly alter the overall DH (X, = 31.44 £ 0.251), which
was higher compared with that obtained with untreated
sample (X, = 27.99 £ 0.925). However, the initial hydrol-
ysis rate was significantly lower as the pretreatment time
was increased. A clear difference in the rates of reaction at
a lower temperature (25 °C) was also observed when com-
pared with that at a higher temperature (55 °C).

At lower frequency of 35 kHz and higher calorimetric
power of 65.7 W (Fig. 1b), both extent and initial rate of
hydrolysis for prolonged treatment showed a very large
decrease when compared with short treatments. For exam-
ple, when treatment time was increased from 15 to 60 min
at 25 °C, a significant decrease in DH from 33.6 to 26.0 %
was observed (by 22.6 %). This decrease in overall DH was
even more pronounced when heating was performed during
ultrasound treatment (from 33.2 to 10.6 %). It is consid-
ered that the ultrasound pretreatment caused the structural
changes of EWPs beneficial to promote hydrolysis, but pro-
longed exposure to ultrasound of 60 min seemed to have a

@ Springer



986

Eur Food Res Technol (2014) 239:979-993

negative effect. This could be due to the protein aggregates
formation influencing lower accessibility of the unfolded
and aggregated proteins to the appropriated protease. This
is in agreement with the findings of Jambrak et al. [41],
who reported that the prolonged treatment of whey protein
isolate with ultrasonic bath of 40 kHz encourages the for-
mation of aggregates of molecules.

Except for ultrasound pretreatment at 35 kHz for
30 min, it was clearly shown that the heating of the ultra-
sound bath did not achieve the expected improvement
in hydrolysis. Namely, it was supposed that the sonica-
tion under elevated temperature, but lower than ~58 °C,
at which egg white coagulation and denaturation process
began would improve EWP hydrolysis due to decreased
ultrasonic wave attenuation for hen’s egg white at higher
temperature [42]. Namely, the part of the kinetic energy of
the wave has been expected to be absorbed and converted
into mechanical and thermal energy that in turn may cause
the structural changes in protein molecules through which
the waves propagate. However, too excess ultrasound
treatment in combination with heating caused aggregation
of proteins preventing them from further hydrolysis. As
visually apparent, an opaque suspension of protein aggre-
gates was obtained in this case. Thus, the bath tempera-
ture of 25 °C was adopted for further investigation.

Overall, the presented results are in agreement with sev-
eral previous studies showing increased subsequent prote-
olysis after the ultrasound treatment. Compared with the
control, the optimal ultrasound pretreatment at 40 kHz and
25 °C for 15 min increased the initial rate and equilibrium
DH by about 139.8 and 13.86 %, respectively. Similarly, in
a related study where milk protein concentrate was treated
with ultrasound at 800 W [26], an improvement in the pro-
tein hydrolysis by several proteases up to 184.9 % after pre-
treatment was reported, depending on the enzyme used and
the pretreatment time. Likewise, an ultrasonic treatment
of DWGP at 600 W and 20 °C for 10 min with the probe-
type sonicator and cleaning bath has shown to significantly
decrease the energy barrier required for the hydrolytic reac-
tion, improving the reaction rate [25]. SFU and fixed fre-
quency ultrasound pretreatment at 40 + 2 kHz have also
reported to increase the degree of zein hydrolysis by approx-
imately 11.5 % over the control, by altering the second struc-
ture of zein and rupturing the smooth surface of protein [23].

However, our results are in conflict with several previous
studies which shown that the ultrasound treatment of vari-
ous proteins did not significantly alter the overall DH or the
effects were minimal [43, 44]. In this light, Lei et al. [27]
showed that the sonication of ovotransferrin before thermo-
lysin hydrolysis had insignificant effect on its digestibility.
Even though the ultrasound pretreatment has been reported to
increase the reactive sulphydryl groups in 5 % ovotransferrin
solution by even 50 %, there were no improvements in the
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overall DH. However, the pretreatment was applied to a pure
EWP, ovotransferrin, in the model system and thermolysin
was used to measure the susceptibility to enzymatic hydroly-
sis. In contrast, our current research examined the effect of
sonication on Alcalase hydrolysis of constituent proteins
(whole egg white), which behavior is known to be strongly
influenced by ovalbumin. The observed differences in the
impact of pretreatment on the hydrolysis might be explained
by the higher resistance of ovotransferrin to ultrasound energy
compared with ovalbumin as it contains several disulphide
bonds and a glycan chain attached to the C-terminal domain,
stabilizing its three-dimensional structure. Ovalbumin as the
major egg white protein contains only one disulphide bond
and its structure is more affected by such treatment. Gener-
ally, the ultrasonic denaturation mechanisms are specific to
the particular protein under investigation and depend on its
amino acid composition and the conformational structure.
Also, the final effect is a function on the nature of the sonicat-
ing medium, equipment and conditions used.

The effect of substrate pH during the ultrasound
pretreatment on enzymatic hydrolysis

It is widely recognized that changes of the pH value of
substrate solution can cause denaturation of proteins by
changing the charge distribution and conformation of the
molecules and facilitates the accessibility of proteases to
the inner peptide bonds [28]. Therefore, the influence of
the pH of EWP solution during the ultrasound pretreatment
prior to hydrolysis has been tested. For this purposes, the
pH values of EWP solution have been optionally adjusted
to particular pH with 1 M NaOH solution (for pH 10.0) or
with 1 M HCI (for pH 7.0) and the samples were subjected
to sonication at 35 kHz for 30 min followed by Alcalase
hydrolysis. The results are shown in Fig. 2.

It appeared that an increase in pH increased the reac-
tion rate. Specifically, at pH 9.25, the overall DH reached
29.9 + 1.82 %, but this value dropped to 17.6 £ 0.65 at pH
7.6. Probably, this happened because of less pronounced
aggregation of protein molecules at higher pH (further away
from the average pl of the acidic EWPs) at which repulsion
between protein molecules was stronger. This was in agree-
ment with the turbidity profile obtained after sonication of
10 % (w/w) solution of egg white at different pH (data not
shown). Namely, sonication at pH in the range from 10 to
9.1 at 35 kHz for 15 min did not appear to change the solu-
tion turbidity, but it significantly increased when sonicating
at 8.6 and 7.0. Additionally, exposure of EWPs to extreme
pH conditions might cause significant structure unfolding of
the molecules. Both factors would contribute to the increase
in the susceptibility to Alcalase hydrolysis.

The addition of sodium hydroxide before ultrasound
pretreatment had a negative impact on the subsequent
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Fig. 2 The degree of hydrolysis as a function of pH of EWP solu-
tions which were ultrasound pretreated during 30 min at 35 kHz.
Hydrolysis conditions were as follows: 50 °C, pH 8.0; 2.12 U of
Alcalase, 10 % (w/w) egg white (E/S ratio 2.0 % w/w)

hydrolysis of EWPs (Fig. 2). Specifically, better result has
been obtained with naturally basic egg white which pH was
9.25, rather than that observed with the sample in the pres-
ence of sodium hydroxide (pH 10.0). Fresh egg white has
pH of approximately 7.6-8.5 which increases to approxi-
mately pH 9.7 during storage as the CO, escapes [45], and
the albumen pH increases at a temperature-dependent rate
to a maximum value of about 9.7. After 3 days of stor-
age at 3 °C, Sharp and Powell [45] found an albumen pH
of 9.18. After 21 days of storage, the albumen had a pH
close to 9.4, regardless of storage temperature between 3
and 35 °C [11]. The increase in albumen pH is due to CO,
loss through the shell pores, and it depends on dissolved
CO,, bicarbonate ions, carbonate ions and protein equi-
librium. Bicarbonate and carbonate ion concentrations are
affected by the partial CO, pressure in the external environ-
ment. Thus, at pH of fresh egg white (7.6 and 8.6), albu-
men seemed to be more resistant to the hydrolysis. Present
results have shown that the highest initial hydrolytic rate
was achieved with egg white sample after prolonged stor-
age (pH 9.25), almost 2.5-fold increase compared with the
one of fresh egg white (pH 7.6). This pH dependence on
the rate of proteolysis of EWPs is important from the prac-
tical point of view that the pH of egg white increases dur-
ing storage of eggs.

Average peptide chain length (APCL) of EWP
hydrolysates

The peptide chain length is related to the average molecular
weight of peptides in hydrolysates. However, hydrolysates

Fig.3 The degree of hydrolysis (open symbols) and the average
peptide chain length (closed symbols) during enzymatic hydrolysis
of EWPs which were pretreated at two different frequencies (40 kHz
triangle and 35 kHz circle). The reaction conditions: 2.12 U of Alcal-
ase, 10 % (w/w) egg white, 50 °C, pH 8.0

with similar APCL may have substantially different peptide
molecular weight distributions. Once determined the DH,
the APCL of the hydrolysates could be estimated, assum-
ing all hydrolysates are soluble. This is related to the aver-
age molecular weight of peptides in the hydrolysates and is
illustrated in Fig. 3.

Figure 3 shows the changes in APCL of the ultrasound
pretreated hydrolysates at two different frequencies (40 and
35 kHz) having similar processing conditions (pH 9.25,
25 °C, 15 min). It can be easily observed that the pretreat-
ment led to changes in APCL, and it decreased from 77 to 3
amino acids after 4 h of hydrolysis, and from 28 to 3 amino
acids after 2 h hydrolysis, for hydrolysates sonicated at 35
and 40 kHz, respectively. The illustrated results of APCL
were in agreement with the model change of the DH, and
according to that, the hydrolysis of EWPs with 15 min
ultrasound pretreatment at 40 kHz has been adapted as a
model reaction. The average number of amino acids in pep-
tides generated by hydrolysis of the adopted model reaction
was less than that obtained in other hydrolysis reactions,
revealing that this treatment caused strongly structural
changes of proteins and resulted in a higher subsequent
susceptibility of EWP solutions to enzymatic hydrolysis.

Effect of ultrasound pretreatment on antioxidant activity
of EWP hydrolysates

An additional aim of this research was to contribute to a
number of previous studies dealing with the antioxidant
activity of EWP hydrolysates most commonly prepared by
the commercially available microbial food-grade protease,
Alcalase, determining whether the ultrasound pretreatment
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could improve antioxidant activity of these hydrolysates
compared with conventional heat pretreatment. For this rea-
son, the antioxidant activity as measured by DPPH method
was detected in all EWP hydrolysates during the course of
hydrolysis (results have been presented in Fig. 4).

It appeared that the antioxidant properties were
enhanced by hydrolysis in both of cases. Before hydroly-
sis, unhydrolyzed EWPs showed a rather low DPPH radi-
cal scavenging activity (28.1 + 6.38 %) and the values
increased significantly with the course of hydrolysis for
both pretreatments (84 £ 0.59 and 88.4 £ 1.31 % for heat
and ultrasound pretreatment, respectively). Even though
the maximum conversion for ultrasound pretreated sam-
ple was not significantly less than that achieved for the
heat pretreatment, the antioxidant activity of the hydro-
lysates varied significantly between the different pretreat-
ment used (p < 0.05). Hydrolysates prepared using the
ultrasound pretreatment appeared to be more effective in
scavenging DPPH radicals. This suggests that different
protein treatments prior to hydrolysis may have resulted
in different alterations in the protein’s tertiary structure
affecting profile of produced peptides and consequently
their free radical scavenging activity. This is in agreement
with results obtained by several authors, who reported
that the ultrasound pretreatment can enhance the ACE-
inhibitory activity of the obtained hydrolysates, probably
due to the ability to release more potent peptides [27, 29].
Because of the mechanism of action of ultrasound on pro-
teins denaturation, one would expect alterations in both
antioxidant and ACE-inhibitory activity upon application
of high-intensity ultrasound, but different claims about
alterations of peptides’ activity have been reported in the
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literature. For example, Lei et al. [27] reported that the
sonication prior the thermolysin hydrolysis of ovotransfer-
rin enhanced the production of ACE-inhibitory peptides,
whereas the antioxidant activity of hydrolysates was not
significantly changed. Contrary, Xu et al. [46] reported
that the antioxidant activity of defatted soybean meal was
improved after ultrasound pretreatment. Generally, the
ability of ultrasound to stimulate bioactive peptides’ pro-
duction has received very little attention. Current research
concerns for the first time the impact of ultrasound pre-
treatment of EWPs prior the enzymatic hydrolysis on the
antioxidant activity of obtained hydrolysates.

In order to confirm whether the ultrasound pretreat-
ment prior to Alcalase hydrolysis resulted in different pep-
tide profile compared with the heat pretreatment, EWP
hydrolysates with around 27.0 % DH obtained with both
pretreatments were further separated using ultrafiltration
membranes with 30, 10 and 1 kDa MWCO to 4 hydrolysate
fractions (<1, 1-10, 10-30 and >30 kDa) which were inves-
tigated for protein content, peptide yield and antioxidant
activity in terms of ABTS radical scavenging ability. This
method is very commonly used by researchers to evaluate
the radical scavenging ability of antioxidants [47]. Antioxi-
dants with higher ABTS inhibition are considered to have
higher antioxidant efficacy (Table 2).

It is apparent that the hydrolysis after heat pretreatment
generated more peptides <1 kDa (19.04 £ 1.02 %) than
ultrasound pretreatment did (11.90 & 0.53 %), whereas the
proportion of peptides <10 kDa were higher in the second
case (28.80 £ 0.07 vs. 20.46 + 0.39 %). Different pretreat-
ments seemed to influence the protein folding leading to
different molecular weight distribution profile after hydrol-
ysis which could influence the antioxidant activities of the
hydrolysate fractions. In general, no significant difference
was observed between the hydrolysates obtained with dif-
ferent pretreatments in their ability to scavenge ABTSe+.
However, the fraction obtained by ultrasound pretreatment
containing peptides with a MW between 1 and 10 kDa
showed a significantly high (p < 0.05) ABTS radical scav-
enging efficacy of 97.54 £ 0.30 %. The dependence of
ABTS radical scavenging activity on sample concentration
(0.5-10 mg/mL) was found to be linear (6 min reading) in
all samples (R* > 0.97) (data not shown). The results were
also expressed as both Trolox and ascorbic acid equivalents
antioxidant capacity and presented in Fig. 5.

The oxygen radical absorbance capacity of the hydro-
lysates and their fractions did not vary significantly
between hydrolysates and/or their fractions, except for
the fraction F3 obtained with the ultrasound pretreatment
showing a rather high Trolox and ascorbic acid equivalents
(1.569 £ 0.007 and 1.852 % 0.008 umol/g peptides, respec-
tively). The ABTS inhibitory activity of the F; fraction was
two times lower (4.31 mg/mL) compared with the small
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Table 2 Molecular weight distribution profile and antioxidant activity of the hydrolysates obtained by ultrasound and heat pretreatments and

their ultrafiltered fractions

Ultrasound pretreatment

Heat pretreatment

my, (mg) Mass fraction (%) ABTS (%) my, (mg) Mass fraction (%) ABTS (%)
Hydrolysate 591.7 £3.67 100 79.44 £2.31 574.96 + 6.02 100 76.17 £ 2.59
F, >30 kDa 197.18 +£2.29 33.32£0.18 76.46 +£2.32 189.90 £+ 3.59 33.03 £0.28 80.39 £ 2.51
F, 10-30 kDa 128.24 + 1.51 21.67 £0.12 73.50 £ 1.77 119.76 £ 5.19 20.83 £ 0.69 77.33 £2.00
F; 1-10 kDa 170.41 4+ 1.48 28.80 £+ 0.07 97.54 +£ 0.30 117.61 £ 1.01 20.46 £ 0.39 82.01 £2.29
F, <1 kDa 70.45 + 3.59 11.90 £ 0.53 66.25 £2.23 109.49 £+ 6.97 19.04 £+ 1.02 72.25 £ 1.59

m,,: Total protein content determined by Lowry method. ABTS scavenging capacity for untreated egg white was 7.69 + 1.59 %

22 T A )
TEAC: AEAC:
2.0-{ HE ultrasound treatment [TT1] ultrasound treatment 420
[heat treatment E—lheat treatment
1.8 —11.8
16 - 116 &
27 71 = 2 = 17°%%
&2 144 n= e -E 414 5 2
TR ' e == = 1,08
- — = — uw o
2 8 1.2 - = = 112 5 2
o — —] = R ‘S
w 2 1.0 = H = 110 & E
53 2 = = 23
2 2 o8 = H = {08 € E
[SE” — = = 1., 83
- i = = . 17}
0.6 = B = 1 0.6 2
0.4 o = = —04
0.2 = = = o2
0.0 ] L 0.0
hydrolysate F1 F2 F3 F4

Fig.5 ABTS scavenging capacity for EWP hydrolysate fractions
obtained with heat and ultrasound pretreatments expressed in Trolox
and ascorbic acid equivalents per gramme of dry weight

peptide fraction (F,, <1 kDa) (ICs, = 9.86 mg/mL), mak-
ing it a good candidate for functional food production.

The fractions <10 kDa were then subjected to molecular
sieve chromatography on the Toyopearl HW-40F column
that has good separation efficiency in the MW range of
100-10,000 Da, and the results are presented in Fig. 6.

There is apparently very little difference in the gel-filtra-
tion pattern of the peptide fraction obtained by ultrasound
and heat pretreatment. It seemed that smaller dipeptides of
<1 kDa and free amino acids were produced by both pre-
treatments. However, after ultrasound pretreatment few
additional lower molecular weight peptides were appar-
ent (corresponding to around 1,650 and 470 Da based
on standard curve). Hence, this suggested that these low
molecular mass peptides from the enzymatic hydrolysis
of EWPs could have a higher ABTS radical scavenging
efficacy than other molecular mass peptides, contributing
for higher antioxidant activity of the hydrolysate prepared
after ultrasound pretreatment. Earlier studies have shown
that the majority of the antioxidative peptides derived from
food sources have molecular weights ranging from 500 to
1,800 Da [20, 48]. In future studies, the antioxidant proper-
ties of each fraction will be tested.
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Fig. 6 Toyopearl 40HW gel-filtration column chromatography of
hydrolysates obtained by Alcalase after ultrasound (circle) and heat
pretreatment (triangle). The arrows indicate the elution position of
markers [a cytochrome ¢ (12,400 Da), b diglutathione (691.59 Da), ¢
L-glutathione reduced (307 Da), d phenylalanine (165.19 Da)]

One-stage and two-stage enzymatic hydrolysis of EWPs

The effects of protease type (endo- and exopeptidases)
and manner of performing enzymatic process (one- vs.
two-stage) on selected functional and antioxidant proper-
ties of obtained hydrolysates were investigated in the reac-
tions under recommended conditions for each protease
(Table 1). The ultrasound pretreatment (15 min at 25 °C
and frequency 40 kHz) was performed prior the enzymatic
hydrolysis in all cases. The samples were then treated with
the commercial proteases Alcalase, Neutrase, papain and
Flavourzyme that were added individually in the one-stage
process or as a combination of two sequentially added pro-
teases in the two-stage process. A graphical comparison of
the hydrolytic curves obtained for one- and two-stage enzy-
matic EWPs hydrolysis is shown in Fig. 7.

It appeared that the initial rate, extent and pattern of EWP
hydrolysis vary according to the protease specificity, sub-
strate affinity and the type of enzymatic process. As regards
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Fig. 7 Degree of hydrolysis (%DH) as a function of time for one-
stage (inset) and two-stage enzymatic hydrolyses of EWPs with dif-
ferent proteases

one-stage hydrolysis process, the highest hydrolysis degree
was achieved for Alcalase followed by papain and Neutrase.
This result was expected due to the fact that Alcalase is endo-
peptidase, acting without order inside of EWPs molecules
and randomly decomposed them to low molecular weight
peptides. However, the initial reaction rate was slightly
higher with papain than with Alcalase. In this case, a rapid
reaction rate was obtained in the first 30 min, and then the
rate of hydrolysis subsequently decreased, reaching a plateau
after 50 min. Hydrolysis with Alcalase was more gradual
approaching a plateau after 75-90 min of hydrolysis. A con-
stant rate was also observed with Neutrase after only 15 min
of reaction time, suggesting that the enzymatic reaction
reached the steady state phase. Similar results were reported
by Dryakova et al. [49], who studied the hydrolysis of whey
protein using four microbial proteases, revealing that hydro-
lysates digested with Neutrase showed clearly lower DH and
contained peptides with longer amino acid chain length than
those prepared by Alcalase or Flavourzyme digestion.

Comparing the presented hydrolytic curves of two-stage
enzymatic process, the highest initial rate and equilibrium
DH were achieved by a combination of protease from B.
licheniformis-Alcalase and protease from B. amylolique-
faciens-Neutrase. The order of addition of these two pro-
teolytic enzymes did not lead to significant differences in
the equilibrium DH (32.18 £ 0.04 %), but significantly
affected the initial rate of reaction. The two-stage hydroly-
sis, in which Alcalase is followed by Neutrase, seemed to
perform with the highest initial rate (0.60 ADH % min ™).

The functional properties of EWP hydrolysates obtained
by the one-stage and two-stage enzymatic hydrolyses
with various proteases

EWP hydrolysates were further tested for their antioxidant
activity and functional properties. The aim was to obtain
highly hydrolyzed EWPs, but also an end hydrolysate with
improved antioxidant activity and functionality. Besides
DPPH activity, other properties of the EWP hydrolysates
important for their practical application in food products
were determined such as functional properties. These prop-
erties depended also on the DH, thus protein hydrolysates
with the same DH of 27 % were produced from egg white
using several proteases in one- and two-stage enzymatic
processes. The results are summarized in Table 3.

The DPPH radical scavenging activities of all gener-
ated EWP hydrolysates were clearly higher than non-
hydrolyzed egg white. The results revealed that EWP
hydrolysates potentially contain bioactive peptides which
were electron donors and could react with free radicals
to convert them to more stable product and terminate the
radical chain reaction. Alcalase hydrolysate has shown the
best antioxidant properties. It is known that the antioxidant
activity of protein hydrolysates is remarkably dependent
on amino acid composition and their sequences which are
affected by the protein source and conditions of the hydrol-
ysis process, including digestive enzyme, temperature, pH,
reaction time, ratio of substrate/enzyme and others [50]. In
addition, as previously discussed, the antioxidant activity

Table 3 The functional properties of EWP hydrolysates obtained by one- and two-stage enzymatic hydrolyses with various proteases

Parameters Egg white Alcalase Papain Alcalase and Flavourzyme Alcalase and Neutrase
The degree of hydrolysis (DH) (%) - 27 27 27 27

Foaming capacity (%) 75.12 73.55 74.75 75.96 77.48

The foam stability (%) 3243 73.55 46.81 65.75 69.51

Digestibility (%) 69.29 79.17 90.72 79.3 79.83

Solubility at pH 6 (%) 70.69 89.27 95.41 100.00 77.43

Solubility at pH 8 (%) 81.85 87.34 100.00 97.73 81.19

DPPH activity (%)/c protein (mg/mL) 5.84 13.95 13.47 12.83 12.93

Reducing power at 700 nm 0.046 0.105 0.080 0.062 0.068
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of bioactive peptides could be improved using ultrasound
pretreatment.

A lot of research has been reported that there was a
direct correlation between antioxidant activity and reduc-
ing power. Namely, bioactive peptides with higher reducing
power have better abilities to donate electrons [34]. The val-
ues of the reducing power of the EWP hydrolysates which
are summarized in Table 3, correlated well with those of
DPPH radical scavenging assay. The hydrolysate obtained
with one-stage hydrolysis by Alcalase exhibited the highest
reducing power. Moreover, this result confirmed that protein
hydrolysate had good abilities to donate electron, which was
involved in the antioxidant activity. Likewise, Pan et al. [51]
reported that the rapeseed protein hydrolysates prepared
with Alcalase possessed excellent reducing power.

Generally, enzymatic hydrolysis appeared to increase sol-
ubility, digestibility and antioxidant activity of EWPs in all
cases. Papain hydrolysate has been shown to have the best
solubility and digestibility which could be explained by the
formation of smaller, more hydrophilic and more soluble bio-
active peptides in hydrolysates. It seemed that the enzymatic
hydrolysis reduced molecular weight of EWPs, enhanced
the solubility, increased flexibility of proteins that facilitated
the formation interfacial membrane and increased foaming
properties of proteins after hydrolysis. Namely, the most
voluminous foams were obtained in the two-stage enzymatic
process with Alcalase and Neutrase, while the most stable,
dense foams were obtained in the one-stage process with
Alcalase. The FS has been known to depend on the strength
of the protein film and its permeability to gases [7]. Overall,
the relationship between the pretreatment and application of
different proteases induced changes in the physicochemical
properties and the functional properties of EWPs seemed to
be clear. It was reported that the application of ultrasound to
wheat germ protein caused changes in protein structure, like
an increase in protein surface hydrophobicity, activity and
charge and decrease in SH group content that may altered its
bulk functionality [52]. Also, for ultrasound pretreatments, a
specificity of protease could be found to predict accurately
the functional properties of EWP hydrolysates. For example,
the hydrolysate with high in vitro digestibility was obtained
by papain, while the hydrolysate with a rather high solubility
at pH 6 and pH 8 was obtained with the combined activity
of Alcalase and Flavourzyme. Compared with single-enzyme
processes, the two-stage enzymatic procedures did not sig-
nificantly improve both antioxidant and functional hydro-
lysates’ properties.

Conclusions

Short-time ultrasound pretreatment of EWPs at calorimet-
ric power of 21.3 W and frequency of 40 kHz for 15 min

conducted under lower temperature of 25 °C resulted
in increased Alcalase hydrolysis, but with increasing
in acoustic power, treatment time and temperature, the
hydrolysis rate decreased dramatically. The pH of soni-
cating medium also significantly affected the hydrolysis
rate. The highest initial rate was observed with egg white
sample after prolonged storage (pH 9.25), almost 2.5-fold
increase compared with the one of fresh egg white (pH
7.6), that could be important from the practical point of
view that the pH of egg white increases during storage of
eggs. The optimal ultrasound pretreatment of EWPs fol-
lowed by Alcalase hydrolysis resulted in the hydrolysate
with a higher antioxidant activity than that obtained with
heat pretreatment, due to different hydrolytic pattern and
peptide composition.

EWPs pretreated under optimal conditions have been
further subjected to proteolysis in one- and two-stage
processes using several proteases. Alcalase hydrolysate
has shown the best antioxidant properties, whereas EWP
hydrolysate obtained by papain hydrolysis had the best sol-
ubility and digestibility. DH over 30 % after 2 h hydrolysis
and high yield of peptides soluble at pH 6 and pH 8 were
obtained by combination of Alcalase and Flavourzyme in
the two-stage process. This study showed that by combin-
ing ultrasound pre-hydrolysis treatment under controlled
conditions with careful proteases selection, hydrolysates
with improved functional and antioxidant properties can be
produced enhancing utilization of EW in food products.

Acknowledgments This work was supported by EUREKA Project
E!6750 and Innovative project “Production of new dietary formula-
tions based on natural protein with antioxidant and antitumor effect”
from the Ministry of Education, Science and Technological Develop-
ment of the Republic of Serbia.

Conflict of interest None.

Compliance with Ethics Requirements This article does not con-
tain any studies with human or animal subjects.

References

1. Chandrapala J, Oliver C, Kentish S, Ashokkumar M (2012) Ultra-
sonics in food processing. Ultrason Sonochem 19:975-983

2. Dujmi¢ F, Brnc¢i¢ M, Karlovi¢ S, Bosiljkov T, Jezek D, Tripalo
B, Mofardin I (2013) Ultrasound-assisted infrared drying of pear
slices: textural issues. J Food Process Eng 36:397-406

3. Knorr D, Zenker M, Heinz V, Lee D-U (2004) Applications and
potential of ultrasonics in food processing. Trends Food Sci Tech-
nol 15:261-266

4. Giizey D, Giilseren 1, Bruce B, Weiss J (2006) Interfacial prop-
erties and structural conformation of thermosonicated bovine
serum albumin. Food Hydrocoll 20:669-677

5. Jambrak AR, Mason TJ, Lelas V, Kresi¢ G (2010) Ultra-
sonic effect on physicochemical and functional properties of
a-lactalbumin. LWT Food Sci Technol 43:254-262

@ Springer



992

Eur Food Res Technol (2014) 239:979-993

6.

10.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

Giilseren 1, Giizey D, Bruce BD, Weiss J (2007) Structural and
functional changes in ultrasonicated bovine serum albumin solu-
tions. Ultrason Sonochem 14:173-183

. Chen C, Chi Y-J (2012) Antioxidant, ACE inhibitory activities

and functional properties of egg white protein hydrolysate. J
Food Biochem 36:383-394

. Lunow D, Kaiser S, Bruckner S, Gotsch A, Henle T (2013) Selec-

tive release of ACE-inhibiting tryptophan-containing dipeptides
from food proteins by enzymatic hydrolysis. Eur Food Res Tech-
nol 237:27-37

. Van Der Plancken I, Van Loey A, Hendrickx ME (2005) Com-

bined effect of high pressure and temperature on selected prop-
erties of egg white proteins. Innov Food Sci Emerg Technol
6:11-20

Behnke U, Kiss E, Nadudvari V, Rutiloff H (1986) Enzymatic
modification of egg-white protein and some of its functional
properties. Nahrung 30:319-326

. Stadelman WJ, Newkirk D, Newby L (1995) Egg science and

technology, 4th edn. The Haworth Press, Philadelphia

Singh A, Ramaswamy HS (2014) Effect of high-pressure treat-
ment on trypsin hydrolysis and antioxidant activity of egg white
proteins. Int J Food Sci Technol 49:269-279

Mine Y (1995) Advances in the understanding of egg white pro-
tein functionalities. Trends Food Sci Technol 6:225-232

Eckert E, Zambrowicz A, Pokora M, Polanowski A, Chrzanow-
ska J, Szoltysik M, Dabrowska A, Rézanski H, Trziska T (2013)
Biologically active peptides derived from egg proteins. World
Poult Sci J 69:375-386

Miguel M, Ramos M, Aleixandre MA, Lopez-Fandino R (2006)
Effect of simulated gastrointestinal digestion on the antihyperten-
sive properties of ACE-inhibitory peptides derived from ovalbu-
min. J Agric Food Chem 54:726-731

Majumder K, Wu J (2011) Purification and characterization
of angiotensin I converting enzyme (ACE) inhibitory peptides
derived from enzymatic hydrolysate of ovotransferrin. Food
Chem 126:1614-1619

Lin S, Jin Y, Liu M, Yang Y, Zhang M, Guo Y, Jones G, Liu J,
YinY (2013) Research on the preparation of antioxidant peptides
derived from egg white with assisting of high-intensity pulsed
electric field. Food Chem 139:300-306

. Mine Y, Ma F, Lauriau S (2004) Antimicrobial peptides released

by enzymatic hydrolysis of hen egg white lysozyme. J Agric
Food Chem 52:1088-1094

Davalos A, Miguel M, Bartolome B, Lopez-Fandino R (2004)
Antioxidant activity of peptides derived from egg white proteins
by enzymatic hydrolysis. J Food Prot 67:1939-1944

Tavano OL (2013) Protein hydrolysis using proteases: an impor-
tant tool for food biotechnology. J Mol Catal B Enzym 90:1-11
Nadaroglu H, Demir N (2012) Purification and characterization
of a novel serine protease compositain from compositae (Scor-
zonera hispanica L.). Eur Food Res Technol 234:945-953
Adamson NJ, Reynolds EC (1996) Characterization of casein
phosphopeptides prepared alcalase: determination of enzyme
specificity. Enzym Microb Technol 19:202-207

Ren X, Ma H, Mao S, Zhou H (2014) Effects of sweeping fre-
quency ultrasound treatment on enzymatic preparations of ACE-
inhibitory peptides from zein. Eur Food Res Technol 238:435-442
Van Der Plancken I, Van Remoortere M, Indrawati Van Loey A,
Hendrickx ME (2003) Heat-induced changes in the susceptibility
of egg white proteins to enzymatic hydrolysis: a kinetic study. J
Agric Food Chem 51:3819-3823

Qu W, Ma H, Liu B, He R, Pan Z, Abano EE (2013) Enzymol-
ysis reaction kinetics and thermodynamics of defatted wheat
germ protein with ultrasonic pretreatment. Ultrason Sonochem
20:1408-1413

@ Springer

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Uluko H, Zhang S, Liu L, Chen J, Sun Y, Su'Y, Li H, Cui W, Lv
J (2013) Effects of microwave and ultrasound pretreatments on
enzymolysis of milk protein concentrate with different enzymes.
Int J Food Sci Technol 48:2250-2257

Lei B, Majumder K, Shen S, Wu J (2011) Effect of sonica-
tion on thermolysin hydrolysis of ovotransferrin. Food Chem
124:808-815

KneZevi¢-Jugovi¢ ZD, Stefanovi¢ AB, Zuza MG, Milovanovié
SL, Jakoveti¢ SM, Manojlovi¢ VB, Bugarski BM (2012) Effects
of sonication and high-pressure carbon dioxide processing on
enzymatic hydrolysis of egg white proteins. APTEFF 43:33-41
Zhou C, Ma H, Yu X, Liu B, Yagoub El-Gasim A, Pan Z (2013)
Pretreatment of defatted wheat germ proteins (by-products of
flour mill industry) using ultrasonic horn and bath reactors: effect
on structure and preparation of ACE-inhibitory peptides. Ultrason
Sonochem 20:1390-1400

Tiwari BK, Mason TJ (2012) In: Cullen PJ, Tiwari BK, Valdra-
midis VP (eds) Novel thermal and non-thermal technologies for
fluid foods. Elsevier Academic Press, New York

Pedroche J, Yust MM, Giron-Calle J, Alaiz M, Millan F, Vioque
J (2002) Utilisation of chickpea protein isolates for production of
peptides with angiotensin I-converting enzyme (ACE)-inhibitory
activity. J Sci Food Agric 82:960-965

Adler-Nissen J (1986) Enzymic hydrolysis of food proteins. Else-
vier Applied Science, London

Oyaizu M (1986) Studies on products of browning reaction. Anti-
oxidative activities of products of browning reaction prepared
from glucosamine. Jpn J Nutr Diet 44:307-315

Nadaroglu H, Demir Y, Demir N (2007) Antioxidant and radi-
cal scavenging properties of Iris germanica. Pharm Chem J
41:409-415

Nadaroglu H, Demir N, Demir Y (2009) Antioxidant and radical
scavenging activities of capsules of caper (Capparis spinosa).
Asian J Chem 21:5123-5134

Jakoveti¢ S, Jugovi¢ B, Gvozdenovié¢ M, Bezbradica D, Antov M,
Mijin D, KneZevi¢-Jugovi¢ Z (2013) Synthesis of aliphatic esters
of cinnamic acid as potential lipophilic antioxidants catalyzed
by lipase B from Candida antarctica. Appl Biochem Biotechnol
170:1560-1573

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Pro-
tein measurement with the Folin phenol reagent. J Biol Chem
193:265-275

Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-
Evans C (1999) Antioxidant activity applying an improved
ABTS radical cation decolorization assay. Free Radic Biol Med
26:1231-1237

Elkhalil EAI, El Tinay AH, Mohamed BE, Elsheikh EAE (2001)
Effect of malt pretreatment on phytic acid and in vitro protein
digestibility of sorghum flour. Food Chem 72:29-32

Van der Plancken I, Van Loey A, Hendrickx ME (2007) Foaming
properties of egg white proteins affected by heat or high pressure
treatment. J Food Eng 78:1410-1426

Jambrak AR, Mason TJ, Lelas V, Paniwnyk L, Herceg Z (2014)
Effect of ultrasound treatment on particle size and molecular
weight of whey proteins. J Food Eng 121:15-23

Opielinski KJ (2007) Ultrasonic parameters of hen’s egg. Mol
Quant Acoust 28:203-216

Han IH, Swanson BG, Baik BK (2007) Protein digestibility of
selected legumes treated with ultrasound and high hydrostatic
pressure during soaking. Cereal Chem 84:518-521

Zhou C, Ma H, Ding Q, Lin L, Yu X, Luo L, Dai C, Yagoub AE-
GA (2013) Ultrasonic pretreatment of corn gluten meal proteins
and neutrase: effect on protein conformation and preparation of
ACE (angiotensin converting enzyme) inhibitory peptides. Food
Bioprod Process 91:665-671



Eur Food Res Technol (2014) 239:979-993

993

45.

46.

47.

48.

Sharp PF, Powell CK (1931) Increase in the pH of the white and
yolk of hens’ eggs. Ind Eng Chem 23:196-199

Xu J, Zhao Q, Qu Y, Ye F (2013) Free radical scavenging activ-
ity of peptide fractions from defatted soybean meal hydrolysates
evaluated by electron spin resonance. Food Sci Technol Int
19:557-566

Celik H, Kucukoglu K, Nadaroglu H, Senol M (2014) Evaluation
of antioxidant, antiradicalic and antimicrobial activities of kernel
date (Fructus dactylus). J Pure Appl Microbiol 8(2):993-1002
Charoenphun N, Youravong W, Cheirsilp B (2013) Determina-
tion of reaction kinetics of hydrolysis of tilapia (Oreochromis
niloticus) protein for manipulating production of bioactive pep-
tides with antioxidant activity, angiotensin-I-converting enzyme

49.

50.

51.

52.

inhibitory activity and Ca-binding properties. Int J Food Sci
Technol 48:419-428

Dryakova A, Pihlanto A, Marnila P, Curda L, Korhonen HIT
(2010) Antioxidant properties of whey protein hydrolysates as
measured by three methods. Eur Food Res Technol 230:865-874
Baratzadeh MH, Asoodeh A, Chamani J (2013) Antioxidant
peptides obtained from goose egg white proteins by enzymatic
hydrolysis. Int J Food Sci Technol 48:1603—-1609

Pan M, Jiang T, Pan J (2011) Antioxidant activities of rapeseed
protein hydrolysates. Food Bioprocess Technol 4:1144-1152

Jia J, Ma H, Zhao W, Wang Z, Tian W, Luo L, He R (2010) The
use of ultrasound for enzymatic preparation of ACE-inhibitory
peptides from wheat germ protein. Food Chem 119:336-342

@ Springer



	Impact of ultrasound on egg white proteins as a pretreatment for functional hydrolysates production
	Abstract 
	Introduction
	Materials and methods
	Materials
	The ultrasound pretreatment
	The heat pretreatment
	One-stage enzymatic hydrolysis of EWPs
	Two-stage enzymatic hydrolysis of EWPs
	The degree of hydrolysis
	Determination of antioxidant activity
	Reducing power
	DPPH radical scavenging activity
	ABTS-free radical scavenging activity

	Peptide fractionation by ultrafiltration
	Molecular weight distribution of EWP hydrolysates
	Functional properties of EWP hydrolysates
	Solubility
	Digestibility
	Foaming properties

	Statistical analysis

	Results and discussion
	The effect of ultrasound pretreatment of EWPs on their susceptibility to Alcalase
	The effect of substrate pH during the ultrasound pretreatment on enzymatic hydrolysis
	Average peptide chain length (APCL) of EWP hydrolysates
	Effect of ultrasound pretreatment on antioxidant activity of EWP hydrolysates
	One-stage and two-stage enzymatic hydrolysis of EWPs
	The functional properties of EWP hydrolysates obtained by the one-stage and two-stage enzymatic hydrolyses with various proteases

	Conclusions
	Acknowledgments 
	References


