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The Effect of Ultrasound Treatment on the Structural, Physical and Emulsifying

Properties of Dairy Proteins
Jonathan O’Sullivati, Marcela Arellan8, Roman Pichdt lan Nortori

®School of Chemical Engineering, University of Bingham, Edgbaston, Birmingham, B15 2TT, UK

Abstract

The effect of ultrasound treatment on the struttyntaysical and emulsifying properties of threerdai
proteins: sodium caseinate (NaCas), whey proteiats (WPI) and milk protein isolate (MPI) was istigated.
The pH of untreated NaCas, WPI and MPI solutions W&, 6.8 and 6.7, respectively. Protein solutiahs
different concentrations (0.1 — 5 wt. %) were teeaby ultrasound radiation for 2 min at a frequeot0 kHz
and with a power intensity of ~34W.&mThe structural and physical properties of theeated and ultrasound
treated proteins were studied in terms of changgwadtein size, molecular structure and hydrodycaradius
using dynamic light scattering (DLS), SDS-PAGE artdnsic viscosity, respectively. The emulsifyipgpperties
of the ultrasound treated proteins were comparethéountreated proteins and to a low molecular kteig
surfactant, Tween 80. Ultrasound treatment redticednicelle size and hydrodynamic volume of thegins as
measured by DLS and intrinsic viscosity, while SBSSE showed that there was no measurable reduiction
molecular weight. 10% Rapeseed oil-in-water emuaksiprepared with untreated NaCas and WPI had sutimic
sized droplets (~120 nm) at all concentrationsJevttie emulsions produced with untreated MPI an@dw80
had micron sized droplets (> 1 um) at the lowercemtrations studied. Unexpectedly, the emulsionslyred
with ultrasound treated NaCas and WPI had the saubenicron droplet sizes as the untreated protdirsl a
concentrations, despite the observed reductionidella size and reduction of intrinsic viscositye(iincrease in
hydrophobicity) of the sonicated proteins. Theseilte suggest that ultrasound treatment did netafthe rate at
which the sonicated proteins were adsorbed atithgater interface, since no significant changesnirerfacial
tension were measured between the untreated amchtmhNaCas and WPI. Emulsions prepared with stetic
MPI at concentrations 1 wt. % had smaller droplet sizes than the emmdsfiroduced with untreated MPI at the
same concentrations. This effect was consisterit thi¢ observed decrease in interfacial tensiorutoasound

treated MPI, which will facilitate droplet break-dpring emulsification.

Keywords: Sodium caseinate, Milk protein isolate, Whey pirotgolate, Ultrasound, Protein size, Intrinsicodsity, Emulsion.

* Corresponding authofel: +44-79-5088508& mail addressjjo023@bham.ac.uk
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1. Introduction

Proteins are highly functional molecules that aidely used in the pharmaceutical
and food industries, having a wide range of appboa. Proteins are of particular interest in
food systems in terms of their emulsifying propestidue to their abilities to adsorb at oil-
water interfaces and to form interfacial films (geding & Davis, 2011; Lam & Nickerson,
2013). The surface activity of proteins is due heit amphiphilic nature, owing to the
presence of both hydrophilic and hydrophobic gromptheir molecular structure (Beverung,
Radke, and Blanch, 1999). Due to their bulky strest proteins diffuse slowly to the
interface, by comparison to low molecular weight uésifiers, such as Tween 80
(McClements, 2005). Once at the interface, protaimdergo conformational changes (surface
denaturation) and rearrange themselves in ordgosition their hydrophobic amino acids
within the oil phase and hydrophilic amino acidghwi the agueous phase (McClements,
2004; Walstra & van Vliet, 2003), the effect of whireduces the interfacial tension and the
overall free energy of the system (McClements, 2004e particular advantage of proteins is
that protein-protein interactions at the interfaead to the formation of strong viscoelastic
films that are more resistant to coalescence armVige either electrostatic or steric
stabilisation (Lam & Nickerson, 2013; McClement®02). Therefore, it is of great interest
for the food industry, to investigate methodologitsat are capable to enhance the

emulsifying properties of proteins.

In recent years, low frequency high energy ultraso{US) (i.e. frequency 100 kHz,
power intensity 16100 W.cm?) has been used in the food industry to modifyfthetional
properties of proteins. The effect of ultrasoundtba physicochemical properties of the
treated molecules is related to cavitation (rapimnfation and collapse of gas bubbles), which

is generated by highly localized changes in preséup to 50 MPa) and heat (up to 5000 °C),
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occurring during very short periods of time (O’Defin Tiwari, Bourke, & Cullen, 2010).
High shear forces and turbulence resulting fromseheavitations, also contribute to the

observed effects of ultrasound (Guzey, Gilseren¢c®&r& Weiss, 2006).

The application of ultrasound to proteins has betated to effects on the structural
and functional properties of whey protein conceesaArzeni et al.,, 2012; Chandrapala,
Zisu, Palmer, Kentish, & Ashokkumar, 2011; Jambidison, Lelas, Paniwnyk, & Herceg,
2014), soybean proteins (Arzeni et al., 2012; Jaikbkelas, Mason, Kre§i & Badanjak,
2009; Karki et al., 2010), and egg white proteidszéni et al., 2012; Krise, 2011). Arzeni et
al., (2012) studied the influence of ultrasoundtbe structural properties of whey protein
concentrate (WPC), soy protein isolate (SPI) argl\elite protein (EWP). They observed a
significant reduction of the protein size for WRIHaSPI. Guzey & Weiss, (200ihvestigated
the effect of high-intensity ultrasonic processioig the surface activity of bovine serum
albumin (BSA) and WPI. It was reported that ultiast treatment improves significantly the
emulsifying properties of BSA and WPI. However, rthare contradictory reports on the
effect of ultrasound on the molecular weight oftpnas. For example, ultrasound treatment of
20 and 40 kHz for 30 min resulted in a significdetrease in molecular weight for WPC,
WPI (Jambrak et al., 2014) andlactalbumin (Jambrak, Mason, Lelas, & Kigs2010).
Whereas, sonication at 20 kHz for 30 min with vagypower intensities was reported to have
no significant effect on the molecular weight ofl $Ru et al., 2013; Karki et al., 2010). In
addition, no significant changes in molecular weiglere reported for EWP treated with
ultrasound at 55 kHz for 12 min (Krise, 2011). Téfere, it is necessary to further investigate
the effects of ultrasound on the structural andttiemal properties of food proteins.

Sodium caseinate (NaCas) is a functional ingredidely used in the food industry.

This protein is used as an emulsifier in a widegeanf food applications, including coffee
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creamers, infant formulas, soups and processed (@&bnnell, Grinberg, & de Kruif,
2003). NaCas is a composite mixture of four profeactions:asl-, as2-, B- andk-caseins
(Srinivasan et al., 2002). In solution, these aaseare prone to form spherical colloidal
associations, or micelles, due to regions of higtiréphobicity and the charge distribution
arising from the amino acid sequence, phosphooylaind glycosylation (O’Regan, Ennis, &
Mulvihill, 2009). The internal structure of the eas micelle is constituted of the calcium
sensitive protein fractionsi{;-, andosz), which are held together by cohesive hydrophobic
interactions and calcium-phosphoserine crosslifikee micelle is stabilised by-casein
which is predominately found at the micelle surfdce to its highly hydrophilic C-terminal
protruding into the aqueous phagecasein exists in a temperature dependant equitibri
between the aqueous phase and the micelle ( Datigl2011; O’Connell & Flynn, 2007).

Whey protein isolate (WPI) is a nutritional ingredi used in the food industry
because of its desirable functional propertieshsas emulsification, gelation and foaming
(Arzeni et al., 2012). The main protein fractioms WPl are p-lactoglobulin $-Ig), o-
lactalbumin ¢-lac) and bovine serum albumin (BSA). Whey proteimsve globular
conformations$3-Ig contains five cysteine residues, four of whatcur as intra-molecular
disulfide cross-links and one as a free thiol gr@aH). a-lac is a calcium metalloprotein that
has four intra-molecular disulphide cross-linkseThinding of calcium is essential for proper
folding and disulphide bond formation eflactaloumin(O’Regan et al., 2009). BSA is
stabilised to a great extent by its 17 cysteinalgiide bonds (Nakamura et al., 1997).

Milk protein isolate (MPI) is a mixture of micellaasein (~80%) and whey (~20%)
(Fox, 2008). The casein in MPI has a micellar $tmec similar to the native form found in
milk, and the whey proteins are present in the krbnative form (O’Regan et al., 2009).

In the present work, analyses were carried out emncercially available dairy

proteins widely used in the food industry, in orderassess the industrial relevance of

4
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ultrasound treatment on composite mixtures of fpoatein systems. The objective of this
research was to understand the effects of ultrabtneatment on the structural and physical
properties of three dairy proteins: sodium caseifaCas), whey protein isolate (WPI) and
milk protein isolate (MPI). Changes in the struatusind physical properties of the proteins
were measured in terms of protein size, molecufacsire and intrinsic viscosity. Moreover,

we investigated whether the proteins treated brasdiund have the ability to increase the
stability of oil-in-water emulsions against coalkesce. Oil-in-water emulsions were prepared
with either untreated or ultrasound treated Na®@B] and MPI at different concentrations

and compared between them and to a low moleculghivemulsifier, Tween 80.

2. Materials and M ethods
2.1. Materials

Acid casein (Kerryndl" A290), whey protein isolate (W994) and milk pratéolate
(Ultranor™ 9075) were all kindly provided by Kerry IngredisnfListowel, Ireland). The
composition of the three dairy proteins is providedrable 1. Tween 80 and sodium azide
were purchased from Sigma Aldrich (UK). The oil dise this study was commercially
available rapeseed oil. The water used in all erperts was passed through a double
distillation unit (Aquatron A4000D). All materialsere used with no further purification or

modification of their properties.

2.2. Methods
2.2.1. Preparation of untreated protein solutions

Sodium Caseinate (NaCas) was prepared from ac&lncasing the method outlined

by O’Connell and Flynn (O’Connell & Flynn, 2007)aBas, WPI and MPI were dispersed in
5
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water to obtain solutions at concentrations withirange of 0.1 — 5 wt. %. All proteins were
completely soluble at this range of concentratid®@sdium azide (0.02 wt. %) was added to

the solutions as an anti-microbial agent.

2.2.2. Ultrasound treatment of protein solutions

An ultrasonic processor (Viber Cell 750, Sonics AYy®ith a 12 mm diameter probe
in stainless steel was used to sonicate NaCas,aWiPMPI solutions at concentrations of 0.1
to 5 wt. %. 50 ml of protein solution were sonicata 100 ml glass beakers, which were
placed in an ice bath to reduce heat gain. Theepreblutions were sonicated for up to 2 min
with a frequency of 20 kHz and maximum amplitude96%6 (ultrasonic wave of 10@m).
This power setting yielded an ultrasonic intensify~34 W.cn¥, which was determined
calorimetrically by measuring the temperature n§¢he sample as a function of treatment
time, under adiabatic conditions. The acoustic powe (W), was calculated as follows

(Margulis & Margulis, 2003):

P =m.c, (2—:) 1)

wherem is the mass of ultrasound treated solution €g)s the specific heat of the material

(J/gK) and dT/dt is the rate of temperature chamigje respect to time, starting att = O.

The temperature of the protein solutions was measbefore and after ultrasound
treatment by means of a digital thermometer (TGSI&sor-Tech Ltd., Ireland), with an
accuracy of £ 0.1 °C. After sonication treatmeiie temperature of all protein solutions

raised to approximately ~45 °C.
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150 2.2.3. Characterisation of untreated and ultrasound treated proteins

151  2.2.3.1. pH measurements

152 The pH of the protein solutions was measured bedock after ultrasound treatment.
153  pH measurements were made by using a pH meter ri{Easg, Mettler Toledo, UK). This
154  instrument was calibrated with standard solutidnenown pH. The pH values are reported as
155 the average and the standard deviation of thrdieaggs.

156

157 2.2.3.2. Microstructure characterisation

158 The size of untreated and ultrasound treated protwas measured by dynamic light
159  scattering using a Zetasizer Nano Series (Malvestruments, UK). Protein micelle size
160 values are reported as Z-averabg),(that is expressed as the intensity based haomean

161 (2,3) O,= 25/ 2(S/D))), where§ is the scattering intensity from a given particendD; is

162  the diameter of the particleThe width of the protein size distribution wapmssed in terms

163  of span Span = QogDvo./Dvos), WhereDyog Dyo1, andDyos are the equivalent volume
164 diameters at 90, 10 and 50% cumulative volume,e@smely. Small span values indicate a
165 narrow protein size distribution. The micelle s@®l span values are reported as the average

166  and the standard deviation of three replicates.

167 2.2.3.3. Microstructure visualisation

168 Cryo Scanned Electron Microscopy (Cryo-SEM, Phikis80 FEG ESSEM) was used
169  to visualise the microstructure of untreated amcstbund treated proteins. One drop of protein

170  solution was frozen to -198 °C in liquid nitrog&Samples were then fractured at -180 °C and
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etched for 5 min at -90 °C inside a cryo prepamatibamber. Afterwards, samples were coated

with gold and scanned at -160 °C.
2.2.3.4. Molecular structure characterisation

The molecular structure of untreated and ultrasaveated proteins was determined
by Sodium dodecyl sulphate-polyacrylamide gel etgttoresis (SDS-PAGE), using a Mini-
Protean 3 Electrophoresis System (Bio-Rad, UK). {tDOof protein solution at 1 wt. %
concentration were added to 1 mL of native sampiiéeb (Bio-Rad, UK) in 2 mL micro
tubes and sealed. A 1@ aliquot was taken from each sample and loade® anfris-
acrylamide gel (Bio-Rad, UK; 4-20% Mini Protean T@&€l, 10 wells). A protein standard
(Bio-Rad, UK; Precision Plus Protélh All Blue Standards) was used to determine the
molecular weight of the samples. Gel electrophsresis carried out initially at 55 V (I > 20
mA) for 10 min, then at 155 V (I > 55 mA) for 45min a running buffer (Bio-Rad, UK; 10x
Tris/Glycine/SDS Buffer). The gels were removedniréhe gel cassette and stained with
Coomassie Bio-safe stain (Bio-Rad, UK) for 1 hr ashelstained with distilled water

overnight.

2.2.3.5. Intrinsic viscosity measur ements

The intrinsic viscosity of untreated and ultrasowmrg@dted proteins was determined by
a double extrapolation to an infinite dilution medh as described by Morris et al., (1981),

using the models of Huggins and Kraemer, as follows

Huggins (Huggins, 1942)7.757"/0 = [n] + k'[n)%c (2)
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Kraemer (Kraemer, 1938): n ns”/c = [n] + kgln]?c (3)

wherengs, is the specific viscosity (viscosity of the solvep / viscosity of the solutiory), ¢
the protein concentration (w/v%)][the intrinsic viscosity (dL/g), kthe Huggins constant.
Nrel IS the relative viscosity (viscosity of the sotutj# / viscosity of the solveniy) and k is

the Kraemer constant.

The concentration ranges used for the determinatiothe intrinsic viscosity of
NaCas, WPI and MPI were 0.25 — 0.45 wt. %, 1 ~W&.%% and 0.5 — 2 wt. %, respectively.
The validity of the regression procedure is cordiméthin a discrete range @fe;, 1.2 <trel <
2. The upper limit is due to the hydrodynamic iat#ion between protein molecules, and the
lower limit is due to inaccuracy in the determioatiof very low viscosity fluids. A value of

Nrel @pproaching to 1 indicates the lower limit (Momtisal., 1981).

The viscosity of the protein solutions was measuaed20 °C using a Kinexus
rheometer (Malvern Instruments, UK) equipped withdeuble gap geometry (25 mm
diameter, 40 mm height). As reported by Morrisla{E981), in order to derive the intrinsic
viscosity by extrapolation to infinite dilution,egre must be linearity between shear stress and
shear rate, which indicates a Newtonian behaviegion on the range of shear rate used in
the measurements. The Newtonian plateau regidmedaCas, WPI and MPI solutions at the
range of concentrations used, was found withinemshate range of 25 - 1000 &ata not
shown). Thus, the values of viscosity of the prosolutions and that of the solvent (distilled
water) were selected from the flow curves data etrestant shear rate of 256 @vithin the
Newtonian region), which were subsequently usedetermine the specific viscositysp, the
relative viscosity,ne, and the intrinsic viscosity,n]. At least three replicates of each

measurement were made.
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2.2.4. Preparation of oil-in-water emulsions

10 wt. % of oil phase (rapeseed oil) was addedht dontinuous aqueous phase
containing either untreated or sonicated proteindween 80 at different concentrations,
ranging from 0.1 to 5 wt. %. This mixture was enfidd first at 8000 rpm for 2 min using a
high shear mixer (SL2T, Silverson, UK) to form ailtio-water pre-emulsion. Afterwards,
oil-in-water submicron emulsions were prepared bsthier emulsifying the pre-emulsion
using a high-pressure valve homogeniser (Panda@$Lt2K, GEA Niro Soavi, UK) at 125
MPa for 2 passes. The emulsions were prepared atC2@n a controlled temperature

laboratory.

2.2.5. Characterisation of oil-in-water emulsions.

2.2.5.1. Droplet size measurements

The droplet size of the emulsions was measuradsing static light scattering (Hydro
2000SM, Mastersizer 2000, Malvern Instruments, Ulmediately after emulsification.
Emulsion droplet size values are reported as thene-surface mean diametek ¢ = = nd>/
2 nd?), wheren; is the number of droplets of diametir The stability of the emulsions was
assessed by droplet size measurements over 28 dhgsemulsions were stored under
refrigerated conditions (4 °C) throughout the dioraof the stability study. The droplet size
values and the error bars are reported as thegearad the standard deviation, respectively,

of three replicates.
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2.2.5.2. Interfacial tension measurements

The interfacial tension between the aqueous phase (vater, protein solutions and
low molecular weight surfactant solutions) andphibse (rapeseed oil) was measured using a
tensiometer K100 (Kiss, Germany) with the Wilhelmy plate method. Thdéhélmy plate is
made of platinum, of a length, width and thickn@$s19.9 mm, 10 mm and 0.2 mm,
respectively. The Wilhelmy plate was immersed ing28f aqueous phase to a depth of 3 mm
with a surface detection speed of 15 mm/min. Thitasa detection is the speed of the vessel
drive used for the detection of the liquid surfa®ece the surface has been detected by the
microbalance in the tensiometer the vessel movdseathosen surface detection speed to the
position specified by the immersion depth (3 mm)b&quently, an interface between the
aqueous phase and oil phase was created by cgrgijpditting 50 g of the oil phase over the
aqueous phase. The test was conducted over 3@ the temperature was maintained at 20
°C throughout the duration of the test. The intgdhtension values and the error bars are

reported as the average and the standard deviagspectively, of three replicates.

2.3. Statistical analysis

One way analysis of variance (ANOVA) with a 95% fidence interval was used to
assess the significance of the results obtaine@ ANOVA data with P < 0.05 were

considered statistically significant.
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3. Results and Discussion

3.1. Effect of ultrasound treatment on the strughtand physical properties of NaCas, WPI

and MPI.

The effect of time of ultrasound treatment on tize and pH of NaCas, WPI and MPI
was initially investigated. Proteins solutions ahcentration of 0.1 wt. % were sonicated for
15, 30, 60, and 120 s, with a frequency of 20 kHa mmaximum amplitude of 95%. Protein
size and pH measurements as a function of sonfcaime, for untreated and sonicated
NaCas, WPI and MPI are shown in Table 2. As casdes from results in Table 2, there is a
significant reduction (P < 0.05) in the size of @ibteins with the increase in the sonication
time. The results also indicate that after 1 minultfasound treatment there is no further
reduction in protein size for NaCas, WPI and MRiisTdecrease in protein size is suggested
to be due to the disruption of the untreated pnoteicelles caused by changes in electrostatic
and hydrophobic interactions, induced by the higbas forces originating from ultrasonic
cavitations (O'Brien, 2007). It can also be sedhn Table 2), that the pH of all the protein
solutions decreased significantly (P < 0.05) astilme of ultrasound treatment increased.
Furthermore, after 1 min of sonication the pH dftaé proteins solutions was not further
decreased. The reduction in the pH of the proteamsbe due to the exposure of acidic amino
acid residues (Sakurai et al., 2009) which wereainad within the aggregated structure of

the proteins micelles prior to sonication.

The stability over time in protein size and widthtloe protein size distribution (span)
of ultrasound treated NaCas, WPI and MPI were alsestigated. Proteins solutions at
concentration of 0.1 wt. % were sonicated for 2 ati?0 kHz and ~34 W.cfy since after 1
minute of sonication there was no further decreashe size of protein (cf. Table 2). The

micelle size of the ultrasound treated proteins maasured immediately after sonication and
12
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after 1 and days, in order to assess the stability of micalte.sProtein size measurements
and sparvalues obtained by dynamic light scattering foreated and sonicated NaCas, WPI
and MPlare shown in Table 3.

As can be seen from Table 3, the ultrasound tre@trpeoduced a significant
reduction (P < 0.05) in the size of NaCas and meatbthe protein size distribution. However,
on day 7 after ultrasound treatment an increasez@ of NaCas can be observed and the
width of the size distribution slightly increasédus, the ultrasound treatment applied to
NaCas induced an effective micelle size reductibB286 on day 7. A similar behaviour can
be seen for WPI (Table 3), which results showedyaifecant size reduction (P < 0.05) and
narrowing of the protein size distribution aftetratound treatment, and on day 7 a slight
increase in the width of the distribution and aoréase in size, representing an effective
micelle size reduction of 50%. In the case of MB§ults in Table 3 showed that ultrasound
treatment caused a significant decrease in size (P05) and narrowed the protein size
distribution. It can also be seen that on day &,width of the protein size distribution was
slightly narrower and the protein micelle size Islig decreased further, representing an
effective size reduction of 75%. Our results areagneement with those of Jambrak et al.,
(2014), which showed a significant reduction in Wlicelle size after an ultrasound
treatment of 15 min at 20 kHz and ~48 WTrYanjun et al., (2014) also observed a decrease
in particle size for MPC treated by ultrasound 2551W and 50% amplitude for 2 min. The
reason for the observed decrease in size for Na@dsWPI is suggested to relate to a
structural disruption in the untreated protein rtése associated with the cleavage of
hydrophobic interactions in the molecule, likelyduced by the high shear forces and
turbulence resulting from cavitation. The subsetgre increase observed in NaCas and
WPI on day 7 after sonication is thought to be tlue reorganisation of the proteins into

smaller sub-associates due to non-covalent mole@tieractions such as electrostatic and
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hydrophobic interactions. In the case of MPI, thHeseyved reduction in micelle size is
presumably due to ultrasonic cavitation effectsiciwibreak up the aggregates of proteins and
reduce their size. In order to test these hypothesgo-SEM micrographs were captured of
untreated and 7 days after ultrasound treatmeN@a@fas, MPI and WPI solutions at 1 wt. %
for all proteins tested (Fig. 1).

As can be seen in Fig. 1, the untreated aggregafdaCas in solution (Fig 1a) appear
to be distributed within a densely packed netwarkl & have a polydisperse protein size;
whereas the NaCas treated by ultrasound (Fig. ppga to be distributed into discrete
entities, having a smaller and a slightly more amif size in comparison to the untreated
aggregates of NaCas. The structure of untreated idvdlution (Fig. 1c) appears to have a
highly polydisperse size distribution, which miesllalso appear to be distributed within a
packed network; whilst for the sonicated WPI (Fig) a clear reduction in the size can be
seeen, where the size distribution is monodispeiso, the sonicated WPI micelles appear
to be more evenly distributed and separated frooh eenother, in comparison to their
untreated counterparts. In the case of untreatetlifM$vlution (Fig. 1e), we can distinguish
discrete protein micelles of large and polydispesige; whereas the MPI micelles treated by
ultrasound (Fig. 1f) appear to have a smaller aimk a monodisperse size distribution. These
findings are consistent with the previously obsdrveduction in micelle size of sonicated
NaCas, WPI and MPI (cf. Table 3), and validate bypothesis that ultrasound treatment
causes the disruption of the protein micelles, Whiwen reorganise themselves into smaller

sub-micelles.

The molecular structure of untreated and ultrasduveated proteins NaCas, MPI and
WPI was subsequently investigated. Proteins saisti@t concentration of 0.1 wt. % were

sonicated for 2 min at 20 kHz and ~34 Wgras after 1 minute of sonication there was no
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further decrease in the size of protein (cf. Ta&)leElectrophoretic profiles obtained by SDS-
PAGE for untreated and sonicated NaCas, WPI anda®khown in Fig. 2. As can be seen
from results in Fig. 2, no difference in proteiadtions between the untreated and ultrasound
treated NaCas, WPI and MPI was observed. Thesdigezste in agreement with those
reported by Glulseren et al., (2007) who showed ifferdnces in molecular weight between
untreated and sonicated bovine serum albumin (B®Aich treatment was carried out at 20
kHz, ~20W.cn? for 15 min. Yanjun et al., (2014) also observedt thitrasound treatment
(12.5 W at 50% amplitude for 2 min) induced no demin the molecular weight of milk
protein concentrate (MPC) solutions. On the othandy Jambrak et al., (2014) observed a
reduction in the molecular weight of WPI and WP€ated by ultrasound (20 kHz, ~48W.cm
2and 15 min). The difference between our results tande of Jambrak et al., (2014) may
have resulted from the different ultrasonic intgnsind time of treatment applied to WPI.
They used an ultrasound treatment of 15 min anu tilieasound probe provided 35% more
ultrasonic intensity to WPI, which might have calidegher shear stress and turbulence

effects in their WPI solutions and resulted in $pét of the molecular structure of the protein.

The intrinsic viscosity was obtained from the figi of the Huggins and Kraemer
equations to the experimental viscosity data, fier untreated and ultrasound treated NaCas,
WPI and MPI in solution at different concentratip@s shown in Fig. 3. The values of
intrinsic viscosity and Huggins and Kraemer constdor each of the studied proteins are

listed in Table 4.

Intrinsic viscosity, fj], measurements provide information about the madéec
properties of biopolymers in solution. More spexfiy, [n] reflects the ability of a solvent to
hydrate proteins and provides information aboutrttidecular hydrodynamic volume, which

is related to the chain conformation of the pratein solution (Behrouzian, Razavi, &
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Karazhiyan, 2014). By comparing the obtained valaésntrinsic viscosity between the
untreated and sonicated dairy proteins (cf. Tal)Jend can see that ultrasound treatment
induced a significant reduction (P < 0.05) in thiginsic viscosity of NaCas, WPl and MPI in
solution, and thus a significant reduction in thgdrdedynamic volume occupied by the
proteins and the solvent they entrapped. Thesdiseme also consistent with the reduction in
asociate size measured by dynamic light scattgehgTable 3) and observed on the cryo-
SEM micrographs (cf. Fig. 1). Lefebvre, (1982) ngpd intrinsic viscosity values of 0.234
dL/g and 0.514 dL/g fons;-casein and BSA, respectively. These values arerldaan the
results obtained in this work for untreated NaCa&&1 and MPI (cf. Table 4). These
differences may arise due to the complexity ofuh&zeated NaCas, WPI and MPI solutions,
which are composed of a mixture of proteins rathan singlens;-casein or BSA used by
Lefebvre, (1982). Another possibility is the typé smlvent used, which in the work of
Lefebvre, (1982) was 6M guanidine hydrochloridejlsthin our work the untreated proteins

were diluted in distilled water.

As reported by Tanner & Rha, (1980), the intringsrosity of a protein solution can

give a measure of the degree of hydrophobicityhef protein. Indeed, the viscosity of a
protein depends on its conformation and thus oteits| of hydration, which are a result of
the amount of hydrophobic side chains that areclun the interior of the protein micelles in
solution. Khan et al., (2012) also reported thatearease in intrinsic viscosity led to the
dehydration of amphiphilic biopolymer micelles, reased the hydrophobicity of the
biopolymer and hence reduced the energy requiredtHe adsorption of amphiphilic

biopolymers at the oil-water interface. Therefdies reduction in intrinsic viscosity of the

proteins induced by the ultrasound treatment (abl@ 4), indicates an increase in the degree
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of hydrophobicity of all the proteins, the effedtwhich is slightly more significant for MPI

(0.041), followed by NaCas (P < 0.043) and WPI (?.644).

The Huggins and Kraemer coefficients are adequatssess the quality of a solvent.
Values for the Huggins coefficient(kwithin a range of 0.25 to 0.5 are attributed tgoad
solvation, whilst values above 0.5 - 1.0 are relate poor solvents (Delpech & Oliveira,
2005). Similarly, negative values for the Kraemeeféicient (k) indicate good solvents and
positive values indicate a poor solvation (Delp&c®liveira, 2005). As can be seen from
results in Table 4, the values obtained for the dg#ug) (k;) and Kraemer (K constants are
both negative, which indicate a good solvation aering k but an unusual behaviour in the
case of k. However, negative values ofykhave also been reported in literature for
biopolymers with amphiphilic properties, such asibhe serum albumin dissolved in water
(Curvale, Masuelli, & Padilla, 2008), and polydimmgsiloxane—polyurea copolymers
dissolved in isopropyl alcohol (Yilgor, Ward, Yilgo& Atilla, 2006). It is also generally
accepted, for hydrocolloids, that the relation gf+kks = 0.5 would indicate the adequacy of
the experimental results. However, the resultsgmesl in Table 4 do not yield this value.
This effect is thought to be due to the amphiptoharacter of the proteins (in comparison to
non amphiphilic polysaccharides) which yields nagatalues of k and k. Similar results
have been reported in literature for other amplfipHhiiopolymers (Curvale et al., 2008;

Delpech & Oliveira, 2005; Yilgor et al., 2006).

3.2. Comparison of the emulsifying properties ofreated and ultrasound treated NaCas,
WPI and MPI protein
A series of oil-in-water emulsions were producethwliO wt. % rapeseed oil and an

aqueous continuous phase containing either untteateltrasound treated (2 min at 20 kHz,
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~34 W.cn¥) NaCas, WPI and MPI, or a low molecular weightfactant, Tween 80 at
different concentrations (0.1 - 5 wt. %). The enmrls were passed through a high-pressure
valve homogenizer at 125 MPa for 2 passes. Emuthioplet size measurements obtained by
static light scattering are shown in Fig. 4. Theukson droplet size was measured
immediately after emulsification.

As can be seen from Fig. 4a-b, the emulsions peeparth untreated and ultrasound
treated NaCas and WPI had the same droplet sizesllfdhe concentrations used, and
resulted in similar droplet sizes as those obtain#d Tween 80. This behaviour is unusual,
considering the significant micelle size reduct{amcrease in surface area-to-volume ratio)
observed for sonicated NaCas and WPI (cf. TabléoB\vhich it would have been expected
to result in a faster adsorption of the proteinghat water-in-oil interface, as reported by
Damodaran & Razumovsky, (2008), and thus lead togher reduction in the interfacial
tension and to smaller emulsion droplet sizes.Heunore, the significant increase in the
hydrophobicity of the sonicated NaCas and WPI il decrease in intrinsic viscosity (cf.
Table 4; Khan, Bibi, Pervaiz, Mahmood, & Siddig120 Tanner & Rha, 1980) would also be
expected to lead to a faster adsorption of theeprstto the oil-water interface, thus reducing
interfacial tension and facilitating droplet brea- However, it appears that the rate of
adsorption to the interface of sonicated NaCas WM remains unchanged despite the
smaller micelle sizes and higher hydrophobicityagiegd, in comparison with untreated
NaCas and WPI. Results in Fig. 4a-b also showeddiiaplet sizes decreased significantly (P
< 0.05) with the increase in NaCas and WPI conaéotr, which is in agreement with the
results obtained by Srinivasan et al., (2002) fawulksions formed with NaCas, and those
measured by Tcholakova et al., (2006) for emulsiomstaining whey protein concentrate
(WPC). The submicron emulsion droplet sizes obthifoe both, untreated NaCas and WPI

are in agreement with droplet sizes obtained bydwgdka (2011), in the order of ~120 nm for
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emulsions containing WPC (3% wt.), and with thoseasured by Lee & Norton (2013), in
the order of ~170 nm for emulsions containing Na@38s wt.).

In the case of MPI, results in Fig. 4c showed tatoncentrations: 1 wt. % the
emulsions prepared with ultrasound treated MPIltedun significantly (P < 0.05) smaller
droplet sizes than those formed with untreated NMlever, above 1 wt. % concentration,
the emulsions prepared with untreated and soniddid as well as with Tween 80 exhibited
similar droplet sizes. The droplet sizes obtainaduntreated MPI are in agreement with the
results reported by Euston & Hirst (1999), wherenom sized droplets were obtained with
MPC at concentrations 1 wt. %. The reason for the observed reductioannulsion droplet
size obtained with ultrasound treated MPI at cotraéions< 1 wt. % is suggested to be
related in part to the increase in surface areatome ratio of sonicated MPI (due to their
smaller micelle size, cf. Table 3). This effect Wbresult in a faster adsorption of the proteins
at the water-in-oil interface (Damodaran & Razunkyy<2008), the effect of which would
decrease significantly the interfacial tension afatilitate droplet break-up during
emulsification. Moreover, this droplet size redantis also suggested to be due to the slightly
more significant increase in the hydrophobicity sinicated MPI, in comparison with
ultrasound treated NaCas and WPI (cf. Table 4,edse in intrinsic viscosity). This effect
would contribute to a faster adsorption of sonidai#P| to the interface (Khan et al., 2012;
Tanner & Rha, 1980), reduce further the interfatémsion and lead to the production of
smaller emulsion droplet sizes. Yanjun et al., @0&lso observed that the emulsifying
properties of milk protein concentrate (MPC) wargioved by an ultrasound treatment of 2
min at 12.5 W and 50% amplitude.

It can also be seen (Fig. 4) that the obtained sionuldroplet sizes are comparable to
the size of untreated proteins (cf. Table 3). Hoevewt must be considered that the protein

size data displayed in Table 3 represents aggregatel not the individual protein fractions
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composing the micelles. In fact, in solution, phnoseform aggregates (micelles) due to
electrostatic and hydrophobic interactions (O’Cdheteal., 2003). But, in the presence of a
hydrophobic dispersed phase (i.e. rapeseed od)jntlividual protein fractions detach from
the bulk micelles and adsorb to the oil-water if@ee (Beverung et al., 1999; O’'Connell &
Flynn, 2007). As an example, the size of NaCagelisanolecules has been reported to be ~8
nm (O’Connell & Flynn, 2007; O’Connell et al., 2003vhich makes it possible to form the
submicron droplets presented in this work.

The results observed in emulsion droplet sizes. (B)g which were shown to be
dependent on the type of emulsifier, can be expthiny considering the interfacial tension of
the studied systems. Fig. 5 presents the intetfeemaion between water and oil, obtained for
untreated and sonicated NaCas, WPI, MPI, as wdtiraBween 80 at 0.1 wt. % concentration.
In order to assess the presence of interfacial iiitigs of the systems, the interfacial tension
between pure water and rapeseed oil was measusethAbe seen from Fig. 5, the interfacial
tension of all systems decreased with time. In vegwhese results, it is our opinion that the
decrease in interfacial tension with time is duatgreat extent on the nature of the oil used,
and to a lesser extent on the type of emulsifiex.réported by Gaonkar (1989; 1991), the
interfacial tension of commercial vegetable oilsiagt water decreases with time due to the
adsorption of surface active impurities, in thesoiat the interface. It was also reported
(Gaonkar, 1989; Gaonkar 1991) that after purifaratiof the vegetable oils, the time
dependency of the interfacial tension is no loradeserved.

As can be seen in Fig. 5a-b, no significant difiees (P > 0.05) in the obtained values
of interfacial tension between the untreated arichsdund treated NaCas and WPI were
observed. These results are consistent with thdsenudroplet sizes seen in Fig. 4a-b at 0.1
wt. % concentration, and add evidence to our hygsiththat the rate of protein adsorption at

the oil-water interface is the same for the ungeaind ultrasound treated NaCas and WPI.
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Results in Fig. 5a-b also showed that lower intgalavalues were obtained for Tween 80 than
those obtained for untreated and sonicated NaCad\#PI. This effect is likely due to the
smaller size and molecular weight of this emulsifie compared with the bulkier structure of
NaCas and WPI. It can also be seen (Fig. 5¢) teinterfacial tension values obtained for
ultrasound treated MPI were significantly lower<F.05) than those obtained for untreated
MPI, and slightly lower than those obtained withéem 80. This result is consistent with the
obtained emulsion droplet sizes presented in Fig.ashd confirms our hypothesis that the
micelles of sonicated MPI adsorb faster to thewaiter interface, due to the higher surface
area-to volume ratio (cf. Table 3, smaller micellee) and higher hydrophobicity of these
proteins (cf. Table 4, lower intrinsic viscosityyhich reduced significantly the interfacial
tension, enhanced oil droplet break-up during efficdsion and produced smaller droplet
sizes.

The stability of the oil-in-water emulsions prepmareith untreated and ultrasound
treated NaCas, WPI and MPI was investigated dugirgg day period. Emulsions prepared
with Tween 80 were also assessed for comparativgopas. Fig. 6 shows the evolution of
droplet size (g) as a function of time for emulsions prepared wittireated and sonicated
NaCas, MPI and WPI, as well as with Tween 80 at.4vconcentration.

As can be seen from Fig. 6a-b, the emulsions peedpatith untreated and sonicated
NaCas and WPI, as well as with Tween 80 were atllstagainst coalescence for 28 days. This
stability behaviour observed for untreated ancastiuind treated NaCas and WPI was the same
for all the concentrations used in this work (datd shown). In all cases, no oil layer was
observed on the upper part of the emulsions ovela38. In the case of MPI, results in Fig. 6¢
showed that the emulsions prepared with untreat&d &khibited coalescence at 1 wt. %
concentration, as seen by the increase in drogketoser time. Coalescence was also observed

for emulsions prepared with untreated MPI at 0.8 &b wt. % concentrations, but the
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emulsions prepared with untreated MPI at a conagoir higher than 1 wt. % were stable for
28 days (data not shown). A layer of oil was obsédrat the top of the emulsions which
exhibited coalescence. However, it can also be gdelfrig. 6¢) that the emulsions prepared
with ultrasound treated MPI at 1 wt. % concentratiere resistant against coalescence over 28
days and had the same stability as the emulsioggaprd with Tween 80. This behaviour
observed for sonicated MPI was the same for alttireentrations used in this work (data not
shown). This improved stability of the emulsionggared with sonicated MPI in comparison
with untreated MPI is thought to be related to teduction in micelle size (i.e. increase in
surface are-to-volume ratio, cf. Table 3) and ®ititrease in hydrophobicity (i.e. decrease in
the intrinsic viscosity, cf. Table 4) of sonicatetiPl as aforementioned. The effect of which
results in a faster adsorption of sonicated MPiIhi oil-water interface, higher reduction in

interfacial tension and thus to smaller drople¢siz

4. Conclusions.

This study showed that ultrasound treatment (20, @42W.cn¥ for 2 min) of NaCas,
WPI and MPI caused a significant (P < 0.05) redurctn the micelle size and hydrodynamic
volume of the proteins. This effect was attributedthe high shear forces resulting from
ultrasonic cavitations. However, no differencesnalecular weight were observed between

untreated and ultrasound treated NaCas, WPI and MPI

Unexpectedly, the emulsions prepared with ultraddwated NaCas and WPI had the
same submicron droplet sizes as those obtainedth&ih untreated counterparts, and were
stable at the same concentrations. These resutgesied that ultrasound treatment did not
affect significantly the rate at which protein agdmn occurs at the interface, since no

significant (P > 0.05) changes in interfacial tensivere observed between the untreated and
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sonicated NaCas and WPI. In contrast, the emulspmepared with sonicated MPI at
concentrations 1 wt. % had smaller droplet sizes than those pbthivith untreated MPI at
the same- concentrations. This effect was explamethe significant reduction in micelle
size (i.e. an increase in surface are-to-volume)rand increase in hydrophobicity (reflected
by the decrease in intrinsic viscosity) of ultrasdureated MPI. These effects led to a faster
adsorption of the protein to the oil-water intedfasignificantly reduced the interfacial tension
and thus facilitated droplet break-up during enfigigtion. In addition, the emulsions
prepared with ultrasound treated MPI were stabbarasg) coalescence for 28 days at all the
concentrations tested, whereas the emulsions peddueith untreated MPI showed

coalescence 7 days after emulsification at conagairs< 1 wt. %.
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Fig. 1. SDS-PAGE electrophoretic profiles of proteolutions: (a) Molecular weight standard (10 kb250
kDa), (b) Untreated NaCas, (c) Ultrasound treata@as, (d) Untreated MPI, (e) Ultrasound treated,NfpI

Untreated WPI and (g) Ultrasound treated WPI.

Fig. 2. Cryo-SEM micrographs of protein solutio(e): 5% Untreated NaCas solution, (b) 5% Ultrasound
treated NaCas solution, (c) 1% Untreated WPI sah,tfd) 1% Ultrasound treated WPI, (e) 1% Untredtéd

solution and (f) 1% Ultrasound treated MPI. Sdzdeis 2um in all cases.

Fig 3. Fitting of the Huggins (closed circles) dtgemer (open circles) equations to the viscositia af the
studied protein solutions: (a) Untreated NaCas|)Jlbjrsound treated NaCas, (c) Untreated WPI, (thaound

treated WPI, (e) Untreated MPI and (f) Ultrasoureted MPI.

Fig. 4. Average droplet size as a function of com@ions of: (a) Untreated NaCas, sonicated NaCas
and Tween 80, (b) Untreated WPI, sonicated WPITamelen 80, and (c) Untreated MPI, sonicated MPI and
Tween 80.
Fig. 5. Interfacial tension between water and pagetable oil as a function of emulsifier type: (ajtreated
NaCas, sonicated NaCas and Tween 80, (b) Untr&dBddsonicated WPI and Tween 80 and (c) Untreated
MPI, sonicated MPI and Tween 80. The concentretomall emulsifiers was 0.1 wt. %.
Fig. 6. Effect of emulsifier type on droplet sizeafunction of time for O/W emulsions stabilised (&)
Untreated NaCas, sonicated NaCas and Tween 80ntb@ated WPI, sonicated WPI and Tween 80 and (c)

Untreated MPI, sonicated MPI and Tween 80. The eomation for all emulsifiers was 1 wt. %.



Table 1. Composition of acid casein, whey proteoidate (WPI) and milk protein isolate (MPI).

Acid Casein Whey Protein Isolate Milk Protein kel
Protein (wt. %) 86 91 86
Moisture (wt. %) 10 4 4
Fat (wt. %) 1 1 15
Lactose (wt. %) 0.1 0.5 1
Calcium (wt. %) 0.06 0.5 1.7
Sodium (wt. %) 0.06 0.1 0.08
Potassium (wt. %) 0.13 0.15 0.35
Phosphorus (wt. %) 0.7 0.65 1.1
Magnesium (wt. %) 0.01 0.02 0.08

Table 2. Effect of sonication time on pH and protsize () of NaCas, WPI and MPI solutions at a

concentration of 0.1 wt. %

D, (nm) PH ()
Time (s) NaCas WPI MPI NaCas WPI MPI
0 245+ 12 433 +11 956 + 48 7.15+0.011 6.82040. 6.74 +0.005
15 164+ 6 291 +7 338+5 7.07£0.007 6.72+0.046.66 = 0.012
30 1135 152 + 15 299 + 15 7.03+0.002 6.62020. 6.58 + 0.007
60 60 £5 75+11 247+12 6.95+0015 657+0.02 6.53+0.037

120 58+4 72+9 256 £ 6 6.95+0.01 6.56 + 0.04 .516- 0.005




Table 3. Average protein size fland span of untreated and ultrasound treated {a@Rl and WPI at a

concentration of 0.1 wt. %.

Untreated Ultrasound treated

Protein D, (nm) Span (-)
D, (nm) Span (-)
type Day 0 Day 1 Day 7 Day 0 Day 1 Day 7

NaCas 245%12 1045+0.31 584 145+2 1664 0.33+0.04 2:0.06 0.95+0.02

WPI 433+11 193+024 72+9 189+8 210+2 33N.07 0.66+0.03 0.85+0.08

MPI 956 +48 3.84+043 2566 250+14 242+5721+0.09 168+0.11 1.34+0.17

Table 4. Intrinsic viscosity 1]), Huggins (k;) and Kraemer (K constants obtained for untreated and ultrasound

treated NaCas, MPI and WPI solutions.

[n]

Protein in [] uitrasound

solution EJ(r;ItIr_e/aée)d kH Untreated I(K Untreated (d L/g) I(H Ultrasound kK Ultrasound
NaCas 1.21 -1.33 -1.29 1.01 -1.07 -1.05
MPI 0.59 -0.096 -0.134 0.41 -0.072 -0.089

WPI 0.29 -0.042 -0.047 0.24 -0.036 -0.04
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Highlights:

Effect of ultrasound (US) on physical properties of dairy proteins was assessed.

High power ultrasound (30W.cm™, 20kHz) reduced micelle size of al dairy proteins.
SDS-PAGE confirmed US had no effect on the molecular weight of all dairy proteins.
US treated dairy proteins led to similar droplet sizes as their untreated counterparts.

US treated milk protein isolate produced more stable W/O emulsions than untreated MPI.



