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ABSTRACT

Milk protein concentrate (79% protein) reconstituégg 13.5% (w/v) protein was heated (90
°C, 25 min, pH 7.2) with or without added calciuhiaride. After fractionation of the casein
and whey protein aggregates by fast protein lighidmatography, the heat stability (90 °C,
up to 1 h) of the fractions (0.25%, w/v, proteigsiassessed. The heat-induced aggregates
were composed of whey protein and casein, in whetem:casein ratios ranging from 1:0.5
to 1:9. The heat stability was positively correthtgth the casein concentration in the
samples. The samples containing the highest priopast caseins were the most heat-stable,
and close to 100% (w/w) of the aggregates werevezed post-heat treatment in the
supernatant of such samples (centrifugation fom8Dat 10,000 >g). k-Casein appeared to
act as a chaperone controlling the aggregationhefwproteins, and this effect was stronger

in the presence ofs- andp-casein.
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1. Introduction

Dairy protein-based ingredients are widely usethefood industry due to their high
nutritional value (Hambraeus & Lonnerdal, 2003) #rar functional properties, such as
emulsification, foaming and encapsulation (BugggManus, Brodkorb, Carthy, & Fenelon,
2016; Doherty et al., 2011; Morr, 1982; Ryan, Zhatadg-oegeding, 2013; Tavares,
Croguennec, Carvalho, & Bouhallab, 2014). Todagythre common ingredients in sport
drinks, meal replacers and infant formula (Earl§12, Smithers, 2015).

Heat treatment is widely applied in the dairy intyisnormally to increase the shelf-
life of products, but also to improve functionabperties. Nevertheless, intensive thermal
treatment can lead to undesirable outcomes sughlason, Maillard reactions, and
precipitation (i.e., fouling and sedimentation)obteins. Bovine milk protein contains 80%
(w/w) caseins and 20% (w/w) whey protein. Howetee, heat-induced coagulation of milk
is a process dominated by the chemistry and regcti/p-lactoglobulin, the major whey
protein in milk. Inducing the aggregation of whepteins into nano- to micro-sized
particles, by pre-heating, is known to increasé theat stability (Joyce, Brodkorb, Kelly, &
O’Mahony, 2016; Ryan et al., 2012) and has beeensktely applied to whey proteins
solution and skim milk (Laiho, Ercili-Cura, Forslséllyllarinen, & Partanen, 2015; Ryan &
Foegeding, 2015; Ryan et al., 2012518, Venema, de Vries, & van der Linden, 2014).

Milk protein solutions with high thermal stabiligre characterised by low viscosity,
low turbidity and high solubility after heating. @&e conditions are influenced by physico-
chemical properties of the particles, such as sarfgdrophobicity, aggregate size, shape
and charge (Joyce et al., 2016; Ryan et al., 204fyanti, Bansal, & Deeth, 2014). As a
result, the heat stability of proteins varies dgseaith the pH at heating, the ionic strength of

the dispersion, and the heat load applied.



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

Combined aggregates of whey proteins and caseovs Bigher heat stability than
whey protein aggregates. In fact, a solution ofl adney protein prepared by ultrafiltration,
containing around 3.2% (w/w) protein, gelled imnageliy when heated at 93 °C; however, a
blend of whey protein and caseins, in the proporlid and heated under the same
conditions was stable for up to 30 min of heatin§3&°C, i.e., at least 97% of the total
protein initially present in solution were stilllable after heating (Patocka, Jelen, & Kalab,
1993). It is generally accepted that this is dua thaperone-like activity of the caseins.
Chaperone activities can stabilise proteins frofioldimg, aggregation and precipitation
(Morgan, Treweek, Lindner, Price, & Carver, 200%).dairy science and technology,
aggregation is probably the more important phenamgas uncontrolled aggregation can
lead to destabilisations-, B- andk-casein have been shown to exhibit chaperone ctivi
against aggregation (Mounsey & O'Kennedy, 2010)adh, experiments carried out in a
tubular heat exchanger at 95 °C (Guyomarc'h, Lamaggleish, 2003) and in Teflon tubes
(4.6 cn?) in an oil bath at 145 °C (Kehoe & Foegeding, 20dbwed that the size of whey
protein aggregates is reduced when the whey psotgmheated in the presence of casein
micelles orB-casein.

Hydrophobic interactions, ionic interactions, Vaer tlVaals interactions and
disulphide bonding are responsible for the forrratbreversible and irreversible aggregates
between caseins and whey proteins (Guyomarc'h,&(l3). The aggregates in the serum
phase of heated milk are mainly composed-oésein -lactoglobulin and-lactalbumin
(Guyomarc'h et al., 2003). Bovine serum albuminAB3actoferrin,-casein andis-caseins
are also involved in these aggregates, albeitnianar extent (Donato & Dalgleish, 2006).

Even though the formation of casein-whey proteigragates have been shown (Jang
& Swaisgood, 1990), part of the aggregates analgsegalso be polymers efcasein

(Farrell, Wickham, & Groves, 1998) or aggregatewlmey proteins only (Boye, Alli, Ismail,
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Gibbs, & Konishi, 1995). In the serum phase of shiitk heated at 90 °C for 10 min (pH
6.7), the ratio of whey protein tecasein in the aggregates is in the range 1:0120:@
(Donato & Dalgleish, 2006). The whey protein angeta aggregates appear to be roughly
spherical with a size ranging from 50 to 70 nm,ckhincreases with the whey protein
content of the solution (Beaulieu, Pouliot, & Poulil999; Liyanaarachchi, Ramchandran, &
Vasiljevic, 2015). The molecular mass of the aggteg was estimated to be 2%D@, the
apparent isoelectric point of the aggregates wagvmilk permeate, and the surface charge
at pH 7.0 was 17 mV (Jean, Renan, Famelart, & Gayoim, 2006).

The mechanism leading to the chaperone-like agtoficaseins on whey proteins is
still poorly understood and little research hasnb@gene on the heat stability of milk protein
concentrates and isolated aggregates of caseinsladproteins. However, some authors
have proposed that the aggregates exhibit a hadtage density than the native whey
proteins, limiting the interactions with other grmts (Guyomarc'h, Nono, Nicolai, & Durand,
2009; Kehoe & Foegeding, 2014). The internal stmgcof the heat-induced aggregates is
also affected by the presencexetasein; aggregates are less dense, and have garoes
structure, when they includecasein (Guyomarc'h et al., 2009).

Calcium chloride greatly influences the mineraliélguum in milk and favours
aggregation of whey protein during heating (On-N@mandison, & Lewis, 2012). Calcium
is naturally present in milk (31m) and is present at elevated concentration in pritkein
concentrates when reconstituted at 13.5% (w/w)egomdB4 mu calcium); it also plays a
major role in the heat stability of proteins (Crewlet al., 2014). Heating conditions, calcium
content and pH influence the aggregation of wheygans and caseins, the morphology of
the resulting aggregates, and the extent of aggoeg@icolai & Durand, 2013). Calcium
ions can bind to the carboxylate groups of theginst thereby shielding their repulsive

charges. Thus, aggregates are more dense anless pvhen calcium is added prior to
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heating. Heating at high ionic strength allows pheteins to get closer and interact initially
via hydrophobic interactions, followed by the gradiormation of disulphide bonds
(Mounsey, O’Kennedy, Fenelon, & Brodkorb, 2008; MeloErabit, Flick, & Alvarez, 2013).
In the present study, the formation of heat-induebdy protein aggregates in
MPCB80, as influenced by calcium chloride concerdratvas investigated. In addition, the
heat stability of these aggregates with differexgtetn profiles, as well as aggregates formed
from mixtures ofc-casein and whey proteins, were examined. The aimostudy was to
understand the relationship between heat stalifit/the physico-chemical characteristics of

aggregates of caseins and whey proteins in higtejpranilk ingredients.

2. Material and methods

2.1. Materials

The milk protein concentrate (MPC) powder usedia study was produced on-site
(Bio-functional Food Engineering Facility, Teag&smod Research Centre Moorepark,
Fermoy, Co. Cork, Ireland). The skim milk was peated at a temperature in the range 40—
50 °C and concentrated by ultrafiltration as dématipreviously (Huffman & Harper, 1999;
Renner & Abd-El-Salam, 1991). The concentrate wesidgiving a powder with a total
protein content of 79% (w/w; Kjeldahl analysis,ragen to protein conversion factor of 6.38)
of which 73% (w/w) was casein. The resulting MPQ@vgder contained 8.9% (w/w) lactose,
2.1% (w/w) calcium and 1.4% (w/w) phosphorus.

Whey protein isolate (WPI) Bipfowas purchased from Davisco Foods International
(Eden Prairie, MN, USA) and contained 93.7% (w/wotpin. Freeze-dried-casein was

purchased from Sigma Aldrich (St. Louis, MO, US#e purity of thac-casein powder was
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greater than 70% (w/w). All reagents were purchds®d Sigma Aldrich unless stated

otherwise.

2.2.  Production and purification of the casein amdey protein aggregates

Fig. 1 summarises the steps of purification andyarsacarried out on the
reconstituted MPC. MPC was reconstituted at 13.&%6)(protein in distilled water, and
sodium azide (0.05%, w/v) was added to preventahiatl growth. When reconstituted at
13.5% (w/v) protein, the concentrate was 3.6-folsrenconcentrated in protein and 2.8-fold
more concentrated in calcium than skim milk, assgnai skim milk density of 1.035 kg
(Nutting, 1970). During the first step of rehydoatj the reconstituted MPC was incubated at
45 °C for 2 h under constant stirring using an ilgpeand calcium chloride was added at O,
2.5 or 5 mv. The MPC solution was then stirred overnight &€4o0 ensure complete
rehydration. On the following day, the solution veagiilibrated to 22 °C and the pH was
adjusted to 6.7 or 7.2 using 05NaOH and 0.5 HCI, as required. Varying the pH of
heating influences the casein dissociation andemprently the amount of caseins reacting
with whey proteins in the serum phase (Donato & @ugrc'h, 2009). After 1 h equilibration
at 22 °C, re-adjustment of the pH was performedeéded. Half of the samples did not
undergo a heat treatment, and were used as controls

Aliquots (22 mL) were filled into 25-mL glass bat$l (Pyrex, Greencastle, PA, USA)
and heated at 90 °C for 25 min (15 min hold tinmed water bath, which allowed heating of
several samples of large volume simultaneoushgheéti temperature may have caused the
degradation of the negatively charged residues-casein (Alais, Kiger, & Jollés, 1967;
Villumsen et al., 2015). After heating, the samplese cooled for 7 min in ice water and

warmed for 20 min at 22 °C. Weighed aliquots ofeatled and heated samples (20 mL) were



165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

then centrifuged for 1 h at 38,36@ and 20 °C in a centrifuge (Sorvall Lynx 6000) gsihe
rotor Fiberlite F21-8x50y (Thermo Fisher Scientifigaltham, MA, USA). After
centrifugation, the fat layer was discarded andstifernatants were filtered through O
hydrophilic filters (Sartorius, Gottingen, Germany)

To further purify and analyse the aggregates, tethad developed by Parker,
Donato, and Dalgleish (2005) was followed. BrieBypernatant (0.8 mL) was fractionated
by fast protein liquid chromatography (FPLC) onzesexclusion column HiPrep 16/60 (GE
Healthcare, Little Chalfont, Buckinghamshire, UkKntaining Sephacryl S-500 HR beads
(fractionation range 4x192x10 Da). The absorbance was monitored at 280 nm by an
AKTA Purifier 10 system (GE Healthcare), at a flaate of 1 mL.mifl. The buffer was a
solution of bis-Tris propane 20nmand 0.02% Napat pH 6.7 or 7.2, depending on the
original pH of the sampleBractions (5 mL) were automatically collected usinigrac950
and the total elution time for all samples was &#i. The separation by FPLC was carried
out at least in duplicate. The physico-chemicapprties of thec-casein/whey protein
aggregates were measured on the FPLC fractionar&efy, the WPI and-casein powder
were mixed overnight at 4 °C to reach a ratio oéwproteins ta-caseins of 1:1 or 1:0.7,

and were called mixture 1 and mixture 2, respebtive

2.3. Protein content measurement

Protein content of liquids and powder were deteeuliny Kjeldahl (IDF, 2014); the
protein to nitrogen conversion factor used was G288 to the very low protein content of
the fractions collected by chromatography, thegmotontent of those samples was

determined using a bicinchoninic acid assay (BOAJTermo Fisher Scientific); bovine
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serum albumin was used as standard. The protetertoof the centrifugal supernatants was

also determined using this assay. All measuremeats made in duplicate.

2.4. Protein profile analysis

The protein profile of all samples were analysedgbdgium dodecylsulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) etgxttoresis under reducing or non-
reducing conditions following a modified methodLaemmli (1970). Lithium
dodecylsulphate (LDS) was used instead of SDS. NeBe-Tris gels at 12% (w/w)
acrylamide were used with the NuPage cells andNtifeage power supply (Life
Technologies, Carlsbad, California, USA), in linghathe instructions for this system. The
samples were first dissolved in the sample bufferratio LDS:protein 200:1. A volume of 2
uL dithiothreitol (DTT) at 500 m was added to reduce the disulphide bonds between
proteins, while addition of DTT was omitted in ttese of non-reducing samples. Following
the manufacturer’'s recommendations, the mixturelveated at 70 °C for 10 min in a water
bath. Sample (1QL) containing 1.8.g of protein was loaded in each well and a constant
voltage of 200 V was applied for 50 min. The getgavstained in a solution of 0.5%
Coomassie Blue R250, 25% isopropanol and 10% aaeidlc Two stages of destaining were
performed; the gels were first left for 1 h in dusion of 10% isopropanol and 10% acetic
acid, and then held overnight in distilled wateon@nercially sourced bovine serum albumin
(BSA), as-casein ¢s; andasyx-casein were quantified togethe)caseinx-casein -
lactoglobulin andi-lactalbumin were used for calibration. The pedfiproteins were
dissolved in the sample buffer, with or withoutueshg agent, and 140 of this mixture of
standard proteins was loaded per well. In totag Galibration points ranging from 0.06 to 2

ug of each protein standard per well were includecefery gel. Because of unavoidable
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variations in staining, the calibration points wesa on the same gels as the samples. All
gels were scanned using an Epson V700 film scaiapeson, Suwa, Nagano, Japan) and
analysed using the software ImageQuant TL (GE Heailt). The scanner was not calibrated
for optical density. Therefore, the range of proteantent of the samples and standards was
chosen to be in the linear, and thus unsaturaggehm of the scanner. The quantification of
the samples was deduced by plotting the known protntent of the purified proteins as a

function of the integrated intensity of the stamblbands.

2.5. Measurement of hydrodynamic diameter

The hydrodynamic diameter of the aggregates wasmeated by dynamic light
scattering (DLS) using a Zetasizer Nano ZS (Maltastruments, Malvern, Worcestershire,
UK). These measurements were carried out at 2’ thefreshly-collected fractions. All
samples were equilibrated at room temperature20rslin the instrument prior to
measurement. The refractive index of the materasd eonsidered to be 1.450 and the
absorption was 0.001. Considering the low protemtent of the FPLC fractions, the
refractive index and the viscosity of the dispetseere assumed the same as that of water,
i.e., 1.330 and 1.0031 cP respectively. Measuresneeate carried out at a backscattering
angle of 173° and at a wavelength of 633 nm usisgadable polystyrene cuvettes. The
average diameter was expressed as zeta-averagghttie z-average values can be affected
by particle characteristics like shape, comprekibpolydispersity, especially if the z-
average values are greater than the inverse sogtterctor 1/q (here 38 nm). In this case, the
measured particle size is expected to be very ¢totee real particle size for the afore-

mentioned reasons. Each sample was measuredithe=e Each measurement consisted of

10
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12 separate readings, and the zeta-average antdediameter recorded were the means of

these readings. The attenuation value was betwead @0.

2.6. Measurement of hydrophobicity

The protocol used in this study was a modificatbthe method of Hussain et al.
(2012). The probe 8-anilinonaphthalene-1-sulfoeid ammonium salt (8-ANS) was used to
determine the surface hydrophobicity of thieasein/whey protein aggregates. The FPLC
fractions were diluted to 0.002% (w/v) protein i @v bis-Tris propane at pH 7.2, and 8-
ANS was added to 4 mL of sample to obtain a fima@oentration in the range 5-1g0Q 8-
ANS. The mixtures were kept in the dark for 30 iingfore measurement in a Cary Eclipse
fluorescence spectrophotometer (Agilent, SantaaClaalifornia, USA). The excitation
wavelength was 350 nm for the casein/whey protggregates and 360 nm for the
lactoglobulin standard, and the fluorescence spectanged from 400 to 600 nm. The
excitation/emission slits were set at 5 nm eacle. fltilorescence intensity was plotted against
the concentration of 8-ANS, and the maximum re&afluorescence intensity (RFI) was used

as an index of hydrophobicity.

2.7.  High-resolution scanning electron microscopy

High-resolution scanning electron microscopy (SEM}p used to evaluate the size
and shape of the protein aggregates. Protein [gastispensions (4) were pipetted onto a
freshly cleaved mica surface attached to an SEMKL gtfier air drying at 20 °C, the samples
were sputter coated with chromium prior to examarain a field emission scanning electron

microscope (Supra 40VP; Carl Zeiss Ltd., OberkocBaden-Wirttemberg, Germany).

11



263 Images (8 bit, TIFF) were acquired at 2 kV acceiegavoltage using the in-lens secondary
264  electron detector.

265

266 2.8.  Atomic force microscopy

267

268 Casein and whey protein aggregates were imagetbhyi@force microscopy, using
269 an Asylum Research MFP-3DAFM (Asylum Research U& LOxford, UK) in AC-Mode as
270  previously described (Kehoe, Wang, Morris, & Brodkd011). All samples were deposited
271 undiluted onto a freshly cleaved mica surface afbequently dried in a desiccator. Images
272 were processed using AFM imaging software Igor &.a8d Argyle light for 3D images.

273

274  2.9. Heat stability

275

276 The FPLC fractions were concentrated using cemgaifaoncentration (Vivaspin 20
277 100,000 MWCO, Sartorius, Gottingen, Lower Saxongrr@any) to 0.25% (w/v) protein.
278  The heat stability of the concentrated FPLC fratjdMPC, WPI and the mixtures of whey
279  proteins andk-caseins were assessed by heating the samplegateabath at 90 °C for 1 h.
280  All samples contained 10wbis-Tris propane and 0.01% (w/v) NaMithout mineral or

281 lactose standardisation. Glass tubes (120 mm leigtim diameter and 1.5 mm wall

282  thickness) were filled with 2.5 g of sample at @2fw/v) protein. After heating, 2 mL of
283  each heated sample was centrifuged at 10,030 min using a 5417R Eppendorf

284  centrifuge with rotor F45-30-11 (Eppendorf, Hamhuegrmany). Under these conditions,
285 the proteins present in the supernatants were @eresl as soluble. The supernatants were
286  then analysed by SDS-PAGE as described in Sectibn 2

287

12
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2.10. Statistical data analysis

All experiments were carried out using the sametbaf powder. The data are

expressed as means with standard deviations ofrdatatwo independent replicates.

3. Results and discussion

3.1. Influence of calcium chloride on the solubilif caseins and whey proteins in MPC

Milk protein concentrate reconstituted at 13.5%v{wprotein was heated at 90 °C for
25 min and the casein micelles were removed byibegétion, together with the whey
proteins attached to the micelles and the largedande whey protein aggregates. Table 1
shows the protein concentration in the supernatsiat function of the pH at heating and the
addition of calcium. At pH 6.7, none of the sampe#ied after 25 min of heating at 90 °C.
However, the protein concentration recovered instifgernatants was significantly lower in
the samples heated at pH 6.7 (1-2%) than in th@lgarheated at pH 7.2 (4%). At pH 6.7,
the addition of calcium significantly reduced tlmncentration of protein recovered in the
supernatant. The protein content in the supernatdr@n heated at pH 7.2, did not change
significantly with the calcium content.

The proteins in the supernatants from the heate@ M€re separated by FPLC into
three fractions; the composition and volume of da&ttion are presented in Fig. 2 and Table
2. Three fractions from the sample at pH 7.2 wetkected between 50 and 60 min, 60 and
75 min, 75 and 90 min elution time from the sizetagion column, equivalent to 42—-50%,
50%—-63% and 63—76% column volumes, respectivelg.fiidctions collected had increasing

amount of casein and increased ratios-o&sein to whey protein as a function of the etutio

13
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time, illustrating the heterogeneity of the aggtegavithin one sample of heated MPC. Little
or no absorbance at 280 nm was measured for thelesumeated at pH 6.7 with 2.5 or m
calcium chloride. The protein content in the sup&nts may have been too low to be
detected by the absorbance detector, while theeggtgs larger than 450 nm may have been
removed by centrifugation or filtration prior topseation by FPLC. High calcium activity
has been identified as a major factor influenchgghieat stability of concentrated milk
(Jeurnink & De Kruif, 1995; Rattray & Jelen, 19%5se, 1961; Zittle & Dellamonica,

1956). Decreasing pH promotes a shift in the miregailibrium of milk, causing the release
of ionic calcium into the serum. The high calciuamtent, coupled with a low pH,
contributes to the formation of large aggregatdsciwsediment easily during the
centrifugation step. This explains the lower abaode on FPLC (Fig. 2) and lower protein
recovery in the supernatants for the samples aantacalcium (Table 1). The addition of
calcium also affected the distribution of the aggttes in the samples; without addition of
calcium, there were 1.4 times more aggregatesotim A than in fraction C (integrated
area of each fraction on the absorbance signaPaf}, while the opposite was observed

when 5 nv calcium was added before heating.

3.2. Composition of the fractions from size-excnsihromatography

SDS-PAGE under reducing conditions (Fig. 2) shothedpresence of proteins in
each fraction; by comparing the reducing and naluecang conditions, the extent of
disulphide bond formation was evaluated. The bdmdBSA, a-lactalbumin ang-
lactoglobulin appeared stronger in reducing coadgj confirming that these proteins were
mainly involved in aggregate formation through ¢p$ide bonding. However, the major

whey protein involved in the covalent aggregates fvactoglobulin.k-Casein was also
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involved in the aggregates by disulphide bondir&+-87%, w/w, ofk-casein in the fractions).
Fractions B and C contained- andp-casein, while fraction C contained the highest
proportion ofk-casein -casein andis-casein, and the lowest ratio of whey proteir-to
casein. With the addition of calcium chloride, thleey proteink-casein ratio and the
percentage ofs- andp-caseins in each fraction remained unchanged.

Table 3 presents the physico-chemical charactesisfieach fraction. The aggregate
size ranged from 29 to 59 nm, corresponding tsthe range observed in previous studies
(del Angel & Dalgleish, 2006). The size of the azgates decreased with the concentration of
caseins. Thus, the ratio of whey proteins to caseasitively affected the size of the
aggregates, as observed in previous studies (Gugtn& al., 2009; Liyanaarachchi et al.,
2015). The chaperone activity of caseins has begorted to reduce whey protein
aggregation (Kehoe & Foegeding, 2010; Mounsey &ediedy, 2010); the chaperone
activity of a biomolecule refers to its ability ppotect another biomolecule against unfolding,
aggregation and precipitation. Thus, the differeingearticle size between fractions A and B
(Table 3) may be the result of the chaperone-ldtevidy of the non-covalently bound caseins
(0s., B- andk-casein) to whey proteins in fraction B (Fig. 2).

Previous studies have shown that micellar mateanlprobably associate into small
micelles of size 10—-20 nm, which elute after theximam of the aggregate peak on the
FPLC profile (Guyomarc'h et al., 2003; Ono & Také&f86), corresponding to fractions B
and C in our study. The size range reported fasaltenini-micelles” (10—20 nm) is close to
that of the aggregates in fractions B and C (Onba&agi, 1986). The formation of such
small, dispersed micelles amongst the aggregatefey proteins and caseins may have
caused a shift in the hydrodynamic size measurerii@etratio ofk-casein:fis-casein +
B-casein] that was not covalently bound to wheyginstin our study was up to 1:9. This

ratio was comparable with those found by DonnéllgNeill, Buchheim, and McGann
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(1984) for skim milk fractionated by size-exclusidmomatography. These authors found
that casein micelles in skim milk had sizes randrog 62 to 154 nm and ratios of
casein:fis-casein #3-casein] ranging from 1:6 to 1:21. These resuldsciate that, in fractions
B and C, the amount efcasein that was not covalently bound to the wheyems or self-
aggregated was sufficient to stabilige andp-casein in the form of “mini-micelles”.
However, the presence of “mini-micelle” in the fiiaos and their effect in this study cannot
be dissociated from those of the aggregates conggivhey proteins.

SEM images (Fig. 3) show the morphology and the digtribution of the largest and
the smallest aggregates. The smaller aggregates haower size distribution than the
larger aggregates, as measured by DLS (Table 3). i8i€rographs indicated that the
smaller aggregates (Fig. 3) were rounded and npivergal than the larger aggregates,
which had a slightly angular shape. The spherimitthe heat-induced particles made of
caseins and whey proteins are less likely to irsgréhe viscosity of the solutions to which
they would be added; thus, they may be a potecdiadlidate for use as ingredients in food
applications (Ryan et al., 2013).

Some fractions were also analysed using atomi@foricroscopy (AFM) in air (Fig.
5). The images of aggregates show a near-sphehegk. The cross-section of the height
image showed a particle size of approximately 280@mm, which would correspond to a
relatively low polydispersity. Due to tip broadegim AFM, the height of the recorded
particles is generally used for estimation of siiewever, size measurements by AFM have
to be considered with extreme caution as the pra@mples have been dehydrated and
deposited on mica, which may lead to a completiagsé of the protein particles. However,
dynamic light-scattering analysis of the samplenshn Fig. 5 gave a surprisingly similar

particle size (z-average) of 53 nm.
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3.3.  Effect ok-casein content and pre-heat treatment on the sigdiility of whey

proteins during heating

The heat stability of the isolated fractions afteating at 90 °C for 1 h (pH 7.2) at
0.25% (w/v) protein was assessed (Fig. 4 and T4bl€o compare the stability of the
nanoparticles in buffer after heating, the samplese centrifuged at 10,000g<for 30 min.
The soluble protein content after heating and degation (10,000 >g for 30 min) and the
visual properties of the samples after heating wesecriteria used to determine the heat
stability of the samples.

The heat stability of the fractions did not vargrsficantly with the addition of
calcium. With the exception of the unheated MPCdamnall samples were transparent
before the test and no visible differences in dgagere observed. Fraction A, containing
aggregates with mean diameter of 57 nm and a@alimitiey protein ta-casein ratio in the
range 1:0.4 to 1:0.5, became opaque within a f@ersts of heating. After 1h heating and
centrifugation at 10,000 ¢ for 30 min, around 10-13% (w/w) of the initial pgs was
recovered in the supernatant. In comparison, awhey protein isolate at the same
concentration coagulated during heating; therefitwe aggregates of whey proteins and
casein in fraction A were more heat-stable thanthey proteins in WPI that did not
undergo any pre-heat treatment.

After heating of fraction A, 4-11% (w/w) of the whproteins were recovered in the
supernatant. The comparison of the sample compodiefore and after the heat stability test
(Fig. 6) shows a significant loss in whey proteansik-casein in fraction A. For comparison,
a mix of whey protein angd-casein (at a ratio 1:0.7 or 1:1), that did notengd any pre-heat
treatment, showed a protein recovery of 43—-47% Jweéwd around 36—-49% (w/w) of the

whey proteins were recovered after heat stab#isy. tThe mixture containing whey proteins
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413 andk-casein at a ratio 1:0.7 and fraction A had a similitial composition of caseins and
414  whey proteins; the only difference between thesetamples was the pre-heat treatment for
415 fraction A. Thus, the unheated mixture of whey et andk-casein was more stable than
416  aggregates of whey proteins andasein at a ratio of 1:0.7. Therefore, regardiésshether
417  k-casein involved in aggregates or netasein apparently exhibited a stabilising effett o
418 the whey proteins.

419 When comparing the two mixtures of whey proteind igcasein at ratios 1:1 and
420 1:0.7, no difference was observed in protein reppee composition after the heat stability
421 test. Therefore, the maximum amount of native whreyeins thak-casein can stabilise may
422  have been reached at a whey proteig-tasein ratio of 1:0.7. The compositions of the two
423  mixtures may also be too close to exhibit a sigaiit difference in heat stability.

424

425 3.4. Effect of casein profile on stability of whpgteins during heating

426

427 The total protein recovered after heating in fiaetB was around 80-89% (w/w).
428  Fraction B contained aggregates of mean diameten#idnd with a whey protein tecasein
429 ratio of 1:0.5 to 1:0.6, containing around 11-1484x(, total proteins) oéis- andp-caseins.
430 At equal ratios of whey protein tecasein, fraction B showed significantly higherthea

431  stability than fraction A and the mixtures of unteghwhey protein and-casein. The non-
432 negligible amount ofis- andp-casein may have provided an additional stabibsatd the

433  aggregates.

434

435 3.5. Effect of casein structure on whey proteitisitg during heating.

436
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Fraction C, made up of aggregates of mean diarB@tam, had the highest content
of k-casein and a whey proteinkecasein ratio of 1:1.2 to 1:2.0. This fraction atemtained
the highest amount ek- andp-caseins (60—65% of the total proteins). After boar of
heating, sample C was still transparent and thevexy of protein aggregates in the
supernatant was approximately 90-98% (w/w, totalgdn). Therefore, the amount of
soluble whey protein anctcasein in fraction C did not change significaratfier heating
(Fig. 6). In agreement with the previous observetion fractions A and B, the high casein
content may explain this greater heat stabilitye Winey proteins were still soluble after
heating, indicating that caseins may have a chapelike activity and protect whey proteins
against sedimentation. The same test performedP@ Mithout pre-heat treatment gave a
lower soluble protein content, of 50% (w/w, totabiein). Fig. 6 also illustrates the
significant loss inis- andp-casein (39%, w/w, initiads- andp-casein), of whey proteins
(79%, wiw, initial whey protein), anctcasein (35%, w/w, initiat-casein) in MPC after
heat-stability testing at 90 °C. In the mixturesl @amthe fractions, the caseins are present
either in individual and soluble form, associatathwhe whey proteins or present in mini-
micelles. Caseins in MPC are likely to be organiseahicelles with average size 150-200 nm
(Dalgleish & Corredig, 2012), and consequentlylass available for association with whey
proteins than the soluble casein of the heatedrsatsnt of MPC. The dissociation iof
casein at pH 7.2, together with the prolonged hgatould have destabilised the casein

micelles, leading to the precipitation of most pins.

3.6.  Hydrophobicity of casein and whey protein agmgtes

The aggregates in fraction C were significantlyslegdrophobic than those in

fractions A and B. Caseins are relatively hydropb@mndik-casein is the second most
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hydrophobic casein aft@rcasein, with an average hydrophobicity of 5.1 &dnesidue
(Bigelow, 1967). Howevek-casein is glycosylated by negatively charged hydila
groups, which protrude at the surface of the casetelle and ensure its stability in the
aqueous phase of milk. Thus, in the case of foonaif mini-micellesk-casein would help
in solubilising them, possibly explaining the lowerdrophobicity in fraction C and the
enhanced heat stability of this fraction. In themeavay, the hydrophilic part afcasein
could stay at the surface of the aggregates, stialgiithe denatured whey proteins. This
mechanism would be similar to that of heat-shodkeins, which are intracellular proteins
that prevent the complete unfolding, aggregatiah @ecipitation of proteins denatured by
heat, oxidation or reduction (Richter, HaslbeckB&chner, 2010). After binding to non-
native proteins by hydrophobic interactions andniog high molecular weight complexes,
the mobile hydrophilic regions of the heat-shoadtgins help solubilising the complex
(Guyomarc'h et al., 2009; Treweek, Thorn, Pric&&ver, 2011). A similar mechanism has
also been postulated for the chaperone-like agtofitis- andp-casein against the heat-
induced aggregation of whey proteins (Morgan et28l05; Zhang et al., 2005).

By comparison, for fractions A and C, the hydrophbi of the aggregates (Table 3)
seemed to follow the same trend as the heat $jabilthe aggregates and the ratio of whey
protein:casein. The higher the proportion of cageiine aggregates, the lower the resulting
hydrophobicity and the higher their heat stabilkyaction B contained a greater proportion
of caseins and was more heat-stable than fractjdrowever, no significant difference in
hydrophobicity was observed. As noted earlier, s&ility is correlated with the charge of
the aggregates. In addition, the differences betvilee SDS-PAGE under reducing and non-
reducing conditions do not facilitate understandhgvhetheros- andp-casein are associated
with the aggregates of whey proteins &nchsein by hydrophobic interactions. It is possible

thatas- andp-casein associate or dissociate from the whey iprat@dk-casein aggregates
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487  during heat treatment, and thus the hydrophobdafithek-casein and whey protein

488  aggregates may change, which would influence tlg stability of the aggregates.

489 The addition of calcium before heating did not hawvagnificant effect on the

490 hydrophobicity of the aggregates in fraction A.§ may indicate that the morphology of the
491  «-casein/whey protein aggregates within a fracti@s wot significantly affected by the

492  addition of calcium chloride to the starting maaérirhe high molecular weight of the

493  aggregates and the salt concentration of the boféete the use of isoelectric focusing or zeta
494  potential technique for the determination of tharge of the aggregates difficult. However,
495 measuring the charge of the aggregates may bel fisefurther examination of the

496  chaperone-like mechanismiofcasein. Studying mixtures @fcasein and whey proteins

497  should also be considered in the future to gaiateebunderstanding of the changes in

498  hydrophobicity during heating.

499

500 4. Conclusions

501

502 The presence of caseins provided stabilizationteynprotein aggregates during

503 heating. In particulak-casein exhibited a chaperone-like activity at &wprotein toc-

504 casein ratio of 1:0.7, for both heated and unheatigtures of whey proteins andcasein.
505 Pre-heat treatment reduced the chaperone-likeityadifvic-casein. The presence @ andp-
506 casein in solution contributed to an enhanced $tadility of the whey proteins. These

507 results are a starting point for a better undedstanof the heat stability of milk protein and
508 casein aggregates. However, the mechanism of ahragdike activity ofc-casein needs

509 further investigation.

510
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Figurelegends

Fig. 1. Flowchart of isolation and analysis of whey proteicasein aggregates.

Fig. 2. Size-exclusion chromatography profiles (a) of Mirgated at 90 °C for 25 min, pH
7.2 with 2.5 nm (--), 5 mm (...) or without the addition of Ca@}—), with the corresponding
sodium dodecylsulphate-polyacrylamide gel electoopsis profiles (b) of the derived

fractions A, B and C under reducing (R) and nonioaaly (NR) conditions.

Fig. 3. Scanning electron micrographs from size-exclusimomatography fractions A
(panel a) and C (panel c) dried on mica at 20 °@} the size distributions by volume for

fractions A (panel b) and C (panel d) as measuyetlyhamic light scattering.

Fig. 4. Heat stability (90 °C for 1 h) of size-exclusidmaematography fractions A, B and C.
WPI, MPC80 and mixtures of whey protein ardasein (Mixes 1 and 2 had whey protein:

casein ratios of 1:1 and 1:0.7, respectively) veése measured for comparison.

Fig. 5. Atomic force microscopy images showing (a) 3D hgifi) height across the cross-
section marked in the 3D height image, (c) ampétadd (d) phase for a representative

sample of the casein and whey protein aggregateadtion A.

Fig. 6. Whey protein (a)x-casein (b) ands- andp-caseins (c) profiles of the size-exclusion
chromatography fractions A, B and C with 0, 2.%anv CaC} addition (see Fig. 2a) before
(1) and after ) heat stability testing (@for 1 h). MPC80 and mixtures of whey protein
andk-casein (Mix 1 and 2 with whey proteiacasein ratios of 1:1 and 1:0.7, respectively)

were also measured for comparison.



Tablel

Protein content of heated milk protein concentsaigernatants at different pH and calcium

chloride contents?

pH  Calcium Supernatant protein
addition (nm) content (%, w/v)
6.7 0.0 1.9+0.8
6.7 25 1.4+0.3
6.7 5.0 09+0.1
72 0.0 42+0.1
72 25 42 +0.3
72 5.0 3.8+0.4

& Milk protein concentrates were reconstituted ab%3(w/v) protein and heated at 90 °C for

25 min; centrifugation was at 38,36§for 1 h.



Table?2

Characteristics and composition of the aggregatésctions A, B and C (see Fig. 2) separated fnaiik protein concentrate heated at pH 7.2

with up to 5 nm added calcium chloridé.

Component Fraction A Fraction B Fraction C

Calcium chloride () Calcium chloride (rm) Calcium chloride ()

0 2.5 5 0 2.5 5 0 2.5 5
WP xk-CN ratio in the aggregates 1:04 1:.05 1.05 51:0.1:0.6 1:0.6 1:1.2 1:1.3 1:2.0
WPxk-CN ratio in the FPLC fraction 1:0.5 1:0.6 1:0.7 :0X 1:0.8 1.0.8 1:1.7 1:2.2 1:3.0
as- andp-CN (%, w/w, TP) 1+2 0x0 0zx0 14+7 12+1142 60+18 65+2 612

Relative protein amount (%) 27+2 31+1 40+348+4 44+1 37%3 19+1 16+1

10+ 2

& Abbreviations are: WP, whey protein; CN, caseiR; tal protein The relative amount of proteinresponds to the area under the

chromatogram for each fraction compared with thal @mount of eluted protein (from 35 to 100% @& tolumn volume).



Table3

Particle size and hydrophobicity of the aggreg&iased in MPC heated at 90 °C for 25 min

at pH 7.2 with up to 5 m added calcium chloride and collected in fractién® and C (see

Fig. 2).2

Calcium  Average patrticle size Hydrophobicity (-) of fraction
chloride  (nm) of fraction

(mm) A B C A B C

0.0 56 +2 42+2 29+2 1.3+00 11+0.1 0.6x0.1
2.5 56 +1 44+0 321 1.3+0.2 11+01 0.7%x0.2
5.0 50+1 47+1 364 1.3+0.2 1.1+£0.1 0501

& Hydrophobicity measured as 8-ANS-relative fluosgse intensity.



Table4.

Composition of size exclusion chromatography-fastgn liquid chromatography fractions A, B and fi@aheat stability test at 90 °C for 1 h

and centrifugation at 10,0009 for 30 min?

Component WPI MPC  Mix Mix Fraction A Fraction B Fraction C
80 1 2 Calcium chloride (m) Calcium chloride () Calcium chloride (m)
0 2.5 5 0 2.5 5 0 2.5 5
SF (% TP) 0* 50+12 43+11 47+20 10+5 9+7 13+10 80+28 87+8 89+16 94+7 98+3 90 +
WP (% SF) 0* 4+1 48+13 54+18 31+1 60%19 3456 39+0 53+7 50+2 6+0 10+3 15+8
CN (% SF) 0* 96+1 52+13 46118 69+1 40+1947+6 61+0 47+7 502 94+0 90+3 85+8
WPKk-CN ratio  1:0 1:0.2 1:1.0 1:1.4 1:1.5 1.0.8 1:0.8 1:1.1 1:0.7 1:.0.9 1:5.8 1:2.8 1:2.9

& Abbreviations are: WPI, whey protein isolate; MP@Ik protein concentrate; SF, soluble fraction; T®al protein; WP, whey protein; CN,
casein. Percentages are w/w. WEN ratios were measured in the soluble phase.IMird mix 2: WR-CN ratios of 1:1 and 1:0.7,
respectively. WPI, MPC80, Mix 1 and Mix 2 were maa&sl for comparison. The samples that coagulatedglthe heat stability test,

preventing further analysis, are marked with aprasi.
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