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General introduction

General introduction

Casein is the most abundant milk protein. Fourioas®lecules ¢s, 0s2, p andk-casein) are
associated into a complex called the casein micEHe caseins are held together by colloidal
calcium phosphate (CCP) that maintains the intggritthe micelle. The casein micelle is
relatively stable, but can be disrupted when thgsiglo-chemical environment is modified,
which is exploited for producing many dairy productWhen CCP is removed by
polyphosphates the casein micelle is dissociatex smaller particles called “submicelles”.
Generally, the submicelles aggregate and creatieoagsnetwork with crosslinks that are
mediated by calcium and phosphates. When casegllesare acidified at pH 4.6, the CCP is
completely dissolved and the proteins precipitateer elimination of the CCP, the caseins can
be neutralized with NaOH to obtain sodium caseirii@Cas). In aqueous solution, sodium

caseinate caseins are also associated into sulesicel

At the start of this PhD research it was alreadyvkm addition of calcium ions to dilute NaCas

solutions leads to an increase of the turbidityseduby larger scale aggregation of casein.
However, the behaviour in concentrated solutions @@ possibility of gelation of casein

induced by calcium had not yet been investigatdek fresence of phosphate in addition to
calcium changes the interactions that drive aggi@yand gelation of the caseins. In spite of
the fact that calcium and orthophosphate are the mimerals in milk and are generally present
in dairy products, little was known about their doned impact on caseins in aqueous solution.
Clearly, in order to have a better control of nulocessing and to formulate more sophisticated
dairy products it is necessary to understand therantions between casein, calcium and
orthophosphate especially in the concentrated jproggime. This was the objective of the

investigation presented in this thesis.
The thesis consists of 9 chapters and a generalusion:

Chapter 1 gives a review of the literature on the structame behaviour casein micelles and

sodium caseinate in aqueous solution.
Chapter 2 presents the materials and methods used in tharnss

Chapter 3 resumes the principle results that are describ@dare detail in chapters 4-9 in the

form of journal articles.



General introduction

Chapters 4-8 contain articles that have been phddig4, 5, 6, and 8) or submitted for
publication (7). The manuscript given in Chaptes 8ot yet fully finished.

Chapter 4 describes the effect of calcium ions on the priigeof dense caseinate solutions.

Chapter 5 shows the effect of monovalent salts on the riggolaf dense caseinate solutions

and the calcium binding capacity of caseinate.

Chapter 6 describes the dissociation of casein micelles affieition of soldium caseinate due

to calcium chelation.

Chapter 7 reports on the combined effects of orthophosplaaie calcium ions on the

organization of sodium caseinate in agueous saiutio

Chapter 8 describes the properties of dense suspensiongdiiirs caseinate and casein
micelles using'P MAS NMR as a function of the pH.

Chapter 9 describes heat-induced gelation of casein miegltesodium caseinate suspensions

at different pH.
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1.1. Casein, presentation and description.

1.1.1. Casein, the main protein in milk.

Milk is a biologic fluid secreted by mammals to mimnally fulfill their neonate. Milk is
composed of several molecules divided into thresses. The aqueous phase (serum) contains
lactose and small soluble molecules (proteins,igept urea, vitamins and minerals). The oil
phase is composed of small dispersed fat drogtatally, the colloidal phase is composed of

caseins and minerals.

Milk contains 3.2-3.5wt% proteins divided into case(80% of the total protein content) and

whey proteins (20 %).

1.1.2. The individual caseins.

The caseins, are present in mainly four differgpes, encoded by different genes (Ginger and
Grigor 1999) :asy, Os2, p andk-casein in proportions 4 : 1: 3.5 : 1.5, respetyiyBalgleish
2011) and are not homogeneously distributed in fsdle Table 1). Indeed, about 90 % of the
caseins (Davies and Law 1983) are associated irgollaidal complex with calcium and
phosphate which is called the “casein micelle”@lighh it is not a true micelle as it is nowadays
commonly understood (Fox and Brodkorb 2008). A simattion of the casein is in the serum
(Davies and Law 1983; Rollema 1992) in dynamic Egopiim with the micelles depending on
pH and temperature (Davies and Law 1983).
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Table 1. Distribution of the caseins between thhareeand micellar phases of bovine milk at
pH 6.7 and 20°C, from Davies and Law (1983).

Component Micellar phase (g.I.") Serum phase (g.1.")
O -casein 10.9 0.7
O ;-casein 3 0.1
B-casein 9 1.3
K-casein 2.9 0.5
Calcium 0.8 0.4
Phosphate 0.9 1.1
Citrate 0.1 1.8

Caseins are considered as rheomorphic proteinsubeddey do not need any particular
secondary structure to fulfill their biological feeion (Holt 1999; Horne 2002; de Kruif and

Holt 2003). They exhibit an open and flexible caniation (Swaisgood 1993; Holt 1999; de
Kruif and Holt 2003; Thorn, Ecroyd et al. 2015) hviittle secondary structure compared to
other proteins. They can have different confornretidepending on their environment (Horne
2002).

Caseins are all phosphoproteins that present amiphific nature (Swaisgood 1993; Horne
2009) but differ in their primary amino acid seqoermand the rate of post-translational
glycosylation and phosphorylation (de Kruif and H@D03; Holland 2009). Their main

properties are summarized in the Table 2. Phosfdtay occurs on serine (SerP) or threonine
residues that are associated in clusters within ghenary sequence (Table 2). The
phosphorylated sites are located in the polar regamd are preferred fixation sites for calcium.
Os1, Os2 andP are well-known Ca-sensitive caseins whereaasein is Ca-insensitive, because

it contains only one or two phosphorylated aminidsc

10
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Table 2. Main properties of the different caseidsgpertz 2013).

Casein O a2 B K
Proportion 30-40% 10-15% 25-40% 10-15%
Number of

199 207 209 169
aminoacid
Molecular weight
23 600 25 200 24 000 19 000
(g.mol™)
Charge at pH 6.6 -22 -15 -12 -3
pl
4.42 4.95 4.65 5.6
(phosphorylated)
Number of
8-9 10-13 5 1-2
phosphorylations
Number of Cys 0 2 0 2

1.1.3.1. Description of the casein micelle. Individual caseins are associated into a colloidal

complex called the casein micelle. The casein neidslcomposed of caseins (94% wt) and

1.1.3. The casein micelle.

minerals (6 %wt), mainly calcium and phosphate (t¢a2009; Dalgleish 2011; O'Mahony and

Fox 2013).

Casein micelles are spherical particles with a hpglydispersity (de Kruif and Holt 2003;

Bouchoux, Gesan-Guiziou et al. 2010; Dalgleish 2@Mahony and Fox 2013). Sizes range

between 50-600nm (Horne 2006; O'Mahony and Fox P@iB a number average diameter of
100nm (Horne 2006). Casein micelles are highly atadf (3.7 g BHO/g protein) (Mc Mahon,
Brown 1984). Their main characterics are summarizéicable 3.

11
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Table 3. Physico-chemical properties of caseirettés (Mc Mahon, Brown 1984).

Parameter Values
Average Diameter 130-160 nm
Surface 8.10" cm?
Volume 2.1.10" mL
Density (hydrated) 1.0632
Hydration 3.7 ¢ H,O/g protein
Voluminosity 44 ml.g"
Water content 63%
Number of micelle per L of milk 107-10"

1.1.3.2. Biosynthesis and biological function of the casein micelles. The synthesis of the
casein micelles occurs in the epithelial cellsha vesicles of the mammary gland (Farrell,
Malin et al. 2006). Individual caseins are synittest in the ribosomes. The proteins, associated
into 10nm particles, migrate to the Golgi apparatrere they are phosphorylated (Farrell,
Malin et al. 2006). This organelle contains thecitath phosphate and allows the formation of

the casein micelle (Farrell, Malin et al. 2006).

Fast growing animal species contain higher proteafcium and phosphate contents in their
milk than slow growing species (de Kruif and Holi03; Farrell, Malin et al. 2006). High
amounts of calcium present in the casein micellesasential for transport of high quantities
of proteins with a reduced viscosity that allowsksito be secreted (Holt and Hukins 1991;
Farrell, Malin et al. 2006). The evident functiohtbe casein micelle would be to feed the
neonate. However, in comparison with other protetaseins are constituted of aminoacids
with a rather low nutritional value. A major rolé the casein micelle could therefore be a
chaperone function (Holt, Carver et al. 2013) idawrto transport high contents of calcium and
phosphate while preventing calcification of the maany gland in a way that also avoids
formation of amyloid fibrils (Holt, Carver et al023; Thorn, Ecroyd et al. 2015).

12
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1.1.3.3. Structure of the casein micelle. The determination of the casein micelle was debate
over 60 years and reviewed many times (Schmidt 1B&2Mahon and Brown 1984; Walstra
1990; Holt 1992; Rollema 1992; Holt and Horne 19@lstra 1999; Horne 2002; de Kruif
and Holt 2003; Farrell, Malin et al. 2006; Qi 200/9x and Brodkorb 2008; Horne 2009;
Dalgleish 2011; McMahon and Oommen 2013; O'Mahord/fox 2013). Globally, two main
models have been proposed to describe the casegllenif the models agree on the presence
of k-casein at the surface of the micelle and the eblealcium phosphate in maintaining the
integrity, they mainly diverged concerning the med structure of the casein micelle. The first
model described the casein micelle as an assembfagebunits called submicelles. These
submicelles contain or are crosslinked via granatesalcium phosphate (Schmidt 1982;
McMahon and Brown 1984; Walstra 1990; Rollema 1992jstra 1999). The-casein at the
surface is due to repartition gfrich submicelles at the periphery of the micelhe &-poor
submicelles in the core. This model was supporyegldctron microscopy technique, but many
artefacts due to preparation were identified (HOHrver et al. 2013; McMahon and Oommen
2013; O'Mahony and Fox 2013). It was also unclgawbat mechanisms a submicelle could
be rich or poor irk-casein. There is still no clear evidence of thisternce of submicelles so
this model is largely discredited today. The secoratlel proposed by Holt, describes the
casein micelle as a network of proteins in whicHipl@s of calcium phosphate are randomly
dispersed (Figure 1). The calcium phosphate foramodusters with a diameter of about 2nm
(Pyne and McGann 1960; McGann, Kearney et al. 1988chin, Putaux et al. 2007)
surrounded by the phosphorylated serine (SerPyiuesiof the Ca-sensitive caseins into a
colloidal calcium phosphate (CCP) (Holt 1997). histmodel, thec-casein with no affinity to
calcium are located mainly at the periphery. Thiglel was corroborated by recent progress in
the techniques of electron microscopy, SANS and SAKlectron-dense regions have been
identified within the micelles that could corresdoto nanoclusters. The structure factor
obtained from scattering techniques can be thealbtireproduced by this model (De Kruif,
Huppertz et al. 2012), showing a shoulder a0.85nm' that corresponds to the inverse
characteristic distance between the nanoclusterKi(gif, Van lersel et al. 1985; Smyth, Clegg
et al. 2004; Marchin, Putaux et al. 2007; Bouchd@rsan-Guiziou et al. 2010; De Kruif,
Huppertz et al. 2012; Ingham, Erlangga et al. 2015)

13
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Figure 1. Structure of the casein micelle in theaoauster model (Holt 1992).

Ameliorations to this model were recently proposEudk first nuance in the Holt model that
mostly focused on the interactions between prarohcalcium phosphate, was to point out the
importance of protein-protein interactions (Fig@jehat can also stabilize the micelle through
hydrophobic interactions and electrostatic repulsiHorne 2002; Horne 2009). The second
nuance concerns the protein network. Holt consdl@r® homogeneous protein matrix but
recent work (McMahon and Oommen 2008; Bouchouxa@&3uiziou et al. 2010; Dalgleish
2011; Trejo, Dokland et al. 2011) describes theetteas constituted of rather a heterogeneous
matrix with inclusion of water channels, which wagported by SAXS and EM experiments
(McMahon and Oommen 2008; Bouchoux, Gesan-Guizial.€010; Trejo, Dokland et al.
2011).

B K_Z£ T{_ O

s:‘ﬁ !
RN “’?

Figure 2. Dual bonding model of the casein micBHerne 2002). The caseins are associated
together through hydrophobic interactions and va#ticium phosphate through their polar
region.
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1.1.3.4. External surface structure of the casein micelle. The size of the micelles was found
to be inversely proportional to the quantityke€asein (Davies and Law 1983; Horne 2006).
This empirical observation was explained by the faatk-casein is preferentially located at
the surface of the casein micelle (Holt and Horé@6l de Kruif and Holt 2003; Horne 2006).
K-casein is not bound to calcium phosphate but éoother caseins through its hydrophobic
region (Horne 2002). The hydrophilic regionke€asein is free and protrudes 5-10nm from the
surface of the micelle in the form of a hairy layelolt and Horne 1996) or a polyelectrolyte
brush (de Kruif and Zhulina 1996; Tuinier and deuiK2002; de Kruif and Holt 2003) that
inhibits aggregation of the micelles. The distribntof thek-casein at the surface of the micelle
is probably inhomogeneous (Dalgleish 1998) and @exlplain the heterogeneities observed
by microscopy (Dalgleish, Spagnuolo et al. 2004a@zar, Guyomarc’h et al. 2012).

1.2. The minerals of milk.

Milk is rich in salts divided into cations €aMg?*, K* and N4 and anions C| PQ?, Cit
(Pyne 1962; Gaucheron 2005), see Table 4.

Table 4. Mineral composition of milk (Gaucheror®2)

Mineral Concentration (mmol.kg™)
Calcium 26-32
Magnesium 4-6
Inorganic phosphate 19-23
Citrate 7-11
Sodium 17-28
Potassium 31-43
Chloride 22-34

Calcium and phosphate are at oversaturated coatiens in milk. However, most of the
calcium and half of phosphorus is contained indasein micelles which prevents calcium

phosphate precipitation. Milk is in thermodynamguigibrium (Figure 3) with minerals split

15
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into diffusible (within the serum) and non-diffub(within the casein micelles) (Holt 1997).
The mineral equilibrium between these two phasesssential because it contributes to the
structure and the stability of the casein micelle.

HPO )
,/’2 65‘\\ CitrateCa- >
HCitrate2- + ~ 6.96
0.04 /’ > ~ &
+ Ca?*
%H . 200
N N 5 ’ N ~
S
HPO, +080 T+ CcaHPO, <
7.50 0.59
Citrate®

0.26

Figure 3. Mineral equilibrium between the serum anidellar phase. The concentrations of
free salts are indicated in mM in the figure (Pyde, Le Graét et al. 2005).

1.2.1. The diffusible ions of milk.

The diffusible ions correspond to the fraction ahemals in the serum of milk. Serum can be
obtained either by dialysis, ultrafiltration, reming or ultracentrifugation of milk (Pyne 1962).
Some minerals of the diffusible phase are ablextb@&nge with the colloidal phase (Zhang and
Aoki 1996). In this phase, ion pairs are formedoadng to the solubility and affinity between
anions and cations (Mekmene, Le Graét et al. 200%)e composition can be calculated in
good agreement with experimentally determined \saliging the Holt nanocluster model (Holt
2004; Mekmene, Le Graét et al. 2009).

The serum contains almost all free"NK" and Ci (Holt 1985). About one third of calcium
and half of the phosphate ions are in the serumenéisdly in the form of complexes, but also
as free ions (Holt 1985).
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1.2.2. The non-diffusible ions and nature of callicalcium phosphate.

The non-diffusible mineral fraction of milk consismainly of C&" and P@* and a small
amount of Mg+ and Cit. If some C&" and Md" are directly bound to the proteins, most of the

minerals are located in the nanoclusters.

Nanoclusters of calcium phosphate of 2.5nm in diamere homogeneously distributed within
the micelle (McGann, Buchheim et al. 1983; McGdfearney et al. 1983; Marchin, Putaux et
al. 2007) and are fundamental for the integritghaf micelle in milk. Calcium phosphate can
be enzymatically extracted from micelles to giveiaellar calcium phosphate (MCP) similar
to CCP (Holt 1985; Holt 1997) composed of calciuml @hosphate and to a lesser extent of
Mg (1/3 of total Mg) (Pyne 1962) and citrate (1086 total Cit) (Pyne 1962). In the
nanoclusters, the ratios Mg#d.044 and Cit=0.097 (Holt 1982) are relatively Idvne mineral
composition of the non-diffusible phase has beadist in order to determine the structure of
CCP nanoclusters that is still unclear. Nanoclgstee described as a loose crystalline form
(Horne 2009), brushite (Holt 1982; Holt, Hasnaialetl982), apatite type tricalcium phosphate
containing citrate type 3G@Qs)CaH (Pyne and McGann 1960; McMahon and Brown 1984),
rather basic amorphous (Schmidt 1982; McGann, Beiohtet al. 1983; McGann, Kearney et
al. 1983) type C#PQy)s (Schmidt 1982) or acid calcium phosphate simitanon-ordered
brushite (Lyster, Mann et al. 1984; Holt, Van Kemaéea et al. 1989) or influenced by presence
of magnesium or citrate (Holt, Van Kemenade ei1889). The ratio of Ca to orthophosphate
(P) is 1.6 in MCP (Pyne and McGann 1960; Holt, Hasrmial. 1982; McGann, Buchheim et
al. 1983; McGann, Kearney et al. 1983). This rataresponds to a basic calcium phosphate
but if the phosphate of SerPyJis also considered, the ratio becomes Gafp)=1, which is
closer to that of acid calcium phosphate (Holt, \K@menade et al. 1989). Holt (Holt 1997)
showed that SerP was part of the CCP.

1.3. Thecasain micedle: a stable structure?

The casein micelle can be considered as a stabtg bacause it can withstand up a certain
extent treatments such as freezing, drying, heatoognpaction by osmotic pressure or
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ultracentrifugation, addition of calcium or ethar(blolt and Horne 1996; de Kruif 1999).
Nevertheless, under certain conditions the cas&ell®s can be destabilized or dissociated.
Destabilization leads to aggregation and even tatiga of the casein micelle suspensions,
whereas dissociation leads to formation of smaigeticles.

1.3.1. Origin of the stability of the casein mieell

The casein micelle may be modelled as an assoeiediNoid covered with a surface composed
of the hydrophilic part of the-casein (de Kruif and Zhulina 1996; de Kruif 199®jnier and

de Kruif 2002). The surface is considered as ayHayer (Holt and Horne 1996) or salted
polyelectrolyte brush in native milk conditions (deuif and Zhulina 1996). The layer provides
stabilization to the micelle through steric repaits{Holt and Horne 1996) but there is also Van
der Waals attraction and electrostatic repulsidween the micelles, see Figure 4 (Tuinier and
de Kruif 2002). The steric stabilization is lostevhthe charge density or the chain density (de
Kruif and Zhulina 1996) of the layer is reduced [t-imd Horne 1996; de Kruif 1999).

10
— % brush repulsion
e 8
g “_ electrostatic
< - / repulsion
e ‘\‘\
; 0- V_..-.—--—‘—___.___
L ':,A,.v'van der Waals attraction
-5 F ,.
I_l
'10 L 2 1 9 i ) ) I
0 5 10 15 i

h (nm)

Figure 4. Interaction potential as a function oéttistance between two casein micelles at pH
6.7 due to steric and electrostatic repulsion, &fash der Waals attraction (Tuinier and de
Kruif 2002).
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1.3.2. Factors affecting the stability of caseicelies.

1.3.2.1. Effect of rennet. Rennet is composed of two enzymes pepsin and tive active
chymosin. Action of rennet releases the hydroplsigmenk-casein from the micelle in the
form of soluble paracasein (Bringe and Kinsella 1987; Horne and BaB&84). The
remaining paracasein micelle is devoid of its staibg brush and coagulates (Walstra 1990;
de Kruif 1999; Tuinier and de Kruif 2002). Enzyntatbagulation of casein micelles is the first
step for producing cheese.

1.3.2.2. Effect of acidification. Acidification of milk is one critical step for pduction of dairy
products such as cheese or yogurts. Acidificatiam loe either biological through bacterial

fermentation or chemical through the addition aflac

Many studies showed that acidification of milk lead an increase of the minerals in the serum
phase of milk due to solubilization of CCP (Pyn&29Visser, Miniham et al. 1986; Dalgleish
and Law 1989; Le Graét and Brulé 1993; Famelamekant et al. 1996; Law 1996; Singh,
Roberts et al. 1996; Famelart, Le Graét et al. 1989a, Piot et al. 2013; Koutina, Knudsen et
al. 2014). At pH 5.2, all the micellar phosphorsisolubilized implying that the calcium bound
to the phosphate is also solubilized. Howevethamicellar calcium is completely solubilized
only at pH 4.8, implying that part of the calciumdircectly bound to the proteins (Le Graét
and Brulé 1993; Singh, Roberts et al. 1996). Destngathe pH approaching pl=4.6, leads to
reduction of the net charge of the proteins. Pr&tipn of caseins starts at pH~5 (Kim and
Kinsella 1989; Famelart, Lepesant et al. 1996)weleer, down to this pH, the casein micelles
do not show significant changes in their size (giisdiniham et al. 1986; Kim and Kinsella
1989; Vreeman, Van Markwijk et al. 1989; de KruiidaHolt 2003; Anema, Lowe et al. 2004;
Marchin, Putaux et al. 2007; McMahon, Du et al. D0fecause the caseins are still associated
in the micelle through increased hydrophobic irtBoas. Dissociation of a small fraction of
casein micelles (Dalgleish and Law 1988; Famelapesant et al. 1996; Singh, Roberts et al.
1996) occurs at low pH and especially at low terapges (Dalgleish and Law 1988) at which

hydrophobic interactions are weaker. This dissaateems to affect more the smallest casein
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micelles (McMahon, Du et al. 2009) and is increalsgdhe presence of salts (Famelart, Le

Graét et al. 1999) due to screening of electrasiateraction.

Demineralized and with thecasein brush collapsed on the surface of the tajdéke structure
of the micelles after acidification is thus not teame as in milk. Acidification leads to
aggregation and gelation of the casein micelleesnsipns (Lucey and Singh 1997) (Figure 5).
The structure of aggregates formed by acidifiedefies is described as fractal with a fractal
dimension p=2.3 (Bremer, Bijsterbosch et al. 1990; Lucey amtyBi1997). The aggregation
process was also described in terms of the adhbaidesphere model (De Kruif 1997; Lucey
and Singh 1997; de Kruif 1999).
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Figure 5. Interaction potential as a function oéttlistance between two casein micelles at
different pH due to steric and electrostatic repasand Van der Waals attraction (Tuinier
and de Kruif 2002).

1.3.2.3. Effect of the temperature. On coolingp-casein is reversibly removed from the micelle
(de Kruif and Holt 2003), which does not changesit® (Marchin, Putaux et al. 2007) but can
cause changes of the structure (Yazdi, Corredaj.2014) and some mineral solubilization

(Holt 1985; Gaucheron 2005). The fact tRatasein can be removed from the micelle at low
temperatures suggests that it is bound mainly loydphobic interactions. The effect of heating
on the stability of the casein micelles is complesulting in a combination of different

reactions depending on the conditions (presentactdse, whey protein, etc.) (Fox 1981). At

physiological conditions, heating milk at T<100°Ged not cause severe modifications to the
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structure of the casein micelles (Livney, Corredigal. 2003; O'Connell and Fox 2003;
Gaucheron 2005). It only induces some reversibénghs in the mineral equilibrium of milk
with reversible precipitation of calcium phosphé@yne 1962; Holt 1995; Gaucheron 2005;
Lucey and Horne 2009). When the temperature excEg@RC, micelle stability is lost leading
to milk coagulation (Fox 1981; O'Connell and Fox0@0 Singh 2004) andkf) casein
solubilisation (Aoki, Suzuki et al. 1974; Walstra9D). At such high temperatures caseins are
dephosphorylated (Fox 1981; Meisel, Andersson. 61911 ; Singh 2004; Gaucheron 2005) and
calcium phosphate salts precipitates (Fox 1981gtsR2004) in the forms of hydroxyapatite
which is different from the original CCP (Fox 1981)

1.3.2.4. Effect of ionic strength. Addition of sodium chloride induces a decreasthefpH of
milk and an increase of the diffusible calcium (FRankEl Mayda et al. 1983; Le Graét and
Brulé 1993; Le Ray, Maubois et al. 1998; FamelagtGraét et al. 1999; Huppertz and Fox
2006) and orthophosphate (Famelart, Le Graét @08P). Release of calcium from the micelle
is presumably caused by exchanges between sodidroagions bound to the micelle and by
reduction in the ion activity coefficient of calauphosphate (Gaucheron 2005; Huppertz and
Fox 2006). Increase of calcium and phosphorus enaifjlueous phase is accompanied by an

increase in the nitrogen content (Famelart, Le Getéal. 1999).

Addition of calcium ions modifies the salt distrttmn between the diffusible and non-diffusible
fractions (Jeurnink and De Kruif 1995; Gastaldij&gini et al. 1996; Gaucheron 2005). When
calcium ions are added to casein micelles, thellrinadergoes some structural changes which
do not affect their average diameter (Udabage, Mo#in et al. 2000; Philippe, Gaucheron et
al. 2003; Philippe, Le Graét et al. 2005). A snmaatlount of calcium complexes with inorganic
phosphate (Udabage, McKinnon et al. 2000; Philig@cheron et al. 2003; Philippe, Le Graét
et al. 2005) and citrate in the serum and integrtdte micellar phase (Philippe, Gaucheron et
al. 2003; Philippe, Le Graét et al. 2005). Somsen® contained in the serum become
insoluble, and are probably also incorporated (Lay,RMaubois et al. 1998; Philippe,
Gaucheron et al. 2003; Philippe, Le Graét et @52 the micellar phase causing the micelles
to become denser (Lin, Leong et al. 1972; Philippaucheron et al. 2003). At 120mM
(Famelart, Le Graét et al. 1999), most of the cafcremains in the aqueous phase and the

structure of the casein micelles is only moderaiteflyences. However, further increasing the
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calcium concentration induces aggregation and pitation of casein (Lin, Leong et al. 1972;
Udabage, McKinnon et al. 2000).

1.3.3. Dissociation.

Despite the stability of the casein micelles, thagy be dissociated in smaller particles. These
particles were historically called submicelles @ference to the submicelle model, which is

now abandoned.

1.3.3.1. Dissociation methods. The casein micelle can be dissociated by high spres
treatments (Gaucheron, Famelart et al. 1997; Hippeelly et al. 2002; Huppertz, Kelly et al.
2006; Orlien, Knudsen et al. 2006; Knudsen and $&ib2010) and use of chaotropes such as
urea (Morr 1967; Holt 1998).

Dissociation also occurs when the CCP is removedidlysis (Ono, Dan et al. 1978; Stothart
and Cebula 1982; Aoki, Yamada et al. 1988; Holt&83% calcium chelatants such as EDTA
(Lin, Leong et al. 1972; Griffin, Lyster et al. 188Jdabage, McKinnon et al. 2000; Marchin,
Putaux et al. 2007; Pitkowski, Nicolai et al. 200djjrate (Udabage, McKinnon et al. 2000;
Mizuno and Lucey 2005; de Kort, Minor et al. 20Kajiappan and Lucey 2011) or phosphates
of different nature (Mizuno and Lucey 2005; Pitk&wdicolai et al. 2007; de Kort, Minor et
al. 2011).

There is a fraction of calcium and phosphate taathe removed without disrupting the micelle
(Griffin, Lyster et al. 1988), but further remowauses dissociation. After addition of a calcium
chelatant, a fraction of the dissociation occursyvapidly and is followed by slow further
dissociation (Pitkowski, Nicolai et al. 2007). Thige of the undissociated casein micelles is
unchanged (Griffin, Lyster et al. 1988; Udabage,Kiviaon et al. 2000) and there is no
preferentially solubilization of the individual @ss molecules (Griffin, Lyster et al. 1988;
Pitkowski, Nicolai et al. 2007), suggesting an-@inothing” dissociation process. This means

that a micelle is either completely dissociatedemnains intact (Pitkowski, Nicolai et al. 2007).

After dissociation, depending on the environmesisein molecules are associated into particles

with a radius of about 10nm (Ono, Dan et al. 1%&per and Farrell 1982; Panouillé, Nicolai
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et al. 2004; Pitkowski, Nicolai et al. 2007) anthalar mass of about 2.3@mof* (Panouillé,

Nicolai et al. 2004) through hydrophobic interango Suspensions of these submicelles
suspensions often contain a low weight fractiorfaibfesidues (<1%) that together with a small
fraction of the proteins form particles with a naglof about 60nm that strongly contributes to
the light scattering intensity (Panouillé, Nicotdial. 2004; HadjSadok, Pitkowski et al. 2008).

1.3.3.2. Aggregation of casein micelles dissociated with polyphosphate. Submicelles which
are obtained after dissociation of casein micelleth polyphosphate are unstable. They
aggregate and can even form gels with time probdbky to the presence of calcium ions
complexed with phosphates (Panouillé, Nicolai et2804; Panouillé, Durand et al. 2005;
Pitkowski, Nicolai et al. 2007). The aggregationgess strongly depends on ionic strength, pH
and temperature with an activation energy of 90kD'mindependently of the casein
concentration (Pitkowski, Nicolai et al. 2007). Thggregates observed by cryo-TEM are
composed of branched chains of small spheres wdiaraeter of about 20 nm and the size of

the aggregate increases with time (Panouillé, Diiedral. 2005).

1.4. Sodium casainate

1.4.1. Structure of the sodium caseinate particles

Sodium caseinate is obtained by acidification thsdolves calcium phosphate and precipitates
caseins. The calcium phosphate is removed by wasind the caseins are resolubilized by
increasing the pH to neutral with NaOH (MulvihihédFox 1989; Southward 1989).

Aqueous suspensions of sodium caseinate have béemsiwely studied. In the presence of
salts, the caseins are associated into particlés avihydrodynamic radius of about 10nm
(Kumosinski, Pessen et al. 1988; Chu, Zhou et @51 Farrer and Lips 1999; HadjSadok,
Pitkowski et al. 2008), resulting from the assaorabf about 15 casein molecules (HadjSadok,
Pitkowski et al. 2008). The size of the caseinai®igles depends on environmental conditions
(pH, T°C, ionic strength) (HadjSadok, Pitkowskie&t2008).
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1.4.2. Behaviour of dense sodium caseinate suspensi

Suspensions of sodium caseinate (NaCas) are tcamglat low protein concentration and
opalescent at high protein concentrations due saduwel fat/protein globules (HadjSadok,
Pitkowski et al. 2008; Bouchoux, Ventureira et24115).

The viscosity of sodium caseinate suspensions asee sharply with increasing protein
concentration for C>100g1due to jamming of the caseinate particles, busdue diverge
because the particles can interpenetrate (Pitkouskiand et al. 2008; Bouchoux, Debbou et
al. 2009; Loveday, Rao et al. 2010). Jamming adadg to an increase of the relaxation rate of
the protein protons as measured withNMR relaxometry (Bouchoux, Schorr et al. 2012).
Dense suspensions of sodium caseinate exhibit-eksstic behavior (Pitkowski, Durand et al.
2008; Loveday, Rao et al. 2010).

1.4.3. Influence of temperature, pH.

Caseinate suspensions are relatively stable whatedher cooled, but the viscosity of the
suspensions reversibly decreases when the tempenareases. This was attributed to a
decrease of the effective volume fraction (PitkowBkirand et al. 2008) of the particles or a
decrease of the solvent quality (de Kruif, Bhattabt2015). High temperature treatments
(140°C) lead to irreversible changes of NaCaspikdein hydrolysis or aggregation (Chu, Zhou
et al. 1995; Hustinx, Singh et al. 1997). Wher<pl2, the acid precipitation of NaCas occurs
(Lucey and Singh 1997; HadjSadok, Pitkowski eR8D8; Morales, Martinez et al. 2015) due

to charge neutralization.
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1.4.4. Influence of calcium ions.

1.4.4.1. Effect of calcium. As was already mentioned, calcium binds speclfidal casein and
the affinity of caseins for calcium depends onrthmber of SerP. Phosphoserines are organized
into clusters in the polypeptide sequence. Indigld osi-, as>, B- andK-caseins contain

respectively 3, 2, 1 and O clusters in their seqadde Kruif and Holt 2003; Swaisgood 2003).

However, SerP are not the only sites for calciuatfon aspartic and glutamic acid are also
candidates for calcium binding (Dickson and Perki@g1; Bingham, Farrell et al. 1972; Ono,

Kaminogawa et al. 1976).

K-casein is soluble in the presence of even a langeunt of calcium as it does not contain a
SerP cluster (Ono, Yahagi et al. 1988)-, as> andp-caseins are soluble in the presence of
calcium only up to a low critical concentration abavhich the solutions become turbid (Parker
and Dalgleish 1977) and caseins precipitate (Bingttaarrell et al. 1972; Ono, Kaminogawa
et al. 1976; Imade, Sato et al. 1977; DalgleisieiBan et al. 1981; Parker and Dalgleish 1981;
Aoki, Toyooka et al. 1985; Baumy and Brulé 1988)eTcritical concentration that induces
precipitation depends on the affinity for calciundas in the ordetis>> asi>p>k (Dickson and
Perkins 1971; Imade, Sato et al. 1977). However piiecipitation process depends more on
the ability of the proteins to form hydrophobicardctions or hydrogen bounds, rather than
differences in their calcium binding process (Pagwd Dalgleish 1981; Aoki, Toyooka et al.
1985; Rollema 1992; Swaisgood 2003; Huppertz 2@is3)s the most calcium sensitive casein
and thus precipitates at lower calcium concentngtiban the other caseins (Aoki, Toyooka et
al. 1985). Binding of calcium tasi;-casein was reported to follow a two-stage kinptacess
involving the creation of a transient monomer-oaanequilibrium that initiates the
precipitation (Parker and Dalgleish 1977; DalgleRBaterson et al. 1981). Calcium binding to
Os1-casein is therefore described to occur in a segugmocess involving binding of calcium
through phosphoserines (or carboxyl residues) iahb by changes of the conformation and
hydration of the proteins. Then, these structuhanges induce a new degree of association,

and additional changes of the nature of bonding soidatation (Holt, Parker et al. 1975;
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Swaisgood 1993; Swaisgood 2003; Huppertz 2013). rHaetion was described as first
exothermic and then endothermic with increasingctileium concentration (Swaisgood 1993;
Swaisgood 2003; Huppertz 201B)casein is less sensitive (Farrell Jr, Kumosinskil €1988)
thanas-caseins to calcium (Parker and Dalgleish 19813p8nsions ofp-caseins were found

to form micron sized aggregates after additionad¢iom (Figure 6).

Figure 6. CLSM image ¢#-casein solution (C=1g:t, 10 mM CaGJ) after 30 min at 35 °C
(Dauphas, Mouhous-Riou et al. 2005).

In a sodium caseinate suspension, each type ofnces@resent in different proportions.
Addition of more than a critical concentration @l@um leads to an increase of the turbidity
of the sodium caseinate suspensions and to thgpation of casein (Zittle and Dellamonica
1958; Guo, Campbell et al. 2003; Pitkowski, Nicatal. 2009). The increase of the turbidity
is due to the formation of large particles. Thectien of sedimentable caseins (Zittle and
Dellamonica 1958; Guo, Campbell et al. 2003; PitkkiwNicolai et al. 2009) and the viscosity
of the suspensions were found to decrease whileutthédity increased (Carr, Munro et al.
2002) with increasing concentration of calcium.dah was found to change the fluorescence
behaviour of the caseinate (Cuomo, Ceglie et d@l120opez, Cuomo et al. 2013) suggesting
structural changes in the environment of aromastdues of the casein. The calcium binding
is marked by a sudden increase of the scattertegsity of caseinate suspensions analyzed by
DLS (Chu, Zhou et al. 1995) at a critical concetdraof calcium. As for individual caseins,
up to a critical concentration of calcium, the ifeaseinate particles remains unchanged (Chu,
Zhou et al. 1995; Pitkowski, Nicolai et al. 2008)plying that caseins can bind calcium up to

a certain extent without changing their degreessbaiation.
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1.4.4.2. Effect of temperature. Calcium induced precipitation increases with iasiag the
temperature (Farrell Jr, Kumosinski et al. 1988p@a, Ceglie et al. 2011; Lopez, Cuomo et
al. 2013) due to strengthening of the hydrophathieractions. Decreasing the temperature has
the opposite effect arfiicasein, the most hydrophobic casein, is not pitatga by calcium at
1°C (Parker and Dalgleish 1981; Farrell, Kumosiretkal. 1988).

1.4.4.3. Effect of pH and ionic strength. Calcium binding decreases with protonation of the
phosphoserines when the pH is decreased. As a qumesee, casein binds less ?Ca
Nevertheless caseinate precipitates at lowef Gae to its lower charge density (Zittle and
Dellamonica 1958; Dickson and Perkins 1971; BauntyBrulé 1988).

Addition of NaCl leads to an increase of the fre@*@oncentration by competition for Na
(Dickson and Perkins 1971). However, a large exoédaCl is necessary in order to reduce
significantly the calcium binding (Huppertz 201Bpr example at pH 7.4, 0.5M of NaCl are

necessary to unbind 2.5mM of €in aas-casein solution (Dickson and Perkins 1971).
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2.1. Materials

2.1.1. Caseinate powders.

For almost all of the experiments the sodium cadeiand calcium caseinate powders were
provided by Armor Protéines, Saint-Brice-en-CodlEsance). The main composition of the
powders given by the provider is reported in Tédble

Table 1. Chemical composition of sodium and calataseinate powders.

Sodium caseinate Calcium caseinate
Proteins (TNC *6.38
@ ) 91 91
(g/100g powder)

Minerals (g/100g powder) 4 4
Sodium (mg/100g powder) 1300 30
Calcium (mg/100g powder ) 50 1300

Total phosphorus
PROSP 700 700

(mg/100g powder)
Fat (g/100g powder) 0.7 0.7

The NaCas powder, Lactonat EN, Lactoprot, Kalteriien (Germany) was also used and had

the same chemical composition as the NaCas powaterArmor Protéines.

2.1.2. Casein micelle powder.

The casein micelle powder used in this study isveaphosphocaseinate (NPCP) kindly
provided from INRA STLO in Rennes. This powder lganed after tangential microfiltration
(0.14pm) and diafiltration of skim milk as descdda Schuck, Piot et al. 1994.

The chemical composition of this powder is giveable 2.
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Table 2. Chemical composition of native phosphaoase powders.

Proteins (TNC *6.38) -
(g/100g powder)
Minerals (g/100g powder) 8.72
Calcium (mg/100g powder ) 2585
Total phosphorus
(mg/100g powder) o
Inorganic phosphorus ~60% of total phosphorus
Sodium (mg/100g powder) 0

2.1.3. Preparation of the solutions.

The solutions were prepared by dissolving the powtde ultrapure water containing 3mM of

sodium azide used to prevent bacterial contaminatio

The powders were dispersed into water by magnetilng at 20°C. The homogenization was

completed for caseinate by heating for ~30 minat&°C and for NPCP by heating overnight
at 50°C. Solutions of NaCas were stable for morithsthe micelles disintegrated slowly even
in dense suspensions and therefore NPCP soluti@nse wonserved at most one week at
200g.L2.

Salts solutions (Cagl NaCl, NaHPQi/NasPQs 1:1, etc.) were prepared by dissolving the
powders in ultrapure water (Na@N3mM). Aliquots of stock solutions of concentratealt

solutions were added as required under vigoroursngi

2.2. Methods.

2.2.1. Ultracentrifugation.

Most of the time, centrifugations were carried att20°C with an Allegra 64R centrifuge
(Beckman Coulter, USA) at 50 0§@otor speed during 2 h.

42



Chapter2. Materials and Methods

Sedimentation of particles depends on:

the centrifugal force,

— the particle density,

— the solution density (when the solution densitgnsater than the particle density, the
particle velocity is negative : creaming).

— the friction coefficient which related to viscosiparticle shape, etc....

When sodium caseinate solutions were centrifugéaly sayer was formed containing residual
fat globules together with less than 5% of the gira.

2.2.2. Protein content.

The protein content (C) was determined by measutegabsorbance at 280nm24 into
cuves of width L. The solutions were diluted to aibiby.LX. The extinction coefficien€] was
found to be 0.85 L:gcm? by comparing with the concentration determinedhwlie Kjeldhal
method. C was calculated using the Beer-Lambeatiosi:

C —4z280 (1)

el

2.2.3. Turbidity measurements.

The turbidity was determined over a range of wawglles where the proteins did not absorb
the light (400-1100 nm). For an isotropic systeme, turbidity is given by:

1

T=in (2); )
with lp the intensity of the incident light and | the ims&y of the transmitted light.
Experimentally, the turbidity was deduced from theasured absorbance (A)= A.In(10)/L.

Turbidity measurements were done as a functioheiavelength in rectangular air tight cells

using a UV-Visible spectrometer Varian Cary-50 Bies Ulis, France). Different path lengths
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(1, 2, 5 and 10mm) were used depending on theditybof the samples in order to avoid
saturation. Measurements were done at differenpéeatures that were controlled using a

thermostat bath.

2.2.4. Rheology.

Flow measurement®uring flow measurements the sum of forces (F) iadpbn a sample
induces a stress ) which is parallel to the surface of the sampagding to a deformation
Wheny is derived with time, the shear rage (s obtained and the shear rate dependent viscosity

is derived from the relation

n=o/y 3)

Oscillatory measurement®scillatory shear measurements were used to deaw the
mechanical properties of the materials as a funadiothe shear stress)(and the oscillation
frequency. A sinusoidal shear stress was imposd#d fnequency ¢): ¢ = co.Sin (@.t), and
resulting deformationy] of the material was measured: yo.sin (.t+3), wheres is the phase
shift. At low stresses in the so-called linear oesge regimego « 6o and the in phase and out of
phase deformation are characterized by the sto(&e and the loss modulus (G”),

respectively:
G (0) =2sins (4)
Yo
G” () =2 coss (5)
Yo

For elastic solids G’ is larger than G” and indegamt of the frequency, while for Newtonian
liquids G’ is smaller than G” and both moduli degem the frequency: & o2 and G o™.
Viscoelastic materials show solid-like behaviohigh frequencies and liquid -like behavior at

low frequencies.

Materials. For almost all the experiments, the rheologicaldvesur was characterized using

stress-imposed rheometer AR 2000 and ARG2 (TA unsénts, USA) with a cone-plate

geometry. For samples with zero-shear viscog#tyl0 Pa.s the rheological behavior was
determined using another stress-imposed rheomeB®R BD1 (Anton Paar, Germany) with a
Couette geometry. The rheometers were equippedanibltier system for the control of the
temperature. The samples were covered with parailfio prevent water evaporation.
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2.2.5. CLSM.

Conventional optical microscopy is a common techeido study colloidal suspensions.
However, it often suffers from low contrast and tiplé scattering from objects that are out of

focus within the illuminated region.

Confocal microscopy may solve these problems. reigshows the working principle of a
Confocal Laser Scanning Microscope. With this mdthibe light from the laser source passes
through a pinhole aperture that is situated inrgugmate plane (confocal) with a scanning point
on the specimen. For scanning, the microscope aigishromatic mirror that reflects light
shorter than a certain wavelength, but transngtt of longer wavelength. Thus the light from
the laser source is reflected and scanned acresspgtimen in a defined focal plane, by the
dichromatic mirrors. The fluoresced (higher wavgtén light from the sample passes back
through the objective and is descanned by the samers used to scan the sample. Before it
reaches the detector, the fluoresced light passesigh the pinhole which is placed in the
conjugate focal (hence the term confocal) planghef sample. The significant amount of
fluorescence emission that occurs at points abadebalow the objective focal plane is not
confocal with the pinhole and hence most of this @iufocus light is not detected by the
photomultiplier tube and does not contribute to tégulting image. In confocal microscopy,
there is never a complete image of the specimeausecat any instant only one point is
observed. Thus, for visualization, the detectaattached to a computer, which builds up the
image, one pixel at a time. The speed of most aahfmicroscopes is limited by the rate at
which the mirrors can scan the entire sample pldines particular type of fluorescence
microscopy, in which the objective used by theniioating light is also used by the

fluorescence light in conjunction with a dichroiarrar, is called epifluorescence.
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Photomultiplier — Confocal
Detector Light
Pathways

=Pinhole Aperture

—Barrier Filter
Dichromatic

=—Pinhole
= =Objective Aperture

Specimen
Focal
Planes

Figure 1. Basic configuration of a modern Confocaker Scanning Microscope.

In this study, Confocal Laser Scanning Microsco@y.$M) was used in the fluorescence
mode. Observations were made with a Leica TCS-3Ritd Microsystems Heidelberg,
Germany). A water immersion objective lens was ubIkPL APO 63x NA=1.2 with
theoretical resolution of OuBn in the x-y plane. Proteins were labelled with flnerochrome
rhodamine b, by adding a small amount of concesdralution to the caseins at a final

concentration of 5ppm.

2.2.6. Solid state MAS'P NMR.

Nuclear Magnetic Resonanace (NMR) is a spectrostahnique that allows determination of

the structure and the chemical environment of nmubésc

This technique is based on the fact that nucleilthge a non-zero spittP with non zero spin
nuclei and a natural abundance of 100% can beteden a magnetic field 8proportional to

a resonance radiofrequenay) (

A single pulse signal of the magnetic field is agqbl This signal is influenced by the local
electronic environment of the nuclei such as tles@nce of charged groups, polarized chemical
bounds, aromatic groups, etc. The NMR signal isatet while the nuclear spins are relaxing
back to their equilibrium state. The resulting fireduction decay (FID) is treated by Fourier
Transform. The final NMR spectrum shows the resoagpeak) corresponding to one type of
nuclei as a function of the chemical shif {hat depends on the local environment of theeaiucl
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For solids the signals are very broad and in alanprove the resolution magic angle spinning
(MAS) is applied.

The NMR experiments were conducted on a Bruker Agdil 300 MHz WB spectrometer
equipped with a 4 mm MAS VTN type probe head wito thannels. An HR/MAS rotor was
filled with about 551L of a casein or caseinate solution at C = 100gand spun at 3 kHZ'P
direct excitation spectra were accumulated ovewden 128 and 1024 repetitions with a
relaxation delay of 30 s, an acquisition time & 6. and &H decoupling with reduced power
(8.5 kHz) in order to avoid probe head damage guhe relatively long acquisition needed for
adequate sampling of relatively narrow signalsaditition, *H->'P cross-polarization (CP)
spectra have been acquired with 6144 repetitiors airelaxation delay of 5 s in order to
characterize the broad signal from immobile phosphiAll spectra have been normalized with
respect to the ¥ 'H signal in order to account for the variation le tsample volume in the
HR/MAS rotor. The line width and position of theolhd signal from immobile P were
determined from the complementary cross-polarinagpectra. The mobile signals from
inorganic and organic phosphate were quantifieddegonvolution and integration of the
corresponding peaks in ti& direct excitation spectra after subtraction @ itmmobile P

signal. The spectra have been referenced to aroagselution of EPQu.
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3.1. Behaviour of caseinate suspensions in the presence of calcium

ions.

The viscosity normalized by that of watgre) of NaCas has been determined as a function of
the protein concentrations at different temperatatgH 6.7 (Figure 1). The viscosity of NaCas
increases sharply for C>80¢tollowing a steep power law concentration dependedue to
jamming of protein particles. However, the viscpsiécreases when the temperature increases.
The decrease of the viscosity occurs in parallél an increase of the aggregation number and
Rn (HadjSadok, Pitkowski et al. 2008) of the parscleith heating and is attributed to a
decrease of the effective volume fraction (PitkonwBlkurand et al. 2008). However, the data
obtained at different temperatures cannot be sapased by shifting the concentrations, i.e.
in terms of an effective volume fraction. This mednat in the jammed state the interactions

between the particles depend on the temperature.

10°
108 |
107 |
108 |
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Figure 1. Concentration dependence of the relate shear viscosityy() of NaCas
solutions at pH 6.7 at different temperatures iadd in the figure.

Dense suspensions of NaCas behave like viscoel@gtids characterized by two parameters,
the high frequency elastic moduluseg{@nd the terminal relaxation time)( 1t strongly
increased with decreasing temperature or incregsioigin concentration probably caused by

increasing of friction between the protein paricl& increased with increasing temperature
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showing that the particles are more difficult tdam at higher temperatures. More details are
given in Chapter 4.1.

When calcium ions were added to NaCas solutiotractive interactions induced a microphase
separation of the protein into dense domains (Ei@ythat caused an increase of the turbidity

and a decrease the solubility.

OomM

10mM 20mM 25mM 30mM 40M
Figure 2. CLSM images (40pmx40um) of NaCas solstweith different concentrations of
CaCkh (C=80g.L?, pH 6.7, 20°C). The molar ratio (R) of €aper casein molecule is also
indicated in the figure.

wriot

*

50mM

Increasing the temperature favoured phase separaticthat lower amounts of €awere
needed to decrease the solubility and increasduttiedity. However, the phenomenon is
reversible as when the heated solution was codtiedturbidity and the solubility recovered

their initial values.

Addition of CaC} strongly modified the rheological behaviour of theCas suspensions. On

one hand, with increasing calcium concentratiom, \tlscosity increased, because attraction
between the protein particles increased. On therdihnd, when increased attraction drove
microphase separation a decrease of the effeativuene fraction caused a drop of the viscosity.
The result of these two antagonistic effects depdnaoh the protein concentration and the

temperature, see Chapter 4.1.

The terminal relaxation time increased when?[TCancreased, but decreased when at higher

[C&’*] attractive interactions became strongealso decreased with increasing the temperature.

Calcium caseinate (CaCas) is a commercial ingrédidnmch contains an intrinsic ratio of
calcium ions per casein molecule (R) equal to Tut®ms of CaCas are turbid and also exhibit

microphase separation when observed with CLSM (Ei§.
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Figure 3. CLSM images (40x40um) of calcium case@rsatutions (CaCas) as a function of
the protein concentration (pH 6.7, 20°C).

Above a critical concentration of protein, whichpdads on the temperature, the viscosity of
CaCas increases sharply, see Chapter 4.2. Thesitisob CaCas solutions strongly decreased
when the temperature was increased. Figure 4 aaspiae viscosity of CaCas solutions as a
function of the protein concentration with that M&Cas solutions. Attraction induced by
calcium increased of CaCas solutions compared @aNaolutions for C>180gL At lower

C, the viscosity of CaCas solutions was lower, beeanicrophase separation decreased the
effective volume fraction. Intermediate behaviosirobserved for mixtures of NaCas with
CaCas see Chapter 4.2. The behaviour of CaCastésmieed by its CH content as the
viscosity of the suspensions of CaCas (R=7) is ckrye to R=8.
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Figure 4. Concentration dependence of the relazm® shear viscosity of NaCas and CaCas
solutions (20°C, pH 6.7).

51



Chapter3. Principal results

3.2. Influence of monovalent salts on the properties of caseinate

suspensions.

We have studied the impact of monovalent saltsnip&laCl, on the behaviour of dense NaCas
suspensions over a wide range of salt and protginantrations at different temperatures. The
results are detailed in Chapter 5.

Only little effect was observed on the viscosityantup to 250mM NaCl was added, implying
that electrostatic interactions are not very imgirt At higher concentrations of NaCl, the
viscosity strongly increased with increasing saliaentration suggesting increasing attractive
interaction between the caseins caused by dehgdrathe terminal relaxation time increased
whereas Gwas little influenced by the addition of salt. Thiscosity reversibly decreased with
the temperature at all NaCl concentrations. Na&l@pensions precipitated when more than
3.5M NaCl was added, a process that is known #sgalut. The same effects were observed

when NaCl was replaced by KCI.

When present in large excess,'dampetes with Ga ions for binding sites on the proteins,
so that increasing the amount of calcium necedsanduce microphase separation increases.
This competition is marked by an increase of theigian activity and the protein solubility with

increasing the concentration of Na

3.3. Dissociation of casein micelles by calcium chelation using
NaCas.

Mixtures of casein micelles and NaCas have beafiextiover a wide range of compositions;
see Chapter 6 for a detailed report. When casegellaisuspensions at low concentrations
(C=5-15¢.LY) were mixed with NaCas, the turbidity started ¢srdased above a critical weight
fraction of NaCas. The turbidity decreased withetim a two-stage process: a rapid decrease
followed by a slower decrease. The same phenomgaswbserved when casein micelles were
dissociated through calcium chelation with polygiteetes or EDTA, see Chapter 1.3.3. This

suggests that the dissociation of casein micatiélse mixtures occurred via calcium chelation
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by NaCas. The dissociation was marked by an inerefthe fraction of soluble proteins, and
the fraction of calcium and phosphate that wasassld from the micelles. At a weight fraction
of NaCas equal to 0.8 in the mixture, the caseneltds were completely solubilized. Addition
of NaCas did not induce preferential solubilisatajrthe different types of caseins indicating
an “all-or-nothing” dissociation process as wasvfmasly suggested to occur in the presence
of polyphosphate. The calcium chelating capacity NdCas is equivalent to that of
polyphosphate at the same phosphate concentratin.time, the turbidity of the solutions
progressively increased again implying that a raoization of the caseins occurred in the
presence of calcium and phosphate. This reorgamizatrobably occurred in concomitance
with the dissociation as for higher concentratiohsasein micelles (C>20g3) the decrease

of the turbidity was less and was followed by a en@pid increase.

3.4. Effect of the combined presence of orthophosphateand calcium

lons on the structure of sodium caseinate suspensions.

The mesoscopic structure of NaCas solutions cantaioth calcium and orthophosphate has

been studied using CLSM (Figure 5) and sedimemtatiee Chapter 7 for a detailed report.

As was discussed in section 3.1, in the absencerthiophosphate (P increasing the
concentration of calcium causes microphase separdtiading to the formation of dense
spherical protein particles and a decrease of thleb#ity. With decreasing protein
concentration, the critical concentration of caheitthat induces microphase separation
decreased, because the microphase separationtrsli@mhby a critical ratio of calcium per
protein (R). The dense domains contain most ob#fieandasz-caseins and half ¢f-casein.
When Pand CaCl was added to NaCas solutions, both were incorpoiato complexes with
proteins which sedimented when the solutions werdrfuged. These complexes contained
all the different types of casein includimgcasein. At low concentrations of Rrge scale
association of the caseins was still controlledtiyy number of calcium ions per protein.
However, at high concentrations orthophosphate ebvespwith protein for calcium to form

calcium phosphate particles surrounded by protgiarl
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[P
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Figure 5. CLSM images (159umx159um) of the NaCapensions with calcium and
orthophosphate (C=80g:1, pH 6.7, 20°C).

The mobility of phosphorus in these systems wadietLusing’P NMR experiments. Addition
of calcium led to a decrease of the mobility of {hieosphoserines and orthophosphate.
Interestingly, the amount of icorporated into the complexes was found to dependent of
the total amount ofifn solution, when the latter was present in excess

3.5. Effect of pH on the mobility of phosphorusin casein micelles

and sodium caseinate in dense suspensions.

Aqueous solutions of NaCas and casein micelles stedied using'P magic angle spinning
NMR technique, see Chapter 8 for a detailed refdreé direct excitation spectrum of pure
NaCas solutions was composed of a small peak &ppth corresponding to a small amount
of inorganic orthophosphate iyPand a group of three peaks corresponding to @gan
phosphoserines ¢} see Figure 6. The latter results correspondethéoweighted average

signal of pureas- andp-casein solutions whereascasein that contains only one des not
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contribute to the NMR signal. The signal of caseinelles contains a narrow peak at 1.5ppm
corresponding to the Bignal, a broader peak corresponding to mohiknid a very broad peak

corresponding to immobile,Rnd P within the colloidal calcium phosphate.

Casein
micelles

NaCas

6 5 4 3 2 1 0

P (ppm)

Figure 6.3 MAS NMR spectra of aqueous solutions of caseaisl@iand NaCas
suspensions (C= 100g}_pH 6.8, 20°C). The inset shows e MAS NMR spectrum of an
aqueous solution of casein micelles (C= 100gphH 6.8, 20°C) on an extended scale which

better visualizes the broad signal due to immoBileThe red line represents the cross-
polarization spectrum.

NaCas and casein micelles precipitate or gel beldvs.2. When the pH was decreased to 5.2,
solubilization of CCP led to an increase of thsignal of casein micelles solutions. The signal
of both R and R shifted upfield, which was linked to the secondtpnation of the phosphate

groups for NaCas and casein micelles. The cheralgéldependence of the pH allowed the

average pKa ofiRand R to be determined for both systems, see Table 1.
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Table 1. pKa of the phosphate groups determinetdiAS NMR.

P P,
Aqueous solutions 7.2*% N.D
NaCas 7.0 6.6%*
Casein micelles 6.5 5.8%*

* From Gaucheron 2004; ** Average values.

3.6. Heat-induced gelation of casein micelles and sodium caseinate

as a function of the pH.

Heat induced aggregation and gelation of aqueoligi@as of casein micelle and sodium
caseinate was investigated between pH 5.2 andvér7aowvide range of protein concentrations
(25-160g.L1), see Chapter 9 for more details. Forpt2 large protein flocs were formed that
precipitated. For pkb.3, casein micelles solutions gelled above a defined critical
temperature (J) that increased with increasing pH between 25°@Ha6.4 and 90°C and pH
6.4. T. increased weakly when the protein concentratioa decreased below C=100 g.L
Sodium caseinate solutions also gelled when hedtedthe heating temperature was not
critical. For these systems the gelation rate smed progressively with increasing temperature
at decreasing. For both systems heat-induced gelatiirreversible and elasticity of the gels

even increases when they are cooled.

As an example, the evolution of the storage shemtutas as a function of the heating time is
compared in Figure 7 for casein micelle and sodmaseinate solutions at C=160 g/L and pH
6. The casein micelle solutions gelled f&35°C, whereas caseinate solutions gelled only for
T>60°C. Casein micelle gels were formed within & fainutes except very close tg, Dut
gelation of caseinate was slow even at 80°C. Tiffeess of the casein micelle gels increased
steeply with increasing temperature closeddit was independent of the heating temperature
for T>Tc+5°C. The modulus of sodium caseinate gels stihad at the end of the experiment,
S0 it is not easy to evaluate the effect of heatmgperature on the stiffness.
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Figure 1 Storage modulus at 0.1 Hz as a functiotinoé for casein micelle (left panel,) and
sodium caseinate (right panel) suspensions at Cgl6bat different temperatures indicated
in the figure.

The observation that sodium caseinate can fornl ahgevs that if the electrostatic repulsion
is reduced by reducing the pH, heating drives dhnmétion of bonds between casein, which are
most likely hydrophobic interactions and hydrogemds. The different gelling behaviour of
casein micelles must be related to the differemfanization of the micelles in colloidal

ensembles with surface layerietasein and the presence of colloidal calcium phatsp

When the pH is decreased the CCP is progressiwadlpitised (Dalgleish and Law 1989;
Famelart, Lepesant et al. 1996) leading to an asg®f the amount on minerals in the medium,

but the protein skeleton of the micelle is consdri&nema, Lowe et al. 2004).

Solubilization of CCP is also favoured by incregsihe temperature (Koutina, Knudsen et al.
2014; Koutina and Skibsted 2015). It was obserliatidalcium phosphate induces aggregation
of caseins above a critical concentration (ChapyeWWe speculate that the observed onset of
gelation at a critical temperature may perhapslaad to a critical mineral concentration that

induces aggregation and gelation of the micelles.
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Chapter 4.1. Slow Dynamics and Structure in Jammed Milk
Protein Suspensions.
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Abstract

The dynamic mechanical properties and the struciudense suspensions of sodium caseinate
were investigated using oscillatory shear rheolagy confocal laser scanning microscopy,
respectively. Caseins are the most abundant miteprs and form in the absence of calcium
phosphate small star-like particles with a raditesomut 10nm. The viscosity increases strongly
with increasing protein concentration above ~ 86gdue to jamming of the particles. The
viscosity increase is stronger at lower temperataegised by a strong decrease of the terminal
relaxation time with increasing temperature. Addhitof calcium ions introduces an attractive
interaction that induces phase separation abovié@tcalcium concentration. Increasing the
CaCb concentration leads to an increase of the term@lakation time, but to a decrease of the

high frequency elastic modulus. The effect of agddaC} is stronger at higher temperatures.
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I ntroduction

Many food systems behave like soft solids, but sthtain a large fraction of water. Such
systems are often called gels and are easily rezedjeven though it is notoriously difficult to
give an unambiguous definition of the concept §kkre are two fundamentally different ways

to give aqueous food systems the texture of assdifi.

The first way is to form a system spanning netwafrkonnected particles that can be proteins,
polysaccharides or even small oil droplets. It dnes matter whether the connections are
covalent or physical bonds as long as they arécserfitly strong and long lived that the system

does not flow or break easily.

The second method is to fill up the space withigiag that do not bind to each other. In this
case, the system stops flowing, because the metiate jammed by excluded volume
interaction sometimes reinforced by electrostagiputsion. Suspensions of non-interacting
monodisperse hard spheres stop flowing close todhane fraction of random close packing
(¢=63%)? In food systems soft solids of this kind are ulsufmrmed by soft particles such as
oil droplets or microgels. Because such particl®s lbe deformed and compressed up to a
certain extent, higher volume fractions are geherededed to obtain solid like behavior. In the
case of microgels the particles may contain thevesed large fraction of water, which means
that even if the particles are close packed themantent may still be high. Dense suspensions
of monodisperse spheres form spontaneously a pldkecrystalline order, but a small
polydispersity or asymmetry is even to keep toawstlisordered. Therefore crystalline order
is not found in food systems. Disordered solidsadiren called glasses and dense suspensions

of hard spheres have extensively been studied dslragstems for glasses in genéral.

In the first case, the transition between a ligikd-and a solid-like behavior can be induced
by increasing the number of strong bonds betweeticles leading to more and larger
aggregates until at a critical amount one aggreggateolates the whole system. This process is
often called the sol-gel transition and can be iilesd by the percolation mod&ln the second
case, the liquid-solid transition can be inducednuyeasing the effective volume fraction of
particles (). The theoretical description of this process, alhis often called the glass
transition, is not yet completely resolved eventfiar simplest case of hard sphefeg. cannot
only be increased by adding more particles, buteamealso increase the effective volume of

the particlee.g by swelling or increasing the electrostatic repn.
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The situation is more complex if there are attkectorces between the particles in addition to
excluded volume interactions. The influence of shange attraction on the glass transition of
hard spheres has been studied intensively andethe attractive glass has been coined to
describe such systenfdVeak attraction was found to increase the voluraetion needed to
induce the liquid-solid transition, but in the cadestrong attraction it decreased. However,
strong attraction leads to separation betweenladegsity and a low density phase before the
dynamics is arrested.The domain where phase separation occurs reducetbvier
concentrations and stronger attraction if the nurobimteraction sites on the particles is snall.
In this case a percolating network can be formeti monds that, although reversible, may be
sufficiently strong and long-lived to cause gekliehaviour.

Even if strong attraction will finally lead to preaseparation, transient gel-like behavior may
occur as initially the particles aggregate and farsystem spanning network with long lived
bonds that subsequently coarsens and evolves tewaadroscopic phase separatidhif the
coarsening is slow compared to the time of obseEmwatch systems will behave as stable soft
solids. If not, they may still behave as soft selidr some time until coarsening has progressed
too far and the particles no longer percolate.

All these phenomena may be observed also in fostés)s. Here we investigate the liquid-
solid transition for dense aqueous suspensionsaséigate. Caseins are by far the most
abundant proteins in mifkThere are four major types of caseins each withokar mass of
around 20 Kg.mot. In milk they are present in the form of spherigaiticles, so-called casein
micelles, with a radius of about 100nm that aredHelgether by calcium phosphate. The
calcium phosphate can be removed by reducing theohe iso-electric point of the caseins
where they precipitate. After washing, the cas@as be resolubilized by adding sodium

hydroxide resulting in solutions of sodium caseen@aCas)'®

When 0.1M or more NaCl is added, NaCas was fouridrto spontaneously small aggregates
with a radius of about 11nm containing approximalé caseins, depending somewhat on the
pH and the temperaturé®!® Without added salt, similar aggregates are formaethigher
concentrations? The aggregation is most likely driven by hydropikedhteractions and it has
been suggested that it is akin to micellisatioswfactant® as caseins contain relatively long
chain sections with predominantly hydrophobic amaeas!® The rheology of dense NaCas
suspensions has been studied in some dét4i?°’Above a concentration of about C=80g.L

the viscosity increases rapidly with increasing aanration, which may be attributed to
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jamming of the caseinate particles. The viscosiég @ remarkably strong temperature
dependence that is fully reversible. Pitkowski é&f*asuggested that this temperature
dependence could be explained by a weak decreasiee céffective volume fraction with

increasing temperature. In jammed suspensions k vegmtion of@: causes a strong variation

of the viscosity.

Added calcium ions bind specifically to caseins aad lead to aggregation of the caseinate
particles. Alvarez et &f reported changes in the intrinsic viscosity, fegmence and circular
dichroism spectra when Ca@las added to dilute NaCas suspensions, whichattelyuted to
the formation of increasingly dense aggregateshigiter CaCl concentrations an increasing
fraction of the proteins precipitates with incre@siCaC} concentratiord> 22 The soluble
fraction still consisted of small aggregates simitathose formed in the presence of N&CI.
Cuomo et al. 24 reported that for a givert'@@ncentration the fraction of precipitated progein
increased with increasing temperature. The efféetdding calcium ions on the rheology of

dense caseinate suspensions has not yet beengavestsystematically.

Dense NaCas suspensions are a good example dfsobdffood system formed by jamming
of dominantly repulsive soft particles. The aintteé present investigation was to study in more
detail the rheology of dense NaCas suspension ladhfluence of attractive interaction of
varying strength caused by adding different amoohtsalcium ions. We will investigate the
effects on the structure and the dynamic mechampicgberties as a function of the protein
concentration up to 300 giland the temperature (10-60°C) keeping the pH fatedl 7. It will

be shown that addition of more than a critical amai calcium ions drives phase separation.
The results will be compared to those for suspessiof very similar caseinate particles
obtained by addition of polyphosphates to nativeeta micelles that form soft solids by

aggregating into a homogeneous percolating netork.

Materials and M ethods

Materials. The sodium caseinate powder used for this studypsagded by Armor protein
(Saint-Brice, France). The water content was albout®o. The powders were dissolved in
deionised water (Millipore) containing 3mM sodiurmide as a bacteriostatic agent. The pH
was adjusted to pH 6.7 by slow addition of 0.1M KWECILM NaOH under continuous stirring.
Addition of CaC# leads to a small decrease of the pH, which wapeosated by addition of
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NaOH. The casein concentration (C) was determingdnkasuring the nitrogen content
(Kjeldahl) and the UV absorption at 280nm using\&Wsible spectrometer Varian Cary-50
Bio (Les Ulis, France). Consistent results weraimigd using an extinction coefficient of 0.85

L.gt.cnit. The suspensions were homogenized by stirrin@%E 8or about 30 min.

Rheology. Continuous and oscillatory shear measurements macde with a stress-imposed
rheometer (TA Instruments Rheolyst AR2000) usicgrae - plate geometry (40 mm, 0.58° or
20mm, 4.0°). For C<165g}t the measurements were done with another stresssidp

rheometer (MCR 301, Anton-Paar) using a Couettengdy (inner and out diameters: 26.6
and 28.9 mm). The temperature was controlled byeltielP system and the geometry was

covered with a mineral oil to prevent water evagiora

Confocal Laser Scanning Microscopy. CLSM was used in the fluorescence mode.
Observations were made with a Leica TCS-SP2 (Lklicaosystems Heidelberg, Germany).
A water immersion objective lens was used HCx PLOAB3x NA=1.2 with theoretical
resolution 0.3um in the x-y plane. Caseins werellatl with the fluorochrome rhodamine b
isothiocyanate (Rho), by adding a small amount obacentrated rhodamine solution to the
casein solutions. Rho was excited using a heliulmateser with a wavelength of 543 nm and
the fluorescence was detected with a photomultiplare was taken not to saturate the
fluorescence signal and it was verified that thel#ode of the signal was proportional to the

protein concentration.

Turbidity. The turbidity was determined as a function ofwaselength using a UV-Visible
spectrometer Varian Cary-50 Bio (Les Ulis, Franddje path length through the cells was
varied between 1 and 10 mm in order to obtain ammomn signal. The temperature was
controlled with a thermostat bath.

Results and discussion
Dynamic mechanical properties of caseinate particle suspensions.

NaCas suspensions are transparent at low condenfratind translucent at higher
concentrations. The latter is caused by a smatitdraction of particles with a radius of about

60nm (<5wt%). CLSM images of NaCas suspensionsiameogeneous at all concentrations.
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Small angle X-ray scattering of dense suspensiare wompatible with that of close packed
disordered particles with a diameter of about 26fim.

Here we focus on the zero shear viscosity andrgggiéncy dependence shear moduli in the
limit of linear response, but it was shown elsewhitiat concentrated suspensions of NaCas
are shear thinnintf: °® Figure 1a shows the zero shear viscosity nornthliethat of water
(nr) of NaCas suspensions as a function of the coratenmt for a range of temperatureg.
rises very steeply with increasing concentratioavababout 80g.t, but it does not diverge

because the particles can interpenetrate.

The increase for C>120glcan be approximated by very steep power laws witoeents that
decrease with decreasing temperature from aboat 18°C to 7 at 60°C. It was suggested in
ref. 14 that the strong temperature dependencpg o&n to a large extent be explained by a
small temperature dependence of the effective veltnaction. However, the more detailed
investigation reported here shows that the dataatdre superimposed within the experimental
error by simple horizontal shifts over the wholecentration range, see Figure 1b. When we
superimpose the initial increase of the viscosityshifting the concentrations, the data clearly
deviate for C>120 gL This means that in the jammed state the intenadbetween the
particles depends on the temperature. We notethiea¢ is little effect of added NaCl (0-
250mM) and the pH (5.4-6.7) on the visco¥itymplying that electrostatic interactions are not

very important.
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Figure 1a. Dependence of the relative zero shesgogity as a function of the NaCas
concentration for different temperatures indicatedhe figure.

Figure 1b. Same data as in figure la after supedsion the data up to about of 120g.hy
horizontal shifts. The shift factors used are: 71.0.0, 0.95, 0.9, 0.86 and 0.83 for 10, 20, 30,
40, 50 and 60°C, respectively.

The viscosity is determined by a combination oftifgh frequency elastic shear modulus)\G
and the terminal relaxation tima){ nO Ge.T. At higher protein concentrations these
parameters could be determined separately by aoi shear measurements that showed an
elastic response at high frequencies and a visgmonse at low frequencies as reported
earlier!* 19 20Qsgcillatory shear measurements made at differempéeatures could be
superimposed by frequency-temperature superposlfigdhis way master curves at#F20°C
were obtained at different concentrations, seerEi@u that show that the stress relaxation is
characterized by a broad relaxation time distrdoutiThe terminal relaxation shifts rapidly to
lower frequencies as the concentration is increasbie the elastic high frequency modulus
increases only weakly. We note that the dynamicoggy at low frequencies was equal to the

low shear viscosity obtained from flow measurements
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Figure 2. Master curves of the storage (closed sys)and loss (open symbols) shear moduli
obtained by temperature-frequency shifts at=20°C for different concentrations of NaCas
indicated in the figure.

The terminal relaxation time was calculated frora ftrequencyff) where G' and G" cross:
1=(2rfo) L. T increased strongly with increasing concentratiod aecreasing temperature
following a power law dependence, see Figure 3&. dlastic modulus was calculated as 10
times the value of G' &. This choice is rather arbitrary, but the relathagiation of G does
not depend on this choice as the frequency depeedsralmost independent of the temperature
and the concentration. The concentration dependeinGe is plotted in Figure 3b and shows
that G is approximately proportional to?Clt is clear that the increase ofi@ith increasing
concentration is much weaker than that.o&e also increased systematically with increasing
temperature, which taken on itself would lead tormnease ofjr with increasing temperature.
However, this effect is overcompensated by the naidnger decrease ofwith increasing
temperature. We may conclude that the main causbdstrong concentration and temperature

dependence af: is the concentration dependenca.of
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Figure 3. Dependence of the terminal relaxatioretif@a) and the high frequency elastic
modulus (b) as a function of the NaCas concentndfioo different temperatures indicated in
the figure. The solid lines were obtained fromdinkast squares fits.

On one hand, the increase aof With increasing temperature shows that the jamnaatigles

are more difficult to deform at higher temperatur®@s the other hand, the decrease of the
relaxation time suggests that the particles careraasily escape from the cage formed by their
neighbours. The increase of @ith increasing temperature can be understoodéyricrease

of the aggregation number of the particles and allsmcrease of their density that was
observed in dilute solutiortgIn the presence of 0.1M NaCl, both the hydrodymamadius and
the molar mass of the particles were found to emeewith increasing temperature. As
mentioned in the introduction we may suppose tieaggregates are formed by association of
hydrophobic parts at the centre with a corona farioge the more hydrophilic chain sections.
Within this scenario the increase of the aggregatiomber with increasing temperature is
caused by an increase of the hydrophobic intenagtilh is likely that the aggregation number
and the density of the particles increase witheéasmng temperature also in the jammed state
although the effect will be quantitatively diffeteincreased density renders the particles less
deformable which explains qualitatively the tempar@ dependence«s

An increase of the density of the particles imphedecrease of their volume fraction, which
explains why the suspensions jam at higher voluartibn when the temperature is increased.
However, it does not explain the weaker dependefite relaxation time on the concentration.
On the contrary, one would expect that in the jachstate the relaxation time increases if the
repulsion between the particles is stronger. Far polymers and polymeric micelles one
observes a stronger concentration dependence wofdt@sity when the aggregation number is
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higher?® 2° As hydrophobic interactions become stronger witlieéasing temperature, it is very
unlikely that the strong decreasetofan be explained by an increase of the excharngefa
caseins between the caseinate particles. We spedbkt in the case of caseinate particles
weaker repulsion between the particles with ingrepgemperature leads to stronger
interpenetration of the coronas and that this léadsronger friction between the particles and

thus a slower relaxation.

It is clear that even in the relatively simply sition of densely packed purely repulsive
caseinate particles the dynamics cannot be explaaokely in terms of escape from the cage
formed by surrounding particles. Interactions oa tholecular level between overlapping

particles also need to be considered.
The influence of adding calcium ions on the structure.

Addition of CaC} led to an increase of the turbidity above a alt@mount (Cs*). At room
temperature the increase was slow close to Cs*alstaitionary value was obtained rapidly at
higher Cs and higher temperatures. Interestingeyolserved a strong reversible increase of
the turbidity with increasing temperature, see Fegl Cs* increased somewhat with increasing
protein concentration and decreasing temperatur02C, Cs* was situated between 5 and
10mM at C=20g.t* and between 10 and 15mM for C=40¢.and C=80g.LX. The system
became turbid only when heated for C=20gdt Cs=5mM and for C=40gliat Cs=10mM.

At lower concentrations a fraction of the protemscipitated slowly for Cs>Cs*. The strong
increase of the viscosity inhibited sedimentatiarder gravity for C>100gt at room
temperature, but at elevated temperatures pretgpitawas also observed at higher
concentrations. The fraction of soluble proteinswas quantified for C=80g:tand C=20g.L

1 after incubating overnight at 20°C or at 40°C kyedmining the protein concentration in the
supernatant after centrifugation (2h at 5g)Oat the incubation temperature. F decreased
sharply for Cs>20mM at C=80giLand for Cs>5mM at C=20gl The drop was more
important at the lower protein concentration ane iigher temperature, see Figure 5. The
reversibility was tested by incubating during ovghh at 40°C and subsequently raising the
temperature to 20°C. The same results were obtaisachen the suspensions were incubated

at 20°C, see Figure 5, demonstrating again thaethgerature dependence was reversible.
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Figure 4. Temperature dependence of the turbidiaz800nm at different protein and CaCl
concentrations indicated in the figure. The reveility is illustrated for C=40g.t* in the
lower right panel that shows the turbidity as adtion of the time during a heating and a

cooling ramp. The sample temperature is indicatgthie solid line.
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Figure 5. Fraction of soluble protein as a functiohthe CaCl concentration at two protein
concentrations and two temperatures. The effertanibating at 40°C and subsequently
cooling at 20°C is also shown.

The increase of the turbidity is caused by the &irom of dense domains of proteins that at
higher CaCl concentrations become sufficiently large to béblesin the CLSM images, see
Figure 6. Between 80 and 200g.protein the domains were visible when 30mM or n@aEh
was added, while at Cs=20M or lower the images wemogeneous. For C=235¢.lthe
images showed dense domains for Cs=40mM and hégiitewere homogeneous for Cs=30mM
and lower. At lower protein and CaQioncentrations small spherical domains were formed
(see Figure 6a) that merged and took up a largemenfraction at higher concentrations. If
the protein and Cag&ktoncentrations were high enough the dense phaseavdinuous (see
Figure 6d). By comparing the fluorescence intensitshe domains with the average intensity,
we can estimate that the protein concentrationimttie domains is 250-300 g!LSuspensions
containing 300 g.tt caseinate remained homogeneous after additiomGkCbecause in this

case the dense phase filled up the whole space.
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.
.

Figure 6. CLSM images of NaCas suspensions atelifferotein and CaGlconcentrations.
a) C=80g.L'1,Cs=30mM; b) C=140g.1t, Cs=30mM; c) C=200g.t, Cs=30mM; d)
C=200g.L, Cs=80mM; e) C=200g.t, Cs=30mM; f) C=80g.I! Cs=12mM obtained by
dilution with pure water from C=200g3}, Cs=30mM. Images a-d represent 150x150um and
images e and f represent 75x75um. For clarity lim@ages the contrast between the phases
has been artificially increased.

We investigated the reversibility of the phase sajp@an by diluting a phase separated system
at C=200g.I* and Cs=30mM (Figure 6e) with pure water to give8GgL! and Cs=12mM
(Figure 6f). The solutions directly prepared at kger conditions were homogeneous. We
observed that after dilution most of the protemthie dense domains redispersed, but the outer
shell of the domains remained. In some cases wedlserved an internal structure that looked
like connected shells of several smaller domaias ltad merged. This observation shows that
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strong bonds are formed specifically at the donsairfaces that do not break spontaneously
when the concentration of calcium ions is reducgldwl the critical value.

The results discussed above together with thosstezpin the literature lead to the following
overall picture of the effect of adding calcium soan the structure of NaCas suspensions.
Calcium ions bind specifically to caseins whichunds an attraction between the caseinate
particles that increases with increasing Gaghcentration and temperature. Above a critical
calcium concentration the system phase separdterbtein concentration in the dense phase
is about 250g.t and its volume fraction increases with increasprgtein and calcium
concentration. As a consequence, the density afdhgnuous phase decreases with increasing
calcium concentration. When the volume fractiothefdense phase is not too high it is present
in the form of spherical particles of a few microAs the surface of the dense domains stable
bonds are formed that resist to dilution in puréena

The influence of adding calcium ions on the dynamic mechanical properties.

The effect of adding Cagbn the visco-elastic properties of dense NaCapesissons was
studied in detail for selected concentrations betw&0 and 300 g:t. All measurements were
done starting at 10°C and progressively increasivegg temperature. The stability of the

suspensions was tested by repeating the measuratZ9ftlC at the end of the experiment.

Figure 7 shows the dependence of the viscosityhenGaCi concentration at different
temperatures. For comparison we also show thesmoneling values of the ratio (R) between
the molar concentration of CaGind caseinate. At C=80gtladdition of calcium ions caused

a weak decrease of the viscosity. With increasamgperature the decrease became more
important and started at lower calcium concentnatid\t higher Cs, precipitation of proteins
occurred rapidly especially at higher temperatwsesthat the range of Cs that could be
investigated at this concentration was limited.

At C=140g.L:* and 165g.I'we found a weak increase followed by a strong étopigher Cs.

In a rare investigation of the effect of adding Gag the viscosity of NaCas suspensions Carr
et al*® also reported a weak maximum for a NaCas suspe@asih4 wt%. At C=200g:tthe
viscosity was relatively insensitive to the additaf CaC} except at higher temperatures where
nr decreased at larger Cs. Finally, at C=235@hd 300g.[* the viscosity increased initially
with increasing Cs and then remained approximatagstant at all temperatures. The
suspensions with €165g.L'were not stable at higher temperatures when R arger than
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about 5, i.e. when the viscosity dropped sharphys Thstability showed itself either by visible
precipitation or by a lower viscosity at 20°C aftiee experiments at higher temperatures.

As was mentioned above, the dependence of thesiigamn Cs is caused by the combined
effects on G andrt that could be studied separately forl65g.L1. Again master curves of the
frequency dependent shear moduli could be formetidguency-temperature superposition.
The shape of the master curves did not changefisgmily with the addition of Ca@| but the
values oft and G depended on Cs. The concentration dependencaid G is shown in
Figure 8. We note that the spread of the data ishnmiore important than in the absence of
calcium ions. It is most likely caused by the hegeneous structure seen in the CLSM images.
The effect of phase separation on the structurevaaybetween different preparations and this
will influence the visco-elastic properties. Theahce of structural heterogeneity explains why
the results at C=300gare less scattered.

At all concentrations except at C=3009,|Ge decreased with increasing Ca€bncentration.
The decrease was stronger at higher temperatudcescadd even lead to an inversion of the
temperature dependence from increasing with inocrgatemperature to decreasing with
increasing temperature. At higher CaGbncentrations and temperatures, the drop ofitbars
modulus became so strong that it was no longerildest®d make useful oscillatory shear

measurements.

At C=165¢.L? the terminal relaxation time shows a clear maxinfomall temperatures at
about 50mM CaGl Above this concentration the relaxation time ¢@g sharply. At higher
protein concentrations adding Cad&d to an increase of the relaxation time.
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Figure 7. Dependence of the zero shear viscositherCaCi concentration at different
temperatures and different caseinate concentratiod€ated in the figure. The top
horizontal axis shows the corresponding valuesefratio (R) between the molar

concentration of CaGland caseinate.
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As discussed above, adding calcium ions leads &fteactive interaction between the particles.
Such an interaction is not expected to modify ut increases the friction between the jammed
particles and thus the terminal relaxation timeisThay account for the behavior at 3004.L
At lower protein concentrations we also need tosater the effect of phase separation which
leads to a less dense continuous phase intersperediense domains. A decrease of the
concentration of the continuous phase will leaa tiecrease of & A stronger phase separation

at higher temperatures explains the stronger deereiaG..

Phase separation would also lead to a decreasdmothe absence any effect of attractive

interaction. The net effect of calcium ions onril@xation time is thus determined by a balance
between a reduction of the caseinate particle adratgon in the continuous phase and an
increase of the attractive interaction in this ghas higher protein concentrations the volume
fraction of the dense phase becomes large and eraplpte through the system. Clearly, in

this case the structure of the dense phase will@some important for its contribution t@.G

Comparison with networks of caseinate particles.

When polyphosphate is added to an aqueous solofiarative casein micelles, the latter
disintegrate by chelation of the calcium inside¢hsein micelles. As a consequence, caseinate
particles are formed with almost the same sizehassbdium caseinate particfsWith
increasing concentration the viscosity rises stiesiphilarly to NaCas. Also for this system the
viscosity of dense suspensions decreases strontjlyincreasing temperature. An essential
difference with the suspensions studied here, heweilg that the particles irreversibly
aggregate and form self-supporting gels at conatans as low as 40 gL The aggregation

is very slow at room temperature, but the rateciases with increasing temperature. Clearly,
the addition of polyphosphate together with thelcsdél calcium phosphate causes the
formation of strong bonds between the particlesabynechanism that has not yet been
elucidated. Importantly, no phase separation wasmied, though at low concentration the
network was too weak to support its own weightiegdo precipitation of large flocs. Dynamic
mechanical measurements showed that the gelatiocess occurs through percolation of
bound caseinate particlés.No relaxation was observed showing that the bowdse
irreversible, contrary to the bonds formed by agdidaC} to NaCas. This explains why in this
system no phase separation occurred as densificatianhibited by the elasticity of the
network. The elastic modulus increased with theasgjof the protein concentrations between
40-200 g.t, similarly to Gy for NaCas suspensions at C > 1409g.hut the absolute values
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were somewhat smaller. Interestingly, no signiftcaffect of the temperature oneGvas
observed. This indicates that the elasticity fas #ystem is determined by the connectivity of
the network and not by the repulsion between jampaaticles even at higher concentrations,

where the connected particles are also clearly jatdam

Conclusion

Jamming, phase separation and network formatioth®fsame caseinate particles can be
induced in aqueous suspension by subtle variatadnthe mineral composition. Sodium
caseinate forms small particles with a radius ouali0 nm in aqueous solution by association
of hydrophobic chain sections. Above a concentnatiicabout 80g.1% the particles jam causing
a sharp increase of the viscosity. In the jammatkghe viscosity increases following a power

law with an exponent that decreases with increasngerature.

For C > 140g.I* the visco-elastic properties of the suspensioms lma characterized by
oscillatory shear measurements. Master curvesedfélguency dependencan be obtained by
temperature—frequency superposition. They showialynalastic response at high frequencies
and a relaxation characterized by a broad relaxdtmoe distribution. The elastic modulus
increases with increasing protein concentrationtantperature. The latter can be understood
by an increase of the aggregation number and thesitgeof the caseinate particles with
increasing temperature. The terminal relaxatioretinctreases very strongly with increasing
concentration and decreasing temperature and isiadhenant cause of the variation of the
viscosity. The dynamics of the jammed caseinatagbes cannot be explained solely in terms
of the escape of soft particles from the cage farimg neighbouring particles. Possibly, the
increase of the relaxation time upon lowering teengerature is caused by increased
interpenetration of the particles and thus stromigetion. Alternatively, it could be caused by
hydrogen bond formation between particles. Additaincalcium ions causes an attractive
interaction between the caseinate particles leadingphase separation above a critical
concentration. Spherical dense protein domainsfefvamicrons in diameter are formed that
merge at higher protein concentrations. The voltnagtion of the dense phase increases with
increasing protein concentration until C= 30044nd higher, the dense phase occupies the
whole volume. A small fraction of the particlestire dense domains form strong bonds that
can withstand dilution in pure water. The additafncalcium ions causes a reduction af G
which is more pronounced at higher temperatures. ddtrease of &is probably caused by
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the decrease of the protein concentration in timtirmoous phase when dense protein domains
are formed. At higher protein and calcium concéins the dense phase may percolate the
system and contribute significantly teiGvhich implies that the structure of the densespha
also becomes an important parameter. At C = 30bthe effect of adding calcium ions is very
small because the system remains homogeneous.tffaetian between the particles caused
by addition of calcium ions leads to an increasthefrelaxation time. However, this effect is
off-set by the reduction of the density of the aombus phase in more dilute solutions leading
to a decrease in s at high Ca€bncentrations. Clearly, the effect of adding iceations on

the dynamics of dense caseinate particle suspensatetermined by a complex interplay of

increased attractive interaction and formation béterogeneous structure.
References

1. W. B. Russel, D. A. Saville and W. R. Schowal@olloidal dispersionsCambridge
Univ Pr, 1992.

2. F. Sciortino and P. Tartagliadvances in Physic005, 54, 471-524.

3. D. Stauffer and A. Aharonyntroduction to percolation theoryTaylor & Francis,
London, 1992.

4. K. A. Dawson Current Opinion in Colloid and Interface Scien2€02, 7, 218-227.

5. G. Foffi, C. De Michele, F. Sciortino and P. tBgtia, Physical Review Letter2005,
94, 078301-078301-078304.

6. F. Sciortino and E. ZaccarelCurrent Opinion in Solid State and Materials Scenc
2011, 15, 246-253.

7. S. Babu, J.-C. Gimel and T. Nicoldgurnal of Chemical Physic2006, 125, 184512-
184511-184510.

8. W. C. K. Poon, L. Starrs, S. P. Meeker, A. MaiidsR. M. L. Evans, P. N. Pusey and
M. M. Robins,Faraday Discussionsl999, 112, 143-154.

9. P. F. FoxAdvanced Dairy Chemistry vol.Proteins 3rd editions, ed. K. A. P.F. Fox
and P.L.H. McSweeney, 2003, pp. 427-435.

79



Faraday Discussions 158(1) 325-339 Chapter4.1

10. C. R. SouthwardDevelopement in Dairy Chemistry-dd. F. P. Fox, Elsiever Applied
Science, London, 1989, pp. 173-244.

11. B. Chu, Z. Zhou, G. Wu and H. M. J. Farrétlurnal of Colloid and Interface Science
1995, 170, 102-112.

12.  A. HadjSadok, A. Pitkowski, L. Benyahia, T. Nliai and N. Moulai-Mostefal-ood
Hydrocolloids 2008, 22: 1460-1466.

13.  J. A. Lucey, M. Srinivasan, H. Singh and P.Munro, Journal of Food Chemistry
2000, 48, 1610-1616.

14. A. Pitkowski, D. Durand and T. Nicoldi, Coll. Interf. Sci2008, 326, 96-102.

15. C. G. de Kruif and V. Y. Grinberd;olloids and Surfaces. A:Physicochem. Eng.
Aspects2002, 210, 183-190.

16. D. S. HorneCurrent Opinion in Colloid and Interface Scien@®02, 7, 456-461.
17. D. Farrer and A. Lipsnternational Dairy Journal 1999, 9, 281-286.

18.  J. Fichtali, F. R. van de Voort and G. J. Dgylmurnal of Food Engineerind.993, 19,
203-2011.

19. S. M. Loveday, M. A. Rao, L. K. Creamer andSthgh,Journal of Food Scien¢@010,
75, N30-N35.

20.  A.Bouchoux, P. E. Cayemitte, J. Jardin, G.a@@&Suiziou and B. CabanBiophysical
journal, 2009, 96, 693-706.

21. E. M. Alvarez, P. H. Risso, M. A. M. Canales, 3 Pires and C. A. Gat@olloids and
Surfaces A: Physicochemical and Engineering Asp2688, 327, 51-56.

22.  A. Pitkowski, T. Nicolai and D. DuranBpod Hydrocolloids2009, 4, 1164-1168.

23. C. A. Zittle and E. S. Dellamonicaschives of Biochemistry and Biophysit958, 76,
342-353.

24. F. Cuomo, A. Ceglie and F. Lop&nod Chemistry2011.

25. M. Panouillé, L. Benyahia, D. Durand and T.d{&g, J. Coll. Int. Sci. 2005, 287, 468.

80



Faraday Discussions 158(1) 325-339 Chapter4.1

26. M. Panouillé, D. Durand, T. Nicolai, N. Boissetd E. Larquet). Coll. Int. Sci. 2005,
287, 85.

27.  A. Pitkowski, T. Nicolai and D. Durandl, Rheology2007, 52, 971.
28. J. Rooverdylacromolecules1994, 27, 5359-5364.

29. D. Vlassopoulos, G. Fytas, S. Pispas and Nji¢habtidis, Physica B: Condensed
Matter, 2001, 296, 184-189.

30. A.J.Carr, P. A. Munro and O. H. Campaneltayrnal of Dairy Researg2002, 12,
487-492.

81



Int. Dairy J. 31(1) 325-339 Chapter4.2

Chapter 4.2. Comparative study of the rheology and the structure

of sodium and calcium caseinate solutions.
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Abstract

The viscosity and the frequency dependent sheaulnofldense calcium caseinate (CaCN)
and sodium caseinate (NaCN) suspensions were igatsi as a function of concentration (50-
300g.LY) and temperature (10-50°C) at pH 6.7. Both systfnm visco-elastic suspensions
with a viscosity that increases strongly with iragi&g concentration and decreasing
temperature. An important effect of the counterearthe visco-elastic properties was observed
that is attributed to the specific binding of calo, which reduces the electrostatic repulsion
and induces a net attractive interaction betweaeina. The latter may lead to micro-phase
separation as was observed by confocal laser stamnicroscopy. Mixtures of NaCN and
CaCN were significantly different from pure NaCNtliey contained more than 50% CaCN.
The equivalence between NaCN with added @a@dl CaCN is discussed.
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1. Introduction

In milk, the caseins are assembled into large agges called casein micelles, which are held
together by colloidal calcium phosphate (CCP) (#0r2006). The CCP can be removed by
lowering the pH to the iso-electric point, whichds to precipitation of the casein, and washing.
Subsequently, the casein can be resuspended lpasneg the pH with NaOH or Ca(OH)
resulting in aqueous solutions of sodium caseirfi@CN) or calcium caseinate (CaCN),
respectively. Both NaCN and CaCN are produced itnilly on a large scale and have found
applications in a range of food products (MulvilBilFox, 1989; Southward, 1989). In aqueous
solution, NaCN forms small aggregates with a raditebout 11 nm containing about 15 casein
molecules, depending on temperature, pH and thie girength (Chu, Zhou, Wu, & Farrell,
1995; HadjSadok, Pitkowski, Benyahia, Nicolai, & Mai-Mostefa, 2008; Lucey, Srinivasan,
Singh, & Munro, 2000). The rheology of NaCN suspems has already been studied in
considerable detail (Bouchoux et al., 2009; Fa&drips, 1999; Fichtali, Van de Voort, &
Doyon, 1993; Loveday, Rao, Creamer, & Singh, 2@ikowski, Durand, & Nicolai, 2008;
Thomar, Durand, Benyahia, & Nicolai, 2012). Densspensions of NaCN (C >100g¢")Lare
visco-elastic and their viscosity increases strpmgth increasing concentration and decreasing
temperature. The increase of the viscosity wasagx@dl by jamming of the close packed small
casein particles (Pitkowski et al., 2008). The terafure dependence could in part be explained
by a decrease of the effective volume fraction witlreasing the temperature and in part by a
decrease of the friction between the particles (fdwoet al., 2012). It is well known that
casein is insensitive to calcium ions, whereasother caseins specifically bind €awhich
reduces electrostatic repulsion and induces aggoeg@algleish & Parker, 1980; Parker &
Dalgleish, 1981; Swaisgood, 1993; Zittle & Dellaroan 1958). The effect of adding Ca®h

the aggregation dafis;-casein (Dalgleish & Parker,1980; Dalgleish, Pater& Horne, 1981;
Farrell, Kumosinski, Pulaski, & Thompson, 1988; her1983) ang-casein (Farrell et al.,
1988; Guo, Campbell, Chen, Lenhoff, & Velev, 200&rker & Dalgleish, 1981) in dilute
solution has been investigated in some detail. d@N suspensions, addition of Ca@ads to
the formation of micron sized dense protein dom#ias agglomerate and precipitate in more
dilute suspensions (Cuomo, Ceglie, & Lopez, 201dpdz, Cuomo, Lo Nostro, & Ceglie,
2012). Consequently, adding calcium ions strongkgreases the solubility of caseinate
(Pitkowski, Nicolai, & Durand, 2009; Thomar et &012). However, the soluble fraction still
consists of small aggregates similar to those fdrinehe presence of NaCl (Pitkowski et al.,

2009). The formation of dense protein domains epresence of Caincreases the turbidity

83



Int. Dairy J. 31(1) 325-339 Chapter4.2

and influences the rheological properties of der@aseinate suspensions (Thomar et al., 2012).
Studies of CaCN have focused in most cases onmtdsdying properties (Sosa-Herrera,
Lozano, Ponce de LeoOn, & Martinez-Padilla, 201 2nigasan, Singh, & Munro, 1999; Ye,
Srinivasan, & Singh, 2000) and its capacity fanf{Monedero, Fabra, Talens, & Chiralt, 2010)
and fibre formation (Grabowska, van der Goot, & Bp@012; Manski, van der Goot, & Boom,
2007). As far as we are aware, the morphology hadheology of dense CaCN suspensions
have not yet been investigated in detail. The dbje®f the present study was to characterise
the microscopic structure, the frequency depenstegdir moduli and the viscosity as a function
of the casein concentration and the temperaturerd$ults were compared with those obtained
on NaCN. We have also studied mixtures of NaCN @a€N, and discuss the difference
between CaCN and NaCN with the equivalent amout=bf added in the form of Cagl

2. Materials and methods

2.1. Materials. NaCN and CaCN powders used for this study wereigeohby Armor Protein
(Saint-Brice, France). According to the manufaatutee CaCN powder contained 1.3% (w/w)
calcium and the NaCN powder contained 1.3% (w/wjigo. In both cases, this amount
corresponds approximately to the counterions aadithount of excess salt is very small. The
water content was 5% (w/w) for both powders. Thegers were dissolved in deionised water
containing 3mM sodium azide as a bacteriostatioadde pH was adjusted to pH 6.7 by slow
addition of 0.1M HCI or 1M NaOH under continuousrsig. The casein concentration (C)
was determined by measuring the nitrogen contejeld&hl) and UV absorption at 280nm
using a UV-Visible spectrometer Varian Cary-50 Bies Ulis, France). Consistent results
were obtained using an extinction coefficient &0L.g*.cnt. The suspensions were prepared
by stirring at 80°C for about 20 min.

2.2. Rheology. Continuous and oscillatory shear measurements wemde with a stress-

imposed rheometer (AR2000, TA Instruments, Guyaricddarance) using a cone-plate
geometry (40 mm, 0.58° or 20 mm, 4.01°). For C<16%ghe measurements were performed
with another stress-imposed rheometer (MCR 301o@dftaar, Graz, Austria) using a Couette
geometry (inner and out diameters: 26.6 and 28.9.rhe temperature was controlled by a

Peltier system and the geometry was covered witinaral oil to prevent water evaporation.
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2.3. Confocal Laser Scanning Microscopy. Confocal Laser Scanning Microscopy (CLSM)
was used in the fluorescence mode. Observations made with a Leica TCS-SP2 (Leica
Microsystems Heidelberg, Germany). A water immersibjective lens was used HCx PL APO
63x NA= 1.2 with a theoretical resolution 0.3mmitlre x-y plane. The caseins were labeled
with the fluorochrome rhodamine b, by adding a $malount of a concentrated rhodamine
solution to the solutions. The rhodamine was egaitgng a helium neon laser with wavelength
543nm and the fluorescence was detected with aphatiplier. Care was taken not to saturate
the fluorescence signal and it was verified thatamplitude of the signal was proportional to

the protein concentration.

3. Resultsand discussion
3.1. Structure of calcium caseinate suspensions

For the CaCN sample used here, the ratio (R) betweemolar concentrations of calcium and
caseinate is equal to 7. The study was performpti & 7 where the average charge density of
caseinate is close to -14 (Swaisgood, 1993). Camsely, almost all calcium ions are
counterions. Aqueous solutions of CaCN were tudii@ll concentrations investigated (10-
300g.LY) whereas NaCN solutions were transparent at lowc@atrations and translucent at
higher concentrations. CLSM images of suspensiéiza&N show spherical dense domains

of proteins with diameters of several microns (Fegl).

Figure 1. CLSM images of suspensions of calciureinate for different protein
concentrations: a, C= 10 g}, b, C= 130g.L*; ¢, C = 235 g.LX. Images represent
150x150mm. For clarity, in all images the contrastween the phases has been artificially
increased.

This suggests that the presence of calcium cowmieris sufficient to induce micro-phase

separation at concentrations as low as Ifgllhe protein concentration of the dense phase
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was about 250g:t similar to that reported for the protein domaihattformed when Cagl
was added to NaCN (Thomar et al., 2012). The denstiein domains were precipitated by
centrifugation (2 h at 50,0Qp after incubating overnight between 10 and 40°Re Traction
of soluble proteins (F) remaining in the superniateas determined as a function of the total

protein concentration (C =10-80g i Figure 2).
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Figure 2. Fraction of soluble proteins (F) in thepernatant after centrifugation of calcium
caseinate suspensions as a function of the protwentration for different temperatures
indicated in the figure.

F decreased sharply with increasing CaCN concémraip to about 30g:tand weakly at
higher concentrations. The decrease was more pnoedwat high temperatures suggesting that
the calcium induced interaction increased with easing temperature. A decrease of the
solubility with increasing temperature was alsoorégd for NaCN with added CaQThomar

et al., 2012). It has been reported earlier fartdibolutions of puras:- andp-casein that Ca
binds more strongly at higher temperatures leatbreylower critical CaGlconcentration for
precipitation (Dalgleish & Parker, 1980; Parker &l@leish, 1981).
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3.2. Rheology of calcium caseinate suspensions

As mentioned in the introduction, the rheology @ solutions has already been investigated
in some detail. Here we show results obtained f@aCl. The zero shear viscosity and the
frequency dependent shear moduli were measuredeowede range of concentrations (50-
300g.LY) and temperatures (10-50°C). It was found thatstiear moduli of CaCN were not
stable immediately after the set temperature washed, but continued to increase (Figure 3).
For the measurements shown here we equilibratesitimgles at each temperature for 20 min.
The results depend somewhat on the choice of thiél@qtion time, but the effect is relatively

small compared with the large effects of varying tbtmperature and the protein concentration.
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Figure 3. Log-log representation of the time deparwt of the storage G’ (filled symbols)
and loss G” (open symbols) shear moduli at 1Hzmiywand after lowering the temperature
from 50°C to 10°C for a suspension of calcium azestei at C =180 g.t. The log-lin
representation (inset) shows that G’ and G” con&duo increase significantly after the set
temperature was reached. The solid line indicatestémperature.

Figure 4a shows the frequency dependence of the siaduli at different temperatures for a
CaCN suspension at C =235g.1At 10 °C the system showed a weak frequency dipese

of the moduli and G’ was larger than G” over theolelfrequency range investigated. At higher
temperatures a cross-over between G’ and G” appetrat shifted rapidly to higher
frequencies with increasing temperature, whiledlastic modulus decreased. A master curve
could be obtained by frequency-temperature supéipo®f the data between 10°C and 40°C
(Figure 4b). The master curve shows clearly thatdnse CaCN suspension is visco-elastic
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and characterised by a broad distribution of relaratimes. Similar behaviour has already

been reported for dense NaCN suspensions with éghdwadded CaG(Thomar et al., 2012).
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Figure 4. Frequency dependence of the storageil@dfsymbols) and loss G” (open
symbols) shear moduli (panel a) at different terapges for a suspension of calcium
caseinate at C=235 g:tand panel b, master curve of the data shown irepambtained by
frequency-temperature superposition at a referé¢angperature of 10°C.

The zero-shear viscosity was derived from the ladoily shear measurements at low
frequencies. It was checked that the same values aldained using flow measurements at

low shear rates. Highly concentrated CaCN suspeasstiowed, similarly to NaCN, shear

thinning behaviour (results not shown).
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Figure 5. Relative zero shear viscosity)(as a function of the protein concentration for
calcium (a) and sodium (b) caseinate at differemiperatures.

Figure 5a shows the zero shear viscosity normabgedtat of waterr(;) of CaCN suspensions
as a function of the protein concentration for ageaof temperatures. For comparison, the
results obtained on NaCN that were reported by Tdrahal. (2012) are shown in Figure 5b.
In both casegq)rincreased strongly with increasing protein concditn and decreased with

increasing temperature.

The strong increase of: with increasing concentration for C >80g.lfor NaCN can be
understood in terms of jamming of soft caseinattigdas. The presence of calcium leads to
the formation of dense caseinate domains, whictatiaally alters the visco-elastic properties
of CaCN suspensions compared with NaCN suspensidrisw protein concentrations, the
viscosity of CaCN is lower than that of NaCN duéhte formation of the dense domains, which
reduces the effective volume fraction of the camtims medium. At a critical concentration that
depends on the temperaturg, increases sharply for CaCN, because the denseim®ma
percolate and form a system spanning network. €laively weak increase of: at higher

protein concentrations is caused by the increasigeofolume fraction of the dense phase.

For both CaCN and NaCN, the decreaseinvith increasing temperature can be partially
explained by a decrease of the effective volumetifsa of the small caseinate patrticles.
However, for CaCN, the effect of increasing tempeem onn, is amplified at lower
concentrations by the increased micro-phase sépardthis caused the very low viscosity at
higher temperatures for C < 190g.LAt higher protein concentrations (C > 1608).lthe
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viscoelastic behaviour could be characterised bgsmements of G’ and G” as a function of
the frequency, which allowed us to determine theniteal relaxation time (s) and the high

frequency elastic modulus {5

T was calculated from the frequendy) (vhere G’ and G” crossed: =1/(2rfc), and G was
taken as 10 times the value of GfafThe choice of the exact valuestadnd G is necessarily
somewhat arbitrary because the relaxation proce$soad. However, the choice does not
influence the concentration and temperature depeedas the relaxation time distribution is
similar in all cases. The concentration dependencet different temperatures is compared in
Figure 6 for CaCN and NaCN.
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Figure 6. Dependence of the terminal relaxatioretifr) on protein concentration for calcium
(@) and sodium (b) caseinates at different tempueest

For NaCN, 1 increased exponentially with increasing concemmnabver the whole range
between 160 and 300g while for CaCN it increased initially very stegpbut only weakly
for C > 200 g.L . Increasing the temperature caused a systematiosh to shorter times. At
all concentrations, the absolutes valuest aere higher for CaCN than for NaCN. The
concentration dependence ot @& shown in Figure 7. Both for CaCN and NaCN the
concentration dependence of Was relatively weak compared with thattpfmplying that the
variation ofnr is mainly controlled by that af. As fort, we observed for NaCN a continuous

increase of @with increasing C over the whole range, whileGaCN we found an initial steep
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increase followed by a very weak increaseir@reased weakly with increasing temperature

for NaCN, while it decreased weakly for CaCN.
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Figure 7. Elastic modulus pof calcium (a) and sodium (b) caseinates suspessas a
function of the protein concentration at differémtnperatures.

The sharp increase ine@ndt for CaCN with increasing concentration and theesponding
sharp rise ofjr suggests that the visco-elastic suspension isddtny percolation of the dense
protein domains. Once the domains form a systemrspg network the stress needed to strain
the system is determined by the domains and noelohyg the suspension of small casein
particles in which the domains are embedded. Theark of dense domains is still tenuous at
160 g.L%, but quickly becomes stronger as more domains déomentact and are strained. This
behaviour is very different from that of NaCN, whiéorms visco-elastic suspensions by
jamming of the small casein particles. The latterlass dense and more deformable than the
dense protein domains causing a more progressivease of the viscosity starting at lower
concentration. Note that at low temperatures, wingicro-phase separation is less important,
the effect of jamming of the small casein partiates still be observed for CaCN at lower
concentrations. The different origin of the elasgidfor NaCN and CaCN also explains the
different temperature dependence @f Bor CaCN, the sharp rise ot Gue to percolation of
the dense domains started at slightly higher canagons at higher temperatures. We speculate
that this is caused by an increase of the denditth® protein domains with increasing
temperature so that they percolate at a higheresdration. For NaCN, &ncreased more

progressively with increasing temperature. Thiseimarkable becausedecreased strongly
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with increasing temperature. A possible explanatoorthis behaviour is that the small casein
particles become less easy to deform with incrgamperature, causing the increase gf G
but that the friction between the particles de@esasausing a decrease of The same
phenomena were earlier reported for NaCN suspessith added Caghnd it was suggested
that with increasing temperature the small paridiecome less entangled (Thomar et al.,
2012).

3.3. Mixtures of sodium caseinate and calcium caseinate

We have investigated mixtures of NaCN and CaCN tewls with a range of protein
concentrations between 120 and 235g At room temperature, the solutions became viguall
turbid when the fraction of CaCN was higher thal6@CLSM showed an increasing amount
of dense protein domains with increasing fractib@@CN starting at 50% (R =3.5) (Figure 8).
It appears that microphase separation occurs whae than 3 calcium ions are present per
casein molecule. The fact that at lower fractiohsCaCN the mixtures are homogeneous
implies that the calcium ions redistribute amorigaseins. The kinetics of this redistribution
is relatively fast as turbid CaCN solutions becotmasparent during mixing with NaCN

solutions.
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.

Figure 8. CLSM images of mixtures of sodium (Na@mM) calcium caseinates (CaCN)
suspensions at C=215g4with different fractions of CaCN. a) CaCN 50% (R533 b) CaCN

60% (R=4.2); c) CaCN 70% (R=4.9); d) CaCN 100% (R4mages represent 40x40um. For
clarity, the contrast of the images between thesphdas been artificially increased.

If less than 60% CaCN was present in the mixtutesy viscosity was very close to that of
pure NaCN. In Figure 9, the concentration depengl@iq, of two mixtures containing 60%
and 85% CaCN is compared with that of pure NaCN @a@N at 20°C. The behaviour is
intermediate at low and high protein concentratiéfmvever, in a narrow range between 150
and 190g.I* the viscosity appears to be slightly larger fa thixtures than for either of the
pure systems. This is probably a consequence obpposing effects: on one hand, when the
content of CaCN is decreased, the characteristigppshcrease of the viscosity for pure CaCN
shifts to lower protein concentrations. However, tbe other hand, the rise becomes less
pronounced. Both effects can be explained by aedser of the density of the protein rich
domains with decreasing CaCN content.
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Figure 9. Relative zero shear viscosity)(of different mixtures of sodium and calcium
caseinates (R=0; 4.2; 6; 7) as a function of thetgin concentration at 20°C.

The present results are compatible to measuremétite viscosity as a function of the ratio
NaCN/CaCN at C=140 g1, which show a small increase up to 60% CaCN arsthaap
decrease at higher CaCN concentrations (Carr, $@uth & Creamer, 2003).

3.4. Comparison between calcium caseinate and sodium caseinate with CaCl2

An important question is whether the behaviour aCll is the same as that of NaCN with
added CaGl Therefore we compared the concentration deperdeing for NaCN solutions
with different amounts of added CaGiith that of CaCN. If 8 C4 ions were added per
molecule the behaviour was very close to that aCIi€4Figure 10). This ratio is within the
experimental error the same as that in the CaCichaheans that it is equivalent to use CaCN
produced by neutralization with calcium hydroxidecalcium carbonate or NaCN with the
same amount of Gaadded in the form of CaglIThe difference is that in the latter case the
solutions also contain sodium ions (up to 170mMJeB00 g.L%). However, we observed only
a small effect of adding 200mM NacCl on the visopsit CaCN.
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Figure 10. Relative zero shear viscosity) (0f mixtures of sodium caseinates and Gal
R=8 compared with that of calcium caseinates asnation of the protein concentration at
20°C.

4. Conclusions

Dense caseinate suspensions are visco-elastidsigooth when the counter ion is’Car N&'.

For both systems the viscosity increases strongly mwcreasing concentration and decreasing
temperature, but the dependence is stronger foNCRQr NaCN, the increase is mainly caused
by jamming of small caseinate particles. For Ca@iitactive interactions are mediated by the
C&* and induce the formation of dense domains of pro@aCN suspensions micro-phase
separate leading to a heterogeneous structurebdtmeviour of CaCN is the same as that of
NaCN to which the same amount of?Cavas added in the form of CaClThe behaviour of
mixtures of CaCN and NaCN is indistinguishable frimat of pure NaCN if less than 50%
CaCN is present. If more CaCN is present in theunexthe viscosities are intermediate at high
and low protein concentrations, but may be slightgher than either of the pure systems in a
narrow concentration range between 150 and 198. g.L
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Abstract.

The effect of adding NaCl or KCI on the rheologygohcentrated sodium caseinate suspensions
was investigated over a wide range of protein comations (C= 40-235g:1) and
temperatures (10-60°C). The viscosity increaseaxhgty with increasing protein concentration,
due to close-packing of caseinate particles, butedsed with increasing temperature. For
C=80g.L%, increasing the salt concentration above 0.2 Medwan increase of the viscosity by
up to more than two orders of magnitude. Oscillatsintear measurements showed that the
suspensions were visco-elastic and that incredeegalt concentration caused an increase of
the terminal relaxation time. Calcium ions causti@etive interaction between the caseins and
led to the formation of dense protein domains slegimentated by centrifugation. Addition of
NacCl led in this case to dissociation of the dgmsgein domains and increased the solubility

of the caseins.
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1. Introduction.

Caseins are the most abundant proteins in milky Bne composed of four types of proteins
as1, 0s2, B andk with a molar mass close to 20kDa (Swaisgood, 19@3inilk, caseins are
assembled into aggregates with a radius of abddinh® called casein micelles that are held
together by colloidal calcium phosphate (CCP) (Deit1998; De Kruif & Holt, 2003; Horne,
2006). CCP can be removed by lowering the pH tagelectric point causing precipitation of
the caseins. They can be resolubilized in the fofrsodium caseinate (NaCas) or calcium
caseinate (CaCas) by a neutralization with NaOBa&(OH), respectively (Mulvihill & Fox,
1989; Southward, 1989). Both sodium and calciuneioase are widely used as emulsifying,

foaming or texturing agents in food products.

The rheology of caseinate suspensions has alresatyibvestigated in some detail (Bouchoux,
et al., 2009; Farrer & Lips, 1999; Fichtali, Van Weort, & Doyon, 1993; Loveday, Rao,
Creamer, & Singh, 2010). In aqueous solution, Nad@Gams small aggregates with a radius of
about 10 nm consisting of about 15 molecules (@mou, Wu, & Farrell, 1995; HadjSadok,
Pitkowski, Benyahia, Nicolai, & Moulai-Mostefa, 280Lucey, Srinivasan, Singh, & Munro,
2000). The size of these aggregates depends orlkywen the temperature or the pH, as long
as it is higher than 5.2. The viscosity of NaCasitemns increases strongly with increasing
protein concentration above about 100ftecause the particles become close packed
(Pitkowski, Durand, & Nicolai, 2008).

In dilute solutions, the molar mass and the hydnadyic radius of NaCas aggregates were
found to increase upon addition of NaCl up to 0.1Mt remained constant at higher NaCl
concentrations, at least up to 0.8M (HadjSado&l.eR008). In more concentrated systems, the
viscosity of NaCas suspensions showed a tendenimctease when NaCl was added (Carr,
Southward, & Creamer, 2003; Carr & Munro, 2004;Hansson, 1975; Konstance & Strange,
1991). Carr and Munro (2004) reported an incre&sesoshear moduli for NaCas suspensions

containing more than 1M NaCl, which they attributedhe reduction of protein hydration.

The presence of calcium ions can strongly influghegproperties of caseinate suspensions.
casein is insensitive to €zbut the other caseins can specifically bind*Gaducing the net
charge of the proteins and thus the repulsive relstettic interaction between the particles
(Dalgleish & Parker, 1980; Dalgleish, Paterson, &, 1981; Farrell, Kumosinski, Pulaski,
& Thompson, 1988). Above a critical concentratidnGaCb, NaCas suspensions become
turbid (Thomar, Durand, Benyahia, & Nicolai, 201#)e to the formation of micron-sized
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dense proteins domains (Alvarez, Risso, Canaless P8 Gatti, 2008; Thomar, et al., 2012).
The presence of Gacan also strongly modify the rheological propertief caseinate
suspensions. Adding a small quantity of Gag2luses an increase of the viscosity, whereas a
large quantity can cause insolubility and prectpta(Cuomo, Ceglie, & Lopez, 2011; Farrell,
et al., 1988; Guo, Campbell, Chen, Lenhoff, & Vel@003; Lopez, Cuomo, Lo Nostro, &
Ceglie, 2012; Pitkowski, Nicolai, & Durand, 2009itl¢, DellaMonica, Rudd, & Custer, 1958)
of a fraction of the proteins causing a decreagb@iviscosity (Carr, Munro, & Campanella,
2002; Thomar, et al., 2012). However, addition darge quantity of CaGlto concentrated
caseinate suspensions (>140Y.leads to an increase of the viscosity due taaezpacking
of the dense protein domains (Thomar, et al., 2012} influence of G4 on the properties of
caseinate suspensions is the same whether thagded in the form of Cagbr are present as

counterions in the case of CaCas (Thomar, NicBlanyahia, & Durand, 2013).

So far little attention has been paid to the effetctadding monovalent salt to caseinate
suspensions that contain®Cat was noted that adding NaCl decreased theditybof CaCas
suspensions and modified their emulsifying propsrt(Ye, Srinivasan, & Singh, 2000).
Moreover, in the presence of NaCl, less caseinageigitated after addition of Cal(Ye, et

al., 2000; Zittle, DellaMonica, & Custer, 1957) gg@sting a competition betweenCand

Na’ for the binding sites of caseinate. Here we reportan investigation of the effect of
monovalent salt on the structure and the rheolddya€as and CaCas suspensions over a wide
range of protein concentrations. In the first pegtdiscuss the dynamic mechanical properties
of dense NaCas suspensions as a function of thé dfd@alie KCI concentration. In the second
part we discuss the effect of adding NaCl on tHalslity and the heterogeneous structure of

caseinate suspensions in the presence ©f Ca

2. Materialsand methods

2.1 Preparation of caseinate solutions. The NaCas and CaCas powders used for this study
were acquired from Armor Protein (Saint-Brice, Fr@n The CaCas powder contained 1.3 %
(w/w) calcium and 0.3 % (w/w) sodium, whereas treClds powder contained 1.3 % (w/w)

sodium and no detectable calcium. The powders cwdapproximately 5% (w/w) water.

The powders were dissolved by adding deionised r{délipore) while stirring and kept

overnight at room temperature while stirring. 3 ,sbtlium azide was added to the water as a
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bacteriostatic agent. Concentrated casein solui6r450g.LY) were very viscous at room
temperature and needed to be heated at 80°C d@ingnutes while stirring in order to render
them fully homogeneous. In this way homogeneoustisnls could be prepared up to 300g L
1. Adjustment of the pH to 6.7 was done by slowlgliad 0.1M HCI or 1M NaOH while

stirring. The casein concentration was determingdmgasuring the UV absorption at a
wavelength of 280nm using a UV-Visible spectrom&tarian Cary-50 Bio (Les Ulis, France)

with extinction coefficient 0.85L:cm.

2.2. Rheology. Continuous and oscillatory shear measurements weme with a stress-
imposed rheometer (TA Instruments Rheolyst AR2088y Castle, DE, USA) using a cone -
plate geometry (20 mm, 4.01 degrees). Suspensidthsnyw 0.1Pa.s were measured with
another stress-imposed rheometer (MCR 301, Ant@m;Raraz, Austria) using a Couette
geometry (inner and out diameters: 26.6 and 28.9 mespectively). The temperature was
controlled by a Peltier system and the geometrycsasred with a mineral oil to prevent water
evaporation. The zero-shear viscosity was detemnyelow measurements at low shear rates
and forn > 1Pa.s by oscillatory measurements at low freq@sndi was verified that the same

values were obtained using continuous or osciesbear.

2.3. Confocal Laser Scanning Microscopy. Confocal Laser Scanning Microscopy (CLSM)
observations were made with a Leica TCS-SP2 (LBimaosystems Heidelberg, Germany)
using a water immersion objective lens HCx PL AR BIA=1.2. Fluorochrome rhodamine

b was used to label the caseins. A small amoumtohcentrated rhodamine solution was added
to the casein solutions to yield a total concemnadf 5ppm. The rhodamine was excited using
a helium-neon laser with wavelength 543nm and fbherdéscence was detected with a
photomultiplier. Care was taken not to saturateflir@rescence signal and it was verified that

the amplitude of the signal was proportional togh&tein concentration.

2.4. Calcium activity. The calcium ion activity was determined using acicah-specific
electrode (Fisher Scientific, Hampton, NH, USA). calibration curve was obtained by
measuring the potential of CaClolutions (0-50mM) in water or NaCl. The concetibra of

free calcium ions was determined by assuming tiaattivity of bound G4 was negligible.

3. Results and Discussions

3.2. Influence of NaCl on therheology NaCas suspensions
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The influence of NaCl on the rheology of NaCas suspns was studied by measuring the
zero shear viscosity and the frequency dependearshoduli over a wide range of protein
concentrations (C= 40-300g?), NaCl concentrations ([NaCl]= 0-4M) and temperasu(T=
10-60°C). Figure 1 shows the zero-shear viscositiNaCas suspensions at C= 80§.L
normalized by that of water¢), as a function of the NaCl concentration. We rbtd the
concentration of sodium counterions of NaCas is M8at C= 80g.t!. Above a critical
concentration of NaCl, which increased with incneggemperature, a sharp increasenef
was observed before precipitation of the protesaftihg out), which started at 3.5M. The effect
of NaCl became significant only above 0.1M NaCl éneled off at 2.5M NaCl. For a given
NaCl concentratiomye decreased with increasing temperature. This maady been reported
for suspensions without added salt or at low gaitentrations and was attributed to a reduction
of the effective volume fraction of the caseinat@tiples with increasing temperature
(Pitkowski, et al., 2008; Thomar, et al., 2012).

10°

10°C

104 F

o > <O OQO0

- 108 ¢
102 L

101 52

[NaCl] (M)

Figure 1. Log-lin representation of the relative@shear viscosityyel) as a function of the
NaCl concentration for sodium caseinate suspensiGr80 g.L', pH 6.7) at different
temperatures as indicated in the figure.

The effect of the shear rate on the viscosity f¢dint NaCl concentrations is shown in Figure
2. Elsewhere it was shown that dense suspensioh®aGhs without added salt were shear
thinning (Pitkowski, et al., 2008). Here we find the more viscous solutions that increasing
the shear rate causes initially shear thickenwliggWwed by shear thinning at higher shear rates.

The same behavior was observed during repeated rstteaamps.
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Figure 2. Shear rate dependence of the viscogjtgf(sodium caseinate suspensions
(C=80g.L?%, pH 6.7) at 20 °C and for different added NaCl@emtrations, as indicated in the
figure. The lines are guides to the eye.

Similar effects of NaCl on the viscosity were olyeer at higher casein concentrations up to
235¢.L1. In Figure 3, we show the concentration dependeheg at 20 °C for several high
NaCl concentrations. It was already shown thabat $alt concentrations thate increases
strongly with increasing protein concentration whbe caseinate particles become close
packed (Pitkowski, et al., 2008). Clearly, the @ase of the viscosity is much stronger at higher
NaCl concentrations and starts at lower proteincentrations. However, for C<70gtlthe
effect of adding NaCl on the viscosity is small e high salt concentrations. For C>100g.L
! the relative increase of the viscosity due toitsmttl of NaCl did not depend on the protein
concentration and is by more than two orders ofmtade when 3M NacCl is added.
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Figure 3. Protein concentration dependence of #lative zero-shear viscosity.4) at 20 °C
for suspensions of sodium caseinate (pH 6.7) &réifit NaCl concentrations as indicated in
the figure. The lines are guides to the eye.

The frequency dependence of the storage (G’) assl (G”) shear moduli of the caseinate
suspensions were determined at different tempe&sités was already shown elsewhere for
suspensions at low ionic strength, master curvesbeaobtained by temperature-frequency
superposition (Pitkowski, et al., 2008). Figurehd\ss master curves obtained for suspensions
at C = 165 g.t* at different NaCl concentrations withef= 10°C. At each ionic strength the
frequency dependence of G' and G" is typical facetelastic systems with a solid-like
response at high frequencies and a liquid-like aesp at low frequencies. The transition

between the two behaviours shifts to lower freqiesnarhen more salt is present.

106



Int. Dairy J. 37(1) 48-54 Chapter5

on oo
10% ..-.--".:‘ . :”ul“u
. e’ S A reoscalolncle s
T @55@3900@3"" 3000000000p%>
5 10 - o?ﬁg 03300000 w ' oo © without added salt
¥ 0% ¥ ¥ o v 0.4molLl
< ot T oyt o 1.5mol.L"L
- 102 %Y g o ® S
© QN vV e ¢ 25molL”
v v
= $ g a J Yo e o 3molL?
< 101 7 EE '. y 'Vz)
[}
D515 ! VV 'O
! T e
100 - .— ; ;
106 105 10“ 10® 102 10! 10° 10!
ar*f(Hz)

Figure 4.Master curves (g=10 °C) obtained from a temperature-frequency sppsition of
the frequency dependent elastic G' (filled symbeants) the viscous G" (opened symbols)
shear moduli for suspensions of sodium caseinatd§6 g L', pH 6.7) for different
concentrations of NaCl as indicated in the figure.

The terminal relaxation timer)( was calculated from the frequency) (vhere G' and G"
crossed:t =1/(2tfc) and the high frequency elastic shear modulug (@&s taken rather
arbitrarily as 10 times the value of G' affthe concentration dependence ahd G at different

NaCl concentrations is shown in Figure 5.

At the two higher NaCl concentrations,e Gcreased sharply with increasing protein
concentration between C = 80 and 150%;hd weakly at higher concentrations, see Figure 5a.
At lower salt concentrations,eGould only be determined with some precision faf.@0g.L .

At a given protein concentrationg @id not depend strongly on the NaCl concentration.

Figure 5b shows that at all NaCl concentratiansicreased strongly with increasing protein
concentration over the whole range where it cowdddetermined. Contrary to the elastic
modulus, the relaxation time depended stronglyheNaCl concentration. The increase of the
viscosity with increasing NaCl concentration isghrincipally caused by an increase of the

relaxation time.
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Figure 5a.Elastic modulus (sof sodium caseinate suspensions (pH 6.7) asdaifumof the
protein concentration at 10 °C for different conttations of NaCl as indicated in the figure.
The solid line is a guide to the eye.

Figure 5b.Protein concentration dependence of émminal relaxation time of sodium
caseinate suspensions at 10 °C for different camagons of NaCl as indicated in Figure 5a.
The solid lines are guides to the eye.

For dense suspensions of colloidal particles thaiteal relaxation time typically corresponds
to the time needed for the particles to escape ftumcage formed by their neighbours. The
escape time increases when the effective volunwidraof the particles increases, but also
when the attraction between the particles increéi3awson 2002; Hunter and Weeks 2012).
The former effect explains the strong increasewaith increasing protein concentration. It may

also explain in part why the relaxation time, ahdst the viscosity, drops with increasing
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temperature (Thomar, et al., 2012). However, thengtincrease of with increasing NaCl
concentration is most likely caused by increasittigaetive interactions between the particles.
Electrostatic interaction is already efficientlyesened at 0.2M NaCl where the viscosity is still
close to that in pure water (Carr, et al., 200RerEfore we may exclude screening as the origin
of the increase of the viscosity at high NaCl coniaions. Most likely the increase of the

attractive interaction between the proteins is edusy partial dehydration of the proteins.

We repeated some of the measurements with KClpfdtein concentration dependenceyef

at 20 °C is shown in Figure 6 at 0.4 and 1.5M Kad @ompared with the results for NaCl.
Clearly, the effect of adding KCl is the same ad tf adding of NaCl within the experimental
error. We also observed salting out with KCI at 4Mese results show that the phenomena

discussed here are not specific for sodium.

1010
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Figure 6.Concentration dependence of the relatere® shear viscosityfe) at 20°C of
suspensions of sodium caseinate (pH 6.7) for éiffieNaCl (open symbols) and KCI (closed
symbols) concentrations as indicated in the figure.

3.2.  Influence of NaCl on the calcium induced precipitation of casein.

As mentioned in the introduction, adding calciunN@Cas suspensions leads to the formation
of dense protein particles with a radius of aboutieron, which affects the structure and the
rheology of the suspensions. The effect is detezthiny the concentration of calcium ions

([C&a?*) and it is equivalent to use CaCas or NaCas wailtied CaGl(Thomar, et al., 2013).

For not too viscous suspensions (C < 103y.the large dense protein particles can be removed
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by centrifugation (50,009 — 2 h) and a clear supernatant is obtained. It al@ady shown
elsewhere (Pitkowski, et al., 2009; Thomar, etZl12) that in the absence of NaCl the fraction

of soluble proteins (F) in the supernatant decieasth increasing [C4].
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>
©
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v 0.1M NacCl
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0 20 40 60 80 100
[Ca®] (mM)

Figure 7.Fraction of soluble proteins in a suspensbf sodium caseinate (C=80¢} LpH6.7)
as a function of the total calcium ion concentratior different concentrations of NaCl at
20°C, as indicated in the figure.

Figure 7 compares the effect ofZan the solubility of a NaCas suspension at C =I8ig
water with that obtained in the presence of 0.D.dM NaCl. It is clear that adding NaCl
increases the solubility of caseinate at a givefi" €Cancentration. Notice that at these salt
concentrations the effect of NaCl on hydration lod proteins is still relatively weak. The
dependence of F on the NaCl concentration is shovangure 8 at two Caglconcentrations:
28 and 40mM. As was mentioned above, the concemtraf sodium counterions at C=80 g.L
lis 48mM and cannot be neglected at low concentratid added NaCl. For both systems the
solubility increased with increasing NaCl concetvra up to 2M, above which it decreased
sharply due to salting out. Notice that the effettsalting out started at a lower NaCl
concentrations in the presence offCthan for pure NaCas. At 28mM CaGlo caseinate
precipitated between 0.4 and 2M NaCl, whereas atM@aC} a small fraction of caseinate

precipitated even at 2M NacCl.
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Figure 8. Fraction of soluble proteins in suspensiof sodium and calcium caseinate (80g.L
1 pH6.7) at 20°C as a function of the Neoncentration at different concentrations of CacCl

In order to verify that the solubility was contedl by the C& concentration also when it is
present in the form of counterions, we investigaBafCas suspensions with the same total
calcium ion concentration. As mentioned abovec#ieium counterion concentration of CaCas
is 28mM so that pure CaCas can be compared withaslaGntaining 28mM Cag;lwhile for

the comparison with NaCas containing 40mM Ga@¢ added 12mM Caglko the CaCas
suspension. Figure 8 shows that the effect of ad&Cl on the solubility, is indeed the same
in agreement with earlier results (Thomar, et2013) on solutions without NaCl (Thomar, et
al., 2013).

The origin of the increased solubility of casepon addition of NaCl is most likely related to
the reduction of C4 binding by casein when Naompetes for the binding sites of Ca
Dalgleish and Parker (1980) reported for puyecasein solutions a decrease of bouné Gg
adding NaCl up to 0.2M. For pufecasein, a decrease of bound?Qaas also reported by
adding NaCl up to 0.1M (Baumy & Brulé, 1988). Wevbaneasured the activity of €aising

a calcium sensitive electrode for a CaCas susperai80g.!, see Figure 9. In pure water,
almost all C&" was bound to the proteins. With increasing NaQicemtration an increasing
fraction of C&" was released into solution, but the effect of aganore NaCl stagnated at 1M
when approximately half of the bound“had been released. Apparently about half of the

calcium counterions is more strongly bound andisreleased even in a large excess of Na
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Figure 9. Fraction of bound G4 as a function of the NaCl concentration for suspems of
calcium caseinate (C=80 g}, pH 6.7) at 20°C. The total concentration offCwas 28 mM.

We have investigated the structure of the caseswpensions with CLSM. In an earlier study
we showed that above a critical number of‘Cans per casein molecule the suspensions
become heterogeneous on microscopic length scetesnar, et al., 2012). Here we investigate
the influence of adding NaCl on the structure. lesagf NaCas suspensions at C= 80g.L
containing 40mM of CaGland different concentration of NaCl are showniguFe 10. In the
absence of NaCl the suspensions contained dens#pdomains. When an increasing amount
of NaCl was added fewer but larger domains werméar until at 1.5M NacCl the suspension
became homogeneous. Adding even more NaCl led dgaihe formation of large dense
protein domains (Figure 10) which we attributeatiisg out. A similar effect of adding NacCl
was observed for suspensions of 80gCaCas that contained 28mM an the form of
counterions, results not shown. However, this laistem became homogeneous at a lower
NaCl concentration (0.4M), because it contained [@&*. The reduction of the number of
dense domains with increasing NaCl concentratioossisted with the increase of the
solubility discussed above and explains the deerefthe turbidity that was reported by Ye et
al. (2000).
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.
.

Figure 10. CLSM images (160x160 pum) of suspensibssdium caseinate (C=80g'|pH
6.7, 20°C) containing 40mM CagAnd various concentrations of NaCl: (a) withoutlad
salt; (b) 0.2M NaCl; (c) 0.4M NaCl; (d) 1M NacCl;)@.5M NacCl; (f) 2M NacCl; (g) 3M NaCl.

The contrast has been atrtificially increased.

Adding NaCl may thus be considered as equivalememeoving a fraction of casein-bound
C&*. In pure water, caseinate is fully soluble at G383 as long as the concentration of bound
C&*ions is less than 20mM (Figure 7). This meansithatder to fully solubilize suspensions
at [C&*] = 40mM, half of the bound calcium ions need Hetated, which can almost be
realized by adding 2 M NaCl. On the other hand, wthe suspension contains 28mM?Ca
only about a third of the calcium ions needs tdilberated which can be achieved by adding
0.4M NacCl.

4. Conclusions

Addition of high concentrations of NaCl or KCI taseinate solutions leads to dehydration of
caseins, which causes attractive interaction betvaeeall caseinate particles. Above 0.2M
NaCl the viscosity of concentrated caseinate suspes (C> 70 g.1) increases strongly with
increasing salt concentration until they precigitat 4M. The increase was observed over wide
range of temperatures and protein concentratiolsic€htrated caseinate suspensions are
viscoelastic liquids with a high frequency elastiodulus that increases strongly with the
protein concentration, but depends only weakly bea salt concentration. The terminal
relaxation time of the suspensions increases diravith increasing salt concentration causing

a strong increase of the viscosity. Probably, dedtyah leads to transient bond formation
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between caseinate particles which increases theerteaded for the particles to escape from the
cage formed by their neighbouring particles in @nrated suspensions. Calcium ions bind
specifically to caseinate, which causes the foromadf dense protein domains above a critical
ratio of calcium to protein that precipitate wheantifuged. High concentrations of Nean
displace up to 50% of the calcium ions bound todhseins. As a consequence, the calcium
induced heterogeneity of caseinate suspensionshandreduced solubility are mitigated by
addition of NaCl.
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ADbstract.

The effect of addition of sodium caseinate (NaG@asjgueous solutions of casein micelles was
studied at pH 6.7. Addition of NaCas leads to réiduf the turbidity and to a decrease of the
fraction of proteins that precipitates during weatrifugation. The calcium and orthophosphate
concentrations in the supernatant were found teease with increasing NaCas concentration.
The results show that addition of NaCas causesgelef colloidal calcium phosphate and
dissociation of native caseine micelles. The preagsscontrolled by the weight fraction of
NaCas in the mixture and dissociation is complditemthe fraction exceeds 75%. The efficacy
of NaCas as chelating agent for casein micellesrnigpared with that of polyphosphate reported
in the literature. The liberated calcium and ortagphate are bound to the added NaCas, which

leads to aggregation at higher casein concentsation
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1.Introduction

Casein is the most abundant protein of milk andgsists of mainly four different typedss, Os2,

B and k in different proportions (Morris, 2002). In millcasein is associated into an
approximately spherical particle with a radius afighly 100nm that is called casein micelle
(Holt, 1992; Horne, 2006; Schmidt, 1982). Caseinaites contain colloidal calcium phosphate
(CCP) in the form of nanoclusters (De Kruif & HakQ03; Holt, 1982; McMahon & Brown,
1984) to which the caseins are connected via plusgpime (P-ser) units (Horne, 2006). CCP
maintains the integrity of the casein micelles tbge with hydrophobic interactions and
hydrogen bonds between caseins (Dalgleish, 20IrtelFaMalin, Brown, & Qi, 2006; Holt,
1992, 1998).

At neutral pH, casein micelles dissociate afteraoeahof the CCP by dialysis (Aoki, Yamada,
Kako, & Imamura, 1988; Hansen, et al., 1996; Stv&&Lebula, 1982), or addition of calcium-
chelating agents like EDTA (Griffin, Lyster, & Pac1988; Lin, Leong, Dewan, Bloomfield,
& Morr, 1972; Marchin, Putaux, Pignon, & Léonil,@0 Pitkowski, Nicolai, & Durand, 2007),
citrate (de Kort, Minor, Snoeren, van Hooijdonky&n der Linden, 2011; Kaliappan & Lucey,
2011; Mizuno & Lucey, 2005), or polyphosphate (dmtKet al., 2011; Mizuno, et al., 2005;
Pitkowski, et al., 2007). After removal of the C@fe casein molecules assemble into small
particles with a radius of about 10nm, that are estmes called submicelles (Hansen, et al.,
1996; Panouillé, Durand, Nicolai, Larquet, & Boiss2005; Panouillé, Nicolai, & Durand,
2004; Stothart, et al., 1982). A consequence ofdiesociation of casein micelles is that the
system scatters less light so that the turbiditrekeses (Pitkowski, et al., 2007).

Sodium caseinate (NaCas) is obtained by precipitaif casein micelles at pH 4.6 and washing,
which removes the calcium phosphate, followed bgitamh of NaOH to resolubilize the
proteins (Mulvihill & Fox, 1989). At neutral pH, N&as forms particles with a radius of about
10nm depending on the ionic strength (Alvarez, ®is3anales, Pires, & Gatti, 2008; Chu,
Zhou, Wu, & Farrell, 1995; Farrell, et al., 199@&rfer & Lips, 1999; HadjSadok, Pitkowski,
Benyahia, Nicolai, & Moulai-Mostefa, 2008; LuceyrirBvasan, Singh, & Munro, 2000).
NaCas strongly binds calcium ions (Alvarez, et2008; Dalgleish & Parker, 1980; Dalgleish,
Paterson, & Horne, 1981; Farrell Jr, KumosinskilaBki, & Thompson, 1988; Parker &
Dalgleish, 1981; Zittle & Dellamonica, 1958), whiabove a critical concentration of calcium

ions leads to aggregation and decreased solub@ityp, Campbell, Chen, Lenhoff, & Velev,
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2003; Pitkowski, Nicolai, & Durand, 2009; Thomaruiand, Benyahia, & Nicolai, 2012).
NaCas may thus be considered as a calcium-chelageqt.

Here we address the question as to what exterti@idi NaCas to aqueous solutions of casein
micelles leads to release of CCP from the micelles dissociation of the micelles. A second
issue is how the redistributed calcium and phosphmiluence the properties of the caseins in
solution. These issues have to our knowledge ridigen addressed in the literature. They are
not only interesting from a fundamental point aéwj but are also important for applications
in the dairy industry when NaCas is added to mdk processing (Gaygadzhiev, Massel,
Alexander, & Corredig, 2012; Nair & Corredig, 2015)

2. Material and Methods

2.1.Materials. Casein micelles in the form of native phosphocesei powder (NPCP) was
provided by INRA-STLO, Rennes. NPCP was obtainedhimyofiltration of skimmed milk as
reported in Schuck, et al. (1994). The batch usethis study was composed of 83% (w/w) of
protein (TNC, Kjeldahl), and contained 2.6 % (whf)calcium and 1.7% (w/w) of organic and
inorganic phosphorus. The sodium caseinate (Ngiagjer used for this study (Lactonat EN,
Lactoprot, Kaltenkirchen, Germany) contained 90%wwprotein (TNC, Kjeldahl), 1.3%

(w/w) of sodium and 0.7% (w/w) of phosphorus.

2.2. Casein composition. The casein composition of the samples was obtaisedy reverse
phase high pressure liquid chromatography (RP-HPLEQure 1 shows the RP-HPLC
chromatograms for the NaCas and the NPCP sampesfaisthis study. The positions of the
different caseins have been identified by compawitly purified caseins. The fractions af:-

, Os>, p-, andk-casein in NaCas were 34, 3, 44, 9%, respectivalyaddition, the sample
contained 9% unidentified protein, most likely jty degraded casein. The fractionsogf-,
Os>, B-, andk-casein in NPCP were 24, 4, 36, 9%, respectivelys Bample contained a

relatively large fraction of unidentified caseirv{3).
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Figure 1. RP-HPLC chromatograms of micellar casatini5g.I'! and NaCas at 77g:1.

2.3. Sample preparation. The powders were hydrated with milliQ water comitagg 3mM of
sodium azide (Nap), as bacteriostatic agent. Homogeneous dispersstbnSPCP were
obtained after keeping the system at 50°C during, I¢hile homogeneous dispersions of
NaCas were obtained after heating at 80°C duringniBites. The pH was adjusted at 20°C to
6.7 by addition of aliquots of HCI or NaOH solut®o(LM). The protein concentration was
determined by absorption of UV-light with wavelem@80nm (Varian Cary-50 Bio, Les Ulis,
France) using an extinction coefficient of 0.8fLan'. NaCas solutions contained a small
amount of residual fat globules that were removeddntrifugation (5.1%y; 2h). The loss of
protein by this procedure was less than 5%. Midwrere prepared by mixing the two stock
solutions with known protein concentrations deteedi by UV-adsorbtion and diluting with

milliQ water to the required amount.

2.4. Determination of the fraction of sedimentable casein. Solutions were centrifugated at
5.10%g during 2 hours at 20°C using an ultracentrifugedBnan Coulter, Allegra 64R,
Villepinte, France). We checked different centrdtign times and speeds and found that at the
conditions used were largely sufficient to sedimahtasein micelles, but none of the NaCas.
Subsequently, the protein concentration of the sugtant was determined by UV spectroscopy
from which the fraction of sedimentable casein salsulated.

2.5. Determination of the calcium content. The concentration of calcium was determined by

flame spectroscopy at 422.7nm (Varian AA240FS, Ulks, France). Before measurement the
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solutions were diluted in milliQ water to be withime calibration range that was prepared with
known concentrations of Cah milliQ water.

2.6. Determination of the phosphorus content. 1g of sample was dried at 100°C during 5h
and at 500°C until dry ashes were obtained. Thesaglere suspended in 1M HCI and diluted
with water to 1g.t%. The dilute sample was dissolved in water contgirsodium molybdate
and ascorbic acid with final concentrations of 8d.2? sodium molybdate and 0.1g'L
ascorbic acid. Total phosphorus was determined bYysigectroscopy at 820nm using a
calibration curve that was made with potassiumaptiosphate (KHPQs) solutions containing

sodium molybdate and ascorbic acid at final conegions of 0.125g.ttand 0.1g.t2.

2.7. RP-HPLC. The different types of caseins were determinedidigg reverse phase high
pressure liquid chromatography (Ultimate 3000, @inwith an analytical column C5 Jupiter
(250 x 4.6 mm), 30nm pore size, 5um particle sReefomenex, Torrance, USA), see
(Miranda, Mahé, Leroux, & Martin, 2004; Visser, S¢en, & Rollema, 1991). Following a
procedure described by (Miranda, et al., 2004)ctdsins were diluted at a concentration of at
0.4%(w/w) in 0.1 M bis-Tris buffer at pH 8.0, comiag 8M urea, 1.3% trisodium citrate and
0.3% DTT. After filtration through 0.45um pore sildéers, 2L of the solution was injected.
The mobile phase was composed of deionised watketrdfilmoroacetic acid with a gradient of

acetonitrile. The UV absorption was detected at2h4

2.8. Turbidity measurements. The turbidity ) was measured by spectrophotometry as a
function of the wavelength (400-1100nm) as reporbgd (Pitkowski, et al., 2007). The
spectrophotometer (Varian Cary-50 Bio, Les Ulisarfee) was coupled with a thermostated

bath. The temperature was probed in the samples.

3. Results
3.1. Stability of casein micellesin purewater

Before discussing the effect of adding NaCas taeaqs solutions of casein micelles we need
to investigate the stability of the casein miceilegpure water at pH 6.7. A straightforward
method to determine the stability is to measurettineidity, which is directly linked to the
molar mass and structure of particles in solut®wlutions of NPCP were prepared at different
concentrations by dilution of a stock solution a80g.Lt. The turbidity was measured
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immediately after preparation as a function of wevelength. Power law dependence of the
turbidity (t) as a function of the wavelengft) (vas observed:Ix 2, independent of the casein
concentration in agreement with results reportedPitkowski, et al., 2007). For a given
wavelength the turbidity increased linearly witle ttoncentration up to C= 20 ¢tlt = 0.6C
(results not shown), which is close to the depeoceeaported by Pitkowski et al., (200T)H
0.65C). At higher proteins concentrations the iaseewas weaker due to interactions between

the casein micelles.

The stability of the casein micelles in pure watars studied by measuring the turbidity at
1=685nm as a function of time for different concatioms between 0.4 and 40 ¢.LThe
turbidity normalized by the initial valuad) decreased with time, see Figure 2, which shows
that casein micelles were not stable in pure wétemilk the CCP within the micelles is in
equilibrium with the minerals in the milk serum,tkn pure water it dissolves leading to
dissociation of the micelles. However, dissolutadrCCP increases the mineral content of the
water phase which slows down further dissolutiof€@fP. For this reason the decreasenof
was much slower at higher casein concentrationghétfinal time of the experiment (16h),
micelles at C=0.4g.L had completely dissociated whereas at C=40"'gHe turbidity had
decreased by only 6%.

10 3 $Sm
2 ' « 0.49L"
® 06g.L"
FT\ (o] 1 -L-l
© 0.6 | : 29 L-l
(&) g
\-/C ’ a Sg-L_l
=~ 04r¢ ° Sg.L_l
& 10g.L"
0.2r¢ o g.L_l
o 40g.L"t
0.0

10? 103 10* 10°
t(s)

Figure 2. Turbidity at 685nm normalized by theialitalue as a function of the time for
NPCP suspensions in pure water at different comaéinns indicated in the figure.
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The solutions were centrifuged 16h after prepamnatod the protein concentration in the
supernatant was determined as described in theiailatend methods section. It was found to
increase in proportion to the decrease of the ditshiwhich confirms that the reduction of the
turbidity was caused by dissociation of the miceldes the turbidity of the supernatant was
negligible. Remarkably, even at high NPCP concéptra about 15% of the casein remained
in the supernatant, whereas the turbidity had datyeased by about 5%. This means that about
10% of the casein was not in the form of micellesniediately in freshly prepared NPCP

solutions and a further 5% dissociated during Bie dfter preparation.

The casein composition of the supernatant wasrdiitédrom the overall composition. The RP-
HPLC chromatogram of the supernatant of a samplé=dt5g.L'* 16h after preparation is
shown in Figure 3. The protein concentration in shpernatant for this sample was 34.L
Comparison with the chromatogram of the powderyfed.) shows that the fractiontofcasein
and unattributed casein was much higher in thersagent, while the fraction afs-casein in
the supernatant was very small. An increase okthasein fraction and a decrease ofdke
casein fractions might be expected as the lateeriah in phosphoserines, while the former
contains only one phosphoserine. The strong ineretthe fraction of degraded caseins shows

that these caseins were more weakly bound to tharcanicelles thaas;- andp-casein.

mAu/C

15 20 25 30 35
t (min)

Figure 3. RP-HPLC chromatograph of the supernatzfra suspension of 15 gtINPCP in
pure water.
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3.2. Characterization of mixtures of casein micelles and sodium caseinate

3.2.1. Dissociation of the casein micelles

In first instance mixtures were studied that cordia fixed amount of 15g1NPCP with
different concentrations of NaCas at pH 6.7. Thetunes were centrifuged 16 h after
preparation and the concentration of protein insiingernatant was determined as described in
the material and methods section. At the centrifogaspeed used here, casein micelles
sediment, but NaCas does not. Figure 4 shows tightwfeaction of non-sedimentable proteins
(F) as a function of the weight fraction of NaCadhe mixtures (R). The corresponding ratio
of NaCas to casein micelles is equal to 1/(R-1).gewe NPCP (R=0) F was 0.2, because 10%
of the micelles was dissociated during preparaimhanother 10% during ageing for 16h. With
increasing NaCas concentration F increased untiRfe0.8 almost all casein remained in the
supernatant. These results imply that all caseoeless non-sedimentable, because they were
dissociated by the presence of NaCas in large sxces

10

0.8 1

0.6 1

L 1.0

0.8 [
¢ 06

0.4

0.2¢

0.0
0.0 0.5 1.0
R

04 r

0.2

0.0 — ‘
00 02 04 06 08 10

R

Figure 4. Fraction of non-sedimentable casein ixtames containing a fixed NPCP
concentration of 15g:t as a function of the weight fraction of NaCas (R)e insert shows
the fraction of dissociated casein micelles assgrthat all added NaCas remained in the

supernatant.

We have calculated the fraction of casein micelhed dissociated () as a function of R
assuming that added NaCas did not sediment. Thigese shown in the insert of Figure 4.
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Remarkably, when low weight fractions of NaCas wadded ks decreased from 0.2 to 0.1 at
R=0.25. This finding could not be explained by expental uncertainty and implies that when
a small amount of NaCas is added a fraction ot#seinate binds to the casein micelles. RP-
HPLC chromatographs of the remaining NaCas in tipehatant showed that is maimly:-
casein that binds to the micelles, see below. AJelaR, Fkis increased weakly up till R=0.5

followed by a sharp increase until almost all caseicelles were dissociated for R>0.75.

RP-HPLC chromatographs of the casein in the supmmhat different R are shown in Figure
5. As might be expected, the relative fractiorugtasein increased and the relative fractions
of k-casein and degraded caseins decreased with imgge&s until we recovered the
composition of the casein powders at R>0.75. Figuskows the relative proportion @f:-, 3-
andk-casein in the supernatant as a function R. Thegotion of these three main casein
components was almost the same in the NaCas andP Ne@ders. At R=0.25 the relative
fraction of asi-casein had not increased significantly and up #6.R the proportion ofis:-
casein in the supernatant remained lower and fhtcasein higher than in the powders. We
speculate that at small R some of thecasein of the added NaCas was incorporated ieto th

micelles and that this is the reason why & a function of R, shown in set of Figure 4,

decreased at low R.
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Figure 5. RP-HPLC chromatograms of the supernatdmhixtures containing 15g1NPCP
and different weight fractions of NaCas as indidatethe figure.
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Figure 6. Proportion of the three main types ofeasn the supernatant of mixtures
containing 15¢g.X NPCP as a function of the weight fraction of NaCas

The amounts of calcium and phosphorus in the sapamhwere analyzed as described in the
materials and methods section. In order to caleuts fraction of inorganic phosphate that was
released by dissociation of the casein micellesctmtribution of organic phosphorus from the

phosphoserine groups was subtracted from the pbiaphorus content. We considered that
the concentration of organic phosphate in the rn@selas the same as that of NaCas. This
assumption is reasonable since the amount of inargenosphate in the NaCas sample was
negligible. The results were normalized by theltataount of calcium and inorganic phosphate

in the system and are shown in Figure 7 as a fomci R.

The supernatant contained a significant fractiocad€ium and phosphate (25%) even in the
absence of added NaCas. The fraction remained xppately constant up to R=0.4 and
increased steeply for R>0.6, i.e when NaCas wasdnidexcess. The variation of the fraction
of calcium and phosphate with R was approximatetydgame and the increase for R>0.6 was
close to that of the fraction of dissociated caseicelles shown in Figure 4. However, we did
not observe the decrease at small R that was adabéw Ris. The fraction of free calcium ions
in the supernatant was negligible and preliminasults of'P NMR spectroscopy showed that
the fraction of free orthophosphate was also vemals The implication is that calcium

phosphate in the supernatant was bound to cagassibly in the form of nanoclusters.
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Figure 7. Fraction of calcium and phosphorus in fugernatant of mixtures containing
15g.L NPCP as a function of the weight fraction of NaCas

3.2.2. Turbidity

The dissociation kinetics of the casein micelleteramixing with NaCas was studied by
measuring the turbidity as a function of time stgrimmediately after mixing. Figure 8 shows
the evolution of the turbidity at=685nm for solutions containing a fixed NPCP colaion

of 15g.L:* and different amounts of NaCas. As was discusseden the slow decreaseofor
the casein micelles at R=0 was due to spontandessaiition of the micelles in pure water.
For R=0.21 a slight increase was observed folloled very slow decrease as pure water. For
R=0.51 the turbidity measured immediately afterimg@vas significantly lower and decreased
very slowly at a rate comparable to that in purtewat larger R, the initial drop of the turbidity
increased and the rate at which is continued toedse increased. A similar initial drop of the
turbidity followed by slow decrease was reportedPitikowski, et al. (2007) for casein micelle
solutions after addition of EDTA or polyphosphatée will compare the effect of adding
NaCas with that of adding polyphosphate below.
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Figure 8.Turbidity at 685nm as a function of tiroe fixtures containing 15 gANPCP and
different weight fractions of NaCas as indicatedhie figure.

Similar behavior was observed for solutions coritgs g.L* or 10 g.I'* NPCP. The turbidity
normalized by the NPCP concentration is showngufé 9 as a function of R for three different
NPCP concentrations. Results obtained shortly afi@ing (1 min) are shown in Figure 9a
while the results obtained 16h after mixing arevainin Figure 9b. In this representation the
results obtained at different casein micelle cotregions are approximately the same
indicating that the dissociation process dependb®natio between casein micelles and NaCas
and not on the total protein concentration. Additxd NaCas up to a fraction of about 40% did
not result in a significant change of the turbidipart from a weak maximum at R=2.5 in Figure
9b that corresponds to the weak minimum g Bhown in Figure 4. The decrease of the
turbidity for R>0.5 was sharper after 16h (Figut® than immediately after mixing as time
was given for dissolution of the casein micelles thie second slow process. Notice, however,
that for R<0.65 the system was still far from stesathte after 16 h.
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Figure 9.Turbidity at 685nm of mixtures containgi§ferent concentrations of NPCP as a
function of the weight fraction of NaCas. The tdityi was measured 1min (a) and 16h (b)
after preparation and was normalized by the NPCRcemtration as indicated in the figure.

Assuming that the structure and size of the resicdasein micelles in mixtures with NaCas is
independent of R, the normalized turbidity is pndjamal to the fraction of intact micelles. In
this case the variation of the turbidity shouldcbhenparable to the fraction of insoluble casein
if all and only intact casein micelles sedimentinlgicentrifugation. In Figure 10 the fraction
of intact casein micelles if calculated from the turbidity is compared to fraction of
insoluble casein as a function of the weight fiacthf NaCas for mixtures containing 159.L
NPCP 16h after mixing. In the calculation of thection of intact casein micelles we have taken
into account that 20% of the casein micelles wasatiiated at R=0. The results of the two
independent measurements are the same within {herimental error confirming that the

structure of the residual casein micelles doesiapend strongly on R.
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Figure 10. Fraction of intact casein micelles (Biirt mixtures containing 15g1NPCP as a
function of the weight fraction of NaCas calculateamm turbidity measurements (open
symbols) and centrifugation (closed symbols). Hseilts were obtained 16h after
preparation of the mixtures.

3.2.3. Aggregation

The long time evolution of the visual appearancenoftures containing 15g: NPCP and
different fractions of NaCas is shown in Figure Iilpure water (R=0) the turbidity slowly
decreased over a period of weeks. As we discudsakathe turbidity of mixtures one day
after preparation decreased with increasing fraaioNaCas. Remarkably, however, after the

turbidity had reached a minimum it increased agaiy slowly.
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Figure 11. Solutions of 15gNPCP in pure water and in mixtures with NaCasiéfedent
weight fractions at different times after prepacati R increased from left to right: 0, 0.5,
0.65, 0.75, 0.8 and 0.86.

The increase of the turbidity in the mixtures isstikely caused by aggregation of the caseins
induced by the calcium phosphate that was relefisedthe casein micelles. The rate of this
process increased with increasing NPCP concentratial could at higher concentrations be
seen in the evolution of the turbidity within thest day after mixing. This is illustrated for
systems containing 20g1NPCP in Figure 12. In pure water the turbidity aémed almost
constant for the duration of the experiment (18He turbidity of mixtures immediately after

preparation varied little up to R=0.5 and decreadddrger R, in accordance with the results at
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lower NPCP concentrations shown above. Howeve2PgtL't NPCP the turbidity increased
slowly at longer times due to aggregation of cas&iduced by the released calcium phosphate.

The increase of the turbidity at longer times appéa become faster with increasing fraction

of NaCas.
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Figure 12. Turbidity at 685nm as a function of tifaemixtures containing 20 g1NPCP
and different weight fractions of NaCas indicatedte figure.

4. Discussion

The results presented here show that casein nsaifisociate when they are mixed with NaCas
in aqueous solution. The added NaCas has a stfonigyafor calcium and therefore calcium
ions can migrate from the micelles to the soluldsemns reducing the CCP content in the
former. The process of dissociation of the casaoeltes after adding NaCas is similar to that
observed after adding sodium polyphosphates or E[Pikowski, et al., 2007). In each case,
dissociation of the micelles occurred in two stagespid dissociation of the casein micelles
during or very shortly after mixing followed by sigrogressive dissociation. The latter process
occurred also in pure water, but its rate increabedply with increasing concentration of added
NaCas as was also reported elsewhere to occur wblgphosphate or EDTA are added
(Pitkowski, et al., 2007). Dissociation of the nties induced by polyphosphate or EDTA was
shown to be an ‘all or nothing process’, during ethihe micelles either completely dissociate
or remains largely intact (Pitkowski, et al., 200The fact that calcium and phosphate were

released at the same rate as at which the caseellesi were solubilized suggests that
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dissociation induced by NaCas also occurs in thasmar. In addition, the reduction of the
turbidity was close to the reduction of sedimergatdsein, which also points to an ‘all or

nothing process’.

It is of interest to compare quantitatively the &eipy of polyphosphate to induce dissociation
of casein micelles with that of NaCas at the sakhamd temperature, because for both systems
calcium ions are chelated by phosphate groups. Wdosus the comparison on the initial
dissociation that occurred shortly after mixingttisanot influenced by long time processes. It
was found that the fraction of dissociated miceliesreased approximately linearly with
increasing mass ratio of polyphosphate to NPCRurdier to compare these results with the
present findings we need to express them in tefrtftecaumber of phosphate groups per gram
of NPCP. In the calculation we have used the fattilaCas and polyphosphate contained 0.25
mmol/g and 11 mmol/g phosphate groups, respecti¥agyrre 13 shows the fraction of intact
micelles (fnt) remaining after dissociation immediately aftekimg as a function of the number
of added phosphate groups per gram of NPCP. As evgiomed above, in this representation
the results do not depend on the NPCP concentralendashed line in the figure represents
the results obtained with polyphosphate. The resalitained for the two systems are
remarkably close implying that the capacity of gitagte groups to dissociate casein micelles

is only weakly larger in polyphosphate than in sodicaseinate.

Recently, Silva, et al., (2013) studied the effeictemoving a fraction of CCP from casein
micelles by reducing the pH and subsequently diadyzagainst milk ultrafiltrate. They
observed that a fraction of the casein micelles eiasociated, but that the properties of the
remaining micelles were close to that of nativeetiés. The fraction of dissociated micelles
was increased in proportion with the amount of reedoCCP. The composition of these
solutions is comparable to that of mixtures of cas@celles and NaCas except that the content
of free ions was kept constant and equal to thétemilk filtrate. The presence of minerals in

the mixtures may influence their behavior and wikd to be investigated in the future.
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Figure 13. Fraction of intact casein micelless{Fin mixtures with different NPCP
concentrations, as indicated in the figure, asrcfion of the number of phosphate units
originating from added NaCas per gram NPCP. Thendddine indicates the fraction of

intact casein micelles as a function of the nundfgrhosphate units per gram NPCP
originating from added polyphosphates (results tekkem (Pitkowski, et al., 2007)).

Dissociation of casein micelles in the presenddasfas was followed by aggregation of casein
at longer times. It is clear that the effect ofiaddNaCas is not simply to chelate calcium ions
as in the case of EDTA. It is well known that adufitof calcium ions can cause aggregation of
caseins (Pitkowski, et al., 2009; Thomar, et &12 Zittle, et al., 1958). However, the added
NaCas probably also binds the released orthophtspbgether with the calcium ions, which

may influence the aggregation process.

5. Conclusions

Addition of NaCas to aqueous casein micelle sohstiat pH 6.7 leads to dissociation of the
micelles following an ‘all or nothing’ process, cparable to that induced by calcium chelating
agents such as EDTA and polyphosphate. Dissocia#ioses a strong decrease of the turbidity
of casein micelles solutions when NaCas is addeed.degree of dissociation increases rapidly
when the weight fraction of NaCas in the mixturgseeded 60% and is almost complete at

80%. In pure water and at low NaCas fractigrasein is preferentially solubilized while most
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of the as-casein remains bound to the casein micelles. @h@uen and orthophosphate ions
that are released from the dissociated micelled twrthe caseins in solution and can induce

slow aggregation of the casein.
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Abstract.

The effect of orthophosphate (0-0.1M) on aqueodstisas of sodium caseinate (NaCas)
(C=10-80 g/L) in the presence of calcium ions waglied using confocal microscopy,
sedimentation an#fP MAS NMR. In the presence of calcium ions (0-0.1bfthophosphate
was observed to bind to the caseins leading tdattmeation of complexes involving all types
of casein. Above a critical molar calcium/proteatio in the complex, large protein aggregates
were formed that sedimented during centrifugatibime critical molar ratio increased from
about 6 without added orthophosphate to about Exdess orthophosphate (more than 40mM
for C=80 g/L). Excess orthophosphate precipitatethe form of calcium phosphate particles
and competed with caseins for binding of calciumsidNMR showed that binding of calcium
ions led to immobilization of inorganic orthophosgpd and organic phophoserines in solid
nanoparticles. In excess Ca@hd orthophosphate the complexes contained al3ocaltium

and 10 orthophosphate ions.
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1. Introduction.

The major protein in milk is casein and consistmafnly four different typesu§:-, as>-, p- and
K-casein) that are assembled into micelles withvanegye radius of about 100nm held together
by colloidal calcium phosphate nanoclusters (CQPR3][ Below pH 5.0 these so-called casein
micelles precipitate and the CCP is dissolved. rAftashing, the proteins can be resolubilized
by increasing the pH using NaOH to obtain sodiursecste (NaCas). NaCas powders are
extensively used for functional and nutritional pedies in many food applications [3]. In
agueous solution, sodium caseinate is organizeml sSmall particles of 11nm containing
approximately 15 casein molecules weakly dependinghe NaCl concentration and the

temperature [4-5].

os- andp- casein are well-known to specifically bind?Can aqueous solution which reduces
electrostatic repulsion and induces aggregatio][Brhereask-casein does not interact
strongly with C&*. Bound C&' induces attractive interactions between the Ng@asicles

which leads above a critical concentration of'C@ the formation of domains [9]. As a
consequence, the turbidity increases and the siutbecreases [9-10]. The effect is stronger
at higher temperatures[9], but can be mitigatedaddging monovalent ions which can drive

bound C&" to solution when they are present in large exf@ss

Orthophosphate (Pis widely used as a calcium chelating agent imyndairy products [11]
and affects the interaction betweerCand caseins. By itself; Boes not bind onto caseins
and therefore does not change the structure of. H@wever, in combination with calcium
ions, orthophosphate induces the formation of atdllosuspensions of caseinate which under
particular conditions can have a size and struatlage to that of native casein micelles [13-
15]. Orthophosphate was found to play an active molthe calcium induced precipitation of

Osi-casein [16] and3-casein [17]. It also increases the fraction ofigwd caseinate that
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precipitates in the presence of calcium ions [1]/-IBis phenomenon strongly depends on the
pH and ionic strength [19-20] and was attributedtite formation of complexes between

calcium, phosphate caseins [17-19].

It is obvious that the interaction between orthagate, calcium and casein is very important
both for the behavior of native casein micelles ordhe properties of many dairy products,
but the interaction is complex and despite pastrfit is as yet far from being fully elucidated.
Almost all past investigations of the interacti@iween calcium, phosphate and caseinate were
done at low protein concentrations, whereas thecaxmnation can be quite high in food
products. As far as we are aware, no systematiiestias a function of the casein concentration

including concentrated solutions have been reported

Understanding of the interaction with calcium amdgphate at higher protein concentrations
is important in order to texture dense casein suEpas in a controlled manner. Therefore we
have done a systematic study of the interacticthe@ge ions with NaCas over a wide range of
mineral and protein concentrations. The mesosaipicture was studied using confocal laser
scanning microscopy (CLSM). The fraction of seditabte casein and minerals was
determined by centrifugation and the compositiontlid supernatant was analyzed by
chromatography. The mobility of organic and inoliggshosphorus was determined
NMR MAS. This technique has already shown its usefss to characterize dairy systems in
the past [21-23], but has not yet been used toyshalinteraction between caseinate, calcium

and orthophosphate.
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2. Materialsand Methods

2.1 Sample preparation. The NaCas powder provided by Armor Protéines (SBiitte,
France) contained 90% (w/w) protein, 1.3 % sodiQrii% phosphorus and trace amounts of
whey proteins (<1%). The phosphorus content is cally organic in the form of
phosphoserines, but NMR showed that the powder edswained about 7% of the total
phosphorus content in the form of inorganic ortragghate. The casein composition was

determined by HPLC as 37, 4, 46 and 13% &, as>-, B- andk-caseins, respectively.

Initial solutions of NaCas were prepared by disipgrthe powder in milliQ water (Millipore),
containing 3mM sodium azide in order to avoid baateroliferation. The dispersions were
heated at 80°C during 30 minutes, which led to detepsolubilization of the casein. The
solutions were centrifuged at 5X¥fdor 2h at 20°C in order to remove a small weightfion

of phospholipid/protein particles (Pitkowski et &009). A top layer composed of residual fat
and a small weight fraction of proteins (<5%) wdedicately removed and clear supernatants
were collected. The required concentrations oEsadire obtained by slow addition of aliquots
of 0.5M CacC} or 0.5M sodium orthophosphate @R&/NaH.PQy) solutions at 20°C. The pH
was adjusted at pH 6.7 by slow addition of aliquadts.1-1M HCI or NaOH under continuous
stirring. The protein concentration (C) was detediby UV absorption at 280nm using a UV-
Visible spectrometer Varian Cary-50 Bio (Les Uksance) assuming an extinction coefficient
of 0.85 L.gt.cmil. The protein concentration was set by adding watenore concentrated
stock solutions. The pH became stable within ong hfier preparation, but the solutions were

left overnight after preparation before use.

2.2 RP-HPLC. The composition of the caseins was determinedguRieverse Phase High

Pressure Liquid Chromatography (Ultimate 3000, Bigrwith an analytical column C5 Jupiter
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(250 x 4.6 mm), 30nm pore size, 5um particle sReefiomenex, Torrance, USA). The
measurements were done as described elsewherafiziifhe protein detection was done by

UV absorption at 214 nm and 25°C.

2.3. Mineral content determination. The calcium concentration in the NaCas solutioas w
obtained by atomic flame spectrometry at 422.7nm@righ AA240FS, Les Ulis, France) and
the total phosphorus concentration in the solutisas determined using the method reported
in [25]. The fraction of calcium ions in the supatant (kcg was determined by normalizing
the concentration in the supernatant with the takentration in the solution. The fraction of
bound C&" was determined by measuring the calcium ion agtiviing a calcium-selective
electrode (Fisher Scientific, Hampton, NH, USA),iethwas calibrated by measuring the
potential of aqueous solutions of Ca&$ a function of the concentration between 1 &maNd.

The activity of C&" that was bound to the proteins was assumed tedigible.

2.4 Confocal Laser Scanning Microscopy (CLSM). CLSM observations were made using a

Leica TCS-SP2 (Leica Microsystems Heidelberg, Geypas described in [9].

2.53P NMR. The NMR experiments were conducted on a BrukemaedIl 300 MHz WB
spectrometer equipped with a 4 mm MAS VTN type prdiead with two channels. An
HR/MAS rotor was filled with=55 pL of the NaCas solution and spun at 3 kHz as regart

[21].

2.6 Centrifugation. Solutions were centrifuged at room temperaturagisin Allegra 64R
centrifuge (Beckman Coulter, USA) at 5240
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3. Reaults

3.1. M esoscopic structure

Our objective was to study the interaction of cagts with calcium and phosphate as a function
of the protein concentration and in particularighbr protein concentrations. Up to C=80 g/L
it is still relatively easy to separate aggregataskeinate particles by centrifugation in order to
determine their composition, but this becomes amirggly difficult at higher concentrations,
because the viscosity increases sharply. Thereferestudied in first instance solutions of
NaCas at 80g/L containing a wide range of Ga@l80mM) and orthophosphate;)R0-

100mM) concentrations. The pH was fixed at 6.7.

CLSM images of the different structures that weyaned are shown in Figure 1. As was
reported in [9], increasing the molar concentratb@aCh ([CaCkh]) in the absence ofi eads

to formation of dense protein aggregates possitdyéed by microphase separation. Here we
find that addition of 20-50mM;nhibited formation of these aggregates and m@€lKvas
needed to induce their formation. Large excess ¢f30mM) led to the formation of calcium

phosphate particles covered by a layer of adsqobeteéins as was earlier reported in [17].

147



J. Dairy Sc., Submitted Manuscript Chapter 7

[P

30mM 60mM

100mM

10mM  20mM 50mM 80mM

30mM

[CaCl,]

Figurel. CLSM images (159um x 159um) of aqueougisals of 80g/L NaCas at different
calcium and orthophosphate concentrations.

3.2 Fraction of aggregated NaCas particles
3.2.1 Effect of the orthophosphate concentration.

In order to determine the fraction of caseinatet thesociated into large aggregates by
complexation with calcium and phosphate, the caseisolutions were centrifuged at 5%4.0
for 2h at 20°C. At this centrifugation rate the Nea@articles with a radius of about 10nm that
are formed in water or at low calcium concentragig®6] do not sediment, but all large
aggregates formed with calcium and phosphate donsetl The fraction of protein in the
supernatant (ff was determined by measuring the UV absorbaneg@lained in the materials

and methods section.
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Fo is plotted in Figure 2a as a function of [CgQbr different concentrations ofi.PUp to
[CaCk]=25mM no sedimentation of protein was observe@pmhdent of thejBoncentration.

At 5 or 10mM PR, the fraction of protein in the supernatant deseda rapidly for
[CaChk]>25mM. At these low orthophosphate concentratidhs, critical amount of Cagl
needed to induce sedimentation of casein was the aa in the absence of But the decrease
of F, was steeper. In addition, for [CaZ40mM, nearly all caseins precipitated, whereas
without R about 25% remained in the supernatant. A simegult was reported [17] who
studied caseinate at C=5g/L at pH 7.5 and compsedimentation induced by €awith and
without orthophosphate. We will show below that 256 casein remaining in the supernatant

consisted of th&-casein and about half of tiiecasein.

v 20mMP,

® 50mM

OmM P,
O 100mM

5mM
10mM
20mM 06t
30mM
50mM 04+
60mM
80mM
100mM

FCa

O 08400 @

0 20 40 60 80 100
[CaCl,] (mM) [CaCl,] (mM)

Figure 2a. Fraction of protein in the supernataRp)for solutions of 80g/L NaCas plotted as
a function of the C& concentration for different concentrations of Phe lines serve as
guide to the eye.

Figure 2b. Fraction of calcium in the supernatait4) of 80 g/L NaCas solutions as a
function of the added Cagtoncentration at different concentrations of ofgthosphate as
indicated in the figure. The lines serve as guathe eye.

It is remarkable that the critical CaGQloncentration above which casein started to sedime
remained the same when 10mMaRs present. Considering thai$integrated in the complex

formation with casein and €aand therefore increases the net negative charte @omplex,
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one might have expected an increase of the criticatentration. An increase of the critical
CaCb concentration with increasing Was in fact observed for [P>10mM. In all cases, the
onset of the decrease of €orresponded to the appearance of large protgigegates that

were visible in the CLSM images shown in Figurel.

Figure 2b shows the fraction of £€4Fc,) that remained in the supernatant as a functidheof
total C&* concentration for [F=20 mM, 50 mM and 100 mM. At [B-20 mM, the dependence
of Fca on [CaC}] was closely correlated to that of, For [CaCbk]<50 mM. At this B
concentration no calcium phosphate particles cbaldeen in the CLSM images. This suggests
that calcium precipitated only in the form of coexgs with NaCas and.AFor [CaC}]>50
mM, C&*" was in excess and could not be fully incorporai@dthe protein/phosphate

complexes, leading to an increase ef With increasing [Ca(].

At [Pi]=100 mM, a large fraction of the calcium sedimenéeen for [CaC]<80 mM where
almost all proteins remained in the supernatanSi@ishowed that at these conditions calcium
sedimented in the form of calcium phosphate padictee Figure 1. The same phenomenon
occurred to a lesser extent af#80 mM for [CaC}]<40 mM. At higher CaClconcentrations,

Fp started to decrease due to sedimentation in time &6 complexes with G4 and R which
caused also a further decrease @f Fterestingly, if we subtract the amount of caoithat
formed calcium phosphate particles from the totai* @oncentration in the system, we find
that sedimentation of casein started when the waki@&* concentration was approximately

30mM.

It is important to mention that for these experitsdfwas added to the NaCas solution before
CaCk was added. The order of mixing was not importamémvonly casein/fC&* complexes
were formed, but it was important at highercBncentrations at which calcium phosphate

particles were formed. If first Cafllvas added, Gabound to the caseins inducing aggregation
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and these aggregates did not disperse whewaB added subsequently even at 100mM.
However, if P was present in excess before Gaihs added it competed for Lavith the

caseins leading to the formation of calcium phospbparticles.

3.2.2. Effect of the protein concentration

The dependence of,len [CaC}] was determined at different NaCas concentratlmeta/een

10 and 80 g/L for solutions without &nd in the presence of 20mM, 30mM or 50mMTPe
results are plotted in Figure 3 as a function efrtiolar ratio of C4 to NaCas, i.e. the number
of calcium ions per casein molecule, calculatedRagCaCl].M/C, where M=2.3x16g/mol

is the average molar mass of the caseins. Ingpiesentation the results superimpose well for
solutions without Pand at [}=20 mM, which means that aggregation of caseingisrmined

by the number of Caions per casein. At [30 mM and in particular at [50 mM, we find
that a significant fraction of the proteins remaine the supernatant at large values of R at
lower protein concentrations. The reason is mastyithat if less protein is present, ¢dan
compete more effectively for €aeading to the formation of calcium phosphateipkas and

a reduction of the amount of €dhat binds to casein.

151



J. Dairy Sc., Submitted Manuscript Chapter 7

1.0?

O 80g/L b

Y 40g/L 08l A

O 20g/L '

< 10g/L

A 5glL 0.6 - Y

T My
0.4
A A
S 02k o\gd A
- \V4
0.0 - @ @
40 50 60 0 10 20 30 40 50 60
R R
1.0
oS
d
08 r
0.6t
Ty [The

04t
0.2r
0.0

0 10 20 30 40 50 60
R R

Figure 3. Fraction of proteins in the supernatafg)(of NaCas solutions as a function of R
for different protein concentrations indicated retFigure at [F]=0mM (a), 20mM (b),
30mM (c) or 50mM (d). The lines serve as guididéceye.

3.2.3. Protein and mineral composition

A more detailed investigation of the effect ofARds made for NaCas at 80 g/L affP
20 mM. At this concentrationpsflepends on R over the whole investigated [ga@hge. The
chromatograms of the supernatant obtained by RPcH$Howed a series of peaks that could
be attributed to the different caseins, see Figuréhe composition of pure solutions NaCas
determined in the absence of Cafntained 37, 4, 46 and 13%a¥-, as2-, f- andk-casein,

respectively.
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Figure 4. HPLC chromatograms of the soluble fractad NaCas at 80 g/L for different
concentrations of Cagwithout (a) and with 20mM;R®b).

In the absence of Rhe amount afis- andp- casein in the supernatant decreased with inergasi
[CaCb], whereas th&-casein content remained almost constant. For [@J260 mM (R>14)
most of theas-caseins sedimented, but approximately half of ffeasein remained in the
supernatant, see Figure 5. Interestingly, in thesgmce of phosphate the fraction in the
supernatant of each type of casein depended onj[Cat the ever-casein sedimented. The
implication is that the well-known specific sengity to C&™ of the different types of casein is

less important when complexes withalre formed.
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Figure 5. Fraction of the different types of caseinhe supernatant (5x19, 2h, 20°C) of
sodium caseinate solutions at 80 g/L, pH 6.7, asation of the calcium concentration.
Lines drawn through the data are guides to the eye.

The total phosphorus concentration in the supenha&tas determined as described in [25] and
is shown as a function of the CaCbncentration in Figure 6. In the absence of gallicasein
and phosphate is situated in the supernatant antbtal phosphorus content was 41mM of
which [R]=20 mM is inorganic from the added orthophosphéate rest is principally organic
phosphorus from the phosphoserines in the NaGasH®& comparison we also show in Figure
6 the concentration of phosphorus in the superh&bamn aqueous solution of 20mM &3 a

function of the CaGlconcentration.

In the absence of NaCas the concentration of sel&btecreased linearly with the CaCl
concentration due to formation of solid calcium gbizate particles with a molar ratio of 1.6
Ca&* per Rin agreement with literature results [27-28].Ha presence of NaCas with or without
added orthophosphate, all phosphorus remainedeirstipernatant for [Cagx20 mM and
decreased sharply at higher concentrations. Thessdts show that the added orthophosphate

is bound to the caseins in the form of caseifil®acomplexes.

Calcium is present in three forms: I) as free idjshound to casein in small aggregates that
did not sediment and Ill) bound to casein in laaggregates that sedimented. The concentration
of free C&" ions in the supernatant was determined by meagtinia activity of C4" as was
described in the materials and methods sectiomr&iga compares the concentration of free
c&* (1) and the total calcium concentration in theeawmatant (I+11) as a function of [Caffl
(I+11+111) for NaCas solutions without added. FFor [CaC}]<20 mM no calcium sedimented,
but the fraction of free C4in the supernatant was negligible implying thathase conditions

all C&* was bound to small casein aggregates. For [{fsE mM, the total concentration of
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calcium in the supernatant was no longer propaatit;m[CaC}$], because an increasing fraction
of calcium sedimented together with the proteirtse Traction of free G4 started to increase
progressively for [CaG}>20 mM and at [CaG]>70 mM almost all the calcium in the
supernatant was free, because mitasein and half of th@-casein sedimented at these

conditions. These results allow us to estimate tthatotal amount of Gathat was bound to

the proteins in excess Ca®as about 30 mM, i.e. 8.

[Ca *] (mM)
[ca®'] (mM)

0 20 40 60 80 100 0 20 40 60 80 100

[CaCl,] (mM) [CaCl,] (mM)

Figure 7. The total calcium concentration (filleghsbols) and the concentration of free’Ca
(open symbols) in the supernatant as a functicdhe@btdded CaGlconcentration for

solutions of NaCas at 80g/L without (a) or with B®mM R. The lines serve as guide to the
eye.

In the presence of 20 mM,Ragain no calcium sedimented for [C4€20 mM. However, in
the presence of orthophosphate the concentratiealoium in the supernatant (Il) decreased
sharply with increasing [Cag}labove 30 mM, whereas withoutiPcontinued to increase. Very
little free C&* was found for [CaG]<60 mM implying that more Cawas bound when the

complexes with casein included Prom the fraction of free €sat high [CaC]], we deduced
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that the total amount of €abound to the caseins was about 50 mM, i.e. R=43. fieans that

the presence of 20 mM B&llowed the proteins to bind an extra 5 calciunsiper protein.

3.3. Mobility of organic and inorganic phosphate

3P NMR experiments were done as a function of théleoncentration for NaCas solutions
at C=100 g/L containing 0, 20 or 50 mM orthophosphaee Figure 8. As discussed in [21],
the spectrum of pure NaCas solutions contains tpesks representing the signals of the
phosphorus from the different phosphoseringsdRyanized in clusters along the backbone. In
addition, there is a sharp peak at 1.5 ppm due wmall fraction (7%) of inorganic
orthophosphate (Pin the NaCas powder. For [Caf$il0 mM, the amplitude of the
phosphoserine signal decreased with increasing- @a@tentration. The reason is that e
NMR signal is no longer detected in the form ofroar peaks when the phosphorus is
immobile. Therefore the decrease of the peak anga@itorresponds to an increasing fraction
of immobile phosphoserines. The amplitude of tlreghpeaks did not decrease in the same
manner, because calcium binding is different féfedent phosphoserine clusters [1-2] and their
immobilization with increasing [Cag}lis different. The signal of inorganic phosphaleoa

decreased showing that it was incorporated intec#h@um/casein complex.
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Figure 8.3'P MAS NMR spectra of aqueous solutions of 100g/Cdsaat different CaGl
concentrations indicated in the figure. The solasi@ontained [F=0mM (a), 20mM (b) or
50mM (c). The right panels show thesRnal on an extended scale
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The fraction of immobile phosphorus is plotted &sraction of [CaCi] in Figure 9. It increased
with increasing [CaG] for [CaCb]>15 mM. Notice that even though for [Cal320 mM all
proteins remained in the supernatant, see Figuneefertheless a significant fraction of
phosphoserines was immobile. This means that #draof the phosphoserines formed small
solid clusters with Ga without inducing large scale association of theetr@ate particles. The
latter is evident from the homogeneous CLSM imageas showed that structure larger than

hundred nm were formed, see Figure 1.

Addition of 20mM or 50mM orthophosphate, causedrgéd increase of the peak at 1.5ppm.
The signal of both the organic phosphoserine aedirtbrganic orthophosphate decreased
progressively with increasing CaCFrom the relative decrease of the signal ampdittice
concentrations of immobile phosphoserine and ottbephate were estimated, see Figure 9.
Interestingly, it appears that within the experita¢érscatter the amount of immobilized
phosphorus is determined by the amount of calcindependent of the amount of added
orthophosphate. We note that for the systems eaghhaith NMR the fraction of iRhat formed
large calcium phosphate particles instead of naist@is was negligible. This suggests that the
amount of Pthat is incorporated in complexes with casein @ati is equal to the amount of
immobile R shown by the filled symbols in Figure 9 and isdpdndent of the total amount of
P.. The ratio of C&/P~=1.3 in the complexes, which is somewhat smallen thiaat is reported

for native casein micelles (1.5-2) but still withihee experimental uncertainty.
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Figure 9. Concentration of immobile phosphoserimgef symbols) and inorganic phosphate

(closed symbols) as a function of the Ga@lsolutions of NaCas at 100g/L. The straight
lines represent fits to a linear dependence.

As was shown above that in the presence of ortheggdtaie 13 calcium ions are bound per
protein when excess CaObk added. This means that in excess gatbe casein/Ca/P,
complexes contain about 13%and 10 Pin the form of solid calcium phosphate nanopasticl
These numbers may be compared to the compositioativke casein micelles that contain about

17 C&" and 9 Pper casein [29].

4. Conclusions

When CaCl is added to NaCas solutions®Cainds specifically to the proteins, which leads
for R>6 to large scale aggregation of almosiatlasein and 50% of thgcasein, but n&-
casein. Added orthophosphate is incorporatedtirgaasein/CGa complexes, which leads to

large scale association involving all types of cader R>10. When the molar ratio of
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orthophosphate to casein is larger than aboutt ympetes with casein for €aand forms

microscopic calcium phosphate particles covered pibtein.

NMR measurements showed that wherf*Qainds to casein both organic and inorganic
phosphorus becomes immobile implying that solidopanticles are formed that contain
phosphoserines as well as added orthophosphdtes &bsence of orthophosphate, caseins can
bind on average up to 8 calcium ions per protaim the presence of excess orthophosphate up
to 13 C&" are bound per protein. In excess Ga@td orthophosphate, the caseirf/tR

complexes contain on average about 18n@ 13 C& per casein.
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Abstract

The mobility of phosphate groups in aqueous sahstaf casein micelles and sodium caseinate
from bovine milk was determined with magic anglenapg (MAS) 31P NMR as a function
of the pH between pH 4 and pH 8. The chemicalshifid the relative amplitudes of the signals
from mobile inorganic phosphate (orthophosphated amobile organic phosphate
(phosphorylated serines) as well as that of imneopiHosphate (colloidal calcium phosphate,
and immobile phosphorylated serines) were detemiBedium caseinate contained very little
orthophosphate and all phosphates were mobile tbreewhole pH range. In micellar casein
solutions most of the phosphate was immobile at@1but the fraction of mobile organic and
inorganic phosphate increased sharply between pldri pH 4.5, showing the disintegration
of the CCP nanoclusters. Protonation of the phdsghaith decreasing pH was determined
from the chemical shift and was related to theirbitity. The signal of mobile organic
phosphate was different for micellar casein sohgiand sodium caseinate demonstrating the
influence of calcium phosphate in the former. Therascopic structure of protein solutions
was investigated with Confocal Laser Scanning Micopy. Large protein clusters were
observed below pH 5.2 with a density that increagitll decreasing pH down to pH 3.9. The
mobility of either organic or inorganic phosphat@Hl 6.8 was not significantly different after
the pH had been reduced to 4.8 and subsequentBased to 6.8, but the microstructure was
strongly influenced by the pH-cycling.
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1. Introduction

Casein is the major protein component of cow's migipresenting about 80% of its protein
content. Its structure and behaviour in aqueougtisol have been investigated intensively for
decades, (see Dalgleish, 2011; De Kruif, 2014; DefkKHuppertz, Urban and Petukhov, 2012;
Holt, Carver, Ecroyd, & Thorn, 2013; Horne, 2008) fecent reviews, but are still not fully
understood. Bovine casein consists of mainly fgpes: asy, ds2, B andk, and in milk the
majority of casein is assembled into spherical eggtes, so-called casein micelles, with an
average radius of about 100 nm. Currently, the igdiyeaccepted view is that the casein
micelles contain nanoclusters of calcium orthophas$g, so-called colloidal calcium phosphate
(CCP), that are distributed throughout the miceR¥ssphorylated serines (SerP) in the caseins
bind to the nanoclusters or even become an inediadrt of the CCP, which maintains the
integrity of the micelles together with attractimeeractions between the casein chains (Holt et
al., 2013). The size of the casein micelles istkohibyk-casein that forms a polyelectrolyte
brush at the surface of the micelle. Steric hindeaof thek-casein layer together with
electrostatic repulsion inhibits aggregation ofthieelles in milk. The net charge of the casein
micelles decreases with decreasing pH from theeviaumilk (pH 6.7) towards its iso-electric
point (pk4.6). Acidification also leads to progressive pnattion of organic and inorganic
phosphate and causes progressive dissolution@@ieuntil all phosphate is solubilized at pH
< 5.3 (Dalgleish & Law, 1989; Famelart, Lepesardu€heron, Le Graet, & Schuck, 1996; Le
Graét & Brulé, 1993; Marchin, Putaux, Pignon, & h&p2007). It was observed that the size
of casein micelles in unheated milk decreases waly little with decreasing pH until pH 5.0
(Anema, Lowe, & Lee, 2004; Dalgleish, Alexander, &@&dig, 2004; De Kruif, 1997; Moitzi,
Menzel, Schurtenberger, & Stradner, 2010). At lowkl;, the proteins aggregate leading to
precipitation or gelation, which is the basis fagiurt formation. Even though the casein
micelles remain largely intact, at least down to5#l their internal structure and the interaction
between the caseins change during acidificatiahe@€CP progressively dissolves. It is clear
that in order to understand this process fullg ihécessary to investigate the state of both the
organic and inorganic phosphate as a function efpH. 3P NMR spectroscopy is a non-
destructive technique that can be used to quarhfy degree of protonation of the
phosphoserine of casein as a function of the pHi¢BgeLyster, & Richards, 1985; Humphrey
& Jolley, 1982; Sleigh, Mackinlay, & Pope, 1983)was shown with this technique that the
majority of organic (5) and inorganic (f phosphorus in micellar casein solutions is imrtebi
at pH 6.7 and that it can be characterized by maggle spinning (MAS) NMR (Bak,
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Rasmussen, Petersen, & Nielsen, 2001; Rasmussems8a, Petersen, Nielsen, & Thomsen,
1997; Thomsen, Jakobsen, Nielsen, Petersen, & Raanul995). However, as far as we are
aware, no systematic investigation has been mati sé6 the mobility of Rand FPin aqueous
solutions of casein micelles as a function of tike plere we report on a MASP NMR
investigation of aqueous solutions of casein méselh the form of native phosphocaseinate
over a wide pH-range (4-8). Our aim was to deteengjnantitatively the fraction of mobile P
and R as a function of the pH in order to trace thedliggon of the CCP. We also determined
the degree of protonation of the mobile phophoseaimd inorganic phosphate and compared it
with that of caseins without CCP, i.e. sodium aaa (NaCas). The effect of decreasing the
pH on the microscopic structure of the casein swhst was visualized by Confocal Laser
Scanning Microscopy (CLSM). Finally, we investightéhe effect of pH-cycling on the
mobility of P and B and the microscopic structure for a micellar casalution at pH 6.8
before and after acidification. In this investigatiwe have studied the effect of acidification
on the state of organic and inorganic phosphatedsein in pure water. The influence of the

presence of minerals on the effect of acidificatiol be addressed in a future investigation.

2. Materials and methods

Commercial NaCas powder (Lactonat EN) was provibgd._actoprot Deutschland GmbH
(Kaltenkirchen, Germany). It contained 90% (w/wdtein (TNC, Kjeldahl) and 1.3% (w/w)
sodium and 0.7wt% phophorus. Puee and p-casein powders were purchased from
Sigma6Aldrich (St. Louis, USA). Micellar casein the form of native phosphocaseinate
powder (NPCP) was obtained by micro- and diafilratand was provided by INRA-STLO,
(Rennes, France). The powder contained 83% (w/vpratein (TNC, Kjeldahl), 2.6% (w/w)
calcium and 1.7% (w/w) phosphorus. The casein caitipa of the samples was obtained
using reverse phase high pressure liquid chromapbgr The fractions afsi-, as>-, B-, andk-
casein in NaCas were 34, 3, 44, 9%, respectivelyaddition, the sample contained 9%
unidentified protein, most likely partially degratieasein. The casein composition of caseins
in NPCP was approximately the same. Consideringhiegsamount of Rn NaCas is very small

it follows from the phosphorus content that thefien of R and B in the casein micelle powder
used for this study was 0.6 and 0.4 respectivelggreement with that reported by Famelart et
al. (1996).
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2.1. Sample preparation. NaCas and NPCP were dissolved while stirring iroisedwater
(Millipore) containing 3 mM sodium azide as a bacstatic agent. NaCas solutions were
heated at 80°C for 30 min and NP&#tutions were heated at 50°C for 16 h in ordesitiain
fully hydrated homogeneous suspensions. The protein moaten was determined by
absorption of UV-light withwavelength 280 niivarian Cary-50 Bio, Les Ulis, France)
assuming an extinction coefficieof 0.81 L.g. crit. The pH was adjusted by dropwise
additionof concentrated 0.1-1M NaOH or HCI solusowhile vigorouslystirring. All
experiments shown here were done at a fixed casminentration after pH adjustment of
C=100g.L%, except the pura-casein solution for which C =75 g'LThe fraction of proteins
in the form of micelles was determined by centrifugatat 5.16g during 2 h at 20 °C using an
ultracentrifuge (Beckman Coultekllegra 64R, Villepinte, France). About 15% of heteins
did notsediment in these conditions. Further dissolutiorasein micellesvas extremely slow

at this high protein concentration and vaagjligible over the duration of the experiments.

2.2. Nuclear magnetic resonance experiments. The NMR experiments were conducted on a
Bruker Avance 111300 MHz WB spectrometer equipped with a 4 mm MAS\Mpe probe
head with two channels. An HR/MAS rotor was filledh about 5QuL of a casein or caseinate
solution at C =100 g:t and spurat 3 kHz 3P direct excitation spectra were accumulated over
betweenl28 and 1024 repetitions with a relaxation dela@®f, aracquisition time of 0.2 s,
and a'H decoupling with reduced pows.5 kHz) in order to avoid probe head damage durin
the relativelylong acquisition needed for adequate sampling latively narrowsignals. In
addition,*H-3'P cross-polarization (CP) spectra hheen acquired with 6144 repetitions with
a relaxation delay of 5 s wrder to characterize the broad signal from imnephosphorus.
All spectra have been normalized with respect éoHO *H signalin order to account for the
variation in the sample volume in tkR/MAS rotor. The line width and position of theobd
signal fromimmobile P were determined from the complementaogspolarizatiorspectra.
The mobile signals from inorganic aodganic phosphate were quantified by deconvolution
and integratiorof the corresponding peaks in tHe direct excitation spectafter subtraction

of the immobile P signal. The spectra have lreégrenced to an aqueous solution eP8;.

2.3. Confocal laser scanning microscopy. Confocal laser scanning microscopy (CLSM)
images were madeith a Leica TCS-SP2 (Leica Microsystems, Heidedb&ermanylsing a
water immersion objective lens HCx PL APO 63x NA.2. The caseins were labelled with
the fluorochrome rhodamine b bglding a small amount of a concentrated rhodanahien

for a final concentration of 5ppm in the solutions. THe®damine wasexcited using a
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heliumeneon laser with wavelength 543nm ahe fluorescence was detected with a
photomultiplier. Care wataken not to saturate the fluorescence signal tands verified that

the amplitude of the signal was proportional togh&teinconcentration.

3. Results and discussion

We will first discuss the effect of acidificatiori aqueous solutions of NaCas at C=100"g.L
that contains only trace amounts of calcium andganic phosphate. Then we will show the
results for acidification of micellar casein sotuts at the same protein concentration and

compare them with those obtained for NaCas.
3.1. Sodium caseinate

Figure 1 shows the direct excitatith® MAS NMR spectrum of NaCas at pH 6.8. It contains
relatively small narrow peak at=1.2ppm and a broader signal with larger amplitatié
=2.5ppm. The narrow peak was due to free orthogtaisghat was present in a small amount
in the NaCas sample. The broad signal was dueg@nar phosphate from the phosphoserine
residues (SerP). One can distinguish three peakisei® signal as was earlier reported by
(Kakalis, Kumosinski, & Farrell, 1990) for NaCas pH 7.6 and by (Heber, Paasch,
Partschefeld, Henle, & Brunner, 2012) for milk aféeldition of EDTA. For comparison we
also show in Figure 1 spectra of purifiegt andp-casein solutions at pH 6.8. The signal of
NaCas is very close to the averagexefandp-casein signals weighted in proportion to their
content in the NaCas sample, see dashed line urd-iy The contribution af-casein to the
NMR signal is negligibleX2%), because it contains only one SexB:, as>and p-casein
contain 8-9, 11-13 and 5 SerP per chain, respaygtiand it is clear that the peaks observed in
the spectra are not to distinct signals from edabsphoserine. However, attempts have been
made to assign the peaks to different groups d? &&th similar environment within the casein
chain (Humphrey et al., 1982; Sleigh et al., 1988 note that the narrow signal at 1.3ppm
was absent for the purified casein samples, bigaepo when we added 1mM IR Qw, which
shows without ambiguity that this peak is causethbyganic phosphate.
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o—casein

[B-casein

P (ppm)

Figure 1.3'P MAS NMR spectra of aqueous solutions of NaCagaritled as- andf-casein

at pH 6.8. 1mM Na1PO; was added to the purified casein solutions. Ttehdd line in the

spectrum of NaCas corresponds to the weighted geevhthe spectra of purifiegs- andp-
casein.

3P MAS NMR spectra of NaCas at different pH are showFigure 2. An upfield shift of both
the R and P signals was observed when the pH decreased. Bignal remained narrow over
the whole pH-range, but the width of the broadsiBnal group taken at half its maximum
amplitude decreased with increasing pH above pHaiddwith decreasing pH below pH 6.8.
The three peaks of the Bignal can be clearly distinguished only in a oarrange of the pH
between 6.6 and 8.0. The dependencemf the pH of the narrow Bignal and the average P
signal is shown in Figure 3. The width of thesiynal is indicated by bars.
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P (ppm)

Figure 2.3'P MAS NMR spectra of aqueous solutions of NaCdgfatent pH indicated in
the figure.

Figure 3. pH-dependence of the chemical shift gaaic and inorganic phosphorus. The
bars indicate the width of the;Bignal. The solid and dotted lines representvith Eq.(1).

The upfield shift o6 with decreasing pH is caused by increased shigldfrthe P nuclei as
consequence of protonation of the phosphates. Fhdgpendence af can thus be used to

calculate the equilibrium constant of the secora@ration of the phosphates.
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The chemical shift as a function of the pH was ysed assuming that protonation of each
phosphate is characterized by a single pKa. Indhse the relationship between the pH and the

chemical shift is as follows:
0= (01 X + &2)/(X+1) Q)

where 81 and 6, are the chemical shifts of protonated and depad&zh phosphate,
respectively, and X = P0P® is the molar ratio between protonated and depatésh
phosphate. Only an average signal is observed becdne exchange of protons between

different phosphates is fast compared to the NMi tscale.

The narrow signal ofiRand the average,®an be well described by Eq. (1), see solid lines
Figure 3. For Pwe find pKa =7.0§=0.2 and®=2.6 ppm) which is slightly smaller than the
literature value for the second protonation of pptbophosphate (pKa = 7.2). For the average
chemical shift of the organic phosphate we find pK&.6 ©:=0.5 and®=3.9). However,
phosphoserines with different environments hawghdly different pKa values, which caused
the dispersion of theoFsignal. The variation of the width of the signabrh the organic
phosphate as a function of the pH can be expldiyeripKa range from about 6.45 to 6.8, see
dotted lines in Figure 3. The pKa values obtaired™ in this study are within the range (5.8-
6.9) that has been reported for purified caseirtberliterature (Belton et al., 1985; Humphrey
et al., 1982).

3.2. Casein micelles

The direct excitatiod'P MAS NMR spectrum of a micellar casein solutiorpkt6.8 shows
one narrow peak at= 1.5 ppm, a broader peak at 3.2ppm and a verydipeak centred at
2.5ppm, see Figure 4. Similar spectra have beeortegpfor micellar casein solutions in the
literature (Andreotti, Trivellone, & Motta, 2006;aR et al., 2001; Belton et al., 1985; Heber et
al., 2012; Rasmussen et al., 1997; Thomsen €it%85). The narrow peak at 1.5ppm is due to
free orthophosphate in solution, while the peak 2ppm can be assigned to mobile SerP. The
latter is broadened by the different chemical esvinents of the SerP as was discussed above
for NaCas. However, the shape of this peak is miffefrom that of NaCas which means that
the environment of the mobile SerP was differetie Very broad peak at 2.5ppm originated
from immobile phosphate (Bak et al., 2001; Rasmussal., 1997; Thomsen et al., 1995) both
organic and inorganic. This can be confirmed byssrgolarisation NMR that probes

specifically the signal from immobile phosphates siashed line in Figure 4. A few authors
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have analysed this signal in more detail and djsished different types of immobile phosphate
(Bak et al., 2001; Rasmussen et al., 1997; Thorasah, 1995), but we will not attempt this
here. The relative amplitude of the signals wasiokt by deconvolution of the spectrum,
yielding 2%, 7.5% and 90.5% for mobile, hobile R, and immobile P, respectively. The
fraction of P and B in the casein micelle powder used for this studdsv@.4 and 0.6,
respectively, see Materials and Methods. This mdat97% of Pand 81% of Ris immobile.
Most likely both the immobile organic and the inangc phosphate form the CCP nanoclusters.
We note that no significant difference was obserlietiveen spectra obtained for freshly
prepared samples and after standing for 1 moAGimplying that the casein micelles were

stable at the protein concentration used in theystu

5 10 s o 5 0
Figure 4.3'P MAS NMR spectrum of an aqueous solution of cas&ielles at pH 6.8. The
red dashed line represents the cross-polarizatpmtsum. The insert shows a closeup of the

mobile R and R signals. (For interpretation of the referencestdour in this figure legend,
the reader is referred to the web version of thiecke.)

Ultracentrifugation (5.10g, 1 h) leads to sedimentation of casein micellesiievNaCas
remains in the supernatant. When an aqueous NPIGRosaat pH 6.8 was centrifugated only
85-90% of the casein sedimented, which means 6ra6% of the casein was not incorporated
into the micelles. This may in part explain why 20%P, was mobile. However, the fraction
of casein in the supernatant was found to decregiselecreasing pH in accordance with results
obtained by Famelart et al. (Famelart et al., 1966)a different batch of NPCP, while the
fraction of mobile Rincreased as we will show below. Therefore on@éactrelate the fraction

of mobile R directly to the fraction of non-sedimentable casei
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Figure 5.3'P MAS NMR (left panel) and cross-polarization NNiBht panel) spectra of
agueous solutions of casein micelles at differéhtfor clarity the spectra at different pH
have been shifted vertically.

Figure 5 shows th&'P MAS NMR and cross-polarization NMR spectra of emus micellar
casein solutions at different pH. As was obserged\faCas, the chemical shift of the mobile
P and B signals moved upfield when the pH was decreaseatddition, the amplitude of these
signals increased strongly below pH 6. The chensiodd of mobile Band Rin micellar casein
solutions as a function of the pH is compared &t ih NaCas solutions in Figure 6. It is clear
that compared to NaCas the sharp upfield shift eébreasing pH occurs at lower pH for the
casein micelles especially fos.Models assuming a single equilibrium constantypKa=5.8
(61=0.5,0,=3.6 ppm) for Rand pKa=6.5&=0.2,5,=2.2 ppm) for R However, the assumption
of a single pKa describes the data less well fercdsein micelles than for NaCas. The shift of
the protonation of the mobile phosphate groupswel pH entails that their environment was
different as is also evident from the different mhaof the NMR signal. In addition, the
environment changes with decreasing pH, which maglae why the model assuming a single
pKa was not as good as for NaCas. The most liledgan for the different pH-dependence of
the chemical shift is that the micellar casein 8ohs contain calcium and orthophosphate in
the ionic form in increasing quantities as the pldecreased as a consequence of the CCP being
dissolved. These ions can screen electrostaticactions and interact specifically with SerP.

The relative amplitudes of the different phosphaigsals were determined by deconvolution
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of the single pulse spectra and from the peak iatag the CP spectra shown in Figure 5.
Figure 7a shows that the fraction of immobile phhap decreased sharply for pH < 6 and
became very small for pH < 4.5. The fraction of melerganic and inorganic phosphate is
plotted as a function of the pH down to pH 4.8nea inset of Figure 7a. At lower pH, thead

P, signals overlapped strongly and could not belbliseparated. In Figure 7b we have plotted
the variation of the fraction of mobile &1d R with respect to the total amount of each. At pH
> 6 almost 20% of the organic phosphate was matfilereas less than 10% of the inorganic
phosphate was mobile. The fraction of mobile phagplncreased rapidly below pH 5.5 and
reached 75% at pH 4.8 for bothahd RB.

pH

Figure 6. pH-dependence of the chemical shift gharc (squares) and inorganic (circles)
phosphorus in agueous solutions of casein micfilesd symbols) and NaCas (open
symbols). The bars indicate the width of thesignal for the casein micelles. The solid lines
represent fits corresponding to Eq. (1).

Le Graét & Gaucheron (1999) determined the fractbnsoluble’ inorganic phosphate in
solutions of NPCP in milk ultrafiltrate as a furmstiof the pH. Soluble phosphate was defined
as the phosphate that passed a filter with a 25duDaff membrane. They showed that the
fraction of soluble phosphate increased rapidlytdr< 5.5 and depended weakly on the casein
concentration. The fraction of solubilized inorgaphosphate obtained in this manner at the
casein concentration used here is compared witfrdbgon of mobile R see solid line Figure
7b. Qualitatively the pH-dependence is the samighieusharp increase of the fraction of soluble
P reported by Le Graét & Gaucheron (1999) startesligittly lower pH than the increase of

mobile R observed here. This may be due to the fact tleat pinepared the casein micelles
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solutions in milk ultrafiltrate while we have prepd them in pure water. Alternatively, it may
mean that a fraction of the solublews immobile at these pH values.
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Figure 7. (a) Fraction of immobile phosphate asiadtion of the pH in agueous solutions of
casein micelles obtained from single pulse (trimsyland cross-polarization experiments
(circles). The in-set shows the fraction of mobiiganic (filled symbols) and inorganic (open
symbols) phosphate. (b) Fraction of mobile orggaguares) and inorganic (circles)
phosphate with respect to the total organic andgaaic phosphate, respectively. The solid
line represents the fraction of soluble inorganimmpphate taken from ref. Le Graét &

Gaucheron (1999).

Visual inspection of the samples showed that aifsignt fraction of the proteins in casein
micelles solutions below pH 5.0 formed large fltltat sedimented slowly under gravity. This
observation is consistent with results by Fameliaal. (1996) who reported for NPCP solutions
in pure water a sharp increase of the fractionasem that sedimented after centrifugation for
1 h at 16g from less than 5% for pkt 5.2 to about 90% for p&b.0. The CLSM images in
Figure 8 show the formation of microscopic caséd after acidification starting at pH 5.2
with a density that increased sharply with decreppH. Remarkably, large scale aggregation
of the caseins did not render the SerP groups inleydiut, on the contrary, the fraction of
mobile phosphate continued to increase progregsibelow pH 5.2. The large scale
flocculation of the caseins does not seem to extlyrrelated to the state of the phosphate.We
notice that NaCas also precipitates or gels belbWb®2 (Braga, Menossi, & Cunha, 2006;
HadjSadok, Pitkowski, Nicolai, Benyahia, & Moulaigsgtefa, 2008; Lucey, Van Vliet, Grolle,
Geurts, & Walstra, 1997; O'Kennedy, Mounsey, MutpByiggan, & Kelly, 2006; Ruis,

Venema, & van der Linden, 2007).
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5.4 3.2 3.0
4.8 4.3 3.9

Figure 8. CLSM images (150x150 mm) of micellar aaselutions at different pH indicated
in the figure.

It is clear that dissolution of the CCP by loweritng pH releases inorganic phosphate and
calcium from the CCP and renders SerP mobile. Sitval. (2013) dialysed micellar casein
solutions at different pH between 6.7 and 5.5 agjamlk ultrafiltrate in order to remove the
released calcium phosphate. They subsequentlyasedethe pH back to 6.8 and determined
the fraction of nonsedimentable casein after udn&dfugation. The fraction of
nonsedimentable casein was found to increase fis¥h & pH 6.7 to 70% at pH 5.5. It was
also found that the fraction of inorganic phosphia& was removed by dialysis increased with
decreasing pH up to 60% at pH 5.5. The fractiodisfociated casein and solubilizachPpH

5.5 was significantly larger than the fraction dfloile R, and Fat this pH found in the present
study, which may be due to the extended dialyseeltheless, these experiments show that
demineralization of casein micelles by acidificatieads to dissociation of a fraction of the
casein micelles at neutral pH where the chargeityesithe caseins is higher. However, as we
mentioned above, if the system is maintained atetopH the caseins remain aggregated and
sediment during ultracentrifugation. This meand tha reduced stabilizing effect of CCP
nanoclusters is compensated at lower pH by othgstyf attractive interactions between the
casein chains (Holt et al., 2013). When the chatgesity of the caseins is increased by
increasing the pH these interactions are not safftdo maintain the integrity of the micelles

in the absence of a large fraction of the calcilmogphate.
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3.3. pH cycling

An interesting question is whether the mobilizatidphosphates by acidification is reversible
upon increasing the pH. Figure 9 shows tHe MAS NMR spectrum of a micellar casein
solution of which the pH was first reduced from &®84.8, which rendered most of the
phosphates mobile (compare Figure 5), and was qubedy increased back to 6.8.
Comparison of the spectra of the solution at pHog#®re and after pH-cycling, shows that the
signals were almost the same except that the ardplibf the mobile iPsignal was slightly
larger before cycling. The signal of residual melB was similar before and after pH-cycling,
but not identical. Clearly most of the phosphates wamobilized when the pH was raised, but
no calcium phosphate particles were visible ontleisgales accessible to CLSM. Most likely
growth of the calcium phosphate clusters was lidhiig incorporation of SerP, which rendered
the latter immobile. Holt,Wahlgren, & Drakenberg996) observed the formation of
amorphous dicalcium phosphate nanoclusters fronmaersaturated solution of salts and the
phosphopeptidef(1-25) by raising the pH slowly from 5.5 to 6.7.€FP NMR spectrum at
pH 6.7 in that study contained a very broad sighat represented 75% of the total signal
implying that 75% of the phosphate had been imnsall by the formation of the nanoclusters.
In addition to the broad signal they observed aawasignal from mobile inorganic phosphate

and a broader three peaked signal from mobile ecgdrosphate.

It appears that also for micellar casein solutisiuslied here, nanoclusters were formed when
the pH was increased, but we have no informatiorthensize of the clusters nor on their
structure. Therefore we do not know if they areilsinto the ones in native casein micelles. In
any case, CLSM images of the solution before atet @H-cycling showed that the structure
on larger length scales was different, see Figurdé&fore pH-cycling the system was
homogeneous on microscopic length scales, whikr aftl-cycling we observed large flocs,
albeit with a much lower density than at pH 4.8eTdtid-induced aggregation of micellar
caseins is thus not reversible upon increasingpkheontrary to the acid-induced aggregation
of NaCas.We note that the presence of large flties pH-cycling causes some uncertainty in
the amount of casein of this sample in the NMR prabd thus the total amplitude of the signal.
We may speculate that the internal structure oflahge flocs is similar to that of the casein
micelles. Calcium phosphate nanoclusters incorpa@hosphoserines af andp-caseins are
bound to other caseins via attractive interactlmts/een the proteins. The main difference with

the structure of native casein micelles is the oble casein that did not form a stabilizing layer
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that inhibits growth of the casein/nanocluster aggtes during formation of the native
micelles. This may be due to the fact that caseis &lready aggregated at pH 4.8 and that the
protein concentration used in this study was nedii high. Further investigation employing
scattering techniques and electron microscopy eeeled to establish to what extent the local

structure of the casein assemblies after pH-cycksgmbles that of native casein micelles.

15 10 5 0 -5 -10
*'P (ppm)

Figure 9.3'P MAS NMR spectra of aqueous solutions of caseaislies at pH 6.8 before
(bottom) and after (top) pH-cycling to pH 4.8. Tihsert shows a close-up of the signals of
mobile R and R. CLSM images of the corresponding solutions ase ahown.

4. Conclusions

Magic angle spinning*P NMR allows one to determine quantitatively thacfion and the
protonation of mobile organic and inorganic phoseha casein solutions as a function of the
pH in the range 4.8-8.0. The organic phosphateodfusn caseinate in aqueous solution is
mobile over the whole pH range even for pH < 5.2mehthe caseinate precipitates during
centrifugation and microscopic flocs are obserne®€LSM image. ThéP NMR signal of
sodium caseinate at pH 6.8 is equal to the weightetage of purifiedx- and p-caseins
implying that the local environment of the phosgroges is not very different from that in the
purea andp-casein aggregates. The average pKa value of Na@s$.6, but varied slightly

for different SerP on the caseins, which causeapipearance of distinct peaks around pH 7.
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For casein micelles in aqueous solution at the pidilix, 97% of the inorganic phosphate and
81% of the organic phosphate is immobile and niketyl incorporated in calcium phosphate
nanoclusters. The fraction of mobile organic amarganic phosphate increased weakly with
decreasing pH down to pH 5.5 and then increasemlstta reach 75% at pH 4.8. Protonation
of the inorganic and organic phosphates was shiftéower pH and for both it was less well
described by Eq. (1) than for NaCas solutions, detrating the influence of the minerals
present in micellar casein solutions. In spite loé release of the phosphates from the
nanoclusters by lowering the pH, most of the priaiedimented during ultracentrifugation at
all pH and large flocs were observed for pH < BlZere is no correlation between the mobility

of the phosphates and the solubility of the caseins

Calcium phosphate nanoclusters that were dissdlyddwering the pH to 4.8 reformed when
the pH was increased again to 6.8 and the fradfiammobile phosphate was almost the same
before and after pH-cycling. However, the microscagructure of the micellar casein solutions
was different as after pH-cycling microscopic casgiisters were visible with CLSM. Possibly
the local organisation of the caseins and the wadg@hosphate is similar before and after pH-
cycling, but the stabilizing role of-casein that limits growth during formation of thative

micelles is absent after pH-cycling.
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ADbstract.

Heat-induced gelation of casein micelles in aquesmhstion was investigated between pH 5.2
and pH 6.7 over a wide range of protein conceminat{C=25-160 g.t). For G40 g.L! the
casein micelles rapidly formed a self-supportinbadpove a critical temperaturedfTAt C=160
g.L?, T decreased from 90°C at pH 6.5 to 30°C at pH 5ddirmereased with decreasing protein
concentration. Oscillatory shear measurements gimgating showed that the elastic modulus
(Gel) of the gels increased strongly with increasingigin concentration, but was insensitive to
the pH and the heating temperature except closé: twhere G| decreased sharply with
decreasing temperature. The microstructure oféleewas observed by confocal scanning laser
microscopy. Heat-induced gelation of casein miselias compared with that of sodium

caseinate solutions free of calcium phosphate.
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1. Introduction

In milk, the main protein fraction (80% of totalgbein) is composed of four different types of
casein {s1, 0s2, p andk-casein) associated into a complex with colloiddticm phosphate
(CCP) called casein micelles [1-5]. Steric and tetesstatic repulsion of a-casein brush at the
surface of the micelles inhibits aggregation ofetasnicelles in aqueous solution [6-7]. CCP
is present in the form of nanoclusters that alsoliporates phosphoserine groups of the caseins.
Reduction of the pH causes progressive dissolufahe CCP, which is complete at pH 5.2
[8-10]. Recently, we have shown usiA® MAS NMR that solubilization of the CCP by

decreasing the pH allows the phosphoserines indkein micelles to become mobile [11].

In milk, the presence of CCP is necessary to miairttee integrity of the micelles, but they
remain intact with approximately the same size déeavpH~5.1 [12-16]. At low pH the net

charge density of the caseins and thus the el¢atimsepulsion is small so that hydrophobic
and other physical interactions are sufficient &intain the integrity of the micelles. However,
below pH 5.1, electrostatic and steric repulsiotwieen the micelles is no longer sufficient to

inhibit aggregation leading to precipitation oragen [9, 11, 17-18].

In milk, the micelles aggregate when they are lkeabove 100°C [19], but at lower
temperatures they are stable. Nevertheless, piegestmilk above 70°C has a major effect
on the acid-induced gelation of casein micelle$ lesds to gelation at higher pH and to stiffer
gels and has been investigated extensively {Lud®88 #693}. The effect is principally
attributed to heat-induced denaturation and aggieyaf the globular whey proteins that are
present in the serum of milk. It was found thatateared whey proteins co-aggregate with
casein into complexes that are in part bound tadisein micelles [20]. Aggregation of micelles
covered with whey proteins starts at a higher pHngduacidification, because the iso-electric

point of whey proteins is higher than that of casei
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Recently, Koutina et al. [21-22] studied the effetthe temperature on acid induced gelation
of casein micelles in milk and related it to solization of the CCP. They found that the critical
pH below which the systems gelled increased witheasing temperature: pH 5.2, 5.4 and 5.6
for 40, 50 and 60°C, respectively. The effect okvedtributed to changes in the content of
calcium and orthophosphate in the micelles witmeasing temperature. NMR studies showed
that restructuring occurred of the complexes betweamlcium, orthophosphate and

phosphoserines on the caseins in milk during hg428].

Interestingly, it was found that aggregation andaten of casein micelles could also be
induced by increasing the temperature of milk afegreasing the pH [24-25], but contrary, to
the effect of heating milk and subsequently redgi¢hre pH, this process has attracted little
attention so far. The critical temperature abovectvtaggregation of micelles occurred in
skimmed milk was found to increase with increagibfrom 0°C at pH 4.4 to 30°C at pH 5.2
[24]. Vasbinder, et al. [25] investigated this pberenon using diffusive wave spectroscopy to
detect aggregation of the micelles. They obsertatl the critical temperature above which
aggregation of the micelles occurred increased fabout 25°C at pH 5.0 to 50°C at pH 5.4.
Comparison between skimmed milk and whey protaa filk did not show major differences
indicating that the presence of whey did not inficee the onset of gelation of the casein
micelles. In addition, it was found that the hegtrate did not influence the critical gelation
temperature. The authors pointed out that incrgatie temperature at fixed pH was not

equivalent to decreasing the pH at fixed tempeeatur

As far as we are aware, thermal gelation of caseaelles above pH 5.6 has not yet been
reported before, nor have the mechanical propeatielsthe microstructure of heat-set casein
micelle gel been investigated. The objective of pgresent study was to investigate the
phenomenon of heat induced gelation of casein feg@l aqueous solution at fixed pH over a

wide range of protein concentration (25-160Y.land pH (5.2-6.7). We have used native
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phosphocaseinate powder dispersions in order toradat dispersion of casein micelles in water
free from whey protein, lactose and serum minetaigas shown that the size and structure of
these casein micelles and their behaviour durindjfac@ation at room temperature is almost the
same as that of caseins micelles in milk [9, 26]e Tetailed investigation of heat-induced
gelation of pure casein micelles in water presehtgd can serve as a bench mark for the more

complex behaviour of mixtures of casein micelled atey proteins.

We will show that gels can be formed by casein t@saup to pH 6.5 when the solutions are
heated at 90°C. The stiffness of the heat-setwa$sstudied using oscillatory shear rheology
and the microstructure was studied using confasar scanning microscopy (CLSM). We will
compare the behaviour of casein micelles withdhabdium caseinate (NaCas) that is obtained

if the CCP is removed.

2. Materialsand Methods.

2.1. Materials. Casein micelles were provided in the form of rafhosphocaseinate powder
(NPCP) by INRA STLO in Rennes. NPCP was followihg tmethod developed by Pierre et
al.[27] and Schuck et al.[28]. Briefly, skimmed lkmwas processed through cross-flow
microfiltration to separate the casein micellesrfrthe serum proteins. The micelles were
washed with water in diafiltration mode. The sajatiwas then dried in low-temperature
conditions through spray-drying. The powder coredi@3% (w/w) protein (MAT Kjeldahl),
8.7% (w/w) of ashes including 2.6 % (w/w) of caliwand 1.7% (w/w) of total phosphorus.
NPCP has been used as a model for native casegllesibefore and after dispersion in water
the size and structure of NPCP and its behaviotungacidification is almost the same as that
of caseins micelles in milk [9, 26]. The sodiunse&iaate powder that was used for this study

(Lactonat EN, Lactoprot, Kaltenkirchen, Germanyntained 90% (w/w) protein (TNC,
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Kjeldahl), 1.3% (w/w) sodium and 0.7% (w/w) phospi® The fraction of residual whey

protein in either of the casein powders was at radetv wt%.

2.2. Sample preparation. The powder was dispersed in milliQ water contggn8mM of
sodium azide (Nah) to prevent bacterial proliferation. Fully dispegissuspensions of NPCP
were obtained after heating the solution at 50°@ngdul6h. Alternatively, the micelles were
dispersed using a homogenizer at room temperaigedifference in the behaviour of the
micelles was observed. About 10% of the proteinrdilsediment after centrifugation for 2 h
at 5x10 g and was therefore not in the form of micelleshi@ powder. In the concentration
range used here less than 5% of micelles thattdgiated over a period of one day after
preparation [29]. For NaCas, homogeneous soluti@ne obtained after heating at 80°C during
30 minutes. The pH was adjusted at 20°C under oigostirring by slow addition of aliquots
of HCI or NaOH solutions (0.1-1M). The protein centration was determined by UV-
absorbance at 280nm (Varian Cary-50 Bio, Les Bliance) using an extinction coefficient of

0.81L.g*.cm™.

2.3. Confocal Laser Scanning Microscopy (CLSM). CLSM observations were made using a

Leica TCS-SP2 (Leica Microsystems Heidelberg, Geypas described in [24].

2.4. Rheology. Oscillatory measurements were performed with timess-imposed rheometer
(TA Instruments Rheolyst, ARG2 and AR2000) usinglae - plate geometry (40 mm, gap
1mm). The temperature was controlled by a Pelgistesn and the geometry was covered with
a mineral oil to avoid water evaporation. Measunetsi@ere done at a stress of 0.01 Pa which
was within the linear response regime. The frequemas set at 0.1Hz unless otherwise
specified. Temperature ramps were done at a raB8@fimin except close to the critical gel

temperature where they were done at a rate of 01ifC
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3. Resultsand discussion

3.1. Gelation of casein micelles

3.1.1. Sol-gel state diagram.

A series of aqueous solutions of casein micelles prapared at room temperature (20°C) at
four different concentrations between 25§and 160g.t* and at different pH between pH 5.2
and pH 6.7. For pkb.2, precipitation was observed at room temperailine solutions were
heated in a water bath during 15 minutes at diffetemperatures. After cooling to room
temperature the samples were observed when tiitddrv@re considered gels if they did not
flow. It was found that gelation occurred aboveitical temperature (J) that increased with
increasing pH and decreasing protein concentrasiea,Figure 1. At C=160 gl T varied
little between pH 5.4 and pH 5.8, but increasedmtewith increasing pH at higher pH from
about 30°C at pH 5.8 to 90°C at pH 6.5. We noteghmailar results were obtained in trails with
a commercial casein micelle powder Promilk 852Beriw/Ingrédia (Fribourg, Switzerland).
These results show that heat induced gelation s#igamicelle solutions occurs at higher pH

than was previously realized [24-25].

Reducing the protein concentration to C=100'glld not have much influence on Tc, but at
C=55 g.I! the critical temperature was significantly highddecreasing the protein

concentration further to 25g1led to a further increase of, ut at this concentration the gels
could not support their own weight and the aggrmedjaticelles precipitated in the form of large

flocs.
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Figure 1. Critical gel temperature of casein mieedluspensions as a function of the pH for
different protein concentrations indicated in tigufe. Open symbols indicated results
obtained by visual observation and filled symbotiicate results obtained from rheology.

Remarkably, the heating time had little influencele. At T>T+5°C, gels were formed within

a minute after the set temperature was reachedieav@at T<F5°C the systems remained
liquid even after overnight heating. Only in a verrow temperature range aroungsiow
gelation was observed. The temperature dependdribe gelation rate of casein micelles is
much stronger than that of globular proteins. Hobglar proteins the rate determining step of
gelation is denaturation, which is characterizedabyactivation energy [30]. This means that
though the gelation rate increases steeply witreesing temperature, there is no well-defined

critical temperature for gelation of globular priote
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3.1.2. Rheology.

We have studied the rheological behaviour of casegelle suspensions at C=160 ¢.as a
function of the pH using a slow temperature rarep, Materials and Methods. Figure 2a shows
the temperature dependence of the storage (GloasdG”) moduli at 0.1 Hz. Unheated, dense
suspensions of casein micelles are viscoelastiedis31] with G'<G”. When the temperature
was increased G’ increased sharply at a criticaperature and became larger than G”. The
increase of G’ stagnated at higher temperaturespdxat pH 5.4 where G’ decreased after

reaching a maximum, which we attribute to syneresis

The critical temperatures at which G’ and G” craksaee compared tocTobtained by visual
observation in Figure 1. The values qfdbtained by visual observation were a few degrees
higher probably because very weak gels do nottrésis when tilted. If G’ is plotted as a
function of T-T, see Figure 2b, it can be seen more clearly tteasame storage modulus is
reached for T-3>10°C at all values of the pH except at pH 6.44bich G’ was significantly
smaller for reasons that will be discussed beldve ffequency dependence of the shear moduli
was weak (data not shown) and we will take theevaliuG’ at 0.1 Hz at long heating times as

the elastic modulus @ of the heat-set gels.
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Figure 2a. Storage (circles) and loss (triangleg)duli at 0.1Hz as a function of the
temperature during a slow heating ramp for caseioelte suspensions at C=160 ¢-LFor
clarity, results obtained far from the critical tperature are not shown.

Figure 2b. Evolution of the storage moduli (G’) shoin Figure 2a as a function of the
difference between the heating temperature and T

The effect of cooling on G’ is shown in Figure 3.8l pH values investigated here, there was
little effect of cooling down to 50°C, but furtheooling led to a significant increase of the

elastic modulus. This temperature dependence stsjfpes the crosslinks between the micelles
involve hydrogen bonds that become stronger witkrebesing temperature. The weak
temperature dependence between 50°C and 80°C mayble@n caused by strengthening of
hydrophobic interactions that compensated weakeofnigydrogen bonds. At 80°C, the gel

stiffness did not depend significantly on the pHept at pH 6.4. However, at 20°C, G’ was

smaller at pH 6.1 and 6.2.
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Figure 3. Dependence of the storage (G’) on thegeature during cooling for casein
micelle gels formed at C=160 gllat different pH at 80°C.

The effect of the heating temperature on gelatiosecto E was studied in more detail at pH
6.0. Figure 4a shows the evolution of G’ with tifiee C=160g.L* at different temperatures
between 35°C and 50°C. For T<35°C, the increasg’ @fas not significant, whereas at 50°C
the gel was formed during the increase of tempegdbefore it had reached 50°C. Between
40°C and 35°C, the rate of gelation decreasednoué importantly G dropped dramatically,
see Figure 4b. It appears that gels with the sdiffreess are formed independent of the heating
temperature except close te. Tt is possible that close ta: ot all casein micelles can form
bonds and contribute to the network, because tieereome dispersity of the size and
composition of the micelles. The steep increas&’ofvould in that case represent the steep
increase of the fraction of micelles that can himdther micelles. The decrease qf Gose to

Tc may explain the lower stiffness of gels formeghldt6.4 at 80°C, because 80°C is close to

Tcat pH 6.4.
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Figure 4a. Storage modulus (G’) of casein miceflespensions at C=160 g'land pH 6.0 as
a function of time for different temperatures iraded in the figure.

Figure 4b. Elastic modulus (} of gels formed at C=160 giiand pH 6.0 as a function of
the heating temperature.

The effect of the casein micelle concentrationrangtiffness of the gels was determined at pH
5.6, 6.0 and 6.2 after heating at 80°C, see Fig§urat this temperature, gelation occurred
quickly and G’ reached its plateau value after\a feinutes. At C<40 g.tt the gels did not
support their own weight and large proteins flooscjpitated. For €40 g.L%, Ge increased
steeply with increasing protein concentration upCte60 g.L* and more weakly at higher
concentrations. The initial steep increase is fdobbaaused by reduction of defects and
dangling ends of the gel, whereas the weak incraasegher concentrations is caused by
incorporating more micelles in the network struetu®, was not influenced by the pH over the
range of investigated concentrations, as was alrshdwn for C=160 g.t in Figure 2. It is
remarkable that as long as the heating temperetwignificantly larger than a critical value,
gels with the same stiffness are formed even thangmet charge density of the caseins and

their mineral content are different.
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Figure 5. Elastic modulus (G’) of heat-set caseinette gels as a function of the
concentration at different pH indicated in the figu

The concentration dependence gbbtained from visual observations and rheologysamvn

in Figure 6 at three different pH. At all three pHlues, T varied little for C>100g.L, but
increased at lower concentrations. Figure 6 alsavsithat the increase of With increasing

pH depends little on the protein concentration. €&ffect of the pH on Jis no doubt in part
caused by the reduced charge density of the caseidstherefore reduced electrostatic
repulsion between the micelles. Reducing the pbl @sises more minerals to be released from
the micelles [32], which may also influence bondriation. However, NMR measurements
showed that down to pH 5.6 less than 10% of thegendic phosphate is present as free ions for
micelle solutions at C=100 g/L [33]. The increa$d owith decreasing protein concentration
may be explained by the fact that the net chargsitleof proteins is larger for a given pH at

lower protein concentrations.
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Figure 6. Evolution of the critical temperature:l&s a function of the concentration for pH
6.2 (triangles), 6 (circles) and 5.6 (squares).

3.1.3. Microstructure of the gels.

Figure 7 shows CLSM images of casein micelle sohgtiat C=160 g.£ and pH 6.0 that were
heated for 15 min at different temperatures. As thH and protein concentrationg Was
determined by rheology to be 35°C, see Figure 4loeT., the suspensions were
homogeneous, but for T=zT they became increasingly heterogeneous with asong
temperature. Similar heterogeneous structures kepaated for casein micelle gels formed by
acidification at pH 4.6 [18, 34]. The strong depemck of the microstructure on the heating
temperature was unexpected, because G’ was indepewnd the heating temperature for
T>40°C, see Figure 4b. Stronger attraction betvtbermicelles at higher temperatures may
explain the more heterogeneous structure, buthad apparently no influence on the gel
stiffness. Similar images were obtained at lowestgin concentrations with, as might be

expected, denser gel structures at higher proteinentrations.
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Figure 7. CLSM images (40x40um) of casein micellespensions at 160 gtland pH 6.0
for samples heated at different temperatures irtdtainder the figure.

3.2. Gelation of sodium caseinate.

In order to gauge the importance of the micellarcture of casein and the presence of calcium
phosphate for the gelation process we have inwstigthe effect of heating on sodium
caseinate solutions at different pH. Figure 8 shtvesevolution with time of G’ for NaCas
solutions at C=160 g:Land different pH during heating at 80°C. At pH &vextremely slow
increase could be observed, but after overnightifigeghe system was still a liquid and the
viscosity was not significantly higher. However, @t 6.0 we observed a much stronger
increase of G’ leading to the formation of weaksgeith G’>G”. When the pH was further
decreased gelation became faster and stiffer gete ¥ormed. This may be due to weaker
electrostatic repulsion between the caseins atripie which would allow more bonds to be

formed and faster.
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Figure 8. Storage modulus (G’) at 0.1 Hz as a fiomcof heating time at 80°C for NaCas
suspensions at C=160 g'lat different pH indicated in the figure.

The effect of the heating temperature and the pratncentration was investigated at pH 6.0.
Figure 9a shows the evolution of G’ at three terapees for C=160 g:tand Figure 9b shows
the evolution at 80°C for 4 different concentraioBelow 60°C no significant increase of G’
was observed after overnight heating, but at hi¢ggv@peratures gels were formed at a rate that
increased with increasing temperature. As was #se ¢or micellar casein, the gels persisted
and even became somewhat stiffer when they weredoGaseins are rheomorphic proteins
and contrary to globular proteins there is no cleamittheir conformation induced by heating.
The increase of the gelation rate with increasemgpterature can perhaps be related to increased
hydrophobic interactions, which are subsequenilyfoeced by hydrogen bonds. As might be

expected, decreasing the protein concentrationledsto a decrease of the gelation rate.
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Figure 9a. Storage modulus (G’) as a function ofeiof NaCas suspensions at C=1607.L
and pH 6.0 during heating at different temperatureticated in the figure.

Figure 9b. Storage modulus (G’) as a function ofdiof NaCas suspensions at pH 6.0 and
different concentrations indicated in the figureidg heating at 80°C.

The gelation process of NaCas in aqueous soligigary different from that of casein
micelles. Gelation of NaCas is slow and althougdrehs a strong dependence of the gelation
rate on the heating temperature, there is no itidicaf a critical temperature. Furthermore,
the gel stiffness increased with decreasing pH edmefor casein micelles it was independent
of the pH. It is clear from the comparison betwd&Cas and micellar casein gelation that the
micellar structure and/or the presence of mineaedsvery important. In particular the role of
calcium and phosphate, of which an increasingifvags liberated from the micelles when the
pH is decreased, may be important. It was fountWwhan calcium phosphate is added to NaCas
it forms calcium phosphate nanoclusters involvilggphoserines of the caseins, leading to
aggregation of the proteins [35-37]. The aggregaltiecomes more important with increasing
temperature which suggests that hydrophobic interscplay a role. Furthermore, the increase
of G’ with decreasing temperature suggests thattagdrogen bonds are involved. These three
types of interactions also play a role in the diigbof the micelles themselves. Anema and

Klostermeyer[38] found that for pH 6.5 and pH 6lfhast no casein was released from the
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micelles when milk was heating up to at least 90¢Qich would mean that the gelation is not
caused by a change in the casein composition ofmibelles. However, these measurements
were done in the presence of whey proteins whici haae affected these findings. In any
case, it is very likely that the micellar structuwteanges when they are heated. We speculate
that the subtle balance of interactions in the t@seas perturbed by decreasing the pH and
heating, leading to a reorganization of the calcplmsphate complexes with the caseins and
perhaps release of caseins. The experimental seshiiv that this reorganization allows bond

formation between micelles above a critical tempeea

De Kruif et al.[14, 24] suggested that aggregatbmicelles could be described in terms of
the adhesive hard sphere model that treats thdlesi@es spherical colloids with strong short
range attractive and repulsive interactions. Winenbalance between attractive and repulsive
interactions reaches a critical value, aggregaticecurs. Therefore progressive changes in the
balance with increasing temperature will leads ggragation at a critical temperature. Of
course, in reality the micelles are not all idesitigvhich explains why not all micelles aggregate
at exactly the same temperature. However, it emplaihy the sol-gel transition occurs in a
narrow range of temperatures. Unfortunately, thes@nt investigation does not enable us to
explain the changes of the attractive and repuisitezactions in terms of structural changes of

the micelles on a molecular level.

The thermal gelation process will be influencedtsy presence of added salt, lactose or whey
proteins. As was mentioned in the introduction ttieduced aggregation of whey proteins and
their co-aggregation with caseins will modify thelajion process at temperature above 70°C.
Furthermore, we observed in preliminary measuremtat the critical gel temperature was
higher when 0.1M NaCl was added. The results obthin this study on pure casen micelles
in water can be used as a benchmark to undersienohal gelation in more complex milk

systems.
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5. Conclusion

Gelation of aqueous solutions of casein micellas lsa induced by heating at a fixed pH
between pH 5.4 and pH 6.5. However, the gelatioagss is different from sodium caseinate.
Casein micelles at C>100 ¢g‘Lgel within a few minutes above a well-defined icat

temperature that is about 30°C between pH 5.4 &h&.B and then increases sharply with
increasing pH to 90°C at pH 6.5. The critical tenapere increases when the casein
concentration is reduced, but self supporting gelfarmed down to C=40 g At lower

protein concentrations a sediment of large flod®iged. The stiffness of the gels increases
strongly with increasing protein concentration, loaes not depend much on the heating

temperature or the pH.

Comparison with heat induced gelation of sodiuneege solutions shows that the micellar
structure and/or the presence of calcium and pladspdimportant. Sodium caseinate solutions
gel much more slowly than casein micelles at atrattincreases progressively with increasing
temperature and decreasing pH. Aggregation of casdcelles is probably caused by

restructuring of the micelles induced by changethefpH and the temperature. Restructuring
leads to a progressive change of the balance betwegmilsive and attractive interaction

between the micelles with increasing temperatuf@avor of the latter and drives aggregation
when it reaches a critical value at a critical tenapure. Hydrophobic interactions, hydrogen
bonding and complex formation between calcium, phate and phosphoserines are all

involved in the gelation process.
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General conclusion and perspectives
General conclusions and perspectives

The aim of this thesis was to determine the infagenf minerals, notably phosphate and
calcium on the organization and rheological prapsrtof dense suspensions of sodium
caseinate. The investigation was carried out poadby using centrifugation, Confocal Laser

Scanning Microscopy, rheology af®? MAS NMR techniques.

When calcium is bound specifically to the proteibgitroduces attractive interactions probably
calcium bridging, hydrophobic or hydrogen bondiegding to microphase separation. The
microphase separation was marked by the formafigplwerical dense protein domains above
a critical molar ratio of 6 C4 per casein. This phenomenon occurred at lower" Ca
concentrations with increasing the temperature sstrikely hydrophobic interactions are
involved. Oscillatory shear measurements reveateid@ease of the terminal relaxation time
and a decrease of the high frequency elastic medulith increasing G4 and protein
concentration and with decreasing temperature, lwken be explained by the increasing
attraction between the caseinate particles. Howevieen attraction becomes too strong, the
formation of large dense protein domains leads de@ease of the effective volume fraction
causing a drop of the terminal relaxation time gnechigh frequency elastic modulus. The same
properties are observed for calcium caseinate sggpes at different concentrations at the
same ratio of Ca per protein. The interaction is determined by g of C&* per protein
and not the total amount of calcium ions. The preseof C&' induces aggregation of the
caseins, but does not lead to gelation by the foomaf a system spanning network. Only at
high protein concentrations in which the denselange casein particles are jammed does the

system behave as a soft solid.

Addition of monovalent salt up to 250mM does natraduce significant changes of the
structure or the viscosity of NaCas suspensiongatidg that electrostatic interactions are
unimportant. However, above a critical concentratod N&, attractive interactions due to
dehydration of the proteins lead to a strong ineee# the viscosity of NaCas and precipitation
of NaCas above 3.5M NaThe same effect was observed usifigAddition of NaCl mitigates
the effect of adding C& but a large excess of sodium ions is necessappnapete with

effectively with calcium ion as the latter bindsosigly to the caseins.
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General conclusion and perspectives

The presence of phosphates strongly influencesitbeaction between caseins when calcium
ions are present. When orthophosphate is added@aslsolutions in the presence of calcium
ions, it binds to the casein together with calctorform complexes. The complexes contain all
caseins and possibly have a local structure corbfgatt® that of native casein micelles.
However, for the casein micelle, the growth is tedi by thek-casein stabilizing layer. It is
possible that calcium phosphate particles comparabl native CCP are formed when
orthophosphate and calcium are added to caseibatesmall angle X-ray and neutron
scattering experiments need to be done to comparsttucture of the complexes with native
casein micelles. When orthophosphate is presemtdess before Cagis added, it competes
with the proteins for binding to calcium and pret@fes in the form of large calcium phosphate
particles surrounded by an adsorbed protein |aerdid not attempt to determine the type of
these large calcium phosphate particles (apatitsshite, etc.), which necessitates wide angle
X-ray scattering experiments. Preliminary expeniseshowed that the presence of these large
calcium phosphate particles was dependent on tter af incorporation of calcium and
phosphate ions in the caseinate solution. The god®sably also influences the large scale
association of the caseins. Further studies ardenke® understand in more detail the effect of

the order of adding minerals to caseinate solutions

When sodium caseinate is mixed with casein miceldcium chelation by NaCas leads to
dissociation of the micelles. The dissociation warked by a decrease of turbidity and an
increase of the solubility of proteins. Howeveristktate is transient, because the proteins
reassemble into large aggregates at a rate thaases with increasing protein concentration.
This relatively slow aggregation process is propabtiuced by the presence of calcium and
phosphate that is released from the micelles. Aebainderstanding of this secondary

aggregation process in mixtures of NaCas and casieglles requires further studies.

Casein micelles can also by dissociated by redupHgbelow pH 5. When the pH is
subsequently increased to pH>6, interaction ofdaseins with the calcium and phosphate
released from the micelles leads to large scaleegggion. This situation is close to that
discussed above in which calcium and orthophospratadded to caseinate solutions at pH>6.
However, the structure of the complexes may depentthie route by which they are produced.
Scattering techniques will be needed to study thectsire of the complexes on small length
scales.
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The effect of calcium phosphate was also clear feomomparison between heat-induced
gelation of native casein micelles and deminerdliz®dium caseinate. Casein micelle
suspensions gelled rapidly above a critical tentpegathat increased steeply with increasing
pH between pH 5.4 and pH 6.5, whereas caseinapessi®ns gelled slowly and only at high

temperatures. We speculated that the rapid gelaficasein micelles was induced by calcium
and phosphate that was solubilised by reducingpthheand increasing the pH. In this thesis
these interactions have been studied in detail @ity 6.7 and at room temperature. It is clear,
however, that the effect calcium phosphate on sodiaseinate strongly depends on the pH

and the temperature. Further investigations areetwéo elucidate the effects of temperature
and the pH on the interaction.
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Résumé Abstract

Les caséines, les protéines les plus abondani In milk, caseins, the main proteins, are associated ¢
lait, sont associées sous forme de micelle ayamrayor casein micelle (100nm) held together with colloidalciur
moyen de 100nm, pontéesr du phosphate de calci phosphate (CCP). When CCP is removed by
colloidal (CCP). Lorsque le CCP est retiré precipitation into sodium caseinate (NaCad)e tcaseir
précipitation acide, les micelles se désintégfenman reassemble into smaller particles, thecatted submicelle
les caséinates de sodium (NaCas), des particul&@rde. (10nm).

Les caséines sont trés sensibles aux ions calci Caseins are highly sensitive to calcium and phospluats
phosphate présents dans certains produits alimesigii used in most applications. Challenge for dairy itguis to
constituent un levier important dans lindustriétiéae control the texture, mainly determined by proteiteiactions
pour contrdler la texture. La viscosité des suspessd The viscosity of dense NaCas suspensions strongigase
NaCas augmente fortement lorsque la concentratit with increasing concentration due to jamming of plaeticles
protéines augmente a cause du remplissage comai Increasing the temperature led to a decrease ofishesity a
les particules, mais décroit rémue la températL the effective volume fraction of the particles dmmed
augmente car la fraction volumique efficace detipaes When a ratio of Cd is bound by the casein, attrac
diminue. Au-dela d'un ratio critique €#caséine, le interactions are introduced and led to the fornmatib dens
interactions attractives ménent a la formation deron micron sized particles that decreased solubility arcrease
domaines denses qui diminuent la solubilité et argem the turbidity. The effect was stronger with incieg
la turkdité. Le phénoméne est amplifié lorsque temperature. The visco-elastic propestieof NaCa
température augmente et modifie les propr suspensions were also modified. The same behavia
viscoélastiques des suspensions de NaCas. Endacge observed for calcium caseinate suspensions ifatie of C&*
les ions Naentrainent la dissociation des mictomaine per casein was equal. Large excess dfIbid to dissociatic
denses par compétition avec les ion&*CAu-dessus d of the dense protein domains formed by*Céy competiton
0.2M de N4&, la viscosité augmente a cause d for specific binding sites of caseins. For inchegshe Na
déshydratation des protéines (salting-out) concentration above 0.2M the viscosity increasec
L’orthophosphate (P se lie aux protéines en présenc decreased hydration of the protein. Orthophosp(Rjewas
calcium, ce qui conduit & la formation de complexs bound to the caseins with €deading to the formation
large exces, leiBe lie directement acalcium et précipit complexes. Large excess of Bompeted with Cd. The
forme de phosphate de calcium ou sous form precipitation of the caseins and large calcium phag
complexes avec les protéindsorsque les micelles d particles were formed. When casein micelles aidifaed
caséines sont acidifiées dassus de pH 5,2, le phospl above pH 5.2, calcium and phosphate are solubiliae
et le calcium solubilisés interagissent avec lestéime: interact with casein leading to the formation gfeh
lorsque la tem@rature augmente, ce qui conduit a This study showed how calcium and phosphate owdiff
gélification. origins are fundamental in the organization of tasen

Cette étude a démontré combien la nature dense suspensions.
phosphate et du calcium est fondamentale
I'organisation des caséines en suspension dense Key Words

Casein, caseinate, calcium, orthophosphate, dense
Mots clés suspensions, rheology.

Caséines, caséinates, calcium, orthophosphate,
suspensions denses, rhéologie.



