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(1) The casein micelle (briefly)

. Milk proteins = 80% of caseins (25 g/L)

. Composition | o -, O.,-, B-, K- caseins

8% minerals (Ca?*, phosphate)

[Dalgleish etal., Int. Dairy J., 2004]

. Large globular aggregates
Diameter ~ 50-500 nm (30-40% polydisperse)
(average 200 nm)

100 nm

[McMahon et al., J Dairy Sc., 2008]

. Soft / "Sponge-like" object 14 Seeasumuton %

Voluminosity ~ 4.4 mL/g 2 1(2) /./ \.
"? 81 ] \
. 2 6 n

. Structure / ~"core-shell" particles g 4 / \
"Shell" : polyelectrolyte brush k-casein B (2)/ ]
"Core" : Homogeneous web caseins 100 1000

+ CaP nanoclusters Diameter (nm)

. "Dynamic" colloid / in constant equilibrium ) - °
with its environment wm g ..0‘0
Strongly sensitive to pH, T, salts, etc... %% x‘:
Native state — pH 6.7 /| = 100 mM S '...!.:o

. (and a. f&SClnatlng ObJeCt...) [McMahon etal., J. Dairy Sc., .Calcium phosphate nanoclusters

2008] @ casein
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(i) Why this study ?  Rheology, phase behavior, high concentrations...

= Dairy processing

. Membrane filtration Casein micelle . Spray drying
e _©O
° %% % ° o
o © 009 ©© 00
O °

—» Concentrated / highly concentrated  states

—» Performances depend on the evolving structure and properties
of the dispersions during the concentration process

: ) Model system
How the micelles interact ? . Micelle only (no "serum" proteins)

How interactions influence the NPC = Native PhosphoCaseinate powder

) i . "Native" solvent :
I) .
propertles of the dlsper5|ons : UF = Ultrafiltrate of skimmed milk
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(i) Osmotic stress experiments [Bouchoux et al, Biophys. J., 2009]

= 1 = balance of all interactions in the system © Concentrated regime

Solid-like
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Z Liquid-like behavior
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©
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(i) What about rheology ?

= Can we learn more from the flow and dynamic properties of the dispersions ?

1000000 5
i (a) Viscosity
<
©
a 100000 -
C
o
?
@ 10000 -
2 ]
(S
s
= 1000 -
O ]
- (b) G'/ G"
. <
NPC + UF
100 v |||||| III|
10 100
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. QUESTIONS :

(@ nvs. Y,C

. Casein micelles as
hard spheres ?

. Effect of particles
"softness" / deformability ?

(b)G'/G"vs. w, C

. Still hard spheres ?

. What forces cause the
resistance to deformation ?

. Intermicelle adhesions ?

N A



(iv) Experimental

= Sample preparation

. Casein micelles in native solvant : NPC powder + UF

- Low concentrations (C <180 g/L) -> Simple mixing
- High concentrations (C > 180 g/L) -> Osmotic stress

/AR
AS
G

.\'/,>.<

Osmotic stress / PEG35000

[. Caseins not structured in micelles : Sodium caseinate (SC) powder + UF ]

= Rheology (T =20C)

liquid transition "gel" > Casein concentration
|
|
|
(a) Viscosity (b) G'/ G"
Contraves T’ W TA .f=102-10Hz ] » !
Low-Shear 30 3 AR2000 . Linear region 4
[ e ‘
1 TA Couette '\‘/v T \
AR2000 eometr \
i ' |M | | ‘
: V =101-10%st Cone Parallel & @
plate plates
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(v-a) Viscous flow / Casein micelles as hard spheres?

. Shear-thinning above 100 g/L

1
10 ; < 168 gL
] Y 158 - . Common phenomenom for the
j o 1o, hard-sphere fluid
0 0o 121 - [De Kruif et al., J. Chem. Phys., 1985]
10 E ¢ [Krieger & Dougherty, J. Rheol, 1959]
] %
A

. "Simple" Krieger's model
n-n., _ 1
,70 _,700 1+ T/TC l

Viscosity, n (Pa.s)

(n-n/(n,—,)

NPC + UF
AL LR AL LA L

10"  10° 100 10° 10°
Shear rate, Y (s™)

NPC+UF ~ Hard sphere fluid

FOOD&NUTRITION ‘ A‘
AGRICULTURE
17.6.2009, Ziirich ENVIRONMENT k r Y



(v-a) Viscous flow / Casein micelles as hard spheres?

4 Characteristic shear stress 1,

X NPC vs. monodisperse HS
; \ [De Kruif et al., J. Chem. Phys., 1985]

3. A Y \ . Similar values of T,

i \ . Similar behavior:
A/ - Maximum in 1, (disorder-order)
2 LA ; Y - Decrease to 0 (close-packing)

1 (Pa)

%/ i . Shift in volume fractions
A . Polydispersity

1- Random Close Packing @,

A Monodisperse @, = 0.64

B NPC+UF 40% polydisperse @, = 0.78

A 78 nmHS

(silica in cyclohexane) . Soft spheres
T T [Russel, Colloidal Dispersions, 1989]

02 03 04 05 06 0.7 0.8
Volume fraction, ¢

NPC+UE ~ Polydisperse |
©= 4.4x103 * C(g/L) Hard sphere fluid
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(v-a) Viscous flow / Casein micelles as hard spheres?

Volume fraction, ¢

0 0.2 0.4 0.6 0.8

w0y " T T < 0.35 : HS model
1 NPC + UF | ) (p ) )
] —— N, =1+25p+4¢f +42¢°

[De Kruif et al., J. Chem. Phys., 1985]

103@

. 0> 0.35: Quemada's equation

n=01-9/a.)"

Relative viscosity, n =n/n .
|_\
oI\.)

? _ gu=064
' - @, =078
101;
100—- = . —— T NPC+UE ~ Polydisperse
0 50 100 150 200 Hard sphere fluid

Casein concentration, C (g/L)
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(v-a) Viscous flow / Casein micelles as hard spheres?
(Sodium Caseinate - SC)

= And when the micelle structure is lost ?

Relative viscosity, n =n /n, .

10° !

= NPC+UF R !

10t ¢ SCHUF !

3 .
10° .

| '1(I)O' - '1;30' B
Casein concentration, C (g/L)

200

Viscosity, n (Pa.s)

10%

[EEN
o
N
bl

[EEN
o
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%125 g/L
W

-ll-lIll-lll-lllnlnlll-ln..... 119 g/L

R
RS XX

168 g/L
158 -
146 -
138 -
121 -
92 - AAAAAAAAAAAAAAAAA

56 -

0 - NPC + UF

1 ponopD4qO

10t 10° 10 10° 10°
Shear rate, Y (s™)

. Sodium caseinate dispersions = associating polymer / "hyper-entanglements”

- Resistance to flow of "native" casein micelle disp

~ 40% polydisperse hard sphere fluid
— The micelles interact through excluded volume effec

ersions at C <180 g/L

In accordance with short-range interactions through the k-casein brush

ts only '.5 e
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(v-b) Viscoelastic properties T L . -

B/jl

[ [ ] g{
F | (= )
NPC + UF ‘ \
pre |

10°+
] 2 QW | "
n G'>G
10 ; M Very low frequency dep.
. 210 QW
~ 1073
© ] g
Q-, G'/G" crossover
= Lower frequency dep.
) g y dep
ED 3
10°] | | Viscoelastic fluid
] Strong frequency dependence
13 136 g/L
10 " +—————r——— .

10° 10" 10° 10
Frequency, f (Hz)
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(v-b) Viscoelastic properties

Elastic modulus, G' (Pa)
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1) @

5 ] NPC + UF
10 3 " .
4] A,
10 3 = :
10°4 " A
10° L
10" A
|
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107 N f=10°Hz
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Casein concentration, C (g/L)
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.G'vs. C — 2 regimes

(1)C<178g/L, < 0.78
- Micelles a still separated
- Dramatic increase in G'

(2)C>178g/L, @>0.78
- Micelles deform and deswell

- Increase in G' with C is less
pronounced

Similar behavior with
monodisperse emulsions (!)

LS
101 %ﬁiﬁ#ﬁ#
e
f
g 10” +
N Sin
210
° 104 f
o
107y + [Mason, PRE, 1997]

05 06 07 08 09 1.0
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(v-b) Viscoelastic properties

040608 1 — 0o
5
E 107+ (1) . M -
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© 10 a
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_g =
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Qo 100 ="
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100 200 300 400
Casein concentration, C (g/L)

(1) C<178g/L, @<0.78
- Micelles a still separated
- Dramatic increase in G'

LT
L

10*5

Elastic modulus, G' (Pa)

NPC + UF

C/C
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1.0

max

Calculations

- No adjusted parameter
- Spheres of radius 100 nm
-C. ., =178 g/L

max

d*w
DY(¢)

5w &)

GLd> (

2 244
ksT )

Hard sphere fluid

"Classical" models of
Lionberger & Russel

[J. Rheol, 1994]

¢ < 0.5

¢ = 0.5

1-a29
(1—¢)* "~
1) =
sth 0.78
0.64 — ¢
D2 = Do(1 — 1.56¢)(1 — 0.27¢)
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(v-b) Viscoelastic properties
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(2) C>1784g/L, @>0.78
- Micelles deform and deswell
- Increase in G' is less pronounced

i

e
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255
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Casein concentration, C (g/L)

- Resistance to deformation of the micelle "itself"
. Facets are created upon compression

. Comparable to emulsions that resist to shear
stress through the elasticity of their interfaces

— Spring network model

G'~C(C-C

m ax)

- Resistance of bonds between micelles
. Intermicelle bonds are formed

(gel is partly "irreversible") [Bouchoux et al., Biophys. J., 2009]

. Number of bonds [0 (C-Cmax)

— Percolation theory

G' ~(C-C

17.6.2009, Ziirich

max) &

(with n = 1.3)

[Mason, PRE, 1997] ——

Elastic modulus, G' (Pa)

2 possible sources
of elastic resistance
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(v-b) Viscoelastic properties

= And when the micelle structure is lost ?
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. Sodium caseinate dispersions = associating polymer / reversible gelation / no bonds

- Resistance to deformation of casein micelles dispe
C <178 g/L — Viscoelastic behavior of the hard sphere fluid
C > 178 g/L — Micelles deformation and intermicelle bonds

rsions
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(vi) Important conclusions / Answers to our questions...

(a) Viscosity data
. Casein micelles as hard spheres ?
Yes

. Effect of particles "softness" / deformability ?
Possibly; At high shear and approaching the transit ion

(b) Viscoelastic behavior

. Still hard spheres ?
Yes, until close packingatC=C |, =178 ¢g/L

. What forces cause the resistance to deformation after C, ., ?

Combination of (i) Mechanical resistance of the mic elle itself
(i) Formation of intermicelle bonds

-> "Structure-dependent” forces that are absent in SC dispersions
Real nature of these forces ?...
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Thank you

AGRO J / CENTRE NATIONAL
CAMPUS DE LA RECHERCHE
/ SCIENTIFIQUE

']

FOOD&NUTRITION ‘ ‘
17.6.2009, Ziirich AGRICULTURE A
ENVIRONMENT k -



(extra) Creep-Recovery tests
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(extra) G'& M vs. C
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G', N (Pa)
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