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ARTICLE INFO ABSTRACT

Available online 20 January 2012 The internal structure of casein micelles was studied by calculating the small-angle neutron and X-ray
scattering and static light scattering spectrum (SANS, SAXS, SLS) as a function of the scattering contrast

Keyvyords; and composition. We predicted experimental SANS, SAXS, SLS spectra self consistently using independently

gasem micelle determined parameters for composition size, polydispersity, density and voluminosity. The internal structure

tructure

of the casein micelles, i.e. how the various components are distributed within the casein micelle, was
modeled according to three different models advocated in the literature; i.e. the classical sub-micelle
model, the nanocluster model and the dual binding model. In this paper we present the essential features
of these models and combine new and old experimental SANS, SAXS, SLS and DLS scattering data with new
calculations that predict the spectra. Further evidence on micellar substructure was obtained by internally
cross linking the casein micelles using transglutaminase, which led to casein nanogel particles. In contrast
to native casein micelles, the nanogel particles were stable in 6 M urea and after sequestering the calcium
using trisodium citrate. The changed scattering properties were again predicted self consistently.
An important result is that the radius of gyration is independent of contrast, indicating that the mass
distribution within a casein micelle is homogeneous. Experimental contrast is predicted quite well leading
to a match point at a D,0 volume fraction of 0.41 ratio in SANS. Using SANS and SAXS model calculations
it is concluded that only the nanocluster model is capable of accounting for the experimental scattering
contrast variation data. All features and trends are predicted self consistently, among which the ‘famous’
shoulder at a wave vector value Q=0.35 nm"’
In the nanocluster model, the casein micelle is considered as a (homogeneous) matrix of caseins in which the
colloidal calcium phosphate (CCP) nanoclusters are dispersed as very small (about 2 nm) “cherry stones” at
an average distance of 18.6 nm. Attached to the surface of the nanoclusters are the centers of phosphorylation
(3-5 nearby phosphorylated amino acid residues) of the caseins. The tails of the caseins, much larger than the
CCP clusters, then associate to form a protein matrix, which can be viewed as polymer mesh with density
fluctuations at the 2 nm scale. The association of the tails is driven by a collection of weak interactions. We
explicitly use weak interactions as a collective term for hydrophobic interactions, hydrogen bonding, ion
bonding, weak electrostatic Van der Waals attraction and other factors (but not the strong calcium phosphate
interaction) leading to self association. The association is highly cooperative and originates in the weak
interactions. It is the cooperativety that leads to a stable casein micelle. Invariably, k-casein is thought to
limit the process of self association leading to stabilization of the native casein micelle.

© 2012 Elsevier B.V. All rights reserved.
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Appendix A.

1. Introduction

Milk contains colloidal particles that are composed of a complex of
associated protein and calcium phosphate. These heterogeneous as-
sociation colloids are named casein micelles [1]. Notwithstanding
their abundance and countless number of studies, there is still not a
unified picture of their structure and properties. In particular con-
cerning their size (distribution) and their internal structure literature
is at best unclear. In a recent book on Biopolymers, Semenova and
Dickinson said: The structure of the naturally created casein particle,
the “casein micelle’, has been the subject of investigation (and
controversy) for the best part of a century [2]. In a recent interesting
SAXS study on casein micelles from Cabanes group the authors say:
Yet their structure is still a puzzle and is continuously the subject of
furious debates among the scientific community [3].

Here we aim to not intensify the debate but to present new scien-
tific facts that contribute to unraveling the internal structure of the
casein micelle and to contribute to a better understanding of its prop-
erties. The importance of casein micelles can hardly be overestimated
in view of their tremendous economical and nutritional value.’

From a product technological and dairy industry point of view the
caseins are by far the most important and valuable component of
milk. The main dairy products as liquid milk, cheese and yoghurt
derive their textural, sensory and nutritional properties from the
caseins. Replacing caseins by plant proteins leads to products with
different textural and sensorial quality.

The protein fraction of the casein micelles, which represents ~93%
of its dry mass, is composed of four individual gene product compo-
nents, denoted -, Qtsp-, P- and k-casein, which differ in primary
structure and type and degree of post-translational modification [4].
The remainder of the micellar solids consists of inorganic material,
collectively referred to as colloidal calcium phosphate (CCP) or micel-
lar calcium phosphate (MCP). Over the last 50 years there have been
reviews on the casein micelles at regular intervals [5-20]. Recently
the structure of casein micelles was discussed from a structural biol-
ogy point of view [16] suggesting that protein-protein interactions
is leading according to the structural biology tenet that structure fol-
lows function. However no reference was made to a detailed study of
the mammary glands by Neville [17] who gives a detailed account of
the transport of Ca in the Golgi apparatus and suggests that calcium
concentration is the determining factor rather than the protein,
which is in line with the views of Smyth et al. [18].

! The world production of milk is about 6.10'" liters per annum, (cow 85% and buf-
falo 11%, from FAO). The world population is estimated at 6.9 10° (U.S. Census Bureau)
In other words the milk production is 250 ml (a soda bottle) per person per day! If 1%
of the world population is lactating the world production of human milk is about 6.6
1077 *365* 0.6liter = 1.2 10*10liter per year or 2% of the animal milk. The world pop-
ulation is growing with 1.4% per annum and milk production by 1% per annum over the
last 25 years.

Thus, although the casein micelles are essential for the neonate
and are at the heart of the dairy industry, it is remarkable that there
is still quite some confusion, if not myths, around these particles in
milk. Notwithstanding all these research and review papers, there is
no uniform picture of what a casein micelle is, how it is formed,
what its structure is and how it behaves. This fact is recognized and
often emphasized in publications concerning casein micelles.

In this paper we will analyze and review existing and new data on
the casein micelles and aim to present a self-consistent picture based
on quantitative data, rather than on electron microscopy pictures. For
this we will use (dynamic) light scattering, SANS and SAXS data. We
will translate the consequences of proposed sub-structures of casein
micelles into calculated scattering spectra and confront that with
experiment. Most importantly we will conserve mass, i.e. we will
maintain the condition that the total mass of a casein micelle is
given by density times volume and that the ratio of the various com-
ponents is according to the overall composition of casein micelles.

In previously-published SANS studies [21-24], the spectra
obtained are very similar, if not identical. They agree on a (faint)
shoulder at Q~0.35 nm™!, especially at low contrast, which was
attributed to sub-micellar structures on a length scale of 18 - 20 nm.
In SAXS studies [25-30] the obtained spectra are very similar and
show a shoulder at Q~1 nm! . In a Kratky plot, two distinct maxima
are present. We also measured SAXS spectra which are again very
similar. So there is a broad agreement on the shape and characteris-
tics of the SANS/SAXS spectra which all show a decaying function
with three “plateaus” or “shoulders”. Invariably, the first one at low Q
is attributed to the form factor of the casein micelles. The intermedi-
ate shoulder, at about 0.35 nm™’, is not present in all SAXS spectra but
particularly in SANS spectra. Gebhardt [29] varied calcium concentra-
tion in their pGISAXS spectra and attributed this shoulder to the form
factor of sub-micellar particles ranging in diameter between 10 and
20 nm. Finally there is a shoulder at about Q~1 nm'or somewhat
larger wave vector which corresponds to a particle size (characteristic
length) of a few nanometers.

Based on this, the casein micelle was considered a hierarchical
structure of sub structures. Data analysis was based on summing
the form factors of the different substructures with adjustable sizes
and amplitudes. This procedure was also followed by Hansen [24]
and formalized by Beaucage [31] in a unified spectrum of exponen-
tially decaying and power law decaying functions for each substruc-
ture, requiring an amplitude, a radius of gyration, and a power law
exponent. Thus each substructure requires at least three adjustable
parameters. For a casein micelle therefore a minimum of 6 parame-
ters is required. If more details, e.g. a third shoulder, are introduced
three more adjustable parameters are required. Of course the spectra
can be well fitted with this number of adjustable parameters. Ques-
tion however is what do the numbers mean and, more importantly,
dimension should not change with contrast.
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In this paper we will analyze and review existing and new SANS
and SAXS data. The difference with previous studies is that we will in-
troduce a new way of analyzing the data, but more importantly our
calculations are basic predictions, free of main adjustable parameters
such as amplitudes and casein micelle size. In doing so we were able
to describe light, SAXS and SANS spectra with the same set of param-
eters. The parameters are based on independent measurements of
size, density, composition of the casein micelles. The aim is to get a
better insight into the internal structure of casein micelles.

2. Theoretical background
2.1. Small angle neutron scattering (SANS)

First we outline the general principles and the underlying
equations, in some detail, of small angle neutron scattering (SANS)
and then after analyzing the possible sub-structure we will present
the pertinent equations. Actually these equations apply to small
angle X-ray and light scattering mutatis mutandis.

The normalized intensity of neutrons (light, X-rays) scattered by a
colloidal dispersion is given by [32-34]:

1Q) = (Py=Pa) N,V2PQ)S(Q) (1)

Below we will discuss the respective terms in Eq. (1), which have
the usual meaning as applied in scattering experiments. Q is the
scattering wave vector [m™']. In SANS the scattering angle 6 is small.
Typically a 1 meter diameter detector is placed at a distance of 10 me-
ters from the sample and the wavelength of the cold neutrons used is
typically 1 nm. Thus, Q varies approximately between 0 and 1 nm™".
The symbols p, and p, denote the scattering length densities (SLD)
of the particles and solvent respectively. In SAXS electron density is
used. SLD can be calculated from mass density, the atomic scattering
length and the atomic composition as:

d.N
P:mTAVZ”ibi 2)

i

in which d,, is the mass density [kg/m> ], N4, =6.022*10%, M is the
atomic mass and n; is the number of atoms i with a scattering length
b;. Table 1 lists the scattering length of common atoms in casein mi-
celles. In neutron scattering the property of interest is the coherent
scattering length b, while the incoherent scattering length bj,.
contributes to a background signal and by, is the absorption length.

The coherent scattering length density of water is pyz0 =-0.56172
10" m2=-0.56172 10'°cm™. The scattering length density of
deuterated water is ppyo=6.405110"cm=2We will express all
scattering length densities in 10'° cm™ units, which is a length per
volume.

Table 1

Neutron scattering lengths of some elements.
Nucleus beon/107° A bin/107° A babs/107° A
H -3.741 253 1.5
D 6.671 41 0
2¢ 6.646 6.7 0.0
150 5.803 5.8 0.0
4N 9.362
325 2.847
40ca 478
31p 5.13
CH; -4.577

Contrast is the difference in SLD between particle and solvent (or
environment) and thus depends on the volume fraction & of D,0 in
the solvent

Ap((f)) =Pp ((D) _psolv((p)

Since part of the protons may be exchanged if casein micelles are
dispersed in D,0 the scattering length density depends on the solvent
composition, i.e., the volume fraction & as well. These scattering
lengths were calculated from the known primary structure of the
proteins and their concentration in milk. The scattering length
densities as used in further calculations are listed below.

Scattering length density of solvent

Psory(P) = (—0.56172(1—P) + 6.4051(1))1010“”—2

The SLD of a casein micelle is calculated from the contribution of
the caseins proteins, the solvent fraction in the particle and the CCP.

Scattering length density of casein protein in casein micelles (not
including the CCP)

Pprot(P) = (1—)1.72 + $3.12)10"°cm

The SLD at ®=0 is 1.72 10'°cm™ and is calculated using the
atomic composition of the caseins. With this expression for the SLD
of the protein matrix the match point is found at ®=0.41 as it is
experimentally found.

The scattering length density of CCP in the casein micelles can be
calculated unambiguously if the composition, water content and
density is known. For instance assuming the CCP consists of calcium
phosphate CaHPO,4.2H,0 with a density of 2.31 kg/L we find:

Peap(@) = (1—D)3.82 + ©6.2)10"°cm >

Assuming CCP consists of hydroxy apetite, Ca;o(PO4)s(OH)>

Prap(P) = (1—d)3.07 + ©3.36)10"°cm 2

However the precise values depend very much on the assumed
density of the CCP. Holt [35] assumed a crystalline structure for his
calcium phosphate precipitates at neutral pH . But there are reasons
to assume a more amorphous structure due to the presence of citrates
[17] and the presence of the phospho-peptide chains. All of this will
lower the SLD of the CCP. Actually, it is to be remarked that scattering
intensity at zero angle is independent of the density or volume of the
particles. Contrast is inversely proportional to volume while scatter-
ing scales in volume squared. Whatever the precise value of the CCP
may be, it is safe to say that it will be close to the protein in H,0. In
other words secondary features due to the CCP will be masked in H,0.

In order to calculate the average scattering length density of a
casein micelle particle we have to integrate the scattering length
density over the volume of the particle. We then assume that the
particles are homogeneous and we account for the colloidal calcium
phosphate as the excess over the casein protein.

Ry Ry
[ e Pdr + Je [ an(po () — ) P
0 0
Py(®) = . 3)
o
0

where N¢, and N, represent the total number of casein micelles and
nanoclusters respectively. Therefore N,¢/N.ym = number of nanoclus-
ters per micelle particle~300. The number of nanoclusters may
increase tenfold if the CCP is distributed differently, but the total
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mass must be constant and therefore mean contrast does not change.
Scattering does change of course.
If the distribution ppre(®@) and pn(P) is homogeneous then:

ot (P
ot D4R + N (D () — 22
g nR3 /4.4

i) AR

pp(P) = (4)

The factor 1/4.4 in the SLD of the casein matrix is due to the fact that
only a fraction 1/4.4 of a casein micelles is made up of protein, or volu-
minosity is 4.4 cm® g™! protein [21, 36, 37]. The SLD of the casein matrix
is calculated from the known amino acid composition of the caseins.
The exchangeability of protons can be estimated from dissociation con-
stants, but remains difficult to estimate exactly. We set the number of
exchangeable protons such that the calculated match point of the casein
micelle particles is 41% D,0 as follows from experiment.

Fig. 1 illustrates how the SLD varies as a function of volume
fraction D,0. The point where the SLD of the solvent intersects the
SLD of the particle is called the match point and contrast is equal to
zero (®=0.41) and determined experimentally to be between & is
0.39 and 0.44 [21-24].

The term N, in Eq. (1) is the number density of particles, whereas
the term V,, in Eq. (1) is the molar volume of the dispersed particles.
V, must be a Z-average, but here we integrate (numerically) over the
size distribution. The next term in Eq. (1) is P(Q) which is called the
scattering form factor and accounts for interference of scattered
electromagnetic wave or neutrons from within a single particle.
P(Q) can be calculated from the amplitude of the Fourier transform
of scattering length density within a particle.

3.4 sin(Qr
cmp Q rn(l) ,[4”(( 4pp ) ﬂpsul\/((b)) _psolv((l))> r2 (é% )d
(5)
If the particles are homogeneous it reduces to
g sin(Qr
Ban Q.11 ) = p, () [ 4 S8 a (6)
0

Usually the scattering is normalized on the scattering at Q=0

f 1 3.4
crnp (0 T (‘D f41'[ < <ﬂpp(rv (I)) + ﬂpsolv((b)) —Psoly ((I))) rzdr
) . .
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Fig. 1. The variation of the scattering length density of the protein, the colloidal calcium
phosphate, the casein micelle particle and finally the contrast as a function of volume
fraction of D,O On adding 6 M Urea to D,0 contrast is lowered to 4 .10'° cm™.

The normalized form factor is then calculated as

Benp(Q, 17, D)

7
chp(0> Ty, (I))z ( )

Pcmp(Q7 rir(b) =

For a homogeneous sphere with r=R, Pyp(Q.1;) is given by
Eq. (8) and does not depend on contrast anymore.

®)

P(Q,R) = <(QR) cos(QR)— sin(QR) 3)

QR

Since the casein micelles are not monodisperse in radius R we
used a In-normal size distribution [12, 38] In addition, we recently
made extensive dynamic light scattering experiments. A polydisperse
form factor is than given by:

Where F,(r) is the In-normal size distribution, (see Eq. (10)).

The challenge here is to model the mass and scattering distribu-
tion within the micelle in order to perform the integration in
Eq. (9). This will be discussed in the following section.

The In-normal size distribution is given by:

B (‘“(ﬁ)

2
N ) (10)

Fip(r) = W ex

The median value of the distribution is Ry = 55 nm, and the width
of the distribution is determined by 3=0.27. Note that these num-
bers are given for illustration purposes here, but actually correspond
to experimental results as presented below. In Fig. 2 a representation
is given of the size distribution in particle radius (as given by
Eq. (10)), against r in nm. The dashed line is a Gaussian distribution.
The width follows from: B~/ In(0?2, + 1). In dynamic light scatter-
ing, the polydispersity in scattering leads to an apparent measured
hydrodynamic radius of 75 nm at 90 degrees scattering, using a
green laser and a cumulant analysis. Pooled milk has larger micelles
and a somewhat higher polydispersity and apparent DLS-size is
found to be 100 nm and higher.

40
b=0.27 s=0.27 R0=55 nm
80 —F0
‘Z‘ . nemes FGauss(r)
2 20f
S
=
us
10pF
N
o]
0 \J 1 b 1
0 50 100 150 200
r [nm]

Fig. 2. Particle size frequency, in a In-normal and Gaussian distribution. Rp =55 nm,
p=0.27,0=0.27.
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The last term in Eq. (1) is called the structure factor S(Q). This
term accounts for the intra-particle interference and becomes
important for non-dilute or strongly-interacting particles.

The separation of the inter-particle interference from the intra-
particle interference is called the decoupling approximation and is
only allowed for reasonably mono-disperse systems. Here, we will
take the structure factor of the casein micelles as 1 for all Q and
therefore use Eq. (9). This may only introduce an error for the very
small Q values where experimental data are usually less reliable due
to the presence of small aggregates. The value of the structure factor
can be calculated from statistical mechanics theory [39, 40]. We will
use S(Q) of excluded volume particles to modulate the intra particle
scattering of the micelles, due to the (assumed) presence of CCP as
small (nano or Angstrom sized) clusters. The size and distribution of
the CCP is to be determined.

3. Structure of casein micelles
3.1. How to shape a casein micelle particle?

Bovine casein micelles contain about 7% CCP on a dry matter basis.
Neutron scattering spectra show no secondary structure in H,0,
where it is a smoothly decaying scattering function [23]. Secondary
structure at Q~0.35nm™' is most pronounced near the overall
match point of the casein micelle particles (41% D,0) and corre-
sponds to a correlation length of 18.6 nm in real space [21-24].
Small angle X-ray scattering experiments show a (faint) shoulder in
the scattering spectra at Q~1 nm~'[25-28]. Pignon [26] and Shukla
[30] conclude that their detailed and extensive electron microscopy
and SAXS data suggest that the nanocluster model is consistent with
their data. Looking at Fig. 1, we see that the difference in SLD of the
protein and the CCP is smallest in H,O. In other words, from a scatter-
ing point of view the casein particles are most homogeneous in H,0,
at any given distribution of matter.

This leads to an important conclusion: if the secondary features
(around Q~0.35nm™! ) were due to in-homogeneities in protein
distribution, the secondary features would be most visible in HO.
The same argument would hold a fortiori for x-ray scattering. In
SAXS, there is shoulder at Q~1 nm™! which according to Pignon
[26] corresponds to a radius of gyration of 5.4 nm and could be attrib-
uted to the CCP nanoclusters. We argue, however, that this shoulder
in SAXS can be both due to protein or CCP. In SANS, features as amy-
loidal B-sheets or even nanotubes would, if present, be visible best in
H,0. However secondary features at Q~0.35 nm™!, become visible
near the protein match point and in D,0 rich solvents. Now suppose
that the protein was distributed in-homogeneously or that it would
contain, as suggested previously, ‘empty” pockets [41] or channel
structures [42]. Then, near the match point, these features would
disappear like a glass rod in a beaker of toluene. What this means is
secondary features in SANS spectra are due to something with a SLD
different from the protein and the most likely candidate is the CCP.
This argument is corroborated by an experiment in which we added
6 M urea (in D,0) to completely cross-linked casein nanogels [43].
The addition of 6 M urea lowers the SLD of the solvent to that of the
casein protein matrix. Therefore the CCP is seen more prominently.
Again, and in conclusion, we observe an increase in secondary
features in SANS at Q~0.35 nm™!, which are thus due to the presence
of the CCP. The most likely candidate for the shoulder at Q~1 nm!
is protein in-homogeneity in SAXS measurements, because the
scattering amplitude of (very) small CCP clusters (7% w/w) is too
small to become visible. Remains the crucial question of how is the
CCP distributed in the micelles?

In order to calculate the scattering intensity of casein micelles we
need to adopt a distribution of the scattering length density for which
there are several options. First we shortly review the existing models
and then calculate the scattering spectrum that can be associated

with the various models. The oldest model (for review see [19, 41])
was introduced by Waugh [44] (Fig. 3a) and later Schmidt [45]
(Fig. 3b) and was amended by Walstra (Fig. 3c¢) [46, 47]. Horne [15,
48] proposed the dual binding model. The basis of all these models
was the observation that caseins self assemble and micellar structures
even in the absence of calcium, as they do indeed. The CCP then glues
together the protein sub-micelles. It is for these reasons that casein
sub-micelles are imagined, which are glued together by the CCP.
These ideas were in line with the structural biology tenet that struc-
ture follows function. Supposedly, support for the sub-micelle was
found in the shoulder in the SANS spectra at Q~0.35 nm, leading
to a correlation length of about 18.6 nm radius.

In the sub-micelle model and the dual-binding model, the CCP is
therefore considered (and modeled in our calculations below) as
being located at the periphery of a small sphere (sub micelle) of
9.3 nm radius so as to account for the correlation length observed in
SANS spectra of casein micelles. If the sub-micelles were packed in a
random close packing manner than there are about 10 nearest neigh-
bors for each sub-micelle [49]. Therefore we assumed 10 CCP clusters
per sub micelle and a total of (Ry/9.3 nm)3*10/2 CCP clusters per ca-
sein micelle. With a volume average Ry = 62 nm the number of gluing
clusters would be about 1500. Their volume would be about 1/5 of the
nanoclusters and their radius 1.47 nm.

Following these early casein micelle models Pedersen and
coworkers [24] calculated the scattering using Eq. (9)) with P(Q)
the form factor of a of a large sphere (100 nm) while the internal
structure of a casein micelle was represented by a homogeneous
sub-micelle (6-9 nm radius) by the form factor of a small sphere.
Each casein micelle particle contained a few hundred (fitting param-
eter) sub-micelles. This approach is allowed if the sub-micelles are
much smaller than the casein micelle particle. However in this
approach it is not clear what causes the secondary features. Another
model used for so-called micro gel particles and micellar structures
is a homogeneous sphere with a tailing off due to a less dense corona
of polymer molecules. This model was successfully used by Pedersen
and Stieger [51] to model polymeric micelles and the swelling of
PNIPAM micro gels. Extending the scattering density of the casein
micelles with a corona (we tried different assumptions for the tailing
off) gave unsatisfactory results. Adding a corona leads to a Q2 drop
off of the form factor which is clearly not present in the experimental
spectra. We also concluded, in agreement with Pedersen, [24] that a
poly-disperse homogeneous sphere correlated best with the experi-
mental spectra.

The more recent model of casein micelles is the nanocluster model
of Holt [12, 50] (Fig. 3e). In this nanocluster model, the CCP is
dispersed as small ‘cherry stones’ in a homogeneous protein matrix
(a nanogel). The basis of the nanocluster model is the idea that phos-
phorylated caseins bind to the growing nanoclusters so as to prevent
calcification of the mammary gland. The protein tails sticking out of
the nanoclusters associate with other proteins through a collection
of weak interactions to form a more or less homogeneous protein
matrix. We explicitly use weak interactions as a collective term for
hydrophobic interactions, hydrogen bonding, ion bonding, weak
electrostatic interactions and other factors (but not the strong
calcium phosphate interaction) leading to self association. Just as in
the case of pure 3-casein and pure k-casein micelles the association
is highly cooperative and originates in the weak interactions
[52-54]. Actually the interaction between a pair of 3-casein molecules
(as suggested in the dual binding model) is unfavorable as follows
from the shell model [54]. Only if a larger number of proteins interact
simultaneously the interaction becomes thermodynamically
favorable. The heterogeneity of the casein proteins could be taken
as an indication for heterogeneity of the weak interactions. It is the
cooperativety or multiplicity of the interactions that leads to a stable
casein micelle. Invariably, k-casein is thought to limit the process of
self association leading to stabilization of the native casein micelle.
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impressions of the casein micelle particle.

Detailed specification of the weak interactions as in the dual-binding
model is based on imagination rather than thermodynamics.

We assumed that the distribution of the nanoclusters, i.e., the CCP,
(size to be determined and specified) could be described by a fluid
like distribution in a further homogeneous protein matrix. Hence,
we multiplied the excess scattering of the nanoclusters with a
structure factor accounting for the distribution of the nanoclusters.
We assigned a correlation length of 18.6 nm so as to account for the
experimentally observed correlation length. Finally in many artists
impressions of casein micelle particles the so-called sub-micelles are
surrounded by a layer of CCP. This is from a geometrical point of

view very similar to the Waugh/Schmidt/Walstra model (Fig. 3a-c)
since the CCP is not found in very small clusters but smeared out.
That would also accommodate the fine distribution of CCP as required
by the dual binding model [15, 48]. It is mentioned, that Walstra [46]
(Fig. 3c.2) later proposed a kind of hybrid sub-micelle model by no
longer placing the CCP at the periphery of the sub-micelles but within
the sub-micelles. In our calculations, we adopted all three models, but
always with the constraint of total mass of protein and CCP in the
casein micelles. Actually, in doing so, the earlier models where
about ten CCP clusters glues the sub micelles, but also the dual
binding model, are ruled out simply because the large number of
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Angstrom-sized CCP contribute negligibly to scattering. These
conclusions follow from extensive calculations as presented below.
The mass of the CCP is 7% w/w of the protein. Decreasing the size of
the CCP increases their number, but scattering is proportional to
cpzccp/nccp. Volume fraction, @cp is (must be about) constant and so
if the number increases scattering goes down.

4. Theoretical modeling of the scattering from composite particles

Several approaches have been developed to calculate the scatter-
ing of casein micelles. For example, Pedersen and coworkers [24]
has elegantly solved the problem by subdividing the micelle in a
large number of smaller sub-particles (sub micelles if one wishes)
while the medium in between the sub-particles is assumed to have
no contrast relative to the solvent. Pignon et al. [26, 27] used a global
or universal fitting of the experimental data. Bouchoux [3] used a
sponge or cell model in which cells are randomly occupied by either
type of component according to the overall volume fraction of each
component. It implies that (scattering length) density is an adjustable
parameter. Basically all this is a reverse engineering or interpretation
of the data giving structural parameters which can be related to
proposed models.

We developed a new approach that allows changing internal
structure and scattering contrast within the casein micelles and
then predict the scattering spectrum. This is a much more challenging
approach, because we start off with the known composition and the
only freedom is to distribute matter in space. Then, varying contrast
as in SANS using D,0/H,0 mixtures or SAXS we must reproduce all
spectra with one distribution of (conserved) mass. We developed
the following approach.

Suppose we would have an “infinite” slab of material which is
composed of caseins and colloidal calcium phosphate in the exact
composition as casein micelles. The material slab is continuous and
has the same structure as the interior of the casein micelles. An
ultracentrifugal pellet of casein micelles would come (very) close to
the structure of the slab. Also, the scattering of a concentrated
ultrafiltration retentate in the experiments of Pignon et al. [26]
comes close to what we call a slab of casein micelle material. Also
the concentrated samples prepared by Bouchoux [3] through osmotic
dehydration resemble the casein slab material. There may be (minor)
effects of the surface of the casein micelles, but these effects are very
small and can be accounted for. The first step is to calculate the
scattering profile from such a continuous phase consisting of casein,
solvent and the CCPs. One then needs a model for the distribution
the protein and of the CCP (in compliance with the three different
models discussed in the previous section). As argued above, the
caseins must be distributed quite homogeneously because secondary
features in the SAXS scattering spectrum appear at Q~1nm™
corresponding to a radius of 3 nm.

The second step is to correct for the fact that casein micelles have a
finite size. To do this, we introduce a scissor function O(r), which has
a value of 1 within a particle and is zero everywhere else

o(r) 1, inside the particle,
~ 10, outside the particle,

and express the scattering length density for the continuum plus a
particle as

(11)

p(r) = pa(r).0(r), (12)

where p.(r) is the scattering length density profile of the infinite
medium.

Here we make the only approximation in our approach to calcu-
late the scattering profile. We assume that the internal structure of
a casein micelle particle is independent of the position within the

particle. In particular, our ‘scissors’ may cut through a few CCP
particles, but this will not influence the result. This is very reasonable
since the number of CCP particles is at least several hundred and
depending on the model several thousand. After some mathematical
calculations, which are described in more detail in Appendix A, we ar-
rive at the following expression for the scattering intensity of a casein
micelle.

5 4R* T Q’ )
hotat(Q) = 1PI™ # Plampor(Q) = =  1=(Q") 5 {FIR(Q + Q)] —FIRQ—Q)]}dQ".
0

(13)

Where the function F(z) in the second term at the right hand side
is given by:

_ (sinz—zcosz)” + (zsinz)
F(z) = s (14)

The function F(z) originates in the scissor function that cuts out
the casein micelle. The variable Q’ is an auxiliary wave vector param-
eter which is integrated out.

The casein micelle particle radius is given by R. The function I..(Q")
represents the scattering profile of the “infinitely” large slab of
material introduced above.

1.(Q") = ApecpPlecr(Q)Sccr(Q") + AhrotPlyrorSprot (Q) (15)

The form factor function Plccp(Q’) is the scattering of the CCP and
is adapted to the polydisperse nanocluster model, or the Angstrom
cluster model. In addition, we assumed a lower protein density in a
layer of 2 nm near the surface of the CCP due to protein adsorption.
The form factor Pl function accounts for the fact that the protein
will not be smeared out completely but that it will have small regions
of increased density, particularly where the hydrophobic parts meet.
Since the slab of material is homogeneous with respect to the distri-
bution of the protein and the solvent the contrast Apccp is the differ-
ence between the SLD of the CCP and the solvent. Thus we assume a
hierarchical structure. The smallest scale is the solvent, the next
level is the protein few nm-scale and the final level is the distribution
of the nanoclusters with a protein layer but on average 18.6 nm apart,
dispersed in the protein matrix. We assume that the distribution of
the different substructures is independent of each other. The correla-
tion between the structural elements is accounted for by the structure
factor S(Q’). The experimentally found correlation length in the
scattering experiment is 18.6 nm. We assumed a liquid like structure
in the distribution of the CCP and used the Percus-Yevick equation
[39, 40] for the hard sphere fluid to model this distribution of the
CCP. Then the first peak of the structure factor appears at approxi-
mately 0.35nm™". By choosing the effective volume fraction the
height of the peak is varied. We used 0.40 but found that a value for
the effective packing can be varied between 0.30 and 0.55. We
could have used other expressions for the structure factor, e.g., for ad-
hesive spheres or repulsive spheres but that would introduce an extra
parameter and results would not be different. A fractal packing would
of course not suffice, since it has no typical correlation length. We
preferred the simplest model with the least i.e. one adjustable param-
eter. One may wonder why the nanoclusters are separated on average
by a distance of about 18.6 nm. We think that this is caused by the
fact that the hydrophilic phosphate centers of the caseins bind to
the CCP. As a result hydrophobic “tails” of the caseins stick out.
These tails will entangle with other hydrophobic tails forming small
hydrophobic and denser protein regions of about 2 nm in size. In
Fig. 4 we present the functions from Eq. (15).

In case of the nanoclusters (nc), there are about 287 per (volume
averaged) casein micelle and in case of the mini-clusters we would
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Panel A casein micelles in H20, Panel B Casein micelles in D20, Panel C for SAXS.

have about 5 times more. Of course the volume of the Angstrom-
clusters (ac) vspp, is than 5 times smaller. Averaging the position of
the (mono-disperse) Angstrom-clusters over the surface of the sub-
micelle leads to the same result as the Angstrom shell (as) model.
The more so we realized from these calculations that subdividing
the nanoclusters into 5 angstrom-clusters lowers their contribution
to scattering by a factor factor of 5. In Fig. 4 we present the calculated
scattering intensity I.(Q’,& = 1)of the nanoluster and the Angstrom
shell model. ® =1 means that solvent is pure D,0.

Fig. 4 indicates that maximum contribution to scattering is
obtained from the NC in D,0. All other conditions give a much
lower intensity. If the correlation peak at Q~0.35nm™' generates
the shoulder in SANS spectra than it is to be expected that this shoul-
der is not visible in for instance SAXS spectra.

The functions shown in Fig. 4 must be convoluted with the func-
tion F(z) as in Eq. (14). Only at small Q, there is a slight difference
for the non-convoluted and convoluted scattering function. Of course
there is a strong difference between the nanocluster and the
Angstrom shell model. In both cases, we included the same structure
factor S(Q) which only modulates the data. So, we assumed the same

packing fraction for the nanoclusters and the Angstrom shells. Of
course for both models, the ordinate value must be identical for
mono disperse particles and reflects molar mass. The CCP on the
periphery of a ‘sub-micelle’ are 5-times smaller in volume than the
nanoclusters if located at the ‘center’. Also at this point it is relevant
that in the “classical” models where the CCP is located at the periph-
ery of the sub-micelle, it is necessary that the CCP clusters are very
small (1.4 nm) from total mass and geometrical considerations i.e.
10 ’contacts’ per sub-micelle. Fig. 4a shows two shoulders one at
Q=0.35nm 'and one at Q=1 nm"". The first shoulder is not visible
in SANS at the H,0 side and not in SAXS because of the low contrast.
If we set S(Q)=1, then the secondary maximum disappears
completely from all scattering functions. The form factor for a mono-
disperse sphere P(Q) (see Eq. (8)) and the polydisperse form factor
Pempoi(Q) (see Eq. (9)) are shown in Fig. 5. Clearly all details are
washed out.

Please note that the fluctuations in Pempoi(Q) are due to numerical
calculations.

Also note that the minima in the form factor of the casein micelle
particle are on a much smaller scale than the features in the CCP
scattering. Also these minima would be completely washed out by
instrumental smearing if not already by particle poly-dispersity. The
total scattering than follows by appropriately summing the functions
in Figs. 4 and 5 according to Eq. (13). All calculations were made in a
MATHCAD 14 program including dimensions of the parameters.
Intensities were correctly found as m™.

5. Materials and Methods
5.1. Milk samples

Over the years we used three different milk samples for our
studies. Main results presented here were obtained on one particular
sample which we will describe in detail. From an extensive dynamic
light scattering investigation on milk samples from 18 different
cows we found that the casein micelle size is constant for a given
cow during milking, lactation and over the years. In addition polydis-
persity varies from 3 =0.27 to 3 = 040. It seemed that 3 was a linear
function of the radius as is expected for particle stabilized by a
“surfactant”™ molecule. We used the milk of a one cow (cow68,
Martha183) as this milk had relatively small casein micelles and a
relatively low polydispersity. Serum protein free casein micelle dis-
persions of this milk sample were prepared by centrifugal removal
of fat (2000 x g for 20 min at 5 °C), followed by pelleting the casein
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Fig. 5. Form factor, P(Q,) (Eq. (8)),of a mono-disperse homogeneous sphere and the
form factor of a collection of poly-disperse homogeneous spheres.(Eq. (9))
Rip=>55nm, »=0.27, Rgy; =90 nm, Rpyq,(90°) =80 nm The small fluctuations are
due to numerical inaccuracies.
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micelles in the defatted milk by ultracentrifugation and resuspension,
at a casein concentration of 2.5% (m/m) in the 10 kDa filtrate of the
original milk, as described in detail by Huppertz et al. [43]. The casein
micelle suspension were used for static and dynamic light scattering
directly and were subsequently lyophilized and resuspended in mix-
tures of HO and D,0 for scattering measurements. Resuspended
samples were also used for light scattering, which indicated that ly-
ophilization and subsequent resuspension did not affect particle size.

The experiments with the cross linked casein micelles, called ca-
sein nanogels, were made on casein micelles isolated from reconsti-
tuted serum protein-free milk powder (NIZO food research, Ede,
The Netherlands) using the procedure outlined above. The samples
were subsequently subjected to enzymatic cross-linking using the en-
zyme transglutaminase (TGase) as described by Huppertz et al. [43].

The casein micelles used by Holt et al. [23] were prepared at the
HANNAH research institute Ayr Scotland. Casein micelles from fresh
skimmilk were pelleted by ultracentrifugation (25,000 g for 30 min
at 20 °C) before resuspension in a buffer designed to be saturated
with respect to CP. The composition and preparation of such buffers
has been described previously [12] where they were used to dilute
casein-calcium phosphate complexes, while preserving their integri-
ty. The standard resuspension buffer had a free calcium ion concen-
tration of 2 mM, ionic strength of 80 mM and pH of 6.7.

At this point we would like to make the following remark.
Although different investigations used (slightly) different methods
of preparation there is a broad agreement on the essential features
of the scattering spectra both from SANS and SAXS. We therefore
are confident that preparation had no essential influence on the
results.

5.2. Scattering set ups

SANS measurements were made at the ILL (Grenoble, France) on
the D22 spectrometer, at ISIS (Didcot, UK) on LOQ. The SANS data
on milk from cow 68, Martha 183 and presented herewith were
obtained at Oak Ridge National Laboratory on SANS CG2. SAXS mea-
surements were made at the ESRF in Grenoble on ID2.

Static and dynamic light scattering were made on an ALV
goniometer with four APD-detectors using a fast correlator of
CORRELATOR.COM. and a 200 mW solid state VERDI laser Rayleigh
ratio's were obtained by normalizing the time averaged intensity on
the scattering of purified toluene. Data were taken at 16 different
angles from 17 to 150 degrees. Samples were diluted 10 and 100
times with milk serum so as to avoid multiple scattering.

6. Results and discussion

In separate and extensive experiments we characterized the
casein micelles used in the SANS experiments reported herewith. In
addition we used data from literature. It was our aim to use indepen-
dently determined parameters for the model calculations. In that way
we may calculate/predict the scattering spectra and not fit the data to
calculated spectra.

By doing so were able to test models put forward for the structure
of casein micelles. Particle size, density and mass cannot be varied
independently and data from different measurements must be self
consistent.

6.1. Dimensions of the casein micelles

From our static and dynamic light scattering experiments we
found that milk of individual cows has a low(er) polydispersity than
pooled tank milk. Also we found that the casein micelle size of a
cow is constant during milking, lactation and over the years. For
this reason we selected the milk of one particular cow (Martha 183)

for new SANS and SAXS experiments. We collected milk from this
cow 68 (Martha 183) in three subsequent years.

In Fig. 6 we present the measured hydrodynamic radius. Assuming
a In-normal distribution, we simulated the intensity auto-correlation
function from which we than calculated the apparent hydrodynamic
radius.

The drawn line in Fig. 6 with 3 =0.27 represents the data quite
well. This line is obtained with a median particle radius of 55 nm
and a polydispersity of 3= 0.27. The data at the lowest Q-values are
noisy most probably due to residual dust, fat or aggregates. The data
for scattering angles larger than 45 degrees are constant in time
(milkings over 3 years period) indicating that the variation at low
angles derives from artifacts. Thus from DLS measurements we find
Ro=55nm with 3=0.27. Then the volume average radius is
R,=61nm the radius of gyration R;=90 nm and the DLS radius
Rgs =80 nm. These values are consistently lower than what is found
for pooled milk, which has a larger median and a higher
polydispersity.

The number of CCP particles in a micelle is determined by the condi-
tion that the coordination length is 18.6 nm so as to lead to a correlation
shoulder in the spectra at 0.35 nm'. In a liquid like or random structure
of spheres the correlation length is virtually equal to twice the radius of
the spheres. This means that in the sub-micelle models the “substruc-
tures” have a radius of 9.3 nm. Now the CCP is either at the periphery
or at the center of the “substructures”. In the nanocluster model, the
sub-micelles do not exist and in that case the average distance between
the center of the nanoclusters is 18.6 nm. Thus the number of
“sub-micelles” or CCP clusters is equal to (Ry/9.3 nm)>=(61.1/
9.3)>=285 per casein micelle used here. Naturally, the number of
sub-micelles or nanoclusters per micelle will depend on micelle size.
Since the mass of CCP is 7% of the dry mass this determines the mass
per CCP cluster as well and density is Mass,¢/Vy.. The number of NC
fixed and their mass is fixed (7% of the total mass) than the only param-
eter left is density. If we presume that density is the density of hydro-
xyapetite (2.31kg/L) than the median radius is 1.72 nm. Since Holt
gave a larger value for his synthetic NC we assumed a lower density of
the NC of 1 kg/L which is probably a lower value and which accounts
for the fact that it is expected that the NC are amorphous and heteroge-
neous structures, based on the result of Neville [ 17]. In that situation the
NC have a median radius of 2.27 nm, and a volume average radius of
2.5 nm and a radius of gyration of 3.7 nm. Respectively 1.72 nm and ra-
dius of gyration of 2.85 nm), Of course SLD must be adjusted according-
ly. We will use these two extremes for the size of the NC in our
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Fig. 7. a) Experimental Guinier plots at various D,0/H,0 ratios. b) Calculated radius of gyration.

calculations. In the case of the 2.27 nm NC we assume that the clusters
are amorphous and consist for 2/3 of exchangeable solvent.

6.2. SANS contrast variation of casein micelles

Based on previous experiences we prepared samples of various
D20/H20 content by volumetric mixing of samples in pure H,O and
D,0. The samples were measured at the ORNL at two sample to detec-
tor distances of 18.5 m and 3 m. Spectra were merged using ORNL
software. In Fig. 7, we present a Guinier plot of all the experimental
data at the various contrasts.

We fitted (drawn lines in Fig. 7) the first 32 data points of all
spectra in the Guinier plot. From this we obtained 1(Q =0, ®) and
the Guinier slope which is equal to 1/3 RZ,. In Fig. 8 we plot
1(Q=0, ®)/ 1(Q= 0, ®=0) which is equal to Ap(P)?/Ap(0)>.

Fig. 8 shows that measured and calculated contrast are in good
agreement. Contrast matchpoint is near ®=0.41. In Fig. 7b we plot
the Guinier slope which is virtually independent of contrast. These
are important results as they confirm that the used SLD are correct
and more importantly that the distribution of matter in a casein mi-
celle is homogeneous on the scale of a CM. It is known that D,0 has
a (stabilizing) effect on the native structure of folded proteins [58]
and promotes micellization of (3-casein [62]. The poorer solvent
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Fig. 8. Experimental contrast and calculated contrast as a function of fraction D,0 in
the dispersion medium. Data collected by Holt at the ILL and this work at ORNL. Data
normalized to scattering in H,0.

quality of D20 might induce secondary structure, but these structures
would be invisible near the protein matchpoint, i.e., near a D,0 vol-
ume fraction of ~0.41. Therefore and again the shoulder at 0.35 nm!
must be due to the CCP.

What the influence of D,0 is on the structure of casein micelles is
unknown. However here we find that the Rgy, does not change. We
also found from DLS measurements (see Fig. 6) for three completely
different casein micelle samples that the Ryyq, is the same in H,0
and D,0. The experimental results in Fig. 8 were obtained at the
ORNL and the data of Holt et al. [23] at the ILL. Please note that
these were two different samples prepared somewhat differently
and probably somewhat different in concentration. As a whole both
series are quite consistent and show the features at the respective
values of the contrast.

6.3. Model calculations

In order to make the model calculations, we wrote a computer
program in MathCad 14 that evaluated the pertinent equations nu-
merically. We fixed the median size of the casein micelles to 55 nm
and 3 =0.27. (since we used the milk of Martha 183) and these num-
bers were determined separately and independently in extensive DLS,
SLS, viscosity and sedimentation experiments, to be published) From
viscosity measurements it follows that voluminosity is 4.4 ml/g a
value confirmed by Shukla [30] from SAXS measurements. From sed-
imentation velocity measurements we find the overall density of the
casein micelles 1.078 kg/L whereas the density of the serum was
found as 1.023 kg/L. Therefore the density of the protein is

kg 3.4

k
dens o, = (1.078T 551023 Tg> 44

These data from experiment will be used further in our calcula-
tions. The volume averaged radius is (4/(3m) V,,)”*=61.1 nm. The
number of casein micelles in undiluted milk is N.,=0.11/
Vem=1.14 10" L', Another way of calculating the number of casein
micelles is in milk containing 3% of dry casein protein is: Ng,=
0.03 kg.L™" /(Ven dpror -1/4.4)=1.08 10" L', So virtually the same
as before. We used for density of the protein dyo=1.265kgL™!
which we found from sedimentation velocity measurements and
which is the same as the result for a whole series of proteins [61].
The molar mass of the protein is 1.656 10° kg. and for a hydrated ca-
sein micelles 4.4. times larger or 0.62 10 kg. Shukla [30] found 2.2
10° kg from their SAXS data, which is about 3 times larger than our
value. Shukla [30] used pooled milk where median CM size is about
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70 nm and therefore molar mass will be about 2 times larger. With
these numbers fixed the mass of the calcium phosphate is 7% of the
protein.

The model calculations were made with Eq. (13) presented above.
Comparing the calculated contributions of the CCP in the nanocluster
model and the Angstrom shell model we see a clear difference in
Fig. 4. If the CCP is distributed as nanocluster or as an Angstrom
shell at the periphery of a sub-micelle as suggested in the traditional
casein micelle models and as reproduced in Fig. 3 This is best under-
stood from the Angstrom cluster model. Since in this model the CCP is
distributed over 10 nm sized clusters intensity goes down by a factor
of 5 at Q=0. And the more so since an Angstrom cluster or Angstrom
shell model depresses scattering at Q~0.35 nm™" and therefore the
shoulder will not appear. The difference between the cluster and
shell model originates in the fact that in the shell model the scattering
particle has essentially larger dimensions and therefore scattering de-
cays faster. In the nanocluster model the CCP is located in a compact
sphere whose mass must be identical to the mass of the shell.

From the calculations presented in Fig. 4 it is clear that the charac-
teristic shoulder at Q=~0.35 nm™' in the SANS spectra of casein mi-
celles is only present in D,O rich solutions. Therefore we have
presented the full calculations for the nanocluster model together
with the relevant experimental data. As indicated above, calculations
were made for two combinations ( 1,72 nm radius 2.31 kg L™! densi-
ty) and (2.27 nm radius 1kgL™) for the NC. It appeared that the
two different combinations resulted in hardly any difference in the
scattering spectra as illustrated in the SAXS spectrum. The Angstrom
cluster and Angstrom shell model do not reproduce the characteris-
tics of the experimental data.

The shoulder in SANS spectra at Q~0.35 nm™! is observed inde-
pendently in various studies [21-24, 43] and originates from the coor-
dination or correlation of the nanoclusters. It is the effect of the
structure factor that generates the shoulder. We included the same
structure factor in both models. The structure factor was calculated
from a hard sphere fluid in the Percus-Yevick approximation. It ap-
pears that an effective volume fraction of 0.40 gives satisfactorily re-
sults and is a rather acceptable value. An upper limit would be a
random close packing volume fraction of 0.63. However it is expected
that the effective value will be smaller because of polydispersity, and,
maybe even more so, because there is no clear repulsion responsible
for the structure.

From our model calculations we found that the scattering contri-
bution of the NC would be too small. In addition the shoulder in
SAXS data at Q~1 nm™! could not be reproduced while the shoulder
at Q~0.35 nm™" is absent. Based on a large number of trial calcula-
tions we suggest that the CCP nanoclusters are stabilized by a protein
coat of caseins which together form a protein matrix in which the
nanoclusters are distributed more or less evenly. The protein matrix
shows nm scale density fluctuations as a result of the weak interac-
tions (hydrophobic interactions, hydrogen bonding, ion bonding,
weak electrostatic Van der Waals attraction and other factors (but
not the strong calcium phosphate interaction)). From SANS measure-
ments on both 3 and Kk casein we know that the hydrophobic tails
form dense regions [53]. In the vicinity of the NC the protein matrix
is less dense since that is the hydrophilic part of the protein. There-
fore we modeled the system of NC with a corona of halve the average
protein density dispersed in a protein matrix with denser areas of
2 nm radius separated at 6 nm distance. So a casein micelle contains
about 3> times more protein clusters than NC. We realize this is a
somewhat abstracted model of the protein distribution but it
appeared to give consistent results. Calculations at different D,0/

H,O contrast, varying between 0-1 gives quite satisfactorily results.
Note there is a considerable change in the shape of the spectra but
also in the scattering level. All of this is predicted quite consistently.
The fact that at high(er) scattering wave vectors the calculated scat-
tering is above the experimental spectra could be due to incorrect sol-
vent subtraction. Due to H/D exchange, the solvent subtraction is not
completely defined which is less so a problem in pure H,O and pure
D,0. It is noted that in Fig. 8 the experimental contrast for
0.6<®d<1 is systematically somewhat below calculated contrast,
which may indeed be due to over-subtraction of solvent. For the
ISIS data presented below the experimental data go below calculated
spectra even more. The reason being that these data were corrected
for incoherent scattering by applying Porods law , i.e. assuming that
scattering tails off as Q™ as part of the data reduction procedure.
This is/was not allowed since Q-values are not small enough yet.

6.4. Casein nanogels; cross-linked casein micelles

Previously we prepared casein nanogels by cross linking the ca-
seins internally using pooled milk. We showed that all the caseins
are cross-linked after 24 h incubation with transglutaminase and
found no inter-micellar cross-linking from the SLS and DLS results
[43, 55, 56, 57]. On adding 0-6 M urea both the SANS (at ISIS) and
the SLS from these micelles were measured, where the SLS data ex-
tend the SANS data to very small Q, see Fig. 10. A Guinier plot showed
that the ordinate changed [43] which can be accounted for fully by
the change in contrast but the Guinier slope was unchanged. This
shows that the cross linked micelles do not shrink or swell in urea.
Non cross linked micelles completely dissociate in 6 M urea.

It is noteworthy that the spectra of the cross-linked casein
micelles hardly differ from the native (i.e. non-cross-linked) casein
micelles. Maybe the spectrum is slightly above the native casein
micelles which would suggest a small shrinkage which is however
not noticeable in the DLS experiments. The fact that the experimental
data fall off more steeply at higher Q is due to the correction for
incoherent scattering using Porods law.

Especially in SANS, the contrast is lowered by the addition of urea.
Fig. 10 shows that contrast diminishes to a level comparable to 60%
D,0. On adding urea the turbidity (in visible light) of the system is
diminished somewhat but this can be accounted for completely by
changes in light scattering contrast [43]. In Fig. 10 we present the
measured and calculated spectra using the SLD of urea in D,0. The
calculations follow the features of the experiments quite nicely.
These results therefore suggest that the nanogels stay intact on
adding urea, but also that the cross-linking prevents a considerable
swelling of the nanogels. Static light scattering data did not indicate
an appreciable change in size either, Ry, is constant. The hydrody-
namic radius as a function of wave vector increases by ~20 nm on
completely cross linking the casein micelles. We therefore attribute
the apparent increase in hydrodynamic radius in 6 M urea (and in
serum) to the presence of “dangling” ends since the urea disrupts
the weak interactions. Small parts or a few casein molecules may
serve as a drag and diminish diffusivity. It was shown by Stenkamp
and Berg [59] that at polymer coverage of a latex particle as low as
1% of maximum coverage increases the hydrodynamic radius by al-
most the contour length of the polymer in a good solvent. The contour
length of a casein molecule can be estimated to be ~20 nm. A few
dangling ends would however contribute little, if any, to the
scattering profile of the nanogels. Therefore the data suggest that
the nanogels are rather “frozen in” structures of the native casein
micelles which do not swell even in a good solvent. One would then

Fig. 9. Model calculations and experimental SANS results on casein micelles at various D,O/H,0 fractions e.g. 0.8 D,0 indicates 80% v/v D,0. Note that all calculations were made
using the nano cluster model. The last panel represents SAXS data and calculations. Calculated curves are indicated with K and plotted as A. ORNL data +, Holt’s data as o.
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Fig. 10. a) Combined SLS (NIZO) and SANS (ISIS) spectra of cross linked casein micelles and nanogels with added urea b) Sans data on cross linked casein micelles in 1:3 ethanol/

water . Symbols experimental data, drawn lines calculated.

expect that the steric stability of the nanogels is somewhat
diminished due to the decreased conformational entropy of the
surface moieties, which is indeed found [56].

Using the same casein nanogels as in the previous paragraph we
measured SANS spectra at the ISIS of cross linked casein micelles in
a 1:3 ethanol/D,0 mixture, see Fig. 10b. On adding 30% ethanol the
casein micelle dispersion is marginally stable, but on heating to
65 °C, the milk becomes bluish and almost transparent, indicating
that the casein micelles disintegrate in 30% ethanol at 65 °C [60, 61].
Fig. 10 shows the SANS spectra of cross linked casein micelles in
30% Ethanol/D,0. If any, there is a slight tendency of the scattering
intensity to dimish (very little). This may be attributed to the fact
that we subtracted the solvent spectrum measured at 25 C which
has a 2.5% higher density than solvent at 80 C. Also a very slight
increase in size due to swelling would lower intensity at finite Q,
but not the ordinate at Q=0. Thus it seems that the casein nanogels
remain almost unchanged or show a slight swelling in heated
ethanol/water mixture. Although the data are somewhat noisy, the
shoulder at Q~0.35 nm™' seems to diminish. This indicates that the
protein matrix becomes more homogeneous. Indeed at 65C the
casein micelles dissociate indicating a “good” solvent condition. It
was found [23] that the shoulder at Q~0.35nm™" disappears on
heating casein micelles in D,0 with 15% ethanol. In our model calcu-
lations the shoulder disappears on assuming a (more) homogeneous
protein matrix. It is interesting to note that in the model calculation
the shoulder at Q=1 nm would increase in SAXS due to an increased
contrast of the protein.

6.5. SAXS spectra

In Fig. 9i above we present SAXS spectra of two different (and
different samples) investigations, which are virtually identical.

In Fig. 11a we show the influence of heating casein micelles
dispersed in 1:3 ethanol water mixture. The data are in a smaller
Q-range. The calculated line shows some oscillations which will be
washed out in the experimental data due to polydispersity and
instrumental smearing. In contrast to the experiments reported in
Section 6.4, these micelles were not crosslinked. Fig. 11b shows the
changes in the Guinier slope ( :—Rzgyr/B) and ordinate values i.e.
In(1(Q=0)).

The Guinier slope remains constant or slightly increases while
the ordinate value drops monotonously. This suggests that casein
micelles disintegrate on heating in ethanol water but it is an all or
nothing process. Suggesting that large(r) casein micelles are slightly
more stable than the small micelles.

6.6. Overview of experimental and model parameters

In conclusion, we think that the nanocluster model gives consis-
tent results. Also we think that the classical sub-micelle with the
CCP located at the periphery of casein micelles is not consistent
with observation and model calculation.

Parameters required for the model calculation were taken from
independent investigations and the literature. These parameters are
listed in Table 2 together with the experimental method. For evaluat-
ing data of pooled milk it will be necessary to increase Rjo by 5 to
10 nm but also the polydispersity index 3 will increase from 0.27 to
0.35. Finally it must be remarked that the large dynamic range in
intensity 4 - 6 decades makes it difficult to acquire low noise data
over the whole Q-range of interest.

7. Conclusions

Native casein micelles in cow's milk were found to have a center ra-
dius R;p =61 nm for pooled milk. The size polydispersity is 0.35 in a In-
normal distribution. DLS measurements would than give about 100 nm
at 90 degrees scattering using a green laser. In the literature casein mi-
celles are often called very polydisperse. However this is not consistent
with the results presented herewith and with the expectation and expe-
rience that Mother Nature is not sloppy. Casein micelles of single cows
are quite monodisperse and extremely constant in time.

In the literature, several models were proposed for the internal
structure of the casein micelles. The oldest and most frequently
cited model is the sub-micelle model based on the idea that caseins
form micelles which are than glued together by colloidal calcium
phosphate. A later model by Holt and based on experiments with
casein nanoclusters views the casein micelle as a matrix of caseins
in which the CCP nanoclusters are dispersed as very small (1.72 to
2.27 nm radius (median)) “cherry stones”. Attached to the surface
of the nanoclusters are the centres of phosphorylation (3-5 nearby
phosphate groups) of the caseins.
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Fig. 11. Heated casein micelles in 1:3 ethanol/water mixtures.a) SAXS spectra at
various temperatures. b) Ordinate and -Guinier slope as a function of temperature.

The tails of the caseins, much larger than the CCP clusters, associ-
ate to form a protein matrix with many small fluctuations in local
protein density. The association of the tails is driven by a collection

Table 2

Parameters used for the calculation of the SANS and SAXS spectra. Data were taken
from literature and not adjusted or fitted except for the packing fraction and the size
of the protein clusters, see discussion in text.

Parameter symbol Cow 68 (Pooled milk) Experimental
[units]
Casein micelle center Rio 55 (60) [nm] DLS
rad.(In-norm)
Polydispersity B 0.27 (0.35) [-] DLS
Volume averaged radius R3 61.1 (71.3) [nm] Viscosity, DLS
Radius of gyration Reyr 90 (135) [nm] SANS, SLS
DLS radius (A =541,0=90) Rhydr 80 (100) [nm] DLS
Voluminosity - 44 [mlg'] Viscosity
Mass density (hydrated) 1.078 [g ml™"] Analytical UC
Casein micelles per liter Nem 1.1410"7 [L7] Calculated
Nanocluster I'nc 1.72 to 2.27 [nm] SANS/SAXS
Nanoclusters/ Casein micelle |\ 285 (372) Calculated
Correlation length 3 9.3 [nm] SANS
Packing fraction NC/prot. Clust. - 04/02 estimated
Protein clusters Rprot 2nm SAXS
Correlation length Eprot 3 nm SAXS

of weak interactions. We explicitly use weak interactions as a collective
term as for hydrophobic, hydrogen bonding, ion bonding, weak elec-
trostatic and Van der Waals attraction and other factors (but not the
strong calcium phosphate interaction) leading to self association.
The heterogeneity of the casein proteins could be taken as an indica-
tion for heterogeneity of the weak interactions. It is the cooperativety
that leads to a stable casein micelle (as in Velcro). The interaction of
only a pair of molecules, as suggested in the dual binding model, is
thermodynamically unfavorable. Invariably k-casein is thought to
limit the process of self association leading to stabilization of the
native casein micelle.

The nanocluster model and the sub-micelle model and variations
thereon, e.g., the dual binding model, can be used to calculate the
scattering in a SANS and SAXS experiment. Here we set up the
necessary equations, and used in the calculations independently
determined parameters taken from the literature. SLD values were
calculated from the known protein and CCP composition of the casein
micelles. Neutron contrast variation is an extremely valuable tool to
determine the internal structure since SLD are known and therefore
by changing contrast the scattering spectra must be predicted self
consistently. We showed that the submicellar model was not
consistent with experimental data. In retrospect there are additional
arguments why the distribution of CCP in extremely small clusters
of a few Angstroms (as in the dual binding model) is not very proba-
ble. The Angstrom sized clusters would be extremely instable and
their contribution to the scattering is too low to notice, also in elec-
tron microscopy, wherefrom most of the support for sub-micellar
structures was derived. The submicellar model generates a MINIMUM
at Q~0.35 nm™! while there is a shoulder in the experimental data.

The nanocluster model appears to predict the spectra quite satis-
factorily. Unfortunately experimental data suffer from uncertainties
due to the large dynamic range in scattering (4-6 decades) but all
principal features and certainly all trend/changes are predicted satis-
factorily and more importantly self consistent with very limited
adjustment of parameters.

Therefore it seems that the nanocluster model captures the main
features of the casein micelle.

Further evidence was obtained by internally cross linking the native
casein micelles with the help of an enzyme transglutaminase. The so
formed nanogels have the same size as the starting material. The
mean DLS-particle radius was 100 nm, due to the preparation of the
whey protein-free milk, in which ultra- and micro-filtration was used.

On adding 6 M urea (some of the) weak interactions between the
caseins in the nanogels were broken but that did not result in a
change of size. Similarly sequestering the calcium did not change
the particle radius (not shown). Scattering spectra could be predicted
by taking into account the changed contrast. In DLS we observed a
slight increase in Stokes radius on adding urea to the crosslinked
micelles. This can be attributed to the presence of only a very few ca-
sein molecules extended in the good solvent serving as a drag anchor.
On adding up to 30% ethanol the SAXS and SANS spectra change
somewhat but that can be fully accounted for by changes in contrast.
Heating casein micelles in 30% ethanol shows that the casein micelles
swell slightly and than dissociate.
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Appendix A. Scattering from composite particles

Since various conventions are found in the literature, we first
explicitly specify our mathematical language. Scattering length
density will be denoted as p(r). Scattering amplitude B(Q) is given
by the 3-dimensional Fourier transform of p(r).

= [p(r).*"dr (A1)
\"

Here and after we omit unimportant pre-factors (a collection of
constants and experimental parameters) for notation simplicity. For
normalization convenience we assume that the integration is
performed over a finite but very large sample volume V so that the
sample size is much larger than any structural correlation length in
the system. The 1/(2m)> normalization factor will be included in the
inverse Fourier transform.

_ L r —iQ.r
P0) = o _me(Q)f Q. (A2)

Finally, the scattering intensity is given by the square modulus of
the amplitude

1Q) = BQ)". (A3)
According to the correlation theorem, I(Q) is the Fourier transform

Q) = [I(r)e®"dr (A4)
\"%

of the autocorrelation function,

= Jup()p(’ + r)dr’. (A5)
Finally, I'(r) can be calculated from I(Q) via the inverse Fourier
transform
rm =L Qe A6
() = g [ 1@ dQ (A6)

As described in the main text, we assume that the particles are
made of a medium with a known scattering profile I..(Q). The sub-
script « reflects the fact that this is the I of an infinite medium. The
use of a tilde above I..(Q) will be clarified further [Eq. (A12)]. Thus
we consider a medium completely filled with casein micelles in
such a way that no interstices are left. So we may say that I.(Q) is
the profile of a bulk fused cheese curd matrix (but with the k-
casein still present). Using Eq. (B6), one can calculate the autocorre-
lation function I.(r) for this medium. Then we “cut out” the casein
micelles from this slab with the scissor function ©(r) given by
Eq. (13). Since this procedure leads to p(r) = 0 outside the particle,
the scattering length density is defined relative to that in the
solvent.

The assumption of the statistical independence of the p(r) and
O(r) functions leads for the autocorrelation function of the solvent
with a particle to

Ttorat(Y) f D= (E)pu (X' +1)O(r)O(r + 1)dr’ (A7)
_[pw I')p.(r' +1)dr’ f@ r’)O(r’ +r)dr’
= vl"m(l')l"p(l')

where I',(r) is the autocorrelation of particles with the ‘scattering
length density’ O(r). The total scattering profile Ii(Q) of the
composite particles is given by the Fourier transform of the Ty
[Eq. (A4)]. According to the convolution theorem the Fourier
transform of a product of two functions is equal to the convolution
of their Fourier transforms

1
n3v

Usually, in scattering the absolute value of the scattering length
density p(r) is not important. Only the scattering contrast leads to
scattering. Indeed, if one adds a constant value to p(r) in Eq. (A2),
the Fourier amplitudes will remain unchanged for any non-zero
value of Q. It will only affect the amplitude of the 6-function at
Q=0. For the composite particles we have defined the contrast rela-
tive to the solvent. It means that the average scattering length density
inside the particle can be different from that of the solvent. This, in
turn, will play a role since it will contribute to the contrast between
the particle and the solvent. The é-function contribution at Q=0 in
the scattering function of the infinite medium will play a role in the
scattering of the particles. Let us explicitly write down this term.
Since the exact shape of the sample volume is not important, we
can assume that it has the form of a cube and occupies the space
between —L/2 and L/2 in all three Cartesian directions x, y, and z.
For Q-values of the order of 2m/L, i.e. on the scale much larger than
the particle size, only the average value of the scattering contrast p
relative to that in the solvent is of importance. By replacing p(r) by
p in Eq. (A1), we get

[0l (Q) = Jl.@)1,@—-Q1dQ. (A8)

oL sinQ,/, sinQ, ", sinQ,Y,

B, =
O(Q) QXL/2 QyL/Z QZL/Z

(A9)

Here we added the subscript 0 to stress that this is the scattering
amplitude B(Q) in the vicinity of Q=0. Since L is much larger than
any scale of interest, this is a very sharp peak, which can be approxi-
mated by a §-function. Using the identity

T (ﬂ)zdx —n (A10)
o X

the intensity I(Q) =|B(Q)|? at Q— 0 can be written as

1o(Q) = VIp*(2m)°8(Q). (A11)

The intensity I.(Q) entering Eq. (A8), should include this

S-function at Q— 0. Thus,

1.(Q) = 1,(Q) +1.(Q) = V|p/*(2n)’

6(Q) + 1.(Q), (A12)

where I.(Q) is the conventional scattering profile, which does not
have any 6-function at Q=0. Finally, Eq. (A8) becomes

Lowa(Q) = |0 Q)+ (A13)

3V [r.@"1,@—Q"dQ".
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This is an important general result, which expresses the scattering
profile of the whole system through the two scattering profiles of the
medium and the particle envelopes. It can be applied to particles of
different forms and sizes and it is valid as long as the internal
structure is uniform throughout the particles.

The three dimensional integral in Eq. (A13) can be reduced to
one-dimensional for spherical particles with isotropic (on average)
internal structure. In this case the intensities in Eq. (A13) are
functions of the length of the wave vector only: [.(Q)=1.(Q) and
I,(Q) =1,(Q). For a single sphere

QR cos(QR)— sin(QR)>2’ (A14)

R

where vgon=(4/3) m R? is the particle volume. It is convenient to
switch to polar coordinates in Eq. (A13). The integral then becomes

Jl.@"1,@—-Q")dQ’
=2n [ [1.(@Q"I, <\/Q2 +Q2-2QQ’ cos@) Q’2sinf do dQ’  (A15)
0

0

where 6 is the angle between Q and Q’; and 2m originates from the
integration over the azimuthal angle ¢. Using the substitution
z=R(Q*+ Q2 —2QQ cosh)'? one can transform the 6-integral into

m

2
3v, RQ+Q") , s 2
11, <\/Q2 + Q/zszQ’cos(a) sin0do — ( i ) [ <sz +3ZCOSZ> 2dz,
R*QQ’ ;
R(Q-Q")

0 z

7(3Vsph)2 F(R "M—F(R(O—0"
—W[((Q+Q)) (RCQ—Q")l;
(A16)

where F(z) is given by Eq. (16). Substitution of Eq. (A16) into (A13)
yields Eq. (15) in the main text.

Let us consider the limit of large particles (much larger than any
characteristic scale of their internal structure). This is a simple limit-
ing test case, in which one can split the scattering into two different
contributions, related to the particle shape and to their internal struc-
ture. At small Q (i.e. QR~1) the scattering intensity is dominated by
the first term in Eq. (15). The second term becomes important at
large values of Q, (i.e. QR >>1). Then F(R(Q+Q’)) in the integral
can be neglected since the function F(z) quickly decays at z >>1.
Moreover, F(R(Q —Q’)) can be approximated by a 6-function

2
FIRQ-Q)~ 336(Q—Q)). (A17)
After a straightforward integration in Eq. (15), one gets
_ QR) cos(QR)— sin(QR)1% Vg
L @IpF 30y, B EERSSOH Bt @), qaney

which is an expected result for large particles.
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