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How to Squeeze a Sponge:
Casein Micelles under Osmotic Stress, a SAXS Study

Antoine Bouchoux, #* Geneviéve Gésan-Guiziou,™ Javier Pérez,’ and Bernard Cabanef*

TINRA, UMR1253 Science et Technologie du Lait et de I'(Euf, F-35042 Rennes, France; *AGROCAMPUS OUEST, UMR1253
Science et Technologie du Lait et de '(Euf, F-35042 Rennes, France; $Synchrotron SOLEIL, SWING, F-91192 Gif Sur Yvette, France, France;
and 'PMMH, CNRS UMR7636, ESPCI, F-75231 Paris cedex 05, France

ABSTRACT By combining the osmotic stress technique with small-angle x-ray scattering measurements, we followed the
structural response of the casein micelle to an overall increase in concentration. When the aqueous phase that separates
the micelles is extracted, they behave as polydisperse repelling spheres and their internal structure is not affected. When
they are compressed, the micelles lose water and shrink to a smaller volume. Our results indicate that this compression is non-
affine, i.e., some parts of the micelle collapse, whereas other parts resist deformation. We suggest that this behavior is consis-
tent with a spongelike casein micelle having a triple hierarchical structure. The lowest level of the structure consists of the CaP
nanoclusters that serve as anchors for the casein molecules. The intermediate level consists of 10- to 40-nm hard regions that
resist compression and contain the nanoclusters. Those regions are connected and/or partially merged with each other, thus
forming a continuous and porous material. The third level of structure is the casein micelle itself, with an average size of
100 nm. In our view, such a structure is consistent with the observation of 10- to 20-nm casein particles in the Golgi vesicles

of lactating cells: upon aggregation, those particles would rearrange, fuse, and/or swell to form the spongelike micelle.

INTRODUCTION

Casein micelles are probably one of the most common
natural association colloids. They are complex macromolec-
ular assemblies made of four distinct caseins, namely, oy,
A, B, and k, and 8% in mass of phosphate and calcium
ions. Casein micelles play a central role in the processing
of milk, cheese, and most dairy products, and their structural
and physical properties have been studied extensively over
the last 50 years. Yet their structure is still a puzzle and is
continuously the subject of furious debates among the scien-
tific community (see reviews (1,2)). The problem is indeed
difficult for a number of reasons. First, the casein micelles
have a wide distribution of sizes: the average micelle has
a diameter between 100 and 200 nm (3), but the full range
and the exact form of the distribution are still not well estab-
lished (4). Second, and more important, the internal struc-
ture of the casein micelle is made by the assembly of
many components that are in complex equilibrium with their
environment. Their interactions, and the interactions
between the micelles themselves, may vary according to
ionic conditions, temperature, and concentration. This
makes the micelle a delicate and dynamic object that is
not easy to observe in conditions that are representative of
the native state. Finally, the assembly process that takes
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place in the lactating cell cannot be fully reproduced
in vitro (1), which makes it difficult to connect the micelle
with building blocks from which it assembles.

At this time, it is now well established that the surface of
the micelle is essentially made of a brush layer of k-caseins
(5). So the controversy is mainly focused on the internal
structure of the casein micelle. Previous scattering and
microscopy experiments (small-angle neutron scattering
and small-angle x-ray scattering (SAXS), and transmission
electron microscopy) have revealed some distinctive
features of this internal structure (6—10). However, these
features are not always identical and diverse models have
been designed to account for the different results. As for
now, the following models are still in use: 1), the submicelle
model, which describes the micelle as made of closely
packed submicelles of ~15 nm in diameter, either linked
together by calcium phosphate (CaP) nanoclusters (11) or
containing these nanoclusters (12); 2), the homogeneous
model, in which the internal structure is made of a loose
and uniform casein matrix with randomly distributed CaP
nanoclusters (7); and 3), the core-shell model which still
considers a homogeneous casein matrix but suggests that
the CaP nanoclusters are preferentially located near the
micelle surface (10).

This lack of a consensus indicates that there is a serious
need for new and additional information. In this study, we
report experiments that consist of examining the SAXS
structure of the casein micelle in response to an osmotic
stress. The osmotic stress technique makes it possible to
concentrate casein dispersions to conditions where the
micelles are closely packed and ultimately deform and des-
well (13,14). During the concentration process, the chemical
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SAXS Structure of Casein Micelles

potential of all ions can be maintained at their values in the
native state, thus preserving the integrity of the micelle. We
show that the structural signature of the casein micelle is
strongly affected by the change in concentration, and
more particularly after close-packing, when the casein
micelles are directly compressed and shrink to a lower
volume. We then address two crucial questions: can we
explain these changes using the models previously proposed
for the internal structure of the micelle? If not, are we able to
build a model that fits our SAXS data, is physically consis-
tent, and remains realistic from a biological point of view?

MATERIALS AND METHODS
Proteins and dispersions preparation

Experiments were performed with dispersions made from native phospho-
caseinate powder (NPC) dissolved in a solvent made from ultrafiltration of
skimmed milk (UF). NPC powder is a serum protein-free milk powder in
which the caseins and their associated minerals represent >90% of the total
solid content. Such a powder is known to be an adequate model for native
milk casein micelles and it has been used as such in a number of recent
studies (15—17). The use of UF as solvent ensures that the chemical poten-
tials of all ions are maintained at their values in the native state. In addition,
important properties of the casein micelles in NPC + UF dispersions (size
distribution, behavior toward pH gelation) are virtually identical to those
measured in skimmed milk (18).

The NPC powder was prepared in our laboratory according to a protocol
developed by Pierre et al. (19) and Schuck et al. (20) and described in
aprevious work (14). The UF was prepared through membrane ultrafiltration
(5-kDa cutoff) of fresh skimmed milk. Its average ionic composition can be
found in Jenness and Koops (21). UF also contains lactose (150 mM) and
a few other low-molar-mass molecules such as riboflavin. Thimerosal and
sodium azide, both purchased from Sigma-Aldrich (Lyon, France), were
added to UF as preservatives at 0.02% and 0.1% (w/w), respectively.

For a casein concentration of up to 150 g/L, the dispersions were
prepared by thoroughly mixing the NPC powder in UF for 15 h at 35°C.
Dispersions at higher casein concentrations were prepared through osmotic
stress, a concentration technique based on water exchange between the
sample, i.e., a liquid NPC dispersion, and a reservoir of controlled osmotic
pressure. A detailed description of the technique and the materials we used
is given in our previous work (14). This technique made it possible to easily
prepare ~1 mm® homogeneous samples with casein concentrations of up to
400 g/L. The casein concentrations in the prepared samples were accurately
determined through drying at 105°C. At 20°C, the pH of all dispersions
matched the average pH of milk, i.e., pH 6.7 = 0.1.

Small-angle x-ray scattering

SAXS measurements were performed at the French national synchrotron
facility SOLEIL in Gif sur Yvette, France, in the beam line SWING oper-
ating at ~12 keV photon energy. Each sample, either liquid- or solidlike,
was placed in a watertight cell with a cylindrical cavity of diameter
4.5 mm and thickness 2 mm closed by flat mica windows. The scattered
intensity was recorded on a detector placed at ~6.5 m from the sample.
For each sample, data were first recorded at short exposure time (typically
~0.2 s) to avoid any radiation damage (aggregation) that could result in arti-
facts at low ¢ values. Subsequently, data were recorded at long exposure
times (typically ~15 s) using a larger beam stop to obtain a good signal/
noise ratio at high ¢ values without damaging the detector. Intensities
recorded at the two exposure times were then radially averaged and
combined to get a scattering curve covering a g-range of 1.5 x 107> to
1.4 x 107" A~". In some cases, artifacts due to sample radiation damage
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were visible in the low-q regions of the data recorded at long exposure
times. The corresponding intensities were discarded before the merging
procedure was carried out. For each sample, the intensity scattered from
the solvent (UF) in the same mica cell was measured and subtracted from
the casein sample pattern. The resulting corrected intensity is denoted by
I(g). All measurements were performed at room temperature (~23°C).

RESULTS

General structural features at native
concentration

Fig. 1 shows the measured scattering intensities, /(g), for
casein micelle dispersions at the average casein concentra-
tion of bovine milk, C = 25 g/L. Our results are compared
with those of previous studies obtained at the same concen-
tration but with slightly different model dispersions, namely
fresh and pasteurized skimmed milk. At native concentra-
tion, the volume fraction occupied by the micelles is
Petr ~ 0.1 (Pegr = Cv*, where v* is the specific volume of
an undeformed casein micelle, v¥ = 4.4 mL/g (3)). In these
conditions, the casein micelles are well separated from each
other so that interparticle interactions are weak and do not
perturb the structure of the micelles (10).

The SAXS profile shown in Fig. 1 for NPC powder rehy-
drated in a milk aqueous phase is practically identical to the
profiles obtained from a fresh skimmed milk (8) or from
a pasteurized skimmed milk (10). Therefore, the results re-
ported here are representative of a micelle that is close to its
native state, and NPC powder is an adequate model for milk
casein micelles.
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FIGURE 1 Typical SAXS profiles for the casein micelle at casein

concentration ~25 g/L in fresh milk (squares; data from Marchin et al.
(8)), pasteurized milk (triangles; data from Shukla et al. (10)), and
NPC + UF (circles; this work). Intensities are in arbitrary units (a.u.)
and the data have been shifted along the y-axis for clarity. (Inset) The cor-
responding Kratky plots in a log-log scale. The lines guide the eye.
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The casein micelle exhibits a SAXS pattern with three
characteristic features, numbered 0-2 (Fig. 1, arrows):

Level 0: low ¢ values, up to 6 X 1073 A*I, distances
>100 nm. In this range, the signal is controlled
by the distances between micelles, and by their
overall shapes (22). The curvature of the scat-
tering curves corresponds to the scattering ex-
pected from repelling polydisperse spheres at
low volume fraction. This part of the scattering
has been well described by previous authors
(8,10,22,23), and it is not the focus of this
work.

Level 1: intermediate ¢ values, in the range 6 x 107> to 2 x
1072 A", In this range, a small oscillation is
observed around 27/q = 40 nm. This oscillation
shows up better when the data are plotted as
I(g) x ¢* versus g on a so-called Kratky plot (inset
of Fig. 1). This feature has been analyzed accord-
ing to a core-shell model (10), or, alternatively, as
resulting from the presence of a second population
of very small casein micelles, called minimicelles

(4,15,24,25)
A
C I
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Level 2: high ¢ values, ~7-8 x 1072 A", In this range, the
variation in /(g) originates from the presence of the
~4- to 5-nm CaP nanoclusters. This was nicely
demonstrated through SAXS experiments with
casein micelles depleted in calcium (8,10).

Response to osmotic stress

Fig. 2, A and B, shows the SAXS intensities obtained in the
concentration range C = 25-400 g/L. In addition, the results
at C > 100 g/L are displayed in Fig. 3 in terms of an effec-
tive structure factor, S.;(g), obtained by dividing I(q) by
the intensity scattered by the most dilute dispersion (C =
25 g/L). Ser(q) is called effective because it takes into
account all changes in shape and size of the micelles that
result from the compression at high concentrations (26,27).

In a first concentration regime, i.e., C = 25-150 g/L, the
changes in I(q) are restricted to the low-g region where the
shoulder that corresponds to distances between micelles
shifts toward shorter distances. In this regime, the disper-
sions are liquid and turbid (Fig. 2 A, upper inset). Viscosity
and osmotic pressure measurements indicate that the
micelles interact as repelling spheres with free volume

q°l(q) (a.u.)

10° 107 1
q (A7)

FIGURE 2 (A) The SAXS intensities of casein micelle dispersions at casein concentrations (fop to bottom) 25, 33, 100, 150, 167, 206, 337, 365, and 400 g/
L. The data have been shifted along the y-axis for clarity. At 25 g/L, the dispersion is turbid and fluid, whereas it is a nearly transparent gel at 400 g/L. The
transition from a fluid to a gel takes place between 150 and 200 g/L of casein. (B) The corresponding Kratky plots in a log-log scale.
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S.(@)
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FIGURE 3 The effective structure factor S.i(g) measured for casein
micelle dispersions at concentrations >100 g/L. Concentrations (top to
bottom at low g values) are 100, 150, 167, 206, 337, 365, and 400 g/L.

between them (13,14). Therefore, only their relative posi-
tions are changed by compression. This is confirmed by
the structure factor, S.¢(q) (Fig. 3), which closely resembles
those of concentrated dispersions of hard particles, or those
of nanoemulsions (26,28). Hence, there are no changes of
internal structure in this regime.

In a second concentration regime, i.e., at C > 150 g/L,
corresponding to ¢.g > 0.65, the increase in concentration
produces changes that are much more significant. The
main change is that the scattering curves clearly flatten as
concentration increases: if we roughly approximate each
spectrum by a power law I(q) = ¢~%, the overall exponent
dy changes from d; = 3 at 150 g/L to d; = 2 at 400 g/L
(Fig. 2, A and B). Another obvious point is that the I(g)
oscillation at intermediate g values becomes more promi-
nent at increasing concentrations, while in the meantime,
the shoulder at low g becomes less pronounced (Fig. 2, A
and B). Finally, and quite remarkably, the position of the
oscillation at intermediate g is not affected at all by the
increase in concentration. All these changes in the scattering
at intermediate g values must reflect changes in the internal
structure of the micelles; they are correlated with major
changes in the macroscopic properties of the dispersions.
At the beginning of this second concentration regime, i.e.,
at C = 150-200 g/L, the osmotic pressure increases
suddenly as the micelles strongly interact and progressively
get into close contact (14). The dispersions then change
from liquids to soft solids, as indicated from rheological
experiments (13). At still higher concentrations, the
micelles are in close packing and then tend to deform and
deswell as concentration increases. These dispersions have
the rheological properties of viscoelastic gels and show
low turbidities (13,14) (Fig. 2 A, lower inset).
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DISCUSSION

The aim of this section is to find a structural model for the
casein micelle that is deformed under compression in
a way that is consistent with the SAXS spectra shown in
Fig. 2 A. In a first part, we demonstrate that the deformation
of the micelle is of a very peculiar type (nonaffine), and that
it cannot be described by any of the structural models previ-
ously proposed. We then show that a model that accurately
accounts for this atypical behavior is a sponge model with
three levels of structure.

A nonaffine deformation

In the first stage of compression, at C < 150 g/L, the
micelles are separated from each other (13). The changes
of I(g) and S.¢(q) are restricted to the low-q part of the scat-
tering curves, and they match the usual behavior of repelling
polydisperse hard spheres (26,28). Therefore, the only effect
of the rise in concentration is a change in the relative posi-
tions of the micelles. This is not the focus of the work pre-
sented here.

At concentrations >150 g/L, the SAXS spectra are much
more interesting and informative. In this second concentra-
tion regime, the micelles are in contact, deform, and deswell
as Cincreases. The changes in the shape of the spectra clearly
indicate that the internal structure of the micelles is deformed
in a way that is nonaffine with respect to the overall (macro-
scopic) compression. A first indication of this behavior is the
observed flattening (d; changes from ~3 to ~2 (Fig. 2 A)) of
the spectra as C increases from 150 to 400 g/L. Indeed, an
affine or homogeneous deformation, where all dimensions
are affected through the same linear transformation, would
induce an overall translation of the curve along the g-axis
instead of a flattening. This first general nonaffine behavior
is also seen in Fig. 3 where the depression of S.¢(g) becomes
very broad at C > 150 g/L and extends to g values that are
well within the internal structure of the micelles. If we now
consider the details of the spectra, another striking indication
that the deformation is nonaffine is the fact that the positions
of the I(g) oscillations at intermediate and high g values do
not change at all with compression (Fig. 2 B), so although
the micelle deforms and shrinks to a smaller volume, the
distances that characterize some substructures within the
micelles remain constant.

At this point, the question is whether or not the structural
models that already exist for the casein micelle can explain
this nonaffine behavior. A careful analysis of each model
suggests that the answer is no. The main points of this anal-
ysis are summarized below. Some additional information
and calculations are given in Note S1 in the Supporting
Material:

Submicelle model. In this model, the micelle is made of
closely packed submicelles of ~15 nm in diameter
(11,12). Upon compression, these submicelles would

Biophysical Journal 99(11) 3754-3762



3758

be forced to interact strongly and would ultimately
deform and diminish in size. This would lead to strong
and shifting correlation peaks at intermediate ¢
values, which is not observed.

Homogeneous model. In this model, the internal structure
is made of a loose and uniform casein matrix with
randomly distributed CaP nanoclusters (7,8). A first
obvious argument against this model is that it cannot
explain the presence of the I(g) oscillation at interme-
diate ¢ values. In addition, the homogeneous model
suggests that the casein micelles behave as some
simple unstructured microgel particles upon com-
pression, which is not verified (Note S1-1 in the
Supporting Material).

Core-shell model. In this model, the CaP nanoclusters are
preferentially located at the periphery of the micelle,
thus forming a shell of higher electronic density
(10). We have calculated the form factor for such
a structure and considered different scenarios
regarding its deformation (affine deformation, defor-
mation of the core only, and deformation of the shell
only). In each case, the I(g) oscillation at intermediate
q values shifts toward higher values and/or does not
become more prominent as C increases (Note S1-2
in the Supporting Material).

Presence of minimicelles. In this scenario, a second pop-
ulation of smaller casein micelles is present in the
dispersions (4). Because both the micelles and the
minimicelles would be forced to interact, the oscilla-
tions at low and intermediat ¢ values would change
in the same way as C increases; and this is not the
case. In addition, the concentration in minimicelles
that is necessary to describe the intermediate I(q)
oscillation is too high to be realistic (Note S1-3 in
the Supporting Material).

Sponge model

A way to explain the nonaffine deformation of the casein
micelle is that both hard and soft regions coexist within its
structure: under compression, the soft regions lose water
and are compressed, whereas the hard regions are pushed
closer together. The choice of a model consists of describing
what these hard and soft regions are and how they are
distributed within the micelle. It is quite obvious that the
hard regions characterized by the I(q) oscillation at high
q values are the 4- to 5-nm CaP nanoclusters present in
the micelle body. Then the central question is the physical
meaning of the I(g) oscillation at intermediate q values:
what does it tell us about the structure of the micelle? Since
the position of this oscillation does not shift when the
micelle is compressed, it may correspond to another type
of hard region that resists compression. Such regions,
made of a number of nanoclusters with adsorbed casein

Biophysical Journal 99(11) 3754-3762
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molecules, would be separated or connected by soft regions
or voids that collapse under osmotic stress. This would
make the casein micelle a sort of sponge, a term used by
McMahon and Oomen in a recent publication when
discussing transmission electron microscope images of the
micelle (9).

The most general model that describes a heterogeneous or
spongelike material containing hard and soft components is
a cell model where the cells are randomly occupied by either
type of component, according to the overall volume frac-
tions of each. This has been used successfully with a cubic
lattice or with an array of Voronoi cells to describe microe-
mulsions (29-31). In this model, the intensity scattered by
the material is

I(q) = d)(l - ¢)vc'e/l(Ap)2P(Q)7 (1)

where ¢ is the volume fraction of occupied cells, v..; the
cell volume, Ap the difference in scattering density between
occupied and empty cells, and P(g) the single-cell scattering
function. In the simplest nonaffine deformation, the occu-
pancy ¢ changes with C and the form factor P(g) remains
unchanged.

At low occupancies (¢ << 1), this intensity is propor-
tional to ¢, and at high occupancies, it goes as 1 — ¢, as
it should, since the scattering will be produced by the voids.
Moreover, the only characteristic length is the cell size,
which is taken into account by the single-cell scattering
function P(g). Since there are no correlations between the
occupancies of neighboring cells, nor any voids between
them, this model does not produce any of the correlation
peaks that are observed for systems with repulsive interac-
tions. In this respect, it appears well suited to analyze the
scattering curves of casein micelles that show characteristic
distances but no correlation peaks even at high volume frac-
tions. For simplicity, we assume that the same description is
applicable to the three levels of structure, i.e., the whole
micelles (level 0), the hard regions (level 1) and the CaP
nanoclusters (level 2). The expression of the scattered inten-
sity then becomes

I(q) = a Py(q) + b Pi(q) + ¢ Pa(q), )

with
a = ¢o(l - ¢0)V0(Apo)27 3)
b = ¢y, (1 — ¢1)v1(Ap1)27 “4)

and
¢ = o1 (1 — by)va(Apy)”. ®)

This model is identical in its functional form (Eq. 2) to the
Beaucage scattering function used by Pignon et al. (22) or
the composed form-factor function used by Gebhardt et al.
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(24). However, it has the advantage that it gives a precise
physical meaning to the form factors P,(q) and to their pre-
factors a, b, and c. We assume here that P,(g) can be approx-
imated by the form factors of polydisperse spheres. To
calculate them, we use the expressions given by Aragon
et al. for a Schulz size distribution of spheres of polydisper-
sity o,, and number average diameter d,, (32).

To test our model, we first perform a fit of the experi-
mental data to Eq. 2 by simply varying the values of prefac-
tors a—c and the mean diameters dy, d;, and d, used in the
calculation of P,(¢q). To minimize the number of free param-
eters in the fits, we set the polydispersity values to realistic
ones, i.e., 0g = g1 = 1/3 and o, = 0.2. The agreement with
the data is excellent at all concentrations (Fig. 4). The
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parameters obtained from the fits are given in Table S4 in
the Supporting Material.

In a second step, we use the concentration dependence of
prefactors a—c to check whether the model is physically
meaningful. For that purpose, the simplest approach consists
in estimating the volume fractions ¢, ¢, and ¢, from those
prefactors and in examining the variations of each volume
fraction with C. A detailed description of how we make
our calculations is given in the Note S2 in the Supporting
Material. For simplicity, we consider only the case for
which the soft regions are voids filled with solvent and the
hard regions contain all the CaP and protein materials.
The resulting volume fractions are given in Fig. 5, A and
B, as a function of casein concentration.

“ C=25¢g/L C=33¢gL C=100g/L
10
107
_1 ) ) ) )
10 C=150g/L C=167 gL C =206 g/L
N
<
<
S
& 10
=
S
=
O
C=337g/L C=365g/L C=400g/L
107
10°
107 10" 107 10 10° 10

q (A7)

FIGURE 4 Modeling of the SAXS intensities of compressed casein micelle dispersions. Thick lines are the experimental data and thin black lines are the
best fits to Eq. 2 (see text). See Fig. S8 for another representation of these modeling results.
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FIGURE 5 Consistency of the model. (A) The casein concentration dependence of the volume fractions obtained from the best fits of the model to the
SAXS data. Those volume fractions characterize the volume occupied by the micelles in the dispersions (¢, squares), the hard regions in the micelle
(¢4, triangles), and the CaP nanoclusters in the hard regions (¢,, circles). The lines guide the eye. (B) The casein concentration dependence of the product
(hod192) (open squares). The data agree well with the volume fraction occupied by the CaP nanoclusters in the dispersions, (¢op1¢2) = 0.01Cv* (solid line).

It is clear that the individual variations of ¢q, ¢, and ¢,

with C are consistent with a heterogeneous micelle made of

hard regions that contain the CaP nanoclusters (Fig. 5 A):

Level 0, whole micelle: at low concentrations, when the
micelles are not yet compressed, ¢, increases
roughly linearly with C, in good agreement with
the specific volume of the native micelle, v* =
4.4 mL/g (¢o = v*C (Fig. 5 A)). Then when the
micelles are in contact and fill almost all the space
in the dispersions, ¢, remains about constant at
values close to 1.

Level 1, hard regions: as opposed to ¢g, ¢; remains
constant at low concentrations where the micelles
are not yet compressed. Then, when the micelles
are in contact, these hard regions are being
pushed closer together as solvent is expelled
from the micelle and ¢, increases with C. From
our estimations, these 10- to 40-nm hard regions
make up ~50% of the volume of the micelle at
native concentration, C = 25 g/L. This corre-
sponds to ~30 of hard regions (between 8 and
500 if we consider their strong polydispersity in
size) in a micelle of 100 nm in diameter. At the
highest compression (C = 400 g/L), ¢; = 0.9,
meaning the hard regions occupy nearly the
whole micelle volume.

Level 2, CaP nanoclusters: the volume fraction ¢, occupied
by the CaP in the hard regions is constant at ~0.02
at all concentrations. This is consistent with hard
regions that resist compression and are not yet
compressed in the concentration range investi-
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gated. The calculated value of ¢, = 0.02 indicates
that an average hard region of ~25 nm in diameter
contains ~7 CaP nanoclusters.

An additional and important indication of the consis-
tency of our model is the overall evolution of the product
(o9 1¢>) with casein concentration (Fig. 5 B). In theory,
this product is indeed equal to the CaP volume fraction
in the dispersions, a quantity that can be estimated quite
simply from the CaP mass fraction in the native micelle
(7). Again, the accordance between the (¢opi¢,) values
calculated from the model and their theoretical variation
is very satisfactory.

On a conceptual point of view, our sponge model then
appears to be valid. So as a sponge, the casein micelle would
be composed of hard regions of a certain characteristic size
(1040 nm) that are connected or partially merged which
each other and form a continuous and porous material.
Fig. 6 gives a schematic view of the resulting structure
(see Fig. S11 for a picture of how this structure is modified
upon compression). Compared to previous works, it is clear
that this structural model is more complex than the submi-
celle (11,12), homogeneous (7,8), and core-shell models
(10). However, introducing such a complexity is necessary,
since none of these models are able to accurately describe
the behavior of the micelle under compression. The defor-
mation of the micelle is of a very peculiar type and our
sponge model is able to describe it through the collapsing
of voids that separate hard regions. On a biological point
of view, such a heterogeneous and hierarchical structure is
quite consistent with the observation of 10- to 20-nm casein
particles in the Golgi vesicles of lactating cells (33): upon
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FIGURE 6 Highly schematic picture of a cross section of a 200-nm
casein micelle according to the sponge model. The micelle is made of
soft and hard regions represented here as Voronoi cells of ~25 nm in size.
The soft regions are voids filled with solvent and the hard regions contain
all the CaP and protein materials. According to our description of the
model, the hard regions are also decomposed into cells that contain either
one CaP nanocluster (dark cells) or casein molecules and solvent (lighter
cells).

aggregation, those casein particles would rearrange, fuse,
and/or swell to form the spongelike micelle.

CONCLUSIONS

Casein micelles are soft objects that respond to changes in
their environment. In particular, their structure is deformed
by compressive forces such as osmotic stress or the forces
exerted in any concentration or filtration process. We have
shown through SAXS that this deformation is nonaffine,
i.e., some parts of the micelle collapse, whereas other parts
resist deformation. None of the structural models previously
proposed for the casein micelle can account for the deforma-
tions observed through SAXS. However, we show that
a model made of random cells, in which some cells are filled
and incompressible, whereas others are empty and collapse
under pressure, can reproduce this type of deformation. We
call this model the sponge model and we show that the
spongelike micelle has a triple hierarchical structure
(Fig. 6). The lowest level of the structure consists of the
CaP nanoclusters that serve as anchors for the casein mole-
cules. The intermediate level consists of hard regions
ranging in size from 10 to 40 nm that occupy about half
of the micelle volume at native concentration C = 25 g/L.
Those regions are connected and/or partially merged with
each other, thus forming a continuous and porous material.
Each hard region contains an average of around seven nano-
clusters, with considerable variation as the width of the
distribution of volumes is >50%. The third level of structure
is the casein micelle, which contains ~30 of hard regions,
again with a considerable polydispersity.

In future studies, it would be interesting to examine how
the structure of the micelle is perturbed when both osmotic
pressure and composition of the aqueous phase are changed.
Such experiments would help in identifying the nature of the
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interactions that stabilize the micellar edifice and that are
responsible for its peculiar structure.

SUPPORTING MATERIAL

Additional information about the structural models discussed in this work is
available at http://www.biophysj.org/biophysj/supplemental/S0006-3495
(10)01269-5.
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for SAXS analysis, and J. Léonil and R. Botet for interesting discussions.
We are also grateful to J. Fauquant, F. Garnier-Lambrouin, N. Leconte,
and P. Schuck from UMRI1253 for preparing and providing us with the
NPC powder and the UF permeate of skimmed milk.
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