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Abstract Reversible and irreversible states of pressure-
dissociated casein micelles were studied by in situ light
scattering techniques and ex situ atomic force micros-
copy. AFM experiments performed at ambient pressure
reveal heterogeneities across the micelle, suggesting a
sub-structure on a 20 nm scale. At pressures between 50
and 250 MPa, the native micelles disintegrate into small
fragments on the scale of the observed sub-structure. At
pressures above 300 MPa the micelles fully decompose
into their monomeric constituents. After pressure release
two discrete populations of casein aggregates are ob-
served, depending on the applied initial pressure: Be-
tween 160 and 240 MPa stable micelles with diameters
near 100 nm without detectable sub-structures are
formed. Casein micelles exposed to pressures above
280 MPa re-associate at ambient pressure yielding mini-
micelles with diameters near 25 nm. The implications
concerning structural models are discussed.

Keywords Casein micelles - High pressure -+ Dynamic
light scattering - Atomic force microscopy

Introduction

Casein micelles are poly-disperse roughly spherical aggre-
gates in milk with diameters ranging between 100 and
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300 nm. Their main physiological task is to dissolve cal-
cium phosphate in neonates. Approximately 1 mM casein
in milk binds 10 mM Ca,PO, in aqueous solution, whose
solubility is in the range of 10~* mM. In contrast to con-
ventional surfactant systems, casein micelles are hetero-
geneous, composed of four different phospho-proteins og-
,0igo-,-,kc-casein (Walstra 1984). Their structure and sta-
bility is still a matter of debate (McMahon and McManus
1998; Dalgleish et al. 2004). Walstra (1999) proposed a well
defined sub-structure on a scale of 20 nm, consisting
mainly of units, which are linked by small calcium phos-
phate clusters, while other models deny the existence of
casein sub-micelles and consider calcium phosphate clus-
ters as seeds of micelle growth (Holt et al. 2003).

The dual binding model of Horne (Horne 1998, 2003)
accounts for distinct hydrophilic and hydrophobic re-
gions of the particular polypeptides: The hydrophilic
regions in ogi-, og>-, and f-casein are rich of phospho-
serine, where colloidal calcium phosphate particles are
attached. The hydrophobic regions associate, stabilizing
the core of the micelle.

The «- and f-caseins mainly make up the interior,
while x-casein is located on the surface of the micelle.
The C-terminal end of the x-caseins supposedly extends
into the solution and forms a so-called hairy layer. This
hydrophilic layer, common to all models, prevents
unlimited growth of the micelle by shielding further
hydrophobic contacts. This simple picture has been
challenged by new electron micrographs, suggesting a
tubular surface structure extending into the interior of
the micelle (Dalgleish et al. 2004).

Hydrostatic pressure (HP) generally induces the dis-
sociation of macromolecular assemblies by weakening
hydrophobic and electrostatic forces (Mozhaev et al.
1996). Pressure thus serves as a tool to probe the archi-
tecture and energetics of protein complexes. A series of
review articles on the effects of pressure on bio-molecules
can be found in the special issue of Biochim.Bio-
phys.Acta, “Frontiers in high pressure biochemistry and
biophysics™ (2002). The aspect of pressure-unfolding of
proteins is reviewed in Doster and Friedrich (2005).
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The application of pressure is very important to
food processing, sterilization and the technology of
milk products (Cheftel et al. 2002). A variety of studies
have shown that casein micelles disintegrate into
smaller fragments by pressure treatment as observed by
light scattering (Desobry et al. 1994; Anema et al. 1997,
2005) and imaging techniques such as electron micro-
scopy (Needs et al. 2000) or atomic force microscopy
(Regnault et al. 2004).

According to these ex situ studies the micelle size is
affected only slightly at pressures below 200 MPa
(Desobry-Banon et al. 1994; Needs et al. 2000; Huppertz
et al. 2004a). High-pressure treatment at 250 MPa is
even reported to increase the average micelle size by
30% (Huppertz et al. 2004a, b), while pressures above
300 MPa reduce the micelle size by 50% (Desobry-Ba-
non et al. 1994; Gaucheron et al. 1997; Needs et al. 2000;
Huppertz et al. 2002, 2004b). The pressure-induced
changes in the size distribution were found to be gen-
erally irreversible except for the size increase observed at
250 MPa (Huppertz et al. 2004a, b).

To discriminate between reversible and irreversible
induced structural changes in the casein size distribu-
tion, we have performed in situ dynamic light scattering
experiments using an optical high pressure cell (Geb-
hardt et al. 2005). In this work we present further in situ
light scattering experiments in combination with ex situ
atomic force microscopy in a liquid cell.

To avoid the problems with dilution, we analyze
native turbid solutions at a concentration of 3%, using a
backscattering technique, which records only light
scattered from the surface of the sample. This procedure
minimizes multiple scattering and yields approximate
molecular parameters even of turbid solutions.

Materials and methods

Casein micelles were extracted from commercial-grade
skim milk by a combined uniform trans-membrane
pressure micro-filtration (mean pore diameter 0.1 pm)
and ultra-filtration, concentrated by five washing steps
and dried in a spraying tower (Tolkach and Kulozik
2005). Casein powder was dissolved in filtered 0.1 M
Mes/Tris-HCI solution, at a concentration of 40 mg/ml.
The pH was adjusted to 7.3 with HCIL. The solutions
were equilibrated by thoroughly stirring for 5 h at 20°C.
The samples were exposed to various pressure levels,
namely to 0.1, 40, 160, 200, 240, 280, 320 and 400 MPa,
using a four-window (sapphire) liquid pressure cell (SI-
TEC-Switzerland). The adjustment of the pressure was
controlled by a calibrated pressure gage (SITEC). To
reach equilibrium conditions, the pressure level was kept
constant for 30 min at 20°C except for the kinetic
experiments in Fig. 2 (Gebhardt et al. 2005). Pressure
jumps were applied within 100 s, the transient temper-
ature rise was below 1°C depending on the step size.
Static and dynamic light scattering experiments
(PCS) were performed with an ALV-NIBS System

(ALV-Laser GmbH, Langen). The temperature was
stabilized at 20°C. The light of a He-Ne laser
(A=632.8 nm, P=2 mW) is focused on the surface of
the sample inside the pressure cell to minimize multiple
scattering. The back-scattered light is recorded in a 177°
back-scattering geometry using a sensitive avalanche
diode as detector. The resulting signal is transmitted to a
multiple time scale correlator (ALV). The back-scatter-
ing set-up with turbid casein solutions (at a concentra-
tion of 3%) yielded almost identical size distributions as
those derived from more dilute (0.5%) samples. Multiple
scattering enhances the initial decay of the intensity
correlation function, which leads to a bias in the size
distribution toward smaller values.

A major complication of light scattering studies is
dust particles in the sample. Therefore careful filtering
procedures have to be applied. In the case of casein
micelles an efficient filtering is not possible, since dust
particles and micelles are of similar size. It is thus
essential to work with concentrated solutions of dust-
controlled casein preparations (filtered buffers). This
guarantees that the scattering signal of casein dominates
with respect to the signal of the buffer. However at
elevated pressures the scattering intensity decreases due
to dissociation of micelles, which enhances the relative
contribution of the background. A naive evaluation of
the correlation function yields the puzzling result of a
constant average particle size in spite of a large reduc-
tion in scattering intensity. Only the calculation of the
number average (instead of the z-average) reveals that
the dominant species has a much smaller size, consistent
with the lower average intensity.

Particle size distributions at various pressures were
calculated by transforming the intensity -intensity cor-
relation functions with the CONTIN 2DP routine
(Provencher 1982), implemented in the ALV data anal-
ysis package.

Contact mode AFM measurements were performed
using the Nanoscope AFM-3/780 (Digital Instruments
Veeco Metrology Group) in a liquid cell. The NSE-436
NanoScope-E scanning probe controller was used. AFM
Scanner: AS-12-AT 10 umx10 um 2637E. The spring
constant of the cantilever was 0.06 N/m. The sample
was absorbed on a mica substrate and implemented in
the cell. The objects in the AFM maps were classified
according to their size and frequency. The resulting size
histograms were approximated by Gauss distributions,
applying the non-linear-regression package of SIGMA
PLOT (SSPS, Chicago, IL).

Results

In situ size distribution of casein micelles from dynamic
light scattering

Figure 1 shows the effect of pressure on normalized
particle size distributions obtained from a CONTIN
analysis of the intensity correlation function. The solid
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Fig. 1 In situ particle size
(diameter) distributions
(normalized) versus pressure
obtained with dynamic light
scattering: a intermediate
pressure range: (solid line)
ambient pressure, (dotted line)
100 MPa, (dashed line)

200 MPa, b high pressure
range: (solid line) ambient
pressure, (dotted line) 300 MPa,
(dashed line) ambient pressure
after exposure to 300 MPa

(30 min). The solid line
represents the un-weighted or z-
averaged distribution, while
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line in the Fig. 1a or b denotes the z-averaged size dis-
tribution obtained by direct (‘un-weighted’) inversion of
the correlation function. The distribution is thus biased
by heavy particles o« n‘M? where M denotes the
molecular weight and n is the number density. The most
probable diameter amounts to 220 nm. However the
distribution is about 100 nm wide. Similar values were
reported by Anema et al. (2005). Since native micelles at
ambient pressure are comparable in size to the wave-
length of light (200 vs. 600 nm), intra-molecular inter-
ference effects cannot be ignored. This effect can lead to
size distributions, which depend on the scattering angle,
emphasizing smaller particles at high scattering angles.
However at pressures above 100 MPa the turbidity of
the casein solution has vanished, indicating the dissoci-
ation of micelles into smaller fragments. In contrast, the
z-averaged diameter remains constant with pressure.
The number average is calculated, assuming that the
molecular weight increases with the 3rd power of the
diameter, M oc d*, which is the case for compact
spherical particles. In contrast to the z-average, the
number average indicates that the most probable parti-
cle diameter has decreased to 20 nm as shown in Fig. la.
The origin of this discrepancy between z- and number
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average has been explained above by dust particles. The
20 nm species dominates the number average up to
200 MPa, compatible with the existence of stable ‘mini-
micelles’. At pressures above 250 MPa (Fig. 1b) the
mini-micelles dissociate into particles with diameters
near 3 nm, the size of casein monomers. Releasing the
pressure induces limited re-association to slightly larger
particles (5 nm) and mini-micelles (20 nm), but the na-
tive micelle is not recovered as shown in Fig. 1b.

In situ pressure association—dissociation kinetics
and test of reversibility

Figure 2a shows the time evolution of the light intensity
scattered by a turbid casein solution after a pressure step
within 100 s of variable size. An increase in pressure
leads to a drop in the scattered intensity, indicating a
reduction of the average molecular weight. The intensity
reaches a plateau within 300 s, depending on the pres-
sure step. The plateau value decreases with pressure
suggesting enhance dissociation into fragments. The
intensity reaches a minimum value at 300 MPa, indi-
cating the final state of pressure-induced dissociation.

Fig. 2 In situ pressure 60 60
dissociation—association
kinetics of casein-micelles after q
a pressure jump (<100 s) 50 1, 50 -
monitored by the average ‘]‘
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Figure 2b shows the effect of pressure release on the
light scattering signal: Up to 50 MPa the signal recovers
nearly to the original value at ambient pressure, indi-
cating full reversibility. In the pressure range between
120 and 250 MPa, the intensity curves converge to a
common plateau, which is significantly lower than the
original value at 0.1 MPa. Above 300 MPa, where the
casein micelles dissociate completely into monomer units
(Fig. 1), only a small recovery of the intensity is ob-
served.

The results of the pressure cycle experiments are
summarized in Fig. 3. The symbols represent the final
states of association, which are achieved while the
pressure is applied and after pressure release. Increasing
pressure (vertical arrows) leads to a continuous decrease
in the final degree of association and a regular transition
curve. In contrast the pressure release (horizontal ar-
rows) leads to three discrete states: Two well-defined
irreversible fragments and the reconstituted micelle.

Ex situ AFM-measurements on casein micelles reveal
irreversible pressure effects

To elucidate the surface morphology and size distribu-
tion of pressure-treated casein micelles and their irre-
versible fragments, AFM experiments were performed.
The samples were set under pressure for 30 min in dis-
crete steps (0.1-400 MPa) across the dissociation tran-
sition (Fig. 3). Instead of a continuous evolution of the
structure with pressure we observe three characteristic
morphologies, which are displayed in Fig. 4. This result
is consistent with the three final states observed with the
kinetic experiments in Figs. 2b and 3. The native mi-
celles, observed up to 50 MPa, appear to be composed
of elements, suggesting a rather heterogeneous mor-
phology. Moreover, the complex is quite fragile: Re-
peated scans induce disruption and dissociation due to
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Fig. 3 Dissociation—association cycle of casein micelles: the light
scattering signal reflecting pressure dissociation (vertical arrows)
displays a regular equilibrium transition curve. Re-association
(horizontal arrows) after pressure release leads to a discrete set of
three associated states, which have been studied by ex situ AFM

the mechanical force of the AFM-tip. Thus in spite of
obtaining reproducible images, we cannot exclude, that
the apparent sub-structure of the micelle is an artifact of
the imaging process. In contrast, particles exposed to
pressures between 120 and 240 MPa appear to be com-
pact and homogeneous. These particles exhibit little sub-
structure and are less easily perturbed by the AFM tip.
Finally the AFM images of samples exposed to pressure
levels above280 MPa do not form large micelles. Parti-
cles with diameters near 20-30 nm however persist. The
result is consistent with the range of casein sub-micelles,
observed after pressure release with dynamic light scat-
tering in Fig. 1. AFM images were analyzed in terms of
the relative frequency of particles with a particular size.
Five images were averaged at each pressure. The
resulting histograms are approximately symmetric and
can be smoothed using Gauss distributions.

Figure 5 displays size density plots p(d) evaluated
from Gauss fits of the pressure-treated casein samples.
Figure 5a demonstrates that the distribution of native
micelles diminishes from the large size end. Dissociation
and association processes result in a stable species with
average size of 110 nm. The decomposition is thus
progressively irreversible, starting from moderate pres-
sure-treatment at 40 MPa, where the distribution is bi-
modal. Figure 5b shows the size distributions resulting
from pressure treatment above 240 MPa Their final
particle size is close to 25 nm. This result is consistent
with the mini-micelles observed in situ with light scat-
tering experiments at low pressure.

Discussion and conclusion

In situ pressure static and dynamic light scattering data,
combined with ex situ AFM-measurements provide in-
sight into architecture and stability of casein micelles. In
particular the combination of both methods allows dis-
criminating between reversible and irreversible struc-
tural changes. From light scattering experiments one
derives a most probable size of 220 nm at ambient
pressure, which appears to be significantly larger than
the AFM result of 170 nm. The discrepancy reflects
most likely the bias of the light scattering method to-
ward ?articles of high molecular weight, the z-average
(x M?). From the angular dependence of the scattered
intensity, which is less biased by the molecular weight (o
M), we derive with dilute samples an average size of
190 nm.

The native 170 nm micelles decompose continuously
starting at low pressures (<40 MPa) yielding particles
with a discrete size between 15 and 20 nm. The complete
decomposition into monomers requires pressures above
280 MPa. The AFM images of untreated samples indi-
cate an internal structure of casein micelles. The
respective sub-particles show a rather narrow distribu-
tion in size between 10 and 20 nm. Walstra proposed
that casein particles are composed of sub-domains,
which are linked via colloidal calcium phosphate



Fig. 4 Three basic structures of
pressure-treated casein micelles:
representative AFM images
together with the associated
size-histograms are shown. The
full lines are fits to Gauss
distributions. a Intact micelles,
P <50 Mpa, b compact
reconstituted micelles,

120 MPa < P <240 MPa, ¢
mini-micelles, P> 280 MPa

Fig. 5 Size distribution
functions p(d) [nm~'] of native
and pressure-treated casein
micelles derived from the AFM
images (area). a Intermediate
pressure range, b high pressure
range
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normal pressure (0.1 MPa)

100-200 nm
native micelle

Fig. 6 Schematic view of pressure-induced structural changes at
intermediate pressures (below 240 MPa) based on the Walstra
model (1999): The native micelles decompose to mini-micelles with

normal pressure (0.1 MPa)

100-200 nm

Fig. 7 Schematic view of pressure-induced structural changes at
high pressure (above 280 MPa) based on the model of Walstra
(1999): the native micelles dissociate completely into monomers.

(Walstra 1999). Sub-domains are formed by Ca™ " -induced
self-association of the three basic caseins. The inter-
domain interactions are mediated by phosphorylated
o- and f-caseins. k-casein is bound to the micelle com-
plex by hydrophobic contacts. Due to its small binding
affinity to calcium and due to its tail-train structure,
K-casein associates on the boundary layer, far away from
the growing center. In Fig. 6 we use the model of
Walstra (1999) to illustrate our results:

Partial recovery of micelles occurs after exposure to
pressures between 100 and 250 MPa (Fig. 6). In this

under pressure (100-250 MPa)

under pressure (280-400 MPa)

after pressure release (0.1 MPa)

80-120 nm

diameters in the range of 10-20 nm. After pressure release the mini-
micelles re-associate to yield larger compact micelles (80-120 nm)
with lower calcium content than the native ones

after pressure release (0.1 MPa)

10-20 nm

After pressure release, mini-micelles devoid of calcium phosphate
are formed with diameters ranging between 10 and 20 nm

range mini-micelles (20-30 nm) are formed. Releasing
the pressure leads to further association resulting in a
new type of casein micelle, which is somewhat smaller
and more compact (80-120 nm) than the native one
(170 nm). Moreover, the compact micelles appear to be
homogeneous. As a possible mechanism resulting in
compact micelles, we assume that a fraction of the mini-
micelles formed during pressure treatment below
250 MPa may still contain a high level of colloidal cal-
cium phosphate. After pressure release, these micelles
act as aggregation seeds. Fragments with lower calcium



content unite with the growing centers. Therefore par-
ticles, which are rich in colloidal calcium phosphate, are
found in the interior of the micelle, while hydrophobic
particles with lower calcium phosphate content rather
gather on the surface. This process leads to a new kind
of micelle: Its core is stabilized by colloidal calcium
phosphate links, while the shell is dominated by
hydrophobic contacts between the caseins. These con-
tacts are enhanced by calcium rebinding to the compact
micelle. The resulting matrix is densely packed
accounting for the smaller size and the enhanced
mechanical stability compared to native micelles. The
existence of stable mini-micelles at intermediate pres-
sures with dimensions near 20 nm, detected by in situ by
dynamic light scattering experiments, supports the con-
cept of heterogeneous interactions within native micelles
even at ambient pressure.

Beyond 280 MPa, the micelles dissociate completely
into monomer units due to reduced electrostatic and
non-polar interactions. Altogether this leads to an in-
crease in free calcium and phosphate concentration, as
observed by Keenan et al. (2003). The pressure-release
kinetics show, that casein monomers can re-associate to
yield particles with average size of 5-20 nm (Figs. 1b,
5b, 7). The aggregation may be induced by the high level
of free calcium resulting from the dissociation of the
intact micelles. A full recovery to the native state does
not occur because of an irreversible disintegration of the
colloidal calcium phosphate particles, which are re-
quired as linkers between different casein chains. Pres-
sure-induced dissociation of casein micelles is not fully
reversible. Thus in situ pressure studies are necessary to
discriminate between reversible and irreversible changes.
We used dynamic light scattering in back-scattering
geometry to record the structural reorganization of
turbid casein solutions under pressure.
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