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The possible mechanism of casein aggregation and micelle
buildup was studied in a new approach by letting �-casein ad-
sorb from low concentration (0.1 mg�ml�1) solutions onto the
charged surfaces of polyelectrolyte films. It was found that
�-casein could adsorb onto both positively and negatively
charged surfaces. However, only when its negative phos-
phoseryl clusters remained free, i.e. when it adsorbed onto a
negative surface, could calcium phosphate (CaP) nanoclusters
bind to the casein molecules. Once the CaP clusters were in
place, step-by-step building of multilayered casein architec-
tures became possible. The presence of CaP was essential; nei-
ther Ca2� nor phosphate could alone facilitate casein aggrega-
tion. Thus, it seems that CaP is the organizing motive in the
casein micelle formation. Atomic force microscopy revealed
that even a single adsorbed casein layer was composed of very
small (in the range of tens of nanometers) spherical forms. The
stiffness of the adsorbed casein layer largely increased in the
presence of CaP. On this basis, we can imagine that casein mi-
celles emerge according to the following scheme. The am-
phipathic casein monomers aggregate into oligomers via hy-
drophobic interactions even in the absence of CaP. Full scale,
CaP-carrying micelles could materialize by interlocking these
casein oligomers with CaP nanoclusters. Such a mechanism
would not contradict former experimental results and could
offer a synthesis between the submicelle and the block copoly-
mer models of casein micelles.

In milk, casein micelles serve the transport of calcium
phosphate (CaP),2 the essential bone-building component,
which is insoluble in water already at feeble concentrations.
Caseins, a family of phosphoproteins, are the largest protein
component of milk. They can be classified into two groups
according to their calcium sensitivity: in bovine milk, �s1-,
�s2-, and �-caseins precipitate in the presence of calcium;
�-casein remains in solution. The calcium-sensitive caseins
are highly phosphorylated, and their phosphoseryl residues
are organized into 2-, 3-, or 4-unit clusters. Although the

phosphoseryl clusters are highly conserved, other parts of the
caseins exhibit high mutational rates; however, these muta-
tions tend to preserve the hydrophobic or hydrophilic charac-
ter of the mutated amino acids (1). This may indicate that the
amphipathic character must be important for caseins. Indeed,
it turned out being the case when models were proposed to
explain the existence and behavior of the casein micelles.
For the micelle structure, several models have been pro-

posed over the years, which are excellently compared and dis-
cussed in recent reviews (2–4). Here, we mention only the
two persisting models. One of them says that micelles are cre-
ated in two steps as follows: first, submicelles are formed, and
these submicelles are then organized to the final micelles; the
second model says that the micelles are built by continuous
incorporation of single molecules (block copolymers (5)),
whose aggregation is governed by calcium phosphate nano-
clusters, which are able to interact with several casein mole-
cules (6). However, the structure of the calcium phosphate
nanoclusters is not known, and their exact role in the growth/
organization of the micelles is much discussed. All casein mi-
celles have the calcium-sensitive �- and �-caseins in their
interiors, whereas the calcium-insensitive �-caseins are at the
surface of the micelles.
Caseins are classified as members of the family of intrinsi-

cally unordered proteins (IUPs), which cannot be described
by the characteristic proportion of �-helices, �-sheets, turns,
and unordered segments. (For a review on IUPs see Ref. 7.)
However, by summarizing the results of several physical and
spectroscopic studies, recently Farrell et al. (8) concluded that
caseins contain segments of the above mentioned classical
secondary structures as well as a significant amount of
polyproline II structure. What is missing in caseins is the defi-
nite tertiary structural fold found in globular proteins. That is
the reason why caseins, similarly to IUPs, can adopt several
different structures even among similar conditions, but the
differences between these conformers do not affect the pro-
tein ability to perform their biological function (9).
Because the tendency of forming aggregates in the presence

of calcium is an inherent property of caseins, it is difficult to
study the interactions themselves, which lead to the forma-
tion of the micelles; in general, only the end result can be
seen. To overcome this problem, we applied a “nanotechnol-
ogy” approach by fixing casein monolayers adsorbed from
very dilute solutions on charged surfaces. Thus, we could con-
struct “step-by-step” aggregated casein architectures and
study the effect of calcium phosphate nanoclusters on the
aggregation.
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The charged surface, governing the adsorption of casein
onto the surface, was a “layer-by-layer” polyelectrolyte film
built according to the method of Decher (10) from poly(sty-
rene sulfonate) (PSS) and poly(allylamine hydrochloride)
(PAH) having a negative or positive charge, respectively. We
have shown earlier that proteins and proteolipid membranes
can adsorb onto such polyelectrolyte films, and their native
secondary structure is little affected (11). In addition, once a
protein has been adsorbed, its secondary structure is stabi-
lized/fixed by the interaction with the polyelectrolyte film
(12, 13).
The support, on which our polyelectrolyte film � casein

architectures were constructed, was an internal reflection ele-
ment (ZnSe crystal) used in attenuated total reflection-Fou-
rier Transform infrared (ATR-FTIR) spectroscopy. ATR-
FTIR spectroscopy is particularly useful to study such
systems, due to the exponentially decreasing intensity of the
evanescent light with the penetration depth into the medium
surrounding the ATR crystal. Thus, only a layer of about half-
wavelength thickness of any material adsorbed onto the ATR
crystal is sampled. This is an ideal situation for polyelectrolyte
films and adsorbed proteins of a thickness in the range of a
few tens of nanometers. Upon each step of the polyelectrolyte
film construction, and upon the adsorption of the casein onto
the film surface, a single beam infrared spectrum was re-
corded. The difference absorption spectra calculated from the
single beam spectra recorded before and after a given adsorp-
tion or chemical treatment contained all changes, i.e. the ab-
sorption spectrum of the adsorbed compound plus its effect
on the underlying layers, accompanying the adsorption event.
With this new approach, we introduced a model system,

which is very close to that of the real conditions in the organ-
isms. Its main advantage is that it permits the use of very low
protein concentration, and thus elementary steps of �-casein
aggregation could be followed. We could show that the pres-
ence of calcium phosphate nanoclusters is essential for the
aggregation. On the basis of our model system experiments, it
seems that micelle formation (at least what concerns the
�-caseins in it) might be a series of alternating calcium phos-
phate, and hydrophobic interactions mediated aggregation
steps.

EXPERIMENTAL PROCEDURES

Atomic Force Microscopy—AFMmeasurements were car-
ried out on an AsylumMFP-3D head and controller (Asylum
Research, Santa Barbara, CA). The driver programMFP-3D
Xop was written in IGOR Pro software (version 5.04b, Wave-
metrics, Lake Oswego, OR). Gold-coated silicon nitride rec-
tangular cantilevers were used with a typical spring constant
of 30 pN�nm�1, tip radius �30 nm (BL-RC150 VB-C1: Bio-
Lever A, Olympus Optical Co., Ltd., Tokyo, Japan). The
spring constant for each cantilever was determined by ther-
mal calibration (14–16). The measurements were carried out
in tapping mode in liquid at room temperature. Typically,
512 � 512 point scans were taken at a scan rate 1 Hz per line.
Both trace and retrace images were recorded and compared.
To characterize the changes in the mechanical properties of

the protein, the elastic modulus (Young’s modulus) was deter-

mined by force measurements. The force-displacement
curves were recorded with the same cantilever as used for
tapping imaging in triggered mode with a constant speed of
1.2 �m/s. Calibration and reference curves on clean mica sur-
face were also taken. At least 10 force measurements on the
same point were averaged, and the error was estimated. To
obtain the Young’s modulus, the theory based on the work of
Hertz (17) and Sneddon (18) was used, which had been fur-
ther developed taking into account the different tip forms
used for AFMmeasurements (19–21). The force as a function
of the indentation (�z) into the sample for a tip with an open-
ing angle � is given as shown in Equation 1,

F��z� �
2E*

��tg����
�z2 (Eq. 1)

where E* is the relative Young’s modulus. The Young’s modu-
lus of the sample can be determined if one takes into account
the Poisson ratio, which relates the extent of the transverse
strain to the stretch of the sample (�sample). Because biologi-
cal samples are generally considered incompressible, the value
of the Poisson ratio is assumed to be 0.5 (21). Thus, the
Young’s modulus used through the paper is as shown in Equa-
tion 2,

Esample � �1 � �sample
2 � � E* (Eq. 2)

FTIR Spectroscopy—For each measurement, on a Bruker
IFS66 Fourier transform infrared spectrometer, 1024 inter-
ferograms at 2 cm�1 spectral resolution were collected,
added, and calculated into single beam intensity spectra. Ab-
sorption spectra were calculated by taking these single beam
spectra as backgrounds or samples according to the informa-
tion required. For the ATR experiments, a ZnSe internal re-
flection element (45°, six reflection) was used. Post-record
spectrum manipulations were carried out with the SPSERV©
software (Dr. Cs. Bagyinka, BRC Szeged, Hungary). All FTIR
experiments were carried out at room temperature.
Because of the long duration of the experiments, water

vapor bands inevitably appeared in the infrared spectra.
Even small water vapor bands were disturbing because the
infrared absorption bands of the sample were sometimes
very weak. These vapor bands were removed in two steps.
First, a vapor absorption spectrum was generated from two
spectra recorded on the dry ZnSe crystal with certain time
delay at the beginning of the given experiment. Then this
water vapor spectrum was subtracted from the absorption
spectrum of interest (using the interactive spectrum sub-
traction routine of the Bruker Opus software). Because the
frequencies and the widths of the “pure” and the “spec-
trum-polluting” vapor bands are never exactly the same,
some high frequency noise always remains after the sub-
traction. Care was taken to over-subtract the vapor spec-
trum, until the high frequency noise looked symmetric
above and under the “theoretical” curve of the infrared
spectrum. This point was important to obtain reliable re-
sults with the second step of the noise removal.
To remove the artifacts remaining after vapor spectrum

subtraction, we applied a de-noising method based on station-
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ary wavelet transform (SWT) (22). The spectra were decom-
posed into approximation and details at level 5, based on the
8th member of the Daubechies wavelet family (23). The gen-
eral procedure of wavelet-based de-noising is reconstructing
the signal from these components after applying some thresh-
olds on the details (22, 23). In our case, dropping all details
and keeping only the approximation component provided the
best cleaning. The result of this procedure appeared insensi-
tive to the actual selection of the wavelet; trying other orthog-
onal and bi-orthogonal wavelet families resulted in practically
identical approximations, provided that the order of the ap-
plied member of them was high enough (	4). The numerical
calculations were carried out by the SWT algorithms imple-
mented in the Wavelet Toolbox of the MATLAB program
(Mathworks Inc., Natick, MA). The effect of SWT is shown in
the bottom spectrum of Fig. 1, all other spectra presented in
any figure were SWT de-noised.
Casein Solution—Bovine milk �-casein was purchased in

lyophilized form (Sigma, C6780, chromatographically puri-
fied, �s-casein minimum 70%), and without any further purifi-
cation, it was dissolved in D2O-based HEPES buffer (10 mM),
pH 7.0. Because this was the only type of casein studied, it will
be mentioned only as casein throughout the paper. The con-
centration of the casein solution was 0.1 mg�ml�1 in all exper-
iments. All other chemicals were also from Sigma.
Polyelectrolyte Films—For the FTIR and AFM experiments,

PEI-(PSS/PAH)6 or PEI-(PSS/PAH)5-PSS films were con-
structed (PEI 
 poly(ethyleneimine),Mr 
 750,000 g�mol�1;
PSS 
 poly(sodium-4-styrenesulfonate),Mr 
 70,000
g�mol�1; PAH 
 poly(allylamine hydrochloride)Mr 
 60,000
g�mol�1) from 1 mg�ml�1 solutions of the polyelectrolytes.
For the FTIR experiments, polyelectrolyte films were built up
with the layer-by-layer method by adsorbing the polyelectro-
lytes onto the surface of the ATR crystal from solutions circu-
lated by a peristaltic pump as in Ref. 12. Extensive washing
periods separated the administrations of the differently
charged polyelectrolytes. After the deposition of each layer,
recording a single beam infrared spectrum monitored the
buildup of the film. Finally, �-casein (0.1 mg�ml�1) was circu-
lated above the polyelectrolyte film; after saturation of the
adsorption, the excess casein was washed away with D2O-
based HEPES buffer (10 mM). For AFMmeasurements, freshly
cleaved 1 � 1-cm mica (SPI-ChemTM Mica Sheets, Structure
Probe, Inc., West Chester, PA) surfaces were used as supports
for the polyelectrolyte films. In the AFM experiments, PEI
was omitted because of its tendency to form occasionally large
aggregates and because PAH was readily adsorbing to the
mica surface. Therefore, the building of the polyelectrolyte
film was started with PAH adsorbed to the mica from a
400-�l volume, and then the surface was washed two times
with 200 �l of buffer (HEPES, 10 mM, pH 7). After washing,
PSS, also from the 400-�l volume, was adsorbed onto the
PAH layer, and washed again. These steps were repeated
until the (PAH/PSS)6 architecture was achieved. Finally, ca-
sein was adsorbed from 400 �l of solution of 0.1 mg�ml�1

concentration.

RESULTS

Effect of Calcium Phosphate Nanoclusters on Casein
Aggregation—Because casein has a net negative charge due to
its phosphoseryl residues, it can be expected to adsorb onto
positively charged surfaces. Indeed, when casein was left to
adsorb onto the positive surface of a PEI-(PSS/PAH)6 poly-
electrolyte film, an infrared absorption spectrum characteris-
tic of proteins could be recorded (Fig. 1). However, this ad-
sorbed casein later resisted any further manipulation; no CaP
could be adsorbed onto it as it is shown by the featureless CaP
spectrum in Fig. 1. Details of the CaP treatment are given
below.
Surprisingly, when a PEI-(PSS/PAH)5-PSS polyelectrolyte

film having a negatively charged surface was used, casein ad-
sorption could again be observed. In addition, this casein layer
could be manipulated, and even multilayered casein architec-
tures could be built onto it. Therefore, we deal only with case-
ins adsorbed onto the PSS-terminated polyelectrolyte film.
The intensity of the amide I� band was in the range of 15
mOD (Fig. 2, curve Casein-I).
As a first step of manipulation, calcium phosphate nano-

clusters were formed on this protein surface by circulating
high concentration of Ca2� ions in the form of 1 M CaCl2.
Then, without washing away the calcium solution, a solution
of 50 mM Na2HPO4 was introduced into the sample holder by
a peristaltic pump. All white precipitate, i.e. the excess insolu-
ble fraction of the formed CaP, was removed by washing the
film thoroughly with HEPES buffer. Then the increment of
the infrared absorption was measured (Fig. 2, curve CaP-I). As
it can be seen, huge phosphate bands appeared in the 1200–
1000 cm�1 region of the infrared spectrum. In the amide I�
region, some of the formerly adsorbed casein was lost. The
origin of this loss we cannot precisely identify, however, be-
cause purified �s1-casein was shown to not to be salted in at
high Ca2� concentrations (24), and one of the possibilities is
that the loss represents some non-�s1-casein, originally pres-
ent in our sample. It should be noted here that an absorption
difference spectrum calculated from single beam spectra
taken before and after the given manipulation includes all
changes, which happened upon the manipulation, because

FIGURE 1. Absorption spectra of �-casein (O) adsorbed onto the posi-
tive surface of the PEI-(PSS/PAH)6 polyelectrolyte film, and the same
casein layer treated with CaP (- - - -). Note that CaP could not incorporate
into the casein; the spectrum lacks the characteristic phosphate bands seen
in Fig. 2. For clarity, the spectra were slightly displaced, and the spectrum of
the �-casein was 10 times magnified. The magnified spectrum is also used
to demonstrate the noise-filtering capacity of the SWT method (for details
see under “Experimental Procedures”).
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each single beam spectrum measures the actual structure of
the whole architecture. We have taken into account this fact
in the interpretation, e.g. the above mentioned decrease of the
amide I� upon CaP treatment in theory could be interpreted
by assuming that the whole protein layer became looser and
thicker; therefore, a less amount of the protein was sampled
by the ATR method, due to the exponentially decreasing in-
tensity of the measuring of evanescent light with increasing
penetration depth. But on the basis of other information,
namely that CaP increased the stiffness of the protein layer
(see below), we did not consider the looser, thicker protein
film option.
If a second layer of casein was adsorbed onto the CaP-en-

riched first casein layer, a large increase in intensity (up to 70
mOD) of the amide I� band (i.e. large adsorption of casein)
could be observed (Fig. 2, curve Casein-II) together with a

certain loss of the formerly adsorbed CaP. Probably, this CaP
was loosely bound and was carried away by the circulating
casein solution.
Adding CaP to the second casein layer caused very similar

changes to those seen after the same treatment of the first
casein layer, i.e. some losses in the amide I� region, and the
further increase of the phosphate bands (Fig. 2, curve CaP-II).
Continuing the construction of the multilayered protein ar-
chitecture, again considerable amount of casein could adsorb
onto the calcium phosphate cluster-rich surface of the former
casein layer (Fig. 2, curve Casein-III).
To be sure that indeed CaP clusters are cementing together

the casein molecules, control experiments were performed,
when only phosphate or only Ca2� was introduced into the
system. Phosphate alone could be reversibly washed away
from the casein film; the infrared spectra (not shown) were
identical before and after the phosphate treatment (although
phosphate bands were visible in the infrared spectra recorded
during the circulation of the phosphate solution). This is not a
surprise, if one takes into account the strongly phosphory-
lated nature of �-caseins. Ca2�, however, took away some
casein as it can be seen from the decreased amide I� intensity
obtained after washing the Ca2�-treated sample with HEPES
(Fig. 2, curve Ca2�).
Besides taking away certain amount of casein, the Ca2�

treatment somehow “closed” as well the casein multilayer.
After the Ca2� treatment, only a small amount of casein
(8–10 mOD in the amide I� region) could adsorb onto the
previous casein layer (Fig. 2, curve Casein-IV). Whether this
“closing” is the result of local changes affecting only the phos-
phate groups of the caseins or it is the consequence of a more
general structural change can be decided by the analysis of the
secondary structure of the casein.
CaP-induced Structural Changes Induced in �-Casein—To

determine whether the average structure of the casein is dif-
ferent in the CaP cluster-intercalated layer and in a pure
monolayer, the amide I� regions of the different architectures
were compared.
As can be seen in Fig. 3, there were observable differences

between the amide I� bands of the caseins among different
conditions. As casein is an IUP protein, it would have been
difficult to determine these changes quantitatively; thus, glo-
bal conclusions were drawn from the contours and central
frequencies of the amide I� bands. For comparability, the am-
ide I� bands of the desorbing caseins were inverted in Fig. 3.
The amide I� band of the casein lost upon the first CaP treat-
ment (Fig. 3, Cap-I) was similar to the amide I� bands of the
adsorbing caseins, in agreement with our earlier finding that
polyelectrolyte film stabilized the structure of the adsorbed
proteins (12). In contrast, the amide I� bands of the caseins
desorbing upon the second CaP and Ca2� treatments (Fig. 3,
Cap-II and Ca2� spectra) were clearly downshifted, but they
were indistinguishably similar to each other. Evidently, the
structures of the casein molecules desorbing directly from the
polyelectrolyte and of those desorbing from previously ad-
sorbed caseins were different.
On the other hand, the contours of the amide I� bands of all

adsorbing caseins are very similar. This may suggest that the

FIGURE 2. Increments of the infrared absorption upon the buildup of
casein multilayers on the surface of an ATR crystal. The presented ab-
sorption spectra were calculated from single beam spectra taken in 10 mM

HEPES (in D2O), pH 7.0, before and after the given manipulation. Casein-I,
Fourier transform infrared spectra of �-casein layered onto a PEI-(PSS/
PAH)5-PSS polyelectrolyte film; CaP-I, absorption increment due to the for-
mation of calcium phosphate nanoclusters on the casein surface; Casein-II,
absorption increment due to the adsorption of a second �-casein layer onto
the CaP-nanoclustered previous one; CaP-II, absorption increment due to a
novel calcium phosphate nanocluster formation; Casein-III, absorption in-
crement due to another �-casein adsorption onto the previous CaP-nano-
clustered casein; Ca2�, absorption changes upon adding 1 M CaCl2 to the
third casein layer; Casein-IV, absorption increment due to the adsorption of
�-casein onto the calcium-treated third casein layer. Note the low noise
level of the depicted spectra achieved by SWT de-noising.
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aggregation of the caseins governed by phosphorylated clus-
ters, which are localized close to the N terminus, does not
affect strongly the other regions of the casein molecules. From
that one may conclude that hydrophobic interactions respon-
sible for casein aggregation may proceed rather independently
from the CaP cluster-induced aggregation.
Physical Properties of the Adsorbed Caseins—AFM can visu-

alize the surface of the (PAH/PSS)6 polyelectrolyte film, the
adsorbed casein layer, and the effect of CaP on the casein sur-
face (Fig. 4). The curves in Fig. 4 show the height profiles ob-
tained along the white horizontal lines of the corresponding
height images recorded in AFM tapping mode. As can be
seen, the roughness of the surface largely increased upon ca-
sein adsorption, but CaP could again “flatten” the casein
surface.

Both the native and the CaP-treated casein exhibit sphere-
like features, whose diameter might be in the range of tens of
nanometers. The lateral size resolution is severely affected by
the convolution of the shape of the AFM tip and the rough-
ness of the sample. Even by visual inspection, these spheres
seem to be somewhat smaller and more densely packed in the
CaP-treated casein film. Indeed, the total roughness calcu-
lated from the whole AFM height-image by root mean square
was somewhat larger for the pure casein film (6 � 3 nm) than
for the CaP-treated one (3 � 2 nm). (These values are aver-
ages of five independent experiments on different mica sur-
faces with different films.)
Other important information, which can be obtained from

the interaction of the sample with the AFM cantilever, is the
force accompanying the indentation of the cantilever into the
sample. The higher the force needed for the same indentation,
the higher is the stiffness of the sample. Such force/indenta-
tion curves are shown for different film architectures in Fig. 5.
In Fig. 5, arrows draw a circle of the stiffness changes mea-

sured as one series of measurements starting from the rela-
tively stiff, densely packed (25, 26) (PAH/PSS)6 film. The ad-
sorbed casein is much softer. Adding 1 M CaCl2 dramatically
hardens the film. To be able to form CaP later, we could not
wash away the Ca2� ions, and therefore the stiffness of the
adsorbed casein was determined in the presence of the 1 M

Ca2� (CaCl2). In the presence of CaP nanoclusters (Fig. 5), the
stiffness of the film increased somewhat further. This stiffen-
ing effect was not projected to caseins adsorbed after the CaP
treatment, because the surface of the film after a second ca-
sein adsorption again became softer (Fig. 5).
There are necessary control experiments, which, however,

could not be included into the above series of measurements,
because they represented “dead ends,” from where the con-
struction of CaP nanoclusters could not be continued. These
controls had to be performed on different samples; their in-
dentation/force curves, due to the large variations between
the individual preparations (see the standard deviations in
Table 1), were not included into Fig. 5. These controls were as

FIGURE 3. Normalized amide I� bands of the absorption increments
upon building up the multilayered casein architecture shown in Fig. 1.
Casein-I (– – –); CaP-I (OO); Casein-II (– – – –); CaP-II (OOOO); Casein-III
(����); Ca2� (OOOO); Casein-IV (O��O). The curves drawn with continuous
lines show the originally negative CaP-I, CaP-II, and Ca2� curves represent-
ing desorbing caseins; they were multiplied by (�1) to be comparable with
the positive spectra of the adsorbed caseins. Note that one of them, the
CaP-I curve, is similar to the other positive amide I� bands due to adsorbing
proteins, although the CaP-II and Ca2� curves are practically indistinguish-
able from each other but are distinctly downshifted as compared with all
other curves.

FIGURE 4. AFM height images (1 � 1 �m) of a (PAH/PSS)6 polyelectro-
lyte film (left panel), the surface of casein adsorbed onto the polyelec-
trolyte film (middle panel), and the same casein surface after CaP nano-
cluster incorporation (right panel). All images were registered in tapping
mode. Traces below the images represent height profiles recorded along
the white line of the corresponding image. Note that the height scales are
the same for all traces.

FIGURE 5. Force curves of the cantilever indentations during a charac-
teristic experiment when different film architectures were built consec-
utively as follows. Polyelectrolyte film (PAH/PSS)6, F; (PAH/PSS)6 � casein,
f; (PAH/PSS)6 � casein � Ca2�, Œ; (PAH/PSS)6 � casein � CaP nanoclus-
ters, �; (PAH/PSS)6 � casein with CaP nanoclusters � second pure casein,
�. Symbols indicate data points, representing the average of 10 force
measurements at each point. Continuous lines are the result of fits based on
the extended Hertz-Sneddon theory described under “Experimental Proce-
dures.” All these curves were measured on one sample. The Young’s moduli
calculated from these curves are listed in Table 1.
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follows. (i) For measuring the effect of 50 mM Na2HPO4 on
the stiffness of the adsorbed casein, there was no considerable
hardening. (ii) For determining the effect of only the bound
Ca2� on the adsorbed casein, after the same 1 M Ca2� treat-
ment the excess Ca2� was washed away with HEPES, and
then the stiffness of the casein layer was determined. The re-
maining bound Ca2� ions exhibited similar hardening effect
on the pure casein layer (from 1.0 � 0.3 to 10 � 1 MPa) as
shown for 1 M Ca2� solution in Fig. 5. (iii) To check whether
the extreme hardening upon adding Ca2� is related only to
the casein, or the underlying (PAH/PSS)6 film is also involved,
control experiments were performed on pure polyelectrolyte
films. The Ca2� ions hardened somewhat the pure polyelec-
trolyte film as well (from 2.3 � 0.5 to 7 � 3 MPa), but not to
an extent comparable with the stiffening of the casein layer
(from 1.3 � 0.4 to 18 � 8 MPa). Thus, at least the majority of
Ca2� treatment related to hardening of the polyelectrolyte �
casein architecture could be safely assigned to Ca2�-altered
casein-casein interactions.

DISCUSSION

To understand the CaP-carrying capacity of the casein mi-
celles, the structure and the construction principle of these
micelles have to be understood. Our approach, utilizing ca-
sein monolayers fixed on a charged surface, made it possible
to study individual steps of casein aggregation. Casein ad-
sorbed in comparable amounts onto both positive (Fig. 1) and
negative (Fig. 2) polyelectrolyte surfaces. This behavior is sim-
ilar to the oriented binding of the bacteriorhodopsin-contain-
ing purple membrane fragments with a net negative charge to
PSS/PAH polyelectrolyte multilayers with either a positive or
negative surface (11).
On a positively charged surface, the negative phosphoseryl

residues (arranged in clusters) seem to be involved in the ca-
sein adsorption. One may come to this conclusion from the
fact that casein, having been adsorbed on a positive surface,
could not bind any CaP, and in a second adsorption step no
further casein could adsorb onto the existing first casein layer
(Fig. 1). This phenomenon supports the following: (i) the
phosphoseryl groups can come to the surface of a water-dis-
solved casein, and (ii) they are indeed necessary for the mi-
celle formation.
Being capable of adsorbing onto a negatively charged sur-

face indicates that casein possesses certain amounts of posi-
tive surface charges as well. Having been adsorbed onto a neg-
ative surface makes sure that the also negative phosphoseryl

residues of the casein do not participate in the adsorption;
they remain accessible for further interactions. Indeed, these
caseins could interact with CaP nanoclusters and Ca2� ions
(Fig. 2, curves CaP-I, CaP-II, and Ca2�). Once CaP was incor-
porated into the “apo”-casein, a way opened for further casein
adsorption (Fig. 2, curves casein-II and casein-III), i.e. for the
buildup of a casein multilayer. The limited adsorption of a
next casein layer on an only Ca2�-treated previous one (Fig. 2,
curve casein-IV) also supports this picture; no excess negative
charge was added, unlike by the CaP treatment. Therefore,
less casein could be bound to the (phosphoseryl � Ca2�)
complexes, which might have even become neutral/slightly
positive after binding the Ca2�. The binding of the next ca-
sein layer to such Ca2�-filled caseins could involve the nega-
tive phosphoseryl groups and “close” the architecture against
further adsorption steps.
Caseins offer another very interesting problem to study, the

structure of the intrinsically disordered proteins. One may
hope to reveal to what extent is their structure undetermined/
unordered and to what extent they might have identical struc-
tures among identical external conditions. However, the de-
tailed study of their secondary structures by decomposing the
amide I� band is not unequivocal. But even if we restrict our-
selves only to the contours of the amide I� bands, it is evident
that the structure of the apo-casein (Fig. 3, curve casein-I) is
very similar to the CaP-containing ones (Fig. 3, casein-II and
-III). This may mean that binding CaP is a rather localized
event, which does not affect considerably the overall structure
of the casein molecule whatever that structure is.
Changes of the physical parameters of the adsorbed casein

molecules are in accordance with the infrared spectroscopic
results. The fact that Ca2� ions and CaP rigidified the casein
layer indicates that new interactions appeared between the
molecules (Fig. 5 and Table 1). The decreased roughness of
the casein film upon CaP nanocluster incorporation is also
indicating more tightly organized molecules.
Our experiments are unique in the sense that very low

(0.1 mg�ml�1) casein concentration was used in contrast to
the 60–100 mg�ml�1 values of all other experiments. Thus,
one may assume that casein molecules were adsorbed onto
the polyelectrolyte surface in their “natural” forms, one by
one. Therefore, it is remarkable that the observed roughness
of the casein films came mostly from spherical features whose
diameter can be anywhere between ten and a few times tens
of nanometers (Fig. 4). Similar spheres of 20 nm were ob-
served in earlier AFMmeasurements by Müller-Buschbaum
et al. (27) and were referred to as mini micelles. The latter
results were obtained with whole casein, whereas the results
herein were with a preparation that contains predominantly
�s1-casein. Small features of similar sizes were also observed
in many earlier experiments (e.g. by electron microscopy (4,
28)) and led to the submicelle conception of casein micelles,
which has been much discussed later (2). Concerning our ex-
perimental conditions, one may assume that the small “balls,”
which were formed from very diluted solutions in our experi-
ments, represent an inherent aggregating tendency governed
by the amphipathic nature, by the size and by the charge dis-
tribution of the casein molecules.

TABLE 1
Young’s moduli of the different polyelectrolyte plus casein
architectures

Samplea Young’s modulusb

MPa
(PAH/PSS)6 2.8 � 0.1
(PAH/PSS)6-casein 1.3 � 0.4
(PAH/PSS)6-casein � CaCl2 18 � 8
(PAH/PSS)6-casein � CaCl2 � Na2HPO4 23 � 4
(PAH/PSS)6-casein � CaCl2 � Na2HPO4 � casein 4 � 2

a This column represents a series of measurements performed on the same sample
after each treatment. The force/indentation curves from which these Young’s
moduli were calculated are shown in Fig. 5.

b Data were calculated from five independent measurements.
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On the basis of the results discussed above, one is tempted
to propose a model. In this model, micelle formation starts
from casein molecules having accessible phosphoseryl resi-
dues. These casein molecules might be arranged into pre-
formed small aggregates built from casein monomers. Such
aggregates, due to the amphipathic nature of the casein mole-
cules, might be preferential energetically and might have sev-
eral phosphoseryl residue clusters protruding from the sur-
faces of the aggregates. The CaP nanoclusters can then be
bound to such phosphoseryl clusters, having “free” excess
phosphate groups toward the exterior. Upon the next step of
micelle buildup, casein molecules can bind with their positive
charges to these excess negative phosphate groups (like to the
negative surface of the polyelectrolyte film). Thus, on the
outer surface of the aggregate phosphoseryl residue, clusters
appear again, to which CaP nanoclusters can bind, and so on.
Being respectful toward the immense data on the aggrega-

tion of casein molecules, a large part of them was not even
mentioned in this paper, and we are aware that our presented
results are not sufficient to settle the debate over the submi-
celle and block copolymer models of the casein aggregates.
But we think that our data may initiate further studies to re-
veal the structure of the small aggregates, which seems to be
essential for full understanding, and to build models, which
take into account the distribution not only of the phos-
phoseryl clusters but other (positive) charges in the casein
monomers as well.
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