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Summary

Calcium gradients are prepared by piling a micreftg with casein solutions of varying
calcium concentration and spreading them on gladsss The casein film is formed by
solution casting process which results in a maopseally rough surface. We used
microbeam grazing incidence small-angle X-ray secait) to investigate the lateral size
distribution of three main components in caseimgil casein micelles, casein mini-micelles
and micellar calcium phosphate. At length scalakiwithe beam size the film surface is flat
and detection of size distribution in a macroscagsein gradient becomes accessible. The
model used to analyze the data is based on a sieteaf log-normal distributed particle sizes.
Increasing calcium concentration causes a deciaasasein micelle diameter while the size

of casein mini-micelles increases and micellariaaicphosphate particles remain unchanged.



Introduction

Casein micelles are colloidal particles of sphérgteape with an average diameter of about
100 nm™ Their polydispersity can be approximated by a logamal-distributiorf? The
casein micelle of bovine milk consists of four diént phosphor-proteins which can be
divided into two groups: the calcium insensitirxgasein and the calcium sensitivg-, os>
andp-caseins. While the self-associating behavioundividual caseins in aqueous solution
has been well investigaté&tf! the micellar substructure of casein micelles &tetlse subject

of debaté>®"® Evidence for a substructured casein micelle sarfpoobably introduced by
calcium phosphat/casein nanoclusters, was founkidiy-resolution field-emission scanning
electron micrograpi$’ and more recently using AFM in a liquid céi. It is generally
accepted that the stability of casein micelles nsueed by an outer hairy layer &f
caseing??

The main physiological task of caseins is calciuamgfer from the mammary gland to the
newborn during lactation — needed for the caldiftcaof teeth and bones. Calcium is actively
concentrated in the Golgi compartment of mammaliglte™ and subsequently assembled as
colloidal calcium phosphate within the casein ma£l®!" Together with a minor ionized
part, the micellar calcium is then secreted inttkmiwo thirds of calcium remains in the
colloidal state, either bound on the phosphateaoibaxyl groups of caseins or incorporated
into micellar calcium phosphate particlé$. The particles are distributed within the casein
micelle and are linked to casein phosphate cenDeferent structural methods have shown
that micellar calcium phosphate particles are sdwvenometers in siz€’

Grazing incidence small-angle x-ray scatteringnsadvanced method for the structural and
morphological characterisation of protein filff8. Compared with other surface sensitive
biophysical probes like atomic force microsc8py” or electron microscop$® grazing

incidence small-angle x-ray scattering is a nondesve technique with high sensitivity and



statistical relevance. Crystal growth and nucleatinduced by highly ordered protein
nanotemplates were recently investigatéé®24

Substructures in casein films prepared using a spating technique were first investigated
by Miiller-Buschbaum P. et &F! pH dependent size changes in bulk-like films wierend to
match with the results obtained in solution. Simitevestigations were recently published for
calcium concentration dependerf®®.Calcium changes the colloidal properties of casein
micelles by neutralizing negatively charged phosghio residues and carboxylic
groups?’?® A subsequent increase in hydrodynamic radius wasnd in previous
experiments in casein solutio8.0n the contrary, a decrease of casein micelles sind an
increase in casein mini-micelles were obtainedasem films prepared with a spin coating
techniqué?® The results were explained within the frameworkaof adhesive hard sphere
model?3°

In this work, structural changes of casein comptsare explored in a calcium gradient film.
This builds upon previous studies on casein filmthva varying calcium concentration
prepared by spin coating technique. As an extengiiencasein film is prepared by a solution
casting technique, which allows a gradient to beoduced for GISAXS study using a
micrometer sized beam. Furthermore, the experirheetap provides a range of higher g-
values that also allow observations on length scalethe range of the micellar calcium
phospate nanoparticles. With a developed form factodel which takes into account the
multiple length scale of the casein substructutég, changes in mean size and size

distributions of film substructures in the calcigmadient are analysed and discussed.



Experimental Part

Sample Preparation. Casein micelles from commercial-grade skimmed mte extracted
by combined uniform transmembrane pressure mittration (mean pore diameter: 0.1 um)
and ultra-filtration, concentrated by five washiseps and dried in a spraying towgt.
Caseins (40 mg/ml) were dissolved in filtered 0.1Tkk/Mes-HCI buffer solution. A pH of
7.3 was adjusted by mixing different volumes of léfer components. Different amounts of
CaCl salt were added to prepare seven casein solutithssarying calcium concentrations
in the range of 0 to 60 mM in steps of 10 mM. Alligtions were equilibrated by thoroughly
stirring for 5 h.

The preparation of calcium gradient casein filmlligstrated in Fig.1. As a substrate, pre-
cleaned glass slides (26x76x0.15 miMenzel Glaser, Braunschweig, Germany) were used.
Details of the cleaning procedure can be foundagisee'® Starting with the sample without
calcium, casein solutions with increasing calciumnaentration were taken up stepwise by a
micropipette and transferred onto the glass surfeoe the preparation of the gradient, the
solution was slowly pushed out by moving the ppeitedle along the long side of the glass
slide. The sample preparation protocol was testdgucolored ink prior to actual sample
preparation. This ensured the optimum transferhef dradient within the pipette onto the

glass surface.

Micro beam Grazing incidence small angle x-ray sc&tring
The sample is located in the x-y-plane (see Fig.tg incoming beam k is directed along the
x-axis and impinges onto the sample at an incidagteai. The components qy and gz of the

scattering vector g are functions of the anglesf andy:

Equation (1)

27| sing cosa
qy,z =0

A |sina, +sina,



They define the reciprocal space coordinate systdm.beam is specularly (qy=0, qz>0) and
diffusely (qy # 0) scattered. The specular peak and the so-caflededa Peak are
characteristic patterns of the GISAXS sigiidl.The specular peak appears if the specular
condition is fulfilled @i=af ). The Yoneda Peak occurs at the critical angldhe samplexc,
arising from an interference effect of the incidantl scattered field.

For understanding the two-dimensional intensityriigtion an assembly of several vertical
and horizontal slices can be taken into considemdti Lateral structures (perpendicular to
the z-axis) of the film surface can be studied hglgzing intensity distributions in the qy
direction. Information about the morphology vertida the sample surface (height of
structures, thickness of correlated multilayers) lba extracted from the gz dependence of the
scattering signal (detector plofurther detailed information of GISAXS as a teclueidor

characterizing nanostructured polymer films cardoed elsewher&”

Synchrotron Radiation Experiments

Micro beam Grazing incidence small angle x-rayttecag (LGISAXS) experiments were
conducted at the D13 microfocus beanffifleof the European Synchrotron Radiation
Facility in Grenoble, France. The incoming monochated beami(= 0.976 A) was focused
by a Kirkpatrick-Baez (KB) mirror system onto thangple position, which results in high
real-space resolutidff? A micro-ionisation chamber with a 20n guard aperture was used to
monitor beam intensity and reduce stray radiatinthe focal spot position the beam size
was 1x1um?®. Due to the incident angle of = 0.68°, the footprint of the X-ray beam on the
sample is extended 70 um along the beam directipgdometric reasons. The sample was
placed on a two-axis goniometar,), mounted on a x/y/z translation unit with 200 nm
positional repeatabiliti?® In order to find the optimum conditions for uGIS&Xn the film
surface, each data set consisted of a vertical swangh the sample thickness at a fixed

position in the calcium gradient. For this, thegmiof the sample was changed over a
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distance of 350 um in steps of 5 um, giving risa &et of 70 scattering patterns. A MAR165
CCD detector (78.94um * 78.94um pixel size; 2K*2K pixels; 16 bit readout) was dse
record the GISAXS signal. The sample-to-detectstagice was 802 mm, determined by a dry

rat tail collagen sample.

Data analysis

In order to analyze the GISAXS signal, so-called of plane cuts can be carried 8.
Horizontal g-cuts of the two-dimensional (@) intensity distribution were taken at the
critical angle for caselff?! using the FIT2d software packdg® Because this work focuses on
very thick films an incident angle above the cdtiangle was chosen. The scattering data was
analyzed in a simplified approach assuming onlytedag contributions. Additional higher
terms including scattering and reflection were t¢alit Thus scattering data was analyzed
using a composed hard sphere form factor model Vigiinormal distributed radii. The

scattering function I(q) for polydisperse spherdé different radii and volumes is given by:

I(a,R)=cV*(R)5(q, R) (P(R)dR. Equation (2)
0
Here a constant ¢ accounts for the number of staitparticles and the scattering contrast, V

is the particle volume.

The single particle structure factor for a sphergiven by:

S(q, R) = {Ssin(q ER) qu;&)’g@:os(q ER)T : Equation (3)

The single particle structure factor for a cylingegiven by:

i o od )

_ 4107 fqREIn(B)) . .
S(q,R) = .c[ (q E,:jz oils E 7 R s (5) 3in(B)ds, Equation (4)
2

J1 is the first order Bessel function.



The formula for the log-normal distribution is:

I | 2 _ .
P(R) = =R , R[ OP(R)dR =1 Equation (5)

For data analysis, we used a model containing tlogerormally distributed radii (casein
micelle; index M, casein mini-micelle; index S, aralcium phosphate; index C, which stand
in fractional relation to each other via

S
1+s+c

c
1+s+c

lo(a,R)= 0, (a.R,)+ Og(a, Rs)+ O.(q.R.)+B, Equation (6)

1+s+c

and a g-independent background B.

Results and Discussion

A. UGISAXS of casein films prepared by solution cdsg

In contrast to bulk-like but significantly thinneasein films prepared by spin-coatify,
solution casting typically results in very thicknfis. The estimated thickness of the used
casein films was several hundred micrometers. @mnotle hand, this considerable thickness
causes difficulties in finding proper conditions B uGISAXS alignment. On the other hand
it allows additional transmission experiments todaeried out. To find the conditions for
MGISAXS on the film surface, height scans at adipesition in the calcium gradient were
performed. Fig. 2 depicts the detected 2D intensigpal and a simplified illustration of the
underlying scattering process at two representgingtions of the height scan. In the first
position the beam is focused on the sample’s seinfasulting in a uGISAXS alignment (Fig.

2, left side). In this case the Yoneda peak is shawa typical intensity enhancement in the



2D intensity distribution. In the second positidre tbeam enters from the side through the
thick casein film and its focus lies within the essfilm (Fig. 2, right side). No Yoneda peak
is observed and a typical transmission signal dates the 2D intensity signal. This
contribution is exhibited in all scattering pattercollected during the height scan which do
not match the pGISAXS alignment. An explanationtlod observed scattering profile is
represented schematically in Fig. 2 c,d. This shthas if the X-ray beam is focused on the
surface, the incident, reflected and transmittechX{ields interfere coherently. In this case
the Yoneda peak appears at the critical angle. Me#@ no enhancement of the transmitted
beam can be observed if the beam is focused witi@rcasein film. In this geometry the X-
ray beam is scattered but not reflected, which detada lack of the Yoneda peak. The
remaining scattering contribution originates fromell defined structural spacing inside the

bulk of the casein film, as it is known from clasdismall angle x-ray scattering (SAXS).

B. Line cuts through the pGISAXS intensity distribution

The data analysis is restricted to the uGISAXS aigwhich presents the structure of the
casein micelles near to the surface as well awenbulk of the thick casein film. Typical
GISAXS cuts from 2D intensity distribution at vamgi position along the calcium gradient
surface are shown in Fig.3 a. The intensity istptbversus the,qcomponent of the scattering
vector g in a double logarithmic plot. For claritige scattering curves are shifted along the y-
axis. The model fits are represented by solid lif@alcium concentration varies in the
measurements from the bottom to the top as 0, 518030, 35, 40, 55, and 60 mM. The
scattering curves show no well pronounced peakis ddn be attributed to polydispersity of
the casein compounds, as previously observed frogmardic light scattering
experiment$®® Instead of peaks, three characteristic shouldeasked with arrows) can be
seen. The shoulder at g = 1 fhrdoesn’t change with varying calcium concentratidhe

slope of the curve is linked to the width of theesdistribution and also remains unchanged.
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According to our modeling approach, this shouldan be related to the sizes of micellar
calcium phosphate particles. A similar feature wesviously found in the high q region of
small angle x-ray profile@f’] It was recently shown in pH dependent scatterxjgeements
that this shoulder is linked to micellar calciunppphatd?®!

A second shoulder at q = 0.2 finwhich can be attributed to casein mini-micellsscomes
more pronounced with increasing calcium concemmatin this case the slope becomes
steeper and theygposition shifts towards smaller values. Finally,calcium concentrations
higher than 40 mM, a third shoulder is manifested a 0.03 nrit and belongs to a third size

in the film which corresponds to the casein micelle

C. Patrticle Sizes

All curves were analysed using the form factor mdBeuation 6) described above. Prior to
modeling, all scattering curves were normalizettigh g (q = 0.001 nif). The fits show a
good correlation with the experimental data. Figlepicts the obtained parameter for mean
sizes of casein micelles, casein mini-micelles amcellar calcium phosphate particles. For
variation of casein micelle sizes in the calciuradyent only approximate values can be given
because the information in the GISAXS-pattern eselto the experimental resolution. At low
calcium concentrations (up to 30 mM) the radiaégias to be extracted from the slope at g <
0.04 nm'. Good fitting results could be achieved with cagsicelle dimensions D > 100 nm.
At calcium concentrations higher 40 mM, the slope the scattering curve is more
pronounced and shifted to higher g-values. In ¢biscentration range casein micelle sizes of
D =50 nm are found, as shown in Fig. 4.

In the 0.07 — 0.2 nthregion of the pGISAXS curve a shoulder is pron@shcA similar
structural feature in the scattering curve was veerifrom previous neutron scattering
experiments and considered either as mean sizessefin submicell& or as the mean

spacing of calcium phosphate nanocluster—like glegtiwithin the casein micelfé.However,
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to explain the well-established correlation lengtlour experimental result, it was necessary
to consider an additional structural feature. Wenfb in previous casein film and solution
studies casein particles of rather similar sizegclviare in coexistence with casein micelles.
These so-called mini-micelles are able to aggrefyateer after addition of calciuffe*

Without calcium the slope of the shoulder is smadlresponding to broadly distributed sizes
around D = 10 nm. With increasing calcium concdituns the slope becomes steeper, while
the g-position shifts to smaller values. This iraplan increase in size, as shown in Fig. 4. At
high calcium concentrations the mean casein micel@ sizes have doubled to D = 20 nm.
The sizes of casein micelles and mini-micellesrategghly half of those found in previous
experiments in thin casein filnfg! It may be assumed that the small deviations irsthe of
casein micelle and mini-micelles compared to theperted in the previous study arise due to
the use of a different batch of casein as welhadifferent film preparation method.

Sizes corresponding to the shoulder in the scagearirve at g= 1 nif) are also displayed in
Fig. 4 as a function of calcium concentration. OWer whole calcium concentration range no
variation was observed. The most frequent sizedstebuted around a mean diameter of
D = 1 nm. For this part of the scattering curveeesglly, better fitting results could be
achieved by replacing the spherical form factorabgylindrical form factor in the model. In
this case a diameter of D = 1.9 nm and a heiglit®hm was obtained for the cylinder. The
values of both model fits are in the range of sizhgh were found for artificial preparations
of milk calcium phosphate particl@@ The authors found a granular diameter of 2.5 nrarwh
performing electron microscopy on wet and freezeedltra filtrate calcium phosphate

precipitates.

D. Size Distributions
From the obtained fitting parameters, size distidns of the three casein components were

calculated. Their continuous variation over the lghmalcium gradient is shown as a contour
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plot in Fig.5. For discussion, two size distribusoare displayed at 0 mM and 60 mM
calcium, respectively (Fig.6).

In the case of the micellar calcium phosphate @adi distribution (Fig.6, left), no changes
were observed within the calcium gradient. Theiplarsize distributions between 0 mM and
60 mM show a similar shape and width. It is knowonf experiments investigating the
exchangeability of calcium, that colloidal calciuphosphate in casein micelles and free
diffusible calcium are partly exchangealifé.In the studied calcium gradient film, the
exchangeability between both phases was guarahtetee used gradient film technique (see
sample preparation). This suggests that there @@altium-induced structural changes on a
scale of between 1-3 nm in casein micelles. Aokil&t found that for artifical casein micelle
formation, the amount of casein aggregates cradsedi by micellar calcium phosphate
depends upon the micellar calcium and phosphateecdration, which can be increased by
adding calcium. Since no evidence for structurangjes of micellar calcium phosphate was
found in this study, this effect might be explairi®dan increase in the number of particles.
The distributions of casein mini-micelle sizes sih®wn in Fig.6, center. At 0 mM, the sizes
are narrowly distributed around a mean value of 1C=nm. At 60 mM calcium, the
distribution is broader and shifted towards meaesiof D = 21 nm. As known from casein
solutions, mini-micelles, casein micelles and tle@nstituents are in equilibrium with each
other®! Casein monomers are able to aggregate due to skHiassociating capability.
Calcium binding to negatively charged caseins suppgrowth by diminishing electrostatic
repulsion forces, which enhances hydrophobic ctmta&veraged sizes in the range of
between 10-20 nm were reported for micelle-likeragates of3- and k-casei’® A size
increase of the casein mini-micelles was founditiom was added to the soluti6f.
Compared to the casein mini-micelles, the distrdng of casein micelle sizes show an
opposite effect. Under the influence of calciung thicelle distribution becomes sharper and

shifts towards smaller radii. In contrast, dynalgbt scattering experiments in solution show

12



an increase in the mean hydrodynamic radius artdhdison width!*?>%®! An explanation
for this difference is based upon the variatiorth@e sensitivity of the methods used and the
high polydispersity of the sample. In the dynangbt scattering experiment, a minor number
of large particles strongly biased the scatterilgnad. The detection probability of these
aggregates in the light scattering experiment ih&r enhanced due to the longer temporary
(several minutes) and broader spatially averagitegection volume approx. 1 mjnof the
technique. In the pGISAXS experiments presentee,hétrere was no evidence for the
formation of casein micelle aggregates.

The calcium effect on casein micelles is thoughptoceed in two phases. First, caseins
become incorporated in the casein micelle. Calcimeutralizes negative charged
phosphoserin residues and carboxylic groups andcesdrepulsion forces between caseins.
This leads to an increase in molecular weight with&ize changes. In a second step, larger
amounts of calcium increase the radius of the nasételles. The collapse of the stabilizing
hairy k-casein layer on the casein micelle surface is ghbuo be the reason for this
aggregation process. The critical calcium concéotraat which flocculation and gel-
formation starts, was found to be larger than 10W, nand therefore higher than the
concentrations used in the experiments reporteaimthis study.

It has been recently showff that an intermediate phase exists in which theemee of
calcium decreases the size of casein micelles.ablagion of calcium reduces the negative
charges ok-casein and the polyelectrolyte brush loses iteredé¢d conformation. In this state
the size of the hairg-casein layer is diminished but not fully collapsidspin coated casein
films, where the micelles are closely packed, thasislates into a decrease in the distance
between neighboring micelles. An additional strumitchange might significantly contribute
to the micelle size decrease. The saturation oatineg charges inside the micelles enables
new hydrophobic contacts and a closer packing etveingle casein monométs?® This

leads to a higher dissociation volume of the mécels high pressure experiments have
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revealed?*® This could also change the casein micelles’ diiogiss A more homogeneous
and compact casein micelle form was recently foafter high pressure treatméHt. It was
proposed that the compaction is caused by a peessduced increase in the calcium

concentration and a subsequent enhancement oytinegdhobic contacts.

E) Solution Casting

Besides spin coating and Langmuir Blodgett techesgusolution casting is an alternative
method of preparing biofims for GISAXS investigai$o It has the advantage that the solution
casting techniqgue enables the preparation of aegrafilm. However, solution casting, which
is driven by the evaporation of solvent via theuitt-gas interface, is a time-consuming
process. It also produces thick films comparedhéotivo techniques mentioned above.
Spin-coating and Langmuir Blodgett processes dfierpossibility of thin film preparation.
During the spin coating process, a solution droppsined leaving a layer on the substrate
which thins due to fluid flow. This procedure iattes nonequillibrium structures and enlarges
the range of accessible structures. In the Langmlaidgett technique, compressed protein
monolayers are transferred from a subphase surfacéhe substrate. During protein
monolayer formation the acting surface tension th&s same magnitude as the dominant
forces in protein folding, which leads to the ridkprotein denaturatioi*. Modifications of
the method enable the structures to be maintainesylting in highly ordered protein
nanotemplates which accelerate nucleation andatrgsowth®?. For caseins however, the
spin coating technique was previously used for fiim preparation$”>2®.. It has been shown
that moderate pressures acting during the spinpingess do not affect the casein micelle

integrity and the results match in good approxioratvith those presented here.
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Conclusions

The presented work shows the variation of casempoments within a calcium gradient film
prepared by solution casting. It compliments prasiGISAXS studies on thin casein films,
prepared by the spin coating technique by the tis@ alternative film preparation technique.
This allows much larger film thicknesses to be acbd with a superimposed gradient. For
data analysis a form-factor model was used faagjannog-normal distributed polydispersity
of the sample. The results confirm the growth fetia mini-micelle sizes and a decrease in
the diameter of casein micelles with an increasialgium concentration. Additionally, a
shoulder in the scattering curves at 1 hmas resolved which may arise from nano-sized
calcium phosphate particles. The sizes of the @astiare comparable with previous EM
results. Within the calcium gradient no size vaoiatof the calcium phosphate particles was
observed.

The high real-space resolution, achieved by foqu#ie beam with a diameter ofuin onto
the sample, allows local structures within hetenegeis films to be probed, such as gradient
films prepared by solution casting. The calciumdggat replaces a huge number of individual
samples and allows for combinatorial studies byyiwar one parameter — in this case the
calcium concentration — in a controlled way andsbgnning using a micrometer sized beam
on one single representative sample. Surface sogtteonditions were achieved by height
scans at a fixed position in the gradient film. TdescribeduGISAXS method is suited for

the investigation of heterogeneous films such adignt films.
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captions to figures

Figure 1. Schematic representation of calciumigradilm preparation technique; 1) casein
suspension with increasing amounts of calcium fleftrto right; 2) sequential loading of
micropipette with solution; 3) gradient preparatinslowly releasing solution while moving
of pipette along the glass slide; 4) schematic wéthe scattering geometrg; denotes the
angle between the incident beam k and the sampigcs,o; — the corresponding exit angle

andy — the diffuse scattering anglg.and g are the components of the scattering vector g.

Figure 2: Detector intensity signal as a functibexat angleaf and out of plane angle at
different sample heights. The associated schemggiresentations of the scattering, with the
incoming (0 ), transmitted and reflected (---) and scattereahbél ) are shown below. The

color in the upper legend represents scatteredsiitevalues.

Figure 3: (a) Double logarithmic plot of horizonkale cuts taken from the 2d GISAXS
signal. Calcium concentration increases from thi&oboto the top. The solid lines correspond

to model fits, contained within the experimentaber

Figure 4: Fitted mean sizes for casein micellegl@), casein submicelles (rectangle), and

micellar calcium phosphate particles (rhombohedtajarying calcium concentrations.

Figure 5: Size distribution contour plot of caseampounds along the calcium gradient;

micellar calcium phosphate (left), casein mini-iee (middle), and casein micelle (right).

Figure 6: Variation in size distribution at 0 mMda80 mM calcium. (left) micellar calcium

phosphate, (middle) casein mini-micelles, (rigla3a&n micelles.
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text for table of contents
Casein micelles in a calcium gradient film explofedthe first time using microbeam
gracing incident small-angle X-ray scatterin@(SAXS). The study allows the continuous

investigation of the calcium effect over a broadge of length scales.
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