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ABETRACT

The imternal structure of casein micelles was stucdied by caloulating the small-angle neutron and Xeray
scattering, and static kight scattering specirum (SANS, SANS, 9155 2= a function of the scatiering oomirast
amd comp osition. We predicied sopenimental SANS, SAXS, 515 spectm s coms isien tly using independently
determined parameders for oom position size, polyd spersity, density and volominosity. The imemnal structure
of the camein micelles, i= how the various components ars distrimied within the cassin micells, was
mideled] according to three different models adwocated in the erature; iz the clasical sub-micell
mxed, the nanodheter moded and the dual binding model. In this paper we present the essential features
of these models and combine new and old ecperimental SAMS, 2AXE 315 and D% scattenng ot with new
calcmlations that predict the speotra. Further svidence on micellar subsimcne was obtained by imternally
oroe s linking, the casein mice b= wsing transghitaminas=, which led to cs=in nanogs partides. In comrast
to natiee casein micelles, the nanoge] panticles were stable in G0 wrea and after sequestening the calgum
s iing, trisockium ciiraie. The changed scatiering pm penties were again precicted sef comnss ety
An imporfant result is that the radins of gyetion & ndependent of contrast, indicating that the mass
dlis tribmtion within a casein micelle i homogeneme. Experimental comrast i pedicied quite well leading
toa maich point at a Dz O wolume faotion of 041 ratio in SAME. Uking SAMS and $A%% model calcnlations
it is conduded that only the nanochster mode] & capable of acoumting for the experimental scattenng
comirast wariation data. All features and trenck are pradictsd s=f oo isently, among which the famoe"
shoulder at @ wave vecior wbue = (%% nm!
In ithe nanod wster moded, the cassn micelle i considered as a (homogeneos) matrixc of casedns in which the
oo lioiclall calbci um phosphate (CCP) nanoc hesters are disperssd 25 wery small (about 2 nm ) “chenry siones™ at
an average distance of 126 nm Atlched to the surface of the nanochsters ane the cemiers of phos phoryla tion
13-4 neariy p hesphorylsted amino acd residues ) of the cassins The tails of the cas=ins, much Lrger than the
CCP chusters, then assodiate to fomn 2 protsin matnix, which can be viewed 2 polymer mesh with density
fluctnations at the X nm scale. The a=ocation of the taiks & driven by a coll=ction of weak deiremotisns. We
expplicity nee weak doderochions 25 2 collective term for hydrophobic § meractions, hydnogen bonding, fon
Inomicling, weak slec trostatic Van derWaalks attmction and other faciors {butnot the stwng calcium phosph ate
inferaction) keading to ==if s=odation. The assodation & highly cooperative and originates in the weak
imteractions It is the cooperativedy that keads to a stable cassin micelle. Invariably, r-cassn i thooght to
limit the process of ==if association kading io sbilization of the natfve casein micelle.
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L. Invtroadisction Thas, the caxsein micelles sre ementisl for the neonate

Bl b corntaing ool boiclsl i es that are composed of 3 cmplex of
aiocisted provein and caldum phosphate. These heterogeneous -
socistion colloids are named cxiein micelles 1) Nobwithstanding
theei r & bunidsnee snd countless number of studies, there is sl not s
unified picure of their sructure and properties. Ino pard oul & con-
cerning their aize | distibution) and thei r intemal struchire literature
i at bedt unclesr. I & recent book on Biopolimers, Semendva snd
Deckinson aaid: The siridure of the nafurally oealed aEan parics,
the “casein micele”, has been the sobject of investigabion Jond
couidrenersy) for the best pant of a candury |2]-Ina recent interesting
SANS atudy on casein micelbes from Cahsnes oo the sithar s 4y
Yoo bheir struclure & still g pusle and B continuaely the subject of
Jirions debates among the a6 enific comamwnity |3 -

Heere we sim Lo notinie naily the debate but o pee sent new scien-
il (cid that et ibute o uirsyeling the inbernal sioicture of the
carein mced be and boeondribute io & befer und erstanding of its prop-
ertied. The impontand of caemn micelles cn handly be overestin ated
in view af their tremendaus enomical and nutritional vahue."

From & jrod et techadbogicsl snd daicy industey point of view the
creins are by b the most mpontant snd vahisble amponent of
milk. The main deiry produds & Bquid milk, cheese and yoghurt
derive their texiural, sensory snd nuivitionsl propenties from the
creins. Fepladng caseims by plant proteind lesds to products with
different texiur sl and ensarial quality.

The peroteinfraction of the casein nioelles, whidh repoesents - 93%
af its dry meea, i conposed of four individusl gene product conpa-
nendd, denobed (e o, fr dd -casein, which diller i paimany
struchure and type and degree of past-iranslaional modification 4]
The remander of the micellar solids condists of inarganic material,
colbectivedy relerred bo a8 colloid sl caleium phosphate [OCP) of miosk
Lar ealcium phosphate | MOP). Over the Lt S0 years there have been
reviews on the casein nucelles st regulsr indervals |5-20]. Recently
the structure of cxein micelles was doossed from & structural biol-
oy paint of view |16] suggesting that protein-probein inber soond
i lesding secording to the svuctural biology tenset that struchure lal-
lerwis funation. Hiovrever no reference wixs made to a detsiled study of
the muammary glands by Meville | 17] who gives o detsiled sooount of
the transpart of Cain the Colgl apparsies and suggests that caleium
andentration i the deemuning fsctor rather than the protein,
wihich i4in line with the views of Smyth et al. 18]
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andl are st the heart of the dairy indusiry, it & remark sl e that there
i atill quite some confsion, il not anths, around these parddes in
miilk. Notwithatanding il these researdh and review papers, there i
no undform pidure of what & caxsein micelle i4 how it B formed,
wihat its structure B and how it behaves This [0t & recognized and
aiften enmphas 2d in publicstions conceming ceem micelles

I this paper wee will analyze and review existing and new data on
the cartein i e lled snd Sim bo predent & el oonm s end pione baded
on quantitstive dats, rather than on el ectnon mio oo pichires. For
this e will use {dynamic) light scattering. SANS and SANS data We
wiilll tramslate the consequences of proposed Jub-struoures of casein
mcelles into caleulsted scatering speors snd oonfiront that with
experiment. Mot inportantly we will conderve mis, e we will
muintain the condition that the total muss of & adein micelle i@
given by dermity times volunee and that the raio of the various am-
ety B secording bo the oversl | oo po-sition of ¢asein el e,

In previoushy-published SANS studies |21-24) the spedra
abiained are very similar, il not dentical They sgree on & (faind)
shaulder st Q=035 nnw ", espedslly ot low conirast, which wa
St ibwited to Sub-sii e sy sbructures on & lengh scale of 18 - 20mm_
b SAXS studies |25-30] the abtained specira are very similsr snd
sharw & shoubder 8t Q=1 i I a Kratky plot, two distinet nasin
are present. We abo mesxsured SAXS spectra which sre sgain very
girmilar. S0 there i & brosd sgreenent on ithe shape and dharseben -
ties of the SANS/SANS spectra which all shows & decaying function
wiiith theee *platesmes” or “shoulders’. Invari ably, the first one st bow Q
s attribubed to the form fscior of the casein nmcelles. The i nte moedi-
st shanikder, st sbout0.35 nee", B not present in all S ANS 4 pectra but
pirr ticul arky i n S ANS spectra Gebhandit | 23] vared calcum concenirs-
i in their PCISANS specitra and stivibuted thes shoulder o the koam
Cactor ol Sub-roi el pantiches ranging in dismeter between 10 and
20 nim. Finally there & & shoulder st about Q=1 nm-Yor somewhat
Large r warve vector which cormes ponds & & partide sive | char saeristic
length) af & few nanomebers.

Bamed o this, the casein micelle wis considered & hierarchical
gructure of sub structures. Data snshyss wie based on Summing
the form etors of the dilferent substructures with sdjustable sipes
and smplitudes. This procedure was also followed by Hansen [24)
andl fprmalized by Besucsge |31) in 2 unified specinm of exponen-
tially decaying and poveer |oy decaying Runctions lor esch Sulls -
ture, requiring an amplitude, & rading of gyration, and a power |aw
exponent. Thus easch substructure requires st lexst theee sd justable
prr aveters_ For & cxsein micelbe therefore & mininmm of & par anse-
ers B required. if more detail, eg & thind shoukler, are introduced
theee more ad justable parameters are required. Of course the 4pecina
can be woell fitved with this number of sdjustable paraneters. Ques-
tion however id what do the mimberd mesn snd. mone | mportantly,
dirmension should nat dhange wiith conirast.
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I i paper woe waill analyee and review exoting and new SANS
2l SANS i Thhe: dliiffe rence wiith previous Studie s is that we will in-
troduce & new way of snalysng the dats bt mone inpontsnthy o
el astibcnes. are et e prrexdictionss, lree of main ad justable param elers
such & amplitudes and cxsein micelle size. In doing 5o we were able
o deseriibe lght, SAXS and SANS apecira with the $ame set of parsm-
elerq. The parsimeberd sre hated on independent messinements af
gize, density, conisition of the cxein micelles. The sim s o get &
better indight into the inbemal struoune of casein nmaelles.

2 Thee dorestieal b logrodnin

21 Small angle neutron scatlering (SANE)

First woe outline the genersl principles and the uwnderbing
equations, in some detil of small angle neutron scatiernng {SANS)
andl then afer analyzing the possible sub-structure we will present
the pertinent equationd Aduslly these equations spply to small
angle X-ray and light scatiering mulstis mutandis.

The naom slized indensi iy of neutrons Jlight | X-ras ) scattered by a
lloidal dispersion is given by [32-34):

HQ) = (P Pioar) NV APIQISIQ) {1

Below we will discuss the respeaive termsin Bq. [ 1), which have
the wsual meaning &4 applied in scalering experinents Q & the
semtlering wave veotar |f] i SANS the scaitering anghe 6 i small
Typically & 1 meter di ameter detector is placed sta distance of 10 me-
ters from the aample and the wavelength of the cold neutrons wed i
typically 1 nnw Thas, § varies apprasinately between 0 and 1 nm™",
The symbal o, and o, denote the scattering length demities [SLD)
af the particles and soh ent respectivel y_ In SAXS eledron density i
wsed. SLD can be caboullsted fram muss density, the stonm ¢ Scattering
length and the stomic compasition a5

p-%if% 2}

i which dy, & the nas density [ke /i’ | Ng =622° 107 , M & the
Stowic s and 0 & the number of stones § with & scatterning length
by Talse 1 lists the scavering length of conmmon Sond in cieein mi-
celles_ I neutran scatlering the propenty of inberest i the coherent
scattering length b, while the intoherent scsttering length b,
condributes bo & hackground signal and by, © the alsomption kength.

The coherent scattering kength denity of water is pyp, = - 1L561 72
W m?=-05172 10" on™. The scsttering length density of
deutersted wisler B oo =6.405110 2 We will express all
scattering length dersities in 10" cm™ wnits, which i a length per
wihume.

Takde 1
M soame ey bepgrha of some: clemeni s
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Condrast i the diflere nce in SLD betwoeen pranticle and solvent {or
envir onment | and thus depends on the volume frsaion o of 0,0 in
ithe salvent

Ap{) = ) — o)

Sifuce part of the proband may be exchanged il casein e lles are
di spersed in D20 the scattering length density depends an the salvent
mpdition, ie. the volume fadion o & well These scattering
lengths were caloulsted fom the known prinary strudure of the
protein snd ther concentration i milk. The scatering length
demities & used in further caloultions are listed bebow.

Scatiering length density of sohvent

o V) = {—0.561 72—} + 6.405 145 10" e

The SLD of & casein micelle i caloulsted from the contribution of
the casein proteind, the sohvent faction in the particle and the OCP.

St ring length density of ceein proten in casein micelles {not
inchiding the COP)

B} = {{ 1— 1 72 4 93.12)10 e~

The SLO &t ce=10 @5 1.72 10" cnr? and s caloulsted wsing the
Abomie com position of the caseind With this expresion lor the SLUD
af the peokein metri the auteh point is found s d= 041 & it 8
experimentally hoind

The scatie ring length density of OO in the casein micelles can be
caleulsted wnambiguously if the @mposition, waber et and
demity B knowin. For indlance seunng the OOP aondists of caldum
phasphate CaHPO,, 2H,0 with a denaity of 231 kel we find:

B ) = {1 —443 52 + 96 2)10 "em

Asduiing OCP eondisty of hydnoxy spetite, Cayof POy o] OH )2
a7} = {{1— 4307 + 3 36)10 cm >

Hirweever the precie values depend very mudh on the assuned
demity of the OO Holt |35 asumed & oy stalline siructune ko hig
caleium phidphate precipitates st newwrsl pH - But there sre rexond
o e & more amonphous struoture due bothe presence of citraes
117 ) andd the presence of the phospho-pepiide chaing. All of this will
loveer the SLD of the OOP_ Actuslby, it i 00 be remarked that scatiering
intensity s reno angle isindependent of the demsity or vahine of the
particles. Contrast i inversely proporional o whime while scatter-
ing scales in volume squared. Whatever the predse value of the OOP
iy be, it i 44l to ey that it will be close to the protein in Ha O ln
aither words second ary Festures due i the COP wall be musked in H20.

I onder to clkulate the sversge scattering length demity of a
casein micelle panide we have io integrate the scatbering lengih
demity over the volime of the partide We then ssime that the
particles are homogensous and we scoount e the ool boidal caldum
phosphate &4 the exces over the cioein pralein

'j'u;"-!-_.-“”,z.g; +E;f | et — S| P
]I{i'-dr

i) = )

withere Ny, anid My repee send the tolal number of ceen micelles and
nanochusters respectively. Thereione NaNe = number of nanocius-
ters per micelle particle =300, The number of nanodusters sy
increxse tenfald if the OOF is distributed differently, but the totsl
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ik st be cond tant and therefore mesn contrast does not change.
Sexttering does change of courde.
I ithe diis b i fn G Jodv) 2nd 3, {95 @8 T ioig eneod the i

B ouky =+ i et —Eor=) i,
iyl = Rla i 4

The (sator 1,44 in the SU o thee e n st ® i due o the (o that
oty & fesation 1,044 af & cxein micelles B made up of protein, or wohe-
noindsity is 44 cm” 7" protein [2 1, 35, 37]. The SLD of the ¢asein nustrix
i caloulited o the kndwn dming sdd compdsition of the ciseins.
The e xchangesability af protons can be estinated Fom dissodabon con-
stanis, but remaing difficult to e stinste exsaly. We set the number of
exchangeabde proions such that the caloul sed nostoh poing of the casein
nicelle panticled is 4 1% D20 2o Dol cives Do e per inend

Fig 1 illustrates hiwe the SLD vares &5 & function of volume
faction DL0. The point where the SUD of the solvent interseds the
SL0 of the panticle i called the nutch point and eontrast @ equal o
= o [dr=1041) snd determined experimentdly o be between o 8
139 and 0,34 [21-24]

The term M in Eq. { 1) & the number density of particles, wihe rexs
the tern Wy in g {1] i3 the noolar volune of the dispersed partickes.
Vst be & Z-aversge, but here we integrate [ numerdically | over the
sipe distribution. The nest termin Bg. { 1) i3 &0 which i called the
scattering orm fador and seounts for inderference of scattered
electrom sgnetic vave of neulrons from within a single particle.
P ) can be cabeulsted §om the smplitide of the Fower b s
al seattering length denmsity within & paride.

Bl Q.7 it = E‘"{{ﬁﬁ*nﬁﬂ EM-N) —p.r...-..ilﬁl-)rz %#.*

13}
I ithe: partiches ar e homoge neous it reduces b
B 0. 17 01 = i a2 6
i 1)

Usually the scattering i normalized on the scattering ot =10

B 0, 5 01 = Eu{{ﬁp,,{r.wf + gl | Pl | P

0,0

Fig L The varr e of e Sucame g bemagn B clesmsiny o e oot e cofloidla ] caliciemy
e, [he s mbcelle pam ol and Snaly e MBI o emoron of vl
Eacn o of Dk O 2 diEngg 6 Bl UIrea oo D) conerae b bowered o4 00" o s

Thee nuor i 2ed form Gcvor & then caloulated 5

{Q. 5. 4°
Pl fr-q‘f-%‘m' 7

For a homogeneous sphere with ¢ =R Pog[QL5) B given by
Eq_ (8] snd does not depend on aonirst snymare.

_ (1R cas R} — SnQR )3
ma.; - | o J} )

Since the caein micelles sre not monadisperse in radius R we
wied & Inenonmal size distribution |12 38) In sddition, we recently
msde extensive dynaniie |ight scattening experiments. A pohdis perse
o Factor & than given by

T o Pt (furl) a,
I %
f Futridr,
1]

Where Fiu [r) is the In-nomaal size distribution, {see Eq {1001

The challenge here & o model the mess and sestie fing distribu-
tion within the nucelle n order to perform the integrstion in
Eq. (9L This will be disoussed in the following section.

The ln-nonmal dize digtvibotion is given by

) -

Fir}m= ﬁ',":.

i

The median vahue af thedis tribaution & Fyp= 55 nim, and the widih
af the distribution i determined by p=027. Note that these num-
bers are given for il husireation punpdses here, bul souslly cones pond
i ex perimentsl resulis 2 presented belowe In Fig 2 2 re presentation
i given af the sipe disribution in panide radius (a3 gven by
Eq. {107, against r in na The ine is & Gaussian distribution.
The width fallova from: B2, Injo2, + 1), In dynanc Fght scatter-
ing. the pabydispersity in scatlering leads b0 &n Spparent mexiured
hydrodynamic radius of 75m ot 90 degrees catlering. using a
green Lser and & cunmubint anslyai. Pooled milk has rger noicedles
and & somewhat higher polydispersity snd spparent DLS-dize i
foind 0o be 100 i sl higher .

[e=0.27 =027 RO=55nm

— FI.|:|-:|

50 1m0 150 o0
¢ fnm]

Fig- 2 Faricle size Seguency, i 3 - normal and G assian dswibarins. By—550m,
o= 0.37, r= 27,
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The last term in Eq.- {1) i called the strudure fctor S{0). This
term steounts for the inirs-particle interierence snd beoones
inpdirtand ko ndn-diliote oF Stnongl y-inter soling panicled

The separation af the inter -particle interference fron the intrs-
panticle intererence B called the decoupling approximation and s
anly allowed lor rexsonably noono-disperse spatens. Here, we will
take the struchire (sood of e caein micelles & 1 for Al Q snd
therefore use Eq [9). This may ondy iniraduce an emor for the very
amall f vahies where experinental data are ususlly less relisble due
o dhe presence of small sggregstes_ The value of the Struaurne Gebor
i e cabeulsted fromn 3 tatistical medhanics theory |39 40 . We will
we 50 af exchided volunee particles o modulsie the inga particle
seattering of the micelles, due to the [asumed ) presence of OOF 2
amall {nano or Angsiron sized) clusiers The size and distribution of
the COF is b0 be determined.

1 Struafure of eaxdein micelles
A1 Henwr do shape a cobein nticelle parkicls?

Bovine catein miced les containabout 7EO0P ana dry matter basis.
Neutran scatiering specira show no secondary struchure in HzD,
wihere it B a smoothly decxying scattering funaion |23 | Seoondary
structure  Qez035nm™ is most pronounced nesr the oversll
match point of the casein micelle panticles (413 D20) and oorre-
spondd b0 & correlstion length of 186 nm in reasl space |21-24)
Sl angle X-ray 3 cabie fing experments shaw & [faint) shoulder in
the scattering spedra st §=1 v "25-28 | Prgnon |26] and Shakda
|30] conclude vhat their detailed and extensive electron mioosoopy
Al SANS dats suggest that the nanochister madel i3 com@bent with
their dats Looking st Fig 1, we see that the diflerende in SLD of the
peoteinand the COPis snoalkest i Hy0. In other voords, friom a Scatter-
ing point of view the ceein panides are noet homogeneous in Ha0,
&t any ghven distribution of matter.

This lesds i an impontant conchigion: il the secondary lestures
{around Q=035 m" ) were due to in-hom ogeneities in pooein
distribution, the semndary lfestures would be most visible in Hz0.
The same srgument would hold & fomeon lor x-ray Scatbering. ln
SANS, there & shoulder st Q=1 nar" which somnding bo Prnon
|26 | corres ponds to a radius of gyeation of 54 nm and oomild be afirib-
uted b0 e OOF nanoclusterd We argue, however, that this shoul der
i SANS can be bath due o pratein ar OCP. In SANS, festures & anms-
boidal Prahests or even nanotubes wiould, if presendt, be visible best in
H20. However secondary keatures ot Oz 035nm™, becone visibie
neear the protein match point and in D0 fidh solvends. Mow suppdse
that the probein was distribaed in-homegensosly o that it would
condain, & suggesied previowly, ‘emply” pockets |41 or channel
giructures |42 | Then, nesr the naastch poind, these festures woulkd
dissppesr like s glas rod in 2 besker of toluene_ What this means i
secdind ary lestured in SANS dpectia sre due o Something with a SLD
different from the protein and the mast likely candidste i the OOP.
This argument i comoborated by an experiment in which we added
G0 wres (in D20) o congpletely crom-linked casein nanogel |43
The skdiition of 60 wnes bowers the SLD of the sobvendt to that of the
casein protein matnis. Therefore the COP is seen mone prosnetly.
Again, and in conchusion, we observe an incorexse ino second ary
Reatures in SANS at Q2= 035 nem ™, which are thus due to the presence
af the OOP. The most likely candid ste for the shoulder st Q= 1 nm
B proein in-homogensity in SANS memurements, becmise the
scattering amplitude of [very) small COF dusters [7E ww) i3 boo
amall o become visible. Pensing the cnudal question of how i the
OCP distribated in the nicelles 7

I rder b0 eaboul ste the $ca tering intermity of casein micelles vwe
need b0 sdopta distibution of the scattering lengthdensity for which
the re afe 4oy eral aptions. Firdt we shortly review the exeting model
and then calailste the scatterng specrim that can be ssocisted

wiith the various model. The aldest model {lor review see |19, 41))
wikd introduced by Waugh |[44) (Fig 32) and Ler Schmidt [45]
{Fig 3b) and wias sended by Walstra [Fig 3¢) |46 47 | Home |15,
48 | propesed the dual binding model. The hasis of sll these modek
wided thee obeery stion that caseing 2elf ot se mible and nocel L S uctuines
even in the sbsence of caloium, 2 they doindeed. The COP then ghies
topether the prokein sub-micelled it B for thess reason hat Caein
sub-rmicelled are imagined, which sre ghed together by the OOP.
Thede idess were in line with the siructural biclogy tenet that struce
ture follows function. Supposedly, support for the sub-nicelle was
found in the shoulder in the SANS spectra ot Q= 035 ™, keading
o a correlstion kength of sbout 186 nm radius.

I the sub-micelle model and the dusHbinding maodel, the COP i
therefore comidersd [and modeled in our caloulstions below)
being bocated st the periphery af & small sphere [sub micelle) of
93 o radiug 5o &8 0 socound for the oorrelstion length observed in
SANS speatr a of caten micelled 1 the sub-nicelles were padied in 2
random close packing manner than there are sbowt 10 nesrest neigh-
bors for esch sub-nucelle |49 ). Therefore we sstumed 10 00F dusiers
per dub micelle and & totsl of (Ry/93 nm)™ 1002 OCF chusters per o
seinmicedle . Witha vohume sversge B, = 62 nm the number of gluing
dusters would be shout 1500 Their wol umie woulkl be sbout 175 of the
nanochusterd snd their radiug 147 n

Following these eary cxein micelle model Pedersen and
wovearkers |24] caloulsted the scattering using Eq. [9)) with P[Q)
the koo Getor of & of & Lrge sphere [ 1000m) while the indemal
sructure af & cxein micelle was representded by & homogensois
sub-micelle (6-0nm radivg) by the ko fedor of 2 small sphere.
Each casein noicedbe pantide contained & few hundred {iioing param-
eter] sub-ncelles This spprosch is slloved if the sub-micelles sre
moch smaller than the caein micelle panicle. However in this
approach it & not dear what ciuses the secondary lestures. Andther
miodel wed for so-called mioro gel partcles and nuicellar Siructunes
its & hommdgeneous sphuene with & tailing off due to & lets dende conna
af padyrer molecules. This model v sucessfully used by Pedersen
and Steger |51 w0 model polymerc mcelles and the svelling of
PHIPAM mioro geli. Extending the scattering density of the casein
mmcelbes with & corona [we biied di Berent s nptions for the iling
alff) gave unasts betory resulta. Adding 2 corona leads o a Q2 drop
alf af the form fsator whichis clearly not present in the ex pe rine ntal
specira We also conchided, in sgreenent with Pedersen, |24] that a
poly-dEperse homogensows dphere cone libed best with the experi-
mental specira

The more recent midel of caseinmicelles 8 the nanociuster model
of Hobt |12 50) {Fig 3el n thé nanochuster model the OOF &
digperaed i small “cherry tone” in 2 Romhope neous o in st
{a namergel). The basis of the nanochisiers model 8 the idea that phos-
phorylated cxeins bind to the grovwing nanddusbers 50 &5 bo prevent
calcification of the manmmery gland The peotein tails stiding out of
ithe nanochisters Hsodste with other proteind through & collection
af weak inEraciions to rm & more of les homogensmis proein
s We explicitly wse weak inderadions & a collective e o
hydrophobie intersctions, hydrogen bonding, son bonding weak
electrostatic inlerscions snd other fsctors [but not the sirong
calbcium phosphate inersction) lesding 1o sell ssodstion Just & in
the case of pure Prcasein and pure K-cxdein nuicelles the amocistion
is highly cooperstive snd ofiginates in the weak interactiond
|52-54 |. Aatually the intersction betveena pair of [ - sein molecu e
(i suggested in the dusl binding model ) & unbsworable a3 follkows
lrom the shell model |54 ). Only il & lrger number of probeing intersct
sinmultanemidy the intersction becomes  ther mod ynamically
brvorable. The heterogensity of the catem proteins oould be taken
&5 e indication for heterogeneity of the weak inferacion. i & the
codperativety o noultiphidry of the interactions that beasds oo 2 stable
casein mncelle. bvariably, K-casein is thought o limit the proces of
=l msocistion |lesding to stabilization of the native casein mcelle.



C5 e Ml o o, | Aafvawtoes i Gailoid omd Meosface Savece [TR-1T (ORI pE-52 41

b

£

sub-micalle model

+ CaPolser

-
| ahbmr-e

aET

hain

e
pradeh

i e

i v plapa -

) towin v-casen

..u'.u-mi-.

S 'l..‘l:!'--r-;mqb '
e ety
g %ﬂ.ﬂ'ﬂf 3

;i

_"ﬂ_ AR

ey ki

l-n--.n.-.r

S

Fig-3.a Model off coscin mboelies pangaass d by Wasgh 1953 44 ] b Ropee = siaions of e meode ] of el enboclles progosad by Schenidn (45| c Bepresenia tons of 15 modicl of
e ekl paropa-na B W B e 3900 MG | o madl MR 4T | Maon @ el i g B sl ] pesihom o B O oL Boperessiems b o e sl BBy il pnpanisd] By Hiorme N0
3] amadl e Emie ppreta dhom o 5 chmnbde's mdde ] B o mview 2005 [15] o Bepese matons of the madel of cam i miocles proposad By Hiodr, 50, 03], Cobeoion of (ardsesh

IEpreEans of te ca i el partcle

Detailed specilication of the weak intersctions X3 in the dual-binding
moded i based an imagination rather than the modynamica

We sumed that the distribution of the nanochusbers, e the OOF,
{size 1o be determuined and specified ) could be described by & fluid
like distribution in & funher homogeneous probein matrisx. Henge,
wve mmltiphed the exces scatering of the nanodwsters with a
struchure betor scoounting for the distribution of the nanodwsterns.
We assigned & correlstion lengith of 186 nm 30 &% b0 oot or the
experimentally abserved correlation length. Finally in mamy antists
inpredsions. of ¢asein mdelle parbcles the so-called sub-imcelbe ane
surfounded by a Lyer of OOP. This i from & geometrical poind of

view very similar o the Waugh/SchoidtWalsiea model [Fig. 3a-c)
gince the COF & not found in very small clusters but smeared oul.
That v bd also seomnodste the fine distna bution of OOP &8 required
by the dual binding maodel [15, 48] I i mentioned that W alstra |45]
{Fig. 3¢2 ) later proposed a kind of hybreid sub-micelle model by no
longer placing the COP st the periphery of the sub-micelles but within
the ub—nniceless.. In our ealeul stions, we sd opted sl three models, but
aheizys wiith the constraint of botal mess of protein snd COOP in the
cxiein muicelles. Actually, in doing 50, the exdier models where
about ten OOF chisters glues the sib micelley but sko the dusl
binding model are nied out sinaply becmse the large number of
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Angawonesived OOF contribute negligibly 1o scatering  These
condugsions follow from extengive caloulstion a3 presented below.
The ks of the COP & 7% wi'w of the protein Decne sing the dize af
the (TP incresses their number, but scattering i proponional to
g M. Volume Faction, Gop B {nust be shout) constant and 0
il ithee numiber incre sses dcatber ing goes dawn.

. Tleeore tical iode lineg of Hee scabt e g froa ooageos e particles

Sever al approsdhes have been developed Lo caloulste the scatber-
ing af cosein micelled_ For example, Pedersen snd covworkers |24)
has eleganily solved the problem by subdividing the micelle in &
lwrge number of smaller sub-panticles [sub nicelles il one wishes)
wihile the medium in betveen the sub-paticle:; B ssumed 1o have
i comidrast rel stive to ithe sobvent. Prgnon et sl |26 27) used a ghohal
ar universasl fitting of the experimental dsta Boudhows |3 used &
sponge or cell model in which cells are randomily ocoupied by either
type of component soconding bo the over sll volume fraction of esch
corrmpeoiend It inapedi es that {scaiter ing length) density i anad jus table
parameter Batically all thisis a reverse engineering o interpretation
af the data gving swuctural parameters which can be relasted 1o
propaied model

We developed & new approsch that allows changing internal
gructure and scattering oondrast within the caein nicelles and
the i pred ict the scatbering 4 pedrun This s & much mone dhal lenging
s, e canige woe it ol waiith the ki conm postion and the
andy freedon is bo distnbute matter in space. Then, vaning coniret
&4 it SANS using D5 0H 0 mixtures or SANS we must reproduce sl
specira with one distibution of [@nserved ) mesa We devel aped
the: foll cwing sppaosch

Suppcese we wnilkd have an “indndie" dlab of matedsl which B
compieed of caseirg and colloidal calcium phosphate in the exsc
compdsition & caein micelles The material slab 8 @atinuous and
hig the dame diricune & the interior of the caen mioelles. An
ultrscentrifugal pellet of casen micelles would aome [very) elase 1o
the structure of the slab. Abo, the scattering of & concentrated
ultrafiftration retentate in the experiments of Pignon et al |256)
e clode o wihat we call & slab of amein micelle nuteri sl Al
the concentrated samples prepared by Bouchaux [3 | through osmotic
e Iy e ticans e senibe the e ein sl ab m sterial There nasy be {minor)
effecis of the sunfsce of the caein micelles, but these effe s ane very
small and ean be sconunbed for The fiest fep i o calculste the
scattering profile bom such & @atinuous phase conssting of casein,
sohvend and the COPs. One then needs a model for the distribution
the protein and of the COF {in complisnce with the theee different
modeld discwsed in the previoud sedion] A4 argued shove, the
cageing must be distributed quite homogensmsly because saoondany
Eatires in he SANS scaltering spectrum appesr at Q=1 nm™
corre sponding bo & radiud of 3 nm_

The secnnd step i bo aonmect ko the Coet that csein i celes have &
fimite size. To do this, we introduce & sossor function 85, wihich has
avahe of 1within a particle and s zero evenpwhere ele

861~ { 0 ueste the paric. o)

anl express the scattering length density for the continuum plus &
pantiche x

pir} = AL Bin. {12)

wihere po{r) & the scattering lengih dersity profile of the infinite
mediunm

Here we make the only approximation in our approsdy to cakou-
Lute the scattering profile We ssume that the internal sioicbure af
a casen micelle panticle & independent of the position within the

particle. n partiailsr, owr “wEsor” ey cut through a lew OO
pantiches bt ihis will not influence the resuli. This is very ressonable
since the number of COOP partiches i4 ot lesst e versl hundeed and
depending on the model several thousand Alter some msthenasti cal
ca beull stions, wihich are described nomor edetail in Appendin A vwe ar-
rive st the lollnwing expression lor the scatbering intensity of a caein
el e

4 i
o) = B+ P~ - [ L Q1 (ARIQ + Q1-PRQ Q1
13)

‘Where the fundion F{z) in the seond term st the right hand side
i given by:

H)

_ {sine—zeow)’ + (zsing)’

ar {14}

The function Ff2) oniginated in the scisor fnction that aits out

ithe cagein micelle. The varisbie Q' i an susilisry wave veoor jRaram-
eter wihich i ine grated out

The caseinmicelle pantide radius is given by & The function | _{Z)

repredents the scatering profile of the “nfinitely” Llrge slsh of
ivusbesri Al introdwoed abowve

LAQ) = APl erp {0 1Sl '} + Aiforee e S 12} {15}

Thee fiorna factor funation Mo Q") i the scxttering of the COP and
it addapded bo the polyddperse nanoduster model o the Angstiom
duster model In sddition, we sunsed & lower protein density in 2
Lver of 2 m near the surfsce of the OCF due to probein sdeor ptian.
The fema factor M function scoounts for the et that the protein
will ot be sneared out con pletely but that i twill have $nsll regions
af incresed density, particulsd y where the hydrophobic pars mest.
Since the slab of material B homogeneos with respect to the disirn-
uition of the protein and the soh'ent the contrast Ao i the differ-
erige bevween the SUD of the OOF and the 3 olvent. Thas we sasime &
hierarchical structure. The smallest scale © the sohent., the next
level i the protein few nm=scale and the final level is the distribution
af the nanoc] s ters wiith 2 protein | syer but onsversge 185 nm apart,
dispersed in the protein natrix. We dsume that the disteibution of
the dilferent sulsiructures i independent af each other. The oorrels-
o Detvee en the structur sl elements B socounted for by the structure
Csctor 5[0 The experimentally fund cosrelstion length in the
seattering experiment B 186 am_ We astumed o liquid ke sSouctune
i the distrinition of the OOF and wed the Perous-Yewick equation
|39, 40| for the hard sphere Muid to model this dstrbution of the
TP Then the first peak of the structure Goor Sppesrs ot sppeoi-
mastely 035 now". By choosing the effective volume fraction the
height of the peak & vaned. We used 040 but found that a v shie for
the effedive packing can be varied between 030 and 0.55. We
ool hanve neged wther expresions for the struoture (soor, e lor ad-
hesinde spheres or repailsive 5pheres but that vaould i ntrod uce an extra
parameter and resulis wioukd not be dilferent. A actal packing vaoulkd
of course not sulfice, since it has no typical corelstion length. We
e rred the sinaplest model with the lessi e one sd justable parsm-
eter. One may wonder why the nanochisters ane epar sted onasversge
by & distance of sbout 186 nm. We think that this & caused by the
et that the hydrophilic phosphate centers of the aeins bind oo
the OO A3 & reqult i taik” of the caeing stick out
These tails will entangle with other hydrophobic (il komaing $mall
hydrophobie snd derser protein regions of about 2 nm in Size ln
Fig. dwe present the unoions rom B {151

I ez af ithe nanochisers {ne), there are sbaoit 287 per [volume
sveraged | casein micelle and in cxe of the mini=chsters we vwould
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have about 5 Bmes more. Of course the vwohinee of the Angstrone-
dusters (&) Vg & than 5 tmes smaller. Averaging the pasition of
the [mond-disperse) Angstroni-chisters aver the sunlee of the sub-
mcelle lesds o the oe fesull e e Angstrom shell [22) model.
The mare 30 we realized from these caloul stions that subdividing
the nanodusiters inbo 5 angstron-chiserns lowers their oontr bution
o seaitering by o fvor Getor of 5 In Fig 4 we present the caloul sted
scattering intensity L{Q &= 1ol the nanaluster and the Angsitrom
shell madel =1 mesns that salvent is pure Do

Fig 4 indicates that madmum contribution o dcabering i
obined fom the NC in D0 All other conditions give a much
knwrer intengity. If the comelstion peak st Q= 035nm™" generates
the shoukder in SANS specira than it B tobe expeded that this shaoul-
der i not visible in lor instance SAXNS specira

The functions shawn in Fig 4 ot be convaluted with the fune
tion Fjz) & in Eq {141 Only st small Q there & a shght diflerene
for the non-convahited snd eonvalubed scattering fundtion OF aurse
there i3 & grong difference between the nanochuster and the
Angstrai ahell model_ b both cxse s, we included the same stridine
Csctor S/ ) which ondy modulstes the data 5o we asumed the same

packing Fraction kor the nanodusters and the Angstrom shells. OF
murse for both models, the ordinste value must be identical for
mong diperie parides smd rellects molsr mas. The OOP on the
periphery of & “Sub-micelle” are S-timed smaller in volume than the
nanadusters il located at the “center’. Also at this point i is relevant
that in the “dasical models where the OOF islocated st the peri ph-
ery of the sub-micelle, it & necesary that the OOP chisiers are very
small {14 nm) fom totsl mess and geometnicl congiderstion ie.
10 “contacts™ per sub-nuicelle. Fig 48 shows twio shouklers one st
Q=035 nm " and one st Q=1 nn"_ The firs shoulder i not visible
i SANS at the HaD side snd not in SANS becaise of the low conirasl
0 we st 5Q)=1 then the secondary maxinmim dissppesrs
conpletely from sl scattening functions. The form famor for 2 oo
disperse sphere B [see By (8)) and the polydisperse fom Debor
P @) (3€8 Eq (9]) are shown in Fig 5 Cleary all detsils are
varthed out

Plexse note that the fuctustions in P, Q) are due to nunerical
el i L EoiL.

Allso naote that the i in the o Cetor of the caeein nmoe lie
partide are on & muich smaller scale than the Estured in the OOF
scattering Ao these mining would be completely washed out by
instrumentsl smesring if not alresdy by partiche paoly-d s per sity_ The
iotal 5 eatie ring than follows by appeopristel y sunaming the Runotions
i [P 4 a5 secording to B {13). All eaboulstion were made in s
MATHCAD 14 program inchuding dimensions of the paraneters.
nbensities vere cofrectly Bund &8 m-.

5. M aterials amil Metlwds
51 Mk s bes

Onver the years we used three different milk saples for our
gluddies Main results presented here were obitsined on one partioulsr
anrvyple wihich we willl detaribe in detail From an exbendive dynmc
light scattering investigation on milk ssnapdes fom 13 different
cowid we found that the casein nicelle siz & consant ©r a gven
e during mil king, | scwion and over the yeara Inaddition pobydis-
per sty varies ngm A= 027 to [ =040 K seemed that [ was s binesr
fundtion of the radius & i3 expected for panide stabilized by &
“surfactant” malecule. We used the milk of 8 one cow [Cowal,
Manthal 83) x5 this milk had relstively small coein micelles and &
relatively low palydisperaity. Serum peotein nee caein micelle dis-
persians of this milk aample wene prepared by cendrifigal rensoval
aof fat {2000 x g ko 20 min & 5°CL iollowed by pelleting the casein

Q [nmT)

Fig- 5. Fommn Gcmog, BUL L Ege @ Fhof a mos- dipe me Bomwogenenes spbe e andl e
G Doaor of o coliecion of polyadicpeme Romogeneoes sphens(Eg (31}
Bo=55 =027, By =900, Byl 907 =30 non T amall Bavmsons ame
i o et | B e
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rimced les imithe defatied milk by ultrscentrifu gation and resuspension,
& & coaein concentration of 25% {nyim) in the 10 kDa filieate of the
afiginal mvilk, a8 degoribed indetsil by Hupgens et sl |43]. The ¢ e
rinced le suspengion were used o static snd dynanic lght scatterning
directly and veere sulsequently vophilized and resuspended in mix-
tures of HoO and 050 for scaiering messrements. Fesuspended
v lesd were sbio wsed for light seatbering. which indicated that k-
aphili Eation snd 3ubsequent resus pension did not sflea patide size

The experiments with the cnes inked caten micelled, called -
sein nanogel, were nuade on crtein micelles Baolsted fom feonsti-
tubed demum o otein-lree nullk povader [NI2D food resesnch, Ede
The Nethermds ) using the procedure autlined sbave. The 3 anapbes
wiere subsequendy subjected bo engy matic o o5-linking using theern-
yme irangg hus minase [TGa%e) a1 described by Huppeniz et al |43

The casein mucelles used by Holt et 2l |23] were prepared at the
HANHAH reseanch mstitute Ay Sootland Crtein nmcedles fnom fresh
skimmilk vere pelleted by ultracentrifigation [25000% or 30min
& 20°C) before reswdpemion in & bufler destgned b0 be daturabed
wiith respect to OF. The ooy ition and preparation of Such buffers
has been described previously |12 ] where they were used to dilute
casein-caldum phesphate complexes, while preserving their inte gri-
ty. The standsrd requspension bulfer had & free ol cum ion anen-
trztion of 2 mibd, sonde srength of 80 mM and pH of 5.7

At this paint we would like to make the folknving remark.
Although different investigations used [slightly) different methods
ol preparation there i & brosd sgreement on the esentisl fesne
af the scattering spedra baoth from SANS and SAXS. We therefore
are confident that preparation had no essental influence on the
resulia

5.2 Srallening s ups

SANS mesurements were made at the ILL { Grenable, France) on
the D22 spectrometer, st 1515 {Dadcot, UK) an LOG, The SANS data
an milk from oow 68, Martha 183 and presented herewith were
obisined st Oak Ridge National Labor sory on SANS D02 SANS mes-
surements were made st the ESRF in Grenoble an IDZ

Static and dynamic light scablering were made on an ALY
goniometer with four APD-detectors using a faxst correlstor of
OORRELATORCOM. s & 200 mWly sobid dtste VERD Leter Ry leigh
ratia "y veere abtained by normaslizing the time sversged intensity an
the scattering of purified toluene. Data were taken &t 16 diflerent
angles from 17 o 150 degress_ Samples were diluted 10 and 100
timest wiith milk derin 30 5 0 sl aulliple scattening.

6 Resulis amd disoussion

In separste and exiensive experiments we charsoerized the
casein moicelles used in the SANS experiments reported herewith. In
Sl elition woe wsed d st from ter sture. i was our sim Do use indepen-
dently determine d paranebers lor the naod el caloulstions. In that vy
wire iy caloulate/predict the scattering 5 peona and not (it the data to
caloul sted specira

By doing 40 were abile to best models pal forward for the Saictne
af casein nucelles. Panticle size, demity and mas cannot be varied
independently snd data fron dilferent mexurements mst be sell
0 e

G 1. Dimensions of bhe casein micelles

From our static snd dynamic bght scattering experiments we
found that moilk of individusl cowes has a bow]er) polydis persity than
pooled tank milke ABo we found that the casein micelle size of &
B conmntand during milking Letstion and over the yesrd For
this reston we seleded the mailk of one paniculsr cow {Mantha 133)

for new SANS and SAXS experiments. We alleded milk from this
wowi 63 {Martha 183 ) in three subsequent yesrs.

i Fig. 6 e et e thee e ned hoydrod yideme fadiid. As s ng
& In=rurrmnal o st b tion, we sinulsted the intenity ato-oomelstion
function from which we than calailsted the apparent hydnod ynamic
rading

The drswn bine in Fig. & with =027 represents the dats quite
wigll The line is obisined with 2 median panticle radius of 55 nm
and & pohyd spersity of i=027. The data st the |owest J-vahies are
naiy misl probably due o residusl dust, Bt or sggregstes_ The dats
i seattering angles Lger than 45 degrees sre anstand i Lime
(milkings over 3 years period) indicating that the vanistion st low
angles derives from antifseta Thus from DLS nessunements we find
Rp=255 nm with P=077. Then ithe volume aversge radiud
E,=61 nm the radius of gyration B,=90nm and the DS radis
R = B0 These vahies sre consistendly kwer than wihat i fouwnd
for pooled milke which has & larger median and & higher
polydispersity.

The neuriiber of OO particles in amicel le & dete muned by the condi-
i that the ooondination length i 186 nm 50 &5 1o lead (o 8 oomelstion
shoulbder inthespectea 50035 nrm-". na Biquid like or randomatructure
of 4 pheres ihe conmel s on length s virtu ly equal to twice the radiug of
the spheres. This means that in the sub-mielle mode B the “substrue
tures” have a rading of 9.3 i Mo the OOP i3 either at the periphery
or &t the center of the “substruciures”. In the nanochuster madel, the
i it el e e it st b v iy Wt et the arver el i L bestwieer
the center of the nanochsters B 186 nm Thus the number af
“sb-micellesr or OOF dusters © equal to [R93 mm) = {611/
9317 =285 per casein nuicelle wed here. Maturally, the nunber of
sub-micelled of nanochisters per micelle will depend on nmcelle dipe
Since the mass of OO i 7% of the dry mues ths determines the ns
per OOP chuster &5 well and density & Masa, 0V, The number of NC
Mo and theie mvuss i3 lisoed { 720 of the botal nas3) than the anly parsm-
eter befl i demsity. IMwe preguiee that density i the dengity of hydino-
syapetite {231 ka'l) than the median radis & 1.72 . Since Halt
garve a larger vahe ko his synthetic NCwe ssumed a kvweer density of
e MC ol 1 kgL which i probably a lower value and which sooounts
o e et thast it i esgpescied that the NC are sivdnpluos s hebenoge-
nems striaures, based onithere sultof Meville | 17 | nthat situstion the
NIC have & moedian rading of 227 i, and a volunee sverage radiug of
2.5 munn s & el ol gyrationol 33 nm Respectively 172 i and ra-
dius of gyrabon ol 285 nm L OF aourse SUD st be sdjusted sceording-
h We will we these two extrenses ko the size of the NC in ouwr
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caleulstiona. Inthe case of the 227 nm NCwe sssume that the chusters
are amanphous and consstlor 203 of exchangeable sohent.

B2 SANS condnas! varalion o f cassin nnicelles

Baed on previow experiences we prepared <amples of varnious
[EOHZ0 content by volumetrc mixing of samples in pure HoO and
D0 Thee i ples woere e sured st the ORMNL &t two i ple o detec-
o distanies of 18.5m and 3 Spectra were merged using ORNL
suftwiare. In Fig 7, we present a Cuinier plot of all the experinentsl
dlata ai the vafiow contrais

We litted [drawon lines in Fig 7) the first 32 data points of all
specira in the Guinder plob From this we obtained 1{Q =0 ) and
the Guinier dlope which & equal to 1,3 B3 In Fig 8 we plot
W =0, ) Q=0 =0 which is e qual to Agfdn) 2 as{l)

Fig 8 shows that measured and caleulsved contrast are in good
Sgreement. Contrast mabchpoint & near &= 0.41_1n Fig 7b we plat
the Guinder slope which i virwally independent of contrast These
are impontant results &8 they confirm that the used SUD are correct
and more importanily that the distribution of mater in a adein mi-
celle i homogensous on the scale of 3 CML It & knowin that D20 has
& {atabilizing) effect on the native strudure of folded protens |58]
and promotes micellimton of P-cisein [62]. The poorer sobvent

B0 Cale

& ELD wop OFRL

di.l as 1o
D,0M,0

Fig- 8. Evpemrions neal cosoroen and calbelaned comima o= 3 Sy o of racshos Ds0) s
e dispersion mwediees Dt colee d By Hiolt a0 the BE g chis veodk o O5ML. Data
e e ol 00 Scan perbengg b H

quality of 020 might induce secndsry stnicture, but these strucurnes
wionikd be inviible near the protein makchpoin, e near & D20 val-
e fr sction of 041 Therekne and sgain the shoulder at 035 nm™
must be due o the O0P.

What the influence of 0,0 i on the strudune of caoein nicelled @
unknavin. Hinvever here we find that the By, dos nat dhange. We
s fowind From CLS mesairement (e Fig 6) for three com pletely
dilferent casein micelle sanaples that the Ry, i the same in 0
sl D0 The experimentsl resilts in Fig 8 were obtained at the
ORNL and the dats of Holt et sl |23] &t the ILL Plesse note that
these were twn diflerent samples prepared somewhat dilferently
and probably somevwhat different in concentration. A3 a whaole both
sefied ae quite commien and show the lestires &t the respective
vaihues of the cony et

63 Maod el calonbadiong

In order to make the model caloulsions, we wiobe & oompuler
program in MathCad 14 that evaluated the pentinent equations nu=
merically. We fived the medisn sive of the casein micelles to 55 nm
and =027 { since we used the nulk of Martha 183) and these num-
bers vie e de e rmined separaiely snd independe mily in extensive DLS,
LS, viscrsity and sedimentation experiments, to be published | From
vsasily memurements it Bllows that voluminosity & 44dmlg &
vaihie eonfirmed by Shakla | 30] from SAKS e s neme il From sed-
imentation velocity mesiurements we find the oversll density of the
cren micelles 1078 k'l wherexs the demsity of the serum wias
found 24 1023 kgl Therefore the density of the proein &

dend gy = {1 ma%—%-mzz“{}u

These data from experiment vill be used further noour calouls-
tona The volume sversged radius i (40317 Vo) " =611 nm_ The
mumber of caxen miceles i oundiluted milk B N,=0.11/
Vo= 1.14 10"7 L. Another way of calculsting the nuniber of casein
micelled is in milk contsining 3T of dry exein proein & N_ =
06 kgL Von dame 1440 =108 107 L. S0 virtually the asme
& before. We used for density of the protein deo= 1265 kgL™"
wihich wee found from dedimenistion velocity mesturements snd
wihich & the aame & the result for & whale series of proteins |61)
The molsr muss of the protein i 1656 10 kg and for 2 hidraed ca-
sein moicelles 44, Gnoes Larger or 062 107 ke. Shukla [30] found 22
107 kg from their SAXS data, which i about 3 times Lrger than our
vahie, Shukls [30] used pooled milk where median CM i id shout
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0 nom aned therefore molar nass will be sbout 2 times larger. With
these numbers fixed the meds of the caleium phosphate i 7% of the
b

The e | caboul stions were made with Eq. | 13 ) presented sbove.
Comparing the aloulsted eontribations of the OOP in the nanochisber
madel snd the Angstron shell model we s0e a dear dilference in
Fig 4 IF the OO is distéibuted &4 nanochiser of &4 S Anginom
shell st the periphery of 2 sub-micelle & suggested in the i aditionsl
cagein micelle models and & reproduced in Fig 3 Thisis best under-
stood fom the Angarom chisier model_Since inthis model the COP i
distribuited ever 10 nan sived chisbers intensity goed dowin by & Debor
af 5t =0 And the morne 50 5since an Angsibrom chister or Angs trom
ghell model depredses scattering at Q=035 nnr" and therefore the
shoulder will not sppess. The difference between the duster snd
ghell mood el orrginates in the st that in the shell model the scattering
particle his essentially larger dinensions and there fre scattering de-
cays Beter. In the nanochister madel the OOP i located in & conpact
sphere whose nusd must be identical to the mess of ihe shell

From the cabou lations presented inFig Jitis clear that the charsc-
teritic shoulder at Q=035 nny" in the SANS dpecrs of casein mis
celles i only present in D90 rich solutions Therelore we have
presented ithe full caloulstions for the nanocluster model together
wiith the relevant experimental data As indicated sbove, o boul stions
wiere musde fior two combinations | 1,72 nm radins 2 31 kg™ densi-
ty) and {227 nm radius 1 kgL™") for the NC. It appeared that the
twir diflerent combinaions resulbed in hardly sy difler ence in the
scattering specira i illustrated in the SANS spectrum The Angs trom
dster and Angstronm shell model do not reproduce the char soer -
tics ol the ex perimental data

The shaulder in SANS spectra ot =035 nnr' 8 abberved inde-
pendently invarious studies |2 1- 24,43 | and o ginates. o the ooor-
dination or correlstion of the nanodusters. it 8 the effect of the
giructure Detor that generstes the shoulder. We induded the same
aiicture Detor in both model. The stniciure Detor wad cabou Libed
fromn & hard sphere Muid in the Percus-Yevick approination. |t ap-
pe s that an eflective vohume I sdion of 040 gves astisibsctorily re-
subts and s & rather scoepiable valie An upper limit would be a
i oy elhovse packing valunte fr sotion of 063 Hoiwever it B expecbed
thatithe effedive value will be smaller becawse of palydispersity, and,
muaybe even maore 50, becsse there & no dear repal son responsdible
for the structure.

Fromn aur moid el caloulstions we found that the scablering oonti-
bution of the NC would be oo small In sddition the shoulder in
SANS data at Q=1 ne" could not be reproduced while the shoul der
a0 035 o' 8 abtent. Based on a Lrge nunber of irisl cal oils-
tiond we suggest that the OOF nanochisters are stabilized by a protein
cordt of cateing which together form 2 peotein matris i which the
nangchisters are distributed more o less evenly. The protein matix
ghows nm scale density Muoustions & s result of the weak inber s
tiond { hydrophobie intersction, hydrogen bonding son bonding.
vieak electrosiatic Van der VWaals sl sotion and other fsaors {but
it thee Sitr ong caleium prhis phate inde raction ) | From SANS mexsure-
menis an both f and 1 cxsein we know that the hydrophobic il
form dense regions |53 |- In the vicinity of the N the protein m st
i besd dense since that i the hydrophilic pant of the proten. There-
e wie mddeled the sy stem of NC with & corona of halve the xversge
protein demity dispersed in & protein mstrx with denser arexs of
2nm radiug separaied st 6 nm distane. S0 s cxein micelle contamns
shout 37 times more protein clusters than NC. We reslive this is &
somewhat alswraced model of the protein disribution but it
appesred o ghve congistent nesulta Caboul stions st different D200

HzD condrast, varying between 0-1 gives quite satisbiorily results.
Note there & & considerable change in the shape of the spedra but
Ao in the seattering level All of thid is predicted quite oondstent]y.
The Esct that &t highder] scatbering wave vectorn the caloulsted scat-
tering i above the expen mental specira could be due to moon ed sal-
vent dubirsction. Due o HyD exdange, the sol vent subiraction is not
anvivypbeted y defined which i leg 40 4 problem in pure HaD snd pare
Oy K & noted that in Fig 8 the experinental contrast for
E=e=1 & fEtematically somewhat below calaulsted contrast,
which nuy indeed be due o over-subirsction of sohvent For the
IE15 d st et erited hebow the experinentsl dits gobelow caloul sted
specira even more. The resson being that these data were conmecbed
oy incoherent scattering by applying Porods Lw | e ssuming that
scattering taib off & =0~ & part of the dats reduction procedure.
This i fweas not slloiwed Since Q-values are not small @nough yet

. Cassin nanogels cros-linksd cassin nniceles

Previowsly we prepared cxein nanogels by cros linking the -
seirg internally wing poaled milk We shoved that sl the ogens
are orosd-linked after 24h incubation with transghutaminge and
found no inter-nicell ar cros-linking from the SLS and DLS resulis
|43, 55, 56, 57 | On sdding 0-6M wres both the SANS {at 1515 ) and
ithe SLS from these micelled were mesured, where the 515 dats ex-
tenad the SANS data to very small Q, see Fig. 10 A Guinier plotshowed
ithat the ardinste dhanged [43] which can be scoounted for fully by
the change in contret but the Cuinier slope wa undhanged This
dhirwed that the crees linked micelles do not sheink or swell i wes
Nion eross linked micelles completely dissociste in G Murea

I B nobewanthy that the spectra of the ooss-linked cxein
mnicelles hardly differ fom the native {iLe. non-cros-linked) cxsein
micelles. Maybe the spearum i sightly above the native casein
micelles which would sugpest a small shrinkage which & hewever
it mudticeabile inithe DLS exper mentd. The Fact thatithe expe e sl
dats (all off more seeply st higher § & due o the @redion fof
incoherent scatie fing wing Ponods L,

[Espedially in SANS, the aontr x5t i lowened by the addition of urea
Fig 10 shinsis that contradt dimineshes o & level comparable © 60T
Oy O sdling urea the turbidity {in visible kght) of the sy2em &
dinmnighed somewhat but this can be sccounted for completely by
changes in light scattering contrast [43)- ln Fig 10 we present the
mesured and calculsted spectra using the SLD of ures in Du0. The
caloulations lollow the lestures of the experiments quite nacely.
Thede resulis therefore suggest that the nanogels stay intsct on
ailding wres, but abo that the cros-linking prevents & cndider sble
swielling of the nanogeld Static light scatteding dats did not indicse
an appredable dchange in sige either, Rge & constant. The hydnody-
manme radig &4 fundion af wae veoor incresses by =20nm an
completely cress linking the casein micelles. We therefore sttribute
ithe apparent incresse in hdnodynamie rading in 6 M ures [and in
serum ) b0 the presence of “dangling” ends since the urea disrupts
the weak intersdiond Small parts or 4w coein molecules nmy
serve x4 & drag snd diminish diffusivity. 10 ws shown by Stenk anp
andl Berg |59 that st polymer coversge of alstex particle &3 low 2
1% af maxinmm onersge inore ke the hydnod ynamie radius by al-
et the contour lengthol the pohamer in 4 good sabvent. The conbour
lengih of & casein molecule can be estimated to be= 20 no A few
dangling ends would however contribute hittle, if any, o the
scattering profile of the nanogel Therefore the data suggest that
the nanogels are rather “frozen in™ sructures of the native casein
mmicelbes wihich do not swell even in 2 good sohvent. One waould then

- 9 Mt o hones el eoppes et 1 5 AN Al om cose I mboclles o warioies D OO T hoess e, O3 DO madcone = 30F v A Dk 0k Mooe 1har ol caloel ons we e made
iy e o Chisr o B0l Thee LEx pame repee | s 5000 diw and caboslooss, G iDelred carves o Bedicon o) vl K amdl phaad = A COEML data -, Holt's do = 0.
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expect that the seric stability of the nencgel B somewhat
diminished due to the decrested conformustionsl entropy of ithe
surface maietied, which B indeed found |56]

Lsing the same cioein nanagel &4 in the previous parsgraph vwe
e ed SANS speaia s the 1B15 of cno linked oo noelles in
& 1:3 ethangl /0p 0 misture, 52 Fig 10k On sdding 30% ethanol the
casein micelle dipersion B marginally stable, bat on hesting to
65 “C, the milk beconses bluish and slmoost i ansparent, indicting
that e e dese iy v o2 Dt o iSindegra e in 30% ethanal st 65 °C |60 61
Fig. 10 showe the SANS spedra of cnoss linked casein noicelles in
30% Ethanal D20, W any, there & a shight tendency of the scattering
intensity 1o dimish [very little) This may be sttribated wo the Fact
that we bt soed the dolvent spectium mesuned st 25 C which
has & 25% higher dendity than solvent at 80C. Alo a very shight
incresse in size due to swelling would lower intensity at finite g,
but not the ondinate st §= 0. Thus it seens that the ¢ ein nanog el
remsin almost unchanged o shawe & slight swelling in heated
ethanolwater mikture. Although the dats are somevwhst noisy, the
shoulder at Gz 035 nm™" seens to dininishe This indicates that the
protein matnix beconsed more homogeneous_ Indeed st 65C the
chsein micelles dsodate indicating & “good olvent condition 1L
vk found |23] that the shoulder at Q= 035nm™" dissppears on
heating caein nucelies in DD with 15% ethanol nour model calou-
Lstians the shoulder diasppesrs on dsuming & {more] homogensous
probein it 1T i3 inderesting i note that in the model ealoulstion
the shoulder st Q=1 nm winikl incresse in SAXS due bo.an incresxsed
condraest of the protein,

.5 SANS spectr

In Fig 9i sbove we present SANS specira of two different [and
different s anapdes) investigati ong, which are virually identical

In Fig 11a we show the influende of hesting caein el
dispersed in 1:3 ethanal water noixture. The data are in & smaller
Q-range. The calaulsted line shows some ascllstions which will be
wikshed out in the expermentsl dsta due to polydispersity and
instrumentsl smesrfing In condrist o the experiments reponed in
Section G4, these micelles were not oraslinked. Fig 11b shows the
changes in the Guinder slope | =-F, /3] and ordinste values ie
Il =0)1

The Guinier dlape remsing oonstant o dkightly increses whilks
the ordinate value drops monotonoushy. This suggests that cxein
mcelles disintegrate an hesting in ethanal vwater but it is an all o
nathing proces. Suggesting that Large {r) casein micelles are slightly
e A 1ahl e thar the Sl aomoel e,

6 Dherview of experinanial and modsl paramalerns

I comelarion, we think that the nanochister model gves oondis-
tent resulia Also wee think that the clescal sub-micelle with the
P oaated st the periphery of cdein micelles i3 notl consstent
wiith abge rvation and model caloulstion.

Parameters required fof the model caloulstion were taken fiom
indepe ndent investigations and the litersture. These paranmeters are
listed in Table 2 pogether wiith the experimental method For evaluak
ing dats of pooled milk it will be necesary o increxe Ry, by 5w
10 i butt sl5e the pobyd s persity index [ wall ine esse fram 027 bo
035 Finally it must be remarked that the large dynamic range in
intengity 4 = 6 decades makes it difficult o soquire low noise data
anver ithe whale Q-range of interest

7. Coanc] s oo

Ity e ety icedlless in coone™s il weer e fonind 1o hae & cerler ra-
it =61 il peocil e vk Thee iz podyd speeraity © 035 in aln-
miarrinal o s b tion. LS messurenents wioukl than give sbout 100 nm
&t O degresd scattering using a green Liser. bn the liverature casein mi-
e et v olibeny el e wery pobyd is per se. Hownever this i notl oonssbent
wilth the resulis presented herevath and with the expe aation and expe-
rience ihat Mother Mature i not shoppy. Casein mielles of single cowd
are quite monodisperse and extrensely constant in tine.

I the litersture, seversl models were proposed for the intemal
structure of the casein micelles. The oldest snd mast Frequently
dited model i the sub-nicelle model based an the ides that csens
form micelles which are than ghed wgether by colloidsl caldum
phosphate. A Lver model by Holt and based on experiments wiith
casein nanodusters viewsd the cxein micelle & 5 matric of aseing
i wihich the COP nanoclustens are dispersed & very small {1.72 to
227 nm radius (median)) “dherry stones”. Attached o the surface
af the nanochisters sre the @ntres of phosphondstion {3-5 nearly

phosphate groups) af the cxeins.
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The iails of the caeeing, nouch Lrger than the COP dusters, s oci-
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al weeak inferaciions. We explicithy use weak innaaions & a collective
term 2 for hyd rophabic, hyd rogen bonding. jon bonding, weak elec-
ol e Al Wan der Wasls stivaotion snd other Fators (bt not e
girong cabium phisphate indersction) leading o =l ssocistion.
The heterageneity of the caen proeing oould be taken &5 anindics-
tion for heterogeneity of the we ak interactions. it i the cooper stivety
that lesds o o dbile ¢xsein micelle (i Velonn | The ifber soti on of
andy & pair of molecubes, a5 suggested in the dual binding madel &
thermodynamically unfavorable. Invarably k-c%en & thoaght to
limit the process of sef xsodstion lesding o sisbilization of the
it ve C e en miscelle.

The nanochister model snd the sub-micelle model snd varisti ong
thereon, e the duasl binding model can be used o caloulste the
scatlering in & SANS and SANS experiment. Here we st up the
necedanry equationsd, and used in the caloulstions inde pendently
determined parameters taken from the literature. S0 values were
cail culsted lrom the known proein and OOP oonaposition of the ¢xsein
micelled. Meutron conirast varistion i an extremely valusble ool to
determine the internal structure sinee SLD are known and therefone
by changing conirast the scatienng spectra nust be predicted self
ngistendy. We showed that the submicells model was not
consits tend wiith ex pe rimental dats In retrospect there ane sdditional
arguments why the distribution of COP in estremely small chisters
af & fews Angstrons. { &4 in the dusl binding model) & not very prohs-
bie. The Angawrom siped chsters would be extremely instable and
their condribution Lo the scatbering i3 oo low b notice, Al in elec-
wron microscapy, wherefrom most of the suppont for Sub-nnioellsr
giructures wikd derived  The subicellar model ge ne rates a MINIMUM
&t Q= 035 nen ™ while there is a shoulder in the experinsental data

The nanochigie s model appesrd o predial the dpecies quite Lutis-
Gsctoriby. Undonunately experimental data sulfer from wneer i ntses
chie b0 the Large dynamic range in Scblering {46 decades) but all
i il Fesvtur et 2l certaindy sl trend fchanges are predicted autis-
Dactorily and more ipontently sl consisent with very Dinbed
Siljustieent of par sneters.

Therelore it seens that the nanoduster model captures the main
features of the casein mucelle.

Further evid ence wis obisined by intermally oo linking the native
carein micd e wiith the help of an ensyme i aeghits minsse. The 50
frmed nanogels have the same sipe & the swning matersl The
mean DL S-pantide radivg wes 1000y, due to the preparstion of the
wilhey prabei r-fres mill, in swhachoubrs- and meno- il stion was used.

O sl cliingg & M urea (3ome of the) weak intersctions bebveen the
cxiEing in the nanogels were broken bul that did not result in a
change of size. Similady sequestering the calcium did not change
the pantide rad i {not shown ). Scatter ing spectra ooilld be predicted
by taking into somunt the changed contrast In DLS we olserved &
dight incresse in Stoked radius on sdding ures 1o the crosslinked
mbcell e This can be stivibuied o the presence ol ondy & very fw ca-
Sein it lecube extended inthe good 3ob ent derving 4 & dreg snchor_
On adding up to 30% ethanol the SAXS and SANS specira change
somevihat but that can be fully scoounted ior by changes in contrast.
He ating caseinmiicelles in 30K ethanal showes that the casein muicelles
awnell slightly amd than dissociste.
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Agepeteinilin A St eri g, from coanpedsibe panticles

Since various com'entins are found in the liverature, we first
explidtly apecify our mathematicsl langusge. Scattering length
dermity will be denoted & ofr). Scatiering amplitude B{Q) & given
by the 3-dinensional Fousier tramsfom of @{F).

BQ} = fpir)e2dr (A1}
W

Here snd after we omit undnaportant pre-factons (3 collection of
constants and experimental paranseters ) for notation simplicity. For
normslizstion convendence we raume that the inbegration i
performed over & finibe bat very Lirge asmple valume 1 5o that the
asmple sive is much larger than sny structursl corfelstion length in
the systens The 120" normalization etor will be inchuded in the
inverse Fourier tranalonm

pir) = #imu*"dq. (A2}

Finally. the dcafering i nbenity & given by the ausre moduhs af
the s tud e

HQ) = Q). {A3)

Acerrding Lo the aonre Ltion theoreny, 1) is the Fourier transhonm

Q) - frine™"dr {Ad}
of the: sutoonrrel ation Runotion,
1) = fyp(rpir + nde. {AS)

Finally, I'{r) can be caloulsted fom IJQ) via the inverse Fourier
tranafonm

1
Flm—— | I -, A
rir} mr’lm” i {AB)

As deseribed in the main bext, we saume that the particles ane
msde of & medium with 8 known scattering prafile [.{Q). The sub-
script = reflects the fact that this is the I'of an infinite medium The
use af atilde sbove L. Q) will be clarified funher |Eq- {A12)]. Thus
we consider & medium completely filled with caein micelles in
such & wiay that no interstices are lell S0 we may sy that 1) i
the profile of & bulk Rused dveese curd matrix [but with the k-
casein stilll present). Using Bq. {B6),one can caloulste ihe stoconme-
Lstian function I={r) for this medium. Then we “cut out” the cxein
rucelles from this slab with the scssor function 8{F) given by
Eq. {13). Singe this procedure lesds o @{r) =0 outside the panticle,
the scatering length demity is defined relstvve Lo that in the
S0 ent-

The assumption of the siatistical independence af the p{r) and
B{r) functions leads for the auoormel stion fundion of the sobent
with & partide to

FrcectlT) = [T o+ 1) BT = )l {A7)
L
- o J it ie + nde [Bir )8 + ride
L W
R

where [,(r) i the suncorrelation of partices with the “scattering
length density” &{r). The totsl scatiering profile loes{Q) of the
anmpisite particles B given by the Fourier transform of the I,
|Eq. {Ad)) According to the convalulion theorem the Fourser
tranasfonn of & product of two functions @ equal to e comalution
af their Fourier trares i

1 & — T 4
el Q) = ey [l QNQ - 1R- A8}

Lsually, in scaitering the sbsobute value of the scatbering length
demity off] i not imponant Ondy the scatlering conlfoet lesdd o
scattering. Indeed, il one adds & constant vahie to o{r) in Eq [A2),
the Fourier amplitudes will remain unchanged for any non-zeno
value of Q. i will only affed the smplitude of the Sfunction st
=10 For the eompagite jarticles we have defined the contradl rels-
tive to e sobvent |bmesns that ihe sve rge scattering length density
ingide the particle can be different from that of the sohent. This, in
turn, will pliy & role since it willl oonbribube io the contrast between
ithe pantide snd the sobsent. The S-fundtion contbution st =0 in
ithe scattering Rundion of the infinite medium will play arake o the
scattering of the partiches. Let us explicithy wrile down ths term.
Since the exsa shape of the wmple valume is nol inoportant, we
can Esume that it has the fom of & cube and oonipees the dpae
betwieen — L2 and L2 in sl theee Cantesian directions x, ¥, and £
For Q-values of the order of 2oL, i2. on the scale nwudh Larger than
ithe partide size, only the sversge value of the scttering coniras &
redutive to that in the solent & of inportance. By replscing pr) by
frin B, { A1), we get

i3 50, % Sin, s sing,%,
Q=L {Ag}

Heere we sdded the subscript O to Stress that this is the scattering
arvplitude B in the vicinity of §= 0 Since L 8 andh Lirger than
any seale ofinteresy, thisisa very sharp peak, which cn be approsi-
mated by & f-function Lsing the dentity

T (2 e

the intensity 1000 = [BQIF &t §— 0 can be wiitien i

(A1)

Q= Vil 2m 5 ). A1)

The intendity 1.0} entering Bq [ASL should include this
e=function st §— 0 Thus,

§AQ) = biQ+ LiQ) =Vl 20 5Q )+ LAk

where () & the @nventional scxttening profile, which does not
have any S-function st =0 Finally, E. { A8 ) beoonmes

A12)

hoeetl Q) = [P IQ)+ ﬁj‘i.{q*up{u—w g {a13)
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This is an important general resull, which expresses the scatlefing
profile of the wihobe system theough the twio scatiering profiles of the
medininm and the porticle envelopes it can be spplied o porticles of
different fornes and sizes and it 5 valid = long a3 the intemal
sruchure B uniorm throughout the panticles.

The ihree dimensional integral in By [A13) can be reduced o
ave-dimensinal for spherncal porticke with Bobropic {on Sersge]
internal struciure. In this caxe the intensities in Eq. [A13) ane

functions af the length of the vave vedor anly: |={Q) = L{Q) and
LiQ) = L[ Q). For a single sphere

Q Ras(QR)— sin{ QR
bR = () - g

where 1 = (4/3) @ £ is the partide volunee. it & convenient to
switeh to polsr eoordinates in Bg. [A13). The integeal then becomes

JLiQi10-Q’ 10
-2 _I.I_{Q‘HP{ 1,-"111 + Q2200 ma}qﬂﬂ Mdg  (A15)
oo

where i is the angle between § and ' and 20 ofginates from the
integration over the arimuthal sngle ¢ WBing the substitution

= R07 + 0 — 200 cosd)" one can i snafonmn the d-integral inbo
---------------------- ) (:-.,.]’m-m P

][‘p{u"lﬁ-ae 20" | s~ m..n{ s :Jat.

- "", FRQ + Q71— FRQ—T1l]

(A1)

where Fz) i given by Eq. {16). Substitution of Bq. [A16) inta [A13)
yields Eq {15) in dhe msin iexd

Let us consider the limit of |arge particles {amich larger than any
charscteristic 4cale of their internal structure). This i a simple Hmit-
ing test case, in which one can split the scattering inio two diflerent
oy iibaitions, rel sted to the partide shape snd to thed ¢ intemal stroe-
ture, At small O {ie QF - 1) the scattering intensity & donunated by
the first term in Eq. {15). The second temn beoomes impoantant at
Large values of Q, {Le. OF == 1). Then FE{Q+ Q' 1) in the integral
camn be neglected sinee the function Flz) quickly decays at 2 ==1.
Mareaver, FIR(Q —Q 1) can be approsinaied by 8 5-Rinoton

FRIQ-Q' = 250 Q') A7)
Alter & atrang hiforvard integration in Bg. {151 one gets
— 2
Q) B 31, LORISHOR) s.--[qn} . ﬂ‘F L (AE)
ar
wihich i3 an expected result for Large panticles
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