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Abstract

The self-diffusion coefficients of different moldau weight PEGs (Polyethylene glycol) and casein
particles were measured, using a pulsed-gradiesieaumagnetic resonance technique (PFG-NMR), in
native phosphocaseinate (NPC) and sodium casdi@@edispersions where caseins are not structured
into micelles. The dependence of the PEG self-giiffiu coefficient on the PEG size, casein
concentration, the size and the mobility of casdistacle particles are reported. Wide differenndbé
PEG diffusion coefficients were found accordinghe casein particle structure. The greatest reolucti

in diffusion coefficients was found in sodium casge suspensions. Moreover, sodium caseinate
aggregates were found to diffuse more slowly thesem micelles for casein concentrations > 9 gf.00
H,O. Experimental PEG and casein diffusion findingsrevanalyzed using two appropriate diffusion
models: the Rouse model and the Speedy model,atesgdg. According to the Speedy model, caseins
behave as hard spheres below the close packing(lithig/100 g HO for SC (Farrer & Lips, 1999) and
15 g/100 g HO for NPC (Bouchoux et al., 2009)) and as softipiag above this limit. Our results
provided a consistent picture of the effects ofudi&nt mass, the dynamics of the host materialodnd

the importance of the casein structure in detemgitie diffusion behavior of probes in these system

Keywords: Diffusion, casein micelle, sodium caseinate aggiegy PEG, Rouse model, Speedy model.
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|. Introduction

Molecular transport, as characterized by diffustoefficients, is a key feature of food processes an
particularly of dairy processes. For example, ttadformation of milk into cheese involves many
operations such as coagulation, draining, saltimdy rigpening, in which water and solute diffusior ar
important parameters that affect the microbiologiaad sensorial stability of cheese. Molecular
transport behavior will obviously be different dadeng on the composition and microstructure of the
dairy matrix. Caseins make up to 80% of the proteontent of milk (Holt, 1992). Native
phosphocaseinate (NPC) and sodium caseinate (8Qjvarcasein systems that exhibit differences in
structure. In a native phosphocaseinate solutiaseias exist as large colloidal particles calleas&n
micelles”, which contain the four caseing;, osy, p andx, in the proportions of 3:1:3:1, and ~8% in
mass of phosphate and calcium ions (Holt, 1992¢ Jthucture of the casein micelle has been studied
for over 40 years and quite precise descriptioms aailable, although they are still controversial
(Horne, 2006). It is commonly accepted that micelee roughly spherical core-shell particles with
outer diameters ranging from 50 to 500 nm (Dal@leBpagnuolo, & Douglass Goff, 2004; de Kruif,
1998; McMahon & McManus, 1998). The core is nowegeily described as a homogeneous network
of caseins in which calcium phosphate nanoclustezsuniformly distributed (Horne, 2002; Marchin,
Putaux, Pignon, & Leonil, 2007; McMahon & Oommem®08). The shell is essentially made wof
casein parts with C-terminal sides, which protride the aqueous phase of the milk and providecster
and electrostatic stabilization of the particleiie, 1996; Sandra, Alexander, & Dalgleish, 2007).
Casein micelles are very porous, highly hydrated aponge-like colloidal particles containing
approximately 3.4 g $D/g protein (Morris, Foster, & Harding, 2000). Evénthese two systems
contain the same relative amount of caseins, S@mgsare quite different from casein micelles with
respect to structure (HadjSadok, Pitkowski, NicolBenyahia, & Moulai-Mostefa, 2008; Lucey,
Srinivasan, Singh, & Munro, 2000; Radford & Dickims 2004) and interactions because they do not

contain calcium phosphate nanoclusters (Farrdr,et39). Caseins are present as individual mddscu
3
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in these dispersions, or as reversible self-assshdggregates with a radius of ~ 11 nm (HadjSadlok e

al., 2008; Lucey et al., 2000; Radford et al., 2004

Among the different methods of approach, pulselll fggadient nuclear magnetic resonance (PFG-
NMR) provides a convenient means for measuringstetional diffusion (Price, 1997). This technique
was used because it permits nondestructive, fadt @mecise polymer self-diffusion coefficient
measurements. Numerous PFG-NMR studies have befmrmped on dairy matrices such as NPC and
SC systems. Some of these studies have focusedvestigating the dynamic properties of casein
proteins in relation to the protein concentratignobserving changes in their self-diffusion coeéids.

For example, (Tan & McGrath, 2010) measured caselfidiffusion coefficients in SC suspensions
with casein concentrations ranging from 2 to 20% .w/(Mariette, Topgaard, Jonsson, & Soderman,
2002) measured casein diffusion in NPC suspendmndifferent casein concentrations ranging from
0.03 to 0.19 g/g. (Le Feunteun, Ouethrani, & M&eie2012) monitored the diffusion of casein pagscl
during the renneting of a concentrated casein teiclspension (14% w/w). Other studies, however,
have concentrated on measuring self-diffusion cdeffts of PEG polymer probes of different
molecular weights in NPC suspensions and gelsrs $tudy was accomplished in NPC suspensions
and rennet gels by (Colsenet, Soderman, & Marie@@5). This study was expanded by (Le Feunteun
& Mariette, 2007) who investigated the translatiahamamics of PEG polymers with molecular weights
varying from 6.16 to 5.10 in casein suspensions and in gels induced byfaeition, enzyme action
and a combination of both. The main findings ofsthastudies were that probe diffusion was affected
by: (i) the casein concentration, i.e., PEG diffustecreases with increasing casein concentr&(ipn;
the size of the PEG, i.e., for a given casein cotmagon, PEG diffusion decreases as polymer size
increases; and (iii) the state of the matrix, sotubr gel, i.e., PEG diffusion increases aftergtdation.

This effect was greater when the size of the pwoa® larger.

The diffusion coefficients of PEG observed in NRGSmensions and gels were explained by assuming a

model with two diffusion pathways, one around ané through the casein particles. According to the
4
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“two pathways” diffusion model, variations in th#fdsion rate of a molecule depend only on its iapil
to diffuse through the casein particles and theima fraction occupied by them. This model implies
that the diffusion of larger molecules is more etiéel by the presence of casein particles becaese th

can less easily diffuse through them. These largbgs could diffuse only around casein micelles.

The aim of the study presented here was to imptheeunderstanding of PEG diffusion in casein
systems (NPC and SC) both from the experimentaltiedretical points of view. In this paper, PEGs
with different molecular weights and casein proteatf-diffusion coefficients were measured in both

casein systems in order to provide some answelettwllowing questions:

) Does the intra-micellar diffusion mechanism adopte®lPC suspensions exist? This question
is tackled by comparing the diffusion behavior &G% in NPC and SC dispersions. The
particularity of the SC system resides in the that the extra-micellar diffusion mechanism is
the only one to be considered in these suspendRiSs cannot diffuse inside SC aggregates
because of their small size. Thus, according to itherpretation cited above, small PEG
diffusion should be more rapid in the SC systeneesithey encounter fewer obstruction effects

when diffusing around casein aggregates in SC sisspes.

(i) What is the effect of casein protein size and titghih determining the diffusion behavior of

PEG polymers?
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I1. Experimental

Materials. Native phosphocaseinate powder was prepared alNtR@ laboratory (Rennes) and the
sodium caseinate powder was provided by Armor Rre$é(Saint-Brice en Cogles, France). The
detailed composition of the powder is given in Ealhl PEGs with different molecular weights, (M
and low polydispersity indices (MM,) were obtained from Varian Laboratories (Massyanee).
Sodium azide (Merck, Darmstadt, Germany) and sodicimoride (Sigma-Aldrich, Steinheim,

Germany) with purities above 99% were used withpauwification.

102

Total  Total Non- Non- Ros
solids nitrogen casein protein caseins

matter nitrogen nitrogen (%{62)
(9/Kg) (g/Kg) (g/Kg) (g/Kg)

NPC 105

(® 100 8820 690  0.20 8130

107
100 95.20 0.84 0.17 94.36
108

sC
(%)

Table 1. Composition of NPC and SC powders.

Dispersion preparation. Rehydration of the powders with NaCl/water solut{orl M) was performed

at room temperature over 36 h under constantrggiior micellar casein, and at 40°C over 24 h for
sodium caseinate. Sodium azide was added (0.02% wiweach solution to prevent bacterial
development. The solutions were studied withoutagistment. The pH of SC solutions was 6.6+0.04
for casein concentrations ranging from 1 to 24 @/30H0, while the pH of the micellar casein
dispersion was higher, ranging from 7.1 at 3 g/§d8,0 to 6.9 at 22 g/100 gJ. Once the powder
was totally rehydrated, 0.1% w/w of PEG was addedassein suspensions, regardless of the molecular

weight. The dry matter of all casein suspensions @antrolled by measuring variations in weight afte
6
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drying in an oven for 24 h at 103°C. Casein conegioins were calculated from values of dry matter

content in each casein suspension and the pure¢aseentage of the dry matter (Table 1).

Dynamic light scattering. Dynamic light scattering measurements of casaitighes in NPC and SC
solutions were performed on a Malvern Zetasizer d\att instrument (Malvern Instruments,
Worcestershire, UK). Size distribution of caseimtigles in solutions was obtained by measuring the
light scattered by casein particles illuminatedhwat laser beam (scattering angle = 173°, T° = 20°C)
using the NNLS analysis method (nonnegative leqisaies). The measured data were reported in a log-

normal intensity distribution.

NMR measurements. A PFG-NMR experiment yields a series of decayingsp@ctra. The chemical
shift resolution of NMR, which enables identifyitige different chemical environments that exist with

a molecule and/or studying the different constitaesf a mixture is thus preserved. As an example,
Figure 1 presents #-PFG-NMR spectrum of the casein suspension weestuét shows that the three
main constituents of our sample were well-separdgdH-NMR. The signal coming from water
molecules, which was suppressed with the PFG-NMfResgce we used, resonate at 4.7 ppm. The sharp
peak at 3.6 ppm is the signal coming from the 0.0\%) of a 32530 g/mol polyethylene glycol (PEG).

All the other signals come from the protons of ¢hsein molecules.

PEG and casein self-diffusion measurements werrpaed on a 500 MHz spectrometer equipped
with a dedicated field gradient probe (DIFF30 frBnuker, Wissembourg, France) with a static gradient
strength of 1200 (x0.2) G/cm for an amplifier outpd 40 A. Diffusion spectra were acquired with a
stimulated echo sequence using bipolar gradie&-®PP) and a 3-9-19 WATERGATE pulse scheme
to suppress the water signal. Experiments wereecaout with 16 different values of g, ranging from
20 to 900 G/cm, witls = 1 ms (for PEG measurements) andalues ranging from 1 to 2.2 ms (for
casein measurements). Sixteen scans were carriexhduhe recycle delay was set at;5Depending

on the molecular weight of the PEG studiadyas adjusted to obtain a diffusion distance zlb+m

7
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in the casein suspension, in accordance with thet&h equation, z = (2 d2¢ )2 This procedure

enabled the molecular probes to cover much greé&tnces than the casein micelle diameter.

NMR processing methods. All the data processing was performed with Matladd &able Curve
software. Monte-Carlo simulations were used foorecalculations with 200 iterations. In a PFG-NMR

experiment using the BPP sequence, the echo ityehss described by:

I“o:zpiexd_kDi) «y

with
k=y?g°0°(A-0/3-114) ()

where § is the signal intensity in the absence grhdientsy the gyromagnetic ratio (for
protons,y = 26.7520 x 10 rad.T* .s%), g the amplitude of the gradient pul$ethe gradient pulse
duration,A the time between the leading edges of gradiersesud the time between the end of each
gradient and the next radiofrequency pulsetti2 self-diffusion coefficient of the ith compongand p

the fractional proton number of the ith componérite magnetization decay was analyzed using a
monoexponential fitting (i=1) for PEGs and a biemential fitting (i=2) for casein self-diffusion. €h
standard error in PEG and casein diffusion coeffits estimated by the fitting procedure was leas th

10%.

Normalization of diffusion coefficients. The self-diffusion coefficients presented in Tableiere used

to normalize the diffusion coefficients measuredS@ suspensions. Since the amount of soluble
compounds is greater in NPC powder than in SC pogwideir contribution to PEG diffusion hindrance
in the aqueous phase cannot be neglected in NR&&rssisns. To consider the effects of casein alone,
we normalized the probe self-diffusion coefficiemeasured in NPC samples by the probe self-
diffusion coefficient measured in the aqueous ph#sat includes these soluble compounds.

8
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I11. Results and Discussion

1. Dynamic light scattering

DLS was used to determine the size distributiopaoticles in suspensions of native phosphocaseinate
(3 g/100 g water) as well as sodium caseinate 100y water) containing 100 mM NacCl. Figure 2
indicated that particles of native phosphocasematesented a single broad population distribution
from ~ 68 to ~ 459 nm in diameter. The mean caseaelle diameter was 187 nm. These results are in
very good agreement with values already reporteddweral authors (Dalgleish et al., 2004; de Kruif,
1998; McMahon et al., 1998n contrast, sodium caseinate solution was founcbtdain two distinct
populations, a major one (98% of the total volumé)h an average hydrodynamic diameter of
approximately 22 nm, and a small weight fractioof2of particles with an average diameter of
approximately 200 nm. Since large particles scatbere light than small particles, the relative
scattering intensity of these particles can bengfr@ven if their weight fraction is small (Chu,dth

Wu, & Farrell, 1995). In the absence of NaCl sadiseins are known to be mostly present in the fafrm
individual molecules (HadjSadok et al., 2008). Wieggrtrostatic repulsion is screened by the additio
of 100 mM NacCl, the hydrophobic parts of the casablecules associate, leading to the formation of
small micellar aggregates that are probably skarfarticles (HadjSadok et al., 2008). Our resaigsin
very good agreement with those of (HadjSadok et2@l08; Panouille, Benyahia, Durand, & Nicolai,
2005). In the presence of 100 mM of NaCl and urter same conditions of temperature and pH,
caseins were found to have a hydrodynamic diantdétapproximately 22 nm. A second population of
larger particles with R~100 nm was also observed. However, the natuthesle large particles is as
yet unknown, but it is clear that they are notdeal native casein as supposed by Nash et al. (Nash

Pinder, Hemar, & Singh, 2002) since they do notipitate during ultracentrifugation.

2. Diffusion by NMR

2.1. Sdf-diffusion of PEGsin water
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The molecular weight, polydispersity index and -shfffusion coefficients measured for all PEGs
studied in water/0.1M NaCl are presented in Tableléhce, the hydrodynamic diameter radius of the
PEGs can be calculated with the help of the St&estein equation:
kT

67mD
where T is the temperature in Kelvin, K the Boltznmnstant (1.38 x 18 JK%), andn the viscosity of

R, = ©)

the aqueous phase (1x3Pa at 20°C).

My M /M, D(m?s) R,@a()
615 1.07 2.70E-10 0.79
7920 1.04 6.77E-11 20k
21300 1.06 3.99E-11 5.37
202
32530 1.06 3.06E-11 7
93000 1.06 1.62E-11 5332

Table 2. Self-diffusion coefficients and the correspondingitodynamic radii of various PEGs. Data

obtained from NMR diffusion measurements in®HNaCl solution (0.1 M) at 20°C.

2.2. Self-diffusion of PEGsin SC suspensions

The PEG self-diffusion coefficients (615, 7920, 22332530 and 93000 g/mol) were measured at 20°C
in SC suspensions with casein concentrations rgnigom 1.26 to 24.04 g/100 g water (Figure 3). At
high protein concentrations, the solutions becaigklyviscous. The absence of restricted diffusadn
the length-scale studied (~1.5 pm) was verifiednigasuring the self-diffusion coefficients of the

93000 g/mol PEG in a concentrated casein suspeasidifferent diffusion times, thus probing a range
1C
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of distances. The results obtained (data not sho@njonstrated that the PEG self-diffusion coeffitie

was the same, regardless of the distance traveleeebn 0.65 and 1.97 pm.

PEG diffusion coefficients were found to be dependa both casein concentration and PEG size. PEG
diffusion decreased with increasing casein conaéiotr, and for a given concentration, PEG diffusion
decreased as their size was important. The chand#fusion coefficients was more significant ftwet
probes of higher molecular weight and larger sipéng D/Dp = 0.39, 0.13 and 0.016 for 615, 7920 and

93000 g/mol PEG, respectively, at a casein conagotr of 24 g/100 g §D.

The effect of varying the NaCl concentration betw&and 100 mM on the 7920 g/mol PEG self-
diffusion coefficients for a fixed concentration®f)/100 g of HO was also studied. Reducing the ionic
strength from 100 mM to 0.05 and 0 mM led to a dase in the PEG-reduced diffusion from
0.692t0.01 to 0.6790.01 and 0.62£0.01, respectively (data not shown). As stated apat
monovalent salt is added so that electrostaticranten is screened, the hydrophobic parts of the
individual casein molecules of,R3 nm associate, leading to the formation of scadkin aggregates of
Rr~11 nm. The association number is determined byb#iance of hydrophobic and electrostatic
interactions, which explains the observed diffusioecrease with increasing ionic strength. Thuss¢he
results clearly showed that probe self-diffusionépendent on the protein size: the smaller thecpear
size, the slower the probe diffusion rate will Bais finding is in very good agreement with numesrou
numerical simulations and studies in polymer systé@olsenet et al., 2005; Gong, Hirota, Kakugo,
Naria, & Osada, 2000; Saxton, 1987; Tremmel, KiofhhWeis, & Farquhar, 2003), which have
highlighted the effect of obstacle size or density probe diffusion. It was found that the probe
diffusion coefficient strongly decreases with desiag protein size or increasing protein densythe

density is higher for a given composition with sieaparticle sizes.

2.3. Comparison of PEG diffusion in NPC and SC suspensions

11



238 Figure 3 compares the PEG-reduced self-diffusiceffmeent in NPC and SC suspensions as a function
239 of casein concentration for different PEG molecutaasses. R decreased with increasing casein
240 concentrations for both NPC and SC. These resbitsireed in NPC suspensions are consistent with
241 values already reported by Le Feunteun et al. (enteun & Mariette, 2008) for the 620 and 96750
242 g/mol PEGs in a concentrated NPC suspension (etnptygle and diamond shapes). However, the
243 casein structure affected the intensity of the elese. PEG diffusion was much more attenuated in the
244  SC system. For example, at a casein concentrafid? g/100 g HO, the decrease in,Dor the 615
245 g/mol, 7920 and 93000 g/mol PEGs was 0.76, 0.7, lBNPC suspensions and 0.61, 0.35, 0.12 in SC

246 suspensions, respectively.

247  All these differences in diffusion behavior maydeplained by the loss of the peculiar structuréhef

248 casein micelle in SC dispersions. These differerstesuld thus, first of all, be attributed to the
249 difference in the casein protein size. In polyntexory, the diffusion of polymer chains can be dadd
250 into two regions based on the chain length reldaiivpore size R (de Gennes, 1979b; Doi & Edwards,
251 1986). The first region for a Gaussian chain iseobsd when the gyration radius of the chayxmR/2,

252 where the diffusion is describe by the Rouse mobe second behavioral region is observed whgn R
253 > R/2, where the reptation theory, proposed by dan@s, describes the movement of an unattached
254  chain by Brownian motion in a many-chain or geltegs A simple power law provides a description of

255 the solute diffusion coefficients versus moleculaight:
256 D=AM™ 4
257 where A is a pre-exponential factor amnd characteristic exponent.

258 This equation is often used to describe the séifiglon of polymer chains with varying from 0.55 for
259 dilute systems to 2 in concentrated systems. Thes®anodel is a well-established model for non-
260 entangled polymer chains. The diffusion of a highleaular weight polymer in an unentangled system,

261 or a dilutedsolution, is described as follows by the Rouse rmddeM,,*. The reptation theory was
12
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complementary to the works of Rouse and is expdeaseD~ N, %. An intermediate mechanism was
proposed by Favre et al. (Favre, Leonard, Laur&nDellacherie, 2001) to possibly explain the
somewhat intermediate situation between negligidleial drainage of the solvent in an ideal stiatidt
sphere (-0.5 or 0.6 exponent value) and the woerdikplacement of a linear molecule in a network of
fixed obstacles (-2 exponent value). Accordinghese authors, it can be assumed that an interraediat
stage corresponding to an ellipsoidal solute shapg occur when system mesh size approaches the

solute radius.

Equation 4 was applied to our data. The plots pfd¥ersus PEG molecular weight ¢Min casein
suspensions for different casein concentrationgiaen in Figure 4. All data were fitted with Eqjioat

4, and values of were extracted for each concentration. Figuredwshthe differentt values obtained

in NPC and SC suspensions with casein concentgatiarying between 0 (water + NaCl) and 24 g/100

g H,O.

It can be seen that the exponent, which is closkeadheoretical value of 0.6 for PEG diffusionnater

(de Gennes, 1979a), gradually shifted towards higltedues when the casein concentration (i.e.,
network density) increased. However, in the cas&©fsystems, the exponent shifted more rapidly
towards higher values. For the NPC system, dhealue varied between 0.58 and 0.84, with casein
concentrations varying from 2.88 to 22.4 g/100 gewal he valuesf a, around 0.7, obtained for casein
concentrations between 3 and 15 g/100.@ Hshow that although the diffusion was reduceadsein
micelles for these PEGs, this obstruction mechahiathno constraints on their spatial organizatimh a
they thus retained a spherical random coil forrPEGs had diffused inside the micelle, thealues
would have been higher since a PEG would be fotoechange its conformation in order to diffuse
inside the micelle. However, for casein concerarai> 15 g/100 g #D, thea values showed that
PEGs adopted an ellipsoidal random coil form & tmncentration and that the casein system mesh siz
approaches the solute radius. For SC systemslues varied between 0.58 and 1.42, with casein

concentrations varying from 1.26 to 24.04 g/100 ajen. In addition, for a casein concentration > 6
13
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g/100 g HO, PEGs assumed the aspect of statistically eltipaandom coils and there radius

approached the system mesh size.

The analysis above suggests that SC systems hgherhiensities than NPC systems for the same
casein concentration, which is partially respomsifar the strong reduction in the diffusion in SC
suspensions with an increase in casein concentrafltese results also suggest that the casein rietwo
(NPC and SC systems) are not dense enough to imdptaion, but are dense enough so that the solute

conformations corresponding to elongated shapefaaoeed for the diffusion step to be effective.

2.4. Protein diffusion in NPC and SC suspensions

The diffusion coefficient of casein micelles (NP&)d sodium caseinate aggregates (SC) were also
measured as a function of casein concentrafiare to the presence of a small amount of soluble
compounds (amino acids, peptides) in the NPC angg@&@lers, their contribution to the proton NMR
signal of casein can therefore not be neglecteds€@guently, all attenuation curves of the NMR echo
signal for casein particles showed a non-linearageand were fitted with a bi-exponential model
providing two diffusion coefficients. A first difiion coefficient with a value of approximately™0
m’s* was calculated in both systems. According to thekeés Einstein (SE) relation, this diffusion
coefficient corresponds to particles with a hydmayic radius equal to approximately 3 nm. Diffusion
coefficients of the same order have also been meésn NPC suspensions by other authors using the
PFG-NMR technique (Le Feunteun et al., 2012; Mtgiet al., 2002). This diffusion coefficient was
attributed to the soluble compounds, a conclusioppsrted by diffusion measurements of these
compounds in the serum phase extracted by ultnaitegdtion. The diffusion coefficient obtained
(6.446" m?s™) was equal to the value estimated at zero casmicentration. The second diffusion

coefficient, which represented the main fractiorth@ echo attenuation, can therefore be attribtdged
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the casein particles. Figure 6 shows the variasforasein particle diffusion coefficients as a fime of
casein concentrations in NPC and SC systems. ifiudata were extrapolated to infinite dilution in
order to estimate the casein patrticle size fromS3Rerelation. The radii obtained using this equatio
were consistent with the casein size distributietednined by DLS and were equal to 12 nm for
sodium caseinate aggregates and 96 nm for caseell@si. These findings are in very good agreement
with several PFG-NMR (Le Feunteun et al., 2012; ibtge et al., 2002), inelastic light scattering and
dynamic wave spectroscopy studies (Alexander, RO®a, Leser, & Schurtenberger, 2002;
Gaygadzhiev, Corredig, & Alexander, 2008) where Wadues of casein micelle diffusion reported
ranged from 2x18” down to 2x13> m’s*, depending on the composition of the dairy suspenand

on its casein concentration. Sodium caseinate ggtggrediffusion measurements were also consistent

with values already measured by (Tan et al., 2018)C dispersions using the PFG-NMR technique.

The experimental values of casein diffusion wettedi to the following empirical equation proposed b
Speedy (Speedy, 1987) to describe the self-diffusionon-interacting hard spheres in a hard sphere

fluid:

_ __ 9 _
D= Do(l o.571j(1+¢2(1'459 1104¢7)) (5)

The volume fraction occupied by the hard sphereg #sCxV , where C is the casein concentration
(g/ml) and V is the voluminositpccupied by the casein particles (ml/g). As seerrigure 7, the
experimental values of casein-reduced self-diffugioefficients as a function of casein concentratio
can be fitted with the Speedy model up to a casemtentration of approximately 9 g/100 gHfor the

SC system and 15 g/100 g®ifor the NPC system. Above these concentratidresjodel failed to
describe the casein diffusion data. These resulijgest that SC and NPC dispersions still behave as

hard-sphere fluids up to a casein concentratioh nigtches the random-close packing of these two
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systems. This is in accordance with findings fromvpus studies that showed that the hard sphere
model could be a valuable model for casein micéBegichoux et al., 2009; Gaygadzhiev et al., 2008;
Anne Pitkowski, 2007) and aggregating sub-micellEarrer et al., 1999; Panouille et al., 2005;
Pitkowski, Durand, & Nicolai, 2008). At higher cardrations, there is another regime (soft spheanes)
which casein micelles and casein submicelles defateswell and interpenetrate as the casein
concentration increases. The values of voluminasalgulated from the fitting for casein micelledan
sodium caseinate aggregates weret@@5 and Z0.4 ml/g, respectively, in close agreement with
previously estimated values. Reported voluminosélues for casein micelles at the pH of milk vary
widely, i.e., V= 1.5 to 7.1 ml/g (Walstra, 1979gmending on the method employed. Recently, (De
Kruif & Huppertz, (2012); Jeurnink & De Kruif, (189, Morris, Foster, & Harding, 2000) reported a
voluminosity of 4.2-4.4 ml/g on the basis of vistpsneasurements. Moreover, voluminosity values
varying between 4 and 6 ml/g for casein submicedgnated by neutron scattering and measurement

of the intrinsic viscosity have been reported (Rali®et al., 2005; Stothart & Cebula, 1982).

Analysis of the casein self-diffusion coefficientseasured (Figure 6) revealed that for casein
concentrations < 9 g/100g,8, caseins diffused faster in SC suspensions thdPIC dispersions due

to their differences in size. Increasing the cotregion resulted in a rapid decrease in the sélfision
coefficient of sodium caseinate aggregates (SQ3.rate of change slowed down considerably once the
level of approximately 10 g/100 g .8 sodium caseinate was reached. However, above this
concentration, sodium caseinate aggregates arerktmwlose pack, leading to a strong increaseen th
viscosity (Farrer et al., 1999; Pitkowski et aD08). Using previously measured NPC and SC solution
viscosities (Pitkowski et al., 2008; Anne PitkowsRDO7), the inverse normalized viscosities were
compared with our normalized diffusion coefficieAt shown in Figure 8, casein micelles and sodium
caseinate aggregates diffused in both systemsdingoto the SE relation. A positive deviation from

this relation was observed for sodium caseinateeggges with casein concentrations > 12 g/100 g
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H,O. The differences in diffusion behavior betweeseta micelles and sodium caseinate aggregates

can thus be attributed to differences in proteze sind dispersion viscosity.

PEG-reduced diffusion data were also compared thighSE relation (data not shown). In both casein
systems, PEGs were found to diffuse faster thaea®rp from the solution viscosity. This indicateatt
the reduction in the PEG diffusion coefficient wagely a function of the space occupied by therimat
and minorly affected by the macroviscosity of thgpdrsions. Moreover, obstacle mobility should be
taken into account for a complete description afbper diffusion. This issue has been investigateal, vi
simulations methods, by many authors (Saxton, 198&mmel et al., 2003). When the obstacles are
immobile, their effect may be described by pergotatheory, which states that the long-range diéfas
constant of the tracers goes to zero when thefeaet@on of the obstacles is greater than the pation
threshold (critical concentration). In contrastihié obstacles are themselves mobile as for cagbms
diffusion constant of the tracers depends on tka &action of obstacles and the relative jump cdite
tracers and obstacles. In this case, long-randesthh of a tracer is not prevented, but only zalr
The extent of the diffusion retardation certaingpdnds on the diffusion coefficient of the obstaeed

the size of the tracer. This may explain the faet tong-range diffusion occurred at all of theetas
concentrations studied, even though the onset asfegbacking of the casein sub-micelles (SC) and
casein micelles (NPC) occurs at casein concentimtad approximately ~10 g/100 g.® and ~ 15

0/100 g HO, respectively.

In light of these results, the question ariseasitether the intra-micellar diffusion mechanismeatly
adopted in NPC suspensions exists or not. Predtuies have shown that the PEG diffusion in NPC
suspensions could be explained by considering tveoacteristic length scales of structure (Colsehet
al., 2005; Le Feunteun et al., 2007). For large £BGe free volume fraction unoccupied by casein
micelles is the prevailing element, whereas for IsrREGs, the micelle internal porosity is the
preponderant factor. This model has made it pasgsiblexplain the effect of probe size in particular

Such an explanation was proposed because casdinlgsaicannot be considered as impenetrable
17
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particles since they are known to be porous anklyigydrated (Morris et al., 2000). On the othendha
PEGs are flexible, easily deformable and can chahge shape according to their environment, as
shown in this study and proven by (Griffiths, StiltYu, & Booth, 1995). They can therefore diffuse
through small spaces compared to their hydrodynadiéeneter by adopting a more elongated
conformation. However, our experimental resultsvsiizat an extra-micellar mechanism, which is the
only one to be considered in the case of SC sugpenss sufficient to explain the difference ireth
values of the observed diffusion coefficient acaogdo the probe size. These results thereforeidet
assume that intra-micellar diffusion would be ngiglie and that the data can be simply explained by

taking probe size, obstacle size and mobility extoount.

1V. Conclusion

The aim of this work was to critically examine tt#fusion of PEGs and caseins in NPC and SC
dispersions by combining both experimental andritezal approaches. It has been shown that in NPC

and SC systems:

» Caseins behave as hard spheres in a fluid ands#léidiffusion is inversely proportional to the
solution viscosity measured macroscopically up teasein concentration that matches the
random-close packing of these two systems. Consélgusodium caseinate aggregates diffuse
more slowly than casein micelles when the casent&atration exceeds 9 g/100 g@H Casein
voluminosity values obtained by fitting the casexperimental diffusion data to the Speedy

model were found to be in close agreement withipts/values found in the literature.

» Two drastically different diffusion behaviors of BE were obtained in relation to differences in
casein obstacle size (inter-particle distance)randility between the two casein systems. A SC

suspension with a casein particle size equal towh2and slow mobility has a considerably
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stronger hindering effect than a NPC suspensiorh vét casein particle size equal to
approximately 100 nm. Diffusion data were explainsthg the classical power law used in the

Rouse model.

The results obtained challenge the “two pathwayfuslon model already proposed to explain the
diffusion of a probe in NPC suspensions (Colsehet.e2005; Le Feunteun et al., 2007) and indicate
that the extra-micellar diffusion mechanism is dmy mechanism to be considered, regardless of the

size of the probe.
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Figure legends

Figure 1. Example of an NMR spectrum obtained during a sélfision measurement. It stems from a
concentrated casein suspension that contains O(W/9f of a PEG polymer and 12 g/100g® of

caseins.

Figure 2. Lognormal particle size distribution for a NPC (ddine) and a SC (dotted line for intensity

distribution/dashed-dotted line for volume disttibn) suspension in the presence of 100 mM NaCl.

Figure 3. Reduced self-diffusion coefficients of different @& (615¢ , 7920m, 21300 -, 32530 + and
930004 ) as a function of casein concentrations in NP@ddmes) and SC (dashed lines) suspensions.
Empty diamond and triangle correspond to the 62038000 g/mol PEG diffusion already measured

by Le Feunteun et al. in a concentrated NPC susgpe(k6.8 g/100 g kD).

Figure 4. Power law representation of the diffusion coeffitief PEG (7920, 21300, 32530 and 93000
g/mol) showing different molecular weights in watend (A) NPC suspensions for various casein
concentrations (from top to bottom): 2.88, 6.4229.11.86, 15.35 and 22.4 g/100 gCH(B) in SC

suspensions for various casein concentrations (taprto bottom): 1.26, 2.25, 4.19, 5.20, 6.21, 9.11

11.87, 17.45 and 24.04 g/100 gH

Figure 5. Exponent ¢) of a power law curve fit obtained after regreasod PEG diffusion coefficients
(D) in NPC @) and SC ¢) suspensions vs. molecular weight (M Error bars represent the

uncertainties estimated by the fitting procedure.
Figure 6. Comparison of casein effective diffusion in NRQ @nd SC suspensions.(

Figure 7. Casein-reduced diffusivity Divs. casein concentration in NP&) @nd SC ¢ ) systems has
been fitted to the Speedy model (solid line). Ha insert panel we show the same behavior butgn lo

linear scale.
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Figure 8. Casein concentration dependencies of the casematiaed diffusivities D (filled shapes)
and the inverse suspension viscositigd Gormalized by the solvent viscosityo] (empty shapes) for

SC (square) and NPC suspensions (diamonds).
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