
PHYSICAL REVIEW E JULY 1999VOLUME 60, NUMBER 1
Depletion interaction of casein micelles and an exocellular polysaccharide
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Casein micelles become mutually attractive when an exocellular polysaccharide produced byLactococcus
lactis subsp.cremorisNIZO B40 ~hereafter called EPS! is added to skim milk. The attraction can be explained
as a depletion interaction between the casein micelles induced by the nonadsorbing EPS. We used three
scattering techniques~small-angle neutron scattering, turbidity measurements, and dynamic light scattering! to
measure the attraction. In order to connect the theory of depletion interaction with experiment, we calculated
structure factors of hard spheres interacting by a depletion pair potential. Theoretical predictions and all the
experiments showed that casein micelles became more attractive upon increasing the EPS concentration.
@S1063-651X~99!11307-2#

PACS number~s!: 87.14.2g, 82.70.Dd
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I. INTRODUCTION

There is a significant interest in the production of exoc
lular polysaccharides~EPS’s! by food grade micro-
organisms@1#. A familiar example is thein situ production of
EPS’s by lactic acid bacteria in products such as yogurt
viilli @2#. The EPS seems to influence the rheological pr
erties of these products, and is responsible for the thread
pouring behavior which is also referred to as ‘‘long beha
ior’’ ~see van Marle@3#!.

Much attention has been given to the analysis of
chemical structure of the monomeric units of EPS’s@4–6#.
Previously, we characterized various properties of an E
produced byLactococcus lactissubsp.cremorisstrain NIZO
B40 @7#. This EPS has a number-averaged molar mass (Mn)
of 1.473106 g/mol, a number-averaged radius of gyration
86 nm@7#, and a polydispersity indexMw /Mn of 1.13; here
Mw is the weight-averaged molar mass. This polysaccha
has interesting thickening capacities in comparison w
other polysaccharides, and is a common ingredient
‘‘health foods.’’

In a dairy product like yogurt containing both polysacch
rides and proteins, both biopolymers contribute to the str
tural and textural properties of food products by their thic
ening properties, gel formation, and water-binding capac
When there are significant interactions between polysac
ride and protein, the ternary mixture is not ideal@8#.

Therefore we have studied the effect of added EPS on
physical properties of a~model! dairy product. As a mode
system we chose low-heat skim milk, prepared from rec
stituted skim milk powder, since this protein dispersion
simpler than commercial dairy products. From a collo
physics point of view skim milk can be considered as a d
persion of casein micelles~about 100-nm radius and a vo
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ume fractionf'0.1! in a continuous phase containing w
ter, salts, lactose and small~,5 nm! globular proteins.
Previous work has shown that casein micelles in such a
tem behave effectively as hard spheres@9#.

From previous work@8,10,11# it follows that incompat-
ibility is a general phenomenon in protein-polysaccharide
lutions. This originates from the fact that saccharide-am
acid contacts are usually energetically unfavorable compa
with the interaction with the solvent@8#. A repulsive
polysaccharide-protein interaction leads to an attractive
teraction between the globular proteins commonly reffer
to as depletion interaction. In the case of protein partic
such as casein micelles in milk, a depletion layer is pres
when a polysaccharide does not adsorb onto the casein
celle. The physics of depletion interactions can be und
stood as follows. On mixing colloidal particles with swolle
polymer molecules, the centers of mass of these molec
are excluded from a zone of liquid adjacent to the surface
the rigid object. This zone has a thickness equal to an a
age effective radius of the polymer molecule. In the dep
tion layer the osmotic pressure (Pp) due to the polymer is
smaller than in the bulk due to a lower polymer segm
concentration in that layer. Brownian motion of the case
micelles occasionally causes overlap of two depletion lay
This overlap volume (Voverlap) of two depleted layers in-
creases the bulk volume available to the polymer and ther
decreases the free energy of the system by an am
PpVoverlap. The result is that the colloidal particles tend
stick together. One may say they are pushed together by
unbalanced osmotic pressure difference. Asakura
Oosawa@12# were the first to describe the origin of th
depletion interaction between colloidal particles and non
sorbing polymers. They pointed out that the attractive fo
between the particles is proportional to the osmotic press
of the polymer solution.

Upon increasing the attraction between the particles
phase separation into a colloidal gas and a colloidal liq
phase may occur@13,14#. Making colloidal particles attrac-
ic
848 ©1999 The American Physical Society
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PRE 60 849DEPLETION INTERACTION OF CASEIN MICELLES . . .
tive does not only change the phase behavior but also aff
transport properties such as diffusion, sedimentation,
rheology of the suspension@15#.

We have used various scattering methods in order to
termine the strength of the attractions between the ca
micelles in the presence of an EPS. In Sec. II we first disc
theoretical approaches which were used to interpret the
perimental results. The materials and experimental te
niques used are explained in Sec. III. We present the res
in Sec. IV.

II. THEORY

A. Depletion interaction theory

Vrij @16# developed a theory which allows a calculation
the attractive potential between two hard spheres as indu
by the presence of nonadsorbing polymer molecules.
polymer molecules, with an effective diametersp ~twice the
depletion layer thicknessD! are mutually freely permeable~u
solvent! but are hard spheres for the colloids. The appro
of Vrij is only valid for polymer molecules which are smalle
than the colloidal spheres, since it is tacitly assumed that
center of mass of a polymer molecule will not approach
sphere to a distance smaller thanD in order to avoid a loss o
conformational entropy. For polymer molecules that a
much larger than the colloidal spheres there is still an
tropy loss, but this is substantially lower than that predic
by the Vrij theory. The theory is thus only valid for relative
large spheres. Vrij@16# assumed that the attractive interpa
ticle potential between two spherical colloidal particles w
diametersc , which behave as hard spheres toward one
other, equals2PpVoverlap. In the rangesc,r ,(sc1sp)
the interaction potential then equals

U~r !52
1

6
p~sc1sp!3F12

3r

2~sc1sp!
1

r 3

2~sc1sp!3G
3

cpRT

M
, ~1!

wherer is the distance between the centers of the colloi
spheres andcpRT/M represents the ideal osmotic pressu
Pp of a polymer solution with concentrationcp . We denote
the minimum of the interaction potential atr 5sc , U(sc),
asU0 , which can be expressed as

U052
1

6
p~sc1sp!3F12

3

2~11z!
1

1

2~11z!3G cpRT

M
~2!

where z5sp /sc . The radius of gyration of the polyme
moleculesRg is a good measure for the depletion layer thic
nessD([sp/2). The depletion interaction potentialU(r )
52PpVoverlap(r ) is schematically drawn in Fig. 1~a! for z
50.86 as in the present study.

B. Adhesive hard sphere model

When an EPS is added to skim milk the casein mice
experience an effective attraction. A simple approach the
to use the adhesive hard sphere~AHS! model as introduced
by Baxter@17#. Although this approach is less elegant th
cts
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the Vrij theory, we will introduce it in order to study trans
port properties. In that way we can make a connection
tween dynamic light scattering~DLS! experiments and the
attraction between colloidal particles, as will be shown
Sec. II C 1.

For attractive spheres, for mathematical reasons Ba
@17# introduced a square well potential with an infinitely na
row width (limd→0, whered is the range of the attraction!
which is described in the equation

U~r !

kBT
5H 1`,

ln@12tBd/~sc1d!#,
0,

0,r ,sc

sc<r<~sc1d!

r .~sc1d!,
~3!

wheretB is the Baxter parameter, which is allowed to ta
values 0,tB,`, and the inverse oftB reflects the strength
of the attractive force~adhesiveness! between the spheres
The producttBd remains finite. A sketch of the AHS inter
action potential is given in Fig. 1~b!. It should be remarked
here that the attractive potential induced by the EPS is
tainly not short-range. The range of the potential, its width
of the order of the radius of gyration of the EPS. Neverth
less we apply the Baxter model since it provides a sim
theoretical framework which allows us to relate interacti

FIG. 1. Interaction potential profile for depletion interaction~a!
following Vrij’s theory @Eq. ~1!# and for the adhesive hard sphe
model ~AHS! according to Eq.~3! ~b!.
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850 PRE 60R. TUINIER et al.
strength to dynamic light scattering. In experimental te
niques like osmotic pressure and scattering measurem
one measures the second virial coefficientB2 . In fact B2 is
simply related totB by @18#:

B2542
1

tB
. ~4!

Hence, the Baxter parameter can easily be obtained viaB2 ,
and it has been shown that the Baxter parametertB can be
determined experimentally by dynamic light scattering@15#,
as will be discussed in Sec. II C.

C. Scattering techniques

1. Dynamic light scattering

With this technique the short-time self-diffusion coef
cients can be measured, in our case of casein micelles
function of the EPS concentration. Self-diffusion is related
the dynamics of a single particle in a system with a hom
geneous density. In dilute colloidal suspensions contain
spherical particles, the hydrodynamic radius of the diffus
sphere aH can be calculated from the short time se
diffusion coefficientDs through the Stokes-Einstein equatio

Ds5
kBT

6phsaH
, ~5!

wherehs is the solvent viscosity. The parameterDs depends
on the particle volume fractionf:

Ds

D0
512k1f. ~6!

HereD0 is the diffusion coefficient at infinite dilution andk1
has a positive value. For a suspension of colloidal h
spheres Batchelor@19# and Felderhof@20# calculated the co-
efficientk1 assuming that the diffusing particle is surround
by nonadhesive Brownian hard spheres with fixed positio
They foundk151.832@20#. When the particles become ad
hesive, the probability of of two particles being near o
another is larger than for hard spheres, which leads t
stronger hydrodynamic interaction and friction. The equiv
lent Stokes radius appears to be increased. Cichocki
Felderhof@21# extended the equations of motions of Feld
hof @20# to those for adhesive spheres, and their result for
diffusion coefficient is

Ds

D0
512S 1.8321

0.295

tB
Df, ~7!

which shows thatDs decreases with increasing adhesiven
~tB becoming smaller!. By measuringDs Eq. ~7! allows a
calculation oftB for adhesive hard spheres. In a colloid
suspension of skim milk with casein micellesPp is larger at
higher EPS concentration. This means that at higher E
concentration the adhesiveness increases when the co
tration of nonadsorbing EPS increases.
-
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2. SANS

Neutrons can be regarded as electromagnetic waves
therefore neutron scattering is described here by
Rayleigh-Gans-Debye theory@22#. In a small-angle neutron
scattering~SANS! experiment the normalized scattering i
tensity is then given by the Rayleigh ratioRu(Q), which
depends on the wave vectorQ which is defined as
4pn sin(u/2)/l0 , wheren is the refractive index,u is the
angle at which the scattered intensity is detected, andl0 is
the wavelength in vacuo. For homodisperse solsRu(Q) is
related to the structure factorS(Q) and the scattering particle
form factorP(Q) by @22#

Ru~Q!5KcM P~Q!S~Q! ~8!

where c represents the particle concentration,M the molar
mass of the particle, andK is a material constant which fo
SANS depends on the difference between the scatte
length densities of particle and solvent. For colloidal sphe
the scattering form factor reads:

P~Q!5H 3S sin~Qa!2Qa cos~Qa!

~Qa!3 D J 2

~9!

with the sphere radiusa5sc/2.
Upon adding nonadsorbing but ‘‘invisible’’~i.e., with

negligible contribution to the scattering! polymer molecules
to a colloidal suspension, the scattering intensity will chan
This originates from the fact that the structure of a colloid
suspension, which is measured viaS(Q), is strongly affected
by the interactions between colloidal particles.

In the limit Q50, the structure factor is related to th
isothermal osmotic compressibility]r/]Pc by

S~Q50!5kBT
]r

]Pc
. ~10!

Here r(56f/psc) is the number density, andPc is the
osmotic pressure of the colloidal particles. For attractive p
ticles ]Pc /]r is smaller than for hard spheres and wh
]Pc /]r,0 the system spontaneously phase separates
the spinodal the compressibility is infinite, the system sho
critical opalescence, andS21(Q50)50. This illustrates that
S(Q) is indicative of the stability of colloidal suspension
Physically, this can be understood sinceS(Q) is the Fourier
transform of the radial distribution functiong(r ) of the par-
ticles:

S~Q!5114prE
0

`

r 2
„g~r !21…

sin~Qr !

Qr
dr, ~11!

wherer is the distance from the center of a probe particle
the center of any random particle. The radial distributi
functiong(r ) reflects the probability of finding a particle at
distancer from the center of another particle. It is obviou
that g(r ) changes when either the particle concentration
the particle interactions are changed. The radial distribut
function is expressed in direct and indirect contributions
the Ornstein-Zernike equation~OZE! @23#
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h~r !5c~r !1rE c~r 13!h~r 23!dr3 , ~12!

where c(r ) is the direct correlation function, andh(r )
[g(r )21 the total correlation function. The total correl
tion function is the sum of the direct correlation of particle
with particle 2 and an indirect correlation between 1 on 2
which all other particles are involved. The total and dire
correlation functions can be calculated if an appropriate c
sure relation is used.

For adhesive hard spheres, interacting via a Baxter po
tial, the authors of Ref.@24# solved the Ornstein-Zernike re
lation using the Percus-Yevick closure@25#. The S(Q) ob-
tained from the model of Ref.@24# closely matches the
results of Kranendonk and Frenkel@26#, who used compute
simulations to calculateS(Q)s of suspensions containing ad
hesive hard spheres.

We are interested in expressions forS(Q) for colloidal
suspensions with added nonadsorbing polymer. For any
teraction potential Gillan@27# developed a solution proce
dure of the OZE with the hypernetted chain closure@28,29#
defined by

c~r !5h~r !2 ln„g~r !…2U~r !/kBT. ~13!
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Gillan’s method combines the Picard method and
Newton-Raphson technique@27#. We apply the interaction
potential profile suggested by Vrij@16# to Eqs.~12! and~13!
and calculateS(Q).

3. Turbidity measurement

The turbidity ~t! reflects the attenuation of a light bea
by scattering when it passes through a sample. It is relate
the transmissiont by the Lambert-Beer relation

t5
1

b
lnF1

t G , ~14!

whereb is the path length through the sample. If absorpti
of radiation can be neglected, so that all the reduction of
measured transmission is caused by scattering, a simple
servation law relates scattering and turbidity,

t~l0!52pE
0

p

Ru~Q!sin~u!du ~15!

or, upon substituting Eq.~8! andQ54pn sin(u/2)/l0 ,
t~l0!58pKcME
0

4pn/l0
P~Q!S~Q!H 11X122Q2S l0

4pnD 2C2J QS l0

4pnD 2

dQ. ~16!
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Since we can calculateS(Q) as shown in Sec. II C 2, an
take Eq.~9! for P(Q), we can calculate the turbidity from
Eq. ~16!.

III. EXPERIMENTAL METHODS

A. Material

An EPS was produced on a pilot-plant scale at NIZO@7#.
A Lactococcus lactissubsp.cremorisNIZO B40 was used to
inoculate a whey permeate medium. After production an E
was isolated using various filtration steps@7#. This isolate
was freeze dried and used as such in this study.

Reconstituted skim milk was prepared by mixing 10.45
of skim milk powder in 100 g of demineralized water
40 °C. The suspension was stirred and kept at this temp
ture for 45 min. Afterwards, the milk was centrifuged
104 rpm for 20 min in order to remove the small amount
undissolved milk powder left in the solution. Measureme
of the relative viscosity as a function of the casein mice
concentration by Jeurnink and De Kruif@30# showed that
casein micelles can be considered as hard spheres and h
volume fraction of 0.130 in~low-heat! skim milk. Skim milk
permeate~i.e., the ‘‘solvent’’ of the casein micelles! was
prepared from skim milk by a membrane filtration proce
An Amicon hollow-cartridge HIMPO 1-43 membrane with
cutoff of 0.1mm was used. ThepH of the permeate was th
same as that of the skim milk (6.6060.10). The mixtures
were prepared by dissolving the EPS in permeate and mi
S

ra-

s

ve a

.

g

this EPS–skim milk permeate solution with skim milk. A
mixtures were studied at 298 K.

For the SANS measurements 99.9% D2O ~Sigma! was
used to dissolve skim milk powder and the EPS. ThepH, as
measured with apH meter, of the D2O mixtures was 6.75.
The D2O skim milk permeate was prepared from the D2O
milk by ultracentrifugation.

In order to prevent growth of micro-organisms during t
experiments we added 0.02%~m/m! sodium ethylmercu-
rithiosalicylate ~C2H5HgSC6H4COONa thiomersal, BDH
Chemicals! to the mixtures which prevented any bacter
growth and subsequentpH changes. In the absence of th
EPS, skim milk and permeate containing thiomersal w
stable for months.

B. Scattering techniques

1. Dynamic light scattering

Dynamic light scattering experiments were performed
determine the diffusion coefficients of the casein micel
with Malvern Hi-C particle size analysis equipment, whic
operates in a backscattering mode. Under these condit
the scattering vector has its maximum value at the giv
wavelength. At thisQ valueQsc@1, which means that self
diffusion will dominate collective diffusion for our setup
Measurements were made at 298 K.

2. Small-angle neutron scattering

The SANS experiments were performed by using c
thermal neutrons emitted from the core of the high-fl
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nuclear reactor at the Institute Max Von Laue–Paul Lan
vin in Grenoble~France! using the D-11 spectrometer, a
described by lbel@31#. Hellma QS quartz cells were use
with a sample path length of 2 mm. For this small pa
length multiple scattering is negligible at a volume fracti
of 0.12 as studied. All samples were mixed thoroughly
fore measuring. For casein micelles, theS(Q) peak, as cal-
culated for a diameter of 200 nm, lies aroundQ
50.031 nm21. Therefore, we performed measurements
the range 0.01,Q,0.08 nm21. In order to obtain the de
sired Q range, a sample-detector distance of 35.7 m w
chosen. The mean wavelength of the emitted neutrons
1.0 nm with a width at a half height of 9%.

3. Turbidity measurement

The experiments were made with a Hitachi~model
U-1100! single beam spectrophotometer, and the sam
were measured in quartz glass cuvettes~Hellma, type 110
QS!. Cuvettes with a path length of 2 mm were chosen
enable an accurate measurement of the transmission.
light source of the spectrophotometer produces a wide ra
of radiation. The required wavelength can be selected b
prism or grating monochromator. The beam is split, and
beams are led to the sample cell and the reference cell~con-
taining only permeate!, respectively. The transmissions we
measured by recording the intensities of sample~skim milk
with or without an EPS! and permeate. To eliminate the e
fect of aggregated particles which may blur the results,
mixtures were filtered~pore size 5mm! before use.

IV. RESULTS AND DISCUSSION

A. Self-diffusion

The diffusion coefficient of the casein micelles in mi
and several solutions of milk diluted with permeate was m
sured in order to check whether the casein micelles behav
hard spheres. In Fig. 2 the self-diffusion coefficient (Ds) is
shown as a function of the volume fraction of the cas
micelles in permeate. This self-diffusion coefficient depen
linearly on the volume fraction. By extrapolation tof50, a
value of 2.09310212m2 s21 was found forD0 . According to
Eq. ~5! this gives a hydrodynamic radius~a z average! of the

FIG. 2. The self-diffusion coefficient of casein micelles as
function of their volume fraction.
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casein micelles of 117 nm which is consistent with literatu
values@32,33# and with the distribution of casein micelles i
skim milk from which a number-averaged radius of 100 n
follows @34#. The volume fraction dependence in permea
can be described with Eq.~6!, with k152.0, which is in
reasonable agreement with the theoretical value of 1.83
hard spheres.

The self-diffusion of the casein micelles was measured
a function of the EPS concentration. Forf50.11 the result
is plotted in Fig. 3. The plotted curve was calculated fro
Eq. ~7!, using the following expression for the Baxter param
etertB :

tB5
d1sc

12d
expS 2

Voverlap~sc!cp

m D , ~17!

wherem5M /NAV is the mass of a polymer molecule. Th
equation follows from combining Eqs.~1! and ~3! and indi-
cates how the attraction depends on the EPS concentra
The terms (d1sc)/12d andVoverlap(sc)/m were used as fit-
ting parameters. Equation~17! describes the measured da
up to 0.8 g/L. For the two highest EPS concentrations,
mixing was observed during the experiment and the dif
sion coefficients of these samples were not fitted. It follo
from Fig. 3 that increasing the EPS concentration give
decrease in the self-diffusion coefficient which correspon
to a lower Baxter parameter and thus more attraction
tween the casein micelles. The Baxter result can be app
for short range attraction. It appears here that a qualitativ
correct interpretation of the data can be given.

At very low EPS concentrations there is hardly any effe
on the diffusion coefficient. If an EPS is adsorbed onto
casein micelles a thick layer~of order 80–90 nm, which is
the radius of gyration! would form, which would strongly
decrease the diffusion coefficient of the casein micelles: th
hydrodynamic size would increase by a factor of about 1
The independence ofDs on cp at very low concentrations
indicates that indeed an EPS does not adsorb on the ca
micelles. We found similar results at lower volume fractio
of casein micelles.

FIG. 3. Self-diffusion coefficients measured in diluted sk
milk (f50.11) as a function of the EPS concentration. Data po
are given by the open triangles. The filled triangles repres
samples within the two-phase region. The drawn curve was c
puted from Eqs.~7! and ~17!.
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B. Structure factors

In this section we compare SANS measurements w
model calculations of structure factors as obtained from
theories given in Sec. II C 2. We have calculatedS(Q) as
described in Sec. II C 2 from the depletion interaction pot
tial as suggested by Vrij@16#. TheS(Q) profiles were calcu-
lated for a monodisperse suspension with a volume frac
of 0.12 without polymer molecules (cp50), and in the pres-
ence of nonadsorbing polymer molecules (sp5176 nm) at
two concentrations 0.2cp* and 0.3cp* , where cp*
53M /$4pRg

3NAV% is the coil overlap concentration;
equals 0.960.1 g/L for an EPS in a 0.10-M NaNO3 aqueous
solution. The results forS(Q) are plotted in Fig. 4. At
Qsc52p we recover the characteristic first peak for t
hard sphere suspension. Upon adding polymers the sha
the S(Q) curve has significantly changed. At lowQ, S(Q)
increases with increasingcp , which corresponds to the fac
that the system becomes less stable when the particles a
one another more strongly@for 1/S(Q50)50, spinodal de-
composition is found#.

From an experimental point of view it is convenient
normalize the structure factor. We have calcula
S(Q)/S(Q)0 by using the methods described in Sec. II C
for AHS and colloidal depletion interacting particles. W
defineS(Q)0 as the structure factor of the hard sphere s
pension, and takeS(Q) as the structure factor of the sam
suspension including attraction either by the AHS model
by depletion interaction. Results for calculatedS(Q)/S(Q)0
as a function ofQ are given for colloidal particles with a
diameter of 200 nm~casein micelles! in Figs. 5~a! ~adhesive
hard spheres! and 5~b! ~depletion interaction!. The results for
both theoretical models are rather similar, showing t
depletion interaction can be regarded as an effective att
tion between the casein micelles. It is remarkable that for
broader depletion potential the oscillations are ‘‘dampene
more strongly and are of a ‘‘shorter’’ wavelength. Since t

FIG. 4. The structure factor of hard sphere suspensionsf
50.12) as a function ofQsc for depletion interacting hard sphere
with sp /sc50.86. Results are given for polymer concentrations
cp /cp* 50, 0.2, and 0.3.
h
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depletion interaction calculations given in Fig. 5~b! are
closer to the real system, we will compare these results w
the experimental SANS results. For polydisperse systems
oscillations are progressively dampened with increasingQ,
and only approximately the first minimum will still be vis
ible. These polydisperity effects hardly affectS(Q) in the
low-Q range@35#.

The scattering intensities were measured for skim milk
D2O as well as for mixtures of EPS and skim milk in D2O.
The volume fraction of casein micelles wasf50.12. The
scattered intensity is plotted as a function of the wave vec
in Fig. 6 for various EPS concentrations. By increasing
EPS concentration the scattering intensity decreased in
measuredQ range. We have normalized the measured int
sities I (Q) with the intensity of skim milk without an EPS
I (Q)0 . In Fig. 7 the normalized scattered intensiti
I (Q)/I (Q)0 are given as a function ofQ for four EPS con-
centrations. We assume that the form factor of the cas
micelles is not changed. Therefore changes in the scatt
intensity are attributed to a change inS(Q) and I (Q)

f

FIG. 5. Normalized structure factor as a function ofQ for mono-
disperse particles with a diameter of 200 nm for~a! adhesive hard
spheres for values of the Baxter parameter as indicated, and~b! for
depletion interacting hard spheres at polymer concentrations a
dicated.
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;S(Q). Then Eq.~8! can be rewritten as

I ~Q!

I ~Q!0
5

S~Q!

S~Q!0
, ~18!

where S(Q)0 is the structure factor of the suspension
casein micelles, andS(Q) represents the structure factor
the same suspension when an EPS is added. From Fig
follows that I (Q)/I (Q)0 has a minimum atQ50.02 nm21.
From Fig. 5~b! follows that S(Q)/S(Q)0 is smaller than
unity betweenQ50.013 and 0.029 nm21, and also goes
through a minimum atQ50.02 nm21. It is true that the ex-
perimental convex curve as given in Fig. 7 is wider than
theoretical one in Fig. 5~b!. We think that this is mainly due

FIG. 6. The scattering intensityI (Q) of skim milk–EPS mix-
tures as a function ofQ as measured by SANS. The measured d
are in a range from 0 to 0.8 g/L~EPS! are divided by the scattering
intensity of the suspension (f50.12) in the absence of an EPS.

FIG. 7. The normalized scattering intensityI (Q)/I (Q)0 of skim
milk–EPS mixtures as a function ofQ as measured by SANS. Th
measurements~in a range from 0.2 to 0.8 g/L EPS! are divided by
the scattered intensity of the suspension (f50.12) in the absence
of an EPS.
f

it

e

to distribution in both micelle size and wavelength spre
and divergence of the neutron beam, leading to a smea
out of the firstS(Q) peak.

The next step is a quantitative comparison between att
tions as measured experimentally, presented in Fig. 7 and
prediction of the theory of Vrij. Therefore we calculated va
ues for U0 which gave the best correspondence
S(Q)/S(Q)0 with the minimum of theI (Q)/I (Q)0 curves.
TheseU0 values are plotted as a function of the experimen
polymer concentration in Fig. 8. The prediction from th
theory of Vrij as given by Eq.~1! is shown as a straigh
dotted curve. It is seen that the experimental data do
follow the straight curve as predicted by the Vrij theory, a
that there is some discrepancy between the absolute va
This is probably due to the fact that the Vrij theory conside
the chains as ideal and only applies for monodisperse p
mers and spheres. The increase ofU0 with cp , as found
experimentally, has the shape of a saturation process;
before the spinodal is reached the increase inU0 as a func-
tion of cp is very small. Yeet al. @36# also calculatedU0 as
a function ofcp from SANS for a depletion interacting col
loidal dispersion, and found the same shape of theU0(cp)
curve. The position of the theoretical phase boundary
pressed asU0 /kBT is given by the arrow. From the exper
mental data we estimated the limiting polymer concentrat
as being 0.4–0.6 g/L, which corresponds with visual obs
vation @37#. We conclude that experiment and theory a
quite consistent for such a practical system. Information
the structure of a colloidal suspension can also be obta
from turbidity measurements, as presented in Sec. IV C.

C. Turbidity

First, we measured the transmission of permeate~with an
EPS! and found that the EPS did not significantly affect t
transmission in the range 400–750 nm over the relevant E
concentrations. In this wavelength range absorption of p

a

FIG. 8. The minimum of the interaction potential profi
U0 /kBT as a function of the EPS concentrationcp as calculated
from the SANS measurements~open diamonds! and turbidity mea-
surements~crosses forf50.06, filled triangles forf50.08, and
filled circles forf50.10!.
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ton energy can be considered to be absent in our sys
Next we measured the transmission of skim milk with va
ous amounts of EPS. Adding an EPS significantly increa
the turbidity of skim milk suspensions at wavelengths lar
than 500 nm, which was attributed to a depletion interact
between the casein micelles induced by the EPS.

The effect can be visualized clearly by dividing the tu
bidity of the mixture of the EPS and casein micelles by
turbidity of skim milk ~only casein micelles!. Any deviation
from one should originate from interactions since the EP
have a negligible scattering relative to the casein micel
The turbidity of skim milk is indicated by the symbolt0 .

Theoretical predictions were obtained from the V
theory by calculating the structure factor as described in S
II C 2 and integrating the resultingS(Q) by applying Eq.
~16!. In Fig. 9 the theoretical results~curves! of the turbidity
are plotted as a function ofl22 as calculated from Eq.~16!
for f50.10,sc5200 nm, andz50.86. The refractive index
of skim milk permeate at 25 °C was taken as 1.3475@38#,
which is hardly affected by the EPS present and is close
the value for the refractive index of water at 25 °C. We cho
l22 as a variable, since expansion oft leads to a first-order
l22 dependence@39#. For high values ofl22 @correspond-
ing to integration ofP(Q)S(Q) from 0 to high Q2#, t/t0
approaches unity while for lowerl22 values there is a char
acteristic upswing oft/t0 . This upswing originates from an
increase of the structure factor. The upswing is stronger
higher polymer concentrations~more attraction!. The line
given forcp50.38 g/L is just below the theoretical spinoda

The turbidity was measured as a function of wavelen
at four EPS concentrations, 0.3, 0.5, 0.7, and 0.85 g/L
f50.06, 0.08, and 0.10. The results forf50.10 are given in
Fig. 9. The experimental data qualitatively correspond v
well to the theoretical predictions. The agreement is es
cially good in the range of the upswing at lowl22.

At high l22 values the experimental results for the va
ous EPS concentrations seem to approach unity more rap

FIG. 9. Measured turbidities of skim milk with a volume fra
tion of micellesf50.10 as a function of the inverse wavelength f
various concentrations of EPS’s, as indicated (cp

exp). Best theoretical
predictions of the Vrij model are given as~dashed! lines, and the
polymer concentrations are indicated bycp

theory ~increasing from
bottom to top!.
m.
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~at lower l22 values! than the theoretical curves predic
This can be explained by a polydispersity effect@35#. Poly-
dispersity gives rise to a dampenedS(Q) becoming unity for
small wavelengths, which explains a faster decrease to u
of the experimentalt/t0 with decreasing wavelength. In
general both experiment and theory show that upon incre
ing the EPS concentration the turbidity increases at lo
wavelengths which corresponds to a stronger attraction
tween the casein micelles. Quantitatively, the experime
and theoretical polymer concentrations have the same o
of magnitude but differ by approximately a factor 2. This
due to the polydispersity of casein micelles, EPS’s, a
wavelength, and due to the limitations of the Vrij theo
which applies only for ideal chains and does not take i
account higher order terms in the osmotic pressure of
polymer solution.

The same turbidity experiments were done forf50.06
and 0.08 with varying EPS concentrations. The main tre
are the same as in Fig. 9. From the comparison with
model calculations we obtained the results given in Fig
together with the SANS data. It follows that the depth of t
potential wellU0 increases with increasing EPS concent
tion, and is quantitatively consistent with results from t
SANS measurements.

V. CONCLUSIONS

Dynamic light scattering experiments, small-angle ne
tron scattering and turbidity measurements showed that
casein micelles become attractive upon adding an EPS.
attraction can be attributed to depletion interaction. The s
diffusion coefficients obtained from DLS can be interpret
by the adhesive sphere model. The attraction found by SA
and turbidity measurements can be described by the struc
factors calculated from a theory based on the depletion in
action potential as described by the Vrij model. These fin
ings show that mixing certain biopolymers together stron
affects the properties of the system, and that the calcula
of the attraction can be used to obtain an idea of the resul
structure and consistency. The attractions not only affect
phase behavior but also the equilibrium and transport pr
erties, such as the self-diffusion and the viscosity.
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