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Abstract

A mesoscopic model of a concentrated system of amphiphilic co-polymer molecules has been investigated in three dimensions by
Brownian dynamics computer simulation. Each co-polymer species consists of a flexible bonded chain of four hydrophilic segments and
12 hydrophobic segments. Equilibrium configurations have been generated as a function of the polymer volume fraction and the strengths of
the hydrophobic and electrostatic segment—segment interactions. Some quantitative data are reported on segment co-ordination numbers,
maximum aggregate sizes and diffusion coefficients. The mesoscopic simulation approach is put forward as a simple systematic way of
modelling a solution of B-casein-like molecules under concentrated conditions. Subject to suitable modifications and refinements, this
approach provides a framework for investigating effects of protein concentration and solution conditions on the structure of self-assembled
casein systems in food gels and emulsions. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Brownian dynamics simulations of concentrated systems
of aggregating spherical particles can give valuable insight
into the relationship between interparticle interactions
during and after gelation and the physical properties of the
resulting particle gel networks (Bijsterbosch, Bos, Dickin-
son, van Opheusden, & Walstra, 1995; Dickinson, 1997,
Whittle & Dickinson, 1997; Lodge & Heyes, 1999;
Mellema, van Opheusden, & van Vliet, 1999). Casein
micelles, the basic building blocks of acid-induced and
rennet-induced milk gels, are roughly spherical and of
colloidal size (~ 1077 m). Hence, Brownian dynamics simu-
lation of systems of spherical particles has been useful for
describing rheology and structure of casein gels formed
from aggregated casein micelles. However, the use of
simple spherical building blocks is clearly inappropriate
for defining structure on the smaller spatial scale
(~10"%m) of the size of individual casein molecules or
small clusters. On this more detailed scale, any proper inter-
pretation of the structure must account for the chain-like
character of the self-assembling polymeric amphiphiles
(Horne, 1998).
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The purpose of the present paper is to introduce a model-
ling approach to describe the self-assembly of concentrated
casein solutions. The scope includes solutions of the indivi-
dual pure caseins (ag-casein, (3-casein, etc.), as well as
casein mixtures (e.g. as in commercial sodium caseinate),
and the effects of variables such as pH and salt concentra-
tions. The spatial and temporal character is mesoscopic—
beyond that of any individual molecular groups (e.g. amino-
acid residues) but having some of internal molecule features
of casein as a polymeric surfactant. The approach adopted is
to represent the disordered protein as a linear oligomeric co-
polymer of spherical segments of more than one type
(Ganazzoli, 2000). Though our initial designation here
involves just two segment types, hydrophilic and hydropho-
bic, the model can be readily generalized to generate more
advanced representations.

The most extensively studied of the casein monomers is
bovine B-casein. This protein has all the key characteristics
of an excellent surface-active agent and polymeric stabili-
zer. It is a flexible linear polyelectrolyte of not too high
molecular weight (209 amino-acid residues) carrying a
moderate net charge (—15 e) at neutral pH. Its highly
non-uniform distribution of hydrophilic and hydrophobic
amino-acid residues produces a distinctly amphiphilic
molecular structure that resembles a simple water-soluble
surfactant or a block co-polymer. At moderately low con-
centrations [3-casein self-assembles into roughly spherical
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Fig. 1. Schematic representation of flexible amphiphilic block co-
polymer consisting of four hydrophilic segments (@) and 12 hydrophobic
segments (O).

surfactant-like micelles (Schmidt, 1982; Leclerc & Calm-
ettes, 1997). This reversible self-association is mainly
driven by attractive hydrophobic interactions, and the extent
of aggregation increases with temperature and ionic strength
(Schmidt & Payens, 1972). Based on a wide range of experi-
mental evidence, it can be reliably inferred (Dalgleish,
1996; Dickinson, 1998, 1999) that B-casein adsorbs with
its extensive hydrophobic region anchored directly at the
surface and its hydrophilic region (40—50 segments at the
N-terminus) protruding extensively into the aqueous phase.
This representation has been given support by polymeric
modelling of B-casein adsorption using self-consistent-
field theory (Leermakers, Atkinson, Dickinson, & Horne,
1996). The calculations demonstrate the crucial role of the
cluster of charged phosphoserine residues in (-casein in
maintaining the steric stabilizing layer, whilst also prevent-
ing interfacial precipitation (multilayers). The phosphoser-
ine-rich ‘blob’ can be considered to be repelled from the
surface by electrostatic forces, but restrained from moving
into the bulk solution by a stretched ‘spring’ section
anchored strongly to the surface by the hydrophobic groups
(Horne & Leaver, 1995). Like its adsorption behaviour, the
reversible micellization of B-casein in aqueous solution is
sensitive to the balance of hydrophobic and electrostatic
interactions within the amphiphilic polymer molecule.
Removal of just the last 20 residues at the hydrophobic
C-terminus destroys the protein’s ability for self-association
in aqueous solution (Berry & Creamer, 1975).

Native casein, and the sodium caseinate derived from it,

is a mixture of several different individual casein species
(mainly oy, o, B and k). Like B-casein, k-casein forms
soap-like micelles in solution (Vreeman, Brinkhuis, & van
der Spek, 1981). But oy -casein forms long worm-like
aggregates through a series of consecutive association
steps (Schmidt & Payens, 1972; Schmidt, 1982). In dilute
solution, sodium caseinate has long been generally consid-
ered to exist as small spherical sub-micellar particles (10—
20 nm) in equilibrium with free casein molecules (Creamer
& Berry, 1975). More recently, dynamic light-scattering
studies have suggested that the caseinate sub-micellar
species may coexist with supramolecular assemblies (Chu,
Zhou, Wu, & Farrell, 1995), osmotic pressure data have
been interpreted in terms of rod-like aggregates at high
concentrations (Farrer & Lips, 1999), and combined light
scattering and size-exclusion chromatography has indicated
(Lucey, Srinivasan, Singh, & Munro, 2000) a wide range of
molecular weight species, including some highly non-sphe-
rical micelles and polymers of k-casein. However, in the
absence of definitive scattering data for concentrated
systems (X-rays or neutrons), the influence of protein
composition on the structure of highly interacting self-
assembled casein solutions still remains largely unknown.

In this preliminary simulation study, we explore how the
aggregation state of the model system of linear co-polymer
oligomers is affected by the relative interaction strengths of
the hydrophilic and hydrophobic segments. In constrast to
some other studies in this field (Toma & Toma, 2000), we
adopt a continuum (non-lattice) approach. The proportions
of the two types of segments assigned to the co-polymer
chain are meant to correspond roughly to that of 3-casein.
Nonetheless, the emphasis at this stage is on generic aspects,
rather than on trying to fit the simulation results to any
specific set of experimental data.

2. The model

We consider a di-block co-polymer consisting of 16 rigid
spherical segments connected together into a flexible linear
chain as illustrated in Fig. 1. This is a mesoscopic model in
which each effective segment is meant to represent between
10 and 15 amino-acid residues along a linear polypeptide
chain. As discussed in the recent dynamic lattice Monte
Carlo simulation of Anderson, Pande, and Radke (2000),
such effective segments are referred to in the polymer
physics literature as Kuhn segments (Boyd & Phillips,
1993). Each segment has a hard-sphere diameter of 2 nm,
and each flexible segment—segment bond has an equili-
brium length of 0.5 nm. Segments 1-4 are hydrophilic in
character and segments 5—16 are hydrophobic. This sub-
division is meant to mirror the amphiphilic character of
the B-casein molecule. The set of co-polymer segments
1-4 is meant to represent the sequence of 50 amino-acid
residues at the N-terminus of the B-casein molecule; this tail
region is known to be highly hydrophilic and to contain all
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Fig. 2. Tllustration of energy versus distance plot for the various contributions to segment—segment potential from core interaction, hydrophobic interaction,
electrostatic interaction and bonding interaction. The distance r, corresponds to the equilibrium bond length.

five phosphoserine residues. Co-polymer segments 5-16
represent the rest of the (-casein molecule, which is
substantially hydrophobic and carries no net charge.

Pairs of segments on the same or different chains interact
at short-range with a hard-sphere repulsive potential

Ups = 00, (r < U) (1)

0, (r=o0)

where r is the centre-to-centre separation. Hydrophobic
segments on the same chain (non-adjacent) or different
chains interact with an attractive potential of the form:

_€h7 (r = rO)
uy, = —e(ro/r)’, (g <r=r) 2)
0, (r. <)

Table 1
Standard set of parameter values used in the simulations (with time step and
interaction energies given in reduced units)

Parameter Value
Segment diameter (o) 2 nm
Segment volume fraction (¢) 0.2

1.19 mPa s
1.85%x10 % cm?s™!

Medium viscosity (1)
Segment diffusion coefficient
(infinite dilution)

Unit time 3.16x107""s

Time step (A7) 0.1

Temperature (7) 300 K

Bond energy () 1.0

Equilibrium bond length (ro) 2.5 nm

Maximum bond length 4 nm

Hydrophobic interaction 0.05
energy (€p)

Electrostatic interaction 1.0
energy (€.)

Hydrophobic/electrostatic 4 nm

cut-off distance (r.)

where €, is the hydrophobic interaction energy parameter, r,
is the bond length (= 2.5 nm), and r, is the cut-off distance
for the hydrophobic interaction (taken as 4 nm). Hydrophi-
lic segments on the same chain (non-adjacent) or different
chains interact with a repulsive screened electrostatic poten-
tial (Brooks, Bruccoleri, Olafson, States, Swaminathan, &
Karplus, 1983),

U, = (P eJ4me )1 + (rIr)* = 2(rlr )™, (r<r.)
0, (re=r)

3)

where €. is the electrostatic interaction energy parameter, €,
is the relative permittivity (taken as 80), g is the notional
segment charge, and r. is the electrostatic cut-off range
parameter (taken as 4 nm).

Adjacent segments along the chain are held together
permanently by a Morse bonding potential (Morse, 1929),

up, = €,{exp(p(ry — Nirg)lexp(p(ry — riry) — 2]}, 4

where €, is the bond energy, r, is the equilibrium bond
length (2.5 nm), and p is a parameter related to the ease
of stretching of the bond. Decreasing p increases the attrac-
tive range of the bonding potential and softens its repulsive
wall. With p = 6, the Morse potential has the same curva-
ture as the Lennard-Jones 12:6 potential near u, = —e€,,.
Here we choose a relatively soft bonding interaction with
p =4 in order to allow a large simulation timestep. The
maximum allowed bond length is set at 4 nm.

Fig. 2 shows a schematic diagram of the bonding poten-
tial and the three contributions to the non-bonding interac-
tion (core, electrostatic and hydrophobic). The state of
aggregation of the chains is mainly determined by the rela-
tive strengths of the electrostatic and hydrophobic interac-
tion energies, €, and €.. The standard set of values of the
simulation parameters are given in Table 1. Typically, we
express distance, energy and time in terms of the reduced
units of o, kgT and o (m/ kBT)l/z, where kg is Boltzmann’s
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contant, 7T is the absolute temperature, and m is the particle
mass. Unless otherwise stated the values adopted in the
simulations are as Table 1.

As compared with a ‘real’ protein like [3-casein, our
model co-polymer is simplified both in terms of the number
of segment types and the nature of the segment—segment
interactions. So, the model has notional electrical charge
density distributed evenly across four identical mesoscopic
hydrophilic segments, whereas the important charged phos-
phoserines on the ‘tail’ region of [-casein are known to be
clustered (residues 15-19, with an intervening leucine).
Similarly, the 12 mesoscopic hydrophobic segments of our
model co-polymer are all identical in nature and interac-
tions, whereas in reality there are some polar and even
charged amino-acid side-chains within the main ‘non-tail’
region of (3-casein. As for our adopted functional forms for
the non-bonded interactions in Egs. (1)—(3), these were
chosen to have approximately the correct absolute energies
and relative ranges (see Fig. 2), and to be computationally
convenient—without any particular desire on our part to
attempt to describe quantitatively the specific types of inter-
actions between the molecular centres. Hence, what we call
‘hydrophobic’ segments in our mesoscopic model are not
meant to have interactions that exactly match the form of
hydrophobic forces interferred, for instance, from atomic
scale modelling. Equally, for the segments with electrostatic
interactions, we do not explicitly consider charge screening
in the functional form (Eq. (3)), although clearly a depen-
dence on ionic strength could, in principle, be mapped onto
variations in the parameter e..

3. Simulation methodology

The properties of a system of 81 excluded-volume chains
(i.,e. N=81X16=1296 particles) were simulated in a
cubic cell with periodic boundary conditions usng the
numerical technique of Brownian dynamics (Allen &
Tildesley, 1989). The polymer volume fraction was varied
by adjusting the box size. A typical timestep of Az= 0.1 (in
reduced program units) was used. The maximum timestep is
determined by the steepness of the bonding potential. The
timestep needs to be the minimum to allow momentum
relaxation to occur. This is a key condition for Brownian
dynamics, since the approach assumes that the behaviour of
the suspending fluid of viscosity m, can be temporally
averaged so that the system dynamics is described by the
Langevin equation

mi- = & + Fi(t) + R(1), ®)

where F; is the net force on particle i, §{ =37 n,0 is the
Stokes friction coefficient, and R; is the Langevin random
force which must obey the conditions:

(R(®)) =0, (R(HR(2)) = 2k T At. 6)

A finite difference integration of Eq. (5) is used to

describe the evolution of particles through time and space.
The translational update algorithm is

ri(t+Ar) — ri(t) =Fi(t)§’1At+Ri(t, Ar), 7

where F; is the force on particle i due to interparticle inter-
actions and R(t, A¢) is the familiar Gaussian random displa-
cement.

A novel procedure was devised for efficiently setting up
the initial random distribution of non-overlapping co-poly-
mer chains. The starting point was a random distribution of
spherical particles corresponding to an assembly of N
unbonded segments. This arrangement was then allowed
to evolve by Brownian dynamics into the specified multi-
chain system by ‘switching on’ the bonding interaction,
initially having a very long range (up to half the simulation
cell size), in the absence of hydrophobic or electrostatic
interactions. During this stage it is as if the adjacent
segments in the chains are connected by long imaginary
penetrable thin strings. Under the influence of this long-
range hypothetical bonding potential, the ‘strings’ become
gradually shorter until the separation between bonded
segments approaches that of the equilibrium bond length
(rp). Once all the 81 chains had been generated, the hydro-
phobic and electrostatic forces were switched on, and the
simulation proper was begun.

The time required for a simulated system to reach equili-
brium varies according to the polymer volume fraction and
the interaction parameters. Typically, the equilibration time
is around 10° timesteps. The hard-sphere core potential was
allowed for in the Brownian dynamics scheme by rejecting
particle displacements that led to unphysical overlap
between segments (» < o) on the same or different chains.
At constant particle volume fraction ¢, the main factor
affecting the rejection rate is the hydrophobic interaction
energy €. So, for example, at ¢ = 0.2, the proportions of
rejected (over-lapping) configurations are 12%, 25% and
40% for €, = 0.005, 0.05 and 0.5, respectively.

4. Results and discussion

We first consider the effects of the values of the hydro-
phobic and electrostatic interaction parameters, €, and €.,
on the structures of simulated systems at moderate volume
fraction ¢ = 0.2. Fig. 3 shows three-dimensional images for
a set of configurations with constant €, = 1.0 and different
€, values of 0.005, 0.05, 0.5 and 5. We can see that the effect
of increasing €y, is to cause an increase in the heterogeneity
of the segment density, with the co-polymer aggregates
becoming more compact and less well incorporated into a
gel-like network structure. This is confirmed in Table 2 by
the value of the mean local segment co-ordination number
which decreases from just above 2 (slightly branched
chains) for very small €, (0.005, 0.05) to ca. 4 (clusters)
for moderately large €, (0.5) [and to >10 for very large
€n 51
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Fig. 3. Snapshots of equilibrated simulated systems (one unit cell) at volume fraction ¢ = 0.2. Other parameter values are as in Table 1 except for the
hydrophobic interaction energy €, which has values of: (a) 0.005, (b) 0.05, (c) 0.5 and (d) 5.

For each simulated configuration, we define the size of an
aggregate as the total number of chains that are connected
together topologically by the presence of at least one hydro-
phobic segment located on one chain lying within the inter-
action range of another hydrophobic segment on another
chain. Of particular interest is the maximum aggregate
size, Smax, Since an indicator of gel-like network character
is that most of the particles are incorporated into a small
number of large aggregates. Fig. 4 shows the fluctuating
average maximum aggregate size for systems with
€, = 0.005, 0.05, 0.5. (Data for the strongly interacting
system with €, = 5.0 are not shown because this does not
reach equilibrium over the normal simulation timescale.)
We see that the maximum aggregate size becomes reduced

from S,,=23*4 at €,=0.005 to Spx=9 1 at
€, = 0.5. Weak gel-like character, generated through hydro-
phobically driven chain—chain associations, is favoured in
structural terms by a relatively small finite value of the
hydrophobic segment interaction energy.

In the set of configurations illustrated in Fig. 3, the hydro-
philic segments play a role in maintaining the solubility
(dispersion) of the co-polymer chains through repulsive
electrostatic interactions. This is illustrated by the set of
three configurations in Fig. 5 with constant and different
€. values of 0, 1.0 and 4.0. Let us note first that Fig. 5(b)
(€, = 0.05, €. = 1.0) is identical to Fig. 3(b). Switching off
the electrostatic interaction (Fig. 5(a)) leads to a more
phase-separated structure with a larger maximum aggregate
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Table 2

Average segment co-ordination number of simulated systems as a function
of (a) hydrophobic interaction energy (ep), (b) electrostatic interaction
energy (€.) and (c) volume fraction (¢). The co-ordination number is
defined as the number of segments with centres lying within 1.5 ¢ of a
given segment. Other non-specified parameters take the values given in
Table 1

Constant parameters Variable Average co-ordination
parameter number
(a) e,=1.0,¢9=02 €, = 0.005 2.12
€, = 0.05 2.30
€, =0.5 4.1
€, =5 10.7
(b) €,=0.05, ¢ =0.2 €. =05 2.42
e.=1.0 2.30
€. =40 2.14
(c) €,=0.05, .= 1.0 ¢$=0.1 2.14
¢$=02 2.30
$=03 242

size (Fig. 6) and an increased segment co-ordination number
(Table 2). This is due to the passive role of the uncharged
tail segments which become incorporated within a weakly
phase-separating local network of predominantly hydropho-
bic chains. Conversely, when the electrostatic interaction
energy is increased to €, = 4.0, the structure becomes domi-
nated by charge repulsion effects. The hydrophilic segments
are completely driven out of the hydrophobic clusters, to
produce a more uniform overall segment density, a lower
segment co-ordination number (Table 2) and a slightly
smaller maximum aggregate size (Fig. 6). Variation in the
parameter €, can be regarded as being tentatively related to
effects of changes in pH and ionic strength in real experi-
mental casein systems. The explicit consideration of such
experimental variables will become more appropriate in
refined extensions of the present model, which may perhaps
involve 3 or 4 different kinds of segment types, as opposed
to the just two types considered in this preliminary meso-
scopic simulation study.
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Fig. 4. Average maximum aggregate size with time for simulated systems
pictured in Fig. 3: A, €, =0.005; OJ, €, = 0.05; <, €, =0.5. One unit of
time is 10* iterations.

All the simulated structures described above refer to a
constant volume fraction of ¢ = 0.2. For the case of the
system with the standard interaction parameter settings
(en, = 0.05, €, = 1.0), Figs. 7 and 8 show the effect of chan-
ging the value of ¢ to 0.1 or 0.3. We can see that the visible
degree of connectivity (Fig. 7) and the maximum aggregate
size (Fig. 8) are strongly influenced by this volume fraction
parameter. At the low volume fraction the average segment
co-ordination number is approaching 2 and S, is only
3 = 1, whereas at ¢¢ = 0.3 we have a considerably higher
co-ordination number and S, = 33 = 8.

Within the statistical uncertainties specified, and for
hydrophobic interactions not too strong (€, <<1), our
numerical results were found to be independent of the initial
random configuration of the N unbonded segments prior to
‘switching on’ the bonding interaction. For very strongly
associating chains (e.g. €,=75), however, the initially

Fig. 5. Snapshots of simulated systems with ¢ = 0.2 and other parameter values as in Table 1 except for the electrostatic interaction energy €. which has values

of: (a) 0, (b) 1.0 and (c) 4.0.
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Fig. 6. Average maximum aggregate size with time for simulated systems
pictured in Fig. 5: &, €, =0; 0, €. = 1.0; X, €, = 4.0. One unit of time is
10* iterations.

induced aggregated structure gets ‘locked in’ to a meta-
stable state with little local flexibility, and this state evolves
only very slowly over the course of the simulation run time.
It is known, of course, that slow ripening and ageing effects
are important in real casein particle gel systems, with struc-
tural heterogeneities evolving on a spatial scale of 10~ '—
10> m over time scales of up to minutes or even hours
(Mellema, 2000). Unfortunately, the mesoscopic modelling
of such time-dependent structural changes would appear to
be beyond our currently accessible computer power.

We have, however, made a preliminary investigation of the
local dynamics of the steady-state simulated systems by deter-
mining segment and chain diffusion coefficients. Fig. 9 shows
the time-dependent mean-square displacement {(r(r) — r(O))z)
for the segments at three different volume fractions in equili-
brated systems with the standard interaction settings
(e, =0.05, €. =1.0). The slopes of these lines give the
mean segment diffusion coefficients Dy listed in Table 3. As

50
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Fig. 8. Average maximum aggregate size with time for simulated systems
pictured in Fig. 7: O, ¢ =0.1; O, ¢ = 0.2; A, ¢ = 0.3. One unit of time is
10* iterations.

expected, the segment mobility decreases with increasing
volume fraction, the value at ¢ = 0.3 being less than one
half that at ¢ = 0.1. Also shown in Table 3 are values of the
chain diffusion coefficients D¢ based on the slope of the mean-
square displacement of the chain centre of mass. We see that
D¢ is much more concentration dependent than Dg. This can be
explained in terms of a greater enhancement of chain—chain
interactions than segment—segment interactions with increas-
ing volume fraction.

5. Concluding remarks

The motivation for this mesoscopic approach is to
provide a framework for simulating concentrated casein
solutions and gels. The relative proportions of the two
types of segments in the idealized co-polymer chain were
chosen with the known primary structure of (-casein in

iy
¢

v,

Fig. 7. Snapshots of simulated systems for different volume fractions with other parameter values as in Table 1: (a) ¢ = 0.1, (b) ¢ = 0.2 and (c) ¢ =0.3.
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Table 3

Effect of volume fraction ¢ on the ensemble average values of the segment
diffusion coefficient Dg and the chain diffusion coefficient D¢. Other para-
meters take the values given in Table 1

¢ Ds (10 %cm?s™h) Dc (10 % em?s™Y)
0.1 132 111
0.2 1.07 0.79
0.3 0.56 0.26

mind. However, through simple adjustment of the two avail-
able interaction parameters (e, and €.) in our computer
experiments, we have not been able to reproduce the forma-
tion of the roughly spherical micelle-type structures that are
consistent with published laboratory experiments on moder-
ately dilute -casein solutions (Schmidt, 1982; Leclerc &
Calmettes, 1997). This could be because most of the experi-
mental observations on 3-casein micellization were carried
out at volume fraction levels several orders of magnitude
lower than those considered in our simulation. A more likely
explanation, however, is that our assumed sub-division into
25% hydrophilic and 75% hydrophobic segments is not
appropriate, because it implies an effective head-group
size that may be too small (even for a high value of €.) to
be properly conducive to the packing of thel6-segment
amphiphiles into conventional spherical micellar structures
(Israelachvili, 1985). Moreover, it may be too much to
expect that a molecule as complicated as a protein can be
represented as a block co-polymer containing just two kinds
of monomers (Shakhnovich, 1997).

Based on the preliminary results presented here, it is
proposed that further modelling work should explore a
more refined mesoscopic model of (-casein based on a
palette of 4 = 1 different kinds of segments, as success-
fully used in self-consistent-field modelling of B-casein
adsorption (Leermakers et al., 1996) and in statistical
modelling of protein folding (Wang & Wang, 2000).
This same approach could then be used to compare -
casein with «ag-casein (Dickinson, Horne, Pinfield, &
Leermakers et al., 1997), and then eventually to simulate
self-assembly in mixed solutions of different individual
casein (to imitate sodium caseinate). Once these adjust-
ments have been successfully made, there will be value in
studying how raw parameters such as €, and €, can be
related to variables in more refined interaction potentials
that are explicitly sensitive to the main factors (pH, ionic
strength, Ca”" content) influencing the known experimen-
tal self-assembly behaviour of casein solutions and
dispersions. For proper identification of gel-like character,
there is clearly also a need to compute the small-deforma-
tion rheological properties as has been done previously
for simple spherical particle gel systems ( Whittle &
Dickinson, 1997). Subject to continued modifications
and refinements, this approach provides a framework for
systematically understanding the effects of protein content

140 +

120 °
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80 -
60
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20 -

<(r(t)-r(0))>

0 10000 20000 30000 40000 50000

Time

Fig. 9. Segment mean-square displacement {(r(r) — r(O))2> (in nm?) for
different volume fractions with other parameter values as in Table 1: X,
¢=0.10 ¢=02; A, $=03.

and solution conditions in concentrated self-assembled
casein systems.
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