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Recently, it was found that the addition of chitosan, a cationic polymer, to whole or skim milk produces
the destabilization and coagulation of casein micelles which takes place without modifications in the
milk pH or in the stability of most of the whey proteins. In the present work, Monte Carlo simulations
are employed to show that the phase separation of casein micelles induced by chitosan can be
explained by a depletion mechanism, where an effective attraction between the casein micelles is
induced by the presence of chitosan molecules. This interaction is described on the basis of Vrij’s
model, where the depletion of polymer from the gap between neighboring casein micelles originates
an effective attractive interaction that leads to a phase transition. This model, that considers volume
restriction effects, accounts for several qualitative and even quantitative aspects of the experimental
data for the coagulation of casein through chitosan addition.
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INTRODUCTION

The caseins are, quantitatively, the most important protein
components of the milk (1). This protein complex, known as
micelle, has been thoroughly investigated and can be considered
as a highly hydrated spherical particle, with diameters (σc)
ranging between 20 and 300 nm, resulting in a log-normal
distribution with an average diameter of 200 nm (2,3). The
micelle is formed of four protein types,Rs1, Rs2, â, andκ-casein.
A higher amount ofκ-casein is found on the surface, forming
a specific area denominated glycomacropeptide (GMP), consist-
ing in a brush of negatively charged polyelectrolyte that
stabilizes the micelle sterically. This polyelectrolyte layer is
responsible for the high stability of the casein micelles by means
of steric and electrostatic interactions that prevent flocculation
(4, 5). The stability of the layer depends on both the density of
chains and the charge density along the chain. When the chain
collapses, because of either a decrease in the charge density
(i.e., via pH decrease) or in the density of chains (action of
rennet), or both, the casein micelles lose stability and coagulate
(6).

The micelles can be destabilized through interaction with
polysaccharides (7-9). In this respect, the interaction between
casein micelles and chitosan, a cationic copolymer formed of
â-glucosamine andN-acetylglucosamine, has been recently

investigated (10). In this work, it was shown that the addition
of chitosan to milk produces the destabilization and coagulation
of the casein micelles without a concomitant pH change or loss
of whey proteins. It was also concluded that electrostatic
interactions were not determinant in the formation of the
complex between chitosan molecules (HMWC, MMWC, and
LMWC) and casein micelles because the addition of high NaCl
concentrations was unable to prevent coagulation or dissociate
the aggregates (10). The studies about the influence of temper-
ature in the chitosan-casein complex formation showed that
CHOS-casein interaction was temperature independent, while
for the other chitosan-casein complex, the interactions increase
with the temperature. However, it was suggested that this effect
was related to a reduction of the viscosity of the polymer rather
than a change in the enthalpy of the reaction. The optical
microscopy analysis of the complexes formed showed that their
size increases with the chitosan molecular weight. Fermented
milk gels and rennet curds are particle gels formed of casein
micelles. As it is well known that textural properties of gelled
products are perceived by consumers as an important attribute
determining food quality, extensive work is being conducted
on different aspects relative to these issues to understand, and
eventually control, how these aggregates are structured and held
together.

The present work is based on the computer simulation of the
interaction of casein micelles mediated by chitosan, by means
of a model formulated by Vrij, who showed that attractive inter-
actions are induced between colloids in colloid-polymer mix-
tures because of the presence of the nonadsorbing polymers (11).
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‡ Centro de Excelencia en Productos y Procesos de Córdoba.
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THEORY

The destabilization of colloidal systems, such as casein
micelles, through polysaccharides has been discussed in a
general framework by Vrij (11). This phenomenon is caused
by the expulsion of polysaccharides from the interstitial space
between colloidal particles because of restricted volume and
osmotic effects. The two mechanisms can be explained as
follows: in the first case, the added polymer molecules lose
configurational entropy when they penetrate the space between
the interacting micelle surfaces. In the second case, the segments
of the added polymer interact with segments of the polymer
chains that belong to the micelle, leading to an increase in the
local “osmotic pressure”. Depending on the added polymer size
in relation to the size of the polymer layer attached to the
particles, one of these mechanisms of polymer depletion prevails
(11).

In Vrij’s colloid-polymer model, the colloids are represented
as hard spheres with diameterσc, whereas the polymer coils
are described as interpenetrating, noninteracting particles as
regards their mutual interactions (11). However, the polymers
are excluded by a center-of-mass distance of (σc + σp)/2 from
the colloids, whereσp, the diameter of the polymer coil, is given
by σp ) 2Rg with Rg being the radius of gyration of the polymer.
The author derived an effective potentialU(r) between colloidal
particles that was proportional to the overlap volumeVoverl and
to the osmotic pressureΠp according to

whereVoverl depends on the distancer between the particles
and is given by

For the osmotic pressure of the polymer solution, Vrij used
the limiting Van’t Hoff’s law: Πp ) npRT with np ) Cp/MW,
where Cp and MW are the polymer concentration and the
molecular weight, respectively.

However, in the present research, simulation results are
compared with experimental data obtained previously, where
theσp values were relatively large and excluded-volume effects
are expected to be substantial (10). For this reason, an expression
for the osmotic pressure that accounts the free volumeVfree(rc)
available for the motion of the polymer chain has been used
(12). SinceVfree(rc) depends on the colloid particle positions,
collectively denoted byrc, the U(r) potential has an implicit
many-body nature.Vfree(rc) may be written in terms of the mutual
overlap of the excluded-volume shells of all the colloid particles.

Lekkerkerker and co-workers have replacedVfree(rc) by its
average value in the corresponding unperturbed system of
colloidal particles, so thatVfree(rc) ) R ‚V, whereR is the free-
volume fraction that depends only on the colloid volume fraction
φc ) [π(σc)3Nc]/6 and on the ratioê ) σp/σc. All the information
concerning the interactions between colloid and polymer is now
contained in the variation ofR with φc. An approximate
expression forR is the one proposed by Lekkerkerker (12), given
by R ) (1 - φ) exp[- Aγ - Bγ2 - Cγ3], whereΑ ) 3ê +
3ê2 + ê3, Β ) 9/2 ê2 + 3ê3, C ) 3ê3, and the full expression
for the osmotic pressure (12) follows the equation

MATERIALS AND METHODS

Computer Simulations. The simulation system consisted of 1000
particles interacting via the potential given in eq 1. The casein molecules
were assigned a 200-nm diameter (σc) and the diameter of the polymers
σp in eq 2 was assumed to be equal to twice the gyration radius (Table
1). The particles were located into a cubic simulation box with periodic
boundary conditions with a volume fraction of casein micelleφc )
0.1, which is close to the concentration in cow milk. The side of the
box wasL ) 3472.5 nm. The equilibrium properties of the system
were evaluated by computer simulations devised according to the
Metropolis Monte Carlo (MC) algorithm (13). The particles were
initially positioned at random within the simulation box, avoiding
overlapping, since these are represented as hard spheres, according to
eq 1. The algorithm employed allowed for single particle displacement,
as is usual in liquid-state simulations (14, 15). The displacement of a
particle is accepted with the probability{1, exp(-∆U/kT)} where∆U
denotes the change of the potential energy between the initial and the
final configuration,k is Boltzman’s constant, andT is the absolute
temperature. The system was allowed to equilibrate for 100 000 MC
steps, following then the evaluation run during 100 000 MC steps.
Chitosans of four different molecular weightsMw were employed in
the simulations (Table 1). The data ofTable 1 correspond to the same
chitosans used in our previous experimental work (10).

The diameters of the chitosan particles, required to calculate Vrij’s
pair potentials, were calculated from the gyration radius according to
the equationRg ) 7.5 × 10-2Mw

0.55, as proposed by Berth and
Dautzenberg (16).

Materials and Reagents Employed in Previous Experimental
Work Referenced Here. The structural information corresponds to
high MW chitosan (HMWC), medium MW chitosan (MMWC), and
low MW chitosan (LMWC), with approximately 80% deacetylation
from Aldrich (Milwaukee, WI) and chitosan oligosaccharide (CHOS)
that contains a mix of di-, tri-, tetra-, penta-, and exasaccharide from
Kimitsu Chem. Ind. (Tokyo, Japan). Stock solutions of chitosans were
prepared in 100 mM acetate buffer, pH 5.9. Whole and skim bovine
milks were from local commercial sources in the province of Córdoba,
Argentina. Rennet from Mucor Miehei and different phosphorylated
and dephosphorylated caseins were obtained from Sigma Chemical Co.
(St. Louis, MO). All other reagents used were of analytical grade.

RESULTS AND DISCUSSION

Figure 1 shows the pair potentials of the casein micelles in
the presence of different concentrations of chitosan at 300 K.
Considering that these curves have been normalized by the
casein diameterσc, it can be observed that in the CHOS the
potential is rather short-ranged as compared with the diameter
of the micelle. On the other hand, for MMWC and HMWC the
interaction range may be as large as twiceσc. The polymer
concentration required to obtain a given magnitude of the
potential is considerably lower in the HMWC than in the
remaining cases. The polymer-induced attraction between mi-
celles, which in the present studies reaches up to 20 kT, is
expected to lead to a phase separation (where one phase is rich
in micelles and the other one in polymers).

The structure of the system may be characterized by the radial
distribution functiong(r), that provides information on the
density of micelles at a distancer from a given micelle,
normalized to one for uncorrelated (distant) micelles, that is, at
long distances.Figure 2 showsg(r) obtained from simulations
with different chitosan types, at a given concentration and 300
K, where structuring of the system becomes evident. Because
of the hard core repulsion between micelles, the radial distribu-
tion functiong(r) becomes zero at short distances. In all cases,
an intense peak becomes evident between 1.0σc and 1.1σc,

Πp ) (1 -
φc

R
dR
dφc

)npRT (3)

U(r) ) ∞ 0 < r < σc

) VoverlΠp σc < r < (σc + σp) (1)

) 0 r > (σc + σp)

Voverl(r) ) 1
6
π(σc + σp)

3[1 - 3r
2(σc + σp)

+ r3

2(σc + σp)
3] (2)
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which is accompanied by a set of peaks between 1.3σc and 2.0
σc that are practically absent in CHOS. The peaks become more
intense as the chitosan molecular weight increases. The intensity
of the peak close to 1.10σc was taken as a criterion for the
equilibration of the simulations. This showed the stronger
changes within the first 100 000 MC steps. The configurations
corresponding to this equilibration stage were discarded for the
evaluation of the properties reported here.

An important quantitative value reported in our previous
experimental work (10) was the amount of protein that remains
soluble after interaction with various chitosans at 277, 300, and
343 K. The coagulation process for CHOS shows little tem-

perature dependence, whereas for LMWC, MMWC, and HMWC
the coagulation became more efficient at higher temperatures,
ruling out an enthalpy-driven process for the aggregation
observed. A microscopic analysis of casein micelles aggregates
showed that the sizes of the micelle clusters increase with the
molecular weight of chitosan. To attempt a correlation between
these previous experimental results and the present simulations,
a criterion must be used to define the coagulation of the micelles.
Thus, we have chosen to define the connectivity between the
micelles. As the first peak inFigure 2 occurs betweenσc and
1.1 σc, it was assumed that two micelles connect when the
distance between their centers is equal to or lower than 1.10
σc. Furthermore, it was assumed that a micelle belongs to a
given cluster if it is connected to it either directly or through
other micelles. According to this criterion, when a simulation
was performed in the absence of chitosan, the 1000 particles
were distributed into 741 monomers, 98 dimers, 18 trimers, 1
tetramer, and 1 pentamer. From these results, where the system
is not perturbed by an attractive potential, it is evident that the
presence of dimers and trimers is usual in a noncoagulated
system. According to this, we define the fraction of free micelles
as

wherenp denotes the total number of micelles that are in the
form of monomers, dimers, and trimers in the system with an
attractive effective potential, andnp0 is analogous for the system
without polymer addition (that is, with the hard core potential,
resulting innp0 ) 991 in the example given above).

Figure 3 showsøfree as a function of the chitosan concentra-
tion employed for coagulation at different temperatures. It is
evident from the figure that the fraction of free micelle is highly
sensitive to the concentration of polymer added within the
concentration range experimentally employed in our previous
work (10). Furthermore, for a given mass of polymer added,
the high molecular weight polymers seem to be more efficient
for the coagulation process. A statistical analysis of the
uncertainties of the present results shows that typical errors in
øfree are about 2× 10-2, so that they are smaller than the size
of the symbols employed for the plots inFigure 3. The same
is true for the results presented below inFigure 4.

Table 1. Relevant Characteristics of Chitosan Simulated in This Work

chitosan
mol wt,

Mw (kDa)
gyration radius,

Rg (nm) ê ) σp/σc
e φp

/ f

CHOSa 0.72 2.8 0.028 0.11
LMWCb 80 37.3 0.373 0.35
MMWCc 400 90.4 0.904 0.28
HMWCd 600 113.0 1.130 0.24

a CHOS: chitosan oligosaccharides. b LMWC: low molecular weight chitosan.
c MMWC: medium molecular wight chitosan. d HMWC: high molecular weight
chitosan. e σp ) 2Rg and σc ) 200 nm. fφp

/ is defined as the value of the volume
fraction of the polymer at which the concentration of free casein is one-half of the
value in the absence of polymers (see Results and Discussion).

Figure 1. Effective pair potentials for the interaction between casein
micelles in the presence of chitosan at 300 K and at different
concentrations.

Figure 2. Radial distribution functions g(r) for casein micelles in the
presence of different chitosan types, at a concentration of 2.50 mg/mL
and 2.00 mg/mL for CHOS and for the remaining polymers, respectively,
at 300 K. The inset shows g(r) in a larger scale, where the first peak
becomes evident.

Figure 3. Fraction of free casein micelles øfree as a function of the chitosan
concentration employed for the coagulation at different temperatures.

øfree ) np
np0
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The critical concentration of chitosancc will be defined as
the concentration required to reduce the free casein to one-half
of the value in the absence of polymers. The values ofcc

obtained from the simulation are compared with experimental
results inTable 2. While thecc value for CHOS is in excellent
agreement with the experimental results, thecc values for the
remaining polymers are lower than the corresponding experi-
mental ones. The dependence on the temperature shown by the
theoretical curves is lower than that of the experimental ones
(10). This indicates that the mechanism proposed in the present
work would be the main cause of aggregation. However, certain
factors indicate that other types of interactions, besides the
depletion mechanism, are present. The strong effect of temper-
ature on the experimental profiles of soluble protein in relation
to the concentration of chitosan added may be caused either by
kinetic effects or by some kind of interaction which is not
accounted for in the model used in this work. Two interactions
absent in this model are chitosan adsorption onto the micelle
surface and the interaction between chitosan chains. The former
interaction may influence the coagulation process favorably, as
it may contribute to the collapse of the GMP brush, and facilitate
the interaction among micelles. In any case, it is clear from the
simulations that the presence of this interaction is not essential
for coagulation to occur. The second type of interaction, self-
interaction among chitosans, is now considered.

Much of the knowledge concerning polymer solution is
derived from the scaling arguments pioneered by de Gennes
(17). These suggest that the behavior of a polymer solution in
the dilute regime, where the polymer concentration iscp < cp

/,
differs from that in the semidilute regime, wherecp/cp

/ > 1;
cp

/ represents the overlapping concentration, the critical con-
centration at which the polymer coils begin to overlap, and is
defined ascp

/ ) 3Mw/[4π(Rg)3NA] where NA is Avogadro’s

number. While in the dilute regime, the different polymer coils
do not interact; this is not the case in the semidilute regime,
where interactions are present. To define a specific system, it
must be considered that the available volume for the polymer
is Vfree ) RV. Thus, the overlapping concentration must refer
to this volume. In other words, the overlapping concentration
will be Rcp

/ (Table 2) rather thancp
/. TheRcp

/ values inTable
2 show that only CHOS can be considered to be in the dilute
regime, so that in all the other cases some interaction between
polymers is expected. In fact, the concentration in the LMWC,
MMWC, and HMWC employed in the experiments are above
the overlapping concentration corrected by the free volume
(Table 2), and it is experimentally proved that chitosan can
form hydrophobic self-aggregates at a concentration in the order
of the overlapping concentration (18, 19). This could explain
the decrease in the efficiency of chitosans (except CHOS) for
casein coagulation at lower temperatures, since chitosan self-
aggregates are expected to become more stable as temperature
decreases. A hypothesis, to be experimentally proved, is that
the use of either chitosans or an analogous polymer which has
a lower self-aggregation would favor the coagulation process
as there would be a higher availability of the polymer to cause
depletion.

Considering that the volume fraction of the polymer is given
by φp ) [π(σp)3Np]/(6 V), with Np ) (Cp/MW)NA, (NA,
Avogadro’s number), the fraction of free micelles as a function
of the volume fraction of the polymer can be plotted (Figure
4). As before, a critical fractionφp

/ can be defined as the value
of φp at which the concentration of free casein is one-half of
the value in the absence of polymers. Theseφp

/ values are
reported inTable 1. While CHOS seems to be more efficient
in producing coagulation at lower volume fractions, this effect
appears to be reversed at higher volume fractions. This result
could be partially an artifact, consequence of the criterion chosen
to define soluble casein as monomers, dimers, and trimers. Since
the effective interaction generated by CHOS is relatively short-
ranged as compared with that induced by the other chitosans,
many dimers and trimers occur that are counted as free casein
particles. Since the mobility of these particles is much lower
than that of single casein units, large aggregates are not produced
during the simulation. On the other hand, this effect could also
occur in the experiment if smaller casein clusters are counted
as soluble proteins.

The simulations also provide information on the relative
distribution of different sizes of micelle clustersf(N) whereN
is the aggregation number.Figure 5 shows the frequency
function f(N) of cluster sizes found in the simulations for a
concentration of 2.50 mg/mL in CHOS and 2.00 mg/mL in the
remaining polymers. In agreement with the experimental
observations (10), for higher molecular weights of the polymer
the frequency of cluster sizesf(N) shifts toward higher aggrega-
tion numbers. The fact that larger aggregates are obtained as
the molecular weight of the chitosan increases can be simply
explained as a result of the depletion mechanism. Attractive
potentials for CHOS are short-ranged and have a lower
magnitude than those for the remaining chitosans (seeFigure
1). Such short-ranged potentials cause the formation of clusters
with low aggregation number. This is because micelles must
be very close to one another to “perceive” the attractive
potential, which accounts for the predominant formation of
dimers and trimers whose translation is reduced in relation to
that of monomers. Thus, it is relatively unlikely that two clusters
with large aggregation numbers meet to generate an even larger
cluster. For the remaining chitosans, attractive potentials are

Figure 4. Fraction of free casein micelles øfree at 300 K as a function of
the volume fraction occupied by the polymer φP. The values of ê, denoting
the ratio of polymer to micelle radius, are given in the inset.

Table 2. Critical Concentration of Chitosan, cc, Required To Reduce
the Free Casein to Half of the Value in the Absence of Polymersa

cc,exptl

chitosan cc simulation 343 K 300 K 277 K cp
/R

CHOS 1.71 1.93 1.93 2.14 11.59
LMWC 0.22 0.54 1.07 1.21 0.46
MMWC 0.08 0.54 1.25 1.90 0.09
HMWC 0.03 0.54 1.25 2.25 0.05

a Results from the present simulations and experiments (10) in mg/mL. cp
/R is

the critical concentration at which the polymer coil begin to overlap, R is the free-
volume fraction, so that cp

/R is the free-volume corrected critical concentration (for
more details see Results and Discussion).
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relatively long-ranged. As the range and magnitude parameters
increase, clusters with a higher aggregation number are obtained,
since after the formation of a dimer or a trimer the potential is
strong enough in range and magnitude to attract other clusters
and to cause the size distributions observed in the simulations.

It is generally accepted that networks built of casein micelles
are the result of aggregation brought about by modifying or
reducing the repulsive interaction energy (electrostatic and steric)
between the stable micelles (6). In this context, it was initially
proposed that casein aggregation induced by chitosan involves
both electrostatic and hydrophobic interactions that contribute
energetically to the association (10). On the basis of the
characteristics of the system and the experimental results
available, it is assumed that a depletion mechanism may be the
main reason for the aggregation of casein micelles in the
presence of chitosan.

In conclusion, it can be affirmed that the coagulation of casein
through chitosan addition can be explained in first approximation
by a depletion mechanism, in which the systems tend to increase
the free volume for the polymer on the basis of an effective
attractive interaction between the casein micelles. Kinetic effects,
interactions leading to chitosan adsorption on casein, or as-
sociation between chitosan molecules unaccounted for in the
present model may be responsible for the stronger effect of
temperature on the fraction of free casein micelles after
coagulation. Futures studies will be addressed to account
properly for these variables.

ABBREVIATIONS USED

GMP, glycomacropeptide; CHOS, chitosan oligosaccharides;
LMWC, low molecular weight chitosan; MMWC, medium
molecular weight chitosan; HMWC, high molecular weight
chitosan.
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Figure 5. Cluster size distribution of casein micelles in the presence of
chitosans of different molecular weights at 300 K. Concentration of 2.50
mg/mL and 2.00 mg/mL for CHOS and for the remaining polymers,
respectively.
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