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Abstract: The application of light scattering to concentrated colloidal suspensions has often been considered
too complicated due to strong multiple scattering, Here we show that diffusing wave spectroscopy (DWS)
permits the characterization of dynamic and static properties of such systems on a large range of time and
length scales. In particular we focus on the aggregation and sol-gel transition in different colloidal systems such
as latex suspensions or milk. Using DWS we obtain quantitative information about the microscopic dynamics
all the way from an aggregating suspension to the final gel, thereby covering the whole sol-gel transition. At
the gel point a dramatic change of the particle dynamics from diffusion to a subdiffusive arrested motion is
observed. As biopolymer solutions and gels represent one of the most interesting class of gelling systems we
have performed a systematic study using solutions of casein micelles which we destabilized and investigated
during the sol-gel transition using DWS and rheological measurements. We can find the same behavior as
found in concentrated suspensions of monodisperse latex spheres that undergo a sol-gel transition. The
changes observed in the microscopic dynamics can be clearly linked to the formation of a macroscopic gel
with drastically modified viscoelastic properties.
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Introduction

Aggregation and gelation in complex flu-
ids has been a field of intense research for
a long time, where both fundamental as
well as applied questions are equally im-
portant. Applications of gels and sol-gel
processing include such different areas as
ceramics processing, cosmetics and con-
sumer products, food technology, to
name only a few. One generally starts
from a solution of subunits (monomers)
and the system is then destabilized,
which leads to aggregation, cluster for-
mation and gelation. At the gel point a
liquid-solid transition is observed which
can be characterized by the appearance of
a strongly increasing storage modulus,
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G', in rheological measurements, Despite
the randomness and the complexity of the
sol-gel transition, it has always attracted
fundamental researchers due to the
unique features of gels and the strong
similarities between very different gels.
The sol-gel transition displays a very rich
behavior of different physical properties
that can be characterized by distinct scal-
ing laws [1].

Most of the fundamental research has
been carried out on the macroscopic
properties of gels, e.g. their viscoelastic
behavior. However, it is much more diffi-
cult to access information about the
microstructural properties and further-
more link them to the macroscopic prop-
erties of the gel. In this respect colloidal
gels are ideal model systems since their
building blocks can be very well defined
(monodisperse spheres), and they are of
convenient size which allows the applica-
tion of modem scattering techniques.
Nevertheless it remains a challenge to
link the microscopic system properties,
as determined by scattering techniques,
to the macroscopic viscoelastic proper-
ties as obtained from rheology. New de-
velopments both in light scattering tech-

niques and in theory now for the first
time allow to bridge this gap even for
very concentrated and turbid systems
[2-6].

Ideal systems to investigate sol-gel
transitions are well-defined suspensions
of charge stabilized colloidal particles.
Because of the many possibilities to easi-
ly change the strength and the range of
interactions between colloidal particles
they offer unique ways to study the ef-
fects of the interactions on the phase be-
havior and the microstructure and dy-
namics. It is the goal of our research in
Fribourg to probe and understand these
relationships. A major effort is devoted in
particular to the characterization of the
diffusive motions of particles in stable
concentrated suspensions as well as to
the onset of aggregation and sol-gel tran-
sition after destabilization, and the link
between diffusive and elastic properties
of the systems. In our research we com-
bine experimental (scattering techniques,
rheology, and optical microscopy) and
theoretical investigations (classical theo-
ries for colloid structure, dynamics and
stability and Brownian dynamics and
Monte Carlo computer simulations).
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Fig. 1. Schematic representation of the two different paths in the destabilization og charge
stabilized amphotericparticles leading to aggregation and gel formation.
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about ten days the gel changes only very
little and we take that time as the terminal
state. The correlation function now ex-
hibits a distinctly different decay, which
is described by a stretched exponential
with an arrested decay leading to a pla-
teau [5].

This dramatic change in the local par-
ticle dynamics becomes even more clear-
ly visible when looking at the time de-
pendence of the corresponding mean
square displacement (M2('t». The parti-
cle dynamics in the initial stable suspen-

Fig. 2. a) Schematic representation of a DWS
experiment in transmission geometry. b) In-
tensity autocorrelation functions at different
times during a sol-gel transition (filled symbols:
sol; open symbols: gel) and c) two of the re-
sulting mean square displacements in the sol
and the gel phase, respectively.
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the correlated Brownian particles can be
successfully modeled by means of an av-
eraged short-time diffusion coefficient.
This leads to a correlation function well
approximated by a single exponential de-
cay [2]. However, at later stages in the
aggregation process the clusters fill the
entire sample volume and gelation oc-
curs. Because of the high volume fraction
the network is very stiff, and as a conse-
quence the trapped particles can only ex-
ecute limited, very slow motions about
their fixed averaged positions. After

The Sol-Gel Transition in Model
Suspensions

The coagulation of charge stabilized
concentrated latex dispersions with vol-
ume fractions typically in the range of
0.1 ~ <I>~ 0.4 is induced through an in-
crease of the ionic strength or by a
change of pH towards the so-called iso-
electric point (IEP) of the particles where
they become neutral (Fig. I) [4-7]. The
onset of aggregation, the subsequent sol-
gel transition and evolution of the gel can
be followed in situ by means of scattering
experiments. As we address particularly
the high concentration regime where
classical techniques such as dynamic
(single) light scattering fail, we have to
use other approaches. A modern multiple
light scattering technique - Diffusing
Wave Spectroscopy (DWS) - is of partic-
ular use in this high concentration re-
gime.

DWS is a powerful tool to obtain in-
formation about the local dynamical
properties [2][3]. In a typical DWS ex-
periment, coherent laser light impinges
on one side of a very turbid sample, and
the intensity fluctuations of the light
transmitted through the sample are then
analyzed. DWS works in the limit of very
strong multiple scattering, where a diffu-
sion model can be used in order to de-
scribe the propagation of the light across
the sample (Fig. 2a) [2]. Using such a dif-
fusion approximation one can then deter-
mine the distribution of scattering paths
and calculate the temporal autocorrela-
tion of the intensity fluctuations analo-
gous to a classical photon correlation ex-
periment (Fig. 2b). DWS provides unique
information on particle motion, and it is
for example possible to quantitatively de-
termine the average mean-square dis-
placement (MSQD) of the scattering par-
ticles, (~r2('t», from the measured inten-
sity autocorrelation function over a very
broad time scale 1Q-6 s ~ 't ~ 1()4 s (Fig. 2c).
DWS can thus probe particle motion on
very short length scales, and it has for ex-
ample been demonstrated that it can
measure motions of particles of the order
of I f.lJ1l in diameter on length scales of
less than I nm [2]. This allows very im-
portant information on the dynamics of
particle suspensions and gels to be ob-
tained, that can for example directly be
compared with the results from computer
simulations.

Fig. 2b shows typical snapshots out of
a sequence of correlation functions g('t)-l
during aggregation and gelation of a latex
particle suspension [5]. For ergodic sys-
tems, the mean square displacement of
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Fig. 3. Schematic representation of the potential of sterically stabilized particles (casein micelles)
and charge stabilized particles. The dashed lines represent the potential after the collapse or
release of the hairy layer and the screening of the charges by the addition of salt or variation of
the pH. respectively.
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of the free, stabilized casein micelles. In-
itially we observe a faster decay of the
correlation function, which corresponds
to an increase of the diffusion coefficient
(open triangles). This is due to a decrease
of the particle size and the modified inter-
action potential because of the brush col-
lapse caused by the addition of GDL. As
the casein micelles are no longer stabi-
lized, they then start to aggregate, which
can be seen from the slowing down of the
particle diffusion due to the formation of
clusters.

The particle dynamics in the stable
milk as well as in the aggregating suspen-
sions prior to the gel point (open sym-
bols) exhibit the typical characteristics of
free particle diffusion due to Brownian
motion. This is reflected by an almost ex-
ponential decay of the correlation func-
tions and leads to a linear dependence of
the MSQD on time (indicated with a line

Enzymes,
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r

U(r)

taining milk), we added glucono-8-lac-
tone (GDL), which hydrolyses in milk
and shifts the pH to lower values. This
leads to a 'collapse' of the stabilizing
brush, which now is no longer able to
prevent aggregation of the particles. De-
tails on the experimental procedures and
the instrumentation and data analysis
used are given elsewhere [5][6][10][11].

Typical DWS results from measure-
ments on fat-free milk at different stages
of the gelation process are given in
Fig. 4. Shown are the correlation func-
tions g( 't) - 1, and a plot of the correspond-
ing mean square displacements (L\r2('t)
is shown as an inset. The open symbols
are used for data from liquid-like samples
corresponding to times prior to the gel
formation, and filled symbols are used
for measurements in the gel. The first
measurement right after the addition of
GDL (open circles) reflects the diffusion

Acidified milk products such as yo-
gurt are popular and important food prod-
ucts. For such acid-induced biopolymer
gels the process variables have an enor-
mous impact on the gel-process as well as
on the physical properties ofthe final gel.
However, we currently lack a clear un-
derstanding for the relationship between
the microscopic structural dynamic prop-
erties of the macromolecular constituents
and the resulting macroscopic mechani-
cal and rheological properties of the gel.
In milk the main part of the proteins, the
caseins, are organized into micelles,
which are sterically stabilized by a layer
or 'brush' of \(-casein molecules. The \(-
caseins extend their C-terminal part into
the solution, causing the micelles to repel
each other on close approach. A number
of studies have demonstrated that the ca-
sein micelles have properties very similar
to those of sterically stabilized hard
sphere suspensions ([8)[9] and references
therein). To destabilize these micelles
and to induce the gelation process one
can either enzymatically remove the sta-
bilizing hairs or acidify the milk. In Fig. 3
a schematic comparison between the re-
sulting interaction potential of sterically
stabilized casein micelles and charge sta-
bilized colloidal particles is shown.

Here we now demonstrate the close
analogy between the yogurt making pro-
cess and the sol-gel transition in colloidal
model suspensions. We show that one
can obtain very detailed information
about aggregation and gelation in com-
plex food emulsions from an application
of optical methods such as DWS.

To induce the yogurt formation in dif-
ferent milks (fat-free milk and fat-con-

The Sol-Gel Transition
in Biopolymer Solutions:
From Milk to Yogurt

sion as well as in the aggregating suspen-
sions prior to the gel point (solid sym-
bols) exhibit the typical characteristics of
free particle diffusion due to Brownian
motion. This is reflected by an almost ex-
ponential decay of the correlation func-
tions and leads to a linear dependence of
(L\r2('t) on time (Fig. 2c). Howeve~, at.
the gel point a quite dramatic change in
the particle dynamics occurs, and the
short time behavior changes from
Brownian to a subdiffusive motion (open
symbols). The MSQD is now well
described by a stretched exponential.
At short times this results in a power law
behavior (L\r2('t) - 'tP with an exponent
p :::0.7 (see Fig. 2c) [5].
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time 't [5]
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understanding of the effects of particle
polydispersity on the sol gel transition in
attractive particle suspensions. Neverthe-
less our results clearly demonstrate that
the sol-gel transition in fat-containing
milk exhibits the same similarities in the
link between microscopic dynamics and

,.10.7
lE·8 lE·7 lE·6 lE·5 lE·4 1E·3 lE·2 lE·l lE+O

time t [5]

1.10-<3
lE·8 lE·7 1E·6 lE·5 lE·4 lE·3 lE·2 lE·' lE

timet [5]

0.8

~ 0.6
I---~--C\J 0.40>

0.2

0.8

0.6
T"""

I-P 0.4-C\J
C>

0.2

o
1xl0·81 xl 0.71 xl 0·61x1 0·51x1 0·41x1 0·31x10·21 xl0" 1x100 1xl 01 1x102 1x103

o
1xl0·51xl0·41x10·31x10·21x10·l1xl00 lxl0l lxl02 lxl03 lxl04 lxl05 lxl06

Fig. 4. Intensity autocorrelation functions g2{t)- 1 from DWS experiments and as an inset the
corresponding mean square displacements (M2(t» for fat-free milk at different stages of the
aggregation and gelation process. The open symbols correspond to times prior to the gel point,
the filled symbols are measurements in the gel (symbols ordered with increasing time: open
circles, open triangles, open diamonds, filledtriangles, filled squares).

ever, the resulting values of G' are signif-
icantly higher when compared to the fat-
free milk, and the sol-gel transition ap-
pears to be broader. This is visible in the
time evolution of 0' and Gil (Fig. 7a) as
well as of the exponent p (Fig. 7b). We
currently lack a detailed and quantitative

Fig. 5. Intensity autocorrelation functions g2(1:)- 1 from DWS experiments and as an inset the
corresponding mean square displacements (M2(1:) for fat-containing milkat different stages of
the aggregation and gelation process. The open symbols correspond to times prior to the gel
point, the filledsymbols are measurements inthe gel (symbols ordered with increasing time: open
circles, open triangles, filled triangles, filled squares).

with slope one in Fig. 4). However, at the
gel point a quite dramatic change in the
particle dynamics occurs, and the short
time behavior changes from Brownian to
a subdiffusive motion (filled symbols).
The MSQD is now well described by a
stretched exponential. At short times this
results in a power law behavior (.1r2('t) - 'tP
with an exponent p "" 0.7 (Fig. 4). This is
the same behavior as already found in
concentrated suspensions of almost mono-
disperse polystyrene spheres that under-
go a sol-gel transition as discussed above.

The same experiments have been re-
peated for the fat-containing milk, and
the results are summarized in Fig. 5. The
correlation functions and the correspond-
ing mean square displacements are plot-
ted at different times during the destabili-
zation process from the stable milk to the
final gel. In contrast to the fat-free milk,
the initial increase of the casein micelle
diffusion coefficient caused by the col-
lapse of the hairy layer cannot be ob-
served any more due to the contribution
from the additional population of fat
droplets. However, we clearly observe
the slowing down of the average diffu-
sion coefficient due to cluster formation,
and the crossover of the particle dynam-
ics at the gel point. This is again visible in
the short time behavior of (.1r2('t) - 'tP,
where we again find a decrease of the ex-
ponent p from 1 for the stable milk (open
symbols), to about 0.7 for the gel (filled
symbols).

In rheology it is common practice to
define the gel point as the point where the
elastic properties (represented by the
storage modulus 0') dominate over the
viscous properties (represented by the
loss modulus Gil) ([9] and references
therein). A comparison between the time-
resolved rheological measurements and
the DWS experiments demonstrates that
the qualitative change in microscopic
particle dynamics indeed coincides with
a dramatic change in the macroscopic
viscoelastic properties of the samples at
the gel point. This is shown in Fig. 6 and
7, where the storage (G') and loss (Gil)
moduli measured at a single oscillation
frequency and the exponents p obtained
from DWS are plotted as a function
of time. In the case of the fat-free milk
(Fig. 6) we observe a steep increase of 0'
at approximately 2.2 h after the GDL ad-
dition, indicating the transition from a sol
to a gel (Fig. 6a). Fig. 6b shows that at the
same time the exponent p drops from 1 to
about 0.7.

The results obtained for fat-contain-
ing milk are plotted in Fig. 7, and they
qualitatively show the same feature. How-
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Fig. 6. Comparison of results from classical
rheology and DWS during the yogurt-making
process in fat-free milk. (a) Time evolution of
the storage modulus G'(t) (big gray circles) and
the loss modulus G"(t) (small black triangles)
obtained from an oscillating rheological mea-
surement (1Hz, 1% amplitude). (b)Time evolu-
tion oftheexponentp obtained from DWS. The
enormous increase in G' and the drop of the
exponent coincide (dashed line) and indicate a
link between microscopic particle dynamics
and macroscopic sol-gel transition and vis-
coelastic properties.
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macroscopic elastic properties as the
much simpler model systems latex sus-
pensions and fat-free milk.

However, we can go far beyond a
simple qualitative comparison of the
DWS and rheology experiments. It is in
fact possible to extract qualitative infor-
mation on the viscoelastic properties of
the gel. This has first been demonstrated
for dilute Latex particle gels by Krall and
Weitz [12]. Using fractal arguments they
suggested that the constrained dynamics
observed in fractal gels is due to a hierar-
chy of elastic modes within the fractal
cluster, covering a wide range of relaxa-
tion times. Each gel segment is embed-
ded in successively larger sub-clusters up
to the entire cluster radius Rc and thus its
thermal motion is coupled to the motion
from any larger segment. The maximum
displacement 02 and the characteristic re-
laxation time of the correlation function
1,. determined from DWS are then related
to the elastic modulus of the gel [12].
Thus it is possible to compare the moduli
extracted from light scattering to the
moduli measured with classical rheology.
We indeed find excellent agreement be-
tween the light scattering data and the
rheological measurements even at high
particle volume fractions where the con-
cept of a fractal gel breaks down [13].
One can even extend this approach and
determine the full frequency dependence
of the loss and storage moduli G'( (0) and
G"( (0) over a very wide range of frequen-
cies [10][11].

This optical microrheology approach
is not limited to idealized particle gels,
but can also be applied to much more
complex systems such as yogurt. This
opens up a completely new field of appli-
cations of non-invasive light scattering
techniques for the characterization of
complex systems or process control in
various areas such as ceramics or food
processing.


