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Abstract The different mechanisms involved in the ag-
gregation of spherical latex particles coated with bovine
serum albumin (BSA) have been studied using static and
dynamic light scattering. These techniques assess the
fractal dimension of the aggregates and their mean hy-
drodynamic radius. Particles with different degrees of
surface coverage have been prepared. The net charge of
the covered particles has been modified by varying the
pH of the aqueous phase. The aggregation rate was
measured and used to determine the importance of the
different aggregation mechanisms that are responsible
for these types of flocculation processes. At low and
intermediate degrees of surface coverage, bridging floc-
culation is the principal aggregation mechanism irre-
spective of the electrical state of the protein-particle
complexes. At high degree of surface coverage, however,
weak flocculation is important only when the BSA
molecules are at their isoelectric point.

Keywords Aggregate structure Æ Bridging
flocculation Æ Dynamic light scattering Æ Protein
adsorption Æ Static light scattering

Introduction

Flocculation of protein-coated particles plays an
important role in biology and other life sciences. For

example, one might think of (1) immunoassays, where
antibodies act as flocculating agents for antigen-covered
particles and vice versa (Miraballes-Martı́nez et al. 1996;
Ortega-Vinuesa et al. 1996a), and (2) aggregation of
micelles which may contain different proteins of bio-
logical interest in their membranes (Binks et al. 1989;
Merdas et al. 1998; Dimitrova et al. 2000). In these
types of processes, the particles may be held together
by protein ‘‘bridges’’ which may form between them.
Nevertheless, other aggregation mechanisms, such as
salt-induced coagulation or weak flocculation, may also
be involved. However, it is still not completely clear how
the experimental parameters affect the different aggre-
gation mechanisms and the structure of the resulting
clusters. Furthermore, the particles may aggregate by
more than one aggregation mechanism and so, it might
be quite hard to quantify the role of each of them.

Hence, flocculation of protein-coated particles is a
highly complex process that shows some analogies with
the so-called ‘‘bridging flocculation’’ (Fleer and Lyklema
1973; Pelssers et al. 1990), but in a strict way it cannot be
classified as well. Furthermore, even pure bridging
flocculation is not understood as thoroughly as salt-in-
duced coagulation and there are still several aspects of
indubitable interest for modern research such as the
aggregation kinetics (Adachi et al. 1994; Stoll and Buffle
1996; Adachi and Wada 2000), the influence of the
flocculating agent’s nature (Dickinson and Euston 1992;
Yu and Somasundaran 1996; Otsubo 1999; Smalley
et al. 2001), the structure of the formed aggregates
(Merdas et al. 1998; Biggs et al. 2000; Glover et al. 2000),
and the forces that lead to polymer adsorption and their
final conformation (Swenson et al. 1998). For this rea-
son, we focus our attention on the kinetic aspects and
the structural properties of the aggregates formed by
protein-coated particles. As several authors have stated,
very little work has been reported on this subject so far
(Adachi and Wada 2000; Biggs et al. 2000).

In this paper, three different aggregation mechanisms
will be considered: (1) coagulation, where bonds are
formed between two uncovered surface patches of the
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colliding particles; (2) weak flocculation, i.e. two covered
patches of the surface collide; and (3) pure bridging
flocculation where the collision of an uncovered part of
one particle with the covered part of another particle
occurs. In this configuration, a ‘‘protein bridge’’ will
form between the particles. Several theoretical models
have been developed in order to explain the relationship
between the aggregation rate and the degree of surface
coverage. The pioneer La Mer model considers bridging
flocculation to be the only aggregation mechanism
(Gregory 1989). From this, more detailed models were
proposed (Ash and Clayfield 1976; Hogg 1984; Moudgil
et al. 1987; Molski 1989). All of them account for ad-
ditional aggregation mechanisms and therefore, may be
considered as an extension of the La Mer model. Nev-
ertheless, all of them show the common feature that
bridging flocculation is the most efficient aggregation
mechanism, independently of the experimental condi-
tions. So, an extended model was proposed which con-
siders an independent collision probability for each
aggregation mechanism (Schmitt et al. 1998). It is our
purpose to apply this model to our experimental system.

In order to quantify the time evolution of the cluster-
size distribution in terms of an aggregation rate constant,
the analytical form of the corresponding aggregation
kernel has to be known. Since this is not possible a
priori, the constant aggregation kernel is widely taken as
a first approximation (Herrington and Midmore 1990;
Holthoff et al. 1996; Van de Ven and Alince 1996;
Puertas et al. 1999; Adachi and Wada 2000; Csempesz
2000). However, the hypothesis of a constant aggrega-
tion kernel is a severe constraint and, as several authors
have revealed, is not suitable for describing the aggre-
gation of protein-coated particles (Pelssers et al. 1990;
Schmitt et al. 1998). However, it may be used for the
initial steps of aggregation when only dimers are formed
and the aggregation rate constants of larger clusters are
still not important. The aggregation rate, ks, as obtained
by employing the constant kernel solutions of Smolu-
chowski’s rate equation, can also be used to distinguish
the importance of the different mechanisms involved in
the aggregation process (Herrington and Midmore 1990;
Holthoff et al. 1996; Csempesz 2000). In this work, we
focus mainly on this aspect. The structural and kinetic
information about the aggregating system, which is
necessary for determining the aggregation rate, ks, will
be obtained using light scattering methods.

Static light scattering (SLS) will be used to determine
the aggregate fractal dimension, df. From the pioneer
works on smoke aggregates (Forrest and Witten 1979)
and pure proteins (Feder et al. 1984), df has been re-
vealed as a very useful parameter for describing the
morphology of the clusters. A small df is an indication of
ramified structures, whereas a larger one corresponds to
more compact clusters. Aggregating proteins show a
fractal dimension between 2.2 and 2.5 (Feder et al. 1984;
Horne 1987; Shuler et al. 1999).

The kinetics of flocculation processes can be studied
using dynamic light scattering (DLS). The experimental

accessible quantity in this case is the mean hydrodynamic
aggregate radius, \Rh[. From its time evolution, the
homogeneity exponent k can be determined (van Dongen
and Ernst 1985). This parameter is defined by the rela-
tionship, kai aj=akkij, where a is a large positive number
and kij is the aggregation rate for clusters of size i and j.
According to its definition, k is an especially useful pa-
rameter since it correlates the aggregation rate of clusters
at different size scales and, thus, governs the time evolu-
tion of the overall aggregation process. Depending on the
sticking probabilities, different growth kinetics and size
distributions are obtained. k should take the value 0 for
diffusion-limited cluster aggregation (DLCA) and a value
between 0.5 and 1 for reaction-limited cluster aggregation
(RLCA) (Fernández-Barbero et al. 1996). Despite its
importance, k is mainly used to describe salt-induced co-
agulation, whereas its use to describe bridging floccula-
tion or aggregation between coated particles is scarce.

The experimental system used in this work consists of
aqueous suspensions of polystyrene microspheres cov-
ered with bovine serum albumin (BSA). BSA was se-
lected because it is one of the most abundant blood
proteins, comprising about 55% of total blood proteins
(Lee et al. 2002). Different amounts of protein were
adsorbed onto the particle surface in order to study the
influence of the degree of surface coverage. Generally, a
colloidal dispersion may lose its stability by adding salt.
In this work, we selected an electrolyte concentration
slightly above the one normally found in human blood
serum. As we discuss below, this salt concentration is
sufficient to impede the flocculation of bare particles,
whereas, depending on the pH, aggregation of the cov-
ered particles can be enhanced or biased.

The major aim of this report is to show that the
aggregation rate, ks, as obtained from combined light
scattering techniques, reveals useful information on the
flocculation mechanisms of protein-coated particles. In
particular, the influence of the protein net charge on the
different aggregationmechanisms can be determined. The
outline of this paper is as follows. The Materials and
methods section gives a brief summary of the employed
experimental techniques, experimental systems and the
theoretical aspects of the cluster structure, growthkinetics
and aggregation models. In the following sections, the
experimental results will be exposed and discussed.

Material and Methods

Sample preparation

Commercially available BSA (Pentex) was chosen as the adsorbing
macromolecule. BSA has its isoelectric point at pH 4.8 and is an
acidic proteinwith a net charge of)18e at pH 7 (Lee et al. 2002). This
means that BSA carries a slight positive charge at a pH below 4.8,
close to zero at pH 4.8 and a negative charge above its isoelectric
point. BSA is a globular protein of ellipsoidal shape. Its size is ap-
proximately 1.6 nm x 2.7 nm x 2.7 nm. The protein’s state of ag-
gregation was checked by native page electrophoresis. BSA dimers
were foundas themainunit of the sample, althougha smaller fraction
of high molecular weight aggregates was also detected. The only
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treatment prior to adsorption was a cleaning step by dialysis. The
protein was used without further purification. Adsorption of glob-
ular proteins fromaqueous solution on a solid surface is the net result
of several sub-processes (Norde and Zoungrana 1998 and cited ref-
erences herein): (1) electrostatic interaction due to overlap of the
electrical double layer around the charged protein molecule and the
charged sorbent surface; (2) steric interaction due to the polymeric
components at the sorbent surface that extend into the surrounding
aqueous phase; (3) changes in the state of hydration; and (4) rear-
rangements in the protein structure. Also, the conformation of the
BSA molecules affects the adsorption. BSA molecules with less
a-helical content can adsorb faster than native BSA. Generally, BSA
becomes less compact and has less a-helical content as the pH is
lowered (Kim and Cremer 2001). For the protein adsorption exper-
iment, different amounts of BSA were added to a fixed quantity of
buffered colloidal suspension. In order to facilitate adsorption, the
pH of the suspension was established near the isoelectric point of the
BSA molecules, i.e. at pH 4.8. BSA molecules possess a compact
structure when the medium pH coincides with their isoelectric point.
This structural organization is partially lost when the protein spreads
on the sorbent surface, leading to a net increase of the entropy of the
system (Norde and Zoungrana 1998 and cited references therein).
This is why maximum adsorption is usually achieved near the iso-
electric point of BSA, as other authors have found (Peula-Garcı́a
et al. 1994; Ortega-Vinuesa et at. 1996b). Far from the isoelectric
point, lateral intermolecular interactions become important and tend
to reduce the adsorbed amounts. The corresponding adsorption
isotherm shows the high affinity of BSA.At high BSA concentration,
a final plateau was reached which indicates the adsorption of a
complete monolayer (Norde et al. 1986; Peula-Garcı́a et al. 1993).
This gave us the possibility to obtain particles with a knowndegree of
surface coverage by simply controlling the amount of added protein.
Fig. 1 shows the adsorption isotherm of BSA on polystyrene parti-
cles. Samples with 0%, 25%, 50%, 75% and 100% of their surface
covered by BSA molecules were selected. In order to study the re-
versibility of adsorption, the BSA-latex complexes were centrifuged.
The supernatants were filtered, using a filter of extremely low protein
affinity, and measured spectrophotometrically. No protein was de-
tected in the supernatant and therefore the initially adsorbed amount
of BSA remains invariant.

Flocculation experiments

The flocculation experiments were carried out using aqueous sus-
pensions of polystyrene microspheres with different degrees of
surface coverage. The bare particle diameter was 99±1 nm and the

polydispersity index was 0.09±0.02, as determined by photon
correlation spectroscopy. The particle surface charge density r0 was
measured by conductometric titration and found to be weakly pH
dependent (Quesada-Pérez 1999). For example, r0=)3.3 lC/cm2

at pH 5. The negative particle charge arises from dissociated sulfate
groups on the particle surface. The colloidal stability was estimated
by determining the critical coagulation concentration (c.c.c.) from
the time evolution of the scattered light intensity. The obtained
value was (0.495±0.007) M KCl. The water used for sample
preparation was purified by inverse osmosis using Millipore
equipment. Prior to aggregation, the samples were sonicated for
15 min in order to break up any initial clusters, thus guaranteeing
monomeric initial conditions. Flocculation was induced by mixing
equal amounts of buffered electrolyte solution and particle sus-
pension by means of a Y-shaped mixing device. The final electro-
lyte concentration was 0.250 M KCl. The initial particle
concentration in the reaction vessel was 1.6·1010 cm)3 and the
temperature was stabilized at (25±1) �C. The pH was set to 3.2, 4.8
and 9.0 by low ionic strength acetate and borate buffers, respec-
tively. The ionic strength of the buffers was approximately 2 mM,
which is quite sufficient to ensure the desired pH. In any
case, the exact pH values were always checked experimentally.
Aggregation was monitored simultaneously by DLS and SLS. The
particle concentration was chosen so that the scattered light
intensity was well above the noise level but did not surpass the limit
for multiple scattering. At the selected particle concentration, the
aggregation kinetics was fast enough to ensure a reasonable run
time.

Aggregates structure

The morphology of the aggregates was assessed by means of SLS.
The light scattering experiments were performed using a slightly
modified Malvern 4700 System (UK) working with a 488 nm
wavelength argon laser. The photomultiplier arm was previously
located at the reference position in order to set the 0� angle. After
that, the mean scattered intensity was obtained for different angles
in the range from 20� to 140�. SLS allows the fractal dimension, df,
to be measured using the following relationship between the mean
scattered light intensity, I(q), and the scattering wave vector,
q=4p/ksin(h/2), where k is the medium wavelength and h is the
scattering angle (Jullien and Botet 1987):

I qð Þ / q�df ð1Þ

The mean scattered intensity contains information about the
cluster structure in the q range <Rh>

)1<q<R0
)1, where R0 is the

particle radius. For higher q values the length scale corresponds to
individual spheres contained within the clusters, and thus the in-
tensity is related to the particle form factor. In the lower q region,
topological length correlations between clusters could be studied.
After a sufficiently long time, the mean intensity I(q) showed the
expected asymptotic time-independent behaviour for all experi-
ments reported in this paper. This means that the final fractal
structure of the clusters was then totally established. From the
slope of the asymptotic curves, the fractal dimensions were finally
determined (Asnaghi et al. 1992).

DLS measurements

During DLS measurements, the scattered intensity autocorrelation
function is determined from the product of the photon counts at
times t and (t+s) such that G(s)=<I(t)I(t+s)>. Then, the nor-
malized intensity autocorrelation function:

gintðsÞ ¼ < IðtÞ Iðt þ sÞ >
< IðtÞ IðtÞ > ð2Þ

was calculated and converted into the scattered field autocorrela-
tion function by the aid of the Siegert relationship:

Fig. 1 Adsorption isotherm of polymeric BSA on latex particles.
The pH of the suspension was established near the isoelectric point
of the BSA molecules at pH 4.8. The quantities BSAadd and BSAads

give the added and adsorbed amount of BSA molecules normalized
by the total available particle surface
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gintðsÞ ¼ 1þ C gfieldðsÞ
�
�

�
�
2 ð3Þ

where C is a constant which depends on the optics of the instru-
ment (Pecora 1985).

For our experiments, the scattering angle was set to 60� and the
scattered light intensity autocorrelation functions were determined
at different times during aggregation. Data analysis was performed
using our own programs. Information on the cluster size distribu-
tion was obtained from the fitting coefficients of the expanded
logarithm of the field autocorrelation function (Koppel 1972):

ln gfieldðsÞ ¼ �l1sþ l2

s2

2

� �

þ l3

s3

3!

� �

þ ::: ð4Þ

This method is known as cumulant analysis and has been widely
used for DLS data analysis. For polydisperse systems, the first
cumulant, l1, is related to the mean particle diffusion coefficient,
<D>, by l1=<D>q2. From the mean particle diffusion coeffi-
cient the mean hydrodynamic size may be calculated using the
Stokes-Einstein relationship. In order to ensure that the contribu-
tion of rotational diffusion can be neglected, the angular depen-
dence of the first cumulant was determined. As an example, Fig. 2
shows l1 as a function of q2 for sample pH=4.8 and h=0%. At all
aggregation times, straight lines appear and l1 tends to zero as
q fi 0. This is the expected behaviour for pure translational
detection (Tirado-Miranda et al. 1999).

Aggregation kinetics

The kinetics of aggregation processes in colloidal suspensions may
be described by the time evolution of the cluster size distribution,
Nn(t), where n is the number of particles contained within the
cluster. For dilute colloidal systems, where only binary collisions
have to be taken into account, Smoluchowski (1917) proposed the
following system of rate equations:

dNn

dt
¼ 1

2

X

iþj¼n

kijNiNj � Nn

X1

k¼1
knkNk ð5Þ

The aggregation kernel, kij, quantifies the rate at which two
clusters of size i and j react and form a cluster of size i+j. kij
contains all the physical information about the aggregating system
and may be interpreted in terms of a sticking probability for two
clusters diffusing towards one another. Analytical solutions of
Eq. 5 exist only for a reduced number of kernels such as the con-
stant kernel, the sum kernel, the product kernel and combinations
thereof (Odriozola-Prego et al. 1999). The constant kernel, i.e.
kij=ks=cte, implies that the aggregation rate is size independent. It

has been used as a reasonable approximation for the DLCA regime
in which the aggregates diffuse by pure Brownian motion and, once
two clusters collide, they always aggregate. For long times and
large clusters, the cluster-size distribution exhibits dynamic scaling
and approaches the limiting form (Jullien and Botet 1985):

Nn tð Þ / s�2/
n
s

� �

ð6Þ

where s=s(t) is related to some average cluster size. /(n/s) is a
universal time-independent cluster-size distribution, which charac-
terizes the aggregation mechanism. Dynamic scaling implies that
the relative shape of the cluster-size distribution remains constant
during the whole aggregation process. Considering the dynamic
scaling solution (Eq. 6) and the fractal cluster morphology, the
mean hydrodynamic radius of the aggregates, <Rh(t)>, can be
expressed as:

RhðtÞh i ¼ R0t
1

df 1�kð Þ ð7Þ

This relationship can be used to determine k from the experi-
mental time evolution of mean hydrodynamic cluster radius, once
df is known (Ziff 1984).

Aggregation mechanism

In order to analyse the data in detail, one should take into ac-
count that the aggregation probability for a colliding pair of
colloidal particles depends also on whether the colliding part
of the surface is covered by protein or not. The probability of
finding a covered surface patch is given by the fractional surface
coverage, h, and the probability of finding a bare part by (1)h).
Hence, (1–h)2 gives the probability that two particles collide in
coagulation configuration, i.e. with the bare parts of their re-
spective surfaces. The aggregation rate for this configuration will
be denoted kc. Weak flocculation, i.e. the aggregation of two
covered surface patches, corresponds to h2, and in this case the
aggregation rate is denoted kwf. For bridging flocculation, stable
bonds are formed between a covered surface patch of one particle
and an uncovered patch of another one. Thus, the aggregation
rate should be proportional to the number of free sites on one
particle and also to the number of occupied sites on the other
one. Consequently, the corresponding aggregation rate, kbf,
should be multiplied by h(1–h). This relationship implies that
bridging flocculation is most effective at half surface coverage.

According to the model proposed by Schmitt et al. (1998), the
total aggregation rate may be written as the sum of all contributions:

ks hð Þ ¼ kc 1� hð Þ2þkwfh
2 þ 2kbfh 1� hð Þ ð8Þ

where the factor of 2 is introduced in order to account for the two
possible bridging configurations: the collision of an uncovered part
of one particle with the covered part of another particle and the
reverse case. This relationship allows the contribution of the dif-
ferent aggregation mechanisms to be quantified if the aggregation
rate, ks, is known as a function of the degree of surface coverage, h.

Using the dynamic scaling solution (Eq. 6) and the constant
kernel approximation for the time evolution of the cluster-size
distribution, the following relation for the first cumulant of the field
autocorrelation function has been obtained (Olivier and Sorensen
1990):

l1ðtÞ ¼ l1ð0Þ 1þ t
tagg

� � �1
df 1�kð Þ

ð9Þ

where tagg ¼ 2=c0ks is the characteristic aggregation time. tagg is
expressed as a function of the initial particle concentration, c0, and
the Smoluchowski rate constant, ks. Equation 9 allows the char-
acteristic aggregation time, tagg, to be obtained once df and k are
known. ks can then be determined from tagg using the known initial
particle concentration (Tirado-Miranda et al. 1998).

Fig. 2 Angular dependence of the first cumulant at different times
for pH=4.8 and h=0%
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Results

Using Eq. 1, the cluster fractal dimension, df, was ob-
tained by measuring the mean scattered light intensity, I,
as a function of the scattering vector, q. Figure 3 shows
a typical plot for the time evolution of the mean inten-
sity. It can clearly be seen that this function tends to-
wards a limiting long-time behaviour, from which the
cluster fractal dimension can be easily obtained. Obvi-
ously, a longer time is required for reaching this as-
ymptotic curve in the low-q range, corresponding to the
larger structures. For higher q values, the final curve is
observed almost from the beginning, when only small
clusters are present. Examining the curves in more de-
tail, one might think that the slope increases from about
)1.4 to a final value of approximately )2, and so df
seems to be time dependent. Nevertheless, this apparent
increase is still due to the decreasing curvature of the I(q)
curves rather than a change in the fractal structure of the
aggregates. As can be seen in Fig. 3, the curves with a
slope smaller than approximately )2 are still slightly
bent and it is not possible to fit a well-defined straight
line to them. Hence, the curves are still affected by the
limited cluster size, i.e. the clusters are still too small so
that the lack of self-similarity at large length scales
(small q values) affects the I(q) curves at short length
scales (large q values). Consequently, the fractal di-
mension df can be reliably obtained only at very large
aggregation times when the I(q) curves show the ex-
pected linear behaviour over a sufficiently large q range.
This, however, does not imply that the fractal structure

of the smaller aggregates is changing in time or not well
defined. It is only not yet observable. Table 1 contains
the obtained fractal dimensions. Excluding the sample
for h=25% at pH 3.2, where df=1.9, all observed val-
ues are closer to 2.1, which is the commonly accepted
value for RLCA processes.

Time-resolved DLS was employed for monitoring the
average diffusion coefficient of the aggregates. The
average hydrodynamic radius, <Rh>, was calculated
using the Einstein-Stokes equation. In Fig. 4, the time
evolution of <Rh> is plotted in logarithmic scale for
two different samples. In all cases, the data align on a
straight line, even for quite small clusters. The observed
power law is characteristic for dynamic scaling and in
good agreement with the theoretical prediction given by
Eq. 7. It should be pointed out that the exponential
behaviour, predicted for RLCA and k=1, could not be
observed. The curves always rise, describing a power law
almost from the beginning. This implies that the cluster
size distribution may be described by the dynamic scal-

Fig. 3 Time evolution of the scattered light intensity as a function
of the scattering vector for pH=4.8 and h=0%

Fig. 4 Average hydrodynamic radius as a function of time for: (a)
pH=9.0 and h=25%, at which k>0, and (b) pH=3.2 and
h=50%, at which k<0

Table 1 Fractal dimension, df,
and homogeneity exponent, k,
as a function of the degree of
surface coverage, h, obtained at
three different pH values

h(%) pH 3.2 pH 4.8 pH 9.0

df k df k df k

0 2.17±0.03 0.43±0.02 2.03±0.03 0.33±0.02 2.19±0.03 0.42±0.02
25 1.92±0.03 )0.15±0.02 2.23±0.03 )0.10±0.01 2.29±0.03 0.28±0.03
50 2.24±0.03 )0.31±0.03 2.27±0.03 )0.26±0.03 – –
75 – – 2.33±0.04 )0.18±0.02 – –
100 – – 2.39±0.04 )0.12±0.01 – –
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ing approach practically for the whole aggregation
process and, even for the early aggregation stages, the
dynamic scaling solution is at least a good approxima-
tion. Using the fractal dimension as obtained from the
independent SLS experiments, k was determined by fit-
ting the experimental data according to Eq. 7. The
obtained results are summarized in Table 1.

Once df and k were known, Eq. 9 was then employed
for obtaining the characteristic aggregation time, tagg,
and there from the Smoluchowski rate constant, ks. For
this purpose the first cumulant, l1, was plotted as a
function of the scaled time, 1+t/tagg. The characteristic
aggregation, tagg, was then varied until all experimental
points aligned, according to Eq. 9, on a straight line
with a slope of unity (see Fig. 5). The Smoluchowski
rate constant, ks, was calculated from the obtained tagg
values using the known initial particle concentration.
Figure 6 shows the experimentally obtained ks values as
a function of the degree of surface coverage at the three
different pH values used in this study. The best fits ac-
cording to Eq. 8 are also included in the plots. The
corresponding fitting parameters are given in Table 2.

Discussion

The measured fractal dimensions surpass in almost all
cases the value of 2. This indicates that relatively com-
pact structures are formed. Similar values were obtained
for processes involving pure bridging flocculation
(Glover et al. 2000) or bare protein aggregation (Horne
1987; Shüler et al. 1999). At pH 4.8, we observe that the
fractal dimension rises for increasing surface coverage,

i.e. the aggregates tend to become more compact. A
similar behaviour has been observed before for other
experimental systems (Tirado-Miranda et al. 1999). In
that case, the authors found that the fractal dimension
rose from df=1.74 for clusters formed by aggregating
bare particles up to 2.7 for sodium dodecyl sulfate
(SDS)-covered particles. This dramatic increase in df was
explained taking into account that osmotic and elastic-
steric interactions lower the binding strength and, thus,
allow for internal rearrangement processes once the
clusters are formed. In our experimental systems, how-
ever, the bare particles aggregate at an electrolyte con-
centration of 0.250 M, which is insufficient for ensuring
a diffusion-limited aggregation regime. Nevertheless,
even in this case the fractal dimension tends to increase
for increasing surface coverage. This indicates that the
adsorbed protein layer plays a similar role as the SDS
layer in the aforementioned experiments, and so,
osmotic and elastic-steric interactions may be evoked
for explaining the observed behaviour.

The aggregation kinetics will be discussed mainly in
terms of two parameters, the obtained homogeneity
exponent, k, and the Smoluchowski aggregation rate, ks.
Prior to a more detailed discussion, however, it should
be pointed out that negative values were found for k.
Although the van Dongen-Ernst theory does not forbid
those values, it is difficult to find them in the literature
(Delgado-Calvo-Flores 2000; Molina-Bolivar et al. 2001;
Tirado-Miranda 2001). According to its definition, the
physical meaning of negative k values is that the small
cluster-small cluster union is favoured and more likely
than the aggregation of larger clusters. This implies that
the aggregation rate should slow down as the aggrega-
tion processes go on. This behaviour was clearly ob-
served in our data (comparing Fig. 4a and b) and thus
supports the obtained negative k values.

Before we enter the detailed discussion for the dif-
ferent pH values, it is convenient to compare briefly the
results obtained for bare particles. According to Table 1,
the aggregation processes seem to be pH independent. In
all cases, similar values for both df and k are obtained.
The k values between 0.3 and 0.4 point towards rela-
tively slow aggregation kinetics, which implies that the
clusters collide more than once prior to aggregation. The
values found for the fractal dimension, df, are very close
to the ones found for RLCA processes, which indicates
that relatively compact structures are formed. Conse-
quently, the fast aggregating DLCA regime is not
achieved and so the screening of the particle surface
charge is not complete. From the point of view of the
interaction energy picture according to the DLVO the-
ory, we conclude that the repulsive energy barrier does
still exist, although it is lowered considerably.

At pH=3.2

At this pH, the latex particles are negatively charged
whereas the BSA molecules bear a positive net charge.

Fig. 5 Time evolution of the normalized first cumulant as a
function of the scaled time for pH=3.2 and h=50%

Table 2 Aggregation rate constants kc, kwf and kbf obtained at
three different pH values

pH kc (10
)12 cm3 s)1) kwf (10

)12 cm3 s)1) kbf (10
)12 cm3 s)1)

3.2 1.8±2.3 0.0±2.6 9.4±3.6
4.8 1.2±0.8 4.9±0.8 10.5±1.5
9.0 0.8±0.3 0.0±0.3 0.6±0.4
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Here, we find aggregation at the intermediate range of
surface coverage for h=25–50%. At h=25%, the fractal
dimension, df=1.92, is smaller than the corresponding
one at h=50%. Furthermore, the homogeneity expo-
nent k is negative and its absolute value is also smaller
than the one obtained at h=50%. These data imply that
rather small and ramified aggregates are formed. For
relatively low degrees of coverage, we may assume that
there are surface patches carrying a local positive charge
arising from the BSA molecules and areas of unoccupied
surface still bearing the original particle charge. So, in a
microscopic analysis, two particles may collide with
positive and negative areas of their respective surface,
giving rise to bond formation due to electrical attraction.
This process can be seen as a kind of charge-mediated
flocculation in which the protein molecules act as
‘‘bridges’’ between the aggregating particles. Neverthe-
less, we cannot exclude the possibility that the particles
join through unoccupied patches of their respective
surfaces, i.e. that also coagulation takes place. At a
larger scale, the protein-particle complexes may be
considered to act as homogeneously charged spheres.
From this point of view, aggregation is generally fa-
voured since the net charge of the covered particles and,
consequently, the electrostatic repulsion term for the
total DLVO interaction energy are smaller than the ones
for the uncovered particles.

The situation is quite different at high degrees of
surface coverage, h=75–100%, where aggregation
practically does not take place. Here, two mechanisms
prevent aggregate formation. The first one is related to
the fact that practically all surface patches carry locally a
positive net charge, which will always give rise to a re-
pulsive energy barrier between two colliding particles.
The second one is due to repulsive steric interactions
which arise when two layers of adsorbed proteins come
into contact (Tirado-Miranda et al. 1999).

As can be seen in Fig. 6, the corresponding ks versus
h curve is roughly ‘‘bell shaped’’, which indicates that
bridging flocculation is the main aggregation mecha-
nism. Fitting the curve according to Eq. 8 allows us to
quantify the weight of the different aggregation mecha-
nisms. The obtained fitting parameters are summarized
in Table 2. They show that weak flocculation is not
observed whereas protein bridging is about five times as
effective as pure coagulation. This means that, at
pH 3.2, the aggregation kinetics is almost completely
controlled by ‘‘protein bridging’’. This can be illustrated
at the relatively low degree of surface coverage of
h=25%. In this case, the probability for two ap-
proaching particles to collide with their bare surface
patches is given by (1)h)2=56%, while the probability
for particle encounters in bridging configuration is only
2h(1)h)=38%. Hence, one expects the aggregation
process to be mainly governed by pure coagulation.
However, the contribution of pure coagulation to the
overall aggregation rate, kc(1)h)2=1.0·10)12 cm3/s, is
more than three times smaller than the contribution of
bridging flocculation, 2kbfh(1)h)=3.5·10)12 cm3/s. This

means that aggregation occurs mainly in bridging con-
figuration and the probability for bridging flocculation is
so high that it overcompensates the lower collision
probability for this mechanism at low degrees of surface
coverage.

At pH=4.8

At this pH, aggregation is observed to a greater or
lesser extent at all degrees of surface coverage (see
Fig. 6). Here, the latex particles are negatively charged
whereas the BSA molecules are at their isoelectric
point. For low surface coverage, there should be neg-
ative and electrically uncharged areas on the particle
surface. Hence bridging flocculation becomes possible
when uncharged and negative areas of different parti-
cles come into contact. This mechanism is based on the
high affinity of electrically uncharged BSA molecules
for the negatively charged surface, i.e. the binding
forces for this aggregation mechanism seem to be very
similar to the interaction which enables the isolated
protein molecules to adsorb onto the bare particle
surface. As can be seen in Table 2, coagulation between
uncoated surface patches of colliding particles still oc-
curs, although at a relatively low rate which is about 10
times smaller than the rate for pure bridging floccula-
tion. The explanation for the non-vanishing aggrega-
tion rate at low degrees of surface coverage is quite
similar to the one given for pH 3.2, i.e. the electrolyte
concentration is high enough to decrease the height of
the repulsive energy barrier so that pure aggregation
becomes possible. However, it is insufficient to screen

Fig. 6 Smoluchowski rate constant, ks, versus degree of surface
coverage for pH=3.2, 4,8 and 9.0, respectively. The data points
were obtained averaging over three independent measurements.
The error bars give the statistical error of the mean value. The lines
show the best fit according to Eq. 8
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the particle net charge completely and thus, only a
relatively reduced aggregation rate is achieved.

At high degrees of surface coverage, one expects
steric repulsion to impede weak flocculation since the
covered surface patches of one particle will not find free
space on another one. Nevertheless, the aggregation rate
for completely covered particles reaches almost half
the value observed for pure bridging flocculation (see
Table 2). This may be understood if one supposes that
the adsorbed layer of neutral protein molecules reduces
the long-range repulsive electrostatic interactions
between two approaching particles. According to
Elgersma et al (1990), this is possible since adsorption of
neutral protein molecules may lead to entropically
driven counter-ion rearrangement and thus, lower the
particle net charge. This idea was corroborated by
Peula-Garcı́a et al. (1994) and Ortega-Vinuesa et al.
(1996b), who measured the electrophoretic mobility of
protein-covered latex particles. Their results showed that
the electrophoretic mobility decreases for an increasing
amount of adsorbed protein.

At pH=9.0

At high pH, slow but significant aggregation is observed
only for h=0% and 25%. In both cases, the experi-
mental data indicate that the small cluster-small cluster
union is biased (k>0; see Table 1). As was explained
before, the latex particles and the BSA molecules bear
negative net charge at high pH. This means that the
electrostatic repulsion is enhanced for increasing degrees
of surface coverage and finally, becomes so high that it
impedes flocculation almost completely. This explains
why only pure coagulation and some bridging floccula-
tion at low degrees of surface coverage are still possible.

Conclusions

In summary, we studied the flocculation mechanism of
protein-coated particles under conditions usually found
in biological systems. The fractal dimensions obtained
by SLS show that relatively compact structures are
formed. Combining these results with DLS data we
found negative values for k, which indicates that, in
these cases, the small cluster-small cluster union is fa-
voured and more likely than the aggregation of larger
clusters. Irrespective of the electrical state of the protein-
particle complexes, bridging flocculation is the main
aggregation mechanism at both low and intermediate
degrees of protein coverage. Weak flocculation is im-
portant at high degrees of coverage only if the adsorbed
BSA molecules are at their isoelectric point.
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