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Clustering under short-range finite interactions
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In this paper the aggregation of surface modified colloidal particles is presented, paying special attention to
the cluster structure and growth. The surface was modified by adsorbing bovine serum aB8&nThe
interaction potential develops a minimum of restricted depth, weakening the clusters which subsequently
restructure and form more compact morphologies. This minimum is responsible for the reversibility of the
aggregation processdghis is an important difference between diffusion-limited cluster aggregation and
reaction-limited cluster aggregatipmhe energy minimum is associated with the presence of a steric term in
the energy balance, which depends on the size of the adsorbed molecules. BSA molecules with different sizes
were employed to test this point. In addition, the short-range interaction seems not to affect significantly the
paths of approximating particles, since the aggregation of the clusters at long times is independent of the size
of these particles. The long-time kinetics was interpreted in the frame of dynamic scaling concepts. A kinetics
model, including surface-surface, protein-surface, and protein-protein aggregation, is used to determine the
dominant mechanism controlling the aggregation.
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INTRODUCTION tering (SLS) and dynamic light scattering were used to study
the cluster structure and the evolution of the mean cluster

It is well known that irreversible colloidal particle aggre- mass, respectively. Bovine serum albuniBSA) was em-
gation leads to clusters exhibiting fractal structures directlyployed as an adsorbed macromolecule, since its charge state
related to the aggregation mechanism. For noninteracting easily controlled through the pH of the medium. In order
particles, the movement is dominated by the interaction witho study the effect of that short-range interaction on the clus-
the solvent molecules, undergoing Brownian diffusion onlyter structure, a high salt concentration was employed for the
affected by particle correlations induced by hydrodynamicexperiments, thus screening the long-range electrostatic re-
interactions. This interaction reduces the aggregation rate byulsive interaction, which assures us that the morphological
a factor two with regard to that of pure Brownian motion. modifications should be related only to the short-range inter-
Aggregation dominated by this mechanism is characterizedction.
by a linear increase of the mean cluster mass with the time. After the macromolecules are adsorbed, the interaction
Moreover, the free particle paths lead to a fractal cluster wittpotential develops a minimum of restricted depth, weakening
fractal dimension~1.8. the clusters which subsequently restructure and form more

When repulsion stabilizing longe-ranged forces dominatecompact morphologies. Moreover, this minimum is respon-
the cluster mass initially grows exponentially with time andsible for the reversibility of the aggregation procesébs is
later crosses over to power law growth with an exponentan important difference with DLCA and RLQAThe energy
greater than one. Furthermore, the mean-square displacemeninimum is associated with the presence of a steric term in
decreases. The repulsion allows the colliding particles tahe energy balance, which depends on the size of the ad-
reach positions interior to the cluster arms, making the clussorbed molecules. BSA molecules with different sizes were
ters more compact with fractal dimension®.1. These two employed in order to test this point. In addition, the short-
limit regimes describing irreversible processes are usuallyange interaction seems not to affect significantly the paths
called diffusion-limited cluster aggregatiofODLCA) and  of approximating particles, and the aggregation of the clus-
reaction-limited cluster aggregatiofRLCA), respectively. ters at long times was found to be independent of the size of
These two regimes, as well as the crossover between thenhese particles. The long-time kinetics data were interpreted
have been widely studied during the past two decétled]. by using dynamic scaling concefis,9].

A topical subject deals with modifications on clustering  Three aggregation mechanisms have been considered in
induced by the presence of a short-range barrier betweethe present paper to explain the experimental results at short
particles. It can be achieved by irreversible adsorption olggregation times. (i) Surface-surface aggregation: the ag-
macromolecules onto the particle surfaf®s7]. The aim of  gregation between bare sites on the particle surfaces must be
the current paper is to yield new insights on the mechanisndominant for low molecule concentration(ii) Protein-
governing the kinetics and cluster structure when thoseurface aggregation: free parts of the absorbed molecules,
short-range interactions are dominant. Thus, static light scabriented towards the bulk of the solution, are able to adsorb

also on the surface of colliding particlgsvhen free sites are
available, giving rise to bridging aggregatiof®,10]. (iii)
*Corresponding author. Email address: afernand@ual.es Protein-protein aggregation: the interaction between mol-
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ecules on different particles can also originate an additional B. Monitoring of cluster growth

aggregation. In addition, the steric barrier could impede par- the aggregation kinetics for colloidal suspensions is de-
ticle aggregation, when enough protein is adsorbed.  griped by the time evolution of the cluster size distribution
The outline of this paper is as follows: Section 1'is @y 4y For dilute systems, where only binary collisions are
theoretical background, including a brief summary abourrelevant, von Smoluchowski proposed the following differ-
static and dynamic light scattering applied to colloidal aggre— i equationsdN, /dt=12%, . _ kiN;N; =N, 7k, N,
gation. Section Il describes the experimental systems. Se 13). The function kr?~ i tﬁe Irgténe;tj V\I/hijch-r;erks:t)igd o
tion 11l contains the experimental details. The results and thg-mérs That functiolh depends on the sizes of the colliding
discussion of these experimental details are presented insc‘iUSter.s and contains all the physical information. For

V. DLCA, all collisions are effectivga short-range attractive
force is needed to guarantee bond irreversibiliyhe aggre-
|. THEORETICAL BACKGROUND gation is then called diffusion controlled. This is the fastest
possible aggregation mode in the absence of attraction forces

. _ between particles.
Colloidal clusters show self-similar branched structures

characterized by a scaling law(R)~R%, which relates the 1. Long-time behavior
increasing radiuR to the cluster volumé&/(R) through the
fractal dimensiord; . Static light scatteringSLS) allows the . . . ;
: : 4 neous functions of andj, at least for larga andj. Van
cluster fractal dimensiorg;, to be determined from the an- . o I
Dongen and Erndt8] introduced a classification scheme for

gular dependence of the mean scattered intensity. For eIaStt'ﬁese type of kernelsk,; ,.catki:, wherea is a positive
ai,aj ijo

scattering, the scattered_llght intensity from a system of Cluséonstant. The homogeneity paramekedescribes the ten-
ters may be expressed in a factorized fornm Hg

dency of a large cluster to bind to another large cluster and
I(q)~P(aq)S(a), (1)  governs the overall rate of aggregation. It should take the
value O for DLCA and 1 for RLCA. \ will be used in the
whereq=4/\ sin(6/2) is the scattering wave vector, with ~ current paper to characterize the aggregation mechanism.
being the wavelength of the light in the solvent afdhe  May be determined from the evolution of the number average
scattering angle. The form factd?(q), is related to the par- Mmean cluster siz&n,)=M;/M,, whereM;=2n'N,, is the
ticle size and Shape. The structure facﬁrq), depends on ?'Order momen'f of the size distribution. For DLCA a |i|’-1€al‘
the relative positions of the particles within the clusters andncrease with time is expected for long aggregation times,
hence contains the information about the structure. This fadiM:_.<(Ny)(t)~t. In the case of RLCA an exponential be-
tor is essentially a Fourier transform of the pair correlationhavior is predicted, lim...(n,)(t) ~e*, wherea is a fitting

A. Scattering functions for fractal structures

Most coagulation kernels used in literature are homoge-

function g(r), constant. In an intermediate regimen where the aggregation
is not totally controlled by diffusion or repulsion, the number
sin(qr) average mean cluster size, for nongelling systems X0
S(q)~f rfg(r)—1] ar dr. (20 <1), increases describing a power law in time with the ex-
ponent related to the homogeneity parameter:
In the case of fractal structures growing in three- lim (ng) (1) ~ LU, @

dimensional space, the pair correlation function is related to

t—oo

the fractal dimensiong(r)~r . Equation (2) is inte-
grated, leading t¢12]: The mean mass for fractal clusters may be derived from
the mean hydrodynamic radiu®y,)(t), once the fractal di-
~q % (qR>1) mension is known and from this magnitude, the number-
' average mean cluster size is easily calculated by dividing the
(3 mean cluster mass by the monomer mfds§,

where R is the mean aggregate size. Thus, in tie>1 (M) [(Ry)\
limit, a power law in the scattering vector is expected, from ()= m_O: Ry |
which the fractal dimension may be determined. The struc-

ture factor is defined only for distances larger than the parwith my andR, being the monomer mass and radius, respec-
ticle size and thus, E(q3) is only valid for qRy<1, where tively. This equation is employed in the present paper to
Ry is the monomer size. In this scattering region, the influ-obtain A. DLS is employed to determine the mean cluster
ence of the particle form factor can be neglected and theize,(R,). The scattered intensity autocorrelation function is
angular variation of the intensity is related only to the clusterdetermined directly from the photomultiplier output and con-
structure factof 1 (q)~q~%]. For higherg values, the length  verted into the scattered field autocorrelation function using
scale corresponds to individual spheres within the cluster anthe Siegert relationshifil5]. Information on the cluster-size
the intensity is related to the particle form factor. In loveger- distribution is obtained from the fitting coefficient in the ex-
regions, topological length correlations between clusterpanded logarithm of the field autocorrelation functi@u-
could be studied. mulant analysis Ing™(7) = — w7+ uo(7212) + wa(7131)

sin (d;—1)arctarigR)]
AR 1+ (qR)Z @ D7

S(a)~T'(di—1)

®
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+---. The first cumulaniju, is related to the mean particle to form covalent dimers through the SH group in its polypep-
diffusion coefficient byu,=(D)g%. Once the mean diffu- tidic chains. In this paper, monomeriBSA-m) and poly-
sion coefficient is determined, the mean hydrodynamic sizeneric (BSA-p) proteins were employed as a way of modify-
may be calculated using the Stokes-Einstein relationshifing the steric repulsive interaction potential. This protein
The homogeneity exponens, is then obtained from the presents the advantage that the charge can be balanced from
long-time asymptotic behavior of the mean cluster size, acnegative to positive by a simple pH change around 4.8 the
cording to Eq.(4). (BSA isoelectric point Moreover, this protein shows low
structural stability which imply structural changes. This fact
leads to more stable unions which guarantees irreversible
Olivier and Sorensefil6] obtained the following equation adsorption under well established conditions.
for the first cummulant of the intensity autocorrelation func-  The protein suspensions were cleaned by dialysis against
tion, valid for shorter times: distilled and deionized water during three days till water con-
ductivity remained constant. Afterwards, a Millipore Quén
, (6) low affinity filter was employed. The protein concentration
was calculated from the absorbance peak at 280 nm length
) o L _ wave using a spectrophotometer Spectronic-601, Milton Roy.
wheret.=2/coks is the characteristic aggregation time. It is The gpecific adsorption at that length wave is 0.667 1
expressed as a function of the initial particle concentratipn ¢=1m\~1 The concentrations were 4.25 mg/ml and 4.04
and the Smoluchowski rate constaky, Equation(6) allows  mg/m| for the monomeric and polymeric proteins, respec-
the characteristic aggregation tintg, to be obtained, once tjyely.
di and N are known. After thatks is determined fromt, In order to determine the protein sample composition,
using the initial particle concentration. This method is Va"delectrophoresis in polyacrilamide gel with silver dyeing was
due to the fact that both the fractal structure and the dynamigmployed. Thus, the sample BSAis mainly composed of
scaling become apparent almost since the beginning of th@onomers with the presence of a very reduced band corre-

2. Short-time behavior

~1dg(1-))
ma(t)=pu1(0)

+ —
1 t

aggregation processgs,17]. sponding to dimers. However, the sample BfAs mainly
composed of dimmers with a trace amount of monomer de-
Il. EXPERIMENTAL SYSTEMS tected.

The amount of adsorbed protein was determined from ad-
sorption isotherms, measured using a volume of 5 ml over
Aqueous suspensions of surfactant stabilized polystyren@.4 nt of total adsorption surface. Acetate buffers with a

microspheresMA80) were used for the aggregation experi- pH=4.8, corresponding to the BSA isoelectric point, were
ments. The particle diameter and polydispersity were deteremployed in order to guarantee maximum protein adsorption
mined by transmission electron microscofjEM) as well  [18,19. Polystyrene particles added to a protein solution
as by photocorrelation spectroscof3CS. The number av- were incubated durgn 2 h at 25°C. Theamount of nonad-
erage mean particle siz€d,,) =M /M, with Mk:Eknidik) sorbed protein was determined from absorbance measure-
was determined to béd,)tem=(99+4) nm and(d,)pcs ments after centrifugation and filtration using low affinity
=(100+9). The system polydispersity was calculated byfilters. Figure 1 shows the adsorption isoterms corresponding
considering also the weigh average mean particle size. Th® monomeric and polymeric BSA. The added protein is ad-
polydispersity index from TEM was calculated usifggy  sorbed onto the particle surfaces until a monolayer is formed.
=(dp)/(dn)=M4M/M3M; to be (1.006-0.005). For the Beyond this breakpoint, the slope becomes less tilted and the
PCS measurements, the polydispersity index was calculatezkcess of added protein stays in the bulk solution. The values
from the first and second cumulantspcs= leﬂi to be pointed out in the plot as 25%, 50%, 75%, and 100% corre-
(0.04+0.01). The negative surface charge responsible foppond to the systems used in the aggregation experiments.
the system stability arises from sulphate groups. Conducti-

metric titrations were performed in order to determine the Ill. EXPERIMENT DETAILS

total surface charge. In addition, charging and discharging

potentiometric titrations were carried out to obtain the charge Aggregation starts after mixing equal amounts Of. §ample
pH dependence. The surface charge density at #18 (set and buffered electrolyte by means of a Y-shaped mixing de-
for the aggregation experimepts was (2.5 vice. Samples with different degrees of surface coverage

+0.1) uClcn?. The particle stability was estimated by de- were aggregated at high electrolyte concentrafa00 M.

termining the critical coagulation concentrati@®CC) equal The pH was set close to the isoelectric point of BSA (pH

: ; =4.8) for which the protein is globally discharged. The ini-
to (0.50+0.07) M from the time evolution of the mean scat- . . .
ter(ed intensity) I Vot tial particle concentration was 1x610'° cm™2 and the tem-

perature was stabilized at (23.) °C.
Simultaneous static and dynamic light-scattering experi-
ments were performed using a 4700 Malvern setup. The
Bovine serum albumiiBSA) was chosen as an adsorbed mean scattered intensity was recorded in the range 10°-
macromolecule. This globular protein with molecular weight150°, showing an asymptotic time-independent behavior
66411 gmol! and 11.6 nnx 2.7 nmx 2.7 nm has the ability when the final structure of the clusters is totally established.

A. Polystyrene particles

B. Protein molecules
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FIG. 1. Adsorption isoterms for the monomeric and polymeric -1
proteins, wherd ,qqandP 4srepresent the amount of protein added q (m )
and adsorbed, respectively. The arrow-marked points correspond to
the systems employed in the aggregation experiments. For 100%)]e
surface coverage, the excess of protein in the bulk was cleane(()ir
before aggregation. In order to keep the experimental conditions
unaltered, the same procedure was applied to all the samples al-~0, describing a size independent cluster activity, typical
though it would not be strictly necessary because of total proteifor DLCA. However, when energy barriers are present,
adsorption. larger aggregates are more active than smaller ones\and

increases. In the literature there exist a wide range of values
From this long-time limit curve, the fractal dimensions werefor X\ in the range 0-1; this fact is associated with the ex-
calculated. The number average mean cluster-size and thperimental difficulty of establishing the repulsion-controlled
aggregation rate constant for dimer formation were deteraggregation limi{14,20,21.
mined from dynamic light scattering using E¢S) and (6),
respectively. B. Aggregation of surface modified particles

FIG. 2. Scattered intensity for bare particles aggregating under
presence of different ionic concentrations. From the exponents
the power laws, the fractal dimensions are calculdiese).

Aggregates were formed from monomers with different
IV. RESULTS AND DISCUSSION amounts of adsorbed BSA. In order to modify the range of

A. Aggregation of bare particles e A T

Before the aggregation experiments with surface modified s | i

particles, bare polystyrene microspheres were coagulated un 10 E
der well-known conditions, i.e., under pure particle diffusion 1« *

and under the presence of repulsive coulombian interactions, 1 o2 .

for which KCI was added at a concentration in the range 5 | * ;
0.125-0.700 M. Using SLS, decreasing long-time é: 10 1 %o oz 0 0s os
asymptotic power laws were obtained for the mean scatteringv () (M)"/

intensities, indicating a regular fractal structdfég. 2). The ] . ‘:f

0.700 M |
0.600 M |
0.495 M ]
0.375 M ]
0.250 M
0.125M ]

fractal dimensions are plotted in the inset, as a function of 10" e?
the salt concentration, observing a crossover from 1.75, for ]
diffusion conditions to 2.1, when the interaction between
particles is especially relevant. These values are commonly
accepted in the literature for DLCA and RLCA, respectively. 10°
The average particle siz€R,), was measured by DLS as a
function of the ionic concentration. Using the fractal dimen-

sions and the mean particle size, the number average mean

cluster size was obtained and plotted in Fig. 3. The homoge- F|G. 3. Evolution of the number average cluster size during the
neity parameten (inset in Fig. 3 was calculated from the aggregations. Different runs correspond to different ionic concen-
exponent of the long-time scaling power Idi&q. (4)]. The  trations. The long-time asymptotic slopes contain kinetics informa-
time evolution also follows the expected behavior whention through thex parameter, which is plotted in the upper left-hand
crossing from DLCA to RLCA. At high salt concentration, corner as a function of salt concentration.
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FIG. 5. Influence of the protein surface coverage on the fractal
dimension of growing clusters. The two series correspond to mono-
4 meric and polymeric adsorbed protein.

sorbed BSAm till 75% of coverage, indicating that the clus-
ter structure became more compact. For even more added
protein, the fractal dimension increases dramatically reach-
3 ing a value 2.1. This experiment was repeated three times to
ensure the validity of this result. For BS#-the increase in
the fractal dimension was much more pronounced. The clus-
ter fractal dimension increases up to 2.1 for 25% coverage.
4 Above this surface coverage, very compact clusters form
3 with a fractal dimension in the range of that typical for
RLCA. Vincentet al. [22] found that adsorbed polyelectro-
lytes strongly influence the colloidal aggregation due to im-
portant steric effects. A steric repulsive potential should then
be added to the classical DLVO contributions for a proper
description, i.e., the Coulombic repulsive potential and the
London—van der Waals attractive potential. A new force bal-
ance has to be considered: now, not only the electrostatic
q (m-1) force but also the steric force competes against the van der
Waals attractive force, resulting in a strong repulsion barrier
at very short distances, which impedes tight unions. The os-
&notic repulsive potential is expressed as

1\ [(H) 1 (H

25

where § is the distance between the particle surfaces due to
the presence of adsorbed layerss the molecular volume of
the solvent,¢ is the effective volume fraction of molecules
in the adsorbed layer, andis the solvency parameter. The
osmotic term dominates over the rest of the contributions
when the particle surfaces are closer than a distahgeo-

Figure 4 plots the mean intensity spectrum as a functiorjucing a minimum becoming deeper as the separation be-
of the scattering angle for clustering with BSA-and tween particles is reduced. Figure 6 shows the potential en-
BSA-p. Decreasing power laws are exhibited for all proteinergy versus distance. The clusters formed at this finite
coverages, indicating a regular fractal structure. In Fig. 5 theninimum interaction potential present a weaker internal
fractal dimensions are plotted against the degree of proteistructure as compared with those growing under the van der
coverage. For the BSMithe variation of the slopes with the Waals interaction. Thus, monomer rearrangement within the
amount of added protein is much less relevant than foclusters is possible.
BSA-p. The fractal dimension starts growing from 1.75 cor-  For BSA™m, the fractal dimensions are larger in the pres-
responding to DLCA. It is raised slightly for increasing ad- ence of the protein molecules. For values of the minimum on

| (arb. units)

FIG. 4. Scattered light intensity against the transfer scatterin
moment corresponding to aggregating particles covered with diffe
ent amounts of monomeric and polymeric protéBSA-m and Arra

BSA-p). Vosm™ z

14
the repulsive barrier responsible for the finite minimum in
the interaction energy, monomeriBSA-m) and polymeric
(BSA-p) protein molecules were employed.

1. Cluster structure
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FIG. 6. Free energy for two particles under the presence of
repulsive Coulombic interaction, van der Waals attraction, and
steric repulsion due to adsorbed macromolecules. The total interac-
tion energy(solid line) is obtained by adding up the three terms. It
shows a finite minimum responsible for the weak attraction forces
which make possible monomer rearrangement within the clusters.
In the absence of steric interaction, the minimum disappears since
the cluster structure is controlled only by the strength of the repul-
sive Coulombic interaction.

the order ofkgT, the thermal energy controls the cluster
structure, provoking particle rearrangement. The potential
energy minimum becomes less pronounced as the disé&nce
increases. As illustrated in Fig. 7, at low coverage degree, the
distance between particle surfaces is very short and cluster
structures are close to that corresponding to DLCA. For
higher surface coverage the fractal dimension increases as a
consequence of particle separation. The large rise of the frac-
tal dimension at 100% of coverage degree could be related to
the fact that protein might be adsorbed with an end-side ori-
entation. The mean separation between particles should be
larger, and the energy minimum less marked, favoring mono-
mer rearrangement.

The fractal dimensions for BSA-covered particles fol-
lows basically the same trend observed with B®RAHoOw-
ever, the fractal dimensions are much larger which corre-
sponds to more compact structures. The presence of
polymeric protein makes separatiérarger. In addition, the
effective volume fraction of molecules in the adsorbed layer
¢ also increases. The solvency paramegt& constant since
the nature of the adsorbed molecules and the solvent do not
change(the dependence gf on the volume fraction neces-

sary to explain phase transitions in some types of polymer FiG. 7. Sketch to illustrate the increase of the monomer separa-
gels is considered insignificant in the present mpdebn-  tion into clusters for increasing surface coverage. The strong fractal

PHYSICAL REVIEW E 67, 011402 (2003

sequently, the steric potenti@¥) increases as well as its dimension rise observed in Fig. 5 at 100% of surface coveffage

range for polymeric adsorbed protein as compared with th@SA-m) could be related to the fact that protein molecules adsorbed

monomeric one. The potential energy minimuRig. 6) re-  in a very compact configuration as shown in the picture.
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50% 4 FIG. 9. Kinetics\ parameter for different surface coverage de-
75% v . . . :
grees. A regular slight increase is shown as the coverage increases.
102'5
A ] polymeric adsorbed protein compared to the monomeric one,
\r.,:: despite the steric barrier shifts to larger distances. However,
¢ as described before, the cluster structures exhibit important
10" ' ' E changes as described before.
] s The slight rise in\ with the surface coverage indicates an
increasing tendency of large clusters to join with other large
BSA-P ] clusters. Short-range interactions must be responsible for this
10° — — ———rrrrry — result since long-range ones are not present. Aggregation be-
10° 10’ 10° tween uncovered sites on the particles cannot be responsible
t (min) for this trend since this effect increases as the uncovered

PHYSICAL REVIEW &7, 011402 (2003

surface diminishes. The explanation could be based on the
FIG. 8. Number average cluster size for clusters growing undefnteraction between proteins of different particles. Despite
different amounts of adsorbed prot¢BSA-m and BSAp). From  the protein being globally discharged at the isolectric point,
the slopes at long time, the parameter is obtained and plotted in local charge fluctuations are present, which could be respon-
Fig. 9. sible for the unions between two large clusters when they are
sufficiently close. Since large clusters bare large masses, a

duces its depth, shifting towards larger distances. TherefordEW unions must play a dominant role on the mean mass

the cluster restructuring is favored by the presence of largefVolution. In order to confirm this mechanism, the aggrega-
steric separations. tion rate constants were determined from the behaviors at

shorter times.

The characteristic aggregation tintge=2/coks, was de-
termined, and the aggregation constant for dimer formation

The aggregation kinetics at long times was monitored bycalculated. Equatiori6) obtains the characteristic aggrega-
dynamic light scattering. The number-average mean clustdion time onced; and are known. Figure 10 plots the ag-
size was calculated from the mean hydrodynamic radius angregation constarit, against the BSAn and BSAp cover-
fractal dimensionEg. (5)]. In this way, variations on the ing. Within the range 0—50 % no important variations have to
clustering mechanism might be detected from the asymptotibe pointed out. This result was expected since the high salt
long-time scaling behavior. Figure 8 plds,) as a function  concentration and the protein isoelectric point guarantee dif-
time for different coverage with BSM and BSAp. All fusion conditions. In addition, the steric term, which reduces
curves exhibit the predicted power law in the time with verythe collision efficiency, does not dominate due to the low
similar evolutions. The values of were calculated from the protein coverage. Thus, the aggregation kinetics is protein
exponentgFig. 9. They are close to 0 showing a slight rise independent. However, for 75% an important reduction is
for increasing surface coverage. Clusters are then formeshown, and the system becomes completely stable at 100%
mainly after a pure diffusion proce$BLCA). This resultis coverage. Despite the diffusion condition which guarantees
expected since the BSA molecules modify only the interacparticle approximation, the binding forcgsecessary for
tion between the particles at short distances, not affecting theluster formatiop cannot act because of the presence of
particle paths. In fact, no significant changes are observed fateric stabilizing forces. This mechanism is independent of

2. Aggregation kinetics
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8 ——— T TABLE |. Dimmer formation rate constants for surface-surface
(Ks9, protein-protgin Kop) s an_d _protein-surface aggregatiok,d
from the aggregation model fitting.

T Kss Kpp Kps
Protein (107 2cm®s™ %) (10 PcmPs™l) (10 2cmPs™d)

=2}
1

BSA-m 6.1:0.5 0.5£0.4 8.1:0.8
. BSA-p 6.3£0.2 0.2£0.1 7.2£0.3

(10" cm’s™)
*

The rest of the aggregation mechanisms are included in ex-

v’ 2+ ® BSA-m 7 tended modelf24—28. Schmittet al. consider one collision
______ BSA model) ) probability for each aggregation mechanism. The total rate of
BSA_m ( aggregation is obtained by adding all contributions up:
. -p
01 BSA-p (model) ] ke=ksd 1— 0)%+ kpp62+ 2Kpst(1—6). (8

0 ' 2'0 ' 4'0 ) 6lO ' 8lO ' 160 The factor 2 describes bindings of covered and uncovered
sites between two particles and its symmetrical case.
0 (%) This relationship allows quantifying the contribution of
the different aggregation mechanisms by plotting the rate of
FIG. 10. Aggregation rate constant for dimmer formation at dif- aggregation against the surface coveréigig. 10. The ex-
ferent syrface coverage. Symbols corresponq to monomeric a’}gerimental rates of aggregation are two times higher than the
polymeric adsorbed BSA. Lines are the best fit to the model. Thg 5 Mer model prediction. On the other hand, they lie very
rate con_stant_s for the three contributions included in the model arg|ose to the value for diffusion-limited aggregation, 6
summarized in Table I. X102 cm®s™!, which indicates that all collisions for the
surface-surface, protein-surface, and protein-protein aggrega-
the size of the adsorbed molecules, once guaranteed that thgn mechanisms are effective. In the fitting procedure, the
b|nd|ng forces cannot act. Figure 10 ShOWS no relevant d|f'rate Of aggregation for the Surface_surface mecham%n
ferences when polymeric protein is employed instead of thgyas set as the experimental rate of aggregatiofiad. The
monomeric one, thus confirming that point. __best fit is also shown in the Fig. 10 and the rates of aggre-
Three possible aggregation mechanisms can be distingation are given in Table I. The results indicate that protein-
guished for molecule coverage particles). Surface-surface  protein coagulation does not play an important role, although
aggregation:the collision of two uncovered sites on the sur-jt could be responsible for the slight trendofn Fig. 9. The
faces occur. This process corresponds to the aggregation gfotein-surface aggregation is then the predominant mecha-
bare particles, wittkss being the rate constantb) Protein-  npism. This is responsible for the absence of aggregation at
protein aggregationthe collision of two protein patches oc- 100% coverage. The surface-surface mechanism is also
curs, being the aggregation ratekig,. (c) Protein-surface  dominant but becomes apparent just at low surface coverage.
aggregation: bindings of uncovered sites on one particle Because the experiments pH coincides with the protein iso-
with a covered part on another particle occur, formingelectric point, the BSA molecules do not alter the net charge
bridges of macromolecules between particles. This reactiogf the colloidal particles. Thus, it is not surprising that the
is characterized b¥s. rate of aggregation for bridging flocculation is not far from
Several theoretical models have been developed to exyrface-surface aggregation value.
plain the relation between the aggregation rate and the de-
gree of coverage. La MdR3] considered only bridging ag- ACKNOWLEDGMENTS
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