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ABSTRACT Aggregation in a lipid bilayer is modeled as cluster—ciuster aggregation on a square lattice. In the model, clusters carry
out a random walk on the lattice, with a diffusion coefficient inversely proportional to mass. On contact, they adhere with a
prescribed probability, rigidly and irreversibly. Monte Carlo calculations show that, as expected, rotational diffusion of the
aggregating species is highly sensitive to the initial stages of aggregation. Lateral diffusion of an inert tracer obstructed by the
aggregate is a sensitive probe of the later stages of aggregation. Cluster—ciuster aggregates are much more effective barriers to
lateral diffusion of an inert tracer than the same area fraction of random point obstacles is, but random point obstacles are more
effective barriers than the same area fraction of compact obstacles. The effectiveness of aggregates as obstacles is discussed in
terms of particle—particle correlation functions and fractal dimensions. Results are applicable to aggregation of membrane

proteins, and at least qualitatively to aggregation of gel-phase lipid during lateral phase separation.

INTRODUCTION

The aggregation of proteins in membranes is important
in a variety of cellular processes, such as aggregation of
receptors for hormones, neurotransmitters, growth fac-
tors, and antibodies (Palmer and Thompson, 1989),
aggregation of acetylcholine receptors at the neuromus-
cular junction (Velez et al., 1990), clustering of band 3
by denatured hemoglobin in abnormal or senescent
erythrocytes (Schliiter and Drenckhahn, 1986; Waugh et
al,, 1986), and aggregation of virus glycoproteins in the
plasma membrane of an infected cell (Petersen et al.,
1986).

An aggregation model may also be useful as a qualita-
tive model of lipid lateral phase separation induced by
changes in temperature, lateral pressure, or cation
concentration. In a study of gel-phase structures in
phospholipid monolayers at the air-water interface,
Florsheimer and Mohwald (1989) propose a two-step
process in which submicroscopic domains grow and then
aggregate. Sun and Petersheim (1990) suggest a similar
picture in their work on cation-induced phase separa-
tion.

An understanding of aggregation models is useful to
establish the role of aggregation in membrane processes.
The cluster—cluster aggregation (CCA) model has been
extensively studied (Jullien and Botet, 1987; Meakin,
1988; Vicsek, 1989). In this model, clusters move by a
random walk on a lattice, and clusters which come into
contact adhere rigidly and irreversibly. The process
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continues until only one cluster is left. The only interac-
tions included are hard-core repulsion and sticking. The
CCA model is distinct from diffusion-limited aggrega-
tion, in which there is initially one stationary seed
particle. Single particles move by a random walk, and
bind irreversibly when they come into contact with the
seed particle or a previously bound particle (Meakin,
1988; Vicsek, 1989).

These aggregates can be characterized in several
ways. First, we examine the particle-particle correlation
function, which yields a correlation length and the
fractal dimension of the clusters. Next, we examine the
effect of the aggregates as obstacles to diffusion, and find
that the aggregates are much more effective barriers
than the same area fraction of random point or square
obstacles. Finally, we examine the translational and
rotational diffusion coefficients of the clusters.

METHODS

The CCA calculations are carried out by standard methods (Meakin,
1983; Kolb et al., 1983). A 256 x 256 square lattice with periodic
boundary conditions is used. To begin the calculation, particles are
placed on randomly chosen sites, without overlap; particles that are
initially adjacent are assumed to form a cluster. Then the clusters
execute a random walk. Whenever two clusters become adjacent, an
attempt is made to merge the clusters, with a prescribed probability
P,qc. If the clusters are merged, they are merged irreversibly into a
rigid cluster, and move as a unit thereafter. If the clusters do not
merge, they remain adjacent but unconnected, and may separate on a
later move. The random walk continues until only one cluster remains.
The aggregation time is defined as the time required to form the final
cluster.

Further rules on cluster mergers are as follows. If a single point in
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one cluster is adjacent to two points in another cluster, or if two points
in one cluster are adjacent to two points in another cluster, two
attempts are made to merge the clusters. The clusters are merged if
one or both attempts are successful. In an unmerged adjacent pair, if
one cluster tries a move that would cause the clusters to overlap, the
move is blocked, but the appropriate attempts to merge the clusters
are made.

Points in clusters are identified using linked lists. Clusters are
identified using the algorithm of Hoshen and Kopelman (1976),
modified to allow for periodic boundary conditions.

The translational diffusion coefficient of a cluster is assumed to be
D1(CL) = My /M, where M is the mass of the cluster, and M,y is the
mass of the smallest cluster present at that time (Meakin et al., 1985).
At each step, a cluster is chosen at random, the clock is incremented by
an amount Ar defined below, the diffusion coefficient D;(CL) of the
cluster is calculated, and a random number r between 0 and 1 is
generated. If r < D;(CL), the cluster is moved in a random direction;
otherwise, the cluster is not moved. The normalization of D (CL)
implies that the smallest cluster moves every time it is chosen.

Each step in the program corresponds to a physical time increment
of At = My,/N(t), where N(f) is the number of clusters present at
time ¢ (Meakin et al., 1985). The factor of 1/N(¢) makes the unit of
time one move per cluster, avoiding an artifactual acceleration of time
during the calculation. If 100 clusters are present, then 100 steps
correspond to one move per cluster, but when only two clusters are
present, 100 steps correspond to 50 moves per cluster (Vicsek and
Family, 1984). The factor of M,,, is required because the smallest
cluster moves every time it is chosen. Consider the step at which the
last unit cluster merges with another cluster. Before this step, a cluster
of mass 2 moves with probability 14, and At = 1/N(¢). After this step, a
cluster of mass 2 moves with probability 1, but Ar = 2/N(z).

The aggregation process is stopped at prescribed times, the clusters
are characterized, and the aggregation process is continued. Cluster
masses and the radius of gyration are averaged over 100 different
configurations.

The particle-particle correlation function is obtained by Fourier
transformation (Press et al.,, 1986). The correlation length and the
fractal dimension are obtained from a log-log plot of the correlation
function versus radius, as described below. The correlation function is
averaged over 100 different configurations.

Cluster sizes are described by the radius of gyration R%,z =
(1/M)2(r, — r,)’, where r, is the position of the ith particle of the
cluster, r, is the position of the center of mass, and M is the mass of the
cluster. This is calculated assuming that the clusters are made up of
point particles.

The rotation diffusion coefficient of a cluster is Dg(CL) ~ 1/R}
(Saffman and Delbriick, 1975), where the hydrodynamic radius R,, is
assumed to be proportional to the radius of gyration. To avoid a
divergence for clusters of unit mass, we assume that the cluster is made
up of circles of radius €/2, where € is the lattice constant, and calculate
the radius of gyration by standard means (Synge and Griffith, 1949).
The rotational diffusion coefficient is then

D3(CL) = 1/[M(1 + 8RGyp)); )

which is normalized to one for a cluster of unit mass.

Diffusion calculations are carried out as described earlier (Saxton,
1987). The positions of the clusters are fixed, and a tracer is placed at a
random unblocked point on the lattice. The tracer then carries out a
random walk on lattice sites not occupied by a cluster, and the position
of the tracer is recorded periodically. The calculation is repeated for
various starting positions of the tracer, and various aggregates at the
same concentration and aggregation time. The mean-square displace-
ment of the tracer is obtained as a function of time, and the diffusion
coefficient is obtained as described earlier (Saxton, 1987). The

diffusion coefficient is normalized to one when no obstacles are
present. For short runs (10° time steps), 400 different tracers and 100
different aggregates were used; for long runs (2 x 10° time steps), 100
tracers and 25 aggregates. Calculations for diffusion of a tracer in the
presence of random point or square obstacles were carried out
similarly. To evaluate the statistical error, several independent runs
were made. For final aggregates at an area fraction of 0.1, D* = 0.170
+ 0.013 (5 runs). For random points at an area fraction of 0.3, D* =
0.264 + 0.003 (6 runs). For random points, twice as many tracers and
twice as many repetitions were typically used.

RESULTS AND DISCUSSION

The cluster—cluster aggregation
model

In the CCA model, point particles are placed at random
on a lattice at a prescribed concentration. The clusters
then move by a random walk. When two clusters become
adjacent, they adhere with a prescribed sticking probabil-
ity P,sc. If they adhere, they are joined rigidly and
irreversibly; if they do not adhere, they may separate on
a later move. The process continues until only one
cluster remains. Here P,;; = 1 corresponds to diffusion
control, and P,,; = 0, to reaction control (Kolb and
Jullien, 1984).

The calculations are carried out on a square lattice, to
represent aggregation of a tetravalent species. To simu-
late lateral phase separation in a lipid, a triangular
lattice is more appropriate; this case will be treated in
later work. Periodic boundary conditions are imposed.

The translational diffusion coefficient D (CL) of a
cluster is assumed to be inversely proportional to the
mass of the cluster. Although the form of D;(CL) affects
the time dependence of the cluster size distribution, it
does not affect the structure of the final cluster signifi-
cantly, provided that small clusters diffuse faster than
large clusters (Meakin, 1984a). Rotational diffusion is
not allowed; it has little effect on the fractal dimension
of the final cluster (Meakin, 1984b). Clusters from
off-lattice and on-lattice simulations have similar fractal
dimensions (Meakin, 1985).

The concentration of obstacles, C,, is expressed as an
area fraction, defined as the fraction of lattice points
occupied by particles. The unit of length is the lattice
constant €. To translate calculated quantities into observ-
able quantities, £ may be taken to be the size of a lipid or
the size of a protein.

If the lattice spacing is assumed to be an appropriate
value for a lipid, € = 0.8 nm, and the diffusion coefficient
of a monomer is assumed to be D; = 5 pm’/s, then the
jump time is (r*)/4D; = 32 ns. For C, = 0.1, P, = 1,
and a 256 x 256 grid, the mean aggregation time is
~8 x 10°, or ~25 ms, and the size of the grid is ~0.2
pm. For the assumed value of D, the rotational diffu-
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sion coefficient of a monomer is Dy = 4.8 x 10° s™*
(Saffman and Delbriick, 1975). (We assume, in their
notation, a particle radius a = ¢/2 = 0.4 nm, a mem-
brane thickness # = 5 nm, and viscosities of 1 poise for
the lipid phase and 0.01 poise for the aqueous phase.)

Similarly, for aggregation of proteins the size of the
erythrocyte band 3 anion transport protein, we have € =
6.6 nm (Weinstein et al., 1979) and D; = 1.8 um?/s for
band 3 in a dimyristoylphosphatidylcholine bilayer at 35°
C (Clegg and Vaz, 1985), so that the jump time is 6 us.
The aggregation time of 8 x 10° then corresponds to 4.8
s, and the size of the grid is 1.7 pm. For this value of D,
the Saffman-Delbriick equation predicts D, = 3.7 x 10*
s”', in good agreement with experiment (Clegg and Vaz,
1985).

Time course of aggregation

Some examples of aggregates are shown in Fig. 1. Fig. 1,
a—e shows the time course of aggregation for an area
fraction C; = 0.1 and a sticking probability P,,; = 1.0.
Initially, the particles are randomly distributed and only
small clusters are present. As aggregation proceeds, the
clusters are of a roughly uniform size and distribution
(Kolb, 1984). Finally, only one cluster is present, with an
extended, stringy structure. Fig. 1 f shows a final cluster
for C, = 0.05, P,;c = 1.0. Even with such a low
concentration of particles, the cluster is extended enough
to have a significant effect on lateral diffusion. Figs. 1 g
and & show final clusters for C; = 0.20 and C, = 0.30,
P =1.0.

The stringiness of the final cluster is a result of the
assumption that the particles adhere irreversibly and
with unit probability on contact. If the particles can
detach and reattach, or if the probability of adhesion is
small, the cluster forms a more compact structure, with a
higher fractal dimension (Kolb and Jullien, 1984; Shih et
al., 1987). Contrast Fig. 1 g, a final cluster for C, = 0.2,
P,cc = 1 with Fig. 1§, for C; = 0.2, P,;; = 0.001. When
P,.c is small, the clusters are thicker and less stringy,
because neighboring clusters can penetrate each other
more deeply before adhering.

Cluster growth and structure can be characterized in
several ways. Growth can be described by the various
average molecular masses used to characterize polymers
(Tanford, 1961; Meakin, 1984c). If M, is the mass of the
ith cluster and N is the total number of clusters, then the
number-average cluster mass is M = 3,M,/N, and the
mass-average cluster mass is M,, = 3, M?/3,M,. The ratio
M,,/M, is a measure of the uniformity of the cluster size.
For uniform clusters, the ratio is 1; for a linear condensa-
tion polymer of random length, the ratio is 2 (Tanford,
1961). The cluster size is described by the radius of
gyration Ry, defined in Methods. A simple measure of

cluster structure is the average coordination number (Z).
Values of these quantities are shown in Fig. 2. For
P, = 1, the average masses increase roughly as t°°, the
number of clusters varies roughly as ¢ ~%¢, and the radius
of gyration increases as ¢°*. The ratio M,, /M, remains
approximately constant, reflecting the uniformity of the
clusters as shown in Fig. 1. The average coordination
number (Z) reaches its asymptotic value early in the
aggregation process. As shown in Fig. 2 ¢, the radius of
gyration is smaller for P,;; = 0.01 than for P, = 1,
reflecting the more compact structure obtained when
P, is small.

Fractal structure

The cluster structure may be characterized by the
particle-particle correlation function C(r), giving the
probability that, if a particle is at r = 0, there is also a
particle in any cluster at a distance . (One could also
define a correlation function giving the probability that if
a particle is at r = 0, there is also a particle in the same
cluster at a distance r [Martin and Wilcoxon, 1989].)
This correlation function could be obtained experimen-
tally from electron micrographs.

Initially, the distribution is random and C(r) is con-
stant for all r > 0, as shown in Fig. 3 a. As clusters form,
a peak builds up at small 7, representing the clusters, and
a shallow valley develops at larger r, representing the
depletion of particles in the region between the clusters.

The final aggregate has a fractal structure at short
length scales, and a uniform structure at large length
scales, as shown in the correlation function

1 r=0)
C(r) ~ rré" (r < Reor) 2
C, (r > Reor),

where d = 2 is the Euclidean dimension of the space in
which aggregation occurs, D; is the fractal dimension of
the aggregate, and R is the correlation length (Meakin,
1984a). If M is the mass contained in a circle of radius r,
then D; is defined by M ~ r” For an ordinary two-
dimensional object, D; = 2. Lower values correspond to
tenuous, stringy structures. The fractal dimensions and
correlation lengths are obtained by a least-squares fit of
a straight line to the initial part of the curves in Fig. 3.
The intersection of this line with the horizontal line
C(r) = C, gives Rcog, as shown. The correlation length
varies with concentration according to C, ~ RZ5¢
(Meakin, 1984a; Martin and Wilcoxon, 1989). If D, =
1.5, then Ry, ~ 1/CF, and if D; = 1.75, then Reop ~ 1/
C5. So, as C, — 0, Reog — , as seen in Fig. 3 b (though in
Fig. 3 b both Ry and D, vary with C,).

In Fig. 3 g, the structure at t = 0 is not fractal but
uniform, and C(0) = 1, C(r) = C, for all r > 0. As

M. J. Saxton

Lateral Diffusion and Aggregation 121



*

R 1-*: . - e s 1¥F+7 F LI ¥ £ ¥
Fers ¥ + ¥ g, +
A ’f* . * ” :"t’; *’V" {"" +_’3+ .. ; ;i" ) ¥ ++ i» tt N
$ + + + + * i + t - -
. I: * :’4- + + % AP h; # : & + o .
RARRRINEE SN M L bt :if' t 3
+ + P METEE: PN * - A, T
, + LA + o, o+ 'i et tﬁ “ o+ i 3 b
Lt ot e +4+ ¢ ¢ 4t + T b4 ]
-t-t_* "’"+”+ o3, +3+ s, 0t It r % , b +;’ﬂ"¥$ . ’#
3 +'H-:’t el Lt + .. + - t H wt - ”*
A IR *en + - 3 +
SRR AL SR I o Cab e TE,
+ "+:"‘++¢+ + :ﬁ* ++ o+ + . i t L H ""ﬁ' ¥
4 t“_ o T, ++t 4 o ;‘tA ¥ “&to « ¥ H %
4 '+ +
§§ a.C=0.10 *3’* + e . . E]b.C=0.10 b v,
P =1 + P =1 4 0+ bt 3
AGG I 2 T T AGG 45
= + + + +
t=0 O SR : 1 : t=10 : *
t S 3 > L 3
* <3
gz;{“; $
2 "t =
o+ ‘B;‘ $ har TV -]

e

: 20
4
| st H P
o P W = 1000 ba
%}u 3
e.C=0.10 f.C=0.05
PAGG=1 PAGG=1
to e to e

122

Biophysical Journal

Volume 61  January 1992



i.C=0.20
P,ag = 0-001
100

FIGURE1 Examples of aggregates on a 64 x 64 square lattice. (a—€)
Time course of aggregation for an area fraction C, = 0.1 and a sticking
probability P,;; = 1 for the indicated aggregation times. ( f~4) Final
clusters for various concentrations. Note the extended structure in
(f), for C, = 0.05, P,cc = 1. (i) Final cluster for small P,s;. The
structure is more compact ini for C, = 0.2, P, = 0.001 than ing for C,
=02,P6 = 1.

aggregation continues, fractal structure builds up, and
by ¢t = 10% there is fractal structure extending over a
range r = 1 to 10. The variation in C(r) with C,and P,
is shown in Fig. 3, b and c; these results are discussed
later.

Time autocorrelation functions have been studied
extensively as probes of aggregation (Meyer and Schin-
dler, 1988; Elson and Qian, 1989; Palmer and Thomp-
son, 1989). The simplest of these is the first-order time
autocorrelation function

G (v) = BF(1)BF (0))/(F?), €)

where F is the fluorescence intensity and dF is the
fluctuation in F. For a single-component system, G (0)
gives the number of independently moving particles. It
may be possible to obtain the number of monomers and
oligomers in an aggregating system by measurement of
higher autocorrelation functions, but in practice this is
complex (Palmer and Thompson, 1989). A spatial corre-
lation function can be obtained by scanning fluorescence
correlation spectroscopy (Petersen, 1986).

The effect of aggregates on the
diffusion of inert tracers

An aggregate (either a cluster of membrane proteins or
a cluster of gel-phase lipid) may act as an obstacle to
lateral diffusion. This effect can be evaluated from the
model. The aggregation process is stopped, an inert
point tracer is introduced, and the tracer executes a
random walk. Motion of the tracer is obstructed by the
aggregate, but the tracer does not adhere to the aggre-
gate. The mean-square displacement of the tracer is
calculated as a function of time, yielding the concentra-
tion-dependent, distance-dependent diffusion coeffi-
cient D*(C, r).

Here the usual diffusion coefficient is generalized to
include the effect of the distance over which diffusion is
measured (Saxton, 1989). The basic physical idea is that
a label is produced at + = 0, and its diffusion is then
measured over a distance . In measurements by fluores-
cence photobleaching recovery, r is of the order of the
radius of the photobleached area, typically ~1 pm, but
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FIGURE2 Cluster properties as a function of aggregation time for
C, = 0.1, P, = 1. Horizontal lines on the left axis indicate the initial
values. To evaluate statistical error, two independent runs for Pg; =
1, C, = 0.1 were compared. The curves were practically indistinguish-
able. (a) Number of clusters N, number-average cluster mass My, and
mass-average cluster mass M,,. (b) Average coordination number (Z)
and ratio M,, /M. (¢) Number-average radius of gyration for P,g; = 1
and P, = 0.01.
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FIGURE3 Log-log plot of the particle-particle correlation function
C(r) as a function of r. Three independent runs for C; = 0.2, P, = 1,¢
— o gave indistinguishable curves. (Dashed lines) Linear fit to the
initial points of the curve. The intersection of these lines with the line
C(r) = C, yields the correlation length R.o,. The peaks in C(r) for
small r reflect lattice structure. (@) C (r) during the aggregation process
for C, = 0.1, P, = 1.0, for aggregation times of 0, 10, 10%, 107, 10*, and
®, (b) C(r) for the final clusters for P,q; = 1.0, C, = 0.1, 0.2, 0.3, and
0.4. As the concentration decreases, the correlation length increases.
(c) C(r) for the final clusters for C, = 0.2, P, = 0.001, 0.01, 0.1, and
1.0. As P, decreases, the correlation length increases.
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in measurements by excimer formation or fluorescence
quenching, r ~ 1-10 nm, the average initial separation
of the interacting species (Eisinger et al., 1986).

Fig. 4 shows the diffusion coefficient in the presence
of square obstacles, random point obstacles, and aggre-
gates. The area fraction of obstacles is constant, C, =
0.3, but the effects of the obstacles on diffusion are much
different. Compact obstacles are much less effective
barriers to diffusion of a tracer than the same area
fraction of random point obstacles is (Eisinger et al.,
1986). Cluster—cluster aggregates, however, are much
more effective barriers than the same area fraction of
random points. Thus, if a fixed number of isolated
monomers collects to form cluster—cluster aggregates,
their effect on lateral diffusion of an inert tracer will
increase, but if the same monomers collect into compact
structures, their effect will decrease.

The distance-dependent diffusion coefficient shows
that for compact obstacles the effect of obstacle size is
similar for short-range and long-range diffusion measure-
ments, but the effect of aggregation is clear only in
long-range measurements.

One way of visualizing the effectiveness of a type of
obstacle is by finding the concentration of random points
giving the same long-range diffusion coefficient. Fig. 5
shows the concentration dependence of the long-range
diffusion coefficient D*(C, ) for an inert tracer ob-
structed by random points, random nonoverlapping
squares of sides 1, 2, and 4, and the final clusters for
P, =0.01 and P, = 1. Cluster—cluster aggregates are
remarkably effective barriers to long-range lateral diffu-
sion. An area fraction of obstacles as low as 0.05 can

1.0 T T T T
Cy=0.3
Squares
4
D* 2
1
Random points
2
Al Aggregates T
10— 0
6 |
10 N N
60 80 100

FIGURE4 Distance-dependent lateral diffusion coefficient D *(r) of
an inert tracer as a function of the distance over which diffusion is
measured. Results are shown for an area fraction C, = 0.3 for the
indicated obstacles: nonoverlapping random squares of sides 1, 2, and
4; random points; and cluster—cluster aggregates (P, = 1) for the
indicated aggregation times. The curves show the magnitude of
statistical noise in the results.

0.8 -
Squares
0.6 . -
D* , 2 1
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& \ Pagg = 0.01
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02} -
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FIGURE5 Concentration dependence of the long-range diffusion
coefficient D*(C, «) of an inert tracer for the indicated types of
obstacles: nonoverlapping random squares of sides 1, 2, and 4; random
points; and final cluster—cluster aggregates for P, = 0.01 and P, =
1. The percolation threshold P. = 0.407 is indicated. As the concentra-
tion of random point obstacles is increased to this value, the percolat-
ing cluster of unblocked sites disappears and the diffusion coefficient
goes to zero (in an infinite system).

lower D* to 38% of its value in an unobstructed bilayer.
A final cluster at a concentration C, = 0.2, P,,; = 1is as
effective an obstacle as random points at C, = 0.37.

Why are the aggregates such effective obstacles,
especially at low concentrations? First, the aggregates
contain many dead ends in which an inert tracer could
be trapped temporarily, as shown in Fig. 1. Second, the
aggregates are extended structures, and become more
extended as the density of aggregating particles de-
creases. This is shown qualitatively in Fig. 1, in the
examples of final clusters for various concentrations, and
quantitatively in Fig. 3 b, a log-log plot of the particle-
particle correlation function for various concentrations.
As the density decreases, the correlation length in-
creases, and the fractal dimension decreases. Why do
the clusters become more extended? The clusters are
fractal, and cannot penetrate each other very much, so
the fractal dimension of the aggregate is low. As the
concentration decreases, the clusters penetrate each
other less, and the fractal dimension decreases (Martin
and Hurd, 1987; Kolb et al., 1985; Vicsek, 1989). In
contrast, in the diffusion-limited aggregation model,
single particles diffuse and penetrate the growing clus-
ter. Penetration is easier, and the fractal dimension is
higher (Meakin, 1988; Vicsek, 1989).

These results are for particles which adhere on
contact with probability 1. A lower probability leads to
structures that are more compact (Fig. 1{) and less
effective obstacles (Fig. 5). At any fixed concentration of
obstacles, the diffusion coefficient of inert tracers in-
creases as P, decreases. This effect can be significant
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(for example, at C, = 0.1, as P,;; decreases from 1 to
0.01, D* increases by a factor of 1.7), but the values of
D* are still much lower than for random point obstacles.

Table 1 shows the variation in fractal dimension D,
correlation length R, and average coordination num-
ber (Z) with sticking probability P, and concentration
C, for final clusters. At constant P,, as the concentra-
tion increases, the structure becomes more compact, as
shown by the increase in fractal dimension, the decrease
in correlation length, and the increase in (Z). At con-
stant concentration, as P, decreases, the fractal dimen-
sion increases, indicating a more compact structure, but
the correlations extend over longer distances. Some
literature values of D; are also given (Kolb and Herr-
mann, 1985; Vicsek, 1989). Flocculation corresponds to
the low-density limit of the CCA model, gelation, to the
high-density limit. The values obtained here fall be-
tween these limits. The fractal dimension of diffusion-
limited aggregates (DLA) is higher than that of most of
the cluster—cluster aggregates, as already mentioned.
The fractal dimension for a percolating cluster of ran-
dom points at the percolation threshold is higher than
that of any of the aggregates. The aggregates are
stringier than percolation clusters, and better obstacles.

Annealing leads to more compact structures. In the
calculations presented here, initial binding occurs with a
probability P, that may be less than one, but once
binding occurs it is irreversible. Shih et al. (1987)
presented a CCA model in which bonds can be broken at
a rate proportional to exp(—nE/T), where n is the
number of nearest neighbors, E is the binding energy,
and T is the temperature. In this model, a ramified
cluster can become compact. Such a temperature-
dependent model interpolates between the compact and
extended structures presented here.

Lateral diffusion of a fiuorescent lipid was measured
by fluorescence photobleaching recovery during lateral

TABLE 1 Properties of final clusters

phase separation in various mixtures of phosphatidylcho-
lines (Vaz et al., 1989, 1990; Bultmann et al., 1991). In a
mixture of dimyristoylphosphatidylcholine and di-
stearoylphosphatidylcholine, a small fraction of gel-
phase lipid, ~20%, was sufficient to block long-range
diffusion, implying the existence of a reticular structure
of gel-phase lipid. Fig. 5 shows that, for an area fraction
of 0.2, long-range diffusion is still allowed in the pres-
ence of an aggregate, though at a significantly reduced
rate. Cluster—cluster aggregates of particles with hard-
disk interactions are very effective obstacles to diffusion,
but even they are not effective enough to account for the
results observed (Vaz et al., 1989, 1990; Bultmann et al.,
1991). Anisotropic growth may explain their results,
particularly if the cause of the anisotropy is the dipole—
dipole interaction, which is long-range (Saxton, 1991).

Lateral and rotational diffusion of
clusters

To characterize an aggregation process, one could mea-
sure lateral and rotational diffusion of the aggregating
species, and lateral diffusion of an inert species. In the
model, the lateral diffusion coefficient of a cluster is
assumed to be inversely proportional to mass, so it is
easy to evaluate the average D 3(CL) during the aggrega-
tion process. The rotational diffusion coefficient of a
cluster is inversely proportional to the square of the
hydrodynamic radius of the cluster (Saffman and Del-
briick, 1975), and falls off rapidly with cluster size:
D%(CL) = 1 for single points, 0.1667 for pairs, 0.0732 for
bent triples, and 0.0526 for linear triples (Eq. 1).

Fig. 6 shows the change in diffusion coefficients during
the aggregation process for C, = 0.1. The rapid decrease
in the translational diffusion coefficient of the aggregat-
ing species is a result of the assumption that D (CL) is
inversely proportional to mass; if D (CL) follows the
Saffman-Delbriick equation, the decrease is much slower.
As expected (Cherry and Godfrey, 1981), rotational
diffusion of the aggregating species is extremely sensitive
to the initial stages of aggregation. Long-range lateral
diffusion of an inert tracer (as measured by fluorescence
photobleaching recovery) is insensitive to the initial
stages of aggregation but is an effective probe of the final
stages. Measurements of rotational diffusion of the
aggregating species and lateral diffusion of an inert
species are thus complementary.

Two average rotational diffusion coefficients are
shown: the number average D {(N), which is appropriate
if each cluster has one and only one label, and the mass
average D }(M), which is appropriate if each monomer is
labeled, and aggregation does not affect the quantum
yield of the labels.

This calculation is a zeroth-order approximation. The
aggregation calculations ought to be carried out using

Paco G D, Rcor (2)
1.0 0.050 1.46 72.56 2.190
1.0 0.100 1.50 24.62 2.202
1.0 0.200 1.56 8.66 2232
1.0 0.300 1.67 5.29 2.278
1.0 0.400 1.69 3.00 2.342
1.0 0.200 1.56 8.66
0.1 0.200 1.56 12.27
0.01 0.200 1.58 17.51
0.001 0.200 1.61 22.23

Flocculation 1.42 £ 0.05

Gelation 1.75 = 0.07

DLA 1.70 £ 0.06

Percolation 1.90
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FIGURE 6 Diffusion coefficients as a function of aggregation time for
Cy = 0.1, and (@) Py = 1, (b) P,g = 0.01. Long-range translational
diffusion coefficient D%(TR) of an inert tracer; average translational
diffusion coefficient D%(CL) of a cluster; number-average rotational
diffusion coefficient D%(N) of a cluster; mass-average rotational
diffusion coefficient D}(M). In a, the horizontal lines at the left axis
show initial values. The diffusion coefficient of the inert tracer is
normalized to one for zero concentration of obstacles; the diffusion
coeflicients of the clusters are normalized to one for monomers. In a,
values from five independent calculations for ¢+ — o« are shown,; in b,
one value.

the Saffman-Delbriick equation or its generalization
(Hughes et al.,, 1982) for the translational diffusion
coefficient, instead of a diffusion coefficient inversely
proportional to mass. The results of Wiegel (1979) for
the lateral and rotational diffusion coefficients of a
porous aggregate could also be used.
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