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Self-assembly of rodlike particles in two dimensions: A simple model for collagen fibrillogenesis
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A model has been developed to study the aggregation of rodlike particles in two dimensions using
diffusion-limited aggregation. The model was also extended to examine the aggregation of rods, with
binding rules similar to those seen with collagen molecules. The model showed that the aggregates that
were formed from the rods had an elongated, fibrillar structure. When the ways in which the rods could
adhere to each other were restricted, to model the interactions observed in collagen, a preference for
short overlaps between the particles in the aggregate was observed, reflecting the predilection for tip
growth in diffusion-limited aggregation. Small changes in the rules of aggregation were found to have a

marked effect on the resultant aggregate morphology.

PACS number(s): 82.20.Wt, 87.15.By

I. INTRODUCTION

The generation of supramolecular structures via the
self-assembly of proteins is fundamental to the develop-
ment of shape and form in biological systems. Under-
standing such aggregation processes is therefore impor-
tant if we are to gain insights into the development and
organization of biological tissues in health and disease.

In biological systems it has been possible to use simple
physical models to study aggregation processes in which
the number of possible attachment sites for a newly ac-
creting particle is a constant with respect to the size of
the aggregate. This maintenance of binding sites during
assembly greatly simplifies the theoretical analysis. Such
models have been used to study processes such as the as-
sembly of microtubules [1], viral coats [2], actin
microfilaments [3], and amyloid plaques [4]. However,
biological self-assembly processes such as collagen fibril-
logenesis, in which the number of available binding sites
is dependent upon the size of the aggregate, have been
less amenable to investigation.

Collagen is one of the major components of tissues
such as skin, cartilage, and ligaments where it occurs as
fibrils in the extracellular matrix (ECM). The fibrils are
used by the body to provide a structural scaffold for other
molecules in the ECM and to give tissues such as liga-
ments structural strength in tension. The collagen fibrils
form by self-assembly of collagen molecules. Collagen is
a long, rod-shaped molecule made up of three polypep-
tide chains in a triple-helical conformation. Normal col-
lagen fibrils are long tapered cylinders in which the col-
lagen molecules (1.5 nm in diameter X 300 nm in length)
lie in near-parallel array, all point in the same direction,
and are regularly staggered by integrals of D (where
D =234 residues, or 67 nm) with respect to the long axis
of the fibril.

Collagen fibrillogenesis is particularly interesting for
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theoretical study because it is possible to grow collagen
fibrils in vitro that have a morphology similar to that seen
in the tissue, suggesting that collagen fibrillogenesis is a
self-assembly process in which the basic information for
generating the fibrillar shape is contained within the col-
lagen molecule itself [5-7]. Algorithms such as
diffusion-limited aggregation (DLA) have been developed
to study simple aggregation processes in which the num-
ber of binding sites available grows with the size of the
aggregate, for example dendrite growth, viscous fingering
and the formation of gold colloids. In this paper we have
used DLA on a two dimensional square lattice to study
the morphology of aggregates formed from rods with in-
teraction rules similar to those predicted to be used by
collagen. The DLA algorithm has been chosen because
of the similarities between the in vitro growth model
(with the constant creation of small numbers of mature
collagen molecules) and the DLA growth mechanism (in
which particles are constantly released from a surface dis-
tant from the growing aggregate). The model described
here could be readily modified to study the self-assembly
of other rodlike molecules such as fibrillin into
microfibrils [8] and fibronectin into filaments [9].

II. MODELS AND METHODS

The DLA simulations were based on the two dimen-
sional lattice growth model described by Witten and
Sander [10], and were performed on a square lattice with
a lattice constant of 1. A rod was described in the model
as a linear series of connected points on the lattice paral-
lel to the x axis. Collagenlike molecules were modeled
using rods of length 18 where the D-period length was
four, giving a rod length of 4.5D periods. Staggers of 0D,
1D, 2D, 3D, and 4D were simulated by overlapping rods
by O, 4, 8, 12, and 16 lattice constants, respectively (see
Fig. 1).

Collagen molecules have a distinct structure along
their length which give them a polarity and limits the
number of ways that the molecules can adhere to each
other (see Fig. 1). Two models have therefore been exam-
ined for studying the aggregation of rodlike particles in
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FIG. 1. The model particle is 4.5D periods long. Electron
microscopy has demonstrated that collagen molecules adhere to
each other in very specific ways, all pointing in the same direc-
tion and staggered by integrals of D (where D =234 residues, or
67 nm) with respect to the long axis of the fibril. Therefore
there are five specific ways in which collagen can adhere to each
other, denoted as the 0D, 1D, 2D, 3D, and 4D staggers, depend-
ing on the length of the overhang.

which (i) the rodlike particles were symmetric and could
adhere to each other anywhere along their length, and (ii)
the rodlike particles were asymmetric (length 4.5D) and
could only adhere if the overlap was an integral of D. No
rotational motion of the rods was included in the DLA
procedures, as collagen molecules always attach parallel
to each other.

Initially, the seed particle was placed in the middle of
the two dimensional square lattice. An additional parti-
cle was then placed at random at a fixed large distance
from the surface of the growing aggregate. This was
done by generating an ellipse with an aspect ratio similar
to that of the aggregate, and releasing the particle from
the surface of this ellipse. Particles were only allowed to
move within the space enclosed by the ellipse surface.
The released particle then underwent a random walk to
adjacent lattice sites until it contacted the growing aggre-
gate. For simulations using collagenlike interactions, the
incoming particle was only added to the aggregate if it
was in one of the allowed sticking conformations [i.e.,
staggered an integral number of D periods with respect to
the rod(s) with which it made contact]. For other simula-
tions any contact automatically resulted in the rod being
added to the aggregate. If the incoming rod did not stick
to the aggregate, it was reflected away from the surface in
a random direction. In some experiments, noise reduc-
tion [11,12] was accomplished by allowing a site to be-
come occupied only after it had been visited N times,
where N varied between 1 and 50. Fractal dimensions
were calculated using a box counting method [13]. Final
aggregates typically contained 10 000 rods.

III. RESULTS
A. The fibrillar shape
is an intrinsic property of rod self-assembly

To investigate how the length of a rod affected the
morphology of an aggregate, DLA simulations were run
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FIG. 2. Aggregates showing the effect of using different sizes
of rods. (A) rods of length 1. (B) rods of length 2. (C) rods of
length 5. (D) rods of length 10. (E) rods of length 20.

for symmetric rods of lengths varying between 1 and 20
which stuck on initial contact. As the length of the rod
was increased, the morphology of the aggregate varied
from highly branched dendritic structures to ones that
exhibited an asymmetric near-fibrillar shape (see Fig. 2).
Aggregates formed from rods of size 1 exhibited the typi-
cal Witten-Sander morphology characterized by dendritic
branching [Fig. 2(A)]. The fractal dimensions of these
aggregates were in the range 1.68—1.76 and were similar
to those calculated by Meakin [14]. As the rod length
was increased to 20 there was a corresponding flattening
and elongation of the aggregate formed [Figs. 2(B)-2(E)],
associated with this was a gradual increase in the fractal
dimension of the aggregate to ~1.85. The aggregates
formed by the different length rods had distinct morpho-
logies. This could most clearly be seen in the distribution
of holes in the aggregates (where a hole was defined as an
enclosed empty space): with increasing rod length the
size of the holes increased but the number of holes de-
creased.

B. Short overlaps predominate in DLA models
of rod self-assembly

We noted in initial experiments that aggregates formed
using the asymmetric rods which allowed only combina-
tions of 0D, 1D, and 2D staggers (i.e., excluding 3D and
4D staggers) grew as ribbons in which monomers were
aligned in register (Fig. 3). This type of growth occurs
because collagen molecules are 4.5D periods long. The
final 0.5D period of the molecule sterically hinders the
creation of additional binding; therefore, for models ex-
cluding 3D and 4D binding the number of available bind-
ing sites in the aggregate does not increase with aggregate
size. In contrast, aggregates which included 3D and/or
4D staggers, thereby enabling an increase in the number
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of available binding sites as the size of the aggregate
grows, were fibrillar in shape. Aggregates formed using
exclusively 4D staggered interactions were longer and
more compact than those produced using other stagger
rules. Figure 4 shows that in aggregates generated using
0D, 1D, 2D, 3D, and 4D staggers, the 4D stagger oc-
curred more often than any other type of stagger. No
significant differences in morphology were seen between
aggregates produced allowing OD, 1D, 2D, 3D, and 4D
sticking, and those produced in which the rods could
adhere anywhere along their length.

C. Noise reduction has a marked effect
on the morphology of the aggregate formed

Previous models of DLA, e.g., simulation of snow flake
formation, have shown that introduction of noise reduc-
tion into a simulation emphasises the underlying sym-
metries of the system. In this system, noise reduction
was implemented by insisting that a particle could not
stick to the aggregate at a given site until that site had
been encountered either one (no noise reduction), ten, or
50 times. Figure 5(A) shows a typical aggregate com-
posed of 10000 monomers and grown using 0D, 1D, 2D,
3D, and 4D staggers without any noise reduction. Fig-
ures 5(B) and 5(C) demonstrate that with increasing levels
of noise reduction, aggregates became increasingly more
dense and asymmetrical. In addition, branching occurred
mainly in one direction, reflecting the polarity of the
binding sites on the rod. Simulations were also with
noise reduction for rods of length 18 which could stick
anywhere along their length (i.e., symmetric) to investi-
gate the influence of the underlying asymmetry of the col-
lagenlike particles on aggregate morphgology. For these
simulations it was noted that branching occurred at both
ends of the growing fibril [Fig. 5(D)]. Figure 4 shows
that the 4D stagger remains predominant in aggregates
formed using various noise reduction algorithms.

IV. DISCUSSION AND CONCLUSIONS

In this paper we have performed a preliminary analysis
of the aggregation behavior of rodlike particles in two di-
mensions as a first step in describing collagen fibrillo-
genesis. The creation of a simple two dimensional model
of aggregation allows us to explore the physics involved
in such processes. By gaining some understanding of the
mechanisms involved, such a model can give us useful in-
sights into real three dimensional systems. Here we are

FIG. 3. An aggregate composed of 500 particles using only
0D, 1D, and 2D staggers. The exclusion of 3D and 4D staggers
leads to the formation of a ribbon like morphology.
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FIG. 4. Graph showing how the numbers of each type of
bond varies as the binding affinity increases for aggregates com-
posed of 10000 particles using 0D, 1D, 2D, 3D, and 4D staggers
as a function of binding affinity, where the binding affinity refers
to the number of times a site must be encountered before an in-
coming particle will stick to it.

able to derive some inferences about the nature of col-
lagen fibril formation from a simple two dimensional
model of rod aggregation. The model is found to show
several features consistent with experimental results. It
was initially noted that an increase in the length of the
rods led to a corresponding elongation and change in to-
pology of the aggregate. These changes were consistent
with one of the basic features of DLA, i.e., that new par-
ticles preferentially accrete to the tips of an aggregate
[10]. A similar phenomena has been observed in collagen
fibrillogenesis: using time-lapse light microscopy it has
been shown that collagen fibrils in vitro grow from point-
ed tips [7]. Limiting the kinds of overlap available to
newly accreting monomers had dramatic effects on the
morphology of the final aggregate. Ribbonlike aggre-
gates resulted when 3D and 4D staggers were excluded
and the number of available binding sites remained con-
stant. However, long and fibrillar aggregates resulted
when 3D and/or 4D staggers were included. 4D staggers
(i.e., short overlaps between adjacent monomers) predom-
inated in these aggregates. Thermodynamic considera-
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FIG. 5. Diagram showing the effect of altering the binding
affinity of incoming particles on aggregates composed of 10000
particles using 0D, 1D, 2D, 3D, and 4D staggers. (A) Binding
affinity of 1. (B) Binding affinity of 10. (C) Binding affinity of
50. (D) Binding affinity of 50 with the particles allowed to stick
anywhere along their length.
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tions predict that the most abundant type of interaction
between two collagen molecule should be the 1D stagger
[15]. However, electron microscopy [16,17] studies sug-
gest that 4D staggers predominate. The conclusions
from the DLA model, that 4D staggers are more abun-
dant than 1D staggers, is consistent with a model of fibril
assembly in which the kinetics of monomer addition are
more important in determining bond interactions than
simple thermodynamic considerations.

The introduction of noise reduction into the growth
model radically altered the morphology of the aggregate.
Consistent with previous studies of DLA of point parti-
cles [12], sites for the addition of rods on the growing ag-
gregate were shielded by overhanging branches and were
less likely to grow than exposed sites. With the addition
of noise reduction to the system, concealed sites are even
less likely to grow. Hence, with noise reduction, small
fjords in the structure were rapidly propagated to large
chasms, leading to the formation of highly branched
structures. The structures created with a high level of
noise reduction did show morphologies dependent on the
symmetry of the aggregating particle. Aggregates
formed using the 4.5D period long asymmetric particle
predominantly branched in one direction, whereas those
formed with the symmetric particle branched in two
directions [Figs. 5(C) and 5(D)].

Interestingly, fractal-like fibrils have been observed in
vitro when abnormal, overglycosylated collagen contain-
ing a single amino acid substitution of glyal(l) 748 to
cysteine assembled into fibrils [18]. It is known from ex-
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periment that overglycosylated collagen molecules assem-
ble into fibrils at a slower rate than normal collagen mole-
cules [18,19]. The bulk of the free energy for collagen-
collagen interactions comes from hydrophobic protein-
protein interactions, and so increased glycosylation will
reduce this entropic contribution to binding. Over-
glycosylated collagen molecules would therefore be ex-
pected to have a lower binding affinity to the growing
fibril than normal collagens, presumably resulting in a
slower assembly process. The results from the noise-
reduced aggregate suggest that changing the binding
probability for a rod to adhere to the growing aggregate
(as would be the case in overglycosylated collagen mole-
cules) can indeed change the aggregate morphology and
give rise to a more highly branched structure.

Several conclusions can be derived from this work.
First, the fibrillar shape is an inherent property of the
rodlike shape of the aggregating particle. Second, short
overlaps of the rods predominate in the aggregates.
Third, noise-reduction schemes can have a marked effect
on the morphology of the final aggregate. Finally, the de-
tailed structure of the aggregating rod only plays a
minimal role in determining the final aggregate morphol-

ogy.
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FIG. 1. The model particle is 4.5D periods long. Electron
microscopy has demonstrated that collagen molecules adhere to
each other in very specific ways, all pointing in the same direc-
tion and staggered by integrals of D (where D =234 residues, or
67 nm) with respect to the long axis of the fibril. Therefore
there are five specific ways in which collagen can adhere to each
other, denoted as the 0D, 1D, 2D, 3D, and 4D staggers, depend-
ing on the length of the overhang.



