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Chapter 1

Introduction

1.1 Self-assembly

From tiny human cells to astronomically large galaxies, highly orga-
nized structures form on all scales. When the organization proceeds au-
tonomously and without external guidance, this process is referred to as
’self-organization’ or ’self-assembly’. The term self-assembly is well-defined
and typically reserved for equilibrium processes, whereas self-organization
refers to non-equilibrium processes. In the physical sciences we try to un-
derstand such processes by closely studying the interactions that drive the
formation of organized structures. For instance, we know that electromag-
netic interactions cause particles to attract or repel, strong interactions
hold subatomic particles together, hydrophilic and hydrophobic interac-
tions guide the formation of micelles from surfactants, and gravitational
forces form solar systems and galaxies.

There are two main types of self-assembly processes: static and dynamic
self-assembly [1–3]. In static self-assembly, systems are near equilibrium
and self-assembly is the result of a free energy minimization. Examples are
the folding of a protein (Fig. 1.1a), the aggregation of proteins into well-
organized fibrils (Fig. 1.1b) and the formation of the tobacco mosaic virus
(Fig. 1.1c). In non-equilibrium systems, on the other hand, self-assembly
of components occurs as a result of energy exchange with the environment,
such as the growth of a bacterial colony (Fig. 1.1d) and fish swimming
in schools (Fig. 1.1e). These are forms of dynamic self-assembly, or more
appropriately called ’self-organization’. Sometimes the term biological self-
assembly is used which spans a much wider range of processes; from the
formation of an egg in the oviduct of a chicken to a flock of birds flying in
formation, the variety in length-scale and purpose of biological self-assembly
is very large. Lastly, if the self-assembly process is guided by the shape of
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Figure 1.1: Examples of static self-assembly: (a) the folding of a protein
(adapted from Ref. [4]), (b) amyloid fibril of the HET-s(218-289) prion [5]
(c) electron micrograph of the tobacco mosaic virus1. Examples of dynamic
self-assembly: (d) the growth of a bacterial colony2 and (d) fish swimming
in a highly coordinated manner3.

the environment it is referred to as templated self-assembly. This class
is of particular significance to surface (bio)chemistry and the ’bottom-up’
fabrication of nanostructures and devices.

The self-assembling components, or building blocks, can be classified in
terms of their interaction types. We distinguish here between two types
of interactions: isotropic and anisotropic; both are strongly linked to the
symmetry of the building blocks. Isotropic interactions are uniform in
all directions, such as the gravitational force of Earth and van der Waals
interactions between colloids. On the other hand, anisotropic interactions
are directionally dependent, i.e. their strength varies as a function of the
axis along which it is measured. Examples are anisotropic magnetism in
ferromagnetic materials and hydrogen bond formation in proteins.

Many interesting effects arise from the interplay of isotropic and
anisotropic interactions. For instance, purely isotropically interacting par-
ticles are known to self-assemble into anisotropic materials such as auxetic
materials, i.e. materials with a negative Poisson’s ratio [6]. Such materials
(cork, foam, etc.) thicken along the axis perpendicular to the axis along
which it is stretched [7]. By studying the building blocks in terms of these

1http://www.evworld.com/news.cfm?newsid=24555
2http://www.microbeworld.org/component/jlibrary/?view=article&id=6746
3http://www.huffingtonpost.com/2013/09/18/fish-schools-genes_n_3947303.html

2



ba r ≈ 50 nm

φ =1% φ =1%

r ≈ 2 nm
r' ≈ 6 nm

φ ' ≈1.6% φ ' ≈ 64%

Figure 1.2: (a) Schematic representation of nanoparticles dispersed in a
matrix. The volume fraction of dispersed particles (blue spheres) is equal
in both systems. If each particle affects up to 8 nm of the surrounding
environment, then the fraction of volume affected by the presence of parti-
cles (shown in red) for the small particles is far greater than for the large
particles. (b) Scanning electron micrograph of a carbon nanotube based
polymer nanocomposite1. Researchers at the Rice University (Houston,
Texas, United States) have discovered that polymer-nanocomposites with
carbon nanotube fillers strengthens when repeatedly applying stress to the
material [8].

interactions we can understand, and perhaps control, the self-assembly pro-
cess so that we can create novel ’bottom-up’ fabrication methods to tailor
materials to our own needs. We can learn a great deal from nature itself,
which through millions of years of evolution has perfected this process and
executes it with great precision.

In the following sections we will narrow the discussion to recent devel-
opments and challenges in two fields that are currently of major relevance
to industry, medicine and biology: colloid and protein aggregation.

1.2 Colloid aggregation

In recent developments in the field of colloid aggregation, experiments
and simulations point to the formation of anisotropic structures from fully
isotropic particles [9]. This development is particularly relevant to the
fabrication of polymer nanocomposites (PNCs). PNCs form a class of ma-
terials with versatile properties and many applications in everyday life and
1http://news.rice.edu/2011/03/23/rice-university-lab-creates-

self-strengthening-nanocomposite
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industry [10]. They consist of a small volume fraction of nanofiller mate-
rial dispersed in a polymer matrix (e.g. rubber, plastic, etc.). Dispersing
as little as 1 volume percent of nanostructures in the material has the
potential to strongly affect material properties on the macroscopic scale.
These properties may include self-healing, stiffness, electrical conductivity,
permeability, toughness, flammability and so on [10].

How can such small loadings affect bulk properties? Suppose that the
presence of a spherical particle with radius r affects its surroundings up to
a distance r′ from the surface, and we disperse N of those particles in a
volume V . The particle volume fraction is then given by φ = 4

3πr
3N/V ,

but the fraction of affected volume is given by

φ′ = 4
3π(r+ r′)3N/V =

(
1 + r′

r

)3
φ.

Now assume that a particle with radius 2 nm affects up to 6 nm of its
surroundings, then a single volume percent of those particles affects up to
φ′ = 64%(!) of the material. For much larger particles, say r = 50 nm, the
fraction of affected volume is only φ′ ≈ 1.6%. See Fig. 1.2a for a schematic
representation. At small loadings, the shape of particles, or morphology,
also affects bulk material properties as it directly influences its surround-
ings. For instance, it has been shown that carbon nanotubes provide en-
hanced mechanical properties relative to spherical carbon nanofillers when
immersed in a polymer matrix [8, 11–13] (Fig. 1.2b).

The last decade there has been a tremendous research effort to gain
control over the shape and dispersion of nanostructures in a matrix. This
lead to the development of new fabrication methods centered around di-
rected self-assembly of building blocks [14] to form nanostructures of various
shapes. For instance, spherical silica nanoparticles coated with polystyrene
chains were shown to aggregate into structures such as spheres, sheets,
strings and isolated particles when immersed in a polystyrene matrix [9].
The driving force for anisotropic aggregation from isotropic nanoparticles
is a delicate balance between inter-particle attractions and the entropy of
grafted polystyrene chains. The key parameters that control the morphol-
ogy are the number of grafted chains and their size. Previous theory and
simulation studies [9, 15] on such particles correctly predict the morphol-
ogy as function of these parameters, however the employed models are too
detailed to study the system on the large length- and timescales required
to calculate bulk material properties.

Self-assembly can be programmed into more complicated morphologies
by further altering the design of the colloids. For instance, colloids with
rigid patches have been shown to self-assemble into Kagome lattices, where
particles are positioned on the vertices of a pattern formed by triangles and
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Figure 1.3: (a) Schematic representation of polymer-coated colloids in
various conformations. (b) Transmission electron microscopy images of
polymer-coated colloids dispersed in a polystyrene matrix [9]. The grafting
density varies from σ = 0.01 to 0.1 chains nm−2 from top to bottom, and
the molecular weight of the grafted polystyrene polymers Mg increases from
left to right. A low grafting density and low brush molecular weight results
in spherical aggregates. Upon increasing either parameter the preferred
morphology changes to sheets, strings and fully dispersed particles.
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hexagons, and micellar systems [16–18]. It is currently of major scientific
interest to control the formation of structures such as colloidal virus-like
shells, which may have potential applications in medicine as drug delivery
agents, or as carriers of active components in paint such as those respon-
sible for varnish. Through an external perturbation, such as a change in
solvent or temperature, these components can be released where and when
necessary. Unfortunately, self-assembly of colloids into virus-like structures
requires very complex patch geometries [19] and has not been experimen-
tally realized yet.

1.3 Protein aggregation

In the base-paring of DNA, or the folding of proteins in human cells, the safe
margin for error is very small. The aggregation of an important class of pro-
teins, the amyloidogenic proteins, illustrates this perfectly. Such proteins
contain sequences that interact strongly through a combination of hydrogen
bond and hydrophobic interactions. In the case of globular proteins, these
sequences are rarely exposed because the protein is folded. However, it is
well known that mutations may cause misfolding, and even under physi-
ological conditions globular proteins are constantly fluctuating [20]. The
latter lies at the heart of the ’conformational change hypothesis’, which
states that even in vivo proteins may aggregate due to partial unfolding
brought on by thermal fluctuations, thereby temporarily exposing parts of
the protein with high aggregation propensity. This leads to many cases of
unwanted aggregation such as in the long-term storage of insulin used by
diabetics, and the formation of oligomers that disrupt neuronal function in
the human brain, as is the case for Alzheimer’s patients (Fig. 1.4a). There
are over 40 human pathologies related to unwanted protein aggregation,
leading to a wide range of neurological disorders [21–25]. These are com-
monly referred to as ’amyloid deposition diseases’. However, there is also
an increasing interest in the utilization of protein aggregation, such as the
formation of fibrils from proteins to form unique biomaterials [26, 27]. For
instance, proteins containing the aggregation prone IKVAV sequence can
form strong fiber networks [28] (Fig. 1.4b) and silk-based block copolymers
are known to aggregate into strong micrometer long fibrils [29] (Fig. 1.4c).

Unfortunately, the mechanism of protein aggregation and fibril forma-
tion is still not fully understood. We are particularly interested in the early
aggregation steps where proteins assemble into dense disordered assemblies
called oligomers. These oligomers are insoluble and considered highly toxic
[23] as they disrupt the signalling between nerve cells. Experimental studies
aimed at elucidating the mechanism of protein self-assembly suggest that
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Figure 1.4: (a) Image of amyloid plaques as found in the brain of patients
with Alzheimer’s disease2. (b) Electron micrograph of a biomaterial consist-
ing of proteins containing the highly aggregation prone IKVAV sequence1.
(c) Schematic representation of a fibril formed from silk-based block copoly-
mers; taken from Ref. [29]. These building blocks assemble into micrometer
long fibrils upon lowering of the pH. (d) Schematic representation of the
various nucleation routes of amyloidogenic proteins.

a nucleation and growth mechanism underlies the aggregation process [30].
In this mechanism, a critical nucleus of aligned proteins forms inside the
oligomer (or in solution) which then grows to form the fibril. The main
driving force of the nucleation and growth mechanism is the interplay of
isotropic hydrophobic interactions and anisotropic hydrogen bond interac-
tions. The aggregation of weakly hydrophobic proteins is dominated by
bond formation, so that proteins fibrilize directly in solution. This process
is known as one-step nucleation (1SN). In 1SN proteins unfold and bind
to each other through a docking and locking mechanism [31–33]. Here,
monomers first dock to the end of a growing fibril and then lock into place.
Strongly hydrophobic proteins, on the other hand, first collapse into a disor-
dered oligomer before crystallizing into the fibril. This is known as two-step
nucleation (2SN). Lastly, the fibril may grow laterally through templated
1http://www.stembook.org/node/450
2http://bigthink.com/articles/the-brain-plaques-and-tangles-that-

cause-alzheimers-disease
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protofilament assembly [34]. See Fig. 1.4d for a schematic representation.
Studying the formation of nuclei using traditional microscopy methods

is difficult; rather than following the formation of individual nuclei, we
measure the average of all events in the sample [35]. Molecular simulations
provide an excellent alternative here, as we are able to study the formation
of nuclei on a molecular level. Unfortunately, the length- and timescales
involved in this process are still prohibitively large for simulation standards,
and to bridge them we must employ advanced sampling techniques and
simplified models.

1.4 Coarse-graining and multiscale simulations

In computational chemistry we utilize molecular simulations to study pro-
cesses at a level of detail inaccessible to modern microscopic methods or
purely mathematical models. During a simulation we numerically inte-
grate the equations of motion and study the time evolution of a system;
this is known as straightforward molecular dynamics. We can also employ
a stochastic approach, such as Monte Carlo simulations, and find equilib-
rium configurations by performing trial moves that slightly alter the state
of the system. Whether such a move is accepted is determined by an en-
ergy criterion (see Sec. 2.2 for a detailed description). Each method has its
own variations and benefits, however generally the computational expense
grows rapidly as function of the system size and we require sophisticated
models to simulate larger systems.

The most fundamental representation of all matter is one that accounts
for quantum mechanics. However, methods carrying out simulations on the
quantum level require many approximations to work, and are applicable to
only the smallest of systems. These methods are useful for simulating
reactions that involve the breaking and formation of covalent bonds, such
as in the active site of a protein, or for calculating spectroscopic properties.
To simulate larger systems, such as proteins and colloids (nm-µm scale), it
is necessary to sacrifice atomistic and molecular detail in favor of simulation
speed [36]. In atomistic or all-atom simulations, the electronic properties
of atoms are captured by an effective potential between interaction points
at the center of each atom. Publicly available models such as GROMOS
[37], AMBER [38] and CHARMM [39] treat the system on the atomic level,
and are suitable for simulating larger systems such as proteins. In coarse-
grained modelling we bridge even larger length- and timescales by removing
the degrees of freedom that are not inexplicably linked to the underlying
physics of the process. Which degrees of freedom we choose to remove
depends entirely on the process of interest. Various types of coarse-grained

8



Quantum 
mechanics

Atomistic

Coarse-
grained

Mesoscale

Macroscopic

QM/MM

AA/CG

Rare event 
techniques

� ~
2m

r2 + U = E 

Length (m)

Ti
m

e 
(s

)

10-12

10-10 10-9 10-710-8 10-6

10-9

10-6

10-3

100

Figure 1.5: Schematic representation of the different types of models avail-
able for each length- and timescale, from quantum mechanical descrip-
tions to continuum methods. Shown in yellow are hybrid methods such as
QM/MM and AA/CG. The representation of a protein model in an atom-
istic, coarse-grained and hybrid model are shown as insets1. Rare event
techniques (orange) are particularly useful for studying processes with a
low reaction rate.

(CG) models exist, each suited for a specific length- and timescale. The
well known multiscale representation of the different models is shown in
Fig. 1.5.

In bottom-up coarse-graining we use parameters determined from de-
tailed calculations on the quantum level in a more coarse representation
of the system, such as atomistic models. In knowledge-based or top-down
coarse-graining we use parameters derived from experimental data. For in-
stance, the relative interaction strengths between various amino acid side-
chains can be extracted from large empirical databases [40], which are then
incorporated into an average interaction potential between side-chains. As
such, the molecular details of the side-chains itself can be ignored [41]. A
typical CG model of proteins on the mid-resolution scale lumps together
atoms in a single bead and assigns an average interaction potential. Some-
times it is desirable to treat part of the system on the quantum mechanical
level, while treating other parts of the system on the atomic level. For

1Protein images from http://www.ks.uiuc.edu/Research/cgfolding/
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this purpose several hybrid techniques are developed, such as quantum me-
chanics/molecular mechanics (QM/MM) [42] and all-atom/coarse-grained
modelling (AA/CG) [43]. An application is the modelling of the active
site of a protein using QM methods, while the remainder of the protein is
simulated using atomistic methods. Another multiscale modelling strategy
is to perform atomistic simulations and using the results to parameterize
a CG model [44]. Then, using this model, the system is equilibrated by
performing simulations on large length- and timescales, and the resulting
coordinates are back mapped or reverse coarse-grained so that the equili-
brated system is obtained at high resolution.

Lastly, on the macroscopic scale (µm and larger) are the continuum
methods. Here a velocity field is calculated rather than the positions and
velocities of individual particles. The evolution of the velocity field is gov-
erned by the continuity equations for mass and momentum:

∂A∗

∂t
=−∇jA, (1.1)

where A is the conserved quantity, A∗ is the conserved quantity per unit
volume and j is the flux of A. These methods are useful to study e.g. the
motion of fluids and the dispersion of components in fluids. The challenge
(and perhaps utopia) for many computational scientists is to treat a system
on all levels simultaneously.

There are some side-effects to coarse-graining. For instance, removing
the solvent results in faster simulations, but also leads to a smoother free
energy landscape which unavoidably leads to changes in the reaction ki-
netics. In some cases this can be corrected for by calculating a speed-up
factor, which is done by comparing the timescale of a known process with
that determined from CG simulations. In Langevin dynamics a friction
term is added to the equations of motion that simulates collisions with sol-
vent particles (see Sec. 2.3.1), thereby adding random noise to the equations
of motion and thus slowing down the dynamics again. Other side-effects
include: 1) a loss in entropy due to removing interaction sites, 2) the CG
potential is a free energy rather than potential energy and therefore includes
entropic and enthalpic contributions, and 3) the temperature dependence
of interactions is often neglected in CG potentials, such as for hydrophobic
interactions in proteins [45, 46].

1.5 This thesis

In the previous sections we have discussed some of the recent developments
and challenges in the field of colloid and peptide self-assembly. The in-
terplay of isotropic and anisotropic interactions is the cornerstone of this
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doctoral thesis and will be a recurring discussion throughout each chapter.
Using the simulation methods and models described in Chapter 2 we at-
tempt to address some of the open questions in these fields. The research
chapters are divided into two parts: in Part I we study the aggregation
of polymer-coated colloids using Monte Carlo simulations; in Part II we
investigate the nucleation behavior of three short amyloidogenic peptides
using molecular dynamics simulations.

In Chapters 3 and 4 (Part I) we present results of a theoretical and simu-
lation study on the self-assembly of polymer-coated colloids into anisotropic
structures. To tackle the lengthscale problem we introduce a new model
that greatly reduces the level of detail required to simulate these systems.
The emphasis of the discussion is on the role of entropy and isotropic at-
tractions in the formation of anisotropic structures from isotropic particles.
In Chapter 4 we extend this discussion by introducing more complexity to
the interaction potential in the form of repulsive and attractive groups at-
tached to the polymer brush. The intrinsic flexibility of the polymer brush
allows the particle to adapt to the environment during the self-assembly
process. In experimental work performed by Chris H. J. Evers, supervized
by prof. dr. Willem K. Kegel of the Utrecht University, particles function-
alized with such ’mobile’ patches were found to assemble into hexagonal
sheets upon densification. The particle design was inspired by nature,
where the building blocks of real viruses, proteins, change their configu-
ration upon self-assembly [47, 48]. Moreover, they demonstrated that by
introducing anisotropy to the particle in the form of a protrusion on the
colloid surface, the symmetry of the hexagonal sheet is broken and hol-
low, virus-like shells are formed. We will present simulation results of this
system using a simplified model and validate the experimental findings.

In Chapters 5 and 6 (Part II) we present a study of the nucleation of
amyloidogenic peptides into well-organized fibrils, and demonstrate that
an anisotropically interacting hard sphere representation of the peptide is
sufficient to describe the aggregation thermodynamics. We recognize the
hydrophobic interactions as the isotropic component of the interaction po-
tential, and the directional hydrogen bond interactions as the anisotropic
component. We selected three short sequences of varying hydrophobic-
ity: GNNQQNY from the yeast prion Sup-35 protein, VEALYL from the
human insulin B-chain and KLVFFAE, which constitutes the hydropho-
bic core of the well-known Amyloid-β protein. The key parameter here
is the ratio of anisotropic to isotropic interaction strength. The thermo-
dynamics of aggregation is thoroughly discussed in Chapter 5 by means
of statistical mechanical theory and replica exchange molecular dynamics
simulations using a publicly available coarse-grained model. We examine
here the possibility of a new step in the nucleation mechanism: a previously
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unrecognized liquid phase of associated peptides. Chapter 6 focuses on the
application of forward flux sampling, a rare event sampling technique, to
discover the aggregation pathways of peptides as function of the anisotropic
to isotropic interaction strength ratio. Here we study the variation of hy-
drophobic strength along the sequence and its effect on the self-assembly
process.
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