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1 General introduction

1.1 Simulations to mimic nature.

The subject of this thesis is soft and biological matter. Soft matter covers a wide
range of materials such as colloids, polymers, and surfactants1, that on one hand are
very complex because they consist of large numbers of atoms yet, at the same time
are amenable to systematic experimental studies [1]. An important feature of many
soft-matter systems is that the individual building blocks are so large that they can
be imaged individually by optical microscopy, something that is usually not possible
for simple atomic or molecular systems. As the name suggests, soft materials are
easily deformable. The building blocks in soft materials are small enough to move
appreciable on the time scale of an experiment under the influence of thermal fluctu-
ations. These building blocks are thus able to explore configuration space and, as a
consequence, the static properties of these materials can be described using the tools
of equilibrium statistical mechanics.

An important feature of the phase behavior of many soft materials is the important
role that entropy plays in determining the relative stability of different phases. In
fact, already since the work of Onsager [2] it is known that entropic effects alone can
cause colloidal rods to undergo a transition from the disordered “isotropic” phase
to the orientationally ordered “nematic” phase. The early computer simulations of
Alder and Wood [3, 4] showed that hard, spherical particles can undergo a transition
from a disordered liquid state to an ordered crystalline state only because above some
density the entropy of the crystal becomes larger than that of the liquid.

As the building blocks of soft materials are themselves composite objects, they
can be designed such that they can self-assemble into unconventional phases that
are rarely, if ever, observed in simple molecular systems. The ability to form very
specific structures by self assembly is particularly for soft materials consisting of
biomolecules. In the cell environment fluctuations due to thermal noise are signif-
icant and the specific interactions between biomolecules allow living organisms to

1Concise definitions of “technical” terms, such as colloids, polymers and surfactants are
given in section 1.2
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1 General introduction

Figure 1.1: The schematic representation of two-type nano-scale gold particles coated
with DNA strands. a) Dark particles (A) are coated with strands with ss DNA termi-
nal parts which has complementary sequence to those grafted to light particles (B).
When A and B are close the particles bind due to specific binding interactions between
complementary ends. b) The self-assembly of these particles with CsCl structure that
has been achieved in experiments of Refs. [5, 6].

construct intricate composite structures by self assembly. One of the reasons why
biomolecules can form such complex structures is that the interaction between differ-
ent molecules can be highly specific: a given molecule will therefore only bind to its
putative partner and not to the myriad of other molecules in the cytosol. Yet, whilst
the interaction between biomolecules is highly specific, it is usually not irreversible.
To give a specific example: The four basic building blocks of DNA, i.e. the bases
adenine (A), cytosine (C), guanine (G), and thymine (T), placed along the backbone
of ssDNA strand, have a very specific interaction among themselves. The interaction
between two complementary sequences of single-stranded DNA is highly specific
and quite strong. However, by changing the physical conditions (e.g. changing the
temperature or the salt concentration) the double-stranded DNA can be made to disso-
ciate. This combination of specific interactions and reversibility makes biomolecular
linkers, in particular those based on DNA, very interesting candidates for the design
of novel “inanimate” self-assembling soft materials.

The highly specific nature of binding in double-stranded (ds) DNA offers many
possibilities for the use of this biomolecule in micro- and nano-technology. For ex-
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1.1 Simulations to mimic nature.

ample, colloidal particles coated with distinct species of short single-stranded (ss)
DNA can bind specifically with each other via suitable DNA ‘linkers’ [7, 8, 9, 10].
These “suitable” linkers are themselves ssDNA strands added to the solution. Such
DNA-coated colloids may offer a route to novel colloidal crystals [8, 10]. To make
colloidal particles crystallize is an interesting problem in its general form, since it is
one of the promising ways to control the structure and therefore properties of mate-
rials. This is not a new phenomenon for experimentalist: Without using any coating
spacers or linkers, many particles do make ordered structure (as an example when the
surrounding solution evaporates).

The “specific” DNA-mediated interactions may be made stronger than the “non-
specific” interactions that normally dominate aggregation and self-assembly in col-
loidal systems. Recent experimental studies on gold nano-particles [5, 6] have suc-
cessfully used short DNA strands to “direct” the self-assembly of particles into a
non-close packed crystalline structure. Fig. 1.1 schematically shows the structure of
these coated-colloid building blocks. Nevertheless, experiments that aim to achieve
DNA-controlled self-assembly are very challenging. “Non-specific” and uncontrol-
lable interactions remain one of the main challenges in controlling the structure of
self-assemblies, and our understanding of the factors that control DNA-mediated in-
teractions between colloids is still far from complete.

Computer simulations provide a powerful tool to probe the factors that determine
the self assembly of complex bio-mimetic materials. The present thesis focuses on
the development of computational tools to study the interaction between, and phase
behavior of, colloidal particles that can bind to each other via linker molecules.

As the term “computer simulation” already suggests, our approach will be to in-
vestigate the behavior of bio-molecular systems by “mimicking” nature using com-
putational tools. Here we face two conflicting requirements: on the one hand, our
model description should be sufficiently realistic to reproduce the essential features
of the system under consideration yet, at the same time, it should not be so detailed
as to make numerical simulations prohibitively expensive. To this end, we must leave
the atomic-level description of the components in the system under study and use a
more coarse-grained approach where, for instance, colloids are not modeled as an
assembly of billions of atoms but as simple, structureless objects (e.g. spheres or
rods) that have an effective interaction that reproduces the interaction that we would
have obtained if we would have taken all atoms into account explicitly. In addition,
the atomistic description of the solvent is usually replaced by one where the solvent
is described as a structureless, continuous medium. The key challenge in formulat-
ing a coarse-grained model is to construct accurate effective interactions between the
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1 General introduction

coarse-grained objects.

Once we have an adequate, coarse-grained model we need a numerical technique
that allows us to compute the equilibrium properties of the system under consider-
ation. The “work-horses” of computer simulation are, on the one hand, Molecular
Dynamics (MD) and, on the other, Monte Carlo (MC) simulations (see e.g. [11]).
In spirit, the Molecular Dynamics method is most closely related to experiment: av-
erage properties of a many-body system are computed by following the natural time
evolution of a system for a sufficiently long time to obtain accurate averages. In such
a simulation, the (Newtonian) equations of motion of all particles are solved approx-
imately by discretizing time. At every time step, the force (and, if applicable, torque)
on each particle is computed and this information is then used to update the velocities
of all particles. Similarly, the positions of all particles are updated using the informa-
tion about their instantaneous velocities. The MD technique is particularly useful if
one is interested in the time-dependent behavior of a molecular system. However, for
coarse-grained, soft materials, the motion of the (coarse-grained) particles is usually
not described by Newton’s equation of motion because the motion of coarse-grained
particles through a continuous solvent is diffusive, rather than ballistic. Alterna-
tive algorithms exist to model the stochastic motion of particles in a hydrodynamic
medium. However, as the focus of the present work is on equilibrium properties, I
refer the reader for details to the relevant literature [12, 13, 14]. In the present the-
sis, I will make use of Monte Carlo simulations to study the structural properties of
biomolecular systems. In a Monte Carlo simulation, we do not attempt to reproduce
the natural dynamics of the system under consideration. Rather, the MC method per-
forms an importance-weighted random sampling of the various configurations of the
system, in such a way that configurations are visited with a frequency proportional
to their Boltzmann weight. With this algorithm it is possible to compute equilibrium
properties of a many-body system. However, the actual “dynamics” of the system is
not related to the natural equations of motion. MC simulations are useful to study the
static properties of systems that have no natural dynamics, but also to study systems
where the natural dynamics is very slow, under conditions where MC sampling is
still efficient. An example is a dense polymer solutions where the natural dynamics
may be very slow, yet MC sampling based on the artificial insertion/deletion of entire
chains in the system may be quite fast. Another advantage of MC simulations is that
there is an unlimited reservoir of possible “unphysical” moves that can be designed
to deal with specific conditions. It should, however, be stressed that a correct MC
algorithm has to satisfy certain rigorous criteria that ensure that a correct Boltzmann
sampling of configurations is achieved. Within these constraints, it is often possible
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to find clever ways to “bias” the sampling of configurations in such a way that the
efficiency of the simulation is enhanced [11] (See also section 1.2).

1.1.1 Synopsis

This thesis focuses on the use of simulations to study the behavior of colloidal parti-
cles that form multiple “bonds” via chain molecules that can either bind reversibly to
the surface of the colloids (“telechelics”) or via grafted polymers (in particular DNA)
that can bind specifically to complementary polymers bound to other colloids. In
chapter 2 we consider the development of suitable algorithms to simulate telechelic
polymers that can bind strongly to a (colloidal) surface. It turns out that the com-
bination of high binding strength on the surface and excluded volume interactions
between the polymers makes “brute force” calculations difficult. For this situation,
we propose a novel algorithm that combines the so-called “moment-propagation” to
sample non-self-avoiding polymers with the configuration bias method to deal with
self-avoidance effects. In chapter 2 we use a coarse-grained model to represent poly-
mers as self-avoiding walks on lattice. We show that our approach is particularly
useful to simulate dense systems of polymers with functionalized end groups. We
compare the efficiency of the new scheme with a commonly used configurational
bias MC method. We find that no single method is preferred under all conditions. We
indicate the regime where the present approach is the method of choice.

Interestingly, it turns out that some of the methodology developed in chapter 2
can be applied in a completely different part of biophysics: we shall argue that the
moment-propagation method offers a novel, and uniquely sensitive, method to iden-
tify underlying steps in noisy experimental data on the motion of molecular motors
along linear “tracks” (e.g. kinesin on microtubules). This “detour” is the subject of
chapter 3. The algorithm that we propose in chapter 3 is based on the numerical
estimate of the “free energy” of an ensemble of directed random walks of different
step sizes. We argue that this method allows us to detect the underlying step size of a
molecular motor under “noisy” conditions where existing methods fail.

Chapters 4 and 5 then contain a description of the coarse-grained model that we use
to simulate systems of colloidal particles coated with long DNA strands with “sticky”
ends. In particular, chapter 4 describes a Grand Canonical GC simulation technique
to study the self-assembly of mixtures of colloids that are coated with “sticky” DNA
strands. Using a coarse-grained model to represent DNA strand as “soft” spheres,
we study the effective interactions between the colloids. We develop a method that
allows us to relate the binding properties of DNA-coated colloids to the (known)
equilibrium constants for dimerization in solutions of the isolated “sticky” ssDNA
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strands.
In chapter 5 we use the GC method mentioned above to simulate an equimolar

mixture of hard colloids coated with “long” polymers with sticky ends. The sticky
ends are “complementary” ssDNA strands that can selectively bind to each other.
Under conditions where the complementary ends are strongly associated we observe
a first order vapor-liquid transition from a dilute gas of colloidal dimers to a dense,
liquid-like phase. This transition is driven exclusively by the increase in entropy
associated with bond disorder. We show that the transition persists as we switch to
low but finite temperatures.

1.2 Useful terms

Certain terms will be used quite time and again in this thesis. It is therefore useful
to provide the reader with a (non-rigorous) working definition of the most frequently
used terms.

Colloids are particles with a size between a few nanometers and a few microns.
Because of their size they are too large to be described explicitly in terms of their
detailed atomic structure. Yet they are small enough to be subject to thermal fluc-
tuations. Colloids come in many shapes and chemical compositions. In fact, many
familiar substances, from food products, paint and cosmetics to blood are colloidal
suspensions. Part of the interest in colloids derives from the fact that they can be
viewed as scaled-up models of atoms or molecules. In particular, they may exhibit
the same phases as atoms and molecules: colloidal vapor, liquid , crystal and even
liquid-crystalline phases have been observed. In addition, colloids may form glasses
and gels. As colloids are much larger than atoms and move much more slowly they
can often be studied by relatively simple optical microscopy.

Polymers are long chain molecules that are built from a repeat unit called a
monomer. On a local scale, the properties of these chains are characterized by the
structure of its monomers, but on a longer length scale, only the number, the effec-
tive size and the flexibility of the building blocks matter, as well as topology of the
chain (e.g. linear or star like). Due to the large number of internal degrees of free-
dom, the statistical properties of polymers can often be estimated using the tools of
statistical mechanics [15]. DNA is an example of a natural polymer: in its standard
form, it is a double helix consisting of two single-stranded chains that consist of a
sugar/phosphate backbone to which four characteristic “bases” may be connected:
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adenine (A), cytosine (C), guanine (G) and thymine (T). Each of these bases can bind
to a specific complementary base on the opposing strand of the double helix: C to G
(via three hydrogen bonds) and A to T (via two hydrogen bonds) (see e.g. [16]).

Telechelics are polymers that have functionalized end groups that can bind to
specific targets. In this thesis we are specifically interested in telechelics with two
functional end groups that can link to surfaces and to double-strand (ds) DNA that is
“functionalised” by having a single-stranded (ss) end sequence. The ssDNA acts as
“sticky” endgroup that can bind to a complementary ssDNA group on another dsDNA
chain. The important characteristic of these DNA-based telechelics is that the binding
of these sticky ends is very specific as it depends on the sequence of ssDNA.

Molecular motors are biological machines that perform a plethora of mechan-
ical and chemical tasks in a living cell. Some motors act as transporters of “cargo”
through the cell. These motors walk on fairly rigid protein filaments such as micro-
tubules. Other motors may drive the relative motion of (actin) fibers, for instance in
muscle action. Molecular motors use the chemical energy released during the hydrol-
ysis of ATP to perform mechanical work.

Grand Canonical (GC) ensemble is an ensemble of configurations for a
system in which volume, temperature T , and chemical potential µ, are fixed and
the number of particles is allowed to fluctuate. The system is considered to be in
equilibrium with a large reservoir, i.e. T = Treservoir and µ = µreservoir. In GC
simulations, normal Monte Carlo moves are combined with particle exchange moves
between the system under consideration and a fictitious reservoir at constant chemical
potential [11]. In this thesis we use the GC ensemble to study interacting polymers
(chapter 2), and DNA-coated colloids ( chapter 4 and 5 ). Detailed descriptions of
simulation techniques are presented in each chapter.

Detailed Balance (DB) is a sufficient (but not necessary) condition that en-
sures that a Monte Carlo simulation will not drive a system out of thermal equi-
librium. It is based on the assumption that, in thermal equilibrium, the number of
transitions from any state i to any other state j should, on average, be balanced ex-
actly by the number of transitions from j to i. Throughout the thesis we will employ
MC algorithms that satisfy Detailed Balance.
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Biased sampling is a generic term that refers to a wide range of methods that
change (usually enhance) the acceptance probability of Monte Carlo trial moves by
biasing the probability with which different moves are attempted. Several biased
MC schemes are discussed in Ref. [11]. In chapter 2 we introduce a specific biased
scheme to sample configurations of dense systems of telechelic polymers.
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