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1 Introduction

In biology, DNA is mainly an informational material, while in colloid science, DNA is
an excellent structural material due to its natural ability to self-assemble according to
well-specified programmable rules. In this thesis, DNA - the molecule that carries life’s
genetic code - is used to link micron sized colloids in various arrangements, ranging from
finite clusters to percolating structures, including two dimensional crystal structures. The
assembly method relies on the attractive forces between complementary bases of two single
DNA strands.

1.1 DNA as smart glue

Deoxyribonucleic acid (DNA) contains the genetic instructions used in the development
and functioning of all known living organisms and some viruses. The main role of DNA
molecules is the long-term storage of information. DNA is often compared to a set of
blueprints, a recipe, or a code, since it contains the instructions needed to construct
other components of cells, such as proteins and ribonucleic acid (RNA) molecules.

Chemically, DNA consists of two long polymers, with backbones made of sugar-
molecules and phosphate groups joined by ester bonds. These two strands run in opposite
directions to each other. The double-stranded structure arises as the four types of
molecules attached to the sugar-molecules, called bases (Adenine (A), Cytosine (C),
Guanine (G) and Thymine (T)) form hydrogen bonds between the two separate chains
(Figure 1.1). This type of binding, also called hybridization, is highly selective: a
sequence of bases will bind strongly to the complementary sequence (A with T and C
with G), but not (or to a lesser extent) to any other sequence.

The ability of single-stranded DNA (ssDNA) strands to form (hybridize into) a
double-stranded DNA (dsDNA) structure can be used for the design of (nano)structures.
By decorating building-blocks with pieces of ssDNA, one can direct building-block 1 to
bind to building-block 2, but not to building-block 3. In this manner, one can link
different building-blocks in a directed fashion by utilizing ssDNA strands as glue.

A hydrogen bond is a non-covalent bond. Two ssDNA strands held together with
hydrogen bonds can be separated by increasing the temperature. At elevated tempera-
tures, the hydrogen bonds are not strong enough to keep the two ssDNA strands together
and the double helix will dissociate. At what temperature this transition takes place
depends on the amount of hydrogen bonds between the two strands. As a measure of
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Figure 1.1: Schematic representation of double-stranded DNA. The zoomed in image
shows the base pairing between the two single stranded (ss)DNA strands. Inter-strand
bonds are non-covalent hydrogen bonds. Only complementary bases can pair: adenine
with thymine and guanine with cytosine.

the binding-strength between two ssDNA strands, one can use the melting temperature
(Tm). The melting temperature is defined as the temperature at which half of the DNA
strands are in the double-helical state and half are in the “random-coil” single-stranded
states. Sometimes, it is also referred to as dissociation temperature. The fact that the
binding process is highly specific and reversible makes DNA not only usable as glue, it
also makes it a very smart one.

1.2 Colloids

To test if ssDNA strands can be used as a special glue for the design of (nano)structures
we are in need of building-blocks. While DNA is advertized above as glue that can bind
anything together, there are of course limitations to size and weight. Naturally, a single
DNA helix cannot be used to glue a macroscopic object to a wall; the gravitational forces
will be too strong. This means that in our search for building-blocks we are limited in
size. To use DNA as glue we are looking for objects larger than atoms or small molecules,
so we can handle them in the lab, but they have to be smaller than a grain of sand to
meet the size-weight restrictions.

Luckily, there is a whole range of sizes in between that are covered by one class of
materials: colloids. Colloids are very important in everyday life. There are numerous
examples of colloidal suspensions that everyone knows of. One biological example is
for instance milk. Milk consists of a watery suspension, with small fat droplets and
protein clusters floating around (“dispersed”). Colloids are also abundant in many man-
made substances, like paints, inks, and cosmetic products such as toothpaste and hand
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Figure 1.2: Schematic representation of a DNA coated colloid. DNA to colloid binding
is realized by a biotin-neutravidin bond. Here an example is given of a colloid coated
with a long dsDNA spacer and a 12 base ssDNA “sticky end”.

cream. All these products contain dispersed small objects inside another continuous
phase. The typical size of a colloidal particle lies in the range of a few nanometers to
several micrometers, perfect for our DNA-glue.

Besides the size of colloids there is another main characteristic that is very useful for
our study and that sets colloidal systems apart from other states of matter: Brownian
motion [1]. Brownian motion refers to the random, continuous motion of microscopic
particles, when they are suspended in a liquid. The movement is due to continuous
collisions with the much smaller solvent molecules. Their perpetual motion gives colloidal
particles the ability to explore many different configurations and therefore the ability to
spontaneously organize, or “self-assemble”, into larger-scale structures when attractive
forces are present.

1.3 The experimental system

For all our studies, we used micron-sized polystyrene (PS) spheres, fluorescently labeled
and suspended in an aqueous buffer. As colloidal particles are sufficiently large and slow
to be observed by straightforward optical techniques such as microscopy we can follow
our particles in action. As we use confocal microscopy and our colloids are fluorescently
labeled, it is even possible to resolve the three-dimensional structure and dynamics on
a single-particle level [2].

The micron-sized polystyrene (PS) spheres are coated with a protein called neutra-
vidin. Neutravidin is a truncated form of streptavidin. Streptavidin is known for its
strong binding to biotin. By the removal of carbohydrates and lowering the isoelectric
point, neutravidin results in a near-neutral protein that has significantly lower non-
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Figure 1.3: Schematic representation of DNA-driven assembly. The complementary 12-
base ssDNA“sticky ends” hybridize below their melting temperature. Above this value,
hydrogen bonds break and the system should (in principle) redisperse. The inserted
graph shows the melting behavior of the 12-base dsDNA strand (without being grafted
to a colloid) in solution. The gray dotted lines are a guide to the eye for determining
the melting temperature of these ssDNA “sticky ends” (∼ 42 °C).

specific binding than conventional streptavidin. We use the strong neutravidin-biotin
bonding for grafting DNA to our colloids (Figure 1.2), to reduce interference of nonspe-
cific interactions as much as possible. In this way, the main driving forces in the system
are the hydrogen bonds formed between complementary ssDNA strands.

Colloids can be coated with DNA strands of any size. To be able to use DNA as glue,
all or at least part of it has to be single stranded (“sticky”). Using very long sequences of
ssDNA is not recommended as these strands are very flexible (the persistence length of
ssDNA is 1 nm as opposed to 50 nm for dsDNA). The DNA strand can bend backward
and attach to the colloid’s surface instead of binding with surrounding colloids. Therefore
a double-stranded DNA spacer is used, which forces interacting linker segments of DNA
away from the colloid, allowing for more efficient assembly (Figure 1.2). Many of the
experiments described in this thesis use similar DNA. We mainly chose to work with a
system of colloids displaying the same 12 base ssDNA strands as glue or “sticky end”,
but with different lengths of spacer between the colloid and the “sticky end”.
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For most experiments a “binary” system of colloids labeled with complementary
DNA is used. Upon mixing below the melting temperature, complementary ssDNA
ends will bind and hybridize forming larger aggregates of colloids (Figure 1.3). As
the assembly is caused by non-covalent hydrogen bonds, heating the system above the
DNAs melting temperature will (or should) redisperse the system to a monomeric state.
The experimental melting temperature of the “sticky ends” used (in a TRIS-buffer) is
measured and depicted in the inserted graph of Figure 1.3.

1.4 Outline of the thesis

The work presented in this thesis focuses on DNA-driven assembly of micron-sized col-
loids. Around the time this project started, the conceptually simple yet powerful idea
that functionalized nanoparticles or micron sized colloids might serve as basic building-
blocks that can be rationally assembled through programmable base-pairing interactions
into highly ordered macroscopic materials already existed for almost ten years [3]. How-
ever, the theory of producing ordered DNA structures was well ahead of experimental
confirmation. The approach had mainly resulted in polymerization, with modest control
over the placement of and the distance between particles within the assembled material.
Despite all the elegant pioneering work put in, most of the materials obtained thus far
are best classified as amorphous [4–8]. So in the beginning, by using biological materials
such as DNA, approaches were still developed to control the assembly of nano- or micron
sized objects. However, in order to really turn this attractive approach into a technology,
we have to understand the complexity of interaction in such hybrid systems.

Chapter 2 gives a brief overview of all the pioneering work done starting from the
early days until mid 2009. A description is given of steps taken in one-, two-, and three-
dimensional DNA-driven assembly and few applications are mentioned. Although the
description is inevitably incomplete, it does put the work on DNA coated colloids in
perspective and shows that there are still many hurdles to be taken in order to obtain
all the theoretically predicted structures experimentally.

Chapter 3 describes the first experimental steps that we took to gain more insight
into the behavior of DNA coated colloids. We noticed that most experiments directed
their effort to short DNA strands, thus not exploiting its polymeric properties. In ref. [9]
it is reported that long and flexible DNA strands can act as a spacer as well as a linker.
This double function is believed to be a key ingredient in obtaining crystal structures
(such as a diamond structure). Therefore, we started our experiments with a long DNA
strand: λ-DNA. However, working with this polymer resulted in the formation of finite-
sized clusters that do not redisperse, even well above the melting temperature of the
DNA used. This suggests that the strong, short-ranged Van der Waals attractions in
these systems are not fully shielded by steric and electrostatic repulsions.

In chapter 4 the study on long and flexible DNA strands is continued, in addition
steps are taken to increase the obtained cluster sizes. Also some effort is put in obtaining
a system that is able to redisperse well above the melting temperature of the DNA used.
Considerably bigger colloidal aggregates can be obtained by reducing the length of the
dsDNA spacer. To have a temperature reversible system all proteins on the surface of
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the colloids have to be shielded. This is realized by using only short nucleotide overhangs
instead of dsDNA spacers.

Chapter 5 takes a different approach on DNA-driven assemblies. Instead of a binary
system of colloids in solution, here we report on the unique crystallization process of
micron sized colloids above a DNA coated surface. Later tests indicate that although
the surface does not need to be coated with DNA, the polymeric potential of the DNA
is a crucial aspect for this type of crystallization.

In chapter 6 we take some first steps towards the realization of finite clusters with a
fixed amount of colloids. By using a more exotic structure of DNA, a four-way or Holliday
junction, preliminary experiments are preformed towards stringing four colloids together
with DNA.

Finally, as the first two experimental chapters mainly resulted in non-ordered gel-
like structures unable to redisperse well above the melting temperature of the DNA
used, the work of appendix A was directed towards stabilizing colloids. Stabilizing the
colloids should result in more systems that are reversible with temperature, i.e. which
can redisperse to a monomeric state above the melting temperature of the DNA used.
Once formed, micron-sized systems with a dsDNA spacer in between the colloid and the
“sticky end” remain clustered at all temperatures. In contrast, systems with the same
DNA, but with smaller colloids (390 nm) are often redispersable. This indicates that
Van der Waals attractions are an important factor to consider.




