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Kurzreferat

Die einzigartigen Selbstassemblierungseigenschaften von DNA und ihre Fahigkeit,
mit einer Vielzahl von chemischen Verbindungen und biomolekularen Strukturen
Verkniipfungen einzugehen, machen DNA zu einem interessanten Baustoff fiir die
Herstellung von kiinstlichen Nanostrukturen. In dieser Arbeit werden verschiedene
Methoden fiir eine DNA-basierte Selbstassemblierung von elektrischen Nanoschalt-
kreisen entwickelt. Dabei werden vier grundlegende, fiir den Assemblierungsprozess
notwendig erscheinende Schritte untersucht: (i) Die Herstellung von mehrfach ver-
zweigten DNA-Molekiilen basierend auf einem Bausteinprinzip. (ii) Das ortspezi-
fische Anbringen von Nanoobjekten (Goldkolloiden) am Zentrum von DNA-Verzwei-
gungen. (iii) Die Integration von DNA in Goldmikrostrukturen, speziell das Span-
nen von einzelnen DNA-Molekiilen zwischen zwei Elektroden. Dazu wurde eine zu-
verlassige Methode zur spezifischen Funktionalisierung der Goldelektroden mittels
Aminoethanthiol entwickelt, die eine DNA-Anbindung ohne zusétzliche Funktio-
nalisierung des Molekiiles erlaubt. (iv) Die Metallisierung von DNA. Hierfiir wurde
eine Prozedur gefunden, die es ermoglicht, Ketten von 5nm groflen Clustern ent-
lang der DNA herzustellen. Sorgfaltige Untersuchungen ergaben, dass diese Art der
Metallabscheidung hochspezifisch auf dem Biomolekiil aber nicht in der umgebenden
Losung stattfindet.

Abstract

The exceptional self-assembly properties of DNA as well as its ability to interact
with different kinds of chemical compounds and biological structures make this
biomolecule to an interesting object for the fabrication of artificial nanostructures.
In this work several methods for a DNA-based self-assembly of electronic nanocir-
cuitry are explored. For this, four basic steps, which turned out to be essential within
a circuit assembly process, are addressed: (i) The formation of multi-branched DNA
junctions by a simple building-block procedure. (ii) The site-specific attachment of
nanoobjects (gold colloids) at the center of DNA junctions. (iii) The integration of
DNA into microstructured gold electrode arrays, in particular the stretching of sin-
gle DNA molecules between two electrodes. For this a simple, but reliable methods
for the functionalization of gold electrodes by using aminoethanethiol was devel-
oped, which enables end-specific attachment of the DNA but does not require DNA
modification. (iv) The metallization of DNA. A synthesis procedure was developed,
which results in the formation of continuous chains of 5nm platinum clusters along
the DNA. The metal deposition process turned out to take place exclusively at the
DNA while background metallization is completely suppressed.
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Introduction

Scientifically, the last century was dominated by the large discoveries made in physics
and is therefore often called as the “century of physics”. Among the experimental
as well as theoretical findings are the theory of relativity, the quantum theory, the
discovery of the nuclear fission and the invention of laser and transistor, which
had not only impact to the scientific and technological world, but also changed the
everybody’s life tremendously.

For the new, just started century, which began with the decipherment of the
human genome [1,2], an equally great leap forward in knowledge and application is
expected to come from biology. For example, a great hope is that with increasing
understanding of the processes in living nature, diseases like cancer, Alzheimer and
Parkinson can be cured one day. Probably, many of the today’s expectations will
be disappointed, like it was the case for antibiotics, which did not wipe out the
infectious diseases. However, it is right to say that biology will induce large changes
on our life in the present century.

The rapid development in molecular biology became not at least possible by the
application of technologies coming from the world of physics, like microelectronics
and microsystems techniques. Without high-performance computation and DNA-
chip technology the sequencing of complete vertebral genomes and the automated
screening of genes would not be possible at all. There is a high technological impact
of microelectronics and related techniques onto biology. However, today the impact
in the opposite direction from biology onto the mentioned techniques is still low and
has only recently attracted considerable scientific interest.

What could biology do for the microfabrication techniques? As the name already
says, microfabrication techniques rely on the formation of structures in the micro-
meter or sub-micrometer range, which posses desired electrical, mechanical, physical
or chemical properties. The structuring is usually done with light or electron beam
lithography, which requires a considerable high effort in equipment, materials and
energy. The result are highly complex microchips, which are staggered in different
levels and the accuracy of their fabrication is very impressive, if one thinks for
example on computer processors of the current generation.

However, the chip architectures are rather coarse in comparison to the structures
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of enzymes and proteins found in even the simplest living object. In order to not get
misunderstood, the sophisticated microfabrication techniques applied in chip indus-
try are high technology and at the moment there is no alternative method, which
can compete with them. But with the proceeding miniaturization, the lithography
techniques reach more and more limitations. A decrease in structure size will be
only achieved with a tremendous increase in effort. According to Moore’s law [3],
the transistor density on a chip doubles every 18 month and this law is even said
to last for at least another decade. This means, that the structure size of future
computer chips will soon be in the range of a few nanometers.

The structure size of the subunits which form larger biological architectures is
already in the nanometer range. For example, DNA has a diameter of 2nm. The
whole living nature consists of structures, which building blocks are in exactly the
size range, which is desired in future nanofabrication. In contrast to the lithograph-
ical methods, where from a large block of material the more elaborate structure is
carved out, the formation of biological structures is based on the two fundamen-
tal principles of molecular recognition and self-assembly. Biomolecules can attach
to each other at highly specific binding sites. Thus, building blocks are formed,
which can aggregate with further molecules and assemble from small subunits into
well-defined larger superstructures. The availability of a large quantity of different
binding sites enables the flexibility and diversity of biological structures.

Recently, this building block concept found in living nature served as inspi-
ration for several attempts to fabricate nanostructured objects with the help of
biomolecules. Thus, completely artificial constructs, which were only composed of
biomolecules, could be fabricated [4,5,6]. Furthermore, a lot of work was also done
in a biomolecule mediated assembly of inorganic, in particular metallic or semi-
conducting, objects. The biomolecules serve during the formation process either
as linker elements between the inorganic phase [7,8] or are used as a template,
i.e. as a support, which promotes the selective deposition of inorganic material.
The latter method adopts the formation of biological structures, which mainly con-
sist of inorganic material, as they are present for example in bone and the shell
of mussels. Different nanometer-sized objects could be fabricated this way, like
tubes by metallization of microtubules and tobacco mosaic viruses [9, 10, 11, 12],
periodic 2-D assemblies of clusters on S-layers [13,14] and wires by metallization
of DNA [15,16, 17, 18, 19, 20, 21, 22]. This work shows, that by application of
biomolecules and biological principles, biology can have a considerable impact on
nanofabrication technologies.

In this framework, also the present work is settled. It explores possibilities, how
self-assembly of biomolecules, in particular DNA, can be used to build up electronic
circuitry as an alternative method for structure fabrication in future nanoelectronics.
The investigations are focused on DNA, because of its exceptional properties like
a favorable diameter of only 2nm and a practically unlimited length, the mechan-




ical [23], thermal, chemical stability, the ability to bind a large number of organic
and inorganic molecules [24]. Above all the increasing technological know-how has
enabled in the last years the assembly of DNA into complex architectures [4,5, 6].

To build up circuitry with DNA, the biomolecule has to fulfill different tasks.
An electronic circuit is, from a rather simplified point of view, an array of devices,
which are connected to each other by a network of wires. Furthermore, a circuit has
an interface to the “outer world”, where data input and output is realized. Related
to a circuit assembly, which is fully accomplished with DNA it means: (i) DNA
has to be assembled into network structures. (ii) Functional elements have to be
site-specifically be attached. (iii) To establish an interface, the DNA network has
to be electrically integrated in a larger electrode structure. (iv) As DNA has poor
conductive properties (discussed later in the text), conductivity has to be injected
to the DNA assembly.

The intention of this work is to explore these four steps using the self-assembly
properties of DNA. This means, each part of the assembly process has to be con-
trolled by the functionality of the DNA itself or a functionality, which is additional
induced to the molecule. Within this background several particular problems are
formulated, which will be addressed here: (i) A basic element of networks are junc-
tions. A procedure for the self-assembly of DNA junctions must allow exact control
over the their morphology, e.g. the number of branches. Here, the formation of
multi-branched DNA junctions is investigated, where the morphology of a partic-
ular junction is controlled by recognition between several smaller DNA building
blocks. (ii) Site-specific deposition of devices to a DNA template, by the means
of self-assembly, requires recognition between device and biomolecule. It is shown
that gold colloids can be attached at the branching point of DNA junctions by func-
tionalization of the biomolecular template at this place. (iii) Integration of DNA
into an electrode structure means site-specific attachment of DNA molecules at a
given microstructure. A possible solution for this task is to functionalize DNA ends
and a substrate in a way that DNA is binding exclusively to predefined pads on
the surface. For this, several functionalizations are tested and characterized. (iv)
To a DNA template structure, conductivity can be induced by site-specific deposi-
tion of metal along the molecule. The metallization process must be highly specific,
i.e. metal deposition should only take place at the DNA. A method is investigated,
where metal growth at the DNA is controlled by the DNA bases leading to exclusive
metallization of the DNA template.

These topics set also the general outline of the present work. The first chapter
deals with a description of the properties of DNA and the applied biomolecular meth-
ods. Furthermore, a brief review about previous work in the field of nanostructure
formation by the use of DNA is given. Subsequently, the investigations done in the
framework of this thesis are described. In chapter 2 the formation of multi-branched
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DNA molecules by using a simple kit procedure is demonstrated. Beside that, it
is shown, how small colloids can be attached specifically at the branching point
of the junctions. The integration of DNA molecules into microelectrode structures
is investigated in chapter3. In chapter4 the metallization of DNA, in particular
the growth of cluster chains along the molecule, is studied. The results are briefly
summarized in the last chapter and a conclusion about the suitability of DNA for
the construction of future electronic circuits is given. A detailed description of the
performed experiments is listed in the appendix.




1 DNA as a template

The intention of this work is to use DNA as a template for the construction of
future circuitry. As it was already pointed out, on the way to that aim, the DNA
has to fulfill different tasks, which are network assembly, site-specific attachment of
functional elements, integration into an electrode structure and DNA metallization.
All these steps have to be incorporated into one fabrication scheme. A general
outlook for that is drawn schematically in Figure1.1. As a first step the assembly
of DNA into networks is proposed (a). Subsequently this DNA network has to be
integrated into a contact array (b) and functional functional elements have to be
positioned (c). The last step should be the DNA metallization (d), because after
this process the DNA looses its biological functionality and steps like the network
assembly could not be done anymore.

For a successful assembly of a DNA based circuit in the future, it is essential that
all these steps will be very precisely guided and controlled by the DNA molecule
itself. Therefore, the understanding the DNA structure and its related properties is
a crucial point for establishing methods which enable all the steps of the construction
scheme. As a consequence in the following sections the structure of DNA as well
as methods for manipulating DNA will be explained. Subsequently, an overview is
given about existing methods for the assembly DNA networks, for the binding of
DNA to surfaces and for the metallization of DNA.

a) b) c) d)

0 oo 0O 0o

B O C-@-@-O

B o o-O @O
. [l I device me]t)a#ifed
DNA network “microcontact

Figure 1.1: Possible construction scheme for a DNA-based circuit: a) DNA template as-
sembly. b) Integration of the template into an electrode array. ¢) Positioning of functional
elements. d) Deposition of metal or semiconductor material on the DNA template.
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1.1 DNA - structure, recognition and assembly

Today everyone knows that DNA forms a double helix and is the carrier of the
genetic code. However, a bit more than 50 years ago this for today basic knowledge
was completely unknown and the majority of scientists at this time believed that
the genes are located in the proteins found in the chromosomes [25]. With the
discovery of the structure of B-DNA by WATSON and CRICK [26] in 1953 and the
subsequent elucidation steps in the synthesis of DNA, RNA, and proteins the corner
stone for modern molecular biology was laid. The development of DNA sequencing
by SANGER [27] and of the polymerase-chain reaction (PCR) by MULLIS [28] were
the foundations for the rapid and large scale application of gene technology. From
this time biology and biochemistry have been revolutionized. Although now in many
fields processes in living nature become increasingly understood there are still more
open questions than answers. A key role for the understanding plays the knowledge
about the interaction of DNA sequence, structure and function.

DNA is linear polymer composed by a sequence of four different monomers the
so-called nucleotides. Part of each nucleotide is one of the four DNA bases adenine,
guanine, cytosine and thymine (Fig.1.2).

NH, : NH, : Figure 1.2: The f(?ur bases
NN HN/C\C/N\ N?st H G CH, of DNA are th'e purines ade-
N - S N < VR A R nine(A) and guanine(G) as well as

\N/ N e \N/ N o/ \N/ O/ \N/ the . 'd' . t - C d
H H N N pyrimidines cytosine(C) an
Adenine Guanine Cytosine Thymine thymine ( T) .

Each base is bound to a pentose forming together the nucleoside. The pentose in
DNA is the 2-deoxyribose where the OH group at the 2’-site is missing in comparison
to ribose which is part of RNA (Fig. 1.3). Coupling a phosphate to the 5’-site of the
pentose leads finally to the nucleotide.

A linear DNA strand is formed by polymerization of the nucleotides via phos-
phate and deoxyribose, which form the DNA backbone (Fig. 1.4). Note that a DNA

Nucleoside Nucleotide
H: H:
o c
NT e N NT e N
Lo, sCH I, Il sCH
HCY g “C—g/ HCS 3 “C—/
Figure 1.3: The pentose found in
) DNA is deoxyribose. Pentose and
HO-CH, O HO-CH, .0 0-P-0-CH, .0 .
OH s DNA base form a nucleoside. To-
gether with a phosphate on the 5’-
OH OH OH

Deoxyribose

Deoxyadenosine (dA)

Deoxyadenosinemonophosphate

carbon of the pentose, it is called
nucleotide.
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5-end N H/E\KJ\/H '
. HO*CH;O ° AYN@ C Figure 1.4: Base pairing of the

ohe-o DNA double helix. In DNA the
p-0 nucleotides are linked via phos-

0-CH, .0 M WO % T phate and pentose to a linear
! 0"fi,G-OH strand. e base pairing of gua-
G ”H/“Y“ trand. The b iring of g
N

o-bo HC\Nf‘C ° 5’-end nine with cytosine as well as of
adenine and thymine via three or
two hydrogen bonds, respectively,
OH enables the formation of the dou-
3’-end ble stranded helix.

strand has an end-to-end chemical orientation: the 5-end has a free hydroxyl or
phosphate group on the 5’-carbon of its terminal sugar; the 3-end has a free hy-
droxyl group on the 3’-carbon of its terminal sugar. The phosphate group is at
neutral pH negatively charged, which leads to a charging of the DNA backbone of
1 e~ per nucleotide.

Native DNA, which structure was found by WATSON and CRICK, consists of
two associated polynucleotide strands that form the well-known double helix. The
orientation of the two strands is antiparallel; that is, their 5’—3’ directions are
opposite. The strands are held in precise register by a regular base-pairing between
the two strands: G is paired with C through three hydrogen bonds; A is paired
with T through two hydrogen bonds (Fig. 1.4). The base pairing is caused by size,
shape and chemical composition of the bases. Furthermore adjacent DNA bases are
stacked on top of one another in parallel planes. The large number of base pairs
leads to the high stability of the helix structure.

The helix can, in principle, be right-handed or left-handed. The native form of
the helix structure, however, is right-handed and called B-DNA (Fig. 1.5).

In nature, during the processes of DNA replication and the copying of RNA
from DNA, it is essential that the two helix strands are separated one from each
other at least temporarily or locally. This strand separation can also be induced
under experimental conditions, for instance by heating a solution containing DNA.
The induced thermal energy is large enough to break the hydrogen bonds. On the
opposite, cooling a solution containing complementary DNA single strands leads to
reassociation and formation of the helix structure, which is called hybridization. This
means, the process of strand separation, also described as denaturation or “melting”,
is reversible, which can be, e.g., monitored by UV-VIS spectroscopy.

DNA shows an absorption maximum at 260 nm wavelength, which is caused by
electronic excitations of the DNA bases. The transition dipoles associated with
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. Chirality righthanded
- Base pairs per turn 10
£ Angle between two bases 36°

Distance between base pairs  0.33-0.34 nm
Angle between helix axis and

l\t‘ s > base planes 20

&

—

Figure 1.5: Structure image and morphological data of B-DNA

the electronic transitions of the bases are located in the planes of the aromatic
rings. The parallel stacking of the DNA bases in the double helix enables dipole
coupling between adjacent bases, thus lowering the effective dipole moment. There-
fore, the absorption for the ordered helix structure is decreased in comparison to
single stranded DNA (Fig. 1.6a), where base stacking is completely lacking. This ef-
fect is called hypochromism. UV/VIS measurements show that for double stranded
DNA the absorption at 260 nm (Aygp) corresponds to 1 at a DNA concentration of
50 pg/ml whereas only 40 ug/ml of single stranded DNA are required to yield the
same value [29]. Thus measuring Asgy provides not only a useful method to deter-
mine DNA concentration down to 0.5 ug/ml, but it also allows monitoring of DNA
melting and hybridization transitions (Fig.1.6b). The DNA melting temperature
T,, is defined as the temperature at which half of the bases in a double stranded
DNA sample have denatured.

As a GC base pair (bp) has one hydrogen bond more than an AT base pair,
the energy required to separate guanine from cytosine is higher than the energy
to separate adenine from thymine. Therefore, the temperature, required for the
separation of two DNA strands is a function of the GC content. The negatively
charge of the DNA backbone leads to a repulsion of the two DNA single strands,
which lowers the melting temperature. Thus, the salt concentration of the solution is
another parameter, which influences 7, as the repulsion can be partly compensated
due to screening with cations.

For DNA larger than 100 bp the melting temperature can be estimated by using
the equation of BALDINO et al. [30]:

T,, = 81.5°C + 16.6°C - Ig ciyo+ + 0,41 - %GC — 675/ L, (1.1)

where cy,+ denotes the concentration of monovalent cations, %GC' the fraction of
guanine-cytosine bases pairs and L the DNA length in base pairs.
For shorter oligonucleotides, T}, can be derived by using the two thermodynamic

equations: AG = AH + T -AS and K = exp(—AG/(R - T},)) = Cas/(Css1  Css2) =
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a) b)
— —— single stranded
s~ 0,13 +
4 \  — double stranded
0,10
g =
= 0,12
g g
N
E 3
o 2
3 '2 0,11
< 0,05} ’ ‘
' T, =67.5°C
0,10 M
O’OO n n L L I 1 1 1 l 1 1 1
220 240 260 280 300 320 340 60 65 70 75
Wavelength (nm) Temperature °C

Figure 1.6: a) Absorption spectra of a single and double stranded DNA at a concentration
of 5 ug/ml. b) Thermal denaturation of salmon sperm DNA at a concentration of 5 ug/ml
in a solution containing 10 mM NasSOy4. T,, denotes the melting temperature, derived
from the graph.

1/(cp/4) for the equilibrium constant K at melting temperature T,,, where the
concentration of duplex strands cy4s equals the concentrations of both single strands,
Css1 and cgg0, Which correspond to a quarter of the total strand concentration crp.
Replacing AG in the equations leads to:

AH

T,, = — 273.15°C. 1.2
"= RS Rinferja)  2ro15°C (1.2)

The change in enthalpy AH and in entropy AS can be calculated for short oligonu-
cleotides using the nearest neighbor method of BRESLAUER et al. [31]. For example,
AH of the oligomer ATGCTT is the AH for AT + AH for TG + AH for GC +
AH for CT + AH for TT. In the same manner is also the value for AS obtained.

As explained before, two complementary single DNA strands can be reassociated
by hybridization. An underlying fundamental principle of this process is molecular
recognition, which is a basis of the processes in living nature. A part of the se-
quence of the first strand has to find - to “recognize” - a complementary sequence
on the second strand, thus forming a nucleation center for the further association
process. This means, recognition is essential for the self-assembly of the DNA helix
structure (Fig. 1.7a). However, this principle can not only be used to combine two
single strands. A common technique in molecular cloning to “glue” site-specifically
two double stranded DNA fragments together, which posses short single stranded
overhangs with complementary sequences - the so-called sticky ends (Fig. 1.7b).

Furthermore recognition is the driving force for all kind of interaction between
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a) b)

T
T i

Figure 1.7: Recognition of complementary DNA sequences a) of two DNA single strands
b) of two double stranded DNA fragments via cohesive sticky ends.

DNA and proteins as well as between proteins and proteins. It is not only used
to mediate the assembly of structures but also to enable different functions. There
exist lots of enzymes binding DNA at specific sequences and manipulating it, for
instance restriction enzymes which can cleave DNA or topoisomerases which release
torsional stress in a DNA double strand. Other enzymes regulate cell functions like
the Tet repressor (Fig. 1.8a), which blocks the transcription of genes by binding to
DNA in dependency on the tetracycline content.

Examples for protein-protein recognition are antibodies which specifically bind
to receptors of viruses or bacteria, blocking this way their function. In the later
described experiments, the protein streptavidin and the coenzyme biotin were used.
Streptavidin carries four affinity sites for biotin (Fig.1.8b) and is therefore often
used as a linker between two biotinylated objects. Furthermore, it provides one of
the strongest noncovalent interactions in nature [32].

b)

biotin |,

Tet repressor
protein

g
[¢]
H

streptavidin

Figure 1.8: Recognition of a) DNA and protein b) the protein streptavidin with the
coenzyme biotin.

The highly specific recognition among biomolecules is the driving force for their
self-assembly. Small building blocks can bind at well defined positions and form
stepwise a larger and larger structure with a specific shape and function. The
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name self-assembly is derived from the fact, that the assembly process occurs in
the absence of any manipulation tool and requires only thermodynamic movement
followed by the binding of the biomolecules.

1.2 DNA-Technology

As shown in the previous section, the struc- Region to be amplified Number of
ture of DNA enables various possibilities for [T —E
its self-assembly as well as its manipulation. ¥ ¥
In the following, different molecular-biological -
techniques, which were used in this work to
fabricate artificial DNA structures, are briefly
described.

The construction of DNA templates re-
quires the synthesis of appropriate DNA frag-
ments possessing the required length, sequen-
ces and so on. Beside molecular biological
methods for DNA preparation, advances in
synthetic chemistry permit now the chemical
synthesis of single stranded DNA. Any se-
quence can be obtained this way. However,
as the yield of the method drops dramati-
cally for oligomers longer than 100 bp, chem-
ical synthesis is restricted to this length. As
there is an increasing demand for such short
oligonucleotides due to applications in DNA
chip technology as well as in PCR, nowadays
synthesis is done by an increasing number
of companies. Therefore oligomers with the
desired sequence can be inexpensively pur-
chased within a few days.

In the past, DNA fragments longer than
100 bp were usually obtained by amplifica-
tion in microorganisms like viruses, bacteria Cycle 4 0 2
or yeast. The accuracy of this method is
very high, however one needs a circular tem-
plate and the preparation is time consuming. Figure 1.9: Schematical representation
The invention of the polymerase chain reac- of the polymerase chain reaction.
tion (PCR) in 1987 [28] provided a much easier way to amplify a large number of
fragments from a small number of targets in vitro, opening this way new fields of ap-
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plication. Like in living organisms an enzyme called polymerase is used to replicate
the DNA. For this, at least partial denaturation of the double helix is required. In
vivo this is done by the cooperation of many enzymes. PCR, however, separates the
strands by heating the DNA solution to 95°C . The crucial point for the invention
of the method was to get a polymerase which could survive such temperatures, but
finally one found the appropriate enzyme in a thermophylic bacteria called Ther-
mus aquaticus which is living in hot springs. The polymerase extracted from this
organism is called Taq polymerase. This enzyme, however, can not just copy single
stranded DNA, but needs as a starting point a short double stranded region, which
is then further elongated from its 3’ end. Therefore, for running a PCR, one has
to add short oligomers, so-called primers, in large excess to the reaction mix. They
hybridize to the single-stranded DNA and specify the region of the template DNA
which will be copied. This means, choosing the right forward and backward primers,
a gene or other part of interest can be specifically amplified. Suitable primers have
to fulfill certain rules. For example, they should hybridize to a unique position at
the template DNA, should not form dimers with themselves and both forward and
backward primer, should have similar melting temperatures. Primer design can be
casily done using commercial software, which checks all the criterial.

A scheme of DNA amplification by PCR is depicted in Figure1.9. One adds
polymerase, primers, template DNA and nucleotides (ANTPs)? to a suitable reaction
buffer and heats the solution up to 95°C in order to obtain single-stranded DNA.
Then the temperature is lowered to 50-60°C to allow primer hybridization. At the
end of the cycle the primers are elongated by the Taq polymerase at 72°C and the
next cycle starts again with DNA denaturation. After the first cycle one ends with
two new strands which are longer than the designed fragments (Fig. 1.9). However,
in the second cycle the transcription of these strands yields the desired DNA. The
number of these “right” fragments increases now exponentially as it is doubled every
step, whereas the number of “wrong” fragments is incremented only by two at each
cycle. Finally, after about 25 cycles the yield is dominated by the desired fragment.

Beside tailoring suitable DNA fragments, one has also to find ways to link these
strands in order to obtain the artificial DNA structures one needs. As already
shown in the previous section a common technique, coming from molecular cloning,
is to use complementary single stranded overhangs, the so-called sticky ends. These
overhangs can be easily prepared by using restriction enzymes. These type of en-
zymes recognize a specific 4- to 8-bp region, called restriction site, and then cleave
both DNA strands at this site. Restriction enzymes have been purified from sev-
eral hundred species of bacteria, allowing DNA molecules to be cut, also called
digested, at a large number of different sequences. Many restriction sites like the

Here the free software Generunner 3.05 from Hastings Software Inc. was used.
2dNTP stands for nucleotide triphosphate, i.e. nucleotides carrying three phosphates.
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Figure 1.10: a) Recognition and cleavage of DNA by HindIII restriction endonuclease. b)
Ligation of DNA fragments carrying complementary sticky ends.

HindIII site, shown in Figure 1.10a, are short inverted repeat sequences. That is,
the restriction-site sequence is the same on each DNA strand when read in the 5 —
3’ direction. Furthermore, HindIIl makes staggered cuts in the two DNA strands.
This results in the formation of two 4 bp long 5’-overhangs, which posses the same
self-complementary sequence. The length of the overhang depends on the particular
restriction enzyme. Each length, from 0bp (so-called blunt ends) up to more than
10 bp is possible.

The reverse process to DNA cleavage is ligation mediated by an enzyme called
ligase, which can catalyze the formation of a covalent linkage between the 3’-
hydroxyl end of one restriction-fragment strand and the 5’-phosphate end of another
restriction-fragment strand during the time that the sticky ends are transiently base-
paired (Fig.1.10b). This enzyme reaction for covalent coupling DNA fragments,
carrying complementary sticky ends, is necessary as, for example, the melting tem-
perature of two hybridized 4 bp overhangs like in Figure 1.10b is only about 12°C .
This means, the connection is not stable at room temperature. Thus, adding DNA
ligase and ATP to a solution containing fragments with sticky ends leads to covalent
coupling of the DNA strands.

5’-overhangs can be modified using an enzyme called Large fragment of poly-
merase | or Klenow polymerase. 1t fills in 5’-overhangs using dN'TPs creating this
way blunt ends. This reaction can be very useful. For example, if biotinylated bases
are added to the reaction, one can easily prepare DNA which is functionalized with
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Figure 1.11: Biotinylation of an DNA end using Polymerase I, Kleenow fragment and
biotinylated bases. The 5’-overhang is filled by the enzyme with ANTP’s. The dCTP is
linked to a biotin molecule over a carbohydrate spacer.

biotin at its ends (Fig.1.11). If during the fill-in step not all ANTPs are added
one can partially fill the 5’-overhang. Thus, the self-complementarity of restriction
fragment ends can be broken. For instance, if one uses only dATP to fill-in the 4 bp
long 5’-overhang left by the HindIII restriction enzyme (Fig.1.10a), one ends up
with a 3 bp overhang which is not self-complementary anymore.

Once the desired DNA structures are fabricated, they have to be analyzed and
separated from the reaction mix. A powerful and in molecular biology widely spread
method for doing this is gel electrophoresis, which separates DNA fragments accord-
ing to their size. As already previously mentioned, DNA is highly charged near

a) 58 oo = an
A-DNA bp S5 T8 8 a9
ol (=)} =) <t ol
HindIll dig.
Scal dig.
HindlIIl + Scal dig.
o = AT o~
bp S8 EEIFF 45 % 2
Scal
A-DNA ——+ —+ i
I HindIII 23130 2027 2322 9416 564 6682 4361 bp

Figure 1.12: a) Fluorescently stained gel of A-DNA digested with HindIII, Scal and using
both restriction enzymes at the same time. b) Map of the HindIIl and Scal restriction
sites of A-DNA. The significant band patterns can be used to assign the molecular weights
of the separated fragments, which can be obtained, if the DNA sequence and the sequence
of the restriction site are known.
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neutral pH because the phosphate group in each nucleotide contributes one negative
charge. Therefore, in an electric field DNA moves towards the positive electrode.
This is used by electrophoresis. DNA is brought into a gel matrix, which consists
of long, tangled chains of polymers which are separated by interconnecting channels
or pores. Applying an electric field causes DNA movement at a rate inversely pro-
portional to the log of the length of the fragments, which are separated this way
from each other forming bands according to their molecular size. The DNA can
be stained by a fluorescence dye and the bands are visualized using an UV lamp
(Fig. 1.12). The length of unknown DNA fragments can be easily interpolated from
DNA with known fragment size, the so-called molecular weight standard, which is
run in the same gel. Common standards are restriction fragments of a DNA with
known sequence. Typical materials used for casting gels are agarose or polyacry-
lamide.

1.3 DNA based nanostructure assembly

The use of DNA for the fabrication of nanostructures is at the moment an rapidly
increasing field of research, within different directions have to be distinguished:

e The fabrication of artificial networks consisting of native DNA.
e The integration of DNA onto solid state surfaces.
e The formation of metal and semiconductor nanoparticle assemblies along DNA.

Work, which has been previously done in these three fields, is briefly reviewed in
the following.

1.3.1 Fabrication of complex DNA networks

In the early 80s NADRIAN C. SEEMAN introduced in a pioneering theoretical work
the concept of DNA nanotechnology [33]. The idea behind that, is to use the excep-
tional self-assembly properties of DNA to build up complex artificial DNA struc-
tures. In the following years different structures® could be synthesized like a cube [4],
a truncated octahedron [5] and 2-D DNA crystals [6,34]. Furthermore nanomechan-
ical devices [35] as well as logical computation [36] could be established. These
supramolecular structures are assembled from small rigid building blocks, which are
simple DNA junctions or double and triple crossover molecules, comprising several
DNA junctions (Fig. 1.13). Short synthetic oligomers are used to hybridize the DNA
building blocks. Their specific coupling, which induces self-assembly, is accomplished
by sticky end directed ligation.

3An image gallery can be found at SEEMAN’s hompage http://seemanlab4.chem.nyu.edu
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Figure 1.13: Two-dimensional DNA Holliday junction array taken from Ref.34. a) Con-
struction scheme of the array starting from a 4-armed (Holliday) junction (1) to a paral-
lelogram with four of these junctions (2) and ending with 1-D (3) and 2-D DNA lattices
(4). b) AFM image of the assembled 2-D lattice.

DNA junctions are important structures in nature, too. For example a 3-armed
junction is forming the DNA replicational fork. During DNA recombination, where
homologous sequences of two double stranded DNA strands are exchanged, a 4-
armed junction, the so-called Holliday junction, is generated. Figure1.14 shows a
schematic view, how these junctions are formed using DNA single strands. How-
ever, junctions in nature are dynamic structures and are able to migrate along the
strands, as they naturally consist of homologous sequences [37]. Because of that, it
is impossible to synthesize these junctions in vitro by hybridization. In order to get
stable, that is immobile, junctions the sequence design has to be made in a way, that
homologous sequences at the branching point are avoided to prevent migration. Fur-
thermore, all kind of dimers between the single oligomers should be restricted to few
paired bases. To find an optimized sequence for the junction SEEMAN introduced
the concept of critons [33]. Every single strand is considered to be composed of
overlapping segments of a given criton length N.. For example, a 10 bp long strand
can be composed of 7 critons with a length of 4. The complementary sequence to
a criton is called anti-criton. For a given value of N,, 4¢ critons are available. If
in all strands, forming the DNA junction, every criton is unique, there will be no
undesired base pairing with a length > N,.. Beside the discrimination of unwanted
base pairing, migration of the junction as well as hairpins?, have to be avoided. For
fulfilling these requirements, the following four rules turned out to be sufficient [33]:

(1) Every criton in the individual strands forming the junction must be unique
throughout all strands.

4Loops formed by base pairing within one single strand
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(2) The anti-criton to any criton which spans the bend in a strand must not be
present in any strand.

(3) Self-complementary critons are not permitted if N, is an odd number, this
injunction holds for all critons of size (V. + 1).

(4) The same base pair can only abut the junction twice. If it is present twice,
those two occurrences must be on adjacent arms.

The last rule assures the immobility of the junction, whereas the first three rules are
necessary as well as sufficient to enable pairing specificity for a pairing length of >
N.. Figure 1.14a shows a 4-armed junction, which fulfills these rules for a minimum
N. = 4. This junction was successfully synthesized [38]. Furthermore the existence
of 3-armed, 5-armed and 6-armed junctions (Fig.1.14b) could be demonstrated.
However, junctions with more than four arms required 16 bp long arms to be stabile
[39].

An alternative route to synthesize DNA junctions was chosen by the group of
GUNTER VON KIEDROWSKI, who used a chemical trisfunctional linker to cou-
ple three oligonucleotides at their 3’-ends [40]. Self-assembly of these branched
molecules led to supramolecules called “nano-acetylene”, consisting of two trisoligonu-
cleotidyls, and “nano-cyclobutadiene” consisting of three trisoligonucleotidyls in
analogy to the chemical compounds. The advantage of these molecules is that
their assembly is based just on self-assembly without using ligation like in the work
of SEEMAN. This way even a self-replication of the junctions could be realized by
“chemical copying of their connectivity” [41].

Biotin streptavidin provides also an excellent possibility to link different DNA
molecules. The DNA ends can be easily modified with biotin, just by using commer-
cial biotinylated primers within a PCR process. Via a streptavidin bridge different
strands can be coupled, and, as streptavidin has four binding sites for biotin, ran-
dom networks could be obtained [42]. Denaturation of these structures and rapid
cooling on ice led to the formation of supramolecular streptavidin-DNA rings [43].
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1.3.2 Anchoring DNA to surfaces

Elasticity of polymers

The double helix structure of DNA can be assumed as stiff and rigid on a length
scale of a few base pairs. Longer molecules are flexible. Without any external forces
they adopt the energetically and entropically most favorable state and form coils in
solution. The use of DNA for building up nanostructures, however, requires a well-
defined morphology of the DNA molecules. There are no problems for structures
with small lengths of the branches, as the are not very flexible. By contrast, longer
molecules, as they are used for the integration into microstructures, have to be
manipulated to avoid random coils, i.e., they have to be stretched. For this process
one has to apply forces. In the following, these forces will be described in order to
get quantitative values for the stretching of DNA to a certain extension.

Polymers, like DNA, consist of a large number of identical_s}ubunif. Applying
statistics the molecule can be described as a set of N vectors { [ } = {l;, la,...,Ix}
and the end to end vector 7 equals the sum of all [;. The scalar magnitude r of
7 can then be written as [44]:

S5 =Y e Zz%rz S w7 (13)
%, i 1] 0<i<j<n

A further quantity characterizing the configuration of the polymer is the radius of
gyration s which is defined as the root-mean-square distance of the groups forming
the molecule from their common center of gravity:

s2=(n+1)" Zsl, (1.4)

where s; is the distance of group ¢ from the center of gravity. .
Integrating the energy E({ [ }) over all possible configurations d{ [ }, leads to

ﬁ
the configuration partition function Z from which the statistical weight w({ ! }) of
each configuration can be derived:

Z = /exp ( B! })> d{ T } w({T}) = exp (—%) -7t
(1.5)

In order to obtain the force for a given extension one can calculate the partition
function for a particular 7 :

Z. = /Zvl_;:?exp ( Bl D) d{ T } (1.6)
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and the free energy of the system equals £y = —kT'In Z,. The mean force <?) is
the derivative of the free Energy by the extension:

(1.7)

The most easy model to describe a polymer is the Freely jointed chain model.
The polymer is treated as a chain of N uncorrelated segments of equal 1611g£1 l,_)where
the orientation of adjacent segments does not influence the energy. Thus (/; - [; = 0)
for i # 7 and one derives from Equation 1.3:

(7% = N I* (1.8)

The energy E({T}) = E = constant for all possible configurations {T} of the
molecule. Introducing spherical coordinates one gets for the partition function:

7 /exp(—%)d{?} — () exp (-%) | (1.9)

and the statistical weight for each {T} equals w({T}) =1/(4m)N.

In real polymers adjacent bonds are not uncorrelated, but posses distinct fixed
bond angles [44]. Within the model of the Freely rotating chain the polymer is
simplified by N bonds of fixed length joined at fixed bond angles. All bond lengths
[ and bond angles 6 are taken to be equal. Similar to the Freely jointed chain model
the energy as well as the incidence of occurrence of each configuration is equal to
that of every other. The projection of bond ¢ + 1 on bond 7 is [ cos6. Using this,
one obtains

— —

(1; - lisy) = > cos™ 6, (1.10)

because only the in-plane projections have to be averaged, as the mean value for the
transverse projections is always zero. In analogy to equation 1.8 the mean square
end to end distance results to

(T?) = NI*+20*) "cos’ 6. (1.11)
i<j
In the limit of large N one can transform this equation to

1+ cos@

22y — N2
() 1 —cosé

= Na. (1.12)

Thus, fixed bond angles increase the extension of the polymer, due to the increased
stiffness of the polymer. A quantity characterizing this stiffness is the persistence
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length a [45], defined as the average sum of the projections of all bonds j > i on
bond 7 in an indefinitely long chain

N

~ l
a:= lim ! cos’ (= ———.
N—oo & 1—cosf

(1.13)

In contrast to the now introduced two models, DNA is better described as a
flexible continuous rod instead of constructed from discrete units. In 1949 KRATKY
and POroD introduced the Worm-like chain (WLC) model to describe this type
of semiflexible molecules [45], which can be derived from the freely rotating chain
by increasing the number of segments, while keeping the contour length L as well
as the persistence length a constant®. As a consequence the bond angle § vanishes,
and in the limit N — oo and [ — oo one derives from Equation 1.12

(7% =2alL. (1.14)

From this one sees easily that DNA molecules are strongly coiled. With persistence
lengths, found in the literature, one can calculated the average end-to end-distance
(Fig. 1.15a). For example, the 16 um long A-DNA | which is also used in the following
experiments, has under the applied conditions an average end-to-end distance of
only 1.3um. The persistence length dependents very much on the ionic strength
of the solution (Fig.1.15 Inset). As under low salt concentrations the backbone
charge shielding is reduced, the repulsion of the chain segments is increased and
the persistence length is raised. However, at monovalent cation concentrations of
larger 10 mM, as they are typically used in experiments, a value of 53nm is a good
approximation [46]. Single stranded DNA is much more flexible and has persistence
lengths of smaller than 10 nm [48].

Within the WLC model also the force, required to hold the DNA in a fixed exten-
sion, can be derived. However, there is no exact solution for this problem. Therefore,
often an interpolation equation is used, which gives a reasonable approximation for
extensions = smaller than the contour length L [46]:

kgT |1 N2 1 =«
F=—1-(1-—= e 1.1
a {4( L) 4+L}’ (1.15)

where kp denotes the Boltzmann constant and 7' the absolute temperature. This
equation describes just the entropic elasticity of the WLC, arising from the reduced
entropy of the stretched chain. It assumes that the DNA is inextensible. Within this
restriction, it is in good agreement with experimental force measurements of non-
overstretched DNA (Fig. 1.15b). From the the force-extension curve one can now

5L.=Y|1; | =Nl
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Figure 1.15: a) Mean square end-to-end distance of DNA as a function of the molecule
length for a persistence length of @ = 53 nm. Inset) Dependence of the persistence length
on the monovalent ionic strength taken from Ref.46. b)Force-versus-extension curve for
16 um long A-DNA taken from Ref. 47. For extensions below the contour length the curve
is well described by the worm-like chain model (continuous curve).

obtain numbers for the anchoring forces necessary to attached DNA to a surface
and to stretch it there. In the further experiments mainly A-DNA is used, which
has a length of 48502 bp corresponding to 16.17 um. To stretch this DNA to 8 ym,
which corresponds to half of the contour length almost 0.1 pN are necessary. 1pN is
required to stretch it to 14 um, whereas with 10 pN one increases the length to just
15.4 pm. From experimental investigations it is known [23,49], that it is also possible
to overstretch DNA beyond the contour length, which is reached at about 35 pN.
At about 70pN a transition plateau is reached, where the DNA is cooperatively
stretched to the so-called S-DNA conformation which is about 1.7 times longer than
B-DNA (Fig. 1.15b).

In conclusion, to keep a stretched, straight DNA molecule with the end attached
to a surface, one needs anchors, which at least last a few pN. In the following,
different methods for the attachment of DNA to surfaces will be considered with
respect to this aspect.

Methods for anchoring DINA to surfaces

For the fabrication of DNA-based circuits, the site specific attachment of DNA to
a patterned surface, in particular electrode structures, is necessary for the following
reasons: i) The establishment of an electrical connection of the structure to the
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surrounding chip structure. ii) The positioning of the DNA using microcontact
pads, which can serve as predefined DNA binding sites. In both cases binding only
at the DNA ends is desirable. Three different methods for such an end-specific
attachment of DNA can be used:

e clectrostatic interaction between DNA and a substrate

e covalent binding of a chemical group attached to the DNA end and surface
atoms

e binding of a protein attached to the DNA end to its antibody immobilized at
the surface.

As DNA is a negatively charged molecule it can be easily immobilized on a pos-
itively charged surface using electrostatic interaction. However, as not only the
DNA extremities but also the midsegment are charged, the attachment is normally
not end-specific. Thus, if a DNA coil is approaching the surface it will probably
stick to it in this coiled form. Recently, BENSIMON et al. discovered a method to
circumvent this problem [50]. They found that in a certain pH range, which is very
much dependent on functional surface groups, DNA binds specifically at its extrem-
ities [51]. Using the receding meniscus of a droplet it was possible to stretch and
even to overstretch DNA molecules in a very precise way, which was called molecular
combing. For surfaces covered with ionizable groups , like amines, a possible expla-
nation of this effect is, that at a pH below the pK, value protonation takes place (i.e.
-NH, — -NHJ). The surface is positively charged, but gets less and less charged for
increasing pH. At low pH, i.e. at high charge density, the DNA sticks very strong
to the surface and no stretching is observed. At high pH t surface gets neutral. As
in a high dielectric medium a charged object near a low dielectric surface is repelled
from the surface [51], the DNA does not bind anymore. However, at intermediate
pH a crossover between repulsion and adhesion takes places. But, as the DNA ends
are higher charged than the midsegment, also the interactions with the surface are
different for the ends and for the rest of the molecule. Thus, an end-specific binding
can be obtained by balancing exactly the surface charge. The bond of the DNA
to the surface is very stable and withstands capillary forces of >160pN [50]. The
molecular combing technique has now also been applied to study enzyme activity
on single DNA molecules, like the digestion with restriction enzymes [52] and the
transcription of DNA by RNA polymerase [53].

Different methods can be applied to couple DNA covalently to surfaces.
For example, amino-modified DNA can be bound to an aldehyde-functionalized
substrate or DNA carrying —SH, so-called thiol, groups at its ends can directly
be bound to a clean gold surface. Gold as substrate is very interesting, as it can
be easily used to fabricate microstructures, which opens a way to integrate DNA
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Figure 1.16: Hybridization of a thiol modified oligomer to the sticky end of A-DNA. The
single stranded nick can be closed by phosphorylation of the oligomer before hybridization
using T4 kinase (Kin) and ligation after hybridization using T4 ligase (Lig).

site-specifically into electrode arrays. Therefore, in the following the attachment of
DNA to gold substrates using thiol groups is described.

The thiol group is binding to gold by releasing hydrogen and establishing a
stabile gold-sulfur bridge. Experimental results showed, that the forces necessary to
rupture an sulfur-gold anchor are in the range of 1nN, although one has to keep in
mind that these forces depend strongly on the force loading rate, which determines
the lifetime of the bond® [55].

During chemical oligonucleotide synthesis a thiol group can be easily attached
either to the 3’- or the 5-end. Longer DNA fragments with thiol labelled ends can
be synthesized either by PCR using 5’-thiol modified primers or by hybridization
of thiol modified oligomers with single stranded overhangs of DNA (Fig. 1.16). As
PCR is restricted to amplify fragments of 20-30 kbp maximum length, in particular
the latter method is suitable for very long DNA molecules. However, the bond of
a hybridized oligomer to the DNA is not very strong. For example, the oligomer
which is complementary to the 12 bp long 5’-overhang of A-DNA has a melting
temperature of only 55°C and the rupture force of a decamer, which ranges at high
the force loading rates from 40 pN down to a few pN at low loading rates [56]. In
order to improve the stability of the bond, it is possible to close the single stranded
nick between the 5-end of the oligomer end the 3’-end of the A-DNA. For this,
before the hybridization a phosphate has to be attached at the OH-terminated 5'-
end of the oligomer, which can be done by an enzyme called polynucleotide kinase
(Fig. 1.16). After the hybridization process a covalent linkage between the phosphate
of the oligomer 5-end and the hydroxy terminated 3’-end of the A-DNA can be
established using a ligase as it was shown in Section 1.2. Thus, a bond between
DNA and gold surfaces can be established, which can last forces in the nN range. If
the hybridization is not done in solution, but at the substrate (Fig. 1.17a), a further
advantage of this method in comparison to the electrostatic attachment is that a

61.4nN at a force loading rate of 10nN per second [54]
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Figure 1.17: a) Attachment of a DNA end to a gold surface by hybridization with an
oligomer, which is anchored by a thiol group to the substrate. b) Attachment of a bi-
otinylated DNA end to a substrate covered with streptavidin, which was immobilized by
a biotin-thiol linker at the gold surface [57].

single DN A end can be addressed, as the two single ends of A-DNA do not have
the same but complementary sticky ends. Thus, it was possible to stretch a A-DNA
molecule between two electrodes in a very controlled way. Here, one electrode was
modified with oligomers complementary to the first end. The other electrode was
covered with oligomers complementary to the second end [15].

Non-covalent anchoring of DNA can be achieved using biotin-streptavidin bind-
ing (Fig.1.8), which is one of the strongest noncovalent interactions in nature [32]
(Section 1.1). The force between biotin and streptavidin can be as high as 160 pN
at high loading rates, but drops to only 20pN at a loading rate of 1pNs™! [58].
As already discussed in Section 1.2 several biotin molecules can be easily incorpo-
rated into the DNA 5’-overhangs (Fig. 1.11, p. 14). Therefore, the biotin streptavidin
linkage provides a suitable method for the attachment of DNA to surfaces. Zim-
MERMANN and CoOX used it first to anchor A-DNA molecules to gold microstructures
(Fig. 1.17b) and to stretch single molecules with hydrodynamic flow or an electro-
static field [57]. In these experiments, a single biotin molecule turned out to be
sufficient to withstand the stretching forces. Klenow polymerase was used to incor-
porate biotin into the A-DNA sticky ends. By controlling carefully the nucleotides
supplemented to the reaction, it was possible to label one end with a single biotin
and the other with a single digoxigenin molecule, which can be bound to its antibody
antidigoxigenin. Thus, end-specific labelling was accomplished.
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1.3.3 Metallization of DNA templates

In the previous sections it was shown, that DNA is a polymeric molecule, which can
be handled, manipulated and which has the ability to self-assemble into complex
networks. Furthermore, there are efficient ways to anchor DNA at surfaces, to
stretch it between electrodes, i.e. to integrate it into microfabricated contact arrays.
The diameter of the molecule of only 2nm and the large aspect ratio makes it an
ideal object for a nanowire, which connects functional elements in future electronic
circuits. If DNA would possess the appropriate electrical properties, it could be
ready-to-use applied for this purpose. However, investigations of the conductivity
of the native molecule suggest an insulating behavior on a length scale of more than
100nm [15,59,60]. In order to establish a certain conductivity of a DNA-based
nanowire, a promising approach is to use the DNA as a template and to cover it
with materials possessing the desired electrical properties.

When the experimental work for this thesis started, there have been only a view
attempts to build metallic and semiconducting nanoparticle assemblies along single
DNA molecules [7,15,16,61]. Meanwhile, this field has attracted more and more
interest, which is reflected by the increasing number of published works [17,18,19,
20,21,22,62,63]. Within the possibilities to associate DNA and nanoparticles, three
different basic principles can be distinguished:

(1) The electrostatic binding of positively charged colloids to the negatively charged
DNA [62], which has been shown for CdS clusters.

(2) The specific binding of colloids to DNA via a chemical bond [7,61,63]. Either
DNA and/or colloids are modified with functional groups, which can be, for
example, thiol groups and biotin-streptavidin complexes. Also colloids carry-
ing oligonucleotides can be used to hybridize them to single stranded parts of
DNA. Up to now, this method has only been applied to short DNA fragments,
where a small number of particles was attached per single DNA strand.

(3) The direct growth of particles at the DNA [15,16,17,18,19,20,21,22]. This is
accomplished by the formation of nucleation sites along the DNA and further
metal or semiconductor deposition by chemical reduction of the corresponding
salts. As nucleation centers serve catalytically active materials among them
silver [15,17], cadmium [16], palladium [18], platinum [19,20,21] and copper
[22]. They are formed by allowing the corresponding metal ions to bind to the
DNA.

All these basic methods have their advantages and disadvantages. The first method
has to deal with the problem of inhomogeneity of the coverage with particles [64].
The resulting colloid chains tend to have larger gaps. Thus, if one tries to close
the gaps in order to get a wire by a further deposition of metal, the continuous
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regions tend either to be quit short or, if more additional material is deposited, the
wire diameters get quit large [65]. Up to now, the second method was only shown
for short DNA strands. The mayor problem here will be the specificity of particle
deposition versus undesired background binding.

Most promising is the third principle, as the metal ions, which are used to create
nucleation centers at the DNA, can bind densely along the DNA, which leads to
a homogeneous distribution of nucleation sites. Pioneering work in this filed was
done by COFFER et al., who bound Cd?" ions to plasmid DNA and reduced them
with HyS, leading to 5nm CdS clusters at the circular DNA [16]. BRAUN et al. set
the first milestone by synthesizing the first conductive wire on a A-DNA template,
which was previously stretched between two electrodes [15]. Thus, they proofed
the principle of integration of DNA into microelectrode structures and subsequent
transformation of the electric properties of the DNA bridge by metallization. The
resulting silver wire, however, had still a diameter of 100 nm and revealed a non-
linear, history-dependent [-V curve. Later on the conductive properties of DNA
based wires could be improved by using palladium [66] and gold [17] for the met-
allization. The obtained -V curves showed ohmic behavior at room temperature.
However, up to now the diameter of these wires could not be pushed below 50 nm.
Other attempts to get a thinner metallization did not result in continuous struc-
tures [21,22]. From the miniaturization in microelectronics, future requirements
consist of the fabrication of wires with diameters of smaller than 10 nm and demand
a highly specific template metallization process on chip. Therefore a work, which
still has to be done, is the construction of thinner conductive wires, which is one of
the intentions of the present work.

Besides the formation of a plain wire along DNA, the idea to use the information,
i.e. the base sequence, of the DNA in order to control the metal deposition, is
most challenging. Resulting metal constructs along DNA could thus have gaps on
predefined positions, which could act as tunnel barriers. Recent work in this field
could indeed accomplish such a sequence-dependent metallization [17]. KEREN and
coworkers used RecA protein, which is the driving force during DNA recombination,
to screen the DNA at specific sequences with the protein. This way silver ions could
not bind there and metallization of the DNA took only place at the non-screened
parts of the DNA. The sequence-dependent metallization of DNA is a further tool,
which broadens very much the range of metal constructs which can be constructed
with the help of the carrier of the genetic code.




2 Artificial DNA junctions

For a potential use of DNA in future nanoelectronics the formation of complex DNA
networks is essential. A lot of work in this field has been already done by SEEMAN!.
However, as he uses short and stiff synthetic oligonucleotides, the branch lengths of
the building blocks, used for the assembly of large networks, are restricted to a few
or a few tens of nanometers (Fig. 1.13, p. 16). At the moment the “state-of-the-art”
DNA metallization achieves wires with diameters of several tens of nanometers and
cluster assemblies with cluster sizes of about 5nm (see Section 1.3.3). Metallization
of the mentioned DNA networks would result more in a continuous metal film than
in a network. Therefore, in order to circumvent these problems, DNA structures
with increased branch lengths of more than 100 nm are required. A further advan-
tage of such larger structures is that their dimensions fit better to the distances in
microfabricated arrays, which enables the integration of the DNA templates between
microelectrodes.

One basic element of DNA networks are junctions. In the following the construc-
tion of multi-branched DNA junctions by the use of a simple kit procedure, which is
based on a building block principle, will be shown. Furthermore, it is demonstrated
that small gold colloids, as representatives of a functional element can be attached
to the center of the DNA junction, which is functionalized by only a small change
in the synthesis procedure.

2.1 Construction of a 3-armed DNA junction

The simplest junction which exists is a 3-armed junction. The construction scheme,
which was used in the following experiments to synthesize such a junction, is depicted
in Figure2.1. In a first step a small DNA linker molecule is formed, which has three
coupling sites, i.e. sticky ends, for longer DNA strands, the so-called elongations.
These are fabricated in a second step. Finally, linkers and elongations are “glued”
together. The linker element carries the structural information. It determines for
example whether a 3-armed or a 4-armed molecule is formed (see Section2.2.1). The
structure of the linker is determined by the sequence of the DNA strands which form

LA brief review is given in Section 1.3.1

27
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Figure 2.1: Fabrication scheme

a) b) C) of a 3-armed DNA junction: a)
Synthesis of a small linker element
PR :»@:] with three affinity sites. b) Syn-
y thesis of an elongation c¢) Coupling
of linker and elongation.

the molecule. As only synthetic oligonucleotides allow full sequence flexibility, such
DNA strands were used to form the linker. However, the use of these oligomers with
their restricted length requires the elongation of the linker arms, i.e. the synthesis
of longer straight strands, which are finally coupled to the linker.

2.1.1 Design of the linker element

The linker element is composed of three DNA single strands which are partly comple-
mentary to each other (Fig.2.2). Thus a 3-armed molecule can be formed, which has
furthermore at all ends GCT 5’-overhangs, which serve as sticky ends while attach-
ing the elongations. The linker element is synthesized by hybridization of the three
oligomers. For our first experiments the sequence S1 (Fig.2.2a) was used, which was
designed in collaboration with PETER SEIBEL (University Wiirzburg). It contains
only GC base pairs in the vicinity of the branching point, which could be useful for
a sequence-dependent metallization at this place (see Section4.3.3). The successful
formation of the linker can be proven by gel electrophoresis (Fig.2.3). When only
two of the three oligomers, which form the junction, are hybridized to each other,
a band pattern due to several dimers can be observed in the gel (lanes S70l+02,
S102+03, S101403, in Figure2.3). The band at around 50 bp is attributed to the
expected dimer, whereas the other bands are caused by mispairings. When all the
three oligomers are hybridized a new band appears at higher molecular weight than
the dimers (lane S70l1+402+03 in Figure2.3). Obviously it is the desired 3-armed
linker. However, as one can see in the intensity profile still many dimers are formed

Figure 2.2: Se-
quences  used  for
the 3-armed linker
element. a) Non-
optimized  sequence
S1. b) Optimized
sequence S2 taken
from Ref. 39. The
3’-ends of the single
strands are indicated
by half-arrowheads.

a) b)

GCTGGAAGTGCTCCGTAG
CCTTCACGAGGCATC
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Figure 2.3: Gel electrophoresis of the 3-armed linker.

beside the 3-armed linker. Summarizing the gray scale values of the different bands,
which are equivalent to the quantity of the DNA, a yield of the linker S1 of only 34%
is obtained. Analysis of the linker sequence with a home-made software provides a
criton length of 8 (The criteria of optimum sequence design are explained in Sec-
tion 1.3.1). Furthermore, three of the critons are self-complementary and for three
critons, which span the bend, the anti-criton is present. Two of these unfavorable
critons at the bend are even self-complementary and extend from 5 bases before
the bend till 3 bases behind. The difficulties with this sequence arise mainly from
the fact, that the bases flanking the branching point consist exclusively of guanine
and cytosine, which leads to poor sequence diversity. Thus, undesired base pairings
can occur leading to different stabile dimer structures. To avoid these mispairing
problems, an optimized sequence [39] with added GCT 5’-overhangs was applied.
Its criton length is 7 and there are no self-complementary critons. For only 1 criton
at the bend the anti-criton is present and it extends till only 1 base behind the bend.
Hybridization of the sequence-optimized oligomers leads to the desired result, i.e.
the almost exclusive formation of the 3-armed linker S2 (Fig.2.3).

The product yield, however, is not only influenced by the sequence of the oligomeric
strands but also by the hybridization conditions like temperature and ionic strength.
For optimization, different salt and buffer conditions were tested. The hybridization
was made by heating the solution with a stoichiometric amount of the oligomers
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to 95°C and subsequent cooling to 4°C . Like in Ref.40 a fast cooling on ice with
a subsequent relaxation step at 4°C as well as a small temperature gradient with
-0.1°C min~! were tried. By comparison of the electrophoretic bands in the gel, the
best yield could be obtained in a buffer containing Tris-HCl, NaCl and MgCly with
a slow cooling procedure.

As synthetic oligomers are not phosphorylated at their 5’-ends, phosphate groups
were introduced after hybridization using T4 polynucleotide kinase. This step is
necessary in order to enable ligation of the elongations to the linker.

2.1.2 Design of the elongation

PC
i

1
1078 bp T

fragment

2‘ HindIIl digestion Figure 2.4: Preparation

scheme of the elongation. 1)
TTTTTTITTTTTITTITTITTTITIT ( IIW . .
A 1078 bp fragment is ampli-
fied by PCR from A-DNA. 2)

HindIII digestion of the frag-
ment into two almost equally
long strands carrying AGCT

Final
AGC 5’-overhang

5" %0 e 0" 0" “-_3’
AGCTT ||

| %&@ 5 5-overhangs.  3) Fill-in of
t‘?d,/ Y/ Fill-in of one base adenosine leading to the final
3 with Klenow polymerase AGC 5’-overhang.

The design of the elongation should meet two criteria. First, it has to be longer
than 100 nm or 300 bp. Second, one end must possess an 5’-overhang complementary
to the 5’-overhangs of the linker molecule. In this case the use of synthetic DNA is
not longer possible as the length of such strands is restricted to 100 bp. Therefore,
PCR was chosen to amplify fragments of an appropriate length. An 5’-overhang
can be easily made by using restriction enzymes. However, most enzymes produce
self-complementary overhangs, which can not be used as religation among the frag-
ments can occur. Self-complementarity can be easily destroyed be filling in one base
with the help of Klenow polymerase. By using these considerations, the elongation
synthesis was made in the following way: Two PCR primers® were designed, which
copy the 24616 till 25693 bp region of A-DNA. The resulting 1078 bp fragment has a

2forward primer: 5-CAATAAATTCTGACTGTAGCTG, backward primer: 5-AGTAGTACT-
GCAAGAGGTTCC
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Figure 2.5:  Gel electrophoreses
of the elongations. M) Molec-
il ular weight marker.  A) Re-
ligated HindIIl fragments. B)
Final elongations with modified
5-overhangs after ligation. C)

HindIIl digested 1087bp frag-
1078 bp 542 bp ment.

o w » Z

HindI1I restriction site in about the middle of its length (Fig. 2.4). Thus, by cleavage
with HindIII a 536 bp and a 546 bp fragment with 5~ AGCT overhangs are produced.
For breaking the self-complementarity of the overhangs, the fragments are incubated
with dATP and Klenow polymerase. This way adenosine is filled-in, but as the solu-
tion does not contain dGTP, the reaction stops at this point and 5-AGC overhangs
remain. Furthermore, dTTP is supplied to the reaction mix to prevent extensive
degradation of the fragment’s blunt ends. The polymerase possesses an 3’—5" ex-
onuclease activity. If no dGTP and dCTP are present the polymerase removes this
bases from the 3’-end. Therefore only the blunt end formed by the forward primer
is degraded by one guanine whereas the other blunt end remains unchanged.

The final elongation fragments are 536 bp or 546 bp long, which corresponds to
about 180nm. They have one phosphorylated 5-AGC overhang and a blunt or a
one base recessed end, which is not phosphorylated at the 5-end, because of the
non-phosphorylated primers. Thus, fragment religation at the blunt ends but also
at the 5-AGC 5-overhang is disabled. But, ligation of the 5-AGC overhang to its
complementary GCT overhang at the linker is enabled.

Successful linker preparation is proven by gel electrophoresis. As one can see
in Figure2.5, the 1078 bp fragment can be successful digested into about 542 bp
long strands (lane C). As their 5’-overhangs are self-complementary, religation, the
reverse process, is possible and one obtains again the 1078 bp fragment (lane A).
After the fill-in step of adenine into the overhang religation should be disabled,
which is indeed observed in the experiment (lane B). This way one can not exactly
prove that the 5-AGC is obtained, however, it proves, that this end was modified.

2.1.3 Junction ligation

After successful preparation of linker and elongation, they are connected by ligation.
For this elongations and linker are mixed in a molar ratio of 3.3 : 1 to have a
small excess of elongations and T4 ligase is added. The result is studied with gel
electrophoresis. In comparison with lane B in Figure 2.5, where the elongations were
ligated without the linker element, a new band appears at about 2000 bp (band 3(Y),
Fig.2.6), which, according to our previous considerations, has to be the 3-armed
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junction. The non-linear shape of the molecule can already be seen in the gel as the
attributed electrophoretic molecular weight is 2000 bp - about four times but not
three times larger than a single arm, as one would expect from its real molecular
weight. In contrast to the case without linker (lane B, Fig. 2.5), the bands 1 and 2 are
both split into two subbands. Measuring the weight difference between the subbands
one obtains about 70bp which corresponds to the size of a single 3-armed linker
molecule. The subband with the higher and the subband with the lower molecular
weight correspond to elongations with and without coupled tripod, respectively. For
band 1 it is clear that it is one elongation with or without linker. According to this,
the high molecular weight fragment of band 2 are two elongations coupled via one
linker molecule. The lower weight fragment of band 2, however, is originated by
incomplete digestion of the 1078 bp PCR fragment.

As it is clearly to be seen in the gel, the yield of the junction is far away from
100%. Different ratios between linkers and elongations as well as longer ligation
times were tested in order to shift the balance towards the junctions. However, a
better yield could not be accomplished. Therefore, the junctions are purified from
the other products by slicing the corresponding band out of the gel and eluting the

a) b)
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Figure 2.7: SFM images of the 3-armed junction. Height scale is 5 nm.
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DNA. This way pure junctions are prepared. In AFM investigations the expected
morphology of the junction is finally confirmed (Fig.2.7). The overview (Fig.2.7a)
shows that lots of the 3-armed junctions can be found on the sample, although some
broken molecules are present. Length measurements of the arms of the 3-armed
junction provide 185+ 14 nm in good agreement with the real lengths of 184 nm for
a 553 bp and 187nm for a 563 bp arm?®. Angle measurements between the arms of
the 3-arm junctions show a standard deviation of 14.5° from the average of 120°.
Thus, the junctions are quite rigid structures at the branching point, where only
low flexibility is allowed.

2.2 Multi-branched DN A molecules

In the previous section the fabrication of a 3-armed DNA junction is described.
However, for the formation of complex DNA networks branching points with a higher
number of branches are required. One way to solve this task is the hybridization
of n semi-complementary oligomers to form a m-arm junction as it is discussed
previously (Fig.1.14, p.16). In order to design an immobile junction this method
is restricted to n = 8, according to rule (4) for optimized sequences (Section 1.3.1).
A further disadvantage is that non-homologous sequences for n-oligomers have to
be designed, which strongly increases complexity of sequence design. To circumvent
these difficulties, an alternative construction scheme for a n-armed linker element
was proposed, which uses the general sequence design of the 3-armed linker and
changes only its sticky ends.

2.2.1 Building-block principle

The idea of such an alternative scheme for the construction of n-armed linker
molecules is to use the 3-armed linkers as building blocks. If two of these link-
ers are connected via one arm a molecule is formed, which has four coupling sites
for elongations, i.e. it is a four armed linker. To enable the coupling, exactly one
arm of the first linker has to be made sticky to exactly one arm of a second linker
molecule. This can be achieved by hybridization of a linker molecule, which has
two sticky ends for the elongations (5’-AGC) but one end with a different sequence
for which in particular 5-TAG was taken (Fig.2.8a). The other linker has again
two elongation coupling sites and one end which is sticky to the 5-TAG end of the
first linker, i.e. it must have an 5-CTA overhang (Fig.2.8b). This way a 4-armed
linker molecule is well-defined assembled. Elongation of the arms leads finally to
a 4-armed junction (Fig.2.8d). This assembly scheme can be further extended to
construct linkers with any number n of arms. If one couples to the 4-armed linker

3536 or 546 bp of the elongation plus 17 bp arm length of the linker
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a) b Figure 2.8: Construction

) C) scheme of multi-branched
junctions. a)-c¢) Used three-
armed linker building blocks.
For all of them the sequence

S1 was taken for the double-
d) e)

stranded regions. Only the
sticky ends are different. O
j x }01: denotes an 5-GCT overhang
which is complementary to C,
}@{ }g which is a 5-AGC overhang.
Accordingly [, which denotes
j % j }o): a 5-TAG end, is sticky to [J,
a 5-CTA end. d), e) Design of
j a 4-armed, 6-armed junction

based on 3-armed linkers.
another 3-armed linker, a 5-armed linker is formed. Addition of another 3-armed
linker leads to a 6-armed linker, and so on. This means an n-armed linker can be as-
sembled by (n —2) 3-armed linkers. Figure 2.8e shows one possibility how a 6-armed
linker can be formed. A new 3-armed linker with three 5-TAG ends (Fig. 2.8¢c) is
used to couple another three 3-armed junctions possessing two elongation coupling

sites.

In the following the three described linkers are denoted as (COO), ((JOO) and
(CCLC) according to the symbols used to represent their sticky ends in Figure 2.8a-c.

2.2.2 Ligation of n-armed linkers and junctions

Indeed the formation of such n-armed junctions can be shown under experimental
conditions. Figure2.9a shows the result of ligating the 3-armed linkers to 4- and 6-
armed linkers. For the 4-armed linker element the two 3-armed linkers (COO) and
(JOO) are ligated together forming a molecule with about the double molecular
weight. As expected, in the gel a second band (band 2) at double molecular weight
appears, which is therefore the desired 4-armed linker. Correspondingly, for the
6-armed linker, which is composed of four 3-armed linkers, three ((JOO) linkers are
ligated with one (CCC) molecule. Indeed, in the gel four bands can be observed,
whereas the band with the highest molecular weight (band 4) is the 6-armed linker.
As one can see, the yield of the reaction is not very high, as all the other intermediate
molecules (single, double, triple 3-armed linkers) are apparent. In order to form a
junction with longer arms, the linkers can be used to couple the elongations. For
the 4-armed junction four bands are expected to be seen in the gel, which arise from
molecules composed of one, two, three and four elongations. This is exactly seen in
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Figure 2.9: a) Gel electrophoresis of the ligation of 4-armed and 6-armed linkers molecules
from 3-armed linkers. The lanes are indicated by the schematic drawing of the linker
molecules. One triangle symbolizes the 3-armed junction. 2 and 4 connected triangles
are the 4- and 6-armed linkers, respectively. The gel bands assign the number of 3-armed
linkers, which are coupled together. b) Gel electrophoresis of the ligation of 4-armed and
6-armed junction molecules. The lanes are indicated by the schematic drawing of the
junction molecules. The numbers of the gel bands assign the number of junction arms the
corresponding molecule. In both images lane M indicates the molecular weight marker.

experiment (Fig.2.9b). In comparison to the 3-armed junction a new band (band 4)
at the high molecular weight side is present, which is attributed to the 4-armed
molecule. In analogy the band pattern for the 6-armed junction shows 6 bands. At
the high molecular weight side a 5-armed molecule (band 5) and the desired 6-armed
junction (band 6) are found. The running behavior of the linkers and junctions in the
agarose gel is also interesting. If one compares the real molecular weight (MW) of the
molecules with the electrophoretic molecular weight (EMW), which is obtained by
comparison of the corresponding band with the molecular weight marker, one finds
that the electrophoretic weight of the linkers increases linearly with its real weight,
as it is normally expected (Fig. 2.10a). Thus, coupling of two 3-armed linkers results
in an EMW which is twice the EMW of one 3-armed linker and so on. Analysis
of the slope of the linear curve shows that that the electrophoretic weight increases
by a factor of 1.18 in comparison with the real weight. This means the molecular
weight of a single 3-armed linkers appears in the gel increased by a factor of 1.18.
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Figure 2.10: a) Gel electrophoretic mobility of the multi-branched linkers which are
composed of 3-armed linkers. EMW denotes the molecular weight as it is obtained from
the gel by comparison of a band with the molecular weight marker. The slope of the linear
fit is 1.18. b) Gel electrophoretic mobility of the multi-branched junctions. The values in
brackets show the ratio EMW/MW.

This is approximately the same value which is obtained for the 3-armed junction
molecule (Fig. 2.10b), where 1.20 is found. Obviously, the branched structure, which
retards the movement in the gel, can be observed in the gel by an increase of about
1.2 in the molecular weight for 3-armed molecules, independent on the arm lengths.
For junctions with more than three arms, however, this ratio between EMW and
MW is further increasing (Fig. 2.10b). So it seems that for branched DNA molecules
the running behavior in the gel is just determined by the number of arms at the
branching point. For the linker elements the gel “sees” only three arms at every
branching point. By contrast, for the larger junctions the structure of the branching
point is not longer detected by the gel and the number of long arms determines the
gel mobility.

The prepared junctions are again purified by slicing the corresponding bands
out of the gel and eluting the DNA. SFM samples are prepared and the expected
structure of the synthesized junctions can by proven by direct visualization. Fig-
ure 2.11 shows images of a 4-armed junction as well as of a 6-armed junction. The
measured arm lengths correspond within the error limits to the expected ones. For
the 4-armed junction even the short 37 bp long arm, which connects the two single
tripods can be seen. The measured length is with 15nm a bit larger than the ex-
pected 12.5nm. This way one can now distinguish the arms which are coupled by
the same 3-armed linker. Measurements of the mean angle between adjacent arms
connected by the same 3-armed linker provide a value of only 95°. This asymme-
try can be explained by assuming a tetragonal instead of a planar structure of the
3-armed linker. The question, which three-dimensional structure 3-armed junctions
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Figure 2.11: SFM of a 4-armed (a) and a 6-armed (b) DNA junction. Height scale is 5nm.

have in solution, is of great interest [67,68]. Using SFM data to solve the problem
might seem a bit difficult, as only the planar structure of the adsorbed molecule can
be observed. However, one can use the fact that in the tetragonal form the end to
end distance of two adjacent arms as well as the angle between them is smaller than
in the planar one. A 3-armed junction, where the all arms have the same length, is
not helpful as in both cases the mean angle measured by SFM will always be 120°.
However, an asymmetric junction with one shorter arm leads to a mean measured
angle between the longer arms of smaller than 120° [67,68]. The same situation
is found for the 4-arm junction, consisting of two 3-armed branching points. Here,
the angle between adjacent arms on one 3-armed linker is significantly smaller than
120°, which should be expected for a planar structure. For the 4-armed junction
the symmetry is as well broken as one 3-armed linker has one short arm connect-
ing the next linker and two long arms. Therefore the measured angle in the SFM
data should be approximately the angle found for the real tetragonal structure in
solution. Thus, it points to the fact that the structure of the 3-arm junction is not
planar in agreement with the previously mentioned studies [67,68].

Excluding technical problems, the proposed construction scheme for n-arm junc-
tions with n > 3 allows the assembly of junctions with any number of arms with
low effort. Once the sequence of the initial 3-armed linker is designed it is sufficient
to build up all the linkers with more arms. This is an advantage to the construction
scheme where n-armed linkers are hybridized from n semi-complementary oligonu-
cleotides, where all sequences have to be new designed for a given n. Furthermore,
the number of oligomers with different sequences is lower for the scheme based on
3-armed linkers. For the 3-armed linker of course 3 oligomers are necessary. For the
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Linkerarms || 3 |4 |5 |6 |7 (89|10 11|12 13|14 |15| 16 |17 |18
Strands 3145|6778 8109 1010|1010 11|11

Table 2.1: Minimum number of DNA strands with different sequences needed for the
assembly of an n-armed linker.

4-armed linker 6 oligomers are required, but for the 4 oligomers which couple the
elongations two identical pairs can be taken. Thus the number of different oligomers
is 4, two to couple the elongations and two to couple the 3-armed linkers. For the 6-
armed linker one needs 6 different oligomers. Three oligomers for the central 3-armed
linker and 3 oligomers for the 3-armed linker which can couple the elongations. So
it seems that one can not decrease the number of different oligomers to less than
n. However, the number of strands with different cohesive ends does not increase
linearly with the number of arms for n > 7 . To double the number of arms for any
n-arm junctions with n > 3, one needs only three different strands more and only
one new cohesive end pair has to be added. The strands terminated by O sticky
ends, which bind the elongations (Fig. 2.8, p. 34) have to be replaced by strands with
the new sticky end, suppose a < which symbolizes any sequence, which is different
from the previously used ones. Up to this point the number of different sequences
did not increase. Then another 3-armed linker, consisting of three supplementary
oligomers, is added, which has a < end complementary to the < end, as well as two
O ends to couple the elongations. Thus, each arm of the previous n-armed linker
splits into two new arms, the number of arms is doubled and one gets a 2n-linker.
This means, that an linear increase of strands leads to an exponential increase of
arms. However, for n which are not simple factors of two and three, the situation
is more complicated as here the radial symmetry of the linker has to be destroyed.
But nevertheless the number of strands does not increase linearly with the number
of arms. For n up to 18 the minimum number of necessary strands with different
sequences is given in table 2.1.

2.3 Attachment of colloids to the junction center

In Chapter1 a construction scheme for a DNA based circuit was proposed. One
step of the procedure is the specific deposition of functional elements on predefined
locations. Such “functional elements” on the nanometer scale could for example be
carbon nanotubes, which can be coupled to DNA [69], but also metallic or semi-
conducting nanoparticles. Such nanosized clusters could serve as quantum dots in
a design of a single electron transistor. A condition, which limits the size of such
a quantum dot, is that the charging energy, i.e. the increase in energy after an
electron is added to the dot, is larger than the thermal fluctuations kg7'. At room
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temperature this restriction is valid for cluster sizes up to 5 nm.

Several work has already been done to fabricate nanoparticle-DNA assemblies
including the (i) the formation of nanoparticle dimers and trimers by coupling the
particles via a DNA strand [7,63], (ii) the electrophoretic separation of particles
with a distinct number of attached DNA strands [70, 71] (iii) the 3D assembly of
nanoparticles by using DNA as a selective adhesion material [8], (iv) the formation
of supramolecular aggregates by self-assembly of DNA-streptavidin adducts [61] and
(v) the assembly of nanoparticle arrays on 2D DNA lattices [72]. All these methods
are based on short synthetic oligonucleotides. Therefore, the length scale of DNA
branches in these hybrid structures is only a view nanometers. For the integration
of such hybrid structures into electrode arrays as well as for the subsequent metal-
lization, branch lengths of more than 100 nm are required, which has been already
discussed in Chapter 2. Suitable templates, which meet this criteria are the n-armed
junctions, which synthesis is described before. In the following, it will be shown,
how streptavidin coated 5 nm gold colloids can be attached near the branching point
of a biotin functionalized junction, which is fabricated by slightly modifying the pre-
viously demonstrated method.

To incorporate biotin at or near the junc- e
tion center one can not use synthetic oligomers AT
which are biotinylated at one of their ends, ‘WG C
as the biotin is attached to either the 3’- or CG
the 5’-end and would prevent subsequent lig- T A
ation. The biotin can therefore not be at-

tached to the DNA backbone. The only fur- Linker Biotin
ther possibility is to use an anchor to the
DNA bases, which can be easily done due GA T

e .. ) C T A C o
to the availability of biotinylated nucleotide . T C G C
triphosphates. Without changing the general Y
synthesis procedure described in section 2.1,

the easiest way to incorporate biotinylated

bases is during the fill-in step of dATP into Figure 2.12: Scheme of the biotin mod-
the 5’-overhang of the elongations by exchang- ification of a DNA junction.

ing dATP with biotin-14-dATP. The successful biotinylation of the elongations is
proven with magnetic beads similar to the method described later in Section 3.1.1,
but using Hinfl instead of HindIII restriction enzyme. It clearly shows a successful
biotin modification of all fragments. The resulting junction, which is formed by us-
ing biotinylated elongations, is depicted in Figure2.12. In a 3-armed junction three
biotin molecules are incorporated at a distance of 16 bp (5.3 nm) from the branching
point of the junction. In principle this structure should be able to accommodate
also three 5nm colloids. To bind the streptavidin coated colloids to the junctions,
those were mixed in a slight excess of colloids to the number of available biotin bind-
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Figure 2.13: 5nm gold colloids specifically immobilized at the branching point of DNA
junctions.

ing sites. SFM shows that this sample consists of a large number of free colloids,
which are not bound to any junction (not shown). Separating the junctions from
the colloids using a commercial DNA clean-up kit (Qiaquick, Qiagen Inc.) shows,
that most of the junctions do not carry colloids. Further analysis suggests, that a
lot of free streptavidin must be present in the used colloid solution (Sigma-Aldrich),
which prevents binding to the DNA junctions. Therefore, the colloids are cleaned by
filtration (Microcon 100, Millipore). Mixing the cleaned streptavidin colloids with
the biotinylated DNA junctions gives a much better result. On most of the junctions
one colloid is attached at the branching point (Fig.2.13a). The measured height of
the particles is within a small tolerance 5nm, which allows clearly to distinguish
the colloids from other components of the sample, like e.g. free streptavidin. No
unspecific binding of colloids to the DNA away from the branching point is observed.
Some of the DNA junctions have two attached colloids (Fig. 2.13b). The binding of
three colloids to one junction molecule is not observed.

This means, that the site-specific attachment of nanoparticles at the branching
point of a DNA junction is successfully demonstrated. It also shows the general
suitability of the method for the specific deposition of nanoobjects. As the incor-
poration of biotin does not change the general setup of the junction synthesis, it is
easily possible to attach nanoparticles site-specifically also to junctions with more
than three arms. The absence of junctions with more than three bound colloids
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is probably due to free streptavidin, which is still present after filtration, and it is
maybe the main problem of using biotin-streptavidin interaction to bind particles
to DNA in comparison to the thiol chemistry, which is widely used [7, 8, 70, 72].
However, the use of qualitatively better streptavidin conjugated colloids or a more
extended filtration should prevent these difficulties.







3 Integration of DNA into
microstructures

The integration of DNA molecules onto microstructured surfaces aims two subjects.
On the one hand, microstructures can serve to connect the anchored DNA tem-
plate structure to the outer world. For example metal contact pads can establish an
electrical contact to the DNA structure. On the other hand, a structured surface
can itself act as a structure forming element, which guides the form of the result-
ing DNA network. For instance, with DNA strands, which are stretched between
microstructured dots forming a periodic array, a large DNA network can be formed.

In order to develop methods for these tasks, the easiest problem, which can
be solved, is to stretch a linear DNA molecule between two microstructured ele-
ments. In this work it will be the establishment of a DNA bridge between two gold
electrodes. For this, a functionalization of the DNA ends and/or the substrate is
required, which is specific to the microstructure and excludes unspecific binding of
DNA to the surface areas in-between the contacts. Furthermore, it is necessary to
manipulate and stretch DNA, in order to position the molecule and drive it from
the random coil structure to a linear conformation. In the following sections the
used functionalization techniques and the experimental setup for stretching DNA
molecules in a hydrodynamic flow and for their observation with fluorescence mi-
croscopy are described. Thereafter, the results of the experiments are presented and
discussed.

3.1 Experimental setup

3.1.1 Functionalization of gold electrodes and DNA ends

If one wants to form a DNA bridge between two electrodes, the system includes
two DNA ends - one has to bind to the first contact and the other to the sec-
ond contact. To solve this task straight forward, one can design a DNA /substrate
functionalization in a way that end 1 of the DNA binds exclusively to electrode 1
and end 2 binds exclusively to electrode2. This experiment has been done for the

43
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first time by BRAUN et al. [15], who deposited with the help of microcapillaries a
thiol modified oligomer complementary to end 1 of A-DNA to electrode 1 and corre-
spondingly a thiol modified oligomer complementary to end 2 to electrode2. This
method addresses the single DNA ends differently. However, the technique requires
a site-specific functionalization of the contact pads, which is difficult to obtain. For
covering few micrometer large pads with the oligomer solution, droplets in the range
of picoliters have to by applied, which requires large effort, especially if one wants
to bind many molecules in parallel. In order to avoid the electrode specific func-
tionalization, it is also possible to use the same modification for both electrodes and
address both DNA ends sequentially. Let us assume that a DNA molecule is bound
with one end on such an electrode. To accomplish the bridging to the next electrode
one needs a force not only for stretching the DNA but also for dragging the second
end away from the first electrode to prevent the binding there. The success of this
method depends on the kinetics of binding versus the time, which is necessary for
removing the second end. As this method requires less effort, it is chosen for the
experiments of the next section.

Several used techniques to anchor DNA to structured and non-structured surfaces
are described in Section 1.3.2. As there is in most cases no affinity between DNA
ends and surface, a bifunctional linker molecule is commonly applied, which binds
with one end to the surface and with the other end to the DNA. Thiol groups bind
specifically to noble metals. Therefore, they can be used to form one side of the
linker between biomolecule and a gold surface. The other side can be formed either
by amine groups, oligomers complementary to the DNA sticky ends or by biotin.
The use of a certain anchor depends on the particular application. In the following
four different DNA-substrate modifications are discussed.

(1) The use of thiolated oligomers for anchoring a single DNA end.

(2) Amine modified electrodes for electrostatic binding of DNA as a simple system
for double-sided DNA binding.

(3) Biotinylation of DNA ends and gold electrodes.
(4) Fabrication of BT-DNA possessing one biotinylated and one thiolated end.

The use of thiolated oligomers to anchor \-DNA is simplified by the fact that
this commercially available DNA possesses already two 12 bp overhangs, which are
complementary to each other (Fig.3.1). Thus, one only has to synthesize a 12bp
long thiol modified oligomer, which is complementary to one of the ends, and to
bind it to the electrode structure by incubation in a salt containing solution. Then
the A-DNA can be applied which is bound only on one side. The disadvantage of
this method is that the rupture force of this bond is only several pN and therefore
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A—-DNA
5’ ~GGGCGGCGACCT-3’ -SH

5/ ~GGGCGGCGACCTC G e
S G CCCCGCCGCTGGA-5"

HS-3’ -CCCGCCGCTGGA-5"

Figure 3.1: The two sticky ends of A-DNA and the corresponding complementary thiolated
oligomers used to anchor the DNA to gold surfaces.

quite low (Section 1.3.2). The 12-mer can be fixed at the A-DNA end by closing the
single stranded nick remaining after hybridization by ligation. This process will be
explained in detail at the end if this section where the fabrication of BT-DNA is
described.

The molecular combing technique of BENSIMON et al. uses electrostatics to
bind DNA to surfaces (Section 1.3.2). This method, however, has only been used
on homogeneously covered surfaces but never to structured ones. Application to
microstructures requires the selective deposition of amine groups. For the modifi-
cation of gold contact pads a molecule called aminoethanethiol, which consists of a
thiol and an amine group connected by a short carbohydrate spacer, was taken [73].
Deposition onto the contacts is easily made from an ethanol solution [74]. In com-
parison to stretching on amine modified glass surfaces [51] the pH as well as the
ionic composition of the DNA solution has to be modified and tuned in order to
achieve end-specific binding on the gold surface. This is due to the probably differ-
ent density of amine groups on both substrates as well as changed surface charges.
The advantage of this method is its simplicity - an easy chemical modification of
the electrodes and its applicability to any type of unmodified DNA.

By contrast to the two previously explained methods, the anchoring of bi-
otinylated DINA to a surface requires modification of both - substrate and DNA.
To achieve an affinity of biotin to the substrate one has to deposit streptavidin
there. For this, a method invented by ZIMMERMANN et al. [57] was applied. There,
first a gold surface is biotinylated with a biotin-thiol linker and subsequent strep-
tavidin is attached on the biotin (Fig.1.17b, p.24). Then the biotinylated DNA
can be bound on the unoccupied binding sites of streptavidin. Biotinylation of the
DNA ends was carried out as described previously by filling the 5-overhangs of
A-DNA using Klenow polymerase and biotinylated dCTP (Fig. 1.11b, p. 14). Addi-
tion of the remaining three nucleotides (dTTP, dATP, dGTP) to the reaction mix
leads to biotinylation of both DNA ends. One end carries six biotin molecules the
other one four (Fig.3.2a). If the fill-in reaction is carried out without dATP, it
stops at the thymine site at the 5’-overhang. Thus, one end of A-DNA remains
unchanged whereas the other one is filled with 8 bases among them two biotinylated
cytosines (Fig.3.2b). This way a single DNA end can be functionalized with bi-
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a) A-DNA

B 2 22
5’ -GGGCGGCGACCTC GGGGCGGCGACCT
?FFG??GFTGGAG /é??/ CCCCGCCGCTGGA-5"
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B-dCTP, dGTP, dTTP, dATP

) B B
5/ ~GGGCGGCGACCTC GGGGCGGLE
G CCCCGCCGCTGGA-5"
no dATP
c) ——t H :
23130 2027 2322 9416 564 6682 4361 bp

HindIII restriction sites

Figure 3.2: Biotinylation of A-DNA by fill-in of the recessed ends with biotinylated
dCTP. a) Biotinylation of both ends (2B-DNA) and b) of one end (2B-DNA). ¢) Map of
the HindlIII restriction sites of A-DNA.

otin. The successful biotinylation can be proven using streptavidin coated magnetic
beads and gel electrophoresis [57]. If A-DNA, which is biotinylated at both ends
(2B-DNA), is digested with HindIII restriction enzyme, it is cleaved into several
non-biotinylated fragments and the both 23.1 kbp and 4.3 kbp long biotinylated end
fragments (Fig. 3.2c). Streptavidin coated magnetic beads are used to separate these
end fragments from the remaining strands. For this, the entire biotinylated DNA
is bound to the beads. Then the beads with the attached DNA are incubated with
HindIII restriction enzyme. The DNA is digested, the non-biotinylated fragments
are released but the 23.1kbp and 4.3 kbp strands remain at the beads (Fig. 3.3a). If
a magnetic field is applied to the suspension, the beads are collected in a pellet. The
supernatant contains now all restriction fragments except the 23.1 kbp and 4.3 kbp
long ends. Thus, after electrophoretic separation of the supernatant, all fragments
except the two 23.1 kbp and 4.3 kbp strands should be present, which is indeed found
in experiment (Fig.3.3b). The same proof can be done for the DNA biotinylated
on one end (1B-DNA). Here only the 4.3kbp long end fragment is biotinylated and
therefore missing in the gel (Fig. 3.3b).

It is also easily possible to combine two different DNA functionalizations. Thus,
using the methods described above, one can synthesize BT-DNA which is bi-
otinylated on one and thiolated on the other end (Fig.3.4a). This DNA
modification can be very useful if one wants to couple a small object, like a small
bead or microtubles [75] via a DNA strand to a contact pad. The thiol group estab-
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Figure 3.3: Proving the successful biotinylation of AX-DNA by using streptavidin coated
magnetic beads. a) Schematic representation of the separation procedure. b) Gel elec-
trophoresis of biotinylated A-DNA bound to the beads. M) A-DNA HindIII digested as
molecular weight marker. A) 2B-DNA which is not bound to the beads. B) Released
fragments of 2B-DNA bound to the beads after HindIII digestion. C) 1B-DNA which is
not bound to the beads. D) Released fragments of 1B-DNA bound to the beads after
HindIII digestion.

lishes the linkage to the gold surface whereas the biotin is used to tether the strep-
tavidin coated object. During the synthesis, the DNA is biotinylated on the 4.3 kbp
end as described above without having dATP in the reaction mix. The thiol mod-
ification is done by hybridization of the appropriate thiol oligomer to the 23.1kbp
end of A-DNA (Fig.3.1) and subsequent ligation of the remaining single stranded
nick [15]. However, before hybridization two other reactions have to be carried out.
First, as the oligomer is not phosphorylated at its 5-end, a phosphate has to be
added there in order to enable the ligation of the 5-phosphorus of the oligomer
to the 3’-hydroxyl group of the A-DNA using T4 polynucleotide kinase (Fig.1.16,
p.23). Second, the A-DNA has to be dephosphorylated using alkaline phosphatase.
It has a phosphate on both 5’-ends and the ligase could couple different \-DNA
molecules to multimers. This can be prevented by the dephosphorylation reaction.
The successful synthesis of BT-DNA can again be proven by gel electrophoresis.
The biotinylation of the 4.3kbp end is tested using magnetic beads. Exactly the
fragment is not released after HindIII digestion of BT-DNA, which was bound to
streptavidin coated beads (Fig. 3.4b). The thiol modification is shown by binding a
small 5 nm gold colloid to the thiolated end of the DNA. As the colloid is very small
in comparison to the large A-DNA molecule it does not change the running behavior
of the DNA which can be seen in the fluorescence image of the gel (Fig.3.4b). In
order to proof that the band is really formed by DNA-colloid complexes it is stained
with a meta-stabile gold enhancement solution [17], which enlarges specifically the
gold colloids. After some time a visible band appears in the gel (Fig.3.4b). This
band is only present if the DNA carries a thiol group. Incubation of the colloids
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Figure 3.4: Proving the synthesis of BT-DNA. a) A 5nm gold colloid is bound to the
thiolated end. b) Gel electrophoresis. The two images are obtained by subsequent fluores-
cence and gold staining of the same gel. M) A-DNA HindIII digested as molecular weight
marker. A) Released fragments of the BT-DNA bound to streptavidin coated magnetic
beads after HindlIl digestion. B) BT-DNA with 5nm gold colloids. C) BT-DNA which
is not bound to the magnetic beads. D) A-DNA with 5nm gold colloids.

with native A-DNA results in a band after fluorescence staining but no band after
the gold staining. Thus, the successful synthesis of BT-DNA is proven.

3.1.2 Flow cell and fluorescence microscopy

For the integration of DNA into microstructures it is necessary to stretch DNA in
solution. Stretching can be done by several methods, like hydrodynamic flow [15,57,
76], electrostatic field [57,77] and even molecular motors [75]. Using electrostatics
one has to deal with problems arising from electrochemistry. Therefore, the simplest
system to operate is hydrodynamic flow. If the flow is generated within a tube-like
structure, the flow velocity, and correspondingly the stretching force, goes at the
chamber walls down to zero according to the law of HAGEN-POISEUILLE. Therefore,
a setup using microcapillaries was chosen (Fig.3.5). The advantage is that the flow
can be directed onto the surface, which assures higher flow velocities at the surface.
Furthermore, both microcapillaries are connected to a micromanipulator system
allowing their movement independently in X, Y and Z direction. Thus, the flow
direction can be fine tuned and altered.

The behavior of a flexible polymer in flow remains a subject with lots of open
questions [76]. However, in order to estimate the molecule extension as a function of
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Figure 3.5: Experimental setup of

DNA stretching using a hydrody-
100x oil immersion objective namic flow.

the flow velocity and to calculate the applied force, some simple models work with
surprisingly precision. Almost 70 years ago KUHN developed a model where the
polymer is treated as an elastic “dumbbell” in which a spring connects two beads
representing the free ends of the molecule [78]. For a tethered DNA molecule there
is just one free end at which the drag forces act. Thus, a “half dumbbell” model has
to be applied [76]. The drag force can be written as F' = £ - v where £ is the friction
coefficient and v the flow velocity. Experimental data shows that for DNA molecules
of the length 16 um < L < 150 pum the relative extension x/L scales with the reduced
velocity v/D [76]; D is the measured center-of-mass diffusivity, which is for A-DNA
0.47 pm?s~1 [79]. D is related to the translational drag coefficient &.;kpT of the
undeformed molecule by the fluctuation-dissipation theorem, &..; = 1/D [76]. If
the drag forces do not exceed 20 pN, the stretching force Fj,ing of the DNA, which
counteracts the drag, is given by the force-extension relation from the wormlike
chain model (Eq.1.15, p.20). Thus, one obtains

Fdrag _ gU
kgT kgT

| 2 Fopi
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from where the relation between relative extension x/L and reduced velocity v/D
can be extracted (Fig.3.6a). a denotes the persistence length of the DNA, f is
a scaling factor. If f is set to 0.73, this equation, based on the “half-dumbbell”
model, is in remarkable agreement with experimental data [76]. However, it does
not provide the right values for experimentally obtained stretching forces. A more
elaborate model which assumes a continuous distribution of drag forces along the
molecule can be applied to calculate the right forces. The continuous drag forces are
responsible that the mass distribution along the stretched molecule has a maximum
at its end [76] where also the highest lateral fluctuations of size d ~ (kT /nv)'/?
are located [80]; n is the viscosity of the surrounding liquid. In order to calculate
the stretching forces, in a simple assumption the stretched molecule is considered as
a rod of length L and diameter d and the stretching force results for (L — z) < L
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Figure 3.6: a) Relative extension of a DNA molecule as a function of reduced flow velocity
v/D. Factor f from eq. 3.1 is set to 0.73. D for A-DNA is 0.47 um?s~!. b) Drag force acting
on a single A-DNA molecule along its axis as a function of flow velocity taken from eq. 3.2.
c¢) Drag force acting on a single A-DNA molecule perpendicular to its axis as a function
of flow velocity taken from eq.3.3. The molecule is assumed as a rod and curves were
calculated for different diameters. For the viscosity the value for water 7,0 = 0.243 1073
Nsm~2 was taken.

to [80]
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The resulting curve can be seen in Figure 3.6b. In order to stretch the DNA suf-
ficiently, flow velocities of at least 100 ums~! are required, which corresponds to
forces in the pN range.

The lateral drag force, acting on a DNA molecule stretched between two anchor
points in a flow perpendicular to the molecule axis, is estimated by considering the
DNA as a cylinder of diameter d [81]:

2nLv
3 .
7(In p% —0.0772)

(3.2)

F—

(3.3)

Due to lateral fluctuations of the molecule the effective diameter, which is “seen”
by the flow, is likely to be larger than the real diameter of DNA of 2nm. The
drag force as a function of the flow velocity was therefore calculated for different
diameters (Fig.3.6¢c). As the drag is approximately proportional to the logarithm
of the rod diameter d, it changes only a little at large variations of d. Thus, even
at an assumed diameter of 1000 nm the lateral drag force is a factor of 10 smaller
than the drag along the molecule axis. This is quite surprising and might indicate
that the lateral drag force cannot be described with such a simple model. Indeed,
lateral drag forces derived from the experiments described later on are significantly
higher than the values obtained from Equation 3.3.
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a)

Figure 3.7:  Gold microstructures used for DNA stretching experiments. a) SEM image of
gold stripes (bright lines) on silicon!. b) Laser scanning microscope image of a clock-like
electrode structure on a glass support!. ¢) SEM image of a gold dot array on silicon.

In the experiments the flow is generated using a hose pump, which generates
rates from 10 uls™' up to more than 2000 uls~'.For an inner diameter of the mi-
crocapillaries of 0.58 mm this corresponds to flow velocities from 40 yms~—' up to
several thousand pms™?.

The setup with an open flow cell and and the flow manipulation with micro-
capillaries coming to the sample from above requires observation on an inverted
microscope, where the objective is located below the sample (Fig.3.5). Therefore
the sample has to be made on a glass support and consequently all applied gold
microstructures were fabricated on glass. Three different types of microstructures
were used, which are depicted in Figure3.7. For the purpose of imaging the gold
structures with scanning electron microscopy (SEM) they were also fabricated on
silicon, but for the DNA stretching experiments only samples on glass supports were
applied.

Single DNA molecules were observed by fluorescence microscopy. For this, a 100x
oil immersion objective with a numerical aperture of 1.4 was used, which combines
high resolution as well as high light yield. Imaging was done with a peltier-cooled
CCD camera Zeiss Axiocam HR. The DNA was fluorescence labelled with YOYO1
dye, which is exited with blue light at 480 nm and has a green emission with a
maximum at 511 nm. The dimeric molecule binds strongly to double-stranded DNA
and the fluorescence quantum yield of the bound dye is about 1000-fold higher than
when free in solution [82]. This results in an extremely low background fluores-
cence, thus enabling imaging of single DNA molecules [15,76]. YOYOL1 has two
different binding modes to DNA: (i) at high nucleotide-to-chromophore ratios it is
bis-intercalated and strongly fluorescent, and (ii) at low nucleotide-to-chromophore
ratios it binds externally and is weakly fluorescent [83]. A disadvantage of YOYO1

1Obtained from Ingolf Ménch, IFW Dresden.
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is that it induces single-stranded photocleavage, which leads to enhanced double-
stranded cleavage due to the dimeric structure [82]. To minimize the problems
arising from this, the DNA is very low stained with a ratio of 80 bp per YOYO1
molecule. Under these conditions the DNA remains intact over hundreds of seconds
and is still visible in the microscope although photo bleaching is accelerated and the
signal to noise ratio is decreased. The slight staining of the DNA has furthermore
the advantage that it should not change the mechanic properties of the DNA to
much. Dimeric nucleic acid stains like YOYO1 have been found to unwind the DNA
double helix locally resulting in a larger contour length? as well as a larger persis-
tence length at high labelling ratios of 6 bp per dye molecule [76]. In the following
experiments, low labelling conditions are used. Therefore, values for contour and
persistence lengths should be only slightly larger than for unstained DNA. However,
this issue will further be discussed in Section 3.2.2.

3.2 In-situ manipulation of single DN A molecules

3.2.1 Stretching of DNA between microstructures

In the following different experiments are described where DNA is stretched on mi-
crofabricated surfaces. All the different anchoring procedures, which were described
in the Section 3.1.1, have been applied. The experiments are ordered by the type of
surface attachment.

Single-sided binding of \-DNA via thiolated oligomers

Binding specifically just one end of the DNA to gold electrodes is accomplished
by using a thiolated oligomer, which is complementary to one of the 5-overhangs
of A-DNA. Both ways of hybridization of the oligomer to the A-DNA were tested;
(i) hybridization of A-DNA to oligomers, which are already attached at the gold
surface as well as (ii) hybridization in solution followed by ligation and subsequent
anchoring of the thiolated A-DNA to the gold surface.

Hybridization at the surface is accomplished by incubating the gold electrode
structures with thiolated oligomer of the sequence 5-GGGCGGCGACCT-3-SH.
After that a solution containing A-DNA molecules is flown over the electrodes and
binding of single molecules is observed. Figure 3.8 shows an image sequence a -
DNA molecule tethered with one end to an electrode. The exclusive binding on one
end is shown by applying different flow velocities which leads to different stretching
lengths. In Figures 3.8a-c a small flow velocity of about 40 ym s~'was applied which
stretches the DNA to about 8 ym corresponding to half of the contour length. The

2For labelled A-DNA a contour length of 22 ym was found instead of 16.3 ym for native DNA.
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DNA is still very coiled, showing therefore large lateral fluctuations. Increasing the

9.3 pm 8.6 um 8.5 um

>11.9 um

Figure 3.8: Image sequence of a single A-DNA molecule attached via a thiolated oligomer
with one end to a gold electrode at varying flow speeds. The black stripes are the gold
electrodes. The small withe line is the DNA. a-c) Low flow velocity. d) High flow velocity.
e) Again, lower flow velocity and different flow direction. f) Interpolated anchor point of
the DNA molecule from images d and f. The numbers at the images indicated the length
of the stretched molecule.

flow velocity to about 160 ums~'leads to much better stretching of the molecule
(Fig.3.8d). The length of the DNA is measured to be at least 11.9 ym, but it can be
larger as not the whole molecule can be seen. By changing flow direction and velocity
it can be proven that the DNA is only bound on a single end as it is not stuck to the
second electrode Fig. 3.8e. Thus, it is shown, that by using electrodes covered with
oligomers which are sticky to a single end of A-DNA, an attachment of the DNA on a
single end can be established. The achieved stretching forces vary from about 0.1 pN
at 8 um extension to at least 0.4pN at 11.9 um extension. A disadvantage of the
used microscopy setup is that, as the DNA can not directly be observed on the gold
electrodes, i.e. the anchoring point can not be seen. However, by superimposing
two images where the DNA was stretched into two different directions the anchor
point can be determined by interpolation (Fig.3.8f). Only this enables the length
measurements - the stretching lengths depicted in the images are obtained by this
method.

Binding of thiol modified A-DNA was simply done by flowing the DNA solution
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>14.5 pm >10.3 um

Figure 3.9: A-DNA attached with one end to a gold electrode (black stripes) at changing
flow directions indicated by the arrow in the upper right corner of each image a) Flow
from left to right. b) Flow from right to left. ¢) Interpolated anchor point of the DNA
molecule from the previous two images.

over clean gold electrodes. Again binding of single DNA molecules to the electrodes
is observed. Figure 3.9 shows an image sequence were a molecule is attached at the
middle gold electrode. In this case the flow direction is changed. It was several
times switched from left to right and backwards from right to left and the molecule
follows exactly the given flow. This shows again the successful attachment of only
one DNA end. Furthermore, from the two stretching directions of the DNA, the
anchor point can be easily extrapolated. Thus, length measurements can be done,
which confirm that the DNA is at least stretched to 14.5 um which corresponds to
a force of about 2 pN.

Double-sided binding of \-DNA between electrodes using electrostatics

The electrostatic binding of DNA to amine modified glass surfaces has already been
shown previously [51]. However, up to now it has neither been demonstrated on gold
surfaces nor on microstructured gold electrodes. The surface properties of amine
modified glass are supposed to be different in comparison with amine modified gold
regarding the density of amine groups and the related surface charge. Therefore,
the particular stretching conditions like pH and ionic composition of the solution
are different as well. In order to obtain a good stretching result for gold surfaces,
the buffer system has to be optimized, i.e. different buffers adjusted to different
pH values have to be tested. For this, a droplet of the particular buffer solution
containing the DNA is placed onto a gold film deposited on a silicon support. Then
the gold surface is covered with a cover slip; thus spreading the droplet over the
whole sample and generating a flow. The result is imaged under the fluorescence
microscope. The best conditions, where the DNA is only bound with the ends,
are found for 100 mM Tris buffer at pH 8.0, which is different in comparison to glass
(10mM AMPSO, pH 8.8). Figure 3.10 shows a stretched DNA molecule on an amine
modified gold surface. It is bound to the surface only at the ends as the image
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Figure 3.10: Image sequence of a stretched A-DNA molecule bound electrostatically with
both ends to an amine-coated plain gold surface. The molecule length is 12.5um. The
arrows indicate the bending direction of the molecule due to lateral vibrations of the DNA.
Image f shows the photocleaved molecule. Photocleavage was induced by YOYO1 staining.

sequence shows. Note the lateral fluctuations of the molecule similar to a guitar
string, which proof that the DNA midsegment of the DNA is freely moving. Finally
the DNA breaks due to fluorescence induced photocleavage (Fig.3.10f). The two
parts of the molecule recede immediately back to the anchor points into the coiled
form. That is, why they are only to be seen as two dots. It furthermore shows, that
the DNA is nowhere else bound than at its ends. Thus, it is possible to bind DNA
end-specifically on amine modified gold surfaces.

In order to get stretched DNA molecules bridging two electrodes, the amine
modification is now applied to micropatterned gold films. In analogy to the plain
gold films the microfabricated surfaces are covered with aminoethanethiol. Then the
DNA in the same buffer, which was previously used, is applied in flow. Figure3.11
shows an image sequence of a couple of DNA molecules bound with both ends to
the electrodes by using this method. The hose pump, which is used to generate the
flow, makes a short pulsation after each half turn of the rotor. This leads to short
periodic deviations of the flow direction which can be observed in the experiment.
The normal flow direction can be seen in Figure 3.11a on the molecule in the lower
right corner, which is attached at only one end. Within such a flow deviation
the second end of the molecule is moved to the other electrode and binds there
(Fig.3.11b). After a second flow deviation more molecules bind with the second end
to the opposite electrode (Fig.3.11c). As after the short flow deviations the flow
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Figure 3.11: Image sequence of single A-DNA molecules bound with both ends between
amine modified gold electrodes. The arrow in the first three images indicates the flow
direction. In the last image the flow is shut of. Note that the each of the images b-d are
obtained by averaging 5 single images. The electrode spacing is 8.3 um.

points into the original direction, the attached DNA molecules are affected also by
hydrodynamic drag from the side. Thus they are not straight but reveal a bow-like
form. By switching the flow off, the drag becomes zero and the molecules recede
into the linear form (Fig.3.11d). This again shows, that the DNA ends bind only
at the gold electrodes and the midsegment of the DNA can freely move on the glass
substrate, which means that the applied method of substrate modification can be
successfully used to stretch DNA molecules between two different gold electrodes.
Up to this point it is shown that a DNA bridge between two electrodes can be
formed using aminoethanethiol for the gold substrate modification. In order to in-
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Figure 3.12: DNA network formed by single DNA molecules stretched on an array of gold
dots. Both images are obtained by overlaying the dot image with the DNA image in two
different color channels. The blue channel is the inverted transmission light microscopy
image of the gold dots. The green channel is the fluorescence image of the DNA.

crease the complexity of the resulting DNA structure stretching of DNA is done on
a periodic array of gold dots (Fig.3.7c). Connecting the single dots of the array by
DNA molecules should result in a complex network structure. In order to do this,
different flow directions have to be applied on the sample. Otherwise only connec-
tions between dots lying in the direction of the flow would be obtained. Therefore,
the position of the microcapillaries is changed during the binding procedure of the
DNA to the electrodes. The result of this experiment can be seen in Figure 3.12.
Clearly, DNA networks can be obtained by connecting the dots of the array with
DNA molecules. Variation of the flow direction leads to the formation of horizontal
as well as vertical connections between the dots. Furthermore DNA bridges connect-
ing the diagonal opposing dots of a quadratic dot cell are apparent. Thus, a large
random network is created. A problem is still the control over the assembly process.
How can only a single connection between each pair of adjacent dots be established?
At the moment, in order to get connections between all dots, it is necessary to bind
more molecules to the array than required for single molecule connections. In this
case some dots are linked by several DNA molecules. In order to avoid problems
from this, enzymes could be applied to remove the unwanted connections. Another
possibility could be to decrease the size of the electrodes. On the other hand, it
might even not be necessary to remove the additional connections. This depends on
the subsequent application if it is robust enough to tolerate an additional number
of connections.

In conclusion, the developed method using aminoethanethiol to bind DNA elec-
trostatically between electrodes is a quite simple but reliable and robust method for
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DNA network assembly.

Double-sided binding of \-DNA via biotin-streptavidin bridges

A-DNA which is biotinylated at both ends can also be used for establishing a bridge
between two streptavidin modified gold electrodes. Figure 3.13 shows the dynamics
of stretched molecules at changing flow velocities. Differently attached molecules
can be seen in the image. Some, which are bound only at one end are to short to
bind at the other electrode. At decreasing flow speed, their lengths are decreasing,
too. Other molecules are stretched to the other electrode, but not all of them bind
their. When the flow is shut off only the molecules which are really attached at both
ends remain stretched (Fig.3.13d). One of them is attached at one end inbetween
the electrodes. This unspecific binding can be to the glass substrate, however it
can also be due to failures of the microfabricated structures. The gold lines are
produced by etching trenches into a gold layer covering the whole glass substrate.
Uncomplete etching can result in gold dots between the electrodes which then serve
as attachment points for the DNA. But fortunately this faulty binding is quite rare
in comparison to the number of DNA molecules which bind with both ends to the
gold (see for example Fig. 3.14).

Figure 3.13: Single stretched
DNA molecules attached via
streptavidin-biotin anchors to
gold electrodes. The flow ve-
locity is stepwise decreased to
zero from image a to d. The
electrode spacing is 8.3 pm.

An interesting behavior of the biotin-streptavidin procedure is that many mole-
cules are bound with both ends at one electrode, thus forming a U-shape (Fig. 3.14).
This is seldom observed for the aminothiol procedure. A possible explanation is the
faster binding of the biotin to the streptavidin coated surface in comparison to the
electrostatic attachment. If the binding is faster,the probability is higher, that, if
once a biotinylated end is bound, the second end is not dragged away by the flow
but binds nearby.
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Figure 3.14: Single U-formed DNA molecules attached via streptavidin-biotin anchors to
gold electrodes. The flow velocity is stepwise decreased to zero from image a to f. The
electrode spacing is 8.3 pm.

Anchoring biotinylated DNA to streptavidin coated microparticles

A simple random microstructure can be easily formed by spherical microbeads
which are adsorbed unspecifically to the glass substrate. These beads consist e.g. of
polystyrene and are available with different diameters ranging from the submicrom-
eter scale to several micrometers. Furthermore differently functionalized spheres can
be purchased. By using streptavidin coated beads, biotinylated DNA can be easily
attached there [47,76]. Figure3.15 shows DNA molecules which are bound to ad-
sorbed streptavidin microspheres. By using DNA, which is biotinylated only at one
end, single sided binding is accomplished and the molecules can be stretched in flow

Figure 3.15: a) DNA biotiny-
lated at one end bound to im-
mobilized streptavidin coated
beads and stretched in flow.
b) DNA molecule biotiny-
lated at both ends stretched
between two beads. Scale
bars are 10 pm.
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Figure 3.16: Two biotinylated DNA molecules trapping a free streptavidin coated bead.
a) Fluorescence image. The bead in the center is not bound to the surface but only bound
to the two DNA molecules, which are attached to the immobile beads on the image edges.
Scale bar is 10 ym. b), ¢) Two phase contrast images at different times. d) Superimposition
of both phase contrast images e) Difference image of the phase contrast images.

(Fig.3.15a). By applying DNA biotinylated at both ends, the formation of bridges
between two separated dots can be observed (Fig. 3.15b). In this case a stretching of
up to 19.4 um length is observed. The question, whether it is overstretching or just
the result of an increased contour length, will be discussed in the following section.

An interesting feature, observed with DNA biotinylated at both ends, is the
trapping of non-adsorbed beads by two DNA molecules. One molecule which is
attached with one end to an immobile bead can trap a second mobile bead from
solution. To this trapped bead again a second DNA molecule can bind which then
can form a bridge to another immobile bead. Figure 3.16a shows the fluorescence
image of such a trapped bead, which is located in the center of the image. Clearly
the two DNA strands connecting the bead to the outer immobile beads can be seen.
To verify that the central bead is indeed not bound to the surface, a time series of
phase contrast images of the beads was taken. Figures3.16b,c show two images of
the series. By superimposing both images one can clearly see the different positions
of the bead in both images Figure 3.16e. The difference image shows that only the
position of the central bead is changed (Fig.3.16e), whereas the immobile beads
do not provide any contrast. The fluctuation of the position of the central bead is
due to the Brownian motion of the particle. As larger the forces, which act on the
bead from the DNA molecules, as smaller are these fluctuations. Thus, the average
quadratic displacement of the bead is a measure of these forces.
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3.2.2 Determination of stretching forces

In order to determine the forces which last the anchors of the DNA molecules, the
forces acting on stretched DNA molecules will be estimated in the following. The
focus will be on the hydrodynamic drag forces acting on stretched DNA molecules
in a flow, which is not along the stretching direction. There, the DNA takes on a
bow-like form (Fig.3.11, p.56). Furthermore, the forces acting on the bead trapped
by two DNA strands (Fig. 3.16) will be determined.

Forces of stretched DN A molecules in a lateral flow

The bow-like shape of the DNA molecules, which are exposed to a lateral flow resem-
bles the problem of a free hanging chain of length L between two anchor points under
the influence of gravity. There, the external acting gravity force is at each point of
the chain proportional to the length dl of a small segment. Assuming this propor-
tionality the problem is analytically solvable as it is shown in the Appendix A.1.1.

In the case of the DNA molecules, a better description of the external drag force
dFp should be to split the force into two parts. One is the hydrodynamic drag
along the molecule the other one is the drag perpendicular to the DNA, which both
will assumed to be proportional to the projections dz, dy of the segment dl. Thus,
dFp = Cidy + Cedx with a flow direction parallel to either the y- or the x-axis,
although here for the force component parallel to the flow the DNA is assumed as a
rod instead of sphere hanging on a rope like in the half-dumbbell model. However,
applying this relation the problem is not analytically solvable, anymore. Thus, in
order to simplify the problem arising from that, the external force is, like for a
chain, assumed to be proportional to the length segment dl. This approximation
is probably quite correct for slightly curved molecules, as in this case the external
force is dominated by the drag perpendicular to the DNA. However, for strong
curved molecules with a higher part of drag force along the DNA, this relation gets
probably wrong.

Assuming Fp = C'dl and a flow parallel to the y-axis, one can directly take the
solution from the chain problem for the shape y(z) of the DNA (Eq. A.6, p. 110):

y = 1/B{cosh[B(x — z¢)] — 1} + yo. (3.4)

Fitting the shape of the bow-like DNA by using this equation, the values for B, xg
and gy are obtained.

To obtain the drag force, the force constant C' has to be determined. This is done
by using the fact, that DNA has an entropic elasticity. If the extension L’ along the
bow of the DNA is near the contour length L, one can simplify the force-extension
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relation of the DNA (Eq. 1.15, p.20) to

kT 1 L\ L kgT  dl
iy SR R o .
a 4( L> — I daF ~ dl’ (8:5)

where dl’/dl is the local stretching, which has to be considered, because the force
along the stretched DNA molecule in a lateral flow is not constant. The sum of all
segments dl must result in the contour length L of the DNA. Thus,

L r / 2 /1 2

L:/ dl:/ L:/ idm, (3.6)
R RN T SN

with dl’ = /1 + y?dx. The force along the DNA is given by the solution for the

free hanging chain Fipa, = C/B cosh[B(x — z¢)] (Appendix A.1.1). Together with
Equation 3.4 this results to

A cosh|[B(z — xg)] .
L= / - da. (3.7)

B kel
4aCB~! cosh[B(z—x0)]

From this relation the force constant C' can be finally extracted. To obtain it for
a particular molecule, the value of C' has to be found, for which the integral in
Equation 3.7 equals the contour length L of the DNA. As the integral is not analytical
solvable, the force constant C' is determined numerically by a home-made software.

Figure 3.17 shows four molecules attached via biotin-streptavidin to the surface,
which shape was fitted by using Equation 3.4. In the upper row of the figure the
curves are depicted, which describe the real shape of the molecules. In the lower row
the result of the fit is shown. As presumed for the molecules, which are strongly bent
(molecule 1 and 2), the fitted curve shows larger deviations from the real curvature.
This means, that an assumed linear dependency of the drag force on the length of
small segment dl’ is only a quite rough approximation. A nearly perfect agreement
of the fitting function with the shape of the molecule is found for molecule 4, which
is only slightly bent. For this molecule the drag force is probably well described by
the linear relation dFp = Cdl’. From the fit, the values for B (Tab.3.1) and x, are
obtained. Note, that the molecules 1, 2 and 4 are approximately fully extended to
the contour length (Tab.3.1).

By a numerical procedure the values for the force constant C' are obtained for
which the integral in Equation 3.7 results to the contour length. The drag force
acting at the DNA molecule is then obtained by Fp = C - I’. The horizontal force,
which represents the lowest tension along the DNA, results to Fy = C'/B according
to Section A.1.1. It is located at the local minimum of the curve at (z¢,yo). The
results for the forces calculated for the four molecules are shown in Table 3.1. Using
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Figure 3.17: Bow-shaped DNA molecules. The flow direction is from top to the bottom.
In the images in the top row the curves, which describe the real shape of the molecules,
are shown (red line). In the images in the bottom row the curves obtained by the fitting
procedure are depicted (red line). All images have the same scale. For end-to end distances
of the molecules see Table 3.1.

the persistence length and the contour length of native DNA (L = 16.3 um, a =
53 nm) for two molecules tremendous drag forces of more than 300 pN are obtained,
which is obviously much to large, as it is already much beyond the force necessary
to overstretch DNA. The reason for the incorrect forces is that the force-extension
equation from the worm-like-chain model is not precise for extensions around the
contour length as it approaches infinity at this point. Thus, for molecule 2, which
is extended beyond the contour length to 16.5 um no forces at all can be calculated.
In order to avoid problems with the singularity of the relation, modified values for
L and a were obtained by fitting experimental force-extension data from Ref. 47
(Fig. 1.15, p.21) with the simplified force-extension relation of Equation 3.5. Thus,
fictive values of @ = 18nm and L = 18.3 um were obtained which describe the
measured forces better for a relative extension around 1. Using the new parameters,
reasonable drag forces between 5 and 50 pN for the three fully extended molecules are
obtained. These forces correspond to the values to stretch the DNA to its contour
length. Therefore, with the new parameters much better estimations of the real
forces are obtained for the three molecules which are extended to about the contour
length.

The total force acting at a single anchor point z;(i = 1,2) of the DNA can be
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Molecule 1 2 3 4
B ] 2.56 | 0.53 | 0.43 | 0.096

EEDjm] | 30 | 103 | 81 | 15.0

L' [y] 16.0 | 165 | 105 | 16.1

C [pNym™1] 22 - 0.044 19

=53

L": y ;mm Fp [pN] 352 | - | 0.46 | 306
el 86 | - | 0.10 | 198

- C pNpm— | 1.5 | 2.3 | 0.091 | 0.35
L“__lfgnmm Fp [pN] 24 | 38 | 095 | 5.6
OO H Y N 0.58 | 4.3 | 021 | 3.6
Famas bN] | 12.6 | 27.8 | 0.71 | 5.3
- C [pN an—1] || 0.087 | 0.064 | 0.015 | 0.017
L“__;;’Slmm Fp [pN] 14 | 11 | 016 | 0.27
e e N 0.034 | 0.12 | 0.035 | 0.18

Table 3.1: Fitted curve parameters and force constants for bow-shaped DNA molecules
in a lateral flow. The molecules, which are given by their number, correspond to the
molecules depicted in Figure 3.17. EED denotes the end-to-end distance, L’ the extension
along the bow. F4 4. is the maximum total force at the anchor point. The forces were
calculated for three different sets for the contour length L and the persistence length a.
The force values in bold provide the best agreement with the real forces.

calculated by:

Fa= \/ Fu?+ (FD sinh|B(x: — xo>]>2. (3.8)

BL

This leads to a maximum anchor force of about 28 pN for molecule 2 (Tab. 3.1),
which has to be lasted by the streptavidin biotin linkage consisting of a maximum
number of 4 or 6 connections. For molecule 3 the forces are best described with the
correct values of L and a for the native molecule, as the extension L' is with 10.5 um
significantly lower than the contour length. Here a drag force half about 0.5 pN is
obtained.

The flow velocities in the experiments did not exceed 500 ums~!. Using Equa-
tion 3.3 (p.50) for the lateral drag force on a cylinder with a diameter of 1 um, a
force constant of about 0.01 pN um™! is obtained. This value, however, is much
below the experimentally obtained force constants in Table3.1. Thus, the lateral
drag can probably not described by the simple cylinder model.

For completion, forces are also calculated for L = 22 ym and a = 73nm which
have been found for highly fluorescently labelled DNA [79]. However, as it was
stated previously, the DNA used in this experiments is only low labelled with 80 bp
per dye molecule. Therefore, the obtained drag forces, which all lie in the pN and
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sub-pN range are probably much to small. However, they give a lower limit for the
real stretching forces.

In conclusion one can say, that the simple model, which was proposed to describe
the forces at bow-shaped DNA molecules in flow, works quite well, if the molecules
are not strongly bent. It could be shown that the biotin-streptavidin linkage used to
couple the DNA to the surface, which consists of a maximum number of 4 or 6 biotin-
streptavidin bridges, lasts forces of several 10 pN. Furthermore, it demonstrates that
forces in this range can be generated with the hydrodynamic flow technique.

Forces acting on a bead trapped by two DNA strands

In the following, the forces acting on the bead in Figure 3.16, p. 60, which is trapped
by two DNA strands will be determined. As it is commonly done in magnetic tweez-
ers techniques, the Brownian fluctuations of the bead are analyzed [47]. The longer
the DNA molecules, which are attached to the bead, are stretched, the stronger are
the forces, which act on the bead, and the smaller are the fluctuations of the bead.
The average potential energy of the oscillation perpendicular to the stretched DNA
strands (a-direction) can be directly gained from the equipartition theorem with
Ep, = kgT/2 [84]. The force in z-direction is proportional to small displacements
Az of the bead (Fig. 3.18), which is in analogy to the case of the pendulum:

F
F, = —QI”Ax =: —k; Ax. (3.9)

Thus, the average potential energy can be written as Ep, = ki /2 dz* with the
average quadratic displacement of the bead of dz? = (2?) — (z)?. With k, = 2F|/L
(Eq.3.9) it leads to

_ kgTL

Fy = 2012

(3.10)
and gives a direct relation between the average quadratic Brownian fluctuation dz?
and the stretching force F of the DNA molecules.

dz? is determined by recording a time series of 121 images. These images are
arranged into a single image in an 11x11 array. The bead position is then determined
by calculating the correlation function between array image and the image of the
first bead of the series, which serves as the reference.

bead

Figure 3.18: Forces at the bead
trapped by two DNA strands.
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11x11 beads corellation function

JOR)

Figure 3.19: Time series of 121 images of the bead arranged to an 11x11 array together
with the corresponding correlation function with the first image of the series. A) Average
image of all beads. B) Variance image of all beads. C) Correlation average of the all bead
images. D) Variance of the correlation average.

A

The correlation C' is defined by

C'=> (OP, - RP,), (3.11)

n,m

were O P denotes the points of the original image and RP the points of the reference
image. At points of high correlation between both images C' has a local extremum.
The correlation function, which is obtained from C after a scaling procedure, was
obtained by using a commercial software®. Figure3.19 shows an 11x11 bead image

3SPIP - Scanning Probe Image Processor for Windows, V2.21, Image Metrology ApS, Kopen-
hagen
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Series \/W 5y2 F1H,L:12.5 pm ﬂ\ /L Leorr | Feorr
[nm)] [nm)] [pPN] [PN/pm] | [pm] [pPN]

1 205 71.3 0.61 0.049 13.4 | 0.66

2 187 69.6 0.73 0.059 13.7 | 0.80

3 192 77.5 0.69 0.055 13.6 | 0.75

Table 3.2: Average quadratic fluctuations and forces for the bead trapped by two DNA
strands for three image series. dx and 0y are the fluctuations perpendicular and parallel to
the stretched DNA, respectively. F| 1—125,m is the force for the measured DNA extension
L of 12.5 ym. Ly and Fy,,. are the corrected values, if the value for F /L, which directly
results from Equation 3.10, is applied to the WLC model.

array with the corresponding correlation function. Furthermore, the average image
of all bead images was calculated, which shows that the bead fluctuations are mainly
perpendicular to the DNA strands, as the bead edge of the average image appears
more smeared in that direction. This is better to be seen in the variance image,
which is defined as the standard deviation of the pixel gray scale values of all images
from the average image. As brighter the pixels in the variance image are, as larger
are the fluctuations at this point. The bright ring in the image (Fig. 3.19B), where
the fluctuations are concentrated is broader along the axis perpendicular to the DNA
strands. Thus, the fluctuations are mainly there. Image C shows the correlation
average of all bead images. It is the average considering the changing bead position,
which is determined from the correlation function. Therefore, no smear or other
asymmetries referring to the bead center are seen here. In image D the variance
from the correlation average is depicted. The large fluctuations there arise from the
changing height of the bead along the optical axis of the objective.

After this qualitative analysis of the bead movement the average quadratic fluc-
tuations are calculated from the bead positions determined from the correlation
function. Table3.2 shows the obtained averaged fluctuations perpendicular (0x)
and parallel (0y) to the stretched DNA molecules, which are in z direction about a
factor of three larger than in y direction. In order to calculate the stretching force of
the DNA molecules F| using Equation 3.10, the DNA extension L is still required.
However, as the beads are highly fluorescent, the anchor points of the DNA can not
be seen and the length can not be exactly measured (Fig.3.16, p.60). L has to be
at least 12.5 um, which is the length measured for the DNA strand, which appears
longer in the figure. Applying this value one gets a lower limit for the stretching
force of about 0.7 pN (Tab. 3.2). A more precise way to get the force, is to calculate
F}/L, for which only 6z is required, and to find the value for L for which F}/L fits
into the WLC model (Eq. 1.15, p. 20). Doing this, one obtains a corrected extension
between 13.4 and 13.7 um. The corresponding forces, which act on the bead from
the stretched DNA strands, lie thus between 0.66 and 0.80 pN. These values should
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provide a more precise result for the real acting forces.




4 Platinum cluster chains along
DNA

The challenge in the development of a new metallization procedure of DNA tem-
plates is to establish a method where continuous nanowires with a diameter below
10nm can be fabricated. The demand on such a DNA metallization is that it is
highly specific, i.e. metal deposition should take place selectively at the DNA, but
not in the surrounding medium. However, under experimental conditions one al-
ways deals with both processes - the heterogenous reaction at the biotemplate as
well as the homogeneous reaction, which leads to unwanted background metalliza-
tion. These two metallization routes are competing. Therefore, in order to avoid the
background process, methods have to be developed, where the heterogeneous reac-
tion channel at the biotemplate is strongly favored compared to the homogeneous
reaction channel.

One approach for an enhanced heterogeneous metallization at the biomolecular
template is the formation of effective nucleation centers at the DNA, which catalyze
and therefore accelerate the further metal deposition. Simultaneously, the back-
ground metallization is kinetically suppressed. The quality of such a metallization
procedure depends very much on the properties of the nucleation centers and the
subsequent metal growth process. In previous investigations, nucleation centers at
the DNA were formed by binding metal ions, like silver [15], cadmium [16] and
palladium [18], to the biomolecular template. However, these examples still pos-
sess some disadvantages, for example high background or coarse metallization (see
Section 1.3.3).

In order to find a metallization method, which is more specific and results into
the formation of thinner structures, platinum turns out to be an interesting material.
Platinum complexes are known to bind strongly to DNA [85]. Additional to that,
the binding depends on the sequence of the DNA. The growth process of platinum
clusters upon reduction of platinum complexes is autocatalytic [86]. Furthermore,
First Principles Molecuar Dynamics investigations of the formation of platinum
clusters show that already an initially formed Pt dimer can serve as nucleation
center because its formation is the limiting step during the whole reaction [87,88].
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The hope of using Pt complexes for the metallization of DNA is to promote
heterogeneous cluster nucleation from single complexes, which are bound to the
DNA. If the nucleus formation at the bound complexes is favored to the homogeneous
nucleation, a highly specific metallization of the DNA could be achieved and due to
the sequence-dependent binding of Pt complexes to DNA even a sequence-dependent
metallization could become possible.

In the following the DNA metallization using platinum complexes is studied. In
Section 4.1 the binding of Pt complexes to DNA is investigated as it is the initial
step of the procedure. In order to compare homogeneous and heterogenous nucle-
ation, in Section 4.2 the cluster formation in the absence of DNA is studied. It is
followed by the detailed investigation of cluster formation in the presence of DNA
in Section 4.3. It will be shown that for a successful metallization, i.e. the formation
of cluster chains along the template, the DNA must be densely covered with bound
PtCl;~ complexes. In Section 4.4 it is demonstrated that synthesized cluster chains
along DNA templates can be enhanced to form continuous wires.

4.1 Binding of PtCI;~ complexes at DNA

Among the large number of different platinum complexes, the chloro-ammine com-
plexes are of great interest for the application in DNA metallization. The binding
of KoPtCly and cisplatinum is studied in the following. The tetrachloro species
K,;PtCly was successfully used in our group to metallize other biomolecules like
microtubules [9, 10] and bacterial surface layers (S-layers) [13,14]. It binds to the
aminoacids of these biotemplates and can thus initiate a cluster growth at these
proteins. Furthermore, it is known to bind strongly to DNA [89,90]. Cisplatinum
(cis-platinum(II)diammine dichloride, cis-[Pt(NH3)2Cly]) is probably the best inves-
tigated platinum complex, as it is widely used as an anti-cancer drug [85]. The
binding to DNA takes place in a several step process by replacing the chlorine lig-
ands with the N7 nitrogen of guanine or adenine [91]. However, this ligand exchange
does not occur directly, but involves a previous hydrolysis of the complex, where
the chlorine ligand is exchanged with a water molecule. Hydrolysis takes place in
a time scale of hours. Subsequently, the water can be easily replaced by the N7
of a DNA base with a typical reaction time of several minutes [91]. Thus, the ki-
netics of the binding process is limited by the hydrolysis of the platinum complex.
After the complex is bound to the DNA by a single bond, which is called monofunc-
tional adduct a second bond can be established by exchanging the second chlorine
ligand with water, which takes again place within several hours. Then the N7 of a
neighboring base can comparable quickly bind by replacing the water. This bifunc-
tional adduct is most favorable formed between two guanines, but it also formes at
a adenine-guanine sequence [92]. Due to the very specific binding of cisplatinum to
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DNA, it is possible to bind the platinum complex at specific positions to DNA, by
designing a DNA target which has a guanine-guanine sequence at these locations.
The binding of platinum complexes to DNA leads to changes of the DNA structure,
in particular the base stacking is strongly distorted. The normally parallel base
plains are tilted to an angle of up to 90° [93,94], which leads to DNA bending as
well as shrinkage [95].

Due to the structural similarities between cis-Pt(NH3),Cly and PtC15™, the prin-
ciple binding mechanism, including the hydrolysis of the chlorine ligand, should be
the same for PtCl]™ as for cisplatinum. For PtCl;~ the particular binding mech-
anism to DNA is less known. From early studies, which were conducted also in a
large excess of complexes to DNA base pairs, it is known that up to three complexes
can bind per base pair, which implies additional binding sites at the DNA bases [90].
The reaction kinetics is dependent on the GC content of the DNA; as higher the
GC percentage as faster the process [96,97]. The total amount of bound complexes
does not depend on that. The time to get saturation of the DNA with complexes
lies in the range of several hours [89]. An interesting difference to cisplatinum is,
that at a ratio of one complex per base pair the platinated DNA precipitates for the
cis-species whereas for PtCl3~ no precipitation is observed even at a ratio of 50:1.
This points to the fact, that the structural changes, which are induced by PtCI3~ are
not as strong as for cis-Pt(NH3),Cly. Indeed, in metallization experiments it turned
out that the structural changes and the DNA precipitation induced by cisplatin are
so tremendous that cisplatin could not be used for a successful metallization.

Therefore, in the following it will be mainly focused on DNA metallization using
PtCl3~. As the binding of this platinum complex to DNA is not well investigated,
it is studied in more detail under the conditions, which are subsequently used for
the DNA metallization. The main subjects are (i) the hydrolysis dependence of the
binding, (ii) the time scale of the reaction and (iii) the conformational distortions
of the complexes to the DNA helix. It is known that platinum complexes lower
the melting temperature of DNA, which is for native A-DNA only 37°C in an aque-
ous surrounding [98]. Therefore, it is also clarified, whether the DNA is still in
the double-stranded conformation after complex binding or denatured to the single
stranded form.

4.1.1 UV /VIS spectroscopy

One way to investigate the binding of PtCI2~ complexes and its hydrolysis prod-
ucts to DNA are UV/VIS absorbance measurements. As already mentioned in
Section 1.1, distortions of the DNA base stacking due to the melting transition from
double-stranded to single-stranded DNA can be quantified at 260 nm wavelength.
But, such distortions in the base stacking can also arise from the binding of molecules
to the DNA bases. As the platinum complexes are known to tilt the base plains
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Figure 4.1: DNA melting for different concentrations of PtCli_. a) Melting curves of
20 ug/ml salmon DNA in 5mM NaSO, incubated 16h with different concentrations of
PtCli_. Asgo denotes the absorbance at 260 nm b) Melting temperature as a function of the
PtClZi concentration as obtained from the melting curves (Section 1.1). ¢) Hypochromic-
ity, which is defined as the Asgy difference after and before melting, as a function of the
PtClif concentration.

against each other [93,94], binding of them should therefore result in an increase
of Asgy. From this absorbance increase, however, one does not know, whether it
comes exclusively from the distorted base stacking due to complex binding or from
local denaturation of the DNA induced by the complexes, as both effects result in
an increase of Aggo. If the DNA would be denatured by the complexes, no melting
transition could be observed in experiments. Therefore, in order to separate the
two effects, DNA melting temperature studies were performed in the presence of
different concentrations of PtC13~. For this, the DNA was incubated overnight to
insure complete complex binding. Figure4.1 shows two effects caused by complexes
bound to the DNA: (i) The Ayg is already increased before melting has started. The
higher the complex concentration the higher is the increase, i.e. the hypochromism is
shrinking (Fig. 4.1c). For PtCI2~ concentrations larger than 0.2mM no hypochrome
absorbance decrease could be detected anymore, i.e. the base stacking is completely
vanished. (ii) The melting temperature is lowered (Fig.4.1b). However, even for
the highest complex concentration of 0.2mM it is much above room temperature.
Thus, from these investigations one obtains that the PtC13~ complexes indeed dis-
tort the base stacking, resulting in an Asg increase. At room temperature these
distortions are caused by tilted base plains and not by local DNA denaturation up
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Figure 4.2: Time course of the breakdown of DNA base stacking due to PtCli_ binding.
a) Spectra of a 1 mM PtClZ_ solution and a solution containing 1 mM PtClZ_ and 5 pg/ml
A-DNA immediately after mixing. Substraction of both spectra provides the pure DNA
spectra with a maximum at about 260nm. b) Spectra of DNA incubated with PtCl;~
obtained at different times of the binding process. Note the absorbance increase around
260 nm indicating the breakdown of the DNA base stacking.

to a concentration of 0.2mM PtCl3~ corresponding to a complex-to-base-pair ratio
(C/B ratio) in solution of 6 complexes per base pair.

For the melting studies the DNA was incubated overnight with the complexes,
resulting in an final Asgy increase. However, monitoring the Asgy increase of the
DNA over time should provide information about the time scale in which the distor-
tion of the base stacking, and therefore the binding of PtCl3~ takes place. However,
the Asgy of DNA can not be directly measured in the spectrometer, as it is over-
lapped by electronic excitations of the Pt complexes (Fig.4.2a). Moreover, the
PtCli~ spectrum changes over time due to hydrolysis, which changes also for an
equilibrated complex solution, when it is mixed with the DNA solution as it is di-
luted. Therefore, in order to obtain the pure DNA spectrum, a reference solution is
measured over time additional to the DNA-PtCl3~ sample solution. This reference
contains only PtCl7~ in the same dilution as the sample. Subsequent substraction
of sample and reference spectra gives thus the DNA spectrum (Fig. 4.2a). All parts
of the spectrum, coming from the platinum, are successfully eliminated, if the DNA
spectrum shows no absorbance for wavelengths larger 320 nm. Application of the
substraction procedure to a series of sample and reference spectra in time, allows to
record the time course of the DNA helix breakdown, which is caused by the binding
of the PtCl3~ complexes. Figure4.2b shows the time evolution of the DNA spectrum
obtained this way. It clearly shows that the helix breakdown occurs in the range of
hours and is completed after about 12h. This means, that also the complete bind-
ing of PtC13~ to DNA proceeds at least in this time. In this case complete binding
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Figure 4.3: Reaction model of the hydrol- Table 4.1: Equilibria and rate constants for
ysis of PtCli_ according to Ref. 99 the hydrolysis of PtCli_ from Ref. 99.

means the maximum possible loading of the DNA with about three complexes per
base pair, which is achieved at the applied C/B ratio of 130 [90].

For cisplatinum the time scale of the binding depends very much on the hydrol-
ysis of the complex [91]. For PtCI3™ it is interesting to know, whether the binding
to DNA is hydrolysis limited, too. To investigate this, one needs exact information
about the percentage of the different hydrolyzed species in a PtCl3~ solution. The
hydrolysis of PtClI3~ is slightly different to cisplatinum, as four chlorine ligands can
be exchanged by water. The model for the involved reactions is depicted in Fig-
ure4.3. In principle all four chlorine ligands can be replaced by water. However,
from the rate constants one sees that the formation of trans-[PtCly (Hy0)5]% as well
as of [PtCl (Hz0)3]" from the cis-complex is very slow. Considerable amounts of
these two species are only found for reaction times times larger than 100 h in very di-
lute solutions [99]. Therefore, a solution of PtC13~, which is aged overnight, contains
only PtCI3~, [PtCl3 HyO]~ and cis-[PtCly (Hy0)5]° . The time for the hydrolysis of
these complexes is in the order of 10 h. Therefore, taking the equilibrium constants
for the two reactions involved in the formation of the three complexes, it is possible
to calculate the percentage of complexes after overnight aging (Fig.4.4). One can
see, that the fractions of the three complex species can be varied over a large range

100
80 |
. [PtCl,(H,0)] [PtCl,]
2 60
=
3
E 40
20 / Figure 4.4: Percentage of the dif-
L eciog
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Figure 4.5: Time course of the breakdown of DNA base stacking due to PtCLZ[ binding
dependent on the hydrolysis. The breakdown of the DNA base stacking was recorded at
260 nm for four different hydrolyzed PtClZ_ solutions, which were prepared directly before
the experiment started by dilution to 1 mM from I) fresh and 16 h aged II) 100 mM, III)
10 mM and IV) 1.5 mM PtClZ_ stocks. The fraction of the different hydrolyzed species can
be seen in the table. It was calculated as described in the Appendix A.1.2. tAA360/2 (min)
denotes the time after the half of the total Asgy absorbance change is reached.

by changing the total concentration of the complexes. This opens a way to prepare
differently hydrolyzed complex solutions with the same molarity of complexes, just
by dilution of differently concentrated aged stock solutions. For the investigation
of the hydrolysis-dependent binding of PtCl3~ to DNA, four 1 mM solutions with
different fractions of hydrolyzed species are used (Table in Figure4.5). Solution
I, which contains only non-hydrolyzed complexes, is prepared by diluting freshly
dissolved salt. The other solutions are diluted to 1mM from 100 mM, 10 mM and
1.5mM stock solutions, which have been previously aged for 16h. These dilutes
contain now the same fractions of hydrolyzed complexes as their stocks, because the
hydrolysis of PtCI3™ is a quite slow process and changes only in the range of hours
(Appendix A.1.2). Thus, if the experiment is started immediately after dilution, one
knows the exact state of hydrolysis at the beginning of the investigation.

To study the hydrolysis dependence of PtCli~ binding, the breakdown of the
DNA base stacking was observed for each of the four solutions. As one can see
in Figure4.5, the binding of the Pt complexes to DNA is very much affected by
the hydrolysis. Like in the case of cisplatinum, a higher degree of hydrolysis leads
to a much faster breakdown of the base stacking, i.e. to a faster binding process.
This means that the binding of PtC15~ to DNA is hydrolysis dependent, from which
one may conclude that the binding mechanism is very similar as for cisplatinum.
Another consequence from this experiment is, that in the following metallization
experiments only previously aged stock solutions of complexes are used, in order to
ensure a complete binding of PtCl2~ to DNA during an overnight incubation. The
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typical stock concentration was 10 mM.

As one could see in the previous investigations, the DNA base stacking is com-
pletely vanished during the binding of the Pt complexes. This means, that large
distortions of the DNA structure must be present. Up to 0.2mM PtCl3~ the DNA
is still double-stranded at room temperature, but it is not clear, if this is still the
case for higher complex concentrations. SFM studies, described later on, confirm
heavy structural changes. These distortions are not desirable, as they alter also the
morphology of the DNA template network structures. One way to avoid them is
the additional stabilization of the DNA during complex binding. An increased ionic
strength of the solution, for example by addition of monovalent ions, is known to
increase the melting temperature, i.e. to stabilize the DNA (Eq. 1.1, p.8). Different
buffers and salts are tried, whether they can stabilize the DNA upon PtCl3~ binding.
Doing this, one problem is, that PtCl3~ turns out to be very reactive with all kind
of buffers and anions, taking them as new ligands instead of chlorine. It changes
the whole properties including the reactivity with DNA and the reduction poten-
tial. Therefore, one requirement to any additive is that it shall not react with the
Pt complexes, which can be easily checked by measuring the UV /VIS spectrum of
PtCl5~ after incubation with the additive. It turns out, that all buffers used in
this experiment (Hepes, Tris-SO2~, Mes) change tremendously the complex spec-
trum and can thus not be applied for DNA stabilization. Furthermore, the additive
shall not contain Cl~ ions, as they shift the hydrolysis balance towards the non-
hydrolyzed species and prevent the binding this way. An appropriate salt, showing
no reaction with PtCli_ was found with NaySO4. The helix breakdown during
PtCl3~ binding was therefore studied in the presence of different concentrations of
NaySO, (Fig.4.6). At the beginning no retardation of the helix breakdown due to
Nat is visible. However, at larger reaction times the collapse of the base stacking
becomes slower with increasing Na™ concentration. The final increase Asgg in the
presence of Na*t is smaller than without salt addition and furthermore significantly
less than the absorbance increase, which is obtained by denaturing double stranded
to single stranded DNA. This points to the fact that the base stacking is partially
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preserved in the presence of NaySO,4. Thus, the distortion of the DNA double helix
due to the reaction of PtCl3~ with DNA can be reduced upon addition of Na™.
However, with this investigation it remains unclear, if the sodium ions affect the
complex binding to the DNA. The origin of the stabilization can either be an in-
creased helix stability or a reduced binding, whereas the latter case is not desired.
The reduced binding can even be caused by the increased helix stability, which leads
to sterical hindrance of the complexes. The similar kinetics after the start of the
binding points to the fact, that Na™ does not affect the binding at the beginning of
the reaction.

4.1.2 Gel electrophoreses

From the UV/VIS studies it is known, that binding of PtCl{~ to DNA leads to
the complete destruction of the DNA base stacking for high C/B ratios. From this
investigations, however, it is not clear if the base pairing is still preserved or if the
DNA denatures upon the complex binding. The maintenance of the double-stranded
configuration is, however, very important, for example, for the metallization of DNA
junctions or DNA which is anchored between electrodes. Denaturation would de-
stroy these template structures.

In order to investigate the DNA configuration a series of investigations using gel
electrophoresis was done. Here, the fact was used that long single-stranded DNA in
contrast to double-stranded DNA, does not run in a sharp band but only in a smear
in non-denaturing agarose gels. If DNA covered with platinum complexes would be
denatured, it should therefore not run in a band. For the reason of comparison, both,
single- and double-stranded DNA, was incubated with PtC12~ for 16h. In order to
look at differently long DNA fragments, A-DNA as well as A-DNA digested with
HindIIl was applied. The single-stranded form of the fragments was obtained by
heating the DNA for 5min at 95°C and subsequent cooling on ice in order to avoid
reassociation. A problem, which still remains, is the visualization of the DNA in the
gel, as the bound complexes prevent staining of the DNA with fluorescence dyes.
Therefore, the platinated DNA is, previously to the gel electrophoresis, incubated
with a small amount of a reducing agent (dimethylammine borane, DMAB). It is not
sufficient to reduce all platinum in solution, but large enough to form few small clus-
ters at the DNA. After running the gel, the DNA is visualized by enhancing the small
Pt clusters with the gold stain, previously applied to proof the thiol modification of
the DNA (Fig. 3.4, p. 48). The result of this experiment is shown in Figure4.7. Lane
A shows the single-stranded \-DNA complexed with PtCl~. As expected, only a
smear can be seen in the gel. By contrast, the double-stranded \-DNA, which was
before incubated with PtCI3~ for 16 h, runs in a sharp band. This means, that the
double-stranded configuration is with bound complexes maintained, although the
helix structure is largely disturbed. This fact is even supported by the shorter frag-
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ments of HindIIl digested A-DNA, where the same result is obtained. Denatured
fragments complexed with PtC13~ run in a smear. Double-stranded fragments down
to 2kbp run in bands after PtCI3~ incubation, showing that the double-stranded
configuration is also preserved for these short DNA strands. In the HindIIIl re-
striction site map in Figure4.7 one can see that the largest fragment should have
a length of 23.1kbp. However, another band on the large molecular weight side
is apparent. This band can also be observed for native, non-platinated fragments,
where molecular weight estimations gave a length of about 28 kbp. The reason for
this is that the both ends of A-DNA have complementary, cohesive 5-overhangs,
which can rehybridize to form the original plasmid. The melting temperature of
this connection is about 59°C and thus stabile at room temperature. If the two
end fragments of HindIIl digested A-DNA reassociate, a 27.5kbp long fragment is
formed as depicted in the restriction site map (Fig.4.7). The high molecular weight
band is, therefore, attributed to this construct. Supported is this explanation by
the fact, that after heating HindIII digested A-DNA to 65°C, followed by rapid cool-
ing on ice, the band can not be seen in the gel anymore, as the 12bp long link is
denatured. Furthermore, if a strong 27.5 kbp band is be found, the intensity of the
4.3 kbp fragment is significantly lowered. Observing the 27.5kbp construct also for
DNA, which is fully loaded with PtCI3~, points to the fact, that even the 12bp long
link stays double-stranded. It is a particular sequence, formed by 10 GC and 2 AT
base pairs, but it proofs that the double-stranded configuration is even maintained
on a length scale of a few bases, and that no larger denaturation takes place.

4.1.3 SFM studies

The structural changes which DNA undergoes upon PtC13~ binding can be visualized
by SFM. Figure4.8a shows one complete native A-DNA molecule. The molecule
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Figure 4.8: SFM images of DNA complexed by PtCl;~. a) Native A-DNA. b) A-DNA
after 1h of PtCl~ incubation. c¢) A-DNA after 16h of PtCl}~ incubation. d) »-DNA
after 16 h of PtCli_ incubation with additional 100 mM Na™.

appears naturally coiled, but only on a larger length scale of more than 100 nm. The
height of the adsorbed DNA is with about 0.5 nm the same along the whole molecule.
After 1h of incubation with PtCI3~ sharp kinks and shorter coils can be seen in the
DNA structure (Fig.4.8b). Furthermore, dots with a height up to 1.5nm become
visible at the molecule arising from kinks out of the image plain. In Figure4.8c the
DNA morphology is shown after 16 h incubation with PtCl3~. The density of kinks
with a larger height is much higher. Thus, there are no regions anymore with the
height of native DNA of 0.5 nm. The distortions cover the whole molecule. Together
with the overall height increase, the length of the molecule appears shrinked. Length
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molecule length
native A-DNA 16.0 - 16.4 pm
A+ 16h PtCI2~ 1.5- 2.9 um
A+ 16h PtCI2~ + 100mM Na*  3.5- 9.7 ym

Table 4.2:  Averaged DNA length as obtained from SFM images for native A-DNA and
A-DNA complexed by PtCl3~ with and without Na™.

measurements of about 20 molecules show that the average length is reduced by
about a factor of 8 (Tab.4.2). The shrinkage agrees to observations of ONOA and
coworkers [95]. The shrinkage of the DNA length can not be explained by the
rapture of single molecules, because otherwise in the electrophoresis experiment
no sharp band indicating a unique molecule length would be obtained. The SFM
investigation agrees nicely with the spectroscopic data concerning the time scale of
the binding process. It clearly shows, that the largest structural changes still occur
after 1h of binding.

As already explained previously, it is desirable to avoid the large distortions
induced by PtCI3~ to the DNA structure. In the spectroscopic investigations of the
binding process, it is shown, that the Na*t ions from added NaySO, can reduce the
distortion of the DNA base stacking. Figure 4.8d shows A-DNA after 16 h incubation
with PtCli_ in the presence of 100 mM NaySOy4. As one can see, large distortions
are still visible. Also the overall height increase of the DNA is found. However, the
length of the molecule seems to be larger than in the case without NaySO4. This
is confirmed by length measurements of a larger number of DNA molecules, where
the average length is found to be about three times larger than in the absence of
NaySOy (Tab. 4.2). This means, the addition of Na™ can stabilize the DNA structure
although it cannot completely avoid distortions.

4.1.4 Conclusions about the binding of PtCl>~ to DNA

Investigated was the binding of PtC12~ to A-DNA in a large excess of Pt complexes
to DNA base pairs. In particular a C/B ratio of 130 was applied in most of the
experiments.

(1) Tt is found that the PtC1;~ complexes induce tremendous structural distortions
on the DNA. The melting temperature is lowered, the DNA base stacking is
completely distorted, i.e. the helix structure breaks down, and lots of kinks
are induced into the linear structure of the molecule.

(2) The distortions of the DNA structure do not cause denaturation of double-
stranded DNA. The double-stranded configuration is maintained at least down
to a length of 12 bp.
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(3) The time scale of the helix breakdown is in the range of several hours. Thus,
the complete binding process, leading to a coverage of the DNA with 3 com-
plexes per base pair [90], proceeds at least this time.

(4) The binding depends strongly on hydrolysis. Therefore, a similar binding
mechanism as in the case of cisplatinum is likely. It involves a hydrolysis step,
before a bond to the DNA bases can be established. To ensure rapid and com-
plete binding of PtCI3~ to DNA, for the following metallization experiments
a 10mM stock solution, which was aged for 16 h, was used.

(5) The structural distortions can be decreased by addition of NasSO,4 during the
binding process. This additive stabilizes only the DNA but does not react
with the Pt complexes.

From the performed experiments the quantity of bound complexes remains un-
clear. Thus it is possible, that the binding of further complexes still proceeds after
the breakdown of the base stacking. However, it can also be the case that the binding
is complete before and that the breakdown process is driven by the establishment
of additional bonds of Pt complexes to the DNA. For example monofunctional Pt
adducts become bifunctional and increase therefore the distortion of the DNA struc-
ture. Measurements of the quantity of bound complexes are necessary to gain in
future better insight into the interaction between PtCl3~ and DNA.

4.2 Cluster formation without DN A

Metallization using PtCI3~ requires chemical reduction of these complexes. In our
group the reducing agent dimethylammine borane (DMAB) has been successfully
applied to metallize microtubules [9,10] as well as DNA [18]. It turned out to be
well compatible with these biomolecules. It is known to be also an efficient reducing
agent for the chloro complexes of platinum [100]. Therefore, DMAB was chosen as
reducing agent in the following metallization experiments.

Before the metallization of DNA is investigated, experiments about the cluster
formation without DNA are carried out. These experiments are done under the
same conditions and concentrations like the following preparations in presence of
DNA. The experiments in the absence of DNA serve as a reference. Only from the
comparison with the studies performed in the presence of DNA one can determine
the influence and the role of the DNA during the cluster formation process.

The result of Pt cluster formation from PtCl;~ and DMAB without DNA is
shown in Figure4.9a. The sample contains only about 50 nm large polycrystalline
agglomerates, similar to the results reported in Ref. 100. Two conclusions can be
gained from this experiment. First, DMAB is able to reduce PtCl3~ without ad-
ditional heterogeneous nucleation centers. The cluster formation takes place via
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Figure 4.9: Pt particle formation by chemical reduction of PtClZi in the absence of DNA.
Electron micrographs of Pt particles formed from 1mM PtCI2~ and 1mM DMAB: (a) In
the absence of citrate, (b) in the presence of 0.5 mM citrate. The inset shows an enlarged
area of the image. The scale bar is 10nm. ¢) SFM image of Pt particles prepared without
citrate. DNA was added 5 min after the chemical reduction was started.

spontaneous, so-called homogeneous nucleation in solution followed by the growth
of small particles. Second, the presence of only 50 nm large polycrystalline agglom-
erates is caused by the agglomeration of smaller particles into bigger agglomerates in
the absence of any capping agent. Small particles possess a very large surface energy
due to a high ratio between surface and volume. This surface energy is reduced by
agglomeration leading to a stabile state. Only by the use of capping agents it is
possible to stabilize the small crystallites and prevent their aggregation.

It is widely known in the literature that citrate acts as a strong capping agent for
Pt colloids [101]. Depending on the stoichiometric ratio between metal complexes
and citrate, monodisperse, single-crystalline nanoparticles can be obtained. The
synthesis of Pt clusters from PtCl;~ and DMAB in the presence of citrate results
also in the formation of small single-crystalline clusters (Fig.4.9b). Here, a PtCI3~
to citrate ratio of 2:1 was used. As the inset shows, these particles are often of
tetragonal or polyhedral shape, which is typical for citrate stabilized Pt clusters.
This experiment shows that, in order to obtain small, separated Pt crystallites,
a capping agent is needed. The capping impact of citrate during the DMAB re-
duction is not complete, because the resulting colloid suspension does not contain
monodisperse particles. The size of the small crystallites varies from 5 to 10 nm.
Furthermore, some larger agglomerates as in the absence of citrate are found, which
might be caused by the much faster reaction kinetics of less then 30 min for DMAB
in comparison with the slower process using hydrogen as reducing agent [101]. As
stated at the beginning, the experiments without DNA serve only as reference and
no work is done to tune the conditions here to synthesize monodisperse citrate stabi-
lized colloids. It is noteworthy that the morphology of the randomly formed cluster
aggregates in the presence of citrate is already partly chain-like without DNA. The
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length of the chains where one cluster follows another is, however, restricted to less
than 100 nm.

To investigate the interaction between DNA and clusters formed in the absence
of DNA by homogeneous nucleation, DNA was added to the cluster suspension after
the cluster preparation. Here, it is not sufficient to use TEM for imaging as only
clusters, consisting of metal, can be seen, but not the DNA formed of light organic
molecules. However, one can apply SFM in order to visualize both, clusters and
native DNA, as Figure 4.9c shows. The bright dots in the image are the aggregates
of homogeneously nucleated particles, as their height of more than 20 nm shows.
There is a certain, but rather low affinity between these aggregates and the DNA
molecules found in the image. This shows, that the particles are already sufficiently
stabilized due to aggregation and do not require an additional capping agent.

4.3 Cluster formation in the presence of DNA

In general, the Pt cluster nucleation in the presence of DNA can happen in two
ways: (i) spontaneous in solution (homogeneous nucleation) or (ii) directly at the
DNA template (heterogeneous nucleation). In principle both processes could be
used for DNA metallization. This means, it should also be possible to achieve a
metallization by adsorption of homogeneously nucleated Pt clusters to the DNA.
However, from the previous section it is known that aggregation of these particles
is very strong. Therefore, the obtained metal structures should be irregular and
coarse. The better way, which should prevent the aggregate formation and should
lead to a more homogeneous coverage of the DNA with metal, is the heterogeneous
nucleation of clusters at the DNA, i.e. the direct growth of particles at the template.

The aim of the following metallization experiments is to initiate the cluster
growth at the DNA. This will be done by activating the DNA with the PtCl;™
complexes, i.e. by densely covering the DNA with bound complexes, which shall
serve in the subsequent reduction step as nucleation centers. The hope is that the
heterogeneous nucleation at the activated DNA is kinetically favored to the homo-
geneous process in solution, which should lead to the suppression of the latter one.
Probably, it is impossible to hinder the nucleation in solution completely, as there
will always be a balance between heterogeneous and homogeneous nucleation. But,
by carefully adjusting the reaction parameters it should be possible to shift the
balance in the desired direction.

In order to investigate the contributions of both reaction ways, it is necessary
to compare both processes. Therefore, in the following the cluster formation in
the presence of native, i.e. non-activated, DNA, which should be dominated by
homogeneous cluster formation, will be compared with the cluster formation in the
presence of activated DNA.
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4.3.1 Cluster formation with native DN A

Cluster formation in the presence of native DNA is achieved by simultaneous mixing
of PtC12~, DNA and reducing agent. The result is shown in the TEM micrograph
in Figure4.10a. One can see about 5nm large platinum clusters forming partly
chainlike aggregates but as well large aggregates with about 50nm in diameter.
To get further insight in the morphology of the cluster aggregates, SFM samples
were prepared (Fig.4.10b). For this, a reduced amount of DMAB was applied, in
order to leave enough free DNA, which is not covered with clusters. It again shows
that the formed particles consist of 5nm clusters as well as large aggregates with
diameters of about 50 nm. Additional to the TEM image, it can be seen, that the
small clusters are located directly at the DNA and that the large aggregates are
surrounded by lots of DNA strands. This leads to a few conclusions: (i) The large
aggregates show that homogeneous nucleation takes place and is even a dominating
process during the particle formation in the presence of native DNA. (ii) Aggregation
leads to inhomogeneous metal distribution along the DNA strands. The clusters are
located at the DNA strands, but chains of single clusters are rather short. (iii) The
DNA acts as a good capping agent or protecting polymer for platinum clusters, as
it is able to hinder the aggregation of small clusters to large particles. This particle
stabilization by DNA was already found for CdS particles [102]. The origin of these
small clusters on DNA, seen in the SFM, remains still unclear. They could be
grown from first bound Pt complexes at the DNA or homogeneously nucleated and
subsequently trapped by the DNA before they can aggregate.

The addition of DNA during cluster formation changes also the kinetics of the
process. This is already visible by eye. Without DNA the solution starts to turn
black already a few seconds after addition of the reducing agent. With DNA a re-
markable turbidity can be seen only after several minutes. To determine the kinetics
of the cluster formation quantitatively, the UV /VIS absorbance increase at 600 nm
was measured. At this wavelength the extinction is not overlapped anymore by the
electronic excitations of PtCl2~ or DNA and only absorbance and light scattering
at the growing Pt particles is observed. Figure4.11 shows the development of the
600 nm absorbance (Agop) upon time for different amounts of added native DNA.
The more DNA is added, the slower is the absorbance increase. Whereas in the
absence of DNA the particle formation process is finished after about 3 min, max-
imum absorbance is reached for the highest DNA concentration only after 20 min.
At about 100 ug/ml DNA the maximum delay is reached and no further retardation
is obtained by increasing the DNA amount. The value for the maximum absorbance
of about 2 is also interesting. If the platinum particle suspension would contain only
spherical particles smaller than 20 nm, which do not aggregate, the absorbance can
be calculated using the MIE theory. For a 1 mM solution of PtCl3~, where all the
complexes are reduced to colloidal platinum, a value of 0.35 is obtained for the ab-
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Figure 4.10: Pt cluster formation in the presence of native A-DNA. The concentrations
are 1 mM PtCli_ and 5 ug/ml A-DNA. a) TEM micrograph of the reduction with 1 mM
DMAB. b) SFM image obtained by reduction with 0.2mM DMAB. The arrows indicate
DNA coils around large cluster agglomerates.

sorbance, which is independent from the diameter of the particles (Appendix A.1.3).
This means, that the obtained absorbance of 2 reflects mainly the aggregation of
small clusters into big particles, which is consistent with other investigations [86].
The decreased maximum absorbance for the highest DNA concentrations indicates
therefore a decreased number and size of large agglomerates.

Where does the strong retardation of the cluster formation due to the DNA come
from? In the absence of DNA particles are free to agglomerate. After an agglomer-
ation center is formed, it attracts faster and faster, more and more small clusters.
As one can see in the SEFM image (Fig.4.10b), DNA can stabilize the small clusters
and prevent their aggregation. Therefore, the formation of aggregation centers as

Figure 4.11: Kinetics of Pt clus-
ter formation in the presence of
non-activated DNA for varying
amounts of DNA. DNA concentra-
tion is given in pug/ml. The con-
. . centrations for PtC12~ (1mM) and
Time (min) DMAB (1 mM) are kept constant.

0 5 10 15 20 25
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well as the further aggregation is hindered and therefore retarded. Furthermore,
DNA stabilizes also the large agglomerates, which can be seen from the DNA coils
found around them. This should decrease the affinity of the large particles for small
clusters and additional lead to a slower aggregation.

4.3.2 Cluster chain formation at activated DNA

Pt cluster formation in the presence of activated DNA is carried out by incubat-
ing A-DNA 20h in an aged solution of PtCl3~ with a complex to base pair ratio
of 130:1, in order to allow the dense coverage of the DNA with bound complexes.
Subsequently, colloidal platinum is formed by starting the chemical reduction. The
result, obtained for activated DNA, is strikingly different to the case of native DNA.
Chains of platinum clusters, where one cluster follows the other, with cluster di-
ameters between 3 and 5nm are found (Fig.4.12a). The cluster chains reach a
length in the micrometer range (Fig.4.12b). Furthermore no large aggregates or
other background, but exclusively small clusters forming chains are obtained. High
resolution transmission electron microscopy (HRTEM), which is able to resolve the
lattice plains of the formed clusters (Fig. 4.12¢), confirms the monocrystalline char-
acter of the clusters. The lattice plane distances can be easily extracted in the power
spectrum of the HRTEM image. They are in good agreement with the values for
bulk platinum along the [111], [200] and [202] directions, confirming the formation
of metallic platinum. In Figure4.12c¢ one can furthermore see, that the clusters are
partly grown together, connected via grain boundaries. Thus, a continuous wires
with a length up to 100nm and a maximum diameter of 5nm are formed. These
regions of continuous metal coverage are, however, separated by a few nanometers
large gaps. Interesting is also the non-spherical, sometimes oval shape of the parti-
cles indicating that the growth proceeds along the DNA. In order to proof directly,
that the clusters are located at the DNA, SFM imaging was performed on cluster
chains synthesized with 1/5 of the normal amount of reducing agent (Fig.4.12d).
The cluster density is therefore lower. This way uncovered DNA and clusters can
be seen in one image. It shows clearly, that the clusters or only found at the DNA
and not anywhere else. Furthermore, the clusters cover the whole DNA equally and
no longer parts without metal coverage is found, which is in contrast to the case of
native DNA.

From the investigations of the morphology of the formed cluster chains one can
conclude: (i) All the small crystallites with a lateral dimension smaller 5nm, are
located on DNA strands, because no additional capping agent beside DNA is present
in solution. Otherwise large spherical aggregates should be observed. (ii) DNA is an
excellent capping agent. A DNA concentration of 15 uM nucleotides is sufficient to
obtain a stable suspension of 5nm crystallites, whereas 500 uM citrate still leads to
aggregation. (iii) The cluster chains can only be synthesized with activated DNA|
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Figure 4.12: Pt cluster formation in the presence of activated DNA. a) TEM micrograph
on a part of a cluster chain formed by 20h activation of 5 ug/ml A-DNA in 1 mM PtCli_
and subsequent reduction with 1 mM DMAB. b) Large scale view on the same chain. c)
HRTEM image of the cluster chain. The scale bar in the inset is 2nm. d) SFM image of
clusters grown at activated DNA with a reduced amount of DMAB of 0.2 mM.

which is densely covered with complexes! This proves, that cluster nucleation takes
place heterogeneously at the bound complexes. (iv) The absence of aggregates con-
sisting of homogeneously nucleated, unstabilized cluster shows, that homogeneously
nucleation is hindered and even completely suppressed. (v) Over all, the existence
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of stabile, densely covered cluster chains along DNA is remarkable, as investigations
of positively charged colloids, which bind electrostatically to DNA, revealed, that
only a small fixed number of colloids can adsorb at the DNA [64]. There, further
attempts to load the DNA with more colloids resulted in an instable phase and ag-
gregation of the particles. This is another point, which shows that the cluster chains
are not formed by an adsorption process, but by cluster nucleation at the template.

To investigate in more detail the role of the bound complexes for activated DNA,
the kinetics of the platinum reduction was measured in presence of DNA, which was
differently activated for different times (Fig.4.13a,b). It can be clearly seen, that
the longer the DNA is activated, the faster the cluster formation process. This can
be quite easily understood by making use of the morphology studies of the cluster
chains formed from activated DNA. They suggested a preferred heterogeneous nu-
cleation at the DNA and a suppressed homogeneous nucleation. This means, with
the complexes, bound to the DNA, nucleation sites are introduced into the solution,
which promote the cluster growth and make it much faster. This is exactly seen in
the development of the reduction kinetics upon DNA activation.

The time which is necessary to achieve complete activation is about 20 h. This is
quite well in correspondence to the time scale in which binding of the complexes to
the DNA occurs and supports once more the finding that the complexes bound to
the DNA promote the heterogeneous nucleation at the biotemplate. The maximum
absorbance after cluster formation is for activated DNA about the same as for non-
activated DNA. For the latter one the height of the absorbance value was explained
by the dominating influence of the large cluster aggregates. For activated DNA
only small crystallites are found. On a first view one could think that the final
absorbance should equal 0.35 - the value obtained by the MIE theory. However,
MIE theory is valid only for spherical particles. The cluster chains consist of oval
cluster, which are additional grown together, and therefore probably better described
as rods. GANS extended the model of MIE to ellipsoids [103]. Application of of this
theory to particles with an aspect ratio of 1:5 leads to a four times increased Aggg
in comparison with spherical clusters [104], which may explain the high absorbance
value for the cluster chains. These chains are strictly spoken also agglomerates,
however, agglomeration is here restricted to “one dimension”.

In Figure4.13c the kinetic curves for the cluster formation without DNA, with
native and with activated DNA are summarized. The fastest process is the pure
agglomeration of small particles into large aggregates in the absence of DNA. Addi-
tion of native DNA leads to a retarded reaction, as the Pt crystallites are stabilized
by the DNA, which hinders their aggregation. Introducing nucleation centers in the
form of activated DNA into the platinum solution results again in an accelerated
cluster formation, although it is due to the cluster stabilization by the DNA not as
fast as the process without DNA.

In the framework of the investigations of the cluster chains formed from activated
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Figure 4.13: Kinetics of Pt cluster formation in the presence of DNA after different acti-
vation times ¢,. a) Time evolution of the absorbance at 600 nm of a 1 mM PtCli_ solution
during reduction with 1 mM DMAB in the presence of 20 ug/ml DNA, which was activated
for different times ¢,. b) Reaction time as a function of the activation time, extracted from
the absorbance curves in (a). The reaction time was defined as the time, when half of the
maximum absorbance is reached. c¢) Comparison of the reaction kinetics for the cluster
formation without DNA, with non-activated DNA and with 20 h activated DNA.

DNA, a method was developed, which allows TEM and SFM of one and the same
object. It therefore combines the advantages of both techniques. With TEM only
the metal clusters can be seen and it provides the highest resolution. With SFM
metal particles and biomolecule can be imaged simultaneously. The method was
made possible by using Maxtaform finder grids, which copper support possesses a
view small wholes. At these spots the carbon film was enough stabilized by the
copper mesh that vibrations during tapping mode imaging with the SFM did not
occur. Figure4.14 shows a SFM and a TEM image of one and the same cluster
chain. With the SFM one can proof that no free DNA is located around the chain.
However, it is impossible to proof, if the DNA is covered with metal and if the
cluster coverage is dense or even continuous, although SFM is frequently applied in
literature for exactly that purpose [21,22]. However, single clusters of a chain can
excellently be resolved with TEM, showing also that the clusters cover the DNA
densely. The limited resolution of the SFM comes mainly from the rather large tip
radius compared to the tiny cluster structures. Single particles of the cluster chains
are broadened to such an extent that they are not resolvable. From the images one
can estimate the tip radius with a simple model where the cluster chain is assumed
to be a rod of diameter r and the tip is approximated by a semisphere of diameter R.
The height of the SFM tip h follows along horizontal deviations z from the center
of the cluster chain at x, the equation:

h=+(R+7)?2—(x—x0)2+7r—R, h>0. (4.1)
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Figure 4.14: SFM and TEM images of a single platinum cluster chain grown along a DNA
molecule a) SFM image. As substrate, a carbon-coated TEM grid was used. The height
scale is 20 nm. b) TEM image of the same chain. Inset: (A) section cut in the SFM image
along the small white line; (B) fitting function for the cut in A; (C) intensity profile in the
TEM image along the small black line.

A fit was performed along the section cut that is indicated by the small white line
in Figure4.14. The profile of the cut is plotted in the inset of Figure4.14. The
height of the cluster chain at the section cut is 5.6 nm. This value is taken for the
object diameter r. The fit of the section cut with the model curve, which is now
only dependent from the tip radius R, gives the best result for R = 17.3nm, which
is comparable to values found in the literature [105]. For better visualization of the
object broadening due to the tip, the inset of Figure 4.14 contains also the intensity
profile of a cluster located at the same place in the TEM image. Here, a width of
about 6 nm is obtained, which is in good agreement to the height measured in the
SFM image. Note, the intensity profile shows only gray scale values, which do not
represent the cluster height.

4.3.3 DNA sequence specificity of the cluster nucleation

In the previous section it could be shown that the selective growth of platinum
cluster at the DNA by chemical reduction of PtCI3~ is only possible in the pres-
ence of activated DNA. From the investigations, carried out to study the synthesis
process, it could be concluded, that the nucleation of the platinum clusters must
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take place heterogeneously at the DNA. The only possible heterogeneous nucleation
centers were found to be the PtCI2~ complexes, bound densely along the activated
DNA. With increasing activation time more and more of these nucleation sites are
introduced to the DNA and the cluster formation becomes accelerated.

From binding studies of PtCI}~ to DNA it is known that the kinetics of the
binding process depends on the sequence of the DNA [90,96,97]. At short binding
times it is found that, the higher the percentage of guanine-cytosine base pairs (GC
contents) of the DNA the more complexes can be found at the DNA. For long binding
times the amount of complexes does not anymore depend on the GC contents of the
DNA.

This binding behavior can now be used to design an experiment, which demon-
strates the sequence specificity of the nucleation of platinum clusters at DNA. If the
platinum complexes, which are bound to the DNA bases, really promote the hetero-
geneous nucleation at the DNA, than at low activation times the cluster formation
process should be accelerated with increasing GC contents, where more complexes
and thus nucleation sites are present. Three types of DNA with different GC con-
tents, obtained from Clostridium perfringens (26.5% GC), salmon testes (41.2% GC)
and Micrococcus luteus (72% GC), are used in this experiment. In order to proof
the previously made assumption, these different types of DNA are used in a series
of PtCI3~ reduction experiments, where the time of the DNA activation is varied
and all the other parameters like concentrations and temperature are kept constant.
The result of this investigation is shown in Figure4.15. One can see that it exactly
corresponds to the previously made conclusions. Without activation (¢, = 0) the
reaction time is for all GC contents equal. After short and intermediate activation
times of the DNA, where the coverage of the DNA scales with the GC contents, the
cluster formation is fastest for the GC-rich and slowest for the GC-poor DNA. After
48 h activation, when all possible binding sites at the DNA bases are occupied, the
reaction time is again equal for all three types of DNA. This leads to two important
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conclusions: (i) The GC dependency of the cluster formation kinetics can, following
the above made argumentation, only be explained by the fact that the platinum
complexes, which are bound to the DNA bases (Pt-nucleotide complexes), serve as
heterogenous nucleation sites in the cluster formation process. (ii) The strong se-
quence dependency of the DNA metallization at intermediate activation times opens
a possibility for a sequence dependent metallization. This could be done by using
an artificial DNA template, which consists alternately of regions composed only by
GC and regions composed only by AT base pairs.

4.3.4 Discussion of the nucleation mechanism at DNA

From the experimental investigations it comes out very clearly that the complexes,
which are bound to the DNA bases, act as heterogeneous nucleation sites during
the cluster formation by chemical reduction of PtCl3~. How can this experimentally
obtained fact be explained?

The electronic properties of the complexes bound to the DNA must be different
to the complexes in solution. These differences must be induced by the DNA bases,
otherwise for example the observed dependency of the cluster formation on the GC
contents could not be explained. This means, the driving force for the DNA pro-
moted cluster nucleation has to be searched on the single molecule level. A powerful
tool for such single molecule investigations provides First-Principles Molecular Dy-
namics (FPMD). Parallel to the experiments of the present work, Lucio COLOMBI
CraccHI from our group in Dresden performed simulations based on the CAR-
PARRINELLO method of FPMD, where he investigated the formation of platinum
dimers from two PtCl3~ complexes after reduction as the initial stage of cluster
formation. The results obtained from these studies can explain the DNA promoted
nucleation of Pt clusters and will be described in the following [87,88,106,107]. First
a description of the homogeneous nucleation and afterwards of the heterogenous nu-
cleation at DNA bases is given.

The classical model for the nucleation of metal clusters assumes the reduction of
metal ions (Me"") to their metallic state Me®, which can, driven by thermal fluctua-
tions, subsequently form a nucleus. The nucleus is only stable, if it exceeds a critical
size, i.e. a critical number of metal atoms. Only then it is energetically favorable for
the nucleus to grow and to attract more reduced metal atoms. Several experiments,
however, are contradictory to this classical model [101, 108]|. Furthermore, FPMD
investigations suggest a different mechanism [87]. These simulations showed that a
stabile platinum dimer is already formed by two PtCl;~ complexes after reduction
with only one electron. This means the two platinum complexes still have an “av-
eraged” oxidization state of 1.5. This Pt dimer is able to grow, i.e. to bind another
unreduced complex, thus forming a stabile trimer [106]. Further simulations showed
that an unreduced PtC12~ complex can bind to a small cluster consisting of 12 Pt(0)




4.3. CLUSTER FORMATION IN THE PRESENCE OF DNA 93

atoms. This binding is even possible, if the Pt atoms of the cluster are not fully
reduced [88]. The critical step in the simulated cluster formation process was found
to be the initial formation of the Pt dimer [87,88]. As a consequence the cluster
formation mechanism is changed tremendously. The metal ions in solution must not
be reduced to oxidization state zero, in order to bind to other metal atoms. Fur-
thermore, already two atoms, which is the smallest possible number, are considered
to be the nucleus as they form a stabile dimer, which is able to grow and to attract
easier complexes than single platinum complexes in solution. This differed cluster
formation mechanism is in better agreement with experimental findings, e.g. the
observed autocatalytic growth of platinum clusters, in which the presence of already
formed clusters catalyzes the reduction of further complexes [86,109].

To investigate the heterogeneous nucleation of Pt clusters at the DNA, the FPMD
simulations were extended to PtCl12~ complexes bound to DNA bases. A system
consisting of a free complex in solution and a complex bound to one or two bases
was first reduced by adding one electron. Subsequently the Pt dimer formation be-
tween the two complexes was investigated [20,107]. As discussed earlier, PtCI~ can
bind to different bases, where it forms at least monofunctional adducts, but due
to the similarities to cisplatinum also bifunctional adducts should exist. At the
fully activated DNA, the complexes are therefore bound by several different bind-
ing modes. In the simulations the following configurations have been considered: a
onefold and a twofold hydrolyzed complex bound to one guanine or to one adenine
[GPtClg(HQO)], [GPtCl(HgO)g]Jr and [APtClg(HQO)], [APtCl(HQO)2]+ as well as
a twofold hydrolyzed complex bound to two stacked guanines [GG-PtC1(Hy0)y)*"
(GGP).

Calculations of the HOMO-LUMO energy gap values of the mentioned adducts
showed, that the reduction of a platinum complex bound to the DNA is favored
over the reduction of a free twofold hydrolyzed complex. The same result was
obtained from optimizations of the electronic structure of a system containing the
free platinum complex and the bifunctional platinum adduct (GGP), where an added
reducing electron was found to be completely localized at the adduct [107].

Because of the higher reducibility of the Pt complexes, which are bound to
the DNA, the Pt dimer formation was studied between a free twofold hydrolyzed
complex and a reduced Pt-DNA adduct. The reaction for the complex bound to
two guanines is depicted in Figure4.16. It occurs in two steps. First a bond with
a Pt-Pt distance of 2.9 A is formed. Subsequently, a water ligand is released and
the Pt-Pt bond is strengthened, which leads to a final bond distance of 2.5 A. The
formation of a Pt dimer proceeds in exactly the same way also for the reduced
monofunctional Pt-DNA adducts. Beside the reaction path, where first the Pt-DNA
adduct is reduced, the reaction between a reduced free platinum complex and the
Pt-DNA adduct was investigated, which is justified by the high excess of free to
bound complexes (43:1), which makes the reduction of a free complex probable.
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Figure 4.16: Snapshots from a FPMD simulation of the formation of a Pt dimer by the
reaction of an unreduced Pt complex with a reduced Pt complex bound to two guanines
[107]. Pt: yellow, Cl: green, O: red, N: blue, C: grey, H: white. The orange isodensity
surface at 0.002 au represents the particle density of the unpaired reducing electron. a)
Initial configuration. b) Formation of an Pt-Pt bond after 200 fs simulation time. ¢) Final
configuration after the release of one water ligand at 2.2 ps.

Similarly to the first reaction path, one water ligand is split up and a final Pt-
Pt bond distance of about 2.5 A is obtained. By contrast, the water release step
and the accompanying bond strengthening does not occur for the homogeneous
reaction of two free complexes in solution. As a consequence the heterogeneous
reaction channel is energetically favored to the homogeneous process. Furthermore,
the electron affinity of the Pt dimer, which is bound to DNA bases is higher after
the water release step as discussed in Ref.20. Thus, the heterogeneously nucleated
cluster formation is, in comparison to the homogeneous process, energetically favored
at three steps during the initial dimer formation: (i) The higher electron affinity of
the Pt-DNA adducts. (ii) The stronger bond of the Pt dimer bound to DNA bases.
(iii) The further increased electron affinity of the Pt dimer bound to DNA bases.
These effects could therefore also lead to a kinetically favored process at the DNA,
as the autocatalytic growth process of the cluster is only limited by the initial dimer
formation. This argumentation is strongly supported by the experimental findings
in Section 4.3.2, where a pure heterogeneous nucleation was found to take place only
in the presence of activated DNA.

The energetically favored nucleation, which is induced by the DNA bases, is
caused by electron donation from the purines, adenine and guanine, possessing a het-
erocyclic structure. A possible reason for the increased electron affinity of Pt-DNA
adducts is the presence of delocalized 7 orbital states within the cyclic structure of
the DNA bases, which can better accommodate additional electrons [107]. Slight
differences between guanine and adenine in the Pt-Pt bond distance point to a
slightly increased electron donation from guanine. On the other hand, the bond
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energy of a Pt dimer is larger if it is bound to adenine than to guanine. There-
fore, no large differences in the ability to promote the heterogeneous nucleation are
expected from this data. This is again in accordance to the experimental observa-
tions, were a sequence specific cluster nucleation was found to be only caused by the
different binding kinetics of PtC13~ to guanine and adenine. After long activation
times, where independently of the GC contents an equal loading of the DNA with
Pt complexes is expected [90], the cluster formation occurs for all types of DNA on
the same time scale. Another effect, which is also seen in the experiments is the
hydrolysis dependence of the Pt dimerization reaction. The Pt-Pt bond energies
are distinctly larger for the dimers obtained from the twofold hydrolyzed Pt-DNA
adducts in comparison to the dimers obtained from the onefold hydrolyzed species.
This can explain that the reaction time is still decreased for activation times larger
than 30h (Fig.4.15, p.91), where the binding process of complexes has already be
finished. However, hydrolysis proceeds over longer times, as beside the twofold hy-
drolyzed cis-complex also the trans as well as a threefold hydrolyzed species are
formed after long aging times [99].

In conclusion, it is very remarkable that several mentioned experimentally find-
ings are in accordance with the proposed molecular mechanism for the heterogeneous
platinum cluster nucleation at DNA. This strongly supports, that the nucleation
takes place via the formation of a Pt(I,IT) dimer from a free complex in solution and
a complex bound to DNA bases by partially reduction with one electron, where this
reaction channel is strongly favored to the homogeneous nucleation in solution.

4.3.5 Influence of control parameters

The heterogenous nucleation of Pt clusters at DNA is governed by the DNA activa-
tion. Under certain conditions it is thus possible to synthesize Pt cluster chains. In
the following these conditions are investigated in detail. The aim is to understand
which parameters affect a successful cluster chain preparation, i.e. allow a selective
heterogeneous nucleation at the DNA. Furthermore, conditions are tested, which
influence the morphology of the DNA cluster chains and can reduce the shrinkage
of the DNA, which was already observed during DNA activation.

Parameters controlling the balance between homogeneous and heteroge-
neous nucleation

The cluster formation in the presence of native, i.e. non-activated, DNA is dom-
inated by homogeneous cluster nucleation in solution and subsequent aggregation
of the small grown crystallites. By contrast, the cluster formation in the presence
20h activated DNA is dominated by heterogeneous cluster nucleation and subse-
quent cluster growth at the DNA. The parameter, which splits the two cases is
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the activation time t,. This means with the increasing activation of the DNA the
balance between the two cluster formation routes is shifted from almost exclusive
homogeneous nucleation towards exclusive heterogeneous nucleation, which is nicely
illustrated with the measurements of the cluster formation kinetics dependent on the
activation time (Fig.4.13, p.89). This means, the first parameter, which affects the
heterogeneous nucleation, is the activation time %,.

The time window, which separates the two cluster formation routes during the
synthesis, is about 10 min, as the reaction time for activated DNA is typically 2 min
and for non-activated DNA about 12min. As for activated DNA the heterogeneous
process is dominant, the cluster chain formation has finished, before the homo-
geneous process can start, which is thus completely suppressed. However, if the
mentioned time window becomes small enough, the separation between homoge-
neous and heterogeneous nucleation can vanish. This can be achieved by using a
very reactive complex, which is much faster reduced by DMAB. Then the heteroge-
neous nucleation sites are not as dominating as in the case of PtCl~. Complexes,
which are very reactive upon reduction with DMAB, are palladium complexes like
palladium acetate and Ko,PdCl3~. Due to the structural similarities with PtCI3™,
the chloro complexes of palladium are also supposed to bind to DNA. The character-
istic time scale for the reaction of 1 mM PdCI;~ with DMAB lies below one second,
which is much below the time resolution of the UV /VIS measurements. TEM inves-
tigations of palladium particles, synthesized by reduction of PACI3~ in the absence
and in the presence of activated DNA reveal only large aggregates, which possess
a dendrite-like structure (not shown). This points to the fact that fast aggregation
of homogeneously nucleated particles is the main process, which was also shown
in Monte-Carlo simulations [110], and that an eventually occurring heterogeneous
process is not anymore dominating. This means, that for the fast reduction process
of PACI3~ the time window, separating the two nucleation routes, has vanished.
However, decreasing the reactivity of the reaction, which means slowing down the
cluster formation process, could separate both nucleation routes, as it is the case for
PtCl3~. A slower reaction can be easily achieved by addition of activated DNA and
citrate, as a further stabilizer, where the cluster formation takes place within 30s
until maximum 600 nm absorbance is reached. Figure4.17a shows the morphology
of the obtained palladium particles. Clearly, chain-like aggregates, which are not
present in the absence of DNA, as well as single palladium clusters can be seen. Do-
ing the same experiment with PtClI3~ instead of PACI;™ reveals only perfectly grown
cluster chains with well separated clusters and no free particles around (Fig.4.17b).
The time scale of this reaction is 8 min. Comparison of morphology and kinetics of
the reaction with PACI3~ and with PtCl5~ suggests, that, as expected, for PtCI3~
only heterogeneous nucleation takes place; for PACI2™ in the presence of citrate and
DNA however, heterogeneous nucleation leading to cluster chains as well as homoge-
neous nucleation leading to single clusters occurs. This means, that in the latter case
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Figure 4.17: Electron micrographs of Pt and Pd particles formed in the presence of 5
pug/ml A-DNA, 0.5 mM citrate and 1 mM DMAB. a) Pd clusters from 1 mM PdClZ* and
16h activated DNA. b) Pt cluster chain from 1 mM PtCl;~ and 16 h activated DNA.

the balance could be shifted from purely homogeneous nucleation in the absence of
additives towards partly homogeneous and heterogeneous nucleation by varying the
reactivity and thus the kinetics of the reduction process, which is another parameter
influencing the balance between the two nucleation routes.

Another possibility to change the cluster nucleation is the variation of reagent
concentrations. For this, clusters were synthesized for 1/4, 1/2, 1, 2, 4 times of
the standard concentrations (1mM PtCl3~, 5 ug/ml 20h activated A-DNA and
1mM DMAB. Cluster chains were found of course for the standard concentrations
(Fig.4.18a), which was used as a control. Furthermore, for the double (Fig.4.18b)
and the half (not shown) standard concentrations, cluster chains were obtained.
For 1/4 and 4 times of the standard concentrations, however, only aggregates (not
shown) were found. This indicates the existence of a relatively small reaction win-
dow, where optimal conditions for heterogeneous nucleation and stabilization of the
clusters are existent. The concentration dependence of the cluster chain synthesis is
a result of a changing homogeneous nucleation. At increased overall concentrations
the probability to form spontaneously a homogeneous nucleation center is increased,
too. Therefore, the whole process including homogeneous nucleation speeds up and
at a certain point the kinetic separation of the two nucleation routes vanishes, like
in the case of PdCl;". On the other hand, for the cluster synthesis at dilute con-
centrations, the distance of heterogeneous nucleation sites is increased. Thus, if
the diffusion of complexes next to the heterogeneous nucleation center is slower
than the homogeneous nucleation, the homogeneous nucleation channel is opened
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again. Therefore, only at intermediate concentration the heterogenous nucleation is
dominating.

Parameters controlling the morphology

During DNA activation the DNA structure is quite strongly altered. As already
previously explained the structural distortions of the DNA are generally not desired.
Therefore, investigations are carried out to understand, which parameters influence
the cluster chain morphology, and to find ways, to obtain longer chains, where the
DNA shrinkage during the activation is reduced.

During the activation the DNA helix structure can be stabilized by addition of
NaySOy, which reestablishes base stacking and increases the stiffness of the activated
DNA. Therefore, a parameter which should strongly influencing the morphology of
the finally formed cluster aggregates should be the rigidity of the DNA. The persis-
tence length, which is the measure for DNA flexibility, is about 100 nm for double
stranded DNA in 1mM low ionic strength solutions used in the present experi-
ments [46]. For single stranded DNA, however, it is only 10nm. Although the
distortion of the base stacking should decrease the stiffness and therefore the persis-
tence length of the DNA, activated double-stranded should still be much more rigid
than its single-stranded equivalent. The result of clusters preparation in the presence
of activated, thermally denatured, single stranded DNA is shown in Figure4.18c. In
contrast to double-stranded A-DNA (Fig. 4.18a), only short cluster chain parts form-
ing large aggregates can be seen. Probably, due to the reduced stiffness, the DNA
is not anymore able to separate the clusters efficiently, which can now much eas-
ier aggregate to stabilize themselves. In order to understand the higher degree of
aggregation for single stranded DNA, clusters in the presence of a mixture of the
single nucleotides forming the DNA (dGTP, dATP, dCTP, TTP) were prepared.
The chemical composition is except the fact that nucleotide triphosphates are used
identical to the solutions containing DNA. The only difference is the absence of the
DNA backbone connecting the single nucleotides. Figure 4.18d shows the particles
formed in this case. No cluster chains are synthesized, but only large ensembles of
well separated small clusters and furthermore up to 50 nm large aggregates can be
found. Note, that also the shape of the single small clusters has changed. Many of
them are polyhedral. The conclusions from this experiment are: (i) Nucleotides are
a very efficient capping agent. A concentration of 15 M leads to 5nm large crys-
tallites with a much smaller size distribution as formed in the presence of 500 uM
sodium citrate. (ii) The presence of large aggregates, however, suggests that cluster
stabilization is more efficient in the presence double-stranded DNA, where these
large particles are completely missing. This means, the aggregation of the particles
is controlled by the stiffness of the template . For double-stranded DNA only cluster
chains are obtained, which can be considered as aggregation in one dimension. For
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Figure 4.18: Standard Pt cluster formation in the presence of activated DNA versus
preparations under changed conditions. a) Standard cluster chain preparation done by re-
duction of 1 mM PtCli_ in presence of 20 h activated 5 ug/ml A-DNA using 1 mM DMAB.
b-f) Preparations under changed conditions: b) Twice of the standard concentrations.
c) With single-stranded A-DNA instead of double-stranded. d) With dNTPs instead of
A-DNA. The nucleotide mix has the same molarity and composition of bases like A-DNA.
The scale bar in the inset is 10nm. e) With additional 10 mM NapSOy,. f) With additional
0.5 mM sodium citrate. If not otherwise stated, the scale bar is 50 nm in all images.
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the less rigid single stranded DNA the extend of agglomeration in the other direc-
tions is increased, because the more flexible structure is not longer able to separate
the single clusters efficiently. Consequently, round aggregates are found for the free
moveable single nucleotides as there is no larger superstructure which can prevent
their formation. Furthermore, no cluster chains, but large loose aggregates of well
separated small cluster are found due to the missing superstructure.

From the previous experiments two possibilities can be thought of, how longer
cluster chains, which are less shrinked, could be obtained. One way is to increase the
rigidity of the activated DNA. The other way is to stabilize the clusters additionally
during their preparation, which should suppress aggregation along the cluster chain
and lead to longer chains with well separated particles. Both strategies are tested
in the following.

To increase the rigidity of the DNA template, NaySO, is applied during DNA
activation, as it stabilizes the DNA helix structure. The TEM micrograph in Fig-
ure 4.18¢ shows the cluster aggregates obtained for 10mM Na™. It is visible that
agglomeration of the single clusters takes place upon Na™ addition, which hinders
the formation of cluster chains. The addition of 100mM Na™ even increases the
degree of aggregate formation (not shown). Whereas the sols with 0 mM and 10 mM
Na™ are stable, the 100mM Na™ suspension precipitates, which can be seen in a
600 nm absorbance decrease starting after 3min. After 1h a clear solution with a
black precipitate on the vessel bottom is obtained. This agglomeration is caused by
the fact, that the higher ionic strength decreases the length of electrostatic inter-
actions between the particles in solution, which can thus better agglomerate. This
effect is commonly applied to clean and concentrate colloid suspensions by addition
of NaCl [70]. Thus, the expected effects by additional stabilization of the DNA
with NaySO, are cancelled due to the increased agglomeration caused by the salt.
Therefore, this strategy is not suitable to prepare longer cluster chains.

The other way, the additional stabilization of the clusters during their prepa-
ration can be easily obtained by adding citrate together with the reducing agent
to the activated DNA solution. Figure4.18f shows the morphology of the formed
cluster aggregates. Only cluster chains are found. The 3-5nm large clusters are all
well-separated as depicted in the inset, which is different in comparison to the prepa-
ration without citrate, where continuous regions are observed (Fig. 4.12¢c, p.87). The
found chains are longer than in the absence of citrate and also the curling of the
chains is reduced. Looking at the morphology of the single clusters, one finds that
they are often of tetragonal or polyhedral shape, which is a direct influence of the
citrate. This means, using citrate it is possible to stabilize the single clusters of a
chain and thus the whole cluster chain additionally during its preparation. Further-
more, it is possible to tune the properties of the cluster chains - from chains with
continuous metal coverage in the absence of citrate to chains with well-separated
single nanoparticles, which are aligned in a row, in the presence of citrate.
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4.4 Formation of continuous wires

Up to here the synthesis of Pt cluster chains along single DNA molecules has been
shown. The clusters can be grown together, thus forming continuous parts up to
100nm in length. However, there are still many gaps with a length of smaller than
5nm present in the metal coverage of a single cluster chain. But, in order to apply
metallized DNA for the wiring in electronic circuits, a continuous metal film is
required, i.e. a method is searched, which is able to fill these gaps with additional
metal.

Platinum clusters have already previously been used as nucleation sites to cover
other biomolecules, e.g. microtubules, with a continuous nickel film [9,10]. This was
done by electroless metallization, where a metastabile metallization bath is applied,
which requires for the reduction of nickel ions catalytic active centers, which are then
covered with metal. Because of the suitability of the technique for biomolecules
it was applied also for the synthesis of continuous wires at DNA. By a carefully
performed metallization, where only the gaps of the cluster chain are filled, it should
be possible to obtain wires with a diameter of 10 nm.

The synthesis of continuous wires by further metallization of Pt-DNA clus-
ter chains was done in close and fruitful collaboration with KINNERET KEREN,
MicHAEL KRUGER, EREZ BRAUN and URI SIVAN during a research stay at the
Technion in Haifa, Israel. In order to obtain stretched and straight metallized DNA
molecules the synthesis of small Pt cluster at the DNA was altered. \-DNA is in-
cubated overnight with 10mM PtCl;”. Then the excess complexes in solution are
removed by dialysis against water. Subsequently, DMAB is added, to reduce the
bound complexes, DMAB is removed by dialysis and the DNA is again incubated
with the PtCl2~ solution to bind more complexes. After another clean-up of the
DNA with dialysis the DNA is stretched in 10 mM AMPSO buffer on amine mod-
ified silicon according to the molecular combing technique [51]. The stretching of
this DNA is still possible after all the platination steps, although the maximum
stretching length was about only the half of the contour length of \A-DNA. After
the stretching procedure the complexes, which are bound during the second cycle,
are reduced by incubating the sample in a DMAB solution. Subsequently, gold
is deposited at the Pt nucleation centers by electroless metallization using a gold
enhancement solution [17]. With this method it is possible to obtain straight con-
tinuous gold wires with a diameter between 50 and 100nm (Fig.4.19a). Reduced
reaction times for the gold enhancement times does not result in thinner wires but
the structures are discontinuous. Using electron beam lithography, the gold wires
can be electrically contacted with gold contact pads (Fig.4.19a). At the end of the
stay in Haifa first electrical measurements were started, showing that the gold wires
exhibit conductivity. However, after a certain measurement time the wires were
burned out over a certain length, which did not allow the exact determination of
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100 nm

Figure 4.19: Formation of continuous wires by gold enhancement of Pt-DNA cluster
chains. a,b) SEM micrographs of gold wires. Pt clusters at the DNA were synthesized by
a modified method (see text). Microcontacts to the wires were fabricated using electron
beam lithography. The wire in b is burned out after electrical measurements. c¢,d) TEM
micrographs of a gold wire obtained by gold enhancement of a Pt cluster chain, which was
synthesized according the standard method.

the electrical resistance (Fig.4.19b). This instability is caused by grain boundaries
within the wire, which have a considerable higher resistance than the parts, which
are continuously covered with gold. Therefore, the majority of the electric power
is concentrated at these boundaries, which induces overheating and melting. In
further work of the group in Haifa, continuous gold wires using the same gold en-
hancement solution, but silver nucleation centers at the DNA, could be synthesized,
which showed ohmic behavior and good conductivity [17]. However, the diameter
of these wires could not be substantially decreased.

Using the gold enhancement solution it is also possible to further metallize the
Pt cluster chains, which were are synthesized according the standard procedure -
DNA activation with subsequent reduction. Figures4.19c,d show a wire which was
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fabricated by depositing cluster chains on a TEM grid and subsequent application
of the gold enhancement. The obtained wires are continuous, possess a length of a
view micrometers and have a minimum diameter of 50 nm. The zoom of Figure 4.19d
shows that the wire is composed of lots of grains.







Summary

The aim of the present thesis was to explore possibilities, how DNA can be used to
build up electronic circuitry as an alternative method for structure fabrication in
future nanoelectronics. Within the proposed fabrication scheme for a DNA-based
circuit several stages turned out to be essential: (i) the assembly of DNA networks,
(ii) the integration of DNA into microelectrode structures, (iii) the site-specific de-
position of functional elements, and (iv) the metallization of DNA templates. On
the way to accomplish these steps, methods were developed, which are summarized
in the following.

Construction of multi-branched, functional DNA junctions

A basic element of networks are junctions. Therefore, branched DNA molecules
with an arm length of 185 nm were constructed. The assembly of 3-armed DNA
molecules was accomplished in a 3-step procedure. First, a small 3-armed linker
element was hybridized from three semi-complementary synthetic oligonucleotides.
The oligomers were designed in such a way that the assembled linker element pos-
sesses short single-stranded 5’-overhangs. In a second step, elongations for the short
linker arms were prepared. They were obtained by PCR and subsequent restriction
enzyme digestion. The ends of the elongations were treated with Klenow polymerase,
in order to obtain 5’-overhangs, which were complementary to the overhangs of the
linker. Finally, the elongations were coupled to the linker element by ligation.

Moreover, by carefully choosing the sequences of the 5-overhangs of the linker
elements, it was possible to specifically connect different 3-armed linkers to each
other. Thus, n-armed linkers could be synthesized, which were used to assemble
n-armed junctions after an elongation step. The formation of junctions with 4 and
6 arms was demonstrated by gel electrophoresis and scanning force microscopy. The
developed building-block procedure, where linkers with more than three arms are
assembled from 3-armed linkers, allows high flexibility to construct junctions with
any number of arms. The number of the arms is for all constructs well-defined and
programmed by the sequences of the linker’s 5’-overhangs.

As an example how functional elements can be positioned in a DNA network,
5nm gold colloids were site-specifically attached to the center of 3-armed junctions.
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This was accomplished by incorporation of biotin at the ends of the elongations,
where the coupling to the linker occurs. Thus, three biotin molecules surrounded
the center of the final junction in a distance of 5nm. By mixing the junctions with
streptavidin conjugated 5nm large gold colloids, hybrid junctions carrying one or
two colloids at the center were obtained.

Stretching of single DNA molecules between gold electrodes

Single DNA molecules could be stretched between microstructured gold electrodes.
A simple, but nonetheless reliable and efficient method was developed to anchor
DNA specifically to the electrodes. The electrodes were modified to be positively
charged by coating them with an amino-thiol layer. By careful adjustment of the pH-
value of the solution, an end-specific binding of the DNA was accomplished. Using
this anchoring method, single molecules could be stretched between two electrodes in
a hydrodynamic flow. Applying varying flow directions, whole DNA networks were
obtained by stretching single molecules between gold dots forming a large array.
The advantage of using amino-thiols is the simplicity of this method - the electrode
modification is easy and it is not necessary to modify DNA ends or to rely on the
synthesis of a specific DNA end overhang.

Furthermore, other anchoring possibilities of DNA to gold electrodes, like thiol
functionalization of DNA with thiol modified oligomers and biotin-streptavidin link-
age, were successfully tested. In particular thiol modified oligomers were used
to attach only a single end of the DNA to the surface. The construction of bi-
functionalized DNA, which is modified on one end with thiol and on the other end
with biotin, could beyond that be applied to bind further nanoobjects to DNA
anchored with one end to the substrate.

A simple model was developed to characterize the stretching forces acting on U-
shaped DNA molecules in the hydrodynamic flow. The biotin-streptavidin anchors
were found to last forces up to 28 pN.

Growth of platinum clusters along DNA molecules

A method was developed, which accomplishes the selective growth of platinum clus-
ters at DNA in solution. The synthesis was done by chemical reduction of PtC13~
complexes, which were partly bound to the DNA. The result are micrometer long Pt
cluster chains with an average cluster diameter of 4nm. The clusters were found to
be partly grown together, thus forming continuous wire-like regions up to 100 nm in
length. The cluster nucleation was found to take heterogeneously place at the DNA
molecule, if the DNA was activated, i.e. if enough platinum complexes were allowed
to bind before chemical reduction. In this case the heterogeneous reaction channel
is kinetically favored to the homogeneous cluster nucleation in solution. This leads
to the complete suppression of the latter process.
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The heterogeneous cluster nucleation at the platinum complexes, which are
bound to the DNA, was found to be promoted by the DNA bases, i.e. it is template
directed. This is in agreement with First-Principles-Molecular-Dynamics simula-
tions, which show that the origin for the favored nucleation at the bound complexes
is electron donation from the DNA bases to platinum [107]. The dependency of
the DNA metallization on several control parameters, like activation time, reac-
tion kinetics and concentrations, shows that a heterogeneous nucleation, resulting
in the formation of cluster chains, takes only place within a small reaction window.
The morphology of the obtained DNA metallization can be tuned by additives like
citrate, and cluster chains with well separated clusters could be obtained.

Continuous gold wires can be synthesized by electroless metallization of the clus-
ter chains. This way wires with a diameter of 50 nm could be prepared.

Will DN A-based nanoelectronics be a perspective for the future?

The different methods, which were developed in the framework of this thesis, can
be seen as steps towards a future DNA-based assembly of electronic circuits. To go
further in this direction, the introduced procedures have to be combined, i.e. to be
put together into the assembly scheme proposed at the beginning. This means in
particular, that DNA junctions have to be metallized, DNA junctions have to be
attached to gold electrodes in a defined way, the metallization procedure has to be
adopted to DNA, which is attached to the surface, a real device has to be built,
larger DNA networks have to be assembled and so on. There is plenty of work,
which can and also should be done in this field.

However, what are the perspectives? Will it one day be possible to assemble a
whole computer chip only with the help of DNA? In short term, i.e. the next years,
this will probably not be accomplished. The lithographical techniques applied in chip
production are still much more powerful. A chance for the near future is maybe to
replace single steps during the whole fabrication process of a chip with DNA-based
techniques. For example, the wiring between certain functional elements, e.g. carbon
nanotubes, could be done using DNA. Or DNA can be applied for the assembly of
simpler nanostructures, like periodic arrays and single wires, as this technique does
not require large technical effort and could be much cheaper than other technologies.

The problems in the application of DNA and other molecules for the fabrication
of artificial nanostructures is the complexity of the systems, which one wants to
fabricate. In comparison to modern computer chips, the structures, which were self-
assembled using biomolecules, are up to now rather simple. Beside the formation of
single tubes or wires, the structures with the highest complexity are periodic arrays
of clusters [13,14,111] and DNA [6,34], which extend over a range of some hundreds
lattice constants. However, advanced circuits will require a much higher degree of
complexity than simple periodicity. In the recently developing field of DNA com-
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putation several ways to increase the complexity of DNA structures were proposed.
One idea is to construct periodic arrays of bits, where each bit represents a dual
information [112]. This theoretical approach, where sticky-ended cohesion controls
the assembly of structures of any complexity, has under experimental conditions to
deal with the serious problem of errors. Although ways for an error reduction are
suggested [113,114], the association of complementary DNA sequences will never be
completely precise. Furthermore, the number of errors scales exponentially with the
size of an array structure, which leads to a restriction of the self-assembled arrays
or networks to a rather small size.

The inaccuracy of the in-vitro assembly of biomolecules is not surprising. In
living nature errors are even desired. For example, mutations and recombinations of
the genome are among the driving forces of evolution. Furthermore, errors are not
avoidable because in vivo processes are highly dynamic and based on association
and separation of biomolecular units at about room temperature. A reason, why
such a complex system like a single cell can be assembled to possess a high specific
functionality, is that in living nature exist well elaborated feedback and error cor-
rection mechanisms. Up to know, such feedback loops have not been considered for
the in wvitro assembly of artificial biomolecular nanostructures, which has been the
main limitation for a successful assembly of much more complex structures. The
development of appropriate feedback and error correction mechanisms will decide,
if a biomolecule-, in particular DNA-based nanostructure assembly will be suitable
to fabricate such complex structures, as they will be required for future nanoelec-
tronics. The design, even of a simple feedback loop, is not trivial as the assembly
units are biomolecules. The task is, however, a technical problem, e.g. to estab-
lish a certain DNA bridge or in a wider framework to achieve a certain electronic
behavior between two points of a network. Maybe one day solutions for this kind
of problems will be found. Maybe biomolecule-based electronics will revolutionize
future nanotechnology. But, this will finally be shown by time.




Appendix

A.1 Calculations

A.1.1 Calculation of the chain line

The chain line is the curve y(x) which under the influence of gravity assumes a
homogeneous flexible non-elastic chain, which is anchored at its end points (z1, y1)
and (22,y2) (Fig. A.1a). At each point of the chain the gravity force of a segment
of length dl can be written as dF; = C'dl. Due to the curvature of the chain, the
force along the chain Fip.;, generates at each point a force dF' acting against the
dFg, as the directions of the forces acting in the two different directions along the
chain differ about an angle da. From Figure A.1b one obtains

AF = Fuaein2sin(Aa/2) = dF = Fpanda, with Aa — da. (A1)

From y/(z) = tana follows da = y”/(1 + y?)dx. Furthermore, using tana =
sina/cosa and 1 = cos? a + sin® a, one obtains cos?a = 1/(1 + ¢?) and sin®*a =
y?/(1 + y?). With dl = \/dz?+dy? and y/'(z) = dy/dr one can write dl =
1+ y?dx. As can be seen in Figure A.la, dF = dFgcosa = C cosadl. Thus,
transforming Equation A.1 by using the last equation results to

7

Y 1
dF = Fopin——dr = Cy\/1+y?dr———— = dFgcosa,
/1 + y/2

(1+y7)
1!

Y
Fopain—2—— = C. A2
M ) (A.2)

At each point F,j.;, is changed by the part of the gravity force dF, which is acting
along the chain. This leads to

/

AF i = dFgsina = Cdlsina = Cy/1 + y/?dx\/% — Cydz, (A.3)
+ty
and after integration of the equation to
Fchain = C(?J + A) (A4)
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Combining equations A.2 and A.4 one gets the following differential equation:

/

dy' dy dy
12 1: A ”: _—— = /_- A5
Y+ (y+ Ay (y +A) y dz (y+ Ay dy (A.5)

After separation of y and 3" and subsequent integration this expression can be trans-
formed to y' = [B(y + A)]> — 1. From that y(z) is finally obtained:

1 1
y=3 cosh[B(x + D)] — A = E{cosh[B(x —z0)] — 1} + vo, (A.6)

where (9, yo) is the local minimum of the curve. The factor B depends on the total
chain length L.

L= / C T ydn = é{sinh[B(xg — )] — sinh[B(z — )]} (A7)

Combining Equations A.4 and A.6, the force along the chain F,;, results to

Fohgin = %COSh[B(ZL‘ — x9)]. (A.8)

At each point of the chain it is split into a horizontal component of size Fy = C/B
and a vertical component Fyy = |C/Bsinh[B(xz — x¢)]|. Adding Fy for the two
anchor points, equals, as expected, the total gravity force of the chain Fg = C L.

From this the ratio between the total vertical force and the horizontal force can be
obtained with Fg/Fy =L B.

A.1.2 Equilibrium concentrations and kinetics for the hy-
drolysis of PtCl3~

The percentages of PtC13~, [PtCls HyO]~ and cis-[PtCly (Hy0),]° in Figure 4.4 (p. 74)
after 20 h hydrolysis were calculated by assuming equilibrium. Then, the following
equations are valid:

1 = x4+ 23+ 220,
i _czrca w3 (T34 220)
eqd — - Co,
Cq Ty
% G Cal | Toe- (T34 279.)
eq,3c  — - Co,

C3 €3
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with z;, ¢; denoting the fraction, concentration of the complex species with ¢ chlorine
ligands. ¢q is the total concentration of Pt complexes, ¢¢; the concentration of Cl~
ions in solution. Solving the equation array for varying ¢y provides the concentration
dependence of the complex distribution (Fig.4.4, p.74).

The kinetics of the hydrolysis can be calculated with the following equations:

1 = x4+ 23+ 290,
zy(t) = kpa-x3(t)[x3(t) + 2290(t)] co — kpa - 24(t),
Qféc(t) = —]{33730 . l’gc(t) [$3(t> + 2xgc(t)] Co + kfpjgc - T3 (t),

assuming that trans-[PtCly (Hy0)3]® and [PtCl (H,0)3]" can be neglected, which is
valid for reaction times below 100 h. Calculation is done numerically using commer-
cial software!. For the hydrolysis of freshly dissolved PtCl3~ the start conditions are
xy = 1, 3 = 29, = 0. If an aged stock solution is diluted one has first to calculate
the fractions of Pt complexes after aging for a certain time and then use them as
new inputs for the equation array. Figure A.2 shows the kinetics of the hydrolysis
of a freshly prepared 1mM PtCl;~ solution and a 1mM PtCl;~ solution obtained
by diluting a one day old 10 mM stock.
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Figure A.2: Kinetics of the hydrolysis of PtCli_. Hydrolysis of a) a freshly prepared 1 mM
PtCli_ solution, b) a 1 mM solution obtained by diluting a one day old 10 mM stock.

A.1.3 Mie theory applied to platinum clusters

According the MIE theory, the absorbance section ¢ for a spherical particle, which
is much smaller than the wavelength of light can be written as [115]

% £9
= 187 —n} A9
g 7T)\n0(51 +2n(2)>2+€%7 ( )

!Mathematica 2.0, Wolfram Research, Inc.
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where V' denotes the particle volume, ny the index of refraction of the aqueous
solvent, A\ the wavelength of the light, £; and €, the real and imaginary parts of the
dielectric constant of the particle material. £, and €5 can be obtained from the index
of refraction n and the extinction coefficient k by the relations e, = n? — k? and
g9 = 2nk. With the particle density N and the optical path length [ the absorbance
A in the UV/VIS spectrometer results to

oNI

A— T (A.10)
With these equations it is possible to calculate the absorbance spectrum for free
platinum clusters in solution at the particular conditions applied in the metallization
experiments. For this an average Pt cluster diameter of 3.6 nm with a volume of
25nm? is assumed, which corresponds to 2057 Pt atoms, according to the "magic
numbers“ coming from the Jellium model? [116]. If all Pt complexes of the 1 mM
solution are reduced a particle concentration of 3-104 cm™3 is obtained. Together
with the refraction index for water ng = 1.34, an optical pathlength [ = 10 mm for
the used spectrometer and the wavelength dependent values of n and k& for platinum,
which are taken from Ref. [117], the curve depicted in Figure A.3 is obtained.

43
2
N=3*10"cm”
—~ 1=10 mm 15 é
g d=3.6 nm _<§
ol 2
11 <
Figure A.3:  Absorbance spec-
trum of a Pt cluster suspension
0L : : s 0 obtained by the MIE theory. The
200 400 600 800 1000 . .
concentration of platinum atoms
Wavelength (nm) is 1 mM.

One can see, that at 600 nm wavelength, where the kinetics of the cluster for-
mation process is followed, an absorbance value of about 0.35 is obtained, which is
valid for free, i.e. non-aggregated particles. For a given, fixed number of Pt atoms
the absorbance is within the MIE theory independent from the particle diameter
as A ~ NV and the particle density N is proportional 1/V for the volume of a

2The magic numbers of the Jellium modell for closed shell clusters are:
13 55 147 309 561 923 1415  2057...
corresponding for platinum to cluster diameters of:
04 09 14 18 23 27 32 3.6nm
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single particle V. Therefore, for a 1mM solution of PtCI3~ , which is completely
reduced, an absorbance of 0.35 should be obtained at 600 nm, if the formed clus-
ters are non-aggregated, spherical and small in comparison to the wavelength of the
light.

A.2 Experimental methods

A.2.1 Formation of multi-branched DNA junctions
Linker hybridization

The 3-armed linkers were hybridized from three oligonucleotides, which sequence
is given in section 2.1.1, by preparing the following mixture: 15l 100 mM Tris pH
8.0, 1.opl 1M NaCl, 1.5l 100mM MgCls, 6 ul HyO, 2 pul of each oligomer at a
concentration of 100 pM/ul. Hybridization was done by heating the solution to
95°C and subsequent cooling to 20°C at a rate of 0.1°C per min.

Phosphorylation of the linkers was done by preparing the following solution:
20 pl HyO, 3 ul 10x reaction buffer (supplied with enzyme), 5 ul of hybridized linkers,
1pl ATP 0.5mM (SIGMA, A7699), 1 ul T4-polynucleotide kinase, 10U/ul (NEB,
M0201S) and subsequent incubation at 37°C . The phosphorylated linkers were
cleaned up with Microcon enzyme spin filters (Millipore) at 14000 g and Microcon
YM30 spin filters (Millipore) at 12000g. The final DNA concentration was deter-
mined with an UV/VIS spectrometer.

Preparation of the elongations

A 1078 bp fragment is amplified from \-DNA by PCR. The primer sequences are: for-
ward primer 5’-CAATAAATTCTGACTGTAGCTG, backward primer 5’-AGTAGT-
ACTGCAAGAGGTTCC. The following mixture was prepared: 25ul 2x PCR-
Mastermix (Promega, M7502), 22 ul nuclease free HyO, 1pul forward primer 100
pmol/pl, 1 pl backward primer 100pmol/ul, 1 gl A-DNA (0.01 ug/ul) (NEB, N3011L).
The PCR process was performed by heating the solution to 95°C for 4 min and re-
peating 30 cycles of denaturation at 95°C for 0:45 min, primer annealing at 55°C for
0:45 min and primer extension at 72°C for 1:00 min. The final primer extension was
done at 72°C for 5:00min. The PCR product was purified using a Qiaquick spin
filter kit (Qiagen).

The 1078 bp fragment was digested with HindIIl restriction enzyme by mix-
ing 5 pul 10x reaction buffer (supplied with enzyme), max. 3 ug PCR product, 1 ul
HindITI (NEB, R0104S), H,O up to 50 ul. Digestion was done 1h at 37°C , followed
by 20 min enzyme deactivation at 65°C . Cleanup is done either with the QIAquick
kit or with Microcon YM100 spin filters (Millipore).
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The 5’-overhang of the elongation was filled with one adenine by preparing the
following solution: 5pul 10x reaction buffer (supplied with enzyme), about. 3pug
HindIII digested PCR fragments 1 ul dTTP and 1 1 dATP, both 10 mM stock solu-
tions, 1 ul Klenow polymerase 5 U/ul (NEB, M0210S), water up to 50 ul. Cleanup is
done either with the QIAquick kit or with Microcon YM100 spin filters (Millipore).

Ligation of the junctions

Ligation of linkers and elongations is done for 16 h or 32h at 16°C by preparing the
following solutions:

3-armed junction: 3 ul 10x reaction buffer (supplied with enzyme), 1ug elonga-
tions (3 pmol), 0.034ug 3-armed linker (1 pmol), 4 ul T4 DNA ligase (NEB, M0202S),
1:200 diluted with Diluent A (NEB, B8001S), HoO up to 30 pl.

4-armed junction: 3 pul 10x reaction buffer (supplied with enzyme), 1ug elon-
gations (3 pmol), 0.02ug 3-armed linker (COO), 0.02ug 3-armed linker ((JOO), 6 ul
T4 DNA ligase (NEB, M0202S), 1:200 diluted with Diluent A (NEB, B8001S), H,O
up to 30 pl.

6-armed junction: 3 ul 10x reaction buffer (supplied with enzyme), 1ug elon-
gations (3 pmol), 0.01ug 3-armed linker (CCC), 0.034ug 3-armed linker ((JOO), 6 ul
T4 DNA ligase (NEB, M0202S), 1:200 diluted with Diluent A (NEB, B8001S), H,O
up to 30 pl.

Subsequent to the ligation the DNA is separated with gel electrophoresis (1%
low melting point agarose, 1x TAE). The desired product is sliced out of the gel and
the DNA is extracted from the agarose using a QIAexII kit (Qiagen).

Attachment of gold colloids to 3-armed junctions

Biotin modified DNA junctions are prepared by using biotinylated elongations. They
were functionalized by replacing 1l dATP with 5 pl biotin-14-dATP (Invitrogen,
19524-016) during the fill-in step of the HindIII digested PCR fragments. All the
other preparation steps were done according to the synthesis procedure of unmodified
junctions.

5nm gold colloids (Sigma-Aldrich) were purified from free streptavidin by five
centrifugations with Microcon YM100 spin filters (Millipore) at 10000 g in TE buffer.
Subsequently they were incubated with the biotin modified DNA junctions at slight
stoichiometric excess to biotin binding sites.
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A.2.2 Integration of DNA into microstructures
Biotinylation of A-DNA

Biotinylation of both ends of A-DNA was done by incubating 20 ul A-DNA (10 mug)
in 15 ul HoO and 5 ul 10x reaction buffer (supplied with enzyme) 5 min at 65°C fol-
lowed by cooling on ice. Subsequently, 1 ul of a 10 mM stock of each ANTP (dTTP,
dATP, dGTP), 5 ul Biotin-14-dCTP (Invitrogen) and 2 ul Klenow polymerase (NEB)
were added. The fill-in reaction was done 25 min at 25°C followed by 10 min enzyme
deactivation at 75°C . Clean up was done by three centrifugations steps with Mi-
crocon YM100 spin filters (Millipore) at 500 g in TE buffer.

Biotinylation of a single end of A-DNA was done according to the biotinylation
of both ends, but under absence of dATP in the reaction mix.

Preparation of BT-DNA

Dephosphorylation of A-DNA was done by mixing 78 ul HoO, 20 ul 10x reaction
buffer (supplied with enzyme), 100 ul A-DNA (50g, NEB) and 2 ul Shrimp alkaline
phosphatase (Amersham Pharmacia). The reaction was done 30 min at 37°C fol-
lowed by 15 min enzyme deactivation at 65°C and rapid cooling on ice.

Phosphorylation of 3’-thiol modified oligomers (5~ AGGTCGCCGCCC-SH) was
done with 245 ul HyO, 30 pl 10x reaction buffer (supplied with enzyme), 10 pl thiol
modified oligomer (100 pmol/ul), 5l ATP (1ImM) and 10 ul T4 Kinase (NEB,
10U /pl) at 37°C for 30 min and 65°C for 20 min.

Dephosphorylated A-DNA and phosphorylated oligomers were hybridized, by
mixing both solutions and slow cooling down from 75°C to 10°C at a rate of 0.1°C per
20s.

Ligation of the single stranded nick after hybridization was done by mixing 310 pl
H,0, 100 pl 10x reaction buffer (supplied with enzyme), 500 pl hybridized A-DNA
and 90 pul T4 Ligase (NEB) 1:200 diluted with Diluent A (NEB). The reaction was
done 16h at 16°C followed by 10 min enzyme deactivation at 65°C . The thiolated
A-DNA (T-DNA) was purified by four centrifugations with Microcon YM100 spin
filters at 500 g in TE buffer.

T-DNA is biotinylated at its unmodified end using the above described biotiny-
lation procedure of a single end of A-DNA.

Stretching of DNA between electrodes using aminothiol

Gold electrodes are cleaned overnight in 3volumes HySO, with 1volume HyO,.
Amine modification is done by 30 min incubation of the sample in a ethanol so-
lution of 1mM aminoethanethiol (cysteamine, Fluka). The sample is rinsed with
water, put into the flow cell and a solution of 2.5 ug YOYO labelled \-DNA in
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100 mM Tris, pHS8.0 is applied. YOYO labelling is done by mixing 5ul YOYO1
(Molecular Probes, 1 mM stock diluted 1:100 in 1xXTBE) with 90 ul TE buffer and
adding 5 ul A-DNA (NEB, 2.5 ug).

A.2.3 Preparation of cluster chains along DNA

If it was not otherwise stated, the reduction experiments were performed by mixing
Iml of an at least 24h aged 1 mM solution of KoPtCly or KyPdCly (Fluka) with
0 to 100 pug of A-DNA (New England Biolabs NEB) or DNA from salmon testes
(SIGMA). Then, the DNA was activated by incubating it a certain time with the
salt solution at room temperature. The cluster growth was started by heating the
solution to 37°C and adding 100 ul of a 10 mM solution of dimethylaminoborane
(DMAB, Fluka). Optionally, sodium citrate was added to the DNA solution to 0.5
mM final concentration before the reduction step.

Kinetics of the cluster formation process was studied using a Cary 50 UV /VIS
photospectrometer (Varian) and measuring the 600 nm absorbance. The distortion
of the DNA base stacking was investigated with the same spectrometer recording
time series of whole spectra.

Samples for scanning force microscopy (SFM) and transmission electron mi-
croscopy (TEM) were prepared 30 min after starting the reduction. Transmission
electron microscopy (TEM) investigations were carried out using a Philips CM 200
with tungsten cathode at 160 kV while a Philips CM 200 equipped with field emis-
sion cathode was employed for high resolution work. Samples were prepared by
placing a droplet of the cluster suspension onto a carbon-coated copper grid for
5min. Afterwards the sample was rinsed with water and excess water was removed
with filter paper.

DNA activation was investigated by diluting differently concentrated 24 h aged
stock solutions of KoPtCly to 1mM and mixing them with 5 pg/ml \-DNA. Op-
tionally Nay,SO,4 was added to a final concentration of 10 or 100 mM. Samples were
placed in the photospectrometer and absorbance spectra from 240 nm to 600 nm were
recorded every 30 min. SFM samples from activated DNA were prepared following
the instructions below.

The single- or double-stranded conformation of activated A-DNA and A\-DNA
HindIII digested (NEB) was tested by gel electrophoresis. For this 5 ug of A-DNA
and \-DNA HindIIl digested were activated in 1ml of 1mM 24h aged KyPtCly
solution for 20h. The DNA used for the incubation with the Pt complexes was
either double-stranded or single-stranded. The latter one was obtained by thermal
denaturation at 95°C and subsequent cooling on ice. After activation 20 ul of each
sample was mixed with 1l 1mM DMAB to cover the DNA with nucleation sites
for the in-gel gold stain. Electrophoresis was performed in a 0.5% agarose gel for
1.5h in 1xXTAE-Buffer at 4.2V /cm. Subsequently the gel was covered with a gold
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stain solution [17] until the DNA bands appeared. The reaction was stopped by
rinsing the gel with excess water.

A.2.4 Preparation of SFM samples

SFM samples were prepared as described by BEZANILLA et al. [118] by diluting the
DNA-cluster suspension with HEPES /Mg buffer (40 mM HEPES, 5 mM MgCl,, pH
7.6) to a final DNA concentration of 1pug/ml and placing a droplet onto freshly
cleaved mica for 2min to allow adsorption. Subsequently the sample was rinsed
with water and blown dry with nitrogen. Imaging was performed with a Nanoscope
IIIa (Digital Instruments) in tapping mode at air.

A.2.5 Gold enhancement

The gold enhancement solution of Ref. 17 was used in different concentrations.

Gel staining: 1200 pl KAuCly (23 mg/ml) mixed with 1200 ul KSCN (60 mg/ml)
followed by centrifugation at 5000g. The pellet is dissolved in 10ml 1M sodium
phosphate buffer, pH 5.5 and 0.5 ml 5.5 mg/ml hydrochinone are added.

Cluster chain enhancement: 60 1 KAuCly, 60 1 KSCN, 480 ul phosphate buffer,
120 pl hydrochinone. The solution is placed about 1 min onto the sample containing
the Pt cluster chains and subsequently rinsed with H5O.
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