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Summary

In the beginning of this thesis a general introduction is given to explain the main aspects of
supramolecular polymers, the structure of the DNA and the advantages of combining the two
into supramolecular assemblies and in the last part of the introduction the light-harvesting sys-

tems will be discussed.

Thereafter the experimental work of this thesis will be presented and can be separated into two
main parts: In chapters 2 and 3 the formation and investigation of functionalized supramolecular
assemblies of polyaromatic oligophosphates will be shown. In the second part, chapters 4 and 5,

the energy transfer in DNA-assembled oligochromophores will be presented and discussed.

The first main part consists of three projects with the same goal: the functionalization of supramolec-
ular polymers of polyaromatic oligophosphates. In chapter 3 the formation and investigation of
DNA-modified vesicles will be discussed. In the last chapter an extension of previous studies of
the group Héaner will be shown, which is the incorporation of a photocleaver into a pyrene DNA-

conjugate and the formation of DNA-modified fibres.




1. General Introduction

1.1. Supramolecular Polymers

Supramolecular polymers are built-up of repeating molecules that are held together by non-covalent
interactions and are formed through self-assembly of building blocks.™” In aqueous medium the
self-assembly is based on Coulomb, van der Waals interactions, hydrogen bonds and hydropho-
bic effect.2? In biology, chemistry and physics the ability of the self-assembly of molecules to form
large clusters under equilibrium conditions is widely found. If the driving force for polymer growth
is significantly contributed from the non-covalent interactions, the polymerization is considered to
be a supramolecular polymerization.’® Most of the supramolecular polymers are also reversible

because of the before mentioned non-covalent interactions between the monomers.™"

Classification of the supramolecular polymerizations is based on three different principles: (1)
Physical origin classification; (2) structural monomer classification; (3) thermodynamical classifi-
cation. Addition of a second or third dimension influences the free energy of the self-assembly of
the polymer when changing the temperature or concentration, because of the additional interac-
tion energies. So, depending on the dimension of the aggregate a fourth classification scheme is

possible.?

Supramolecular polymerization growth can be divided into three mechanism: cooperative, isodesmic
and ring-chain growth."? The isodesmic polymerization is characterized by a high polydispersity,
the association constant of the monomer strongly affects the degree of polymerization (see Fig-
ure 1.1).2 At all polymerization process step the reversible formation of a single non-covalent bond
is identical. That means, the reactivity of the non-aggregated monomer with the growing polymer

is not dependent on the length of the polymer chain.
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Figure 1.1.: lllustration of the supramolecular polymerization mechanisms. a) Isodesmic growth. The
growth can be influenced by concentration or/and temperature. Adapted from reference?.

The next supramolecular polymerization mechanism is the ring-chain growth (see Figure 1.2). In
this case, closed rings of monomers are in equilibrium with the linear polymers and oligomers.
Small polymers chains react preferably with each other to form a closed ring, when the monomer
concentration is below a certain point. In contrary, above a certain monomer concentration the

polymer grow and the formation of linear chain is more favourable.?
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Figure 1.2.: lllustration of the supramolecular polymerization mechanisms. b) Ring-chain growth. The
growth can be influenced by concentration or/and temperature. Adapted from reference?.

Supramolecular polymerization growth with the cooperative (nucleation-elongation) mechanism is

slightly different (see Figure 1.3), to incorporate into the supramolecular polymers the monomers
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Figure 1.3.: lllustration of the supramolecular polymerization mechanisms. c) Cooperative mechanism.
The growth can be influenced by concentration or/and temperature. Adapted from reference?.
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need to adopt a high-energy conformation. Therefore, the formation starts very slowly, a stable
nucleus has to be formed first, then additional monomers become favourable for the incorporation
and the growing rate of the polymerization is higher.?”

But all mechanisms have one thing in common; changing the condition, the concentration of the
monomer, the temperature and/or changing the solvent, can have an impact on the polymerization

degree or/and polymerization itself.’

Supramolecular polymers are very interesting soft materials, they are very interesting for biorelated

and clinical applications, and can also act as soft electronics as well.12-14

1.2. DNA

Deoxyribonucleic acid, or abbreviated, DNA. For better understanding of the use of DNA in health,
technology or generally speaking in science, it is necessary to understand the structure of DNA

and its properties will be presented.

DNA can be separated basically in three main components, the nitrogen base, the deoxyribose

sugar, and the phosphate group (see Figure 1.4).1°

groove groove

Figure 1.4.: lllustration of the main components of the DNA double helix. The colouration for the nucle-
obases are the same as in Figure 1.5. Figure from reference’®.
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With these three components it forms a long chain, the sugar and the phosphate are joined in
alternating order in 3’ 5’ phosphate di-ester linkages, this part of the DNA is also called the back-
bone. One of the four different nitrogenous base is attached to each sugar, the four must common
found in DNA are adenine (A) and guanine (G), which are the purines, and the other are thymine
(T) and cytosine (C), which are the pyrimidines (see Figure 1.5). Because of the regular internu-
cleotide linkage the chain is unbranched. As for the sequence of nucleic bases, the sequence of
nucleic bases can be arranged completely arbitrarily, it only depends of the function of the DNA

strand.1%:17-20

Figure 1.5.: Chemical structures of the four nucleobases. In green is cytosine (C), in violet is guanine
(G), in blue thymine (T) and in red adenine (A). The nucleobases are paired according to the
Watson-Crick base pairs rule. The hydrogen bonds are indicated in dotted lines. Figure from
reference’®.

According to the Watson-Crick base pairing rule, pyrimidines are only complementary with purines.
So, two nucleotides, each on a different DNA strand, form via hydrogen bonds a base pair. Ade-
nine pair with thymine using two hydrogen bonds, and cytosine forms via three hydrogen bonds
with guanine the second base pair.’® A - T pair rich DNA are more sensitive to denaturation and
melting than DNA with higher G - C pair amount. The four nucleotides differ also in size, the
pyrimidine nucleobases cytosine and thymine are molecules with a single aromatic ring, and the

purine nucleobases, adenine and guanine, have two aromatic rings.20
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Two complementary DNA strands hybridize to an antiparallel right-handed double-helix, where
base pairs are centred on the helical axis and the sugar-phosphate backbones are on the outer
part.’®16 The driving force for this process of nucleation are the hydrophobic effect and base
stacking, which the latter contributes to the duplex stability, rather than the hydrogen bonding.2-24
The distance between the nucleotide bases is approximately 0.34 nm, one helical turn is 3.4 nm
and consist ~10.3 base pairs. The helix has a narrow minor groove and a wide major groove,
the diameter of the double-helix is 2.0 nm."®6 As mentioned before the base stacking plays an
important role to the stability of the duplex but there are other parameters like the sequence of the
DNA itself, such as nucleobases and the length of the DNA strand. Even so the concentration of

the DNA and if there is any cations present.?5-28

Because of the interesting characteristics of the DNA, the DNA would make an interesting material
for biotechnology and nanotechnology. It was tried to make use of the DNA characteristics, there-
fore, methods were explored to produce it synthetically; one of the methods to synthesis DNA is

the phosphoramidite solid-phase synthesis.?®

It must be mentioned that the phosphoramidite oligonucleotide synthesis procedure is from 3’- to
5’-direction, so the opposite to known DNA replication. The synthesis cycle has overall 4 steps
(see Figure 1.6). But at the beginning of the cycle it starts first with the detritylation of the first
DMT-protected nucleoside on the solid support. The first step of the synthesis cycle is then the
activation and coupling of the next nucleoside phosphoramidite monomer. The second step is the
capping of the unreacted 5’-OH groups with an acetyl group (reduction of side procucts), and the
third is the oxidation of the phosphorus (lll) triester to a phosphorus(V) triester. The last, the fourth
step is detritylation of the DMT-protected nucleoside again. These four steps will be repeated until
the configured sequence is synthesized. After the solid-phase synthesis the oligonucleotide has
to be cleaved from the solid support, and the phosphodiester backbone and also the bases have

to be deprotected.?®
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Figure 1.6.: The phosphoramidite oligonucleotide synthesis consists of cycles of a series of steps. B
= nucleobase (A,T,G or C) and DMT = [bis-(4-methoxyphenyl)phenylmethyl]. Figure from
reference®.

1.2.1. Supramolecular DNA Based Architectures

Shortly after the synthesis of DNA strands was well established, the research interest to mod-
ify DNA quickly evolved. Larger and more complex DNA structures, and even multidimensional
nanostructures were designed.3°-33 Artificial DNA nucleotides were designed and merged with
natural DNA, which are also called DNA conjugates. The involved additional features are of a
great interest in the field of nanotechnology and material sciences.34-3” Here, the DNA conjugates

can be used as monomers to form supramolecular polymers, which would open up a wide new
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range of possibilities. But what are the advantages of using modified DNA or DNA conjugates to
form supramolecular polymers? One would be, that the presence of DNA in the nanostructures al-
lows for further functionalization.3® The advantages are the addressability, so, hybridization with a
complementary single strand DNA (ssDNA); specificity, as in the last subchapter discussed, based
on the Watson-Crick base pairing, the ssDNA will only hybridize with the correct, so the comple-
mentary ssDNA . The last point is the reversibility of the assembly, the denaturation of the DNA

double helix under controlled conditions of pH, ionic strength, or temperature (see Figure 1.7).39:40

Figure 1.7.: A simple illustration of the hybridization and denaturation of two DNA single strands. For
example: lowering the temperature can promote the hybridization of the DNA single strands,
while heating leads to denaturation of the DNA duplex.

So, there are some advantages to modify supramolecular polymers with DNA and vice versa.
Modification of DNA is not only possible with unnatural base pairs, also non-nucleosidic build-
ing blocks are possible.#'~%* These building blocks are linked to the DNA strand via a phosphate
group and can have different property. For this work molecule with fluorescent character are of

interest.5-61

In a previous study, phenanthrene and pyrene building blocks were incorporated into the center
of a DNA duplex to form a DNA-based light-harvesting antenna (see Figure 1.8 and also next
subchapter).6? Units of w-stacked phenanthrene chromophores act as the light-collecting antenna,
and the exciplex-forming pyrene act as the energy collector. Excitation at the wavelength of 320

nm leads to a fluorescence emission at 450 nm.
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Figure 1.8.: lllustration of the DNA-based light-harvesting antenna. Fluorescence at the wavelength of 450
nm by excitation at 320 nm.Top right: Chemical structures of phenanthrene (P), pyrene (S)
and an abasic side analogue ¢. Adapted from the reference®?.

1.3. Energy Transfer and Light-Harvesting

In the previous part, DNA modified supramolecular polymers were discussed. Modification with
molecules with e.g. fluorescence properties can lead to systems where energy transfer or/and

light-harvesting is possible.

The process in which the excitation energy is transferred from the initially excited molecular system
(donor) to an acceptor is called excitation energy transfer (EET). The Fdrster resonance energy
transfer (FRET) is distance-dependent and describe the EET, in cases where the electrostatic
interactions between the molecular systems are weak.?® The excitation hops from the donor to the
acceptor and is based on electric dipole-dipole interactions. Férster explained the rate of FRET as
a dependency on the inverse sixth power of intermolecular separation. If the donor and acceptor

are placed within the Férster radius, FRET can be very efficient.54
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Figure 1.9.: lllustration of a light-harvesting complex. Chromophores absorb photons and the energy is
transferred via other chromphores to the primary electron donor in the reaction center. The
primary electron acceptor receive then the electron from the primary electron donor. Adapted
from reference®®.

In nature, plants, algae and some bacteria, convert energy in a process, called photosynthesis.6-6”By
using sunlight and carbon dioxide (CO,) they produce sugar and oxygen. For doing so, they have
light-harvesting complexes (LHCs) to produce the substance they need.®® The LHC contains pro-
teins and chromophores, which absorb light for the photosynthesis and transfer the energy to
photosystem reaction centres (see Figure 1.9). Chrorophyll, carotenoids, and phycobilins are the

three major type of chromophores.

10



2. Self-assembly of Polyaromatic

Oligophosphates

2.1. Introduction

Supramolecular polymers with functionalization possibility are of high interest. Assembly of =-
conjugated molecules into defined structures are still attractive objects in materials sciences.3-69-8
Therefore, incorporation of DNA provides an approach to functionalized supramolecular polymers
and generates addressable nanoarchitectures with a variety of geometries.3°:39.82-97 One option
to do so, is to dope or incorporate DNA conjugates, i.e. non-natural nucleobases are combined
with natural DNA, into supramolecular polymers that are built of 7-conjugated molecules. This ap-
proach was previously realized, the combination of a light-harvesting complex with DNA photonic
wires was successfully formed from 3,6-dibutynylphenanthrene trimer, phenanthrene DNA conju-

gates and cyanine dyes (see Figure 2.1).%8 This construct shows a very efficient energy transfer

DNA photonic g‘
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Figure 2.1.: lllustration of the self-assembly of phenanthrene trimer (A), phenanthrene DNA conjugates (B)
and cyanine dyes attached to DNA strands (C,D). Figure from the reference®.
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2. Self-assembly of Polyaromatic Oligophosphates 2.1. Introduction

In the past, there were two supramolecular polymers that were formed from 7-conjugated molecules
that would be very interesting for this study and would be a great template for the assembly of
functionalized supramolecular polymers. It was shown that phosphodiester-linked trimers of 1,6-
dialkynyl-substituted pyrenes self-assemble into two-dimensional nanosheets in aqueous medium
(see Figure 2.2).99.190 The size of the nanosheets was controlled by changing he cooling temper-

ature gradient.

method 3 method 2 method 1 \
(isothermal) (fast cooling) (slow cooling) Py -
3

¥ L

13
€
~
=]
+
©

)
’\ phosphodiester

Figure 2.2.: lllustration of the Pys supramolecular polymerization pathway leading to two-dimensional
nanosheets. Top right: Structure of Pys. Figure from the reference'%°.

The second study demonstrated that 2,7-disubstituted phosphodiester-linked phenanthrene trimers

self-assemble into tubular structures (see Figure 2.3).10

phenanthrene
excitation

energy :
transfer

pyrene
emission

reassembly
(20°C - 80°C — 20°C)

poly1 poly1*2

Figure 2.3.: lllustration of the supramolecular polymerization of the aromatic oligophosphates into a
pyrene-doped phenanthrene nanotube. Energy is transferred from the excited phenanthrene
(grey) to the pyrene acceptor (green) Top left: Structures of aromatic oligophosphates.
Adapted from the reference!.
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2. Self-assembly of Polyaromatic Oligophosphates 2.2. Aim of the Work

Formation of nanotubes with light-harvesting properties could be done by incorporating a pyrene
(acceptor unit). Expanding these studies by doping the supramolecular polymers with DNA conju-

gates, would ideally result in functionalized nanosheets and/or functionalized nanotubes.

2.2. Aim of the Work

In this study, the aim was to obtain DNA functionalized supramolecular polymers. Therefore, dif-
ferent DNA conjugates were tested as potentially suitable candidates to dope the pyrene respec-
tively phenanthrene trimers. Different conditions were tested to find an optimal condition to dope
the nanosheets (see Figure 2.4) and nanotubes (see Figure 2.5). The formed supramolecular
polymer structures were characterized by UV-vis spectroscopy and the visualisation of the DNA-
modified nanotubes and nanosheets was done by atomic force microscopy (AFM). Furthermore,
the functionalized nanosheets and nanotubes were hybridized with Au nanoparticles containing

complementary DNA strand of the DNA conjugates.

s
Au nanoparticle .34
%

Figure 2.4.: lllustration of the supramolecular polymerization of functionalized DNA-modified nanosheets
and the gold nanoparticles hybridization with the nanosheets.
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Figure 2.5.: lllustration of the supramolecular polymerization phenanthrene trimer and phenanthrene DNA
conjugates into a DNA-modifed phenanthrene nanotube. Adapted from the reference85101.
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2.3. Results & Discussion

2.3.1. Approaches to Form Functionalized DNA-modified Nanosheets

Previously, it was already shown that doping the Py (see chapter 2.1) with pyrene DNA conju-
gates to form DNA-modified nanosheets is a challenge.'? In this previous study several pyrene
DNA conjugates were tested: First, in between of the DNA single strand and the pyrene units
a hexaethylene glycol linker (HEG) was integrated, to prevent steric hinderance. Second, also
different lengths of the pyrene stack were tested. Unfortunately, in the end, the results were not
conclusive and a new system had to be designed. In the present study, three such systems (pyrene

DNA conjugates) therefore, were investigated (see Table 2.1).

Table 2.1.: The sequences of the synthesized compounds. Right: Chemical structure of the 1,6-
dialkynylpyrene (Py) and hexaethylene glycol (HEG).

Oligomer Sequence
Py Py-Py-Py
DNA-(HEG),-Py, 3-GAG TGC CTT C-(HEG)-Py-Py-Py-Py-Py-Py-Py
DNA-Py, 5-CAA GGT CCG ATG CAA GGA GGA AG-Py-Py-Py-Py
DNA-Pys 5-CAA GGT CCG ATG CAA GGA GGA AG-Py-Py-Py-Py-Py

o
I
N W S e e N W N Oiﬁ
e}

HEG Py

In Table 2.1 are the oligomers that were used for this study. DNA-(HEG),-Py; was synthesized
in previous study.'® DNA-Py,; and DNA-Pys were synthesized according to the literature.®® The
pyrene DNA-conjugates consist of two, respectively three different parts. The first unit was built
up of either four or five 1,6-pentynyl pyrenes. Next, was the single strand DNA (10, respectively

20 nucleobases) and in DNA-(HEG)-Py7 an additional hexaethylene glycol unit as introduced.

Spectroscopic Characterisation

UV-vis spectrum of Pyz doped with DNA-(HEG):-Py; showed a J-band at 305 nm and at 335 nm
a H-band, which was already observed before for the pyrene trimer (see Figure 2.6 a)).%°
Doping the pyrene trimer with DNA-Py,, respectively DNA-Pys5 showed similar UV-vis spectra

as with DNA-(HEG)¢-Py;. By monitoring the temperature-dependent absorbance at the wave-

14
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Figure 2.6.: Left: UV-vis spectra at 20 °C of 2uM Py and 0.2uM a) DNA-(HEG)-Py7; b) DNA-Py,; c)
DNA-Pys, 10 mM sodium phosphate buffer, 10mM sodium chloride and 15% ethanol. Right:
The cooling curve at 305 nm; temperature gradient: 15 °C/min.

length of 305 nm with a temperature gradient of 15°C/min, can give more information about the
supramolecular polymerization mechanism of this system was obtained.” With the maximum of the
first derivation of the cooling curves, it can be determined approximately where the transition from
molecular dissolved state to the aggregated state takes place. The shape of the measured UV-vis
cooling curve indicates a cooperative supramolecular polymerization process for all samples, i.e.
a sharp bend in the curve. The “transition-temperatures” were determined as follows: DNA-Py,

(59.5°C), DNA-Pys (57.6°C) and DNA-(HEG);-Py7 (56.9°C).

15
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Atomic Force Microscopy

Figure 2.7 reveals that Py; and DNA-(HEG){-Py7 formed supramolecular nanosheets. The AFM
image shows a height of about 2 nm, which coincides with the nanosheets that were reported in

the past.®9.

Height profile

Figure 2.7.: AFM image of 2uM Py; and 0.2uM DNA-(HEG);-Py; deposited on APTES-modified mica
from aqueous solution containing 10 mM sodium phosphate buffer, 10mM sodium chloride
and 15% ethanol. Right: corresponding height profile of the structure along the marked line in
the AFM image.

The supramolecular nanosheets were hybridized with Au nanoparticles containing complemen-
tary DNA strand to investigate the presence of DNA on the nanosheets. The AFM image (see
Figure 2.8) however, shows a random distribution of the AUNP-DNA on the APTES-mica, but an

accumulation on the nanosheets was expected.

Height profile

Figure 2.8.: AFM image of 2uM Py; and 0.2uM DNA-(HEG)+-Py-, after Au nanoparticles were added, de-
posited on APTES-modified mica from an aqueous solution containing 10 mM sodium phos-
phate buffer, 10mM sodium chloride and 15% ethanol. Right: corresponding height profile of
the structure along the marked line in the AFM image.
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2. Self-assembly of Polyaromatic Oligophosphates 2.3. Results & Discussion

The same experiment was done for Py; and DNA-Py,. Nanosheet-like structures could also be
observed for this mixture and overall they look the same (see Figure 2.9), however, it seems
that the nanosheet-like structures were larger than with DNA-(HEG)-Py7. Investigation by AFM
showed a random distribution of the Au nanoparticles after they were added to the preformed

supramolecular polymers.

Figure 2.9.: AFM images of 2uM Py3; and 0.2:M DNA-Py, treated with Au nanoparticles, deposited on
APTES-modified mica from aqueous solution containing 10 mM sodium phosphate buffer,
10mM sodium chloride and 15% ethanol.

As previous study showed, with a different number of the pyrene building blocks, the behaviour
of the self-assembly can change.®® But, the AFM image (see Figure 2.10) of Py; and DNA-Pys

showed also here a random distribution of the gold nanoparticles, same as for Py; and DNA-Py,.

Figure 2.10.: AFM images of 2uM Py; and 0.2;M DNA-Pys; treated with Au nanoparticles, deposited on
APTES-modified mica from aqueous solution containing 10 mM sodium phosphate buffer,
10mM sodium chloride and 15% ethanol.
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2. Self-assembly of Polyaromatic Oligophosphates 2.3. Results & Discussion

2.3.2. Self-assembly of Phenanthrene Trimer and DNA Phenanthrene Conjugates

This part of the study is similar to the previous one, however, here the main focus is on the self-
assembly of functionalized supramolecular nanotubes. In Table 2.2 are the sequences of the
Phe; and phenanthrene DNA conjugates (both phenanthrene DNA conjugates were synthesized,
but not further characterized by a former group member Caroline D. B&sch, University of Bern,
Department of Chemistry and Biochemistry, 2017). The oligomers were investigated in different

aqueous solutions (see Table A.3 in Appendix A).

Table 2.2.: The sequences of the oligomers. Bottom: Chemical structure of the 2,7-dialkynylphenanthrene
(Phe).

Oligomer Sequence

Phe, Phe-Phe-Phe

DNA-Phe; |5' CAAGGT CCG ATG CAA GGAAG Phe-Phe-Phe
DNA-Phes; |5' CAAGGT CCG ATG CAA GGA AG Phe-Phe-Phe-Phe-Phe

Phe; with DNA-Phe;

In the previous study, it was shown that in the presence of spermine tetrahydrochloride the DNA-

Phe; formed vesicles.%3 Hence, the decision to start with a condition that also contains spermine.

Height profile

/N
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Figure 2.11.: AFM image of 0.5uM Phe; and 0.015:M DNA-Phe; deposited on APTES-modified mica
from aqueous solution containing 10 mM sodium phosphate buffer, 0.1mM spermine tetrahy-
drochloride and 20% ethanol. Temperature gradient: 15 °C/min. Right: corresponding height
profile of the structure along the marked line in the AFM image.
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2. Self-assembly of Polyaromatic Oligophosphates 2.3. Results & Discussion

The AFM image (see Figure 2.11) reveals that Phes and DNA-Phejs in aqueous solution containing
10 mM sodium phosphate buffer, 0.1 mM spermine tetrahydrochloride and 20% ethanol, an almost
rectangular structure was formed.

Lowering the polyamine concentration from 0.1 mM to 0.025 mM led to three different types of
structures (see Figure 2.12): undefined structures, small, tube-like structures with a height of

about 4 nm and sheet-like structures with a thickness of about 2 nm.
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Figure 2.12.: AFM image of 0.5:M Phes and 0.015:M DNA-Phes deposited on APTES-modified mica.
Condition: 10 mM sodium phosphate buffer, 0.025mM spermine tetrahydrochloride and 20%

ethanol. Temperature gradient: 15 °C/min. Bottom: corresponding height profile of the
structures along the marked line in the AFM image.

Now, with the same condition as before but with a higher DNA-Phes concentration of 0.03 uM

stripes and sheet-like structures were formed (see Figure 2.13).
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Figure 2.13.: AFM image of 1uM Phes and 0.03:M DNA-Phe; deposited on APTES-modified mica. Con-

dition: see Figure 2.12. Bottom: corresponding height profile of the structures along the
marked line in the AFM image.
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2. Self-assembly of Polyaromatic Oligophosphates 2.3. Results & Discussion

Zooming out, however, showed mostly undefined structures (see Figure 2.13). The structures that
were observed, were most likely originating from the phenanthrene trimer only, due to its high
concentration. In literature, and as already mentioned in the beginning, without the addition of
spermine the Phes would have formed nanotubes.'®" Therefore, rather tube-like structures were
formed by lowering the spermine concentration as seen in Figure 2.12. Apparently the DNA-
Phes hinders the formation of the nanotubes as well, as seen in Figure 2.13. There, the tube-
like structures disappear after increasing the DNA-Phes concentration, which is disadvantageous
to obtain functionalized supramolecular nanotubes. It seems like DNA-Phe; and the spermine
disturbed the formation of the nanotubes and it was only possible to form rectangular- and stripe-

like structures.

Phe; with DNA-Phes

In the following experiments, oligomer DNA-Phes the number of phenanthrene was increased to
five. DNA-Phes in aqueous solution containing 10 mM sodium phosphate buffer, 0.1 mM spermine
tetrahydrochloride and 20% ethanol showed sheet-like and tubular-like structures (see Figure 2.14)

and at lower spermine concentration stripe structures can be observed (see Figure 2.15).
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Figure 2.14.: AFM image of 1M Phes and 0.3uM DNA-Phes deposited on APTES-modified mica. Con-
dition: see Figure 2.11. Bottom: corresponding height profile of the structures along the
marked line in the AFM image.

Figure 2.14 showed that in the presence of DNA-Phes the formation of nanotubes is less disturbed

than it was with DNA-Phes. Surprisingly, shown in Figure 2.15, lowering the spermine concen-
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Height profile

O\

b — 2 40 fo—

Width [nm]

oo N
s}

Height [nm]
Hh o oo

Figure 2.15.: AFM image of 1M Phe; and 0.3:M DNA-Phes deposited on APTES-modified mica. Condi-
tion: see Figure 2.12. Right: corresponding height profile of the structure along the marked
line in the AFM image.

tration disturbed the formation of nanotubes much more, and without spermine flat tubular-like
aggregates were formed (see Figure 2.16). The previous AFM measurements (see Figure 2.12 -
Figure 2.15) revealed that there is a co-existence of these two types of structures, sheet-like and
tubular-like (flat and non-flat). The sizes vary a lot and there were still undefined structures seen

but certainly less than in the case of DNA-Phe;.
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Figure 2.16.: AFM image of 1M Phes and 0.3uM DNA-Phes deposited on APTES-modified mica. Con-
dition: 10 mM sodium phosphate buffer and 20% ethanol. Temperature gradient: 15 °C/min.
Right: corresponding height profile of the structure along the marked lines in the AFM image.

Further experiments were done with sodium chloride instead of polyamines. Because Au nanopar-
ticles in the presence of polyamines tend to aggregate on their own (see next subchapter 2.3.2).
However, the prerequisite is that with the application is also formed defined nanotubes. Figure 2.17
and Figure 2.18 show very large undefined structures and aggregates. Neither sheet-like nor

tubular-like structures could be observed.
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2.3. Results & Discussion
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Figure 2.17.: AFM image of 1M Phes and 0.03M DNA-Phes deposited on APTES-modified mica. Con-
dition: 10 mM sodium phosphate buffer and with a temperature gradient: 1 °C/min. Left: 200

mM NaCl. Right: 200 mM NaCl and 10% ethanol. Bottom: corresponding height profile of
the structures along the marked lines in the AFM image.
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AFM image of 1M Phes and 0.03:M DNA-Phes deposited on APTES-modified mica. Con-

dition: 10 mM sodium phosphate buffer and with a temperature gradient: 1 °C/min. Left: 100
mM NaCl. Middle: 100 mM NaCl and 10% ethanol. Right: 150 mM NaCl and 10% ethanol.
Bottom: corresponding height profile of the structures along the marked lines in the AFM

image.
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Problems of Au Nanoparticles in Presence of Polyamines

An additional experiment was carried out, where only AUNP-DNA was deposited on an APTES-
mica under the condition of 10 mM sodium phosphate buffer, 0.1mM spermine tetrahydrochloride
and 20% ethanol. It showed that the AUNP-DNA formed in fact already large aggregates (see
Figure 2.19 Left). By using only the bis(p-sulfonatophenyl)phenylphosphine (BSPP) stabilized gold
nanoparticles at the same condition without any DNA, shows that polyamines have the tendency
to induced the aggregation of AUNP-DNA (see Figure 2.19 Right). This matches the findings of
other study.’% To avoid this problem with cationic polyamines, the salt was changed to sodium

chloride.

Figure 2.19.: AFM image of gold nanoparticles deposited on APTES-modified mica. Condition: 10 mM
sodium phosphate buffer, 0.1mM spermine tetrahydrochloride and 20% ethanol. Left: Gold
nanoparticle modified with single strand DNA. Right: Gold nanoparticles stabilized with
BSPP, no DNA.

2.4. Conclusion

The assembly of functionalized supramolecular polymers was at least partially demonstrated. Al-
though, the atomic force microscopy revealed the formation of two-dimensional nanosheets with
Py; and DNA-(HEG),-Py7/DNA-Py,/DNA-Pys, unfortunately, the precise arrangement of gold
nanoparticles by hybridization via the pyrene DNA conjugates did not work. The gold nanopar-
ticles were randomly distributed and there was no accumulation of gold nanoparticles on the
nanosheets. Therefore, there is no evidence that the supramolecular pyrene nanosheets were
doped with the pyrene DNA conjugates. And even if the nanosheets were doped, there is still the
possibility of steric hindrance for the gold nanoparticle, hence, they could not hybridize to the DNA

on the nanosheets.
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2. Self-assembly of Polyaromatic Oligophosphates 2.4. Conclusion

DNA-modified nanotubes were also not formed by using Phe; and DNA-Phejs at the tested condi-
tions. There was a co-existence between two different types of structures, one was sheet-like, the
other was tube-like or rectangular-shaped. Changing DNA-Phe; to DNA-Phes did also not result
in the formation of uniform nanotubes. Hybridization of gold nanoparticles to the DNA-modified
structures only showed undefined aggregation of the gold nanoparticles induced by the presence
of cationic polyamines. Replacing the polyamines with sodium chloride did not solve the problem,

because there was no initial formation of defined nanotubes anymore.

Overall, it was shown that doping an existing system is influenced by many different factors. The
right doping partner and the optimal conditions must be present. This study provide a good basis
for further experiments though. For example, adjusting the DNA conjugates, and creating new
designs may allow the incorporation into the preformed structures. To avoid the problem with
polyamines, other salts can be tested as well. And assuming that the hybridization of the gold
nanoparticles was sterically hindered, the design of the nanoparticles can be changed to allow
for better chance of hybridization. For example, instead of fully modifying the gold nanoparticles
with ssDNA, modifying the gold nanoparticles with a HEG spacer (hexaethylene glycol) would

eventually help it from electrostatic repulsion of the nanosheets.
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2.5. Experimental Section

Material

All solvents and chemical reagents for the synthesis were purchased from commercial suppliers

(Sigma Aldrich, TCI or Glen Research) and used without further purification.

Synthesis
Synthesis of 1,6-dialkynylpyrene phosphoramidite

The pyrene building block was synthesized according to the literature.99:19%

Synthesis of 2,7-dialkynylphenanthrene trimer

The 2,7-Bis(4-hydroxybut-1-yn-1-yl)phenanthrene was synthesized starting from 2,7-dibromophe-
nanthrene, which is commercially available. The first reaction was Sonogashira reaction, then
acetylation and phosphorylation were made to get 4-(7-(4-hydroxybut-1-yn-yl)phenanthrene-2-
yhbut-3-yn-1-yl acetate and Bis(2-cyanoehtyl)(phenanthrene-2,7-diylbis(but-3-yne-4,1-diyl))
bis(diisopropylphosphoramidite).

Synthesis of Pyrene Modified Solid-support
Pyrene-loaded controlled pore glass (CPG) support were needed for the solid-phase synthesis.
The synthesis was according to the literature. 0

Solid-phase synthesis

The oligomer were synthesized in a 1 uM scale using the standard cyanoethyl phosphoramidite
solid-phase synthesis protocol?® on a ABI (Applied Biosystems Instruments) 394-DNA/RNA auto-

mated synthesizer.

Reversed Phase HPLC Purification

The HPLC purification was done on a Shiamdzu HPLC system using ReproSil 100 C8, Lichrospher
100 RP-18, 5um, 250 x 4mm column (Dr.Maisch GmbH). The mobile phase were: Solvent A: 0.1M
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ammonium acetate buffer and solvent B: CH;CN for Pys. For DNA-Py4 and DNA-Pys5: Solvent A:
0.1M TEAA /acetonitrile 80:20 and solvent B: CH;CN.

Synthesis of Au Nanoparticles Modified with DNA

The synthesis of the Au nanoparticles modified with DNA (AuNP-DNA) was done according to the
literature'®®. The AuNP-DNA were synthesized by citrate reduction whereby tannic acid acts as
co-reductant. The concentration of AuUNP-DNA was determined in MilliQ by using a value of €320 =

1-10” M . cm™ for 5 nm gold nanoparticles.

Mass Spectrometry

The molecular mass were determined on Thermo Fisher LTQ Orbitrap XL using Nano Electrospray
lonization (NSI).

Sample Preparation

The sample in the aqueous medium (10mM sodium phosphate buffer, 10mM sodium chloride and
15% ethanol) was heated up to 75 °C afterwards it was cooled down to 20 °C with a gradient of

15 °C/min.

Spectroscopic Characterisation

UV-vis data were measured on a Cary 100 Bio spectrophotometer. For the measurement 1cm x

1cm quartz cuvettes were used.

Atomic Force Microscopy

The mica substrates (20 x 20 mm?) were cleaved with Scotch tape. The mica surface was modified
with N,N diisopropylethylamine and 3-aminopropyltriethoxy silane in the ration 1:3 as described in
the reference’?’. Sample with DNA-modified gold nanoparticles (AuNP-DNA) were incubated for
10 minutes. 20 pL of the sample solution was drop-casted onto the mica substrate. After incu-

bation, the modified mica sample was rinsed with 1 ml of MilliQ water and dried in an argon stream.

Details can be found in Appendix A.
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3. Functionalized Vesicles of Phenanthrene

DNA Conjugates

3.1. Introduction

Integration of DNA in nanotechnology is very promising for biofunctionalization in biotechnological
approaches.’-1"1 Supramolecular polymers formed of DNA conjugates, natural DNA combined
with artificial DNA nucleotide surrogates, brings several advantages.3~37 First, the supramolecu-
lar polymers entail a high degree of modularity because of their non-covalent interaction nature.
Second, due to the presence of DNA it is possible to create properties like molecular recognition
and allows for the construction of nanostructures with the potential of functionalization.3® There are
numerous studies about DNA-functionalized vesicles, the focus is mainly on DNA-functionalized
liposomes and lipid-DNA conjugates.’2-115
(Phe), GTT CCA GGC TACGTT CCT TC 5’ o~ __ * B _
5/ CAA GGT CCG ATG CAA GGA AG (Phe), - O O - o—?

Phenanthrene (Phe) N

Figure 3.1.: Top: Sequence of the duplex with the phenanthrene overhangs and the 2,7-dialkynyl phenan-
threne building block. Bottom: lllustration of the vesicle with a zoom-in of the surface. Figure
is from reference03.

self-assembly

q ’ into vesicles

—_—

In a previous study, vesicle-shaped supramolecular polymers were formed by using DNA duplexes
with phenanthrene overhangs at both ends (see Figure 3.1).19% The vesicles showed a diameter

in the range of 50-200 nm. They showed light-harvesting properties and transfer absorbed energy
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to pyrene or Cy3, which act as an acceptor.

type I
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Figure 3.2.: Cryo-EM images and illustrations of prolate ellipsoids (type 1) and spheres (type II) vesicles.
Figure is from reference'®.

Later, the phenanthrene units of the DNA hybrids were replaced by tetraphenylethylene (TPE) units
resulting in two different vesicle morphologies.''® The vesicles formed either prolate ellipsoids
or spheres depending on the condition. The different types of vesicles suggest also a different
orientation of the DNA. In both cases, the hydrophobic ends (TPE’s) of the DNA duplexes were

essential for the formation of the supramolecular structures.
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3.2. Aim of the Work

DNA-phenanthrene conjugates DNA-Phes were synthesized and form vesicular objects under op-
timized conditions (see Figure 3.3). The formed DNA-modified vesicles are investigated for func-
tionalization by hybridization with single strand DNA with fluorescent dyes and Au nanoparticle-
modified oligonucleotides. By excitation of the DNA-phenanthrenes an energy transfer from the
phenanthrene to the fluorescent dye should occur. Additional experiments were done to check
the possibility of encapsulation. The DNA-modified vesicles were characterized by UV-vis spec-
troscopy, fluorescence spectroscopy, atomic force microscopy (AFM) and transmission electron

microscopy (TEM).
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Figure 3.3.: lllustration of the self-assembly into a vesicle and hybridization with the single strand DNA
with the fluorescent dye (Cy3-DNA-1, sequence see Table 3.1). Bottom left: Structure and
sequence of DNA-Phes.
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3.3. Results & Discussion

Table 3.1 shows the chemical structure and sequence of the oligomers that were used in this study.
The 2,7-dialkynyl phenanthrene (Phe, see Table 3.1) building block was synthesized according to
the literature.’®' The oligomers in this work were prepared by the phosphoramidite solid phase

synthesis according to a published procedure.?®

Table 3.1.: Sequences of the oligomers used in this study. Right & bottom: Chemical structures of the
2,7-dialkynylphenanthrene and Cy3 (from Microsynth GmbH, Switzerland, Balgach).

Oligomer Sequence 13
DNA-Phe; | 5 CAAGGT CCG ATG CAA GGAAG (Phe)s
AUNP-DNA | 5 CTT CCT TGC ATC GGA CCT TG AuNP !
AUNP-DNA-2 | 5 TCG ATG CAT GCAATG TAC CAAUNP ®
Cy3-DNA-1 |3 GTT CCAGGC TAC GTT CCT TC Cy3 )
Cy3-DNA-2 | 3' CAA GGT CCG ATG CAA GGAAG Cy3 J

The same conditions, were applied as in the previous work.'% However, other conditions (variation
in concentration, other polyamines and salt) and different temperature gradients for the formation

of vesicle structures were also tested (see Figure B.23 in Appendix B).

3.3.1. Formation of DNA-modified Vesicles

The vesicle-shaped supramoleuclar poylmers were self-assembled in aqueous solution in the
presence of spermine. Monitoring the absorption at 260 nm, the vesicles were formed under
controlled cooling from 70°C to 20°C with a temperature gradient of 1°C/min. Calculations of the
first derivation of the cooling curves in Figure 3.4 showed formation temperatures at 57.4°C (pH
7.0), 51.1°C (pH 7.2), 49.2°C (pH 7.4) and 47.4°C (pH 7.6).

Therefore, there is a pH dependency at which temperature the supramolecular polymers were
formed. Changes in the pH of the aqueous solution can influence the formation of this vesicle-
shaped supramolecular polymer. Recording cooling curves of double strand DNA (dsDNA) reveal
that the pH influences primarily the phenanthrene units and not the single strand DNA (see Fig-

ure 3.5). For the duplexes the formation temperatures were 53.3°C (pH 7.0), 55.4°C (pH 7.2),
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Figure 3.4.: Left: lllustration of DNA-Phes. Right: Cooling curves of DNA-Phes at different pH. Condition:
2.5uM DNA-Phes, 10mM sodium phosphate buffer, 0.1mM spermine tetrahydrochloride and
20% ethanol. Cooling from 70°C to 20°C (temperature gradient: 1°C/min).

53.7°C (pH 7.4) and 53.0°C (pH 7.6), indicating no or only little pH dependency. Spermine is a
tetraamine and can be sensitive to the pH of the environment, because of the pKa of one of the
amine groups (pKa: 7.9, 8.4, 10.1 and 10.9).'"7 Although, the difference seems to be modest (pH
7.0 to pH 7.6), it can influence the spermine and it can be "more" deprotonated with a slightly
higher pH. As a result, the charge has to be compensated, therefore, an interaction between the
polycation spermine and the phosphate group of phenanthrene becomes stronger. The effect of
this interaction is visible in the cooling curves in Figure 3.4.

0.90
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cpH7.2
cpH7.4
<pH7.6

20 30 40 50 60 70
Temperature [°C]

Duplex

Figure 3.5.: Left: lllustration of dsDNA. Right: Cooling curves of dsDNA at different pH. Condition: see
Figure 3.4.

The difference could not only be visually observed in the formation temperature, but also in a

change in morphology. In Figure 3.6 AFM images reveal that at different pH the formation of
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supramolecular polymers has also changed. The higher the pH, the more undefined structures

were formed.
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Figure 3.6.: AFM images of DNA-Phe; at different pH deposited on APTES-modified mica. Condition: see
Figure 3.4. At the bottom the corresponding height profile along the line is shown in the insert
of the AFM image.

In Figure 3.6 (first from left) and Figure 3.7 is the visualisation of the formed vesicle-shaped
supramolecular polymers. It was done by atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM). The vesicles were formed under controlled cooling and deposited on a
APTES-mica for AFM (for sample preparation see subchapter 3.5) and on a holey carbon grid for

TEM (for sample preparation see subchapter 3.5).

Figure 3.7.: TEM images of DNA-Phes vesicles deposited on a holey copper carbon grid. Condition: see
Figure 3.4. Right: Zoom-in of one of the vesicles in the left image.

AFM measurements revealed vesicles with a diameter of about 100 - 200 nm and a height of 15 -

70 nm. These results were also confirmed by TEM measurements.
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3.3.2. Hybridization with Au Nanoparticles

If the single strand DNA that are tethered on the surface of the vesicles, they should be accessible
and addressable. Therefore, the formed DNA-modified vesicles were investigated for functional-
ization by hybridization with gold nanoparticle-modified oligonucleotides. Gold nanoparticles with
a complementary single strand DNA (AuNP-DNA) to DNA-Phes were added in order to hybridize
with the preformed vesicles. The AuUNP-DNA seems also to form a large network not only with
the DNA-modified vesicles but also on its own (see Figure 3.8 and Figure 3.9). This problem was
already mentioned in previous studies (see subchapter 2.3.2).'% Polyamines especially spermine

have the tendency to induce the aggregation of gold nanoparticles.

Figure 3.8.: AFM image of DNA-Phes with AUNP-DNA deposited on APTES-modified mica. Condition:
see Figure 3.4. Right: The height profile are shown that corresponding to the lines given in
the AFM image.

Figure 3.9.: TEM images of DNA-Phes with 0.25,M AuNP-DNA deposited on copper formvar carbon grid.
Condition: see Figure 3.4.

The formation of clusters can not be inhibited in presence of polyamines and therefore, is in-
evitable. So showing the addressability and the accessibility of the DNA-modified vesicle could

not be shown by hybridization with gold nanoparticles.
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3.3.3. Energy Transfer

The functionalized vesicles were targeted with the complementary oligomer Cy3-DNA-1, which

has the Cy3 dye at the 5’ end (illustrated in Figure 3.10).
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Figure 3.10.: Bottom left: Structure of the DNA-Phes. Top: Simplified illustration of the self-assembly into
a vesicle and hybridization with the single strand DNA with a fluorescent dye (Cy3-DNA-1).

The fluorescent dyes were added stepwise to the preformed DNA-modified vesicles (see Fig-
ure 3.11). By excitation of the phenanthrene in the shell (donor) at 316 nm the energy was
transferred to Cy3 (acceptor), which was observed as an emission at 570 nm. The fluorescence
spectra showed a Cy3 emission increase while the phenanthrene emission (376 nm and 395 nm)
decreases with an increase in the concentration of Cy3-DNA-1. Emission at 570 nm (emission
of Cy3) shows a stagnation at about 10% Cy3-DNA-1 relative to the concentration of DNA-Phes.
The high negative charge density on the vesicle can have a negative impact on the hybridization
of the dyes, therefore, only 10% of the DNA single strands were accessible by Cy3-DNA-1. As
a control, non-complementary strand Cy3-DNA-2 was used and no energy transfer could be ob-
served (see Figure 3.11). Measurement with only Cy3-DNA-1 showed also no energy transfer
(see Figure B.18 in the Appendix B).

AFM measurements showed also that after the addition of over 10% Cy3-DNA-1 to the DNA-
modified vesicles, the shape stays mostly intact (see Figure 3.12 a). With 40% Cy3-DNA-1 disc-
like structures were observable on the surface of the mica (see Figure 3.12 ¢). The diameters of
the vesicles were in the same range as before and the height profile of the disc-like structure was
in the range of 1.5 — 2.7 nm. Also after heating/cooling of the same sample the vesicles were

detected again (see Figure 3.12 b) and Figure 3.12 d). This observation was only made when
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Figure 3.11.:
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Left: Fluorescence spectra of DNA-Phes with stepwise addition of 1 to the preformed vesi-
cles. Right: Integrated fluorescence (540 - 600 nm) of the stepwise addition of the com-
plementary Cy3-DNA-1 (e) and non-complementary Cy3-DNA-2 (H). \g: 316nm, 20°C.
Excitation slit: 5 nm, emission slit: 5 nm. Condition: see Figure 3.4. * in the spectrum mark
a second harmonic order diffraction.

AFM was measured at the centre of the sample droplet (see Figure 3.13 Top). However, after

the heating/cooling of the DNA-modified conjugates with 40% Cy3-DNA-1, the sample showed

a different structure (see Figure 3.13 Bottom), but this structure could only be observed when

measuring at the edge of the sample droplet. The mica surface seemed to be covered by large

sheet-like structures and only a few vesicles. that "sat" on the sheets.
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AFM images of DNA-Phes deposited on APTES-modified mica with the corresponding height
profiles along the marked line in the AFM images. Condition: see Figure 3.4. a) after addition
of 20% Cy3-DNA-1. b) with 20% Cy3-DNA-1 after heating/cooling. c) after addition of 40%
Cy3-DNA-1. d) with 40% Cy3-DNA-1 after heating/cooling.
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Figure 3.13.: Left: lllustration of the mica surface and the approximate position of the measurement. Mid-
dle: AFM images of DNA-Phes with 40% Cy3-DNA-1 deposited on APTES-modified mica.
Condition: see Figure 3.4. Right: the corresponding height profiles along the marked lines of
the AFM images.

3.3.4. Additional Experiment

Encapsulation
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Figure 3.14.: lllustration of the gold nanoparticles (AuNP-DNA, simplified with only one ssDNA) encapsu-
lated in the DNA-Phes vesicle after the sample was heated up and cooled down.

Encapsulation of AUNP-DNA was attempted by heating/cooling of DNA-Phes with AUNP-DNA
(see Figure 3.14). Although, AUNP-DNA tends to make large network by itselft, it was interesting
to see the interaction of DNA-Phes and AuUNP-DNA.
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Figure 3.15.: AFM and TEM images of DNA-Phes mixed with 0.25;M AuNP-DNA. Condition: see Fig-
ure 3.4. Middle: the corresponding height profile along the marked lines of the AFM image.

In Figure 3.15 AuNP-DNA seems to be trapped in a shell of DNA-Phes. But how the DNA-Phes

and AuNP-DNA were structurally ordered, is unknown.

Figure 3.16.: TEM images of DNA-Phes with 0.1:M AuNP-DNA deposited on holey carbon grid. Condi-
tion: see Figure 3.4. Smaller images: Zoom-In.

In Figure 3.16 AuNP-DNA could be observed in the vesicle but also other undefined structures
were formed and the gold nanoparticles seemed to be included in theses aggregates. There was
also an attempt to mix the DNA-modified vesicles, with the vesicles with the encapsulated AuNP-
DNA, to investigate if there were interactions between the vesicles (see Figure 3.17): e.g., to
observe an exchange of the gold nanoparticles between the vesicles. But no interactions between
the encapsulated and the non-encapsulated vesicles were observed, the results were very similar

to the previous TEM images in Figure 3.16.
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Figure 3.17.: TEM images of of 2.5uM DNA-Phes and 2.5;M DNA-Phes with AUNP-DNA encapsulated,
deposited on holey carbon grid. Condition: see Figure 3.4.

The specificity of the encapsulation was verified by using non-complementary gold nanoparticles

(AuNP-DNA-2). The non-complementary AUNP-DNA-2 was heated/cooled down in the presence

of DNA-Phes.
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Figure 3.18.: Left: TEM image of 2.5:M DNA-Phes with complementary 0.1M AuNP-DNA encapsulated,
deposited on holey carbon grid. Right: AFM images of 2.54M DNA-Phes with complemen-
tary 0.1uM AuNP-DNA deposited on APTES-modified mica. Condition: see Figure 3.4.
Right: the corresponding height profiles along the marked lines of the AFM images.

Comparing the results shown in Figure 3.18 and Figure 3.19, it is obvious that with the non-
complementary gold nanoparticles only undefined structures were be formed and/or vesicles with
an irregular surface. In case of AUNP-DNA the TEM image showed the regularly round vesicle

(Figure 3.18).
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Figure 3.19.: Left: TEM images of of 2.5uM DNA-Phes with 0.1uM AuNP-DNA-2 deposited on holey
carbon grid. Right: AFM images of 2.5uM DNA-Phes with 0.1uM AuNP-DNA-2 deposited
on APTES-modified mica. Condition: see Figure 3.4. Middle: the corresponding height
profiles along the marked lines of the AFM image.

3.4. Conclusion

In conclusion, phenanthrene DNA-conjugates self-assembled into DNA-modified vesicles (type I).
TEM and AFM measurements confirmed the formation of vesicular-shaped supramolecular poly-
mers with diameters of 100 to 200 nm. Hybridization with a complementary Cy3-modified DNA
shows an energy transfer from the excited phenanthrenes to the Cy3, whereas non-complementary

Cy3 modified DNA did not show the energy transfer.

The DNA-modified vesicles were also stable after the addition of the Cy3-DNA-1, however, after
heating/cooling of the same sample sheet-like structures were formed, illustrated in Figure 3.20.
This observation suggests a change in the arrangement of the oligomers after heating/cooling,
leading to a sheet-like structure with a flat surface and vesicles (type Il) with the same DNA-Phes
and Cy3-DNA-1 arrangement as the sheet-like structure as illustrated in Figure 3.20. Similar struc-

tures were already observed for DNA-Phes."%3

Encapsulation of AUNP-DNA into the vesicles worked only partially, TEM images showed the
encapsulated AUNP-DNA but the specificity could not be shown clearly. The images showed

also the formation of other undefined structures. One reason for these aggregates and the non-
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Figure 3.20.: lllustration of the formation of the DNA-modified vesicle (type 1), sheet-like structure and
vesicles with a different oligomer arrangement (type II).

specificity could be that the gold nanoparticles tend to form large networks on their own in the
presence of spermine.'% Hence, the AUNP-DNA start to aggregate as soon as they get in contact
with the cationic polyamines, and the DNA-Phes has little chance to actually interact specifically

with the AUNP-DNA.
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3.5. Experimental Section

Synthesis of the Phenanthrene Building Block

Synthesis of the building block 2,7-phenanthrene

The 2,7-dialkynyl phenanthrene building block were synthesized according to the literature.

Solid-phase synthesis

The oligos were synthesized in a 1 uM scale using the standard phosphoramidite solid-phase
synthesis protocol®® on a ABI (Applied Biosystems Instruments) 394-DNA/RNA automated syn-

thesizer.

HPLC Purification

The HPLC purification was done on a Shiamdzu HPLC system using ReproSil 100 C18, Lichro-
spher 100 RP-18, 5um, 250 x 4mm (Merck) . The mobile phase were: Solvent A: 0.1M TEAA
/acetonitrile 80:20 and solvent B: CH3;CN.

Synthesis of Au nanoparticles modified with DNA

The synthesis of the Au nanoparticles modified with DNA (AuNP-DNA) was done according to the
literature'®®. The AuNP-DNA were synthesized by citrate reduction whereby tannic acid acts as
co-reductant. The concentration of AUNP-DNA was determined in MilliQ by using a value of €520

=1.10" M'.cm™ for 5 nm gold nanopatrticles.

Sample preparation

The 2.5uM DNA-Phes, 10mM sodium phosphate buffer, 0.1mM spermine tetrahydrochloride and
20% ethanol was heated up to 70 °C afterwards it was cooled down to 20 °C with a temperature

gradient of 1 °C/min.

Sample preparation for the Atomic Force Microscopy

The mica substrates (20 x 20 mm?) were cleaved with Scotch tape. The mica surface was modified

with N,N diisopropylethylamine and 3-aminopropyltriethoxy silane in the ration 1:3 as described in
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the reference'®’. Sample that has to be hybridize with DNA-modified gold nanoparticles (AuNP-
DNA) were incubated for 10 minutes after the addition of the AuNP-DNA solution. 20 uL of the
sample solution was drop-casted onto the mica substrate. After incubation time of 10 minutes, the

modified mica sample was rinsed with 1 ml of MilliQ water and dried in an argon stream.

Sample preparation for the Transmission electron microscopy

The sample solution (5 L) were put on the copper carbon grid/ copper formvar carbon grid/ cop-
per holey carbon grid. It was incubated for 2-5 minutes then the solution was absorbed by a filter
paper. The grid was then drawn through two different MilliQ water drop (each 10 pL), the solution
was then absorbed with a filter paper each time. And in cases where there was no gold nanopar-
ticles, the grid was then drawn through two different 0.5% uranyl acetate/UA zero solution drop (5

uL), the solution was absorbed with a filter paper.

Details can be found in Appendix B.
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4. Self-assembly of Photocleavable Helical

Ribbon Structures

4.1. Introduction

Supramolecular polymers that have functional characteristics are of a great interest.6%118-124 Fy.
thermore, supramolecular architectures with biological or optical properties can be an interesting
material for nanotechnology.®*12°-131 Designing DNA conjugates, i.e. natural DNA nucleotides
with artificial DNA nucleotide surrogates joined, which self-assemble via controlled arraying into

supramolecular polymers with such characteristics is still a challenge.38132-136
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Figure 4.1.: Schematic illustration of the self-assembly of the pyrene-DNA oligomers into a helical ribbon
structure. Top: Structure of the pyrene DNA conjugate. Adapted from the reference®31%7.
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4. Self-assembly of Photocleavable Helical Ribbon Structures 4.1. Introduction

Previously, it was shown that chimeric pyrene-DNA oligomers formed one-dimensional (1D) he-
lical ribbon structures with a thickness of 2 nm (see Figure 4.1 and Figure 4.2 ).83.137.138 The
functionalization possibility of the helical ribbons was demonstrated by using gold nanoparticles

with complementary DNA strands for hybridization with the supramolecular polymer.

Figure 4.2.: A) AFM images of one-dimensional helical ribbons with the corresponding height profile. B)
Transmission electron microscopy images with a zoom-in. Figure from the reference®:.

In a second study, azobenzene functionalized benzene-1,3,5-tricarboxamide (BTA) self-assembled
into a helical structured (see Figure 4.3).13° Depolymerisation of the helical hydrogen-bonded poly-
mers in methylcyclohexane was induced by UV light at the wavelength of 365 nm and can be

reversed by irradiating at the wavelength of 455 nm.

Ry=

Figure 4.3.: Top: Chemical structure of azobenzene functionalized benzene-1,3,5-tricarboxamide (BTA).
Bottom: lllustration of the superstructure and light-induced dissociation. Benzene rings of
the BTA cores are (black disks), hydrogen bonds (white), and the azobenzenes (orange rect-
angles), trans-azobenzenes (flat rectangles), cis-azobenzenes (slightly twisted rectangles).
Irradiation with UV-light (at 365 nm) leads to depolymerisation of the fibres, which can be re-
versed through irradiation at the wavelength of 455 nm or thermal relaxation. Figure from the
reference’.
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4.2. Aim of the Work

Here, in this study a photocleaver was incorporated into the before mentioned pyrene DNA con-
jugates (see Figure 4.1). It was expected that the new oligomer with the photocleaver should
self-assemble into one-dimensional helical ribbon structures, like in the previous study. These
ribbons are expected to be photocleavable, that means after the irradiation with UV-light the sin-
gle strand DNA is supposed to be cleaved from the pyrenes, and thereby open up the option of
influencing the structure of the supramolecular polymer. Atomic force microscopy should reveal
the formation of the ribbon structures before and the resulting structures after the irradiation with
UV-light. The addition of a dye (acceptor) attached to a complementary strand to the oligomer and
then irradiating the pyrenes (donor), while measuring the dye emission was an additional exper-
iment. After the irradiation of the photocleaver, the emission is expected to disappear. First, the

self-assembly of a photocleavable ribbon is shown in this chapter.
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Figure 4.4.: Strurcture of the pyrene and photocleaver. lllustration of the folding, self-assembly and irradi-
ation process. In blue is the DNA single strand (see Table 4.1). In grey are the pyrenes and
the red dot as illustrated is the photocleaver.
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4.2. Aim of the Work

By irradiation at the wavelength of 365 nm of the DNA-R-Py; a radical is formed. By radical-

migration, H-migration, ring-closing reaction, and dissociation, it was expected to get DNA single

strands and Py7 in the end (see Figure 4.5). The DNA single strands and Py; are identified by

mass spectrometry.
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Figure 4.5.: Photoreaction of the photocleaver (5-[3-(3-Hydroxymethyl-4-nitro-phenoxy)-propoxy]-2-nitro-
phenyl)-methanol).'#%14" Chemical structure of Py can be found in Figure 4.4.
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4.3. Results & Discussion

4.3.1. Self-assembly of 1D helical ribbons

As mentioned in the introduction, it was found that DNA-pyrene conjugates based on 1,6-modified
pentynyl pyrene self-assemble into helical ribbons. The 1,6-pyrene (Py, see Figure 4.4) and pho-
tocleaver (R, see Figure 4.4) building blocks were synthesized according to previous publications
respectively according to a patent.’%%140 The oligomers that are used in this work were prepared
by phosphoramidite solid phase synthesis according to published procedure.?®

Table 4.1.: Oligomers that are used in this project with the corresponding sequences. Py = 1,6-pentynyl
pyrene, R = photocleaver, Dyomics630 = dye, Cy5 = cyanine dye.

Oligomer Sequence

DNA-R-Py, Py-Py-Py-Py-Py-Py-Py-R - CTT CCG TGA G -3’
DNA-Py, Py-Py-Py-Py-Py-Py-Py- CTT CCG TGA G -3’
DNA-Dyomics630 Dyomics630 - GAA GGC ACTC -5’
DNA-Cy5 Cy5-GAAGGCACTC-¥%

Based on the previous study, the same condition was optimized and applied to this study.83.138

Width [nm]

Figure 4.6.: AFM image of DNA-R-Py; ribbon structure deposited on APTES-modified mica (preparation
see chapter 4.5). Condition: see Figure 4.7. Bottom right: corresponding height profile along
the shown line in the insert of the AFM image.

The formation of the ribbons was achieved in agueous medium with 0.7 xM DNA-R-Py7, 10 mM
sodium phosphate buffer (pH 7), 100 mM NaCl and by heating up to 70°C and cooling down to
20°C with a cooling rate of 0.1°C/min (see Figure 4.6).
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In Figure 4.7, UV-vis spectra showed an appearing of a J-band at 305 nm and a H-band at 335

nm after the formation of the ribbons, as already observed in the literature.’” These shifts are

explained by a stair-like folding of the pyrene oligomers.83

Figure 4.7.:
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250 300 350 400 450 500
Wavelength [nm]

UV-vis spectrum of DNA-R-Py; before (blue) after (black) the formation of ribbons. Condition:
0.7 uM DNA-R-Py;, 10 mM sodium phosphate buffer (ph 7), 100 mM NaCl at 20°C.

The supramolecular polymerization process was absorved by recording the UV-vis absorption

at 305 nm,

while the sample was heated up (70°C) and cooled down (20°C) (see Figure 4.8).

Melting temperature was determined by heating up (70°C) the formed ribbons while recording the

absorption at 305 nm, as well (see Figure 4.8).

Figure 4.8.:
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Melting and cooling curves of DNA-R-Py;. Condition: see Figure 4.7, absorption at 305 nm.
Blue: Cooling: 70°C to 20°C, cooling rate: 0.1°C/min. Orange: Heating: 20°C to 70°C, heating
rate: 0.1°C/min.
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These measurements give more information about the aggregation behaviour and the stability of
the supramolecular polymers. The melting-cooling curves showed, the formation of the ribbons at

42.5°C (cooling ramp: 0.1°C/min) and a melting temperature of 48°C (heating ramp: 0.1°C/min).

4.3.2. Irradiation of the ribbons

Observation of the melting-cooling curves at the wavelength at 305 nm for irradiated DNA-R-Py7
showed not changes (see Figure 4.9). In a previous study, it was shown that the aqueous solution
of a pyrene trimer required ethanol, in order to dissolve the pyrene aggregates, and to observe
dissociation at a temperature below 70°C.%° Here, a Py unit was released after irradiation of the
DNA-R-Py;,making it even more difficult to record a melting temperature in aqueous condition
without the addition of ethanol.
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Figure 4.9.: Melting and cooling curves of DNA-R-Py; after irradiation for 30 min at the wavelength of 365
nm. Condition: see Figure 4.7, absorption at 305 nm. Blue: Cooling: 70°C to 20°C, cooling
rate: 0.1°C/min. Orange: Heating: 20°C to 70°C, heating rate: 0.1°C/min.

Figure 4.10 shows the UV-vis absorption of DNA-R-Py; and DNA-Py7 with different irradiation
time. Irradiation at 365 nm had not only an influence to the oligomer with the photocleaver, but
also to the one without. Increased irradiation time decreases the J-band and H-band, for the DNA-
R-Py; more prominent than for DNA-Py~. It can not be excluded that the irradiation has also an
impact on the pyrene. There is a significant decrease in the absorption for DNA-Py7 from 30 min

to 60 min irradiation time. Hence, the limit for the irradiation time was set to 30 min.
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Figure 4.10.: UV-vis spectra of formed DNA-R-Py; ribbons (left) and DNA-Py; (right) after different irradi-
ation times. After a certain time of irradiation (at 365 nm) the UV-vis absorption of the sample
was measured. Condition: see Figure 4.7.

High Performance Liquid Chromatography Experiments

The cleavage of DNA-R-Py; could also be observed in the HPLC chromatograms (see Fig-
ure 4.11). The DNA-R-Py7; sample was irradiated at 365 nm for different times and via RP-HPLC
it could be shown that the irradiation time has an influence on the cleavage. With increasing ir-
radiation time, firstly, the retention time of the main peak (at about 15.8 min) shifted to the right

and decreased in the intensity. Secondly, the peak at about 1.6 min appeared and increased in

intensity.
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Figure 4.11.: HPLC traces of oligomer DNA-R-Py; after different irradiation times (irr. at 365 nm). Absorp-
tion at 260 nm was recorded. Zoom-in of the main peaks (about 1.6 min and 15.8 min).

Both mentioned peak were collected and to ensure the cleavage of the photocleaver mass spec-

troscopy (MS) was made and both mass could be found (see Table 4.2).
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Table 4.2.: Calculated and measured mass of the collected peaks. Phosphate-Py; at about 15.8 min and
ssDNA at about 1.6 min.

Oligomer Calculated Measured
DNA-R-Py; 6455.9926 6455.3028
Phosphate-Py;  3014.9107 3014.7750
ssDNA 3096.8669 3097.4424

Atomic mass spectroscopy

Atomic force microscopy (AFM) showed the structures after irradiation. Samples were irradiated
either in solution (condition see Figure 4.12) or on the APTES-mica (as in Figure 4.13, preparation
see subchapter 4.5). In both cases, no ribbons were found, only small, irregular objects were

observed.
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Figure 4.12.: AFM image of irradiated DNA-R-Py; sample deposited on APTES-modified mica. Condition:
see Figure 4.7. Bottom right: corresponding height profile along the shown line in the insert
of the AFM image.

Figure 4.13.: AFM image of DNA-R-Py; sample deposited and irradiated on APTES-modified mica. Right:
after the APTES-mica was washed again, in case there is any residue after the cleavage.
Condition: see Figure 4.7.
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Spectroscopic Properties

Cy5 Dyomics630

Figure 4.14.: Chemical structures of the commercially available Cy5 and Dyomics630 (from Mycrosynth
GmbH, Bulgach, Switzerland).

Addition of a dye with a complementary DNA single strand to DNA-R-Py; should show the hy-
bridization of the DNA and then the cleavage after the irradiation of the photocleaver at 365 nm.
There were two dye candidates for these experiments (see Figure 4.14), the first one was Cy5, the

second one was Dyomics630 (see Figure 4.14).
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Figure 4.15.: lllustration of the different samples (explained next page). Top: sample (3), middle: sample
(4) followed by sample (5) and bottom: sample (1): only non-irradiated ribbon, sample (2):
only irradiated ribbon and sample (6): only dyes.
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By excitation of the pyrenes at the wavelength of 365 nm, energy transfer should occur and an

emission at 657 nm for Dyomics630 and 663 nm for Cy5 was observed.

In the following part, various samples were investigated: (see Figure 4.15). (1) Only non-irradiated
preformed ribbons. (2) Photo cleaved ribbons. (3) Preformed ribbons were irradiated at 365
nm and then followed by the addition of DNA-Cy5 or DNA-Dyomics630. (4) Non-irradiated
preformed ribbons with DNA-Cy5 or DNA-Dyomics630. (5) After the addition of DNA-Cy5 or
DNA-Dyomics630 to the preformed ribbons, irradiation at 365 nm. (6) Only DNA-Cy5 or DNA-

Dyomics630.
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Figure 4.16.: Emission spectra of preformed DNA-R-Py; (green) and DNA-Cy5 (blue). Left: Addition of
100% DNA-Cy5 (dark blue) then irradiation at 365 nm for 30min (violet). Right: Irradiation
at 365 nm for 30min (dark blue) then addition of 100% DNA-Cy5 (violet). Condition: see
Figure 4.7; Aexe. 365 nm, 20°C; excitation slit: 5 nm, emission slit: 5 nm. * in the spectrum
marks a second-order diffraction.
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Figure 4.17.: Emission spectra of preformed DNA-R-Py7 (green) and DNA-Dyomics630 (blue). Left: Ad-
dition of 100% DNA-Dyomics630 (dark blue) then irradiation at 365 nm for 30min (violet).
Right: Irradiation at 365 nm for 30min (dark blue) then addition of 100% DNA-Dyomics630
(violet). Condition: see Figure 4.16. * in the spectrum marks a second-order diffraction.

Comparison of the two fluorescence measurements revealed that Cy5 (see Figure 4.16) was sig-
nificantly less efficient than Dyomics630 (see Figure 4.17), plus Cy5 is not photostable, therefore,

further experiments were done by using Dyomics630.
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4. Self-assembly of Photocleavable Helical Ribbon Structures 4.3. Results & Discussion

Stepwise addition of DNA-Dyomics630 to the preformed ribbons showed a stagnation at about
40% DNA-Dyomics630 (see Figure 4.18 and Figure 4.19). After 40% it was just a linear increase
of the fluoresence emission.
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Figure 4.18.: Emission spectra of preformed DNA-R-Py; and stepwise addition of DNA-Dyomics630.
Condition: same as in Figure 4.16. * in the spectrum marks a second-order diffraction.
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Figure 4.19.: Fluorescence integral of the emission spectra Figure 4.18 (emission from 620 nm -715 nm).
Blue: DNA-R-Py;. Grey: only DNA-Dyomics630.
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4. Self-assembly of Photocleavable Helical Ribbon Structures 4.3. Results & Discussion

100% DNA-Dyomics630 relative to the DNA-R-Py; concentration was added to the preformed
ribbons. After addition and then after irradiation again the fluorescence were measured (sample
(4) and (5), see Figure 4.20 left). In an other experiment, it was added to the irradiated sample, so
after the DNA-R-Py; was cleaved (sample (3), see Figure 4.20 right).

After the irradiation the DNA-Dyomics630 seems to have a higher emission intensity, when ex-
cited at the wavelength 365 nm.
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Figure 4.20.: Emission spectra of preformed DNA-R-Py; (black). Left: Addition of 100% DNA-
Dyomics630 (orange) then irradiation at 365 nm for 30min (blue). Right: Irradiation at 365
nm for 30min (violet) then addition of 100% DNA-Dyomics630 (orange). Condition: see
Figure 4.16. * in the spectrum marks a second-order diffraction.

The cleaved DNA-R-Py7 without DNA-Dyomics630 showed a slightly higher fluorescence emis-
sion integral. As mentioned before, the sample (3) bar in Figure 4.21 shows the fluorescence
integral after the addition of DNA-Dyomics630 to the cleaved DNA-R-Py;. Surprisingly, the en-
ergy was still transferred to the Dyomics630. Addition of DNA-Dyomics630 to the preformed

ribbons (sample (4) bar in Figure 4.21) showed also an energy transfer to the

1800
1600

1400

u]

1200

1000

800

600

Fluorescence Integral [a

400

200 I
S m iz O

Figure 4.21.: Fluorescence integral of the emission spectra Figure 4.20 (emission from 620 nm - 715 nm).
Approach of the bars/sample (1) to (5) is explained above. Blue: DNA-R-Py;. Grey: only
DNA-Dyomics630.
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4. Self-assembly of Photocleavable Helical Ribbon Structures 4.3. Results & Discussion

Dyomics630, which is expected. However, there was still an emission observed after the ribbons

with DNA-Dyomics630 (sample (5), see Figure 4.20) (about 14% of the initial emission). In case

the DNA-R-Py; was cleaved, a similar emission to the sample with only DNA-Dyomics630 was

expected (see Figure C.1 in Appendix C). As seen in Figure 4.21 (sample (2)) there was almost

no emission for the cleaved ribbon and the DNA-Dyomics630.

From the result before (see Figure 4.18), it was decided to add DNA-Dyomics630 where the

fluorescence had the largest increase. So, the same experiment that was made with 100% DNA-

Dyomics630 was made with 10% DNA-Dyomics630. The measurement showed similar results

with a less higher emission intensity. Also, in this case about 17% of the emission was still left

after the cleaving of the ribbons (similar to Figure 4.20).
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Figure 4.22.: Emission spectra of preformed DNA-R-Py; (black). Left: Addition of 10% DNA-Dyomics630

(orange) then irradiation at 365 nm for 30min (blue). Right: Irradiation at 365 nm for 30min
(violet) then addition of 10% DNA-Dyomics630 (orange). Condition: see Figure 4.16. * in
the spectrum marks a second-order diffraction.
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Figure 4.23.: Fluorescence integral of the emission spectra Figure 4.22 (emission from 620 nm - 715 nm).

Approach of the bars/sample (1) to (5) is explained above. Blue: DNA-R-Py;. Grey: only
DNA-Dyomics630.
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4. Self-assembly of Photocleavable Helical Ribbon Structures 4.4. Conclusion

A similar pattern as before is present, both experiments (10% and 100% DNA-Dyomics630)
showed similar results but on a different intensity level. The residual emission (after irradiation
of the photocleaver) could be observed in both cases. Therefore, it is evident that there was not

100% photo cleavage of the DNA-R-Py;7.

4.4. Conclusion

In conclusion, the photocleaver was successfully incorporated into the DNA-pyrene conjugates.
AFM measurements showed that these DNA-pyrene conjugates with a photocleaver still self-
assemble into helical ribbons. Fluorescence measurements revealed that the photocleaver could
be irradiated and therefore that the helical ribbons are photocleavable. Also, AFM images showed
that after irradiation the ribbons disappear and only undefined structures were found. Therefore,
irradiation respectively cleaving of these DNA-pyrene conjugates with a photocleaver affects the
structure of the supramolecular polymer. The results showed also that hybridization of a com-
plementary DNA strand containing a dye affects the irradiation of the DNA-R-Py. Surprisingly,
addition of DNA-Dyomics630 after DNA-R-Py; was cleaved, showed about two times more emis-
sion intensity compared to the emission of the sample, where the photocleaver of the oligomer
DNA-R-Py; was irradiated after the addition of DNA-Dyomics630. This was unexpected, be-
cause the final result of the oligomer irradiation should be the same (in the end, there are Py,
and ssDNA). Fluorescence spectra revealed also that after the photo-cleaving the energy was still
transferred to the dyes. There are several reasons for these unexpected results, first, it was not
possible to cleave all the DNA-R-Py;. And secondly, as mentioned before, it made a difference if
the dye was hybridized to the ribbons or not, when DNA-R-Py; was cleaved before the addition of
DNA-Dyomics630.

The incorporation of such a photocleaver can also be applied to other systems and/or DNA conju-

gates such as e.g. the demonstrated DNA-modified vesicles in chapter 3.
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4. Self-assembly of Photocleavable Helical Ribbon Structures 4.5. Experimental Section

4.5. Experimental Section

Material and General Methods

All required solvents and chemical reagents for the synthesis were purchased from commercial
suppliers (Aldrich, Merck, TCI, Glen Research, Microsynth) and used without further purification.

Mica plates ("V1", 20mmx20mm, thickness: 0.25mm) are from Plano GmbH.

Synthesis
Synthesis of the photocleaver building block

The (5-(3-(3-Hydroxymethyl-4-nitro-phenoxy)-propoxy)-2-nitro-phenyl)-methanol (1) was synthe-
sized starting from 3-Hydroxymethyl-4-nitro-phenol, which is commercially available. The first re-
action was Finkelstein reaction, then tritylation and phosphotylation were made to get (5-(3-(3-(Bis-
(4-methoxy-phenyl)-phenyl-methoxymethyl)-4-nitro-phenoxy)-propoxy)-2-nitro-phenyl)-methanol and
then Diisopropyl-phosphoramidous acid 5-(3-(3-(bis-(4-methoxy-phenyl)-phenyl-methoxymethyl)-
4-nitro-phenoxy)propoxy)-2-nitro-benzyl ester 2-cyano-ethyl ester. This reaction is according to a

patent. 40

Synthesis of the pyrene building block

The pyrene building block was synthesized according to literature.83.105

Solid-phase Synthesis

The oligos were synthesized in a 1 M scale using the standard phosphoramidite solid-phase
synthesis protocol?® on a ABI (Applied Biosystems Instruments) 394-DNA/RNA automated syn-

thesizer.

HPLC Purification

The HPLC purification was done on a Shiamdzu HPLC system using LiChroCART 250-4; LiChro-
spher 100, RP-18, 5 um column (Merck). The mobile phase were: Solvent A: HFIP buffer (ph 8)
and solvent B: CH;CN.
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4. Self-assembly of Photocleavable Helical Ribbon Structures 4.5. Experimental Section

Mass Spectrometry

The molecular mass were determined on Thermo Fisher LTQ Orbitrap XL using Nano Electrospray

lonization (NSI).

Sample Preparation

The sample in aqueous medium (0.7 M of the oligomer, 10 mM sodium phosphate buffer (ph 7),
100 mM NaCl ) was heated up to 70 °C afterwards it was cooled down to 20 °C with a temperature

gradient of 0.1 °C/min.

Spectroscopic Characterisation

UV-vis data were measured on a Cary 100 Bio spectrophotometer. Fluorescence and excitation
data were measured on a Cary Eclipse spectrofluorimeter. The settings are as described in the

corresponding spectra. For the measurement 1cm x 1cm quartz cuvettes were used.

Sample Preparation for the Atomic Force Microscopy

The mica substrates (20 x 20 mm?) were cleaved with Scotch tape. The mica surface was modified
with N,N diisopropylethylamine and 3-aminopropyltriethoxy silane in the ration 1:3 as described in
the reference’®’. 20 uL of the sample solution was drop-casted onto the mica substrate. After
incubation time of 10 minutes, the modified mica sample was rinsed with 1 ml of MilliQ water and

dried in an argon stream.

Details is in the Appendix C.
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5. Energy Transfer in DNA-assembled

Oligochromophores

Part of this work is based on a master thesis (Elena Grossenbacher, University of Bern, De-
partment of Chemistry and Biochemistry, 2019). This study was performed in collaboration with
Prof. Thomas Feurer, Prof. Andrea Cannizzo (Institute of Applied Physics, University of Bern,
Switzerland) and the National Center of Competence in Research - Molecular Ultrafast Science

and Technology (NCCR-MUST).
The results are published in:

DNA-organized artificial LHCs - testing the limits of chromophore segmentation
N. Burki, E. Grossenbacher, A. Cannizzo, T. Feurer, S. M. Langenegger, R. Haner, Org. Biomol.

Chem., 2020, 18, 6818.

5.1. Introduction

The formation of collectively excited states of multi-chromophores in a precise manner is of a great
interest but is still a challenge.”%142-152 |n nature, light harvesting complexes (LHC) collect light
by protein-bound chromophores.'53-159 The excited chromophores transfer this absorbed energy
to a photosynthetic reaction center. LHC belongs to the functional unit of photosynthesis.?6-67.153
Inspired by nature, this well-evolved and highly efficient photosynthetic system was taken as the
basis for artificial light harvesting complexes.'®%-163 By using DNA as a supramolecular scaffold
for the construction of definite arrays of aromatic dyes can be a helpful tool to control the as-
sembly of well-organized artificial light harvesting system by making use of the hybridization of

complementary strands.9.82,84,164-182
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5. Energy Transfer in DNA-assembled Oligochromophores 5.1. Introduction

In the past, we showed in study a DNA-based hybrids built from homo- and hetero-multi-chromo-
phores.'® Electron-rich pyrene and electron-poor perylendediimide (PDI) were incorporated into
complementary DNA strands. These DNA-polycyclic aromatic hydrocarbon hybrids were used
to test the degree of electronic coupling among the dye molecules. The study showed also that

different number of pyrene-PDI interactions can directly influence the hybrid stability.
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(BLUE) Increasing thermal stability

Figure 5.1.: Left: Structures of perylenediimide (blue) and 1,8-dialkynylpyrene (green). Right: DNA-
polycyclic aromatic hydrocarbon hybrids with different number of pyrene-PDI interactions, from
left to right, increasing the number of interactions leads to an increasing thermal stability. Fig-
ure is from reference'®.

Previously, we also reported a DNA-based light-harvesting antennae with phenanthrene donors
and pyrene acceptor dye.'® Different arrangements of light-absorbing phenanthrenes and pyrene

were tested; stepwise an increasing number of intervening A-T base pairs were placed between a
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Fluorescence
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Figure 5.2.: Left: Structures of the building blocks; top: 3,6-dialkynylphenanthrene (blue); bottom: 1,8-
dialkynylpyrene (green). Right: Schematic illustration of DNA-based light-harvesting anten-
nae; top: without separating base pairs between phenanthrene units; bottom: with separating
base pairs between phenanthrene units. Yellow arrows indicate energy transfer. Figure is from
reference’®*.

61



5. Energy Transfer in DNA-assembled Oligochromophores 5.2. Aim of the work

block of six phenanthrenes and the pyrene. By exciting the phenanthrenes the energy will be trans-
ferred to the acceptor. The energy transfer could still be detected even after the phenanthrenes

were separated by 5 A-T base pairs.

5.2. Aim of the work

In this study the limits of chromophore segmentation in DNA-organized artificial light harvesting
complexes were tested. 1,8-dialkynylpyrene and 3,6-dialkynylphenanthrene were synthesized and
incorporated into DNA strands. Fluorescence experiments should show the energy transfer from
the excited phenanthrenes (donor) to the pyrene (acceptor) (see Figure 5.3) The efficiency of the

chromophore segmentation is determined by quantum yield measurements.

Fluorescence Excitation at 316 nm
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Figure 5.3.: Left: Structures of the building blocks; 3,6-dialkynylphenanthrene (blue); 1,8-dialkynylpyrene
(green); and DNA base pair (grey). Right: lllustration of the two different arranged phanan-
threne antennas in DNA-organized artificial LHCs. Bottom: phenanthrene stack and base
pairs are alternated arranged; top: Single, contiguous phenanthrene stack. Figure can also
be found in reference8®.
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5.3. Results & Discussion

The results are presented in two parts: In the first part the limitations of chromophore segmentation

will be shown. In the second, results of the selectivity of the duplexes will be presented.

5.3.1. Limits of the Chromophore Segmentation

This part of the work was mainly carried out by Elena Grossenbacher (supervised by Nutcha Biirki,

University of Bern, Department of Chemistry and Biochemistry, in 2019).

Figure 5.4.: Sequences of the modified DNA duplexes.

Right: chemical

structure of the pyrene and

Strand | Duplex Sequence B N
s1 1 5 GGC TAA YTA AAT TTA AAT CGC 3' OQQ
s2 3 CCG ATT GAT TTA AAT TTA GCG 5
s3 ) 5' GGC TAA YTa AAT TTA AAT CGC 3 ./ \
S4 3'CCG ATT aAd TTA AAT TTA GCG 5' e
S5 R 5 GGC TAA YTa AaT TTA AAT CGC 3' ¢
S6 3'CCG ATT aAa TaA AAT TTA GCG 5 - =
s7 A 5 GGC TAA YTa AdT oTA AAT CGC 3
S8 3'CCG ATT aAd TaA AT TTA GCG 5 0
S9 s 5'GGC TAA YTd AaT aTa AAT CGC 3' o \
S10 3'CCG ATT aAd TaA aAa TTA GCG 5 19, ol
S11 5 GGC TAA Yaa aaT TTA AAT CGC 3' 3
s12 | ReM [737CCGATT aaa aaA AAT TTA GCG 5 L ]

phenanthrene building blocks.

In Figure 5.4 are the sequences (S1 - S12) of the phenanthrene- and/or pyrene-modified oligode-
oxynucleotides that were synthesized and used in this project. Two complementary strands form
a duplex (1 - 5 & Ref1). The duplexes contain the acceptor 1,8-dibutynylpyrene (Y) and the
donor chromophores 3,6-dibutynylphenanthrene (). The design of the strands, in which the chro-
mophores are separated by a varying number of DNA nucleotides, allows for a close interaction
of the acceptor with at least one a when the duplex is formed. Refl serves as a reference for
the duplex 5. Because of the well known quenching effect on the fluorescence of the nucleobase

G, it was decided to use G-C base pairs at the end of the duplex to increase the stability, and

incorporate A-T base pairs in between.5?
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Spectroscopic Measurements
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Figure 5.5.: UV-vis spectra of the single strands S1, S3, S5, S7, S9 and S11. Conditions: 0.5 M strand,
10 mM sodium phosphate buffer (pH 7.0), 400 mM NaCl at 20°C.

Figure 5.5 shows the UV-vis spectra of the strands with one pyrene building block (S1, S3, S5, S7,
S9 and S11), all spectrum show similar vibronic bands at 370 nm and 391 nm which results from
the pyrene. For S11 it was slightly shifted and the maxima were 371 nm and 392 nm. Additional
phenanthrene, in the strand led to a slight shift of the maxima. At about 260 nm, where pyrene,
phenanthrene and the nucleobases absorb, the vibronic band starts at 256 nm for S1 to 254 nm
for 89, and for S11 it was 251 nm. At 317 nm and 332 nm the maxima were similar for all strands,
for S11 it was 318 nm and 333 nm. The difference of S11 are from the afore mentioned positioning
of the pyrene and phenanthrene, where the other strands were separated by one DNA base pair,

here they were positioned directly next to each other.

UV-vis spectra in Figure 5.6 show the single strands without any pyrene S2 - S12. As in the
previous UV-vis spectra, additional phenanthrene in the strand led to a slight shift of the vibronic
band starting at 255 nm. The spectra in Figure 5.6 do not differ much from the spectra before
(Figure 5.5) except the absence of the absorption bands of the pyrene of course. S12 differs from
the other strands because of the exact same mentioned reason stated before; the phenanthrenes

are placed next to each other and are not seperated by a DNA base pair.
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0.7 -
] —82

S4
—3S6
—3S8

S10
—812

Absorbance

370 420
Wavelength [nm]

Figure 5.6.: UV-vis spectra of the strands S2, S4, S6, S8, S10 and S12. Conditions: 0.5 M strand, 10
mM sodium phosphate buffer (pH 7.0), 400 mM NaCl at 20°C.

Figure 5.7 shows the UV-vis spectra of the duplexes (sample preparation see subchapter 5.5) 1 -
5 and Ref1. The spectra are similar to the UV-vis spectra before and only differ in the intensity.
Vibronic bands of pyrene are at 370 nm and 391 nm, for phenanthrene the maxima are at 318 nm
and 333 nm. At about 260 nm, the maxima are shifted with additional phenanthrene number, and
without intervening A-T base pairs Ref1 differs from the other duplexes and especially from duplex

5. Therefore, a hypochromic effect is observed at 318 nm and a even more pronounced, at 333

nm.
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Figure 5.7.: UV-vis spectra of the duplex 1, 2, 3, 4, 5 and Ref1. Conditions: 0.5 uM of each strand, 10 mM
sodium phosphate buffer (pH 7.0), 400 mM NaCl at 20°C.
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Duplex Sequence T, [°C]

1 o' GGC TAA YTA AAT TTA AAT CGC 3 60.7
3'CCG ATT aAT TTA AAT TTA GCG &' '

> 5' GGC TAA YTa AAT TTA AAT CGC 3 574
3' CCG ATT aAa TTA AAT TTA GCG o' '

3 5' GGC TAA YTa AaT TTA AAT CGC 3' 505
3' CCG ATT aAa TaA AAT TTA GCG 5' '

4 5' GGC TAA YTa AaT aTA AAT CGC 3' 49.8
3'CCGATT aAa TaA AT TTA GCG &' '

5 9' GGC TAA YTa AaT aTa AAT CGC 3' 426
3'CCG ATT 0Aa TaA 0Aa TTA GCG &' '

Figure 5.8.: Melting temperatures (Tr,) of the duplex 1 - 5 and Ref1. Conditions: 0.5 M of each strand,
10 mM sodium phosphate buffer (pH 7.0).

The stability of the duplexes can be determined by measuring the melting temperature (Ty,). The
absorption during heating-cooling-cycles (80°C — 20°C, 20°C — 80°C, temp. rate of 0.5 °C/min)
was recorded by monitoring the absorbance at 260 nm of the duplex 1 - 5 and Ref1, these melt-
ing curves can be found in the appendix D. The maximum of the first derivation of the melting
curves is the T, (see Figure 5.8). It revealed, with increasing number of phenanthrenes the Tp,
decreases, with each additional replacement of an A-T base pair with a pair of a results in a sig-
nificant decrease in stability of 3-7°C. Duplexes Ref1, which has no nucleobases in between the
modifications, and 5 have the same number of pyrene and phenanthrenes, but differ severely in
duplex stability. The T, of duplex 5 is 42.6 °C and the T, of Ref1 is 64°C, which is in the same

range as the duplex 1.

By excitation of the phenanthrenes at 316 nm, an emission of the acceptor pyrene can be ob-
served. Fluorescence spectra (Figure 5.9) of the strands S1, S3, S5, S7 and S9 all containing one
pyrene, show a maximum at 402 nm and a band that starts at about 426 nm and slightly shifted to
422 nm with each additional phenanthrene. So, the pyrene emission is mainly observed. It must
also be mentioned, that the strand S1 emits at about 425 nm when excited at 316 nm, this emis-
sion is not caused by energy transfer nor by light-harvesting. This is simply a resulut of the pyrene
that also absorbs at 316 nm and has an emission with a maximum at 402 nm. The emission of
the strand S11 differs distinctly from the other strands. The maximum is at about 424 nm and at

around 410 nm, a shoulder appears with a tailing up to 580 nm.
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5.3. Results & Discussion
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Figure 5.9.: Fluorescence spectra of the strands S1, S3, S5, S7, S9 and S11. Conditions: 0.5 uM strand,
10 mM sodium phosphate buffer (pH 7.0), 400 mM NaCl. ey 316 nm, 20°C; excitation slit:
2.5 nm, emission slit: 5 nm.

The strands S2, S4, S6, S8 and S10 only have phenanthrenes, therefore, fluorescence spectra

(Figure 5.10) show only a very small emission intensity, because of the absence of the acceptor

pyrene. The maxima are at 374 nm and 387 nm. Again, the strand S12 differs and it shows a broad

emission spectrum with a maximum at 397 nm since here, there is a stack of five phenanthrene

present.
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Figure 5.10.: Fluorescence spectra of the strands S2, S4, S6, S8, S10 and S12. Conditions: 0.5 uM
strand, 10 mM sodium phosphate buffer (pH 7.0), 400 mM NaCl. \gy. 316 nm, 20°C; excita-
tion slit: 2.5 nm, emission slit: 5 nm.

Fluorescence spectra (Figure 5.11) of the duplexes 1, 2, 3, 4, and 5 show significant pyrene
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emission with the maximum at 402 nm and a second band that is now shifted, from 426 nm to
422 nm. Duplex Ref1 on the other hand showed a broad band at about 430 nm. Almost no
phenanthrene emission at 365-380 nm could be observed for the duplexes 1, 2 and 3. A small
signal could be observed for duplex 4, and for duplex 5 the signal was even more intense. Which
means that phenanthrene itself emitted a part of the excitation energy, instead transferring it to
the acceptor. From duplex 1 to duplex 4 the intensity of pyrene fluorescence increases gradually;
for duplex 5 no further growth could be observed. An extended tailing with a shoulder at around
450 nm can be seen for all emission spectra, this is because of the phenanthrene excimer and/or

phenanthrene-pyrene exciplex formation.'86
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Figure 5.11.: Fluorescence spectra of duplex 1, 2, 3, 4, 5 and Ref1. Conditions: 0.5 M of each strand,
10 mM sodium phosphate buffer (pH 7.0), 400 mM NaCl. A\ex. 316 nm, 20°C; excitation slit:
2.5 nm, emission slit: 5 nm.

The emission spectrum of duplex Ref1 is similar to the single strand S11 (see Figure 5.9), it has
a maximum at 425 nm with a shoulder at about 410 nm and a tailing up to 580 nm. Due to the
stacking arrangement and the resulting electronic coupling of the phenanthrenes, the duplex Ref1,

which has an uninterrupted phenanthrene stack, shows little similarity to the other duplexes.

Quantum Yields

Quantum yields (¢F) were measured for duplexes 1 - 5 and Ref1 using quinine sulfate as a ref-
erence (see subchapter 5.5). Table 5.1 shows an increasing quantum yield for duplexes 1 to 3

(approx. 68%) and starts to level off for duplex 4 and 5. These findings match with the observed
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fluorescence spectra (see Figure 5.11). Hence, the maximum length of such a interrupted phenan-
threne antenna is reached at duplex 4, where energy is still harvested by light absorption and the
energy is transferred to the pyrene-acceptor since the quantum yield of duplex 5 is decreased by
about 20% therefore, less efficient than duplex 4. The highest quantum yield has Ref1, where the

phenanthrene units are not interrupted by DNA base pair, as expected.

Table 5.1.: Quantum yields (¢F) of the duplex 1 - 5 and Ref1. Conditions: 0.5 uM of each strand, 10 mM
sodium phosphate buffer (pH 7.0), 400 mM NaCl.

Duplex Sequence [%](FEI‘ESD)

1 5' GGC TAA YTA AAT TTAAAT CGC 3 47.2 (+2.2)
3'CCG ATT aAT TTA AAT TTA GCG o' S

5 5" GGC TAA YTa AAT TTA AAT CGC 3' 510 (527
+
3'CCGATT aAa TTAAAT TTAGCG &' 0 (2.7)

3 5' GGC TAA YTa AaT TTA AAT CGC 3' 68.1 (+3.2)
3'CCG ATT aAa TaA AAT TTA GCG &' S

4 5' GGC TAA YTa AaT aTA AAT CGC 3 64.0 (+2.1)
3'CCG ATT aAa TaA aAT TTA GCG &' S

5' GGC TAA YTa AaT aTa AAT CGC 3'
5 46.3 (£2.3)
3'CCG ATT aAa ToA aAa TTA GCG 5'

5' GGC TAA Yaa aaT TTA AAT CGC 3'
Ref1 70.0 (+3.0)
3' CCG ATT aaa aaA AAT TTA GCG 5'

5.3.2. DNA Duplexes containing Mismatches

In the previous subchapter, it was shown that the maximum length of ’interrupted’ phenanthrene
antenna is reached by duplex 4. The question of the selectivity of this duplex was answered by
adding mismatches to one of the strands. Therefore, three additional strands (S13, S14 and S15)
were synthesized (see Table 5.2), two of them have one mismatch but at different positions. The
third one has two mismatches.

The same strand S7 from the previous subchapter was also used here. Duplexes 6 to 8 have the

exact same sequence as duplex 4 except with one or two base pair mismatches (see Table 5.2).

Spectroscopic Measurements

In Figure 5.12 are the absorption spectra of all duplexes. Duplexes 6 to 8 show the same absorp-

tion profile as duplex 4. Vibronic bands at 333 nm and 318 nm (phenanthrene) and the pyrene with
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Table 5.2.: Sequence of duplexes 6 - 8. Chemical structure of a and Y see Figure 5.4. In red are the

mismatches.
Strand | Duplex Sequence
S7 6 5' GGC TAA YTa AaT aTA AAT CGC 3'
S13 3'CCGATT aTa ToA aAT TTA GCG &'
S7 7 5' GGC TAA YTa AaT aTA AAT CGC 3
S14 3'CCGATT gAa TaT aAT TTA GCG &'
S7 8 5' GGC TAA YTa AaT aTA AAT CGC 3'
S15 3'CCGATT aTa TaT aAT TTA GCG &'

maxima at 370 nm and 391 nm. Duplexes 7 and 8 show a slightly lower phenanthrene absorption

bands (333 nm and 318 nm) than duplexes 4 and 6.
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220 270 320 370 420
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Figure 5.12.: UV-vis spectra of all duplexes investigated in this study. Conditions: 0.5 uM of each strand,
10 mM sodium phosphate buffer (pH 7.0), 400 mM NaCl at 20°C.

Table 5.3.: Melting temperatures (T,) of the duplex 6, 7 and 8. Conditions: 0.5 uM of each strand, 10 mM
sodium phosphate buffer (pH 7.0).

Duplex Sequence T, [°C]

6 5' GGC TAA YTa AaT aTA AAT CGC 3' 50.7
3'CCGATT aTa TaA dAT TTA GCG &' )

7 5' GGC TAA YTa AdT aTA AAT CGC 3' 48.3
3' CCG ATT aAa TaT aAT TTA GCG &' )

8 5' GGC TAA YTa AaT aTA AAT CGC 3' 513
3'CCGATT aTa TaT aAT TTAGCG 5 )

Tm values were also determined for the duplexes 6 to 8 (see Table 5.3). In comparison to the fully

complementary duplex 4 with a Ty, of 49.8°C, the Ty, of duplexes 6 and 7 each with one base
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pair mismatch (T-T) are almost unchanged. Astonishing is the fact that the duplex 8 seems to
be slightly more stable than the duplex 4, although duplex 8 has two base pair mismatches. The
assumption is that the mismatched base pairs are flipped out of the helix duplex. The flipping
may result in additional -7 interactions between the adjacent phenanthrene units which would be
beneficial for the stability.’®” This can also be an explanation for duplexes 6 and 7, although they
have a mismatch base pair it seems not to affect the stabilisation, even though a mismatch usually

tends to destabilize the DNA.

In Figure 5.13 the fluorescence spectra of 6 and 8 show an increase of the intensity in comparison
to duplex 4. Duplex 7 has also a similar shape as duplex 4 but in this case a lower pyrene

fluorescence.

350
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Figure 5.13.: Fluorescence spectra of all duplexes. Conditions: 0.5 uM of each strand, 10 mM sodium
phosphate buffer (pH 7.0), 400 mM NaCl. A\e. 316 nm, 20°C; excitation slit: 2.5 nm, emission
slit: 5 nm.

Quantum Yields

¢F were measured for duplexes 6 - 8 using quinine sulfate as a standard (see subchapter 5.5)
and are given in Table 5.4. The expectation for the duplexes with the mismatches was a decrease
in the quantum yield, but surprisingly, they show a slightly higher or similar quantum yield than
duplex 4 with a quantum yield of 64%. Also here, these findings maybe explained with the "flipped

out" conformation of the mismatched DNA base pair (see above).
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Table 5.4.: Quantum yields (¢F) of the duplex 6, 7 and 8. Conditions: 0.5 uM of each strand, 10 mM
sodium phosphate buffer (pH 7.0), 400 mM NacCl.

Duplex Sequence P

[%] (

5'GGC TAA YTa AaT aTA AAT CGC 3
6 65.1 (£0.6)
3' CCG ATT oaTa TaA oAT TTA GCG 5'

5'GGC TAA YTa AaT aTA AAT CGC 3
7 54.6 (+0.6)
3' CCG ATT aAa TaT aAT TTA GCG 5'

5'GGC TAA YTa AaT aTA AAT CGC 3
8 69.6 (+1.2)
3'CCG ATT aTa TaT aAT TTA GCG 5

m‘l’l

D)

Summary of the data

The fluorescence emission signal was integrated over the range from 350 nm to 600 nm, the data
is presented in Figure 5.14. Starting from duplex 1, the fluorescence emission steadily increases,
till duplex 4 From these results, it can be concluded that each phenanthrene unit contributes ap-
proximately 2000 intensity units. As already shown in Figure 5.11 there was no increase of the
fluorescence intensity from duplex 4 to duplex 5. Although, duplex Ref1 has also nine phenan-
threne units (as duplex 5), there was an increase of 4000 intensity units, 2000 units per additional
phenanthrene, in comparison to duplex 4. Even separated by A-T base pairs, the absorbed energy
leads to an increasing pyrene fluorescence by increasing the number of phenanthrenes. However,
the number of segmentation is limited, further addition of phenanthrenes, more than four segments
(duplex 4), does not increase the energy transfer to the pyrene anymore. In Figure 5.14, showing
duplexes with mismatches, the fluorescence intensities are in the same range as duplex 4 (except
duplex 7). There are several reasons for the decrease of the energy transfer efficiency from du-
plex 4 to duplex 5: i.) The simplest explanation is the increase in the distance between the last
donor and the pyrene in duplex 5 compared to duplex 4. The distance for duplex 4 would be 34 A
and for duplex 5 44 A, in assumption of a length of 3.4 A per unit. ii.) The lower duplex stability,
with additional phenanthrene segments, maybe another reason. Reduced molecular interactions
between the two strands, including reduced stacking interactions between phenanthrenes, leads

to the lower duplex stability, therefore, also a less efficient energy transfer to the pyrene.
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Duplexes Integrated Fluorescence [a.u.] Quantum Yield [%]
4 I
I +
3 =
] +
L L L L —— +
Bx |
=+ B
ak 3
= =+

Figure 5.14.: Schematic illustration of the duplexes (blue: phenanthrene, green: pyrene, red: mismatch,
grey: nucleobase). Middle & Right: Fluorescence Integral (350-600 nm) and quantum yields
(quinine sulfate taken as a standard) of all duplexes in this study. Conditions: 0.5 uM of
each strand, 10 mM sodium phosphate buffer (pH 7.0), 400 mM NaCl. \gy. 316 nm, 20°C;
excitation slit: 2.5 nm, emission slit: 5 nm.

5.4. Conclusion

In conclusion, DNA single strands, which were modified with a different number of phenanthrenes
(donor) and one pyrene (acceptor) chromophores, were synthesized. The phenanthrenes were
separated by integrating DNA nucleotides in between. The phenanthrenes in the DNA duplex
serve as a light harvesting antenna. Although, the phenanthrene stack is interrupted by DNA base
pairs, the energy was still efficiently transferred to a pyrene acceptor chromphore. All segmented
oligochromphores showed an efficient light-harvesting with quantum yields ranging from 47% to
68%. The segmentation limit of A-T base pairs was reached after three to four chromophore
segments (one segment = two chromophores and two base pair, one in each strand), after that,
there was a decrease in the LHCs efficiency. Duplexes with mismatches showed almost the
same efficiency as the duplex with no mismatches, indicating the strong interaction between the

phenanthrenes.
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5.5. Experimental Section

Material

All required solvents and chemical reagents for the synthesis were purchased from commercial

suppliers (Aldrich, Merck, TCl or Glen Research) and used without further purification.

Synthesis

The 1,8-dialkynylpyrene phosphoramidite and 3,6-dialkynylphenanthrene phosphoramidite were

synthesized according to the literature. 05188

Solid-phase synthesis

The oligochromophores were synthesized in a 1 M scale using the standard cyanoethyl phos-
phoramidite solid-phase synthesis protocol®® on a ABI (Applied Biosystems Instruments) 394-

DNA/RNA automated synthesizer.

Reversed Phase HPLC Purification

The HPLC purification was done on a Shiamdzu HPLC system using LiChroCART 250-4; LiChro-
spher 100, RP-18, 5 um column (Merck). The mobile phase were: Solvent A: 0.1 M aqueous

ammonium acetate and Solvent B: CH;CN.

Mass Spectrometry

The molecular mass were determined on Thermo Fisher LTQ Orbitrap XL using Nano Electrospray
lonization (NSI).

Sample Preparation - Duplex

The sample in aqueous medium (0.5 M each strand, 10 mM sodium phosphate buffer pH = 7.0,
400 mM NaCl) was heated up to 80 °C afterwards it was cooled down to 20 °C with a temperature

gradient of 0.5 °C/min.
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Spectroscopic Characterisation

UV-vis data were measured on a Cary 100 Bio spectrophotometer. Fluorescence and excitation
data were measured on a Cary Eclipse spectrofluorimeter. The settings are as described in the

corresponding spectra. For the measurement 1cm x 1cm quartz cuvettes were used.

Quantum Yield Determination

Quantum yields (¢g) were calculated relative to quinine sulfate in 0.5 M H,SO, as a standard
according to described procedure in literature.'®® ¢r was determined by integration of the flu-
orescence emission area from 350 - 600 nm. The quinine sulfate and duplex absorption at the
excitation wavelength at 316 nm were measured. Calculation were done with the following formula:

_ Ig-ARr |
Yr = Ac-Ir YR

Ic: fluorescence emission area (350 — 600 nm) of the samples
Ir: fluorescence emission area (350 — 600 nm) of quinine sulfate
Ac: Absorption of the samples at 316 nm

ARr: Absorption of the quinine sulfate at 316 nm

©R: quantum yield of quinine sulfate = 0.546

Detailed description can be found in Appendix D.
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A. Appendix Chapter 2

Synthesis of the 1,6-dialkynylpyrene phosphoramidite

Pd(PPha)s
B Cul
) Triethylamine
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Br OH
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Scheme A.1: Full reaction scheme of the 5-(6-(5-(Bis(4-methoxyphenyl)(phenyl)methoxy)pent-1-
ynyl)pyren-1-yl)pent 4-ynyl 2-cyanoethyl diisopropylphosphoramidite synthesis.

5,5’-(Pyrene-1,6-diyl)dipent-4-yn-1-ol (Py):

1,6- dibromopyrene (1)) (1.5 g, 4.17 mmol), bis(triphenylphosphine)palladium(ll) chloride (68.1
mg, 0.097 mmol) and copper(l) iodide (10.3 mg, 0.054 mmol) were dissolved in dry THF (34.1
mL) under argon and heated to 80 °C under reflux. After addition of triethylamine (20.5 mL) and
4-pentyn-1-ol (1.55 mL, 16.7 mmol) to the mixture it was stirred at this temperature overnight.
After cooling to room temperature, the solvent was filtered through celite and removed under

reduced pressure. Then it was dissolved in ethyl acetate (100ml), washed with 10% citric acid
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and saturated carbonated. The organic phase was dried with sodium sulfated and was filtered.
A column chromatography (CH,Cl,/PhMe/MeOH 87:10:3) was made and the collected fractions

were evaporated, it gave a yellow solid (610 mg, 39.7%).

Analytical data for Py:

"H-NMR (300 MHz, DMSO) § 8.50 (d, J = 9.2 Hz, 2H), 8.29 (d, J = 8.5 Hz, 4H), 8.13 (d, J = 8.0
Hz, 2H), 4.64 (t, J = 5.2 Hz, 1H), 3.66 (g, J = 6.2, 6.1 Hz, 2H), 2.72 (t, J = 7.1 Hz, 2H), 1.86 (p, J =
6.8 Hz, 2H).

5-(6-(5-(Bis(4-methoxyphenyl)(phenyl)methoxy)pent-1-ynyl)pyren-1-yl)pent-
4-yn-1-ol (2):

Solid 4,4’-dimethoxytrityl chloride (560.9 mg, 1.66 mmol) was added in portion to a solution of Py
(610 mg, 1.66 mmol) in pyridine (13 mL). The mixture was stirred overnight at room temperature.
Dichloromethane (100 ml) was added to the mixture, washed with 10% citric acid and sodium
hydrogen carbonate. The organic phase was dried with potassium carbonate and was filtered.
A column chromatography (CH,Cl,/MeOH/NEt; 97/2/1) was made. The fractions containing (2)
were collected and evaporated. Dichloromethane (filtered through ALOX) was added and the
solution was evaporated, but not fully dry. Then it was put on the high vacuum. This gave a yellow

foam (540mg, 48.6%).

Analytical data for (2):

R¢ = 0.75 (CH,Cl,/MeOH/NEt, 97/2/1); TH NMR (300 MHz, DMSO) § 8.50 (d, J = 9.1 Hz, 1H),
8.34 (d, J = 9.1 Hz, 1H), 8.28 (m, 3H), 8.16 (dd, J = 14.7, 8.6 Hz, 2H), 8.01 (d, J = 8.0 Hz, 1H),
7.43 (d, J = 7.3 Hz, 2H), 7.29 (m, 6H), 7.21 (m, 2H), 6.83 (d, J = 8.9 Hz, 4H), 5.33 (s, 7H) 4.67 (,
J = 5.2 Hz, 1H), 3.73 (s, 2H), 3.66 (m, 2H), 3.61 (s, 6H), 3.26 (t, J = 6.1 Hz, 2H), 2.81 (t, J = 6.1
Hz, 2H), 2.72 (t, J = 7.1 Hz, 2H), 2.43 (q, J = 7.0 Hz, 3H), 1.98 (m, 2H), 1.86 (p, J = 6.8 Hz, 2H),
1.23 (t, J = 7.3 Hz, 2H).
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5-(6-(5-(Bis(4-methoxyphenyl)(phenyl)methoxy)pent-1-ynyl)pyren-1-yl)pent-
4-ynyl 2-cyanoethyl diisopropylphosphoramidite (3):

(2) (500 mg, 0.75 mmol) was dissolved in CH,Cl, (15 mL). After addition of DIPEA (380 nL, 2.24
mmol), 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (229.3 mg, 0.97 mmol) was added.
The mixture was stirred for 5 h at room temperature. The solution was evaporated and purified by
a flash chromatography (hexane/ EtOAc/NEt; 50/49/1). The fractions were collected and it gave
93.1 mg (14.3%) of yellow solid (3).

Analytical data for (3):

R¢= 0.72 (hexane/ EtOAC/NEt; 50/49/1); "H NMR (300 MHz, DMSO) § 8.51 (d, J = 9.1 Hz, 1H),
8.34 (d, J = 9.1 Hz, 1H), 8.27 (m, 3H), 8.15 (dd, J = 15.0, 8.6 Hz, 2H), 8.01 (d, J = 8.0 Hz, 1H),
7.44 (d, J = 7.4 Hz, 2H), 7.29 (m, 8H), 7.07 (d, J = 8.9 Hz, 1H), 6.83 (m, 6H), 3.73 (d, J=1.6 Hz,
6H), 3.61 (s, 8H), 3.26 (t, J = 6.2 Hz, 3H), 2.78 (m, 8H), 1.99 (m, 4H), 1.35 (d, J = 11.2 Hz, 3H).
31P NMR (121 MHz, DMSO) § 146.75 (s).

GA_169P875 89 833 BEBE YR RRARRARSYS 888
Py 1260 ® @S ¥YY R o Re NN I N P g
Proton,}&z\l‘_l)M\S/O/optservice60 N e N S
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Figure A.1.: TH-NMR of (Py).
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Synthesis of the Solid Support

This synthesis is according to the literature.’®!

(2) (30.8 mg, 0.046 mmol) was dissolved with dichloromethane (0.23 ml). Succinic anhydrid (4.7
mg) and DMAP (8.4 mg) were added. The mixture was stirred at room temperature for about 3.5 h.
It was diluted with dichloromethane (10 ml), washed with 10% citric acid and brine and dried with
sodium sulfate. The solvent was evaporated to dryness and dissolved with acetonitrile (5.97 ml).
To 2 ml of this solution LCAA-CPG (308.1 mg) and HBTU (10.4 mg) were added. 1-methylimidazol
(4 pl) was added, the suspension was argonized and it was shaken overnight. The solid support
was filtered and washed with dichloromethane. The solid support was added to DMAP (30.9 mg)
and a mixture of pyridine/acetic acid anhydrid 3:1 (2.4 ml). The suspension was shaken for 2 h. It

was filtered and washed with dichloromethane.

DNA Synthesis

The 1,6-dialkynylpyrene phosphoramidite was used for the solid-phase oligonucleotide synthe-
sis. The standard procedure as described was used.?® The synthesis was done on the Applied
Biosystems 394 DNA/RNA synthesizer using pyrene-loaded controlled pore glass (CPG) support
(oligomer Py3, DNA-Py, and DNA-Py5). The average stepwise yield was between 94% and
100%. DNA-(HEG);-Py7 was already synthesized in the master thesis'?, the procedure that was

used for DNA-Py,; and DNA-Pys5 can also adapt to this oligomer.

Table A.1.: The sequences of used oligomers.

Oligomer Sequence
Pys Py-Py-Py
DNA-(HEG),-Py, 3'-GAG TGC CTT C-(HEG)-Py-Py-Py-Py-Py-Py-Py
DNA-Py, 5-CAA GGT CCG ATG CAA GGA GGA AG-Py-Py-Py-Py
DNA-Pys 5-CAA GGT CCG ATG CAA GGA GGA AG-Py-Py-Py-Py-Py

The cleavage of oligomer were done with 25% ammonium hydroxide for 16 hours at 55 °C in a
closed vial with strong shaking. Pys was cleaved with 2 M ammonia in methanol for 7 hours. After
the cleavage the oligomer were centrifuged (20 °C, 13000 rmp, for 3 min). After centrifugation, the

supernatant was collected and the solid was washed 3 times with 1ml MilliQ/ethanol 1:1 (Py3) or
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1ml MilliQ (DNA-Py4 and DNA-Pys). The crude oligomer were lyophilized overnight.

HPLC Purification

After the solid-phase synthesis and the cleavage, the compounds have to be purified with HPLC
(Dr.Maisch GmbH, ReproSil 100 C8, Lichrospher 100 RP-18, 5um, 250 x 4mm). For the purifica-
tion 0.1M ammonium acetate buffer (Py3) and 0.1M TEAA /acetonitrile 80:20 (compound 6 and
7) were used; 1 ml/min; T = 50 °C; Pys: B[%] (tr [min]) = 50 (0); 100 (22); 50 (28); Compound
6 and 7: B[%)] (tg [min]) = 50 (22); 100 (26); 0 (32). The purities were determined with ESI mass

spectroscopy (??).

Py3; was dissolved in 1ml ethanol and oligomers DNA-Py, and DNA-Py5 were dissolved in 1 ml
80:20 MilliQ/ethanol. The stock solution were diluted and the determination of the concentrations

was achieved by using a value of € 385=35000 M" - cm™! in ethanol for single pyrene unit.

Synthesis of Au nanoparticles modified with DNA

300 ul of HAuCl, (50 mM) and 49.7 ml MilliQ water were mixed and the solution was heated
under reflux until boiling. 1 ml of 1 % CitNa and 3.5 ml 1 % tannic acid were mixed and heated.
Both mixtures were put together after both were boiled. This mixture was heated under reflux
and stirred for another 5 min. 10 ml of the prepared mixture was mixed with 10.9 mg of Bis(p-
sulfonatophenyl)phenylphosphine dihydrate dipotassium (BSPP) and it was shaken overnight. The
solution was filtered through a 0.22 um pore filter into a tube and a small amount of sodium
chloride was added until the color changed to purple-brown. Then it was centrifuged for 20 min
by 3000 u/min. The supernatant was removed, the AUNP was washed two times with 55 ul 0.5x
Tris/Borate/EDTA buffer solution (TBE) and 500 pl 0.5 mM BSPP and centrifuged for 30 min at
13000 rpm. Then it was dissolved again with 55 ul 0.5x TBE and 500 ul 0.5 mM BSPP. The
concentration of AuUNP was determined in MilliQ by using a value of €¥2° =1 . 10" M' . cm™ for 5
nm gold nanoparticles. The complementary single strand DNA modified with thiol (DNA-SH, 50 pl,
69 uM), 5x TBE (6,9 ul), 159.5 ul of the Au nanoparticles, 17.72 ul NaCl (0.5M) and 2.77 ul MilliQ
were mix together. This mixture was shaken overnight at room temperature (24 °C) and 700 rpm.

The mixture was then washed two times, each time with 200 ul 0.5x TBE and centrifuge at 20 °C
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and 13000 rpm for 30 min. Afterwards, it was dissolved in 100 ul 0.5x TBE. The concentration of

the Au nanoparticles modified with DNA was determined by UV-vis spectroscopy.

Mass Spectra

Table A.2.: The expected and measured mass of the oligomers.

Oligomer

Expected mass
[g/mol]

Measured mass
[g/mol]

Py

1223.28

1222.38

DNA-Py,

7913.75

7913.47
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8342.62
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Tested Conditions

Table A.3.: Tested conditions of Phe; with DNA-Phes. All conditions are with 10 mM sodium phosphate
buffer (pH 7).

. Phe DNA-Phe. Temperature gradient
Condition 3 3 o Morpholo
[uM] [uM] [°C/min] phology
0.1 mM spermine tetrahydrochloride & 20% EtOH undefined
0.5 0.015
tube-like & sheet-like
0.025 mM spermine tetrahydrochloride & 20% EtOH
15 stripes & sheet-like
0.05 mM spermine tetrahydrochloride 20% EtOH 1 0.03 undefined
0.1 mM putrescine dihydrochloride & 20% EtOH undefined

Table A.4.: Tested conditions of Phes with DNA-Phes. All conditions are with 10 mM sodium phosphate
buffer (pH 7).

Phe; DNA-Phes | Temperature gradient

Condition o A Morpholo
[uM] [1M] [°C/min] phology
15 tube-like & sheet-like
1 0.03
0.1 mM spermine tetrahydrochloride & 20% EtOH 0.1 undefined
- 1 undefined & vesicles

stripes & sheet-like

0.025 mM spermine tetrahydrochloride & 20% EtOH
No hybridization

15
20% EtOH stripes
tube-like & sheet-like
0.1 mM putrescine dihydrochloride & 20% EtOH
No hybridization
100 mM NaCl 1 0.03 undefined
100 mM NaCl and 10% ethanol Veg'c'e""‘lfk:"d sheet-
150 mM NaCl and 10% ethanol 1 vesicle-like and
undefined
200 mM NaCl vesicle-like and sheet-
like

vesicle-like and

200 mM NaCl and 10% ethanol )
undefined

Synthesis of the Phenanthrene Trimer

2,7-Bis(4-hydroxybut-1-yn-1-yl)phenanthrene (Phe):

2,7-dibromophenanthrene (1) (594 mg, 1.77 mmol), bis(triphenylphosphine)palladium(ll) dichlo-
ride (69 mg, 0.048 mmol) and copper(l) iodide (28 mg, 0.15 mmol) were dissolved in dry THF
(13.8 mL) under argon and heated to 80 °C under reflux. After addition of triethylamine (6.9 mL)
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Scheme A.2: Synthesis of 2,7-phenanthrene trimer

and 3-butyn-1-ol (0.4 mL, 5.47 mmol) to the mixture it was stirred at this temperature overnight.
After cooling to room temperature, the solvent was removed under reduced pressure. Then it was
dissolved in dichloromethane, washed with 10% citric acid and brine. The organic phase was dried
with sodium sulfated and was filtered. A column chromatography (CH,Cl, (100%); CH,Cl,/MeOH
99:1 and CH,Cl,/MeOH 95:5) was made and the collected fractions were evaporated. The com-
pound was dissolved with dichloromethane and hexane was added, the white percipitation was

filtered and collected. It gave a white solid (384.1 mg, 69%).
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Analytical data for Phe:

"H-NMR (300 MHz, DMSO) § 8.75 (d, J = 8.6 Hz, 2H), 8.05 (d, J = 1.8 Hz, 2H), 7.84, 7.65 (dd, J
= 8.5, 1.8 Hz, 4H), 4.95 (t, J = 5.6 Hz, 1H), 3.64 (id, J = 6.8, 5.6 Hz, 4H), 2.63 (1, J = 6.8 Hz, 4H).

4-(7-(4-hydroxybut-1-yn-yl)phenanthrene-2-yl)but-3-yn-1-yl acetate (2):

Phe (227 mg, 0.72 mmol) was dissolved with anhydrous pyridine (7.2 ml) under argon. 2M acetic
anhydride (in anhydrous pyridine, 0.36 ml) was added dropwise to the Phe solution. The reaction
mixture was stirred for 2.5 hours at room temperature under argon. The reaction mixture was
diluted with dichloromethane (20 ml), washed with 0.5M HCI (20 ml), saturated NaCO3;H (20 ml)
and brine (20 ml). The organic phase was dried with magnesium sulfate, filtered and evaporated.
A column chromatography (hexane/ethyl acetate 3:2, dry loading) was made and the collected

fractions were evaporated. This gave a white solid (99.2 mg, 39%).

Analytical data for (2):

"H-NMR (300 MHz, DMSO) § 8.76 (dd, J = 8.9, 2.3 Hz, 2H), 8.06 (dd, J = 3.6, 1.7 Hz, 2H), 7.85,
7.66 (dd, J = 8.5, 1.8 Hz, 4H), 4.94 (1, J = 5.6 Hz, 1H), 4.22 (1, J = 6.6 Hz, 2H), 3.64 (id, J = 6.8,
5.6 Hz, 2H), 2.85 (1, J = 6.6 Hz, 2H), 2.63 (t, J = 6.8 Hz, 2H), 2.08 (s, 2H).

Bis(2-cyanoehtyl)(phenanthrene-2,7-diylbis(but-3-yne-4,1-diyl))
bis(diisopropylphosphoramidite) (3):

Phe (104.8 mg, 0.33 mmol) was dissolved in anhydrous THF (3.1 mL). After addition of N,N-
Diisopropylethylamin (DIPEA) (0.57 ml, 3.33 mmol), 2-cyanoethyl-N,N-diisopropylchlorophosphor-
amidite (PAM-CI, 205.1 mg, 0.87 mmol) was added. The mixture was stirred for 2 hours at room
temperature under argon. The solution was evaporated and purified by a flash chromatography
(hexane/EtOAc 6:4 with 1% triethylamine). The fractions were collected, evaporated and it gave

179 mg (75%) of white oil (3).

Analytical data for (3):

'H NMR (300 MHz, CDCl,) § 8.53 (d, J = 8.7 Hz, 2H), 7.92 (d, J = 1.7 Hz, 2H), 7.72 — 7.56 (m,
4H), 3.87 (dtdd, J = 16.6, 8.1, 3.9, 1.9 Hz, 2H), 3.76 — 3.44 (m, 12H), 2.66 (td, J = 6.5, 2.7 Hz,
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5H), 2.04, 1.53 — 1.35 (m, 10H), 1.24 (ddd, J = 16.6, 7.0, 3.9 Hz). 3P (121 MHz, CDCl,) & 148.22,
14.17,13.15, 7.68, 2.13.

protected 2,7-phananthrene trimer (4):

(3) (25 mg, 0.03 mmol) was dissolved in 1,2-dichloroethan (0.25 ml) and (2) (38 mg, 0.1 mmol)
in 1,2-dichloroethan (0.5 ml). The dried ethyl thio-tetrazole (13.9 mg) was dissolved in 1,2-
dichloroethan (0.43 ml) and it was added to the (3) solution. Then the (2) solution was added
to the mixture and it was stirred at room temperature under argon. The reaction was controlled
by TLC and it was stopped by adding t-Bu hydroxyperoxide solution (30 pl). The reaction mix-
ture was diluted with chloroform (15 ml), washed twice with NaCOz;H (20 ml) and brine (20
ml). The organic phase was dried with magnesium sulfate, filtered and concentrated to dry-
ness. The reaction mixture was dissolved with dichloromethane (1 ml). Prep TLC was made
(dichloromethane/toluene/MeOH 86:10:4). The silica gel was washed two times with dichlorome-
thane/MeOH 95:5 (30 ml) and filtered. The solution was concentrated and it gave (4) with a yield
of 25%.

Analytical data for (4):

"H NMR (300 MHz, CDCl5) § 8.35 (d, J = 8.9 Hz, 6H), 8.22 (d, J = 8.6 Hz, 2H), 7.85 (d, J = 2.6
Hz, 8H), 7.79, 7.54 (d, J = 9.5 Hz, 18H), 7.47 (d, J = 3.4 Hz, 4H), 4.43 — 4.25 (m), 4.07 (t, J = 6.6
Hz, 2H), 2.98 — 2.87 (m), 2.80 (dt, J = 17.4, 6.5 Hz), 2.12, 1.41 (d, J = 3.3 Hz), 1.27 (d, J = 12.2
Hz), 0.95 (d, J = 7.4 Hz, 2H), 0.87 (d, J = 7.6 Hz), 0.07.

2,7-phananthrene trimer (5):

2M NH; in MeOH (5 ml) was added to the protected (4) (5.5 mg, 4.4 pmol) to dissolve (4) com-
pletely MeOH (2 ml) was added. The solution was stirred at room temperature under argon

overnight. The crude product was lyophilized and then dissolved again with ethanol.

Analytical data for (5):

ESI-MS: found 1066.29; calculated 1066.30.
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Tested Conditions

Table B.1.: Tested conditions for DNA-Phes. All conditions were in 10 mM sodium phosphate buffer and
with 2.5uM DNA-Phes.

Condition Morphology

0.1mM putrescine dihydrochloride and

20% ethanol vesicles and undefined

0.1mM putrescine dihydrochloride and

10% ethanol undefined

10pM putrescine dihydrochloride and
10% ethanol

0.2mM putrescine dihydrochloride and
20% ethanol

100mM NaCl and 10% ethanol sphere-like (not homogenous) 0.3mM putrescine dihydrochloride and
20% ethanol

undefined

Condition Morphology vesicles and undefined

vesicle-like and undefined

N )
200mM NaCl and 10% ethanol undefined 0.05mM spermidine trihydrochloride and . . )
- % ethanol vesicle-like and undefined
2mM MCl, and 10% ethanol sphere-like (not homogenous) & 20% e
’ undefined 0.1mM spermidine trihydrochloride and vesicle-like and rina-like
100mM NaCl, 2mM MgCl, and 10% 20% ethanol 9
! 2 vesicles and undefined
ethanol 0.2mM spermidine trihydrochloride and - )
20% ethanol ring-like and undefined
100mM NaCl undefined

0.1mM spermidine trihydrochloride and
2mM MgCl, undefined 10% ethanol

0.2mM spermidine trihydrochloride and
10% ethanol

vesicle-like and undefined

4mM MgCl, undefined vesicle-like and undefined

0.4mM spermidine trihydrochloride and

10% ethanol vesicle-like and undefined

0.2mM spermidine trihydrochloride vesicle-like

0.3mM putrescine dihydrochloride,

20mM NaCl and 20% ethanol vesicle-like and undefined

0.1mM spermidine trihydrochloride,

20mM NaCl and 20% ethanol ring-like
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AFM Images
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Figure B.1.: AFM images of 2.5uM DNA-Phes deposited on APTES-modified mica. Condition: 10 mM
sodium phosphate buffer, 0.1mM spermine tetrahydrochloride and 20% ethanol. Temperature
gradient: 0.5 °C/min. At the bottom the corresponding height profile along the line is shown in
the insert of the AFM image.
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Figure B.2.: AFM image of 2.5uM DNA-Phes deposited on APTES-modified mica. Condition: see Fig-
ure B.1. Left: Temperature gradient: 0.5 °C/min. Right: Temperature gradient: 15 °C/min. At
the bottom the corresponding height profile along the line is shown in the insert of the AFM
image.

103



B. Appendix Chapter 3

o
S

- — 40 —
€ 30 T o
g s 2
S 10 - A\ 3
® [}
T 0 x4 \—

10 50 100 150 200 10 50 100 150 200 10 g{) 50 100 150 200

Width [nm] Width [nm] Width [nm]

Figure B.3.: AFM images of 2.5uM DNA-Phes deposited on APTES-modified mica. Left: Condition: 10
mM sodium phosphate buffer, 100 mM NaCl and 10% ethanol. Middle: Condition: 10 mM
sodium phosphate buffer, 2 mM MgCl, and 10% ethanol. Right: Condition: 10 mM sodium
phosphate buffer, 100 mM NaCl, 2 mM MgCl, and 10% ethanol. Temperature gradient: 1
°C/min. At the bottom the corresponding height profile along the line is shown in the insert of
the AFM image.
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Figure B.4.: AFM images of 2.5uM DNA-Phes deposited on APTES-modified mica. Left: Condition: 10
mM sodium phosphate buffer, 0.1 mM putrescine dihydrochloride and 20% ethanol. Right:
Condition: 10 mM sodium phosphate buffer, 0.2 mM putrescine dihydrochloride and 20%
ethanol. Temperature gradient: 1 °C/min. At the bottom the corresponding height profile
along the line is shown in the insert of the AFM image.

104



B. Appendix Chapter 3

Height profile Height profile

8 4 E— 15 l 1
=6 =
E 2 510 ‘ 5
£ 3 £ 51 —3
52 — =
[ T
T o0 = T I T |

50 200 400 600 &1 N SRS 2l

Width [nm] Width [nm]

Figure B.5.: AFM images of 2.5uM DNA-Phes deposited on APTES-modified mica. Condition: 10mM

sodium phosphate buffer pH 7. Temperature gradient: 1°C/min. Left: 0.3mM putrescine
dihydrochloride and 20% ethanol. Right: 200mM NaCl and 10% ethanol.
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Figure B.6.: AFM images of 2.5uM DNA-Phes deposited on APTES-modified mica. Condition: 10mM
sodium phosphate buffer pH 7. Temperature gradient: 1°C/min. Left: 100mM NaCl and 10%

ethanol. Middle: 2mM MgCl, and 10% ethanol. Right: 100mM NaCl, 2mM MgCl, and 10%
ethanol.
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Figure B.7.:

Figure B.8.:
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AFM images of 2.5uM DNA-Phes deposited on APTES-modified mica. Condition: 10mM
sodium phosphate buffer pH 7 and 10% ethanol. Temperature gradient: 1°C/min. Left: 0.1mM

spermidine trihydrochloride. Middle: 0.2mM spermidine trihydrochloride. Right: 0.4mM sper-
midine trihydrochloride.
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AFM images of 2.5uM DNA-Phes deposited on APTES-modified mica. Condition: 10mM
sodium phosphate buffer pH 7. Temperature gradient: 1°C/min. Left: 0.2mM spermidine
trinydrochloride. Middle: 0.3mM putrescine dihydrochloride, 20mM NaCl and 20% ehtanol.
Right: 0.1mM spermidine trihydrochloride, 20mM NaCl and 20% ethanol.
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Figure B.9.: AFM images of 2.5uM DNA-Phes deposited on APTES-modified mica. Condition: 10mM
sodium phosphate buffer pH 7 and 20% ethanol. Temperature gradient: 1°C/min. Left:
0.05mM spermidine trihydrochloride. Middle: 0.1mM spermidine trihydrochloride. Right:
0.2mM spermidine trinydrochloride.

TEM Images

Figure B.10.: TEM images of 2.5:M DNA-Phe; deposited on a copper carbon grid. Condition: see Fig-
ure B.1. Temperature gradient: 0.5 °C/min. With the zoom-in.
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Figure B.11.: TEM images of 2.5uM DNA-Phes deposited on copper holey carbon grid. Left: Condition:
10 mM sodium phosphate buffer and 100 mM NaCl. Middle: Condition: 10 mM sodium

phosphate buffer and 2 mM MgCl,. Right: Condition: 10 mM sodium phosphate buffer and
4 mM MgCl,. Temperature gradient: 1 °C/min.

Figure B.12.: TEM images of 2.5uM DNA-Phes deposited on copper holey carbon grid. Left: Condition:
10 mM sodium phosphate buffer, 0.1 mM putrescine dihydrochloride and 20% ethanol. Mid-
dle: Condition: 10 mM sodium phosphate buffer, 0.1 mM putrescine dihydrochloride and

10% ethanol. Right: Condition: 10 mM sodium phosphate buffer, 10 uM putrescine dihy-
drochloride and 10% ethanol. Temperature gradient: 1 °C/min.

Figure B.13.: TEM images of of 2.5,M DNA-Phes deposited on holey carbon grid. Condition: 10mM
sodium phosphate buffer pH 7. Temperature gradient: 1°C/min. Left: 0.1mM putrescine di-
hydrochloride and 20% ethanol. Middle: 0.1mM putrescine dihydrochloride and 10% ethanol.
Right: 10uM putrescine dihydrochloride and 10% ethanol.
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Figure B.14.: TEM images of of 2.5uM DNA-Phes deposited on holey carbon grid. Condition: 10mM
sodium phosphate buffer pH 7. Temperature gradient: 1°C/min. Left: 100mM NaCl. Middle:
2mM MgCl,. Right: 4mM MgCls,.
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Figure B.15.: UV-vis spectrum of DNA-Phes. Condition: see Figure B.1.
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Figure B.16.: UV-vis spectra of DNA-Phes. Stepwise addition of non-complementary 2. Condition: see
Figure B.1.
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Figure B.17.: UV-vis spectra of DNA-Phes. Stepwise addition of 1. Condition: see Figure B.1.

1000
900 0%
_. 800 2%
3 700 4%
& 600 10%
2 500 15%
2 400 —20%
£ 300 ~40%
= 200 . —80%
100 A —100%
0 F A

320 420 520 620 720
Wavelength [nm]

Figure B.18.: UV-vis spectra of the stepwise addition of 1. Condition: see Figure B.1.

Synthesis of the 2,7-dialkynylphenanthrene phosphoramidite
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Scheme B.1: Synthesis steps of 2,7-phenanthrene building block
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2,7-Bis(4-hydroxybut-1-yn-1-yl)phenanthrene (2):

2,7-dibromophenanthrene (1) (1254.4 mg, 3.73 mmol), bis(triphenylphosphine)palladium(ll) dichlo-
ride (146 mg, 0.21 mmol) and copper(l) iodide (58 mg, 0.31 mmol) were dissolved in dry THF (29.2
mL) under argon and heated to 80 °C under reflux. After addition of triethylamine (14.6 mL) and
3-butyn-1-ol (0.9 mL, 11.55 mmol) to the mixture it was stirred at this temperature overnight. After
cooling to room temperature, the mixture was filtered through Celite®. Then it was diluted with
dichloromethane (HPLC quality, 70 ml), washed with 10% citric acid (80 ml) and saturated sodium
hydrogen carbonate (80 ml). The organic phase was dried with sodium sulfate and was filtered.
The crude product was evaporated to dryness, a column chromatography (eluent:CH,Cl,/MeOH
95:5; dry loading) was made and the collected fractions were evaporated. The compound was dis-
solved with dichloromethane and hexane was added, the white percipitation was filtered, collected

and dried on the high vacuum. It gave a white solid (749.2 mg, 64%).

Analytical data for Phe:

"H-NMR (300 MHz, DMSO) § 8.75 (d, J = 8.7 Hz, 2H), 8.05 (d, J = 1.8 Hz, 2H), 7.84, 7.65 (dd, J
= 8.5, 1.8 Hz, 4H), 4.94 (1, J = 5.6 Hz, 1H), 3.64 (id, J = 6.8, 5.6 Hz, 4H), 2.63 (t, J = 6.8 Hz, 4H).

2-[4-(4,4’-Dimethoxytriphenylmethyloxy)but-1-yn-1-yl]-7-(4-hydroxyhex-1-yn-1-
yl)phenanthrene (3):

(2) (314.1 mg, 1 mmol) was dissolved with dry THF (8.4 ml) and triethylamine (1.7 ml) under argon.
4,4'-Dimethoxytrityl chloride (DMT-CI, 338.9 mg, 1 mmol) was added slowly to the solution. The
reaction mixture was stirred at room temperature under argon for 4 hours. After the reaction, it
was diluted with dichloromethane (50 ml, HPLC quality), washed with 10% citric acid (50 ml) and
saturated NaCO3H (50 ml). The organic phase was dried with potassium carbonate, filtered and
evaporated. A column chromatography (hexane/ethyl acetate/triethylamine 1:1:0.02, loading as a
liquid) was made and the collected fractions were evaporated. This gave a white/yellowish foam

(245,8 mg, 40%).
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Analytical data for (3):

"H-NMR (300 MHz, DMSO) § 8.77 (dd, J = 8.9, 6.5 Hz, 2H), 8.06 (t, J = 1.9 Hz, 2H), 7.84, 7.66
(ddd, J = 8.7, 3.0, 1.9 Hz, 4H), 7.50 — 7.44 (m, 2H), 7.32 (dd, J = 8.3, 4.5 Hz, 6H), 7.23 (t, J = 7.3
Hz, 1H), 6.90 (d, J = 8.9 Hz, 4H), 4.95 (t, J = 5.6 Hz, 1H), 3.73, 3.68 — 3.59 (m, 8H), 3.19 (t, J =
6.6 Hz, 2H), 2.78 (1, J = 6.5 Hz, 2H), 2.63 (t, J = 6.8 Hz, 2H).

4-(7-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)but-1-yn-1-yl)phenanthren-2-yl)but-
3-yn-1-yl (2-cyanoethyl) diisopropylphosphoramidite (4):

(3) (211.7 mg, 0.34 mmol) was dissolved in dichloromethane (3.1 ml, HPLC quality and filtered
through aluminium oxide) under argon. After addition of N,N-Diisopropylethylamin (DIPEA) (0.3
ml), 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (PAM-CI, 0.09 ml, 0.36 mmol) was added.
The mixture was stirred for 2 hours at room temperature under argon. The solution was evapo-
rated and purified by a flash chromatography (hexane/EtOAc/NEt; 7:3:0.1, loading as liquid and a
very short column). The fractions were collected, evaporated and it gave a white a bit oily foam

(194 mg, 69%).

Analytical data for (4):

31P (121 MHz, DMSO) § 147.16
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Figure B.19.: "H-NMR of (2).
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2,7-Phananthrene-modified solid support

(3) (30.5 mg, 0.05 mmol) was dissolved with dichloromethane (0.25 ml, HPLC quality and filtered
through aluminium oxide). Succinic anhydrid (5 mg) and DMAP (9.2 mg) were added. The mixture
was stirred at room temperature for about 4.5 h. It was diluted with dichloromethane (10 ml, HPLC
quality and filtered through aluminium oxide), washed with 10% citric acid and brine. Dried with
magnesium sulftate, filtered and the solvent was removed in vacuo. It was dissolved with acetoni-
trile (5 ml) under argon, 3.7 ml (0.0369 mmol of ester) of this solution was added to a round bottom
flask with LCAA-CPG (300.3 mg, loading: 0.0246 mmol) and HBTU (28.1 mg). 1-methylimidazol
(12 ul) was added, the suspension was argonized and it was shaken overnight. The solid sup-
port was filtered and washed with dichloromethane (HPLC quality and filtered through aluminium
oxide). The solid support was added to DMAP (30.3 mg) and a mixture of pyridine/acetic acid
anhydrid 3:1 (2.4 ml). The suspension was shaken for 2 h. It was filtered and washed with
dichloromethane (HPLC quality and filtered through aluminium oxide). The solid support was col-

lected in a small flask.
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Determination of the loading:

The solid support (2.3mg) was mixed with 3% TCA (10 ml). The absorption was measured, using

€498=70000 M-1.cm-1 for single phenanthrene unit.

Solid-phase Synthesis

The Solid-phase oligonucleotide synthesis was carried out by using compound 2,7-dialkynyl phenan-
threne phosphoramidite as a building block for the oligomer DNA-Phes. The standard procedure
described in the reference®® was used. The synthesis was done on the Applied Biosystems 394
DNA/RNA synthesizer using phenanthrene-loaded controlled pore glass (CPG) support (synthesis
according to'%"). The average stepwise yield was between 94% and 100%.

The cleavage of DNA-Phes and the single strand DNA were done with 28 - 30% ammonium
hydroxide overnight at 55 °C in a closed vial with strong shaking (600 rpm). After the cleavage,
the supernatant were collected in a 12 ml round-bottom tube. The solid supports were washed
3 times with 1ml MilliQ/ethanol 1:1 and each time they were centrifuged (20 °C, 13000 rmp, for
3 min). After centrifugation, the supernatant were collected in the respective round-bottom tube

again and the oligos were lyophilized.

HPLC Purification

After the solid-phase synthesis and the cleavage, DNA-Phes has to be purified with HPLC (Dr.Maisch
GmbH, ReproSil 100 C18, Lichrospher 100 RP-18, 5um, 250 x 4mm). For the purification 0.1M
TEAA /acetonitrile 80:20 were used; 1 ml/min; T = 40 °C; DNA-Phes: B[%] (tgr [min]) = 50 (22);
50 (24); 100 (26); 100 (28); 0 (32). The purities were determined with ESI mass spectrometry.
Expected mass: 8080.563 g/mol, measured 8081.411 g/mol.
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Figure B.22.: HPLC trace of DNA-Phes.
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DNA-Phe; was dissolved with MilliQ. Determination of the concentrations were achieved by using

a value of €260=471600 M-1-cm-1.
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Spectra

Figure C.1.:
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Emission spectra of DNA-Dyomics630 (blue). After irradiation at 365 nm for 30min (orange).
Condition: 0.7 uM DNA-R-Py7, 10 mM sodium phosphate buffer (ph 7), 100 mM NaCl at
20°C; Aexc. 365 nm, 20°C; excitation slit: 5 nm, emission slit: 5 nm. * in the spectrum marks a
second-order diffraction.
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Figure C.2.: Excitation spectra of preformed DNA-R-Py; (dark blue). Left: Addition of 10% DNA-

Dyomics630 (dark blue) then irradiation at 365 nm for 30min (orange). Right: Irradiation
at 365 nm for 30min (dark blue) then addition of 10% DNA-Dyomics630 (orange). Condi-
tions: see Figure C.1, \gx 657 nm, 20°C. Excitation slit: 5 nm, emission slit: 5 nm. * in the
spectrum marks a second-order diffraction.
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Figure C.3.: Excitation spectra of preformed DNA-R-Py; (black). Left: Addition of 100% DNA-

Dyomics630 (dark blue) then irradiation at 365 nm for 30min (orange). Right: Irradiation
at 365 nm for 30min (orange) then addition of 100% DNA-Dyomics630 (violet). Conditions:
see Figure C.2. * in the spectrum marks a second-order diffraction.
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Figure C.2. ™ in the spectrum marks a second-order diffraction.
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Synthesis of the Photocleaver Building Block

(5-(3-(3-Hydroxymethyl-4-nitro-phenoxy)-propoxy)-2-nitro-phenyl)-methanol (26):

3-Hydroxymethyl-4-nitro-phenol (1013.9 mg, 5.99 mmol) was dissolved in DMF (13 ml) under
argon. K,CO; (994.8 mg), potassium iodide (104,8 mg) and 1,3-dibromopropane (0.28 ml) were
added. The reaction mixture was stirred for 3 hours at 90°C under argon with reflux cooling. The
cooled down solution was poured into distilled water (70 ml). The precipitate was filtered off with
a filter crucible, washed with distilled water, saturated aqueous NaHCO, solution and twice with

distilled water. The gave a white/yellowish solid (883.8 mg, 87%).

Analytical data for (26):

"H-NMR (300 MHz, DMSO) § 8.13 (d, J = 9.1 Hz), 7.37 (d, J = 2.8 Hz), 7.06 (dd, J = 9.1, 2.9 Hz),
5.58, 4.85, 4.30 (1, J = 6.2 Hz), 2.27 (p, J = 6.3 Hz).

(5-(3-(3-(Bis-(4-methoxy-phenyl)-phenyl-methoxymethyl)-4-nitro-phenoxy)-
propoxy)-2-nitro-phenyl)-methanol
(27):

(26) (1000.2 mg, 2.64 mmol) was dissolved in pyridine (25 ml) under argon. 4,4’-dimethoxytritylchlo-
ride (DMT-CI, 895.9 mg) was dissolved in pyridine (11 ml) and then it was added to the (26) so-
lution. The reaction mixture was stirred overnight at room temperature under argon. The reaction
mixture was controlled by TLC (eluent: EtOAc/hexane 1:1). The reaction mixture was diluted with
EtOAc (120 ml), washed with 10% citric acid (120 ml), saturated aqueous NaHCOg3 (120 ml), dis-
tilled water (120 ml) and brine (120 ml). The organic phase was dried with K,CO5 and filtered.
The solution was evaporated and purified by a flash column chromatography (EtOAc/hexane 1:3
with 1% NEt; and EtOAc/hexane 1:1 with 1% NEt3). The fractions were collected, evaporated and

it gave a white foam (759.0 mg, 42%).

Analytical data for (27):

"H-NMR (300 MHz, DMSO) § 8.23 — 8.05 (m, 2H), 7.70 (d, J = 2.8 Hz, 1H), 7.47 (d, J = 7.5 Hz,
2H), 7.41 — 7.27 (m, 6H), 7.21 (d, J = 7.2 Hz, 2H), 6.99 — 6.71 (m, 6H), 5.00 (s, 2H), 4.65 (s, 2H),
4.33 (t, J = 6.0 Hz, 4H), 3.78 (s, 6H), 2.54 (s, 1H), 2.40 (p, J = 6.0 Hz, 2H).
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Diisopropyl-phosphoramidous acid 5-(3-(3-(bis-(4-methoxy-phenyl)-phenyl-
methoxymethyl)-4-nitro-phenoxy)propoxy)-2-nitro-benzyl ester 2-cyano-ethyl ester
(28):

(27) (317.9 mg, 0.47 mmol) was dissolved in dichloromethane (1,9 ml, HPLC quality and fil-
tered through aluminium oxide) under argon. N,N-Diisopropylethylamin (DIPEA) (0.2 ml) and
2-cyanothyl-N,N-diisopropylchlorophosphoramidite (PAM-CI, 125.9 mg) were added to the solu-
tion. The reaction mixture was stirred for 3 hours at room temperature under argon. The reaction
mixture was controlled by TLC (eluent: EtOAc/hexane 1:1). The solvent of the reaction was re-
duced by evaporation and purified by a flash column chromatography (EtOAc/hexane 3:7 with 1%
NEts, loading as liquid and short column). The fractions were collected, evaporated and it gave a

white foam (234.0 mg, 57%).

Analytical data for (28):

"H-NMR (300 MHz, DMSO) § 8.22 — 8.07 (m, 1H), 7.52 — 7.44 (m, 1H), 7.44 — 7.17 (m, 7H), 6.84
(t, J = 9.8 Hz, 3H), 5.26 — 5.03 (m, 1H), 4.65 (s, 1H), 4.32 (t, J = 6.1 Hz, 2H), 3.78 (s, 1H), 3.78
(s, 3H), 2.61 (t, J = 6.3 Hz, 1H), 2.40 (t, J = 6.0 Hz, 1H), 1.21 (d, J = 6.8 Hz, 6H). 3'P NMR (121
MHz, DMSO) § 149.00 (s).

Synthesis of the pyrene building block

5,5’-(Pyrene-1,6-diyl)dipent-4-yn-1-ol (Py):

1,6- dibromopyrene (1)) (1.5 g, 4.17 mmol), bis(triphenylphosphine)palladium(ll) chloride (68.1
mg, 0.097 mmol) and copper(l) iodide (10.3 mg, 0.054 mmol) were dissolved in dry THF (34.1
mL) under argon and heated to 80 °C under reflux. After addition of triethylamine (20.5 mL) and
4-pentyn-1-ol (1.55 mL, 16.7 mmol) to the mixture it was stirred at this temperature overnight.
After cooling to room temperature, the solvent was filtered through celite and removed under
reduced pressure. Then it was dissolved in ethyl acetate (100ml), washed with 10% citric acid
and saturated carbonated. The organic phase was dried with sodium sulfated and was filtered.
A column chromatography (CH,Cl,/PhMe/MeOH 87:10:3) was made and the collected fractions

were evaporated, it gave a yellow solid (610 mg, 39.7%).
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Analytical data for Py:

"H-NMR (300 MHz, CDCI) & 8.54 (d, J = 9.1 Hz, 2H), 8.29 (d, J = 8.5 Hz, 4H), 8.13 (d, J = 8.0 Hz,
2H), 4.64 (t, J = 5.2 Hz, 1H), 3.66 (g, J = 6.2, 6.1 Hz, 2H), 2.80 (t, J = 7.0 Hz, 2H), 1.86 (p, J = 6.8
Hz, 2H).

5-(6-(5-(Bis(4-methoxyphenyl)(phenyl)methoxy)pent-1-ynyl)pyren-1-yl)pent-
4-yn-1-ol (2):

Solid 4,4’-dimethoxytrityl chloride (560.9 mg, 1.66 mmol) was added in portion to a solution of Py
(610 mg, 1.66 mmol) in pyridine (13 mL). The mixture was stirred overnight at room temperature.
Dichloromethane (100 ml) was added to the mixture, washed with 10% citric acid and sodium
hydrogen carbonate. The organic phase was dried with potassium carbonate and was filtered.
A column chromatography (CH,Cl,/MeOH/NEt; 97/2/1) was made. The fractions containing (2)
were collected and evaporated. Dichloromethane (filtered through ALOX) was added and the
solution was evaporated, but not fully dry. Then it was put on the high vacuum. This gave a yellow

foam (540mg, 48.6%).

Analytical data for (2):

R¢ = 0.75 (CH,Cl,/MeOH/NEt; 97/2/1); 'H NMR (300 MHz, DMSO) § 8.50 (d, J = 9.0 Hz, 1H),
8.35 (d, J = 9.1 Hz, 1H), 8.32 — 8.22 (m, 3H), 8.16 (dd, J = 14.9, 8.5 Hz, 2H), 8.01 (d, J = 7.9 Hz,
1H), 7.54 — 7.08 (m, 9H), 6.83 (d, J = 8.4 Hz, 4H), 4.64 (t, J = 5.3 Hz, 1H), 3.76 — 3.53 (m, 8H),
2.81 (t, J = 6.8 Hz, 2H), 2.73 (t, J = 7.2 Hz, 2H), 2.00 (d, J = 7.3 Hz, 2H), 1.86 (p, J = 6.7 Hz, 2H).

5-(6-(5-(Bis(4-methoxyphenyl)(phenyl)methoxy)pent-1-ynyl)pyren-1-yl)pent-
4-ynyl 2-cyanoethyl diisopropylphosphoramidite (3):

(2) (500 mg, 0.75 mmol) was dissolved in CH,Cl, (15 mL). After addition of DIPEA (380 pL, 2.24
mmol), 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (229.3 mg, 0.97 mmol) was added.
The mixture was stirred for 5 h at room temperature. The solution was evaporated and purified by
a flash chromatography (hexane/ EtOAc/NEt; 50/49/1). The fractions were collected and it gave
93.1 mg (14.3%) of yellow solid (3).
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Analytical data for (3):

R¢= 0.72 (hexane/ EtOAC/NEt; 50/49/1); "H NMR (300 MHz, DMSO) § 8.55 (d, J = 9.0 Hz, 1H),
8.43 (d, J = 9.0 Hz, 1H), 8.14 — 7.93 (m, 6H), 7.50 (d, J = 7.6 Hz, 2H), 7.43 — 7.33 (m, 4H), 7.28
(d, J = 7.0 Hz, 1H), 7.25 — 7.12 (m, 2H), 6.84 — 6.72 (m, 4H), 4.01 — 3.77 (m, 4H), 3.67 (s, 8H),
3.36 (t, J = 6.0 Hz, 2H), 2.80 (dt, J = 13.5, 7.0 Hz, 4H), 2.65 (t, J = 6.5 Hz, 2H), 2.16 — 2.01 (m,
4H), 1.22 (dd, J = 6.8, 4.0 Hz, 12H). 3'P NMR (121 MHz, DMSO) § 147.84 (s).
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Figure C.8.
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DNA Synthesis

The 1,6-dialkynylpyrene phosphoramidite (3) and the photocleaver (28) were used for the solid-
phase oligonucleotide synthesis. The standard procedure as described was used.?® The synthesis
was done on the Applied Biosystems 394 DNA/RNA synthesizer using pyrene-loaded controlled
pore glass (CPG) support (synthesized in previous study, see appendix A). Reverse phospho-

ramidite nucleobases were used. The average stepwise yield was between 93% and 100%.

The cleavage of oligomer were done with 28.0-30.0% ammonium hydroxide solution for 16 hours
at 55 °C in a closed vial with strong shaking. After the cleavage the oligomer were centrifuged
(20 °C, 13000 rmp, for 3 min). After centrifugation, the supernatant was collected and the solid
support was washed 3 times with 1ml MilliQ/ethanol 2:8. The crude oligomer were lyophilized

overnight.

HPLC Purification

After the solid-phase synthesis and the cleavage, the compounds have to be purified with HPLC
(LiChroCART 250-4; LiChrospher 100, RP-18, 5 um column, Merck). For the purification HFIP
buffer (ph 8, 25mM HFIP, 2.1mM Et;N); 1 ml/min; T = 50 °C; B[%] (tg [min]) = 10 (0); 40 (24); 100
(25); 100 (28); 10 (30); 10 (39). The oligomer were washed 2 times with MillQ water. The purities

were determined with ESI mass spectroscopy.

Table C.1.: Calculated and measured mass of DNA-R-Py;and DNA-Py;.

Oligomer Calculated Measured
DNA-R-Py; 6455.9926 6456.3466
DNA-Py, 6015.9222 6016.2509

The oligomer was dissolved in 8:2 MilliQ/ethanol. The stock solution were diluted and the deter-
mination of the concentrations was achieved by using a value of € 35=35000 M"! - cm™! in ethanol

for single pyrene unit.
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Figure C.12.: HPLC trace of DNA-R-Py7(left) and DNA-Py; (right).
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Spectroscopic Data
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Figure D.1.: Excitation spectra of the strands S1, S$3, S5, S7, S9, S11. Conditions: 0.5 uM of the strand,
10mM sodium phosphate buffer (pH 7.0), 400mM NaCl, \¢ry 425 nm, 20°C. Excitation slit: 2.5
nm, emission slit: 5 nm.
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Figure D.2.: Excitation spectra of the strands S2, S4, S6, S8, S10, S12. Conditions: 0.5 uM of the strand,
10mM sodium phosphate buffer (pH 7.0), 400mM NaCl, ¢, 425 nm, 20°C. Excitation slit: 2.5
nm, emission slit: 5 nm.
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Figure D.3.: Excitation spectra of duplexes 1 — 5, Ref1. Conditions: 0.5 M each strand, 10mM sodium
phosphate buffer (pH 7.0), 400mM NaCl, A\¢m 425 nm, 20°C. Excitation slit: 2.5 nm, emission

slit: 5 nm.

Melting Curves

The duplexes were heated up to 80°C in the thermo-shaker for about 30 min before the cooling-
heating curves were recorded. Absorption at 260 nm was monitored, where nucleobases, di-
alkynylpyrene and -phenanthrene absorb. Blue curve: Cooling stage (80 — 20°C), orange curve:
heating stage (20 — 80°C). Conditions: Cooling/heating temp. rate= 0.5°C/min, 0.5 uM each
strand, 10mM sodium phosphate buffer (pH 7.0) and 400 mM NacCl.
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Figure D.4.: Cooling-heating curves of duplex 1.
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Figure D.7.: Cooling-heating curves of duplex 4.
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Figure D.10.: Cooling-heating curves of duplex 7.
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Figure D.11.: Cooling-heating curves of duplex 8.
Synthesis

Synthesis of the Synthesis of 1,8-dilakynylpyrene phosphoramidite

4-(8-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)but-1-yn-1-yl)pyren-1-yl)but-3-yn-1-yl
(2-cyano-ethyl) diisopropylphosphoramidite (short: 1,8-dilakynylpyrene

phosphoramidite):

4-(8-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)but-1-yn-1-yl)pyren-1-yl)but-3-yn-1-ol (244.9 mg,

0.38 mmol, synthesized by Elena Grossenbacher) was dissolved in CH,Cl, (11 ml, HPLC qual-
ity and filtered through aluminium oxide). After addition of DIPEA (0.19 ml), 2-cyanoethyl-N,N-
diisopropyl- chlorophosphoramidite (115.8 mg) was added. The mixture was stirred for 4 hours at
room temperature under argon. The solution was evaporated and purified by a flash chromatogra-
phy (hexane/EtOAc 1:1 with 1% NEts;). The fractions were collected and it gave 287.1 mg (91.1%)

of (1,8-dilakynylpyrene phosphoramidite) green/yellowish oily foam.

Analytical data for (1,8-dilakynylpyrene phosphoramidite):

"H-NMR (300 MHz, CDCl;) § 8.70 — 8.53 (m, 2H), 8.15 — 7.96 (m, 6H), 7.62 — 7.52 (m, 2H), 7.49
—7.40 (m, 4H), 7.36 — 7.27 (m, 2H), 7.25 — 7.18 (m, 1H), 6.89 — 6.78 (m, 4H), 4.08 — 3.79 (m, 5H),
3.77 (d, J = 1.3 Hz, 6H), 3.67 (dt, J = 10.1, 6.8 Hz, 2H), 3.46 (t, J = 6.7 Hz, 2H), 2.96 (dt, J = 15.9,
6.8 Hz, 4H), 2.62 (q, J = 6.1 Hz, 2H), 1.22 (dd, J = 6.8, 4.0 Hz, 12H). 3'P-NMR (121 MHz, CDCl,)
148.29.
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Synthesis of the 3,6-dilakynylphenanthrene phosphoramidite

4-(6-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)but-1-yn-1-yl)phenanthren-3-yl)but-3-yn-1-
yl (2-cyanoethyl) diisopropylphosphoramidite (short: 3,6-dilakynylphenanthrene
phosphoramidite):

4-(6-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)but-1-yn-1-yl)phenanthren-3-yl)but-3-yn-1-ol (314.3
mg, 0.51 mmol, synthesized by Elena Grossenbacher) was dissolved in dichloromethane (4.6
ml) under argon. After addition of N,N-Diisopropylethylamin (DIPEA) (0.4 ml), 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite (PAM-CI, 146.5 mg) was added dropwise. The mixture was
stirred for 3 hours at room temperature under argon. The solution was evaporated and purified
by a flash chromatography (hexane/EtOAc 66:34 with 1% NEts, loading as liquid and a very short
column). The fractions were collected, evaporated and it gave a white a bit oily foam (394.2 mg,

95%).

Analytical data for (3,6-dilakynylphenanthrene phosphoramidite):

"H-NMR (300 MHz, CDClg) § 8.70 (d, J = 1.5 Hz, 2H), 7.78 (d, J = 8.2 Hz, 2H), 7.68 (s, 2H), 7.63
—7.50 (m, 4H), 7.47 — 7.37 (m, 4H), 7.35 — 7.27 (m, 2H), 7.25 — 7.18 (m, 1H), 6.90 — 6.79 (m, 4H),
3.98 — 3.81 (m, 4H), 3.78 (s, 6H), 3.65 (dq, J = 10.2, 6.8 Hz, 2H), 3.37 (1, J = 7.0 Hz, 2H), 2.80
(dt, J = 11.1, 7.0 Hz, 4H), 2.69 — 2.60 (m, 2H), 1.29 — 1.15 (m, 17H). 3'P-NMR (121 MHz, CDCl,)
148.20, 139.04.

DNA Synthesis

As already mentioned, a standard cyanoethyl phosphoramidite solid-phase synthesis protocol was
used and beginning with nucleoside-loaded controlled pore glass (CPG) support. Cleavage and
deprotection of the oligochromphores from the solid support was done by treatment with 28-30%
NH,OH (aq) at 55°C overnight. The supernatants were collected, the solid support were washed

two times with 1 ml H,O (MilliQ) and the crude oligomers were lyophilized.
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HPLC Purification

The crude oligomers were purified by reversed phase HPLC (Merck LiChroCART 250-4; LiChro-
spher 100, RP-18, 5 um); solvent A: 0.1 M aqueous ammonium acetate; solvent B: CH;CN; 1
ml/min; T = 40°C.

Table D.1.: HPLC solvent gradients used for the purification.

Gradient 1 Gradient 2 Gradient 3
Time [min] | Solvent B in Solvent A [%] | Solvent B in Solvent A [%] | Solvent B in Solvent A [%]
0.01 0 0 0
2.00 0 0 5
22.00 30 40 50
24.00 100 100 100
26.00 100 100 100
28.00 0 0 0

The gradients were used as followed: S1 - S4: Gradient 1; S5 and S6: Gradient 2; S7 - S15:
Gradient 3.

Mass Spectra

Mass spectra S1 - S12 are from Elena Grossenbacher (University of Bern, Department of Chem-
istry and Biochemistry, 2019).
The molecular mass of the oligomers were measured in negative ion mode in mixtures of wa-

ter/acetonitrile/triethylamine.

Table D.2.: Calculated and measured masses of oligomer strands.

Calculated | Measured _ _
Strand Sequence
mass mass Q

S1 9 GGC TAA YTA AAT TTA AAT CGC 3' | 6524.1548 | 6524.0712 Q Q
S2 3'CCGATT aAT TTAAAT TTAGCG S' | 6482.1280 | 6482.0520 !/ « W
S3 5' GGC TAA YTa AAT TTA AAT CGC 3' | 6587.0412 | 6587.1432 _g'_o .
S4 3'CCG ATT oAa TTA AAT TTA GCG 5' | 6554.0278 | 6554.1216 8
S5 5" GGC TAA YTa AaT TTA AAT CGC 3' | 6649.9276 | 6649.1470 L i
S6 3'CCGATT aAa TAAAAT TTA GCG &' | 6625.9276 | 6625.1470 B T
S7 5' GGC TAAYTa AaT aTA AAT CGC 3' | 6721.8274 | 6722.1693 OCO
S8 3'CCGATT aAa TaA aAT TTA GCG S' | 6688.8140 | 6689.1672 / Q \
S9 5' GGC TAA YTa AaT aTa AAT CGC 3' | 6784.7138 | 6785.2350 o Y
S10 3'CCGATT aAa TaA aAa TTA GCG S' | 6760.7138 | 6760.2222 B ¢
S11 5' GGC TAA Yaa adT TTA AAT CGC 3' | 6784.7138 | 6784.1983 B |
S12 3'CCG ATT aaa aaA AAT TTA GCG S' | 6760.7138 | 6761.2182
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Figure D.12.: Mass spectrum of single strand S1.
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Figure D.20.: Mass spectrum of single strand S9.
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Figure D.22.: Mass spectrum of single strand S11.
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Figure D.23.: Mass spectrum of single strand S12.
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Oligomer Strand for Duplex with Mismatch

Here are the mass spectra of the oligomer strand for the duplex 6 - 8.

Table D.3.: Calculated and measured masses of oligomer strands.

Strand Sequence Calculated | Measured
mass mass
S13 3' CCGATT oTa ToA aAT TTA GCG 5' | 6679.8006 | 6680.1760
S14 3'CCGATT aAa TaT aAT TTA GCG &' | 6679.8006 | 6680.1570
S15 3'CCG ATT aTa TaT aAT TTAGCG &' | 6670.7872 | 6670.1316
- -
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Figure D.24.: Mass spectrum of single strand S13.
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Figure D.25.: Mass spectrum of single strand S14.
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Figure D.26.: Mass spectrum of single strand S15.
Concentration Determination

The purified oligomers were dissolved in 1 ml MilliQ H,O. The absorbance at 326 nm of the
diluted stock solutions were measured to determine the concentrations of oligomer strands S2 —
S15, using the espg value of 34’500 for 3,6-dialkynylphenanthrene.'®® Concentration of strand S1
was determined differently, because it does not contain 3,6-dialkynylphenanthrene. The molar
absorption coefficient at 260 nm was calculated using the eogg values of 15’300, 11’700, 7’400 and

9’000 for A, G, C and T bases, respectively, and 30’000 for 1,8-dialkynylpyrene.
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