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1 Summary

1 Summary

The thesis starts with a general introduction that consists of the description of
supramolecular polymers (SPs), followed by structural aspects of the DNA and solid
phase synthesis based on phosphoramidite chemistry. Furthermore, the light harvesting,
energy transfer and application of the Forster resonance energy transfer (FRET) in DNA

photonic wires is presented.
The work presented herein consists of two parts:

Part | is composed of three subchapters (3.1-3.3) and describes the integration of
functional DNA-nanoscaffolds into supramolecular polymers (SPs). Such systems were
designed to mimic the light-harvesting complex (LHC), i.e. key component in
photosynthesis. In addition, it is demonstrated that DNA photonic wires as well as gold

nanoparticles (AuNPs) can be successfully incorporated into SPs.

In more detail, Subchapter 3.1 (page 21), describes the incorporation of DNA-photonic
wires into SPs for the efficient and directional propagation of light-harvesting cascades,
while Subchapter 3.2 (page 54) focuses on the influence of modified oligomeric
components on the energy transfer in different LHCs. In the same Subchapter (page 65)
the effects on energy transfer in LHCs by varying the donor-acceptor pair distance is
presented. And finally, Subchapter 3.3 (page 77) describes the functionalization of the, in

the previous subchapters introduced, SPs with AUNPs.

Part Il of this work (page 83) presents a similar topic — SPs with interesting photophysical
properties — but addresses a different aspect: Here, the oligomers self-assemble into
vesicles and exhibit aggregation-induced emission (AIE). In this case, phosphodiester-
linked dialkynyl-tetraphenylethylene (DATPE) trimers were synthesized and then

characterized in agueous medium.

Designing and construction of functional, multicomponent DNA-based supramolecular
polymers can be used as platforms in molecular cargo for the delivery of small molecules,

proteins, and nanoparticles.
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2 General Introduction

2.1 Supramolecular Polymers

Supramolecular polymers are polymeric arrays of non-covalently linked monomer units
usually assembled in well-ordered structures in one or two dimensions.M In agueous
medium, supramolecular structures are formed due to secondary interactions, among
others noncovalent interactions like hydrogen bonding, hydrophobic interactions, -1
interactions and electrostatic interactions./? Non-covalent bonds ensure high reversibility

in supramolecular architectures.

Figure 1 demonstrates molecular building blocks which self-assemble into
supramolecular structures with mechanical (Figure 1, A and B), biological (Figure 1, C
and D), optical (Figure 1, E and F) or electronic (Figure 1, G and H) properties.!

Monomer Supramolecular polymer
A B

Random
coil

Twisted nanoribbon

Fluorophore

Nanotube

Figure 1. Representation of four different monomeric building blocks and the corresponding
supramolecular assemblies with mechanical (A and B), biological (C and D), optical (E and F) or electronic
(G and H) functionalities.!
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SPs growth can follow three different mechanistic pathways: isodesmic, ring-chain, and
cooperative growth (Figure 2).16] In the isodesmic model, the addition of each monomer
to the growing chain of the polymer is ascribed to a single equilibrium constant. This

association constant greatly determines the degree of polymerization of the gradually

Growing oligomer/polymer

aggregated species.
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Figure 2. Three main mechanisms for the supramolecular polymer growth: (1) isodesmic, (2) ring-chain,
(3) cooperative. ¥

The cooperative mechanism is described by two different stages with distinct equilibrium
constants. As a result nonlinearly grown supramolecular polymers often occur as
nucleated and elongated species. The formation of small polymer nuclei is followed by

fast polymer chain growth, which is favourable thermodynamically.

The ring-chain mechanism is characterized by the equilibrium of linear polymers with their
cyclic counterparts. Below the critical polymerization concentration (CPC) there are only
cyclic species produced, whereas above the CPC, the excess of monomeric species form
linear polymers.

Two different types of supramolecular polymers are typically obtained.! The first type is

formed with no internal order (random-coil supramolecular polymer) by the isodesmic
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polymerization mechanism. The second type, ordered supramolecular polymers are
formed by the cooperative mechanism. So formed ordered supramolecular polymers, in

contrast to the disordered one, lack the structural analogy to covalent polymers.

2.1.1 DNA-Functionalized Supramolecular Polymers

DNA-Functionalized supramolecular polymers received recently lots of attention.l’? DNA
hybridization provides control over the structural properties leading to the incorporation

of a variety of functionalities into the supramolecular polymer.

In our group, DNA-functionalized systems based on DNA-grafted supramolecular
polymers have been demonstrated.[l The pyrene-modified oligonucleotide monomer
composed of seven pyrene units modified with additional 10 nucleobases, self-assemble
into nanoribbons (Figure 3). Addition of DNA-complementary strand (connector strand)
results in a formation of supramolecular network. Formation of networks proceeds via

cooperative blunt end stacking interaction.

(Py),-CTTCCGTGAG-3
(Py)-a
CTTCCGTGAG-3
1a (separator strand)

CTCACGGAAG-3
1b (connector strand)

b :
C
¢

[, T

. D cooling ¢
oy —n g

G

A

O o G

f‘ ped¥ !1

(

-— A

3 “% heating &
< b G
¥y G

(Py)-a '

Figure 3. Assembly and disassembly of the nanoribbons composed of chimeric oligomers. Hybridization of
the complementary oligonucleotide on the pyrene-modified oligonucleotide leads to the formation of
networks via cooperative blunt end.[8!
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Recently, a Brunsveld group has reported assembly of benzene-1,3,5-tricarboxamide
(BTA) into supramolecular polymers. The polymers were used as a platform for
recruitment of DNA-conjugated proteins through a selective hybridization (Figure 4).1°
The BTA-30OH and BTA modified with 10 nucleobases were mixed together, which
resulted in the formation of micrometer-long supramolecular BTA platform. Such robust
polymeric platforms can be functionalized with varied DNA content. Mixing B-lactamase
and BLIP modified with DNA-sequence containing 21 nucleobases in the presence of an
additional inhibitor recruiter hybridized with the oligonucleotides on BTA-DNA and protein-

DNA, results in recruitment of protein on the supramolecular polymer.

a o o]

Risy N el ,—\L,),fo,\}DH
H H 170 g 4

HoN
NH NWN o
| ]
Ryrz R .- o~ NIV, y
oy ~

BTA-20H: 3 xR,

BTA-DNA: 2xR,.1 xR, "”\O g .
H _é__o_ TCAGCAATG -5
b g A € 5
A . o “M
B-Lactamase o . T
BTA-30H A VS . N P
% Enzyme Recruiter (R,) MV
—_— > B ————
-— - ON A R
WA Inhibitor Recruiter (R} ’ o
BTA-DNA Moo
™ .W .
BLIP

Figure 4. Supramolecular BTA platform used for the recruitment of 3-lactamase and BLIP. A: Chemical
structures of a BTA monomeric building blocks BTA-30H and BTA-DNA modified with 10 nucleobases. B:
Co-assembly of inert BTA and BTA-DNA monomers into DNA-functionalized supramolecular polymers.
Selective hybridization of a DNA-modified proteins with the complementary DNA of functionalized polymers
is allowed in the presence of a recruiter strand.[

2.2 Structural Aspects of DNA

In 1953 Watson and Crick presented the 3D structure of the DNA double helix. DNA
exhibits dynamic secondary structures which can be easily rearranged.l!®! Such

secondary structures result from strong Watson-Crick pairing interactions.l*l The two



2 General Introduction

polynucleotide chains of the DNA double helix are in antiparallel orientation. One
complete 360° rotation (helix pitch) in B-DNA structure requires 10.5 base pairs. The other

DNA structures (A and Z conformation) are illustrated in the Figure 5.

A form B form

Figure 5. Structural variants of DNA (A, B and Z conformation).[*?

The DNA double helix is mostly stabilized via noncovalent forces like hydrogen bonding
and base stacking.'314 Hydrogen bonding includes mainly electrostatic interaction, 4
while hydrophobic interactions and Van der Waals forces (dipole-dipole and London

dispersion interactions) explain stacking interactions between planar bases.!

The specific hydrogen bonding of DNA base pairs and the molecular recognition system
can be used for DNA material purposes.i*® In nanotechnology DNA gained lots of
attention due to the programmable nature and easiness in controllable formation of two-
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and three-dimensional structures.[*8l DNA is composed of four heterocyclic aromatic
bases, the two purines (adenine and guanine) as well as the two pyrimidines (thymine
and cytosine), sugar moiety (deoxyribose) and the negatively charged phosphodiester
backbone (Figure 6).17]

3.
‘f;”_ Thymm
=0 /< j}
Minor o _N N O
groove -0—P=0 Adenine NHS ~-H 'O cl)
- \
O (/N 7 SN- T P\=O
o N=\F o
\ Cytosine
Major o \ o H2N—,\‘J/_?
groove O=\Fl>-0‘ Guanine ‘\ o~ ;/ o 0
0 A7 ) i g o=p—0-
( _o_ N=N"NHs (|)
~
i ’

3

Figure 6. Left: schematic illustration of DNA double helix. Right: Watson — Crick base pairs: adenine (A),
guanine (G), thymine (T) and cytosine (C).[*2

DNA plays a crucial role as versatile scaffold for the selective and precise organization of
different auxiliaries, for example quantum dots, 2819 proteins % or nanoparticles.[?1-22]
Almost for two decades it has become popular to replace natural bases in DNA by flat
aromatic molecules, thus it was found that incorporation of polycyclic aromatic
hydrocarbons (PAH) enable stabilization of the DNA duplex.[?3l Over the vyears
multichromophoric systems, e.g. pyrene,[?*25 perylene,?5271 or phenanthrene [28-2°]
derivatives, placed along the DNA backbone were studied.
A very popular strategy for chromophore-assembly is through a non-nucleosidic
approach.i3-31 This approach requires artificial and flexible acyclic linkers between the
phosphodiester bridges which allows efficient chromophore intercalation into the DNA.
Some examples of acyclic linkers involve threoninol 132, carboxamide,?¥ tetraethylene

glycol 271 or (S)-aminopropan-2,3-diol 28! (Figure 7).
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Figure 7. Different ways to link non-nucleosidic chromophores, such as pyrene or perylenebisimide, with
DNA backbone via acyclic linker, 1: carboxamide-linker,[24 2: (S)-aminopropan-2,3-diol linker,[?8] 3:
threoninol linker,22 4: tetraethylene glycol-linker.[27]

2.2.1 Solid phase synthesis

The phosphoramidite approach, pioneered by Marvin Caruthers in the early 1980s,3l
significantly enhanced solid phase technology and automation of DNA synthesis.

The growing DNA on the solid support proceeds in the 3’ to 5’ direction, which is opposite
of biosynthesis (Figure 8). Similarly as in Merrifield peptide synthesis, the used solid
supports can strongly influence the efficiency of the synthesis. So far many different
resins were used, however the most suitable and the most common ones occurred to be
controlled pore glass (CPG) and polystyrene solid support.

Rigid and non-swelling CPG has deep pores where the reaction takes place. The pores
of 500 A (50 nm) are suitable for short oligonucleotide synthesis, up to 40 bases in length.
This kind of commercially available CPG has usually attached long chain alkylamines and
can be loaded with the first 3’-nucleoside or with a modified building block. The long

alkylamine linker provides good reagent accessibility.
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Alternatively, the polystyrene support has good moisture properties and is suitable for

&,
O 0 Yo
pe w‘" P

0,
Capping o)‘\-<°

CPG

small scale synthesis (e.g. 40 nmol).

O

9 K o g
0
Q Coupling C’G Oxidation

(o}

3 J\

0,
( End Cycle) Ry

Cleavage and
Deprotection

Detritylation

Start Cycle (Cycle Repeat )

Figure 8. Typical cycle for the solid phase synthesis of oligonucleotides.34

The oligonucleotide synthesis cycle starts with a detritylation reaction, followed by
activation and coupling, oxidation, capping and final cleavage from the support (Figure
8).

The support-bound nucleoside contains an acid-labile 4,4’-dimethoxytrityl (DMT)
protecting group in 5’-position. To proceed the oligonucleotide synthesis, the DMT group
has to be removed. The column is washed with a solution of 3% trichloroacetic acid in
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DCM. The reaction is followed spectrophotometrically as the reaction results in colored
DMT group.

The next step is activation and coupling reaction. After deprotection step the next base —
nucleoside phosphoramidite with protected 5’-OH group is added and mixed with an
activator. First protonation of diisopropylamino group of protected phosphoramidite
monomer in ACN takes place. Dinucleoside with a new phosphite triester linkage is
formed.

The oxidation with iodine in the presence of water and pyridine results in conversion of
the unstable triester to a phosphate.

To ensure that there are no side products the remaining unreacted 5’-OH is capped with
an acetyl group. Acetylated 5’-OH is a result of a mixture of acetic anhydride, N-
methylimidazole in THF and pyridine with unreacted species. The reaction cycles are
repeated until the sequence is completed.

In the last step a solution of concentrated ammonium hydroxide (NH4OH), overnight at
55 °C is used to provide the free 3’-OH group, deprotected bases and phosphodiester

backbone. Finally, the oligonucleotide is purified by reverse-phase HPLC.

2.3 Light-Harvesting and Energy Transfer

In potosynthetic organisms, like higher plants, algae and photosynthetic bacteria a big
number of light-harvesting pigment molecules absorb the photons and transform them
into excitons which afterwards migrate toward the reaction centers (Figure 9) [35-36], These
light-harvesting complexes (LHCs) contain chlorophyll molecules in a well-defined order

which allows efficient energy transfer.[37]

The photosynthetic mechanism can be explained by the Fdrster resonance energy
transfer (FRET), Dexter electron exchange mechanism, as well as coherent resonance

energy transfer.[38l

10
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Electron

Figure 9. Demonstration of the light-harvesting antenna effect. Photons are captured by light-harvesting
pigments and transferred to the reaction centre (the acceptor). In the reaction centre the charge separation
occurs and the storage of chemical energy takes place.31 Taken from [31,

Energy transfer efficiency between weakly coupled donor (D) and acceptor (A) molecules
depends on the distance as well as the relative orientation. In FRET the acceptor distance
is between 10 — 100 A and the energy transfer occurs through electric dipole couplings.!
Unfortunately, conventional Forster's theory does not explain the energy transfer in
certain cases.l®’] In case of small donor — acceptor separations an alternative Dexter
theory is considered.

Also, these mechanisms vary depending on the coupling interactions between donor and
acceptor. The Dexter electron exchange mechanism considers the overlap of atomic
orbitals. In the FRET mechanism, molecular couplings change from strong to very weak.
In some case FRET theory is not sufficient and the exciton theory with coherent

resonance energy transfer mechanism is taking into account.[38l

Recently, the Liu group presented a sequential energy transfer from chiral supramolecular
light harvesting nanotubes to acridine orange (AO) (Figure 10). Sequential energy
transfer was found to be cooperative with chirality transfer, which provides a better
understanding of the natural light-harvesting antenna.[*!]

11
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L-CG or D-CG

l Assembly

OOH

ChT: Chirality Transfer

ET: Energy Transfer SET: Sequential Energy Transfer

Figure 10. Co-assemble of the supramolecular light harvesting nanotube composed of cyanostilbene-
appended glutamate compound (CG) with acceptors (ThT, AO) results in three different chirality and energy
transfer patterns. Taken from 411,

The mechanism shows that after excitation of donor CG with unpolarized light, a circularly

polarized luminescence (CPL) is observed. Co-assemble of two achiral acceptors with

the nanotube results in transfer of CPL energy to the acceptor with the emission of the

new CPL ascribed to the acceptor (Figure 11).

Jex
—_—

340 nm

P
i*i Abs.
Donor « ---
CG

8,-::

Acceptor
ThT

Figure 11. lllustration of the energy level diagram for ET-associated CPL mechanism.[41]

12
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2.4 FRET in DNA-Photonic Wires

Designing DNA-based molecular photonic wires with FRET properties between multiple
dyes has attracted extensive attention.[*?°0 Increased cascade ET efficiencies in such
photonic wires can lead to improvement of artificial light-harvesting arrays. Two kinds of
FRET energy transfer mechanisms can be distinguished in DNA-photonic wires (Figure
10). There is the conventional hetero-FRET as well as the promising homo-FRET
approach. FRET efficiency can be significantly enhanced by increasing the maximal
length of the photonic wires via a homo-FRET mechanism. [7-51-521 This energy transfer
has a small Stokes shift and is based on diffusive energy migration between identical

chromophores. Instead, hetero-FRET is characterized with energy losses.

A B FRET

E \_

absorption absorption fluorescence

fluorescence

Figure 10. Schematic energy level diagram showing examples of multi-step hetero-FRET (A) and homo-
FRET (B). Arrows indicate one of many potential energy pathways from the initial absorption at a donor
fluorophore to the emission from the final acceptor.[*2

Recently Medintz and co-workers presented complex DNA-based FRET networks with
dendrimeric structures that were found to exhibit homo-FRET over multiple chromophores
with high efficiency. Four or five dye FRET cascades
(AF488—Cy3—Cy3.5—Cy5—Cy5.5) consisting of up to six Cy3 repeats are embedded
into four-arm, eight-arm or dendrimeric DNA photonic wires (Figure 11, A). A significant
six-fold gain in antenna effect was observed in the dendrimer structure containing six Cy3

homo FRET fluorophores. [

13
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In the same group, a linear DNA photonic wire with up to 7 different dyes was designed
(Figure 11, B).[5 Chromophores were incorporated along the DNA for long-range energy
transfer studies.

Lots of interest gained DNA photonic wires in combination with quantum dots (QDs).[*3
In such hybrids, the QDs are used as energy harvesting donors that drive cascade energy
transfer over 4-consecutive steps (Figure 11, C). Multiple ET over long distances (~180

A) was found.

vﬁ‘i S "*;715 SRRMER % O o

[AF488),~[Cy3], ,,~ICy3.5,,~[Cy5],~[Cy5.5],  [AF488],~[Cy3], ,,~I[Cy3.5},~[Cy5],~[Cy5.5], [AF488],,~[Cy3], ,—~[Cy3.5],~[Cy5],~[Cy5 5],

B C

QO donor
Emission Vis - near IR / Sequential FRET central
= Fd = Sequential dye-acceptors

AIVAV A A AV AL A AL AN \\":, " 5/ SIATAL AT AP AT AL AT AT
' 'DNA backbone
Peptide mediated / \

metal-affinity coordination - PEG.-~ Excitation (UV)

Figure 11. Examples of photonic wires designed in Medintz group. A: Four arm, eight-arm, and 2:1
dendrimeric DNA photonic wires with extended homo FRET. B: Linear DNA photonic wires with 7
fluorophores arranged along the DNA scaffold. C: DNA photonic wires that self-assemble around the
quantum-dot.

The Liu group designed light-harvesting triads based on DNA nanotechnology.[*% Such
antenna systems are self-assembled from seven DNA bundles and contain three different
types of chromophores (Figure 12, A). This light-harvesting system was used for the
estimation of the FRET efficiency and antenna effect. The efficiency of energy transfer
and antenna effect was found to be highly dependent on the donor-acceptor ratio.

An interesting example of a self-assembled DNA-based photonic wire showed

Albinsson.*?l Such photonic wires can transfer excitation energy over a long range of
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2 General Introduction

more than 20 nm (Figure 12, B). The intercalating YO chromophore with its homo transfer
properties was used for diffusive energy migration between pacific blue donor and Cy3

acceptor with 85% efficiency.

B
; 5
NAVA) N ANV

Pacific Blue

—\ YO /\YO/\ YO

. Cy3

N S -

.—oPyrene @ —cy: @ —ar

Figure 12. A. Liu's triads for precisely organized donor-acceptor arrays.?! B. Self-assembled DNA based
photonic wire and and the energy level diagram with a diffusive energy transfer mechanism proposed by
Albinsson.[42]

2.5 Aim of the Thesis

Previous work in the Haner group is based on the precise arrangement of chromophore-
arrays in DNA scaffolds. The phosphodiester linked chromophores were used for the
assembly of Tmr-stacked artificial oligomeric building blocks in chromophore-DNA
conjugates that mimic the naturally occurring process of light harvesting. Additionally, the
same non-nucleosidic building blocks were used to synthesize short oligomers that self-

assemble into nanostructures such as fibers, tubes, sheets or ribbons.
In this thesis, chromophore-oligomers and chromophore-DNA conjugates build the basis

for the self-assembly of versatile SPs. The first air of this thesis is to functionalize such
DNA-appended SPs with DNA-photonic wires or AUNPs.
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3 Integration of Functional DNA-Nanoscaffolds into Supramolecular Polymers

In more detail, the SPs act as light-harvesting antenna, while the integrated DNA-
scaffolds provide a straightforward approach to precisely arrange donor-acceptor pairs
with well-defined distances. The so formed LHCs are designed for efficient and directional

propagation of light-harvesting cascades.

On the other hand, merging of DNA-scaffolds into SPs allowed them to work as functional
platforms. Therefore, the potential of self-assembled cargo systems via hybridization of

AUNPs will be discussed as well.

The second aim of this thesis is to design a new class of SPs with interesting luminescent
properties. AlE-active SPs exhibit high fluorescence efficiency. Therefore, controlled self-
assembly of AlE-active SPs based on the phosphodiester-linked dialkynyl-
tetraphenylethylene (DATPE) trimers is demonstrate

3 Integration of Functional DNA-Nanoscaffolds into Supramolecular

Polymers

Introduction

Supramolecular polymers, in which repeating building blocks are held together via
directional and non-covalent interactions ®5-58 represent an appealing alternative to DNA
nano-scaffolds for achieving 2D or 3D fluorophore arrangements. 5971 Encouraged by
our finding that energy can be funneled over long distances (=100 nm) in supramolecular
phenanthrene polymers, 61 70 we explored the approach of integrating DNA photonic

wires into SPs. Additionally the AuNPs aligned along the SPs are presented.

Previously reported self-assembled oligomeric building blocks developed in our group are

illustrated in Figure 13.
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3 Integration of Functional DNA-Nanoscaffolds into Supramolecular Polymers
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Figure 13. Previously investigated oligomers which self-assemble in aqueous medium. A) 3,6-Dialkynyl
phenanthrene;l’d B) 2,7-Dialkynyl pyrene DNA conjugate and DNA-grafted supramolecular polymers
functionalized with AuNPs;[22 C) 2,7-dialkynyl phenanthrene;® the nanotubes and the fibers act as light-
harvesting antenna with an incorporated acceptor (pyrene is highlighted in green).

First example illustrates 3,6-dialkynyl phenanthrene doped with tiny amount of pyrene
molecules which forms linear SPs in aqueous medium. The supramolecular
phenanthrene polymers act as light-harvesting antenna. The absorbed energy is
transferred to the pyrene acceptor over long distances (>100 nm). Efficient energy
transfer, reported with high quantum yields, indicates quantum coherent energy transfer
mechanism. The next case addresses the formation of one-dimensional nanoribbons self-
assembled from a DNA-grafted pyrene oligophosphates. Subsequent loading with AUNPs
results in arranged particles along the edges of the helical nanoribbons.
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3.1 Integrating DNA - Photonic Wires into Light-Harvesting Supramolecular Polymers

The last example demonstrates 2,7-dialkynyl phenanthrenes self-assembled into light-
harvesting nanotubes in agueous media. Nanotubes doped with tiny amount of pyrene
exhibit strong fluorescence emission and high fluorescence quantum vyields. The

nanotubes are several micrometer-long with the diameter of 50-150 nm.

3.1 Integrating DNA - Photonic Wires into Light-Harvesting
Supramolecular Polymers

Parts of these results are published in:

Integrating DNA-Photonic Wires into Light-Harvesting Supramolecular Polymers

M. Kownacki, S. M. Langenegger,S.-X. Liu, R. Haner, Angew. Chem. Int. Ed., 2019, 58, 751-
755.

3.1.1 Abstract

The combination of DNA nanoscaffolds with supramolecular polymers for the efficient and
directional propagation of light-harvesting cascades has been developed. A series of
photonic wires with different arrangements of fluorophores in DNA-organized
nanostructures were linked to light-harvesting SPs in a self-assembled fashion. Among
them, a LHC composed of SPs and a photonic wire of phenanthrene, Cy3, Cy5 and Cy5.5
chromophores reveals a remarkable energy transfer efficiency of 59%. Stepwise transfer
of the excitation energy collected by the light-harvesting SPs via the intermediate Cy3
and Cy5 chromophores to the final Cy5.5 acceptor proceeds by a Forster resonance
energy transfer mechanism. In addition, the light-harvesting properties are documented

by antenna effects ranging from 1.4 up to 23 for different LHCs.
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3.1 Integrating DNA - Photonic Wires into Light-Harvesting Supramolecular Polymers

3.1.2 Introduction

The construction of molecular photonic wires for implementations of DNA-based light
harvesting systems via Forster resonance energy transfer (FRET) between multiple dyes
has attracted considerable attention.*2%0] The use of DNA as a template provides a
straightforward approach to precisely arrange fluorophores with well-defined distances
and relative orientations.*5 7281l and leads to addressable nano-architectures with diverse
types of geometries. 15 51. 82-93] Different strategies have been developed to facilitate the
processes of light-harvesting and energy transfer. Particularly, FRET efficiency can be
significantly improved by increasing the maximal length of the photonic wires via a homo-
FRET mechanism. #7- 51-521 Alternatively, DNA photonic wires have been appended to
quantum dots. [43 94 On the other hand, the merging of DNA photonic wires with light-
harvesting SPs for an efficient and directional propagation of energy has not yet been
explored. The attainment of a LHC was envisaged through the formation of a
supramolecular assembly consisting of a phenanthrene trimer (oligomer A) and a DNA
organized chromophore complex through non-covalent stacking interactions among
phenanthrene molecules.

In this studies we described the merging of DNA photonic wires with light-harvesting SPs
as efficient artificial LHCs. Energy transfer from the light-absorbing phenanthrene

antenna to the acceptor chromophores arranged along the DNA is presented.

3.1.3 Results

3.1.3.1 Oligomers Synthesis and LHCs Composition

The required 3,6-dibutynylphenanthrene phosphoramidite for the synthesis of oligomers
A, B and K was prepared according to the published procedure.l”® All three oligomers
were assembled by automated oligonucleotide synthesis and purified by reverse phase
HPLC and analysed by mass spectrometry (3.1.5.2 Supporting Information). The
phenanthrene-containing oligomers and dye-labelled oligonucleotides used in this study

as well as composition of light-harvesting complexes are summarized in Table 1.
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3.1 Integrating DNA - Photonic Wires into Light-Harvesting Supramolecular Polymers

Table 1. Top: Oligomers used in this study; middle: composition of different LHCs; bottom: chemical
structure of phosphodiester-linked phenanthrenes.

Oligomer Sequence
A (Phe),
B (Phe); - GAA GGAACG TAG CCT GGAAC-5°
C 5 -Cy3-CTTCCTTGC A-Cy5
D 5 -TCGGACCTTG-Cyb,5
E 5 -CTTCCTTGCA
F 5 -TCGGACCTTG
G Cy3 -CTTCCTTGCA-3
H Cy3 -CTTCCTTGC ATC GGACCTTG-3°

1 3" - GAA GGAACG TAG CCT GGA AC

[

5 -CTTCCTTGCA-Cy5

K (Phe), - GAA GGAACG TAG CCT GGAAC - 5°

LHC1: (A,B,H) LHC2: (A,B,C,F) LHC3: (A,B,C,D) LHC4: (A,B,E,F)

he). QQ QQ
(Phe);
V4 AN o V4 AN
HO otp-0 OtH
O - 2

3.1.3.2 Formation of LHCs

Supramolecular assembly of a light-harvesting complex (LHC3) is demonstrated in Figure
14. Self-assembly experiments were typically carried out by mixing oligomer A (0.5 uM)
and an equimolar ratio of oligomer B and the cyanine-labeled oligonucleotides (15 nM) in
sodium phosphate buffer (10 mM, pH 7.2) in the presence of NaCl (120 mM). Upon
heating to 80 °C and cooling to room temperature over a period of 5 min, the oligomeric

building blocks self-organize into DNA functionalized SPs.
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DNA photonic
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Figure 14. lllustration of the supramolecular assembly of a light-harvesting complex (LHC3). Chromophore-

modified DNA hybrids containing terminal phenanthrenes (shown in blue) are incorporated into the growing
phenanthrene antenna during supramolecular polymerization.

3.1.3.3 AFM and TEM Measurements

Self-assembled polymers reach a length of several micrometers, as demonstrated by
transmission electron microscopy (TEM) and atomic force microscopy (AMF) (Figure
15). Assembly of the supramolecular nanofibers takes place in the temperature range
between 60 and 50 °C (3.1.5.6 Supporting Information).

a)
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3.1 Integrating DNA - Photonic Wires into Light-Harvesting Supramolecular Polymers

b)

Figure 15. a) AFM analysis and b) TEM images of DNA-modified SPs. Sample for transmission electron
microscopy (TEM) analysis was prepared according to the published procedure.[®! AFM of SPs modified
with DNA strands were analysed on APTES-modified mica at 20 °C. Conditions: oligomer A, B, E, F (a);
oligomer A, B (b).

3.1.3.4 Photophysical and FRET Properties of the Fluorophores

The fluorophores in the photonic wires consist of phenanthrene as the primary donor, Cy3
and Cy5 as intermediate donors and Cy5.5 as the acceptor. Their normalized absorption
and emission spectra (Figure 16) display well-separated absorption and emission bands,
and also significant overlap between the emission and absorption of the neighbouring
fluorophores with minimal spectral overlap between phenanthrene and Cy5.5. The details
for selected photophysical and FRET properties of each dye including extinction
coefficients, absorption/emission maxima, quantum yields (QY), overlap integral J values
and Forster distances Ro are listed in Tables 2-3. These spectral features play a crucial
role in the FRET process and the four fluorophores capture light throughout a significant

part of the visible spectrum, similar to natural light harvesting antennas.
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Figure 16: Normalized spectral overlap. Absorption (solid line) and emission (dotted line) spectra for
LHCs: SPs (blue), Cy3 (green), Cy5 (blue) and Cy5,5 (red).

Table 2. Overlap Integral J [nm*M~1cm™1] and Ro [nm]?

oligomerA Cy3 Cy5
[J/ Ro] [/ Ro] [J/ Ro]
Cy3 2.06E+14/2.2
Cy5 3.64E+13/1.5 1.06E+16/5.9
Cy5,5 0 4, 74E+15/5.2 2.30E+16/6.7

a) Forster distances (Ro) were calculated assuming values of 2/3 for 2 and 1.33 for n.

Table 3 Selected photophysical and FRET properties of the fluorophores present in the light harvesting
assemblies.

QYa € [M'lcm'l] Xabsmax[nm] A" max[NM]
Oligomer A 0.038 106200 321 410
Oligomer B 0.072 177000 316 389
Cy3 0.254 111033 550 570
Cy5 0.261 203889 649 670
Cy5,5 0.206 158882 675 694
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The quantum vyields (QYs) were experimentally determined using the fluorescent standards Quinine
Sulfate, Cresyl Violet, Rhodamine 6G, and Rhodamine 800 (LD 800) for Oligomer A and B, Cy3, Cy5 and
Cyb5,5, respectively.

3.1.3.5 Energy Transfer in Phenanthrene Based LHCs

A stepwise transfer of the excitation energy in LHC3 is demonstrated in Figure 17. The
excitation energy is transferred from the primary phenanthrene donor array to a Cy5.5

acceptor through intermediate Cy3 and/or Cy5 donors via a FRET.

é?\

2) energy transfer

~-m,l / ! ulﬁ"'f’Um"L’mm'mW’@

{i“ 1) excitation
DNA photonic wireg 4
—4‘% \ 4) emission

Figure 17. lllustration of light-harvesting complex LHC3: DNA photonic wires bearing suitable acceptor
dyes (Cy3, Cy5 and Cy5.5 in green, yellow and red) are integrated into a supramolecular polymer
(‘fantenna’) composed of phenanthrenes (blue). Excitation energy absorbed by phenanthrene molecules is
transferred along the antenna to the acceptor dye (Cy3) and further along the DNA photonic wire via FRET.

Hybridization of the phenanthrene-modified oligonucleotide B with various
complementary single strands is expected to afford photonic wires with cascade energy
transfer properties, as previously described in the DNA three-way junction (3WJ) system.
911 [nitially, the light-harvesting suprapolymeric antenna was functionalized with a single
Cy3-labeled DNA, such that the Cy3 acceptor was placed in close proximity to the
antenna. The so formed LHC1, obtained from a mixture of oligomers A (0.5 uM), B (15
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nM) and complementary single strand H (15 nM), shows significant fluorescence at 575
nm (Figure 18), which is characteristic for Cy3 emission and indicates energy transfer
from phenanthrene to the Cy3 acceptor after excitation (322 nm). Control experiments,
e.g. with LHC4 bearing no cyanine acceptor in the self-assembled DNA, or a mixture of
oligomers A or B with H, reveal weak or no emission at 575 nm, due to very limited or no
energy transfer. Thus, DNA photonic wires can be successfully integrated into light-

harvesting SPs in a simple self-assembly process which results in the formation of a LHC.

120

100 A

Intensity [a.u]
(o]
o

40 A

20 A

0 += . r ; . T —
325 425 525 625 725

Wavelength [nm]

Figure 18. Fluorescence intensities of LHC1 (green), LHC4 (black) or a mixture of either oligomer A (red)
or B (light brown) in combination with the Cy3-derived oligonucleotide H. Concentration of oligomers: A
(0.5 uM), B and H (15 nM); conditions: 10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl, Aex= 322
nm.

To gain insight into the self-assembly process, the influence of increasing amounts of
hybrid B*G on Cy3 emission after excitation of the phenanthrene antenna was
investigated (Figure 19). As expected, Cy3 fluorescence at 570 nm grows with increasing
amounts of hybrid B*G. Cy3 emission appears already in the presence of 0.47 nM B*G,
which translates into 0.1% of Cy3 relative to oligomer A. A continuous growth is observed

upon further addition of B*G. Parallel to the increase in Cy3 emission, the phenanthrene

25



3.1 Integrating DNA - Photonic Wires into Light-Harvesting Supramolecular Polymers

fluorescence band centred at 415 nm gradually decreases up to a 15 nM concentration
of B*G. The latter concentration corresponds to approx. 3% of Cy3 acceptors relative to
oligomer A. Beyond this concentration, an increase in both phenanthrene and Cy3
emission occurs, which is probably the result of direct energy transfer from the five
phenanthrene units of oligomer B to Cy3 in hybrid B*G, independently from the light-
harvesting antenna. This assumption was verified by subtracting the corresponding
concentration-dependent emission spectra of hybrid B*G from the emission spectra
(Figure 20). This results in a plateau (Figure 21) that serves as an indication that the SPs

are saturated, i.e. additional B*G is not anymore integrated into the SPs.

Hence, the efficiency of this LHC is, initially, strongly affected by the ratio of B*G to
oligomer A. Beyond a ratio of 3%, however, the harvesting efficiency levels off. It can be
estimated that a maximum of 3% of duplex B*G can be incorporated into the SPs. The
observed maximum loading of the supramolecular light harvesting antenna with the DNA
photonic wire is likely due to steric demand and electrostatic repulsion between the highly

charged polyanionic components.

3.1.3.6 Titration Experiments

—60 nM
—30 nM
—15nM
—7.5nM
3.75 nM
—1.87 nM
0.93 nM
—0.47 nM
0 nM

Normalized intensity

325 425 525 625
Wavelength [nm]

Figure 19. Emission spectra of oligomer A (0.5 pM) in the presence of different concentrations of hybrid
B*G after phenanthrene excitation (322 nm). Normalization was done by dividing the emission spectra by
the absorption value of each individual sample at 322 nm.
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Figure 20. Emission spectra of different concentrations of hybrid B*G after excitation at 322 nm.

3.1.3.7 Additional Titration Experiments
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Figure 21. Indication that the SPs are saturated. Change of integrated fluorescence (340-525 nm) after
correction for B*G contribution.
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Additionally, we tested the self-assembly of oligomer K containing only three
phosphodiester-linked phenanthrene units instead of five units (as in oligomer B) in
combination with SPs formed by oligomer A. As shown in the emission titration
experiment (Figure 22), the resulting DNA fails to integrate into the SPs. This suggests
that a minimal number of phenanthrene units attached to the DNA scaffold is required for
the successful incorporation during the formation of LHCs via -1 interactions with the

phenanthrene units forming the SPs.
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Figure 22. Fluorescence emission titration experiment of oligomers B (black curves) and K (red curves) in
the presence of SP formed of oligomer A (note: oligomer K contains only three phenanthrenes and is not
integrated into SPs). Fluorescence emission was integrated: 535 - 635 nm.

3.1.3.8 FRET Efficiency and Antenna Effects

To evaluate the FRET efficiency of each energy transfer step, a series of LHCs
possessing different configurations of DNA photonic wires were prepared under identical

conditions as described in Figure 23 and Table 4.

In LHC2 and LHC3, two and three cyanine fluorophores with well-defined distances are

positioned in the DNA photonic wires, respectively. Upon irradiation of LHC2 at 322 nm
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both, phenanthrene fluorescence at 415 nm and Cy3 emission at 575 nm, decrease
substantially in intensity compared to that of the aforementioned LHC1, while a strong
emission peak appears concomitantly at 675 nm characteristic of Cy5. In the case of
LHC3, all three emission peaks are further quenched, accompanied by the appearance
of Cy5.5 fluorescence at 725 nm (Figure 23). This demonstrates a directional, stepwise
transfer of the excitation energy from the primary phenanthrene donor array to the Cy5.5
acceptor through the intermediate Cy3 and Cy5 donors via a FRET mechanism. FRET
efficiencies were calculated based on the decrease in phenanthrene fluorescence
compared to the control LHC4. The obtained average efficiencies of 43% (LHC1), 49%
(LHC2) and 59% (LHC3, Table 4) are significantly higher than those of the corresponding
DNA photonic wires lacking SPs (Figure 24 and Table 5).

Table 4. The average FRET efficiency (E).

Configuration Efl
LHC1 SP - Cy3 43 (£5)%
LHC2 SP — Cy3-Cy5 49 (+11)%
LHC3 SP — Cy3-Cy5-Cy5.5 59 (+10)%

Ipa/Apa
Ip/Ap
integrated areas of phenanthrene fluorescence emission between 335 nm and 520 nm with and without

acceptors. Apa and Ap are the absorbance of phenanthrene at 322 nm with and without acceptors.

[a] FRET efficiency is calculated according to the equation E =1 — where Ipa and Ip are the

The light-harvesting ability of the different LHCs was estimated by determining the
antenna effect (AE, Table 5), which refers to the ratio of emission intensity of the acceptor
upon excitation of the donor to that obtained by direct excitation of the acceptor.[®>-°7]
Taking LHC3 as an example, the overall AE is obtained following the equation: AE =
lcys.5,322nm/lcys.5,650nm,where lcys 5,322nm @and lcys.s,6s0nm are the emission intensities of Cy5.5
by excitation of phenanthrene donor at 322 nm and the direct excitation of Cy5.5 at 650

nm. All LHCs show an AE higher than 1, indicative of a highly efficient light-harvesting
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process. For a given amount of light absorbed by the SPs, the overall AE value decreases
when the number of intermediate donors is increased. This can be rationalized by a
reduction in excitation energy transferred to the terminal acceptor along the wires, as

would be expected from a FRET mechanism.

3.1.3.9 Spectroscopic Measurements

Normalized emission

325 425 525 625 725
Wavelength [nm]

Figure 23. Fluorescence emission spectra of LHC1 (green), LHC2 (orange), LHC3 (red) and LHC4 (black).
Concentration of oligomers: A (0.5 uM),B, C, D, E, F and H (15 nM). Concentration of oligomers: A (0.5
uM), B C, D, E, F and H (15 nM). Conditions: 10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl, Aex
=322 nm.

Normalized emission
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Figure 24. Fluorescence spectra of corresponding DNA photonic wires lacking SPs (corresponding to
LHC1 (blue), LHC2 (orange), LHC3 (red), LHC4 (black)). Concentration of oligomers: 15nM B, C, D, E, F
and G; Conditions: 10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl, Aex = 322 nm. Normalization
was done by dividing the emission spectra by the absorption value of each individual sample at 322 nm.

To understand the effect of the intermediate donors on the FRET efficiency, fluorescence
spectra of LHCs either lacking both, Cy3 and Cy5, or one of them were compared to those
of LHC3 (Figure 25). Direct energy transfer from the SP antenna to the most distant Cy5.5
acceptor is rather inefficient (3%) due to the poor spectral overlap and the relatively large
distance between them. As expected, the insertion of intermediate donors Cy5 or Cy3
can circumvent these issues leading to a substantial increase in a FRET efficiency of up
to 40% (Table 5), which corresponds to about 60% of the efficiency of LHC3. The same
holds true for the corresponding DNA photonic wires lacking SPs (Figure 26 and Table
5). All these results demonstrate that the sequential arrangement of multiple

chromophores facilitates a stepwise energy transfer cascade. [42-43. 98]
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Figure 25. Fluorescence emission spectra of LHCs either lacking both Cy3 and Cy5 (green) or one of them
(yellow and blue) compared to LHC3 (red). Concentration of oligomers: A (0.5 uM), 15nM B, C, D, E, and
G; Conditions: 10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl, Aex= 322 nm.
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Figure 26. Fluorescence emission spectra of LHCs in the absence of oligomer A either lacking both Cy3
and Cy5 (green) or one of them (yellow and blue). Concentration of oligomers: 15 nM B, C, D, E and G;
Conditions: 10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl, Aex= 322 nm.
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Table 5. Estimated donor energy losses for LHCs and corresponding DNA photonic wires. FRET
efficiency calculation methods are described in Table 4. Antenna effect obtained by comparing the
emission of the terminal acceptor by excitation of phenanthrene to the emission of the terminal
acceptor by direct excitation

Configuration FRET efficiency AE
SP - Cy3 43.0% 22.8
SP- Cy3 - Cy5 49.0% 7.6
SP- Cy3 - Cy5 - Cy5,5 64.0% 1.6
SP- Cy3 -(----)-Cy5,5 39.6 % 3.2
SP - () - () - Cy5,5 3.1% 0.9
SP - () - Cy5-Cy5,5 13.7 % 0.5
Oligomer B - Cy3 21.8% 2.0
Oligomer B - Cy3 - Cyb 28.7 % - @
Oligomer B - Cy3 - Cy5 - Cy5,5 33.0 % - @
Oligomer B - (----) - (----) - Cy5,5 7.5 % - [a]
Oligomer B - Cy3 - (----) - Cy5,5 25.3 0 - [a]
Oligomer B - (----) - Cy5 - Cy5,5 24.1 % - [

[ not possible to define reliably due to low signal intensity
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3.1.4 Conclusions

In conclusion, a novel approach combining light-harvesting, supramolecular
phenanthrene polymers with DNA photonic wires has been described. DNA-derived
scaffolds containing up to three fluorophores with defined inter-chromophore distances
have been appended to SPs in a simple self-assembly process. A stepwise transfer of
the excitation energy from the primary phenanthrene donor array to a Cy5.5 acceptor
through intermediate Cy3 and/or Cy5 donors via a FRET mechanism proceeds with an
efficiency of up to 59%. Antenna effects ranging from 1.4 up to 23 were observed for
different LHCs. This work demonstrates that the combination of DNA-organized photonic
wires with supramolecular polymers enables the assembly of artificial LHCs with excellent

light-harvesting properties and high energy transfer efficiencies.
3.1.5 Supporting information

3.1.5.1 Synthesis and purification of oligophosphates

The phenanthrene phosphoramidite building block required for the solid-phase synthesis
was synthesized according to the published procedure.81 All oligonucleotide sequences
were prepared on a 1 uM scale using a standard cyanoethyl phosphoramidite protocol on
an ABI 394 (Applied Biosystems Instruments) automated DNA synthesizer. Controlled
pore glass support loaded with phenanthrene was used as solid support for the synthesis
of oligomers A, B and K. Cleavage from the solid support was achieved with 1 ml of 30%
NH4OH (aq) at 55 °C over 16 hours. After washing 2 times with EtOH/H20 (1:1 mixture)
the supernatant was separated by centrifugation and lyophilized. After lyophilization the
crude oligomers were purified by reversed phase HPLC; oligomer A was purified
according to the procedure,l’® whereas oligomer B and K were eluted with Reprosil 100
RP8 column, 5 yum (Dr. Maisch GmbH, Ammerbuch, Germany) with 0.025 M TEAA as a
buffer A and acetonitrile as eluent B. A gradient from 0-70% eluent B within 20 min for
oligomer B and for oligomer K was performed. LC-MS was used to analyse the purity of

the oligomer B and K.
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3.1.5.2 Mass spectra of Oligomers

Table 6. Calculated and experimental masses of phenanthrene-modified oligomers A, B and K.

Oligomer Molecular formula Calc. mass Exp. mass
A Ce6H52010P2 1067.1 Da 1066.3 Da
B C306H328N860133P24 8081.83 Da 8082,2 Da
K C262H294NgsO125P 22 7329.13 Da 7328,4 Da

mAU
8

Figure 27. HPLC trace ESI -MS analysis of oligomer A.
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Figure 29. LC-MS analysis of oligomer K.
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3.1.5.3 UV-Vis Spectra

0.055 0.06 ——Oligomer A alone
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Figure 30. Absorption spectra of oligomer A alone, SPs (oligomer A + B), LHC1, LHC2 and LHC3 (0.5 uM
oligomer A, 0.015 uM oligomer B, C, D, F, H). Insert: Enlargement of region 270-350 nm from spectra
shown in a). Conditions: 10 mM sodium phosphate buffer, pH 7.2, 120 mM of NacCl.

3.1.5.4 Fluorescence Spectra of Cy7 (Cyanine)-Containing Light-Harvesting
Complexes

Table 7. Oligomers used in fluorescence emission experiment in Figure 31.

Oligomer Sequence
A (Phe)s
B (Phe)s —-GAA GGA ACG TAG CCT GGA AC - 5
E 5 -CTTCCTTGCA
G Cy3 -CTTCCTTGCA -3
P CTT CCT TGC ATC GGACCT TG -Cy5- 3'
R TC GGACCTTG-Cy5 -3
S TC GGACCT TG - Cy7 - 3
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Figure 31. Additional fluorescence emission spectra for LHCs missing the first or the intermediate donor-
acceptor. Concentration of oligomers: A (0.5 uM) and B, E, G, P, R, S (15 nM). Conditions: 10 mM sodium
phosphate buffer, pH 7.2, 120 mM NacCl, Lex= 322 nm.

3.1.5.5 Structures of the Cyanine Fluorophores used for FRET Cascade Design

NN
s } $
C?,.{ 2
Cy3 Cys
NN A
\
N N
Y ST
o. P
Cy5,5

Figure 32. Structures of the non-nucleosidic building blocks (donors — acceptors) in DNA photonic wire.
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3.1.5.6 Spectra of Tm Measurements

Table 8. Summary of melting temperatures.

Figure Oligomers (conc.) Tv®
a) A, B (0.5 uM, 150 nM*) 52 °C
b) A, B, H (0.5 uM, 15 nM*, 15 nM*) 58 °C
c) B, H (0.5 puM, 0.5 puM) 70 °C
d) B, E, F (0.5 uM, 0.5 uM, 0.5 uM) 68 °C
e) I, H(0.5 uM, 0.5 uM) 68 °C
f) E, F,1(0.5uM, 0.5 uM, 0.5 uM) 38°C
g) E,1(0.5uM, 0.5 uM) 38°C
h) F,1(0.5uM, 0.5 uM) 37°C
i) A, B, C, D (0.5 uM, 15 nM, 15 nM, 15 nM) 60 °C
i) A, B, C,F(0.5uM, 15nM, 15 nM, 15 nM) 59 °C
k) A, B, D, E (0.5 uM, 15 nM, 15 nM, 15 nM) 59 °C

3 Melting temperatures of different complexes and hybrids. The cooling ramp was measured with a rate of
0.3 °C/min. Absorbance was recorded at 250 nm. Conditions: 10 mM sodium phosphate buffer, pH 7.2,
120 mM of NaCl. Melting temperatures were determined by the maximum of the first derivative (average of
the two cooling ramps; est. error = 1°C).

* 150 nM concentration of DNA strands was used in order to observe hypochromicity
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Figure 33. Melting curves of complexes: a) A and B; b) A, B and H (LHC1); c) B and H; d) B, E and F; )
land H; f) I, Eand F; g) l and E; h) | and F; i) A, B,C and D (LHC3); j) A, B, C and F (LHC2); k) A, B, D

and E. Conditions: see Table 8.
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3.2 Further Experiments

3.2.1 Introduction

Efficient propagation of the energy transfer is strongly influenced by the LHCs
composition. In this study, a new phenanthrene-modified oligonucleotides with an
additional pyrene acceptor and / or PEG linker building block were synthesized and
incorporated into SPs. Hybridization with the Cy3- or Cy5-labelled complementary strand
affords the LHCs presented in Figure 34. The PEG linker-containing LHCs were
constructed in order to investigate a distance dependent ET between the phenanthrene
antenna and the the cyanine acceptor. Additionally, the precise arrangement of the
acceptor on the 3'- or 5-end of the complementary strand give an insight into distance
dependent ET. Moreover, the influence of the pyrene donor-acceptor on the ET in LHCs

was investigated.

3.2.2 Results and Discussion
3.2.2.1 Composition of Light Harvesting Complexes and DNA Sequences

The synthesis of 1,8-dibutynyl-substituted pyrene phosphoramidite®® was performed
according to the published procedure.l’® The tetraethylene glycol phosphoramidite (3)
was prepared in two steps (3.2.4.2 Supporting Information, Figure 50). Firstly the
commercially available diol was transformed into DMT-protected alcohol 2 which was
converted into phosphoramidite 3. The pyrene and PEG linker phosphoramidites were
used to prepare oligomer L, M and N in the same way as previously described oligomers
A and B (3.1.3 Results). All five oligomers were assembled by automated oligonucleotide
synthesis, purified by reverse phase HPLC and analysed by mass spectrometry (4.1.4
Supporting Information). The complementary Cy3- and Cy5-labelled DNA strands were
purchased from Microsynth. The oligomers used in this study as well as dye-labelled
oligonucleotides are presented in Table 9. The compositions of the LHCs are summarized

in Figure 34.
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Table 9. Top: Sequences of oligomers used in this study, bottom: LHCs compositions.

Oligomer Sequence

A (Phe);

(Phe)s -GAA GGA ACG TAG CCT GGAAC - 5°

(Phe)s — PEG — GAA GGA ACG TAG CCT GGAAC - &'

Phe - Py - (Phe); - GAA GGA ACG TAG CCT GGAAC - 5

Phe - Py - (Phe); - PEG — GAA GGA ACG TAG CCT GGA AC - &'
Cy3 -CTT CCT TGCATC GGACCT TG - 3

5-CTT CCT TGC ATC GGA CCT TG —-Cy3

5-CTT CCT TGC ATC GGA CCT TG —-Cy5

T O T Z=rmw

LHC1: (A,B,H) LHC5: (AL,H) LHC6: (A M H) LHC7: (A,N,H)
LHC10: (ANN,P) LHC11: (AM,P)  LHC12: (AN,0)

Phenanthrene

(Phe) PEG linker (PEG)

LHC 7 &

ff((?((g _©
X ( - .
oy

Pyrene (Py)

Figure 34. lllustrations of different LHCs: pyrene (dark blue), phenanthrene (grey), PEG linker (grey bar),
Cy3 (green).
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3.2.2.2 Spectroscopic Measurements

The photophysical properties of the SPs composed of the phosphate linked phenanthrene
trimer A and tiny amounts of oligomer N (1% of pyrene in comparison to the
phenanthrene) were investigated (Figure 35). Oligomer A (0.5 yM) is mixed with oligomer
N (15 nM) in sodium phosphate buffer in the presence of NaCl. Afterwards, the solution
is heated to 80°C and cooled down to 20°C. The formation of SPs takes place between
60 and 50°C (melting curves, 3.2.4 Supporting Information).

Excitation of the phenanthrene polymer (0.5 uM oligomer A) at 322 nm exhibit very weak
fluorescence emission (Figure 36, black curve). However, addition of 15 nM pyrene-
containing oligomer N results in strong fluorescence emission band at 406 nm (Figure 36,

yellow curve). Based on this results, oligomer N can be incorporated into SP.
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Figure 35. Fluorescence spectra of oligomer A (0.5 uM, black) and self-assembled SPs composed of
oligomer A (0.5 pM) and oligomer N (15nM) in 10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl, Aex.
322 nm.
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Similar strong fluorescence emission is observed for the SPs composed of oligomer A
and M (Figure 36). The SPs in the absence of PEG linker exhibit lower fluorescence
emission in comparison to the SPs with the incorporated spacer. The fluorescence
emission results show the influence of the PEG linker on the SPs formation. Incorporated
PEG linker into SPs ensure improved self-assembly due to the lower steric demand and

electrostatic repulsion between highly charged polyanionic components.
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Figure 36. Fluorescence spectra of self-assembled SPs composed of oligomer A (0.5 uM) and either
oligomer N (15nM) or oligomer M (15nM) in sodium phosphate buffer, pH 7.2, 120 mM NacCl, Aex: 322 nm.

Figure 37 and 38 shows UV-vis absorption spectra of the aforementioned SPs in the
assembled (20 °C) and the disassembled (80 °C) state. A blue shift is observed in the
phenanthrene region (at 330 nm) while comparing the spectra at 20 °C and at 80 °C. This
indicates that at 20 °C the oligomer A and N are assembled (solid curve) and at 80 °C
disassembled (dashed curve). A very distinct absorption shift is observed for the SPs (A,
N) containing the PEG linker (Figure 37), as well as for the SPs (A, M) lacking the spacer
(Figure 38). Besides, both SPs exhibit substantial change in the absorption intensity at
250 nm.
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Figure 37. UV-vis spectrum of SPs (oligomer A (0.5 uM) and oligomer N (15nM)) in assembled (20 °C,
solid curve) and the disassembled state (80 °C, dashed curve) in 10 mM sodium phosphate buffer, pH 7.2,
120 mM NaCl, Aex.: 322 nm.
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Figure 38. UV-vis spectrum of SPs (oligomer A (0.5uM) and oligomer M (15nM)) in the assembled (20 °C,
solid curve) and the disassembled state (80 °C, dashed curve) in 10 mM sodium phosphate buffer, pH 7.2,
120 mM NaCl, Aex: 322 nm.

46



3.2 Further Experiments

3.2.2.3 Energy Transfer in Modified Light-Harvesting Complexes

The new LHCs were designed to investigate the influence of the PEG linker as well as
the 1,8-dibutynylpyrene building block on the energy transfer.

Aforementioned, SPs containing PEG linker show higher fluorescence emission in
comparison to the SPs lacking the spacer (Figure 36). Higher fluorescence emission is a
result of incorporated PEG linker into SPs which ensure improved SPs formation. Better
formation of the SPs would be expected to drive more efficient ET from the phenanthrene
antenna to the Cy3 acceptor after addition of the Cy3 labelled complementary strand to

the SPs. In this experiment, the opposite fluorescence emission results are observed.

Self-assembly experiments were typically carried out by mixing oligomer A (0.5 uM) and
an equimolar ratio of oligomer N / M and the cyanine-labeled oligonucleotide H (15 nM)
in sodium phosphate buffer (10 mM, pH 7.2) in the presence of NaCl (120 mM). Upon
heating to 80 °C and cooling to room temperature over a period of 5 min, the oligomeric
building blocks self-organize into LHC6 or LHCY7.

The so-formed LHCs show a significant emission band at 575 nm after excitation of the
phenanthrene antenna at 322 nm (Figure 39). The emission band is characteristic for the
Cy3 emission which indicates that the energy absorbed by the phenanthrene antenna is
transferred to the Cy3 acceptor. The Cy3 emission band is substantially higher in the
LHCG6 than in the LHC7. Additionally, the excitation of the phenanthrene polymer in LHC6
leads to a strong decrease of the fluorescence pyrene emission band at 406 nm.
However, in case of LHC7 there is a very limited decrease in the pyrene fluorescence
emission in comparison to the SPs (A, N), as demonstrated in Figure 36. The LHC6
lacking the PEG linker shows more efficient energy transfer from the phenanthrene
antenna to the Cy3 acceptor. In LHC7, the longer distance between light harvesting

polymer and Cy3 acceptor resulting in less efficient ET.
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Figure 39. Fluorescence emission spectra of LHC6 (blue) and LHC7 (green). Conditions: concentration of
oligomers: A (0.5 uM), N, M, H (15 nM); 10 mM sodium phosphate buffer, pH 7.2, 120 mM NacCl, Aex.. 322
nm.

In this studies such SPs functionalized with the single Cy3-labeled oligonucleotide show
efficient ET from the phenanthrene antenna to the Cy3 acceptor. However, incorporation
of the PEG linker into LHC7 affords less efficient ET than in LHC6. This results
demonstrate the importance of the Cy3 acceptor proximity to the phenanthrene antenna
for efficient ET. The ET efficiency in the LHC6 with the Cy3 in the proximity to the
phenanthrene antenna surpass the ET efficiency in LHC7 containing the PEG linker,
despite the improved formation of the SPs (A, N). Presence of the PEG linker in the LHC6
extend the distance between the phenanthrene antenna and the Cy3 acceptor. The PEG
monomer length is 0.35 nm.[1%] The tetraethylene glycol length is around 1.4 nm. The
distance between phenanthrene antenna and the Cy3 acceptor in LHC7 is around 1.4 nm
longer than in LHCG. Highly distance-dependent FRET explains the influence of the PEG
linker on the ET efficiency in the designed complexes.
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3.2.2.4 Influence of the PEG Linker on Phenanthrene Based Light-Harvesting

Complexes

The LHC5 (Figure 34) was designed to study the influence of the PEG linker on the
supramolecular structure and on the ET efficiency. The LHC5 was self-assembled from
a mixture of oligomers A (0.5 uM), L (15 nM) and complementary single strand H (15 nM).
Upon heating-cooling process the Cy3-functionalized SP was formed. The Cy3-labelled
single DNA strand (H) was hybridized with the phenanthrene-modified oligonucleotide
and self-assembled into SPs in the way that Cy3 acceptor was placed in close proximity
to the phenanthrene antenna. In LHC5 the PEG linker was used to extend the distance
between the antenna and the Cy3 acceptor. Figure 40 shows the fluorescence emission
spectra of LHC1 and LHC5. The excitation of the phenanthrene antenna results in
formation of the new Cy3 emission band at 575 nm with two times higher emission
intensity for LHC1 than LHC5. The energy transfer from the phenanthrene antenna to the
Cy3 (LHC1) is much more efficient than in LHC5. Similar like in LHC6 and LHC7, the ET
efficiency in the LHC1 with the Cy3 in the proximity to the phenanthrene antenna surpass
the ET efficiency in LHC5 containing the PEG linker.
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Figure 40. Fluorescence emission spectra of LHC1 (black) and LHC5 (red). Concentration of oligomers:
A (0.5 uM), B, L, H (15 nM); Conditions: 10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl, Aex.. 322
nm.
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3.2.2.5 Pyrene Influence on the Phenanthrene Based Light-Harvesting Complexes

In this study, the energy transfer efficiency in LHC1 and LHC6 will be compared. The
LHC1 has already been used for the integration of photonic wires into light-harvesting
SPs (3.1.3 Results). The LHC6 containing an additional pyrene building block was used
for ET studies (3.2.2.3). Figure 41 (left) shows the fluorescence emission spectra of the
LHC1 and LHCG6. Excitation of phenanthrene polymer at 322 nm results in significant
emission band at 575 nm characteristic for Cy3 emission. The LHC1 exhibits slightly
higher Cy3-emission intensity than LHC6. This indicates a similar energy transfer
efficiency for both complexes. Besides, Figure 41 (right) shows the fluorescence emission
spectra of the LHC5 and LHC7 modified with the additional pyrene chromophore.
Excitation of phenanthrene polymer (at 322 nm) results in Cy3 emission. Similar like in
the previously compared LHC1 and LHCG6, the Cy3 emission intensity is slightly lower in
the pyrene containing LHC7 than in LHC5.

The lower Cy3 emission in LHC6 and LHC7 (in comparison to LHC1 and LHC5) can be
explained by a multi-step FRET mechanism. The excitation energy absorbed by
phenanthrene antenna is transferred to the Cy3 acceptor through the intermediate pyrene
donor. The stepwise energy transfer leads to a partial energy loss resulting in lower

fluorescence emission.
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Figure 41. Fluorescence emission spectra. Left: LHC1 (black) and LHCG6 (green). Right: LHCS5 (red) and
LHCY7 (blue). Concentration of oligomers: A (0.5 uM), B, L, M, N, H (15 nM); Conditions: 10 mM sodium
phosphate buffer, pH 7.2, 120 mM NaCl, Aex: 322 nm.
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Figure 42 shows fluorescence emission spectra for all LHCs containing Cy3-acceptor in
close proximity to the phenanthrene antenna. Direct ET from primary phenanthrene donor
arrays to the Cy3 acceptor is much more efficient in LHC1 than in LHC5-7. Presence of
the PEG linker in LHC5 and LHCY7 results in less efficient energy transfer due to the
extended distance between the phenanthrene antenna and Cy3 acceptor. Further, in
LHCG6, the presence of additional intermediate pyrene donor has weaken the ET
efficiency in comparison to the LHCL1 as a result of the stepwise transfer of energy from
the phenanthrene antenna through the pyrene chromophore to the final Cy3 acceptor.
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Figure 42. Fluorescence emission spectra of LHC1 (black), LHC5 (red), LHC6 (blue) and LHC7 (green).
Concentration of oligomers: A (0.5 uM) and 15 nM B, L, M, N and H; Conditions: 10 mM sodium phosphate
buffer, pH 7.2, 120 mM NaCl, Aex: 322 nm.
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3.2.2.6 Distance Dependent Energy Transfer

DNA is used as a versatile platform for precise arrangement of chromophores.[*” 78 In
this studies the SPs were functionalized with the complementary DNA single strands
containing cyanine dye at the 3"-end (oligomer O) or at the 5 -end (oligomer H). The LHCs
are demonstrated in Figure 43. In LHC6 the Cy3 acceptor is in close proximity to the
phenanthrene/pyrene antenna, whereas in LHC12 the Cy3 is 20 base pairs away from
the antenna (Figure 43). The oligomers used for the construction of LHC6 and LHC12
are shown in Figure 34. Oligomers A and N were prepared the way as described
previously (3.1.3 Results). The cyanine labeled oligonucleotides were purchased from

Microsynth.
A B
Aex = 320 nm Ry =320 nm
g “‘“@m""‘” Wiy, s gm{” Wty
- g, mm“))w{f;f
3
LHC6 LHC12

Figure 43. lllustration of the short-distance energy transfer in LHC6 (A) and long-distance energy transfer
in LHC12 (B).

The LHCs fluorescence emission spectra are demonstrated in the Figure 44. Excitation
of the phenanthrene antenna results in a decrease of phenanthrene fluorescence

emission and an increase of a new Cy3 emission band at 575 nm.

The new Cy3 emission band is much more prominent in LHC6 than in LHC12. The 20
nucleobases distance between phenanhtrene antenna and the Cy3-acceptor in LHC12

results in a significant decrease of Cy3 fluorescence emission.
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Figure 44. Fluorescence spectra of LHC6 (orange), LHC12 (blue) and self-assembled SPs (black)
composed of oligomer A and N. Concentration of oligomers: A (0.5 pM) and 15 nM, N, H and O; Conditions:
10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl, Aex: 322 nm.
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Figure 45. Diagram with the integrated fluorescence emission spectra of SPs alone (oligomer A, N) LHC6
(A) or LHC12 (B) as well as a mixture of either oligomer A or N in combination with the Cy3-derived
oligonucleotide H (A) or O (B). Integrated fluorescence emission of phenanthrene/pyrene fluorescence /
between 335 nm and 520 nm; blue bars) and Cy3 (between 525 nm and 630 nm; orange bars).

Figure 45 demonstrates the integrated fluorescence emission for the SPs (A, N), LHC6
(A, N, H) and LHC12 (A, N, O) as well as for the corresponding controls lacking either
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oligomer A or N. The energy transfer in LHC12 is around 3 times less efficient than in
LHCG6. Very low energy transfer is observed for the mixture of either oligomer A or N
functionalized with the single Cy3-labeled DNA (H or O). Mixture of oligomers A or N with
H or O, reveal weak emission at 575 nm due to very limited energy transfer.

In LHC12, the distance between the donor and the acceptor is around 6.6 nm (20
nucleobases) longer than in LHCG6. Additionally, the tetraethylene glycole has a length of
1.4 nm that results in total distance of 8 nm between phenanthrene antenna and Cy3
acceptor. The greater distance between the phenanthrene donor and Cy3 acceptor
significantly influence the FRET efficiency. The ET efficiency depends on the inverse

sixth-distance between phenanthrene-pyrene donor and Cy3 acceptor.

DNA addressability allows precise arrangement of the chromophores along the DNA
scaffold. In this experiment, DNA functionalized SPs were hybridized with the
complementary strand labeled at the 5™-end with Cy5. In such complexes the Cy5 dye
and the phenanthrene antenna is separated by 20 nucleobases and the PEG linker.
Excitation of the phenanthrene polymer results in Cy5 fluorescence emission at 675 nm
(Figure 46) as a result of ET from the phenanthrene to Cy5-acceptor through the pyrene
donor.
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Figure 46. Fluorescence emission spectra of LHC10 (blue) and LHC11 (green). Conditions: concentration
of oligomers: A (0.5 uM), N, M, P (15 nM); 10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl.
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3.2.2.7 Conclusions

In conclusion, a novel light-harvesting supramolecular polymers were constructed for
further functionalization with DNA photonic wires in order to efficiently propagate the
energy transfer. DNA-appended supramolecular phenanthrene polymers containing
either additional pyrene acceptor and/or PEG linker building block has been developed in
a simple self-assembled fashion. The self-assembly of the different cyanine dyes along
the DNA of the growing antenna is described. Stepwise transfer of the excitation energy
from the primary phenanthrene donor array to a Cy3- or Cy5-acceptor through
intermediate pyrene donor via a FRET mechanism proceeds with high efficiency. The
energy transfer from phenanthrene to pyrene can be explained by quantum coherent

mechanism. [

Herein, we show that the combination of DNA-organized photonic wires with
supramolecular polymers containing pyrene and / or PEG linker building block enables
the assembly of artificial LHCs. Such DNA-functionalized supramolecular polymers have
excellent light-harvesting properties. However, modified LHCs with the PEG linker and/or
pyrene chromophore results in less efficient FRET in comparison to the phenanthrene
based LHCs.

3.2.4 Supporting Information

3.2.4.1 Mass Spectra of Oligomers

Table 10. Calculated and experimental masses of phenanthrene-maodified oligomers L, M, N.

Oligomer Molecular formula Calc. mass Exp. mass
L C313H347Ng60O140P25 8335,6 8338,4
M C308H333N860133P24 8104.,8 8108,9
N C262H294Ng6O125P22 8357,0 8361,6
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Figure 47. MS analysis of oligomer L.
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Figure 48. MS analysis of oligomer M.
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Figure 49. ESI -MS analysis of oligomer N.
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3.2.4.2 Syntheses of PEG linker Derivatives and Phosphoramidites

DMT-CI
oo o o o° OH ~  1mpo”. © o o O©OH
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1 2
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Figure 50. Synthesis of the PEG linker building block.

4-(6-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)tetra(ethylene glycol) (2)

The compound was synthesized according to the literature. !

Tetraethylene glycol 1 (0.308g, 1.59mmol) was dissolved in DCM (5ml) and pyridine (3
mL). Next, 4,4 -dimethoxyltrityl chloride (0.538g, 1.59 mmol) was added in small portions
under argon atmosphere. The mixture was stirred at room temperature for 4h. 10 ml of
DCM was added to the solution and washed with 5% NaHCO3 (10 ml) and with H20
(10ml). The organic phase was dried with anhydrous sodium sulfate, filtered, and
concentrated to an oily residue under reduced pressure. The crude product was purified
by column chromatography (EtOH/TEA 98:2). The pure product 2 was obtained (316 mg,
42%) as a pale yellow oil: R 0.35 (EtOAC).

'H NMR (CDCls, ppm) 2.56 (s, 1H, OH), 3.24 (t, 2H, J=5 Hz, DMTOCH;), 3.59-3.62 (m,
2H, CH2CH20H), 3.67-3.78 (m, 12H, OCH>CH20), 3.80 (s, 6H, OCH3), 6.82-6.85 (m, 4H,
arom H), 7.21-7.49 (m, 9H, aromH).
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3.2 Further Experiments

4-(6-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)tetra(ethylene glycol) (2-
cycanoethyl) dissopropylphosphoramidite (3)

To a solution of 2 (0.496 g 1.00 mmol) dissolved in CH2Cl2 (7 mL) were added DIPEA
(226 uL, 1.75 mmol) and a solution of 2-cyanoethyl-N,N-
diisopropylchlorophosphoramidite (0.71 g, 3.00 mmol) which were previously dissolved
in 4ml of CH2Cl2. The mixture was stirred for 1 h. The reaction was concentrated and the
residue was purified by column chromatography (hexane/ethyl acetate/NEt3 2:1:2%). The
product was obtained in 55% yield (0.383 g). 'H NMR (CDClIz, ppm) 1.15-1.19 (2d, 12H,
CH(CHz3)z2), 2.61 (t, 2H, J=6 Hz, CH>CN) 3.22 (t, 2H, J=5 Hz, DMTOCH), 3.67-3.79 (m,
24H, OCHz, OCH>CH->0, CH>OP, POCH2CH2CN, NCH(CH?3)2), 6.81-6.83 (m, 4H, arom
H), 7.21-7.49 (m, 9H, aromH); 3P NMR (CDCls, ppm) 148.6.
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Figure 51. *H NMR of compound 2 in CDCls.
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Figure 53. 3P NMR of compound 3 in CDCls.
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3.2 Further Experiments

3.2.4.3 Spectra of Tm Measurements

Table 11. Summary of melting temperatures.

Figure Oligomers (conc.)
1) A, N (0.5 uM, 15 nM)
m) A, L (0.5 uM, 15 nM)
n) A, M (0.5 uM, 15 nM)
0) A, N, H (0.5 uM, 15 nM, 15 nM)
p) A, L, H (0.5 puM, 15 nM, 15 nM)
a) A, M, H (0.5 uM, 15 nM, 15 nM)

3 Melting temperatures of different complexes and hybrids. The cooling ramp was
measured with a rate of 0.3 °C/min. Absorbance was recorded at 250 nm. Conditions: 10
mM sodium phosphate buffer, pH 7.2, 120 mM of NaCl.
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Figure 54. Melting curves of complexes: I) A and N; m) A and L; n) A and M; 0) A, Nand H; p) A, L and
H; q) A, M and H; Condition: see Table 11.3.3 Integration of DNA-Modified Gold Nanoparticles into

Supramolecular Polymers

3.3 Integration of DNA-Modified Gold Nanoparticles into
Supramolecular Polymers

3.3.1 Introduction

Gold nanoparticles (Au-NP) are commonly used for decoration of DNA nanostructures!?*-
22,59 'in drug delivery['°1 or in detecting DNA arraysl['9?. Recently, in our group as well as
in the Kieltyka group DNA-functionalized AuNPs were introduced along the
supramolecular polymers.[?1-221 The AuNPs were reversibly loaded on the supramolecular
platform containing complementary sequence to the AuNP-functionalized one by DNA
hybridization. Figure 55 illustrates functionalization of DNA-grafted SPs with AuNPs.[?2
The DNA-grafted SPs were assembled from seven 2,7-pentynyl pyrene units attached to
10 nucleotide long oligonucleotide. Subsequent AuNPs immobilization along the both

edges of the helical polymer is visualized by TEM microscopy.
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Figure 55. Functionalization of the DNA-grafted SPs with AUNPs. Taken form [22,

In this study, the incorporation of the AuNP-functionalized DNA into SPs is demonstrated.
For this purpose AuNPs with an average height of 20 nm were prepared by the citrate
reduction method (Supporting Information), followed by incubation with thiol-modified
oligonucleotides in order to afford DNA-conjugated AuNPs. Such conjugates were mixed
with oligomeric building blocks and self-organize into AuNP-functionalized SPs that reach
a length of several micrometers. The self-assembly of the different components into

AuNP-functionalized SPs is illustrated in Figure 56.

supramolecular

QYU Al R

self-assembly
ﬂ —’

S\

Au-NP modified DNA

N\

N
B DNA conj.AuNPs

Figure 56. lllustration of the gold nanoparticles immobilization on the fibrillar supramolecular polymer.
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3.3 Integration of DNA--Modified Gold Nanopraticles into Supramolecular Polymers

3.3.2 Results

3.3.2.1 DNA Sequences

Table 12 shows the oligomers used in this work. Oligomer A and B self-assemble into
DNA-appended supramolecular polymers. The supramolecular polymerization process is
previously described in 3.1.3 Results. AUNPs were prepared by citrate reduction method,
followed by conjugation with excess of thiolated DNA to ensure densely grafted AuNPs
(3.3.4 Supporting Information). In this work synthesized Au-NPs were conjugated with
DNA and amenable to sequence-specific hybridization with DNA-appended SPs.

Table 12. Top: DNA sequences of oligomers used in this studies, bottom: chemical structure of the
phenanthrene building block.

Oligomer Sequence

A (Phe)s

B (Phe)s - GAA GGA ACG TAG CCT GGAAC -5

T 5-CTT CCT TGC ATC GGA CCT TG — (CH,)s- S- Au

(Phe); : OOQ QOQ

Vi AN o V4 AN
HO 01P-0 O1H
O- 2

3.3.2.2 Arrangements of Gold Nanoparticles

In a previous studies it was demonstrated that SPs composed of oligomer A (0,5 uM) and
15 nM B, which translaes into 3% of oligomer B relative to oligomer A, results in several

micrometers long supramolecular platform accessible for further functionalization (Figure
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16, 3.1.3 Results).[%] Herein, such DNA-appended supramolecular polymers are used
for the alignment of AUNPs along the polymer.

Self-assembly experiments were typically carried out by mixing oligomer A (3 uM) and
3% of oligomer B (0.09 uM) with the excess (0.45 uM) of DNA-labeled AuNP (T) in sodium
phosphate buffer (10 mM, pH 7.2) in the presence of NaCl (120 mM). The oligomeric
building blocks self-organize upon heating to 80 °C and cooling to room temperature over

3 hours resulting in AUNPs aligned along the supramolecular polymer (Figure 57).

A three-fold excess in AuNPs (0.45 pM) ensured improved loading (Figure 57, right).
AuNPs revealed uniform shape with an average height of 15-20 nm (Figure 58).
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Figure 57. AFM images of the supramolecular polymers loaded with Au-NPs. Used concentrations for
assembly of SPs; left:: oligomer A (3 uM), B (90 nM), T (150 nM); right: oligomer A (3 uM), B (90 nM), and
T (450 nM) in 10 mM sodium phosphate buffer, pH 7.2, 120 mM NaCl.

To ensure densely decorated SPs, initially used conditions were modified. SPs were self-
assembled from oligomer A (3 uM) and 0.45 uM B, which translates into 15% of B relative
to A. As a result higher AUNPs density was observed (Figure 58).
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Figure 58. AFM images of the Au-NP modified DNA integrated into supramolecular polymer and the cross-
sections profiles. Conditions: oligomer A (3 uM), B (0.45 uM), T (0.9 pM) in 10 mM sodium phosphate
buffer, pH 7.2, 120 mM NaCl.

3.3.3 Conclusions and outlook

In conclusion, we have demonstrated self-assembly of multicomponent SPs. In such
hybrids we are merging DNA-functionalized supramolecular polymers with gold
nanoparticles. The reversibility of DNA hybridization and pronounced stimuli-
responsiveness of the SPs allows to design uniquely adaptive/tunable systems that can

be used as a cargo for the delivery of nanoparticles but also small molecules and proteins.

3.3.4 Supporting Information

3.3.4.1 Synthesis of Gold Nanoparticles

Citrate reduction method was used for the synthesis of 20 nm (in height) AUNPs. As a co-
reductant tannic acid was used.!'* 100 ml of 0.3 mM chloroauric acid was refluxed. 2 ml
of 1% citric acid and 7 ml of 1% tannic acid was added. The color of the solution changed
to burgundy, it was left refluxed for another 3 min and cooled then to room temperature.
Afterwards the AuNPs solution was filtered through a syringe filter with a pore size of 0.2
Mm. More stable phosphine ligands were used to exchange the citrate shell in the citrate
coated nanoparticles. Thus, 11 mg of BSPP (bis(p-sulfonatophenyl) - phenylphosphine

dipotassium salt) was added to 10 ml of the AuNPs solution and was shaken overnight at
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low speed. AUNPs were precipitated by slowly adding solid NaCl until the color changed
from red to gray-blue. The solution was centrifuged for 15 min at 4400 rpm and the
supernatant was removed. The AuNPs were resuspended in 500 ul of an aqueous 0.5
mM BSPP solution. The centrifugation and resuspension were repeated twice. For the
concentration determination, photometric analysis at 520 nm was performed (assuming

a molar extinction coefficient for the AUNP of 1 - 10’ Mt - cm™).

3.3.4.2 AuNPs-DNA conjugation

One part of commercially available thiol-modified oligonucleotide was mixed with 17 parts
of freshly synthesized AuNPs in a 0.5 x TBE buffer (Tris base, boric acid, EDTA, pH 8.0)
The mixture was incubated for 36 hours at 20 °C. The centrifugation and resuspension

was used in order to remove excess of oligonucleotides. The concentration was

determined at 520 nm (assuming a molar extinction coefficient for the AuNP of 1 - 10’

M1.cm™,

Figure 59. AFM image of the Au-NP modified DNA. Conditions: T (150 nM) in 10 mM sodium phosphate
buffer, pH 7.2, 120 mM NaCl.
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4 Self-Assembly and Aggregation-Induced Emission Properties of
a Dialkynyl-Tetraphenylethylene Oligophosphate

4.1 Introduction

The construction of luminescent organic nanostructures received recently lots of
attention.[*%] Tang’s group has presented a series of fluorophores which are almost non-
emissive in the disassembled state but highly emissive in the aggregated state. [106-107]
Such aggregation-induced emission (AIE) properties are exhibited by a certain class of
fluorophores with a unique structure. Aggregated state is a result of restriction of the
intramolecular rotational motions, and radiative decay is the main decay channel leading
to the highly emissive state.['%! Propeller-shaped AIE molecules exhibit limited
aggregation through -1 stacking.[°®! Opposite to AIE in aggregation-caused quenching
(ACQ) typical fluorophores have planar aromatic structure (e.g. perylene). For typical AIE
luminogens (AlEgens) belongs molecules like tetraphenylethylene (TPE),
hexaphenylsilole (HPS) or distyrylanthracene (DSA), which are demonstrated in Figure
60.1110 HPS is one of the first discovered AIE-active compound that is non-emissive in
solution but highly emissive in aggregates (Figure 61). The incorporation of such
fluorogens into polymer architectures result in the formation of functional luminescent

materials. [111-113]
Qég. OQ Y

HPS TPE DSA

Figure 60. Examples of typical AIEgens. Taken from [110],
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Aggregation
L
Restriction of
intramolecular
rotation (RIR)

Non-emissive in solution Highly emissive in aggregates

Figure 61. lllustration of AlE-active hexaphenylsilole. Taken from [108]

AlE-active compounds 114 and polymers [115-116 with stimuli-responsiveness for
temperature, pH, light, forces, or solvents were intensively investigated. In our group, we
have reported the control of AIE by hybridization of dialkynyl-tetraphenylethylene
(DATPE) modified DNA strands (Figure 62). AIE features are of interest in diverse areas
including fluorescence sensors and OLEDs.[!18119 Sych luminophores are often used in
physiological environments or aqueous media and are promising candidates for

diagnostic probes.[120

(a) (b) -
1
%Ah\q r}(‘ h v,
Molecular Hybridization
Aggregation
Free Rotation Restricted Rotation
(non-emissive) (emissive)

Figure 62. DATPE-modified DNA conjugates which exhibit AIE. Taken from [117],

Design, synthesis and control of self-assembly process of AlE-active supramolecular

polymers is the main challenge in this studies.



4 Self-Assembly and Aggregation-Induced Emission Properties of a Dialkynyl-
Tetraphenylethylene Oligophosphate

4.2 Results

4.2.1 Oligomer Synthesis

Oligomer 1 is composed of three Z-dialkynyl-tetraphenylethylene (DATPE) units (Figure
63) linked via phoshodiesters and was partially synthesized according to previously
described procedure.” Firstly, dibromotetraphenyletylene was prepared by reductive
coupling of carbonyls to olefins and afforded a mixture of E- and Z-TPE isomers.[1?1l Next,
alkynyl-linkers were introduced by a Sonogashira reaction. The two stereoisomers were
separated by column chromatography. Z-DAPTE diol was used for the DMT-protection
followed by conversion into the phosphoramidte. The trimer was synthesized by solid
phase synthesis using a CPGs-TPE-modified solid support, purified by RP-HPLC and
characterized by MS-ESI (4.4 Supporting Infromation).

DX, ) O
/ \

4 \
1
HO O‘*Zgo O*‘lj2

Figure 63. The phosphodiester-linked Z-DATPE trimer (1).

4.2.2 Photophysical Properties

The polarity of the solvent has a significant influence on the AlE-active fluorophores. In ‘poor’
solvent like ethanol, oligomer 1 is nearly non-emissive (Figure 64) due to the freed rotation
of C(sp?)—C(sp?) bonds of TPE. Addition of ‘good’ solvent promotes the AIE-effect

(restricted rotational motion) resulting in the formation of a new fluorescence emission
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band between 400-650 nm. The maximum of the emission is centered around 490 nm
(Aex.: 335 nm).
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Figure 64. Fluorescence spectra of oligomer 1 in EtOH / water mixtures with different contents of water
(black: 10 vol% EtOH, blue: 60 vol% EtOH). Concentration of oligomer 1: 1 uM, 10mM sodium phosphate
buffer pH 7.2, 20 vol% EtOH, RT, Aex: 335 nm.

Changes in AIE with the variation of the water / ethanol ratio are demonstrated in Figure
65. The minimal water content in which oligomer 1 aggregates is around 70vol%. With
the additional increase of water content, the fluorescence emission is greatly enhanced.
Based on this results, a mixed solvent system composed of a buffered system with ethanol
(20 vol%) and aqueous sodium phosphate buffer pH 7.2 (80 vol%) was further used to analyze

the AIE properties of 1.
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Figure 65. Changes in the fluorescence intensity of oligomer 1 with variation of the water / EtOH ratio.

Concentration of oligomer 1: 1 uM, 10mM sodium phosphate buffer pH 7.2, Aex: 335 nm.

4.2.3 Temperature Dependent AIE

Figure 66 shows the temperature dependent absorption spectrum of oligomer 1 in aqueous

medium and ethanol. A distinct blue shift of the tetraphenylethylene absorption maximum
band from Aabs= 334 nm at 20 °C to Aabs= 326 nm at 70 °C is observed. Additionally, the

band around Aabs= 260 nm shows changes in intensity.
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0.06 -
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Figure 66. UV-Vis spectra of the aggregated (20 °C, dashed) and disassembled (70 °C, solid curve) state.

Concentration of oligomer 1: 1 uM, 10mM sodium phosphate buffer pH 7.2, 20 vol% EtOH.
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Temperature dependent fluorescence spectra of 1 ([1] = 1 uM) are shown in Figure 67.
Oligomer 1 shows high fluorescence emission at 20 °C (solid curve). Heating of the
solution to 70 °C decreases the fluorescence emission completely (dashed curve). The
following controlled cooling of the solution (1°C/min) results in nearly non-emissive self-

assembled state.

Initial high fluorescence emission is a result of the AIE activated state with the restriction
in the rotation of the intramolecular C(sp?)-C(sp?) bonds of DATPE molecules.
Disassembled state at 70 °C shows no fluorescence. Surprisingly, the fluorescence of the
solution does not return to its original state upon controlled cooling. Highly probably,
formed supramolecular polymers lack enhanced fluorescence emission due to free
intermolecular motion of the TPE groups. Heating — cooling curves of oligomer 1 (4.4
Supporting Information) indicate that the assembly takes place in the temperature range
between 60 and 50 °C.

200 —— 20 °C (Aggregated state)
---- 70°C (Disassembled state)

I UET Y N W —— 20° If— I
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‘@ 100 -
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Figure 67. Fluorescence spectra of aggregated state: 20 °C (solid curve), disassembled state: 70 °C
(dashed curve) and self-assembled: 20 °C (dotted curve); self-assembly was performed with slow cooling
(2°C/min) from 70 °C to 20 °C. Conditions: oligomer 1 (1 pM), 10 mM sodium phosphate buffer, pH 7.2, 20
vol% EtOH, Aex: 335 nm.
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In case of higher concentrated solution ([1] = 10 uM) only partial quenching of the
fluorescence emission is observed upon heating to 70 °C (Figure 68). Nevertheless,
controlled cooling (1°C/min) results in a significant decrease in fluorescence emission

with a blue shift in the fluorescence maximum from 490 nm at 70°C to 475 nm at 20 °C.
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Figure 68. Fluorescence spectra of aggregated state: 20 °C (black curve), disassembled state: 70 °C (red)
and self-assembled: 20 °C (blue); self-assembly was performed with cooling (1°C/min) from 70°C to 20°C.
Conditions: oligomer 1 (10 uM), 10 mM sodium phosphate buffer, pH 7.2, 20 vol% EtOH, Aex.. 335 nm.

4.2.4 AFM Images

The aggregated and the self-assembled state of 1 is visualized by the AFM (Figure 69).
In order to obtain aggregated state, the solution ([1] = 1 uM) was adsorbed on the APTES-
modified mica sheet for two minutes, washed with water and dried. AFM images revealed
big aggregates with a height ranging from 10 — 40 nm and non-uniform shape (Figure 69,
top).

The same solution was used for the formation of the self-assemblies. After heating to 70
°C and controlled cooling (1°C/min) to 20 °C the sample for AFM analysis was prepared
in the same way as described above for the aggregated state. Self-assembly process
leads to the formation of spherical objects (5-6 nm in height) with uniform shape and the

size ranging from: 120-160 nm (Figure 69, bottom).
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Figure 69. AFM images of the oligomer 1 in the aggregated state (top left) and in the self-assembled state
(bottom left). Self-assembly results in spherical nanoparticles. Self-assembly was performed with slow

cooling (1°C/min) from 70 °C to 20 °C. Conditions: oligomer 1 (1 pM), 10 mM sodium phosphate buffer, pH
7.2, 20 vol% EtOH.
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Self-assembly of oligomer 1 with increased concentration ([1] = 10 pM) in above
mentioned conditions leads to similar results (Figure 70) (size and shape of the vesicles)

like in case of 10-times lower concentration of 1 (Figure 69, bottom).
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Figure 70. AFM images and cross—section profiles of the self-assembled oligomer 1. Self-assembly was
performed with slow cooling (1°C/min) from 70 °C to 20 °C. Conditions: oligomer 1 (10 pM), 10 mM sodium
phosphate buffer, pH 7.2, 20 vol% EtOH,

4.3 Conclusions

As a conclusion, it was possible to successfully synthesize, purify and characterize the
phosphodiester-linked dialkynyl-tetraphenylethylene (DATPE) trimer (1). Oligomer 1 is a
weak emitter when it is molecularly dissolved in ethanol. However, addition of the "good"
solvent (water) leads to aggregation-induced emission. The self-assembly of 1 results in
spherical supramolecular polymers with a uniform shape. In contrast to the AlE-active
random aggregates, formation of the TPE-SPs resulted in almost non-emissive polymers.
The self-assembly of 1 with increased concentration leads to the same spherical
morphology with slightly improved AIE-properties. Disassembled aggregates exhibit no
AIE activity due to the free intramolecular C(sp?)—-C(sp?) bond rotation. High fluorescence
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emission of the molecularly aggregated state is a consequence of the restriction in the

intramolecular C(sp?)—-C(sp?) bond rotation.

4.4 Supporting Information

4.4.1 Oligomers Synthesis

CPGs-TPE-modified solid support was used for the synthesis of oligomer 1. The Z-TPE-
phosphoramidite building block for solid phase synthesis was prepared according to the
previously published procedure.!1”l Cleavage from the solid support was achieved with 1
ml of 30% NH4OH (aq) at 55 °C over 16 hours. After washing 2 times with EtOH/H20 (1:1
mixture) the supernatant was separated by centrifugation and lyophilized. The final trimer
1 was eluted with Reprosil 100 RP18 column, 5 ym (Dr. Maisch GmbH, Ammerbuch,
Germany) with 0.1 M ammonium acetate buffer (eluent A) and acetonitrile (eluent B). A

gradient from 60-100% eluent B within 15 min was performed.

4.4.2 Mass Spectra of Oligomer 1

Table 13: Calculated and experimental mass of oligomer 1.

Oligomer Molecular formula Calc. mass Exp. mass

1 C102Hg2010P2 1528.53 Da 763.76 (z = 2)
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Figure 71. ESI-MS analysis of oligomer 1.
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Figure 72. Heating—cooling curve of oligomer 1. Ramp 1: cooling (green), ramp 2: heating (gray).

Concentration of oligomer 1: 1 uM, 10mM sodium phosphate buffer pH 7.2, Aex: 335 nm. Temperature
gradient: 0,3 °C/min. Absorbance was recorded at 250 nm
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Appendix

6 Appendix

6.1 General Methods

The synthesis of the modified oligonucleotides was performed using a 394-DNA/RNA
synthesizer via automated oligonucleotide synthesis by a standard solid-phase synthetic
procedure by using CPGs-Phe-modified or CPGs-TPE-modified solid support. The
commercially available oligonucleotides were purchased from Microsynth (Balgach,
Switzerland) and used without further purification. Chemicals used for the building block
preparation were purchased from commercial suppliers (Sigma-Aldrich, TCI, Alfa Aesar,
Glen Research). Milli-Q purified water was used for the phosphate buffer preparation.

A varian Cary-100 Bio-UV/VIS was used for collecting absorption spectra and determining
melting temperatures (Tm). A varian Cary Eclipse fluorescence spectrofluorimeter was
used to record fluorescence emission and excitation spectra. TEM (Transmission
Electron Microscopy) analysis was obtained on FEI Morgagni 268 (Institute of Anatomy,
University of Bern) using operating voltage of 80 kV. AFM measurements were performed
on a Nanoflex AFM (Nanosurf AG, Switzerland) at ambient conditions. Experimental
masses were determined by a Thermo Fisher LTQ Orbitrap XL using Nano Electrospray
lonization as well as LC-MS for Oligonucleotides (Q-TOF).
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