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Abstract

Forster resonance energy transfer (FRET) is a common tool to measure the distances between
a donor and an acceptor fluorophore and is employed as a spectroscopic ruler. This non-radi-
ative energy transfer is utilized to not only measure distances but also to observe dynamics in
the field of biophysics and medicine. However, main limitations of FRET are the limited time
resolution and working range between donor and acceptor molecules of 10 nm. To increase
the application of FRET, this limitation can be circumvented by the introduction of different
materials in the close proximity. For characterization of the altered distance dependence, a
precise distance control between the dyes and the applied material is required, which here is
provided by the DNA origami technique. In DNA origami, DNA self-assembles into program-
mable, complex, and robust structures, which can be easily modified with dyes and other en-

tities with nanometric control.

DNA origami nanoantennas constructed of a pair of gold nanoparticles have recently been
introduced to substantially increase the obtainable fluorescence signal that yields a higher time
resolution in biophysical single-molecule FRET experiments. In this context, it is crucial to un-
derstand the influence of the gold nanoparticles on the FRET process itself. In this work, gold
nanoparticles are placed next to FRET pairs using the DNA origami technique (see publication
I). A measurement procedure to accurately determine energy transfer efficiencies is estab-
lished and reveals that in the intermediate coupling regime, the energy transfer efficiency drops
in the presence of nanoparticles whereas the energy transfer rate constant from the donor to

the acceptor is not significantly altered.

Next, graphene is introduced to increase the range of energy transfer. Graphene is a 2D car-
bon lattice, which can also be employed as an unbleachable broadband acceptor without la-
beling. To understand the principles of the energy transfer between a fluorophore and the gra-
phene surface, the distance dependence of the energy transfer from a fluorophore to graphene
is investigated (see publication II). As such experiments require high quality graphene sur-
faces, a cleaning and transferring procedure to generate reproducible graphene-on-glass-co-
verslips is established (see publication IIl) and characterized by different spectroscopic meth-
ods. Finally, the full potential of graphene-on-glass coverslips as microscopy platforms are
highlighted by adopting graphene in the fields of biosensing, biophysics and super-resolution
microscopy (see publication IV). The designed biosensors are capable to detect a DNA target,
a viscosity change, or the binding of a biomolecule. In addition, FRET between two dyes is
expanded by additional graphene energy transfer (GET) that reveals the relative orientation of
the FRET pairs to the graphene surface. Finally, GET is used in super-resolution experiments

to reach isotopic nanometric 3D-resolution and track a single fluorophore that undergoes 6-nm



jumps. The developed techniques and assays have the potential to become the basis for nu-

merous new applications in single-molecule sensing, biophysics, and super-resolution micros-

copy.
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Introduction

1. Introduction

Resonance energy transfer in nature e.g. occurs in the process of photosynthesis, where light
is guided to a photosynthetic reaction center by chromophores.™# The principle of photosyn-
thesis is a prominent example for the interest of mankind to disassemble objects, understand
their basic functions, and adapt them for their own purpose. Thus, for example, solar cells are
based on the fundamental understanding of energy transfer such as in photosynthesis. During
the last decades, non-radiative resonance energy transfer has been established in the field of
microscopy. Theodor Forster described the distance dependence of a non-radiative energy
transfer between a donor and a red-shifted acceptor fluorophore, the so-called Férster reso-
nance energy transfer (FRET). Besides the spectral overlap between the emission spectrum
of the donor and the absorption spectrum of the acceptor, also the dipole orientations of the
fluorophores and the distance between the donor and the acceptor dye are important to ob-
serve FRET.F! As FRET is decaying inversely with the sixth power of the donor-acceptor dis-
tance, it can be utilized as a spectroscopic ruler® in the field of biology and nanoscience to
determine distances between the donor and acceptor.® 14 However, a drawback of this assay
is the limitation of the donor-acceptor distance to 10 nm, as distances beyond 10 nm show
only marginal energy transfer. To overcome this drawback, new approaches have to be devel-
oped to extend FRET beyond a donor-acceptor distance of 10 nm. Previous work focused on
the design of complex donor-acceptor constructs, like in multi chromophoric FRET cas-
cades® %8 or a variety of acceptor or donor fluorophores to increase the FRET efficiency.*®
21l However, this kind of systems suffer from complex sample preparation, sophisticated mi-
croscopes, and the challenge to find suitable fluorophores for FRET. These issues make multi
chromophoric systems not practicable for the implementation in biological systems. Therefore,
in this thesis, the energy transfer of fluorophores to unbleachable acceptors is investigated,

and the results are applied to the field of biosensors, biophysics, and super-resolution.

In our single-molecule experiments, a precise positioning of the fluorophores to each other as
well as to the examined unbleachable acceptor is necessary. This positioning is guaranteed
by the DNA origami technique, which is based on the folding of DNA into a predesigned struc-
ture at the nanoscale.?? In more detail, a circular single stranded (ss) DNA scaffold with the
length of about 8000 nt is folded into a defined shape by an excess of 200 ss oligonucleotides
(staple strands) with a length of about 60 nt in a buffered environment. The advantages of the
self-assembled DNA origami structures are high yields, the possibility to modify the DNA ori-
gami structures with e.g. dyes, biomolecules, or binding sites for NPs, and a nanometric-con-
trolled positioning of these modifications. DNA origami structures are, for example, used as

nanorulers in super-resolution microscopy to determine the possible resolution of a setup.?¥

26]
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1.1. Extending FRET with Plasmonic Nanoparticles

An unbleached acceptor studied in this work is a plasmonic nanopatrticle (NP). NPs are much
smaller than the wavelength of light and their electrons start to oscillate when they get excited
with light, the so-called localized surface plasmon resonance (LSPR). A nearfield coupling of
the excited NP and a fluorophore takes place when the fluorophore and the NP are in close
proximity to each other.2”"%° This coupling, which depends on the orientation between dye,
NP, and excitation laser beam, can either lead to an increase®3 or a quenching of the fluo-
rescence intensity® 38 (see Figure 1). Furthermore, the radiative and non-radiative rate con-
stants are altered, which also affects the fluorescence lifetime and quantum yield.?12% The
influence of the NP depends on the material, shape, and diameter of the NP itself. A common
method to increase the influence of an NP on the fluorophore is the coupling of two NPs. This
coupling results in the formation of a hot spot of the electric field between the NPs,®4 which,

for example, can be used to increase the signal-to-noise ratio in bioassays.33%

a) b)

fluorescence intensity
fluorescence intensity

Figure 1: Influence of different orientations between dye, NP, and excitation laser beam. a) When the
dye and NP are orthogonal orientated to the propagation direction of the laser beam the fluorescence
intensity is enhanced. b) The orientation of the dye and NP aligned with the propagation direction of the
excitation laser beam results in a quenching of the fluorescence intensity.

Furthermore, a great effect of nanoantennas is the ability to photostabilize dyes,*" which leads
to a higher time resolution. This can be used to extend the application of FRET. A fundamental
understanding of FRET close to an NP is essential for a later application of FRET and NPs.
Numerous studies* 4l already investigated FRET close to plasmonic structures and reported
on different results with regard to the FRET efficiency and rate constant. This on the one hand
originates from the different designs of the assay, like donor-acceptor distances as well as
material and shape of the nanomaterials. On the other hand differences arise from a variety of
uncertainties faced in the previous works. One major uncertainty, for example, is the precise
placement of the FRET pair in a defined distance to the plasmonic structure, which results in
a heterogeneous fluorescence enhancement. The orientation of the NP-FRET assay to the
excitation laser beam is another measure, which can yield an enhancement®3%! or quenching

of the fluorescence intensity®® 38l (see Figure 1). Furthermore, ensemble and solution meas-
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urements are difficult to analyze in terms of distinguishing between fully and partially assem-
bled assays like assays without donor, acceptor, or NP. To gain accurate FRET values, cor-
rection factors have to be extracted from the measurements. The correct and precise extrac-
tion of these factors together with the complex influence of the NP on the fluorophores by

radiative and non-radiative processes, are important to gain reliable results.

The task of this work is to circumvent the aforementioned issues by combining single-molecule
FRET experiments with an NP on a rectangular DNA origami structure (see chapter 4.1 and
related publication 1). The DNA origami structure spaces the donor and the acceptor as well
as the FRET pair and the NP with a defined distance. Additionally, the NP and FRET pair are
located on different sides of the DNA origami structure to avoid contact quenching between
the dyes and the NP. An immaobilization of the DNA origami structures to the glass surface
guarantees the same orientation between the fluorophore-NP construct and the excitation la-
ser beam, which results in homogenous data compared to previous studies. Our single-mole-
cule experiments make it easy to distinguish between fully or only partially assembled
nanostructures, like donor only, acceptor only, and without NP. Furthermore, we applied the
acceptor bleaching approach for data acquisition, which alternates between donor and accep-
tor excitation on the second time scale. This method has the advantage that no prior knowledge
of the system is needed. The alternating excitation enables the extraction of the individual
influence of the NP on the donor in presence and absence of the acceptor, as well as on the
acceptor only. Based on the controlled and more homogenous sample preparation presented
here, the influence of different sized NPs on a static FRET is studied. From the fluorescence
lifetime and intensity-based data, the FRET efficiency and rate constant is extracted and com-

pared to numerical simulations.

1.2. Graphene Energy Transfer

Besides NPs also graphene, a monolayer of carbon, is a promising candidate as an unbleach-
able acceptor. Graphene has outstanding mechanical strength as well as electrical, and ther-
mal conductivity.*’! In terms of absorption, the material shows an additive behavior in which
an additional absorption of 2.3% per layer in the visible (vis) and infrared (IR) range is de-
scribed.®53 Therefore, graphene is not only an unbleachable but also a broadband acceptor
in the visible and infrared range with a working range up to 40 nm between a dye and the
graphene surface.® A fluorophore in close proximity to the graphene surface experiences a
non-radiative energy transfer from the fluorophore to the graphene surface, the so-called gra-

phene energy transfer (GET).
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1.2.1. Quantitative GET

For the implementation of GET in single-molecule experiments, a fundamental understanding
of the energy transfer from the fluorophore to the graphene surface is crucial. In previous work
the distance dependence between one fluorophore and a graphene surface has already been
measured and a decaying GET has been concluded, which is inversely proportional to the
fourth power of the distance between the fluorophore and the graphene surface. But these
works also reported different results of the characteristic distance, where the energy transfer
efficiency is 50%.5154571 The reason for these discrepancies on the one hand lies in the defined
positioning of the fluorophore to the graphene surface. On the other hand, quenching effects
from dye-dye interactions could occur due to dyes without a controlled spacing. And last the

use of fluorophores with heterogenous photophysical properties gives rise to uncertainties.

In our approach (see chapter 4.2 and related publication 1) the stated problems are circum-
vented by the implementation of DNA origami structures, which enable a controlled spacing of
the dyes to the graphene surface. Additionally, the high selectivity of DNA origami structures
ensures that only one fluorophore is attached, which avoids dye-dye interactions. The imple-
mentation of organic fluorophores guarantees homogenous photophysical properties. In our
work three different DNA origami structures with in total six different distances between the
graphene surface and the fluorophore are designed to confirm the distance dependence and
to extract the distance where 50% of GET occurs. For the immobilization of the DNA origami
structures on the graphene surface, we modify the DNA origami structures with pyrene labelled
oligonucleotides. With this non-invasive binding via ~ -~ stacking between the pyrene and the
graphene surface the graphene properties are not influenced. Our fluorescence intensity and

lifetime-based results are compared to calculations of a semi classical model.

1.2.2. Transfer and Cleaning of Graphene

Another critical point for the realization of GET experiments in the field of super-resolution or
biophysics is the transfer of graphene from a graphene coated cupper foil to a glass coverslip
and the cleaning of graphene from synthesis residues. Previous works show various ways to
transfer the graphene,® %% but by applying these in our single-molecule experiments hetero-
geneous results are observed. Therefore, we combine existing protocols® %! and screen in
total ten different methods to achieve graphene-on-glass-coverslips with a quality for single-
molecule experiments, the so-called single-molecule quality (see chapter 4.3 and related pub-
lication IIl). The quality control of these samples is performed with the combination of fluores-
cence lifetime imaging (FLIM),®® Raman spectroscopy, and atomic force microscopy (AFM).

The quality of the graphene-on-glass coverslips in FLIM measurements is verified by a static
4
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dye at dye-graphene distance where 50% of energy transfer occurs. For further validation, a
dynamic DNA origami sample can sense the distance dependent quenching from the graphene

surface.

1.2.3. Application of GET

Our work of quantitatively analyzing GET“ as well as transfer and cleaning of graphene with
single-molecule quality®™ are fundamental for the implementation of GET in a broad range of
interest. Our experiments (see chapter 4.4 and related publication 1V) illustrate the easy appli-
cation of graphene-on-glass-coverslips to answer questions, which previously needed complex
microscopes and/or sample preparation. In first experiments, we use a two color assay to re-
veal if spectrally separated fluorophores at different distances to the graphene surface can be
resolved at the same time. Furthermore, the orientation of a DNA origami structure to the gra-
phene surface is validated with a two color assay. Moreover, we create a plethora of DNA
origami samples to use GET as an acceptor in biosensor assays, in combination with FRET,
and in the field of super-resolution to demonstrate the whole potential of graphene as a label

free, unbleachable acceptor in the vis and IR range.

1.2.4. Biosensor

Biosensors are devices to detect e.g. biomolecules (target) like DNA or antibodies, which can
have an optical readout.[”'% A hairpin structure with an optical transduction mechanism, for
example, is a simple biosensor with a binary readout, where in the beginning a fluorophore is
close to a quencher and therefore is completely quenched. After the binding of a target that
opens the hairpin structure,t he f |l uorophore is switched to a dbi
arated from the quencher, which disables the energy transfer between the fluorophore and the
quencher (see Figure 2).['%7 To increase the contrast, biosensors can also be placed in the
hot spot region of a plasmonic dimer antenna to detect single-molecules even with a
smartphone camera.3%! Fluorescence quenchers employed in bioassays, which could also
be a FRET acceptor, can be replaced by graphene. Therefore, a bleachable acceptor gets
substituted by an unbleachable acceptor. In our experiments two different DNA origami bio-
sensors on graphene are implemented. The first biosensor has a binary readout, where in the
beginning the fluorophore is quenched and after addition of the DNA target the fluorophore is
less quenched, similar to the explained hairpin assay. In the second biosensor we checked for
the influence of the surrounding medium of different viscosity and the influence of biomolecule
binding on the diffusion behavior of a double stranded DNA tether. The advantages of GET

over FRET or quencher-based assays are the increased distance range between donor and

5
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acceptor of 40 nm (GET) compared to 10 nm (FRET and quencher), and the larger spectral
range of GET ranging from the vis to the IR range. The larger working distance can be utilized
to detect multiple targets at once, and the broad spectral range makes GET feasible as a

",

closed target opened
hairpin hairpin

biosensor for multiplex detection.

Figure 2: Hairpin as a biosensor. Before addition of the target the dye (red) is quenched by the quencher
(grey). The target binds to the blue region of the hairpin and opens the hairpin, which separates the dye
and quencher from each other that no energy transfer from the dye to the quencher occurs.

1.2.5. Combining GET and FRET

As discussed above FRET is limited to a range of approximately 10 nm, which can be ex-
panded e.g. by additional donor and acceptor fluorophores. However, multi chromophoric
FRET systems!*®' 2 suffer from a complex sample preparation, sophisticated microscopes, and
it is challenging to find suitable fluorophores for FRET. While the difficulty in sample prepara-
tion is addressed by the DNA origami structures, graphene is a good substitute for the acceptor
in FRET studies. In order to decrease the complexity of samples and microscopes, graphene
is used as graphene-on-glass-coverslips. Furthermore, the combined information of GET and
FRET in our experiments reveal the relative orientation of the donor and acceptor in space.
Here, FRET resolves the distance between donor and acceptor, while from GET the distance

to the graphene surface is extracted.

To illustrated the full power of combining GET and FRET, we designed static as well as dy-
namic FRET assays on DNA origami structures. The dynamic FRET sample is equipped with
a dye labelled staple strand protruding from the DNA origami structure, which can transiently
bind to two protruding binding sites on the DNA origami structure. Both binding sites differ by
the distance to the graphene and the distance to the acceptor fluorophore, which leads to a
different quenching of the donor fluorophore by GET and FRET in both positions. To observe

the individual influence from the graphene surface to the donor and acceptor fluorophore and
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therefore obtain reliable data the acceptor bleaching approach is used. With the help of fluo-

rescence lifetime data, the influence of FRET to GET and vice versa is discussed.

1.2.6. 3D Super-Resolution

In FRET assays, the orientation between two dyes plays an important role but also the sepa-
ration distance. The distances in FRET assays are very small with only a few nanometers. In
conventional light microscopy, the distance of two emitters that can be resolved is limited by
the Abbé criterion. The Abbé criterion states that the resolution or distance between two fluor-
ophores is limited to half the excitation wavelength in the x/y plane and to the excitation wave-
length in z. In single-molecule localization microscopy (SMLM) the Abbé criterion is circum-
vented by introducing blinking to the molecules. Each localization of a molecule is fitted, and a
super-resolved image is gained.l’? 74 With SMLM a resolution of 6 nm and lower in the x/y
plane is achieved.[® 8 But an isotropic resolution in all three dimensions (x, y, and z) remains
still challenging. Previous work[88283 could not take the obstacle of isotropic resolution, only
new more sophisticated microscopes are able to take this hurdle.®¥ The drawbacks of previous
works are difficult sample handling, the need of complex setups, calibration of the microscopes,
and a low sensitivity of the methods.

We demonstrate the possibilities of GET in super-resolution microscopy with two different DNA
origami structures. As a super-resolution method we utilize DNA-PAINT (point accumulation
in nanoscale topography),® in which blinking of the fluorophores is achieved by the transient
binding of dye labelled imager strands to binding sites at the structure of interest. While the
resolution in the x/y-plane is achieved by the stochastic blinking, GET introduces a distance
dependent fluorescence intensity quenching. This quenching facilitates a z-resolution with high
accuracy. GET in combination with DNA-PAINT delivers the additional advantage that unspe-
cific binding of the imager to the graphene surface is negligible because the imager is com-
pletely quenched. The first DNA origami sample investigated in this work has binding sites for
DNA-PAINT imager strands at different distances to the graphene surface. Our second super-
resolution method is the tracking of a single fluorophore. In order to realize the tracking, a DNA
origami structure is modified with a protruding staple strand, which is labelled with a fluoro-
phore and can transiently bind to three different binding sites at the DNA origami structure. To
distinguish between the binding sites, they are placed at different distances to the graphene

surface, which causes a different quenching to the fluorophore.

This work highlights the influence of unbleachable acceptors to dyes on the single-molecule
level. These unbleacheable acceptors are applied to FRET, in the field of super-resolution,

biophysics, and biosensing. Furthermore, the distance dependence of a fluorophore to the

7
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graphene surface is investigated, and a protocol to obtain graphene-on-glass-coverslips with
single-molecule quality is established. The results of this thesis set out the basis for further
investigations in physics, biology, and material science. Examples on how to expand and im-

prove the presented studies are discussed in the outlook.
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2. Theoretical Background

This chapter gives a theoretical overview about the utilized methods in this work. Besides the
basics of fluorescence (chapter 2.1), also FRET (Férster resonance energy transfer, chapter
2.2), GET (graphene energy transfer, chapter 2.3), plasmonic nanoparticles (chapter 2.4) and
dye stabilization (chapter 2.5) are discussed. As a breadboard for placing fluorophores or NPs
in close distance to each other, the DNA origami technique is introduced in chapter 2.6.

2.1. Fluorescence

In the Bohr atomic model, electrons are moving along quantized levels around the nucleus of
the atom. Without any interaction the molecule is in the ground state (So) and can be excited
with light of the energy Epnoton iNto a higher singlet state, this process is called absorption.

0 0 @[ (o)1 ¢:)

The energy Epnoton Can be calculated from Plancks law (Eq. 2.1)®8 with the frequency ’, the
wavelength _ or the wave number ' ['the fundamental physical constant of the speed of light c,

and the Planck constant h.["]

Before the excitation process the molecule is in the vibrational ground state (vé6 % 0) of the
singlet (So) state. After absorption (Figure 3, continuous purple arrow) of a photon the molecule
is excited to an energetically higher lying singlet state (S1 or higher) and can also change the
vibrational state to a higher level. Accordingto K a s h a 6 fliorasaetce occurs from the low-
est vibrational state of S; back to So.®® Therefore, if the molecule is excited to a higher singlet
state than S, it first has to relax to the lowest state of S; before emitting a photon. After internal
conversion (waved green arrow) to the vibrational ground state of S;, the molecule relaxes
back to the singlet ground state So. This can either happen as a non-radiative (waved blue
arrow) or radiative relaxation (continuous blue arrow), known as fluorescence. Another way to
relax from the excited state (S1) to the Sy is via intersystem crossing (waved orange arrow) to
the triplet state (T1). After internal conversion (waved green arrow) to the vibrational ground
state of T1 the molecule can relax either radiatively as phosphorescence (continuous red ar-

row) or non-radiatively (waved red) by heat dissipation.
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Figure 3: Jablonski diagram illustrating transition of a fluorescence molecule, including the singlet states
S1 and Sp and the triplet state T1 with the corresponding vibrational levels v. Besides the radiative tran-
sitions of absorption (purple arrow), fluorescence (blue arrow) and phosphorescence (red arrow), which
are depicted as continuous lines, also non-radiative transitions in waved lines like internal conversion
(green arrow) and inter system crossing (orange arrow) are shown. For a better overview, not all possi-
ble transitions as well as higher singlet and triplet states are illustrated.

Figure 3 illustrates all rate constants k that are connected to transitions, e.g. ka, is the rate
constant of the absorption. From the rate constants, the lifetime 1, which is the dwell time in a
state can be determined. The lifetime can be calculated from the reciprocal of the rates depop-
ulating the excited state. An example for the fluorescence lifetime T is shown in (Eq. 2.2),
including the rate constant of the fluorescence kg, the non-radiative relaxation from the Si kg, o,

and the intersystem crossing kisc.

T Ty Ty ~ 'Or&&

As the names singlet and triplet might imply, both states have different spins. While the singlet
states have an antiparallel spin, the triplet has a parallel spin. Due to the spin flip the transition
probability from singlet to the triplet state and vice versa is low, which results in a longer lifetime
of the triplet state in comparison to the singlet state. While the fluorescence lifetime (S.) is in
the range of 10°-108 s, the phosphorescence lifetime (T1) is in the range of 103-10° s (detailed
information on the fluorescence lifetime measurements can be found in chapter 3.1). The quan-
tum efficiency is an indicator of how often a molecule relaxes via a specific transition. For
example, the quantum efficiency of the fluorescence 0 g is the fraction of molecules which

undergo fluorescence to relax from the S; to the S, and is shown in (Eq. 2.3.).189
10
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The probability of a molecule to reach distinct vibrational states in an excited state is described
by the Franck Condon principle.®®! This principle is based on the Born Oppenheimer approx-
imation, which assumes that the heavier nucleus is rigid during excitation of the lighter elec-
tron.®? Transitions between states are more likely the more the vibrational wave functions are
symmetric to each other. In Figure 4 a)), for example, the symmetry or the overlap of the wave
function (orange area) of v & 06 and v 8 2 is higher than of v & & and v é 2, which makes the
first transition more likely than the second. This leads to a higher intensity in the absorption
spectrum (see Figure 4 b)). The absorption and fluorescence spectra also illustrate that the
fluorescence spectrum compared to the absorption spectrum is shifted to higher wavelengths
or lower energies, which is called Stokes shift. This on the one hand is caused by electronic
relaxation from a hi gher vibrationaltretaxation tinferat corfvét-a s h a 6 s
sion) where non-radiative transitions take place and energy is lost. On the other hand, the
dipole of a molecule can change depending on the singlet state. A changed dipole in a higher
excited state can lead to a rearrangement of the solvent molecules around the dye, which can
either in- or decrease the energy of the singlet state and therefore blue or red shift the fluores-
cence with respect to the absorption.l®3! The so-called mirror image between absorption and
fluorescence (or phosphorescence) spectrum can also be explained by the Franck Condon
principle, because it also states that the probability going from v &® tov & 1 is the same as

going fromv & 0tov & &, which explains similar intensities.[®:8%
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Figure 4: Schematic presentation of the Franck Condon principle. a) Transition of a molecule between
to singlet states S; and So dncluding the vibrational wave functions illustrated in orange. b) Absorption
and fluorescence spectra of a molecule as a results of a). In both figures the absorption is purple and
the fluorescence is blue.
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2.2. Forster Resonance Energy Transfer

The Forster resonance energy transfer (FRET) is a non-radiative energy transfer between a
donor and an acceptor dye.® This simple, elegant, and easy to implement technique makes it
possible to answer biological and medical questions regarding dynamics and distances at dis-

tances up to 10 nm.[&11.13]
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SH 5432V A
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Vo 245
)3 ¥ 0
1
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Figure 5: Jablonski diagram for Férster resonance energy transfer (FRET). Similar to Figure 3 the donor
dye is excited through light absorption (continuous purple arrow) to a higher singlet state (S1p) and the
molecule relaxes back to the singlet ground state Spp via emission (continuous blue arrow) after internal
conversion (waved green arrow). If another dye (acceptor) is in close proximity to the first dye (donor)
an additional path is possible. Via non-radiative energy transfer the acceptor can get excited (continuous
orange arrow) during the relaxation of the donor (waved turquois arrow). The excited acceptor (S1.4)
after internal conversion can relax radiatively (continuous red arrow) to the singlet ground state (So.).
For a better overview not all possible transitions as well as higher singlet states and vibrational levels
are illustrated.

A Jablonski diagram with two dyes interacting via FRET is illustrated in Figure 5. First the donor
is absorbing energy (continuous purple arrow) and populates the singlet excited state of the
donor S p. After internal conversion (waved green arrow) the molecule can relax (continuous
blue arrow) to the ground state So,p of the donor. When an acceptor molecule is in close prox-
imity to the donor dye, the acceptor can get excited by the donor (waved turquois arrow). After
reaching the excited singlet state of the acceptor S1 .4 the molecule can relax radiatively (con-

tinuous red arrow) to the ground sate of the acceptor S a.
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Three parameters have to be considered to describe FRET: the orientation factor &%, the over-

lap integral J, and the distance r between the donor and acceptor as illustrated in

Figure 6. o describes the relative orientation between the donor and acceptor diploes and can
be calculated from the angle between the plane of the donor dipole and the acceptor dipole

— as well as from the angles of the donor (—) and the acceptor dipoles (—) (Eq. 2.4,

Figure 6 a)).
I [ QEI-"QEO0ET — CE | DDéE+ % K8
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aonor en
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Figure 6: FRET requirements. a) Top: Anglestod e t e r rhiButten: Example orientations of acceptor

(red) and donor dipoles (bl2va) viesc|l adifmget hetachoi mgs pg

2/3. b) Donor emission (blue) and acceptor absorption spectra (red) including the overlap integral J
(orange) are illustrated. Here Atto542 is chosen as a donor and Atto647N as an acceptor were chosen.
c¢) Distance dependence of the FRET efficiency for the FRET pair described in b) is shown with an rg of
5.5 nm.

When the dipoles are aligned head-to-head &%is 4, when they are aligned parallelly 1 and per-
pendicularly 0, which indicates that no energy transfer takes place. If the dyes are freely rotat-
ing 8% is 2/3,1° which is the case for the observed samples of this work. Fixed dyes can be
observed by embedding them into a polymer matrix® or if they are interacting with DNA. [
For FRET also a spectral overlap J between the donor emission and the acceptor absorption

spectra is important. J is illustrated in

Figure 6 b). Except from FRET between two spectrally separated dyes, energy transfer can
also be observed between similar dyes, which is called homo FRET.” The distance against

the FRET efficiency E in dependence of the distance between donor and acceptor is shown in

Figure 6 c).
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;)"cl‘%nﬁ | — - _0__9_ O
E indicates the amount of energy transferred from the donor to the acceptor. It can be calcu-
lated from the rate constants depopulating the S:p and the FRET rate constant ker, the FRET
pair specific distance ro where 50% of energy transfer is observed, and the distance between
donor and acceptor r. For the theoretical calculation besides the fundamental physical con-
stants like ~ and the Avogadro constant Na, also the orientation factor &% the diffraction index
of the medium n, the quantum yield of the donor and the fluorescence lifetime of the donor
(3 are required. The overlap integral J between the emission spectrum of the donor and the
absorption spectrum of the acceptor includes the wavelength a; the molar extinction coefficient

- _ , and the normalized donor emission intensity ‘O _ (see Eq. 2.5).

In general FRET can be used to study distances between 2 and 10 nm. For shorter distances
other types of energy transfer (e.g. Dexter energy transfer®®®®) are observed and for larger
distances the change in E is too small to be detected. To design a sensitive FRET assay the
FRET pair should be positioned around ro.8"9

2.3. Graphene and Graphene Energy Transfer

Graphene is a two-dimensional monolayer containing sp2-hybridized carbon atoms (see Figure
7 a)). The elaboration of the pristine material properties like mechanical strength, electrical,
and thermal conductivity was rewarded with the noble prize in 2010."1 Nowadays, it is for
example used in material science and electronic devices.!2%102 |n fluorescence experiments
graphene can be used as an unbleachable universal broad band acceptor, which can answer

questions in the area of biology,*°31°4 photo physics, and super-resolution.®

As an optical property graphene absorbs only 2.3% of the incident light per monolayer of gra-
phene.? Furthermore, for fluorophores placed at a distance d below 40 nm to graphene the
two dimensional material is acting as a broad range acceptor along the whole visible and in-
frared range. To be more precise: if the excited donor fluorophore is relaxing back to the ground
state an electron from the valence band of graphene can be excited to the conduction band.
Afterwards the electron relaxes back under emission of heat, 1910 phonon or plasmon emis-
siont*%7l (see Figure 7 b)). To quantify the graphene energy transfer (GET), the GET efficiency
— can be calculated from the GET rate constant ke divided by the sum of the rate constants
depopulating the S; state. Also a calculation of — using the dye graphene distance d including
do, where 50% of the energy is transferred to the graphene surface, or the fluorescence lifetime
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on graphene T and glass t is possible (Eq. 2.6). Instead of the fluorescence lifetime also

fluorescence intensities can be used.
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Equation 2.6 is similar to those already introduced for FRET (see chapter 2.2, Eq. 2.5). How-
ever, the difference is that FRET decays with a distance dependence of r® 8781 while GET has
a distance dependence of d*.14951%3 The different distance dependences are caused by the
different type of acceptors. While in FRET the acceptor is a freely rotating dipole in GET the
dipole is orientated along the 2D surface of graphene. This leads to a longer working range of
GET (~40 nm) compared to FRET (~10 nm). If in FRET the single acceptor is exchanged with

an array of acceptors the distance dependence and working range is similar to GET.[?4
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Figure 7: a) Chemical structure of sp?-hybridized carbon lattice graphene. b) Jablonski diagram of a
fluorophore close to the graphene surface (< 40 nm). The excited electron can not only relax back to
the ground state Sy via radiative emission (straight blue) also a relaxation via non-radiative energy trans-
fer (waved turquois arrow) known as graphene energy transfer (GET) can occur. In case of GET an
electron from the valence band (VB) of the graphene is excited (orange arrow) to the conduction band
(CB) and relaxes back to the VB (red arrow). c) lllustration of the GET efficiency — against the distance
d. Besides the measured distance dependence of Atto542 with a do of 17.7 nm (blue) also the theoretical
calculations of the same fluorophore with perpendicular (red) of parallel (purple) orientation of the dipole
based on equation 2.7 are shown.

For theoretical calculations of the GET efficiency — , besides the fine structure constant |
and the permittivity of the substrate - also the orientation factor ’ has to be taken into account

(Eqg. 2.7). The value of the orientation factor ’ is 2 for a perpendicular orientation of both dipoles
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and 1 for a parallel orientation of both (see Figure 7 c)), perpendicular: red; parallel: pur-
ple).535¢1 Equation. 2.7 shows that —  and therefore also do depend on the emission wave-
length &-causing a shift of do from 17.7 £ 0.5 nm (Atto542, aem = 562 nm) to 18.5 + 0.7 nm
(Atto647N, 3em = 664 nm).149:5253]

2.4. Plasmonic Nanoparticles

The properties of NPs are strongly dependent on their size, material, and shape, which opens
up a broad field of applications, like in medicine,1%¢1%! energy conversion,?”! and arts.!!% In
this work, the interaction between spherical gold NPs with light and the influence on a fluoro-
phore in close proximity to an NP are discussed.

NPs irradiated with an electromagnetic wave exhibit a collective oscillation of the electrons
(Figure 8 a) blue), which is illustrated as a relative displacement to the nucleus. A condition,
which has to be fulfilled is that the NPs have to be smaller than the wavelength of the incident
light. The created positive charges (Figure 8 a) salmon) apply a counterforce, dragging the
electrons in the opposite direction. This collective oscillation is called localized surface plas-
mon resonance (LSPR), which creates an electric field surrounding the NP (Figure 8 b)).[27130

a)

Figure 8: a) Interaction of a spherical gold nanoparticle with the electromagnetic field of light. The light
displaces the electrons (blue) in the NP from the nucleus. A counterforce (gray arrow) from the positively
charged nucleus (salmon) is replacing the electrons back to its starting position. b) The collective oscil-
lation of the electrons is creating an electric field which can interact with the dyes in close proximity to

the NP. The dashed line illustrates the orientation of the electrical component of light (modified from
[111]).
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As an indicator for the polarizability of an NP the permittivity Ucan be described by the Drude
model with the plasma frequency ¥, (given in Eq. 2.9), the frequency of the applied field ¥,
the ionic background of the metal -5, and the damping term 2.

%R &

1 il % I 80

In Eq.2.9 N is the number of electrons, e the electron charge, - the permittivity in vacuum,

and me the electron mass.

If only spherical NPs much smaller than the wavelength of light are considered the polarizability
Uis given by the so-called Rayleigh approximation with R being the radius of the NP and the

dielectric constant of the medium -
| T“-Y — Oy 1

The scattering and absorption cross-sections are given by Eq. 2.11 and Eq. 2.12, which include

the wave vector k.[?!
S Ok p

, — 04| od ¢

By combining Eq. 2.10 with either Eq. 2.11 or Eq. 2.12 a R®-dependence for the scattering
process and a R3-dependence for absorption becomes clear, which shows that larger NPs are
dominated by scattering and smaller NPs are dominated by absorption.?l The damping of the

light induced oscillation occurs via heat or light scattering.*!2

The external electric field of a NP created by the oscillating charges can influence the photo-
physical properties of a dye situated in close proximity. Thus from Eq. 2.13 it is clearly visible
that the excitation rate constant kex of a fluorophore is given by the local electric field intensity

E and transition dipole p.
Q  90s o o

This equation underlines that a higher local field will have a stronger impact on the fluorophore.

A higher local field for example can be generate by using larger NPsE” or the coupling of two
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NPs with each other.?¥ The NP is not only changing one rate constant of the fluorophore like
for example in FRET or GET, but it changes the radiative and non-radiative rate constants.
The non-radiative rate constant decays similarly to FRET with a distance dependence of r®,
However, for the radiative decay the distance dependence is dominated by a r* dependence
together with an additional r® dependence, which occurs from radiative damping processes.%

Also the relative position of the fluorophore and NP to the polarization of the incident light is
important for the modification of the photophysical properties. Another important factor in the
dye-NP coupling is the relative orientation of the fluorophore with respect to the NP. As Figure
8 b) illustrates, a fluorophore located in the red area of the E-field distribution experiences a
strong coupling, which results in an enhanced fluorescence intensity and a reduction of the
fluorescence lifetime.3234 |f the fluorophore is at the top or bottom of the NP (see Figure 8
b), dark blue area) a quenching of the d i p o flueréssence intensity and lifetime takes

over.[36:37]
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2.5. Dye Stabilization

In this chapter several approaches to stabilize fluorophores and collect more photons before

the dye is photobleached are discussed.

As already explained (see Figure 9) when a molecule enters the triplet state it also changes
the spin from antiparallel to parallel, which leads to a longer lifetime of the triplet compared to
the singlet state. In case of a parallel spin the dye is a biradical and can interact with the
biradical oxygen that can destroy the “ -system of the dye and therefore photons are not emit-
ted from the dye anymore. This is also called photobleaching. To reduce photobleaching, two
different methods will be introduced: a reducing and oxidizing system (ROXS) and an oxygen

scavenging system (OSS).

bos
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Figure 9: Jablonski diagram for ROXS. Besides the already explained transition to the S; and from the
S; to the T1 (Figure 3), the transitions for ROXS are pictured. In presence of ROXS the molecule can
get reduced (waved turquois) and afterwards oxidized (waved gray) via a radical anion state (F*) or vice
versa over a radical cation state (F**).

ROXS contains an oxidizing and a reducing agent, which either first reduces (waved turquois,
Figure 9) the molecule from the T; to the radical anion state (F*) and afterwards oxidizes it
(waved gray), or vice versa via the radical cation state (F**).''3 These systems also have the
advantage that the triplet state is suppressed that leads to reduced blinking of the molecule.
Common ROXS chemicals are a combination of ascorbic acid (AA) and methylviologen (MV),
or trolox (TX) and trolox quinone (TQ).!# To synthesize the oxidant trolox quinone from the
reductant trolox the reactant has to be irradiated with ultra-violet light (see Figure 10 a)). In the

literature the mixture of both is also referred to as aged trolox.
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Figure 10: Chemical agents for the stabilization of fluorophores. a) Ageing from trolox to trolox quinone
under UV radiation. b) Chemical reaction of the oxygen scavenging system glucose oxidase (GOD),
catalase (Cat) and glucose with oxygen. GOD oxidizes glucose to glucono lactone under the production
of H20,. The product H»O; is converted to water and oxygen in presence of Cat. c) In the oxygen scav-
enging system protocatechuic acid (PCA) and protocatechuate decarboxylase the PCA is transformed
to beta-carboxy T cis,cis-muconate (CM).

An alternative way to reduce photobleaching is oxygen removal by either a combination of
glucose and the enzymes glucose oxidase (GOD) and catalase or with protocatechuic acid
(PCA) and the enzyme protocatechuate decarboxylase (PCD). For the first combination the
glucose gets oxidized to the glucono lactone in presence of GOD and oxygen under the for-
mation of hydrogen peroxide. The hydrogen peroxide dissociates in presence of catalase to
oxygen and water (Figure 10 b)). The other combination oxidizes the PCA with PCD and oxy-
gen to beta-carboxy-cis,cis-muconate (CM) without any intermediate. The latter procedure has
the advantage that the intermediate hydrogen peroxide is not synthesized. Hydrogen peroxide

is a stronger acid than CM which leads to a faster drop of the pH.[*%
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2.6. DNA Origami Technique

The DNA origami technique is based on the composition of the DNA (deoxyribonucleic acid,
see Figure 11) itself, which was analyzed and described in 1953.11%6 DNA consists of four
different nucleotides (nt) adenine (A, orange), thymine (T, blue), guanine (G, green), and cy-
tosine (C, purple), which are linked to a phosphate deoxyribose backbone. Two nucleotides
are always complimentary to each other and form base pairs under formation of hydrogen
bonds. Adenine forms two hydrogen bonds with thymine and guanine three with cytosine.1¢
The structure is additionally stabilized by “-“ interaction of stacked base pairs.*'”) Double
stranded (ds) DNA forms a helix with a diameter of 2 nm. The distance between two nucleo-
tides in a helix is 0.34 nm with a twist of 34.6 °, a whole turn has therefore a height of 3.4 nm.[*%€]

Compared to ds DNA, single stranded (ss) DNA has a larger base distance of 0.63 nm. 116119

cytosine 3" end
NHy ===

Figure 11: lllustration of the DNA double helix including the gray phosphate deoxyribose backbone with
the color coded base pairs. The complimentary oligonucleotides cytosine (purple) and guanine (green)
as well as adenine (orange) and thymine (blue) form hydrogen bonds. The inset shows the chemical
structures of the base pairs. For a better overview not all valence electrons are shown.
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DNA origami structures come in various patterns and forms and were first established in 2006
by Rothemund?? based on the pioneering work of Seeman.[!?%! At the beginning the DNA ori-
gami structures were only designed as stiff 2D structures but later were further developed to
3D*21123 gand even flexible structures.[?41268] For design the software caDNAno*?7 is used and
the correct folding of the DNA origami structures can be predicted using simulation programs
like Cando!?12% or oxDNA3%, The main building block of the DNA origami structure is the
roughly 8000 nt circular single stranded scaffold, which is added to an excess of approximately
200 short (~60 nt) single stranded staple strands in a buffered system with salt (either MgCl»
or NaCl). To fold DNA origami structures this mixture is heated (~80 °C) and slowly cooled
down to room temperature. A sketch of the folding procedure is illustrated in Figure 12 a).
During the folding process staple strands are binding to multiple parts of the scaffold and form
the DNA origami structure.?? To remove unbound staple strands from the DNA origami solu-
tion the solution is purified e.g. with filtration, agarose gel, or precipitation. To observe the
correct folding, the DNA origami structures can be imaged with AFM (atomic force microscope;
Figure 12 b)), TEM (transmission electron microscope), or SEM (scanning electron micro-
scope).*3 The incorporated oligonucleotides can also be extended and hence protrude from
the DNA origami structure to bind biomolecules, NPs or dyes to DNA origami structure, as so-
called external labels. An internal label is an oligonucleotide which is directly labeled with a
dye, biotin or COT (cyclooctatetraene) and incorporated into the DNA origami structure. The
biotin label is used to immobilize DNA origami structures via neutrAvidin-biotin-BSA (bovine
serum albumin) to a glass surface. For the immobilization on graphene oligonucleotides are
modified with pyrene,*¥ the binding to membranes or vesicles is achieved by a cholesterol
modification.[*32.13%] DNA origami structures are robust, easy to modify, and the high throughput
makes it easy to implemented it as a bread board on the single-molecule level.

a) 200 diff. | °
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Figure 12:lllustration of the DNA origami structure folding process. To a scaffold (blue) an excess of up
to 200 staple strands (gray) is added in a buffered environment, heated up and slowly cooled down (a).
The correct folding can be observed with AFM. The DNA origami structure is modified with strands
protruding from the DNA origami structure to externally bind a Hfg molecule (from methanocaldococcus
jannaschii) which is illustrated as a white dot in the center of the rectangular DNA origami structure (b)
(scalebar: 50nm, Reproduced from 134 with permission from the Royal Society of Chemistry).
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3. Material and Methods

This chapter gives an overview on the different microscopy techniques used in this work. Mi-
croscopy methods like confocal (chapter 3.1) with time correlated single photon counting
(TCSPC, chapter 3.1)), wide-field (chapter 3.2) with total internal reflection fluorescence (TIRF,
chapter 3.2), and DNA-PAINT (chapter 3.2.1) as well as atomic force microscopy (chapter 3.3)
are introduced.

3.1. Confocal Microscopy

An exemplary confocal setup with two laser lines, which can be used for e.g. FRET measure-
ments, is illustrated in Figure 13 a). The red (red) and green light sources (turquoise) are
aligned (orange) via a dichroic mirror (DC,). After passing the second dichroic mirror (DC>) in
the microscope body the lasers (orange) are focused through the objective to the sample. The
sample is measured point by point which can be realized by either scanning with a laser over
the sample (laser scanning) or moving the sample with a piezo stage over the laser (sample
scanning). The red-shifted fluorescence emission is passing the dichroic mirror (DC>) and is
focused with the lens L, to the pinhole P. Only fluorescence of molecules in the focus can pass
through the pinhole, other signals are suppressed. The third dichroic mirror (DCs) is splitting
the fluorescence to different avalanche photo diodes (APD) where the single photons for the
red and green channel are detected.
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Figure 13: Exemplary two-color confocal microscope (a)) with illustration of time correlation single pho-
ton counting (TCSPC) (b)). Every detected arrival time is summed up into a decay (b) lower panel).

To measure the photon arrival time of a molecule a time correlated single photon counting

(TCSPC) module and a pulsed laser source are needed. The time between the triggered laser
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pulse and the detection of a signal on the APD is measured (see Figure 13 b)). After repetition
over multiple pulses a fluorescence lifetime decay (see Figure 13 b)) is gained. This decay has
to be de-convoluted from the instrument response function (IRF) to obtain the real fluorescence

lifetime. By a pixel-wise fluorescence lifetime measurement during a scan a FLIM is generated.
(89]

3.2. Wide-Field Microscopy

An alternative type of fluorescence microscopy is the wide-field microscopy, which is illustrated
in Figure 14 a). When the microscope is operated in epi fluorescence the excitation laser is
expanded with two lenses Li and L, an x/y stage, and then passing through the dichroic mirror
(DC,) into the objective illuminating the sample over a large region of interest (ROI,
~20 x 20 um). The emission of the dye is detected on an EMCCD camera (electron multiplying
charged coupled device). In wide-field microscopy multiple molecules can be observed at the
same time, but the time resolution is limited by the integration time of the camera, which is
around 5 ms. The drawback of wide-field illumination is the increased background signal aris-
ing for example from biomolecules and dyes in solution. To only excited molecules close to the
glass surface, total internal reflection fluorescence (TIRF) microscopy is used. The difference
of the microscopy techniques epi and TIRF is the alignment of the lens system L1 and L2 as
the x/y stage is shifted. This changes the pathway of the excitation laser beam (Figure 14 b))
illuminating the sample not directly but at an angle d to the sample, the so-called TIRF angle.
For d being below the critical angle dt, most of the incident light is reflected to the denser
medium (glass) and an evanescent field is created (see Figure 14 c)). The critical angle dr is

given by the diffraction indices of the sample n; and the glass slide ni (see Eq. 3.1),
o B
— AOAGE] (0] ;357

The decay of the intensity I(d) of the evanescent field is given by Eqg. 3.2 and includes the
distance in the solution d and penetration depth z, which is given in Eg. 3.3 with the excitation

wavelength _.
‘°cQ o0Q O 1]
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After a few hundred nanometer no significant excitation intensity is observed and therefore no
molecule can be excited. The decay of the intensity can also be used to measure the z position
of the fluorophore.®? Besides in TIRF microscopy, evanescent fields can also be created using

zero mode waveguides (ZWM)135136] or prisms,[89.137.138]

a) epi fluorescence b) total internal reflection fluorescence
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Figure 14: Laser path of a wide-field microscope operating in epi fluorescence (a)) and TIRF (b)) with
detailed illustration of TIRF in c). Furthermore, the decaying fluorescence intensity ratio (I/lo) along the
distance d is shown in c), calculated from Eq. 3.2. Epi fluorescence is penetrating the whole sample
while the evanescence field of TIRF decays after a few hundred nanometers.

3.2.1. Super-Resolution and DNA-PAINT

The resolution of a microscope or differentiability of two emitting dyes is limited by the Abbé

criterion,**¥ which is given in Eq. 3.4 for the x/y plane and in Eq. 3.5 for z. (see Figure 15 a)).

Q —— Ow 00l 018
T o0 w Ouy ﬁb’
Q = "0¢'0b 0 ’o®

0 0

The minimum distance d between two dyes or full width half maximum (FWHM) of the point
spread function (PSF) can be calculated from the wavelength of the light _ and the numerical
aperture NA of the objective. With an objective with a high numerical aperture (NA = ~1) a
resolution in the x/y plane of roughly _/2 is obtained while the z resolution is only _. To circum-
vent the Abbé criterion and receive super-resolved images, two different approaches can be
pursued: the deterministic or the stochastic approach. Deterministic super-resolution, like
STED (stimulated emission depletion)*4%141 and GSD (ground state depletion)42143 gre de-

creasing the diameter of the excitation laser beam which decreases the FWHM of the PSFs
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and therefore increases the resolution. In stochastic super-resolution like dSTORM (direct sto-
chastical optical reconstruction microscopy),**4 PALM (photoactivated localization micros-
copy),[’? and DNA-PAINT (points accumulation for imaging in nanoscale topography)®! the
fluorophores are blinking independently from each other (Figure 15 b)). The blinking is adjusted
in a way that only one dye per frame in the diffraction limited distance d is emitting. By detecting
and fitting every single blinking event over time a super-resolved image can be generated
(Figure 15 c)). The localization precision loc of the measurement is quantified by Eq. 3.6 with
the number of photons N and the standard deviation of the PSF (1.[4%)

A O O 1o®

no

0 can be calculated from the FWHM and Eq.3.7.
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Figure 15: lllustration of the Abbe limit and DNA-PAINT. Two dyes (orange Gaussian) won't be distin-

guishable as different light sources when those are limited by the Abbé criterion, leading to the obser-

vation of only one elliptical light source (blue Gaussian; (a))). To circumvent the Abbe limitation both

dyes have to blink independently from each other (gray: dark fluorophore, b)). Finally, instead of observ-

ing one elliptical spot it is possible to detect the single fluorophores. After detecting multiple blinking

events and fitting the spots a super-resolution image can be generated (c), scalebar: 30 nm). One way

to make the molecules blink is the DNA-PAINT technique. Here oligonucleotides labeled with dyes are
transiently binding to the structure of interest (d)
(binding, orange) is shown in the intensity transient (e)).

To get a high localization precision, a high number of photons is needed (Eqg. 3.6). While other
methods like dSTORM and PALM are suffering from photobleaching of the fluorophores, in
DNA-PAINT the fluorophores are frequently exchanged through transient binding. To be more
precise, biomolecules or DNA origami structures (see chapter 2.6) are labelled with protruding

ssDNA to which complimentary ssDNA labels with fluorophores, so-called imager strands, can
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temporally bind. This reduces photobleaching in DNA-PAINT and additional the transient bind-

ing introduces blinking. An iond event refers to a bioterng of t
esttwhil e at an Aoff o event noFigumdgdee) )b iTrhei Mg nids ta
twm whi ch is the time an # oleadusteddynadaptingthedengthe r v e d,
of the complementary ssDNA. In general, more complementary DNA gives a longer ton.!24¢!

Usually, the length of the imager stands is between 6 to 8 nucleotides. By decreasing the con-
centration of the i niemgferethethitod niddtqfark iocreasing. Arfoteer a n d
advantage of DNA-PAINT is that no other chemical is needed like b-mercaptoethanol (for

dSTORM)to introduce blinking to the molecules,*4”! which makes this technique more applica-

ble for biological samples.™*® The main drawback of DNA-PAINT is the destruction of the pro-

truding strands from DNA origami structures due to long lasting laser irradiation,*® which can

be decreased by introducing ROXS or oxygen scavenging systems (see chapter 2.5).
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3.3. Atomic Force Microscopy

To verify the correct folding of DNA origami structures, atomic force microscopy (AFM) is
used.*5% A sketch of an AFM is illustrated in Figure 16 where a laser beam is focused on the
backside of a cantilever, which can be described as a leaf spring with a tip of the size of an
atom. The laser reflected from the cantilever is detected with a segmented photo diode (SPD).
During the measurement the cantilever is moved over the sample and is excited with the ei-
genfrequency causing the cantilever to oscillate. Depending on the sample,*®!! surrounding
medium,*52 or modification of the cantilever,!*>® the frequency changes, which can be detected
on the SPD (illustrated with the lateral deflection in blue and the vertical in green). Besides the
oscillating mode, in which the tip and the sample are in the molecular attractive regime, the
AFM can also be operated in the contact mode with the tip and sample being in a molecular
repulsive regime. The oscillating mode is preferred to the contact mode if i s o f t 0slikea mp | e
DNA are measured but for surface studies like graphene or SiO; the contact mode delivers
better results. In general, the AFM is favored to other surface imaging methods like TEM or
SEM because AFM allows measurements under physiological conditions without the addition
of chemicals like uranyl formate in TEM imaging.***54 While the lateral resolution is only a
few nanometers (< 2 nm), the axial resolution is limited to cantilever artefacts that make a

combination of multiple imaging methods necessary.[*50:15]

a) b)

i

SPD

r-
Q
S

Figure 16: a) Operation principle of an atomic force microscope (AFM) including laser, cantilever and
SPD (segmented photo diode)with lateral (blue double headed arrow) and vertical detection (green dou-
ble headed arrow). b) AFM image of the DNA origami structure.
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4. Summary of Publications

4.1. Publication I: Plasmon-assisted Forster resonance energy transfer at the
single-molecule level in the moderate quenching regime

J. Bohlen ,* A. Cuartero-Gonzalez,* E. Pibiri, D. Ruhlandt, A. |I. Fernandez-

Dominguez, P. Tinnefeld, G. P. Acuna (* equal contribution)

The interaction of a donor dye and an acceptor dye (FRET) or the interaction of a donor dye
and plasmonic nanopatrticles, is well investigated. However, the effect of the proximity of plas-
monic nanostructure (NS) on FRET has been controversely discussed with respect to the
change of the FRET efficiency E and the FRET rate constant ker.[*?' 46 Depending on the study,
for E an enhancement*%4%44 or a reduction*?434548l is described. Similarly, for ker different
publications show an increasing“*#4 or a constant behavior.s! The reason for the different
outcome originates from variances in the samples and in issues with measurements. The sam-
ple variances are caused by different geometrical shapes and materials of the NS as well as
FRET pairs with different FRET efficiencies and spectral overlaps between the FRET dyes and
the NS. Measurement issues, on the one hand, arise from inconstant distances between the
FRET pairs and the NSs, which yield in heterogeneous interaction behaviors between the NS
and the FRET pair. On the other hand, the orientation of the FRET-NS assay relative to the
incident light, can result in a quenching or enhancement of the fluorophores. Furthermore, the
differentiation between completely and partly assembled FRET-NS assay, where the NP, do-

nor, or acceptor is missing, is responsible for heterogenous results.

In our approach, we are tackling the above mentioned measurement issues with the help of
an immobilized rectangular DNA origami structure (NRO; Figure 17 a)). The NRO supports a
defined spacing between the donor and acceptor as well as between the FRET pair and the
NP, which provides homogenous samples. The immobilization of the DNA origami structures
ensures similar orientations of the FRET-NP assay to the incident light. Single-molecule ex-
periments guarantee a differentiation between complete and partly assembled FRET-NP as-
say. Additionally, the acceptor bleaching approach is applied, in which the excitation lasers are
alternated on the second time scale (Figure 17 b)). This approach does not require any prior
knowledge of the sample and only needs minor corrections, like a deconvolution of the fluo-
rescence lifetime and background corrections of the fluorescence intensity. The alternation
between the excitation lasers allows to extract the individual influence of the NP on the donor
in absence and presence of the acceptor as well as on the acceptor only. By changing the

diameter of the spherical gold NP in close proximity to the FRET pair, a change in fluorescence
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intensity and lifetime is observed, from which the FRET efficiency E and the FRET rate con-
stant ket is extracted. The data shows that an increase in NP size results in a decrease of the
fluorescence intensity, lifetime, and FRET efficiency E while the FRET rate constant ker stays
constant (Figure 17 c)). The fluorescence lifetime and intensity quenching as well as the de-
crease of E is caused by the NP coupling and the resulting change in the rate constants. How-
ever, this does not impact ker as it is independent of the rate constant change. Furthermore,
the experimental data are in accordance with numerical simulations from the Fernandez-
Dominguez group. Additionally, a newer publication!**® on FRET close to NP surfaces further
underlines the outcome of our single-molecule results.
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Figure 17: a) Rectangular DNA origami structure immobilized on a glass surface (for a better overview
BSA-biotin and neutrAvidin are not illustrated). FRET pair (Atto542/Atto647N) is located underneath the
spherical gold NP. b) Illustration of the acceptor bleaching approach: The background colors indicate
the excitation laser (green: 532 nm, red: 640 nm). First fluorescence from the green dye (green) and
FRET (orange) occurs afterwards the red dye (red) is bleached and in the finale step the green dye is
bleached. ¢) The results demonstrated that with increasing NP diameter the FRET efficiency E de-
creases while the FRET rate constant ke rstays constant. (both quantities are normalized to correspond-
ing data without any NP).
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4.2. Publication II: Distance Dependence of Single-Molecule Energy Transfer
to Graphene Measured with DNA Origami Nanopositioners

|. Kaminska, J. Bohlen , S. Rocchetti, F. Selbach, G. P. Acuna, P. Tinnefeld

Graphene (see chapter 2.3) can be used as a broad band unbleachable acceptor. Many pub-
lications already observed the distance dependent fluorescence change due to graphene.
However, all these studies gave different results for the GET distance do, where 50% of the
energy is transferred to graphene. GET distances do varying between 8 and 20 nm are re-
ported.b154'571 The broad range of results is caused by an inaccurate positioning of dyes at
defined heights, interactions between neighboring dyes, and dyes with heterogeneous proper-
ties. To overcome these problems, DNA origami structures with organic fluorophores are im-
plemented, the DNA origami nanopositioners. DNA origami nanopaositioners can be immobi-
lized on a graphene surface via “ - stacking of attached pyrene moieties. Via pyrene the DNA
origami structure is noninvasively bound to the graphene surface. This interaction is not inter-
fering with the “ system of the graphene and therefore is not changing its properties. By using
three different DNA origami structures (Figure 18 a)) with a total of six different heights to the
graphene surface, we can verify the d* distance dependence of graphene. Based on fluores-
cence lifetime and intensity data we can extract the GET distance for different dyes, namely
Atto542 (do, attosa2 = 17.7 £ 0.5 nm) and Atto647N (do, atesa7n = 18.5 = 0.7 nm), and further show
a good agreement with theoretical calculations (Figure 18 b)). This work is the cornerstone to
establish GET in combination with DNA origami structures and organic dyes to observe fluo-

rescence changes up to distance of 40 nm to the graphene surface.
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Figure 18: a) lllustration of the three different DNA origami structures investigated in GET studies. b)
Distance dependence between graphene and dye with the designed GET distance on top of the graph.
The data points from Atto542 (green hollow circle with standard errors) are fitted with the green curve
to obtain do (@range). Also the calculated curves for parallel (purple) and perpendicular (purple) oriented
dipoles are shown.
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4.3. Publication lll: Graphene-on-Glass Preparation and Cleaning Methods
Characterized by Single-Molecule DNA Origami Fluorescent Probes and
Raman Spectroscopy

S. Krause, E. Ploetz, J. Bohlen , P. Schiler, R. Yaadav, F. Selbach, F. Stei-

ner, I. Kaminska, P. Tinnefeld

To perform GET experiments on the single-molecule level, graphene-on-glass-coverslips with
a high quality are needed. Therefore, we test in total ten different combinations of established
methodsP® %l to fabricate graphene-on-glass-coverslips. To control the reproducibility of the
protocols, we prepare coverslips according to each method at least three times. The quality is
controlled with FLIM (fluorescence lifetime imaging) data of a DNA origami nanopositioner,
which is attached via pyrene to the graphene surface. The results are correlated with Raman
measurements and AFM images. While FLIM and AFM images show similar results, both only
show a patrtial correlation to the Raman results, which is caused by the two orders of magnitude
larger probing area of Raman. In this approach the DNA origami nanopositioner can be under-
stood as a probe to verify the graphene quality and further allows the addition of a different
DNA origami structure afterwards. As an additional sample we choose an L-shaped DNA ori-
gami structure with a dye labeled pointer that can transiently bind to two binding sites on the
DNA origami structure itself. As both binding sites are at different heights to the graphene
surface the dye experiences different quenching at both positions, which leads to a fluctuation
in the fluorescence intensity and lifetime signals. We are confident that these results will in-

crease the availability of graphene for single-molecule experiments.
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4.4. Publication IV: Graphene Energy Transfer for Single-Molecule Biophysics,
Biosensing, and Super-Resolution Microscopy

| . Kami IEB&hken * R. Yaadav, P. Schiler, M. Raab, T. Schrdder,

J. Zahringer, K. Zielonka, S. Krause, P. Tinnefeld (* equal contribution)

The work of verifying the distance dependence between graphene and organic dyes by the
use of nanopositioners (chapter 4.2)9, and finding the best method for graphene-on-glass
coverslips (chapter 4.3)5% sets out the basis to bring GET to the next level. In this part of the

thesis, the broad application capability of GET is demonstrated.

In first experiments, we study the possibility to study a two color assay at different distances
to the graphene surface. Another two-color experiment focusses on the different binding be-
havior of an L-shaped DNA origami structure to the graphene surface. This is studied in more
detail because not only the pyrene labeled oligonucleotides show “  “ -stacking to the gra-
phene but also the rigid “ system of the DNA helices is interacting with graphene. To quantify
these interactions, we introduce two different dyes on the DNA origami structure to resolve the
relative orientation of the DNA origami structure with the help of graphene energy transfer
(GET) (Figure 19 a)). The results show that an increase of pyrene labeled oligonucleotides
increases the amount of correct standing L-shaped DNA origami structures. This part under-

lines that GET is feasible to measure multicolor samples simultaneously.

To illustrate dynamics with GET, the L-shaped DNA origami structure is functionalized with a
dye labeled pointer, which can transiently bind at two binding sites that differ in their distance
to graphene. By using different lengths of complimentary nucleotides at the binding sites the
dwell times at the binding sites are varying by four orders of magnitude. This strategy can be
transferred to biosensing applications by equipping the DNA origami structure with a 44 nt
double stranded tether, which besides a dye also is provided with a linker for a biomolecule
(Figure 19 b)). The experiments demonstrate that the presence of a target molecule or increase
of the viscosity results in a slower diffusion than the tether only. As a second biosensor a DNA
origami structure is provided with a dye labeled sensing unit. In the beginning the dye is close
to graphene and after the addition of a single stranded target DNA the sensing unit can reach
a higher position and the quenching of the dye is reduced (Figure 19 c)). GET as a quencher
in biosensor assays has the advantage over FRET and quencher-based methods that gra-
phene is unbleachable and due to the different distance dependence longer target strands can

be used.

We combine FRET and GET on a static and dynamic DNA origami sample to obtain the relative

orientation of a FRET pair in space and observe the influence of FRET to GET and vice versa.
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For the static case we use three variations of FRET assemblies in the DNA origami nanopillar,
in which the acceptor always stays at the same position and the donor is at different heights
to the graphene. The assembly of the dynamic FRET on the other hand is implemented in the
L-shaped DNA origami structure. The donor labeled pointer can access two different binding
sites with the lower binding site having larger FRET and GET than the upper site (Figure 19
e)). We show that from the combination of both energy transfers the orientation in space of the
FRET pair in the static and dynamic case can be resolved. In general, the energy transfers
from GET and FRET are independent from each other. We only find a discrepancy for the
samples that are nearest to the graphene surface. This might be due to an additional energy
transfer from the donor to the acceptor through graphene plasmons, the graphene plasmon
energy transfer (GPET). This kind of energy transfer has already been described in theoretical
works in the infrared5"'16% put needs further experiments to be proven in the visible wave-

length range.
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Figure 19: DNA origami structures for GET applications. a) Multiple possible binding geometries of the
L-shaped DNA origami structure to graphene due to additional “-“ stacking of the helices. b) Dynamic
investigations and a bioassay was realized by adding a tether the L-shaped DNA origami structure. c)
As a biosensing assay a dye is more quenched by graphene and after binding of the target strand a
higher binding site is accessible (right part of ¢)). d) For FRET measurements a dynamic DNA origami
structure which can transiently bind to two binding sites at different heights. e) The cubic DNA origami
structure contains different binding sites only 2.7 nm apart for super-resolution imaging of the z-distance
with DNA-PAINT. f) Tracking of a dye was realized by equipping the L-shaped DNA origami structure
with three different binding sites.

As a final experiment, we use GET to improve super-resolution techniques. With a wide-field
setup and the technique of DNA-PAINT a resolution of 6 nm[’5'8% can be resolved in the x/y
plane. However, a similar isotropic resolution in x/y/z is difficult to obtain.l%#2'84 GET applied
in super-resolution microscopy enables a z-resolution of high accuracy by converting the dis-
tance dependent fluorescence intensity quenching into the distance between the dye and the

graphene surface. The acquired quenched fluorescence intensity is compared to a reference
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dye. With the combination of GET and DNA-PAINT we achieve a 3D isotropic resolution on a
cubic DNA origami structure, in which opposite sides have DNA-PAINT binding strands at the
same height and adjacent sides are 2.7 nm apart (Figure 19 e)). Furthermore, we track a dye
labeled pointer that can bind to three different binding sites, which are differing in height to the
graphene surface (Figure 19 f)). In comparison to laborious microscopic methods like 3D MIN-
FLUX® a similar resolution is achieved. The great advantage of combined GET and super-
resolution techniques is the suppression of unspecific binding as dyes that bind to the surface
will be completely quenched. Furthermore, no sophisticated microscopes like MINFLUX[75:81:84
are needed.

Here we show a plethora of applications for graphene as a broad band unbleachable acceptor.
We are confident that this unique material can be easily implemented to complex samples in
order to answer questions in many different fields of interest like biology, physics, and material

science.
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5. Conclusion and Outlook

This thesis focuses on the influence of an NP or a graphene surface to a single dye or FRET
pair. In addition to the basic understanding of energy transfers and the dependency of simul-
taneous energy transfers, a wealth of applications is demonstrated.

In the first part of this thesis, FRET is studied close to a metallic NP. With our single-molecule
approach of self-assemble DNA origami structures we can circumvent problems of previous
publications.%" 46l These problems contain binding of NP, relative orientations of the FRET pair
and NP to the incident light, as well as constant distances between the plasmonic NP and the
FRET pair. To answer the question of the individual influences of the NP on the donor and
acceptor, the acceptor bleaching approach is applied. Our data shows that the FRET rate con-
stant ket stays constant with an increasing diameter of the plasmonic gold NP, while the FRET
efficiency E is decreasing due to the increasing radiative and non-radiative rate constants in-
duced by the NP. Our data is underlined by numerical simulations from the Fernandez-
Dominguez group. Similar results can also be found in a new publication,**® in which a canti-
lever is used as a plamonic antenna. Another interpretation of our results would be that not
only E is changed due to the presence of the NP but also the whole distance dependence of
FRET is shifted to a shorter donor-acceptor distance (see Figure 20 a)). Based on our results
and Eq. 5.1 (derivation see chapter 7) the shifted energy transfer efficiency Enxp can be calcu-
lated.

0 @ —F [OFc: 1)

The FRET energy transfer efficiency Enp is calculated from the fluorescence lifetime of the
donor after acceptor bleaching t (3.27 ns) and the rate constant of the energy transfer be-
tween donor and NP 'Q;  (1.06 ns™). This hypothesis can be proven by adapting the rectan-
gular DNA origami structure of this project in a way that the acceptor is shifted relative to the
donor and NP (see Figure 20 b)). With only four different FRET pairs at distances between 0
and 8 nm the shifted distance dependence can already be illustrated. Finally, FRET in combi-
nation with one or even two coupled NPs can be used to study distances in the high FRET
regime (< 4 nm), where FRET alone is not sensitive enough. This has the potential to answer

biological question for example in the context of protein folding.
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Figure 20: Outlook for FRET samples close to a spherical plasmonic NP. a) Based on the extracted
FRET efficiencies the shifted distance dependence in presence of a 20 nm Au NP is calculated. The
distance dependence can be proven by designing DNA origami structures with a constant distance be-
tween donor and NP surface (dp-ne) and varying the distance between donor and acceptor r (b)).

In the second part of this thesis graphene is introduced as a broadband, unbleachable acceptor
to extend the range of FRET above 10 nm. Therefore, the second main part of this thesis is
the quantification of the graphene distance dependence and the transfer of graphene to glass
coverslips as well as a multitude of GET applications. The distance dependence is tested by
positioning organic dyes with DNA origami structures at defined heights above the graphene
surface. An immobilization of the DNA origami structures is achieved by pyrene-modifications,
which show a “-“ stacking interaction to the graphene surface. This immobilization method
has the advantage that the DNA origami structure is noninvasively attached to the graphene,
which does not change the properties of graphene. Our results show a d*behavior with regard
to the distance between the graphene surface and the fluorophore and is in good agreement
with theoretical calculations. Hence, we can extract the specific distance where 50% of the
energy is transferred to graphene (do) for different organic dyes. Again our approach of con-
trolled dye positioning circumvents the drawbacks from other publications®54571 like position-
ing dyes at defined heights, avoiding dye-dye interactions, and using emitters with constant
properties. To find the best method to fabricate graphene-on-glass-coverslips, we compared
in total ten different combinations of established methods,®® %! and quantified those with FLIM,
Raman, and AFM. While FLIM and AFM show similar results, Raman displays only minor cor-
relations because of the two orders of magnitude larger sensing area of Raman. Here, the
DNA origami structures serve as a precursor to verify the quality of the graphene sample.
Afterwards to the most reliable method a second DNA origami structure is added. This second
DNA origami structure has a pointer, which can transiently bind to two different binding sites
protruding from the DNA origami structure. Both binding sites differ by the distance to the gra-

phene surface, which yields a different quenching of the dye labeled pointer.
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Finally, we establish GET as a tool in biophysics, biosensing, and super-resolution. To this
end, we first show that we can resolve spectrally separated fluorophores at different heights.
Furthermore, we develop an L-shaped DNA origami, which is based on a bilayer of DNA heli-
ces to avoid direct quenching from graphene and a trilayer wall for the attachment of e.g. dyes
and binding sites (see Figure 21 a)). In a multicolor assay GET helps to reveal the orientation
of the L-shape DNA origami structure on the graphene surface. This DNA origami structure is
found to vary in its orientation to the graphene surface. Notonly “  * -stacking from the pyrene
to the graphene is observed, but also the rigid “ -system of the DNA helices itself, which face
to the sides of the L-shape, can bind to graphene (see Figure 21 a) light blue). An increase
from 8 to 42 pyrene labeled oligonucleotides cannot completely solve this issue. For further
investigations a second version of the L-shaped DNA origami structure has to be designed,

which is illustrated in Figure 21 b) and c), the so-called L2. To avoid “ stacking from the
helices the edges of the L2 have an uneven design. Furthermore, at the kink (light red) the
helices are facing directly to the graphene surface. This should enable the use of the helical

“ " stacking to our advantage (light blue) to immobilize the DNA origami structure.

a) b) c)
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Figure 21: Adapting the L-shaped DNA origami design. a) lllustration of the established L-shaped DNA

origami structure with the “ -system of the helices highlighted in light blue. b) Improved L-shaped DNA

ori g ami structure AL20 wi t-Systend(Hghtlbluehdnd unévéenddital edgesd ) heli
which should enhance the correct standing of the DNA origami structure. The side view and the view

from the bottom(c)) are shown. For better overview not all “ -systems are highlighted.

For biosensing, we develop a DNA origami structure with a tether as sensing unit for biomole-
cules and observe the fluctuation in media of different viscosities as well as absence and pres-
ence of biomolecules. As a second biosensing concept a DNA origami construct is used, where
the dye is close to the graphene surface in the beginning and after the addition of a target
strand the dye can bind to a binding site further apart from the graphene surface. Because of
the different distance dependence (up to 40 nm) of GET compared to FRET or quencher-based
methods (~10 nm) GET permits the possibility to detect larger or even multiple targets at once

and it is easier to work with an unbleachable acceptor like graphene.
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The third project focusses on the combination of FRET and GET. Here, we can extract the
relative orientation of the FRET pair in space and observe an independent behavior of FRET
in presence of GET and vice versa in most of the samples. For FRET samples, which are
nearest to the graphene surface, a discrepancy is revealed, which might be accounted for by
an additional energy transfer from the donor through the graphene plasmons to the acceptor
(graphene plasmon energy transfer: GPET). To verify this GPET, which was already presented
in theoretical works!*57189 further experiments are needed. For a horizontally FRET pair de-
sign, we observe this discrepancy starting at a height of 16 nm and lower. For a possible design
of GPET investigation horizontally arranged FRET pairs should be placed at a distance be-
tween 16 nm and 10 nm to the graphene surface. The lower limit is 10 nm as every dye placed
below this height is already quenched by 90% only by GET, and the donor is quenched even
more when FRET occurs. To still gain enough fluorescence signal from dyes placed close to
the graphene surface, measurements can also be performed at higher laser powers but this

usually leads to a fast bleaching of the acceptor under excitation of the donor.

Lastly, for a super-resolution assay, we realize two different samples: a cubic DNA origami
structure to resolve a height difference of only 2.7 nm using DNA-PAINT, and a DNA origami
structure with a pointer, where we even got a better isotopic resolution than the current best
MINFLUX measurement.®4 For DNA-PAINT or biological samples we gain the advantage to
not observe any unspecific binding because the fluorescence signal will be quenched when

fluorescent entities bind to the graphene surface.

For further experiments like imaging whole cells or arrays of DNA origami structures as bio-
sensors, wide-field measurements are preferred over confocal microscopy as wide-field meas-
urements are recording a larger region of interest (ROI). Wide-field microscopy in general is a
fluorescence intensity-based method, which makes it dependent on the excitation laser inten-
sity. Of course fluorescence lifetime methods to be implemented in wide-field microscopy are
around6% 1631 pyt these suffer from a low quantum yield of the cameral*®® or a low sensitiv-
ity,[161:1621 which makes it hard to combine those with super-resolution techniques on the single-
molecule level. Another drawback of wide-field measurements is the Gaussian profile of the
excitation laser. Therefore, molecules close to the center of the laser are excited with a higher
laser power and emit more intensity compared to molecules further apart from the laser beam
center. To extract the distance from GET data, a reference structure is needed. Reference
structures can be dyes without any quenching like on glass or >50 nm away from the graphene
surface but also dyes at a defined height in the DNA origami structure. This heterogeneous
illumination in a wide-field setup makes it difficult to position reference structures for GET be-
cause even a reference struct ur leas adiffereniflugpes-x el s (|

cence intensity. A novel approach to avoid this problem is by extending the microscope either
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with FIFI (flat illumination for field independent imaging)™*4 or a piShaper,*®! which leads to a
homogenous illumination. But placing reference structures to observe biomolecules might still
not be straight forward. The first idea for a reference structure is to position DNA origami struc-
tures between the biomolecules of interest and refer to those as a reference, but the dye prop-
erties might change depending on the environment.[®6'17% Therefore, a referencing with the
dye itself at the biomolecule of interest seems to be the only possible way to circumvent this
problem. This self-referencing can be realized by electrically contacting or doping graphene
and make it a switchable acceptor. Compared to undoped graphene (Figure 22 a)), contacting
graphene with a negative potential leads to p-doping, which means that electrons are removed
from the valence band. When the energy between the valence and conduction band is larger
than the energy from the emitting dye no GET takes place and no quenching is observed
(Figure 22 b)).[10L171.1721 This finally makes it possible to implemented GET beyond DNA ori-

gami structures.
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Figure 22: Jablonski diagram of undoped (a)) and p-doped graphene (b)). In case of the undoped gra-
phene an electron from graphene is excited from the VB to the CB (orange arrow) and decays back to
the VB (red arrow) after excited from a dye in close proximity (waved torques arrow). The contacting of
graphene with a negative voltage yields in a removing of the electron in the VB of graphene. When the
applied voltage is large enough the energy transfer from the donor dye is too low to excited an electron
from the VB to the CB. Measurements with and without voltage make it possible to implemented gra-
phene as a switchable acceptor.

Another way to make GET more feasible for biomolecules or even cells is to increase the
working distance, which is limited at a monolayer of graphene to roughly 40 nm. The sensing
limit can be increased by using multilayer graphene. Under the assumption that additional lay-

ers show the same quenching behavior Eq. 2.6 can be expanded with the number of layers n.
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Figure 23 a) illustrates that together with do also the working range will be increased. When

comparing the working range of every layer where — is 4%, the overall impact is only minor:

40 nm for monolayer, 48 nm for bilayer, 53 nm for trilayer, 57 nm for tetralayer, and 60 nm for
pentalayer. However, the production of multilayer graphene is still challenging.
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Figure 23: Expanding the distance dependence of GET. a) Calculations of multilayers show a minor
increase of do and the working range from monolayer (blue) to pentalayer (green). b) lllustration of GET
(blue), SIMPLER (light orange, light green) and the combination of both (orange, green). As both meth-
ods are contrary to each other a fluorescence intensity value shows ambiguity in height as it can belong
to two different distances. When a measurementm; ( d = 69A, | i ght orange,
fluorescence intensity of 25% relative to the maximum fluorescence intensity is measured this could

orang

either be a height of 8 nm or 145 nm. A second measurementmawi t h a di fferent TIRF an

green, green) delivers a relative fluorescence intensity of 37%, which gives an unambiguous result for
distance d; of 145 nm.

Another approach to improve the working range of GET is the combination with SIMPLER
(Supercritical lllumination Microscopy Photometric z-Localization with Enhanced Resolution).
SIMPLER uses the decaying evanescent field of TIRF to estimate the axial position of a dye.[?
Thereby the fluorescence intensity of a dye further apart from the surface decreases with the
distance (see Figure 23 b), light orange or light green). GET shows the contrary effect where
a dye, which is further apart from the surface, is emitting more fluorescence intensity (see
Figure 23 b), light blue). A combination of both techniques would result in a fluorescence in-
tensity that can be attributed to two potentially different heights for a molecule. A solution to
circumvent this problem is to perform measurements with different TIRF angles d. To clarify
this point, when combined SIMPLER and GET is measured (m,) a relative fluorescence inten-
sity of 25% at a TIRF angle d of 69° is detected. This could be a distance of either 8 nm or
145 nm to the graphene surface. A second measurement (m;) with an angle of 65° and a

relative fluorescence intensity of 37% clarifies the unambiguity to the distance (di) of 145 nm.
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When fluorescence lifetime-based cameras are improved in their quantum vyield in the future,
they can also be feasible for the implementation of GET and SIMPLER. For those cameras the
information of the fluorescence lifetime is showing the influence of GET only to the dye, while
the fluorescence intensity contains combined information of SIMPLER and GET.

A noteworthy observation during the GET measurements is the degradation of graphene in
presence of H.O, as a byproduct of the oxygen scavenging system glucose oxidase-catalase-
glucose, the triplet quencher cyclooctatetraene (COT), and longtime laser exposure. To cir-
cumvent the byproduct H>O;, the oxygen scavenging system is exchanged to protocatechuic
acid (PCA) and the enzyme protocatechuate decarboxylase (PCD). While the longtime laser
exposurel*”3174 and H,0,1*">17l is already investigated, only simulated data for COT on gra-
phene is published.r”"178 Nevertheless, this underlines the possible use of graphene as a
sensor for the detection of chemicals like COT or H.O, and biomolecules.!”®8 The laser
induced destruction of graphene can be used to cut defined patterns into the surface. This
facilitates a patterning at distances above the diffraction limit. The uncovered glass surface is
then accessible for biomolecules enabling high throughput measurements without the stochas-
tic limitations of single-molecule measurements.!*8! Patterning with a laser has the advantage
over other methods!*®?' 188l that no additional chemical working steps need to be applied, like

etching, which can harm the graphene.

To sum up the work of this thesis, the combination of NPs and FRET reports a possible shift
of the distance dependence in FRET that potentially helps to resolve distances or dynamics
below the sensitive FRET regime. Proceeding on the energy transfer between fluorescent dyes
and NPs, GET shows a large variety of possibilities. A problem that occurred from DNA origami
immobilization on graphene is an additional “© “ -stacking of DNA that complicates correct
standing of the L-shaped DNA origami structure. To increase the correct standing fraction of
the L-shaped DNA origami structure, a second L-shaped DNA origami structure, which uses
the previous knowledge of binding characteristics of DNA and pyrene to the graphene surface
has to be developed. Based on the advantages of nanopositioners several assays can be
designed using GET. A FRET pair close to the graphene surface (< 16 nm) shows indications
of GPET,'5"1601 which has to be accurately investigated. Besides further investigations on
newly designed samples also microscope assemblies need to be improved. For experiments
on the wide-field microscope, for example, the illumination of the ROI has to be more homo-
geneous, which could be realized by the introduction of either FIFI or a piShaper to the micro-
scope.[84185 Fyrthermore, applying a potential to graphene could facilitate to implement gra-
phene as a switchable acceptor, which represents a novel referencing approach.[to1.171.172]

While the working range of graphene is only minor advanced by the addition of multiple layers
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of graphene the combination of SIMPLER®? and GET shows an increase of up to a few hun-
dred nanometers. A homogeneous illumination, switchable graphene, and a larger working
range are crucial for the investigation of biological samples. Also the influence of chemicals!*”
178 or laser radiation*”3174 to graphene shows an application potential of graphene as a sen-
sor. Laser patterning in graphene could make it feasible for high throughput measurements.

This work underlines the potential to extend the well-studied energy transfer of FRET with NPs
or graphene. Besides quantitative investigations of those energy transfers also a plethora of
GET applications is shown. In addition, future experiments will further expand the implemen-
tation of the presented energy transfers to broader scientific fields.
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Calculation of the Shifted FRET Distance in Presence of a NP

7. Calculation of the Shifted FRET Distance in Presence of a NP

The FRET efficiency E is given by the FRET rate constant ket and the sum of other rate con-

stants depopulating the S: of the donor kx.
° 5% Orm®

When an NP is in close proximity of the FRET pair an additional rate constant kpne is added,

which decreases E.

0 7 7 7 (0] @(&

By combing both previous equation Eq. 7.3 is generated.

. p .
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E can also be expressed through the distance between donor and acceptor r as well as FRET

distance ro.

018

Now Eq. 7.3 and 7.4 are combined in Eq. 7.5.

0O

oF O iK®

While ket also depends on the distance between donor and acceptor, it is replaced in Eq. 7.5
by expression of Eq. 7. 6. Eq. 7.6 also includes the fluorescence lifetime of the donor after
acceptor bleaching 7.

Q — O &

Finally, the distance dependence in presence of an NP is given is Eq. 7.7.

1
0 _ O
[ T B O WX

This equation is only valid for a sample with a constant distance between the donor and the
NP surface. Otherwise the distance dependence for kpne has to be taken into account,
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1. Introduction

Plasmon-assisted Forster resonance energy
transfer at the single-molecule level in the
moderate quenching regimet

J. Bohlen, 2 *° A Cuartero-Gonzalez, :° E. Pibiri,® D. Ruhlandt,®

A. 1. Fernandez-Dominguez, {2 € P. Tinnefeld 2 ** and G. P. Acuna (0 *@¢

Metallic nanoparticles were shown to affect Forster energy transfer between fluorophore pairs. However,
to date, the net plasmonic effect on FRET is still under dispute, with experiments showing efficiency
enhancement and reduction. This controversy is due to the challenges involved in the precise positioning
of FRET pairs in the near field of a metallic nanostructure, as well as in the accurate characterization of
the plasmonic impact on the FRET mechanism. Here, we use the DNA origami technique to place a FRET
pair 10 nm away from the surface of gold nanoparticles with sizes ranging from 5 to 20 nm. In this
configuration, the fluorophores experience only moderate plasmonic quenching. We use the acceptor
bleaching approach to extract the FRET rate constant and efficiency on immobilized single FRET pairs
based solely on the donor lifetime. This technique does not require a posteriori correction factors neither
a priori knowledge of the acceptor quantum yield, and importantly, it is performed in a single spectral
channel. Our results allow us to conclude that, despite the plasmon-assisted Purcell enhancement
experienced by donor and acceptor partners, the gold nanoparticles in our samples have a negligible
effect on the FRET rate, which in turns yields a reduction of the transfer efficiency.

the fluorophore emission pattern into the far-field.>® Over the
last decades, these abilities of metal nanoparticles (NPs) were

Surface plasmons supported by metal nanostructures can
affect the photophysical properties of fluorophores in multiple
ways."? First, they can alter the excitation rate by changing the
intensity of the incident electric field at the fluorophore’s posi-
tion.* Second, they can modify the radiative and non-radiative
decay rates of molecules through the photonic local density of
states, thus affecting their overall quantum efficiency and fluo-
rescence lifetime." Finally, surface plasmons can also shape
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exploited for the development of optical antennas,”” which
have enabled nanophotonic applications ranging from
fluorescence enhancement™'™'" or photostability'>'? incre-
ment to the detection of single molecules at elevated
concentrations'*™"” or the sequencing of DNA in real time.'®

Forster (or fluorescence) resonance energy transfer (FRET)
is the non-radiative dipole-dipole energy exchange between
two (donor and acceptor) fluorophores. The extreme sensitivity
of this mechanism to the inter-molecular distances (in the few
nanometer range) is currently being exploited in a wide range
of biophysical and cell biological'®*® tools, which make it
possible to monitor the change in conformation and structure
of biological complexes. Moreover, FRET also plays a funda-
mental role in light harvesting processes®’** in plants and
photosynthetic bacteria. Apart from its fundamental interest, a
profound understanding of FRET and its photonic impli-
cations is expected to be instrumental for the development of
highly efficient organic photovoltaic devices.*>>*

Recent theoretical®*® and experimental®” studies indicate
that metal structures can alter the energy transfer between
donor-acceptor fluorophore pairs, enlarging the energy-trans-
fer distance,”® and improving fluoreseence image resolution.>
However, the net effect of surface plasmons on FRET remains

This journal is © The Royal Society of Chemistry 2019
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controversial.*®

Contradictory phenomena have been reported
ranging from FRET efficiency reduction®'** and enhance-
ment,””*® together with a linear and non-linear dependence of
the FRET rate on the photonic local density of states.®***3°
This lack of conclusive results and overall agreement can be
attributed mainly to two factors. First, it is challenging to posi-
tion a FRET pair in the near field of a metallic nanostructure
with nanometer precision. Second, it is also extremely
demanding to isolate the effect of the surface plasmons sup-
ported by metal NPs on FRET. Indeed, most studies were per-
formed at the ensemble level based on an analysis of both the
donor and acceptor intensities. Thus, the FRET rate and
efficiency were extracted from averaged populations and not for
each single fluorophore pair. Furthermore, these approaches
required correction factors and previous knowledge of the NPs
effect on the donor and acceptor quantum yield. Note that the
fluorophore-NP interaction is characterized by a strong spectral
dispersion, as extensively reported in the literature for the fluo-
rescence intensity***® and lifetime®” enhancement and quench-
ing. This is due, among other factors, to its dependence on the
NP size and shape and on the relative orientation of the fluoro-
phore and its distance to the NP. Therefore, conclusive results
can only be drawn if FRET is studied at the single NP-fluoro-
phore pair level. These limitations call for a thorough alternative
strategy to settle the plasmon-assisted FRET controversy.

In this work, we use the DNA origami technique to position
single FRET pairs 10 nm away from single Au NPs of different
sizes. These NPs exhibit an extinction cross section that over-
laps with the absorption and emission spectral ranges of the
donor (strongly) and acceptor (moderately) fluorophores.
Experimental reports indicate that 10 nm is the distance where
fluorescence quenching of molecules by metal particles is
roughly 50% and therefore this is a very relevant and sensitive
distance range.***® We determine, at the single molecule level
and on immobilized fluorophore pairs, how the NP size affects
the FRET rate and efficiency. Our results, obtained following
the so-called “acceptor bleaching” approach, allow us to con-
clude that for sizes between 5 and 20 nm, despite the signifi-
cant Purcell enhancement experienced by donor and acceptor,
there is no significant change in the FRET rate between them.
Therefore, the FRET efficiency is reduced due to the increment
of the total decay rates of fluorophores in the vicinity of Au
NPs. Our findings are supported by electromagnetic calcu-
lations implementing a semi-classical model for FRET, para-
meterized according to the experimental samples and yielding
excellent agreement with measured results.

2. Sample preparation and FRET
characterization

The study of plasmon-assisted FRET proves to be significantly
challenging. The first difficulty comprises sample fabrication.
Although the first pioneering experiments were performed on
an undetermined number of FRET pairs in the near field of
NP dimers,"" a detailed understanding of the plasmon-assisted

This journal is @ The Reyal Society of Chemistry 2019
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FRET effect demands the fabrication of single donor-acceptor
pairs with a controlled intermolecular distance, as well as their
precise positioning nearby a metal nanostructure. DNA as a
scaffold has been extensively employed to self-assemble FRET
pairs with nanometer precision,”” through the hybridization of
two complimentary single DNA strands labeled with a donor
and acceptor fluorophore respectively. In fact, Wenger and co-
workers have exploited this approach to reveal how zero-mode
waveguides®” (also termed nano-apertures) and dimer optical
antennas fabricated within nano-apertures*® modify the FRET
of diffusing donor-acceptor pairs based on double-stranded
DNA sequences in solution. This approach was also employed
to fix the relative orientation between donor and accep-
tor.””*"?* These pioneering works were only able to account
for the spatially averaged effect of the metallic structures on
FRET because the donor-acceptor pair was allowed to freely
diffuse within the nano-apertures. Recently, double-stranded
DNA was also employed to place a FRET pair at the hotspot of
an optical antenna based on one and two Au NPs.*'*? The
introduction of the DNA origami technique®* enables the self-
assembly of complex hybrid structures, in three dimensions,
where different species such as dye molecules, quantum dots,
and metal NPs can be positioned with nanometric precision
and stoichiometric control.*> Thus, it has been exploited for
nanophotonic applications in recent years**™*® including the
study of FRET in the vicinity of Au NPs.*

The second obstacle for FRET assessment originates from
the far-field measurement method itself, and the indirect
extraction of the transfer rate and efficiency near metal NPs.
Note that the FRET efficiency E is defined as"’

Inn /s

E=1—Tpa/ly=— 0/Px
oa/To Isn/¢s + Ipa/Pp

1)
where I, and I,, are the fluorescence intensities of the donor
fluorophore in the absence and presence of the acceptor respect-
ively, Inp the acceptor’s fluorescence intensity upon donor exci-
tation and ¢, (¢pp) the quantum yield of the acceptor (donor). The
central and right hand side of eqn (1) enable the calculation of E
with different experimental approaches. In the central expression,
only the fluorescence intensity of the donor needs to be measured
in a single spectral channel. However, it is necessary to determine
it in the presence and absence of the acceptor. In experiments
with single immobilized molecules, this is typically achieved by
waiting until the acceptor bleaches (acceptor bleaching approach).
In contrast, the expression on the right side requires the measure-
ment of the fluorescence signal of both donor and acceptor, and
therefore in two different spectral channels.

Similarly to eqn (1), the FRET rate constant ket can be esti-
mated from the donor’s fluorescence lifetime in the presence
7pa and absence of the acceptor 7, as

er = — — — (2)

It is worth noticing that for a particular FRET pair, and
under the same excitation and detection conditions, Ips/In =

Nanoscale, 2019, 11, 76747681 | 7675
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