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Abstract

The �eld of nanophotonics focuses on the interaction between electromagnetic radia-

tion and matter on the nanometer scale. The elements of nanoscale photonic devices

can transfer excitation energy non-radiatively from an excited donor molecule to an

acceptor molecule by Förster resonance energy transfer (FRET). The e�ciency of this

energy transfer is highly dependent on the donor-acceptor distance. Hence, in these

nanoscale photonic devices it is of high importance to have a good control over the spa-

tial assembly of used �uorophores. Based on molecular self-assembly processes, various

nanostructures can be produced. Here, DNA nanotechnology and especially the DNA

origami technique are auspicious self-assembling methods. By using DNA origami

nanostructures di�erent �uorophores can be introduced with a high local control to

create a variety of nanoscale photonic objects. The applications of such nanostructures

range from photonic wires and logic gates for molecular computing to arti�cial light

harvesting systems for arti�cial photosynthesis.

In the present cumulative doctoral thesis, di�erent FRET systems on DNA origami

structures have been designed and thoroughly analyzed. Firstly, the formation of gua-

nine (G) quadruplex structures from G rich DNA sequences has been studied based on

a two-color FRET system (Fluorescein (FAM)/Cyanine3 (Cy3)). Here, the in�uences

of di�erent cations (Na+ and K+), of the DNA origami structure and of the DNA

sequence on the G-quadruplex formation have been analyzed. In this study, an ion-

selective K+ sensing scheme based on the G-quadruplex formation on DNA origami

structures has been developed. Subsequently, the reversibility of the G-quadruplex

formation on DNA origami structures has been evaluated. This has been done for the

simple two-color FRET system which has then been advanced to a switchable photonic

wire by introducing additional �uorophores (FAM/Cy3/Cyanine5 (Cy5)/IRDye®700).

In the last part, the emission intensity of the acceptor molecule (Cy5) in a three-color

FRET cascade has been tuned by arranging multiple donor (FAM) and transmitter

(Cy3) molecules around the central acceptor molecule. In such arti�cial light harvesting

systems, the excitation energy is absorbed by several donor and transmitter molecules

followed by an energy transfer to the acceptor leading to a brighter Cy5 emission.

Furthermore, the range of possible excitation wavelengths is extended by using several

di�erent �uorophores (FAM/Cy3/Cy5). In this part of the thesis, the light harvesting

e�ciency (antenna e�ect) and the FRET e�ciency of di�erent donor/transmitter/

V



VI ABSTRACT

acceptor assemblies have been analyzed and the arti�cial light harvesting complex has

been optimized in this respect.



Zusammenfassung

Nanotechnologie hat in den letzten Jahrzehnten durch die Herstellung von Materialien

mit auÿergewöhnlichen Eigenschaften für Anwendungen im Bereich der Medizin und

Materialwissenschaften immer mehr an Popularität gewonnen. Die Herstellungsme-

thoden von Nanostrukturen sind weit gefächert. Auch Desoxyribonukleinsäure (DNS

bzw. engl. DNA, deoxyribonucleic acid) kann für die Herstellung von Strukturen im

Nanometerbereich genutzt werden. Diese sogenannte DNA-Nanotechnologie wurde in

den frühen 1980er Jahren von Nadrian C. Seeman begründet. [4,5] Ungefähr 30 Jahre

später wurde eine neue Methodik für die Herstellung von DNA-Nanostrukturen von

Paul W. K. Rothemund entwickelt, die er �sca�old DNA origami� (Gerüst-DNA-

Origami) nannte. [6] DNA-Origami-Nanostrukturen können relativ einfach hergestellt

werden und eignen sich perfekt für die Anordnung unterschiedlicher Moleküle (zum

Beispiel Fluorophore) mit hoher räumlicher Kontrolle und Präzision. Daher können

sie als Substrate genutzt werden, um verschiedene Förster-Resonanzenergietransfer

(FRET) Systeme zu entwerfen und zu untersuchen. FRET ist ein strahlungsloser

Energietransfer, bei dem die Anregungsenergie von einem Donor- auf ein Akzeptor-

Molekül übertragen wird.

In dieser kumulativen Doktorarbeit wurden verschiedene FRET-Systeme auf DNA-

Origami-Nanostrukturen entwickelt und mithilfe der Fluoreszenzspektroskopie unter-

sucht. Hierbei wurde zuerst die durch einwertige Kationen (Kalium oder Natrium)

induzierte Guanin-Quadruplex-Faltung von freier Telomer-DNA und Telomer-DNA

auf DNA-Origami-Strukturen mittels FRET analysiert. Diese Untersuchungen haben

gezeigt, dass die freie umgedrehte menschliche Telomer-Sequenz (RevHumTel, 5'-(GGG

ATT)4) generell sensitiver auf K+ als auf Na+ reagiert. Durch die Immobilisierung der

Telomer-DNA auf DNA-Origami-Strukturen kann eine vollständige Selektivität für K+

erreicht werden. [1] Interessanterweise wird die Ionenselektivität aufgehoben, wenn die

menschliche Telomer-Sequenz (HumTel, 5'-(TTA GGG)4) verwendet wird.

Basierend auf der G-Quadruplex-Faltung konnten schaltbare FRET-Systeme entwickelt

werden, da sich die G-Quadruplexe wieder entfalten, wenn die Kationen mithilfe von

zum Beispiel Kryptanden entfernt werden. In den hier untersuchten FRET-Systemen

konnte zwischen hoher FRET-E�zienz (gefalteter G-Quadruplex) und niedriger FRET-

E�zienz (entfalteter DNA Einzelstrang) durch Zugabe KCl bzw. cryptand gewechselt

werden. Da sich DNA-Origami-Strukturen recht einfach modi�zieren lassen, wurde

VII
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das ursprüngliche zwei-Farben-FRET-System durch Hinzufügen eines weiteren etwas

rotverschobenen Farbsto�es erweitert (drei-Farben-FRET-Kaskade). Schlieÿlich konn-

te ein schaltbarer photonischer Draht durch Einfügen eines vierten Farbsto�es ent-

wickelt werden. [2]

Die Emissionsintensität des �nalen Akzeptors ist in einer einfachen drei-Farben-FRET-

Kaskade (ein Donor, ein Transmitter und ein Akzeptor) verhältnismäÿig gering und

kann durch das Anordnen von mehreren Donor- und Transmitter-Molekülen um ein

zentrales Akzeptor-Molekül herum stark erhöht werden. In diesen sogenannten

künstlichen Lichtsammelkomplexen absorbieren die Donor-Moleküle das Anregungslicht

und übertragen dieses über mehrere FRET-Stufen zum Akzeptor-Molekül. Dadurch

wird der Wellenlängenbereich der elektromagnetischen Strahlung, welcher vom Akzep-

tor absorbiert werden kann, vergröÿert und die Emissionsintensität des Akzeptors ver-

stärkt. In diesem Teil der Arbeit wurde die Anzahl der Farbsto�e und die Anordnung

dieser unterschiedlichen Farbsto�e variiert und die Lichtsammele�zienz und FRET-

E�zienz bestimmt. Hierbei wurden diese Parameter optimiert und aufgrund der gefun-

denen Ergebnisse konnten Design-Regeln für solche künstlichen Lichtsammelkomplexe

aufgestellt werden. [3]



Chapter 1

Introduction

Nanotechnology has gained more and more popularity over the last decades by develop-

ing materials with extraordinary properties for medical applications or material science.

A variety of methods has been developed to create structures on the nanometer scale.

These nanostructures have exceptional physical and chemical properties. The prepara-

tion of nanomaterials is basically done using two di�erent processes called top-down and

bottom-up. Top-down principally means that nanostructures are achieved by reducing

the size of bulk material. Here, optical lithography or nanoimprint processes are often

used to generate nano-objects with a great precision and reproducibility. [7] The main

disadvantage of these top-down methods is that the needed equipment is of high cost. [8]

The bottom-up process on the other hand is based on enlarging material starting from

atoms, molecules or particles and is based on relatively simple chemistry which makes

it a rather cost-e�ective method. [9] Here, the most attractive process for associating

nanostructures is the self-assembly of for example nanoparticles or biomolecules. Self-

assembly is the spontaneous formation of stable structures under equilibrium conditions

held together by di�erent interactions such as van-der-Waals forces, hydrogen bonds

or electrostatic interactions. [8] Deoxyribonucleic acid (DNA) for example can be used

to generate these self-assembled nanostructures with high precision and controllable

conditions. The assembly of DNA nanostructures is based on the speci�c base pairing

stabilized by hydrogen bonds. The idea for DNA nanotechnology was developed by

Nadrian C. Seeman in 1982. [4] Seeman had the vision to generate larger highly ordered

DNA lattices by linking certain smaller DNA building blocks (so called �DNA tiles�)

together. A variety of 2D and 3D nanostructures have been created based on this

method. [10�13] Nevertheless, this DNA tile-based assembly has some limitations and

the preparation of these DNA nanostructures is not necessarily straightforward. [14] In

2006, Paul W. K. Rothemund developed a new strategy to create DNA nanostructures

which overcame the previous restrictions of DNA tile-based nanotechnology. In this

approach (�sca�old DNA origami�), a long circular single DNA strand (so called �scaf-

fold strand�) is folded into arbitrary 2D and 3D structures with the help of short single

1



2 CHAPTER 1. INTRODUCTION

DNA strands (so called �staple strands�, ca. 200 di�erent single strands). [6] The main

advantage of the DNA origami method is that each staple strand can be addressed

individually and separately. This means, that up to 200 di�erent modi�cations can be

attached to one single DNA origami structure by modifying the staple strands with the

desired moieties. Since the exact position of each staple strand of the DNA origami

structure is known, these nanostructures can be used to arrange di�erent molecules

with a high spatial precision. [5] Hence, DNA origami structures are ideal to create

di�erent Förster resonance energy transfer (FRET)-based photonic assemblies with

various �uorophores. [15,16] Such FRET-based nanoscale photonic devices have a variety

of potential applications and can be used to create for example optical sensors for dif-

ferent molecules with high selectivity. [17,18] Furthermore, FRET-based photonic wires

can be assembled to generate a signal transduction over a few nanometers with a high

precision. [19] A photonic wire is created by a linear assembly of multiple �uorophores

which transfer the light energy from one end to the other via multiple FRET steps. [20]

To control the output signal of such photonic assemblies (�uorescence emission of the

�nal acceptor molecule), molecular switches can be introduced. Molecular switches

are based on the reversible switching between two conformations induced by di�erent

chemical inputs. [21] A prominent example for molecular switches is the conformational

change of guanine rich DNA sequences between the random coil and the G-quadruplex

conformation induced by certain cations. [22,23] By introducing or removing a certain

input the molecular switch changes its conformation leading to an �on� and �o�� state,

respectively. When such a molecular switch is introduced in a photonic wire the signal

transduction is either operative or interrupted. Furthermore, photonic assemblies on

the nanometer scale can be used to create arti�cial light harvesting systems. In such

systems, which are inspired by natural light harvesting systems found in photosynthe-

sis, the light energy is collected by several molecules (donor) and funneled to a few or

one single �uorophore (acceptor) in the center. Thus, the absorption of the acceptor

is enhanced and the �uorescence emission becomes brighter. [24,25]

The aim of this work is to create di�erent FRET-based photonic assemblies on DNA

origami structures. In the �rst attempt, the conformational change of telomeric DNA is

analyzed based on a two-color FRET system. Telomeric DNA is a guanine rich sequence

which can change its conformation from a random coil to the G-quadruplex structure

upon the addition of certain monovalent cations. [22,26] Here, the in�uence of di�erent

cations (K+ vs. Na+), the in�uence of the DNA origami structure (free telomeric

DNA vs. telomeric DNA attached to DNA origami structures) and the in�uence of the

DNA sequence itself (human telomeric DNA (HumTel) vs. reversed human telomeric

DNA (RevHumTel)) are studied. By attaching RevHumTel to DNA origami struc-

tures a highly selective potassium sensing scheme is created (manuscript �ion-selective

FRET� [1] in section 4.2). Furthermore, the reversibility of the G-quadruplex forma-

tion is investigated to generate switchable FRET systems on DNA origami structures.



3

This is done in a two-color FRET system which is extended to a more sophisticated

three-color FRET cascade and �nally to a switchable photonic wire by introducing

additional acceptor molecules which emit further red shifted (manuscript �switchable

photonic wire� [2] in section 4.3). In the last part, an arti�cial light harvesting system

is created to enhance the overall emission intensity of the acceptor molecule. Here,

a three-color FRET cascade is used to additionally increase the number of possible

excitation wavelengths. The light harvesting e�ciency expressed as antenna e�ect and

the FRET e�ciency are thoroughly analyzed for di�erent donor/transmitter/acceptor

assemblies. Based on these studies, design options for the optimal �uorophore arrange-

ment and number can be derived (manuscript �arti�cial light harvesting� [3] in section

4.4).
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Chapter 2

Theoretical background

2.1 DNA nanotechnology

The �eld of DNA (deoxyribonucleic acid) nanotechnology has developed in the last

decades tremendously. It started all o� in 1982 when Nadrian Seeman examined

�branched immobile junctions� to build up highly ordered DNA constructs. [4,27] In

this section the structural basics of DNA and the development of DNA nanotechnol-

ogy starting with DNA tile-based structures and followed by the invention of the DNA

origami method by Paul Rothemund in 2006 are discussed. [6]

2.1.1 Structural basics of DNA

Deoxyribonucleic acid is a polyelectrolyte which stores the genetic information. This

polymer chain consists of repeating nucleotides (nt) which are composed of a nucle-

obase (nb), a sugar (deoxyribose) and a phosphate group (see �gure 2.1a). The sugar-

phosphate backbone provides the structural integrity and the order of the di�erent

bases contains the genetic information. There are four di�erent nb, namely adenine

(A), thymine (T), guanine (G) and cytosine (C) which can associate speci�cally and

selectively via hydrogen bonds. Due to these speci�c interactions single stranded DNA

(ssDNA) can hybridize and form a DNA double helix (�gure 2.1). [28] The structure of

the DNA double helix was �rst resolved by Watson and Crick in 1953. [29] Since then it

is known that A pairs with T and G pairs with C (see �gure 2.1b). As shown in �gure

2.1b A and G are purine and T and C are pyrimidine derivatives. Additionally, A and

T are connected via two hydrogen bonds whereas C and G are held together by three

hydrogen bonds (Watson-Crick DNA pairing). Thus, DNA double strands containing

many G and T bases are more stable compared to DNA double strands containing A

and T bases. As depicted in �gure 2.1b the hydrogen bonds are directed (schematically

shown by an arrow pointing from the H-bond donor to the H-bond acceptor).

5
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Figure 2.1: (a) Building blocks of the DNA: nucleobase (black), sugar (light blue)
and phosphate group (brown). The sugar and the phosphate group represent the
backbone of the DNA. (b) Pairing of DNA bases and arrangement of hydrogen bonds
for Watson-Crick base pairing. (c) Schematic illustration of a DNA double helix in the
B-form postulated by Watson and Crick. The sugar-phosphate backbone is depicted
in gray together with the four di�erent nb (blue: A, red: T, green: G, yellow: C).
(Images are adapted from literature [28])

For the N�H � N bond in the base pair A/T, pyrimidine (T) is the proton donor and

purine (A) the proton acceptor whereas for the base pair G/C it is the opposite. For

the carboxylic hydrogen bond N�H � O in A/T, purine (A) is the proton donor and

pyrimidine (T) the proton acceptor and again for G/C it is vice versa. This means, that

in general A could pair with G and C with T because they would follow the same rules

for hydrogen bonding. Here, the backbone of the DNA strand comes into play. It �xes

the diameter of the DNA double helix so that only purine and pyrimidine bases match

and only the hydrogen bonds shown in �gure 2.1b are feasible. The combination of two

purine or two pyrimidine bases lead to distortions of the DNA backbone resulting in an

increase of the free energy. [5] The most common conformation of double stranded DNA

(dsDNA) in biological media is the B-form but there are also the A- and Z-form which

have di�erent dimensions. In the B-form the distance between each nb is 0.34 nm, a

whole turn of the DNA double helix appears every 10.5 nb and is 3.5 nm long and the

diameter of the DNA double helix is 2 nm (�gure 2.1c). [28] The DNA double helix is

not only stabilized via the hydrogen bonds but also by stacking interactions between

neighboring DNA bases. The hydrophobic DNA bases stack on top of each other to

minimize the area of interaction with water molecules and they are associated by a

combination of hydrophobic, electrostatic and van-der-Waals forces. [22,28] In addition
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to the Watson-Crick DNA pairing there is the so called Hoogsteen base pairing. Here,

the imidazole nitrogen of the purine bases form hydrogen bonds. In this conformation,

self-pairing of for example G bases into planar G-tetrads (more detailed discussion in

section 2.2) or the formation of hemi-protonated C duplexes are possible. [5]

2.1.2 The beginning of DNA nanotechnology - DNA tiles

Because of the unique properties of ssDNA to hybridize to a complementary single

strand it can be used to generate well-de�ned DNA nanostructures on the nanometer

scale. The �eld of DNA nanotechnology started o� in 1982 when Nadrian Seeman

constructed ordered DNA arrays (DNA tiles) based on branched immobile junctions

which can be linked together to create larger DNA networks. [4,27] Since then di�erent

DNA tiles have been created to form multiple DNA nanostructures with di�erent shapes

and dimensions. The principles of the DNA tiles and their structural properties are

discussed in this section. [5,30]

In 1993, Fu and Seeman showed for the �rst time the possibility to arrange and link

DNA double helices in a parallel and coplanar manner together. [10] These DNA dou-

ble helices are held together via immobile crossover junctions and are called dou-

ble crossover tiles (DX tiles, �gure 2.2). By introducing sticky ends (unpaired DNA

strands) at the end of such a DNA tile larger arrays and lattices can be formed. [11]

In this way many more DNA tiles have been constructed and the �eld of DNA nano-

technology gained more and more popularity. In 2000, the triple crossover tile (TX

tile, �gure 2.2) has been introduced in which three DNA double helices have a parallel

arrangement and are linked together via crossover junctions. [31] Yan et al. introduced

a multi-armed DNA tile called �4 x 4 tile� (see �gure 2.2) which gave the possibility

to enlarge DNA nanostructures independently and equally in the x- and y-direction

by introducing sticky ends on both DNA double helices in every arm of the four-arm

junction. [32] Similar multi-armed DNA tiles have been introduced to form large self-

assembling DNA arrays based on three- [33], four- [34] and six-armed DNA tiles. [35] An-

other way of arranging DNA into DNA nanostructures is to link DNA double helices in

a parallel but not coplanar manner together. In this way �DNA helix bundle tiles� have

been created consisting of three [36], four [37] and six DNA double helices. [38] By connect-

ing these DNA tiles (e.g. by introducing sticky ends) micrometer long DNA �bers can

be created. In 2010, Hansen et al. introduced another DNA tile design called �weave

tile� shown in �gure 2.2. [39] Here, only two DNA strands are needed for one DNA tile

(other DNA tiles are created from four to nine DNA strands). The DNA strands weave

back and forth creating weave-like DNA tiles with rigid double helices tethered together

via single-stranded T4 loops. In these tiles, crossover junctions are avoided and a higher

structural �exibility of the DNA nanostructure is provided. [30] DNA origami structures

discussed in section 2.1.3 are principally formed based on this strand routing but with
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crossover junctions. Already in 1991, Chen and Seeman showed the immense potential

of DNA tile-based nanostructures and created a three-dimensional DNA nanocube. [12]

Three years later Zhang and Seeman designed a DNA-truncated octahedron which was

at that time hard to visualize. Thus, it was di�cult to con�rm the formation of such

structures. [13] Only in 2004, Shih and co-workers showed and proved the formation of a

DNA octahedron using cryo-electron microscopy. [40] In 2009, Seeman was �nally able to

obtain a three-dimensional self-assembled DNA crystal based on tensegrity triangles. [41]

Figure 2.2: Schematic illustration of di�erent possible DNA tiles. DNA tiles can be
connected to each other using sticky ends to create larger DNA nanostructures. The
images are adapted from literature. [30]

To design DNA tiles, one has to carefully construct the geometric structure (free energy

and strain minimization) and the DNA sequence (sequence-symmetry minimization to

avoid formation of other structures). Seeman developed a computer program called

�SEQUIN� to help designing DNA sequences for the DNA tile construction. [30] To

prepare DNA tile-based nanostructures, one has to ensure the purity and correct stoi-

chiometry of used DNA strands. Impure DNA strands and wrong stoichiometry can

lead to an alteration of the DNA tile and therefore prevent the formation of larger

2D and 3D lattices. Furthermore, the formation of DNA tiles is highly dependent on

the presence of positively charged counterions. Magnesium ions are commonly used

to prepare DNA nanostructures in aqueous solutions because they minimize the elec-

trostatic repulsion of the negatively charged phosphate backbone of the DNA strand.

Divalent cations are able to bridge the neighboring phosphate groups inter- and intra-

helically. Once the right experimental conditions are found, the DNA strands and

the bu�er are mixed together and the mixture is exposed to denaturing conditions.

Thus, secondary structures are destroyed and by reducing the denaturing conditions

continuously Watson-Crick base pairing is maximized. The self-assembling process

can be done with thermal annealing (heating of the sample followed by a slow cool

down process) or at isothermal conditions with a denaturing agent such as urea or

formamide [42] (�rst high concentration of the denaturing agent followed by a reduction

of the concentration). The right denaturing conditions (time, temperature, denaturing

agent concentration, combination of temperature and denaturing agent) highly depend
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on the DNA structure itself. [30]

2.1.3 DNA origami structures

As written above the �eld of DNA nanotechnology started more than 30 years ago. The

invention of DNA tiles gave the opportunity to build up nanostructures made of DNA.

Still these DNA tile-based nanostructures have some constraints. To create larger 2D

and 3D structures, a variety of short DNA strands is required which need to be of

high purity and a certain stoichiometry of oligonucleotides is necessary. Furthermore,

multiple reaction and puri�cation steps are needed. To overcome these restrictions,

Paul Rothemund introduced the DNA origami technique in 2006. [6] The principles and

the potential for di�erent applications of this method are discussed in this section.

Figure 2.3: Schematic illustration of the DNA origami nanostructure self-assembling
process. A circular �sca�old strand� is folded into arbitrary shapes with the help of
short �staple strands�. The DNA origami structures self-assemble during an annealing
process. Modi�cations of the DNA origami structure can be introduced by modifying
certain staple strands. The image is adapted from Bald et al. [43]

In this DNA origami approach, a long single stranded �sca�old� DNA is folded into ar-

bitrary shapes with the help of short DNA single strands (�staple strands�, 200 - 250 dif-

ferent strands) as schematically shown in �gure 2.3. As a sca�old strand the M13mp18

bacteriophage is often used which consists of 7249 nt and has a known sequence. [6] The

advantage of this method is that the short staple strands are commercially available

and relatively inexpensive. Additionally, the long sca�old strand is easily extracted

from virus DNA and is also rather inexpensive compared to long synthetic oligonu-

cleotides. Furthermore, a known sca�old DNA sequence omits the need of complicated

algorithms to generate randomized DNA sequences. [30] In the original paper by Paul

Rothemund, it was shown that with the same sca�old DNA strand (M13mp18) and

di�erent sets of staple strands a variety of DNA nanostructures of di�erent shapes can

be prepared. He was able to prepare rectangles, triangles and even a �ve-pointed star
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and smiley-face-shaped DNA nanostructures. [6] The size of these DNA nanostructures

is approximately 100 nm x 100 nm and the preparation of such structures is relatively

easy. To assemble the DNA origami structures, the sca�old strand is mixed with an

excess of staple strands (5 - 20 fold excess compared to the sca�old strand) together

with a Mg2+ containing bu�er (e.g. Tris acetate-EDTA (TAE) bu�er + MgCl2, ex-

act MgCl2 concentration can depend on the DNA manufacturer because of di�erent

residues from various puri�cation methods [44]) and followed by a thermal annealing

step (from 90 °C to 20 °C in 2 hours). The DNA nanostructures self-assemble during

this annealing process. Advantageously, the exact stoichiometry of staple and sca�old

strands is of minor importance. [6] The exact shape of the DNA origami structure is

determined by the used staple strands and can be altered by changing the sequences

and number of staple strands. The packing distance between neighboring helices inside

the DNA origami structure can be controlled by the space between crossovers. The

inter-helical gap size depends on the number of half-turns (an integer number of half

turns is needed for planar structures, 1.5 turns � 1 nm, 2.5 turns � 1.5 nm). [6,30]

The �eld of DNA origami structures grew quite fast in the last years. Researchers

started to design and successfully built up three-dimensional DNA origami structures.

The �rst example of such a 3D construct has been presented in 2009. Andersen et

al. connected rectangles made from the M13mp18 sca�old strand to form a hollow 3D

DNA origami box with a �exible lid showing the possibility of controlled unloading

of nanocargo. [45] Ke et al. showed in the same year the successful assembly of a 3D

tetrahedron from just one sca�old strand. [46] These 3D DNA origami structures are

examples for hollow structures. Douglas et al. constructed the �rst solid 3D DNA

origami nanostructure also in 2009 by changing the space and thus the angle between

crossovers. It has to be noted that the yield of intact 3D DNA origami structures is

lower than for 2D DNA origami structures and longer annealing times are needed. This

is ascribed to the fact that the staple strands have di�culties to migrate to the center

of the 3D DNA nanostructure. [47] Douglas et al. also designed a new sca�old strand to

form DNA origami structures and found out that the yield of correctly formed DNA

origami structures was lower than with M13mp18. They attributed this to a higher

amount of G/C in the new sca�old strand showing that a certain balance of nt is

necessary for DNA origami formation. [47] Furthermore, curvatures were introduced to

construct even more complex DNA origami structures. [48,49] Because the formation of

DNA origami structures is based on folding of a sca�old strand the �nal size of the

DNA nanostructure highly depends on the used sca�old strand. Therefore, the size

of such structures is limited and several works have been conducted to increase the

size of these DNA nanostructures. In this sense, a new method called �DNA bricks�

has been introduced. Here, DNA nanostructures are formed from many short single

DNA strands. Each DNA strand can be seen as a pixel (3 nm x 7 nm in size) and

the shape of the DNA nanostructure can be modi�ed by including or omitting certain
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DNA strands. 2D and 3D DNA nanostructures have been created using this DNA

brick-based self-assembling method. [50,51]

To design DNA origami structures and to generate staple strand sequences, several

computer programs have been developed. For designing 2D DNA origami structures

�Tiamat� together with �SARSE� are generally used. [52�54] One of the most prominent

programs is �caDNAno� (open-source software, http://cadnano.org/) which was devel-

oped by Shih and co-workers in 2009 and can also be used to design 3D structures. [55]

In such programs, the user chooses a shape for the DNA origami structure and in the

case of �SARSE� one can even import a bitmap of the desired shape followed by putting

in DNA double helices (or single DNA molecules), joining them together (along the

DNA backbone or with crossovers) and �nally adding the desired sca�old strand. Then

the program calculates the corresponding sequences for the DNA staple strands. [30]

The main advantage of DNA origami structures is that they are approximately

10,000 nm2 in size and possess ca. 200 addressable positions (staple strands). [5] Each

staple strand in the DNA origami structure can be addressed separately and individ-

ually. Since the exact position of each staple strand in the DNA origami structure

is known di�erent modi�cations can be introduced with a high local control. Rothe-

mund showed in his initial paper that he was able to actually write on DNA origami

structures by introducing �dumbbell hairpins� in the middle of the staple strands and

visualize these �DNA letters� using atomic force microscopy (AFM). [6] Nowadays, mod-

i�ed nucleoside phosphoramidite building blocks containing for example �uorophores,

biotin and other functional groups (NH2, SH, alkyne etc.) are commercially available

giving the opportunity to modify DNA origami nanostructures in a huge variety. Fur-

thermore, DNA origami structures give the possibility to do spectroscopy in solution

and on the single-molecule level without changing the nano-environment of the studied

molecules. [56] Numerous review papers show the potential and possibilities of function-

alizing DNA origami structures with di�erent moieties. [43,57�66] The modi�cations range

from gold [67�77] and silver nanoparticles [76,78] over quantum dots [72,73,79] and rods [80],

�uorophores [19,56,70,73,81�86], aptamers [87], RNA [88] and DNA strands [89�92] to proteins

such as streptavidin [93�96] and other organic molecules such as cholesterol. [97,98] The

applications of these DNA origami arrays are also numerous and only a few of them

are mentioned here. Gold nanoparticles (AuNPs) have been arranged on DNA origami

structures to develop highly sensitive substrates for surface-enhanced Raman scatter-

ing (SERS). [67,68] This has further been improved by making DNA-graphene hybrid

structures to improve the overall stability of the DNA origami structures. [99,100] Fur-

thermore, AuNPs have been coupled to hollow DNA origami structures to generate a

directional nanoparticle growth inside the DNA origami structure. [69] Streptavidin is

often bound to DNA origami structures to analyze structural changes and chemical

reactions exploiting the capability to visualize streptavidin molecules with AFM. For

this, the highly speci�c streptavidin-biotin interaction is used to evaluate for exam-
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ple DNA single strand breaks induced by low-energy electrons or UV photons using

AFM. [89�92] Fluorescent labeled DNA origami structures can be used as nanoscopic

rulers and standards for high resolution microscopy. [84�86] Due to the high local control

of the spatial assembly of molecules �uorophores can be arranged precisely to create

FRET arrays. Such FRET arrays can be used to monitor conformational changes of

the DNA origami structure itself [45,70,101] or conformational dynamics of DNA strands

attached to the DNA origami platform. [102,103] Furthermore, FRET arrays on DNA

origami structures have been studied to create nanoscopic FRET rulers [81], arti�cial

light harvesting systems [82,104] and photonic wire-like systems with controllable energy

transfer pathways. [19]

2.2 G-quadruplex structures

DNA cannot only associate into a double strand but also into higher order structures

as mentioned above. G-quadruplexes are such structures and can form from G rich

sequences which occur for example naturally in telomere sequences which are located

at the end of eukaryotic chromosomes to stabilize and protect the genome [105,106], in

immunoglobulin switch regions [107] and promoter regions. [23,108,109] In 2005, two di�er-

ent surveys have been conducted to analyze the human genome regarding possible G-

quadruplex forming sequences. Both investigations have found a similar number of such

sequences (375,157 [110] and 376,446 [111]) showing the signi�cance of G-quadruplexes in

nature. In 1962, Gellert et al. analyzed concentrated solutions of guanosine monophos-

phate (GMP) which have been known to form gels since 1910 [26,112] with X-ray �ber

di�raction. In this study, it was shown that four G bases can be associated via eight

Hoogsteen hydrogen bonds to form planar G-tetrads which are the structural basis

of G-quadruplex structures. [113] In the following section an overview of G-quadruplex

topology, thermodynamics, kinetics and potential applications is given.

2.2.1 G-quadruplex topology

As mentioned above, planar G-tetrads are four associated G bases which are stabilized

by eight hydrogen bonds and a cation in the middle of the G-tetrad (see �gure 2.4).

The cation coordinates with the four central oxygen atoms of the G bases shown in

�gure 2.4. Due to the coordination of the cation the electronic repulsion between the

oxygen atoms is weakened resulting in stronger hydrogen bonds and therefore a stabi-

lization of the G-tetrad. [22] G-quadruplexes are generally two or more stacked G-tetrads

as shown in �gure 2.4 and can be folded from DNA sequences which contain tracts of

repeated G bases. These G-quadruplexes can be classi�ed according to the number of

DNA strands involved in the G-quadruplex formation. G-quadruplex structures can be

folded from four (tetramolecular or intermolecular), two (bimolecular or intermolecu-
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lar) and one (unimolecular or intramolecular) DNA strands as schematically shown in

�gure 2.4. Generally, a tetramolecular G-quadruplex can be folded from four identical

DNA strands with the following sequence XnGmXn (Xn: any nt of length n, Gm: any

number of G bases of length m) and bimolecular G-quadruplexes are folded from two

identical sequences XnGmXoGmXn (Xo: any nt of length o). It has to be noted that

G-quadruplexes can be formed from non-identical sequences but just a few have been

studied in detail so far. Unimolecular G-quadruplexes are folded from DNA strands

with the following sequences XnGmXoGmXoGmXoGmXn. [22,23]

Figure 2.4: Schematic depiction of the G-quadruplex topology. Four G bases are
associated by eight hydrogen bonds to a planar G-tetrad and stabilized by a cation
in the center (left). G-quadruplexes are stacked G-tetrads (illustrated as gray �at
rectangles) and can be formed from four (tetramolecular), two (bimolecular) or one
(unimolecular) DNA strands (the shown assemblies represent only examples for such
structures (see text)). The 3'-end of the DNA strand is visualized with an arrow. The
images are adapted from Burge et al. [23]

Depending on the DNA strand orientation the G-quadruplex structure can be divided

into anti-parallel (opposite strand orientations) and parallel (same strand orientation)

structures. The DNA strands for most tetramolecular G-quadruplexes are aligned in

a parallel manner. [22,23,26] In the case of bimolecular and unimolecular G-quadruplexes

the top and bottom G-tetrads are connected via loops which can have di�erent ori-

entations. The G-tetrads can be connected with lateral and diagonal loops leading to

so called �basket-type� or �chair-type� G-quadruplexes (anti-parallel) or with external

loops leading to �propeller-type� G-quadruplexes (parallel). A combination of lateral

and/or diagonal loops with external loops lead to �hybrid-type� G-quadruplexes (com-

bination of anti-parallel and parallel). A mixture of all loop orientations is possible

and some examples for di�erent loop orientations are shown in �gure 2.5a-f (examples

for unimolecular G-quadruplexes). [22,23,26] The orientation of the loops for bimolecu-

lar G-quadruplexes depends on the loop length. Balagurumoorthy et al. for example

showed that the G-quadruplex structure changes depending on the loop length (parallel:

G4TG4, parallel/anti-parallel: G4TTG4, anti-parallel: G4TTTG4/G4TTTTG4). [114]

Depending on the strand orientation the glycosidic angle (orientation of nb and sugar)
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is either syn or anti (see �gure 2.5g). For the anti-parallel strand orientation, the

glycosidic angle alternates between syn and anti. For the parallel strand orientation

the glycosidic angle is either syn or anti for all G bases (see also �gure 2.5a-f). [22,23]

As mentioned above, the cation (usually monovalent cations, some G-quadruplexes are

stabilized by divalent cations [115,116]) in the core of the G-quadruplex stabilizes the

structure. The precise position of the stabilizing cation within the G-quadruplex de-

pends on the cation itself. Sodium ions for example can be located in plane with the

G-tetrad (relatively small ion radius of Na+) or sandwiched between two G-tetrads.

Since potassium has a larger ion radius, K+ is always located between two G-tetrads

with an equal distance to each G-tetrad (symmetric tetragonal bipyramidal con�gu-

ration). [23] Not only the exact position of the cation varies but also the stability of

the overall G-quadruplex is in�uenced by di�erent cations. The exact stabilization

e�ect of the cation depends on the speci�c DNA sequence. Nevertheless, a general

trend for some monovalent ions has been found (K+ > Na+ > Rb+ > NH4
+ > Cs+ >

Li+). Please note that this trend might not be valid for all DNA sequences forming

G-quadruplexes. [22,23]

Figure 2.5: (a-f) Illustration of di�erent possible unimolecular G-quadruplex con�gu-
rations (single G bases depicted as green �at rectangles) showing the combination of
di�erent loop orientations (lateral, diagonal and external). Di�erent glycosidic angles
are represented by di�erent colored G bases (dark green: anti, light green: syn). The
illustrations are adapted from literature. [22] (g) Possible nb orientations for syn and
anti glycosidic angles.

The G-quadruplex structures are additionally stabilized by the base-stacking e�ect

through hydrophobic, electrostatic and van-der-Waals forces. Furthermore, the G bases

cannot sit directly on top of each other resulting in a slight twist of the G-quadruplex

structure. [22] As mentioned above G-quadruplexes take on a variety of speci�c struc-

tures. Especially for bimolecular and even more for unimolecular G-quadruplexes a
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huge variety of di�erent conformations is known and so far universal series of rules have

not been found. [23] Some of the possible con�gurations for unimolecular G-quadruplexes

are shown in �gure 2.5a-f. The speci�c G-quadruplex structures and properties can be

in�uenced by for example changing the loop sequence ((G3TTT)3G3, (G3TTA)3G3,

(G3TAA)3G3 and (G3AAA)3G3: fraction of parallel/anti-parallel G-quadruplex struc-

tures changes) [117] and length (G3T(G3T)2G3, G3TT(G3T)2G3, G3TTT(G3T)2G3,

G3TTTT(G3T)2G3 and G3TTTTT(G3T)2G3: fraction of parallel/anti-parallel G-

quadruplex structures changes) [117] or even by changing the directionality of the G rich

DNA strand (e.g. G3TAG3CAG4ACACAG3TAG3 vs. G3ATG3ACACAG4ACG3ATG3:

di�erent melting temperatures). [118] Especially for the human telomeric DNA (Hum-

Tel, (TTA GGG)n) a wide variety of structural conformations has been found making

it hard to predict exact G-quadruplex structures for certain sequences. Many stud-

ies revealed that a variety of changes both within the DNA sequence and external

conditions in�uence the speci�c G-quadruplex structure. The G-quadruplex struc-

ture is di�erent for telomeric DNA and telomeric RNA [119], it is altered by changing

the number of �anking nt (AG3(T2AG3)3, TAG3(T2AG3)3, TAG3(T2A G3)3T2 and

A3G3(T2AG3)3A2) [120,121] or the number of involved repeating units ((TTA GGG)2
vs. (TTA GGG)4). [122] When experimental conditions such as the cation itself (Na+,

K+ and divalent cations) [123�126], the cation concentration [127], the DNA concentra-

tion [120], crowding agents (addition of polyethylene glycol to mimic molecular crowd-

ing in cells) [128] or the temperature [129] are changed alterations of the G-quadruplex

structure are expected. [26] To determine the G-quadruplex structure of certain DNA

sequences, a variety of experimental methods are used such as X-ray crystallogra-

phy [123], NMR spectroscopy (nuclear magnetic resonance) [124,126], circular dichroism

(CD) spectroscopy [130,131], Raman spectroscopy [132] and FRET experiments. [117,129,133]

2.2.2 G-quadruplex thermodynamics and kinetics

The overall G-quadruplex formation is enthalpy driven and the enthalpy values per

G-tetrad are between -60 to -105 kJ
mol

. Nevertheless, the exact enthalpy depends on

di�erent parameters such as the DNA sequence, DNA length, number of DNA strands

involved in the G-quadruplex formation (tetramolecular, bimolecular and unimolecu-

lar), the cation and the speci�c G-quadruplex conformation (parallel, anti-parallel) as

shown in table 2.1. [22] This favorable enthalpy is partly compensated by an unfavorable

entropy (negative values). Again, the entropy values di�er also depending on various

parameters and are in the range from -0.4 to -1.3 kJ
molK

(table 2.1). [22] Despite the unfa-

vorable entropy most G-quadruplexes are stable under physiological conditions having

negative Gibbs energies (exergonic process). Thus, under physiological conditions some

G-quadruplex structures are the predominant con�guration. [22] An overview of experi-

mentally determined thermodynamic data found in literature for HumTel showing the
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in�uence of DNA length, DNA sequence and cations are given in table 2.1. [134,135]

Table 2.1: Thermodynamic data reported in literature [134,135] for di�erent G-
quadruplex forming DNA sequences (enthalpy (∆H), entropy (∆S) and Gibbs en-
ergy (∆G)). The values are all given for the complete G-quadruplex (not for a single
G-tetrad).

DNA sequence cation ∆H
[

kJ
mol

]
∆S

[
kJ

molK

]
∆G(37 °C)

[
kJ
mol

]
TG3T [134] K+ -262.1 -0.78 -28.9 (25 °C)
T(G3)2T [134] K+ -553.5 -1.45 -84.6 (25 °C)

(G3TTA)3G3
[135] Na+ -213.5 -0.65 -12.6

K+ -253.3 -0.75 -21.4

A(G3TTA)3G3
[135] Na+ -226.1 -0.68 -14.7

K+ -238.6 -0.71 -19.3

TTTAA(G3TTA)3G3
[135] Na+ -161.2 -0.51 3-4.2

K+ -263.8 -0.81 -13.4

Another interesting aspect of G-quadruplexes is the kinetics of their formation. The

question of how the G-quadruplex structures are folded has been addressed by dif-

ferent research groups. [121,133,136�138] The formation of a �hybrid-type� G-quadruplex

structure (combination of anti-parallel and parallel strand orientations, an example of

such structure is shown in �gure 2.5d) is discussed in this section to show the variety

of intermediate steps which are adopted during the folding process. Several studies

have been conducted for this �hybrid-type� structure which can be folded by HumTel

in presence of K+ to resolve the folding process. [133,136�138] Generally, three di�erent

folding pathways have been proposed for this G-quadruplex formation (all three fold-

ing pathways are shown in �gure 2.6). The folding pathway proposed by Mashimo

et al. in 2007 involves the formation of an intermediate hairpin structure (formation

of Hoogsteen H-bonds between G bases) followed by the formation of a �chair-type�

G-quadruplex. This anti-parallel G-quadruplex transforms into the �hybrid-type� G-

quadruplex as shown in �gure 2.6 (red folding pathway). [136] In the second pathway also

proposed by Mashimo et al. in 2008, the �hybrid-type� G-quadruplex is folded by �rstly

adopting a hairpin followed by a triplex intermediate structure as shown in �gure 2.6

(brown folding pathway). Afterwards, the �hybrid-type� G-quadruplex forms directly

from the triplex intermediate state. [137] In 2014, Gray et al. proposed a third folding

pathway which is a combination of the earlier works. Here, the folding of a �hybrid-

type� G-quadruplex takes place via a hairpin formation followed by the transition to

an anti-parallel �chair-type� G-quadruplex which then transforms into a triplex inter-

mediate (�gure 2.6, blue folding pathway). This triplex intermediate �nally transforms

into the �hybrid-type� G-quadruplex as shown in �gure 2.6 (blue folding pathway). [133]

Gray et al. also proposed that the �rst step (transition from the unfolded structure

to the hairpin intermediate) is a fast transformation and happens in less than 5 ms.

The formation of the anti-parallel G-quadruplex intermediate is slower and happens
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within 1 s. Subsequently, the transition from the G-quadruplex to the triplex inter-

mediate state is rather slow (up to 3700 s) and is the rate-determining step. The

last transition from the triplex intermediate to the �nal �hybrid-type� G-quadruplex

takes around 750 s. [133] These results have been determined with a variety of meth-

ods (CD spectroscopy, �uorescence and UV stopped-�ow kinetic measurements, FRET

measurements (steady-state and time-resolved) and molecular modeling) showing the

di�culties one faces when resolving a folding pathway for G-quadruplexes.

Figure 2.6: Proposed folding pathways based on di�erent intermediate states (hairpin,
triplex and anti-parallel G-quadruplex structure). The �rst (red) and second folding
pathway (brown) have been proposed by Mashimo et al. [136,137] The third folding path-
way (blue) is a combination of the other two folding pathways and has been presented
by Gray et al. [133]
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2.2.3 Applications for G-quadruplexes

In this section a few potential applications for G-quadruplex structures are discussed.

Telomere sequences which are located at the end of chromosomes are shortened during

each cell division until they reach a critical length. At this point, the �Hay�ick limit�,

the cells stop to replicate which can lead to cell death (apoptosis). [26,139] In 1985,

an enzyme named telomerase was discovered which can extend telomeric DNA by

adding telomeric repeating units. [140] Thus, the telomerase inhibits telomeric shortening

and can prolong the cell activity. It has been found out that the telomerase is only

expressed to a low amount in normal human somatic cells. For cancerous cells on

the other hand, telomerase is expressed signi�cantly. [26] When the telomerase activity

is inhibited the telomeric DNA is shortened leading to apoptosis of the cancer cell

in the end. G-quadruplexes for example are promising structures to inhibit the telo-

merase activity. [141] Thus, G-quadruplex stabilizing molecules are explored for anti-

cancer therapeutics. [26,142]

Furthermore, G-quadruplex structures have been studied to be used as molecular

switches with a variety of potential applications. Molecular switches or more precisely

DNA switches are based on the reversible switching between two conformations (G-

quadruplex and random coil/DNA duplex). [21,143,144] The switching phenomenon is gen-

erally based on the addition of �fuel� to fold the G-quadruplex structure followed by the

addition of an �anti-fuel� to unfold the G-quadruplex structure subsequently. Repeated

and alternating addition of �fuel� and �anti-fuel� leads to a cyclic folding and unfolding

of the G-quadruplex (molecular switch, see �gure 2.7). [21] Di�erent mechanisms for the

switching of G-quadruplex structures have been designed so far. Since G-quadruplex

structures are stabilized by cations, switching can be achieved by removing the cation

from the core of the G-quadruplex with the help of certain ligand molecules (see �gure

2.7, yellow). Li et al. for example introduced lead ions to fold the G-quadruplex and

removed them subsequently with the help of 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid (DOTA, chelating agent). [115] K+ stabilized G-quadruplex structures

can be unfolded with the help of crown ethers such as 18-crown-6. [145,146] Switching

between the folded and unfolded G-quadruplex can also be realized electrochemically

by repeated reduction and oxidation of the metal ion (�gure 2.7, red). [116] Further-

more, photoinduced switching is an elegant method to change the DNA conformation

between G-quadruplex and random coil (�gure 2.7, green). Here, the ability of certain

trans azobenzene derivatives to stabilize certain G-quadruplexes is exploited. The trans

azobenzene derivative isomerizes into the cis con�guration under UV light leading to

a destabilization of the G-quadruplex followed by unfolding. The G-quadruplex folds

again after treating the system with visible light (trans azobenzene emerges). The

advantage of this method is that no waste products are generated which could hamper

the reproducibility of the switching cycle (�gure 2.7, green). [147]
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Figure 2.7: Schematic illustration of di�erent switching pathways. The switching be-
tween folded and unfolded G-quadruplex can be achieved with the addition of certain
ligands (yellow, the ligand is represented by the star), electrochemically (red), photoin-
duced (green, for G-quadruplexes which are stabilized by trans azobenzene derivatives)
or by strand replacement (blue, here: switching between G-quadruplex and DNA dou-
ble strand). [21,143]

Another prominent mechanism for the conformational switching of G-quadruplexes is

based on strand replacement reactions (�gure 2.7, blue). Here, the G-quadruplex is

unfolded by introducing a complementary DNA strand (�C-fuel�) which forms a duplex

with the G rich sequence. Afterwards, this fuel strand is removed by the addition of

another DNA strand (�G-fuel�) resulting in a double stranded waste product. [143,148]

Di�erent experimental methods have been used to study the switching process of G-

quadruplex structures e.g. high-speed AFM [138,149�152], FRET [17,153,154], �uorescence in-

tensity of intercalating �uorophores [116,155] and voltammetric measurements. [156] There

are a variety of potential applications for such switchable systems. Since some G-

quadruplex structures are selective for certain cations, these systems can be used as

sensing devices. [17,115,154,157�159] Furthermore, switching of G-quadruplex structures can

be used to control enzyme cascades [146], design switchable DNA hydrogels [160,161] or to

generate a controlled release of certain molecules. [162]
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2.3 Förster resonance energy transfer

In the following section the basics of �uorescence and Förster resonance energy transfer

(FRET) are explained including potential applications for FRET.

2.3.1 Fluorescence

Matter can interact with electromagnetic radiation in di�erent ways. An overview of

di�erent matter-light interactions is presented in �gure 2.8. The interaction between

light and matter can result in scattering, absorption and ionization processes. In the

following section the process of absorption and more precisely the process of photolu-

minescence are discussed. [163,164]

Figure 2.8: Overview of di�erent interactions between electromagnetic radiation and
matter. Image is adapted from literature. [164]

The photon absorption of electromagnetic radiation in the UV and visible range can

lead to electronic transitions. In this sense, a molecule can be excited from its electronic

ground state S0 to higher electronic states such as S1 or S2. Such an excitation process

is shown in the Jablonski diagram in �gure 2.9. [165] The absorption of electromagnetic

radiation follows the Beer-Lambert law (equation 2.1).

A = ε · l · c (2.1)

Where A is the absorbance, ε the extinction coe�cient, l is the absorption path length

and c is the concentration of the sample. [163,164] Two selection rules are valid for elec-

tronic transitions - the spin-multiplicity (electronic transitions between electronic states

with di�erent spin-multiplicities are forbidden) and the Laporte rule (electronic tran-

sitions are only allowed if the parity changes). [163,164,166] Intersystem crossing (ISC)

- which is for example a transition from a singlet excited state to a triplet excited

state (spin-multiplicity changes) - becomes more likely in heavy atoms due to stronger

spin-orbit coupling. The electronic transition of molecules behaves according to the

Franck-Condon principle. This means that because of the high mass di�erence be-

tween the nucleus and the electron an electron transition proceeds always vertically.
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Since light absorption is such a fast process (< 10-15 s) the nucleus does not change

signi�cantly its position during this process. [163,164]

Figure 2.9: Jablonski diagram (adapted from literature [164]) showing possible electronic
transitions (S0 = singlet ground state; S1, S2 = singlet excited state; T1, T2 = triplet
excited state). Solid arrows illustrate radiative processes (absorption, �uorescence
and phosphorescence) and dashed arrows represent non-radiative processes (internal
relaxation (IR), internal conversion (IC) and intersystem crossing (ISC)).

After the absorption of one or more photons di�erent radiative and non-radiative pro-

cesses can follow as shown in �gure 2.9. When a molecule is excited to a higher excited

state than S1 such as S2 non-radiative relaxation (internal relaxation (IR)) to the vi-

brational ground state of S2 follows, from which transitions to the S1 state (higher vi-

brational states) via internal conversion (IC) take place. From these higher vibrational

states of S1, IR to the vibrational ground state of S1 follows. Now, the molecule can be

deactivated by di�erent steps. From the vibrational ground state of S1 non-radiative

transitions via IC to a higher vibrational state of S0 are possible followed by IR to the

vibrational ground state of S0. This IC is less e�cient compared to the IC from S2 to

S1 because the energy gap between S1 and S0 is larger. When the deactivation from

S1 is accompanied with light emission the process is called �uorescence. According

to Kasha's rule �uorescence is mainly happening from the vibrational ground state of

S1 (emission spectrum is independent from the excitation wavelength). The molecule

either translates to higher vibrational states of S0 followed by IR or directly to the

vibrational ground state of S0. As explained above the molecule can also undergo an

ISC which is a transition from a singlet state (S1) to a triplet state (T1). From higher

vibrational states of T1, IR to the vibrational ground state of T1 follows from which

radiative transitions to S0 can take place. This phenomenon is called phosphorescence

(�gure 2.9). It has to be noted that �uorescence occurs at higher wavelength compared

to the light absorption process because of energy loss in the excited state (due to for ex-

ample interaction with solvent molecules, Stokes shift). Only a small fraction appears
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at smaller wavelength (overlap between absorption and emission spectra) because a few

molecules are at a higher vibrational state of S0 at room temperature (RT) according

to the Boltzmann equation. [163,164] The time a molecule is located in the excited state

is called �uorescence decay time τF and is de�ned as follows,

τF =
1

kr + knr
(2.2)

where kr is the rate constant for radiative and knr for non-radiative deactivation. For

organic molecules the �uorescence decay time is in the range of tens of picoseconds

to hundreds of nanoseconds. The �uorescence decay time can be experimentally mea-

sured using time-resolved spectroscopy (e.g. TCSPC, see section 3.4.4). The ratio of

emitted photons to absorbed photons is called �uorescence quantum yield ΦF and can

be expressed using equation 2.3. [163,164]

ΦF =
kr

kr + knr
= kr · τF (2.3)

2.3.2 Theory of FRET

The energy of an excited molecule can be released in di�erent ways. Luminescence as

described above is one way. Another de-excitation process is the energy transfer from

one molecule (donor) to another molecule (acceptor) given that the donor's emission

overlaps with the acceptor's absorption spectrum. This energy transfer can occur based

on di�erent mechanisms. An overview of these mechanisms is shown in �gure 2.10.

Förster resonance energy transfer (short: FRET) is a non-radiative energy transfer

and the theory of it is explained in this section.

Figure 2.10: Possible energy transfer processes from an excited donor (Do*) to an
acceptor molecule (Ac).

FRET is an energy transfer from an excited donor (Do) to an acceptor (Ac) via long-

range dipole-dipole interactions. Based on these coulombic interactions the excited Do

molecule returns to its ground state and at the same time the Ac molecule is excited

from its HOMO (highest occupied molecular orbital) to its LUMO (lowest unoccupied

molecular orbital) (see �gure 2.11a). For FRET to take place the Do and Ac molecules

need to be in resonance (energy di�erences between HOMO and LUMO of Ac and Do

are identical). This is ful�lled when the Do's emission spectrum overlaps with the Ac's

absorption spectrum as mentioned above (�gure 2.11b). Furthermore, the Do-Ac pair
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needs to be in close proximity for an e�cient energy transfer process. E�cient FRET is

usually observed for distances ranging from 2 to 10 nm for organic chromophores. [163,164]

Figure 2.11: (a) During the FRET process the energy of the excited Do is transferred
via coulombic interactions to the Ac (LUMO = lowest unoccupied molecular orbital,
HOMO= highest occupied molecular orbital). (b) Schematic illustration of the spectral
overlap between the emission spectrum of the Do and the absorption spectrum of the
Ac. (Illustrations are adapted from literature [164])

As FRET is based on a dipole-dipole interaction the rate constant for FRET kFRET is

as follows,

kFRET = kD

(
R0

R

)6

=
1

τD

(
R0

R

)6

(2.4)

with kD being the emission rate constant of the Do, τD the Do's �uorescence decay time

in the absence of the Ac molecule, R0 the Förster distance and R the physical Do-Ac

distance. The Förster distance is the Do-Ac distance at which spontaneous decay of

the Do and FRET are equally probable. The FRET e�ciency is equal to 50 % at this

distance. R0 is a FRET pair speci�c parameter and it can be calculated based on the

spectral properties of the Do and Ac molecules. The Förster distance is typically in

the range from 1 to 8 nm for organic �uorophores. [163,164] It can be calculated with the

following equation 2.5.

R6
0 =

9(ln10)κ2ΦDJ(λ)

128π5n4NAV

(2.5)

Here, κ2 is the dipole orientation factor, ΦD is the Do's quantum yield in absence of the

Ac molecule, J(λ) is the spectral overlap integral, n is the medium's refractive index

and NAV is Avogadro's constant (6.02 · 1023 mol-1). The dipole orientation factor

depends on the orientation of the Do's emission transition moment ~rD and the Ac's

absorption transition moment ~rA. It is expressed as follows,

κ2 = (cosα− 3 · cosβ · cosγ)2 (2.6)
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where α is the angle between Do's emission and Ac's absorption transition moments,

β and γ are the angles between Do-Ac linkage and Do's emission and Ac's absorption

transition moment, respectively (see �gure 2.12a). The dipole orientation factor can

have values ranging from 0 to 4 (collinear: κ2 = 4, parallel: κ2 = 1, perpendicular:

κ2 = 0). For freely oriented molecules which rotate with a faster rate than the de-

excitation rate of the Do κ2 is 2
3
. [163,164]

Figure 2.12: Fundamentals of Förster resonance energy transfer. (a) In�uence of the
orientation of the Do emission transition moment ~rD and the Ac absorption transition
moment ~rA on κ2 with the Do-Ac linkage R. The �gure is adapted from literature. [164]

(b) FRET e�ciency as a function of Do-Ac distance (R) with R0 being the Förster
distance at which the FRET e�ciency is 50 %.

The overlap integral expresses the degree of spectral overlap between Do's emission

and Ac's absorption spectra and can be calculated as follows,

J(λ) =

´∞
0
FD(λ)εA(λ)λ4dλ´∞
0
FD(λ)dλ

(2.7)

where FD(λ) is the Do's emission spectrum at particular wavelengths λ and ε(λ) is the

Ac's extinction coe�cient spectrum. The spectral overlap integral can be expressed in

terms of [M−1cm−1nm4] or [M−1cm3]. Depending on the unit of the spectral overlap

integral R0 can be calculated with the following equations 2.8 and 2.9 where all of the

constants from equation 2.5 are combined. The values of the Förster distance using

either equation 2.8 or equation 2.9 are in [Å]. [163,164]

[M−1cm−1nm4] : R0 = 0.211

(
κ2ΦDJ(λ)

n4

) 1
6

(2.8)

[M−1cm3] : R0 = 9.79 · 103

(
κ2ΦDJ(λ)

n4

) 1
6

(2.9)

The FRET e�ciency E as mentioned above is highly distance dependent and behaves
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according to equation 2.10.

E =
R6

0

R6
0 +R6

(2.10)

The FRET e�ciency is high at short distances and low at long distances. It changes

barely at short and long distances and rapidly around the Förster distance resulting in

a sigmoidal behavior of the FRET e�ciency plot as shown in �gure 2.12b. The FRET

e�ciency can be calculated based on the Do's emission intensity (EI , equation 2.11).

Since the emission intensity is highly dependent on the overall sample concentration

the FRET e�ciency can also be calculated using the Do's �uorescence decay time (Eτ ,

equation 2.12). [163,164]

EI = 1− IDA
ID

(2.11)

Eτ = 1− τDA
τD

(2.12)

The index DA denotes the system when the Ac molecule is present and D when only

the Do molecule is present. [163,164]

2.3.3 DNA-based photonic wires and light harvesting systems

FRET has numerous applications in the �eld of life sciences and nanotechnology. It is

used for example to transfer light energy either in a linear manner over a cascade of

�uorophores for several nanometers (photonic wires) or to funnel the excitation energy

into a reaction center (light harvesting systems). These two applications are discussed

in the following section.

A FRET-based photonic wire can be regarded as an optical waveguide in which the

light energy is transferred along a certain pathway. In these photonic wires, multiple

�uorophores are linearly assembled and they transfer the energy from one to another.

This �uorophore alignment can be prepared by directly linking the �uorophores to-

gether or by arranging them on a molecular sca�old such as DNA. [20,24,25] The �rst

photonic wire was constructed by Wagner et al. in 1994 by linking porphyrin molecules

directly together. [167] Generally, there are two di�erent approaches to transfer the light

energy along a linear alignment of �uorophores. Firstly, the energy transfer process

can be based on homo-FRET (�gure 2.13). Here, the light energy is transferred be-

tween identical �uorophores given that the �uorophore has a small Stokes shift (large

spectral overlap between absorption and emission spectra). In this case, the energy

transfer has no direction and it is also referred to as statistical di�usion. [20] Ohya et

al. designed a photonic assembly on DNA based on homo-FRET. In this study dif-

ferent organic molecules (eosin, Texas Red, tetramethylrhodamine (TAMRA)) have

been used to transfer the energy along the DNA sca�old (based on homo-FRET of
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TAMRA). [168] In another study, light energy was transferred from Fluorescein (FAM)

over TAMRA to Cyanine5 (Cy5) (again, all �uorophores have been assembled on a

DNA sca�old). Here, TAMRA acted as a transmitter dye to transfer the energy via

homo-FRET from FAM to Cy5. [169] In these examples the organic �uorophores have

all been bound covalently to DNA strands. Another approach for homo-FRET-based

photonic wires is the use of intercalating �uorophores which transfer the light energy

along the DNA double helix. [170,171]

Figure 2.13: Schematic illustration of homo-FRET- (left) and hetero-FRET-based
(right) photonic wires. For homo-FRET, the energy passes between the same type
of �uorophore without any directionality. For hetero-FRET, the energy is passed from
one �uorophore to another with directionality and loss in energy. The illustration is
adapted from Albinsson et al. [20]

Additionally, the light energy cannot only be transmitted based on homo-FRET but

also using multiple hetero-FRET steps. Here, an energy gradient is created from one

end (high energy) to the other end (low energy) by choosing matching �uorophores

(see �gure 2.13). In such systems, a Do molecule transfers its energy to an Ac molecule

given that the Do's emission spectrum overlaps with the Ac's absorption spectrum.

Then the Ac molecule becomes a Do molecule and transfers the light energy to the

next Ac (again, spectral overlap between Do's emission and Ac's absorption spectra is

necessary). Here, the energy cascade creates a pronounced directionality involving an

energy loss due to the red-shifted emission of the �uorophores. [20] There are numerous

examples for such systems on di�erent DNA platforms. [25] Heilemann et al. for example

coupled �ve di�erent �uorophores to a DNA double helix and achieved a photonic wire

with a length of 13.6 nm and a spectral range of 200 nm. [172,173] Medintz and co-workers

have created plenty of photonic wires combining di�erent �uorophores such as organic

dyes (up to seven di�erent organic dyes in one photonic wire [174]), quantum dots or

lanthanide complexes. [174�179] In all of these studies the light energy propagates in just

one direction. With the use of DNA origami structures two-dimensional energy transfer

pathways can be created which has been shown by Stein et al. In this study, they used
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a so called �jumper� dye which depending on its position changed the direction of the

energy transfer cascade. [19]

Arti�cial light harvesting systems are inspired by biological light harvesting complexes

found in natural photosynthesis. Here, light is absorbed by many pigment molecules

(antenna units) and the light energy is then funneled into a reaction center where the

optical energy is converted into chemical energy (�gure 2.14). [180�184]

Figure 2.14: Illustration of a light harvesting system. The pigment molecules (Do
molecules) absorb the light energy and transfer it to a reaction center for example
another �uorophore (Ac molecule). Image is adapted from Mayr et al. [185]

The light harvesting e�ciency is often expressed using the antenna e�ect (AE). The

antenna e�ect in this manner is the Ac intensity ratio of Ac emission generated due

to the FRET process (sensitized emission) and Ac emission upon direct excitation

(equation 2.13).

AE =
I(A, λex(D))

I(A, λex(A))
(2.13)

Here, I(A, λex(D)) is the Ac emission intensity due to FRET (Do direct excitation) and

I(A, λex(A)) is the Ac emission intensity of the same sample when directly excited. [24]

It has to be noted that the antenna e�ect is highly dependent on the chosen wavelength

for direct Ac excitation and can only be compared when the same experimental settings

are used. [82,104,176] Many arti�cial light harvesting systems have been created in which

the energy is transferred based on FRET from multiple Do molecules to just a few

or one single Ac molecule. [20,186,187] These photonic assemblies have been generated

in one [188], two [189] and three dimensions. [190] Di�erent light harvesting systems have

been created using DNA as a sca�old and intercalating dyes as energy transmitting
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units. [188,191�193] Medintz and co-workers analyzed the e�ect of di�erent geometries and

number of chromophores on the light harvesting e�ciency (linear assembly, Holliday

junction and star-like assembly). [176] With the introduction of DNA origami structures

well-de�ned three-dimensional light harvesting systems have been created. Dutta et

al. used a seven-helix DNA bundle to study the light harvesting e�ciency and FRET

e�ciency of a three-color FRET system carefully using steady-state and time-resolved

�uorescence spectroscopy. They used pyrene as a Do, Cyanine3 (Cy3) as a transmitter

and Alexa Fluor 647 as the �nal Ac molecule and studied di�erent Do/transmitter/

Ac ratios. [104] Recently, Hemmig et al. analyzed the light harvesting e�ciency of a

two-color FRET system (Do: Cy3; Ac: Cy5) on rectangular DNA origami structures.

The Ac molecule was surrounded by a maximum number of six Do molecules. In this

study, they analyzed thoroughly the antenna e�ect of di�erent Do/Ac ratios starting

from 1:1 to 6:1 (Do:Ac). They showed that the antenna e�ect increases linearly with

an increasing number of Do molecules. [82]
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Experiments and Methods

3.1 Materials and chemicals

In this work, unmodi�ed oligonucleotides used as staple strands (sequences shown in

the appendix in table A.1) have been purchased from Integrated DNA Technologies

(Leuven, Belgium). The DNA strands have been puri�ed by standard desalting pro-

cedures and dissolved in RNase-free water by the manufacturer and have been used

as delivered. The viral genome M13mp18 has been purchased from tilibit nanosys-

tems GmbH (Garching, Germany). The DNA has been dissolved in bu�er containing

10 mM Tris (tris(hydroxymethyl)aminomethane) and 1 mM EDTA (ethylenediamine-

tetraacetic acid) by the manufacturer (quality control by agarose gel electrophoresis)

and used as delivered. The oligonucleotides modi�ed with the organic dyes (Fluor-

escein (FAM), Cyanine3 (Cy3), Cyanine5 (Cy5) and IRDye®700 (IRDye700)) have

been acquired from Metabion International AG (Planegg/Steinkirchen, Germany). The

modi�ed oligonucleotides have been puri�ed by the manufacturer using HPLC (high-

performance liquid chromatography) and have been used as delivered. An overview of

used �uorophores showing their structural and spectroscopic properties are shown in

table 3.1. Magnesium chloride (MgCl2, ≥ 98 %), sodium chloride (NaCl), cryptand

(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane, ≥ 98 %) and TAE bu�er

(10x concentrated) have been acquired from Sigma Aldrich (Taufkirchen, Germany).

Diluted TAE bu�er (1x concentrated) (pH = 8.2) contains 40 mM Tris-acetate and

1 mM EDTA. Ammonium chloride (NH4Cl, ≥ 99.5 %) and calcium chloride (CaCl2,

≥ 98 %) have been acquired from Carl Roth (Karlsruhe, Germany), potassium chlo-

ride (KCl) from VWR Prolabo (Darmstadt, Germany), lithium chloride (LiCl, ≥ 99 %)

from Acros organics (Fisher Scienti�c GmbH, Schwerte, Germany) and cesium chloride

(CsCl, ≥ 99 %) from chemPUR (Karlsruhe, Germany). 18-crown-6 (1,4,7,10,13,16-

hexaoxacyclooctadecane) and 100 kDa and 10 kDa molecular weight cut-o� centrifugal

�lters have been used from Merck Millipore (Darmstadt, Germany). Diluted DNA

solutions, TAE bu�er and salt stock solutions have been prepared in ultrapure water

29
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(Merck Millipore). Mica has been purchased from Plano GmbH (Wetzlar, Germany).

For the DNA origami assembly, a Thermocycler �advanced primus25� from PEQLAB/

VWR (Erlangen, Germany) and for the sample �ltration a centrifuge 5804 from Ep-

pendorf (Hamburg, Germany) have been used.

Table 3.1: Overview of used �uorophores showing the chemical structures of each �uo-
rophore (FAM, Cy3, Cy5 and IRDye700) and spectral properties (absorption maximum
(λabs), emission maximum (λ'em ) and �uorescence decay time (τF)). All values have
been measured on DNA origami structures. The variations are due to di�erent dye
positions on the DNA origami structure. The blue circle in the chemical structures of
the �uorophores resembles the attachment point for DNA which is shown in detail in
the appendix in �gure A.1.

�uoro-
phore

abbre-
viation

chemical structure
λabs

[nm]
λ'em
[nm]

τF [ns]

Fluorescein FAM 455 - 460 515 - 522 4.1 - 4.6

Cyanine3 Cy3 548 - 550 564 - 567 2.2 - 2,6

Cyanine5 Cy5 645 - 650 663 - 668 1.8 - 2.0

IRDye®700 IRDye700 690 710 1.1

3.2 Sample preparation

3.2.1 Preparation of DNA origami structures

The DNA origami structures have been prepared by mixing the circular, single stranded

viral genome M13mp18 (5 nM) with 208 short single DNA strands (modi�ed and

unmodi�ed staple strand sequences can be found in the appendix tables A.1 and A.2)

(150 nM), TAE bu�er (10x concentrated) containing 100 mM MgCl2 and ultrapure

water (Merck Millipore). The solution has been heated up to 80 °C and then slowly

cooled down to 8 °C in 2 hours with a de�ned temperature program (80 °C - 66 °C:
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1 °C every 30 s, 66 °C - 25 °C: 1 °C every 2 min, 25 °C - 8 °C: 1 °C every minute)

using a thermal cycler. Afterwards, the self-assembled DNA origami structures have

been puri�ed using 100 kDa molecular weight cut-o� centrifugal �lters to remove the

excess of staple strands. For this, the samples have been washed four times with TAE

bu�er (1x concentrated) containing 10 mM MgCl2 at 2655×g for 10 min. After the

preparation of DNA origami structures, each sample has been analyzed using AFM to

verify the correctly formed structures followed by �uorescence spectroscopy analysis.

3.2.2 G-quadruplex folding and unfolding

The folding of G-quadruplexes has been analyzed for free telomeric DNA and for telo-

meric DNA on DNA origami structures. For the free telomeric DNA KCl (c = 20 mM,

200 mM, 2 M) has been added to the solution and incubated for 15 min at RT. After

the incubation, the samples have been analyzed using steady-state and time-resolved

�uorescence spectroscopy at a DNA concentration of ca. 5 nM.

For telomeric DNA on DNA origami structures, KCl (c = 20 mM, 200 mM, 2 M)

has been added to the samples followed by shaking at 40 °C for 15 min. To un-

fold the G-quadruplex subsequently, an aqueous cryptand solution has been added

(c = 200 mM, 2 M) and the samples have been incubated at 40 °C for 15 min. To

remove KCl and cryptand from the samples, they have been washed three times with

TAE bu�er (1x concentrated) containing 10 mMMgCl2 using centrifugal �lters (10 kDa

molecular weight cut-o� �lter) at 3824×g for 7 min. The samples have been analyzed

after each KCl and cryptand addition and after each �ltration step using steady-state

and time-resolved spectroscopy at a DNA concentration of ca. 5 nM.

3.3 FRET systems on DNA origami structures

Di�erent FRET systems with di�erent �uorophores and di�erent �uorophore orienta-

tions on DNA origami structures have been analyzed in this work. [1�3] In the following

section the �uorophore positions and orientations and the intermolecular distances of

the �uorophores in the di�erent FRET systems are discussed. For all systems trian-

gular shaped DNA origami structures based on the original Rothemund design [6] have

been used to arrange the �uorophores at certain positions. A detailed map of the whole

DNA origami structure is shown in the appendix in �gure A.2. The distances discussed

in this section are based on a rigid and idealized geometry and are only rough values

to give an overview of the size ranges of the analyzed FRET systems. Here, certain

assumptions for the distance calculations have been made based on the structural prop-

erties of dsDNA (dsDNA: 0.34 nm/nb, 10.5 nb = 3.5 nm, DNA double helix diameter:

2 nm) and the DNA origami design (inter-helical gap size: 0.5 nm (crossover every

16 nb)). For ssDNA, the DNA strand length is also calculated based on the struc-
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tural properties of dsDNA and can therefore di�er from the actual length because of

a higher �exibility in ssDNA. [28] The exact sequences for the modi�ed staple strands

mentioned in this section can be found in table A.2 in the appendix. This section is

divided according to the manuscripts discussed in this work.

3.3.1 Ion-selective formation of a guanine quadruplex on DNA

origami structures

The formation of G-quadruplex structures has been analyzed for free telomeric DNA

and for telomeric DNA on DNA origami structures (using the reversed human telomeric

DNA (RevHumTel)). [1] For the free telomeric DNA the 5'- and 3'-end of the DNA

strand are modi�ed with an acceptor and a donor dye, respectively. Here, FAM is

the donor and Cy3 the acceptor dye. The �uorophores are separated by 26 nb (Cy3-

RevHumTel-FAM, 5'-Cy3-TT (GGG ATT)4-FAM) which corresponds to a length of

approximately 8.6 nm (see �gure 3.1).

Figure 3.1: Estimated donor-acceptor distances (green: donor, FAM; yellow: acceptor,
Cy3) for the single stranded telomeric DNA (red: T, green: G, blue: A), �propeller-
type� G-quadruplex in presence of KCl and �basket-type� G-quadruplex in presence of
NaCl (dark green: anti, light green: syn). The distances have been determined based
on X-ray crystallography, NMR and molecular dynamics data reported in literature for
the human telomeric DNA. [123,124]

The donor-acceptor distance decreases due to the G-quadruplex formation in pres-

ence of sodium and potassium ions. The distance between Cy3 and FAM in the G-

quadruplex conformation is estimated based on the X-ray crystallography, NMR and

molecular dynamics data reported in literature for HumTel (5'-(TTA GGG)4) in pres-

ence of Na+ and K+. [123,124] The donor-acceptor distances range from approximately

4.6 nm (�propeller-type�, KCl) to 5.8 nm (�basket-type�, NaCl) as shown in �gure 3.1.

Here, a linker length of 0.7 nm between �uorophore and DNA strand has been taken

into account. Please note, that these distances are only estimations because in this

work RevHumTel has been used to achieve an ion-selectivity on DNA origami struc-

tures. The exact G-quadruplex structures for RevHumTel in presence of Na+ and K+



3.3. FRET SYSTEMS ON DNA ORIGAMI STRUCTURES 33

are not known. Thus, the actual donor-acceptor distances present in the G-quadruplex

structures can di�er from the theoretical values.

For the telomeric DNA attached to DNA origami structures one staple strand (�t1s6i�)

is prolonged at its 5'-end with RevHumTel and modi�ed with Cy3 (Cy3-RevHumTel-

t1s6i, exact DNA sequence is shown in table A.2). FAM is placed 10 nb away from

the telomeric DNA directly on the DNA origami structure resulting in a distance of

approximately 3.3 nm (�gure 3.2). A distance of 10 nb makes sure that the �uorophores

are positioned on the same side of the DNA origami structure (distance corresponds

to one whole helical turn) and increases the potential FRET e�ciency. [20,194] FAM

has been internally introduced in the �t-1s6i� staple strand (FAM-t-1s6i, table A.2).

The maximum donor-acceptor distance in absence of K+ is estimated to be 9.2 nm

(see �gure 3.2). The donor-acceptor distance decreases to approximately 7.4 nm in the

compact G-quadruplex structures as shown in �gure 3.2. Please note that the distances

determined here are estimations and can di�er from the actual distances because the

single stranded telomeric DNA and the G-quadruplex can rotate on the DNA origami

platform.

Figure 3.2: Donor-acceptor distances (green: donor, FAM; yellow: acceptor, Cy3) for
telomeric DNA (red: T, green: G, blue: A) on DNA origami structures in the unfolded
(left) and folded state in presence of KCl (right). The images represent only a small
section of the triangular shaped DNA origami structure for a better visualization.

3.3.2 An ion-controlled four-color �uorescent telomeric switch

on DNA origami structures

To create larger switchable FRET systems on DNA origami structures, further �uo-

rophores are introduced to the two-color FRET system shown in �gure 3.2. [2] For this,

Cy5 is introduced directly on the DNA origami structure again 10 nb (ca. 3.3 nm)

away from the telomeric DNA by modifying a staple strand (�t2s7f�) internally (see
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�gure 3.3, Cy5-t2s7f, exact DNA sequence can be found in table A.2). This results

in a Cy3/Cy5 distance of approximately 9.2 nm in the unfolded state (see �gure 3.3).

When the G-quadruplex folds in presence of KCl the Cy3/Cy5 distance decreases to

ca. 7.4 nm. The distance between the initial donor FAM and the �nal acceptor Cy5 is

20 nb (ca. 6.6 nm, �gure 3.3).

Figure 3.3: Determined nominal distances between �uorophores (green: donor, FAM;
yellow: transmitter1, Cy3; red: transmitter2, Cy5; dark red: acceptor, IRDye700) in
the three-color FRET cascade and the four-color photonic wire on triangular shaped
DNA origami structures (for better visualization only a small section of the DNA
origami structure is shown, (telomeric DNA: red: T, green: G, blue: A)). The FRET-
pairs (FAM/RevHumTel-Cy3, RevHumTel-Cy3/Cy5 and Cy5/IRDye700) are sepa-
rated by 10 nb (ca. 3.3 nm) leading to the same orientation of the �uorophores on
the DNA origami structure.

A photonic wire-like system consisting of four �uorophores is created by extending the

three-color FRET system even more. For this, the organic dye IRDye700 is introduced

as the �nal acceptor. Again, IRDye700 is placed 10 nb (ca. 3.3 nm) away from

Cy5 directly on the DNA origami structure by modifying a staple strand (�t2s5f�)
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internally (�gure 3.3, IRDye700-t2s5f, exact DNA sequence is shown in table A.2 in

the appendix). This design results in a FAM/IRDye700 distance of approximately

10 nm. The intermolecular distance of Cy3 and IRDye700 in the unfolded state is

maximal 10.8 nm and does not signi�cantly change in the folded conformation (10.7 nm,

�gure 3.3). All distances determined here are the average distances and can vary

due to rotation of the unfolded telomeric DNA and the G-quadruplex on the DNA

origami structure. Here, all �uorophores have the same orientation on the DNA origami

structure because each �uorophore is introduced after one whole helical turn. The

determined distances are calculated by taking a linker length of 0.7 nm into account.

3.3.3 FRET e�ciency and antenna e�ect in multi-color DNA

origami-based light harvesting systems

An arti�cial light harvesting system with three di�erent �uorophores has been created

on DNA origami structures. [3] For this, an acceptor dye (Cy5) is placed in the center of

the light harvesting complex. This acceptor dye is surrounded by a maximum number

of four transmitter molecules (Cy3). These transmitter molecules can be either placed

on a neighboring double helix (T1 and T3, paths I and III) or along the same double

helix (T2 and T4, paths II and IV) as shown in �gure 3.4. The distance between Cy3

and Cy5 on neighboring DNA double helices is 4.2 nm when the �uorophore orientation

and a linker length of 0.7 nm is taken into account (�gure 3.4). The �uorophores are

positioned on opposite sides of the DNA origami structure. The Cy3/Cy5 distance

along the same DNA double helix is 9 nb resulting in a nominal distance of 3.4 nm

(�gure 3.4). Again, the �uorophore orientation and the linker length are taken into

account. Next to each Cy3, one FAM molecule is placed. Again, the �uorophores

are either placed on neighboring DNA double helices (D1 and D3, paths I and III) or

along the same DNA double helix (D2 and D4, paths II and IV) as shown in �gure 3.4.

The FAM/Cy3 distances are similar to the previously discussed Cy3/Cy5 distances (see

�gure 3.4). The distance between FAM and Cy5 on di�erent DNA double helices (paths

I and III) is 5 nm (FAM and Cy5 are positioned on the same side of the DNA origami

structure). The distance between FAM and Cy5 along the same DNA double helix

(paths II and IV) is 18 nb corresponding to a distance of 6.5 nm when the �uorophore

orientation and linker length are taken into account (�gure 3.4).

Additionally, FAM is placed shifted such that it can serve as a donor for two Cy3

molecules (D5 - D8, see �gure 3.4). In this way a maximum number of eight FAM

molecules can be used as donor molecules. The FAM position has been chosen in such

a way that the FAM/Cy3 distance is nearly the same for all four Cy3 molecules (R(T1/

D5) = R(T1/D8) = R(T2/D5) = R(T2/D6) = R(T3/D6) = R(T3/D7) = R(T4/D7)

= R(T4/D8)). The FAM/Cy3 distance is approximately 3.3 nm for all these positions

(see �gure 3.4). Please note that for the positions T1 and T3 Cy3 and FAM are on
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the same side of the DNA origami structure (R = 10 nb, one whole helical turn) and

for T2 and T4 the orientation of the �uorophores is slightly twisted. The FAM/Cy5

distance is approximately 5.4 nm (�gure 3.4). Again, Cy5 and FAM are on opposite

sides of the DNA origami structure. All modi�ed DNA sequences used for the arti�cial

light harvesting system are listed in table A.2. With such a FRET array the number

of overall �uorophores, the number of each �uorophore (Cy5, Cy3 and FAM) and the

donor-transmitter-acceptor ratio can be varied and the light harvesting e�ciency and

FRET e�ciency can be analyzed.

Figure 3.4: Intermolecular donor-transmitter-acceptor distances and �uorophore ori-
entations in the arti�cial light harvesting system on DNA origami structures (green:
donor, FAM; yellow: transmitter, Cy3; red: acceptor, Cy5). Only a small section of
the DNA origami triangle is shown for better visualization.

3.4 Analytical methods

3.4.1 Atomic force microscopy

To investigate the correctly formed DNA origami structures, AFM has been performed

for each sample after the assembly process. AFM imaging has been done using a

Flex atomic force microscope from Nanosurf GmbH (Liestal, Switzerland). A Tap150

Al-G cantilever from Budget Sensors (So�a, Bulgaria) with a resonance frequency of

(125 - 160) kHz and a spring constant of 5 Nm-1 has been used to visualize the DNA

origami structures. The samples have been prepared on freshly cleaved mica. For this,

2 µL of the sample (ca. 20 nM) and 33 µL of TAE bu�er (1x concentrated) containing

10 mM MgCl2 have been incubated for 30 s and subsequently washed twice with 1 mL

of ultrapure water (Merck Millipore). Afterwards, the �uid has been removed with

compressed air. The measurements have been performed in air using the tapping

mode. The AFM images have been analyzed and visualized using the Gwyddion 2.44

open-source software. The measured triangles have a length of (100 - 150) nm and a

height of (1 - 2) nm (see �gure 3.5).
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Figure 3.5: Typical AFM image of adsorbed DNA origami nanostructures on freshly
cleaved mica (left) together with a height pro�le of one DNA origami structure
(right). The DNA origami structures measure a height of (1 - 2) nm and a length of
(100 - 150) nm.

3.4.2 UV/Vis absorption spectroscopy

To determine the concentration of the DNA origami nanostructures, UV/Vis absorption

spectra have been measured on a NanoDrop2000 Spectrophotometer from Thermo

Scienti�c (Waltham, U.S.A.). For this, 2 µL of the sample have been given on the Nano-

Drop2000 and the UV/Vis spectrum has been recorded in the range from 200 to 800 nm.

Prior to the sample, the solvent (TAE bu�er (1x concentrated) containing 10 mM

MgCl2) has been recorded and automatically subtracted from the sample's spectrum.

To determine the DNA origami concentration, the Beer-Lambert law (equation 2.1) is

used. According to the manufacturer the extinction coe�cient at 260 nm of dsDNA

is ε = 0.02 µL
ng·cm and the absorption path length is l = 0.1 cm. Now, the DNA

concentration can be calculated with equation 3.1 when the absorbance at 260 nm

(A(260 nm)) is known.

c′ = 500
ng

µL
· A(260 nm) (3.1)

The DNA origami concentration c′ based on equation 3.1 is given in [ ng
µL
] and by using

the molecular mass of the DNA origami structure (M≈ 4.4 · 106 g
mol

) a conversion factor

can be determined to calculate the DNA origami concentration c in [nM ] (equation

3.2).

c = 0.2272
nM · µL
ng

· c′ (3.2)

3.4.3 Steady-state �uorescence spectroscopy

Steady-state �uorescence spectroscopy measurements have been performed using a

FluoromaxP �uorescence spectrophotometer from HORIBA Jobin Yvon GmbH

(Bensheim, Germany) with 3 mm quartz cuvettes from Hellma Analytics (Müllheim,

Germany). The measurements have been performed in a 90° angle acquisition using
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the system-internal quantum correction. For emission spectra, the excitation wave-

length has been chosen according to the �uorophore which is directly excited (FAM:

λex = 450 nm, Cy3: λex = 500 nm, Cy5: λex = 600 nm, IRDye700: λex = 650 nm). To

record excitation spectra, the emission wavelength has been set to λem = 540 nm (FAM),

λem = 640 nm (Cy3), λem = 680 nm (Cy5) and λem = 740 nm (IRDye700), respectively.

For all measurements an increment of 1 nm and an integration time of 0.2 s have been

set and the bandpass has been �xed to 5 nm for both emission and excitation.

3.4.4 Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) experiments have been carried out

to determine the �uorescence decay time of �uorophores. The basic principles of the

method are shortly discussed in this section. [163] For TCSPC the sample is excited with

a laser pulse followed by the detection of a single photon. A typical setup of such a

TCSPC instrument is shown in �gure 3.6. After the excitation pulse a signal is sent

to a constant function discriminator (CFD) which measures the starting point of the

excitation pulse. Afterwards, this signal passes through a time-to-amplitude converter

(TAC) which starts to generate a voltage ramp with a linear increase on the nanosecond

scale. After the sample excitation, the pulse of a photon is detected in a second channel

with another CFD. Consequently, the voltage ramp is stopped. The measured voltage is

proportional to the time delay between sample excitation and photon emission. With a

programmable gain ampli�er (PGA) the voltage can be enhanced if necessary followed

by the signal transfer to a multichannel analyzer (MCA). A window discriminator

(WD) is introduced to reduce errors. Here, the voltage is limited to a certain range

and if the voltage is not within this range the single measurement is omitted. This

process is repeated numerous times (105 - 107 times) to create a histogram consisting of

counted photons (y-axis) at certain time delays (x-axis) which is schematically shown

in �gure 3.6. This histogram represents the �uorescence decay of the sample under

certain conditions. For this, it is important that only one photon is detected per laser

pulse otherwise the data can be distorted especially at high counting rates. Thus, the

detection rate is usually relatively low (one photon is detected every 100 excitation

pulses). Furthermore, the dead time of the instrument (time in which a photon cannot

be detected by the detector) has to be taken into account and the time between two

excitation pulses has to be adjusted accordingly. When measuring TCSPC one has to

keep in mind that the excitation pulse is not in�nitely short. Therefore, the impulse

response function (IRF) is measured using a scattering sample representing the shortest

time pro�le which can be measured with the used instrument (the width of the IRF

depends on the light source, detector and timing of electronics). This IRF curve has

to be taken into account when analyzing and �tting the �uorescence decay curves. [163]

In this work, TCSPC measurements have been carried out on a FLS920 �uorescence
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spectrophotometer from Edinburgh Instruments Ltd (Livingston, UK) with the F900

(Edinburgh Instruments Ltd) software using 3 mm quartz cuvettes (Hellma Analy-

tics). The samples have been measured in a 90° setup using a supercontinuum white

light source SC-400-PP from Fianium/NKT Photonics A/S (Birkerød, Denmark) as

the excitation source ((0.5 - 20) MHz, 400 nm < λ < 24 000 nm, pulse width: ca.

30 ps). As a detector a multi-channel-plate ELDY EM1-132/300 from Europhoton

GmbH (Neusalza-Spremberg, Germany) has been used. The excitation and emis-

sion wavelengths have been set according to the �uorophore which is excited (FAM:

λex = (490 ± 1) nm, λem = (520 ± 1) nm; Cy3: λex = (545 ± 1) nm, λem = (565 ± 1) nm;

Cy5: λex = (645 ± 1) nm, λem = (665 ± 1) nm; IRDye700: λex = (690 ± 1) nm,

λem = (710 ± 1) nm).

Figure 3.6: Schematic illustration of a typical TCSPC setup with constant function
discriminator (CFD), time-to-amplitude converter (TAC), programmable gain ampli�er
(PGA), window discriminator (WD) and multichannel analyzer (MCA). The image is
adapted from literature. [163]

The �uorescence decay curves (intensity-time-function I(t)) have been �tted with

mono-exponential or multi-exponential functions (bi- or tri-exponential, equation 3.3)

depending on the sample using the FAST software (Edinburgh Instruments, UK).

I(t) =
n∑
i=1

Aie
−t
τi (3.3)

Here, τi is the decay time component and Ai is the amplitude characteristic for each

decay time component. The amplitude averaged �uorescence decay time τDA is then

calculated with equation 3.4.

τDA =

∑n
i=1Aiτi∑n
i=1Ai

(3.4)
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3.4.5 CD spectroscopy

Circular dichroism spectroscopy is based on the e�ect that chiral (optically active)

molecules absorb right- and left-handed circularly polarized light di�erently. There-

fore, CD spectroscopy can be used for structural investigations of biomolecules such

as DNA. In this sense, it can be used to analyze the di�erent structures of certain

G-quadruplexes. Di�erent G-quadruplex structures lead to di�erent CD spectra. This

e�ect is ascribed to the di�erent stacking interactions due to di�erent glycosidic angles

and strand orientations. [195,196] An overview of certain CD signals induced by di�erent

G-quadruplex structures is given in table 3.2.

Table 3.2: Overview of di�erent CD signals induced by di�erent G-quadruplex struc-
tures. The peak assignment is based on previously reported peak positions. [118,126]

type positive peak negative peak example

parallel (260 - 265) nm 240 nm

hybrid
290 nm
(260 - 270) nm
(shoulder)

240 nm

anti-
parallel

(290 - 295) nm
(240 - 250) nm

(240 - 275) nm

CD spectroscopy has been performed on a JASCO J-815 CD spectrometer (JASCO

Labor- und Datentechnik GmbH, Gross-Umstadt, Germany) with 1 mm quartz cu-

vettes from Hellma Analytics. For this, the DNA strands (unmodi�ed RevHumTel

(5'-TT (GGG ATT)4) and HumTel (5'-TT (GGG TTA)3 GGG TTT), c = 100 µM)

have been diluted in TAE bu�er (1x concentrated) to a concentration of 8.5 µM. KCl

and NaCl, respectively (c = 200 mM, 2 M) have been added to the sample to induce

the G-quadruplex formation (incubation for 15 min at RT). Each sample has been pre-

pared separately for each salt concentration ranging from 0 to 500 mM (c = (2, 10, 20,

200, 500) mM). The pure TAE bu�er has been measured individually and subtracted

from the sample's CD spectrum. The CD spectra have been recorded from 200 to

320 nm with the following settings: digital integration time: 4 s, sensitivity: standard,

spectral bandwidth: 1 nm, data pitch: 1 nm, start mode: immediately, scanning mode:

continuous, scanning speed: 50 nm
min

, accumulation: 3.
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Ion-Selective Formation of a Guanine Quadruplex on DNA Origami
Structures**
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Abstract: DNA origami nanostructures are a versatile tool that
can be used to arrange functionalities with high local control to
study molecular processes at a single-molecule level. Here, we
demonstrate that DNA origami substrates can be used to
suppress the formation of specific guanine (G) quadruplex
structures from telomeric DNA. The folding of telomeres into
G-quadruplex structures in the presence of monovalent cations
(e.g. Na+ and K+) is currently used for the detection of K+ ions,
however, with insufficient selectivity towards Na+. By means of
FRET between two suitable dyes attached to the 3’- and 5’-ends
of telomeric DNA we demonstrate that the formation of G-
quadruplexes on DNA origami templates in the presence of
sodium ions is suppressed due to steric hindrance. Hence,
telomeric DNA attached to DNA origami structures represents
a highly sensitive and selective detection tool for potassium
ions even in the presence of high concentrations of sodium
ions.

DNA can be folded into almost any 2D and 3D shape by
using the DNA origami technique.[1] DNA nanostructures can
be decorated with proteins, nanoparticles, fluorescent dyes,
and higher-order DNA structures with nanometer precision,
and thus they can serve as a versatile tool in analytical
science.[2] DNA origami structures can be used as a platform
to detect RNA sequences[3] and other molecular species
through atomic force microscopy,[4] for few-molecule detec-
tion using surface-enhanced Raman scattering (SERS),[5] and

to determine the yield of sequence-specific DNA damage.[6]

The formation of guanine (G) quadruplex structures from
telomeric DNA sequences was also extensively studied using
a DNA origami frame and high-speed AFM.[7] Telomeres are
located at the ends of eukaryotic chromosomes, and stabilize
and protect the genome.[8] The G-rich, single-stranded
mammalian telomeres have the sequence 5’-(TTAGGG)n

[9]

and they can form nonduplex structures in the presence of
monovalent cations. In the nonduplex structure four G bases
are associated with eight stable hydrogen bonds to form a G-
tetrad. Two or more G-tetrads are stacked to form a G-
quadruplex. Since the association constant for G-quadruplex
formation is lower for Na+ than for K+ ions,[10, 11] telomere
sequences have been suggested as selective K+ sensors using
Fçrster resonance energy transfer (FRET).[10–12] However,
Na+ induces G-quadruplex formation from free human
telomeric DNA in a concentration range from 10–205 mm.
Under physiological conditions (ca. 145 mm Na+) this can
lead to considerable errors in the determination of K+

concentration. As we demonstrate here, by using telomeric
DNA attached to DNA origami platforms, the formation of
G-quadruplexes by Na+ is completely suppressed, whereas
the K+-induced G-quadruplex formation is not influenced.

In the present study, we have used FRET to investigate in
detail the K+- and Na+-induced folding of G-quadruplexes
from both free telomere sequences and telomere sequences
attached to triangular DNA origami platforms. FRET refers
to a nonradiative energy transfer from an excited donor to an
acceptor through dipole–dipole interactions. The FRET
efficiency h is strongly distance-dependent according to
Equation (1).

h ¼ R6
0

R6
0 þ R6

ð1Þ

Here, R is the donor–acceptor distance and R0 the Fçrster
radius at which the FRET efficiency is 50%. The FRET
efficiency can also be calculated based on the donor�s decay
time [Eq. (2)].

h ¼ 1� tDA

tD
ð2Þ

Here, tD is the donor�s decay time in the absence of the
acceptor and tDA is the decay time in the presence of the
acceptor.[13]

In the present study, free human telomeric DNA was used
as a reference system modified with cyanine 3 (Cy3) at the 5’-
end and fluorescein (FAM) at the 3’-end (5’-Cy3-TTG GGA
TTG GGA TTG GGA TTG GGA TT-FAM). When K+ or
Na+ is added to the solution, the conformation changes from
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a single-stranded random coil to a compact G-quadruplex
structure, in which the donor–acceptor distance is 4.6 nm in
the presence of K+ and 5.8 nm in the presence of Na+ (see
Figure 1A and Figure S1 in the Supporting Information (SI)
for details). In the second system, in which triangular DNA
origami templates are used (AFM image is shown in Fig-
ure S2), FAM was placed 3.3 nm away from the 3’-end of the
protruding telomeric DNA. The latter is modified with Cy3 at
its 5’-end (Figure 1B and Figure S1). In the compact G-
quadruplex structure the donor–acceptor distance has a max-
imum value of 7.5 nm.

Steady-state emission spectra were recorded at a DNA
concentration of 5 nm with an excitation wavelength of
450 nm and are shown in Figure 2. Figure 2A and B show
the fluorescence emission spectra for the free telomeric DNA
sequence upon addition of KCl (A) and NaCl (B). In
Figure 2C and D the respective spectra are shown for the
telomeric DNA attached to DNA origami triangles. When no
FRET occurs, the emission of FAM at 515 nm is dominant.
Since in the random-coil conformation the organic dyes are
already close enough for FRET to occur, weak Cy3 emission
at 565 nm can be observed in the steady-state spectra
(Figure 2A,B) also when no salt is present. When either
KCl or NaCl is added to the free telomeric DNA (Fig-
ure 2A,B), the dyes are brought closer together due to G-
quadruplex formation and more efficient FRET can be
observed. FAM fluorescence is quenched and simultaneously
Cy3 emission increases. The addition of 1 mm KCl (Fig-
ure 2A) is sufficient to change the emission properties. As the
association constant for Na+ [11] is lower than that for K+,
a clear change in the fluorescence emission is observed upon
addition of about 25 mm NaCl (Figure 2B). However, this
distinction is insufficient under biologically relevant condi-

tions, since in extracellular liquids the Na+ concentration is
roughly 145 mm and the K+ concentration is as low as 4 mm.
As can be seen in Figure 2 B the single telomeric DNA strand
shows high sensitivity for Na+ in a concentration range of 25–
205 mm. Thus, the use of free telomeric DNA as a selective
potassium sensor in biological media is not feasible. In order
to overcome this problem, the telomeric DNA was immobi-
lized on DNA origami structures to construct the DNA
origami/telomere FRET sensing system. Figure 2 C shows the
response of the DNA origami/telomere system to increasing
amounts of KCl. Overall, the FRET efficiencies are lower
since the donor–acceptor distance in the DNA origami design
is larger than that in the free telomeric system (Figure 1).
Nevertheless, a clear change both in the donor and acceptor
emission is observed in the concentration range between
5 mm and 110 mm KCl. The Cy3 emission intensity decreases
slightly at 0.1–2.5 mm KCl owing to moderate heating to 40 8C
with the first KCl addition, which might increase the average
distance between the dyes in the nonfolded telomeres.
Starting at a concentration of 5 mm KCl the FRET efficiency
increases clearly. The situation is completely different when
NaCl is added to the DNA origami/telomere structures
(Figure 2D). The steady-state fluorescence emission spectra
are unaffected by Na+ ions even at concentrations as high as
205 mm. That is, the average donor–acceptor distance does
not change with increasing NaCl concentration, indicating
that the G-quadruplex formation does not take place on DNA
origami structures in the presence of Na+ ions. In Figure 2E it
is demonstrated that the high sensitivity for K+ is preserved
even in the presence of 145 mm NaCl. It should be noted that
FRET is also not observed upon addition of NaCl to the DNA
origami/telomere system when one of the dyes is placed
directly beside the 3’-end of the telomere sequence to mimic
the free-telomeric DNA FRET system (see Figure S3 (SI)).

Based on the fluorescence intensity of FAM and Cy3, the
association constants are calculated for the free telomeric
DNA system to be 1.5 � 104

m
�2 for K+ and 33.7m�2 for Na+

(see Figure S4 (SI)). The association constant for the DNA
origami/telomere system is determined to be 2.6 � 104

m
�2 for

K+ (Figure S4 (SI)), which is very close to the value obtained
for the free telomeric DNA with KCl addition. In the
presence of 145 mm NaCl, an association constant of 1.4 �
104

m
�2 in the presence of KCl was obtained (Figure S4 (SI)).

This indicates that the formation of the G-quadruplex, and
therefore, the sensitivity towards K+ is virtually unaffected by
the DNA origami platform and the presence of Na+.

Since the steady-state measurements depend on the
absolute DNA concentration, the FRET efficiencies have
also been determined using time-resolved fluorescence spec-
troscopy. The fluorescence decay times determined for the
donor are summarized in Table 1 (decay curves are shown in
Figure S5), and the FRET efficiency is determined using
Equation (2). In Figure 3 the FRET efficiencies are plotted
versus the different salt concentrations.

For free telomeric DNA, the donor decay time decreases
with the increase in KCl and NaCl concentration. Accord-
ingly, the FRET efficiency increases with an increase in KCl
and NaCl concentration. The dynamic range in the FRET
efficiency for K+ is from about 0.5 mm to 50 mm. On the other

Figure 1. Scheme of the telomere-based potassium-sensing systems.
A) Free telomeric DNA strand (5’-Cy3-TT(GGGA)4TT-FAM, T = black,
G =dark gray, A = light grey) with fluorescein (FAM, dark gray) as the
donor dye and cyanine3 (Cy3, light gray) as the acceptor dye. The
DNA strand folds into G-quadruplex structures when monovalent
cations such as K+ and Na+ are present. The different cations induce
the formation of different G-quadruplex structures. When the free
telomeric DNA strands are used, both G-quadruplexes can be formed
and K+ and Na+ are detected using FRET. B) The telomeric DNA
strand is immobilized on the DNA origami structure as a protruding
strand attached to one staple strand. The telomeric DNA strand is
placed 3.3 nm away from FAM on the DNA origami structure. The G-
quadruplex can only be folded in the presence of potassium ions.
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hand, for Na+ the FRET efficiency changes strongly within
a wide concentration range from 5 mm to more than 165 mm.

Similar to the case for free telomeric DNA, the FRET
efficiency also increases for the DNA origami/telomere
system upon the addition of KCl. The differences between
the FRET efficiencies of the free telomeric DNA and the
DNA origami system (free telomeric DNA: 0.56–0.91; DNA
origami substrate: 0.28–0.57) are due to the different donor
acceptor–distances in the two systems (Figure 1). When NaCl
is added, the FRET efficiency remains unaffected (Figure 3)
indicating again that G-quadruplex formation in the presence
of Na+ is suppressed on the DNA origami structures.

Consequently, K+ sensing is also
operative at a concentration of
145 mm NaCl (Figure 3).

The formation of G-quadru-
plexes in the presence of K+ and
the suppression of its formation in
the presence of Na+ with the DNA
origami/telomere system can be
explained by the specific G-quad-
ruplex structures. Apart from the
telomere sequence and the strand
polarization, the G-quadruplex
structure depends critically on
the central metal ion.[14] According
to X-ray crystallographic and
NMR analysis, Na+ ions induce
a “basket-type” G-quadruplex,
whereas in the presence of K+,
a “propeller-type” structure is
formed (Figure 1A).[15,16] The
basket-type G-quadruplex has
a diagonal loop at the end and
therefore its formation is sterically
hindered by the DNA origami
surface.[15] In contrast, the propel-
ler-type G-quadruplex can still be
formed on DNA origami plat-
forms in the presence of K+ . The
formation of the different G-quad-
ruplex structures in the presence
of K+ and Na+ ions is confirmed by
the slightly different donor–
acceptor dye distances, which can
be determined from the FRET
efficiencies for the free telomeric
DNA system. The donor–acceptor
distances are determined using
Equation (1) and the Fçrster
radius R0 for the FAM–Cy3
FRET pair. R0 has been calculated
to be 6.7 nm based on the spectral
overlap (see Figure S6 (SI)).
Accordingly, the donor–acceptor
distance in the free telomere
sequence without the addition of
NaCl or KCl is 6.4 nm. Upon the
addition of 165 mm KCl the

donor–acceptor distance decreases to 4.6 nm indicating the
folding of the G-quadruplex. This agrees very well with the
expected distance (4.6 nm, Figure S1) based on the X-ray
crystallography data[16] and taking into account the length of
the linker between the organic dyes and DNA strand
(0.7 nm). For 165 mm NaCl the donor–acceptor distance
determined from the FRET efficiency is 5.1 nm, which is
shorter than the expected distance of 5.8 nm (DR(NaCl) =

0.7 nm, Figure S1 (SI)). Here, it should be noted that in the G-
quadruplex structures induced by Na+ (Figure 1A) the
organic dyes are located at the same end of the G-quadruplex.
Due to the linker between the organic dyes and the DNA

Figure 2. Normalized emission spectra (lex =450 nm) of free telomeric DNA (c = 5 nm) (A,B) and
telomeric DNA on DNA origami structures (C,D,E) for various salt concentrations (KCl and NaCl).
A,B) Addition of KCl (A; c = 0–110 mm) and NaCl (B; c = 0–205 mm) results in a decrease of the
emission intensity of the donor dye FAM (515 nm) and an increase of the emission intensity of the
acceptor dye Cy3 (565 nm) with increasing salt concentration due to FRET. Thus, free telomeric DNA
is folded into G-quadruplex structures in the presence of both potassium and sodium ions.
C,D,E) With the telomeric DNA on DNA origami structures, only KCl addition (C; c =0–110 mm) leads
to a change of the fluorescence emission due to FRET, even in presence of 145 mm NaCl (E; c = 0–
110 mm). When NaCl is added (D; c =0–205 mm), the G-quadruplex structure is not formed on DNA
origami substrates and the fluorescence emission of FAM and Cy3 does not change.
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strand, the average distance between FAM and Cy3 might be
shorter than expected based on only the G-quadruplex
structure.

For the DNA origami/telomere system the donor–
acceptor distance decreases from 7.8 nm without added salt
to 6.4 nm upon addition of 165 mm KCl due to the formation
of G-quadruplexes. The expected maximum distance in this
G-quadruplex system in the presence of KCl is 7.4 nm

(Figure S1 (SI)). Here it is assumed that the rigid G-
quadruplex structure is rotated such that the donor–acceptor
distance has a maximum value. The value determined here is
an average of all possible rotational conformers and thus is
clearly lower than the maximum distance of 7.4 nm.

The sensing system presented in this work is based on
“FAM-to-Cy3” FRET on DNA origami substrates and
enables selective potassium sensing at concentrations from
about 0.5 mm to 50 mm even in the presence of high sodium
concentrations (145 mm). To demonstrate this selectivity, we
compare the G-quadruplex folding of free telomeric DNA
with that of telomeric DNA attached to DNA origami
templates. The free telomeric DNA strand shows sensitivity
towards both NaCl and KCl, but with different association
constants. When telomeric DNA attached to DNA origami
structures is used, high selectivity for potassium ions is
achieved and the sensitivity of the free telomeric DNA strand
is maintained. G-quadruplex formation is completely sup-
pressed on DNA origami structures in the presence of sodium
ions due to steric hindrance arising from the the DNA origami
surface.

Received: September 19, 2014
Published online: November 20, 2014

.Keywords: DNA nanotechnology · FRET · G-quadruplexes ·
nanostructures · self-assembly

[1] P. W. K. Rothemund, Nature 2006, 440, 297 – 302.
[2] a) G. P. Acuna, F. M. Mçller, P. Holzmeister, S. Beater, B.

Lalkens, P. Tinnefeld, Science 2012, 338, 506 – 510; b) J. Fu, M.
Liu, Y. Liu, N. W. Woodbury, H. Yan, J. Am. Chem. Soc. 2012,
134, 5516 – 5519; c) A. Kuzyk, R. Schreiber, Z. Fan, G. Par-
datscher, E.-M. Roller, A. Hçgele, F. C. Simmel, A. O. Govorov,
T. Liedl, Nature 2012, 483, 311 – 314; d) I. Bald, A. Keller,
Molecules 2014, 19, 13803 – 13823.

[3] Y. Ke, S. Lindsay, Y. Chang, Y. Liu, H. Yan, Science 2008, 319,
180 – 183.

[4] A. Kuzuya, Y. Sakai, T. Yamazaki, Y. Xu, M. Komiyama, Nat.
Commun. 2011, 2, 449.

[5] J. Prinz, B. Schreiber, L. Olejko, J. Oertel, J. Rackwitz, A. Keller,
I. Bald, J. Phys. Chem. Lett. 2013, 4, 4140 – 4145.

[6] A. Keller, I. Bald, A. Rotaru, E. Cau�t, K. V. Gothelf, F.
Besenbacher, ACS Nano 2012, 6, 4392 – 4399.

[7] a) Y. Sannohe, M. Endo, Y. Katsuda, K. Hidaka, H. Sugiyama, J.
Am. Chem. Soc. 2010, 132, 16311 – 16313; b) A. Rajendran, M.
Endo, K. Hidaka, P. Lan Thao Tran, J.-L. Mergny, H. Sugiyama,
Nucleic Acids Res. 2013, 41, 8738 – 8747; c) A. Rajendran, M.
Endo, K. Hidaka, H. Sugiyama, Angew. Chem. Int. Ed. 2014, 53,
4107 – 4112; Angew. Chem. 2014, 126, 4191 – 4196.

[8] S. Neidle, G. N. Parkinson, Curr. Opin. Struct. Biol. 2003, 13,
275 – 283.

[9] a) T. R. Cech, Angew. Chem. Int. Ed. 2000, 39, 34 – 43; Angew.
Chem. 2000, 112, 34 – 44; b) R. K. Moyzis, J. M. Buckingham,
L. S. Cram, M. Dani, L. L. Deaven, M. D. Jones, J. Meyne, R. L.
Ratliff, J. R. Wu, Proc. Natl. Acad. Sci. USA 1988, 85, 6622 –
6626.

[10] H. Ueyama, M. Takagi, S. Takenaka, J. Am. Chem. Soc. 2002,
124, 14286 – 14287.

[11] S. Takenaka, B. Juskowiak, Anal. Sci. 2011, 27, 1167 – 1172.
[12] a) L.-D. Li, X.-Q. Huang, L. Guo, Rare Met. 2013, 32, 369 – 374;

b) S. Nagatoishi, T. Nojima, E. Galezowska, A. Gluszynska, B.

Figure 3. FRET efficiencies based on FAM decay times are plotted
versus salt concentrations (KCl (diamonds, circles, squares) and NaCl
(triangles pointed down, triangles pointed up)) for the free telomeric
DNA (c= 5 nm) (diamonds, triangles pointed down) and for telomeric
DNA immobilized on DNA origami templates (circles, squares, and
triangles pointed up). The FRET efficiency increases with increasing
KCl concentration for both systems, even in the presence of 145 mm

NaCl (squares). With increasing NaCl concentration only the FRET
efficiency of the free telomeric DNA increases. When the telomeric
DNA strand is attached to the DNA origami substrate, NaCl is not
detectable.

Table 1: Overview of FAM decay times t for the different systems studied
in this work.[a]

c(salt)
[mm]

t (ssDNA,
KCl) [ns]

t (ssDNA,
NaCl) [ns]

t (DNA
origami,
KCl) [ns]

t (DNA
origami,
NaCl) [ns]

t (DNA
origami,
KCl in
145 mm

NaCl) [ns]

0 1.87 1.89 3.56 3.47 3.47
0.1 1.89 1.90 3.55 3.47 3.50
0.25 1.88 1.89 3.58 3.44 3.50
0.5 1.85 1.87 3.54 3.44 3.48
1 1.79 1.87 3.50 3.45 3.35
2.5 1.63 1.85 3.31 3.47 3.18
5 1.23 1.84 2.96 4.49 2.89

10 0.80 1.76 2.66 3.47 2.59
25 0.64 1.63 2.50 3.48 2.38
50 0.55 1.44 2.40 3.48 2.33

110 0.44 0.99 2.36 3.48 2.23
165 0.40 0.73 2.30 3.43 2.22

[a] Due to FRET the decay time decreases for the free telomeric DNA
(ssDNA) after addition of KCl and NaCl, and for the telomeric DNA
immobilized on DNA origami substrate (DNA origami) upon addition of
KCl and even in presence of 145 mm NaCl. For telomeric DNA on DNA
origami structures the decay time is not influenced by the presence of
NaCl. tD(ssDNA, FAM) =4.3 ns; tD(DNA origami, FAM) =4.8 ns.
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Abstract: DNA-Origami-Nanostrukturen sind vielseitig an-
wendbare Hilfsmittel, die genutzt werden kçnnen, um Funk-
tionalit�ten mit hoher lokaler Kontrolle anzuordnen. Hier
zeigen wir, dass DNA-Origami-Substrate genutzt werden
kçnnen, um die Faltung bestimmter Guanin(G)-Quadruplex-
Strukturen zu unterdr�cken. Die Faltung von Telomer-DNA
zu G-Quadruplexen in Gegenwart einwertiger Kationen (z.B.
Na+ und K+) wird derzeit zur Detektion von K+-Ionen genutzt,
allerdings mit ungen�gender Selektivit�t gegen�ber Na+. Mit-
hilfe von FRET zwischen zwei organischen Farbstoffen, die
am 3’- und 5’-Ende der Telomer-DNA immobilisiert werden,
zeigen wir, dass die G-Quadruplex-Faltung auf DNA-Origa-
mi-Strukturen in Gegenwart von Natriumionen sterisch ge-
hindert wird. Dadurch stellt die an DNA-Origami-Strukturen
gebundene Telomer-DNA ein hochempfindliches und selekti-
ves Detektionssystem f�r Kaliumionen dar, sogar in Gegen-
wart hoher Natriumionenkonzentration.

DNA kann in fast jede beliebige 2D- und 3D-Form mithilfe
der DNA-Origami-Technik gefaltet werden.[1] DNA-Nano-
strukturen lassen sich mit den unterschiedlichsten Molek�len
mit hoher Pr�zision modifizieren, z.B. mit Proteinen, Nano-
partikeln, fluoreszierenden Farbstoffen und anderen DNA-
Strukturen. Daher eignen sie sich sehr gut f�r analytische
Untersuchungen.[2] DNA-Origami-Strukturen kçnnen als
Substrat genutzt werden, um RNA-Sequenzen[3] und andere
Molek�le mithilfe der Rasterkraftmikroskopie (AFM) zu

detektieren,[4] um einzelne Molek�le durch oberfl�chenver-
st�rkte Raman-Streuung zu identifizieren[5] oder die Strang-
bruchausbeute verschiedener DNA-Sequenzen zu bestim-
men.[6] Die Faltung von Guanin(G)-Quadruplexen wurde
umfangreich auf DNA-Origami-Ger�sten mittels Hochge-
schwindigkeits-AFM untersucht.[7] Telomer-DNA befindet
sich an den Enden von eukaryotischen Chromosomen und
stabilisiert und sch�tzt das Genom.[8] Die G-reiche einzel-
str�ngige S�ugetier-Telomer-DNA hat die Sequenz 5’-
(TTAGGG)n

[9] und kann G-Quadruplexe in Gegenwart von
einwertigen Kationen bilden. In diesen Komplexen werden
vier G-Basen durch Ausbildung von acht Wasserstoffbr�cken
zu G-Tetraden assoziiert. Zwei oder mehr gestapelte G-Tet-
raden bilden einen G-Quadruplex. Da die Assoziationskon-
stante der G-Quadruplexe f�r Na+ kleiner als die f�r K+

ist,[10, 11] wurden Telomersequenzen als selektive K+-Sensoren
basierend auf FRET (resonanter Energietransfer nach Fçrs-
ter) vorgeschlagen.[10–12] Allerdings induziert Na+ die G-
Quadruplex-Faltung von menschlicher Telomer-DNA in
einem Konzentrationsbereich von 10–205 mm. Dies kann
unter physiologischen Bedingungen (ca. 145 mm Na+) zu be-
tr�chtlichen Fehlern in der K+-Bestimmung f�hren. Wie wir
hier zeigen, wird die G-Quadruplex-Bildung aus Telomer-
DNA, welche an DNA-Origami-Strukturen gebunden ist, in
Gegenwart von Na+ komplett unterdr�ckt, wohingegen die
Faltung der G-Quadruplexe in Gegenwart von K+ unbeein-
flusst bleibt.

In unserer Studie haben wir FRET genutzt, um die durch
Na+ und K+ induzierte G-Quadruplex-Faltung aus freien
Telomersequenzen und an DNA-Origami-Dreiecken gebun-
denen Sequenzen detailliert zu untersuchen. FRET ist ein
strahlungsloser Energietransfer, bei dem die Energie von
einem angeregten Donor auf einen Akzeptor durch Dipol-
Dipol-Wechselwirkungen �bertragen wird. Die FRET-Effi-
zienz h h�ngt sehr stark von dem Donor-Akzeptor-Abstand
nach folgender Gleichung ab:

h ¼ R6
0

R6
0 þ R6

, ð1Þ

wobei R der Donor-Akzeptor-Abstand ist und R0 der Fçrster-
Abstand, bei dem die FRET-Effizienz 50% betr�gt. Die
FRET-Effizienz kann basierend auf der Donor-Abklingzeit
mit folgender Gleichung berechnet werden:

h ¼ 1� tDA

tD
, ð2Þ

wobei tD die Donor-Abklingzeit in Abwesenheit des Akzep-
tors ist und tDA die Abklingzeit in Gegenwart des Akzep-
tors.[13]
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Wir nutzten freie Telomer-DNA als Referenzsystem,
wobei das 5’-Ende mit Cyanin 3 (Cy3) und das 3’-Ende mit
Fluorescein (FAM) modifiziert wurden (5’-Cy3-TTG GGA
TTG GGA TTG GGA TTG GGA TT-FAM). Wird K+ oder
Na+ zu solch einer Lçsung hinzugegeben, so �ndert sich die
Konformation des DNA-Stranges von einer Random-Coil-
Struktur zu einer G-Quadruplex-Struktur. Hierbei ist der
Donor-Akzeptor-Abstand in Gegenwart von K+ 4.6 nm und
von Na+ 5.8 nm (siehe Abbildung 1A und Abbildung S1 in

den Hintergrundinformationen (SI)). Im zweiten System, in
dem dreieckige DNA-Origami-Strukturen verwendet werden
(AFM-Bild ist in Abbildung S2 in den SI gezeigt), wurde
FAM 3.3 nm entfernt vom 3’-Ende des verl�ngerten Telo-
merstrangs platziert. Die Sequenz wurde am 5’-Ende mit Cy3
modifiziert (Abbildung 1B und Abbildung S1 in den SI). In
der gefalteten G-Quadruplex-Struktur betr�gt der Donor-
Akzeptor-Abstand maximal 7.5 nm.

Emissionsspektren wurden bei einer DNA-Konzentration
von 5 nm mit einer Anregungswellenl�nge von 450 nm auf-
genommen und sind in Abbildung 2 gezeigt. Abbildung 2A
und B zeigen die Fluoreszenzemissionsspektren der freien
Telomer-DNA-Sequenz in Abh�ngigkeit der KCl- (A) und
NaCl-Konzentration (B). In Abbildung 2C und B sind die
Emissionsspektren f�r das Telomer-DNA-Origami-System
dargestellt. Findet kein FRET statt, ist die Emission von FAM
bei 515 nm dominant. Da die organischen Farbstoffe in der
Random-Coil-Struktur schon so nahe beieinander sind, dass
FRET stattfinden kann, ist das Cy3-Emissionsmaximum bei
565 nm in den Emissionsspektren (Abbildung 2 A,B) auch

ohne Salzzugabe sichtbar. Wird entweder KCl oder NaCl zu
den freien Telomer-DNA-Str�ngen gegeben (Abbil-
dung 2A,B), kommen sich die organischen Farbstoffe auf-
grund der G-Quadruplex-Faltung immer n�her, sodass die
FRET-Effizienz steigt. Die Fluoreszenz von FAM wird ge-
lçscht, und gleichzeitig wird die Emission von Cy3 verst�rkt.
Die Zugabe von 1 mm KCl (Abbildung 2A) ist ausreichend,
um eine �nderung der Emissionseigenschaften des Systems
zu bewirken. Wegen der kleineren Assoziationskonstante von
Na+[11] im Vergleich zu der von K+, wird eine �nderung des
Emissionsspektrums erst nach Zugabe von 25 mm NaCl
sichtbar (Abbildung 2B). Jedoch ist diese Unterscheidung f�r
biologisch relevante Bedingungen nicht ausreichend, da in
extrazellul�ren Fl�ssigkeiten die Konzentration von Na+ ca.
145 mm und von K+ nur 4 mm betr�gt. Der freie Telomer-
DNA-Strang zeigt eine hohe Sensitivit�t f�r Na+ in einem
Bereich von 25–205 mm, wie in Abbildung 2B zu sehen ist.
Demnach ist ein Kalium-Sensor unter Verwendung von freier
Telomer-DNA in biologischen Medien nicht realisierbar. Um
dieses Problem zu �berwinden, wurde die Telomer-Sequenz
auf DNA-Origami-Substraten immobilisiert, um das DNA-
Origami-Telomer-FRET-Sensorsystem zu erhalten. In Ab-
bildung 2 C sind die Emissionsspektren des Telomer-DNA-
Origami-Systems in Abh�ngigkeit der KCl-Konzentration
gezeigt. Im Allgemeinen sind die FRET-Effizienzen dieses
Systems geringer, da der Donor-Akzeptor-Abstand grçßer als
im freien Telomerstrang ist (Abbildung 1). Dennoch wird
eine klare �nderung der Donor- und Akzeptoremission in
einem Konzentrationsbereich von 5–110 mm KCl beobachtet.
Die Emission von Cy3 nimmt von 0.1 bis 2.5 mm KCl leicht
ab, was auf ein m�ßiges Erw�rmen auf 40 8C zur�ckgef�hrt
wird, welches den durchschnittlichen Abstand zwischen den
Farbstoffen im ungefalteten Telomer erhçhen kçnnte. Ab
einer Konzentration von 5 mm KCl nimmt die FRET-Effizi-
enz deutlich zu. Bei Zugabe von NaCl zu den Telomer-DNA-
Origami-Strukturen zeigt sich ein vollst�ndig anderes Ver-
halten (Abbildung 2D). Die Emissionsspektren bleiben
durch Na+ unbeeinflusst, sogar bei einer Konzentration von
205 mm NaCl. Das zeigt, dass sich der durchschnittliche
Donor-Akzeptor-Abstand mit Erhçhung der NaCl-Konzen-
tration nicht �ndert. Dies deutet darauf hin, dass sich die G-
Quadruplexe auf DNA-Origami-Strukturen in Gegenwart
von Na+ nicht ausbilden kçnnen. In Abbildung 2E ist gezeigt,
dass die hohe Selektivit�t f�r K+ auch in Gegenwart von
145 mm NaCl erhalten bleibt. Außerdem ist zu erw�hnen,
dass ebenfalls kein FRET durch Na+-Zugabe zu dem DNA-
Origami-Substrat beobachtet wird, wenn ein Farbstoff direkt
neben dem 3’-Ende der Telomersequenz platziert wird, um
das freie Telomersystem nachzuahmen, (Abbildung S3 in den
SI).

Basierend auf den Fluoreszenzintensit�ten von FAM und
Cy3 wurden die Assoziationskonstanten f�r den freien Telo-
mer-DNA-Strang mit 1.5 � 104

m
�2 f�r K+ und 33.7m�2 f�r Na+

berechnet (Abbildung S4 in den SI). Die Assoziationskon-
stante des Telomer-DNA-Origami-Systems betr�gt 2.6 �
104

m
�2 f�r K+ (Abbildung S4 in den SI), was dem Wert des

freien Telomer-DNA-Strangs sehr nahe kommt. In Gegen-
wart von 145 mm NaCl betr�gt die Assoziationskonstante f�r
die KCl-Zugabe 1.4 � 104

m
�2 (Abbildung S4 in den SI). Das

Abbildung 1. Prinzip des Kaliumdetektionssystems basierend auf Telo-
mer-DNA. A) Freier Telomer-DNA-Strang (5’-Cy3-TT(GGGA)4TT-FAM,
T = schwarz, G= dunkelgrau, A =hellgrau) mit Fluorescein (FAM, dun-
kelgrau) als Donorfarbstoff und Cyanin 3 (Cy3, hellgrau) als Akzeptor-
farbstoff. Sind einwertige Kationen wie K+ und Na+ in Lçsung vorhan-
den, faltet sich der DNA-Strang in eine G-Quadruplex-Struktur. Die un-
terschiedlichen Kationen bewirken die Bildung von verschiedenen G-
Quadruplex-Strukturen. Mithilfe des freien Telomer-DNA-Stranges
kçnnen beide G-Quadruplexe gebildet und K+ und Na+ mittels FRET
detektiert werden. B) Der Telomer-DNA-Strang ist als Verl�ngerung
eines Helferstrangs auf dem DNA-Origami-Substrat immobilisiert. Der
Telomer-DNA-Strang wurde 3.3 nm von FAM auf der DNA-Origami-
Struktur entfernt platziert. Der G-Quadruplex kann nun nur in Gegen-
wart von Kalium gebildet werden.
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zeigt, dass die Faltung von G-Quadruplexen und die Sensiti-
vit�t gegen�ber K+ durch die DNA-Origami-Strukturen und
Na+ unbeeinflusst sind.

Da die intensit�tsbasierten Messungen von der DNA-
Konzentration abh�ngig sind, wurden die FRET-Effizienzen
mit zeitaufgelçster Fluoreszenzspektroskopie bestimmt. Die
Fluoreszenzabklingzeiten des Donorfarbstoffs sind in Tabel-
le 1 zusammengefasst (die Abklingkurven sind in Abbil-
dung S5 in den SI dargestellt), und die FRET-Effizienzen
wurden mit Gleichung 2 berechnet. In Abbildung 3 sind die
FRET-Effizienzen gegen die Salzkonzentration aufgetragen.

Im Falle des freien Telo-
mer-DNA-Stranges nimmt die
Abklingzeit des Donors mit
zunehmender KCl- und NaCl-
Konzentration ab. Folglich
nimmt die FRET-Effizienz mit
zunehmender KCl- und NaCl-
Konzentration zu. Der dyna-
mische Bereich in der FRET-
Effizienz liegt f�r K+ zwischen
0.5 mm und 50 mm. Auf der
anderen Seite kommt es f�r
Na+ zu einer starken �nderung
der FRET-Effizienz im Kon-
zentrationsbereich von 5 mm

bis �ber 165 mm.
�hnlich wie bei dem freien

Telomer-DNA-Strang �ndert
sich die FRET-Effizienz f�r das
Telomer-DNA-Origami-
System durch Zugabe von KCl.
Die Unterschiede in den
FRET-Effizienzen des freien
Telomer-DNA-Stranges und
des DNA-Origami-Systems
(freie Telomer-DNA: 0.56–
0.91; DNA-Origami-Substrat:
0.28–0.57) kommen durch die
unterschiedlichen Donor-Ak-
zeptor-Abst�nde zustande
(Abbildung 1). Wird NaCl
hinzugegeben, bleibt die
FRET-Effizienz unbeeinflusst
(Abbildung 3), was wiederum
auf eine Hinderung der G-
Quadruplex-Faltung auf DNA-
Origami-Strukturen hinweist.
Dementsprechend wird K+

auch in Gegenwart von hohen
Na+-Konzentrationen detek-
tiert (145 mm, Abbildung 3).

Die Bildung von G-Qua-
druplexen in Gegenwart von
K+ und die Unterdr�ckung der
G-Quadruplex-Bildung in Ge-
genwart von Na+ auf DNA-
Origami-Substraten ist durch
die spezifische Struktur der G-

Quadruplexe zu erkl�ren. Neben der Telomersequenz und
der Strangpolarisation h�ngt die G-Quadruplex-Struktur
auch vom zentralen Metallion ab.[14] Entsprechend Rçntgen-
kristallstruktur- und NMR-Analysen bewirkt Na+ die Bildung
eines „Basket-Typs“ und K+ die eines „Propeller-Typs“
(Abbildung 1A).[15, 16] Der „Basket-Typ“ hat eine diagonale
Schlaufe am Ende des G-Quadruplexes, wodurch die Faltung
durch die DNA-Origami-Oberfl�che sterisch behindert
wird.[15] Im Gegensatz dazu kann der „Propeller-Typ“, mit
den Schlaufen an den Seiten, in Gegenwart von K+ auf der
DNA-Origami-Plattform gebildet werden. Die Bildung der

Abbildung 2. Normierte Emissionsspektren (lex = 450 nm) der freien Telomer-DNA (c= 5 nm) (A,B) und
von Telomer-DNA auf DNA-Origami-Strukturen (C,D,E) f�r unterschiedliche Salzkonzentrationen (KCl und
NaCl). A,B) Zugabe von KCl (A; c = 0–110 mm) und NaCl (B; c = 0–205 mm) resultiert in einer Abnahme
der Emissionsintensit�t des Donorfarbstoffs FAM (515 nm) und einer Zunahme der Emissionsintensit�t
des Akzeptors Cy3 (565 nm) aufgrund des verst�rkten FRET-Prozesses. Das zeigt, dass freie Telomer-DNA
in Gegenwart von K+ und Na+ in G-Quadruplexe gefaltet wird. C,D,E) Ist die Telomer-DNA auf dem DNA-
Origami-Substrat immobilisiert, f�hrt nur eine KCl-Zugabe (C; c = 0–110 mm) zu einer �nderung der Emis-
sionseigenschaften aufgrund von FRET, sogar in Gegenwart von 145 mm NaCl (E, c = 0–110 mm). Durch
Zugabe von NaCl (D, c =0–205 mm) wird der G-Quadruplex auf DNA-Origami-Strukturen nicht gebildet
und die Emission von FAM und Cy3 sind unbeeinflusst.
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unterschiedlichen G-Quadruplex-Strukturen in Gegenwart
von K+ und Na+ wird durch die unterschiedlichen Donor-
Akzeptor-Abst�nde best�tigt, welche mittels der FRET-Ef-
fizienzen des freien Telomersystems bestimmt werden
kçnnen. Die Donor-Akzeptor-Abst�nde werden mit Glei-
chung (1) und dem Fçrster-Abstand R0 f�r das FAM-Cy3-
FRET-Paar berechnet. Basierend auf dem spektralen �ber-
lapp wurde R0 zu 6.7 nm berechnet (Abbildung S6 in den SI).
Dementsprechend ist der Donor-Akzeptor-Abstand im freien
Telomerstrang ohne Zugabe von NaCl oder KCl 6.4 nm.
Durch Zugabe von 165 mm KCl nimmt der Donor-Akzeptor-

Abstand bis auf 4.6 nm ab, was darauf hindeutet, dass der G-
Quadruplex gefaltet wird. Dieses Ergebnis stimmt mit dem
erwarteten Abstand von 4.6 nm (Abbildung S1 in den SI)
basierend auf den Kristallstrukturdaten[16] und den Linker-
l�ngen zwischen Farbstoffen und DNA (0.7 nm) �berein. F�r
165 mm NaCl betr�gt der aus den FRET-Effizienzen be-
rechnete Donor-Akzeptor-Abstand 5.1 nm, was k�rzer ist als
der erwartete Abstand von 5.8 nm (DR(NaCl) = 0.7 nm, Ab-
bildung S1 in den SI). Hier muss beachtet werden, dass sich
bei der durch Na+ induzierten G-Quadruplex-Struktur (Ab-
bildung 1) die organischen Farbstoffe am gleichen Ende des
G-Quadruplexes befinden. Durch die Linker zwischen den
organischen Farbstoffen und der DNA kann der durch-
schnittliche Abstand zwischen FAM und Cy3 etwas k�rzer als
der Erwartungswert sein. In dem Telomer-DNA-Origami-
System nimmt der Donor-Akzeptor-Abstand von 7.8 nm
(ohne Zugabe von Salz) auf 6.4 nm durch Zugabe von 165 mm

KCl aufgrund der G-Quadruplex-Faltung ab. Der maximal
erwartete Abstand dieses G-Quadruplex-Systems in Gegen-
wart von KCl betr�gt 7.4 nm (Abbildung S1 in den SI).
Hierbei wurde angenommen, dass die starre G-Quadruplex-
Struktur so gedreht ist, dass der Donor-Akzeptor-Abstand
maximal ist. Der experimentell bestimmte Abstand ist ein
Durchschnitt aller mçglichen gedrehten Konformere und ist
daher k�rzer als der maximal zu erwartende Abstand.

Das hier vorgestellte Nachweissystem basiert auf dem
„FAM-zu-Cy3“-FRET-Prozess auf DNA-Origami-Substraten
und ermçglicht die Detektion von Kalium im Bereich von
0.5–50 mm, sogar in Gegenwart von hohen Na+-Konzentra-
tionen (145 mm). Um diese Selektivit�t zu demonstrieren,
haben wir die G-Quadruplex-Faltung von freien Telomer-
DNA-Str�ngen mit der von Telomerstr�ngen gebunden an
DNA-Origami-Strukturen verglichen. Der freie Telomer-
strang zeigt eine Sensitivit�t gegen�ber beiden Ionen (Na+

und K+) mit unterschiedlichen Assoziationskonstanten. Wird
die Telomer-DNA an DNA-Origami-Substrate gebunden,
wird eine hohe Selektivit�t f�r Kalium erzielt, ohne die
Sensitivit�t im Vergleich zum freien DNA-Strang zu verlie-
ren. Die G-Quadruplex-Faltung durch Natriumionen wird auf
DNA-Origami-Strukturen aufgrund der sterischen Hinde-
rung durch die DNA-Origami-Oberfl�che komplett unter-
dr�ckt.
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1. Experimental Section 
DNA origami preparation 

The DNA origami structures were prepared by mixing the staple strands (150 nM) with the single stranded M13mp18 viral 

genome (5 nM) in TAE buffer (10x) containing 100 mM MgCl2 and ultrapure water (Millipore). This mixture was heated up 

to 80 °C and then slowly cooled down to 8 °C in 2 h using a thermal cycler (PEQLAB, Germany). After the annealing 

process, the solutions were purified via a 100 kDa molecular weight cut-off centrifugal filter (Millipore) with TAE buffer 

(1x) containing 10 mM MgCl2 (2x 3214 g for 10 min). The purified samples were first imaged with a Flex AFM (Nanosurf, 

Germany) to confirm the successful formation of the DNA origami structures. Afterwards, fluorescence spectroscopic 

measurements were performed to study the photophysical properties. 

G-quadruplex formation 

To analyse the G-quadruplex formation with the free telomeric DNA strand containing Fluorescein and Cyanine3 (5nM in 

1xTAE buffer to match the concentration of the DNA origami telomere system) a KCl or NaCl solution (c = 20 mM, 200 

mM, 2 M in ultrapure water) was added step by step. Afterwards, the samples were left at RT for 15 min. Fluorescence 

steady-state and time-resolved spectra were recorded after each salt addition. 

After the preparation of DNA origami triangles a KCl and NaCl solution, respectively (c = 20 mM, 200 mM, 2 M in ultrapure 

water), was added and for the formation of the G-quadruplexes a moderate heating to 40 °C was required while shaking the 

samples for 20 min. Fluorescence emission and time-resolved spectra were measured after each salt addition. 

Steady-state fluorescence spectroscopy 

Steady-state Fluorescence spectroscopy measurements were done using a FluoromaxP Fluorescence spectrophotometer 

(HORIBA Jobin Yvon GmbH, Germany) with 3 mm quartz cuvettes. The measurements were performed in a 90° angle 

acquisition using the system-internal quantum correction. An increment of 1 nm, an integration time of 0.2 s and slits of 5 nm 

were set for the measurements. 

Time-correlated single photon counting (TCSPC) 

Time-correlated single photon counting measurements were done on a FLS920 Fluorescence spectrophotometer (Edinburgh 

Instruments, UK) using 3 mm quartz cuvettes. The samples were measured in a 90° setup using a white light source (SC-400-

PP supercontinuum-source, Fianium: 0,5-20 MHz, 400 nm < l < 24000 nm, pulse width: ca. 30 ps) as excitation source and a 

Multi-Channel-Plate (ELDY EM1-132/300, Europhoton GmbH, Berlin) as detector. The excitation wavelength was set to 

490 nm and the emission wavelength was set to 530 nm. The Fluorescence decays were fitted with biexponential function 

using the FAST software:  

I(t) = A0 + A1e
−t

τ1 + A2e
−t

τ2 ,   (1) 

where A0 is the background or dark current, τ1 and τ2 are the decay times and A1 and A2 are the amplitudes characteristic for 

each decay time. Each set of concentration-dependent measurements was repeated three times and the error bars in Figure 3 

are the standard deviations from mean FRET efficiencies. 
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2. Distance calculations 
The nominal donor-acceptor distances were calculated based on the G-quadruplex geometry determined previously by X-ray 

diffraction [1]. Accordingly, the height of the G-quadruplex is 0.6 nm and the length is 4.1 nm. The linker length between the 

organic dye and DNA strand is 0.77 nm according to the manufacturer (Glen Research, Sterling, Virginia, USA) and has to 

be taken into account. In our estimation, we assumed that the linkers are stiff and point away from the G quadruplex. The 

estimated distances of the G-quadruplex structures in the presence of Na+ and K+ and on the DNA origami structure are 

shown in Figure S1. 

 

Figure S1. Determination of distances between FAM (green) and Cy3 (yellow) in different systems based on structural properties of the G-
quadruplex, DNA strand and DNA origami template (height: 0.6 nm, length: 4.1 nm, linker length: 0.77 nm, distance between FAM and telomeric 
DNA on DNA origami structure: 3.3 nm). 

3. Chemicals 
Unmodified oligonucleotides (used as staple strands) were purchased from Integrated DNA Technologies (Leuven, Belgium). 

The DNA strands were dissolved in ultra-pure water (Merck Millipore, Germany) prior to use. The viral genome M13mp18 

(scaffold strand) was purchased from New England BioLabs (Frankfurt am Main, Germany). The oligonucleotides modified 

with the organic dyes (Cy3, Fluorescein) were acquired from Metabion International AG (Planegg, Germany). The modified 

oligonucleotides have been purified by the manufacturer using HPLC and have been used as delivered. Magnesium chloride, 

potassium chloride, sodium chloride and Tris acetate-EDTA buffer (TAE buffer) were acquired from Sigma Aldrich 

(Taufkirchen bei München, Germany). Diluted TAE buffer (pH = 8.3) contained 40 mM Tris-acetate and 1 mM EDTA. Mica 

was purchased from Plano GmbH (Wetzlar, Germany). 
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4. Atomic force microscopy (AFM)
AFM imaging was performed with a Flex AFM (Nanosurf, Germany). A Multi75Al-G cantilever (Budget Sensors, Sofia, 

Bulgaria) with a resonance frequency of (75 - 15) kHz and a spring constant of 3 N/m was used to study DNA origami 

structures. The samples were prepared on freshly cleaved mica. For this, 2 µl of the sample and 33 µl of TAE (1x) containing 

10 mM MgCl2 were incubated for 30 sec and subsequently washed twice using 1 ml of ultrapure water. Afterwards, the fluid 

was removed with compressed air. The measurements were performed in air using the phase contrast mode. The measured 

triangles have a length of 100-150 nm and a height of 1-2 nm. A typical AFM image of DNA origami triangles is shown in 

Figure S2. 

Figure S2. A) AFM image showing DNA origami structures on mica. B) Profile of one DNA origami triangle with a height of 1.6 nm and a length of 
110 nm. 
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5. Association constants
Calculations of the associations constants Kass for free telomeric DNA (KCl, NaCl) and DNA origami system (KCl) were 

done based on the following equation[2]: 

∆F =  
∆F∞ ∙ Kass ∙ [M+]2

1 + Kass ∙ [M+]2 (4) 

∆F =
I565

I515
−

I565,0

I515,0
(5) 

Where I565 and I515 are the emission intensities of Cy3 and FAM, respectively at their emission maximum with salt being 

present and I565,0 and I515,0 are the emission intensity with salt being absent. The association constant was determined by 

fitting equation (4) to the plot ΔF versus KCl and NaCl concentrations as shown in Figure S3. 

Figure S3. ΔF plotted against different salt concentrations (KCl: 0 – 110 mM, NaCl: 0 – 205 mM) for the different systems to determine Kass. A) 
free telomeric DNA with increasing KCl, Kass = 1.5 · 104 M-2 and B) NaCl concentration, Kass = 33.7 M-2. C) Telomeric DNA attached to DNA 
origami with increasing KCl concentration, Kass = 2.6 · 104 M-2. D) Telomeric DNA attached to DNA origami with increasing KCl concentration in the 

presence of 145 mM NaCl, Kass = 1.4 · 104 M-2. Data was fitted with ∆F =
∆F∞∙Kass∙[M+]2

1+Kass[M+]2
(red line). 
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6. DNA origami-telomere system with dyes at the 3’- and 5’-ends of the telomere

Figure S4. DNA origami-telomere system with dyes at the 3‘- and 5‘-end of the telomere sequence. This system mimics the situation in the free 
telomeric DNA. Here, Cy3 acts as a donor dye and Cy5 as an acceptor dye  (λem = 665 nm). Upon addition of 200 mM KCl the emission of Cy5 is 
strong due to FRET, which occurs upon folding of the G quadruplex on the DNA origami structure. Upon addition of 200 mM NaCl the emission of 
Cy5 does not increase, since the G quadruplex can’t form with Na+ on the DNA origami structure.    
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7. FAM decay times

Figure S5. Different decay times with λex = 490 nm and λem = 530 nm with increasing salt concentrations (0 – 165 mM). A) free telomeric DNA with 
increasing KCl concentration, B) free telomeric DNA with increasing NaCl concentration, C) telomeric DNA on DNA origami structure with 
increasing KCl concentration, D) telomeric DNA on DNA origami with increasing NaCl concentration, E) telomeric DNA on DNA origami with 
increasing NaCl concentration. 
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8. Calculation of spectral overlap integral and Förster radius 
To calculate the spectral overlap integrals J and the Förster radius R0 the software PhotochemCAD 2.1 was used. The desired 

spectra for the FRET pair (donor's emission spectrum and acceptor's absorption spectrum in terms of extinction coefficient, 

Figure S) were imported and the dipole orientation factor (κ2 = 2/3), the refraction index (n = 1.33) and the specific quantum 

yield of FAM (QD =  0.90) were used as inputs in the software. 

R0
6 =  

9(ln10)κ2QDJ

128π5n4NAV
= 6.7 nm          (2) 

J(λ) =  
∫ FD(λ)∙ε(λ)∙λ4 dλ

∫ FD(λ) dλ
= 5.6 ∙ 1015 nm4 ∙ l ∙ mol−1 ∙ cm−1      (3) 

 

Figure S6. Cy3-DNA-origami absorption spectrum (red) and FAM-DNA-origami emission spectrum (black; λex = 450 nm). 
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An ion-controlled four-color fluorescent telomeric
switch on DNA origami structures†

L. Olejko,a,b,c P. J. Cywińskid,e and I. Bald*a,c

The folding of single-stranded telomeric DNA into guanine (G) quadruplexes is a conformational change

that plays a major role in sensing and drug targeting. The telomeric DNA can be placed on DNA origami

nanostructures to make the folding process extremely selective for K+ ions even in the presence of high

Na+ concentrations. Here, we demonstrate that the K+-selective G-quadruplex formation is reversible

when using a cryptand to remove K+ from the G-quadruplex. We present a full characterization of the

reversible switching between single-stranded telomeric DNA and G-quadruplex structures using Förster

resonance energy transfer (FRET) between the dyes fluorescein (FAM) and cyanine3 (Cy3). When attached

to the DNA origami platform, the G-quadruplex switch can be incorporated into more complex photonic

networks, which is demonstrated for a three-color and a four-color FRET cascade from FAM over Cy3

and Cy5 to IRDye700 with G-quadruplex-Cy3 acting as a switchable transmitter.

1. Introduction

The specific Watson–Crick base pairing and possibility
for rather simple functionalization makes DNA an extremely
versatile material, which can adopt virtually any nanoscale
shape and simultaneously can be functionalized with different
chemical entities such as metal nanoparticles or
fluorophores.1–7 In such systems the optically-active functionali-
ties act as signal reporters providing information about
events occurring at the microscale and allow for detection,
structure analysis and precise localization in sensing and
imaging applications. Particularly interesting are nano-
photonic programmable photonic networks or multifluorophoric
cascades based on Förster resonance energy transfer (FRET)
to control system functionality, readout or characterization.
In such systems, excitons are transferred down in an array of
fluorophores possessing successively lower excitation ener-
gies.8,9 DNA nanostructures enable the controlled arrangement

of multiple fluorophores,10 which can be used for light har-
vesting, energy conversion, artificial photosynthesis, excitonic
wires, switches, logic gates and optical communication.11,12

By exploiting the dynamic function of DNA sequences,
switchable systems can be designed, which further extend the
potential applications of functional DNA nanostructures to
more sophisticated excitonic systems such as DNA micro-
machines and bio-computers.13

Very prominent switchable DNA structures are guanine (G)
quadruplexes. Linear G-rich telomeric DNA strands can fold
into G-quadruplex structures in the presence of monovalent
cations such as K+ or Na+. G-quadruplex structures consist of
two or more stacked planar G-tetrads, which are formed from
four G nucleobases assembled and stabilized by Hoogsteen-
type hydrogen bonds.14 Basically, the G-quadruplex can unfold
into single-stranded telomeric DNA when the central cation is
removed from the G-quadruplex. Thus, G-quadruplex struc-
tures can be used to design DNA-nanoswitches sensitive to
different chemical triggers.13,15 An electrochemical switch
based on a K+ stabilized G-quadruplex structure has recently
been developed.16 Fluorescent switches based on reversible
folding and unfolding have also been reported for Pb2+-stabi-
lized G-quadruplex structures17 as well as for Na+/K+ induced
G-quadruplex structures.18–20 We have recently demonstrated
ion-selective G-quadruplex folding on DNA origami structures
using Förster resonance energy transfer (FRET), which can be
used for selective K+ recognition even in the presence of
145 mM Na+.21

FRET is a non-radiative energy transfer, in which the energy
is transferred from an excited donor molecule to an acceptor
molecule through dipole–dipole interactions. Due to its
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prominent efficiencies of energy transfer at the corresponding
distances, FRET is a process used in artificial photosynthesis
and photonic wires or networks with different fluorophores
attached e.g. to DNA.10,22,23 Furthermore, FRET plays an
important role as a sensing tool for a variety of biologically
relevant molecules such as antibodies, proteins, aptamers
and even nanoparticles,24–27 and for structure elucidation of
macromolecules such as double stranded DNA and DNA
nanostructures.28–30 Especially for the study of macro-
molecular structures multi-color FRET plays a crucial role due
to the possibility of modulating the optical signal over longer
distances, i.e. beyond 2R0.

31–34

Since FRET is a highly distance-dependent process, it is
important to arrange the donor and acceptor molecules in a
controlled way at well-defined distances. DNA origami nano-
structures are excellent substrates to arrange and analyze
different modifications with a high local control.35–37 DNA
origami structures can adopt various 2D and 3D shapes by
folding a circular single stranded virus DNA (scaffold strand,
here: M13mp18) through hybridization with a suitable set of
short single DNA strands (staple strands, about 200 different
strands).1,35–37 Since every staple strand can be addressed
separately and individually different modifications with
predetermined distances can be introduced. Based on this
property, DNA origami nanostructures have been used to inves-
tigate single-molecule chemical reactions,38,39 radiation
induced DNA strand breaks in different DNA sequences40–43

and few-molecule detection using surface-enhanced Raman
scattering (SERS).44,45 DNA origami frames have also been
used to study the folding and unfolding events of G-quadru-
plex structures via atomic force microscopy (AFM).46–49

Here, we present the preparation and characterization of a
reversibly switchable three and four-color FRET cascade realized
on DNA origami nanostructures. The telomeric DNA 5′-(GGG
ATT)4 is the middle element in the wire, and as already demon-
strated, it assures reversible folding selective for K+.21 We also
demonstrate that the ion-selectivity for K+ depends strongly on

the DNA sequence. To this end we investigate the G-quadru-
plex formation in human telomeric DNA (5′-(GGG TTA)4,
HumTel) and the reversed human telomeric DNA with the
sequence 5′-(GGG ATT)4 (RevHumTel) both attached to DNA
origami nanostructures.

2. Results and discussion
2.1. The importance of the telomere sequence for ion-
selectivity

The telomeric DNA sequences (HumTel or RevHumTel) are
functionalized with an acceptor molecule (here: cyanine3, Cy3)
at their 5′-end and prolonged with a staple strand to place
them on DNA origami triangles. The donor molecule fluo-
rescein (FAM) is placed 3.3 nm away from the 5′-end of the
telomeric DNA by modifying one staple strand internally.
Fluorescence measurements have been carried out in solution
using steady-state and time-resolved spectroscopy (fluo-
rescence decays and the corresponding decay times are shown
in ESI Fig. S1†). The steady-state fluorescence spectroscopy
results for both sequences are shown in Fig. 1. The emission
spectra of HumTel are shown in Fig. 1A without salt (dotted
line) and after KCl (dashed line) and NaCl (red line) addition.
The fluorescence emission spectrum before salt addition
(dotted line) exhibits high intensity at 515 nm (FAM) and a
weak shoulder at 565 nm (Cy3). After salt addition (KCl or
NaCl) the emission at 515 nm drops and the emission at
565 nm rises as a consequence of FRET. The FRET efficiency
increases because of a decrease in the distance between the
fluorophores due to a conformational change of the telomeric
DNA from a random coil to the compact G-quadruplex struc-
ture. When HumTel is used, the G-quadruplex formation is
observed in the presence of both K+ and Na+; however, for the
reversed sequence RevHumTel, the observed effect is remark-
ably different. As the fluorescence emission spectra in Fig. 1B
indicate, the FRET process, and thus the G-quadruplex

Fig. 1 Normalized emission spectra (λex = 450 nm) of DNA origami triangles modified with two different telomeric DNA sequences (red = thymine,
green = guanine, blue = adenine). (A) Human telomeric DNA (5’-GGG(TTA GGG)3) folds into G-quadruplex structures in the presence of KCl (dashed
line) and NaCl (red line). (B) Reversed human telomeric DNA (5’-(GGG ATT)4) enables selective potassium sensing on DNA origami nanostructures.
The G-quadruplex folds only in the presence of K+ (dashed line). The emission properties do not change after NaCl addition (red line) meaning that
the G-quadruplex does not fold. Note that for both sequences two T bases are introduced as a spacer at the 5’-end and four T bases (HumTel) or
one T base (RevHumTel), respectively, at the 3’-end. In this way, four bases are located on the 3’-end in-between the DNA origami platform and the
first G-tetrad.
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folding, is only turned on after KCl addition (dashed line, see
also Fig. S2†), but not after NaCl addition (red line). That is,
only for RevHumTel on DNA origami platforms, the G-quadru-
plex folding is K+ selective, whereas the HumTel sequence is
sensitive for both Na+ and K+. The different selectivities can be
ascribed to different 3D structures of the folded G-quadru-
plexes adopted by the two different sequences. Recently, it was
demonstrated that subtle differences in the G-quadruplex
forming sequence such as the sequence inversion from 5′–3′ to
3′–5′ can result in different G-quadruplex structures.50 Some of
these structures might be suppressed on DNA origami sub-
strates. Selective K+ sensing can be achieved even in solutions
containing Na+ at a concentration as high as 145 mM, which
represents the concentration usually occurring under physio-
logical conditions.21 In the following experiments only
RevHumTel is used. Other monovalent cations such as Na+,
Li+, Cs+ and NH4

+ do not influence the FRET efficiency and
therefore do not induce G-quadruplex formation (Fig. S2†).
Divalent cations such as Mg2+ and Ca2+ can basically influence
the FRET efficiency (Fig. S2†) and stabilize G-quadruplex struc-
tures.51,52 However, since the MgCl2 concentration for the DNA
origami preparation is as low as 10 mM in the present case
and does not increase throughout the experiments, only a
small constant number of Mg2+ induced G-quadruplexes
should be present.

2.2. Two-color FRET system

In order to explore the potential of RevHumTel to become a
switch for a photonic cascade, the reversibility of G-quadruplex
formation is extensively studied using fluorescence spec-
troscopy. To demonstrate that the G-quadruplex formation is
reversible as shown in Fig. 2 we used a complexing agent,

which has a higher affinity towards the central ion (here: K+)
rather than towards the G-quadruplex. When the agent is
added the G-quadruplex unfolds and returns to its initial con-
formation. Typical complexing agents are for example crown
ethers or cryptands. 18-Crown-6 is a well-known substance
which can encapsulate K+ (see ESI Fig. S3†). Since cryptands
have a stronger binding to cations 4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexaco-sane, also known as [2.2.2]
cryptand and in the following referred to as “cryptand”, is
used in our study. Cryptands are bi- and oligocyclic multi-
dentate ligands, which can bind specific ions. In general, they
are three dimensional molecules similar to crown ethers, but
containing additionally two nitrogen atoms connected via
ethyleneoxy bridges. These compounds can encapsulate metal
ions with high selectivity.53–55 The cryptand-induced switching
phenomenon is analyzed in solution with steady-state (λex =
450 nm) and time-resolved fluorescence spectroscopy (λex =
490 nm, λem = 520 nm). The results for the two-color FRET
system are shown in Fig. 3. In Fig. 3A the fluorescence emis-
sion spectra of the sample before and after KCl or cryptand
addition are shown. The emission spectrum of the initial
sample (blue spectrum, Fig. 3A) exhibits a strong peak at
515 nm from FAM. A very weak shoulder at 565 nm arising
from Cy3 emission is also visible indicating that energy trans-
fer occurs although the G-quadruplex is not folded, as the
donor–acceptor distance is short enough for low-efficient
FRET to occur. When 22 mM KCl is added to the sample the
FAM emission is quenched, and at the same time the Cy3
emission is highly intensified (black spectrum, Fig. 3A) due
to a shorter donor–acceptor distance resulting in a higher
FRET efficiency. After adding 47 mM cryptand Cy3 emission
decreases drastically and FAM emission increases slightly

Fig. 2 Switchable FRET systems described in this work. (A) Two-color FRET system on DNA origami triangles with FAM (green circle) as the donor
attached directly to the DNA origami structure and Cy3 (yellow circle) as the acceptor molecule attached to 5’-end of the telomeric DNA (5’-Cy3-TT
(GGG ATT)4T-staple strand, red = thymine, green = guanine, blue = adenine). The FRET process is turned on due to G-quadruplex formation induced
by potassium ions. When [2.2.2]cryptand is added the G-quadruplex unfolds resulting in a decrease in FRET signals. (B) Three-color FRET cascade on
DNA origami structures with FAM (green), Cy3 (yellow) and Cy5 (red) as donor, transmitter and acceptor molecules, respectively. Again, the
G-quadruplex folds and unfolds by adding potassium ions and [2.2.2]cryptand, respectively. (C) Four-color FRET photonic wire on DNA origami
structures with IRDye700 (dark red) as the final acceptor. Due to G-quadruplex formation the energy can be transferred from FAM to Cy3 to Cy5
and finally to IRDye700 with a total distance of 10 nm. The FRET cascade is turned off when the G-quadruplex is unfolded. (D) Typical AFM image of
DNA origami structures on freshly cleaved mica.
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(red spectrum, Fig. 3A). The FRET process is weakened or
rather switched off due to G-quadruplex unfolding. The FAM
emission does not return to its initial intensity because the
cryptand quenches the FAM fluorescence (see ESI Fig. S4†). To
repeat the folding of the G-quadruplex on DNA origami struc-
tures potassium chloride and cryptand are removed using
10 kDa molecular weight cut-off centrifugal filters and
washing three times with TAE (1×) buffer containing 10 mM
MgCl2. The fluorescence spectrum of the sample after centrifu-
gation is shown in Fig. 3A (green spectrum). The overall fluo-
rescence intensity is lower because the total sample
concentration decreases after centrifugation. It has to be noted
that the peak at 530 nm is due to the Raman peak of water,
which becomes visible due to the overall low fluorescence
intensity of the sample. Decay associated spectra of the first
switching cycle are shown in ESI Fig. S7 and S8.† The ratio of
acceptor emission intensity (at 565 nm) to donor emission
intensity (at 515 nm) changes due to the FRET process and
can be used to monitor the changes occurring in the system
(Fig. 3B). It increases due to G-quadruplex folding after the

addition of KCl (black dots, Fig. 3B) and decreases due to
G-quadruplex unfolding after cryptand addition (red dots,
Fig. 3B). Because the cryptand quenches the FAM fluorescence,
the acceptor–donor ratio does not return to its initial value
after cryptand addition. Lower FAM emission intensity when
compared to the initial point results in a higher ratio. After
centrifugation KCl and cryptand are removed from the solu-
tion and the value virtually returns to its initial value. We
demonstrate that the switching between the folded and
unfolded state can be repeated 5 times on DNA origami struc-
tures in the two-color FRET system. The acceptor–donor ratio
decreases step by step after each KCl/cryptand addition. This is
attributed to a partial unfolding of the DNA origami structure
induced by the cryptand, which might also capture Mg2+. The
removal of Mg2+ ions from the DNA structure results in a
destabilization of the DNA origami triangles and thus to more
free FAM labeled DNA strands in solution, which do not
participate in the FRET process (see ESI, Fig. S5†). Since the
emission intensity is highly dependent on the total sample
concentration, time-resolved measurements were carried out

Fig. 3 Results for the two-color FRET system with FAM and Cy3 as donor and acceptor molecules (color code: blue = initial sample, black = after
KCl addition, red = after cryptand addition, green = after centrifugation). (A) Normalized emission spectra excited at 450 nm. The emission intensity
of FAM at 515 nm decreases and at the same time Cy3 emission at 565 nm increases after KCl addition due to G-quadruplex formation. After cryp-
tand addition the FAM emission increases and Cy3 emission decreases again due to unfolding of the G-quadruplex. After centrifugation the emission
properties of the sample are similar when compared to the starting point but the overall intensity is lower (Raman peak of water becomes more
dominant at 530 nm). The decay associated spectra of the first switching cycle are shown in ESI Fig. S7 and S8.† (B) Acceptor–donor intensity ratio
for one sample after subsequent KCl and cryptand addition. The ratio rises after KCl addition and drops after cryptand addition. The FRET process is
turned on and off due to folding and unfolding of the G-quadruplex. (C) FAM fluorescence decay time (λex = 490 nm, λem = 520 nm) decreases after
KCl addition due to G-quadruplex formation. After cryptand addition the decay time increases again because the FRET process is turned off. The
system is restored after centrifugation. (D) FRET efficiencies calculated with average FAM fluorescence decay times for one sample with subsequent
KCl and cryptand addition. The switchable FRET system is based on G-quadruplex folding and unfolding. The G-quadruplex formation can be
repeated 5 times on DNA origami structures.
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to overcome this drawback and to calculate the FRET efficien-
cies. Fluorescence decays are shown in Fig. 3C for a sample
before (blue decay) and after KCl (black decay) and cryptand
(red decay) addition. The FAM fluorescence decay time
decreases drastically after KCl addition (black decay, Fig. 3C)
due to higher FRET efficiencies and it increases again after
cryptand addition (red decay, Fig. 3C). After centrifugation the
fluorescence decay time is the same as the initial sample
(green decay, Fig. 3C). The fluorescence decays have been
fitted with a tri-exponential function with fixed τ-values (see
ESI Table S1†). The decay time τ1 is set to 1.6 ns and is attribu-
ted to FAM fluorescence in the folded species (Rfold. = 6.0 nm),
while τ2 is set to 2.7 ns assigned to FAM fluorescence in the
unfolded species (Runfold. = 7.2 nm). The donor–acceptor dis-
tance in the unfolded state is still short enough for FRET to
take place with a low efficiency. The decay time τ3 is equal to
4.4 ns and is due to the unquenched FAM, which does not
take part in the FRET process (free strands or missing acceptor
molecules on the DNA origami structure). The physical accep-
tor–donor distances R are determined using eqn (1) and (2).

E ¼ 1� τDA
τD

ð1Þ

R ¼ R0

ffiffiffiffiffiffiffiffiffiffiffiffi
1
E
� 1

6

r
ð2Þ

τDA is the (average) FAM fluorescence decay time when FRET
occurs and τD is the unquenched FAM fluorescence decay
time. To calculate R, the Förster radius R0 for the FRET pair is
needed. The Förster radius is a FRET pair-specific physical
donor–acceptor distance at which the FRET efficiency is equal
to 50%. It depends on the spectral properties of donor and
acceptor molecules.56 For FAM and Cy3 the Förster radius is
equal to 6.7 nm (see also ESI Table S2 and Fig. S5†). The deter-
mined donor–acceptor distances (Rfold. = 6.0 nm; Runfold. =
7.2 nm) represent average values because the telomeric DNA
and the G-quadruplex can rotate freely on the DNA origami
structure. The amplitudes for each decay time component and
the average fluorescence decay times for each step (KCl
addition, cryptand addition and centrifugation) are shown in
Table S1 in the ESI.† The amplitude of τ3 increases continu-
ously throughout repeating folding/unfolding cycles because
the amount of free FAM–DNA-sequences increases as men-
tioned above (see also ESI Fig. S6†). Therefore, only the first
two decay time components are taken into account to calculate
the average decay time. Based on the average FAM fluorescence
decay times the FRET efficiency is calculated using eqn (1). In
Fig. 3D the FRET efficiencies are plotted vs. KCl and cryptand
addition. In accordance with the experiments described above
the FRET efficiency rises due to the G-quadruplex formation
after the addition of KCl (black dots, Fig. 3D), and after cryp-
tand addition the G-quadruplex unfolds and the FRET process
is switched off (red dots, Fig. 3D). After centrifugation the
initial FRET efficiency is reached and the FRET system is
restored (green dots, Fig. 3D). The G-quadruplex folding–

unfolding cycle is again repeated 5 times on DNA origami
structures.

2.3. Switchable three-color FRET cascade

In the next step we introduced a third dye to realize a three-
color FRET cascade, which can be switched on and off using
the reversible G-quadruplex folding and unfolding. In this
three-color FRET cascade FAM, Cy3 and cyanine5 (Cy5) are
used as a donor, a transmitter and an acceptor, respectively
(Fig. 2B). Cy3 is attached to the 5′-end of the telomeric DNA
and FAM and Cy5 are placed 3.3 nm away from it on opposite
sides (Fig. 2B). Since the spectral overlap between FAM and
Cy5 is very small (see ESI Fig. S9†) FRET is unlikely to take
place between these two dyes. Additionally, the donor–acceptor
distance is around 7 nm, which makes FRET highly inefficient
(see ESI Fig. S10A†). For FRET to take place, a third molecule
(transmitter molecule) has to be introduced (here: Cy3).
Because FAM/Cy3 and Cy3/Cy5 FRET pairs have larger spectral
overlaps, FRET can take place from FAM to Cy3 followed by an
energy transfer from Cy3 to Cy5 (see ESI Fig. S9†). This results
in a FRET cascade, which can be excited at 450 nm (excitation
wavelength for FAM) and can emit at 665 nm (Cy5). With
such a FRET cascade longer inter-molecular distances (here:
FAM-Cy5 ≈ 7 nm) can be achieved and a larger spectral range
can be screened.

The results for the three-color FRET cascade on DNA
origami structures are depicted in Fig. 4. In Fig. 4A the emis-
sion spectra of one sample before and after KCl and cryptand
addition are shown. For the initial sample (without KCl), the
FAM emission at 515 nm is rather strong and the Cy3 at
565 nm and Cy5 at 665 nm emissions are very weak (blue spec-
trum, Fig. 4A). After KCl addition (black spectrum, Fig. 4A) the
FAM emission is quenched and the Cy3 and Cy5 emissions
strongly increase due to FAM-to-Cy3 and Cy3-to-Cy5 FRET.
Since the G-quadruplex is formed, the distance between each
FRET pair decreases resulting in higher energy transfer
efficiency. After cryptand addition the emission of Cy3 and
Cy5 is clearly turned off (red spectrum, Fig. 4A) and the FAM
emission becomes stronger. As observed for the two-color
system, the FAM emission does not return to the initial value
because of the quenching effect induced by the cryptand. After
a centrifugation step (green spectrum, Fig. 4A) KCl and cryp-
tand are removed and the system is restored, but the overall
fluorescence intensity decreases. As was described before for
the two-color FRET system the water Raman peak becomes
more pronounced at 530 nm because the overall sample con-
centration is very low and the fluorescence emission intensity
is weaker. In Fig. 4B the acceptor–donor intensity ratios deter-
mined for each FRET pair are shown (Cy3/FAM (squares) =
I(565 nm)/I(515 nm); Cy5/Cy3 (circles) = I(665 nm)/I(565 nm);
Cy5/FAM (triangles) = I(665 nm)/I(515 nm)). The different
FRET pair curves exhibit a similar tendency. After the addition
of 22 mM KCl (black points, Fig. 4B) the ratio increases drasti-
cally due to an increase in FRET efficiency. After the addition
of 47 mM cryptand (red points, Fig. 4B) the ratio decreases
because of the G-quadruplex unfolding. Similar to what was
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described before for the two-color FRET system, the intensity
ratio for all FRET pairs does not return to its initial value after
cryptand addition. The FAM fluorescence decays for one
folding–unfolding cycle are depicted in Fig. 4C. The fluo-
rescence decay time decreases after the addition of KCl (black
decay, Fig. 4C) compared to the fluorescence decay time of the
initial sample (blue decay, Fig. 4C). After cryptand addition the
fluorescence decay time increases again (red decay, Fig. 4C)
because of G-quadruplex unfolding and increasing donor–
transmitter–acceptor distances. The FAM fluorescence decay
curves were fitted just as the two-color FRET system and the
amplitudes for each decay time and the average decay times
are shown in Table S1 in the ESI.† The Cy3 fluorescence decay
times are shown in Fig. S11 of the ESI.† The FRET efficiencies
were calculated using eqn (1) and are shown in Fig. 4D. The
FRET efficiency rises after the addition of KCl (black dots,
Fig. 4D) and the FRET cascade is turned off after the addition
of cryptand (red dots, Fig. 4D) since the transmitter dye is
moved away from the acceptor. The three color FRET cascade
is again turned on 5 times.

2.4. Four-color FRET photonic wire

Finally, we introduce a fourth dye to the FRET cascade to
exploit the full potential of the telomeric FRET switch on DNA
origami structures. The design of the four-color FRET photonic
wire is basically the same as the three-color FRET cascade but
with IRDye700 as an additional acceptor molecule placed
3.3 nm away from Cy5 (see Fig. 2). In this photonic wire the
energy is transferred from FAM to Cy3 followed by an energy
transfer to Cy5 and finally to IRDye700 (see also ESI Fig. S12
and S13†). With such a photonic wire an inter-molecular dis-
tance of ca. 10 nm is achieved. This system is excited at
450 nm (FAM excitation) and it emits at 710 nm (IRDye700
emission) when the G-quadruplex is folded.

The results of one switching cycle based on the four-color
FRET photonic wire are shown in Fig. 5 and S12† to show the
basic mechanism. For the initial sample, FAM emission at
515 nm is dominant and the emission intensities of Cy3 at
565 nm, Cy5 at 665 nm and IRDye700 at 710 nm are rather
weak (blue spectrum, Fig. 5). The FRET cascade is turned on

Fig. 4 Results of the three-color FRET system (donor: FAM, transmitter: Cy3, acceptor: Cy5) on DNA origami structures (color code: blue: initial
sample, black: after KCl addition, red: after cryptand addition, green: after centrifugation). (A) Steady state emission spectra excited at 450 nm. The
emissions of Cy3 at 565 nm and Cy5 at 665 nm increase and the FAM emission intensity at 515 nm decreases after KCl addition. After cryptand
addition Cy3 and Cy5 emissions decrease and FAM emission increases again. The FRET cascade is switched off. After centrifugation the system is
restored. The overall intensity decreases due to decreased sample concentration after the centrifugation step (Raman peak of water at 530 nm
appears). (B) Repeated cycles of FRET switching represented with acceptor–donor intensity ratios (Cy3/FAM: I(565 nm)/I(515 nm) squares, Cy5/Cy3:
I(665 nm)/I(565 nm) circles, Cy5/FAM: I(665 nm)/(515 nm) triangles). The acceptor–donor intensity ratios decrease after KCl addition due to
G-quadruplex formation followed by an increase after cryptand addition due to G-quadruplex unfolding. After centrifugation the system is restored.
(C) FAM decay time (λex = 490 nm, λem = 520 nm) decreases after KCl addition due to G-quadruplex folding. After adding the cryptand, the decay
time increases again because the FRET process is turned off. After centrifugation the system is restored. (D) FRET efficiencies calculated with average
FAM fluorescence decay times. After the addition of KCl the FRET efficiency increases and it decreases again after cryptand addition. The system can
be restored by centrifugation. The G-quadruplex formation can be repeated 5 times in a three-color FRET cascade on DNA origami structures.
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after KCl addition leading to a decrease of FAM emission and
at the same time an increase in Cy3, Cy5 and IRDye700 emis-
sions (black spectrum, Fig. 5). The distances between each
FRET pair are reduced resulting in higher FRET efficiencies.
The energy transfer cascade is turned off again after cryptand
addition due to unfolding of the G-quadruplex. Thus, the Cy3,
Cy5 and IRDye700 emissions are turned off. The FAM emission
does not return to its initial value (as already observed for the
two- and three-color FRET systems) because the cryptand
quenches the FAM emission (red spectrum, Fig. 5). The system
is restored after a centrifugation step (green spectrum, Fig. 5).
Again, the water Raman peak becomes visible at 530 nm
because the overall sample concentration decreases after cen-
trifugation and therefore the overall fluorescence intensity
decreases.

3. Conclusions

In this paper, we present a comprehensive comparison of two
different telomeric DNA strands (HumTel and RevHumTel)
with respect to their ion-selective G-quadruplex formation
using FRET. We have shown that HumTel, when immobilized
on DNA origami structures, folds into G-quadruplex structures
both in the presence of Na+ and K+. RevHumTel on the other
hand is selective for K+ only when attached to DNA origami tri-
angles. Furthermore, we have analyzed the switching between
folded and unfolded G-quadruplex structures for RevHumTel.
We have realized a highly ion-selective and restorable, revers-
ible nanophotonic FRET switch on DNA origami structures
based on a two-color FRET system (FAM–Cy3–FRET). Addition-

ally, we developed a switchable photonic wire on DNA origami
structures using three and four different fluorophores (FAM-to-
Cy3-to-Cy5-to-IRDye700 FRET cascade). We have shown that
the G-quadruplex formation can be repeated up to 5 times.
The unique properties of telomeric DNA (conformational
switching and ion-selectivity) combined with the excellent pos-
sibilities of DNA origami structures to assemble different moi-
eties at defined distances give the opportunity to design and
further extend the applications of functional DNA nano-
structures towards new nanophotonic systems such as light
harvesting antennae, photonic wires and networks and
chemically triggered logic gates or nanosensors with an optical
readout.

4. Experimental section
4.1. Chemicals

Unmodified oligonucleotides (used as staple strands) were pur-
chased from Integrated DNA Technologies (Leuven, Belgium).
The viral genome M13mp18 (scaffold strand) was purchased
from tilbit nanosystems GmbH (Garching, Germany). The
oligonucleotides modified with the organic dyes (fluorescein,
cyanine3, cyanine5) were acquired from Metabion Inter-
national AG (Planegg/Steinkirchen, Germany). The modified
oligonucleotides have been purified by the manufacturer using
HPLC and have been used as delivered. Magnesium chloride,
potassium chloride, sodium chloride, 4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane and Tris acetate-EDTA
buffer (TAE buffer) were acquired from Sigma Aldrich (Tauf-
kirchen, Germany). Diluted TAE buffer (1×) (pH = 8.2) con-
tained 40 mM Tris-acetate and 1 mM EDTA.

4.2. DNA origami preparation

The DNA origami structures were prepared by mixing the
staple strands (150 nM) with the single stranded M13mp18
viral genome (5 nM) in TAE buffer (10×) containing 100 mM
MgCl2 and ultrapure water (Millipore). This mixture was
heated up to 80 °C and then slowly cooled down to 8 °C in 2 h
(80 °C–66 °C: 1 °C every 30 s; 66 °C–25 °C: 1 °C every 2 min,
25 °C–8 °C: 1 °C every 1 min) using a thermal cycler (PEQLAB,
Germany). After the annealing process, the solutions were
purified via a 100 kDa molecular weight cut-off centrifugal
filter (Millipore) with TAE buffer (1×) containing 10 mM MgCl2
(4 × 3214g for 10 min).

4.3. G-quadruplex folding/unfolding

After the preparation of DNA origami triangles a KCl, NaCl
or cryptand solution (c = 200 mM, 2 M in ultrapure water
(Millipore)) was added and the samples were shaken for
15 min at 40 °C to fold (KCl, NaCl) and unfold (cryptand) the
G-quadruplexes on DNA origami structures. After KCl/cryptand
addition the sample was purified via a 10 kDa molecular
weight cut-off centrifugal filter (Millipore) with TAE buffer (1×)
containing 10 mM MgCl2 (3 × 3800g for 7 min) to remove KCl
and cryptand. Steady-state and time-resolved fluorescence

Fig. 5 One switching cycle for the four-color photonic wire (donor:
FAM, transmitter1: Cy3, transmitter2: Cy5, acceptor: IRDye700, λex =
450 nm) on DNA origami structures (color code: blue: initial sample,
black: after KCl addition, red: after cryptand addition, green: after cen-
trifugation). After KCl addition the emissions of Cy3 (565 nm), Cy5
(665 nm) and IRDye700 (710 nm) increase and FAM emission (515 nm)
decreases because of the G-quadruplex formation. This photonic wire
can be turned off after cryptand addition (G-quadruplex unfolds).
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spectroscopy was performed after each KCl and cryptand
addition and centrifugation step at DNA origami concentration
of ca. 5 nM.

4.4. Atomic force microscopy (AFM)

To investigate the correctly formed DNA origami structures,
AFM was performed for each sample after the preparation.
AFM imaging was done with a Flex AFM (Nanosurf, Germany).
A Tap150 Al-G cantilever (Budget Sensors, Sofia, Bulgaria) with
a resonance frequency of (125–160) kHz and a spring constant
of 5 N m−1 was used to visualize the DNA origami structures.
The samples were prepared on freshly cleaved mica (Plano
GmbH, Germany). For this, 2 µl of the sample (ca. 20 nM) and
33 µl of TAE (1×) containing 10 mM MgCl2 were incubated for
30 s and subsequently washed twice with 1 ml of ultrapure
water (Millipore). Afterwards, the fluid was removed with com-
pressed air. The measurements were performed in air using
the phase contrast mode. The measured triangles have a
length of 100–150 nm and a height of 1–2 nm (see Fig. 2). The
yield of correctly formed DNA origami structures has been
determined from AFM images to be about 95%.

4.5. Steady-state fluorescence spectroscopy

Steady-state fluorescence spectroscopy measurements were
done using a FluoromaxP fluorescence spectrophotometer
(HORIBA Jobin Yvon GmbH, Germany) with 3 mm quartz
cuvettes. The measurements were performed in a 90° angle
acquisition using the system-internal quantum correction. The
excitation wavelength for all emission spectra was set to
450 nm. For the measurements an increment of 1 nm and
integration time of 0.2 s were chosen and the bandpass was
set to 5 nm for both emission and excitation.

4.6. Time-resolved fluorescence spectroscopy

Time-correlated single photon counting (TCSPC) measure-
ments were performed on a FLS920 Fluorescence spectro-
photometer (Edinburgh Instruments, UK) using 3 mm quartz
cuvettes. The samples were measured in a 90° setup using a
white light source (SC-400-PP supercontinuum-source,
Fianium: 0.5–20 MHz, 400 nm < l < 24 000 nm, pulse width:
ca. 30 ps) as the excitation source and a Multi-Channel-
Plate (ELDY EM1-132/300, Europhoton GmbH, Berlin) as the
detector. The excitation wavelength was set to 490 nm and the
emission wavelength was set to 520 nm. The fluorescence
decay curves were fitted with a tri-exponential function
(eqn (3)) using FAST software (Edinburgh Instruments, UK).

I tð Þ ¼ A0 þ A1e
�t
τ1 þ A2e

�t
τ2 þ A3e

�t
τ3 ð3Þ

A0 is the background or dark current, τ1, τ2 and τ3 are the
decay times and A1, A2 and A3 are the amplitudes characteristic
for each decay time. The different decay time components
were set to specific values for different species. τ1 is equal to
1.4 ns and belongs to the folded state, τ2 is set to 2.7 ns and
belongs to the unfolded G-quadruplex and τ3 is equal to 4.4 ns

belonging to the unquenched donor dye. The average fluo-
rescence decay time τ̄DA was calculated with eqn (4).

τ̄DA ¼
τ1 � A1 þ τ2 � A2

A1 þ A2
ð4Þ
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HumTel and RevHumTel on DNA origami structures 

FAM fluorescence decays for HumTel and RevHumTel on DNA origami structures are shown in Fig. S1. 
The fluorescence decay time for HumTel (blue decay, τ = 3.2 ns) decreases after KCl (black decay, τ = 
1.5 ns) and NaCl (brown decay, τ = 1.6 ns) addition (Fig. S1 A). The G-quadruplex folds in presence of 
both salts. For RevHumTel on the other hand the fluorescence decay time is only influenced by KCl 
(without salt: blue decay, τ = 3.1 ns; KCl: black decay, τ = 1.8 ns; NaCl: brown decay, τ = 2.9 ns, (Fig. S1 
B)). RevHumTel attached to DNA origami structures is selective for K+. The G-quadruplex cannot fold 
in presence of Na+ on DNA origami structures. 

Fig. S 1 FAM fluorescence decays (λex = 490 nm, λem = 520 nm) for DNA origami triangles modified with two different telomeric 
DNA sequences: HumTel (A) and RevHumTel (B) before (blue) and after KCl (black) and NaCl (brown) addition. RevHumTel 
folds into G-quadruplex structures only in presence of KCl (NaCl does not influence FAM fluorescence decay time). 

Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2016
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Ion-selectivity of RevHumTel on DNA origami structures 

The reversed human telomere shows a high selectivity only for KCl. Other monovalent cations such as 
Na+, Li+, Cs+ and NH4

+ do not influence the FRET efficiency and therefore do not induce G-quadruplex 
formation (Fig. S2). Divalent cations such as Mg2+ and Ca2+ influence the FRET efficiency (Fig. S2) and 
stabilize G-quadruplex structures.1,2 Since the MgCl2 concentration for the DNA origami preparation is 
as low as 10 mM in the present case and does not increase throughout the experiments, only a small 
constant number of Mg2+-induced G-quadruplexes is present. 

Fig. S 2 RevHumTel shows a high selectivity towards potassium. The FRET process is only turned on after KCl addition. Other 
monovalent cations (Na+, Li+, Cs+ and NH4+) do not induce a G-quadruplex formation. Only divalent cations such as Mg2+ and 
Ca2+ have an influence on the FRET process. A) Results for steady state fluorescence measurements (λex = 450 nm). Normalized 
donor-acceptor-ratios (I(565 nm/I(515 nm) after the addition of 110 mM salt (except MgCl2: 120 mM). B) FRET efficiencies 
calculated with FAM decay times after salt addition (c = 110 mM, except MgCl2: c = 120 mM). 

G-quadruplex unfolding using 18-crown-6 

In this study, we use cryptand to remove K+ and unfold the G-quadruplex. Other complexing agents 
can also be used such as 18-crown-6. This crown ether can also encapsulate K+ and therefore unfold 
the G-quadruplex. Steady state and time-resolved fluorescence data for one switching cycle using 18-
crown-6 in the two-color FRET system are shown in Fig. S3. To unfold the G-quadruplex and turn off 
the energy transfer from FAM to Cy3 comparatively high amounts of 18-crown-6 are needed (for 22 
mM KCl 130 mM 18-crown-6). Therefore, cryptand is used in this study to unfold the G-quadruplex. 

4.3. SWITCHABLE PHOTONIC WIRE 75



Fig. S 3 FRET switching of two-color FRET system using 18-crown-6. A) Normalized emission spectra (λex = 450 nm) before 
(blue), after KCl (black) and after 18-crown-6 (47 mM: red; 130 mM: brown) addition and after centrifugation (green). The G-
quadruplex unfolds after 18-crown-6 addition and the FRET process is turned off. A high concentration of 18-crown-6 is needed 
to unfold the G-quadruplex. B) Fluorescence decays (λex = 490 nm, λem = 520 nm) before (blue), after KCl (black) and after 18-
crown-6 (47 mM: red, 130 mM: brown) addition and after centrifugation (green). C) Comparison of donor-acceptor ratios 
(I(565 nm)/I(515 nm)) after cryptand and 18-crown-6 addition. A lower concentration of cryptand is needed to unfold the G-
quadruplex. D) FRET efficiencies calculated with FAM fluorescence decay times. Again, a lower concentration of cryptand is 
needed to unfold the G-quadruplex. Therefore, cryptand is used to perform further experiments.  

Influence of cryptand on FAM fluorescence 

DNA origami structures modified only with FAM are analyzed after one cycle of KCl/cryptand addition. 
The fluorescence emission spectra and decays (Fig. S4) show that the FAM fluorescence is quenched 
after cryptand addition. The FAM emission intensity drops (Fig. S4 A, red) and the FAM fluorescence 
decay time decreases from 4.4 ns to 4.0 ns after cryptand addition (Fig. S4 B). 
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Fig. S 4 Influence of cryptand on FAM fluorescence properties. A) Normalized emission spectra (λex = 450 nm) of one sample 
before (blue), after KCl addition (black) and cryptand addition (red). The emission intensity decreases after cryptand addition. 
B) FAM fluorescence decays of one sample before (blue), after KCl (black) and after cryptand addition (red). 

Influence of cryptand on stability of DNA origami structures 

For one sample the centrifugation step was carried out with a 100 kDa molecular weight cut-off filter 
instead of a 10 kDa molecular weight cut-off filter. The average fluorescence decay times of FAM and 
amplitudes of each decay time component are shown in Fig. S5. By using a 100 kDa molecular weight 
cut-off filter free DNA staple strands are removed from the solution (this is not the case when a 10 kDa 
molecular weight cut-off filter is used, 10 kDa < M(staple DNA) < 100 kDa). This can be confirmed with 
the time-resolved measurements. In Fig. S5 A the average FAM fluorescence decay time using all three 
decay time components is plotted. 

�̅�𝜏 = 𝐴𝐴1∙𝜏𝜏1+𝐴𝐴2∙𝜏𝜏2+𝐴𝐴3∙𝜏𝜏3
𝐴𝐴1+𝐴𝐴2+𝐴𝐴3

 (1) 

The average fluorescence decay time decreases after KCl addition and it increases after cryptand 
addition. Furthermore, the amplitude of each decay time component is plotted in Fig. S5 B. It shows 
that the amplitude of the third decay time does not increase throughout repeating folding and 
unfolding cycles. In case of centrifugation steps using 10 kDa molecular weight cut-off filters the 
amplitude of the third decay time component increases continuously throughout the folding/unfolding 
experiments (see Fig. S6). 

Fig. S 5 Time-resolved measurements for centrifugation steps using 100 kDa molecular weight cut-off filter. A) Average 
fluorescence decay time calculated using all three decay time components. B) Amplitudes of each decay time component 
(𝐴𝐴1 𝜏𝜏1 (black); 𝐴𝐴2 𝜏𝜏2 (red); 𝐴𝐴3 𝜏𝜏3 (blue)). 
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FAM fluorescence decay time 

An overview of all determined fluorescence decay times and amplitudes for the two-color and three-
color FRET systems are shown in Table S1. Additionally, the amplitudes for each fluorescence decay 
time component (two-color and three-color FRET systems) are plotted in Fig. S6. The diagrams show 
that the amplitude for the third decay time component (unquenched FAM) increases continuously 
throughout repeated folding-unfolding-cycles. This indicates that the DNA origami structures might 
dissociate and more free FAM labeled DNA strands are present. 

Table S 1 Overview of measured FAM fluorescence decay times. The fluorescence decay curves were fitted tri-exponentially 
with fixed 𝜏𝜏 values. The amplitudes for each decay time (A1: 𝜏𝜏1  = 1.6 ns; A2: 𝜏𝜏2 = 2.7 ns; A3: 𝜏𝜏3 = 4.4 ns) and the average decay 
times calculated with the first two decay time components ��̅�𝜏 = 𝐴𝐴1𝜏𝜏1+𝐴𝐴2𝜏𝜏2

𝐴𝐴1+𝐴𝐴2
� for the two-color FRET system and three-color 

FRET cascade are depicted (with standard deviation of three separate measurements). The fluorescence decay times were 
measured at a KCl concentration of 22 mM and cryptand concentration of 47 mM. 

Two-color FRET system Three-color FRET cascade 
A1 [%] A2 [%] A3 [%] 𝝉𝝉� [ns] A1 [%] A2 [%] A3 [%] 𝝉𝝉� [ns] 

8.2 ± 0.9 49.6 ± 0.9 42.1 ± 1.8 2.54 ± 0.01 6.0 ± 0.9 74.3 ± 0.3 19.7 ± 1.2 2.62 ± 0.01 
KCl 43.5 ± 3.1 19.4 ± 1.1 37.1 ± 2.4 1.94 ± 0.03 53.2 ± 4.4 25.6 ± 4.2 21.2 ±0.3 1.96 ± 0.06 

crypt. 1.2 ± 0.6 52.3 ± 1.3 46.5 ± 1.6 2.68 ± 0.01 3.2 ± 3.2 59.8 ± 2.6 37.0 ±1.5 2.64 ± 0.05 
centri. 6.0 ± 0.8 39.6 ± 3.9 54.4 ± 4.5 2.56 ± 0.01 4.8 ± 0.7 52.6 ± 0.5 42.7 ± 0.2 2.61 ± 0.01 

KCl 28.5 ± 2.8 12.8 ± 2.0 58.6 ± 4.5 1.94 ± 0.03 28.1 ± 1.6 15.1 ± 4.5 56.8 ± 6.1 1.98 ± 0.07 
crypt. 1.3 ± 0.6 39.8 ± 4.2 58.9 ± 4.1 2.67 ± 0.02 3.3 ± 2.3 41.5 ± 4.5 55.1 ± 4.1 2.62 ± 0.06 
centri. 4.2 ± 0.9 33.2 ± 5.9 62.6 ± 6.7 2.58 ± 0.01 3.4 ± 1.0 35.3 ± 4.2 61.2 ± 5.1 2.60 ± 0.02 

KCl 13.9 ± 7.2 8.2 ± 2.5 77.9 ± 5.6 2.04 ± 0.20 16.6 ± 2.8 9.3 ± 4.6 74.1 ± 3.1 1.99 ± 0.17 
crypt. 2.2 ± 0.6 33.1 ± 2.1 64.7 ± 2.7 2.63 ± 0.01 3.5 ± 2.4 35.5 ± 3.8 61.0 ± 6.2 2.61 ± 0.05 
centri. 4.3 ± 0.8 25.3 ± 8.4 70.4 ± 8.6 2.53 ± 0.04 1.3 ± 1.2 24.7 ± 5.9 74.1 ± 6.2 2.65 ± 0.04 

KCl 13.2 ± 9.5 4.5 ± 3.1 82.3 ± 8.0 1.93 ± 0.22 13.2 ± 5.5 3.7 ± 3.5 83.1 ± 2.2 1.86 ± 0.25 
crypt. 3.5 ± 2.3 30.0 ± 2.1 66.5 ± 4.3 2.59 ± 0.06 1.6 ± 0.6 26.6 ± 0.1 71.8 ± 0.5 2.64 ± 0.02 
centri. 2.1 ± 1.8 19.8 ± 6.6 78.1 ± 5.8 2.58 ± 0.10 0.5 ± 0.1 12.7 ± 1.3 86.8 ± 1.4 2.66 ± 0.01 

KCl 10.4 ± 9.5 5.3 ± 2.8 84.3 ± 11.2 2.02 ± 0.22 12.6 ± 3.1 2.8 ± 1.8 84.6 ± 4.8 1.79 ± 0.06 

Fig. S 6 Amplitudes of each fluorescence decay time component (𝐴𝐴1 𝜏𝜏1 (black); 𝐴𝐴2 𝜏𝜏2 (red); 𝐴𝐴3 𝜏𝜏3 (blue)) for the two-
color FRET system (A) and three-color FRET cascade (B). The amplitude of 𝐴𝐴3 increases throughout repeated folding and 
unfolding due to increasing amounts of free FAM labeled DNA strands. 

Decay associated spectra 

Decay associated spectra are determined for the two-color FRET system to resolve the different 
contributions of the fluorescence emission spectra. The data are shown in Fig. S7 and Fig. S8. 
Fluorescence decay times have been measured at different emission wavelengths with an excitation 
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wavelength of 490 nm. The fluorescence decays are fitted tri-exponentially with fixed τ values for 
specific fluorescence decay times of FAM and Cy3, respectively. Since theses fluorescence decay times 
vary depending on KCl/cryptand concentration the fluorescence decays were fitted with different fixed 
decay time components (w/o salt/after centrifugation: τ1(Cy3) = 1.9 ns, τ2(FAM) = 2.7 ns, τ3(FAM) = 4.4 
ns; KCl: τ1(FAM) = 1.6 ns, τ2(Cy3) = 2.5 ns, τ3(FAM) = 4.4 ns; cryptand: τ1(Cy3) = 2.3 ns, τ2(FAM) = 2.7 ns, 
τ3(FAM) = 4.4 ns). The amplitudes for each decay time component are plotted in Fig. S7. The amplitudes 
of each decay time component are then multiplied with the normalized steady state emission spectra 
to obtain the deconvolved emission spectra (see Fig. S8). The acceptor-donor fluorescence intensity 
ratios are calculated based on the deconvolved data (Fig S8 D). The absolute values differ slightly from 
the raw data but the overall behavior stays the same. Thus, all other ratios are calculated based on 
raw data. 

Fig. S 7 Decay associated spectra of two-color FRET system of initial sample (A), after KCl addition (B), after cryptand addition 
(C) and after centrifugation (D). Amplitudes plotted for different decay time components (black: FAM: initial 
sample/cryptand/after centrifugation (unfolded telomere): τ1 = 2.7 ns; KCl (folded G-quadruplex): τ1 = 1.6 ns; unquenched 
FAM: τ3 = 4.4 ns; red: Cy3: initial sample/after centrifugation: τ1 = 1.9 ns; after KCl: τ2 = 2.5 ns; after cryptand: τ1 = 2.3 ns). 
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Fig. S 8 Deconvolved emission spectra of two-color FRET system for one folding/unfolding cycle. Color code: blue: initial 
sample, black: after KCl addition, red: after cryptand addition, green: after centrifugation.  A) Normalized steady state 
emission spectra without deconvolution. B) Deconvolved emission spectra for FAM. In the black spectrum a shoulder belonging 
to Cy3 is still visible. Peak at 530 nm belongs to the water Raman peak. C) Deconvolved Cy3 emission spectra. Emission 
belonging to Cy3 only is visible. D) Acceptor-donor ratios calculated with raw data (solid line) and deconvolved data (dashed 
line). Only the total values differ but not the overall behavior.  

FRET calculations 

FRET is a non-radiative energy transfer from an excited donor to an acceptor molecule through dipole-
dipole interactions. For FRET to take place two main conditions need to be fulfilled. Firstly, the donor’s 
emission spectrum has to overlap with the acceptor’s absorption spectrum (resonance condition, see 
Fig. S9). Secondly, the FRET pair needs to be in close proximity for FRET to take place. The FRET 
efficiency E is highly distance dependent and behaves according to the following equation. 

𝐸𝐸 = 𝑅𝑅06

𝑅𝑅0
6+𝑅𝑅6

(2) 

Here, R is the donor-acceptor distance and R0 the Förster radius. The Förster radius is a FRET pair 
specific parameter at which the FRET efficiency is equal to 50 %. It depends on the spectral properties 
of donor and acceptor molecule and can be calculated using the following equations 3 and 4. 

𝑅𝑅06 =  9(𝑙𝑙𝑙𝑙10)𝜅𝜅2𝑄𝑄𝐷𝐷𝐽𝐽
128𝜋𝜋5𝑙𝑙4𝑁𝑁𝐴𝐴𝐴𝐴

(3) 

Where κ2 is the dipole orientation factor, QD is the fluorescence quantum yield of the donor molecule 
when the acceptor is absent, NAV is Avogadro’s number, n is the medium’s refractive index and J is the 
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spectral overlap integral representing the overlap of donor’s emission and acceptor’s absorption 
spectra. The spectral overlap integral is calculated using the following equation 4.  

𝐽𝐽(𝜆𝜆) =  ∫𝐹𝐹𝐷𝐷(𝜆𝜆) ∙ 𝜀𝜀(𝜆𝜆) ∙ 𝜆𝜆4 𝑑𝑑𝜆𝜆 (4) 

Here, FD(λ) is the normalized fluorescence emission spectrum of the donor at particular wavelength, 
ϵ(λ) is the acceptor’s extinction coefficient spectrum in l · mol-1 · cm-1 and λ is the wavelength in nm. 
The dipole orientation factor κ2 takes on values between 0 and 4. For freely rotating molecules with a 
rotation rate much faster than the donor’s de-excitation rate, κ2 is equal to 2/3. 3–6 

The software PhotochemCAD 2.1 is used to calculate the spectral overlap integrals J and the Förster 
radius R0 for each FRET pair (FAM-Cy3, Cy3-Cy5, FAM-Cy5, FAM-IRDye700, Cy3-IRDye700, Cy5-
IRDye700). The desired spectra for the different FRET pairs (donor's emission spectrum and acceptor's 
absorption spectrum in terms of extinction coefficient, Fig. S9 A-F) are imported and the dipole 
orientation factor (κ2 = 2/3), the refraction index (n = 1.33) and the specific quantum yield of the donor 
molecule (Q(FAM) = 0.90; Q(Cy3) = 0.15; Q(Cy5) = 0.30)7 are used as inputs in the software. The 
calculated Förster radii are listed in Table S2. 

FRET between FAM and Cy5 at a distance of ~7 nm is highly inefficient as shown in Fig. S10 (blue). Thus, 
Cy3 has to be introduced as a transmitter dye so that the energy is transferred from FAM to Cy3 
followed by an energy transfer from Cy3 to Cy5. 

Table S 2 Overview of donor’s quantum yield (QD), spectral overlap integral (J(λ)) and Förster radii (R0) for the different FRET 
pairs.  

FRET-pair QD
7 J(λ) [nm4 · l · mol-1] R0 [nm] 

FAM-Cy3 0.90 5.6 · 1015 6.7 
Cy3-Cy5 0.15 7.4 · 1015 5.2 
FAM-Cy5 0.90 3.1 · 1015 6.1 
FAM-IRDye700 0.90 0.9 · 1015 5.0 
Cy3-IRDye700 0.15 3.3 · 1015 4.6 
Cy5-IRDye700 0.30 21.2 · 1015 7.2 
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Fig. S 9 Spectral overlap for each FRET pair (emission spectrum: solid line, absorption spectrum: dashed line). A) Large spectral 
overlap between FAM emission (donor, green) and Cy3 absorption spectra (acceptor, yellow). B) Small spectral overlap 
between FAM emission (donor, green) and Cy5 absorption spectra (acceptor, red). C) Large spectral overlap between Cy3 
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emission (donor, yellow) and Cy5 absorption spectra (acceptor, red). D) Small spectral overlap between FAM emission (donor, 
green) and IRDye700 absorption spectra (acceptor, dark red). E) Small spectral overlap between Cy3 emission (donor, yellow) 
and IRDye700 absorption spectra (acceptor, dark red). F) Large spectral overlap between Cy5 emission (donor, red) and 
IRDye700 absorption spectra (acceptor, dark red). G) Spectral overlap of organic dyes used for the different FRET systems. 
Absorption (dashed line) and emission (solid line) spectra for donor molecule FAM (green), acceptor/transmitter molecule Cy3 
(yellow), acceptor/transmitter molecule Cy5 (red) and acceptor molecule IRDye700 (dark red). 

Fig. S 10 Normalized emission spectra (λex = 450 nm) for DNA origami structures modified with different organic dyes. A) 
Control experiments for two- and three-color FRET cascade for DNA origami structures modified with FAM (red), Cy3 (pink), 
Cy5 (black), FAM-Cy5 (blue) and RevHumTel-Cy3-Cy5 (green). Direct excitation of organic dyes other than FAM is neglectable. 
Weak emission of Cy5 at 665 nm in FAM-Cy5-sytsem (blue) is visible due to low energy transfer efficiency from FAM to Cy5. B) 
Control experiments for four-color FRET system. FAM-IRDye700 (black), IRDye700 (red), RevHumTel-Cy3-Cy5-IRDye700 (blue), 
Cy5-IRDye700 (pink), RevHumTel-Cy3-IRDye700 (green), FAM-Cy5-IRDye700 (dark blue), FAM-RevHumTel-Cy3-IRDye700 
(violet). Direct excitation at 450 nm of organic dyes other than FAM is neglectable.  

Cy3 fluorescence decay time (three-color FRET cascade) 

The Cy3 fluorescence decay time is analyzed in the three-color FRET cascade. The analysis of Cy3 
fluorescence decay time is not trivial because it is influenced by many factors (G-quadruplex, FRET 
(enhancement by FAM, quenching by Cy5)). The fluorescence decay time of only Cy3 attached to the 
telomeric DNA on DNA origami structures increases significantly after KCl addition and decreases again 
after cryptand addition and centrifugation. The Cy3 fluorescence is known to be influenced by G-
quadruplex structures due to association with the G-quadruplex.8 The fluorescence decays of Cy3 are 
fitted bi-exponentially (τ1 = 1.17 ns; τ2 = 2.72 ns) and an average decay time based on the amplitudes 
is calculated. The decay curves and fluorescence decay times of origami structures only modified with 
Cy3 are plotted in Fig. S11 A-B. The fluorescence decay curves of Cy3 in the three-color FRET cascade 
are fitted tri-exponentially (τ1 = 0.57 ns (FRET-component); τ2 = 1.17 ns (Cy3); τ3 = 2.72 ns (Cy3)) and 
the average fluorescence decay time is calculated based on the amplitudes. The fluorescence decay 
times are plotted in Fig. S11. The FRET efficiencies are calculated using equation 5. 

𝐸𝐸 = 1 − 𝜏𝜏𝐷𝐷𝐴𝐴
𝜏𝜏𝐷𝐷

 , (5) 

where 𝜏𝜏𝐷𝐷𝐴𝐴 is the average fluorescence decay time when FRET occurs and 𝜏𝜏𝐷𝐷 is the Cy3 fluorescence 
decay time without FAM and Cy5 being present. Since 𝜏𝜏𝐷𝐷 depends strongly on KCl and cryptand the 
FRET efficiencies are calculated with the Cy3 fluorescence decay times measured in presence of 
KCl/cryptand (𝜏𝜏𝐷𝐷(KCl) = 2.6 ns; 𝜏𝜏𝐷𝐷(cryptand) = 2.3 ns; 𝜏𝜏𝐷𝐷(before/after centrifugation) = 1.9 ns) 
assuming that the Cy3 fluorescence decay time does not change throughout repeated 
folding/unfolding cycles. The calculated FRET efficiencies are plotted in Fig. S11 D. It has to be noted 
that since the Cy3 fluorescence decay time is highly influenced by KCl/cryptand addition and Cy3 and 
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Cy5 fluorescence decay times are quite similar (τ(Cy3) ≈ 2.2 ns, τ(Cy5) = 2.0 ns) the determined FRET 
efficiencies are somewhat error prone. 

Fig. S 11 Determination of Cy3 fluorescence decay times (λex = 545 nm; λem = 565 nm). A) Fluorescence decays of DNA origami 
structures modified with Cy3 attached to RevHumTel. B) Determined fluorescence decay times of Cy3 attached to RevHumTel 
and immobilized on DNA origami structures. The Cy3 fluorescence decay time is highly influenced by KCl/cryptand addition. C) 
Average Cy3 fluorescence decay time of Cy3 in the three-color FRET cascade. D) FRET efficiencies calculated based on Cy3 
fluorescence decay times. 

Four-color FRET photonic wire 

To generally show the switching behavior of the four-color photonic wire two switching cycles are 
performed and shown in Fig. S12. The donor-acceptor ratios of each FRET pair (I(Cy3)/I(FAM); 
I(Cy5)/I(Cy3); I(Cy5)/I(FAM); I(IRDye700)/I(Cy5); I(IRDye700)/I(Cy3) and I(IRDye700)/I(FAM)) are 
shown in Fig. S12 B. Similar to the two- and three-color FRET systems they increase after KCl addition 
because of G-quadruplex formation and decrease after cryptand addition. The folding of the G-
quadruplex can be repeated after centrifugation. It has to be noted that the IRDye700-Cy5-ratio 
behaves different than the others. This is because the distance between IRDye700 and Cy5 does not 
change during the G-quadruplex folding and unfolding process. Therefore, the overall FRET efficiency 
between these two dyes stays the same and only the Cy5 emission increases more strongly. FAM and 
Cy3 fluorescence decay times behave similarly compared to the three-color FRET system. The FAM 
fluorescence decay times and the FRET efficiencies based on FAM fluorescence decay times are 
exemplary shown in Fig. S12 C-D. Control experiments are shown in Fig. S13 to show that the FRET 
cascade is only efficient if all four organic dyes are present. 
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Fig. S 13 Control experiments for the four-color FRET photonic wire. A) Steady state emission spectra with an excitation 
wavelength of 450 nm. Direct FRET from FAM to IRDye700 is very weak (black). FRET cascade is not working well if the first 

Fig. S 12 Results for the four-color FRET photonic wire on DNA origami structures. A) emission spectra excited at 450 nm for 
one switching cycle (blue: initial sample, black: KCl, red: cryptand, green: after centrifugation). B) Calculated acceptor-donor 
ratios for each dye-pair. The ratios increase after KCl addition due to G-quadruplex formation and they decrease after cryptand 
addition due to G-quadruplex unfolding. The switching can be repeated. C) FAM fluorescence decay curves (λex = 490 nm, λem 
= 520 nm) (blue: initial sample, black: KCl, red: cryptand, green: after centrifugation). D) FRET efficiencies based on FAM 
fluorescence decay times. The FRET efficiencies increase and decrease after KCl and cryptand addition, respectively 
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transmitter dye Cy3 is missing (red). If Cy5 is missing, the FRET cascade is also not working very efficient from FAM to Cy3 to 
IRDye700 (blue (w/o KCl), violet (KCl)). B) Switchable three-color FRET cascade (black) with Cy3 (donor), Cy5 (transmitter) and 
IRDye700 (acceptor). The FRET cascade is turned on after KCl addition (blue). FRET cascade is inefficient when Cy5 is missing 
(blue (w/o salt), violet (KCl)). 
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FRET efficiency and antenna effect in multi-color
DNA origami-based light harvesting systems†

L. Olejkoabc and I. Bald *ab

Artificial light harvesting complexes find applications in artificial photosynthesis, photovoltaics and light

harvesting chemical sensors. They are used to enhance the absorption of light of a reaction center

which is often represented by a single acceptor. Here, we present different light harvesting systems on

DNA origami structures and analyze systematically the light harvesting efficiency. By changing the

number and arrangement of different fluorophores (FAM as donor, Cy3 as transmitter and Cy5 as

acceptor molecules) the light harvesting efficiency is optimized to create a broadband absorption and to

improve the antenna effect 1 (including two energy transfer steps) from 0.02 to 1.58, and the antenna

effect 2 (including a single energy transfer step) from 0.04 to 8.7, i.e. the fluorescence emission of the

acceptor is significantly higher when the light-harvesting antenna is excited at lower wavelength

compared to direct excitation of the acceptor. The channeling of photo energy to the acceptor

proceeds by Förster Resonance Energy Transfer (FRET) and we carefully analyze also the FRET efficiency

of the different light harvesting systems. Accordingly, the antenna effect can be tuned by modifying the

stoichiometry of donor, transmitter and acceptor dyes, whereas the FRET efficiency is mainly governed

by the spectroscopic properties of dyes and their distances.

Introduction

In natural photosynthesis light energy is absorbed by large
networks of accurately positioned chromophores and converted
into chemical energy in a reaction center.1–4 These light har-
vesting complexes consist of many pigment molecules such as
chlorophyll, which absorb the light energy and funnel the
excitation energy to a reaction center via Förster resonance
energy transfer (FRET). As a consequence, the absorption of the
reaction center is amplied.1–5 In the endeavor to harvest the
sun light by mimicking the natural photosynthesis, articial
light harvesting systems have been created, in which the exci-
tation energy is channeled from multiple donor molecules to
just a few or a single acceptor.6–10 These articial light harvest-
ing systems have been designed in one,11 two12 and three13

dimensions. Apart from photosynthesis the concept of light
harvesting is also exploited for analytical purposes to enhance
the uorescence emission of luminescent probes and in this
way improve the sensitivity of sensors.14 To improve the func-
tionality of articial light harvesting complexes, a higher variety

of chromophores can be combined and multi-color photonic
networks can be assembled. Here, the principle of photonic
wires is exploited. Photonic wires are optical waveguides, in
which the light energy is controlled on the nanoscale by trans-
ferring it linearly along multiple uorophores from one end to
the other end based on FRET.6,15–19 Several FRET cascades can
be combined in a star-like arrangement to transfer the light
energy from the outside (donor molecules) to the center of the
photonic network (acceptor dye). By combing these two
photonic assemblies (light harvesting complexes with FRET
cascades) larger end-to-end distances can be achieved and,
above all, a broader range of wavelengths from the electro-
magnetic spectrum can be absorbed to a higher extent leading
to a better light harvesting efficiency for several wavelengths.
Additionally, the light harvesting efficiency of such systems can
be improved on the one hand by optimizing the parameters
determining the FRET process, i.e. through a larger spectral
overlap of donor (D) and acceptor (A) molecules and shorter
D–A distances. On the other hand, the number and spatial
arrangement of D and A molecules can be varied. The distance
and number of D and A dyes can be accurately controlled by
using DNA scaffolds. This has been demonstrated e.g. with
different star-like DNA nanostructures,16 however, the relative
exibility of the arms of these DNA structures is rather high.
DNA origami nanostructures20 offer a higher control over the
arrangement of a larger number of dye molecules without
changing the geometry of the DNA substrate. These DNA
nanostructures which are assembled by molecular self-
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assembly using a circular virus DNA strand called “scaffold
strand” (here: M13mp18, 7249 nucleobases (nb)) and many
short single DNA strands called “staple strands” (208 different
staple strands, 32 nb)20 are a versatile tool to arrange and
analyze different molecules with a high local control and
a variety of applications.21,22 Since every staple strand can be
addressed and modied individually and separately, different
moieties can be arranged with a high local control since the
exact position of each staple strand in the DNA origami struc-
ture is known. DNA origami structures have been used to create
highly sensitive SERS substrates by attaching gold nanoparticle
dimers,23–25 to analyze DNA strand breaks induced by low energy
electrons26,27 and UV photons28 and to arrange different uo-
rophores29,29,30 at precise distances to create nanoscale photonic
devices which can be used for example as photonic wires,15,18 to
resolve conformational changes of biomolecules,31–34 as logic
gates35,36 and articial light harvesting complexes.8,10,18 The light
harvesting efficiency is in this context typically expressed as an
antenna effect (AE), i.e. the intensity of A emission when D is
excited compared to the A intensity when it is directly
excited.6,8,10,16,37,38 An antenna is therefore formed when AE is
higher than 1, i.e. A is getting brighter by collecting light at
lower wavelength compared to the direct excitation wavelength.
Very recently, it has been demonstrated by using a DNA origami
template that AE can be increased to higher values than 1 by
increasing the number of D molecules (up to six).8 However, to
screen a broader range of possible excitation wavelengths
another energy transfer step, i.e. a third dye needs to be intro-
duced. Here, we design and analyze different light harvesting
systems on DNA origami structures using three different uo-
rophores. We focus in particular on the question how the stoi-
chiometry of D and transmitter (T) molecules affect both the AE
and the FRET efficiency in the two-step energy transfer with up
to eight D molecules. In general, the FRET efficiency charac-
terizes the energy transfer with respect to the donor uores-
cence, whereas the antenna effect is determined from the
acceptor properties. Due to the presence of the third dye we also
study the effect of the relative positioning of D, T and A, i.e. the
difference between a linear, cross-like arrangement and
a snowake arrangement (in which the donors are rotated by
90�). For all arrangements we carefully determine antenna
effects and the three-color FRET efficiencies.

Results and discussion
Design of the articial light harvesting system

In this study, we have designed light harvesting antennas on
triangularly shaped DNA origami structures (AFM image shown
in the ESI Fig. S1†). For this, one acceptor molecule (Cyanine5,
Cy5) is placed in the center of the light harvesting system. This
acceptor molecule is surrounded by amaximum number of four
transmitter molecules (Cyanine3, Cy3) (see also Fig. 1). The
transmitter molecules are either placed on a neighboring DNA
double helix (Fig. 1: paths I and III, T1 and T3) resulting in
a nominal T–A distance of ca. 4 nm (the uorophores are on
opposite sides of the DNA origami structure, detailed uo-
rophore orientation is shown in the ESI in Fig. S2†) or they are

placed along the same DNA double helix with a distance of 9 nb
between Cy5 and Cy3 (9 nb z 3 nm) (Fig. 1: paths II and IV, T2
and T4). Next to each transmitter molecule a donor molecule
(uorescein, FAM) is placed. Again, the uorophores are either
placed on a neighboring DNA double helix (Fig. 1: paths I and
III, D1 and D3) or along the same DNA double helix (distance ¼
9 nb, Fig. 1: paths II and IV, D2 and D4). In addition to these
four FAMmolecules, FAM can be placed at equal distance to two
Cy3 molecules (such that FAM, two Cy3 molecules and Cy5 form
a square, e.g. A-T1-D5-T2). Here, every FAMmolecule (Fig. 1, D5–
D8) has a similar distance to the two neighboring Cy3molecules
(z3.3 nm). In such a uorophore arrangement high FRET
efficiencies are expected because the intermolecular distances
are shorter than the corresponding Förster distances (R0(Cy3/
Cy5)) ¼ 5.2 nm; R0(FAM/Cy3) ¼ 6.7 nm; see Table S1 in the
ESI†). In this study, articial light harvesting systems with
a maximum number of eight FAM molecules can be created.
This nanoscale photonic array can be excited at 450 nm (direct
excitation of FAM) and due to an energy transfer from FAM over
Cy3 to Cy5 it emits at 665 nm. The emission intensity and
therefore the light harvesting efficiency of the system can be
tuned by changing the combination of used uorophores and
donor/transmitter/acceptor ratios.

The light harvesting efficiency can be expressed in different
ways. On the one hand, the light harvesting efficiency can be

Fig. 1 Illustration of the artificial, FRET-based light harvesting complex
on DNA origami structures with three different chromophores (donor:
fluorescein (FAM), transmitter: Cyanine3 (Cy3), acceptor: Cyanine5
(Cy5)). The acceptor dye Cy5 (red) is placed in the middle of the light
harvesting complex. A maximum number of four transmitter dyes
(yellow) is placed around Cy5 (two on neighboring DNA double helices
(gap size ¼ 0.5 nm; Cy5-Cy3-distance: ca. 4 nm; path: I, III; T1 and T3)
and two along the same DNA double helix (9 nb away from Cy5 on
opposite sides; Cy5-Cy3-distance: ca. 3 nm, path: II, IV; T2 and T4)).
One donor molecule (green) is placed next to each transmitter
molecule. Again, either on a neighboring DNA double helix (Cy3-FAM-
distance: ca. 4 nm; path: I, III; D1 and D3) or along the same DNA
double helix (Cy3-FAM-distance: ca. 3 nm; path: II, IV; D2 and D4).
Additionally, FAM is placed between two Cy3 molecules having similar
distances to each Cy3 (R ¼ 3.3 nm, D5–D8). The light harvesting
efficiency is influenced by the amount of donor and transmitter dyes
around the central acceptor dye.
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determined by comparing the absorption spectrum with the
uorescence excitation spectrum recorded at the emission
wavelength of the central acceptor dye. The decrease in intensity
of the donor excitation peak compared to the donor's absorp-
tion maximum (normalizing of the absorption and excitation
spectra is necessary) represents the transfer efficiency.40,41

However, in the present experiments the concentrations of the
dyes are in the range of nM, which prevents the detection of
absorption spectra. On the other hand, the AE is understood as
the relative emission intensity of the acceptor when the donor
or the acceptor is excited, respectively. Hence, to characterize
the light harvesting efficiency the AE is used as dened below.
The AE resembles the acceptor emission generated by neigh-
boring donors (sensitized emission) relative to the acceptor
emission upon direct excitation.6,8,10,16,37–39 The overall antenna
effect (AE1, FAM-Cy3-Cy5-FRET) is calculated using the
following eqn (1).

AE1 ¼ IAð450 nmÞ

IAð600 nmÞ
(1)

Thus, it is the ratio of the acceptor emission intensity due to
FRET IA(450 nm) (number in brackets denotes the excitation
wavelength) and the acceptor emission intensity upon direct
excitation at 600 nm IA(600 nm) of the same sample (both emis-
sion intensities are corrected for equal photon uxes).8,10,16,42

For the three-color FRET cascade an antenna effect for the
second FRET step (AE2, Cy3-Cy5-FRET) can be determined
based on the direct excitation of the transmitter dye (here: Cy3;
excitation wavelength ¼ 500 nm; IA(500 nm)).

AE2 ¼ IAð500 nmÞ

IAð600 nmÞ
(2)

It has to be noted that the exact value of the antenna effect
depends strongly on the wavelength chosen for direct acceptor
excitation, which has been intensively studied by Hemmig et al.8

Therefore, when comparing AE values one has to carefully use
the same wavelengths and measurement settings for every
sample. In the present study, an excitation wavelength is chosen
that allows to record the whole emission spectrum of Cy5 (thus,
the excitation wavelength is not necessarily the absorption
maximum).

The FRET efficiency E is calculated based on the donor's
uorescence decay time using eqn (3).43,44

E ¼ 1� sDA

sD
(3)

Here, �sDA is the donor's uorescence decay time when FRET
takes place (amplitude averaged uorescence decay time) and
sD is the donor's uorescence decay time with the acceptor
being absent. To analyze the overall FRET efficiency and to take
the contributions of all species (different donor–transmitter–
acceptor distances, unquenched FAM etc.) into account the
amplitude averaged decay has been used to calculate the FRET
efficiency. The donor's decay curves in absence and presence of

the acceptor/transmitter molecules have been recorded using
time-correlated single photon counting.

Antenna effect

We have analyzed different uorophore assemblies and deter-
mined the antenna effects AE1 and AE2 and the FRET effi-
ciencies for each system (AE2 is shown in the ESI, Fig. S3†). The
determination of all these quantities yields a complete
description of the energy transfer pathways in such light har-
vesting antennas.

Firstly, we have characterized the two-color FRET system
using FAM as the donor and Cy5 as the acceptor molecule. Since
the spectral overlap between these two organic dyes (see ESI,
Fig. S4A†) is rather small and the distance between FAM and
Cy5 (z5–6 nm) is relatively long the light harvesting efficiency
is expected to be rather small for this system. Nevertheless, the
light harvesting efficiency of such a two-color FRET pair can be
improved by increasing the number of donor molecules ((Cy5)1
(Cy3)0 (FAM)1–4, Fig. 2A, uorophore which is increased is
written in bold letters) which has also been shown in other
studies.8,12,13 The emission intensity of Cy5 (665 nm) increases
with additional donor molecules as shown in the normalized
emission spectra in Fig. 2A (normalized to Cy5 emission
intensity when Cy5 is directly excited; normalized emission
spectra represent the overall functionality of the light harvest-
ing system because emission of Cy5 in not correctly formed
light harvesting systems is also taken into account). Please note
that the peak at 533 nm in the emission spectrum of (Cy5)1
(Cy3)0 (FAM)0 is the water Raman peak, which is also present in
other emission spectra. Since the number of FAM molecules
increases and FRET is rather weak, the emission intensity of
FAM (520 nm) also increases stepwise (Fig. 2A). As depicted in
Fig. 2D (black curve) the overall light harvesting efficiency
increases with the addition of donor molecules. Please note that
the AE1 values are mean values for each path and path combi-
nation (1� FAM: I, II, III, IV; 2� FAM: I + II, I + III, I + IV, II + III,
II + IV, III + IV; 3� FAM: I + II + III, I + II + IV, I + III + IV, II + III +
IV; see ESI Fig. S5A† for further information). The error bars in
Fig. 2D are the standard deviations of different paths and path
combination and for systems with only one combination
possibility ((Cy5)1 (Cy3)0 (FAM)0, (Cy5)1 (Cy3)0 (FAM)4 and (Cy5)1
(Cy3)4 (FAM)4) they are the standard deviation of three inde-
pendent measurements. The overall antenna effect is rather
small due to weak FRET between FAM and Cy5 as explained
above (AE1 range: 0.02 � 0.01 to 0.32 � 0.01). Since the antenna
effect cannot be tuned arbitrarily using this two-color FRET
system a transmitter molecule (Cy3) is introduced (Fig. 1). The
normalized emission spectra for the stepwise addition of Cy3 to
the two-color FRET system with the highest antenna effect
((Cy5)1 (Cy3)0 (FAM)4) is shown in Fig. 2B. Here, the emission
intensity of Cy3 (565 nm) increases with an increasing number
of Cy3 molecules. This is on the one hand due to the raising
amount of Cy3 molecules (see also ESI, Fig S6†), and on the
other hand the FRET efficiency from FAM to Cy3 increases,
which is also visible by a drop in the FAM emission intensity at
520 nm (Fig. 2B). Please note that the emission peak of FAM for
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the system (Cy5)1 (Cy3)4 (FAM)4 is altered due to the underlying
water Raman peak at 533 nm. The overall emission intensity of
Cy5 increases as well due to better energy transfer from FAM
over Cy3 to Cy5. Furthermore, the antenna effect increases
linearly with an increasing number of Cy3 molecules as shown
in Fig. 2D (red curve). Here, the antenna effect can be further
tuned from 0.32 � 0.01 to 0.96 � 0.03. This is very close to
a value of 1, which means that the light harvesting system is
good enough to provide the same emission of A when excited at
450 nm as for direct A excitation at 600 nm, although two energy
transfer steps are required. Due to larger spectral overlaps
between FAM/Cy3 and Cy3/Cy5 (see ESI, Fig. S4A–D, Table S1†)
and shorter intermolecular distances the energy transfer
becomesmore efficient and therefore the sensitized emission of
Cy5 is intensied. Again, the values of the antenna effect
represent mean values of different paths and pathway combi-
nations as mentioned above (see also ESI, Fig. S5C†). The AE2
values for these systems also increase linearly and are shown in

the ESI (Fig. S3A and C†). The AE2 values range from 3.0� 0.2 to
5.7 � 0.4 showing that the brightness of the light harvesting
complex also depends on the overall excitation wavelength (lex
¼ 450 nm (AE1) vs. lex ¼ 500 nm (AE2)). Interestingly, the AE2
values are signicantly higher than 1 meaning that the light
harvesting system can be very efficiently excited at 500 nm. This
can be attributed to the fact, that at 500 nm both FAM and Cy3
are excited. Thus, more light energy is transferred to the nal
acceptor Cy5. This shows that by using a three-color FRET
cascade for a light-harvesting complex a broader range of
wavelengths can be used to efficiently generate acceptor
emission.

We have also analyzed the light harvesting system with an
increasing number of both Cy3 and FAM. The amount of both
uorophores has been increased to the same extent ((Cy5)1
(Cy3)1 (FAM)1, (Cy5)1 (Cy3)2 (FAM)2, (Cy5)1 (Cy3)3 (FAM)3 and
(Cy5)1 (Cy3)4 (FAM)4). The normalized emission spectra for
these light harvesting systems are shown in Fig. 2C. Here, the

Fig. 2 Normalized emission spectra (lex ¼ 450 nm, water Raman peak labelled with a star) and calculated antenna effect (AE1) for different light
harvesting systems (mean values of different paths and path combinations). (A) Normalized emission spectra of the two-color FRET system
((Cy5)1 (Cy3)0 (FAM)0–4) with increasing FAMmolecules. The emission intensities of both FAM (520 nm) and Cy5 (665 nm) increase with increasing
number of FAMmolecules. (B) Light harvesting system with a fixed number of Cy5 and FAMmolecules and increasing number of Cy3 molecules
((Cy5)1 (Cy3)0–4 (FAM)4). Emission intensities of Cy3 and Cy5 increase and at the same time FAM emission intensity decreases due to higher FRET
efficiencies. (C) Light harvesting system with increasing number of Cy3 and FAM ((Cy5)1 (Cy3)0–4 (FAM)0–4). The emission intensities of all three
dyes increase due to a higher amount of molecules (FAM, Cy3) and therefore more light energy is transferred to Cy5. (D) The antenna effect
increases for all systems with an increasing number of FAM and/or Cy3 molecules indicated in bold letters in the respective system. The overall
AE1 of (Cy5)1 (Cy3)0 (FAM)0–4 (black) is rather small due to weak FRET between FAM and Cy5. The increase in AE1 for (Cy5)1 (Cy3)0–4 (FAM)0–4
(blue) is steeper because two effects lead to an increase in AE1 in this light harvesting system. Namely, direct FAM-Cy5-FRET (stays the same for
(Cy5)1 (Cy3)0–4 (FAM)4 (red)) increases and three-color FRET increases. Please note that the number of FAM or Cy3 on the x-axis refers to the
number of fluorophores which are increased as indicated by highlighted letters in the caption.
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uorescence emission intensities of all uorophores (Cy5, Cy3,
FAM) increase with an increasing number of Cy3 and FAM
(Fig. 2C). Due to a higher number of donor and transmitter
molecules more light energy is transferred to the nal acceptor.
Therefore, the emission intensity of Cy5 at 665 nm increases
gradually (Fig. 2C). Please note that the peak at 533 nm for
(Cy5)1 (Cy3)0 (FAM)0 is the water Raman peak as mentioned
above and the emission peak of FAM for all light harvesting
systems ((Cy5)1 (Cy3)1 (FAM)1, (Cy5)1 (Cy3)2 FAM)2, (Cy5)1 (Cy3)3
(FAM)3 and (Cy5)1 (Cy3)4 (FAM)4) is altered due to the water
Raman peak. The light harvesting efficiency increases with
higher numbers of Cy3 and FAM as shown in Fig. 2D (blue
curve). The antenna effect increases again linearly but
compared to (Cy5)1 (Cy3)0–4 (FAM)4 the slope is steeper. This is
attributed to the fact that for (Cy5)1 (Cy3)0–4 (FAM)4 the direct
energy transfer from FAM to Cy5 stays the same (number of
FAM molecules is constant) and in (Cy5)1 (Cy3)0–4 (FAM)0–4 the
direct FAM-to-Cy5 FRET increases (increasing number of FAM
molecules), which leads to a stronger increase of the light har-
vesting efficiency. Furthermore, the antenna effect is always
smaller for (Cy5)1 (Cy3)0–4 (FAM)0–4 when compared to (Cy5)1
(Cy3)0–4 (FAM)4. This is again because of the direct FAM-Cy5
FRET which is always higher in (Cy5)1 (Cy3)0–4 (FAM)4 (higher
number of FAM molecules; 4 vs. 0–3). The AE1 for all paths and
path combinations and the antenna effect 2 for (Cy5)1 (Cy3)1–4
(FAM)1–4 are shown in the ESI (Fig S5E and S3B and C,†
respectively). The AE2 values increase also linearly and range
from 1.5 � 0.1 in (Cy5)1 (Cy3)1 (FAM)1 to 5.7 � 0.3 in (Cy5)1
(Cy3)4 (FAM)4. The overall behavior when comparing the AE2
values of (Cy5)1 (Cy3)1–4 (FAM)1–4 and (Cy5)1 (Cy3)1–4 (FAM)4
with each other is the same as for AE1 (slope is steeper and
values are smaller for (Cy5)1 (Cy3)1–4 (FAM)1–4). The reason for
this has been discussed above.

FRET efficiency

Aer analyzing the steady-state uorescence data we have also
carried out time-resolved uorescence measurements to further
characterize the different light harvesting systems in terms of
FRET efficiency (Fig. 3). The FAM uorescence decay curves
have been analyzed using a multi-exponential t as explained in
the ESI† (two-exponential for (Cy5)1 (Cy3)0 (FAM)1–4 and three-
exponential for (Cy5)1 (Cy3)0–4 (FAM)4, (Cy5)1 (Cy3)1–4 (FAM)1–4
and (Cy5)1 (Cy3)4 (FAM)8). For all systems the last decay time
component was set to the free FAM uorescence decay time (�sD
¼ 4.1–4.6 ns) (the FAM uorescence decay time depends on the
position of FAM on the DNA origami structure, an overview of
FAM uorescence decay times of the different positions and
position combinations is shown in the ESI (Table S2†)).

The uorescence decay curves for the two-color FRET system
(Cy5)1 (Cy3)0 (FAM)1–4 are depicted in Fig. 3A and the corre-
sponding FRET efficiencies are plotted in Fig. 3D (black curve).
The amplitude averaged decay time decreases from 4.3 ns in
(Cy5)0 (Cy3)0 (FAM)4 to 3.4 ns in (Cy5)1 (Cy3)0 (FAM)1 due to
direct FAM to Cy5 FRET. By increasing the number of FAM
molecules stepwise the amplitude averaged decay time
increases slightly ((Cy5)1 (Cy3)0 (FAM)1: �sDA ¼ (3.4 � 0.5) ns;

(Cy5)1 (Cy3)0 (FAM)2: �sDA ¼ (3.5 � 0.2) ns; (Cy5)1 (Cy3)0 (FAM)3:
�sDA ¼ (3.5 � 0.1) ns; (Cy5)1 (Cy3)0 (FAM)4: �sDA ¼ (3.6 � 0.1) ns).
Thus, the FRET efficiency which has been calculated based on
the FAM uorescence decay times (amplitude averaged decay
times) decreases slightly (Fig. 3D, black curve). The FRET effi-
ciencies plotted in Fig. 3D are mean values of all paths and path
combinations (see ESI, Fig. S5B†). Again, the error bars are the
standard deviations of different paths and path combinations
or the standard deviation of three separate measurements for
(Cy5)1 (Cy3)0 (FAM)4 and (Cy5)1 (Cy3)4 (FAM)4 (Fig. 3D). The
standard deviations of different paths and path combinations
represent the structural heterogeneity (variations in donor/
transmitter/acceptor distances and uorophore orientations
due to coupling to DNA) in the light harvesting design (see also
ESI, Fig. S5†). The decrease in FRET efficiency can be explained
by the manner of data analysis as follows: since we have
determined the amplitude averaged uorescence decay time,
the decay time of unquenched FAM is taken into account. As we
only increase the number of FAM molecules and FRET between
FAM and Cy5 is rather weak, the amplitude of the decay time
component for the free FAM increases (see also ESI, Fig. S7A†).
This leads to an increase in the amplitude averaged decay time
and therefore a decrease in FRET efficiency. The rst decay time
component belonging to the quenched FAM due to direct FAM-
Cy5 FRET stays on average nearly the same for all cases (see also
ESI, Fig. S7B†). The overall FRET efficiency is rather small (E z
0.2) in this system because of the small spectral overlap between
FAM and Cy5 (see ESI, Fig. S4A†) and the relatively long inter-
molecular distance (z5–6 nm) as mentioned above. In general,
this indicates that when FRET is of low efficiency the average
FRET efficiency is further decreased upon increasing the
number of D molecules. As we have seen above and will further
discuss below, for high FRET efficiencies the average FRET
efficiency is further increased upon increasing the number of D
molecules.

Next, we consider the FRET efficiency for the three-color
cascade (including Cy3). The FAM uorescence decay curves
for an increasing number of Cy3 molecules and a xed number
of Cy5 (1� Cy5) and FAM (4� FAM) molecules are shown in
Fig. 3B. The FAM amplitude averaged uorescence decay time
decreases with an increasing amount of Cy3 ((Cy5)1 (Cy3)0
(FAM)4: �sDA ¼ (3.6 � 0.1) ns; (Cy5)1 (Cy3)1 (FAM)4: �sDA ¼ (2.9 �
0.2) ns; (Cy5)1 (Cy3)2 (FAM)4: �sDA ¼ (2.4 � 0.4) ns; (Cy5)1 (Cy3)3
(FAM)4: �sDA ¼ (1.8 � 0.5) ns; (Cy5)1 (Cy3)4 (FAM)4: �sDA ¼ (1.3 �
0.2) ns). The corresponding FRET efficiencies plotted against
the number of Cy3 molecules are shown in Fig. 3D (red curve).
Please note that the FRET efficiencies are again mean values of
different paths and path combinations (see ESI, Fig. S5D†). The
FRET efficiency rises with an increasing amount of Cy3. For
(Cy5)1 (Cy3)1 (FAM)4 the FRET efficiency is still rather small (E¼
0.32� 0.02) because one Cy3 molecule is not enough to transfer
the light energy of four FAM molecules. The more Cy3 mole-
cules are present the better the light energy is transferred (E
increases). This is also in accordance with the antenna effect
(Fig. 1D, red curve) discussed above. A stepwise addition of Cy3
molecules results in a linear increase of the FRET efficiency.
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The FAM uorescence decay curves for the light harvesting
systems with increasing Cy3 and FAMmolecules ((Cy5)1 (Cy3)1–4
(FAM)1–4) are depicted in Fig. 3C. Again, the FAM uorescence
decay time decreases with an increasing amount of donor and
transmitter molecules. Interestingly, the uorescence decay
time drops drastically from unquenched FAM ((Cy5)0 (Cy3)0
(FAM)4: sD ¼ 4.3 ns) to the system with just one acceptor,
transmitter and donor molecule ((Cy5)1 (Cy3)1 (FAM)1: �sDA ¼
(1.8 � 0.8) ns). This mono-molecular three-color FRET cascade
(Cy5)1 (Cy3)1 (FAM)1 is already very efficient because the spectral
overlap of each FRET pair is large (see ESI, Fig S4B and D†) and
the intermolecular distances are rather short (ca. 3–4 nm). The
FAM uorescence decay time decreases further with an
increasing number of transmitter and donor molecules. It has
to be noted that the decrease happens to a smaller extent
compared to (Cy5)1 (Cy3)0–4 (FAM)4 and it reaches a minimum
value of (1.3� 0.2) ns ((Cy5)1 (Cy3)1 (FAM)1: �sDA¼ (1.9� 0.8) ns;
(Cy5)1 (Cy3)2 (FAM)2: �sDA ¼ (1.5 � 0.4) ns; (Cy5)1 (Cy3)3 (FAM)3:

�sDA ¼ (1.4 � 0.1) ns; (Cy5)1 (Cy3)4 (FAM)4: �sDA ¼ (1.3 � 0.2) ns).
The FRET efficiency is plotted versus the number of Cy3 and
FAM molecules and is shown in Fig. 3D (blue curve). The FRET
efficiency rises with an increasing amount of Cy3 and FAM. The
increase in FRET efficiency is not as strong as for (Cy5)1 (Cy3)0–4
(FAM)4 and is at the beginning ((Cy5)1 (Cy3)1 (FAM)1) already
quite high. The reason has been explained above. Please note
that the position of FAM molecules slightly inuences the
antenna effect (AE1 and AE2) and FRET efficiency when
comparing (Cy5)1 (Cy3)4 (FAM)4 (D1–D4) (AE1 ¼ 0.96 � 0.03,
AE2 ¼ 5.7 � 0.4, E ¼ 0.68 � 0.05) and (Cy5)1 (Cy3)4 (FAM)4 (D5–
D8) (AE1 ¼ 0.81 � 0.02, AE2 ¼ 4.9 � 0.1, E ¼ 0.53 � 0.07) with
each other as depicted in Fig. 4.

With these results we have shown that the FRET efficiency is
not strongly dependent on the number of transmitter and
donor molecules but rather on the spectral properties of the
uorophores (strong increase in FRET efficiency by addition of
further transmitter molecules ((Cy5)1 (Cy3)0–4 (FAM)4)). The

Fig. 3 FAM fluorescence decay curves (lex¼ 490 nm, lem¼ 520 nm) and FRET efficiencies calculated based on amplitude averaged decay times
for different light harvesting systems. (A) FAM fluorescence decay curves for the two-color FRET system with an increasing number of FAM
molecules ((Cy5)1 (Cy3)0 (FAM)1–4). (B) FAM fluorescence decay curves for the light harvesting system with a fixed number of Cy5 (1) and FAM (4)
molecules and an increasing number of Cy3 molecules ((Cy5)1 (Cy3)0–4 (FAM)4). The fluorescence decay time of FAM decreases with an
increasing number of Cy3 molecules. (C) FAM fluorescence decay curves for the light harvesting system with an increasing amount of Cy3 and
FAM molecules ((Cy5)1 (Cy3)1–4 (FAM)1–4). The FAM fluorescence decay time decreases with increasing number of transmitter and donor
molecules. (D) FRET efficiencies plotted against the number of FAM and Cy3, respectively (shown in bold letters). For the two-color FRET system,
the FRET efficiency decreases slightly with an increasing number of FAM molecules (black). The FRET efficiency increases with an increasing
number of FAM and Cy3 for the three-color light harvesting systems ((Cy5)1 (Cy3)1–4 (FAM)1–4 (blue); (Cy5)1 (Cy3)0–4 (FAM)4 (red)).
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antenna effect (Fig. 2D) on the other hand highly depends on
the number of uorophores (it rises drastically with an
increasing number of transmitter and donor molecules ((Cy5)1
(Cy3)1–4 (FAM)1–4)). In contrast, the FRET efficiency describes
the effectivity of donor quenching and the average FRET effi-
ciency can even decrease although the antenna effect is
enhanced. This is because the antenna effect only characterizes
the enhancement of the acceptor emission, which is achieved by
increasing the number of energy-delivering pathways.45

Optimization of the light harvesting system

These design rules can be used to rationally optimize the light
harvesting efficiency of articial antenna systems.

This is demonstrated in the following by further increasing the
energy-delivering pathways. Thus, the number of donormolecules
is further increased from four to eight. For this, four additional
FAM molecules are introduced in such a way that each FAM
molecule is placed between two transmitter molecules (see Fig. 1).
Here, the distance between FAM and the neighboring Cy3 mole-
cules is approximately the same as for the other positions (R¼ 3.3
nm). As shown in Fig. 5A the emission intensity of Cy3 (565 nm)
and Cy5 (665 nm) increases drastically in presence of eight FAM
molecules (gray spectrum) compared to a light harvesting system
with only four FAM molecules (red spectrum). The antenna effect
(AE1) has been calculated for both systems and is shown in
Fig. 5B. With the addition of more FAM molecules the antenna
effect 1 is further tuned from 0.96� 0.03 in (Cy5)1 (Cy3)4 (FAM)4 to
1.58 � 0.08 in (Cy5)1 (Cy3)4 (FAM)8. The antenna effect 2 is also
higher for (Cy5)1 (Cy3)4 (FAM)8 (AE2 ¼ 8.6 � 0.2) compared to
(Cy5)1 (Cy3)4 (FAM)4 (AE2¼ 5.7� 0.4) as shown in Fig. 5B. This is
a remarkable result as it shows that also the second energy
transfer step (AE2) is inuenced by the presence of dyes emitting
further in the blue part of the electromagnetic spectrum. The FAM
uorescence decay curves have been measured for both systems
and are depicted in Fig. 5C. The FAM amplitude averaged uo-
rescence decay time decreases slightly with an increasing number
of FAM molecules ((Cy5)1 (Cy3)4 (FAM)4: �sDA ¼ (1.3 � 0.2) ns;
(Cy5)1 (Cy3)4 (FAM)8: �sDA ¼ (1.2 � 0.1) ns). Hence, the FRET effi-
ciency increases also only slightly with an increasing number of

FAM molecules as shown in Fig. 5D. Again, the antenna effect
depends strongly on the number of uorophores which are
present in the light harvesting system. The emission intensity of
the nal acceptor (Cy5) can be enhanced by adding more and
more donor molecules. The FRET efficiency on the other hand is
only slightly inuenced by further addition of donor molecules.
The FRET efficiency as mentioned above describes the degree of
donor quenching. Therefore, it is only slightly inuenced by the
addition of more donor molecules but rather by the addition of
further transmitter molecules as shown for (Cy5)1 (Cy3)0–4 (FAM)4.

To assess the overall light harvesting capability in terms of
possible excitation wavelengths, we have measured the excita-
tion spectra of selected light harvesting systems (see Fig. 6). By
analyzing excitation spectra, we can determine specic wave-
lengths at which the light harvesting system is excitable. As
shown in Fig. 6A the single acceptor Cy5 ((Cy5)1 (Cy3)0 (FAM)0,
black spectrum) can only be efficiently excited from ca. (570–
700) nm (Cy5 excitation peak). By introducing four Cy3 mole-
cules ((Cy5)1 (Cy3)4 (FAM)0, Fig. 6A, green spectrum) the system
can additionally be excited at wavelengths in the range of the
excitation peak of Cy3 ((450–570) nm). By extending the light
harvesting system even more (introducing FAM) the wavelength
range for suitable excitation wavelengths can be further tuned.
As shown in Fig. 6A a third excitation peak appears for the
mono-molecular three-color FRET cascade ((Cy5)1 (Cy3)1
(FAM)1, blue spectrum, FAM: 500 nm, Cy3: 550 nm, Cy5: 650
nm). Thus, the light harvesting complex can be excited at
a broader wavelength range. Nevertheless, the overall intensity
is rather weak for this dye conguration. This can be further
improved by the addition of four FAM molecules ((Cy5)1 (Cy3)1
(FAM)4, Fig. 6A, dark red spectrum). The intensity of the FAM
excitation maximum increases due to a higher number of donor
molecules. Again, the extent of excitation can be improved by
adding more molecules (Cy5)1 (Cy3)4 (FAM)4 (Fig. 6A, red
spectrum). To nally optimize the light harvesting system eight
donor molecules are introduced ((Cy5)1 (Cy3)4 (FAM)8, Fig. 6A,
gray spectrum). With such a light harvesting system the range of
possible excitation wavelength is broadened ((425–700) nm) and
the light energy can be absorbed to a higher extent. To
summarize the light harvesting efficiency of the previously

Fig. 4 AE1, AE2 and FRET efficiency for (Cy5)1 (Cy3)4 (FAM)4 with different donor positions (D1–D4 (red), D5–D8 (rose)). (A) Both AE1 (solid) and
AE2 (hatched) are slightly influenced by changing the positions of FAM. (B) The FRET efficiency is also slightly influenced by the position of FAM
molecules. The error bars are the standard deviation of three separate measurements.
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discussed light harvesting systems, the AE values (AE1 and AE2)
are depicted in Fig. 6B. The AE2 value of a two-color FRET-based
light harvesting system ((Cy5)1 (Cy3)4 (FAM)0), which yields

similar values compared to other studies (AE2 ¼ 2.1� 0.2),8 can
be signicantly improved by the addition of a third blue shied
dye such as FAM (AE2(Cy5)1 (Cy3)4 (FAM)4 ¼ 5.7 � 0.4,

Fig. 5 Steady-state and time-resolved data for (Cy5)1 (Cy3)4 (FAM)4 (red) and (Cy5)1 (Cy3)4 (FAM)8 (gray). (A) Normalized emission spectra (lex ¼
450 nm) for light harvesting systems with four (red) and eight donor molecules (gray). Emission intensities of Cy3 (565 nm) and Cy5 (665 nm)
increase with increasing amount of FAM. (B) The antenna effects (AE1 (solid) and AE2 (hatched)) increase with increasing number of FAM
molecules. (C) FAM fluorescence decay time (lex ¼ 490 nm, lem ¼ 520 nm) decreases slightly with an increasing number of FAM molecules. (D)
The FRET efficiency calculated based on the FAM fluorescence decay time is only slightly influenced by an additional number of FAMmolecules.
The error bars are the standard deviation of three individual measurements.

Fig. 6 (A) Excitation spectra (lem ¼ 680 nm) for different light harvesting systems showing the impact of additional fluorophores on possible
excitation wavelengths. (B) Overview of AE1 and AE2 values for light harvesting systems showing the significant increase due to additional
fluorophores. The AE values of (Cy5)1 (Cy3)0 (FAM)0 are rather small (AE1 ¼ 0.02 � 0.01, AE2 ¼ 0.03 � 0.01). The error bars are the standard
deviations of different paths/path combinations and three separate measurements, respectively.
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AE2(Cy5)1 (Cy3)4 (FAM)8¼ 8.7� 0.2, Fig. 6B). Interestingly, even
the system with just one Cy3 molecule and four FAM molecules
lead to higher AE2 values compared to (Cy5)1 (Cy3)4 (FAM)0 in
which four Cy3 molecules are present (AE2(Cy5)1 (Cy3)4 (FAM)0
¼ 2.3 � 0.2 vs. AE2(Cy5)1 (Cy3)1 (FAM)4 ¼ 3.0 � 0.2, Fig. 6B). In
general, Fig. 6B shows that both antenna effects (AE1 and AE2)
increase with an increasing number of dye molecules as thor-
oughly discussed above. This is also in good agreement with the
excitation spectra (Fig. 6A) which show an increasing number
and intensity of the excitation peaks for an increasing number
of uorophores.

Conclusion

In conclusion we have created different three-color FRET-based
light harvesting systems by changing the amount and ratio of
uorophores (donor: FAM; transmitter: Cy3, acceptor: Cy5). The
light harvesting efficiency expressed by the antenna effect and the
overall FRET efficiency have been analyzed using steady-state and
time-resolved uorescence spectroscopy. We have shown that the
light harvesting efficiency increases for a two color-FRET system
by increasing the amount of donor molecules ((Cy5)1 (Cy3)0
(FAM)0–4). The light harvesting efficiency can be further improved
by introducing a transmitter dye and changing the transmitter/
donor ratio ((Cy5)1 (Cy3)0–4 (FAM)4) or by changing the amount
of both transmitter and donor molecules to the same extent
((Cy5)1 (Cy3)0–4 (FAM)0–4). Both approaches lead to a linear
increase in the antenna effect. The overall FRET efficiency of the
two-color FRET system is rather small and is tuned by introducing
a transmitter molecule. We have shown that the FRET efficiency
rises linearly for (Cy5)1 (Cy3)0–4 (FAM)4 and only slightly for (Cy5)1
(Cy3)1–4 (FAM)1–4. We have concluded that the antenna effect is
highly dependent on the number of uorophores involved in the
light harvesting system whereas the FRET efficiency depends
more on the spectral properties of used uorophores. The
antenna effect describes the efficiency of acceptor sensitization
and the FRET efficiency characterizes the degree of donor
quenching. Finally, we have shown that we can tune the antenna
effect starting from 0.02 in (Cy5)1 (Cy3)0 (FAM)0 to 1.58 in (Cy5)1
(Cy3)4 (FAM)8. Thus, the overall light harvesting efficiency can be
enhanced by a factor of almost 80 by changing the stoichiometry
of donor and transmitter dyes when excited at 450 nm. For an
excitation wavelength of 500 nm the light harvesting efficiency
can be even improved by a factor of 200. We have shown that by
using three different uorophores in a light harvesting system the
range for possible excitation wavelengths is signicantly broad-
ened and the light energy can be absorbed to a higher extent. In
general, the light harvesting efficiency of a multichromophore
system can be optimized based on the following design rules:

(1) To improve the antenna effect, the number of energy-
delivering pathways must be increased by increasing the
number of donor and transmitter molecules. Thus, a rosette-
like design is best-suited.

(2) The FRET efficiency can only be increased by optimizing
the spectral properties and making the intermolecular
distances small. The number of D molecules barely changes the
FRET efficiency.

(3) The nal energy transfer step is also inuenced by the
number of dyes which are further blue shied in the electro-
magnetic spectrum (addition of an extra donor).

(4) A variety of uorophores resulting in multiple FRET steps
leads to a broader range of possible excitation wavelength.

This can be exploited in articial light harvesting systems
used for instance in photosynthesis, photovoltaics in light
harvesting chemical sensors.

Experimental methods
Materials and chemicals

Unmodied oligonucleotides (staple strands) have been
acquired from Integrated DNA Technologies. The DNA strands
have been puried by the manufacturer and dissolved in RNase-
free water. The viral genome M13mp18 (7249 nb) has been
purchased from tilibit nanosystems GmbH and dissolved in
buffer containing 10 mM Tris and 1 mM EDTA by the manu-
facturer. The oligonucleotides modied with the organic dyes
(FAM, Cy3 and Cy5) have been acquired from Metabion Inter-
national AG (HPLC puried). All DNA strands have been used as
delivered without further treatment. Magnesium chloride
($98%) and Tris acetate-EDTA buffer (TAE buffer, 10�
concentrated) have been acquired from Sigma Aldrich. The
diluted TAE buffer (1� concentrated, in ultrapure water (Merck
Millipore)) (pH ¼ 8.2) contains 40 mM Tris-acetate and 1 mM
EDTA. Mica has been purchased from Plano GmbH.

DNA origami preparation

The triangularly shaped DNA origami structures have been
fabricated by mixing the viral genome M13mp18 (5 nM) together
with 208 short single DNA strands (150 nM), TAE buffer (10�
concentrated) containing 100 mM MgCl2 and ultrapure water
(Merck Millipore). Using a thermal cycler (PEQLAB/VWR), the
solution has been heated up to 80 �C and then slowly cooled down
to 8 �C in 2 hours with a dened temperature program (80 �C–
66 �C: 1 �C every 30 s, 66 �C–25 �C: 1 �C every 2 min, 25 �C–8 �C:
1 �C every minute). Aerwards, the DNA origami structures have
been puried using 100 kDa molecular weight cut-off centrifugal
lters (Merck Millipore). For this, the samples have been washed
four times with TAE buffer (1� concentrated) containing 10 mM
MgCl2 at 2655 g for 10 min. Fluorescence spectroscopy measure-
ments have been performed aer the DNA origami preparation at
a concentration of approximately 5 nM.

AFM imaging

To investigate the correctly formed DNA origami structures,
atomic force microscopy (AFM) has been performed for each
sample (AFM image is shown in the ESI, Fig S1†). The samples
have been adsorbed on freshly cleaved mica (Plano GmbH). For
this, 2 mL of the puried sample (ca. 20 nM) and 33 mL of TAE
buffer (1� concentrated) containing 10 mM MgCl2 have been
incubated for 30 s. Aer the incubation, the sample has been
washed twice with 1 mL of ultrapure water (Merck Millipore). The
uid has been removed with compressed air. The measurements
have been performed in air using the phase contrast mode. AFM
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imaging has been performed with a Flex AFM from Nanosurf
GmbH. A cantilever from Budget Sensors (Tap150 Al-G) with
a resonance frequency of (125–160) kHz and a spring constant of
5 N m�1 has been used to visualize the DNA origami structures.

Steady-state uorescence spectroscopy

Steady-state uorescence spectroscopy measurements have been
performed using a FluoromaxP spectrophotometer from HORIBA
Jobin Yvon GmbH with 3 mm quartz cuvettes from Hellma
Analytics. The measurements have been performed in a 90� angle
acquisition using the system internal quantum correction. To
record emission spectra, the excitation wavelength has been
chosen according to the uorophore which is directly excited
(FAM: lex ¼ 450 nm, Cy3: lex ¼ 500 nm, Cy5: lex ¼ 600 nm). To
measure excitation spectra, the emission wavelength has been set
to lem ¼ 680 nm. Following settings have been used for all
measurements: increment ¼ 1 nm, integration time ¼ 0.2 s,
bandpass(emission) ¼ bandpass(excitation) ¼ 5 nm.

Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) measurements
have been performed on a FLS920 uorescence spectrophotom-
eter from Edinburgh Instruments Ltd with the F900 soware
(Edinburgh Instruments Ltd) using 3mmquartz cuvettes (Hellma
Analytics). The samples have been measured in a 90� setup. As an
excitation source a supercontinuum white light source SC-400-PP
from Fianium/NKT Photonics A/S (0.5–20 MHz, 400 nm < l <
24 000 nm, pulse width: ca. 30 ps) and as a detector a multi-
channel-plate ELDY EM1-132/300 from Europhoton GmbH have
been used. The excitation wavelength has been set to (490� 1) nm
and emission wavelength to (520 � 1) nm.

The measured uorescence decay curves have been tted
using the FAST soware (Edinburgh Instruments Ltd). The
decay curves have been tted multi-exponentially (bi- and tri-
exponentially) with the following eqn S(1).

IðtÞ ¼
Xn

i¼1
Aie

� t
si (S1)

Here, si is the decay time and Ai is the amplitude charac-
teristic for each decay time component. The amplitude averaged
decay time �sDA is then calculated with eqn S(2).

sDA ¼

Xn

i¼1
Aisi

Xn

i¼1
Ai

(S2)

The last decay time component has been xed to the
unquenched FAM decay time.
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A. R. Milosavljevic, M. Refregiers, A. Giuliani and I. Bald, J.
Phys. Chem. Lett., 2015, 6, 4589–4593.

29 Z. Deng, A. Samanta, J. Nangreave, H. Yan and Y. Liu, J. Am.
Chem. Soc., 2012, 134, 17424–17427.

30 I. H. Stein, V. Schüller, P. Böhm, P. Tinnefeld and T. Liedl,
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AFM imaging 

A typical AFM image of DNA origami structures adsorbed on freshly cleaved mica is shown in 

Figure S1. 

 

Figure S 1. Typical AFM image of triangularly shaped DNA origami structures on freshly cleaved mica. 

 

Fluorophore orientation on DNA origami structure 

 

Figure S 2. Schematic illustration of different fluorophore orientations (green: FAM, yellow: Cy3, red: Cy5) 
showing that some fluorophores are on opposite sides of the DNA origami structure indicated by a cross or a dot.  

Electronic Supplementary Material (ESI) for RSC Advances.
This journal is © The Royal Society of Chemistry 2017
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Antenna effect 2 of (Cy5)1 (Cy3)1-4 (FAM)4 and (Cy5)1 (Cy3)1-4 (FAM)1-4 

The antenna effect 2 (AE2) has been calculated for (Cy5)1 (Cy3)1-4 (FAM)4 and (Cy5)1 (Cy3)1-4 

(FAM)1-4 using the following equation S3. 

𝐴𝐴𝐴𝐴2 =  𝐼𝐼𝐴𝐴(500 𝑛𝑛𝑛𝑛)

𝐼𝐼𝐴𝐴(600 𝑛𝑛𝑛𝑛)
          (S1) 

AE2 is the ratio of the acceptor emission intensity when the transmitter dye is directly excited 

at 500 nm (𝐼𝐼𝐴𝐴(500 𝑛𝑛𝑛𝑛)) and the acceptor emission intensity upon direct Cy5 excitation at 

600 nm (𝐼𝐼𝐴𝐴(600 𝑛𝑛𝑛𝑛)) of the same sample. Please note that AE2 is also dependent on the 

excitation wavelength of Cy5.1  

 

Figure S 3. Antenna effect 2 for different light harvesting systems. (A) AE2 for (Cy5)1 (Cy3)1-4 (FAM)4 for all paths 
and path combinations. The error bars are the standard deviation of three individual measurements. (B) AE2 
increases with increasing amount of donor and transmitter molecules for (Cy5)1 (Cy3)1-4 (FAM)1-4. The error bars 
are the standard deviation of three individual measurements.  (C) Mean values of AE2 for both light-harvesting 
systems. AE2 increases linearly for both systems ((Cy5)1 (Cy3)1-4 (FAM)4 (blue) and (Cy5)1 (Cy3)1-4 (FAM)1-4 (red)). 
Number of FAM and Cy3 molecules on the x-axis refers to the number of fluorophores which are increased as 
indicated by bold letters in the caption. The error bars are the standard deviation of different paths and path 
combinations. 
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The calculated AE2 for (Cy5)1 (Cy3)1-4 (FAM)4 for all paths and path combinations and the mean 

values plotted versus the number of Cy3 molecules are shown in Figure S 2A and C. AE2 

increases with an increasing number of Cy3 molecules. It is also visible that the values for 

different paths and path combinations vary. This can be attributed to slightly different 

intermolecular distances (paths I and III ≈ 4 nm; paths II and IV ≈ 3 nm) and different 

fluorophore orientations due to coupling to the DNA. The antenna effect 2 for (Cy5)1 (Cy3)1-4 

(FAM)1-4 (all paths and path combinations) and the mean values are shown in Figure S 2B and 

C. Again, the antenna effect 2 increases with an increasing amount of donor and transmitter 

molecules. The variation of different paths and path combinations is again due to structural 

heterogeneity. Please note that the error bars for (Cy5)1 (Cy3)1 (FAM)4 (I, II, III, IV), (Cy5)1 (Cy3)1 

(FAM)1 (I, II, III, IV) and (Cy5)1 (Cy3)4 (FAM)4 are the standard deviation of three separate 

measurements. 

Spectral Properties of used fluorophores 

In this study, we use three different fluorophores to create a three-color FRET cascade (donor: 

Fluorescein, FAM; transmitter: Cyanine3, Cy3; acceptor: Cynanine5, Cy5). The FRET efficiency 

highly depends on the spectral properties of used fluorophores and the donor-acceptor 

distance. For FRET to take place the emission spectrum of the donor molecule has to overlap 

with the absorption spectrum of the acceptor molecule.2,3 The spectral overlap for each FRET 

pair is shown in Figures S 2A-C (A: FAM and Cy5, B: FAM and Cy3, C: Cy3 and Cy5). FRET 

between FAM and Cy5 is unlikely because the spectral overlap is relatively small. When Cy3 is 

introduced between these two fluorophores the light energy can be transferred from FAM 

over Cy3 to Cy5 as shown in Figure S 3D. The spectral overlap and the Förster radius of each 

FRET pair are summarized in Table S1. The Förster radius is the donor-acceptor distance at 

which the FRET efficiency is 50 % and it can be calculated using the following equation S4 and 

S5. 

𝑅𝑅06 =  9(𝑙𝑙𝑛𝑛10)𝜅𝜅2𝑄𝑄𝐷𝐷𝐽𝐽
128𝜋𝜋5𝑛𝑛4𝑁𝑁𝐴𝐴𝐴𝐴

          (S2) 

Here, κ2 is the dipole orientation factor, QD is the fluorescence quantum yield of the donor 

molecule when the acceptor is absent, NAV is Avogadro’s number, n is the medium’s refractive 

index and J is the spectral overlap integral representing the overlap of donor’s emission and 

acceptor’s absorption spectra.  
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Figure S 4. Spectral overlap of different FRET pairs and emission spectra of FAM and Cy3 at different positions 
on the DNA origami structure. (A) Relatively small spectral overlap of FAM emission spectrum (solid line, green) 
and Cy5 absorption spectrum (dashed line, red). (B) Large spectral overlap between FAM emission spectrum 
(solid line, green) and Cy3 absorption spectrum (dashed line, yellow). (C) Relatively large spectral overlap 
between Cy3 emission spectrum (solid line, yellow) and Cy5 absorption spectrum (dashed line, red). (D) Emission 
and absorption spectra for the three-color FRET cascade (emission: solid line, absorption: dashed line, FAM: 
green, Cy3: yellow, Cy5: red). FAM is excited (450 nm) and transfers its energy over Cy3 (large spectral overlap) 
to Cy5 (emission maximum at 665 nm). (E) Normalized emission spectra of FAM at different positions on the DNA 
origami structure (λex = 420 nm, int. time = 1 sec). The emission maximum ranges from 516 nm to 522 nm. (F) 
Normalized emission spectra (λex = 500 nm, int. time = 0.2 sec) of Cy3 at different positions (λem, max. = 564 – 
567 nm).  

The software PhotochemCAD 2.1 has been used to calculate the spectral overlap integrals J 

and the Förster radii R0 for each FRET pair (FAM-Cy3, Cy3-Cy5, FAM-Cy5). The donor’s emission 

and acceptor’s absorption spectra for each FRET pair (acceptor's absorption spectrum in terms 
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of extinction coefficient) are imported and the dipole orientation factor (κ2 = 2/3), the 

refractive index (n = 1.33) and the donor’s quantum yield (Q(FAM) = 0.90; Q(Cy3) = 0.15)6 are 

used as inputs in the software. The calculated Förster radii can be found in Table S1. 

FAM and Cy3 have been placed on different positions on the DNA origami structures. The 

emission spectra for Cy3 and FAM for each position are shown in Figure 1E and F. The emission 

maximum of FAM varies slightly from 516 nm to 522 nm. The variation of the Cy3 emission 

maximum is also rather small (564 – 567 nm). The fluorescence decay time of FAM is also 

changing depending on the position on the DNA origami structure. The different FAM 

fluorescence decay times are summarized in Table S 2.  

Table S 1. Overview of donor’s quantum yields (QD), spectral overlap integral (J(λ)) and Förster radii (R0) for the 
different FRET pairs.  

FRET-pair QD6  J(λ) [nm4 · l · mol-1] R0 [nm] 

FAM-Cy5 0.90 3.1 · 1015 6.1 

FAM-Cy3 0.90 5.6 · 1015 6.7 

Cy3-Cy5 0.15 7.4 · 1015 5.2 

 

Table S 2. Overview of different FAM fluorescence decay times τD (λex = 490 nm, λem = 520 nm). 

System Path τD [ns] 

(Cy5)0(Cy3)0(FAM)1 

I 4.1 

II 4.3 

III 4.6 

IV 4.3 

V 4.6 

VI 4.4 

VII 4.3 

IIX 4.5 

(Cy5)0(Cy3)0(FAM)2 

I + II 4.2 

I + III 4.3 

I + IV 4.2 

II + III 4.4 
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II + IV 4.3 

III + IV 4.4 

(Cy5)0(Cy3)0(FAM)3 

I + II + III 4.3 

I + II + IV 4.2 

I + III + IV 4.3 

II + III + IV 4.4 

(Cy5)0(Cy3)0(FAM)4 
I + II + III + IV 4.3 

V + VI + VII + IIX 4.3 

(Cy5)0(Cy3)0(FAM)8 I + II + III + IV + V + VI + VII + IIX 4.1 

 

 

 

Antenna effect 1 and FRET efficiency of different paths and path combinations 

The antenna effect and the FRET efficiency vary depending on the path and path combination 

due to structural heterogeneity (variations in donor/ transmitter/ acceptor distances and 

fluorophore orientations due to coupling to DNA). AE1 and the FRET efficiency for every path 

and path combination (1x FAM or Cy3: I, II, III, IV; 2x FAM or Cy3: I + II, I + III, I+ IV, II + III, II+ 

IV, III + IV; 3x FAM or Cy3: I + II + III, I + II + IV, I + III + IV, II + III + IV) are shown in Figure S 4A-

F. The error bars for the mono-molecular systems ((Cy5)1 (Cy3)0 (FAM)1, (Cy5)1 (Cy3)1 (FAM)4 

and (Cy5)1 (Cy3)1 (FAM)1, for paths I - IV), (Cy5)1 (Cy3)0 (FAM)0, (Cy5)1 (Cy3)0 (FAM)4 and (Cy5)1 

(Cy3)4 (FAM)4 are standard deviations of three separate measurements. 
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Figure S 5. AE1 and FRET efficiencies for (Cy5)1 (Cy3)0 (FAM)0-4 (A, B), (Cy5)1 (Cy3)0-4 (FAM)4 (C, D) and (Cy5)1 (Cy3)0-

4 (FAM)0-4 (E, F) for the different paths (I – IV) and path combinations (I + II, I + III, I + IV, II + III, II + IV, III + IV, I + 
II + III, I + II + IV, I + III + IV, II + III + IV). The error bars are the standard deviation from three separate 
measurements. 
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(Cy5)0 (Cy3)1 (FAM)0 vs. (Cy5)0 (Cy3)4 (FAM)0: 

The emission intensity of Cy3 increases drastically from (Cy5)0 (Cy3)1 (FAM)0 to (Cy5)0 (Cy3)4 

(FAM)0 when excited at both 450 nm (Figure S 5A) and 500 nm (Figure 5B) because the number 

of fluorophores per DNA origami structure increases. 

 

Figure S 6. Emission spectra of (Cy5)0 (Cy3)1 (FAM)0 (black) and (Cy5)0 (Cy3)4 (FAM)0 (red) showing that the Cy3 
emission intensity increases with an increasing number of Cy3 molecules per DNA origami structure ((A) λex = 
450 nm, (B) λex = 500 nm). The peak at 533 nm is the water Raman peak. 

(Cy5)1(Cy3)0(FAM)1-4: τD amplitudes and τ1 values 

 

Figure S 7. (A) The amplitudes of τD for (Cy5)1 (Cy3)0 (FAM)1-4 increase with an increasing number of FAM 
molecules. The degree of unquenched FAM increases. (B) The values of the first decay time component τ1 
(quenched FAM fluorescence decay times) is almost unchanged with an increasing amount of FAM. The error 
bars are the standard deviation from three separate measurements. 

The amplitudes of τD (unquenched FAM, Figure S 6A) increase with increasing FAM molecules 

whereas the values of τ1 (quenched FAM due to FRET) are almost unchanged (Figure S 6B). 
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Chapter 5

Discussion

DNA origami nanostructures are a perfect platform to assemble di�erent molecules

on the nanometer scale with a high local control to create for example a multitude

of nanophotonic assemblies. [19,81,82,104] In these DNA origami structures, each staple

strand can be modi�ed individually making it possible to introduce a high variety of

di�erent molecules such as di�erent �uorophores and biomolecules (e.g. DNA strands).

Thus, it is possible to combine di�erent molecules (�uorophores and DNA strands) on

one nanostructure to study for example multi-color FRET arrays and additionally ex-

ploit the advantages of certain biomolecules to change their conformation induced by

certain chemical inputs (e.g. G-quadruplex formation). Hence, controllable molecular

switches with a �uorescence output signal can be generated. Furthermore, with the

use of DNA origami structures 200 di�erent positions on one structure are individually

accessible. Thus, a variety of �uorophores can be attached without changing the spe-

ci�c structure of the DNA platform. This means, that starting from relatively simple

systems (e.g. a two-color FRET system) more and more complex systems (e.g. pho-

tonic wires or multi-color light harvesting systems) can be established without changing

the principle geometry of the used DNA template. Hence, possible in�uences on the

FRET system by di�erent parameters (�exibility and intermolecular distances) from

di�erent substrates (e.g. di�erent arrangements of DNA double helices as shown by

Buckhout-White et al. [176]) can be prevented.

In this section the development and analysis of such FRET arrays on DNA origami

structures are discussed. Starting with the development of a two-color FRET system

to study the conformational change of G rich DNA sequences from the random coil to

the G-quadruplex structure. Here, the DNA origami structure does not only serve as

a template phase to arrange the desired molecules but it also enables the development

of an ion-selective FRET sensing scheme (manuscript �ion-selective FRET� [1]). This

two-color FRET system has been further analyzed to study the reversibility of the G-

quadruplex formation. Additionally, this two-color FRET system has been extended

to create switchable photonic wire-like systems based on three- and four-color FRET

109
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cascades (manuscript �switchable photonic wire� [2]). To utilize the multitude of possible

attachment points on the DNA origami template even more, multi-color arti�cial light

harvesting systems have been analyzed. In such systems, the number of �uorophores

and the orientation to one another can be straightforwardly controlled by introducing

or leaving out certain modi�ed staple strands (manuscript �arti�cial light harvesting

system� [3]).

Ion-selective FRET [1]

In the �rst studies of this work, the conformational change of G rich DNA strands

induced by either K+ or Na+ has been analyzed for the free DNA sequence and for the

DNA strand attached to DNA origami structures (the exact designs of both systems

are discussed in detail in section 3.3.1). For this, RevHumTel has been analyzed ((5'-

Cy3-TT (GGG ATT)4 )-FAM). The conformational change induced by monovalent

cations has been studied using FRET. Here, the FRET e�ciency increases due to

the G-quadruplex formation because the donor (here: FAM, λ'em = 515 nm) and

acceptor molecule (here: Cy3, λ'em = 565 nm) are in closer proximity in the compact

G-quadruplex structure compared to the single strand. The emission spectra for the

di�erent systems after the addition of either NaCl or KCl are depicted in �gure 5.1a-e.

For the free telomeric DNA, the emission spectrum excited at 450 nm changes drasti-

cally upon both, KCl and NaCl addition (see �gure 5.1a, b). The emission intensity

of FAM decreases and at the same time the emission intensity of Cy3 becomes more

pronounced after salt addition because of higher FRET. Please note that FRET also

occurs when no salt is present (unfolded state) showing that FAM and Cy3 are already

in close proximity in the random coil. Nevertheless, a change in FRET e�ciency can

still be recorded due to the G-quadruplex formation. Please note that the behavior of

G-quadruplex formation in presence of KCl and NaCl is rather di�erent. For KCl, an

addition of ca. 1 mM leads to a change in the emission spectrum (G-quadruplex folds)

whereas for NaCl a higher amount is needed (at least 25 mM). This can be ascribed

to di�erent association constants for KCl and NaCl. [17] The association constants for

K+ and Na+ have been determined based on the emission intensities of FAM and Cy3

(see supporting information (SI) of the manuscript �ion-selective FRET�, �gure S3 [1])

and found to be 1.5 · 104 M-2 for K+ and 33.7 M-2 for Na+. This shows that higher

amounts of NaCl are needed to actually fold the G-quadruplex structure. This is an

interesting aspect which can be exploited for selective K+ sensing schemes. [17,154,158,197]

Unfortunately, for the free telomeric DNA the discrimination between K+ and Na+ is

only feasible at low salt concentrations. At higher salt concentrations (especially at

physiological relevant Na+ concentration of ca. 145 mM) the di�erence in the FRET

e�ciency (determined based on FAM �uorescence decay time) between KCl and NaCl

is negligible (see �gure 5.1f, gray and red curves). Thus, the free telomeric DNA is not
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applicable for a selective K+ sensing scheme. Nevertheless, by introducing RevHumTel

on DNA origami structures a high ion-selectivity is achieved. As shown in �gure 5.1c-e

the emission spectra change (FAM emission intensity decreases and Cy3 emission in-

tensity increases) after the addition of KCl (G-quadruplex formation) whereas after

NaCl addition the emission spectra stay the same. Hence, the overall donor-acceptor

distance does not change in presence of NaCl meaning that the G-quadruplex can-

not fold on DNA origami structures which is additionally con�rmed by the unchanged

FRET e�ciency shown in �gure 5.1f (dark red curve).

Figure 5.1: Emission spectra (λex = 450 nm) for the free telomeric DNA (a, b) and
telomeric DNA attached to DNA origami structures (c, d, e) (RevHumTel). (a, b) The
addition of KCl (a) and NaCl (b) leads to a decrease in FAM emission and an increase
in Cy3 emission due to G-quadruplex formation. (c, d, e) For RevHumTel on DNA
origami structures, only KCl addition leads to a change of the emission spectrum (c)
even in presence of 145 mM NaCl (e). The G-quadruplex does not fold in presence of
NaCl (emission spectrum does not change, d). (f) FRET e�ciency plotted vs. the salt
concentration showing the di�erence between free RevHumTel (KCl (gray), NaCl (red))
and RevHumTel attached to DNA origami structures (KCl (black), KCl in presence
of 145 mM NaCl (green), NaCl (dark red)). Selective K+ sensing is possible even in
presence of high amounts of Na+ on DNA origami structures.

Advantageously, K+ is still detectable in presence of high amounts of NaCl (145 mM,

�gure 5.1e, f, green curve). Additionally, this ion-selectivity is valid over a high variety

of monovalent ions as shown in �gure 5.2a (SI of the manuscript �switchable photonic

wire�, �gure S2 [2]). Only divalent ions such as Mg2+ and Ca2+ induce a change of

the FRET signal although the signal is still not as strong as for K+. The associa-

tion constants for K+ addition of RevHumTel on DNA origami structures have been

calculated (see SI of the manuscript �ion-selective FRET�, �gure S3 [1]) in absence of
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additional NaCl (2.6 · 104 M-2) and presence of 145 mM NaCl (1.4 · 104 M-2). Since the

determined association constants for KCl addition are nearly the same for all systems

(free RevHumTel, RevHumTel on DNA origami structures in absence and presence of

additional NaCl), the sensitivity towards K+ is neither in�uenced by the DNA origami

platform nor by the presence of additional Na+ (for the DNA origami system). The

FRET e�ciencies which have been calculated based on the FAM �uorescence decay

times for all systems are depicted in �gure 5.1f. Please note that the di�erence of the

FRET e�ciency between free telomeric DNA and telomeric DNA on DNA origami

structures is due to the di�erent intermolecular distances which are discussed in detail

in section 3.3.1.

Figure 5.2: (a) Normalized acceptor-donor emission intensity ratio for RevHumTel on
DNA origami structures after the addition of di�erent cations showing the high ion-
selectivity towards K+. (b, c) Emission spectra (λex = 450 nm) for RevHumTel (b) and
HumTel (c) on DNA origami structures (red: T, green: G, blue: A). Only RevHumTel
is selective for K+ (b, dashed spectrum). The emission spectrum is not in�uenced by
the addition of NaCl (b, red spectrum). For HumTel the emission spectrum changes
after both, KCl (c, dashed spectrum) and NaCl addition (c, red spectrum).

Furthermore, not only the DNA origami structure makes sure that the FRET system

is highly ion-selective but also the telomeric DNA sequence itself in�uences the ion-

selectivity as depicted in �gure 5.2b, c. By changing the direction of the telomeric

DNA (RevHumTel (5'-TT (GGG ATT)4 T) vs. HumTel (5'-TT (GGG TTA)3 GGG

TTT T)) the ion-selectivity for K+ vanishes. The explanation for the K+ selectivity of

RevHumTel on DNA origami structures is not easily accessible. Two possible reasons

for this ion-selectivity are discussed in the following paragraph. On the one hand, the

DNA origami structure could sterically hinder the formation of certain G-quadruplex

structures. As mentioned above the speci�c G-quadruplex structure can be in�uenced

by an alteration of the DNA sequence or by di�erent cations (see section 2.2.1). Hence,

the formation of certain G-quadruplex structures (most likely those with diagonal or

lateral loops) could be prevented due to the relatively large DNA origami structure.

CD measurements of the unmodi�ed G-quadruplex (without �uorophores and without

the DNA origami platform) have shown that both, the DNA sequence (RevHumTel and

HumTel) and the cation (K+ and Na+) have an in�uence on the CD signal and there-
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fore induce di�erent G-quadruplex structures (see �gure 5.3a-d). By comparing the

measured CD spectra with CD spectra reported in literature [131] certain G-quadruplex

structures have been assigned to the telomeric DNA sequences in presence of KCl and

NaCl, respectively. RevHumTel as depicted in �gure 5.3a shows a negative peak at

240 nm and a positive peak at 288 nm. Additionally, a shoulder at ca. 275 nm is visible.

This can be attributed to a �hybrid-type� G-quadruplex structure (one external and

two lateral loops). [131] In presence of NaCl, the CD spectra of RevHumTel look entirely

di�erent (�gure 5.3b). Here, two distinct positive peaks at 270 nm and 290 nm are

observable. Unfortunately, the assignment of an exact G-quadruplex structure is rather

di�cult. The CD spectrum (�gure 5.3b) indicates either a �hybrid-type� G-quadruplex

(one external, one lateral and one diagonal loop) or a mixture of parallel and anti-

parallel G-quadruplex structures. [131] Furthermore, the CD spectra show clearly that

RevHumTel is more sensitive to KCl than to NaCl (G-quadruplex CD signals are vis-

ible at lower KCl concentration when compared to NaCl addition). The CD spectra

for HumTel (�gure 5.3c, d) are di�erent compared to the CD spectra of RevHumTel

showing that di�erent G-quadruplex structures are folded.

Figure 5.3: CD spectra of unmodi�ed free telomeric DNA (c(DNA) = 8.5 µM). (a)
RevHumTel (5'-TT (GGG ATT)4) after KCl addition, (b) RevHumTel after NaCl
addition, (c) HumTel (5'-TT (GGG TTA)3GGG TTT) after KCl addition and (d)
HumTel after NaCl addition. The salt concentration for all measurements range from
0 mM (light color) to 500 mM (darker color) (c(salt) = (2, 10, 20, 200, 500) mM). The
CD spectra have been compared to CD spectra reported in literature to resolve the
speci�c G-quadruplex structure. [131]
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In presence of KCl, the CD spectra give rise to a positive peak at (289 - 292) nm and

a broad shoulder ((245 - 270) nm, �gure 5.3c). This indicates the formation of an anti-

parallel G-quadruplex structure (�basket-type�, one diagonal and two lateral loops). [131]

Again, the G-quadruplex structure of HumTel is also in�uenced by the cation. In pres-

ence of NaCl, two positive peaks ((245 - 248) nm and 294 nm) and a negative peak at

263 nm are visible (�gure 5.3d). This can be ascribed to an anti-parallel G-quadruplex

structure (�chair-type�, 3 lateral loops). [131] Similar to RevHumTel, HumTel also folds

into G-quadruplexes at lower KCl than NaCl concentrations. Furthermore, HumTel

folds into G-quadruplexes at lower salt concentrations than RevHumTel (HumTel, KCl:

ca. 2 mM; HumTel, NaCl: ca. 10 mM; RevHumTel, KCl: ca. 10 mM; RevHumTel,

NaCl: ca. 200 mM (data based on the measured salt concentrations, c = (2, 10, 20, 200,

500) mM)). Please note that the overall G-quadruplex structure for both, RevHumTel

and HumTel (KCl and NaCl) is una�ected by the salt concentration. These results

show that the speci�c G-quadruplex structure is immensely in�uenced by di�erent

parameters. Unfortunately, the G-quadruplex formation on DNA origami structures

cannot be resolved using CD spectroscopy because the DNA origami itself leads to

intense absorption signals which overlay the G-quadruplex signals. Hence, the exact

G-quadruplex structure on DNA origami structures is not known (DNA origami could

also in�uence the speci�c G-quadruplex structure) and therefore the assumption that

only certain G-quadruplex structures fold on DNA origami substrates cannot be con-

trolled by CD spectroscopy. On the other hand, the reason for the ion-selectivity of

RevHumTel could be explained by the speci�c folding pathways. In this sense di�er-

ent intermediate states (hairpin, triplex or other G-quadruplex structures) could be

formed in the di�erent systems. It could be conceivable that RevHumTel in presence

of NaCl passes through an intermediate state which cannot be formed on DNA origami

structures leading to the ion-selectivity. Unfortunately, these explanations are only as-

sumptions and could not be fully resolved in this work. Other structural and kinetics

investigations (e.g. NMR, X-ray crystallography and molecular modeling) would be

necessary to actually explain the reason for the ion-selectivity of RevHumTel on DNA

origami structures but this is beyond the scope of this work.

Switchable photonic wire [2]

After analyzing the formation of G-quadruplexes the reversibility of this formation has

been studied to develop di�erent switchable FRET systems on DNA origami structures.

The FRET switching has been thoroughly analyzed in the two-color FRET system dis-

cussed before (FAM/RevHumTel-Cy3). Because of the possibility to modify DNA

origami structures relatively easy with di�erent �uorophores, this two-color FRET sys-

tem has been extended to create a three-color FRET cascade (FAM/RevHumTel-Cy3/

Cy5) and furthermore to create a four-color FRET-based photonic wire (FAM/Rev-
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HumTel-Cy3/Cy5/IRDye700). The di�erent designs and structural properties of the

studied FRET systems are discussed in section 3.3.2. The principle of the FRET switch

on DNA origami structures is based on the G-quadruplex formation induced by K+

(high FRET) with a subsequent unfolding of the G-quadruplex induced by cryptand

addition (low FRET). Cryptand is a crown ether-like substance which encapsulates

K+ [198,199] and removes it from the core of the G-quadruplex which leads to an unfold-

ing.

As a proof of principle for possible FRET switching the two-color FRET system dis-

cussed in the manuscript �ion-selective FRET� [1] (FAM/RevHumTel-Cy3 on DNA

origami structures) has been analyzed at �rst. The emission spectra and FRET ef-

�ciencies (calculated based on FAM �uorescence decay times) are depicted in �gure

5.4a, b. As shown in �gure 5.4a (blue spectrum) the FAM emission intensity is do-

minant and the Cy3 emission intensity is rather low in the initial unfolded state. The

overall FRET e�ciency is relatively small in the unfolded state (E = 0.42 ± 0.01, �gure

5.4b) because of a long donor-acceptor distance. After KCl addition (G-quadruplex

formation) the FRET e�ciency increases (E = 0.56 ± 0.01, �gure 5.4b) which is

also visible by a drop in FAM emission intensity and at the same time an increase

in Cy3 emission intensity (�gure 5.4a, black spectrum). The G-quadruplex unfolds

subsequently when cryptand is added which is noticeable by a higher FAM emission

intensity and a weaker Cy3 emission intensity (�gure 5.4a, red spectrum). The overall

FRET e�ciency decreases again due to G-quadruplex unfolding (E = 0.39 ± 0.01).

Please note that the FAM emission intensity does not return to the initial value (visible

through alteration of FAM emission peak due to the underlying water Raman peak)

because cryptand quenches the FAM �uorescence (see SI of the manuscript �switchable

photonic wire�, �gure S4 [2]). The system can be restored after the removal of KCl

and cryptand from the solution using centrifugal �lters (�gure 5.4a, green spectrum,

E = 0.42 ± 0.01). Thus, the switching between low and high FRET (unfolded and

folded G-quadruplex) can be repeated several times on the DNA origami structure

(�gure 5.4b). It has to be noted that the overall DNA origami concentration decreases

after each �ltration step leading to a decrease in the overall emission intensity. To

exploit the potential of the relatively simple modi�cation of DNA origami structures,

a third �uorophore (Cy5, λ'em = 665 nm) has been introduced to create a switchable

FRET cascade (�gure 5.4c, d). In such a FRET cascade the light energy is trans-

ferred from FAM (donor) over Cy3 (transmitter) to Cy5 (acceptor). In the studied

system, RevHumTel modi�ed with Cy3 is placed in the middle of the FRET cascade.

Hence, the FRET cascade is less e�cient in the unfolded state (strong FAM emission

and weak Cy3 and Cy5 emission, �gure 5.4c, blue spectrum, E = 0.41 ± 0.01) be-

cause FRET between FAM and Cy3 in this conformation is weak as mentioned above

and direct FRET between FAM and Cy5 is highly unlikely (small spectral overlap

and long donor-acceptor distance). Thus, the FRET cascade is only e�cient when all
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three �uorophores are in close proximity as in the case of the folded G-quadruplex.

This is shown in �gure 5.4c (black spectrum). Here, the FAM emission intensity de-

creases and the Cy3 and Cy5 emission intensities increase upon KCl addition. Again,

the FRET e�ciency increases due to the G-quadruplex formation (�gure 5.4d, E =

0.55 ± 0.01). Subsequently, the G-quadruplex unfolds upon cryptand addition leading

to a low FRET signal once more (stronger FAM and weaker Cy3 and Cy5 emission

intensities, �gure 5.4c, red spectrum, E = 0.40 ± 0.01). After the removal of KCl and

cryptand from the solution the G-quadruplex formation can be repeated (�gure 5.4d).

Again, the formation of G-quadruplex structures can be repeated at least �ve times on

DNA origami structures.

Figure 5.4: Normalized emission spectra (λex = 450 nm, a, c and e) and FRET e�-
ciencies (b, d and f) for the two-color FRET system (a, b), three-color FRET cascade
(c, d) and four-color FRET-based photonic wire (e, f). The emission intensity of FAM
decreases and the emission intensities of Cy3, Cy5 and IRDye700, respectively, increase
after KCl addition (black) due to G-quadruplex formation (FRET e�ciency increases).
Subsequently, the G-quadruplex unfolds upon cryptand addition (red, FAM emission
intensity increases; Cy3, Cy5 and IRDye700 emission intensities decrease, FRET ef-
�ciency decreases). The system is restored after a �ltration step to remove KCl and
cryptand (green). The switching is based on the folding and unfolding of G-quadruplex
structures. The G-quadruplex formation can be repeated up to �ve times on DNA
origami structures. For the four-color FRET system, only two folding steps are shown
as a proof of principle.

To �nally show the possibility to create switchable photonic wires on the nanometer

scale on DNA origami structures, a fourth �uorophore (IRDye700, λ'em = 710 nm)

has been introduced (�gure 5.4e, f). In this photonic wire the excitation energy is
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transferred via three FRET steps from one end to the other, starting from the initial

donor (FAM) over two transmitter molecules (Cy3 and Cy5) to the �nal acceptor

(IRDye700). Again, RevHumTel modi�ed with Cy3 has been placed in the middle of

the photonic wire-like system to generate a FRET switch. In this way, a switchable

photonic wire with a length of ca. 10 nm and a spectral range of ca. 200 nm has

been created. As shown in �gure 5.4e, the photonic wire is rather ine�cient when the

G-quadruplex is unfolded (blue spectrum, E = 0.41). Here, FAM emission is dominant

and the emission intensities of Cy3, Cy5 and especially IRDye700 are rather weak. The

signal transduction of the photonic wire can be turned on upon KCl addition. Due

to the G-quadruplex formation the �uorophores are getting in closer proximity (FAM

and Cy3, Cy3 and Cy5) leading to a more e�cient signal transduction (IRDye700

emission becomes visible, �gure 5.4e, black spectrum) and furthermore to a higher

FRET e�ciency (E = 0.51). As for the other switchable FRET systems, the G-

quadruplex is unfolded after cryptand addition leading to a reduced FRET signal

(�gure 5.4e, red spectrum, E = 0.40). Again, the system is restored after a �ltration

step (�gure 5.4e, green spectrum). The switching between �on� and �o�� state of

the photonic wire (signal transduction or no signal transduction) has been exemplary

shown for two switching cycles (�gure 5.4f).

In conclusion, in this study it has been shown that DNA origami structures can be

used to assemble a variety of �uorophores and to create photonic wire-like systems

with a relatively simple method. Furthermore, by using biomolecules which change

their conformation based on chemical inputs an in situ switch has been created to

change the photonic wire between an �on� and an �o�� state.

Arti�cial light harvesting system [3]

As shown above, the overall acceptor emission intensity of a mono-molecular FRET

cascade (one donor, one transmitter, one acceptor) is rather weak. Arti�cial light

harvesting systems can be used to improve the brightness of the acceptor molecule.

In such arti�cial light harvesting systems, the light energy is absorbed by many donor

molecules and funneled to the acceptor molecule which is placed in the center of the

system via one or multiple FRET steps depending on the number of �uorophores (see

also section 2.3.3). By using multiple di�erent �uorophores in one light harvesting

system the range of possible excitation wavelength is broadened which is important

in the �eld of arti�cial photosynthesis. Thus arti�cial light harvesting systems based

on, for example, a three-color FRET cascade increase on the one hand the overall

emission intensity of the acceptor molecule and on the other hand extend the excitation

wavelength range. Here, arti�cial light harvesting systems based on a FAM/Cy3/

Cy5 FRET cascade and assembled on DNA origami structures (detailed discussion of

�uorophore arrangement and distances in section 3.3.3) have been analyzed in terms
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of antenna e�ect (AE1 and AE2, see manuscript �arti�cial light harvesting system�

equation 1 and 2, respectively [3]) and FRET e�ciency.

Figure 5.5: Antenna e�ect and FRET e�ciency for di�erent light harvesting systems on
DNA origami structures. (a)AE1 plotted vs. the number of FAM and Cy3 molecules,
respectively (number on the x-axis refers to the molecules which are increased indicated
by highlighted letters) for di�erent light harvesting systems. The AE1 increases for all
analyzed systems ((Cy5)1 (Cy3)0 (FAM)0-4 (black), (Cy5)1 (Cy3)0-4 (FAM)4 (red),
(Cy5)1 (Cy3)0-4 (FAM)0-4 (blue)). The more �uorophores are present the brighter
the Cy5 emission becomes. (b) The overall FRET e�ciency is rather small for the
two-color FRET system (FAM/Cy5) and decreases slightly with an increasing number
of FAM molecules ((Cy5)1 (Cy3)0 (FAM)1-4 (black)). For (Cy5)1 (Cy3)0-4 (FAM)4
(red), the FRET e�ciency increases linearly with an increasing number of transmitter
molecules. Finally, for (Cy5)1 (Cy3)1-4 (FAM)1-4 (blue), the overall FRET e�ciency
is high and increases slightly with an increasing number of �uorophores. The FRET
e�ciency depends on the �uorophores and their spectral overlap.

Firstly, the two-color FRET system using FAM as a donor molecule and Cy5 as an

acceptor molecule has been analyzed. Please note that the overall light harvesting and

FRET e�ciency is rather low for this system because the spectral overlap between

the FAM emission and Cy5 absorption spectra is rather small. Nevertheless, the AE

can be tuned by increasing the number of FAM molecules ((Cy5)1 (Cy3)0 (FAM)0-4,

AE1 = 0.02 - 0.32, number of �uorophore written in bold letters has been increased)

as shown in �gure 5.5a (black curve). The FRET e�ciency (calculated based on

FAM amplitude averaged �uorescence decay time) on the other hand decreases slightly

when the number of FAM molecules increases (E = 0.21 - 0.15, �gure 5.5b, black

curve). This is attributed to the fact that the amplitude of unquenched FAM in-

creases in a system with low FRET e�ciency leading to an increase of the ampli-

tude averaged �uorescence decay time (E decreases). To increase the AE and the

FRET e�ciency, a transmitter molecule (Cy3) is introduced to the two-color FRET

system ((Cy5)1 (Cy3)0-4 (FAM)4). Here, the AE (AE1 = 0.32 - 0.96 ± 0.03) and

the FRET e�ciency (E = 0.15 - 0.68 ± 0.05) increase with an increasing number

of Cy3 molecules as shown in �gure 5.5a, b (red curve). The light energy can be

transferred more e�ciently from FAM to Cy5 when more and more Cy3 molecules
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are present. Additionally, the number of FAM and Cy3 molecules has been increased

to the same extent ((Cy5)1 (Cy3)0-4 (FAM)0-4). The AE for such light harvest-

ing systems increases linearly (AE1 = 0.02 - 0.96 ± 0.03) with an increasing number

of �uorophores because more light energy is absorbed and subsequently transferred

to the acceptor molecule (�gure 5.5a, blue curve). The slope for (Cy5)1 (Cy3)0-4

(FAM)0-4 is steeper compared to (Cy5)1 (Cy3)0-4 (FAM)4. This is ascribed to the

fact that for (Cy5)1 (Cy3)0-4 (FAM)0-4 the direct FAM-to-Cy5 FRET increases

due to an increasing number of FAM molecules and for (Cy5)1 (Cy3)0-4 (FAM)4
it stays the same. The FRET e�ciency for (Cy5)1 (Cy3)1 (FAM)1 is already

high (E = 0.57) and increases slightly with the addition of Cy3 and FAM molecules

(E = 0.57 - 0.68 ± 0.05) as shown in �gure 5.5b (blue curve). These results show that

the AE is highly dependent on the overall number of �uorophores assembled in a light

harvesting system. It increases with more and more �uorophores arranged around the

acceptor molecule. The FRET e�ciency on the other hand depends on the spectral

properties of the �uorophores. It is improved by a larger spectral overlap between the

donor's emission and acceptor's absorption spectra. For the system (Cy5)1 (Cy3)4

(FAM)4, AE1 (direct FAM excitation, involves two FRET steps) is tuned such that

the emission of Cy5 is almost as high as when it is directly excited at 600 nm (AE1

is close to one). AE2 (direct Cy3 excitation, involves one FRET step) as shown in

the SI of the manuscript �arti�cial light harvesting� [3] (�gure S2) can be improved to

a value of 5.7 ± 0.3 showing that the light harvesting system can be e�ciently excited

at 500 nm.

Figure 5.6: The antenna e�ect (AE1 (plain) and AE2 (hatched)) is optimized by
adding additional FAM molecules ((Cy5)1 (Cy3)4 (FAM)4 (red) vs. (Cy5)1 (Cy3)4
(FAM)8 (gray)).

Finally, the arti�cial light harvesting system is optimized by introducing a total number

of eight FAM molecules (the design of the system is shown in section 3.3.3). Both, AE1

and AE2 are signi�cantly higher for (Cy5)1 (Cy3)4 (FAM)8 (AE1 = 1.58 ± 0.08,

AE2 = 8.6 ± 0.2) than for (Cy5)1 (Cy3)4 (FAM)4 (AE1 = 0.96 ± 0.03, AE2 =
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5.7 ± 0.4) as shown in �gure 5.6. Please note that the FRET e�ciency is only slightly

in�uenced by additional FAM molecules (E((Cy5)1 (Cy3)4 (FAM)8) = 0.71 ± 0.02,

E((Cy5)1 (Cy3)4 (FAM)4) = 0.68 ± 0.05, see �gure 5d in the manuscript �arti�cial

light harvesting system� [3]).

Fluorescence excitation spectra have been measured to evaluate the light harvesting

capability in terms of the excitation wavelength range (see �gure 5.7a). The sin-

gle Cy5 molecule can only be e�ciently excited in the range of its excitation peak

(ca. (570 - 700) nm, �gure 5.7a, black spectrum). When Cy5 is surrounded by four

Cy3 molecules ((Cy5)1 (Cy3)4 (FAM)0, �gure 5.7a, green spectrum) the range of

possible excitation wavelengths is extended ((570 - 700) nm, Cy5 and Cy3 excitation

peaks). This can be further extended by introducing FAM as an initial donor molecule.

Already for the mono-molecular three-color FRET cascade, a third excitation peak ap-

pears ((Cy5)1 (Cy3)1 (FAM)1, �gure 5.7a, blue spectrum) meaning that the light

harvesting complex can be excited at a broader wavelength range (ca. (425 - 700) nm).

However, the overall intensity is rather weak for this arrangement. The intensity of the

FAM excitation maximum can be increased by adding more FAM molecules ((Cy5)1
(Cy3)1 (FAM)4, �gure 5.7a, dark red spectrum) and the overall intensity of the ex-

citation spectrum can be increased by the addition of both, Cy3 and FAM molecules

((Cy5)1 (Cy3)4 (FAM)4, �gure 5.7a, red spectrum). To �nally optimize the arti�cial

light harvesting system, the number of FAM molecules is increased to eight ((Cy5)1
(Cy3)4 (FAM)8, �gure 5.7a, gray spectrum). Now an arti�cial light harvesting system

is created which can be e�ciently excited in a wavelength range from 425 to 700 nm.

Figure 5.7: (a) Excitation spectra (λem = 680 nm) of di�erent light harvesting systems.
The range of possible excitation wavelengths is extended by using multiple �uorophores.
(b) Overview of AE1 and AE2 values for di�erent light harvesting systems showing the
signi�cant increase due to higher numbers of assembled �uorophores. The AE values
for the single acceptor molecule ((Cy5)1 (Cy3)0 (FAM)0) are rather small (AE1 = 0.02,
AE2 = 0.04).

To summarize the �ndings of this study, the AE values (AE1 and AE2) of di�er-

ent arti�cial light harvesting systems on DNA origami structures are depicted in

�gure 5.7b. The AE2 value of the two color FRET system based on Cy3/Cy5-

FRET ((Cy5)1 (Cy3)4 (FAM)0, AE2 = 2.3) increases substantially with the ad-
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dition of a third blue shifted �uorophore such as FAM ((Cy5)1 (Cy3)4 (FAM)4:

AE2 = 5.7 ± 0.4, (Cy5)1 (Cy3)4 (FAM)8: AE2 = 8.6 ± 0.2) as shown in �gure 5.7b.

Interestingly, even the system with just one Cy3 molecule and four FAM molecules

leads to higher AE2 values compared to the two-color FRET system in which four

Cy3 molecules are present ((Cy5)1 (Cy3)4 (FAM)0: AE2 = 2.3 vs. (Cy5)1 (Cy3)1
(FAM)4: AE2 = 3.0, �gure 5.7b).

In summary, DNA origami nanostructures can be used to arrange di�erent �uorophores

and create arti�cial light harvesting systems based on multiple �uorophores. The

AE (light harvesting e�ciency) can be optimized by the introduction of more and

more �uorophores. The FRET e�ciency on the other hand is tuned by optimizing

the spectral properties of used �uorophores (large spectral overlap) and the range of

possible excitation wavelengths can be extended by using multiple FRET steps.
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Chapter 6

Summary and outlook

In this cumulative doctoral thesis, di�erent FRET systems on triangular shaped DNA

origami structures with di�erent potential applications have been developed and an-

alyzed. In the �rst investigations, the formation of G-quadruplex structures from

telomeric DNA induced by monovalent cations using FRET between FAM and Cy3

has been studied. Here, the di�erence between the Na+ and K+ induced G-quadruplex

formation for the reversed human telomeric DNA (Cy3-RevHumTel-FAM, 5'-Cy3-TT

(GGG ATT)4 T-FAM) has been examined. The �uorescence studies have shown that

the association constant for K+ is by several orders of magnitude higher than for Na+.

Thus, the G-quadruplex folds at lower K+ concentrations compared to Na+ which

makes it a potential tool for K+ sensing. However, at high ion concentrations (ca.

110 mM) a distinction between K+ and Na+ for free RevHumTel is no longer feasible.

By attaching RevHumTel to DNA origami structures the di�erence between K+ and

Na+ induced G-quadruplex structures becomes more pronounced. The G-quadruplex

formation in presence of Na+ is completely inhibited when RevHumTel is placed on

DNA origami structures. Then again, the formation of K+ induced G-quadruplex

structures is una�ected on the DNA origami platform. Additionally and most im-

portantly, K+ induced G-quadruplex formation is still detectable in presence of high

NaCl concentrations and the ion-selectivity for K+ is maintained over a wide range

of monovalent cations. Interestingly, by changing the direction of the telomeric DNA

(RevHumTel, 5'-(GGG ATT)4 vs. HumTel, 5'-(TTA GGG)4) the ion-selectivity on

DNA origami structures is revoked. The reason for the ion-selectivity of RevHumTel

on DNA origami structures has been ascribed to either di�erent G-quadruplex struc-

tures or to di�erent folding pathways. In this study, a highly ion-selective K+ sensing

scheme on DNA origami structures has been developed. [1]

Afterwards, the reversibility of the G-quadruplex formation has been analyzed on DNA

origami structures using FRET. For this, the G-quadruplex structures are folded upon

KCl addition (high FRET) and subsequently unfolded after cryptand addition (low

FRET). K+ is removed by cryptand encapsulation leading to an unfolding of the G-

123
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quadruplex. The G-quadruplex folding and unfolding can be repeated several times.

The repeated switching between high and low FRET e�ciencies has been analyzed for

the two-color FRET system (FAM/RevHumTel-Cy3). Since the modi�cation of DNA

origami structures is relatively simple, the two-color FRET system has been extended to

a three-color FRET cascade (FAM/RevHumTel-Cy3/Cy5) and furthermore to a four-

color photonic wire (FAM/RevHumTel-Cy3/Cy5/IRDye700). In these FRET cascades,

the light energy is transferred over several FRET steps from FAM (acceptor) over Cy3

(transmitter) to Cy5 (acceptor and transmitter, respectively) and �nally to IRDye700

(acceptor). These FRET systems are only e�cient when the G-quadruplex is folded

and are not operative when the G-quadruplex is unfolded. In this sense, a switchable

photonic wire on DNA origami structures with a signal transduction range over several

nanometers and a spectral range of ca. 200 nm has been designed. [2]

In the last part, arti�cial light harvesting systems have been designed on DNA origami

structures based on a three-color FRET cascade. Here, multiple donor (FAM) and

transmitter (Cy3) molecules (light harvesting units) are placed around one single ac-

ceptor molecule (Cy5) in such way that they absorb the excitation energy and funnel

the light energy e�ciently to the acceptor. Thus, the acceptor absorption is ampli�ed

and the emission becomes brighter. With the help of DNA origami structures, the ar-

rangement and number of �uorophores can be changed readily and the light harvesting

e�ciency expressed as the antenna e�ect and the FRET e�ciency have been analyzed

thoroughly. It has been shown that the antenna e�ect for a two-color FRET system

with an overall low FRET e�ciency (Cy5/FAM) increases with an increasing amount

of donor molecules ((Cy5)1 (Cy3)0 (FAM)0-4). The FRET e�ciency on the other hand

decreases slightly with an increasing number of FAM molecules. To improve the light

harvesting and FRET e�ciencies, a transmitter molecule (Cy3) has been introduced.

Here, the antenna e�ect and FRET e�ciency increase linearly with an increasing num-

ber of Cy3 ((Cy5)1 (Cy3)0-4 (FAM)4). Since FRET is most e�cient when all three

�uorophores are present, the number of possible energy transfer pathways has been

increased step wise. For this, the number of Cy3 and FAM has been increased to the

same extent ((Cy5)1 (Cy3)0-4 (FAM)0-4). The antenna e�ect increases linearly and

also the FRET e�ciency can be tuned with an increasing number of �uorophores. Fi-

nally, the light harvesting system has been optimized by increasing the number of FAM

molecules up to eight ((Cy5)1 (Cy3)4 (FAM)8). Based on the �ndings a general set

of design rules for arti�cial light harvesting systems can be derived: [3]

1. The overall light harvesting e�ciency is improved by increasing the number of

donor and transmitter molecules.

2. The FRET e�ciency is tuned by using �uorophores with large spectral overlaps.

3. The range of possible excitation wavelengths increases by the arrangement of

several di�erent �uorophores (multi-color FRET cascades).
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In the present thesis, the fundamentals of di�erent FRET assemblies on DNA origami

structures have been examined. For future applications, the ion-selective FRET system

on DNA origami structures could be immobilized on glass �bers to develop an optical

K+ sensor. Here, the advantage that DNA origami structures can be straightforwardly

adsorbed on charged surfaces such as glass can be utilized. Additionally, the DNA

origami structures can be modi�ed with di�erent environmentally sensitive �uorophores

(e.g. pH- or O2-sensitive �uorophores) to enable multiplexing. [200,201] However, it has

to be noted that the emission intensity of one �uorophore per DNA origami structure is

too weak for such optical sensors. Hence, several �uorophores need to be immobilized

on one DNA origami structure. This can get rather expensive when a variety of staple

strands are modi�ed with di�erent �uorophores. Therefore, other methods are needed

to introduce the environmentally sensitive moieties. The K+ selective RevHumTel for

example could be introduced several times without a modi�cation at the 5'-end. The

folding of G-quadruplex structures can then be detected with G-quadruplex sensitive

�uorophores. [155] Other environmentally sensitive �uorophores can be introduced by

hybridization of modi�ed DNA strands with complementary DNA strands which are

attached as an extension of several staple strands. In this sense, only one DNA strand

needs to be modi�ed with the �uorophore.

Furthermore, the arti�cial light harvesting system can be advanced in such way that

telomeric DNA strands are attached at the transmitter positions to achieve a switchable

light harvesting system. Additionally, to decrease the overall costs for such a light

harvesting system �uorophores can be introduced via hybridization. Here, di�erent

�uorophores can be attached to di�erent DNA sequences so that the position of each

�uorophore can still be precisely controlled.

To analyze the actual e�ciency of this arti�cial light harvesting system for real ap-

plications in the �eld of arti�cial photosynthesis, the reaction center (RC) from for

example the purple bacterium could be introduced in the middle of such multi-color

light harvesting system. From literature it is known that the absorption spectrum of

this particular RC overlaps with the emission spectrum of Cy5. [183] Thus, the multi-

color light harvesting system analyzed in the present work would be suitable to test

the real light harvesting e�ciency with this RC. Here, the RC could be coupled to a

staple strand and then be surrounded by Cy5, Cy3 and FAM on the DNA origami

structure. According to literature the oxidation of for example cytochrome c (for this

particular RC from the purple bacterium) is a�ected depending on the absorbed light

energy in the RC (higher light absorption� faster cytochrome c oxidation). [202] Hence,

by analyzing the cytochrome c oxidation one can assess the light harvesting e�ciency

of such arti�cial light harvesting complexes.
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Appendix

Table A.1: Overview of all staple strands used for the DNA origami triangle.

notation sequence (5' → 3')

t8s27g CGC GAA CTA AAA CAG AGG TGA GGC TTA GAA

GTA TT

t8s7g AGC CAT TTA AAC GTC ACC AAT GAA CAC CAG

AAC CA

t9s10h TAT CTT ACC GAA GCC CAA ACG CAA TAAT AAC

GAA AAT CAC CAG

t9s16e ACT AAA GTA CGG TGT CGA ATA TAA

t9s18g TGC TGT AGA TCC CCC TCA AAT GCT GCG AGA

GGC TTT TGC A

t9s20h AAA GAA GTT TTG CCA GCA TAA ATA TTC ATT

GAC TCA ACA TGT T

t9s26e ACC ACC AGC AGA AGA TGA TAG CCC

t9s28g TAA AAC ATT AGA AGA ACT CAA ACT TTT TAT

AAT CAG TGA G

t9s30h GCC ACC GAG TAA AAG AAC ATC ACT TGC CTG

AGC GCC ATT AAA A

t9s6e CCA TTA GCA AGG CCG GGG GAA TTA

t9s8g GAG CCA GCG AAT ACC CAA AAG AAC ATG AAA

TAG CAA TAG C

t-10s17h ACC AAC CTA AAA AAT CAA CGT AAC AAA TAA

ATT GGG CTT GAG A

t-10s27h AAC TCA CAT TAT TGA GTG TTG TTC CAG AAA

CCG TCT ATC AGG G

t-10s7h ACG ACA ATA AAT CCC GAC TTG CGG GAG ATC

CTG AAT CTT ACC A

t-12s19h CCT GAC GAG AAA CAC CAG AAC GAG TAG GCT

GCT CAT TCA GTG A

t-12s29h ACG TGG ACT CCA ACG TCA AAG GGC GAA TTT

GGA ACA AGA GTC C

145
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notation sequence (5' → 3')

t-12s9h TGC TAT TTT GCA CCC AGC TAC AAT TTT GTT

TTG AAG CCT TAA A

t-1s10e AGA GAA TAA CAT AAA AAC AGG GAA GCG CAT TA

t-1s12i AGG GAT AGC TCA GAG CCA CCA CCC CAT GTC AA

t-1s14e ATT TTC TGT CAG CGG AGT GAG AAT ACC GAT AT

t-1s14i CAA CAG TTT ATG GGA TTT TGC TAA TCA AAA GG

t-1s16e ATT CGG TCT GCG GGA TCG TCA CCC GAA ATC CG

t-1s16i GCC GCT TTG CTG AGG CTT GCA GGG GAA AAG

GT

t-1s18g CGA CCT GCG GTC AAT CAT AAG GGA ACG GAA

CAA CAT TAT T

t-1s18i GCG CAG ACT CCA TGT TAC TTA GCC CGT TTT AA

t-1s20e ACA GGT AGA AAG ATT CAT CAG TTG AGA TTT AG

t-1s22i CGC GTC TGA TAG GAA CGC CAT CAA CTT TTA CA

t-1s24e CAG TTT GAC GCA CTC CAG CCA GCT AAA CGA

CG

t-1s24i AGG AAG ATG GGG ACG ACG ACA GTA ATC ATA TT

t-1s26e GCC AGT GCG ATC CCC GGG TAC CGA GTT TTT CT

t-1s26i CTC TAG AGC AAG CTT GCA TGC CTG GTC AGT TG

t-1s28g TTT CAC CAG CCT GGC CCT GAG AGA AAG CCG

GCG AAC GTG G

t-1s28i CCT TCA CCG TGA GAC GGG CAA CAG CAG TCA

CA

t-1s2i CCT TTT TTC ATT TAA CAA TTT CAT AGG ATT AG

t-1s30e CGA GAA AGG AAG GGA AGC GTA CTA TGG TTG

CT

t-1s4e TTA TCA AAC CGG CTT AGG TTG GGT AAG CCT GT

t-1s4i TTT AAC CTA TCA TAG GTC TGA GAG TTC CAG TA

t-1s6e TTA GTA TCG CCA ACG CTC AAC AGT CGG CTG TC

t-1s6i AGT ATA AAA TAT GCG TTA TAC AAA GCC ATC TT

t-1s8g TTT CCT TAG CAC TCA TCG AGA ACA ATA GCA

GCC TTT ACA G

t-1s8i CAA GTA CCT CAT TCC AAG AAC GGG AAA TTC AT

t-2s11g CCT CAG AAC CGC CAC CCA AGC CCA ATA GGA

ACG TAA ATG A

t-2s13g AGA CGT TAC CAT GTA CCG TAA CAC CCC TCA

GAA CCG CCA C

t-2s15f CAC GCA TAA GAA AGG AAC AAC TAA GTC TTT CC

t-2s17f ATT GTG TCT CAG CAG CGA AAG ACA CCA TCG CC
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notation sequence (5' → 3')

t-2s1g AAA ACA AAA TTA ATT AAA TGG AAA CAG TAC

ATT AGT GAA T

t-2s21g GCT CAT TTT TTA ACC AGC CTT CCT GTA GCC

AGG CAT CTG C

t-2s23g GTA ACC GTC TTT CAT CAA CAT TAA AAT TTT

TGT TAA ATC A

t-2s25f ACG TTG TAT TCC GGC ACC GCT TCT GGC GCA TC

t-2s27f CCA GGG TGG CTC GAA TTC GTA ATC CAG TCA CG

t-2s3g AGA GTC AAA AAT CAA TAT ATG TGA TGA AAC

AAA CAT CAA G

t-2s5f ACT AGA AAT ATA TAA CTA TAT GTA CGC TGA GA

t-2s7f TCA ATA ATA GGG CTT AAT TGA GAA TCA TAA TT

t-3s10g AAC GTC AAA AAT GAA AAG CAA GCC GTT TTT

ATG AAA CCA A

t-3s14e GTT TTG TCA GGA ATT GCG AAT AAT CCG ACA AT

t-3s16e GAC AAC AAG CAT CGG AAC GAG GGT GAG ATT

TG

t-3s18g TAT CAT CGT TGA AAG AGG ACA GAT GGA AGA

AAA ATC TAC G

t-3s20g TTA ATA AAA CGA ACT AAC CGA ACT GAC CAA

CTC CTG ATA A

t-3s24e TGT AGA TGG GTG CCG GAA ACC AGG AAC GCC

AG

t-3s26e GGT TTT CCA TGG TCA TAG CTG TTT GAG AGG

CG

t-3s28g GTT TGC GTC ACG CTG GTT TGC CCC AAG GGA

GCC CCC GAT T

t-3s30g TAG AGC TTG ACG GGG AGT TGC AGC AAG CGG

TCA TTG GGC G

t-3s4e GAT TAA GAA ATG CTG ATG CAA ATC AGA ATA AA

t-3s6e CAC CGG AAT CGC CAT ATT TAA CAA AAT TTA CG

t-3s8g AGC ATG TAT TTC ATC GTA GGA ATC AAA CGA

TTT TTT GTT T

t-4s11g AGG TTT AGT ACC GCC ATG AGT TTC GTC ACC

AGG ATC TAA A

t-4s13g AGC GTA ACT ACA AAC TAC AAC GCC TAT CAC

CGT ACT CAG G

t-4s15f TAG TTG CGA ATT TTT TCA CGT TGA TCA TAG TT
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notation sequence (5' → 3')

t-4s17f GTA CAA CGA GCA ACG GCT ACA GAG GAT ACC

GA

t-4s1g GAG CAA AAG AAG ATG AGT GAA TAA CCT TGC

TTA TAG CTT A

t-4s21g GTT AAA ATT CGC ATT AAT GTG AGC GAG TAA

CAC ACG TTG G

t-4s23g GGA TAG GTA CCC GTC GGA TTC TCC TAA ACG

TTA ATA TTT T

t-4s25f AGT TGG GTC AAA GCG CCA TTC GCC CCG TAA

TG

t-4s27f CGC GCG GGC CTG TGT GAA ATT GTT GGC GAT

TA

t-4s3g ACA TAG CGC TGT AAA TCG TCG CTA TTC ATT

TCA ATT ACC T

t-4s5f GTT AAA TAC AAT CGC AAG ACA AAG CCT TGA AA

t-4s7f CCC ATC CTC GCC AAC ATG TAA TTT AAT AAG GC

t-5s10g TCC CAA TCC AAA TAA GAT TAC CGC GCC CAA

TAA ATA ATA T

t-5s16e AAC AGC TTG CTT TGA GGA CTA AAG CGA TTA TA

t-5s18g CCA AGC GCA GGC GCA TAG GCT GGC AGA ACT

GGC TCA TTA T

t-5s20g ACC AGT CAG GAC GTT GGA ACG GTG TAC AGA

CCG AAA CAA A

t-5s26e TGC TGC AAA TCC GCT CAC AAT TCC CAG CTG CA

t-5s28g TTA ATG AAG TTT GAT GGT GGT TCC GAG GTG

CCG TAA AGC A

t-5s30g CTA AAT CGG AAC CCT AAG CAG GCG AAA ATC

CTT CGG CCA A

t-5s6e GTG TGA TAA GGC AGA GGC ATT TTC AGT CCT

GA

t-5s8g ACA AGA AAG CAA GCA AAT CAG ATA ACA GCC

ATA TTA TTT A

t-6s13f ACA GAC AGC CCA AAT CTC CAA AAA AAA ATT

TCT TA

t-6s15c CGA GGT GAG GCT CCA AAA GGA GCC

t-6s17f ACC CCC AGA CTT TTT CAT GAG GAA CTT GCT TT

t-6s23f CGG CGG ATT GAA TTC AGG CTG CGC AAC GGG

GGA TG

t-6s25c TGG CGA AAT GTT GGG AAG GGC GAT
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notation sequence (5' → 3')

t-6s27f TGT CGT GCA CAC AAC ATA CGA GCC ACG CCA GC

t-6s3f TCC CTT AGA ATA ACG CGA GAA AAC TTT TAC

CGA CC

t-6s5c GTT TGA AAT TCA AAT ATA TTT TAG

t-6s7f AAT AGA TAG AGC CAG TAA TAA GAG ATT TAA TG

t-7s10g GCC AGT TAC AAA ATA ATA GAA GGC TTA TCC

GGT TAT CAA C

t-7s18g AAA ACA CTT AAT CTT GAC AAG AAC TTA ATC

ATT GTG AAT T

t-7s20g ACC TTA TGC GAT TTT ATG ACC TTC ATC AAG

AGC ATC TTT G

t-7s28g TTC CAG TCC TTA TAA ATC AAA AGA GAA CCA

TCA CCC AAA T

t-7s30g CAA GTT TTT TGG GGT CGA AAT CGG CAA AAT

CCG GGA AAC C

t-7s8g GCG CCT GTT ATT CTA AGA ACG CGA TTC CAG

AGC CTA ATT T

t-8s15f CGG TTT ATC AGG TTT CCA TTA AAC GGG AAT

ACA CT

t-8s17c GGC AAA AGT AAA ATA CGT AAT GCC

t-8s25f TCT TCG CTA TTG GAA GCA TAA AGT GTA TGC

CCG CT

t-8s27c GCG CTC ACA AGC CTG GGG TGC CTA

t-8s5 TTC TGA CCT AAA ATA TAA AGT ACC GAC TGC

AGA AC

t-8s7c TCA GCT AAA AAA GGT AAA GTA ATT

t-9s10g ACG CTA ACG AGC GTC TGG CGT TTT AGC GAA

CCC AAC ATG T

t-9s20g TGG TTT AAT TTC AAC TCG GAT ATT CAT TAC

CCA CGA AAG A

t-9s30g CGA TGG CCC ACT ACG TAT AGC CCG AGA TAG

GGA TTG CGT T

ts-rem1 GCG CTT AAT GCG CCG CTA CAG GGC

t-5s2e-t6s23c TTA ATT AAT TTT TTA CCA TAT CAA A

t-7s4e-t8s25c TTA ATT TCA TCT TAG ACT TTA CAA

t-9s6e-t10s27c CTG TCC AGA CGT ATA CCG AAC GA

t-11s8e-t12s29c TCA AGA TTA GTG TAG CAA TAC T

t-5s12e-t6s3c TGT AGC ATT CCT TTT ATA AAC AGT T

t-7s14e-t8s5c TTT AAT TGT ATT TCC ACC AGA GCC
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notation sequence (5' → 3')

t-9s16e-t10s7c ACT ACG AAG GCT TAG CAC CAT TA

t-11s18e-t12s9c ATA AGG CTT GCA ACA AAG TTA C

t-5s22e-t6s13c GTG GGA ACA AAT TTC TAT TTT TGA G

t-7s24e-t8s15c CGG TGC GGG CCT TCC AAA AAC ATT

t-9s26e-t10s17c ATG AGT GAG CTT TTA AAT ATG CA

t-11s28e-t12s19c ACT ATT AAA GAG GAT AGC GTC C

t11s18h AAT ACT GCG GAA TCG TAG GGG GTA ATA GTA

AAA TGT TTA GAC T

t11s28h TCT TTG ATT AGT AAT AGT CTG TCC ATC ACG

CAA ATT AAC CGT T

t11s8h CAG AAG GAA ACC GAG GTT TTT AAG AAA AGT

AAG CAG ATA GCC G

t1s10g GAC GGG AGA ATT AAC TCG GAA TAA GTT TAT

TTC CAG CGC C

t1s12i TCA TAT GTG TAA TCG TAA AAC TAG TCA TTT TC

t1s14i GTG AGA AAA TGT GTA GGT AAA GAT ACA ACT

TT

t1s16i GGC ATC AAA TTT GGG GCG CGA GCT AGT TAA

AG

t1s18i TTC GAG CTA AGA CTT CAA ATA TCG GGA ACG AG

t1s20g GAA TAC CAC ATT CAA CTT AAG AGG AAG CCC

GAT CAA AGC G

t1s22i TCG GGA GAT ATA CAG TAA CAG TAC AAA TAA TT

t1s24i CCT GAT TAA AGG AGC GGA ATT ATC TCG GCC TC

t1s26i GCA AAT CAC CTC AAT CAA TAT CTG CAG GTC GA

t1s28i CGA CCA GTA CAT TGG CAG ATT CAC CTG ATT GC

t1s2i CGG GGT TTC CTC AAG AGA AGG ATT TTG AAT TA

t1s30g TTG ACG AGC ACG TAT ACT GAA ATG GAT TAT

TTA ATA AAA G

t1s4i AGC GTC ATG TCT CTG AAT TTA CCG ACT ACC TT

t1s6i TTC ATA ATC CCC TTA TTA GCG TTT TTC TTA CC

t1s8i ATG GTT TAT GTC ACA ATC AAT AGA TAT TAA AC

t2s11g AGA AAA GCC CCA AAA AGA GTC TGG AGC AAA

CAA TCA CCA T

t2s13g ACA GTC AAA GAG AAT CGA TGA ACG ACC CCG

GTT GAT AAT C

t2s15f ATA GTA GTA TGC AAT GCC TGA GTA GGC CGG AG

t2s17f AAC CAG ACG TTT AGC TAT ATT TTC TTC TAC TA
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notation sequence (5' → 3')

t2s1g GAT AAG TGC CGT CGA GCT GAA ACA TGA AAG

TAT ACA GGA G

t2s21g CCT GAT TGC TTT GAA TTG CGT AGA TTT TCA

GGC ATC AAT A

t2s23g TGG CAA TTT TTA ACG TCA GAT GAA AAC AAT

AAC GGA TTC G

t2s25f AAG GAA TTA CAA AGA AAC CAC CAG TCA GAT GA

t2s27f GGA CAT TCA CCT CAA ATA TCA AAC ACA GTT GA

t2s3g TTT GAT GAT TAA GAG GCT GAG ACT TGC TCA

GTA CCA GGC G

t2s5f CCG GAA CCC AGA ATG GAA AGC GCA ACA TGG

CT

t2s7f AAA GAC AAC ATT TTC GGT CAT AGC CAA AAT CA

t3s10g GTC AGA GGG TAA TTG ATG GCA ACA TAT AAA

AGC GAT TGA G

t3s14e CAA TAT GAC CCT CAT ATA TTT TAA AGC ATT AA

t3s16e CAT CCA ATA AAT GGT CAA TAA CCT CGG AAG CA

t3s18g AAC TCC AAG ATT GCA TCA AAA AGA TAA TGC

AGA TAC ATA A

t3s20g CGC CAA AAG GAA TTA CAG TCA GAA GCA AAG

CGC AGG TCA G

t3s24e TAA TCC TGA TTA TCA TTT TGC GGA GAG GAA

GG

t3s26e TTA TCT AAA GCA TCA CCT TGC TGA TGG CCA AC

t3s28g AGA GAT AGT TTG ACG CTC AAT CGT ACG TGC

TTT CCT CGT T

t3s30g AGA ATC AGA GCG GGA GAT GGA AAT ACC TAC

ATA ACC CTT C

t3s4e TGT ACT GGA AAT CCT CAT TAA AGC AGA GCC AC

t3s6e CAC CGG AAA GCG CGT TTT CAT CGG AAG GGC

GA

t3s8g CAT TCA ACA AAC GCA AAG ACA CCA GAA CAC

CCT GAA CAA A

t4s11g GCA AAT ATT TAA ATT GAG ATC TAC AAA GGC

TAC TGA TAA A

t4s13g CGT TCT AGT CAG GTC ATT GCC TGA CAG GAA

GAT TGT ATA A

t4s15f CAG GCA AGA TAA AAA TTT TTA GAA TAT TCA AC

t4s17f GAT TAG AGA TTA GAT ACA TTT CGC AAA TCA TA
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notation sequence (5' → 3')

t4s1g TAG CCC GGA ATA GGT GAA TGC CCC CTG CCT

ATG GTC AGT G

t4s21g GCG CAG AGG CGA ATT AAT TAT TTG CAC GTA

AAT TCT GAA T

t4s23g GAT TAT ACA CAG AAA TAA AGA AAT ACC AAG

TTA CAA AAT C

t4s25f TAG GAG CAT AAA AGT TTG AGT AAC ATT GTT TG

t4s27f TGA CCT GAC AAA TGA AAA ATC TAA AAT ATC TT

t4s3g TTT AAC GGT TCG GAA CCT ATT ATT AGG GTT

GAT ATA AGT A

t4s5f CTC AGA GCA TAT TCA CAA ACA AAT TAA TAA GT

t4s7f GGA GGG AAT TTA GCG TCA GAC TGT CCG CCT CC

t5s10g GAT AAC CCA CAA GAA TGT TAG CAA ACG TAG

AAA ATT ATT C

t5s14e TTA ATG CCT TAT TTC AAC GCA AGG GCA AAG AA

t5s16e TTA GCA AAT AGA TTT AGT TTG ACC AGT ACC TT

t5s18g TAA TTG CTT TAC CCT GAC TAT TAT GAG GCA

TAG TAA GAG C

t5s20g AAC ACT ATC ATA ACC CAT CAA AAA TCA GGT

CTC CTT TTG A

t5s24e AAT GGA AGC GAA CGT TAT TAA TTT CTA ACA AC

t5s26e TAA TAG ATC GCT GAG AGC CAG CAG AAG CGT AA

t5s28g GAA TAC GTA ACA GGA AAA ACG CTC CTA AAC

AGG AGG CCG A

t5s30g TTA AAG GGA TTT TAG ATA CCG CCA GCC ATT

GCG GCA CAG A

t5s4e CCT TGA GTC AGA CGA TTG GCC TTG CGC CAC CC

t5s6e TCA GAA CCC AGA ATC AAG TTT GCC GGT AAA TA

t5s8g TTG ACG GAA ATA CAT ACA TAA AGG GCG CTA

ATA TCA GAG A

t6s15g ATA AAG CCT TTG CGG GAG AAG CCT GGA GAG

GGT AG

t6s17f TAA GAG GTC AAT TCT GCG AAC GAG ATT AAG CA

t6s25g TCA ATA GAT ATT AAA TCC TTT GCC GGT TAG

AAC CT

t6s27f CAA TAT TTG CCT GCA ACA GTG CCA TAG AGC CG

t6s5g CAG AGC CAG GAG GTT GAG GCA GGT AAC AGT

GCC CG

t6s7f ATT AAA GGC CGT AAT CAG TAG CGA GCC ACC CT
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notation sequence (5' → 3')

t7s10g ATA AGA GCA AGA AAC ATG GCA TGA TTA AGA

CTC CGA CTT G

t7s14e ATG ACC CTG TAA TAC TTC AGA GCA

t7s16e TAA AGC TAT ATA ACA GTT GAT TCC CAT TTT TG

t7s18g CGG ATG GCA CGA GAA TGA CCA TAA TCG TTT

ACC AGA CGA C

t7s20g GAT AAA AAC CAA AAT ATT AAA CAG TTC AGA

AAT TAG AGC T

t7s24e ACA ATT CGA CAA CTC GTA ATA CAT

t7s26e TTG AGG ATG GTC AGT ATT AAC ACC TTG AAT GG

t7s28g CTA TTA GTA TAT CCA GAA CAA TAT CAG GAA

CGG TAC GCC A

t7s30g GAA TCC TGA GAA GTG TAT CGG CCT TGC TGG

TAC TTT AAT G

t7s4e GCC GCC AGC ATT GAC ACC ACC CTC

t7s6e AGA GCC GCA CCA TCG ATA GCA GCA TGA ATT AT

t7s8g CAC CGT CAC CTT ATT ACG CAG TAT TGA GTT

AAG CCC AAT A

t8s17g TAA TTG CTT GGA AGT TTC ATT CCA AAT CGG

TTG TA
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Table A.2: Overview of modi�ed staple strands and studied telomeric DNA sequences

(modi�ed and unmodi�ed). Fluorophores which are internally introduced to the DNA

sequence are coupled to a uracil base. The oligonucleotides have been acquired from

Metabion International AG.

notation sequence (5' → 3') ref.

Cy3-RevHumTel-

FAM

Cy3-TTG GGA TTG GGA TTG GGA TTG

GGA TT-FAM

[1]

Cy3-RevHumTel Cy3-TTG GGA TTG GGA TTG GGA TTG

GGA TT

[1]

RevHumTel-FAM TTG GGA TTG GGA TTG GGA TTG GGA

TT-FAM

[1]

Cy3-RevHumTel-t1s6i Cy3-TTG GGA TTG GGA TTG GGA TTG

GGA TTT TTC ATA ATC CCC TTA TTA

GCG TTT TTC TTA CC

[1,2]

FAM-t-1s6i AGT ATA AAA TAT GCG TTA TAC A (FAM)

A GCC ATC TT

[1,2]

Cy5-RevHumTel-t1s8i Cy5-TTG GGA TTG GGA TTG GGA TTG

GGA TTT ATG GTT TAT GTC ACA ATC

AAT AGA TAT TAA AC

[1]

Cy3-t-1s8i CAA GTA CCT CAT TCC AAG AAC GGG

AAA TTC AT-Cy3

[1]

RevHumTel TTG GGA TTG GGA TTG GGA TTG GGA

TT

HumTel TTG GGT TAG GGT TAG GGT TAG GGT TT

Cy3-HumTel-t1s6i Cy3-TTG GGT TAG GGT TAG GGT TAG

GGT TTT TCA TAA TCC CCT TAT TAG

CGT TTT TCT TAC C

[2]

Cy5-t2s7f AAA GAC AAC ATT TTC GGT CAT AGC CA

(Cy5) AAT CA

[2]

IRDye700-t2s5f CCG GAA (IRDye700) CCC AGA ATG GAA

AGC GCA ACA TGG CT

[2]

Cy5-t-2s5f_II Cy5-TAT ATG TAC GCT GAG A [3]

t-2s5f_II TAT ATG TAC GCT GAG A [3]

Cy3-t-2s3g_I (T1) Cy3-AGA GTC AAA AAT CAA T [3]

t-2s3g_I AGA GTC AAA AAT CAA T [3]

FAM-t-2s3g_II (D1) FAM-ATA TGT GAT GAA ACA AAC ATC

AAG

[3]

t-2s3g_II ATA TGT GAT GAA ACA AAC ATC AAG [3]
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notation sequence (5' → 3') ref.

Cy3-t-1s4e_II-t-1s6e

(T2)

Cy3-GTA AGC CTG TTT AGT ATC GCC

AAC GCT CAA CAG TCG GCT GTC

[3]

t-1s4e_II-t-1s6e GTA AGC CTG TTT AGT ATC GCC AAC

GCT CAA CAG TCG GCT GTC

[3]

FAM-t-1s4e_I (D2) TTA TCA AAC CGG C (FAM) TT AGG TTG

G

[3]

t-1s4e_I TTA TCA AAC CGG CTT AGG TTG G [3]

Cy3-t-2s5f_I (T3) Cy3-ACT AGA AAT ATA TAA C [3]

t-2s5f_I ACT AGA AAT ATA TAA C [3]

FAM-t-2s7f (D3) TCA ATA ATA GGG CTT A (FAM) AT TGA

GAA TCA TAA TT

[3]

Cy3-FAM-t-3s4e_II

(T4, D4)

Cy3-ATG CTG ATG CA (FAM) A ATC AGA

ATA AA

[3]

Cy3-t-3s4e_II (T4) Cy3-ATG CTG ATG CAA ATC AGA ATA AA [3]

FAM-t-3s4e_II (D4) ATG CTG ATG CA (FAM) A ATC AGA ATA

AA

[3]

FAM-t-2s1g (D5) AAA ACA AAA TTA ATT AAA TGG AAA

CAG TAC ATT (FAM) AGT GAA T

[3]

Cy3-FAM-t-1s4e_II-

t-1s6e (T4,

D6)

Cy3-CAC CGG AA (FAM) T CGC CAT ATT

TAA CAA AAT TTA CG

[3]

FAM-t-1s4e_II-t-1s6e

(D6)

GTA (FAM) AGC CTG TTT AGT ATC GCC

AAC GCT CAA CAG TCG GCT GTC

[3]

FAM-t-3s6e (D7) CAC CGG AA (FAM) T CGC CAT ATT TAA

CAA AAT TTA CG

[3]

FAM-t-4s1g-t-3s4e_I

(D8)

GAG CAA AAG AAG ATG AGT GAA TAA

CCT TGC TTA TAG CTT AGA TTA AGA

(FAM) A

[3]

t-4s1g-t-3s4e_I GAG CAA AAG AAG ATG AGT GAA TAA

CCT TGC TTA TAG CTT AGAT TAA GAA

[3]
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Figure A.1: (a-c) Detailed chemical structures for DNA modi�cation using Click-

chemistry according to the manufacturer (Metabion International AG, baseclick GmbH

(Munich, Germany), Glen Research (Sterling, U.S.A.). (a) Chemical structures of dif-

ferent �uorophores which have been used in this work (FAM, Cy3, Cy5 and IRDye700)

modi�ed with an external azide (red). The exact structure of the �uorophore (linker be-

tween �uorophore and azide) can vary depending on the position in the DNA strand.

(b) Possible alkyne modi�ed DNA building blocks. Uracil or cytosine triphosphate

(TP) modi�ed with an external alkyne group can be used to couple �uorophores at
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the 5'-end, internally and at the 3'-end (chemical structure exemplary shown for uracil,

Alkyne-dU TP). If the last base of the DNA sequence (5'- or 3'-end) is neither a thymine

nor a cytosine, �uorophores can be either attached using 5'-hexynyl phosphoramidite

(PA) (5'-modi�cation, 5'-Hexynyl PA) or a 3'-alkyne-modi�er attached to the solid sup-

port material e.g. controlled pore glass (CPG, gray circle, 3'-Alkyne-Modi�er Serinol

CPG)). (c) After the click reaction the DNA building block (blue square) and the �uo-

rophore (red star) are connected via a 1,2,3-triazole group. (d) The �uorophores can

also be introduced through directly modi�ed PA. This is often done for modi�cations

at the 5'-end.

Figure A.2: Detailed map of the DNA origami triangle with all staple strands (red)
and the sca�old strand (blue). The 3'-ends of the staple strands are indicated with an
arrow.
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List of abbreviations

List of abbreviations is sorted alphabetically (Latin letters �rst, Greek letters last) and

refers to the main text. Abbreviations found in the manuscripts are not necessarily

found in this list but are explained in the manuscript itself.

abbreviation meaning

2D two-dimensional

3D three-dimensional

18-crown-6 1,4,7,10,13,16-hexaoxacyclooctadecane

A adenine

A absorbance

A(260 nm) absorbance at 260 nm

Ac acceptor

Ac* excited acceptor

AE antenna e�ect

AE1 antenna e�ect 1, excitation at 450 nm, AE1 = I(A, λ450nm)
I(A, λ600nm)

AE2 antenna e�ect 2, excitation at 500 nm, AE2 = I(A, λ500nm)
I(A, λ600nm)

AFM atomic force microscopy

Ai amplitude of decay time component (data analysis)

AuNPs gold nanoparticles

bzw. German: beziehungsweise

C cytosine

c molar concentration

c′ concentration in
[
ng
µL

]
ca. circa

Ca2+ calcium ion

CaCl2 calcium chloride

CD circular dichroism

CFD constant function discriminator

CPG controlled pore glass (solid support material)

cryptand 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane

Cs+ cesium ion

159
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abbreviation meaning

CsCl cesium chloride

Cy3 Cyanine3

Cy5 Cyanine5

D(1 - 8) donor (1 - 8)

DMT 4,4'-dimethoxytrityl group

DNA deoxyribonucleic acid

DNS German: Desoxyribonukleinsäure

Do donor

Do* excited donor

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

dsDNA double stranded DNA

DX tile double crossover tile

E FRET e�ciency

EDTA ethylenediaminetetraacetic acid

e.g. for example (Latin: exempli gratia)

EI FRET e�ciency based on �uorescence intensity

engl. Englis(c)h

Et ethyl group

etc. et cetera

Eτ FRET e�ciency based on �uorescence decay time

FAM Fluorescein

FD(λ) donor's emission spectrum

Fl. �uorescence

FRET Förster resonance energy transfer

G guanine

g gravitational acceleration

Gm any number of guanines of length m

GMP guanylic acid, guanosine monophosphate

H hydrogen

HOMO highest occupied molecular orbital

HPLC high-performance liquid chromatography

HumTel human telomeric DNA

I(A, λex(A)) acceptor emission intensity due to direct excitation

I(A, λex(D)) acceptor emission intensity due to donor excitation

IC internal conversion

ID donor's emission intensity in absence of the acceptor

IDA donor's emission intensity in presence of the acceptor

iPr isopropyl group
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abbreviation meaning

IR internal relaxation

IRDye®700 IRDye700

IRF instrument response function

ISC intersystem crossing

I(t) intensity-time-function

J(λ) spectral overlap integral

K+ potassium ion

KCl potassium chloride

kD donor's emission rate constant

kFRET rate constant for FRET

knr rate constant for non-radiative deactivation

kr rate constant for radiative deactivation

l absorption path length

Li+ lithium ion

LiCl lithium chloride

LUMO lowest unoccupied molecular orbital

M molecular mass

MCA multichannel analyzer

Mg2+ magnesium ion

MgCl2 magnesium chloride

N nitrogen

n refractive index

Na+ sodium ion

NaCl sodium chloride

NAv Avogadro's constant (6.02 · 1023 mol-1)

nb nucleobase(s)

NH4
+ ammonium ion

NH4Cl ammonium chloride

NMR nuclear magnetic resonance

nt nucleotide(s)

O oxygen

P phosphorous

PA phosphoramidite(s)

PGA programmable gain ampli�er

R donor-acceptor distance

R0 Förster distance

~rA acceptor's absorption transition moment

Rb+ rubidium ion
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abbreviation meaning

RC reaction center

~rD donor's emission transition moment

ref. reference

RevHumTel reversed human telomeric DNA

RT room temperature

S sulfur

S0 electronic ground state

S1, S2 higher electronic singlet states

SERS surface-enhanced Raman scattering

SI supporting information

ssDNA single stranded DNA

T thymine

T(1 - 4) transmitter (1 - 4)

T1, T2 higher electronic triplet states

TAC time-to-amplitude converter

TAE tris acetate-EDTA

TAMRA Tetramethylrhodamine

TCSPC time-correlated single photon counting

TP triphosphate

Tris tris(hydroxymethyl)aminomethane

TX tile triple crossover tile

U uracil

UV ultra-violet

Vis visible

vs. versus

WD window discriminator

Xn any nucleotide of length n

Xo any nucleotide of length o

α angle between donor's emission and acceptor's absorption

transition moments

β angle between donor-acceptor linkage and donor's emission

transition moment

γ angle between donor-acceptor linkage and acceptor's absorption

transition moment

∆G Gibbs energy

∆H enthalpy

∆S entropy

ε extinction coe�cient
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abbreviation meaning

εA(λ) acceptor's extinction coe�cient spectrum

κ2 dipole orientation factor

λ wavelength

λ'em emission maximum

λabs absorption maximum

λem emission wavelength

λex excitation wavelength

τD donor's �uorescence decay time in absence of the acceptor

τDA donor's �uorescence decay time in presence of the acceptor

τ̄DA amplitude averaged �uorescence decay time

τF �uorescence decay time

τI decay time component (data analysis)

ΦD donor's quantum yield

ΦF �uorescence quantum yield
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