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Kurzfassung

Die Beeinflussung, Konzentrierung und Steuerung von Licht durch nanoskopische
Materialien ist auf Grund der vielfiltigen Anwendungsgebiete in Bereichen wie
der Optoelektronik, der Metamaterialforschung und im Feld hoch sensitiver op-
tischer Detektion von groffem Interesse. Strukturen aus Metallnanopartikeln sind
bekannt fiir ihre Eigenschaften der plasmonischen Kopplung und Feldverstiarkung
auf einer Grokenskala wesentlich kleiner als der Lichtwellenldnge. Entscheidend
fiir die optische und sensorische Funktion plasmonischer Strukturen ist die ex-
akte raumliche Anordnung der metallischen Nanokomponenten sowie der zu de-
tektierenden Molekiile. Ziel dieser Arbeit war es, mittels der DNA Origami
Methode plasmonische Nanostrukturen mit mafgeschneiderten optischen Eigen-
schaften herzustellen und zu charakterisieren. Hierfiir wurde die sich selbst organ-
isierende DNA Origami Technik verwendet, um nanoskopische Tragerstrukturen
zur Positionierung von Nanopartikeln und (Farbstoff-) Molekiilen zu erzeugen.

Im ersten Teil dieser Arbeit wurde eine ringférmige Anordnung aus Gold-
nanopartikeln hinsichtlich ihrer elektrischen und magnetischen Resonanzen mit-
tels Einzelstruktur-Dunkelfeldspektroskopie untersucht. Das Vorhandensein mag-
netischer Resonanzen im sichtbaren Wellenldngenbereich konnte nachgewiesen
werden. Solche Resonanzen sind eine der Grundvoraussetzungen fiir optische
Metamaterialien. Im zweiten Teil wurde die Wechselwirkung von Plasmonen und
Exzitonen untersucht. Hierzu wurde die Kopplung eines Systems bestehend aus
einem Nanopartikel Dimer und einem Farbstoff durch Untersuchung der Fernfeld-
Streueigenschaften charakterisiert. Der dritte Teil dieser Arbeit bezieht sich auf
plasmonische Sensoren fiir chirale Molekiile. Dabei wurde das im ultraviolet-
ten Bereich liegende Zirkulardichroismus-Signal chiraler Molekiile, die sich im
plasmonischen Heifspunkt zweier Goldnanopartikel befinden, auf den sichtbaren
Wellenldangenbereich iibertragen und verstarkt. Im vierten Teil wurde die En-
ergieiibertragung in heterogenen Trimerstrukturen bestehend aus Gold- und Sil-
bernanopartikeln analysiert. Es konnte gezeigt werden, dass die Ubertragung
zwischen den zwei dufteren Partikeln ohne nennenswerten Energieverlust im zen-
tralen Nanopartikel stattfindet. Somit konnte ein plasmonisches Transfersys-
tem realisiert werden. Im letzten Teil dieser Arbeit wurde ein Farbstoffmolekiil
zentral im plasmonischen Heifspunkt aus zwei Goldnanopartikeln mittels einer
DNA Origami Struktur platziert. Durch nachfolgendes Aufheizen der Struk-
tur konnte der Abstand zwischen den zwei Goldnanopartikeln reduziert werden.
Dies ermoglichte oberflachenverstirkte Raman Messungen des Farbstoffes auf der
Einzelmolekiilebene. Die DNA Origami basierte Vorgehensweise diente somit zur
Charakterisierung verschiedenster plasmonischer Systeme.
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Abstract

Nanoscale materials for the manipulation, concentration and guidance of light
are of great interest due to their potential applications in signal modulation,
metamaterials research and sensitive optical detection. Metallic nanostructures
are known for their plasmonic coupling, strong field confinement and enhance-
ment properties in subwavelength regions. The precise spatial and geometrical
arrangement of the nanocomponents with respect to the molecules to be de-
tected is crucial for the optical and sensory properties of plasmonic structures.
The scope of this thesis was to create and characterize plasmonic DNA origami
based nanostructures with tailored optical properties. For this purpose, the DNA
origami technique was used to create artificial self-assembled templating struc-
tures for the precise geometrical and spatial arrangement of metal nanoparticles
and (dye) molecules.

In the first part of this work, the optical response of ring shaped arrangements
of gold nanoparticles was measured by single structure dark-field scattering spec-
troscopy. It was shown that the ring shaped arrangement support electric and
artificial magnetic resonances in the visible frequency domain, which is a pre-
requisite for the development of plasmonic metamaterials. In the second part
of this thesis, the interaction of plasmons and excitons was studied. For this,
a system consisting of a gold nanoparticle dimer and a dye was characterized
by far field scattering spectroscopy. The plasmon-exciton coupling interaction
displayed itself in distinct hybrid states. The third part of the thesis covers plas-
monic sensors for chiral molecules. Chiral molecules were placed in a plasmonic
hot spot, which resulted in the enhancement and transfer of the molecular circular
dichroism signal to the plasmon resonance wavelength. In the fourth part of the
thesis, the coherent energy transfer in heterogeneous trimer structures consisting
of gold and silver nanoparticles was analysed. It was shown, that the energy is
transferred between the two outer particles via the third intermediate particle
without energy dissipation. Thus, a plasmonic passage system was realized. In
the last part of this thesis, a single dye molecule was placed precisely within a
plasmonic hot spot of two gold nanoparticles using a DNA origami structure. It
was possible to subsequently reduce the gap size by heating the structure. This
allowed for the analysis of the dye, on a single molecule level, by surface enhanced
Raman spectroscopy. Overall, the DNA origami templating approach allowed for
the characterization and investigation of various different plasmonic systems.
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1. Introduction

Nanotechnology deals with the control, manipulation, study and application of
matter at the atomic or molecular scale (nanoscale). It is widely interdisciplinary
as it involves multiple disciplines such as physics, chemistry, biology, material
science and engineering. The initial suggestion to engineering matter at the
nanoscale was given in 1959 at the annual American Physical Society meeting
at Caltech by the physicist Richard Feynman in his famous talk "There’s Plenty
of Room at the Bottom". Nowadays, the impact of nanotechnology research has
reached everyday life, from antibacterial agents based on silver nanoparticles to

sunscreens based on zinc oxide nanoparticles.

Due to their increased surface to volume ratio, the physical, chemical and
biological properties of nanoscale materials are often distinctly different from
their bulk material counterparts. Examples of these new properties include en-
hanced chemical reactivity, increased mechanical stability and unique optical fea-
tures |1, 2|. The latter point is of particular relevance for noble metals if the size
reaches the nanoscale regime and thus the structure’s size is smaller than the
wavelength of visible light. Metal nanoparticles have a large effective scattering
and absorption cross sections and their resonance frequency strongly depends on
their size, shape and surroundings. Moreover, they enhance the field in their
vicinity when subjected to incident light. The scattering of an electromagnetic
wave by a spherical metal nanoparticle was described analytically by Mie and
Lorenz at the beginning of the 20*" century [3, 4]. The unique optical properties
of metal nanoparticles are caused by collective oscillations of their free electrons.
The corresponding quasiparticle is called localized surface plasmon [5]. Today,
metal nanoparticles of different types can be synthesized in various sizes and

shapes with resulting predefined optical properties |6, 7]. Moreover, they can be
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functionalized with various chemical groups [8]. As a result, metal nanoparticles
have received much attention as functional components of nanotechnological de-
vices, covering a wide range of diverse applications such as sensing, drug delivery

and imaging [9].

Despite the current advances and commercialization, in order to produce new
devices possessing features on the nanometer scale, reliable manufacturing meth-
ods with precise nanoscale arrangement of components and structural control
are needed. The existing nano-manufacturing methods can be classified into two
major approaches: top-down and bottom-up fabrication [10].

In the top-down methods, nanoscale structures are achieved by reducing, cut-
ting or shaping large, bulk pieces of materials to nanoscale dimensions or by
directly writing nanoscale features on top of a bulk solid support layer. Well
known top-down methods are photo- and electron beam lithography [11, 12].
Top-down constructed metal nanostructures have reached high precision over
macroscopic length scales [13, 14]. However, photo-lithographical techniques are
currently limited in the minimum feature size while electron beam lithography is
not suitable for high throughput manufacturing due to its direct writing nature.
Moreover, metal nanostructures fabricated by lithography suffer from high sur-
face roughness and inherent grain boundaries compared to colloidal synthesized
metal nanostructures, which is unfavourable for plasmonic applications.

In contrast, the bottom-up approach relies on the arrangement of small compo-
nents such as individual atoms or molecules with respect to each other to create
nanoscale objects and complex systems. In bottom-up self-assembling meth-
ods, the individual components organize themselves into two or three dimen-
sional nanoscale structures. In general, the bottom-up self-assembling approach
is fast and cost efficient. Self-assembled metal nanostructure complexes such as
chain structures are reached either directly by interparticle forces between the
particles or indirectly by using functional modifications of the metal nanocom-
ponents [15, 16]. However, advanced complex metal nanostructures require the
controlled placement and arrangement at the single component level. For this
purpose, DNA nanotechnology has already demonstrated a significant impact in

the field of metal nanostructure assembly.




DNA nanotechnology offers a self-assembly methodology which is based on the
intrinsic molecular recognition of DNA, permitting its use as a pre-programmable
templating material. As such, it allows the artificial and complex arrangement
of nanocomponents with novel properties. In recent years, the DNA origami
technique developed in 2006 by Paul W. K. Rothemund [17], has emerged as a
bottom-up approach to create complex and addressable nanoscale objects. A two
or three dimensional DNA origami structure consists of a ~ 7 -kilobase long single-
stranded scaffold which is folded with the help of hundreds of shorter synthetic
staple strands into the desired pre-programmed nanoscale shape [17-19]. The
resulting objects are fully addressable since the exact spatial position of each
DNA sequence is known by design. Other DNA functionalized nanocomponents
such as metal nanoparticles and dyes can then be specifically attached to the
DNA origmi structure via DNA base pairing. Thus, DNA origami objects serve as
template structures for the subsequent spatial arrangement of nanocomponents.
Thus, the technique allows to build complex, functional nanoscale objects from
the bottom-up [20, 21].

Content of this work
The scope of this thesis is to employ the DNA origami technique as a versatile
templating method to create nanoscale, addressable and plasmonic active struc-
tures. For this, five different metal nanoparticle arrangements are investigated
and the different interaction effects of plasmons, excitons and chiral molecules

are studied.

The work is structured as follows: Chapter 2 introduces the theoretical back-
ground to DNA nanotechnology and how DNA is used as a nanoscale building
material. Also, the optical properties of metal nanoparticle systems are shortly
reviewed. Chapters 3 to 7 discuss optically active nanoscale systems in detail.
Each of these chapters starts with a short overview of the respective theoreti-
cal and experimental background of the system under investigation, followed by
a description of the analysed structure and its optical behaviour. Specifically,
chapter 3 discusses ring shaped arrangements of metal nanoparticles which are

able to support magnetic resonances in the visible frequency range. Chapter 4
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studies plasmon-exciton interactions of a dimer arrangement of gold nanoparticles
and a dye molecule. Chapter 5 analyses the signal detection of a chiral molecule
placed in between two gold nanoparticles. Chapter 6 investigates plasmonic pas-
sage systems in a heterogeneous trimer metal nanoparticle geometry. Chapter 7
deals with dye molecules placed in between two gold nanoparticles and studies
the resulting surface enhanced Raman signal. The last chapter 8 summarizes all

results and gives an outlook for future applications.




2. Theoretical Background

2.1. DNA Nanotechnology

Nanoscience and nanotechnology deal with the manipulation of matter on di-
mensions ranging from 1nm to 100nm. The control of individual atoms and
molecules is crucial to fabricate defined nanoscale and macroscale structures
with engineered properties such as stability, weight, chemical reactivity, elec-
tronic properties and interaction with light. The great challenge in this field is to
develop arrangement techniques and strategies for the precise three dimensional
organization of individual atoms, molecules, and nanoscale components to create
functional nanoscale objects. Over the last decades, DNA nanotechnology has
emerged as a method able to fulfill such organizational demand. In comparison to
lithographical top-down approaches, DNA nanotechnology is part of bottom-up
self-assembling methodologies. Here, single components are arranged into larger

complexes via molecular recognition driven by the Watson-Crick base pairing.

2.1.1. Basic Properties of Deoxyribonucleic Acid

Nucleic acids, proteins, carbon hydrates and lipids are the required molecules
for living organisms. Whereas the large biopolymer nucleic acid, categorized
into deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), stores the genetic
information. In 1869, DNA was first isolated by the Swiss physician Friedrich
Miescher [22]. In the following years, progress in DNA isolation as well as in
revealing its chemical composition 23] took place. In 1943 Oswald Avery and col-
leagues demonstrated the function of DNA as the carrier of genetic information
which was later on confirmed by the Hershey-Chase experiment [24]. Based on

X-ray diffraction patterns produced by Rosalind Franklin and Maurice Wilkins
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the DNA double helical structure was firstly described by James Watson and
Francis Crick in 1953 [25|. For this breakthrough discovery James Watson, Fran-
cis Crick and Maurice Wilkins were honoured with the Nobel Prize in Physiology
or Medicine in 1962.

The biopolymer DNA consists of repeating units called nucleotides. Each nu-
cleotide itself is composed of a sugar (2-deoxyribose), a phosphate group and
one out of four different nitrogen-containing nucleobases. The four nucleobases
are cytosine (C), guanine (G), adenine (A) and thymine (T), whereas A and G
are purine bases and T and C are pyrimidine bases. In a single stranded DNA
(ssDNA) chain the nucleotides are covalently linked together by phosphodiester
bonds between the 5-phosphate and the 3’-hydroxyl group of two neighbouring
pentose sugars. This linking of nucleotides results in a directional phosphate-
deoxyribose backbone strand with a 5’ phosphate end and a 3’ hydroxyl end.
In neutral pH, DNA is negatively charged because of the deprotonation of each
phosphate group on the backbone [26].

In a double stranded DNA (dsDNA) helix, two single strands hybridize in anti-
parallel manner. The planar bases are pointing inside, the backbones are facing
outwards of the double helix centre. That structure guarantees that in buffer
conditions, the hydrophilic ionic backbones are pointing toward the surround-
ing medium while the hydrophobic bases are inside. Salt in the buffer solution
compensates for the equal charging of the backbones and prevents dsDNA from
denaturation into two ssDNA strands due to electrostatic repulsion forces. In a
dsDNA helix the preferred base hybridization occurs between the complementary
Watson-Crick basepairs A and T as well as the pair G and C (see figure 2.1).
The numberless possible combinations of base sequences in a DNA chain allows
to encode genetic information. The Watson-Crick basepairs differ in the amount
of hydrogen bonds formed between complementary bases. For CG combination
three hydrogen bonds are formed while for AT pairs only two hydrogen bonds are
possible. The result of this asymmetry is that dsDNA with a higher CG content
is slightly more stable than one with a lower CG content [27, 28|.

The stability of dsDNA arises mainly from the attractive forces of the hydrogen

bonds between each paired bases as well as from the stacking interactions between
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adjacent bases. The base stacking results from overlapping of delocalized 7-
electron systems. Both interactions are responsible for the double helix formation
and both are relatively weak compared to other chemical binding mechanism such
as covalent bonds. Therefore it is important to look at the thermal stability of
dsDNA. A parameter for that is the melting temperature T,, of double stranded
DNA, which is defined as the temperature at which half of the DNA strands
in solution are in a double stranded configuration while the other strands are

denatured.

Experimentally the melting temperature is determined by measuring the ab-
sorption at A = 260 nm while heating the DNA in solution. At A = 260nm the
DNA bases have an absorption maximum for light. The amount of absorption
depends on the base pairing. Double stranded DNA has a smaller molar absorp-
tion coefficient as the sum out of the molar absorption coefficients of the single
nucleobases. Therefore, the absorption increases with dissociation of the hydro-
gen bonds or in other words with higher temperature. The typical DNA melting
curve has a sigmoidal shape. Alternatively, the DNA melting temperature can
be calculated using the following equation which includes the nearest neighbour

model for Watson-Crick base pairs [27]:

~ AH°-1000
~ ASY+ R-In(%r)

T[°C] —273.15 (2.1)
AH? is the change in enthalpy in |[kcal/mol|, ASY is the change in entropy in
[cal/mol-K|, Cr is the total molar strand concentration in [M]|, R is the gas

constant in [cal /mol-K].

The geometrical parameters of the dsDNA helix depend on the DNA confor-
mation. The so called B-DNA form is most common found under physiological
conditions. B-DNA has a right handed double helix structure with a distance
of 0.34 nm between adjacent nucleotides, a helical pitch of 10.5 nucleotides, and
a diameter of 2.0nm. Moreover, a DNA double helix offers alternating a major
and a minor groove with widths of 2.2nm and 1.2 nm, respectively. The grooves
are caused by the two different glycosidic bond angles. The obtuse angle forms

the major groove, the acute angle the minor groove |29, 30|. Depending on the
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Figure 2.1.: Structure of DNA. (a) Schematic illustration of B-form DNA double
helix with major and minor grooves. (b) DNA base pairs with the
hydrogen bonds illustrated as dashed lines.

sequence, environmental parameters such as pH-value, hydration level, salt con-
centration etc. [31] other double helix conformations such as the right handed

A-form or the left handed Z-form are possible.

2.1.2. DNA as a Building Material

Ever since the double helical structure of dsDNA was predicted in 1953 by Wat-
son and Crick and the final confirmation of the importance of its structure for
replication by the Meselson-Stahl experiment, the progress and research activity
in the field of molecular biology and genetics was immense. In 1982, another
field of DNA research was started by Nadrian Seeman - the field of structural
DNA nanotechnology where DNA is not used in its biological context but as a
building material. Nadrian Seeman proposed to use branched DNA junctions to
create lattices and not only linear duplexes [32]. Three decades later this field
of structural DNA nanotechnology has grown tremendously and has proven its

potential to control matter on the nanoscale |33, 34].
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The next section will give a short overview how the intrinsic material properties
of the DNA molecule enable and promote nanoscale engineering. A more detailed

description can be found in reference [35].

Nanoscale dimensions

With its inherently nanoscale dimensions of 2 nm in diameter, 0.34 nm separation
distance between adjacent bases and a pitch of 10.5 base pairs per turn, the DNA
double helix lends itself to be a building material for nanoscale objects. The rigid
geometry of the DNA double helix with a persistence length of ~ 50 nm [36-38|,
makes it furthermore possible to design and construct complex three dimensional

geometries on the nanoscale.

Programmable self assembling

The geometry of a DNA based nanoconstruct is programmable and formed by
hybridization of complementary strands. Whereas the exact DNA sequence of
those strands is artificially designed to produce individual motifs as soon as they
build Watson-Crick base pairs. The basic motif used in programmed DNA nanos-
tructures is the Holliday junction [39] which is displayed in figure 2.2(a). The
designed highly specific and energetically favoured hybridization of the comple-
mentary bases A and T, as well as G and C is the underlying crucial principle
of self-assembled DNA nanoconstructs. Additional two double stranded helices
can cohere over sticky end hydrogen bonding. A sticky end is a single stranded
elongation of a double stranded helix, which can bind to a complementary single
stranded overhang of a second double stranded helix (see figure 2.2(b)). It is
worth to note that the resulting structure, an elongated Watson-Crick double
helix, is a priori known and that there is no other technique such as crystalline

analysis needed to predict the relative three dimensional orientation of cohered
DNA double helices.

Stable branched DNA constructs

To create arbitrary shaped DNA constructs, it is important that other motifs
than a straight DNA double helix are stable. The availability of DNA motifs
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with branched helical axis is crucial for DNA nanotechnology. Such branched
motifs occur in nature, one example been the four-arm branched Holliday junc-
tion. Four DNA strands are linked together to four double helices in such a
way that they form the shape of a cross. In biology, Holliday junctions usually
have a symmetric sequence and play a key role in genetic recombination pro-
cesses [39, 40]. This symmetry in the sequence leads to a not fixed junction. The
four branches can migrate through the crossing point. In contrast, artificially
designed Holliday junctions can have asymmetric sequences close to the crossing
point, which prevents the branch migration. With that the Holliday junction is
a stable immobile construction to achieve four branched junctions. Also multiple
branched junctions can be achieved by designing the DNA sequences accordingly.
Two and three dimensional lattices are formed if multiple Holliday junctions are

linked together via sticky ends.

Producibility and Integrability

The basic components of stable, custom shaped, pre-programmable DNA nanocon-
structs are the individual single DNA strands with. Their sequences determine
the shape of the hybridized structure. Whereas each of the individual single
DNA strands must have its specific sequence. Therefore the availability of single
stranded DNA of any sequence is crucial and a pre-requirement for programmable
DNA nanoconstructs. Nowadays synthetic DNA strands can be industrially pro-
duced in almost every sequence and with different oligonucleotide functionaliza-
tions such as thiol modifications and fluorescent tags. These custom oligonu-

cleotides are commercially available with high yield up to ~ 60 bases long.

All these different characteristics of DNA can result in self organized, pre-
dictable, chemically and physically relative stable nanoscale constructs which
consist not only of linear chains but also of branched junctions. In 1991 the first
artificial nanoscale DNA construct - a cube - was realized by the group of Nadrian
Seeman [41]. The cube structure contains twelve double stranded edges having
the same length and eight junctions at the cube corners. To reach this geometry

six single stranded DNA molecules are used, each of them surrounding one cube
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Figure 2.2.: DNA Motifs. (a) Schematic illustration of a Holliday junction formed
by four DNA strands. (b) Illustration of sticky end binding over
short single stranded overhangs.

face. Each of this single strand is hybridized to four neighbouring strands. In
the following years other geometries such as octahedrons and 2D crystals were
realized [42, 43|. Additional types of junctions were established. One of them is
the DNA double crossover junction where two single strands of different direc-
tionality are linked together by the crossover of an additional single DNA strand.
The double cross over motif is used to link DNA helices together.

2.1.3. DNA origami method

In 2006, the field of structural DNA nanotechnology received an additional im-
pulse through the invention of the so called 'DNA origami’ method. This method
was first proposed and implemented by Paul Rothemund [17] and raised the com-
plexity and size of DNA nanoconstructs to the next level. The term origami refers
to the Japanese folk art of folding paper into desired shapes. The same is done on
the nanoscale level with a long viral single stranded DNA strand, called scaffold
strand, which is folded into the desired shape by the help of hundreds of short
synthetic oligonucleotides, called staple strands. Usually the scaffold strand has
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a length of around 7 — 8 kBases and is derived from the bacteriophage M13. The
staple stands are 20 to 60 nucleotides long.

The technique proposed by Rothemund is a one pot self-assembling method
where the scaffold strand and the staple strands are mixed together in salt con-
taining buffer. Firstly, the solution is heated up to ~ 65°C to denature all dsSDNA
and then slowly cooled down over the course of a couple of hours so that the sta-
ple strands can bind to their corresponding scaffold segment. During the cooling
down step, the staples strands are hybridizing to their complementary positions
on the scaffold strand. Since one staple stand is complementary at least to two
distinct segments on the scaffold strand, the long scaffold is forced to fold into the
predesigned shape. Shapes realized by Rothemund are two dimensional squares,
stars, disks and triangles. Their dimensions are around 100 nm x 100 nm and fold
with high yields up to 90 %.

A huge advantage of the DNA origami method in comparison to single stranded
DNA assemblies is, that the quality and purity of the staple stands is not cru-
cial to reach high yields of correctly folded structures and that time consuming
DNA sequence design with stoichiometry studies is not required. Moreover, the
structures are highly addressable since the exact spatial position of every single
staple strand is known. Rothemund also showed that by elongation of distinct
staple strands at predefined positions on the surface of the DNA origami struc-
tures with hairpins. With that, patterns such as a world map or words were
visible via atomic force microscopy. Additionally, larger DNA origami patterns
can be reached by multimerization of several single DNA origami structures. The
origami technique allows constructing nanoscale objects with robust, designed ge-

ometrical features.

In 2009, the field of DNA-origami received its next boost by the invention of
three dimensional DNA origami structures [18, 44, 45|. The group of Douglas et
al. 18] extended Rothemund’s two dimensional technique to the third dimension
by stacking multiple sheets of DNA double helices. To achieve this, the helices
were interconnected to their neighbours by staple and scaffold crossovers. A
scaffold or staple crossover between two parallel double helices is possible at

positions were the corresponding bases are pointing towards each other. Taking
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the intrinsic rotation of B-DNA with a pitch of 21 bases per two full turns into
account, after 7 bases the spatial orientation of a possible crossover point is
rotated exactly by 240°, after 14 bases by 480° and after 21 bases 720°. Thus, a
double helix can be connected to three neighbours via crossover points at those
in multiple of 7 bases repeating positions. With that, the spatial orientation of

the helices results in a honeycomb lattice with an 120° angle between the helices.

Another arrangement method for three dimensional DNA-origami structures
is based on a square lattice. Here, each double helix can have four neighbours
with an angle of 90° between the helices. DNA-origami structures designed with
a square lattice are more dense and offer flatter surfaces than those designed with
the honeycomb lattice. The crossover points for those structures are multiple of
8 bases apart of each other. Since the square lattice geometry with its 90° angles
is not exactly matching the intrinsic rotational properties of B-DNA, structures
based on this lattice suffer from a general twist. The twist can be corrected by
additional insert or delete base pairs in between crossover points to counteract
the general twist. The same principle is used to create twisted and curved DNA-
origami structures [19]. For example, a curved structure is achieved by insert
additional base pairs at the outer helices to get a larger diameter and delete base

pairs at the inner helices to bend the structure.

Overall, the DNA origami method allows to design and to construct two and
three dimensional nanostructures of almost arbitrary shapes as shown in fig-
ure 2.3. Importantly, the exact spatial location within the nano-structure of
every single staple strand and its corresponding sequence is known - each staple
strand is addressable. Thus, another intrinsic property of DNA - the base pairing
- can be used to functionalize the nanoconstructs. For that, two basic approaches
are used. Either specific staple strands are directly modified with chemical link-
ers such as dyes or staple strands are extended with a specific sequence. Those
staple strands are called handles. Components such as metal nanoparticles func-
tionalized with the complementary handle sequence can thus be attached to the
DNA-origami structure [46] as illustrated in figure 2.4. The use of a predefined
amount of handles at predefined positions opens the doors to not only structure

materials on the nanoscale but also to give the nanoconstructs functionality.
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Figure 2.3.: Scheme of DNA origami folding and TEM images of DNA origami
structures. Left panel: A long viral scaffold strand is folded with
the help of short synthetic staple strands in the predefined, designed
shape. Right panel: TEM images and 3D illustration of different
realized structures. From left to right: a four layer sheet, a donut
shape structure and two bridged cylindrical 14 helix bundles. Scale
bar 50 nm.

With that, the field of DNA-origami nanotechnology was extended from struc-
tural to functional orientated materials. Within the last years the DNA-origami
method was proofed to be a viable tool to design nanoscale objects with broad-
band functionality ranging from biosensing and nanomedicine to superresolution
microscopy [47-52]. DNA-origami constructs can be used as template materials
to organize metal nanoparticles, dyes and quantum dots with nanometer precise
accuracy [21, 46, 53-56]. In the field of plasmonics, the use of such template
structures to organize metal nanoparticles with high accuracy allowed to gain
new insights into optical effects arising from the spatial arrangement of nanopar-
ticles [20, 57].

2.2. Metal nanoparticle systems

Systems consisting of noble metal nanoparticles are highly interesting since they

interact with the visible light. Long before the optical properties of metal nanopar-
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Figure 2.4.: Functionalization of a DNA origami template structure. Left panel:
A DNA functionalized nanoparticle is attached to a DNA origami
template structure via complementary base pairing. Right panel:
Spatial organized gold nanoparticle by attachment to DNA origami
structures illustrating the versatility of the DNA origami template
approach for plasmonic nanoparticle organizations. Scale bar 50 nm.

ticle systems were investigated, they have been used in staining glass. One of the
first known metal nanoparticles containing object is the Lycurgus Cup, a Ro-
man glass cage cup, from the 4"-century. Due to the containing gold and silver
nanoparticles, this cup shows a dichroic optical behaviour; its colour appears to
be different depending on the observation of light in transmission or reflection.
Another example are medieval church windows, where metal nanoparticles of dif-
ferent material and sizes were used to achieve the brilliant colours. However the

underlying chemical and optical properties were not yet understood.

The first synthesis of pure colloidal gold nanoparticles (AuNPs) was achieved
by Michael Faraday in 1856. The systematic studies to electromagnetic prop-
erties of noble metal nanoparticles started in the early 1900 with the works of
Gustav Mie and Rufus Ritchie with the theoretical description of the absorption
and scattering properties. Nowadays, the field of plasmonics is boosted by the de-
velopment of better and better nano fabrication techniques such as electron beam

lithography and self-assembling approaches. Today, metal nanoparticle systems
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can be found in different applications such as sensor systems, waveguides and
solar cells [58-60].

The following sections will give a basic overview about optical properties of no-
ble metal nanoparticles, the underlying concepts to describe them and how they
interact. The sections are mainly written according to the book of Maier [61].
Further reading and detailed derivations can also be found in the books of
Barnes [62] and Kreibig [63].

2.2.1. Fundamentals of Plasmonics - particle plasmon

excitation

The typical size of metal nanoparticles ranges from 5nm to 100 nm, which is in
the range of the penetration depth of electromagnetic waves at visible frequen-
cies |64] (e.g. for AuNPs up to 40nm). For nanoparticles much smaller than
the wavelength of light, the electromagnetic wave fully penetrates the particles
without changing its phase. Metal nanoparticles already exhibit a band structure
with quasi free electrons in the conduction band. Those electrons that are loosely
bound to the nuclei cause the unique optical and physical properties of metals.
If an electromagnetic wave interacts with a metal (nanoparticle), the quasi free
electron gas of the conduction band is deflected in phase with respect to the fixed
positively charged remaining atomic core. This charge distribution causes due to
Coulomb’s law a restoring force. The electrons oscillate back and forth with the
frequency of the external electromagnetic wave. This process can be described
with a classical driven harmonic oscillator model with a damping constant. The
corresponding quasi particle for this collective oscillations of the free electron gas
density is called plasmon.

Due to the acceleration of the electrons out of their equilibrium, an electro-
magnetic wave - the scattered light of the particle - is radiated. The intensity of
the scattered light for a nanoparticle is frequency dependent. In the scattering
spectrum of a metal nanoparticle a resonance frequency is observed, which oc-
curs for gold and silver nanoparticles in the visible frequency range. The exact
spectral position and intensity of the plasmon resonance frequency depends on

the material, geometrical shape and size of the nanoparticle as well as on the sur-
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rounding medium. After introducing the concept behind plasmons, the following
section describes light matter interaction and the plasmon resonance of spherical

metal nanoparticles in greater detail.

2.2.2. Dielectric Function of the Free Electron Gas

The optical and electrical properties of metals are described in their dielectric
response function €,.. The dielectric response expresses how strong a material
is reacting to an external electric field. For metals such as gold and silver the
dielectric function is dominated by the conduction band electrons in the visible
frequency range. A classical description is the free electron model, also known
as Drude-Sommerfeld model. In this model, the electrons are considered as an
ideal gas of free electrons, meaning that electron-electron interactions, as well as
details of the lattice potential are completely neglected.

The electrons respond with coherent oscillations to an applied electromagnetic
field, whereas their motion is damped via collisions having a characteristic colli-
sion frequency v = 1/7, with 7 the relaxation time of the free electron gas. The
equation of motion for an electron of mass m,. of the free electron gas which is

subjected to an external electric field E (t) = Eoe7“") can be written as:

—

Med + My = —eE(t) (2.2)

A particular solution to this equation 2.2 is Z(t) = ZHE(t) with the complex
amplitude Ty = e/(m.(w?+iyw)). The displacement of the electron gas of density
n with respect to the fixed core causes a macroscopic polarization P = —nef.

Due to equation 3.2 D= EOE + P this results in a dielectric displacement:

2
D=¢ (1 - L) E (2.3)

w? + iyw

Whereas w, = @/e’gfje is the plasma frequency of the free electron gas with the
electron density n., the elementary charge e, the permittivity of the vacuum ¢
and the electron mass m.. The plasma frequency of gold is hw, = 8.89¢eV while

the plasma frequency of silver is fiw, = 9.04¢eV [65].
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The complex dielectric function €(w) = € (w) + iea(w) of the free electron gas

corresponds to

(W) =1— _w (2.4)
w? + iyw
with the real part given as
@ =1- = (2.5)
w? + 72
and the imaginary part ,
w
er(w) = ﬁ (2.6)

This model is valid for an ideal free-electron gas where ¢ — 1 at w > w,. For
noble metals, such as gold and silver, the model needs to be modified for w > w,
due to a remaining polarization arising from the static background charging of
the positive core ions. The polarization is extended to ]300 = €p(€c0 — 1)E with
a dielectric constant e,,. With that, the dielectric function of noble metals is

described as:

wQ

=€p — ——— 2.7
fw) = w + iyw (2.7)

More modifications in the Drude model such as coupling between the electrons
and lattice atoms can be incorporated. For example, one can use the effec-
tive mass meys instead of m,. in the plasma frequency. However, the dielectric
function is also influenced by the d-band electrons, which can be excited to the
sp-conduction band at wavelength around 660 nm and lower. For that, a linear
restoring force can be introduced as approximation in the equation of motion.
In practical use, one usually resorts numerical simulations, and it is customary
to use experimental frequency dependent dielectric functions. Common values to
fit the dielectric function for gold and silver are taken from Johnson and Christy
[66] and Palik [67]. The interaction of a nanoparticle with an external applied
electromagnetic field and the simulated electric near field distribution of a 40 nm
gold nanoparticle is shown in figure 2.5. Local regions of higher field enhancement

- so called hot spots - around the nanoparticle are visible.
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Figure 2.5.: (a) Schematic illustration of the coherent oscillations of the free elec-
trons in a metal nanoparticle due to interaction with an incoming
electromagnetic field. (b) Simulation of the intensity distribuation of
the electric near-field of a 40 nm gold nanoparticle in air at resonance.

2.2.3. Single Spherical Nanoparticle

For an exact solution of the absorption and scattering of a nanoparticle by light
it would be necessary to solve Maxwell’s equation with corresponding boundary
conditions. To analyse the plasmonic properties of a metal nanoparticle of di-
ameter d and its interaction with the surrounding, it is necessary to know the
electromagnetic field distribution inside and outside of the nanoparticle. The
knowledge of the field distributions allows to calculate the scattering and absorp-
tion cross section of the nanoparticle. For spherical particles this is analytical
exactly solvable as shown by Mie [3]. However, the approximation used for that in
the following section, is the quasi-static approximation which is only valid for par-
ticles which are much smaller than the wavelength of the incident light (d < \).
Which means that the phase of the oscillating electromagnetic field is considered
to be constant over the whole particle volume. A uniform, isotropic spherical
nanoparticle with radius r,, dielectric €,, located in a surrounding medium with
dielectric constant €, is placed in a constant static electric field Em = FEy-é,.
The electric field causes an overall polarization of the nanoparticle. The solution
of the Laplace equation V*® = 0 allows to calculate the electric field E=-Vo.




20 Chapter 2. Theoretical Background

With the boundary conditions

aq)m o a(I)out

€ =€
P or o

Cin(rp) = Pour(rp) (2.8)

and the condition that the electric field at large distances from the nanoparticle
is not influenced, the electrostatic potentials inside ®;, and outside ®,,; of the

nanoparticle sphere are calculated to be [68]:

3€m
o, = —Eo;rcos(@)
€p + 26,
3 € — € €0S(O) (2.9)
b, = —F ©)+ E F_"
t orcos(©) + Eory € + 26, 12
Equation 2.9 is similar to the potential of an ideal dipole [69] given as:
1 p-cos(©)
Dpipol = 2.10
Dipol 4, r2 ( )

Hence, the potential outside of the particle ®,,; is interpreted as the super-
position of the applied field and an induced dipole with the dipole moment

p= eoemaﬁo, where « the polarizability is:

o= 4wrp3;f:r—2€; (2.11)
This equation has the same functional form as the Clausius-Mossotti relation [68].
The complex polarizability « of a small sphere with subwavelength diameter is
maximal amplified if the denominator of equation 2.11 |e,(w) + 2€,| = min
turns minimal. Since the imaginary part of the dielectric function €,(w) =
€p1(w) + iepa(w) can be neglected, as the losses of metal nanoparticles are small,

the condition simplifies to:
ep1(w) = —2€,, (2.12)

Equation 2.12 is the condition for the dipole plasmon resonance of a metal
nanoparticle and its associated mode in an oscillating field is the dipole plasmon
of the nanoparticle. The plasmon resonance is the resonant, coherent oscillation

of the free conduction electrons with the applied electromagnetic field. The scat-
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tering of the nanoparticle is maximal at that frequency. For a Drude like particle
the resonance frequency is due to equation 2.5 in combination with equation 2.12

and with the condition w > ~ given by:

w.
Wormem (2.13)

The resonance frequency is strongly dependant on the dielectric surrounding.

Wres =

If ¢, increases the resonance red-shifts. The distribution of the electric field
E=-Vdofa spherical nanoparticle in the near field can be calculated from the

potentials given in equation 2.9 to:

. 3¢, =
= —""F,

€p + 26, (2.14)
- -~ 13a(n-p)—7p '
B, = E0_|__w

r3 Amegenm

—

with 7 = . The field at the plasmon resonance is enhanced (|E[?/|Ey|?), but
rapidly decreases with increasing distance from the nanoparticle (Eyy; o %)
The efficiency with which a nanoparticle scatters and absorbs light is also
related to the polarizability. However the polarizability as in equation 2.11 varies
only in the amplitude by changing the size of the metal nanoparticle, but not with
respect to the wavelength of the light. The corresponding scattering, extinction
and absorption cross sections of metal nanoparticles can be calculated out of the
dipole radiation of the particle [70] to:
Koo,
Osca = a ’

Oaps = kIm(a) (2.15)

Oext = Oabs T Osca

with the wave number k& = 27 /\. The scattering cross section scales for small

particles (r, < A) with oy, rg.

nanoparticles the peak shifts to a higher wavelength with increasing nanoparticle

In measured extinction cross sections of

diameter. The quasi-static-approximation is no longer valid for larger particles,

since the phase of the driving field changes over the particles volume; an electro-
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dynamic approach is needed. In the Mie theory the scattered field for nanoparticle
with sizes larger than \/10 [3] is described by taking higher order multipole terms

and not only the dipole term into account.

2.2.4. Plasmonic Coupling

If two plasmonic nanoparticles are in such close proximity that their near fields
are overlapping, the electric field felt by each of these particles is the sum of the
external applied field Ejy and the near field of the neighbouring particle. Thus
their plasmon oscillations interact. A new plasmon mode exhibiting an energy
different from the modes of the two single particles, arises. This interaction is
called plasmonic coupling between the nanoparticles. Hereafter, the concept of
plasmonic coupling will be shortly introduced by the example of a dimer geome-
try consisting of two closely spaced, identical, spherical metal nanoparticles. The
coupling is seen as coupling of two dipoles. Two general coupled plasmon modes
can be distinguished - a bright mode and a dark mode. In the dark mode, the
induced dipoles cancel out in the far field, as the single particle plasmons are
oscillating out of phase. It is worth to note that in the hetero-dimer case (two
not identical particles) the dipoles don’t cancel out and the dark mode gets vis-
ible in the far field. In addition, the dark mode is hard to stimulate optically.
Whereas the bright mode has a non zero total dipole moment since the plas-
mons are oscillating in phase. The optical excitation of the bright mode is easily
achievable [71, 72|.

The coupling strength is dependent not only on the gap size between the
nanoparticles and their size, but also on the orientation of the dimer axis with re-
spect to the external applied electromagnetic field. The polarizability of the dimer
structure is directional. For an incident plane wave polarized along the dimer axis
the corresponding coupled plasmon mode is called longitudinal mode, for an inci-
dent wave polarized vertical to the dimer axis the mode is called transversal mode.
The difference between those to modes can be explained by the induced dipoles.
For the longitudinal mode, they are oriented parallel to the dimer axis, resulting
in a stronger coupling, the incident field is increased by the induced dipoles. For

the transversal mode the induced dipoles are vertical oriented, so that the cou-
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Figure 2.6.: Illustration of the energy diagram of two metal nanoparticles and its
coupled modes. The energy level of the hybrid mode depends on the
relative dipole orientation. The bright modes - the modes which can
be excited optically - are marked with circles.

pling strength is reduced. A common model to visualize the plasmon coupling
interaction is - in analogy to the hybridization of atomic orbitals in molecules -
the plasmon hybridization picture. Figure 2.6 shows the above discussed modes
for bonding (lower energy, red shifted) and for anti bonding (higher energy, blue
shifted), the dark and bright modes are marked as well.

In close analogy to exciton coupling, where the field E each dipole experiences
is the sum of the incident field Fy and the field of the neighbouring dipole, the
plasmon hybridization can be modelled in the same way. The resulting dipole-

dipole interaction energy is given by [68, 73, 74]:

_ Jul?
4regrs

U:

(2.16)

where 7 is the distance between the dipoles and the orientation is given by the
parameter (. For polarizations along the axis ( = 2 the interaction energy is
negative, the resonance is red shifted. For transversal polarization ( = —1 the
interaction energy is positive, the dipole interaction is repulsive, resulting in a

blue shift of in the spectrum. As smaller the distance between the particles is, as
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larger is the coupling strength. Most of the spectral features of plasmon coupling
are represented in the dipole-dipole interaction picture, however it neglects higher
order multipole terms and retardation effects of the electromagnetic field due
to the size of the nanoparticles. Electrodynamic simulation methods such as
finite-difference-time-domain (FDTD) and discrete dipole approximation (DDA)
account for that. Figure 2.7 illustrates the interaction of two closely spaced gold
nanoparticles with an electromagnetic wave as well as corresponding simulation
of the electric near-field distribution done with Lumerical FDTD.

2.2.5. Plasmonic Heating

Metal nanoparticles are not only good light scatterers, but they can also be used
to generate heat. Light absorbed by metal nanoparticles induces plasmon res-
onances. The scattered light, which arises from coherent electron oscillations,
is the result of radiative decay process of the plasmons. A non-radiative de-
cay channel arises from incoherent electron oscillations. The electrons undergo
electron-electron or electron-phonon collisions, the kinetic energy is transformed
into thermal energy resulting in heat generation 75|, which is subsequently trans-
ferred to the surrounding medium. Under continuous light illumination the tem-
perature equilibrium is reached as soon as the generated and dissipated thermal
energy are balanced. The steady state temperature around a single, spherical

nanoparticle can be calculated out of the heat transfer equation to be:

_ VnpQ
47T]€07"

AT(r) (2.17)
with r the distance from the nanoparticle centre (r > Ry, Ry nanoparticle radius),
ko the thermal conductivity of the surrounding medium, Vyp the volume of the
nanoparticle and ) the heat source of the system. It can be shown that the
temperature increase is proportional to the nanoparticle radius (AT o 73 p) and

depend on the material properties [75].
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Figure 2.7.: Plasmonic coupling of two metal nanoparticles. (a) Schematic illus-
tration of the longitudinal mode. The incoming electromagnetic field
is polarized parallel to the dimer axis and (b) corresponding inten-
sity distribution of the electric near-field at the resonance case of two
40nm gold nanoparticle with an interparticle gap of 4nm in air. (c)
Schematic illustration of the transversal mode. The incoming elec-
tromagnetic field is polarized perpendicular to the dimer axis and(d)
corresponding intensity distribuation of the electric near-field at the
resonance case of two 40 nm gold nanoparticle with an interparticle
gap of 4nm in air.







3. Plasmonic Metamaterials

Metamaterials are artificial engineered materials which have designed properties
to interact with and to influence electromagnetic radiation in a non conventional
manner that does not exist in nature. The word meta comes from the Greek
pwer’ o which means beyond. As seen above, the optical properties of metals are
mainly originating from the conduction electrons and therefore from the under-

lying atomic lattice structure.

In analogy to that metamaterials are also comprised of subunits. In order to
influence light, these subunits must exhibit dimensions which are much smaller
than the wavelength of the incident electromagnetic wave. If this requirement
is met, the effective optical material parameters (psr and e.ry) are defined by
those subunits, hence they are called metaatoms [76]. To obtain a solid meta-
material, also the distance between the metaatoms has to be smaller than the
wavelength [77|. For isotropic metamaterials the metaatoms need to be organized

in all three dimensions or dispersed in solution.

3.1. Introduction to Metamaterials

When considering the interaction of light with matter, the properties of the mate-
rial are important. Mazwell’s equations describe the relation between an applied
electromagnetic field and the resulting response of the matter by an induced

electromagnetic field [78].
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This response is described by Maxwell’s equations in matter (Maxwell’s equa-

tions of macroscopic electromagnetism):

-]l
I

V' Pext
V-B=0
VxE:—a—B (3:1)
ot
. 9D -
V xH= E—i_t]e:vt

— —

with the fields D (dielectric displacement), B (magnetic induction), E (electric
field), H (magnetic field) and the external charge (pey) and current (J,q) den-
sities. The Maxwell’s equations are linked via the magnetization M and the

polarization P:

D=¢kE+P

. 1 o 3.2

H=—B-M (32)
Ho

where ¢y and pg are the electric permittivity and magnetic permeability con-
stants in vacuum, respectively. In linear, isotropic and nonmagnetic media the
constitution relations turn to: . .
D= EOEE
. . (3.3)
B = popH
with the material dependent permittivity ¢ and permeability p. If an electro-
magnetic wave with an electric part of E = Ey- ™) and a magnetic part
H= ﬁo - elF=wt) with wave vector k and frequency w interacts with matter, for

the electric and magnetic field follows with equation 3.1:

x E = wuouljl

~ - (3.4)
X H = —wegel

N

Thus, in order for matter to influence the electromagnetic wave, microscopic
building blocks of an artificial material have to be designed so that they can
reach the desired values of the effective permittivity e(w) and permeability p(w)

values. The complex refractive index n(w) = n(w) + ik(w), with & the extinction
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coefficient, is linked to € and p via:

= \Jel (3.5)

For ’common’ materials, both € and p are positive and hence n is positive. If
either € or i is negative, the propagation of electromagnetic wave is exponentially
damped - only an evanescent wave propagates, the refractive index is imaginary.
If both values are negative an electromagnetic wave can propagate, the refractive
index is negative. Due to the sign of equation 3.4 the Poynting vector S=Ex ﬁ,
which gives the directional energy flux density of an electromagnetic field, and
the wave vector k are pointing in opposite directions. The theoretical possibility
to achieve a negative refractive index by negative effective €.;; and negative ficsy
was shown for the first time in 1999 by Pendry et al. [77].

For the visible frequency range the focus lies on achieving a negative effective
permeability. If damping is neglected, the dielectric function of metals with
plasma frequency (plasmon resonance frequency) w, (undamped free electron

plasma) follows from equation 2.4 to be:

w)=1—-2 (3.6)

Hence, for w, > w a negative permittivity can be achieved - for noble metals this
is the case in the visible frequency range.

The following section will give a short overview about the different concepts
to reach plasmonic metamaterials and metaatoms mainly focused to the visible

frequency range.

3.2. State of the Art

Since the first realized material with negative refractive index in the GHz fre-
quency range in 2001 [79], the operation frequency has been constantly shifted
to higher frequencies by design optimizations.

One widely used design to reach a negative refraction index is the split ring

resonator concept. Split ring structures are made of a metallic conductor and
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are U-shaped. Thus, a LC circuit with a conductive and a capacitive element is
obtained. If an electromagnetic wave is applied, an induced magnetic field arises
due to the conduction current, influencing the permeability of the material. A
negative effective permeability at a wavelength as small as 1.2 uM was achieved
by gold split ring resonators [80]. Such split ring resonators are fabricated using
electron beam lithography to reach small structural sizes in the range of 100 nm.
It has been shown, that the resonance frequency of split ring resonators scales
inverse to the structural dimensions [81-83]. Nowadays, metamaterials reached
near infrared (NIR) frequencies |84, 85].

With that the field of metamaterial research started to merge with the field of
plasmonics. However, just scaling down the structural dimensions of split ring
resonators to reach higher resonance frequencies is no longer possible, since the
metals start loosing their perfect metal character with infinite carrier density
and zero carrier velocity. The kinetic energy of the electrons can no longer be
neglected and losses have to be taken into account. As a result, the intensity
of the split ring resonance frequency decreases and is no longer strong enough
to reach the desired negative effective permeability. The resonance frequency of
split ring resonators saturates at about a few hundred THz [81] and at optical
frequencies the scaling law breaks down [81].

To achieve metamaterials at optical frequencies, new plasmonic based / inspired
concepts needed to be developed. One concept is the so called metal-dielectric-
metal fishnet structure [86, 87| consisting of two meshed metal layers with a
dielectric layer in between. A 3D fishnet metamaterial was lithographically re-
alized by Valentine et al. [88]. Another method to influence the propagation of
light is to realize a surface which can continuously shift the phase of the light.
Metasurfaces with lithographically arranged V-shaped plasmonic nanoantennas
were realized by Ni et al. [89].

Approaches to construct metaatoms with colloidal nanoparticles and nanorods
include cut-wire pair structures [90] and chiral structures [20, 57]. The mentioned
cut wire pair structure consists of two parallel aligned nanorods, which are slightly
longitudinally shifted with respect to each other. This shift introduces a sym-
metry break and can lead to an isotropic negative index [91]|. Chiral metaatoms

consist of molecules that cannot be superimposed on their mirror images. It has
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Figure 3.1.: Ring geometry out of four metal nanoparticles. An incoming elec-
tromagnetic wave induces electric dipoles (black arrows). A resonant
displacement current is supported by the ring of plasmonic particles
leading to an induced magnetic response.

been shown by Pendry et al. [92] that it is possible to achieve negative refrac-
tion with materials exhibiting chiral properties. Another concept for plasmonic
based metamolecules is to arrange metal nanoparticles in a planar ring shaped
geometry [93-95|. In this geometry, a resonant circulating displacement current
introduces a magnetic response as illustrated in figure 3.1. So far, this concept
was realized by pushing four single gold nanoparticles (AuNPs) with an AFM tip

into a single ring shaped arrangement [96].

3.3. DNA origami to create plasmonic ring

shaped metaatoms

The DNA origami technique as described in section 2.1 allows to construct DNA
based nanoscale objects of arbitrary shapes in large quantities (~ 10® identical
structures). Since these objects are precisely addressable, they can be used as
templates to precisely position metal nanoparticles and hence to create plasmonic
active materials.

In publication A.1 [97], a doughnut shaped DNA origami consisting of a bundle
with fourteen bended double helices (bended 14hB) was constructed. The origami
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Figure 3.2.: A ring shaped 14hB DNA origami structure with predefined metal
nanoparticle attachment sites serves as a template geometry. The
number and location of the attachment points on the template struc-
ture defines the final ring shaped organization of metal nanoparticles.
Geometries shown here consists of AuNPs ranging from 10nm to
40 nm diameter and four to ten particles per ring. Scale bar 40 nm.

structure, having a diameter of 62nm and a cross-section of ~ 10nm, offers 27
repeating, evenly spaced (21 bases (~ 7.1nm)) attachment sites for nanoparticle
docking. As a result, the bended 14hB serves as perfect template structure to
spatially arrange versatile nanoparticles in a ring shaped geometry (see figure
3.2). Thus, the DNA origami approach offers the possibility to realize metaatoms
based on a circulating displacement current. Several such plasmonic ring shaped

structures were realized in publication A.1.

Rings containing four 40 nm AuNPs were characterized using single molecule
dark-field scattering spectroscopy. The resulting spectra were compared to cor-
responding theoretical simulations (see figure 3.3). Indeed, it was possible to
observe a magnetic resonance mode at 720nm. This finding shows, that the
DNA origami template approach allows to produce metamolecules with an arti-
ficial magnetic response at optical frequencies in a self-assembled parallel way at
high quantities. Next to its templating properties, the DNA origami approach
benefits from the fact that it is a solution based process. Thus, all DNA based
plasmonic structures are directly available in solution which opens the doors for

a new class of metafluids.
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Figure 3.3.: Analysis of a four particle ring on the single structure level. (a) Mul-
tiple resonance peaks are visible in the dark field scattering spectrum
(upper panel). Inset: SEM image of the measured structure. Scale
bar 50nm and corresponding polarization resolved numerical simu-
lations (lower panel). (b) Simulations of the surface charge distribu-
tions of the peaks and the electric and magnetic field at the 720 nm
peak.

To summarize, in the associated publication A.1 it was possible to create DNA
origami based ring shaped plasmonic materials with electric and magnetic res-
onances in the visible frequency range. The analysis was performed via single
structure dark-field scattering spectroscopy of dried plasmonic rings in combi-
nation with corresponding numerical simulations. Moreover the DNA origami
templating approach is a solution based method, which enabled to study the
optical properties of a bulk solution of ring structures. The availability of ring
shaped structures with defined electric and magnetic responses dispersed in a
solution can trigger new applications such as metasprays.

The concept of using DNA origami templates to create artificial plasmonic
metamolecules was recently extended to metasurfaces [98]. It was shown by
Wang et al. that two dimensional DNA origami tiles can be used to construct

lattices of arranged AuNPs with pre-programmed patterns. By incorporation of




34 Chapter 3. Plasmonic Metamaterials

AuNPs into a hexagonal DNA origami tile structure, a ring shaped AuNP hex-
amer was realized. The characterization of that single AuNP hexamer revealed
also a magnetic dipolar resonance mode. Two dimensional lattice structures of

multiple hexagonal tiles displayed enhanced interparticle coupling [98].
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3.4. Associated Publication P1

DN A-Assembled Nanoparticle Rings Exhibit Electric and
Magnetic Resonances at Visible Frequencies

Eva-Maria Roller, Larousse Khosravi Khorashad, Michael Fedoruk, Robert
Schreiber, Alexander O. Govorov, and Tim Liedl

published in Nano Letters, 15, 1368 - 1373 (2015)

see Appendix A.1







4. Plasmon-Exciton Systems

Hybrid systems, made out of at least two different types of materials, combine the
intrinsic properties of each material to gain new characteristics. Systems exhibit-
ing strong light-matter interactions are candidates to study fundamental quantum
phenomena such as cavity quantum electrodynamics [99] but they are also rele-
vant for new applications such as in the area of light harvesting complexes [100],
optically active devices [101] and quantum information processes [102]. The un-
derlying principle of the examples is the strong coupling between a quantum
emitter and a resonant cavity. The coherent energy exchange between the emit-
ter and the cavity leads to a mode hybridization, known as vacuum Rabi split-
ting [103]. Such quantum optical systems have been widely studied in solid state
systems [104, 105].

4.1. Introduction to Plasmon-Exciton Systems

If a quantum emitter is placed within an optical cavity, they can both interact.
In the weak coupling regime the spontaneous emission rate from the emitter is
enhanced or diminished [106, 107]. In the strong coupling regime, the optical
modes of the cavity and the emitter in resonance interact strongly and mixed
states are produced. This leads to two hybrid modes separated by the Rabi fre-
quency 2 [99, 103]. The interaction strength of the quantum emitter with the
resonant cavity depends on the ratio between the cavity quality factor () to the
mode volume V. Thus, to reach strong coupling, it is crucial to either achieve
high () values or small mode volumes V. High () values are for example reached
with low temperature experiments. For optical cavities, the extend to which

light can be focused in a specific volume is diffraction limited. To overcome this
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limitation, plasmonic nanocavities can be used [108|. They offer the great advan-
tage that, due to plasmonic effects, the enhanced electromagnetic field is focused
in very small, not diffraction limited volumes. Hybrid systems of nanoparti-
cles in close proximity to quantum emitters are possible candidates for strong
light-matter interaction at ambient temperatures. Under light illumination, the
plasmons of the nanoparticles can couple to the excitons of quantum emitters
resulting in plasmon-exciton coupling (see figure 4.1). The degree of interaction
between plasmons and excitons in a hybrid metal nanostructure and quantum
emitter systems can be described by the coupling energy ¢ and can be divided in
three regimes: enhanced absorption, Fano resonance (induced transparency) and
Rabi splitting (strong coupling) [109]. The three regimes are displayed in the ab-
sorption and scattering characteristics of the hybrid system. In strongly coupled
plasmon-exciton systems the energy exchange results in the formation of hybrid
modes, called plexcitons. The observed normal mode splitting can be described

by the model of two coupled harmonic oscillators [102] with Hamiltonian

7 = (“’ 9 ) (4.1)
g wqe

- C:)—i-(:)e (IJ_(IJ62
wi:p2qi\/gz+<p4q)7 (42)

with complex eigenvalues [110]

Here, @, and @, are the complex frequencies of the plasmon and quantum emitter
(0 =w+1il'/2), g is the coupling constant and I is the dissipation term extracted
from the FWHM linewidth. If the plasmon resonance frequency w, is equal to
the resonance frequency of the quantum emitter w, the difference of the real

components of the eigenvalues of equation 4.2 is the Rabi splitting 2 given by [110]

1
O =Aw= 2\/92 — o0, =T, (4.3)

By varying the plasmon resonance with respect to the quantum emitter resonance

the evolution of the upper w, and lower w_ hybrid state as a function of the
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Figure 4.1.: Hybridization energy states diagram for a plasmon-exciton system.

plasmon mode can be observed. For strong coupling the energy positions display

an anti-crossing behaviour [102].

4.2. State of the Art

Plasmon-exciton coupled systems have been experimentally realized with dyes
deposited on top of thin silver films [111] and on a lithographic produced array of
metallic nanodiscs [112]. Also, individual gold nanorods covered with a dye shell
have been shown to display plasmon-exciton interaction [113|. Since it takes less
time for the photons to return to the same quantum emitter in smaller cavities,
the coupling is increased. The coupling energy g o< 1/ \/Wff scales with Vs the
effective mode volume [102|. Therefore, further reduction of the effective mode
volume is crucial to reach the strong coupling regime at room temperatures.

This can be achieved by making use of the electromagnetic field confined within
the plasmonic 'hot spot’. The combination of lithographical constructed gold
dimers with a J-aggregated dye placed in the hot spot region was shown to
reach the strong coupling regime in the NIR [114]. However, lithographic pro-
duced structures exhibit larger surface roughness than colloidal metal nanopar-
ticles. Thus, colloidal gold shell structures [115] and triangular shaped nanopar-
ticles [116, 117] have been used to promote plasmon-exciton interactions.

Even smaller volumes and higher field enhancement can be achieved by a dimer
metal nanoparticle conformation with (sub)nanometer gaps between the plas-
monic particles. Very recently, single molecule strong coupling of a dye molecule
placed in a plasmonic nanocavity was shown [118]. Therefore, a nanoparticle

was deposited onto a thin gold film separated by a sub-nanometer thin molecular
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Figure 4.2.: DNA origami as template for plasmon-excition coupling studies. (a)
Schematic design and TEM image of gold nanoparticle dimer struc-
tures templated by a two-layer DNA origami sheet. The diameter
of the gold nanoparticles ranges from 30nm to 60nm. Scale bar
40nm. (b) Normalized single structure dark field scattering spec-
tra of dimer structures with different nanoparticle diameters before
(dark-blue) and after (black) photobleaching of the J-aggregated dye.

spacer [118], which results in a so-called 'nanoparticle-on-mirror geometry’ for
the plasmonic nanocavity. Another recent demonstration of strong coupling was
achieved between single colloidal quantum dots placed between lithographic pro-
duced bow-tie silver antennas [119]. These two recent examples take advantage

of plasmonic field confinement.

4.3. DNA origami to study Plasmon-Exciton

Interaction

The DNA origami technique offers an unique methodology to tune the plasmon

resonance frequency by varying the interparticle gap size or the nanoparticle
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Figure 4.3.: Hybrid plasmon-exciton energies for several dimer structures plotted
as a function of the nanoparticle radius. The dashed line is the fit of
the eigenvalues of a two-coupled harmonic oscillator model.

diameter. With that, this technique offers the advantage to create plasmonic hot
spots and to tune the plasmon resonance frequency with respect to the quantum

emitter frequency.

The system realized in publication A.2 [120] consists of a DNA origami two
layer sheet which serves as a spacer between two gold nanoparticles. The size
of the gold nanoparticles was varied from a diameter of 30nm to a diameter
of 60 nm while the gap size between the particles was kept constant due to the
DNA origami spacer. The DNA based plasmonic dimer structures were then
immobilized on a glass substrate and incubated with a Cyanine based J-aggregate
dye (TDBC). Most of the dye was then flushed away except at the locations of
the dimers. The TDBC dye is considered to adsorb on the AuNP surface during
the incubation [121].

The characterization on the single structure level was performed with dark field
scattering spectroscopy. The data in figure 4.2 show the spectral response of the

hybrid structures. The plasmon resonance of the dimer consisting of two 40 nm
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Figure 4.4.: Experimental obtained coupling values (g) for individual dimer struc-
tures (squares) and the lower bound g values for the strong coupling
regime (triangles).

gold nanoparticles was designed to perfectly overlap with the resonance for the
chosen J-aggregate. By decreasing and increasing the nanoparticle diameter from

30nm to 60 nm, the plasmon resonance was moved across the dye resonance.

The analysis of the hybrid energy levels with respect to the plasmon energy
level of several individual dimer structures revealed the expected anti-crossing
behaviour with a coupling constant g of 90 meV (see figure 4.3). A Rabi splitting
of  ~ 150meV was observed. Additionally, it was possible to show how the
coupling strength varies with the change of the effective mode volume of the

different nanoparticle dimer constructs.

Nanoparticle dimers with smaller nanoparticle radius R displayed a stronger
coupling, which is in agreement with the theoretical expectations. In a nanopar-
ticle dimer system, the effective mode volume V¢, can be approximated to be a
cylinder. In detail, the base of the cylinder with diameter v/ Rd represents the
width of the induced surface charge and the height of the cylinder is the gap size
between the two nanoparticles (d) [122|. This results in the expected scaling of
the the coupling energy of g 1/\/@ x 1/vV/Rd? ~ 1/R%5. Figure 4.4 displays
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a fit with scaling g o< 1/R"™ with n = 0.63 4 0.08 which is in very good agreement

with the expected scaling.

Overall, the DNA origami templating approach allowed to engineer tunable
plexcitonic systems that operate at room temperatures and optical frequencies.
Gold nanoparticles of different diameters were organized in a dimer conformation
with fixed gap size by the solution based DNA template method resulting in
small plasmonic cavities. With that, the DNA origami technique proofed to be
a viable tool to study fundamental plasmon-exciton interactions. Moreover the
addressability of the DNA origami template structure has the potential to directly
place individual emitters in a plasmonic cavity with very a very confined mode

volume and strong field enhancement.
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Plasmon-Exciton Coupling Using DNA Templates

Eva-Maria Roller, Christos Argyropoulos, Alexander Hogele, Tim Liedl, and

Mauricio Pilo-Pais

published in Nano Letters, 16, 5962 - 5966 (2016)

see Appendix A.2




5. Circular Dichroism based

Sensors

Circular Dichroism (CD) arises when matter absorbs left (L) and right (R)
handed circular polarized light in different intensities. It can be measured by

the absorption difference via CD spectroscopy.
AA = AL — Ag (5.1)

Optical active chiral molecules such as proteins and DNA offer a CD signal in the
ultraviolet frequency range, as well as in the infrared regime [123, 124]. The CD
signal of DNA arises due to its chiral secondary structure [125, 126]. In general,
a molecule is chiral if it can not be superimposed on its mirror image. Enan-
tiomers are the mirror images of a chiral molecule. In nature, the chiral state
of biomolecules plays an important role in recognition processes and biochemical
reactions. CD spectroscopy is used to gain information about conformational
states of chiral active molecules, their ratio of enantiomers and to monitor chemi-
cal reactions by observation of conformational changes [127, 128]. Thus, to detect
the CD signal in a reliable and sensitive manner it is crucial to gain new insights
into reaction processes and structural conformations, which could promote for

example the development of new drugs.
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5.1. Introduction to Circular Dichroism

Enhancement and Transfer

Most natural occurring biomolecules possess their absorption and their circular
dichroism in the ultraviolet range. At the same time, they are rather weak
absorbers, thus to detect their UV CD signal a high concentration of the molecule

of interest is needed.

On the other hand, plasmonic nanoparticles are known to strongly enhance
electromagnetic fields, turning them into a powerful tool for advanced spec-
troscopy methods of molecules such as SERS [129]. Along these lines, plasmon
enhanced sensing of chiral molecules could be a viable method to analyse the

chirality at low molecular concentrations.

Plasmon resonances of metal nanoparticles such as gold and silver are in the vis-
ible frequency range, which is not in CD resonance with most chiral biomolecules.
However, it was shown theoretically that the off resonant plasmon bands can in-

teract with the dipoles of chiral molecules [130].

The chiral property of a molecule in vicinity to a non chiral metal nanoparticle
can be enhanced and transferred to the plasmon resonance frequency of the metal
nanoparticle. The occurrence of an additional plasmon induced CD line at the
plasmon resonance of the metal nanoparticle is based on an enhanced electric
field which also enhances the Coulombic interaction between the chiral molecule
and the non-chiral metal nanoparticle. Due to the non-vanishing optical rotatory
dispersion (ORD) in the visible frequency range of a chiral molecule with intrinsic
CD resonance in the UV range, off resonant interaction between the molecular
dipole and the plasmon is still expected. The optical rotatory dispersion is a
non-absorbing response of chiral materials and defines the frequency dependent
specific rotation of light passing through the chiral material. The CD and the
ORD are related to each other via the Kramers-Kronig transformation and come

along with each other as normal’ absorption and dispersion [131].

An isolated chiral molecule has a CD which is described by [125, 132]

C(Dmolecule X ]m(ﬁm : le) (52)
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Figure 5.1.: Schematic illustration of a system composed of two non-chiral metal
nanoparticles and a chiral molecule with electric and magnetic dipole
moments ji and m placed in the plasmonic hot spot.

with the electric fi12 and magnetic mi9; dipole moment. For a chiral molecule in
close proximity to a metal nanoparticle this equation has to be modified along

reference [130] to
CDmolecule—NP xXa- Im[(-p ' ,JIQ) : m?l] + b- F(ﬁl?a m?l) (53)

where a, b are coefficients depending on the material, geometry and the incident
light frequency and P is the electric field enhancement matrix which takes account
for the influence of the nanoparticle to the optical electric field inside the molecule.
The second term F'(fi12,Mi91) describes the arising CD signal at the plasmon
frequency due to the dipole-plasmon complex. For a molecule placed in between
a plasmonic hot spot as illustrated in figure 5.1, this is the main term contributing
to the plasmonic CD effect. The C'Dgjpoe— fiera term has its origin in interference
of the incident field and the induced field inside the nanoparticle due to the chiral
molecular dipole [133]|. The plasmonic CD signal is proportional to the ORD of
the molecule [133]

mia2M21

Wo — Wplasmon

CDdipole—field X f(td) X ORDmol,O X f(OJ) (54)

with the complex function f(w) for the energy dissipation inside the metal.

Thus the enhanced plasmonic CD arises from two main effects - the non van-
ishing ORD response of the chiral molecule at the plasmon resonance and the

plasmonic hot spot effect.
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5.2. State of the Art

Complexes consisting of achiral metal nanoparticles and chiral molecules which
show a non zero CD signal at the plasmon frequency have been realized experi-
mentally [134-137].

Aggregates of gold nanoparticles with oligonucleotides showed an additional
CD band at visible frequencies, which was only observable for the aggregated
forms and not for non-aggregated CD-chiral molecules [134]. This is an indication
that the field enhancement in between aggregated gold nanoparticles is needed
to observe the new CD band. To prove that the CD originates from the transfer
effect of the oligonucleotides situated between the aggregated gold nanoparticles
and not from a possible chiral aggregation of the gold nanopartilces, controls of
only gold clusters without chiral components were performed. The controls did

not show a CD signal proofing the initial hypothesis.

Other heterocomplexes of chiral molecules and achiral metal structures are
realizations of the chiral molecule riboflavin on top of gold islands deposited on a
glass substrate [135], peptide coated gold nanoparticles [136], cysteine modified
nanoparticles [137, 138] and silver synthesised on DNA [139).

The effect of the spatial orientation of the chiral molecular dipole with re-
spect to plasmonic particles, as well as the inter-component gap distances was
analysed by a gold nanorod (AuNR) DNA complex system [140]. In this sys-
tem, two AuNRs were attached in multiple orientations using a DNA origami
one layer sheet. The two AuNRs were either aligned parallel to the axis of the
double stranded DNA helices of the DNA origami sheet or perpendicular to it
(see figure 5.2). It was shown, that the chirality of the resulting bisignate CD
signals depends on the orientation of the AuNRs with respect to the orientation
of the dsDNA helices (parallel or perpendicular) [140]. Thus, the opposite chiral
response of the AuNRs-DNA origami complex resulted from the specific dipole-
dipole orientations of the double stranded DNA helices and the AuNRs [140].
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Figure 5.2.: Orientation of the dsDNA helices of a DNA origami structure with
respect to plasmonic nanocomponents. (a) Two AuNRs are orga-
nized on opposite sides of a DNA origami structure. The longitudi-
nal axis of the AuNRs is either parallel (left panel) or perpendicular
(right panel) aligned with respect to the dsDNA helices of the DNA
origami structure. The geometries are similar to reference [140]. (b)
Two AulNPs are organized on opposite sides of a two layer sheet DNA
origami structure. Zoom in: the dsDNA helices of the origami struc-
ture are oriented perpendicular with respect to the electric field of
the plasmonic hot spot formed by the dimer AuNP configuration.

5.3. DNA origami to detect CD signals

The plasmonic CD with its CD transfer effect to the plasmon resonance frequency
range of the metal offers the possibility to detect the molecular CD signal at visi-
ble frequencies. Moreover, the CD signal can be enhanced by the metal nanopar-
ticle arrangement as for example if the chiral molecule is placed in a plasmonic
hot spot. As a result of this, it is possible to realize plasmonic-enhanced CD
sensors which work at visible frequencies with very low molecular concentrations.

In this work (see also A.3) plasmonic CD sensors, owning a plasmonic hot
spot conformation, were realized. The hot spot was realized by a dimer gold
nanoparticle geometry as well as by two gold nanorods facing towards each other.
In between the achiral metal nanoparticles and nanorods the chiral molecules are
located. Here, we used a DNA origami structure and its oligonucleotides as chiral
molecules. The DNA origami structure allows the nanoscale dimer geometry to

be realized in solution and guarantees that the chiral analyte molecules - here
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Figure 5.3.: CD spectra of DNA origami 2 layer sheet (2LS) structure and of a
plasmonic dimer structure consisting of two 40nm AuNPs and the
2LS placed in the hot spot. For the dimer structure a new CD mode
at the plasmon resonance frequency of the AuNPs appears, which is
an indication for the CD transfer effect. Right panel: corresponding
TEM images. Scale bar 40nm. Inset: corresponding absorption
spectra.

oligonucleotides - are located in the centre of the hot spot. In this case, the double
stranded DNA helices of the DNA origami structure are oriented perpendicular
to the dimer nanoparticle axis (to the electric field of the hot spot) as illustrated

in figure 5.2.

The variation of the plasmonic particles by the use of gold nanoparticles,
nanorods and gold nanoparticles with an additional silver shell allows to tune
the plasmon resonance wavelength of the dimer structure. As a result, also the
transferred CD signal from the chiral molecules was tuned to the desired wave-
length. Additionally, rectangular DNA origami structures with different amount
of layers were used to trigger the gap size distance between the particles and
thus to vary the hot spot intensity. The influence of the hot spot intensity to
the CD signal was investigated by the use of DNA origami structures with a one
layer sheet (1LS), two layers (2LS) and four layers (4LS) in between the dimer

nanoparticle geometry. However, not only the hot spot intensity but also the
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amount of chiral molecules in between the plasmonic hot spot changed by using
different amount of DNA origami layers.

The 2LS origami structure with two attached 40 nm AuNPs on opposite sites
of the rectangular sheet turned out to give a good CD signal at the plasmon
resonance wavelength and showed a high AuNP dimer structure yield of ~ 75%.
Hence, this configuration was further characterized as a promising candidate for
a sensitive chiral molecule sensor structure. It was possible to detect a CD signal
from the 2LS metal-chiral molecule dimer structures at a concentration of 100 pM
in the visible frequency range. This measurement sensitivity enables to detect the
CD signal from DNA (the chiral molecule) at a 10x lower concentration as needed
without the plasmonic transfer and enhancement geometry (see figure 5.3).

Since the intensity of the detected transferred CD signal depends on the field
enhancement at the chiral molecule position, which is shown in figure 5.4, this
aspect was further investigated by changing the AuNPs positions with respect to
the DNA origami 2LS structure. Figure 5.4 shows the analysed conformations,
the CD spectra are normalized to the dimer structure concentration. Shifting the
two AuNPs apart from each other or using only one AuNP decreases the hot spot
intensity at the chiral molecule (DNA origami) position, which resulted in a lower
detected CD signal. Also placing the AuNPs on one side of the DNA origami
structure influences the detectable CD signal. As a control, it was not possible
to measure a CD signal from single, DNA modified AuNPs at the used low con-
centrations. As a result, the heterocomplex approach with its arrangement of
chiral molecule and metal nanoparticles in a hot spot conformation is crucial to
study the plasmonic CD transfer and enhancement in a controlled manner at low

concentrations of 100 pM.

To conclude, the CD signal of a chiral molecule placed in a plasmonic hot
spot was observed at the plasmon resonance wavelength. The intensity of the
transferred CD signal for multiple geometrical conformations was studied. The
linear gold nanoparticle dimer geometry with its strong field confinement and
chiral molecule placement in the centre was essential to detect the transferred
CD signal of low DNA origami concentrations of 100 pM. Consequently, a chi-

ral molecule sensor based on the CD transfer effect to the plasmon resonance
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Figure 5.4.: Dependence of the CD transfer signal from the field enhancement
intensity. The plasmonic hot spot intensity at the position of the
chiral molecule is reduced by shifting the two AuNPs apart from
each other (orange), placing them on the same side of the origami
structure (blue) and by using only one AuNP (light blue). Single
DNA modified AuNPs are not showing a transferred CD signal at the
used concentrations of 100 pM (black). Right panel: corresponding
TEM images. Scale bar 40 nm.

wavelength was realized and characterized. This is the first step towards a more
general chiral molecule sensors scheme in the visible frequency range. With its
inherent addressability, in future work the DNA origami can be modified so that
a specific chiral molecules is placed in the center of the plasmonic hot spot and

detected by the field enhancement and CD transfer process.
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6. Plasmonic Passage using

Heterogeneous Systems

Efficient ways to transfer energy over short and long distances is crucial for future
devices to process optical information, in the field of energy harvesting and in in-
formation technologies. Energy transfer plays an important role in biological pho-
tosynthesis processes [141] as well as in industrial solar-energy conversion [142].
However, the diffusion of excitons in solar cells, Forster energy transfer [143, 144]
in biomolecular systems and information transfer in computer technology are
incoherent processes and dissipative. In optics, coherence is crucial to achieve
for example interference of electromagnetic waves as used in the creation of holo-
grams. In nanoscale metal systems, information can be transported coherently by
plasmons, however such systems are usually dissipative due to the high scattering
probability of the electrons. In quantum mechanics, coherent transfer processes
are realized for example by stimulated Raman adiabatic passage (STIRAP) and
coherent tunnelling by adiabatic passage (CTAP) where population transfer be-
tween an initial and final state is achieved via a third state in optical trap and
triple well systems [145, 146|. In such processes no heat is dissipated during the

transfer process.

6.1. Introduction to Passage Systems and

Heterogeneous Systems

Processes which enable effective transfer of energy or population are known from
techniques to manipulate the state of a quantum system. In that field, mainly

two methods - non-adiabatic and adiabatic - are used for coherent population



56 Chapter 6. Plasmonic Passage using Heterogeneous Systems

transfer. Non-adiabatic transitions are fast but sensitive to noise, whereas adi-
abatic transitions offer high fidelity, but are slow. The ideal method to transfer

populations is a combination, robust and fast.

Originally, adiabatic passage techniques were developed for optical applications
and NMR (nuclear magnetic resonance) spectroscopy. The optical Stimulated
Raman adiabatic passage (STIRAP) is a technique to manipulate the population
distribution over the quantum states of an object. In this laser based method, the
complete population transfer from an initial to a final state is achieved by a third
intermediate state which is coupled to the initial and final state by a radiation
field [147]. The Coherent Tunnelling by Adiabatic Passage (CTAP) is similar to
STIRAP technique but it relies on complete coherent electronic transport. In
a triple well CTAP system, the coherent population transfer between two long
living, spatially separated levels is done via a third intermediate level. During
the CTAP process the energy is not changed, no heat is dissipated. To realize
CTAP system electrons in a quantum dot system [148] or neutral atoms in optical
traps [149| are proposed. Other systems analogous to the STIRAP scheme can
be used for any objects with an appropriate quantum structure. Such analogous
systems have been experimentally realized e.g. with coherent transfer of light by
adiabatic passage in an optical waveguide system [150] and in classical systems
such as photonic structures to manipulate light propagation [151, 152|. Informa-

tion transport on the nanoscale can also be mediated by plasmonic structures.

As seen in chapter 2 Plasmons are coherent oscillations of the free electron gas
in metal nanoparticles, but they are dissipative which is displayed in high scatter-
ing and local heating properties of metal nanoparticles. To achieve an efficient use
of plasmonic waveguides and transfer information over larger distances, this dis-
sipative losses have to be overcome. In analogy to the above described quantum
mechanical mechanism, one can think about a plasmon based passage system for
fast, coherent and low dissipative transport of information on the nanoscale. In
the nanoparticle trimer system proposed here, energy transfer between two spa-
tially separated plasmonic particles is realized by the use of a third intermediate
plasmonic particle of different type and energetic level. An schematic illustration

of such a plasmonic coherent bus system is shown in figure 6.1.




6.2. State of the Art 57
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Figure 6.1.: Schematic illustration of a coherent plasmonic bus system. The
energy is transfered between the two outer AuNPs via the central
AgNP. Light induced transitions are represented via the solid verti-
cal arrows.

6.2. State of the Art

One experimental realization of an optical analogy to the CTAP process was
demonstrated with light transfer in a triple-welled optical waveguide structure [150].
The structure consists of three waveguides, a left (L), a right (R) and a central (C)
one (see figure 6.2). The central waveguide is straight, the two others are curved
with opposite curvature sign . With that geometry there is a minimal distance
point between the central waveguide and its left, respectively right neighbour.
The tunnelling rate of light coupled into one waveguide to the other depends on
the distance between the waveguides. By design the distance between the left
and right waveguide is too large so that the tunnelling rate between them can
be neglected, so that the function of the central waveguide is to enable light to
tunnel from the left to the right waveguide. Therefore the coupling rate between
neighbouring waveguides is tuned by the geometrical design, making the triple
waveguide geometry an optical analogy to the CTAP system.

To realize a non-dissipative plasmon based passage system, plasmonic parti-
cle with different energetic levels are needed. A requirement for heterogeneous

plasmonic architectures is precise control over shapes, distances and materials
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Figure 6.2.: Schematic design to the three-waveguide structure used by Longhi et
al. in reference [150].

of the nanoscale components. Lithographic approaches for heterogeneous plas-
monic constructs consists of bimetallic dimers of gold and silver disks [153] as
well as nanodot arrays [154|. Heterogeneous nanoparticle assemblies consisting
of colloidal nanoparticles were realized with DNA modified AuNPs, which were
subsequently in an asymmetric way covered with a silver shell by adding Ag
precursors. The asymmetric silver growth on top of the AuNP surface to form
heterogeneous dimer structures was triggered by the salt concentration during
the growth process [155, 156]. Heterodimers of gold and silver nanoparticles were
formed by the use of DNA linkers [72|. Another method to create heterogeneous
dimer structures is the DNA origami method. In a few experimental realizations,
it has been shown that silver and gold nanoparticles can be organized on the
same DNA origami template. This was achieved either by a two step process [53]
or by using different DNA linker sequences [97, 157]. Such realized structures are

gold-silver dimer nanostructures or ring shaped structures.

6.3. DNA origami for Heterogeneous Plasmonic

Passage Systems

The organisation of metal nanoparticles by the DNA origami method has already

been discussed. Nevertheless, most of the so far produced nano-architectures
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consist of only one type of material (mainly AuNPs). The method itself, however,
allows in principle to organize different types of nanocomponents in a specific way.

With the goal to reach coherent coupling and ultrafast energy transfer between
two nanoparticles via a third intermediate state, a heterogeneous trimer chain
like plasmonic system was built in the associated publication. A 14 helix bundle
(14hB) DNA origami structure was used to organize three nanoparticles in a
chain-like geometry. The 14hB structure is a 200 nm long cylinder and offers, by
design, 27 attachment sites for nanocomponents along its longitudinal axis. With
that the 14hB provides a rigid template structure for the realization of various
chain-like nanoparticle geometries.

Here, two gold nanoparticles (diameter 40 nm) and one silver nanoparticle (di-
ameter 30nm) were attached to the structure in such a way, that the silver
nanoparticle is specifically placed in between the two gold nanoparticles (see
figure 6.3). This was achieved by using two sets of handles and corresponding
anchors - one for the AuNPs and the other one for the AgNP. The gap size be-
tween the nanoparticles was tuned to be ~ 4nm by appropriate choice of the
corresponding attachment sites. The resulting interparticle distance between the
two outer AuNPs is 38 nm. Conceptually, the two AuNPs without the inter-
mediate AgNP are too far apart from each other to support a strong coupled
plasmonic mode, thus no energy transfer is expected. With the central AgNP,
the distance between the AuNPs is bridged and therefore plasmonic coupling and
coherent energy transfer between the outer AuNPs becomes possible. Hence, the
central AgNP fulfils the function as loss-less virtual transmitting state.

In this work (see also A.4) the non-dissipative passage in the heterogeneous
nanoparticle trimer chain was demonstrated by optical characterization via sin-
gle structure dark-field scattering spectroscopy as well as by corresponding the-
oretical simulations. Figure 6.4 shows the measured spectral shift between the
scattering spectrum of a homo AuNP dimer structure and the spectrum of a
hetero AuNP/AgNP trimer structure. The spectral shift of ~ 40 nm implies the
connecting ability of the central AgNP. Heat dissipation simulations of trimer
geometry confirm that the AgNP is not dissipating energy at the longitudinal
resonance frequency proving that the energy is coherently transferred between
the two outer AuNPs with the help of the central AgNP.
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Figure 6.3.: Schematic design of the DNA origami templated heterogeneous
trimer system consisting of two AuNPs and one central AgNP and
representative close-up and wide field TEM images. Scale bar 40 nm,
respectively 200 nm.

Hence, the DNA origami based hetero trimer structure is a realization of a
non-dissipative passage system which transfers energy between two spatially sep-

arated plasmonic nanoparticles via a third intermediate particle.

In summary, the assembly of a plasmon based passage system was achieved by
the DNA origami technique. It was demonstrated both, experimentally and theo-
retically that the construct is able to transfer energy in a coherent, non-dissipative
way between two remote nanoparticles via a third transmitting element. This de-
vice could find future applications in the field of information transfer over large
distances via plasmonic waveguides. Future work could on one hand focus on such
transfer processes over larger distances e.g. using multiple intermediate AgNPs.
On the other hand, transfer processes in nanoparticle chains of homogeneous
materials could be investigated. In this case, first investigations showed a promi-
nent peak shift of ~ 70nm in the longitudinal mode of a 40 — 30 — 40 nm trimer
AuNP configuration compared to the longitudinal mode of the corresponding

dimer without an intermediate particle (see figure 6.5).
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Figure 6.4.: Characterisation of the plasmonic transfer system. (a) Single struc-
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ture dark field scattering spectroscopy of a dimer structure with only
AuNPs and a corresponding trimer structure with a central AgNP
in between the two AuNPs. The observed plasmon resonance shift is
~ 40nm. (b) Heat dissipation cross section simulation to the trimer
geometry depict that the AgNP is not dissipative at the resonance
wavelength of A = 592 nm.
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Figure 6.5.: Characterisation of chain like structures based on DNA origami. (a)

Single structure dark field scattering spectroscopy of a dimer struc-
ture with only AuNPs and a corresponding trimer structure with two
40nm AuNPs and one central 30nm AuNP. The observed plasmon
resonance shift between the dimer and trimer strucutres is ~ 70 nm.
(b) Corresponding polarization resolved scattering spectra to the
AuNP trimer structure.
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Hot spot-mediated non-dissipative and ultrafast plasmon
passage
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submitted (2016)

see Appendix A.4




7. Single Molecule Surface

Enhanced Raman Scattering

When light is interacting with matter, photons can be scattered either elastically
(Rayleigh scattering) or inelastically. The inelastic scattering between a photon
and a molecule is called Raman scattering which was first experimentally observed
in 1928 for liquids by C. V. Raman and his student K. S. [158] as well as in crystals
by G. Landsberg and L. Mandelstam [159]. This effect was theoretically predicted
in 1923 by A. Smekal [160].

Spontaneous Raman scattering is mediated by rotational and vibrational modes
of the molecule, which is considered to be a short time in a virtual excited level.
The Raman scattered photons can have both, higher (Anti-Stokes Raman scat-
tering, AS) or lower frequency (Stokes Raman scattering, S) than the incident

photons. The corresponding frequencies of the Stokes and Anti-Stokes bands are

Vs = Vege — VM
(7.1)

VAS = Vege + Vi

with vy, being the molecular vibrational frequency and v.,. being the incident
light frequency (see figure 7.1). The difference in frequency from incident light to
scattered light is specific for the molecule and originates from the effect that the
molecule changes its vibrational and rotational oscillation. Since the distinctive
Raman transitions of a molecule corresponds to the molecular electron bondings
and symmetries, Raman scattering can be used to gain structural information

and to detect conformational changes of the molecule [161, 162].
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7.1. Introduction to Surface Enhanced Raman

Scattering

Since the Raman scattering cross sections of (102! — 107%) ¢cm? per molecule
are two to three times smaller than Rayleigh scattering cross sections and ten
times smaller than those of fluorescent processes, the signal must be enhanced
to get a reasonable signal to noise ratio. One method to enhance the signal is
called surface enhanced Raman scattering (SERS). The power of the spontaneous
Raman scattered signal is linear dependent to the incoming excitation power.
Thus, SERS signals can for example be observed if a molecule is placed in close

proximity (in the near field) of a plasmonic nanoparticle.

The Raman scattering power for e.g. a stokes process is:
PS(VS) = NO'RS[(UECL‘C) (72)

with N the number of molecules, orgs the Raman scattering cross section and
I(Veze) the excitation intensity. The underlying principles of SERS can be ex-
plained by two contributing effects. First, excitation of localized surface plasmons
and hence increased electromagnetic field in the proximity of the nanoparticle
gives electromagnetic enhancement (I(ve,.)) and second, changes in the rotational
and vibrational modes of the molecule in the proximity of the metal nanoparticle

give chemical enhancement (0sgprs > ORrs)-

Here, we focus on the electromagnetic enhancement which has a much larger
influence onto the total SERS intensity [163]. The proximity of the Raman an-
alyte to a metal nanoparticle leads to twofold enhancement. First, the intensity
of the incoming light (exc), which excites the Raman modes in the molecule is
higher. Second, emitted light field of the Raman signal (S or AS) gets also en-
hanced. This results in a huge increase of the total enhancement of the Raman
signal. The SERS power (Stokes) turns to

|Eloc(yexc) |2 |Eloc(VS) |2
| Eo|? | Eol?

PS = NOSERS (73)
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Figure 7.1.: Jablonski diagram showing energy transitions of different optical
scattering processes on a molecule.

with |Eloc| is the local field at the Raman analyte. For Raman scattering the
frequency of the scattered light is only slightly shifted from the incident light
frequency compared to the plasmon linewidth. Therefore they can be approx-
imated to have the same frequencies.This results in an overall electromagnetic
enhancement factor (EF') to the total SERS:

o ’Eloc<yexc)’2 ‘EZOC(VS)’2 — ’Eloc<yexc’4

. 2 & (7.4)
| Eo|? | Eo|? | Eo|*

As one can see, the SERS signal depends on the fourth power of the field.
Thus organizing metal nanoparticles in such a way that the electromagnetic field
gets strongly enhanced and placing the Raman analyte directly at the position of
the highest field enhancement is a way to reach high Raman scattering intensity
which are needed for single molecule Raman spectroscopy. The maximum E*4
enhancement is achieved when both, the excitation and emission enhancement
processes, are the highest. It has been shown, that this is the case if the excita-
tion frequency (laser) is slightly shifted to the blue with respect to the plasmon

resonance frequency [164].

7.2. State of the Art

Since SERS was discovered in 1977 [165], the interest in this non-destructive

technique for determining chemical components and structural information in-
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Figure 7.2.: (a) Schematic illustration of the DNA origami based plasmonic an-
tenna structure with single dye molecule placement and correspond-
ing TEM images. Scale bar 40nm. (b) Thermal heating of the
plasmonic antenna structures induces a reduction of the interparticle
gap size due to thermal shrinking of the DNA origami template as
observed by TEM imaging. Scale bar 40 nm.

creased constantly. The SERS substrates were constantly improved to reach
higher enhancement factors by optimizing their shapes, material coatings and
plasmonic particle arrangement [166-169]. Also plasmonic nanoparticles brought
into close proximity by the help of DNA linkers were shown to be good SERS sub-
strates [170, 171|. Recently DNA origami based plasmonic nanoantenna struc-
tures were used for SERS detection of molecules [172-175|. Hereby the DNA
origami structures served as a template to organize the nanoparticles in a hot
spot conformation. Dyes, intercalating with DNA and Raman active were then
used to detect SERS. However, those DNA origami based structures did not yet

achieve the single molecule Raman detection level.

7.3. DNA origami for Single Molecule Raman
Scattering

The DNA origami technique showed to be a viable method to organize metal

nanoparticles in 'hot spot’ conformations [172, 173|. At the same time they
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are well suited to place dye molecules with high precision at predefined spatial
positions [176]. Thus, DNA origami based dimer structures having a target dye
molecule precisely positioned in the region of the strongest field enhancement are
perfect candidates for single molecule SERS detection. The ’hot spot’ intensity
for such structures crucially depends on the particle size as well as on the gap
size between the particles |73, 177].

So far, single molecule SERS detection with nanoparticle Dimer structures was
achieved for structures having a gap size smaller than 2nm [156, 171, 178, 179].
However, the technique used to create such a small gap size was overgrowing of
the nanoparticles with an additional silver shell, which involves an additional,
unwanted chemical treatment. In this publication A.5 [180] it is shown, how to
overcome this limitation.

The SERS substrate consists of a funnel formed DNA origami structure which
is designed to accommodate two 40 nm goldnanoparticles. One to four Raman
active dye molecules (here: Cy3 and Cy3.5) are directly bound to staple strands
by click chemistry (see section A.5). This guarantees the incorporation of the
the dye molecule into the DNA origami structure. The dye label staple strands
are located directly in the geometrical centre of the dimer structure. Figure 7.2
illustrates this. After immobilizing the dimer structures on a glass substrate
the average gap size was determined to be in average 2.8 nm. However, with
this conformation no single molecule SERS signal was detectable. For that, an
increase of the field enhancement is needed, which can be achieved by using larger
gold nanoparticles or by reducing the gap size.

It is known [181, 182|, that temperatures above 200 °C cause shrinking of dried
DNA origami structures. This effect was used in the associated publication to
reach gap sizes below 2nm. Both, thermal heating of the substrate as well as
optothermal heating via laser irradiation onto the dimer structures resulted in
reduction of the gap size (see figure 7.2. Such dimer structures allowed the
detection of single molecule SERS.

Moreover, it was possible to map SERS intensity with respect to plasmonic
field enhancement. Therefore SERS intensities of multiple dimer structures of
a specific Raman vibrational mode of the dye located at the hot spot was plot-

ted versus the corresponding longitudinal plasmonic mode of the dimer structure
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Figure 7.3.: (a) Single molecule SERS data after optothermal shrinking of the
dimer gap size. Inset: Corresponding SEM image of the antenna
structure. Scale bar 40 nm. (b) Mapping of the SERS intensity as a
function of the dimer gap size for a specific vibrational mode of the
Cy3.5 (red squares) and the theoretical Raman scattering enhance-
ment (black line).

and compared to theoretical simulations of the enhancement factor. The expected

| E4| enhancement was in good agreement as shown in figure 7.3.

In short, the presented DNA origami based dimer structures with a specific
amount of dye allowed quantitative single molecule SERS. The gap size reduc-
tion of DNA origami based metal nanoparticle structures by plasmonic or purely
thermal heating is a general effect. Thus, it can be applied to various DNA
templated plasmonic structures. Moreover, mapping the effect of the near field
enhancement in the plasmonic hot spot to the SERS signal intensity was achieved
and compared with theory. Overall, a general approach for single molecule SERS
by DNA origami templating method was shown, which can be transferred to sev-
eral different SERS reporter molecules. Since the DNA origami technique is a
solution based process, the DNA origami templated SERS structures are directly
available in a bulk solution. Along these lines, one can envision a sensor based
on SERS detection e.g. of DNA bases, which works in solution.
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Quantitative single molecule surface-enhanced Raman
Scattering by optothermal tuning of DNA origami
assembled pasmonic nanoantennas

Sabrina Simoncelli*, Eva-Maria Roller”, Patrick Urban, Robert Schreiber,
Andrew J. Turberfield, Tim Liedl, and Theobald Lohmiiller

“equal contribution

published in ACS Nano, 10, 9809 - 9815 (2016).

see Appendix A.5







8. Conclusion and Outlook

In this thesis, I demonstrated the versatile application spectrum of the DNA
origami technique in the field of plasmonic nanostructures. The precise spatial
arrangement of metal nanoparticles with the help of DNA origami template struc-
tures allowed to study light-matter interactions of nanoscale objects. The DNA
origami template structures with their well-defined size and shape enabled it to
control the metal nanoparticle arrangement with nanometer precision. Additional

to their templating function they served as addressable sites for dye molecules.

The first part, covered the field of metamaterials. A doughnut-like DNA
origami structure provided a tool to create ring shaped metal nanoparticle ar-
rangements with different numbers (four to eight) and sizes (10nm to 40nm) of
the nanoparticles. Single structure dark-field scattering spectroscopy was used
to show that a four gold nanoparticle ring geometry can support magnetic reso-
nances in the visible frequency domain - a first step towards negative refraction.
Moreover the DNA origami template approach is a solution based approach, re-
sulting directly in a bulk liquid of the plasmonic ring structures, which opens the

doors for new materials such as metasprays.

The second part discussed plasmon-exciton interactions. Here, the DNA origami
template allowed the organization of gold nanoparticles with diameters from
30nm to 60nm in a plasmonic dimer antenna conformation, whereas the gap
size between the particles was kept fixed by the template structure. This al-
lowed to tune the longitudinal plasmon resonance frequency from ~ 560 nm to
~ 600nm. The spatial overlap of such plasmonic antennas with an organic dye
having a resonance frequency in-between this range allowed to study plasmon-

exciton interactions. The tuning across or even matching of the longitudinal
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plasmon mode with respect to the exciton was displayed in the observation of hy-
brid plasmon-exciton modes in the far field scattering spectra. For future work,
hybrid DNA based plasmon-exciton systems provide the possibility to study the

energy exchange between plasmon and exciton in detail.

A third application of DNA origami templates was in the field of sensors. The
sensor studied in this thesis was a chiral molecule sensor. As most biological
molecules are chiral molecules, their sensitive detection is of interest. However,
their circular dichroism signal is in the UV frequency. Here, it was possible to
measure and enhance the CD signal in the visible frequency domain. This was
achieved by placing a DNA origami template structure directly in the hot spot
between two metal nanoparticles. In this way, the molecular CD signal was picked
up to the resonance frequency of the plasmon and enhanced at the same time. It
was possible to detect a CD signal at a low DNA origami structure concentration
of ~ 100 pM. In the future, a DNA origami template can serve as a binding site
for chiral molecules of interest, which opens the doors for sensitive chiral molecule

SEensors.

The fourth example demonstrating the versatility of the DNA origami tem-
plate approach in plasmonics was a heterogeneous plasmonic passage system. The
cylinder-like DNA origami template was designed to accommodate three metal
nanoparticles, whereas the outer two were gold nanoparticles and the central one
was a silver nanoparticle. With far field scattering spectra of the trimer structure
and corresponding numerical simulations it was shown, that energy is coherently
transferred between the two outer gold nanoparticles with the help of the cen-
tral silver nanoparticles, whereas the silver nanoparticle did not dissipate energy.
Henceforth, a non dissipative plasmon based coherent passage system was es-
tablished. In future applications, plasmonic nanostructures can be elements for

coherent transfer and processing of information.

The last example of DNA origami templated plasmonic systems was in the
field of single molecule Raman spectroscopy. The employed DNA origami tem-

plate structure did not only serve as building block to create a plasmonic hot spot
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dimer nanoparticle conformation. At the same time a single DNA functionalized
dye molecule was incorporated into the DNA origami structure, resulting in a
dye placement directly at the highest field enhancement. Plasmonic heating was
used for shrinking of the dimer gap size to reach even higher field enhancements.
Hence, it was possible to acquire single dye surface enhanced Raman scattering
data without further chemical treatment such by an additional silver shell. More-
over, mapping of the plasmonic hot spot and its corresponding field enhancement
was possible. DNA based Raman detection can be used to analyse very small

concentrations of molecules.

To summarize, the design flexibility of DNA template structures offer a great
tool to study various functional plasmonic systems dried on a surface or in solu-
tion. All structures analysed in this thesis were static. In future, the formation
of dynamic, functional plasmonic devices will be a consequent next step. Such
structures could be plasmonic sensors, which change their conformation upon
detection of a target molecule which will then be displayed in a detectable signal
change. Detection methods for this could be circular dichroism, single structure
spectroscopy or even just a colour change. Additionally, plasmonic nanoparticles
are also good local heaters. Therefore, arranged metal nanoparticles could be

used to reach a precise and local temperature increase.
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ABSTRACT: Metallic nanostructures can be used to manip-
ulate light on the subwavelength scale to create tailored optical
material properties. Next to electric responses, artificial optical
magnetism is of particular interest but difficult to achieve at
visible wavelengths. DNA-self-assembly has proved to serve as
a viable method to template plasmonic materials with
nanometer precision and to produce large quantities of
metallic objects with high yields. We present here the
fabrication of self-assembled ring-shaped plasmonic metamo-
lecules that are composed of four to eight single metal
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nanoparticles with full stoichiometric and geometric control. Scattering spectra of single rings as well as absorption spectra of
solutions containing the metamolecules are used to examine the unique plasmonic features, which are compared to
computational simulations. We demonstrate that the electric and magnetic plasmon resonance modes strongly correlate with the
exact shape of the structures. In particular, our computations reveal the magnetic plasmons only for particle rings of broken
symmetries, which is consistent with our experimental data. We stress the feasibility of DNA self-assembly as a method to create
bulk plasmonic materials and metamolecules that may be applied as building blocks in plasmonic devices.

KEYWORDS: DNA origami, nanoparticles, plasmonic metamaterials, self-assembly

A negative refractive index metamaterial requires both
electric permittivity and magnetic permeability to be
negative. While metals naturally exhibit negative real values for
their permittivity at visible frequencies, negative permeability
has to be created through an “artificial magnetic” response."”
The well-known concept to achieve this goal in the THz
domain is to create electric and magnetic resonances in split
ring resonators,® which has been realized in many examples and
led to the development of gradient index lenses*® and
switching devices for terahertz radiation.’ This and similar
approaches that are based on electric leads, however, are hard
to transfer into the visible frequency domain due to the
changing conduction properties of metals at high frequencies
and the resulting saturation effect of the magnetic response.” As
an alternative route to artificial magnetic responses, it has been
proposed that metal nanoparticles that are brought together in
a ring geometry can support a circulating displacement current
induced by plasmonic resonances.® ' Similar to the con-
duction current within split ring resonators the plasmonic
interaction can lead to the emergence of magnetic resonances
at visible or near-infrared frequencies. Recent implementations
of such ring resonators also experimentally demonstrated the
appearance of magnetic resonances and even magnetic-based

W ACS Publications © 2015 American Chemical Society

1368

optical Fano resonance.'' Studies that investigated size- and
shape-controlled nanoscale ring arrangements of plasmonic
particles used either atomic force microscope nanomanipula-
tion'' or lithography'>"® to achieve their goal. Other
approaches are based on the use of dielectric spheres as
substrates for the random attachment or growth of plasmonic
nanoparticles'*™'® or nanoshell clusters.'””'® To take advantage
of the intriguing concept to use plasmonic particle devices as
building blocks for large scale metamaterials it is necessary to
reach full control over design and manufacturing of
subwavelength structures as well as to be able to produce
large numbers of plasmonic structures in a parallel manner.
Here we report a strategy to overcome these challenges by
using the DNA origami method'®™>' to fabricate versatile
templates for metamolecules on a length scale much smaller
than the wavelength of visible light. Structural DNA nano-
technology allows the assembly of trillions of identical
nanoscale three-dimensional objects at once in a simple,
solution-based reaction.””** A DNA origami structure is built
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Figure 1. DNA origami—nanoparticle ring structures. Plasmonic rings were built by arranging nanoparticles on ring-shaped DNA origami structures.
(a) Self-assembly of DNA origami nanoparticle rings: an 8 kb-long DNA scaffold was annealed with ~250 synthetic staple strands (each ~40 bases
long) to create a ring-shaped 14-helix bundle template structure (14HB-template). In the next step, DNA-functionalized AuNPs were attached to
defined positions on the 14HB-template via hybridization of the handle sequences protruding from the origami ring and the complementary DNA
strands on the AuNPs. (b) Upper panel: schematic illustration of the 14HB-template with four identical attachment sites to create a symmetric four
particle ring. Lower panel: Wide-field transmission electron microscopy (TEM) micrograph of plasmonic ring structures consisting of four 40 nm
AuNPs. Scale bar: 400 nm. Inset: Zoom-in. Scale bar: 40 nm. (c) Upper panels: Schematic illustration and TEM images of 14HB-templates with five
40 nm AuNPs (left), six 30 nm AuNPs (middle), and eight 20 nm AuNPs (right) attached. Scale bars: 40 nm. Lower panels: Eight 20 nm AuNPs
attached in a ring of dimers (left), eight 10 nm AuNPs attached in a ring of equal spacing (middle), and ten 10 nm AuNPs in a C-shaped geometry.
Scale bars: 40 nm. (d) Schematic illustration and TEM images of asymmetric ring structure assembly where the attachment sites offer two different
sequences (illustrated as red and blue dots). Six (left) and four (middle) AuNPs with two different diameters (30 and 20 nm, and 40 and 20 nm,
respectively) are shown, as well as three AuNP and one AgNP (right) with diameters of 40 and 20 nm, respectively.

from one long scaffolding DNA single-strand (here: 8634 materials. In the first experimental step, the DNA origami

nucleotides) that is assembled into the desired two- or three- template is annealed by heating up and slowly cooling down a
dimensional shape via the annealing with ~250 short “staple” solution containing the scaffold strand and a set of staple
oligonucleotides. Because of their inherent and defined oligonucleotides including all sequences that are needed to
sequence addressability, DNA structures allow nanometer form the desired attachment sites for particle binding. After
precise positioning of objects such as metallic nanoparticles purification of the folded DNA origami template via gel

through the incorporation of DNA handle sequences at electrophoresis, DNA-functionalized gold (AuNP) and silver

virtually any site on the structures.”*”>’ (AgNP) nanoparticles of the desired size were hybridized to the
For our goal to create nanoparticle ring resonators of defined attachment sites. Here particles of 10—40 nm in diameter were
geometries, this bottom-up fabrication method was employed used but in principle also larger and smaller particles could be
to assemble several nanoring geometries consisting of a defined employed.”® The AuNPs are covered with 15 nucleotide (nt)
number of metal nanoparticles that were all equal or of various long single-stranded DNA (ssDNA) sequences to bind them to
sizes and materials. Using the software cadnano (cadnano. the origami template as well as to stabilize them against high
org)*® and CanDo®"*> we designed a ring-shaped DNA- salt concentrations that are needed during the annealing
origami structure of 14 parallelly arranged DNA double-helices process. A second gel electrophoresis step is performed to
of 200 nm length that were bent by design®® into a full circle by purify the now assembled metamolecules from the excess of
insertion and deletion of bases at selected sites (see Supporting unbound AuNPs and little amounts of aggregated structures
Information for design details and experimental protocols S1— (Supporting Information Figure S5). Note that the presence of
S4). The resulting structure has a diameter of 62 nm and a ring an excess of nanoparticles during the assembly largely inhibits
cross-section of ~10 nm. To serve as a versatile template for all the aggregation of the metamolecules. We achieved yields of
desirable ring-shaped particle geometries, the DNA origami correctly arranged particle rings of up to 73%, (statistics and
structure offers repeating units of DNA handles that can act as additional TEM images can be found in the Supporting
specific attachment sites for DNA-functionalized nanoparticles, Information Figures S6—S9). By choosing unique handle
overall 27 evenly spaced sites. It is thus possible to create a sequences at specific attachment sites and by introducing the
large diversity of particle ring geometries. Figure 1 illustrates complementary functionalized particle species, various particle
the self-assembling process and a variety of implemented types can be attached at defined positions in one step (Figure
particle arrangements, including symmetric and asymmetric 1d) (see Supporting Information for particle functionalization

site-specific organization of particles of different sizes and and purification).
1369 DOL: 10.1021/nl5046473

Nano Lett. 2015, 15, 1368—1373



Nano Letters

a

symmetric ring surface charge

scattered light

1)

—_—

©
2

(o2}
o

N
2

straight light

N
N

% White light

scattering intensity along z-axis [arb. units] T
o

XN

wavelength [nm]

500 550 600 650 700

C —
. — 6x10™ 5
AuNAP glap. g 5;0‘0 620mm | . z 620 nm
m— A=] nm °Q — ' N '
.
— A\ . 65
2_2 . § 4x10m 540 nm %‘ — =
= A=3 nm Z 3x10 . & N ’
= A=5nm g 2x10™ 720 nm g L
= A=7 nm B txto® 250 ipolar
Symmetric 2 o5 540 nm
2 500 600 700 _ 800+ =
© wavelength [nm] s "'
3
asymmetric ring — = -
Yy E~me =3 ‘ ‘M‘_)
<
5 = Iti-pol
. E 310" = multi-polar
- =
asymmetric =N A & 720 nm
S L)
g =
I ) S 1x10™ 1 o0 - -
B\ & 1\ =
el . | O
_a) 500 600 700 _ 800% .
« wavelength [nm] 2 magnetic

Figure 2. Experimental setup and simulated scattering and absorption spectra of symmetric and asymmetric four-particle ring structures. (a)
Experimental dark-field setup and the corresponding model for the numerical simulations (inset). (b) The scattering spectrum of a symmetric ring
structure consisting of four 40 nm AuNPs strongly depends on the gap size A between the particles. For distances smaller than 4 nm a second
resonance peak appears in the scattering spectra. (c) The symmetric ring with a gap size of 1 nm shows two peaks in the scattering simulation but
three peaks in the absorption whereas the asymmetric ring shows three peaks both in scattering and absorption. The origins of these peaks are

dipolar, multipolar, and magnetic interactions.

(8}

scattering intensity [arb. units]
scattering intensity [arb. units]

scattering intensitv [arb. units]

0 )
500 550 600 650 700 500 550 600 650 700 500 550 600 650 700
wavelength [nm] wavelength [nm] wavelength [nm]
b 8 v 6 * 10 *

— water,
air

— water|
e QI

—— water
air

wavelength [nm]

wavelength [nm]

2 2 8

= = =

=] =] =]

=] 6 =4 S 84

=] ] =

= = e

= = =%

G 4 g -

=) <] 5]

2 3 2 44

g & k=

on on j=13)

S 24 =) <

5 = S 24

g g g

k=] = =

Q Q Q

20 T T T T <0 T T T T “0 T T T T

500 550 600 650 700 500 550 600 650 700 500 550 600 650 700

wavelength [nm]

Figure 3. Scattering spectra of individual ring structures immobilized on glass substrates. The spectral shape is strongly dependent on the exact
particle ring geometry. (a) Each two scattering spectra were collected from the same structures immersed in buffer (black curves) and after drying in
air (red curves). Insets: corresponding SEM images of each ring structure. Scale bar: 100 nm. (b) The spectra in air were simulated with the AuNP
positions as determined from SEM data. The spectra in water were then fitted by moving the positions of each AuNP 4 nm radially outward.

Obviously, also smaller and larger ring diameters could be
implemented by varying the template DNA structure. The
origami template chosen in this study provides a good balance
between structural stiffness (cross section) of the ring template
and large enough diameter to accommodate the attachment of
four or more 30 and 40 nm AuNPs with small gaps between the
particles. Importantly, we found in our experiments that small
interparticle distances are essential to support circulating
current modes along the rings. Because of their comparatively

1370

simple spectra, we focus in the following on four-particle
metamolecules.

The plasmonic properties of the assembled individual ring
structures were characterized by dark-field scattering spectros-
copy. In our experimental setup the unpolarized incident light
hits the glass substrate at ~23° from all sides and the scattered
light is collected above the sample and perpendicular to the
glass surface (Figure 2a). First, numerical COMSOL
simulations conforming to our experimental geometry were
performed to understand the scattering behavior of the particle

DOI: 10.1021/nl5046473
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field corresponding to the peak at 720 nm.

rings. In our simulations, we used the empirical dielectric
constant of gold taken from Johnson and Christy.** Figure 2b
shows the simulated scattering spectra for symmetric planar
rings consisting of four 40 nm AuNPs. The gap size between
the particles was varied between 7 and 1 nm. As observed in
previous studies,>* " the peak position of the plasmonic
resonance shifts to longer wavelengths for smaller gap sizes.
Additionally, at gap sizes smaller than 4 nm a second peak
becomes distinguishable in the scattering spectra whereas the
absorption simulation shows three peaks. We analyzed the
three modes in a surface charge intensity plot for the case of 1
nm gaps and found them to originate from dipolar, multipolar,
and magnetic interactions (Figure 2c). Interestingly, the rings
with perfect symmetry exhibit three modes in the computed
absorption spectra, whereas the computed scattering spectra
show two modes only and do not show the magnetic mode.
However, the simulations executed with slightly asymmetric
rings (Figure 2b) do show three distinguishable peaks in both
absorption and scattering as here the symmetry breaking
induces coupling between the far-field scattered light and the
magnetic modes.

To investigate the scattering spectra of the plasmonic ring
structures experimentally they were immobilized on a substrate,
analyzed with a dark-field spectrometer, and then imaged with
scanning electron microscopy (SEM) to determine the exact
position of every single AuNP in each ring. For the
measurements a droplet of solution containing the ring
structures was deposited on a plasma-cleaned quartz glass.
After 10 min, the droplet was flushed away by water and the
surface was quickly dried with nitrogen. As the particle rings are
slightly distorted during the adsorption and the subsequent
drying process, small deviations from the designed particle
geometries are observed in the SEM images and these spatial
variations are in turn reflected in the disparity of the recorded
spectra (Figure 3a). To further investigate the influence of the
surrounding medium we performed scattering measurements of
ring structures in air (red lines in Figure 3a) but also immersed
in a buffered solution (1X TBE, 11 mM MgCl,, black lines in
Figure 3a).

For structures immersed in solution only one dominant
broad resonance at around 560 nm is observed while the
spectra taken in air exhibit multiple distinct peaks, as well as a
red shift of the dominant resonances. The change of the
effective permittivity could explain this red shift>®*® but not the
appearance of the additional resonances. These peaks are a
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strong indication of a reduction of the interparticle
distance,>>” which is expected to occur during the drying
process, as dehydration will reduce the electrostatic and steric
repulsion between the ssDNAs that coat the AuNPs.** To
study this conformational change of only a few nanometers and
to support the experimental observations we performed
numerical simulations. The positions of all AuNPs in the
dried rings were determined from the SEM images with an
accuracy of 1 nm and served as precondition for the
simulations. We found an average surface-to-surface distance
of 24 nm +1.9 nm (Supporting Information Figure S7) and
strikingly, the simulated scattering spectra match the measured
spectra of the individual dried structures remarkably well (red
lines in Figure 3b). It was also possible to simulate the shape of
the experimental spectra collected from the structures
immersed in buffer. Therefore, not only the effective
permittivity was adapted but also the position of each AuNP
had to be moved 4 nm radially outward, which validates the
assumption of a shift in the position of the AuNPs during the
drying process.

Generally, already small deviations in the positions of the
AuNPs compared to a perfect symmetric ring structure cause
shifts in the occurring resonant peaks and the emergence of
new resonances (cf. simulated spectra in Figure 2b,c and
observed and simulated spectra in Figure 3a,b). To analyze the
origin of the measured resonances additional numerical
simulations were performed for the ring structure shown in
Figure 4a. The simulations show three distinguishable peaks in
the scattering spectra (Figure 4b). Two peaks (at 550 and 600
nm) were already visible in the symmetric ring case (Figure 2c)
and belong to the multipolar and dipolar resonances. The third
peak appearing in the computed scattering spectra at 720 nm
has its origin in a magnetic plasmon resonance and appears in
the scattering configuration only for four-particle rings with
broken symmetry. In such asymmetric rings, the magnetic
plasmons become active in the scattering because the broken
symmetry opens a coupling channel between the magnetic
mode and the far-field photons propagating along the z-axis.
Figure 4c shows the surface charge distributions for all peaks as
well as the electric and magnetic field map corresponding to the
magnetic resonance at 720 nm. Importantly, the experiments
confirm that the response of plasmonic ring structures is very
sensitive to their exact geometries and that electric and
magnetic resonances can be supported at optical frequencies
in our DNA-assembled nanoparticle ring resonators (additional
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Nano Lett. 2015, 15, 1368—1373



Nano Letters

spectra can be found in the Supporting Information Figures
$10 and S11).

One of the great advantages of DNA-based self-assembly is
the possibility to manufacture large numbers of identical objects
dispersed in solution, which gives access to the use of the DNA-
assembled metamolecules as building blocks in metafluids and
to scale up the production.””** To demonstrate that our DNA
origami ring structures also perform in liquids, we carried out
absorption measurement of bulk solutions containing plas-
monic rings with four 40 nm AuNPs. Indeed, the observed
spectral peak is shifted from 530 nm for freely dispersed and
DNA-coated 40 nm gold nanoparticles to 540 nm for the
DNA-assembled particle rings (Figure Sa). The experimental
result is in agreement with simulations, which assume an
interparticle distance of 10 nm and predict a shift from 530 to
542 nm (Figure Sb).

a measurement b simulation
1 — AuNP in solution| 1
\ — Ring in solution | =3 )S ® @
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Figure 5. Optical characterization of the bulk plasmonic ring
structures in solution. The absorption spectrum of plasmonic ring
structures consisting of four 40 nm AuNPs was measured in bulk
solution. (a) Measured absorption spectra of 40 nm AuNPs covered
with ssDNA (black curve) and the ring structure with four attached 40
nm AuNPs in solution (red curve). (b) Corresponding finite difference
time domain (FDTD) simulations of 40 nm AuNP in solution (black
curve) and a symmetric ring structure (red curve) with a gap of 10 nm
between the AuNP.

Overall, we successfully implemented DNA origami
structures as templates for the synthesis of a wide variety of
ring geometries containing nanoparticles of selectable size and
type. We were able to construct various light-manipulating ring
structures with interparticle gaps of only a few nanometers and
we demonstrated their ability to support strong plasmonic
resonances in the visible frequency domain both attached to a
substrate and dispersed in solution. These resonances include
dipolar, multipolar, and magnetic modes and are very sensitive
to the ring symmetry. Our DNA-based self-assembly approach
offers the opportunity to build metamolecules in large numbers
with nanometer resolution and dispersed in solutions. This
opens the route to a new class of material such as metasprays or
metamolecules incorporated in a solid host, which could then
be used in nanophotonic and sensing applications.
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Materials and methods, DNA origami gold nanoparticle
attachment, and additional data. This material is available free
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ABSTRACT: Coherent energy exchange between plasmons and
excitons is a phenomenon that arises in the strong coupling
regime resulting in distinct hybrid states. The DNA-origami
technique provides an ideal framework to custom-tune plasmon—
exciton nanostructures. By employing this well controlled self-
assembly process, we realized hybrid states by precisely
positioning metallic nanoparticles in a defined spatial arrange-
ment with fixed nanometer-sized interparticle spacing. Varying
the nanoparticle diameter between 30 nm and 60 nm while
keeping their separation distance constant allowed us to precisely
adjust the plasmon resonance of the structure to accurately match
the energy frequency of a J-aggregate exciton. With this system we obtained strong plasmon—exciton coupling and studied far-
field scattering at the single-structure level. The individual structures displayed normal mode splitting up to 170 meV. The
plasmon tunability and the strong field confinement attained with nanodimers on DNA-origami renders an ideal tool to bottom-
up assembly plasmon—exciton systems operating at room temperature.
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KEYWORDS: DNA origami, plexcitons, excitons, plasmons, J-aggregates, Rabi splitting

anoparticles (NPs) subjected to light excitation exhibit

collective oscillations of electrons (plasmons), which in
turn can greatly affect the behavior of quantum emitters
positioned in nearby locations. The resulting plasmon—exciton
coupling is of interest as it may facilitate studies of fundamental
quantum phenomena such as coherent energy exchange,
entanglement, and cavity quantum electrodynamics.1 Potential
applications of stronng coupled-exciton systems include
artificial light harvesting,” threshold-less lasing, or their use in
quantum information processing.” The degree of interaction
between plasmons and quantum emitters can be classified
based on their coupling strength (g), displaying different
signatures in the far-field scattering spectra, such as enhanced
absorption dip, Fano resonance, or Rabi splitting.3 Although
these effects are usually associated with quantum-mechanical
phenomena, they can be qualitatively described by classical
electrodynamics.” > Plasmon frequencies can be tuned by
varying the metallic NP size, geometry, interparticle separation,
and their two- or three-dimensional arrangement. Moreover,
near-field enhancement can be obtained using small gaps
among metallic NPs or using structures with sharp morphol-
ogy.® If an exciton is placed in regions with enough field
confinement, it is possible to achieve the necessary coupling
strength to reach the regime of strong coupling, which results in
a normal mode splitting, in close analogy to a coupled
harmonic oscillator.” Our focus is on the strong coupling
regime where the energy exchange between the plasmon and
the exciton results in distinct hybrid modes, the so-called
plexciton states.

W ACS Publications © 2016 American Chemical Society

5962

Experimental realizations of plasmon-exciton coupling
include work on metallic films,” lithographic constructs,®”
and individual colloids.'” Even though complex structures can
be fabricated using lithographic techniques and have already
been used to promote plasmon-exciton coupling,”’ this
methodology is limited in the minimum feature size. In
addition, metallic structures produced by lithography exhibit
greater plasmon damping due to their surface roughness and
inherent grain boundaries. All of these aspects lower the quality
factor (Q) and the near-field enhancement, decreasing the
interaction strength one could potentially achieve with top-
down fabricated structures. To circumvent these limitations,
one can resort to colloidal NPs, which are routinely synthesized
in well-defined sizes and feature less ohmic losses due to their
higher crystallinity as compared to top-down structures.
Consequently, individual nanocrystals such as gold shells,"
silver rods,"’ and silver triangles'™'* have already been
reported to display plexcitonic signatures in the presence of
J-aggregates. These unmodified colloids, however, lack the
ability to assemble into complex plasmonic designs that are
required for specific applications.” More importantly, individual
colloids do not take advantage of the additional field
confinement that results from bringing together two or more
closely spaced NPs. In addition, silver colloids are known to
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Figure 1. (a) Schematic of a two-layer DNA-origami sheet templating a gold nanoparticle dimer with a designed separation of ~5 nm. (b) TEM
images of DNA sheets accommodating NPs of different diameters ranging from 30 to 60 nm. Scale bars are 40 nm. (c) Typical spectra of 40 nm
dimer with (dark blue) and without (black) J-aggregates. J-aggregate absorption is depicted in red. Inset shows the chemical structure of the
molecular exciton used in this work.
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Figure 2. (a) Normalized scattering spectra before (dark-blue) and after (black) photobleaching the J-aggregate for 30, 40, 50, and 60 nm NPs
dimers. The spectral region shaded in red covers the energy resonance of the J-aggregate. The right panels show the structures corresponding to each
spectrum under SEM and darkfield microscopy. Scale bars: 100 nm. (b) Numerical simulations show excellent agreement with the experimental data.

oxidize, making the use of colloidal gold the preferred choice scattering (SERS),”'~** enhancement and quenching of
for plasmon—exciton systems. Very recently, plasmon—exciton fluorophores,”*° and colloidal quantum dots.””** In addition,
coupling using individual molecules in combination with a the DNA-origami technique has been successfully used to tailor
nanoparticle-on-mirror (NPoM) configuration,”> as well as light, displaying strong circular dichroism™ as well as magnetic
coupling between individual colloidal QDs with lithographically resonances.”’
produced silver bow-tie antennas'® have been reported, Here, we demonstrate strong coupling between plasmons
highlighting plasmonic cavities as promoters of strong light- and excitons (J-aggregates) at room temperature and optical
matter interactions. frequencies by exploiting the position accuracy that is
DNA-origami is a technique routinely used to fabricate achievable with the DNA-origami technique. This technique
structures with nanoscale dimensions (~100 nm) and provides unprecedented control in the design of plexcitonic

programmable designs.'”'® In a one-pot reaction, a long viral systems, bringing this technology one step closer to practical

single-stranded DNA (ssDNA) scaffold (~7k bases) is folded applications as compared to all previously proposed plexcitonic
by the help of ~200 complementary short synthetic ssDNA designs. By attaching pairs of colloidal gold nanocrystals to a

oligonucleotides. These structures can be used as templates DNA origami template, we fabricated a nanoantenna
with sequence-specific DNA binding sites, where nano- configuration with a fixed intergap distance of ~5 nm. The
components functionalized with complementary DNA sequen- resonance frequency of the longitudinal plasmon mode of our
ces can be attached to the binding sites (Figure 1a)."”*° DNA- constructs scales with the NP size and thus can be tuned across
templated metallic structures have already been tailored to and even matched with the resonance of the desired exciton.
affect the optical properties of nearby components such as This allowed us to observe normal mode splitting in the far-
custom-tuned “hot spots” for surface-enhanced Raman field scattering of individual constructs.
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very good agreement with the expected g o« 1/./Vz = 1/R*>. Dimers composed of smaller NP sizes display a larger coupling constant g. Triangles
depict the lower bound for the strong coupling given by ¢* > (l"f, + Fge) /16.

Our DNA-templated nanodimer assemblies were fabricated
using pairs of 30, 40, SO, or 60 nm diameter gold NPs
functionalized with DNA linkers complementary to specific
binding sites on a two-layered DNA-origami sheet (Figure 1a).
Transmission electron microscopy (TEM) images of gel-
purified structures reveal high yields (Supporting Figures S1—
S3) of correctly assembled particle dimers with designed
interparticle gap of S nm. For this particular gap size we find
that dimers built from 40 nm NPs are in closest spectral
resonance with the exciton frequency of the cyanine-based dye
used in this work (CAS No. 18462-64-1, FEW Chemicals
GmbH). This methanol soluble dye readily stacks to form J-
aggregates when dissolved in water. When absorbed to glass
substrates, we find thin layers of J-aggregates to exhibit a
scattering peak at 580 nm (2.14 eV) and a narrow fwhm line
width of 30 meV (Supporting Figure SSb). For our
measurements of combined plasmon-exciton systems, the
assembled structures were deposited on a glass substrate and
then immersed in a J-aggregate water bath solution (50 uM).
After overnight incubation, the samples were blown with
nitrogen, flushing out most of the J-aggregate excess except at
the location of the NP dimers. Far-field scattering measure-
ments on individual structures were then performed using a
home-built darkfield microscope (Supporting Figure S4 and
Note 2). After recording the spectral response of the hybrid
structures, the samples were exposed for 1 h to continuous
white light illumination under a 100X objective to completely
photobleach the J-aggregates.'” This permitted us to addition-
ally record the plasmon resonance of the structures without the
contribution of the excitons. Figure lc shows the far-field
scattering spectra of a single AuNP dimer assembled using
DNA-origami with J-aggregates before (dark-blue line) and
after (black line) photobleaching the excitons.

Spectral red-shifts are more pronounced on dimers with
bigger NP sizes due to stronger interparticle coupling. Thus,
detuning of the plasmon mode with respect to the exciton
resonance was achieved by building dimers with NPs sizes
ranging from 30 to 60 nm (Figure 2a), while using the same
origami design and thus a constant interparticle gap. This
allowed us to tune the plasmon resonance wavelength between
2.0S and 2.20 eV across the exciton resonance at 2.14 eV. As a
result of the coupling, the scattering spectrum splits into hybrid
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states of lower (w_) and higher (w,) energies. Polarization-
resolved measurements show that only the longitudinal mode
couples, as only this mode matches the exciton resonance
(Supporting Figure SSb). For each particle size, we measured
the scattering spectra of several individual structures and
present exemplary spectra for all sizes in Figure 2a. Numerical
simulations show excellent agreement with the experimental
data (Figure 2b, Supporting Note 4). Using the data collected
for Figure 2a, we followed the position evolution of the upper
®, and the lower w_ hybrid states as a function of the
longitudinal plasmon mode and NP radius (R). As expected,
the energy positions display a pronounced avoided crossing,
characteristic of strong coupling (Figure 3).’

The Rabi frequency () corresponds to the spectral
separation of the normal modes (A®) when the plasmon
and the exciton are at perfect resonance. To extract its value, we
modeled the system as a two coupled harmonic oscillators with
complex frequencies @ = @ + i['/2. The resulting complex
eigenvalues are’!

d‘)_

+

@, + @y ¢
2

4

M)
where @, and @, are the complex frequencies of the plasmon
and quantum emitter (J-aggregate), respectively, and g is the
coupling constant. The position of the hybrid modes (w,) as
well as the fwhm line-widths of the exciton (I'y) and the
plasmon (I',) were extracted by Lorentzian fitting of the
corresponding scattering spectra, as described in Supporting
Note 3. The spectral separation between the upper and lower
modes resonances, Aw, is then given by (Supporting Note 3):

(Aw)* =

| (
| 2 2 2 2 P qe
\}(wp — wqe) (rp - qu) +|4g* + (a,P - wqe) —

4

r-r.2Y

@)
eq 2 reduces to the commonly used Rabi splitting
Q= 2\/g2 - (I, - qu)z/lé when @, = @, which sets a

threshold of ¢* > (T, — I'y.)*/16 to ensure the splitting is real
valued. An indication that the strong coupling regime has been
reached” is given by g > (I'; + I'z,) /16, which shows that the
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splitting between the new modes is greater than their line
width. This sets a lower bound value of g > 60 meV for the
structures in resonance with the exciton (I'y,_5gum = 240 meV).
To extract the coupling constant g of our system, we first
performed a fitting on the upper @, and lower @_ modes as a
function of the plasmon frequency @, (Figure 3a). This
procedure assumes a constant g for all particle sizes. The
extracted exciton—plasmon coupling gz is ~90 meV, which
results in a Rabi splitting of Q ~ 150 meV.

To account for the varying g(R) as the NP radius is changed,
we then fitted the exponential function g = aR" (Figure 3c)
using radial-dependent parameters (FP(R), a)P(R)) extracted from
the recorded data (Supporting Figure S6). Here, a and n are
fitting parameters. This analysis revealed a coupling constant
which scales with the NP radius as g ~ 1/R", n = 0.63 + 0.08,
showing that higher coupling constants are obtained for smaller
NP sizes. At the expected anticrossing position (R = 20 nm),
both fitting procedures provide an equal value of g ~ 90 meV.
Note that in our analyses only those spectra with a real valued
coupling constant were taken into account when considering eq
2. Structures with values far from resonance (depicted with
asterisks in Figure 3) only exhibited a Fano-like signature or
absorbance dip enhancement. Figure 3c displays the g
dependence on the radius and clearly shows that dimers with
reduced NP size exhibit larger coupling constants. The g values
were extracted by replacing the individual R, w,, Aw, and T,
parameters in eq 2 for each measured NP dimer. Following ref
32, we approximated the effective mode volume of two closely
spaced NPs to be a cylinder with a circular base of diameter

VR (width of the induced surface charge) and height d (gap
distance), V.5 & Rd%** The measured g ~ 1/R" with n = 0.63 +
0.08 is in very good agreement with the expected scaling of
gx 1/ \/@ ~ 1/R%. In summary, we observe that smaller
particles exhibit the strongest coupling. However, the steep
decrease in scattering of smaller NP systems makes the study of
individual structures below 30 nm in size challenging.
Moreover, we also expect that as the NP size is further
reduced, surface scattering damping would start to dominate.
Thus, there is an ideal NP size where the coupling strength is
maximal. This regime was not accessible with our current
experimental setup.

We have successfully demonstrated that DNA templates can
be used to rationally engineer plexcitonic systems that display
hybridized modes between plasmons and molecular excitons (J-
aggregates) at room temperature. Our structures are pro-
grammed to self-assemble in solution and take full advantage of
the field confinement produced by closely spaced metallic
colloidal nanocrystals. The coupled plasmon mode can be
custom-tuned to be in resonance with the exciton of interest by
setting the desired interparticle separation and nanoparticle
size. Moreover, one could further exploit the full addressability
of the DNA-origami technique to incorporate and precisely
position additional nanocomponents, such as individual dyes or
quantum dots. As such, the DNA-origami technique provides
an unparalleled control in the fabrication of plexcitonic systems
and represents a promising platform to achieve fully integrated
nanobreadboards and quantum nanocircuits. In future work, we
will further investigate the coherent energy exchange between
the plasmon and the exciton of our hybrid systems via second-
order photon correlation spectroscopy. The design flexibility
and the parallel assembly formation of DNA templates are
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ideally suited to study plasmon—exciton coupling and to
fabricate complex structures for optical applications.
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The chiral state of a molecule plays a crucial role in molecular recognition processes and
biochemical reactions. Because of this and owing to the fact that most modern drugs are
chiral, the sensitive and reliable detection of the chirality of molecules is of great interest
during the development of drugs and the studies of their function. The majority of
naturally occurring biomolecules exhibit spectral absorption and thus circular
dichroism (CD) in the UV-range [citations].! Theoretical studies** [citations] and several
experiments [citations]*® have demonstrated that this UV-CD can be transferred into
the plasmonic frequency domain if metal surfaces or particles are in close proximity to
chiral biomolecules. We here demonstrate that the CD transfer effect can be drastically
enhanced by placing the chiral molecule of interest precisely inside a plasmonic hotspot
that can be created between gold nanoparticles or nanorods assembled on a DNA
origami scaffold. For this purpose the antenna nanorods were intentionally placed
upright on the DNA origami sheets, centering the molecule of interest in the plasmonic
hotspot. While the CD signal of pure B-form DNA is usually only detectable in the UV,
we here detect characteristic DNA CD spectra in the plasmonic frequency domain

originating from DNA molecules inside the hotspot.



Circular dichroism (CD) arises if light is absorbed by a chiral arrangement of entities that
interact with the incoming light. While standard optical absorption spectra are used to
determine the identity or the mere concentration of a certain molecule, the analysis of the
chirality of a molecular species gives a deeper insight into its conformational states, ratios of
enantiomers and allows monitoring conformational changes during ongoing chemical
reactions. As biomolecules absorb mostly in the UV, their CD characterization is performed
in that frequency range, e.g. for DNA the CD response has mainly been studied in the range
of 180-300 nm® at concentrations as low as 25 pg/ml.” However, theoretically and
experimentally it was shown that chiral molecules brought into close contact with non-chiral
(also: achiral) metal nanoparticles can induce an additional CD signal at the plasmonic
resonance of the nanoparticles in the visible frequency domain.? ® This type of chirality
transfer is based on the non-zero optical rotatory dispersion (ORD) that biomolecules exhibit
in the visible. Implementations of this effect have been realized with biomolecule-
nanoparticle heterocomplexes consisting of gold nanoparticles decorated with peptides,”
cysteine-modified nanoparticles®, silver nanoparticles synthesized on DNA! and
polyfluorenes doped with gold nanoparticles.** Such nanoscale heterostructues of chiral and
achiral components work as surprisingly efficient CD sensors in the visible frequency range.
Moreover, the variation of the sizes and shapes of the achiral metal particles allows exploiting
a range of beneficial optical properties of plasmonic nanoparticles such as a variety of
plasmon resonances and in particular the local field enhancement inside the assembled
hotspots.'?*® The versatility of plasmonic behavior can be applied to tune the CD sensor with
respect to the desired detection wavelength as well as to amplify even weak chiral signals of
low concentrated (bio)molecules. To not only impart the chirality from chiral molecules onto
achiral nanoparticles but also take full advantage of the optical properties of metal

nanoparticles, well-defined and precisely arranged nanoscale heterostructures are needed.

We here report on the sensing of chiral B-form DNA molecules at visible frequencies with the
help of an optically active antenna consisting of two plasmonic metal nanoparticles arranged
with nanometer-precision on a DNA origami structure.*®” This way we created plasmonic

hotspots™* ®

that bear chiral molecules in a defined position and orientation. The DNA
origami structures here fulfill a dual purpose, first as the scaffold arranging the antenna
particles and second as the chiral molecules under investigation. The chiral analyte molecule,

i.e. the DNA origami structure, is thus placed exactly inside the plasmonic hotspot between



the two gold nanoparticles/ nanorods.™® This new approach of combining CD transfer with a
strong electromagnetic field enhancement®® allows to detect even very low concentrations of

chiral molecules.

Structural DNA nanotechnology enables the assembly of trillions of identical nanoscale three-
dimensional structures in a one-pot thermal annealing process. During that reaction, the
desired object is obtained by folding a long single-stranded scaffold DNA molecule (here of
7560 nucleotides length) into shape with ~ 200 short synthetic oligonucleotides, so-called
staple strands.’®"" Due to the inherent sequence addressability of the DNA origami structures,
it is possible to attach metallic nanoparticles through DNA linkers with nanometer precision
and yields up to 99% to these structures.”* Here, we designed several DNA origami sheets in
square lattice configuration?® with thicknesses of one, two and four dsDNA layers. Spherical
gold nanoparticles (AuNPs) with 40 nm diameter or 50 nm long goldnanorods (AuNRs) with
20 nm diameter were attached on the two opposite faces of the DNA rectangle as depicted in
Figure la-c (see supporting information for detailed experimental protocols). Due to this
construction, the chiral target molecule (here the B-form DNA of the origami) is placed in the
hotspot of the nanoantenna (Figure 1d). To achieve optimum field enhancement in the AUNR-
created hotspots it is essential to orientate the tips towards each other as it is shown in Figure
1c. To attach AuNRs in such an upright conformation (standing AuNRs) to a DNA origami

structure and not in the so far used horizontal (lying) orientation®®*

a special attachment
method was developed. A thiol-DNA functionalized AuNR is anchored to the origami
structure by elongating DNA strands of the origami structure with the complementary
sequence (handles).”® Here, one AUNR was attached with 12 DNA handles of the same
sequence (15xT). The exact handle placement on the DNA origami structure was altered from
an elongated array into a more compact pattern as shown in Figure le,g. By that, the AuNRs
were forced to attach upright on the origami instead of lying parallel to it, as they would do
preferentially with the elongated pattern (compare Figure 1e&f). The final compact pattern for
the 12 handles per attachment point covers an area of about 13 nm x 16 nm. It is known that
during AuNR functionalization the thiolated oligos preferentially conjugate to the ends of the
AUNR? and, further, that these thiolated oligos are negatively charged as well as the origami
itself. A combination of two effects, the electrostatic charge repulsion and the larger number
of available oligos at the ends, presumably forced the AuNRs to stand perpendicular to the
surface of the origami. This method enabled us to build an AuNR dimer with a B-form DNA

in the electromagnetic hotspot.



These nanoantennas were characterized by circular dichroism spectroscopy (CD
spectroscopy). Therefore, the CD signal of a bulk solution of nanoantennas consisting either
of AuNPs or AuNRs with a 2 layered sheet-like DNA origami structure (2LS) as chiral
analyte molecule in the hotspot was recorded in the UV and at visible wavelengths. The
measured CD spectra are shown in Figure 2a. They exhibit a very weak, typical bisignated
shaped CD signal in the UV range arising from a B-form DNA 2LS structure at 1000pM
concentration and larger CD signals in the visible range with similar shape. We associate this
CD signature to the CD transfer signal from the chiral DNA molecules placed in the
plasmonic hotspot as described in theory by Govorov et al.> 8 In short, if the optical rotatory
dispersion from a chiral molecule has a non-zero signal in the visible frequency range, which
overlaps with the absorption of the plasmonic particles, the CD signal can be transferred and
detected at visible wavelengths. Moreover, the high electromagnetic field enhancement allows
to detect this signal even at concentrations below 100 pM of the hybrid structure, at which the
CD signal in the UV would be hard to detect (compare Figure 2a). The CD signal measured
with the AuNP nanoantenna at 100pM is more than 20-fold enhanced compared to the bare
2LS origami. By placing AuNRs instead of AuNPs in the upright manner described above,
one can reach a 80-fold enhancement (see Figure 2a). This increased hotspot intensity permits

to sense at concentrations of chiral molecules below the UV detection limit.

In order to underline the antenna effect as well as the successful CD transfer, several control
measurements with AuNPs were performed (Figure 2b). At first, the 2LS AuNP dimer was
altered by shifting the AuNPs from the center of the origami faces to the edges. This mainly
decreases the hotspot intensity as can be seen by comparing the green (normal) and the blue
(shifted) graph in Figure 2b. When both gold nanoparticles are placed on one side of the 2LS
origami, the CD signal no longer reveals the right-handed shape of B-form DNA, but a small
left-handed signal (red curve in Figure 2b). Further, the plasmonic hotspot was removed,
while leaving the concentration of the DNA origami structure with only one AuNP attached
constant compared to the dimer structures (cyan curve and inset in Figure 2b). And finally,
only plasmonic particles functionalized with ssDNA oligonucleotides were measured as well
with comparable concentration (black curve and inset in Figure 2b). Both did not exhibit any
transferred CD signal. Therefore one can conclude, that placing the chiral molecule of interest
in a plasmonic hotspot conformation rather than just close to a single plasmonic particle is
crucial for the detection sensitivity. This underlines that due to our experimental set-up with

the nanoantenna heterostructure and the combination of two effects - the CD transfer and the



plasmonic enhancement — it is possible to create a very sensitive detection device at visible

wavelengths.

Moreover, the use of different shapes and materials for the plasmonic elements enables to
shift the transferred CD signal to a desired wavelength range. The constructional flexibility of
our nanoantenna allows using multiplet plasmonic particles for the enhancement and transfer
of the CD signal. Here, we demonstrate this by functionalizing the DNA origami 2LS either
with two 10 nm AuNPs having a silver shell of 30 nm, two 40 nm AuNPs or two AuNRS
owing a longitudinal resonance frequence at 700 nm or 800 nm. Due to the different
absorption resonance frequencies of the plasmonic particles also the occurrence of the CD
signal is shifted. This again shows the application possibilities of our approach towards chiral

molecule sensing at a desired, predefined wavelength.

To conclude, we demonstrated that our nanoantenna heterostructures facilitate the observation
of induced chiral transfer of molecular CD signals from the UV to the visible frequency range
at very low concentrations. We experimentally proofed the CD transfer of a chiral molecule
from the UV to the visible for a broad range of different plasmonic particles up to an 80-fold
enhancement. The transfer and pick-up enhancement was studied for different hotspot
intensities. A future perspective could be envisioned where the dimer serves as sensing
template for various molecules precisely placed in the plasmonic hotspot by the inherent

addressability of the DNA origami.
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Figure 1. DNA origami — nanoparticle antennas. Plasmonic antennas were built by
arranging nanoparticles on single- or multi-layered DNA origami structures in square lattice
configuration. a, This results in parallel B-form DNA helices. b, To the self-assembled DNA
origami, pre functionalized gold nanoparticles with a diameter of 40 nm or gold nanorods (20
nm x 50 nm) were attached via DNA hybridization. ¢, TEM images of the resulting dimer
structures (scale bars: 50 nm). Inset: Illustration of the dimer structures. d, The structure made
of ds DNA is located in the hot-spot of the gold nanoantenna. e-h, The orientation of the
AuNRs on the DNA origami structure was determined by selecting the corresponding
attachment patterns on the structure. e, An elongated shape of the attachment site forces the
AUNR to bind in a parallel manner onto the structure. f, TEM image of dimer structures with
AuUNRs bound parallel to the origami surface. g, A more compact arrangement of the
attachment handles forces the AuNRs to stand perpendicular on the origami structure. h, TEM
image of structures with AuNRs attached vertical to the origami structure plane. (scale bars:
200 nm)
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Figure 2. CD measurements of bulk nanoantenna solution. The UV-CD of B-form DNA is
successfully picked up in the plasmonic frequency range of the nanoantennas. a, The
characteristic shape of the UV signal (red) of a 2 layered DNA origami in square lattice
confirmation (2LS) is maintained while the signal is enhanced by a factor of 20 for AuNPs
antenna structures (black) and 80-fold for AUNRs antenna structures (blue). b, By comparing
the AUNP dimer (green) with similar — yet plasmonically different — dimers, the CD transfer
can be proven whilst plasmonic CD can be excluded. For this, we measured a 2LS with
shifted AuNPs (blue), as well as a 2LS with both AuNPs on oneside (red). Further, the signal
of one AuNP on top of a 2LS is shown in cyan as well as only AuNPs functionalized with
ssDNA oligonucleotides are shown in black. The insets depict the corresponding Absoprtion,
which is normalized to 1 and thus equal concentration for part b.
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Figure 3. CD spectra of origami dimer structures with different plasmonic particles
attached. The observed CD signal can be shifted along the whole visible wavelength range by
using a variety of nanoparticless. The black curve shows the 2LS with AuNPs with 10 nm
diameter attached, which were subsequently enhanced with a 30 nm Ag shell. The 2LS with
AUNPS of 40 nm diameter is shown in blue. The green and the orange graph are measured
CD signals for the 2LS structure with AuNRs attached in an upright conformation. The
AUNRs have a longitudinal resonance frequency of 700 nm and 800 nm respectively.
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Future computing devices may rely on all-optical components and coherent
transfer of energy and information. Next to quantum dots or NV-centers that act
as photon sources,® plasmonic nanoparticles hold great promise as photon
handling elements and as transport channels between calculating subunits.*®
Energy oscillations between two spatially separated plasmonic entities via a virtual
middle state are examples of electron-based population transfer, but their
realization requires precise control over nanoscale assembly of heterogeneous
particles.>'® Here, we show the assembly and optical analysis of a triple particle
system consisting of a chain of two gold nanoparticles with an inter-spaced silver
island. We observe strong plasmonic coupling between the spatially separated gold
particles mediated by the connecting silver particle with almost no dissipation of
energy. As the excitation energy of the silver island exceeds that of the gold
particles, only quasi-occupation of the silver transfer channel is possible. We
describe this effect both with exact classical electrodynamic modeling and
qualitative quantum-mechanical calculations. We identify the formation of strong
hot spots between all particles as the main mechanism for the loss-less coupling
between the remote partners. The observed spectra are consistent with a
description of coherent ultra-fast energy transfer and could thus prove useful for
optical computing applications such as quantum gate operations, but also for

classical charge and information transfer processes.



Low-dissipative transfer of excitations over short and long distances is at the heart of
information science as well as energy harvesting. Energy transfer processes, for
example, play a key role in highly efficient dipolar interactions in the light harvesting
complexes of chloroplasts and low-loss exciton transport is sought after in solar cell
development. Both Forster-Resonance Energy transfer (FRET) in biomolecular systems
and diffusion of excitons in solar cells are incoherent processes and therefore often
dissipative. Also information inside computer chips is, as of today, processed and
transferred incoherently. On the other hand, coherence is the key property in glass fibre-
based long distance communication; it is a crucial feature in interferometry and

indispensable in future quantum computation.

With the goal to achieve fast and coherent transfer between nanoscale components, a
variety of quantum approaches emerged. Generally, quantum mechanical tunneling is
fast enough to avoid inelastic scattering during the passage, which makes it a low-loss
process that is widely used in modern electronic technology. In particular, chains of
potential wells were proposed for tunneling by adiabatic passage (CTAP) *# and optical
stimulated Raman adiabatic passage (STIRAP) has been realized by transferring spin

populations of two long living quantum states via an optical third state.*"*?

Another approach for transport of information at the nanoscale is the use of plasmonic
components.®* Plasmons are coherent, but they are usually dissipative and have only
short life times. Both disadvantages are the result of the high scattering probability of
electrons in metals. This hampers the use of plasmonic waveguides for transfer
applications over distances longer than ~ 1 um. Inspired by efforts to exploit quantum
mechanical mechanisms we now propose a particle trimer system where plasmons are
coherently transferred over extended distances. The system consists of two identical but
spatially separated nanoparticles of one type and a third intermediate nanoparticle of a
different type, the latter exhibiting also a different energetic level. The plasmons are
transferred between the identical nanoparticles via the third nanoparticle, even with the
two identical particles being too far away from each other to couple directly. The
experimental realization of such a plasmon-based transfer system requires full control

over spatial organization of heterogeneous nanoparticles.



DNA-based self-assembly offers the possibility to fabricate nanoscale objects that can
accommodate inorganic particles at extremely well defined positions with high yields.®
81416 previous assemblies with DNA-based templates consist of arrays,® chain-like,*"*®
helical,® or ring shaped'® arrangements of metal nanoparticles, as well as chains of
dyes?® and quantum dots.?*> Owing to the possibility of functionalizing particle species
with orthogonal DNA sequences — i.e. sequences that do not interfere with each other —
heterogeneous particle architectures have been realized including dimers and

1524 and rings™. Lithographical attempts to build

trimers,”*? lattices,® core-satellites
plasmonic devices from heterogenous metals consist of bimetallic nanodot arrays® and
nanoantenna dimers of gold and silver disks?®®. However, top-down approaches suffer
from limited spatial control on the scale below tens of nanometers and generally result
in less homogenous crystalline structures made of sputtered or epitaxially deposited
materials. Colloidal nanoparticles, in contrast, exhibit high crystalline quality and sharp

size-distributions.

To overcome limitations of top-down lithography, we here use a DNA origami structure
to spatially arrange gold and silver nanoparticles (AuNPs and AgNPs) in hetero-trimers
with nanometer-precision and high assembly yields.?”?® Our DNA origami template
consists of a cylindrical 14-helix bundle (Supplementary Information note S1 and fig.
S2), which offers lengthwise three equally spaced sequence-specific attachment sites for
DNA functionalized nanoparticles. AuNPs functionalized with a DNA sequence
complementary to the outer sites and one AgNP functionalized with a sequence
complementary to the middle site were hybridized to each origami template (Fig.1a).
The resulting heterogeneous nanoparticle trimer displays a designed interparticle gap of
40 nm between the two outer AuNPs with the AgQNP accommodated in between. After
assembly, we confirmed this configuration by transmission electron microscopy (TEM)
(Fig. 1b and 1c and Supplementary Information note S2, fig. S3). Note that the AgNPs
in our experiments are slightly smaller than the AuNPs and exhibit less contrast.

Conceptually, the distance between the AuNPs alone is too large to support plasmonic
coupling and thus no transfer of energy is expected. The AgNP bridges this gap and
transfers energy coherently between the two outer AuNPs and serves as a loss-less
virtual transmitting state (Fig 1d). This can be understood as follows: If we excite our

system in the gold plasmon resonance, the two gold plasmons are in resonance,



however, at a distance too long to couple. At the same frequency, the silver plasmon is
not in resonance but becomes involved as a quasi-resonant virtual state that operates as
a transmitter. Since silver has a relatively small Drude dissipation constant, Ag
plasmons have a narrow plasmon peak and exhibit a very strong induced dipole moment
even for relatively small NP sizes. These important features make AgNPs excellent
transmitter elements that allow us to connect the two gold plasmons almost without

dissipation as we show in this study using both experiment and theory.

We characterized the plasmonic coherent transfer system with dark-field scattering
spectroscopy of individual hetero-trimers and compared the resulting spectra with
theoretical calculations. Figure 2a displays the scattering spectra of several AuNP-
AgNP-AUNP trimers in comparison to an Au-Au homo dimer, missing the middle
AgNP. The dominant resonance wavelength shifts from 549 nm for the AuNP homo
dimer to 586 nm for the hetero-trimer structure. At the same time the peak intensity
increases by a factor of ~ 4. Apparently, the middle AgNP indeed serves as a connector
to enable strong coupling between the two outer AuNPs. The experiments further show
that the use of larger AgNPs results in a stronger dominant peak intensity at 586 nm.
Concurrently, the resonance level of the AgNP becomes visible as a small peak at
445 nm.

The particle geometries in our numerical simulations were adjusted to the particle
positions and sizes as determined from SEM and TEM images. For the simulation of the
dimer structure, two 40 nm AuNPs separated by a 38 nm gap were chosen (see also
Supplementary Information fig. S4). For the trimer simulations a 30 nm AgNP was
placed in the gap. Figure 2b shows that the simulated scattering cross sections are in
excellent agreement to the observed spectra. For the hetero-trimer the dominant
plasmon resonance peak shifts ~40 nm to the red. Furthermore, the peak intensity is
increased by a factor of 4 compared to the homo-dimer. Most importantly, the
simulations confirm that the AgNP does not dissipate energy at the resonance mode of
the hetero-trimer, but instead transfers the energy coherently between the two outer
AuUNPs (Fig. 2¢).

Polarization-resolved scattering measurements give additional insight into this non-

dissipative passage. Figure 3a shows such measurements for a single hetero-trimer. For



the linear detecting polarizer set to 90° with respect to the long trimer axis only small
transversal resonance peaks of the single AgNP and AuNPs are visible at ~ 450 nm and
~ 550 nm, respectively. At parallel (0°) polarization, the coupled, red-shifted mode
appears. Our simulations fully reproduce these observations (Fig. 3b).

The charge color maps in Figure 3c display the key feature of the plasmon coupling in
our structures: The energy transfer between the Au-NPs occurs via the plasmonic hot
spots formed in the Au-Ag gaps. These highly localized spots generate surface charges
involving high multipole harmonics, which contrasts the standard picture for energy

transfer processes between, e.g., dye molecules.

By analyzing the data in Figures 2a and b, we can estimate the lifetime of the plasmon
in the trimer and its transfer time between the two Au NPs. From the width of the

plasmon peak we obtain a lifetime of ~6fs. From the splitting of the L-plasmon

resonances (A, ) we can calculate that 7, ~7/(2-Ag,) ~4.7fs (see Supporting

Information note S3 and fig. S1). The observed plasmon lifetime and transfer time are
both on the femtosecond time scale indicating efficient and coherent transfer. Due to the
strong coupling of the plasmonic dipoles, this process is orders of magnitude faster than
FRET, which only achieves ps-times both in plants and between FRET dyes in the lab.?
In principle, FRET in molecules and semiconductor nanocrystals can be accelerated by

plasmons, but only at the cost of high losses in the metal component.*

As our structure is describable as a system of coupled oscillators, we can also apply a
quantum model of the plasmonic excitations that should yield similar qualitative results.
In this model the plasmons in the three NPs are considered as three quantum oscillators
that are coupled by Coulomb forces and have each three degrees of freedom (Fig. 4a).%
To keep the calculations simple, we assume the dipolar limit for the plasmons, which, of
course, underestimates the strength of coupling in our real samples. The total number of
modes is 9 and the modes can be bright (B) or dark (D) and longitudinal (L) or
transverse (T). They further exhibit certain degeneracies (see Supplementary
Information note S3 for details and model parameters). The Hamiltonian of the coupled
plasmonic oscillators reads



q A+ A 1 A+ A
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a

where «(p)are the indices of all possible plasmonic states of isolated NPs. The
quantum index can be represented as « =(i,y), where i=1,2,3 is the NP number and

y=XY,zis the direction of oscillation. In Eq. 1, w,, and w,, are the plasmon

frequencies of isolated NPs and the Coulomb coupling constants, respectively. The
Hamiltonian (1) can be easily diagonalized and the spectrum of vibrations can be found.

The most interesting modes are the collective longitudinal ones:
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(2)
where the parameters A ., ., and o, are the splittings that appear in the spectrum

due to the Au-Au and Au-Ag plasmonic interactions.

This relatively simple quantum model reproduces qualitatively the main important
features of our experimentally and computationally obtained spectra (Fig. 4b), which
makes this an example where classical and quantum pictures are equivalent when
considering the coherent properties of coupled plasmons. In particular, the quantum
model reproduces the red shift of the main Au-like L-plasmon, the appearance of
splittings in the spectra, and a larger splitting for the L-modes as compared to the T-
modes. Again, we observe that the Ag-plasmon plays the role of a mediator for the
enhanced coupling between the two Au-plasmons. Despite the drastic simplification of
our quantum model, which ignores multipolar modes, the formation of hot spots and
some other fine details of the system, it helps to understand all plasmonic modes and the
characteristic spectral shifts.

To summarize we established a concept for efficient and fast photon transfer where, in
contrast to conventional mono-metallic waveguides, a silver nanoparticle is introduced
as a transmitter between spatially separated gold nanoparticles. Our plasmon transfer
system, based on a DNA origami-supported nanoparticle chain, operates with almost no

losses in the transmitting element. This approach allowed us to construct and



characterize a coherent, non-dissipative and ultrafast energy passage that outlines the

path to an efficient use of plasmonic waveguides for information transfer over larger

distances. It opens the doors for future applications of plasmonic nanostructures as

elements for coherent transfer and all-optical processing of information.
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Figure 1| Plasmonic transfer system. a, Design scheme of the DNA origami-
templated heterogeneous trimer structure. AUNPs and AgNPs bind via specific DNA
sequences (shown in blue and green) to designated sites on the DNA origami structure.
b, Wide field TEM image of the assembled hetero-trimers. Scale bar: 200 nm. ¢, High
magnification TEM images reveal the two outer AUNPs, the middle AgNP and the DNA
origami scaffold. Scale bar: 40 nm. d, Energy scheme and concept of the plasmonic
transfer system. The middle Ag particle serves as a virtual transmitter connecting the

two separated Au particles.
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Figure 2 | Dark-field scattering spectra and simulations of the plasmonic transfer
system. a, Single structure scattering spectra of one homo dimer and three hetero-
trimers and SEM images of the corresponding structures. Scale bar: 100 nm. A plasmon
resonance shift of ~40 nm is observed. b, Numerical simulations for a homo dimer
structure of two 40 nm AuNPs with a 38 nm gap (blue) and for the same configuration
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the AuNPs.
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DNA origami is a powerful approach for
assembling plasmonic nanoparticle dimers and Raman dyes
with high yields and excellent positioning control. Here we
show how optothermal-induced shrinking of a DNA origami
template can be employed to control the gap sizes between
two 40 nm gold nanoparticles in a range from 1 to 2 nm.
The high field confinement achieved with this optothermal
approach was demonstrated by detection of surface-
enhanced Raman spectroscopy (SERS) signals from single
molecules that are precisely placed within the DNA origami
template that spans the nanoparticle gap. By comparing the
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SERS intensity with respect to the field enhancement in the plasmonic hot-spot region, we found good agreement between
measurement and theory. Our straightforward approach for the fabrication of addressable plasmonic nanosensors by DNA
origami demonstrates a path toward future sensing applications with single-molecule resolution.

SERS, DNA Origami, single molecule, plasmonic heating

NA origami"” allows to design three-dimensional

(3D) structures of various materials and function-

alities with nanoscale accuracy.’”” This broad
versatility has been employed in numerous scientific
applications in such diverse fields as (bio)sensing,® '’
catalysis,"" nanomedicine,'*”"* and super-resolution micros-
copy.'®"” In recent years, DNA origami has also been used to
assemble complex and multifunctional plasmonic nanostruc-
tures such as plasmonic nanoparticle rings,18 helices,"? as well
as reconfigurable plasmonic metamolecules™ and for studying
enhanced light matter interactions between plasmonic nano-
antennas and single molecules.”’

Plasmonic nanoparticles or nanoantennas are capable of
concentrating far-field propagating light into a nanoscale
volume.”” If two gold nanoparticles (AuNPs) are brought
into close proximity, the plasmonic coupling between them
results in a strong enhancement of the electric field in the

v ACS Publications © 2016 American Chemical Society
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nanoparticle gap.”’ The magnitude and spatial distribution of
this so-called plasmonic “hot spot” is a consequence of the
particle size and separation distance.”* However, any target
molecule must be positioned precisely between the two
particles to benefit from the strongest signal enhancement.
Controlling these parameters is challenging, but DNA origami
has shown to be well suited for addressing this problem. Dimer
antennas made of two plasmonically coupled AuNPs that were
assembled by DNA origami have been used to significantly
enhance fluorescence intensity”’ and the surface-enhanced
Raman scattering (SERS) signal from molecules that were
located in the nanoparticle gap.”>~*® Particularly SERS
substrates often face the problem of poor reproducibility and
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performance since the Raman scattering cross sections of most
molecules are orders of magnitude smaller than the cross-
section for fluorescence.”” Detecting Raman signals therefore
relies on very high field enhancements, which is associated with
an extremely small gap size of only a few nanometers. It has
been shown that DNA scaffolds can be employed to align two
AuNPs in close proximity by either positioning them on the
surface of a DNA sheet™ or by connecting them on both sides
of a DNA stack that spans the nanoparticle gap.”® For
molecules that are embedded in the origami structure, the latter
design comes with the benefit that the analyte is located
precisely at the area of the largest field enhancement (Figure 1).

b

a

Figure 1. DNA origami AuNP dimers. (a) Representative TEM
image of the plasmonic dimer nanoantenna. Scale bar 40 nm. (b)
Schematic diagram of two 40 nm AuNPs hosted on a 3D DNA
origami structure of 47 nm X 44 nm lateral dimensions in which
one or four DNA staples strands are modified with either a Cy3 ora
Cy3.5 molecule.

DNA origami designs with a nanoparticle gap between 3 and S
nm have been reported to provide large SERS enhancements of
up to 7 orders of magnitude, which was, however, not sufficient
to achieve single-molecule sensitivity.”” Nanoparticle dimer
structures with gap sizes <2 nm have shown to be suitable for
single-molecule SERS.>'™* Yet in all cases, the additional
growth of a silver layer on top of the AuNP dimers was
necessary to reduce the particle spacing, which is a huge
disadvantage, particularly for biological applications. In order to
avoid any chemical treatment and to boost the field
enhancement in the hot spot for quantitative single-molecule
detection, it is thus pivotal to reduce the separation distance
between two AuNPs in a range between 1 and 2 nm.

An alternative strategy to growing a shell around the particles
is to bring them closer together by reducing the thickness of the
origami template. Heating of temperature sensitive polymer
sheets, for example, has shown to be an effective way to reduce
the separation distance between optically printed nanoparticle
dimers and tetramers.*® Pillers et al.*® and Kim et al.*” have
reported that heating of DNA origami sheets above 150 °C
results in uniform shrinking of the height of the structures by
roughly 50%. In a similar way, this temperature-induced
shrinking could thus be applied as an experimental strategy
to reduce the effective separation distance between two
nanoparticles that are aligned by a DNA scaffold.

Heating is in fact a limiting parameter for any SERS
measurement that employs plasmonic nanoparticle structures.
For Raman measurements, the irradiation with laser light is
imperative. Light absorbed by AuNPs, however, is converted
into heat.”**” Furthermore, the highest SERS enhancement is
expected if the laser wavelength is resonant with the
nanoparticle plasmons, which is also the regime for most
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efficient plasmonic heating. Temperatures up to several
hundred degrees Kelvin can be reached if the laser power is
too high, which can immediately result in the destruction of the
sample. Controlled laser illumination, however, can also be
employed to deposit a defined amount of heat in a nanoscale
region around the particles.

Here, we demonstrate that optothermal-induced shrinking of
a DNA origami template in between two AuNPs can be
employed to reduce the gap-size to <2 nm and hence increase
the field enhancement in the nanoparticle gap. The gap size
reduction was investigated by far-field scattering measurements
of individual dimer nanoantennas in combination with Raman
measurements. With this approach, we were able to
quantitatively map the increase of the SERS signal intensity
from a single molecule that is placed in the hot spot between
both particles as a function of the nanoparticle spacing and
found good agreement between experiment and theory.

RESULTS

DNA Origami AuNP Dimers Design and Fabrication.
The design of a gold dimer structure assembled on a DNA
origami template is shown in Figure 1. Two AuNPs of 40 nm
diameter were aligned in close proximity with the help of a
stack of five DNA layers with outer dimensions of 47 nm X 44
nm. Out of these five DNA layers, only the middle one forms a
complete sheet (see Figure S1). The other layers have a frame-
like shape so that the complete DNA origami structure offers
two funnel-forming grooves (see Figure 1b). The DNA origami
has a two-fold function. On the one hand, each of the grooves is
designed to perfectly embed the 40 nm AuNPs, which leads to
a rigid AuNP dimer configuration. On the other hand, the one
layer of DNA in the middle of the hot spot offers the possibility
to have site-specific binding of any molecule of interest. This
strategy allows placing a controllable number of Raman
reporter molecules precisely in the region of the highest
electromagnetic field (for a detailed protocol of the DNA
origami dimer self-assembly see the Methods section). Here, we
directly modified either one or four DNA staple strands
incorporated into this middle DNA layer with a Cy3 or Cy3.5
molecule (see Figure 1b). The different dimer structures with
their specific type and number of dye molecules in the hot-spot
region were prepared in separate batch reactions. The final
structures were subsequently drop-cast on a clean glass
coverslide, incubated for 5 min, and dried with nitrogen.
Figures 1la, S2, and S3 show representative transmission
electron microscopy (TEM) images of the DNA origami
AuNP dimer structures. The average gap size of dried DNA
origami AuNP dimers was ~2.8 + 1 nm as verified by Rayleigh
scattering spectroscopy.

Plasmonic Heating and SERS. A schematic overview of
the experimental approach is shown in Figure 2a. The
measurement for a single dimer was conducted in a sequence
of measurement and heating steps; both Raman scattering and
heating were performed with a continuous-wave 612 nm laser.
The scattering spectrum of an individual DNA origami dimer
modified with only one Cy3.5 molecule placed in the center of
the hot spot is shown in Figure 2b. Before laser irradiation, the
scattering spectrum of the dimer displayed a resonance at 592
nm (Figure 2b, black line). The corresponding Raman spectra
of Cy3.5 did not show any visible peaks (Figure 2c, black line).
Raman measurements were carried out at a low excitation
intensity of ~14 kW/cm? to avoid heating of the sample.
Control measurements of the scattering spectra before and after

DOI: 10.1021/acsnano.6b05276
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Figure 2. Laser-induced gap size shrinkage. (a) Schematic
representation of the experimental procedure. Representative
Rayleigh (b) and Raman (c) scattering spectra of an individual
dimer structure modified with a single Cy3.5 molecule placed at the
hot spot before (black) and after a first (green) and a second (red)
round of 10 s laser excitation (612 nm, ~60 kW/cm?). The
intensities of the Raman scattering spectra have been scaled as
indicated. The recorded Raman scattering signals showed the
characteristic spectral fluctuations associated with single-molecule
SERS.* Inset in (b): Corresponding SEM image of the dimer
structure. Scale bar 40 nm.

the Raman measurement were taken to ensure that the laser
illumination during the Raman measurement did not cause any
change or deterioration of the sample. In the next step, the
same dimer structure was irradiated with a four times higher
laser power density (60 kW/cm?) for 10 s. After the first of
such a heating step, the scattering peak displayed a red shift
from 592 to 618 nm (Figure 2b, green line), indicative of a
reduction of the nanoparticle gap and increased plasmonic
coupling. When repeating the Raman measurement, peaks for
the single Cy3.5 dye (952, 1195, 1357 cm™') were now
observed in the spectrum (Figure 2c, green line). The
intensities of these Raman peaks improved further after
repeating the heating step for a second time. Also the scattering
peak of the gold dimer structure was red-shifted again by about
30 nm from 618 to 637 nm (Figure 2b, red line), indicating
even stronger plasmonic coupling. In addition, the emergence
of a smaller peak at ~555 nm was observed, corresponding to
the transverse plasmon mode along the short axis of the dimer
structure. The new Raman spectrum again displayed a strong
increase of the peak intensities as a result of the much stronger
field enhancement in the nanoparticle gap (Figure 2, red line).

The detected Raman signals were stable, limited only by
bleaching of the dye. The recorded Raman scattering signals
showed the characteristic spectral fluctuations associated with
single-molecule SERS.* Cy3.5 is a Raman analyte with many
characteristic fingerprints. We identified typical Cy3.5 vibra-
tional modes located at approximately 960, 1180, 1280, 1315,
1350, 1390, 1430, 1470, 1520, 1550, 1590, 1600, and 1620
cm™" for gap sizes smaller than 2.5 nm. Peaks can be attributed
as follows: 960 cm™!, vibrational modes of the central z-
conjugated chain;*" 1280 cm™!, motions of the ethyl groups
attached to the aromatic moiety;42 1350 cm™!, methine chain
motions;™* and 1390 and 1470 cm7}, symmetric and
asymmetric deformation modes of CHj, respectively.*”*
Features between 1550 and 1590 cm™ are attributed to the
N*=C stretching motion"*~** and those at 1600 and 1620
em™ to the C=C stretching mode.”* We also observed some
peaks related to the vibrational modes of DNA at
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approximately 760, 1030, and 1580 cm™.*>*® The peaks
located at 760 and 1030 cm™ are attributed to ring breathing"’
and a methyl rocking vibration of the thymine nucleotide,*
respectively. The peak at 1580 cm™' corresponds to the ring
stretching of adenine nucleotides as well as the N6H,
deformation.”” The peak at 1090 cm™ corresponds to the
vibrational mode originated from the symmetric stretching
vibration of the phosphodioxy-(PO,”) DNA backbone.****’

We inferred the gap sizes for individual DNA AuNP dimers
from their Rayleigh scattering spectra using Mie theory.””"’
According to the data shown in Figure 2b and our numerical
simulations, the gap size was reduced from ~3.3 to 1.9 nm and
from ~1.9 to 1.3 nm in the first and second round of laser
heating, respectively. We did not observe any melting or
reshaping of the gold particles after laser treatment, as verified
by SEM and TEM measurements. The observed red shift of the
plasmon resonance can therefore be attributed solely to the
irreversible reduction of the nanoparticle gap by optothermally-
induced shrinking of the DNA template. The structural stability
of the DNA origami template depends on temperature. For
temperatures beyond 200 °C, thermally-induced structural
changes are reflected in a change of the AuNP dimer gap size.
However, the extent of the plasmonic shift and gap size
reduction varies between 20% and 40% from dimer to dimer, as
confirmed by Rayleigh scattering spectroscopy and TEM
imaging (see Figure S4). Yet, a gradual red-shift of the
scattering peak due to a reduction of the nanoparticle gap, as
schematically depicted in Figure 2a, was observed for all
samples.

We performed numerical simulations to estimate the increase
in temperature of the nanoparticle dimer (see Methods section
and Figure S5). The maximum temperature of the structure for
the radiant flux density of ~14 kW/cm? (used for Raman
measurements) is lower than 200 °C, independent of the initial
position of the longitudinal plasmonic mode. For an excitation
intensity of ~60 kW/cm? however, the AuNP dimers reach
temperatures well beyond 200 °C, at which point the reduction
in the thickness of the DNA origami template is expected.*
This is consistent with our observation of significant gap
closure at the higher excitation intensity only.

Mapping the Gap-Dependent SERS Signal at the
Single-Molecule Level. Nanoscale control of the dimer gap
size and the Raman-analyte position is critical for quantitative
single-molecule SERS. To further understand the relationship
between interparticle distance and SERS intensity, we plotted
the correlation between those two (see Figure 3). We used the
strong SERS signals of the distinctive Raman peak located at
1180 cm™! as the standard peak. This Raman peak is thought to
arise from the polyene C—C—H deformation vibrational
mode.* Figure 3 displays the experimental data set of SERS
signals (red squares) corresponding to either the dimer
structures with one dye (a and b) or four dyes (c and d)
normalized to the maximum intensity. The data points were
derived from measurements of individual DNA origami dimers
whose gap sizes were gradually tuned using the previously
described plasmonic heating protocol.

For small vibrational frequencies, the Raman-scattering
enhancement scales roughly with the fourth power of the
electric-field enhancement. Specifically, it is possible to calculate
the enhancement factor (E*) as**

E* = |E(w,

XC

WIE(wp)P (1)
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Figure 3. Mapping the gap-dependent SERS signal. Normalized
Raman scattering intensities (red squares) of the vibrational modes
of Cy3.5 (a—c) and Cy3 (d) located at A, (~1180 cm™) (a, ¢, and
d) and A, (~960 cm™) (b) as a function of the peak wavelength of
the longitudinal plasmonic mode, which is related to the gap size of
the DNA origami AuNP dimer. The theoretical Raman-scattering
enhancement is plotted as black lines and normalized with respect
to the gap size for which the highest Raman signal was observed.
The data points correspond to a collection of individual DNA
origami dimers whose gap sizes were gradually tuned using the
plasmonic heating protocol.

where E(w,,) and E(wy) corresponds to electrical field at the
excitation and the particular vibrational shifted frequencies of
the Raman signal. We used the generalized Mie theory to
analytically calculate the electromagnetic-field enhancement
factors generated by the AuNP dimer structure as a function of
the gap size. The enhancement factors are extremely sensitive
to the specific position of the molecule in the structure. The
DNA origami template was designed to either hold one single
molecule or four molecules around the geometrical center of
the dimer structure. Therefore, to obtain the theoretical SERS
enhancements, we calculated the enhancements field directly at
the dimer center. The black lines in Figure 3 correspond to the
normalized results of this theoretical calculation.

The comparison between the experimental SERS data and
the classical electromagnetic theory indicates that the observed
enhancement is dominated by the pure electromagnetic effect
and that there is no contribution of chemical enhancement, as
expected (the dyes are not in direct contact with the AuNP
surface). We observed approximately 2 orders of magnitude
enhancement in the Raman scattering signal of the single
molecules placed in the dimer hot spot when reducing the
dimer gap size from ~2.5 to 1.4 nm. The results of multiple
DNA origami AuNP dimer structures with different type and
amount of dyes located in the hot spot and the different

9812

vibrational modes presented in Figures 3 and S6 validate our
findings. For the one-dye Cy3.5 dimer structure, we monitored
the fingerprints peaks of ~960, 1180, and 1350 cm™
highlighted by orange lines in Figure 2. Independent of the
chosen vibrational mode (see Figures 3a,b and S6) or the
Raman reporter molecule (see Figure 3c,d), the correlation
between Raman scattering intensity signals and dimer gap size
are in good agreement.

We finally used fluorescence microscopy techniques to prove
that our DNA origami AuNP dimers have indeed exactly one or
four dyes incorporated in their structures. We measured
temporal sequences of fluorescence images for the one- and
four-dye-modified DNA origami structures using total internal
reflection (TIR) illumination. We imaged the DNA origami
structures prior to AuNP assembly to avoid quenching of the
fluorescence signal of the dyes due to energﬁy—transfer processes
from the molecule to the metallic particle.”” Figure 4 displays

1| Dye

4 Dyes

Fluorescence Intensity [a. u.]

4 6 10
Time [s]

Figure 4. Single-molecule positioning validated by fluorescence
microscopy. Fluorescence intensity trajectories of single DNA
origami templates modified with either one (green line) or four
(red line) Cy3.5 molecules localized around the geometrical center
of the structure. The inset shows a zoom in top view schematic
representation of the dye-modified DNA origami designs.

two representative fluorescence time traces of single DNA
origami structures modified with either one (green line) or four
(red line) Cy3.5 molecules. The one and four photobleaching
steps of the emission traces confirm the number of dyes located
in the nanoparticle hot spot.

CONCLUSIONS

We have devised a reliable approach to produce highly sensitive
SERS active materials that enable quantitative single-molecule
detection. Plasmonic heating offers the potential of producing
highly reproducible nanodimers with tailored plasmonic
properties. The optothermal or purely thermal effect is of
general nature and can be transferred to other DNA origami-
based plasmonic assemblies where small gap sizes are desirable.
Our approach combined with the nanometer-precise local-
ization of individual molecules offered by the DNA origami
technology is key to outline the gap size dependence of the
enhanced electrical field inside the hot spot. We endorse our
results by mapping the effect of the enhanced near-field on
nanosized hybrids with different numbers of dyes and different
Raman reporter molecules.
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METHODS

Dye Labeling of Oligonucleotides. For the functionalization of
single-stranded DNA oligonucleotides with either Cy3-Azide or Cy3.5-
Azide dyes (Baseclick, Germany), the DNA staples were 5’ alkyne
modified (Baseclick, Germany). Here we dye labeled directly four
different DNA staple sequences, which are part of the DNA origami
structure. The subsequent click chemistry labeling of the alkyne-
modified oligonucleotides was done via the Baseclick Oligo-Click-M
(Baseclick, Germany) set. A detailed description can be found in the
Oligo-Click-M user manual. After functionalization of the DNA staple
strand with the corresponding dye, 3 washing/DNA precipitation steps
with 3 M NaOAc and EtOH were performed to remove excess
unbound dyes. The concentration of the modified DNA oligonucleo-
tide was determined via UV—vis absorption spectroscopy (Nanodrop).

DNA Origami Folding. To fold the DNA origami template
structure, 10 nM of p7249 scaffold was mixed with 200 nM of each
unmodified staple oligonucleotide, 10 mM Tris, ] mM EDTA (pH 8),
and 16 mM MgCl,. The dye-modified staple strands were added to the
folding solution in a concentration of 400 nM to ensure incorporation
into the origami structure during the folding process. Next, the folding
solution was heated up to 65 °C for 20 min to denature all DNA
strands and then slowly cooled down to 20 °C over a period of 1.5
days (1 °C per 45 min). For each structure investigated here, a
different batch of folding solution was prepared, e.g., for the structure
with only one dye-modified staple strand incorporated in the design,
the other three possible strands were used in their unmodified version.
After folding the DNA origami template structures, they were purified
from excess unbound staple strands via gel electrophoresis (1.0%
agarose gel in 1X TAE buffer (40 mM Tris, 40 mM acetic acid, 1 mM
EDTA, pH 8) with 11 mM MgCl,). The bands containing the well-
folded structures were cut out of the gel, and the structures recovered
by squeezing the cut-out gel piece.

Concentration and Conjugation with DNA of AuNP. The as-
bought 40 nm AuNP (BBI Solutions, 20 mL) were first concentrated
and then functionalized with thiol-modified DNA according to the
protocol of Schreiber et al” In short, to the AuNP BSPP (bis(p-
sulfonatophenyl)phenylphosphine dihydrate dipotassium salt, Sigma-
Aldrich) was added (8 mg) and stirred for 3 days. Then the AuNP
were concentrated by adding sodium chloride (5 M) until the color of
the solution turned bluish. Afterward the solution was centrifuged
(1600 rcf, 30 min). The supernatant was removed, and a washing step
with 2.5 mM BSPP and methanol was performed. After a second
centrifugation step, the supernatant was discarded again, and the
concentration of the AuNP was determined via UV—vis spectroscopy
(Nanodrop). In the next step the AuNPs were functionalized with
thiolated single-stranded DNA (ssDNA) (thiol-T19, Biomers,
Germany). This step has two functions. Fist, the DNA functionalized
AuNPs are stabilized against high MgCl, concentrations, which are
used within the DNA origami folding process, and second, the
sequence is used for the hybridization to the DNA origami template,
which allows a site-specific binding of the AuNP to the template
structure. A ratio of ssDNA:AuNP of 4800:1 was used in 1X TAE
buffer. The mixture was stirred 3 days on a shaker for incubation. The
unbound excess of ssDNA was then removed by centrifugation of the
solution with 100 kDa MWCO centrifugal filters (Amicon Ultra,
Millipore, S min, 9500 rcf, 400 uL 1X TAE buffer). This procedure
was repeated eight times to make sure no unbound ssDNA strands are
left. To reach a high yield of attached AuNP to the DNA origami, this
purification step for the AuNP from unbound ssDNA was done
directly before adding the AuNP to the DNA template structure. This
way the attachment points (handles) on the template structure are not
blocked by unbound ssDNA.

Functionalization of DNA Origami Template Structure with
AuNP. To functionalize the template DNA origami structure at the
designed attachment sites with AuNP, a ration of (DNA-modified
AuNP:attachment site) of 4:1 was used. The solution was left for
incubation on a shaker over 12 h at 22 °C. As a last step, the solution
was gel purified from excess AuNP and eventually occurring
agglomerates (0.7% agarose gel in 1X TAE buffer with 11 mM
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MgCl,) to obtain the final self-assembled dimer AuNP DNA origami
structure. The structures were extracted from the gel by cutting out the
corresponding gel band and squeezing it while recovering the liquid.

TEM. To control the assembly yield, the gel-purified structures were
immobilized on a carbon-Formvar-coated TEM grid (Ted Pella) and
stained with 1% uranyl acetate for 15 s. To monitor a change in the
dimer gap size, nonstained samples were prepared. Therefore, the grids
were flushed with 1X TAE MgCl, instead of uranyl acetate. The TEM
measurements were performed with a JEOL JEM-1100 electron
microscope at 80 kV. For the gap size monitoring experiments (see
Figure S4c), first TEM images of individual structures were taken, then
the grids were heated in an oven to 200 °C, and afterward the same
structures were imaged again with the TEM.

Raman and Rayleigh Scattering Microscopy and Spectros-
copy. To perform the dark-field scattering spectroscopy and SERS
measurements, the structures were diluted to ~5 pM in 1X TAE and
11 mM MgCl, buffer and immobilized on a glass slide, which was then
water flushed and nitrogen dried. Single-point Raman and Rayleigh
scattering spectra were acquired in an upright Zeiss Axio Scope Al
(Zeiss) microscope equipped with an oil immersion condenser (Zeiss
Axiotech 100, NA 1.2—1.4) and using an Acton SP2500 spectrometer
(Princeton Instruments). For illumination, a 100 W halogen lamp
(Zeiss) was used. The microscope was adapted for Raman experiments
by coupling a 612 nm CW randomly polarized laser beam (Carl Zeiss
Jena, LGK7411) and using a cleanup 610 + 10 nm bandpass filter
(Laser Components) and 630 nm long pass edge filter (Laser
Components, LC-630LP-25) that transmits the Raman-Stokes signal
and blocks the resonant scattered laser light. An Epiplan-Neofluar
100X air objective (NA = 0.9, Zeiss) was used to collect the Raman
and Rayleigh scattered light and to focus the excitation laser. The
acquisition time for the Raman scattering spectra measurements was
100 s per measurement, and the laser power after the objective was
measured to be 150 4W, yielding a power density at the focal position
of ~14 kW/cm’. Plasmonic heating of the DNA origami AuNPs
dimers was possible by increasing the power density at the focal
position to 60 kW/cm? and irradiating the structure for 10 s. A cross
scratch was marked on the top surface of the coverslip to assist
subsequent location of the AuNP DNA origami dimers in the SEM.
Dark-field imaging was recorded using a digital SLR Canon EOS 550D
camera (Canon) with a resolution of 5184 X 3456 using the same
objective.

SEM. AuNP DNA origami dimers immobilized on the surface of a
glass coverslip were imaged in an ULTRA Series Zeiss microscope
(Zeiss). Prior to SEM imaging, a 2 nm gold—palladium layer was
sputtered on the sample (20 s, 30 mA, S cm working distance).
Imaging was performed in SE2 and InLens modes at an electron
acceleration voltage of 2 kV with a working distance of ~3 mm.

Heating (see Figure S4d). Rayleigh scattering spectra or TEM
images of AuNP DNA origami dimers deposited on the surface of a
glass coverslip or a TEM grid, respectively, were acquired before and
after heating. A programmable hot plate (MR Hei-Tec, Heidolph
Instruments) was used to heat the samples at 200 °C for S min.

Fluorescence Microscopy. Total internal reflection fluorescence
(TIRF) imaging experiments were conducted in borosilicate chambers
with 0.6 cm” well area (sticky-Slide VI, Ibidi) with an Olympus IX81
(Olympus) microscope. A solution of ~40 pM DNA origami
structures (functionalized with one, two, three, or four Cy3.5 dyes)
was loaded into the microscope chambers immediately after flushing it
with 1X TAE buffer (containing 11 mM MgCL,). Cy3.5 fluorophores
were excited with a CW TEM,, 561 nm laser (Cobolt Jive, Cobolt
AB) coupled and collimated into the microscope. A beam splitter
CMR-U-M3TIR-405-488-561 (AHF) was used to reflect the excitation
light into the oil immersion TIRF objective (100X, NA1.4S, Olympus,
Plan APO). The fluorescent signal was passed through a 600 nm long
pass filter (Thorlabs) and collected with an iXon Ultra 897 EM-CCD
(Andor) with §12 X S12 pixels of 16 yum X 16 um size, operated at
100 ms per frame. Fluorescence intensity temporal time traces of
single DNA origami structures were obtained with a homemade
MATLAB routine.”
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Numerical Simulations. Optical properties of AuNP dimers were
calculated with numerical solvers of the generalized Mie-Theory,
implemented in Fortran.’”*' Two spheres with a diameter of 40 nm
were placed with variable distance in a surrounding medium. The
refractive index of the two particles was interpolated values of the data
set obtained by Johnson and Christy.** For the surrounding medium,
an effective medium approach was used by matching the transverse
plasmon mode, which is not dependent on the gap size, to the
simulated plasmon peak. A value of n = 1.4 matched the experimental
values best. The electric field was evaluated in the center between the
two spheres. All simulations were averaged over both excitation
parallel and perpendicular to the dimer axis. For calculating the heat
profile of the dimers, the absorbed laser power was calculated with
homemade Mathematica scripts from the absorption cross-section
obtained from the previous simulations. The steady-state temperature
of the dimers upon laser illumination was simulated with the
COMSOL Multiphysics 5.2 Heat Transfer Module.
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Materials and Methods:
Supplementary Note S1. Assembly of plasmonic ring structures.

DNA origami folding. For the DNA origami ring template structure 10 nM of p8634 scaffold, 100 nM
of each staple, 10 mM Tris, 1 mM EDTA (pH 8) and 16 mM MgCl, were mixed together. This
solution was then heated up to 65 °C for 20 min to denature all DNA strands and afterwards slowly
cooled down to 25 °C over the course of 40 hours (1 °C per 1 hour). According to the desired design,
various sets of elongated handle strands were chosen for nanoparticle attachment (see table 1). After
folding, the DNA origami template structures were purified from the excess staple strands by running
the samples on a 1.0 % agarose gel in 0.5x TBE buffer with 11 mM MgCl,. The bands containing the
structures were excised with a razor blade from the gel and then centrifuged with Freeze N Squeeze
spin columns (BioRad) at 2.600 rcf for 8 min.

Concentration of AuNPs. For the functionalization of the DNA-modified AuNPs (10, 20, 30 and
40 nm, 20 ml, BBI Solutions) with single-stranded DNA sequences, the protocol of Schreiber et al.*
was used with minor changes: First the AuNPs were stirred for three days after adding 8 mg of BSPP
(Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt, Sigma-Aldrich). To concentrate
the particles, sodium chloride (5 M) was added until the color of the solution changed from red to
bluish. Afterwards the solution was centrifugated at 1,600 rcf for 30 min and the supernatant was
removed. After dissolving the AuNPs again in BSPP solution (0.8 ml, 2.5 mM in H,0) and an equal
amount of methanol, the mixtures was centrifugated one more time (1.600 rcf, 30 min). The
supernatant was removed and the concentrated AuNPs were dissolved in BSPP solution (0.25 ml,
2.5 mM in H,0). An absorption measurement via UV-Vis spectroscopy (Nanodrop) at a wavelength of
530 nm was performed to determine the concentration of the particles (¢ = absorbance/(e * d), with
the molar extinction coefficient for 40 nm AuNP ¢ = 8.42 *10° and path length d).

AUNP-DNA conjugation. To stabilize the AuNPs against high MgCl, concentration that are needed
during the DNA origami folding process and to cover the AuNPs with DNA strands for the
hybridization to the DNA origami template, the particles were conjugated with thiolated single-
stranded DNA (ssDNA) strands (biomers.net, HPLC purified). To reduce possible disulfide bonds, the
thiolated ssDNA was incubated with TCEP (Tris(2-carboxyethyl)phosphine hydrochloride), Sigma-
Aldrich; 20 mM final concentration) for 30 min. AuNPs and thiolated oligonucleotides were mixed
together in 0.5x TBE buffer at a ratio of DNA:AuUNP = 4800:1 for 40 nm AuNPs and stirred over 3
days on a shaker. To get rid of the excess of unbound ssDNA strands the mixture was centrifugated
with 100 kDa MWCO centrifugal filters (Amicon Ultra, Millipore, 10 min, 8,000 rcf) followed by 8
additional spinning steps with 400 ul of 0.5x TBE buffer added to the filter before each centrifugation
step. The centrifugation was done directly before adding the AuNPs to the DNA origami structures so
that the least possible amount of unbound oligonucleotides — which can block the attachment sites on
the DNA origami structure — are present during the conjugation.

AgNP-DNA conjugation. The preparation of silver nanoparticle (AgNP) followed with minor changes
the protocol of Pal et al.> ®> The AgNP (20 nm, BBI Solutions) were concentrated by centrifugation
with 100 kDa MWCO centrifugal filter (8,000 rcf, 5 min). Thiolated DNA (biomers.net, HPLC
purified) was added in a ratio of DNA:AgNP = 1200:1 and the solution was incubated on a shaker
over night. Then the pH was lowered to pH 3 by adding citrate-HCI buffer to a final concentration of
10 mM. After 30 min of incubation, NaCl was added to a final concentration of 30 mM. Then the pH
was raised again by adding 10x the sample volume of 0.5x TBE buffer. The excess of unbound DNA
strands was removed by 8 times centrifugation of the mixture with 100 kDa MWCO centrifugal filters
(Amicon Ultra, Millipore, 10 min 8,000 rcf).



Functionalization of DNA origami structures with AuNPs (AgNPs). The stability of the DNA
conjugated AuNPs was tested by adding a droplet of AuNPs to a solution containing 20 mM of MgCl..
If no color change is observed, the particles are fully covered with DNA and ready for the DNA
origami structure functionalization. The DNA-covered AuNPs (AgNPs) were mixed together with the
purified DNA origami template structure in a ratio of 3 AuNPs (AgNPs) per attachment site on the
DNA origami structure. A four particle ring structure, for example, offers 4 attachment sites and thus
the ratio of AuNPs:DNAorigami is 12:1. This excess of NPs is necessary to avoid cross-linking of
different DNA origami structures. The solution was kept on a shaker over 24 h at 22 °C. After
attachment of the AuNPs (AgNPs) to the DNA origami structures the assembled plasmonic ring
structures were purified from excess of unbound AuNPs (AgNPs) via 0.7 % agarose gel in 0.5x TBE
buffer with 11 mM MgCl,. The structures were extracted from the gel by excising the bands and
centrifuging the gel pieces with Freeze ‘N Squeeze spin columns (BioRad) at 2.600 rcf for 8 min.

Transmission electron microscopy (TEM) grid preparation, dark-field scattering spectroscopy and
scanning electron microscopy (SEM). The gel-purified structures were immobilized on a carbon-
formvar-coated grid and stained with 1 % uranyl acetate for 20 seconds. The TEM measurements were
performed using a JEOL JEM-1100 electron microscope at 80 kV. For dark-field scattering
spectroscopy the gel-purified structures were 100x diluted with 0.5x TBE buffer and 11 mM MgCl,
and deposited on a glass slide. First, scattering spectroscopy was performed in liquid in a dark field
configuration using an oil immersion dark field condenser with NA=1.2 (Zeiss) and Achroplan 100x
water objective (NA=1.0, Zeiss). After drying the samples with a nitrogen flow, the samples were
further studied with an Epiplan-Neofular 100x air objective (NA=0.9, Zeiss). The illumination source
was a 100 W halogen lamp (Zeiss) and the spectra were detected with an Acton SP2500 spectrometer
(Princeton Instruments). Subsequently the glass slides were carbon sputtered and SEM images were
taken with a Gemini Ultra Plus SEM (Zeiss). The absorption spectrum of the gel-purified structures in
solution was taken with a Jasco V-650 spectrometer.



Supplementary Note S2. CaDNAno* image of the DNA origami ring structure. The scaffold path
(blue), the staple oligonucleotides (grey), the connection staples to close the ring (turquoise) and the
attachment sites (red and orange, encircled in red) are shown in this schematic picture. The folded ring
template structure has a diameter of around 60 nm and offers 14 attachment sites for AUNPs or
AgNPs, each site consisting of 5 single stranded 15 nucleotide (nt) long extensions on the 3’ end of the
origami staples. The AuNPs are bound via hybridization to the DNA origami template by covering
them with ssDNA of complementary sequence to the attachment sites. To specifically attach AuNPs of
different sizes as shown in Fig 1b of the manuscript, different DNA extension sequences were used for
the attachment sites as well as for covering the nanoparticles.
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Supplementary Note S3. Activated attachment sites on the DNA origami template for different
plasmonic ring structures. The number of the attachment sites and the colors correspond to the
definition given in S2. All red attachment sites consist of 3 elongated sSDNA strands; all orange
attachment sites consist of 2 elongated ssDNA strands (this is due to design and space considerations).
All in all the structure offers specific addressable attachment sites every 21 base pairs.

Attachment | SRR 8x AUNP 8 AuUNP 6 AuUNP 5 AuNP 4 AuNP
site # Dimer ring ring ring ring
1 red
orange orange orange orange
2 red red red red
orange orange
3 red red
orange orange orange
4 red red red
orange orange orange
5 red red red
orange orange orange orange
6 red red red
orange orange orange
7 red red red red red
orange
8 red
orange orange
9 red red red red red
orange orange orange
10 red red red red
orange orange
11 red red
orange orange
12 red red
orange orange orange orange orange
13 red red red
orange orange orange
14 red red red




Supplementary Note S4. CaDNAnNo image of the DNA origami ring structure with four

attachment sites for (metal) nanoparticles. The attachment sites used for a ring structure consisting

of four metal nanoparticles are shown (red and orange, encircled in red).
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Supplementary Note S5. a, Purification of the plasmonic ring structures by gel electrophoresis from
free AuUNPs and smaller aggregates. b, Wide field TEM image of plasmonic ring structures with four
40 nm AuNPs attached. Scale bar 500 nm.
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Supplementary Note S6. a, Wide field TEM images of plasmonic ring structures with four 40 nm
AUNPs attached. b, Statistics of the number of bound AuNPs per four-particle-ring-structure after gel
purification. The four ring assembly yield was determined by electron microscopy analysis. Out of the
analyzed structures up to 68 % were assembled with four particles attached, 10 % of the structures are
consisting out of five and more particles or smaller aggregates and 22 % have only three or two
particles attached.
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Supplementary Note S7. a, Additional TEM images of ring structures with four 40 nm AuNPs
attached. b, The gap size (surface-to-surface distances) of 256 neighbouring AuNPs was measured, the
median value is 1.7 nm, the mean value 2.4 nm (x1.9 nm SD). Structures where the AuNPs are
arranged on the outside of the DNA origami were excluded from the measurements (15 %). Two of
such structures are shown in the lower right part of panel a. The larger gap sizes (more than 4 nm)
appear in structures which were immobilized on the TEM grid in a slightly asymmetric arrangement
due to the distortion during the adsorption and drying process on the TEM grids (cf. the two examples
in the lower of panel a).
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Supplementary Note S8. Wide field TEM and zoom in images of plasmonic ring structures with a,
five 30 nm AuNPs and b, six 30 nm AuNPs attached. ¢, The assembly yield was determined by
electron microscopy for five bound 30 nm AuNPs to 73 % and for six bound 30 nm AuNPs to 65 %.
Structures with a distorted geometry, which can occur during the adsorption and drying process on the
TEM grids, are shown in the lower right of a and b.
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Supplementary Note S9. Wide field TEM images of a rings with eight 10 nm AuNPs attached, b,
rings with 10 nm AuNPs attached in a SRR conformation, ¢, rings with eight 10 nm AuNPs attached
in pairs of two and d, additional images of asymmetric ring structures with three 40 nm AuNPs and
one 20 nm AgNP, e, five 20 nm AuNPs and one 30 nm AuNP. Note that for the latter two particle
arrangements the concentrations were too low to find more than one structure per wide field image.
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Supplementary Note S10. Additional dark-field scattering spectra and corresponding
simulations. Scattering spectra of single structures immobilized on glass substrate (a, d) and
corresponding simulation (b, e). The simulation of the surface charge distribution for all peaks as well
as the electric and magnetic field distribution (c, ) reveals the origin of the peaks at dipole, multi-polar
and magnetic interaction.
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Supplementary Note S11. a, Dark-field scattering spectra of individual ring structures consisting
of four, five and six AUNPs. Ring of four 40 nm AuNP diameter, ring of five 40 nm AuNPs and ring
of six 30 nm AuNPs. The corresponding SEM images are shown in the right panel. Scale bars: 50 nm.
b, Scattering intensity as a function of the angle of the incident electric field. The simulation of the
peak intensities of the structure in S10a as a function of the angle of the incident light illustrates the
anisotropic response of a not perfectly symmetric ring structure.
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Supplementary Note S12. FDTD simulation. FDTD simulations of AuNP ring structures in solution
(particle diameter 40 nm, gap size 10 nm) were performed using Lumerical FDTD solutions
(Lumerical Solutions, Canada). Linear polarized light was injected from all three directions with a
total-field scattered-field source and the calculated absorption cross sections were averaged to
reproduce the experimentally measured bulk absorption measurement. Convergence was reached with
a mesh size of 0.4 nm.

Supplementary Note S13. Comsol simulation. To simulate the dark-field scattering spectra Comsol
Multiphysics (www.comsol.com) was used. The permittivity of the matrix regarding the simulation of
samples in air, dried on a glass plate has been modified to € = 1.75 regarding to samples in solution on
a glass plate to € = 2.15.
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Supporting Note 1. Assembly of dimer structures and

characterization

DNA origami design:

DNA-origami design was made using CaDNAno! and is based on a rectangular design con-
sisting of two layers - 2LS (2 layer sheet). The folded structure has dimensions of 60nm
length, 40 nm width and 5nm height. It offers two attachment sites for nanoparticles each
consisting out of twelve 15 nucleotides long 3’ extensions of the staple strands. These ex-
tensions have a complementary sequence (15x A) to the DNA modified AuNPs which are
bounded via hybridization. Supporting Fig. S1 shows the scaffold marked in blue, the sta-

ples in grey, and the elongated attachment staple strands in red and green.
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Figure S1: 2LS DNA origami design. Scaffold (blue), staples (grey), and elongated
attachment staple strands (red and green).

DNA Origami folding:

Unmodified DNA sequences were purchased from Eurofins Genomics (Germany). The DNA
origami structure was folded by annealing p7560 scaffold (10nM, vector derived from the
single-stranded M13-bacteriophage genome, 7,560 bases) and staples (100nM, ~ 40nts),
in a IxTE (40mM Tris, 1 mM EDTA, pHS8), buffer and 12mM MgCl,. The solution was
heated to 65°C, ramping down to 20°C over the course of 24 hours. The folded DNA

origami structures were purified from excess staples strands by gel electrophoresis using a
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Figure S2: Structure purification. (a) Agarose gel purification of dimer structures with
two attached AuNPs from excess unbound AuNPs. (b) TEM images of dimer structures.
NPs sizes are 30 nm, 40 nm, 50 nm, and 60 nm. Scale bar 60 nm. (c) Wide field TEM image
of dimer structures with 40 nm AuNPs. Scale bar 500 nm.
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Figure S3: Wide field TEM images. Wide field TEM images of dimer structures with (a)
30nm, (b) 50nm, ¢ 60nm AuNPs. Scale bar 500 nm. d TEM image of dimer structures
with 60 nm AuNPs showing a dimer yield above 75%. Scale bar 1000 nm.

1.0 % agarose gel in 1x TAE buffer (40 mM Tris, 40 mM Acetic Acid, 1 mM EDTA, pH 8) with
11 mM MgCl, and running for 2.5 hours at 4 V/cm. To extract the DNA origami structures
from the gel, the appropriate band was cut out and squeezed from the gel using cover slips
wrapped with parafilm. The concentration of the remaining solution was determined via

UV-Vis absorption spectroscopy (Nanodrop).

Gold Nanoparticle DNA concentration and conjugation:

Thiolated DNA was purchased from Biomers.net GmbH (Germany). Gold Nanoparticles
(AuNPs) (BBI solutions) were concentrated using a BSPP protocol.? Functionalization with
thiol-modified DNA strands (19x T sequence, 5’thiol) was performed following the protocol

from Schreiber et al.® (see the reference supporting information section) and from Loweth
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et al.* AuNP-DNA conjugates were purified by centrifugation at 10,000 rcf, removal of su-
pernatant, and resuspension in 1x TAE buffer. This step was repeated eight times. The
concentration of the thiol functionalized AuNPs was determined using UV-Vis absorption

spectroscopy (Nanodrop).

Conjugation of DNA origami structures with AuNPs:

To hybridize the DNA modified AuNPs to the origami structures an excess of four AuNPs
per binding site on the structures was used. The AuNPs origami mixture was incubated
overnight on a shaker at 22° C. The assembled dimer structures were then ran over a 0.7 %
agarose gel in 1x TAE buffer with 11 mM MgCl, to purify them from excess unbound AuNPs.

The band containing correctly formed dimers was extracted as described before.

Dimer structures and J-aggregate deposition on glass slides:

The gel extracted dimer structures were diluted with 1x TAE buffer and 11 mM MgCl,, to a
concentration of 50 pM and deposited onto oxygen plasma cleaned glass slide substrates. Af-
ter 5 mins incubation, the slides were rinsed with water and nitrogen dried. Subsequently, the
samples were placed into a bath solution containing 50 mM J-aggregates (5,6-Dichloro-2-[[5,6-
dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-2-ylidene|-propenyl]-1- ethyl-3-(4-sulfobutyl)-
benzimidazolium hydroxide, inner salt, sodium salt, CAS# 18462-64-1, FEW Chemicals
GmbH) and incubated overnight. Samples were removed and dried by nitrogen blow. In the
aggregated form this dye displays a narrow absorption maximum at 584 nm (2.12€V') and
full width half maxima (FWHM) linewidth of 30 meV. When absorbed to glass slides, the

J-aggregates exhibited a small blue-shifting with scattering peak at 580 nm (2.14 V).
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SEM and TEM measurements:

Scanning electron microscopy (SEM) images were taken with a Gemini Ultra Plus field
emission scanning electron microscope (Zeiss). To avoid charging, the glass slides were
sputtered with a gold-palladium layer. Transmission electron microscope (TEM) images
were taken with a JEOL JEM 1100 electron microscope at 80 kV. For TEM grid preparation,
the gel purified structures were immobilized onto a formvar/carbon copper grid (300 mesh,

TedPella Inc.) and stained with 1% uranyl acetate for 15 seconds.

Supporting Note 2: Dark-field Measurements

Assemblies were characterized using a home-built darkfield microscope (Olympus BX51 mi-
croscope, Princeton Instruments SP2300i Acton Standard Spectrograph, Princeton Instru-
ments PIXIS 256E CCD detector). All measurements were taken using a 100 W halogen lamp
with an oil condenser (Olympus U-DCW NA 1.4), a MPLFLN-BD 100x/N.A. 0.9 Olympus
objective, and a grating of 300 g/mm 500-nm blaze. Spectra were acquired using the full
CCD mode without pre-defining regions of interest and post-analyzed using Origin (Origin
Labs). In short, a uniform background was subtracted from the raw signal, and normalized
using a Lambert white scatterer. The full CCD mode measurement-scheme was crucial to
guarantee an adequate background subtraction during signal analysis, and therefore to ob-
tain reliable data, as the substrate could contain pockets of residual dye which if subtracted
from the scattering spectra, would introduce artificial dips (Supporting Fig. S4). For each
individual measurement the selection of adjacent pixels was carefully screened for unifor-
mity. This ensures that no over-subtraction was made. In fact, our displayed spectra are
likely to underestimate the dip transparency due to scattering of J-aggregates located in the
vicinity of the “hot spot” which do not couple to the plasmon but rather act as “spectators”.
We found our approach to provide more reliable results as opposed to those obtained from

spin coating where we obtained a less uniform substrate background. We acquired polarized
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spectra of the 40 nm dimer structure with J-aggregate as shown in Supporting Fig. Sba.
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Figure S4: Full CCD mode used during Darkfield measurements. Careful analysis
of single pixels ensures no over subtraction is performed, which otherwise would artificially
enhance the dip of the spectra.
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Figure S5: Polarization dependent measurements and J-aggregate scattering spec-
trum. (a) Polarized spectra of a 40 nm dimer structure with J-aggregates show that the
longitudinal mode is responsible for the coupling. (b) Scattering of J-aggregate residual on
glass slide with energy 2.14eV.
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Figure S6: Data extraction from scattering spectra. On-axis mode energy and full
width half maxima are found by deconvolution of transversal and longitudinal plasmon
modes. The transversal mode is less prominent in smaller particles as shown on (a) 40 nm
than on (b) 50 nm dimers. (c) Peak deconvolution of hybrid modes.

Supporting Note 3: Data Analysis

The position of the plasmon (w,) and FWHM (I',) were extracted from deconvoluting the
transversal and longitudinal modes of the bleached spectra (Supporting Fig. S6a-b). The
position of the hybrid modes was obtained by peak deconvolution on the unbleached spectra
of the two hybrid modes and the non-contributing transversal mode (Supporting Fig. S6c).

Fitting was performed using a two coupled harmonic oscillator model with Hamiltonian,

N W, ¢
H=|" (1)
g Wee
which results in the complex eigenvalues,
@y + @ 1 i A
@i:ui 92_’_7 (wp_wqe)+lu (2)
2 4 2
We fitted the real component of the eigenvalue, namely,
Wy + Wge | 1 r,—T,.)2 2
oy = 2 ey Qﬂ e o (e e
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which readily reduces to the expression of Ref. Gomez et al.” when w, = wye,

1
Aw = 2¢g2 — E(Fp —Tge)? (4)

or to the expression of Ref. Zengin et al.® when I', = 'y, = 0,

Wy +wee 1
wp = g 548+ (wp — ) )

Fitting Fig. 3a on the main text was performed using an average plasmon width I', 4,y =
230meV. Importantly, the fitting is very robust when using this average plasmon width
value (I, 409), @s we obtained similar Rabi values when using either boundary for plasmon
widths between 215meV < I'), < 320meV. For Fig 3b, the fitting was performed using
g = a* R", while the parameters [, (g) and wy(p)) are functions of the radius R extracted
from the corresponding experimental data. The coupling constant g for individual structures
was extracted using equation 3, where wy = 2.14 eV and I'j. = 30 meV, and I'y, Aw, and
w, were obtained from experimental values, as described above. As an example, taking
a R = 20nm dimer size structure with w, = 2.15eV, I'), = 250meV, wy = 2.21€V,
and w_ = 2.07eV we obtain a coupling constant of ¢ = 91meV, a splitting energy of
Aw = 145meV | and a lower bound for strong coupling of \/m/él = 63 meV. Fitting the
data of Fig. 3c using g = axR"™ we extracted the radial dependence of the coupling constant of
g ~ 1/ R" withn = 0.634+0.08. Analysis was performed using the commercial software Origin
software (OriginLab Corporation, OriginPro 2016G) and Mathematica (Wolfram Research,

Inc., Mathematica 10.3).

Supporting Note 4: Simulations

Full-wave simulations of the four different spherical nanodimers with diameters D = 30nm,

40 nm, 50nm, and 60 nm were performed with the commercial finite-element simulation
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Figure S7: Normal mode splitting, Purcell factor and Longitudinal plasmon reso-
nance (a) Normal mode splitting for individual structures obtained from experimental data.
These values along with their correspondent I';,, Aw, and w, were used to calculate individ-
ual coupling constants ¢ using equation 2. Dimers composed of smaller NP sizes display a
greater normal mode splittings Aw as well as coupling constant g. (b) The Purcell Factor
x Q/V is also greater for smaller NPs. (c) Longitudinal mode plasmon resonance of varying
NP sizes with fixed gap distance d = 5nm.

software COMSOL Multiphysics. The nanodimers are surrounded by a spherical domain,
which is terminated by scattering boundary conditions to mimic an open boundary. Their
dimensions are changed to match the dimensions of the experimental nanodimers. The
scattering was computed based on the scattered-field formulation, in which we obtain the
scattered fields by subtracting them from the analytical solution of an incident plane wave
in the absence of the nanodimers (background field). The permittivity of gold was modeled
based on the dispersive parameters obtained by experimental data.” The DNA template
was simulated as a rectangular dielectric slab with refractive index n = 2 placed at the
center of the nanodimeraAZs gap similar to Fig. la. The DNA slab thickness is equal to the
nanodimeraAZs gap thickness (¢ = 5nm) and both of its sides are equal to the diameter
D of the spheres composing the nanodimer. The J-aggregate material was also placed at
the center of the nanodimeraAZs gap inside the DNA slab. It has a rectangular shape
with thickness 1nm, one side equal to D/8 and the other side equal to D/2. The Lorentz
permittivity model was used to approximate the dispersion of the J-aggregate.® Hence, the J-

(4)2
aggregate permittivity was given from the formula: €;c = €5 — ( fe

2" wheree,, = 1.6
wQ—wge—quew) ) o0 )

wee = 2.14€V and I'ye = 30 meV.® The reduced oscillator length is given by the parameter f
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in the Lorentz model. In all our simulations, this parameter was set equal to f = 0.04 in
order to match the simulation results with the experimental spectra. After incorporating
all the dispersive materials in the numerical modeling, the simulations exhibits excellent

agreement with the experimental results, as it is shown in Fig. 2b.
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Supplementary Note S1: DNA origami structures

DNA origami design and binding sites for nanoparticles. The DNA origami structure was
designed using the software caDNAno.* The rectangular shaped structure consists of 2 layers
of DNA with dimensions of roughly 57 nm x 52 nm x 5 nm (2 layer sheet, 2LS). The structure
offers 2 binding sites for nanoparticles, each consisting of twelve staple strands extended by
15 nucleotides (anchors). The binding sites are placed in the middle of the flat side of the
structure facing each other. Figure S1 shows the caDNAnNo design of the 2LS, anchor strands
are marked with red and turquoise color. The locations of the binding sites on the DNA
origami structure are chosen such that all twelve anchors are spread over an area of 13 nm X
17 nm. This compact distribution of the anchors allows a very robust binding of bigger gold
nanoparticles (AuNPs) and triggers the gold nanorods (AuNRs) to attach upright on the
origami instead of lying parallel on it.
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Figure S1 | CaDNAno" image of the 2LS design. Staples which were used as attachment points for nanoparticles
are marked in red and turquoise.

DNA origami folding and purification. For the DNA origami folding 10 nM of scaffold
p7560, 100 nM of each staple strand, 200 nM of each anchor strand, 10 mM Tris, 1 mM
EDTA (pH 8) and 12 mM MgCI, were mixed together. The mixture was heated up to 65 °C
for 2min and slowly cooled down to 25 °C over 25 hours. The folded DNA origami
structures were purified from excess staple strands by gel electrophoresis. The samples were
running over a 1.0 % agarose gel in 1x TAE buffer with 11 mM MgCl,. After staining with
ethidium bromide the band containing the correct folded structures was retrieved by cutting it
out and squeezing the chopped gel with a glass slide. The concentration of the DNA origami
structures was determined by UV-Vis spectroscopy (Nanodrop) at a wavelength of 260 nm.
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Supplementary Note S2: Nanoparticle functionalization with DNA

Gold nanoparticle (AuNP) concentration. The protocol used follows Schreiber et al.? with
minor  changes. To concentrate the AuNPs, 8mg of BSPP (Bis(p-
sulfonatophenyl)phenylphosphine dehydrate dipotassium salt, Sigma-Aldrich) were added to
the unmodified AuNPs (40 nm, BBI Solutions, 20 ml). The mixture was then stirred for three
days. Afterwards, sodium chloride (5 M) was added until a color change from red to bluish
was observed and the solution was centrifuged at 1,600 rcf for 30 min. The supernatant was
discarded and the AuNPs were dissolved in equal amounts of a 2.5 mM BSPP solution and
0.8 mL methanol. After mixing, the solution was centrifuged again (1,600 rcf, 30 min), the
supernatant was discarded and the AuNPs were dissolved in BSPP (0.2 mL, 2.5 mM). To
determine the final AUNP concentration UV-Vis spectroscopy (Nanodrop) at a wavelength of
530 nm was performed (molar extinction coefficient for 40 nm AuNP ¢ = 8.42 * 10°).

Functionalization of AuNPs with DNA. In order to hybridize the AuNPs to DNA origami
structures, they must be functionalized with single stranded DNA complementary to the
anchor sequence used on the DNA origami structures. Further, the AUNPs must be stabilized
against high MgCl, concentrations, which are used during the DNA origami folding process.
Therefore the concentrated AuNPs were conjugated with thiolated single stranded DNA
(ssDNA) strands (HPLC purified, biomers.net). First, thiolated ssDNA was incubated with
TCEP  (Tris(2-carboxyethyl)phosphine  hydrochloride, Sigma-Aldrich, 20mM final
concentration) for at least 30 min. Then the AuNPs and the thiolated sSSDNA were mixed in
0.5x TBE buffer with a ratio of DNA:AUNP = 6,000:1. The solution was incubated on a
shaker for 3 days. Finally, to prevent blocking of the nanoparticle binding sites on the DNA
origami by unbound excess thiolated ssSDNA the AuNP solution was purified by using
100 kDa MWCO centrifugal filters (Amicon Ultra, Millipore, 3 min, 10,000 rcf). This step
was repeated 8 times with 400 pl 0.5x TBE buffer added before each centrifugation step. It is
important to perform this purification step directly before attaching the AuNPs to the DNA
origami structures to get high yields of bound AuNPs. The concentration was determined by
UV-Vis absorption spectroscopy at 530 nm (Nanodrop).

Functionalization of AuNRs with DNA. The AuNR functionalization follows mainly the
protocol from Kuzyk et al.®. First, the thiolated ssDNA strands were incubated for at least
30 min with TCEP (20 mM final concentration) to reduce the disulfide bonds. Then 1 mL
stock solution of AuNRs (700 nm and 800 nm absorption, negatively charged, 1.4 nM stock
concentration, Alfa Aesar), a final concentration of 0.05 % SDS (Sodium dodecyl sulfate),
1x TBE (pH 8) buffer and the thiolated sSDNA were added. The ratio was AuNRs:sSDNA =
1:3,000. To this mixture 1 M HCI was added to lower the pH between 2 to 3. After 1 hour of
incubation on the shaker, NaCl was added to a final concentration of 0.5 M and the solution
was again gently shaken for incubation during 3 hours. Then the pH was adjusted back to 8 by
adding 500 pl of 0.5x TBE with 0.03% SDS. Again, the mixture was kept for incubation on
the shaker overnight. Just before attaching the AuNRs to the DNA origami, the AuNRS
solution was purified from unbound excess thiolated ssDNA. This step is important to prevent
blocking of the complementary anchor DNA sequences on the DNA origami structure by free



thiolated ssSDNA. To purify the AUNR mixture, it was centrifuged for 20 min at 6,000 rcf at
4°C. After each centrifugation step, the supernatant was discarded and 2 ml of 0.5x TBE with
0.03% SDS was added. After 4 washing steps, the purified AuNRs were finally dissolved in
20 pL 0.5x TBE. The concentration was determined by UV-Vis absorption spectroscopy at
the longitudinal resonance frequency of the AUNRSs (here 680 nm and 780 nm). The extinction
coefficients were taken from Orendorff et al.*.Link et al..’

Supplementary Note S3: Assembly of nanoparticle DNA dimer structures

The purified AuNPs respectively AuNRs were added to the gel purified DNA origami
structures. To achieve a high attachment yield we added an excess of 5 times more
nanoparticles per binding site on the DNA origami structure. The mixture was kept at room
temperature on a shaker overnight for incubation. A second agarose gel purification (0.7%
agarose gel in 1x TAE buffer with 11 mM MgCl,) was performed to get rid of the excess
unbound nanoparticles and to separate the well formed dimer structures from smaller
agglomerates with more than two bound particles per structure. The band containing the
nanoparticle DNA dimer structures was cut out of the gel and the final solution of chirality
sensors was recovered by squeezing out this gel band. Figure S2 shows the purification
agarose gel.
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Figure S2 | Purification of the nanoconstructs by gel electrophoresis. a, Image of the folded 2LS origami
structures. b, Image of the purification gel of the origami structures with attached AuNPs (left) or attached
AUNRs (right).

Supplementary Note S4: TEM homogeneity analysis of the CD-sensors

After immobilization the gel purified dimer structures on a carbon/formvar-coated grid (Plano
GmbH, Germany) they were stained with 1% uranyl acetate for 15 seconds. The TEM
measurements were taken with a JEOL JEM-1100 electron microscope at 80 kV acceleration
voltage. Figure S3 shows assembled dimer structures. Since the homogeneity of the structures
is crucial for CD measurements, analysis of the attachment yield of nanoparticles per DNA
origami structure were performed. A statistic is shown in Figure S4 — S6. The yield of correct
assembled CD-sensors is determined to be 75% for the AuNP sensors.
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Figure S4 | TEM images of the dimer structures consisting out of two 40 nm AuNPs bound to a 2LS origami
structure. a, Representativ TEM images of the dimer structure. b, Wide field TEM images.
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Figure S5 | TEM images of the dimer structures consisting out of two 40 nm AuNRs bound to a 2LS origami
structure. a, Representativ TEM images of the dimer structure. b, Wide field TEM images.
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Figure S6 | TEM images of the dimer structures consisting out of two 40 nm AuNRs (longitudinal resonance
800 nm) bound to a 2LS origami structure. a, Representativ TEM images of the dimer structure. b, Wide field
TEM images.

Supplementary Note S5: CD measurements

CD measurements were performed with an Applied Photophysics Chirascan-plus CD
Spectrometer (UK). The used Quartz SUPRASIL cuvette (Hellma Analytics, Germany) had a
light path of 3 mm. The scanning speed was set to 0.5s with a step size of 1.0 nm. Each
measurement curve represents an average over 5 runs.



Supplementary Note S6: Silver enhanced dimer structures

Since silver nanoparticles have a higher plasmonic enhancement factor than gold
nanoparticles®, we also assembled the 2LS dimer structure with two AuNPs with a diameter of
10 nm attached (identical functionalization protocol as for 40 nm AuNPs). The 10 nm AuNPs
bound to the DNA origami structures were then enhanced to a diameter of 40 nm with silver.
Here, we used a commercially available silver enhancement kit (HQ Silver, Nanoprobes,
USA). To 20 pl of sample volume (2 nM) we added 7 pl of the premixed solutions of A, B
and C of the enhancement kit. CD measurements of those silver enhanced CD sensor
structures show a much stronger signal compared to CD sensors with 40 nm AuNPs.
Nevertheless, we want to point out, that the enhancement process does not yield as uniform
dimer structures as those described in the main text.
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Figure S7 | Subsequently silver enhanced dimer structures consisting out of two 10 nm AuNPs bound to the
origami 2LS structure. a, TEM images of the silver enhanced dimers. b, CD measurement of the silver enhanced
structures.
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Materials and Methods:
Supplementary Note S1. Assembly of heterogeneous particle trime structures.

DNA origami folding. In DNA origami, a ~ 8000 nucleotide long viral single-stranded DNA (sSDNA)
scaffold is folded into a programmed shape with the help of ~ 200 short, synthetic ssDNA staple
strands. Due to the sequence-defined assembly of the DNA structure the location of each staple strand
and each DNA base within the structure is exactly defined. By extending a selected subset of the staple
strands with tailored anchor sequences, the folded DNA origami structure can be employed as a
breadboard exhibiting unique and sequence-specific binding sites for DNA-modified metal
nanoparticles. Our DNA origami structure offers two outer attachment sites with the same DNA
anchor sequence and a middle site with an orthogonal sequence. The DNA origami 14 helix bundle
(14hB) was folded using 10 nM of the scaffold p8634, 100 nM of each staple strand, 10 mM Tris,
1 mM EDTA (pH 8) and 16 mM MgClI,. This mixture was heated to 65 °C for 20 min and then slowly
cooled down to 20 °C over a period of 40 hours. Specific staple strands at the attachment site were
elongated by either 15 x A bases for AuNP attachment or by the sequence ATG TAG GTG GTA GAG
AA for AgNP attachment. Thus each attachment site consists of five single-stranded extensions of
staples whose ends are located close to each other on the surface of the origami structure. The
extended staple strands are labeled in Figure S1 with red colour. All the staples for nanoparticle
attachment via DNA hybridization were already included into the folding solution. After folding the
structures, a purification step with a 1 % agarose gel in 1 X TAE (40 mM Tris, 40 mM Acetic Acid,
1 mM EDTA, pH 8) containing 11 mM MgCl, was performed. The band containing the structures was
cut out from the gel with a razor blade. The DNA origami structures were recovered with a pipette
while squeezing the gel band between two glass slides. The concentration of the 14-helix bundle after
purification was determined via UV-Vis spectroscopy (Nanodrop).



Concentration of AuNPs and conjugation with DNA. First, 40 nm AuNPs (BBI Solutions, 20 ml) were
concentrated using the protocol of Schreiber et al.:* The AuNPs were mixed with 8 mg BSPP (Bis(p-
sulfonatophenyl)phenylphosphine dihydrate dipotassium salt, Sigma-Aldrich) and shaken for 3 days.
Afterwards NaCl was added till a colour change to blue was observed. Then the solution was
centrifuged at 1,600 rcf for 30 min and the supernatant discarded. Next, 1 ml of 2.5 mM BSPP in H20
and 1 ml Methanol was added. After vortexing, the solution was centrifuged again at 1,600 rcf for
30 min and the supernatant was discarded. The concentrated AuNPs were redissolved in 200 pl
2.5 mM BSPP and their concentration was determined via UV-Vis spectroscopy (Nanodrop). The
following functionalization of the AuNPs with 5’ thiol-modified ssDNA strands (Biomers.net, 19 X T
bases) has two goals: First, the DNA coverage of the AuNPs renders them stable against high MgCl,
concentrations as they are used within the DNA origami folding process. Second, the sequence of the
thiol modified ssDNA strands is chosen to be complementary to the single-stranded extensions of the
staple strands that together form the AuNP attachment sites on the 14-helix bundle structure. Thus the
AUNPs can hybridize to the predesigned sites on the DNA origami structure. For the functionalization
a ratio of AuNPs:thiol ssDNA of 1:5,000 was used. 0.5 x TBE buffer was added to the AuNPs and the
sSDNA and the solution was kept on a shaker for 3 days. Afterwards a purification step was performed
to get rid of the unbound ssDNA strands. For that the AuNPs were run over a 100 kbDa MWCO
centrifugal filter (Amicon Ultra, Millipore, 5 min, 8,000 rcf) followed by additional 8 centrifugation
steps with a filter exchange after 4 steps. This purification from unbound ssDNA strands is crucial to
avoid blocking of the attachment sites on the DNA origami structure by free complementary ssDNA
strands. Best yields of AuNPs-to-DNA-origami-binding can be achieved if the last centrifugation steps
are performed directly before mixing the AuNPs with the DNA origami structures.

AgNPs functionalization with DNA. For the functionalization of AgNPs with ssDNA a 5’ thiol-
modified sequence TTC TCT ACC ACC TAC AT (biomers.net) was used. A functionalization
sequence that is different to the AUNP sequence guarantees that the attachment of AuNPs and AgNPs
to the 14-helix bundle is specific. First, the as-purchased AgNPs (Cytodiagnostics, 50 nm, 1 ml) were
mixed with the sequence (40 pl, 100 puM stock concentration) and 1 x TE buffer. This solution was
kept protected from light on a shaker for one week. Afterwards NaCl aging was performed by slowly
raising the NaCl concentration to 100 mM over the course of one day. Then short 5’thiol-modified
sSDNA (5x T, MWG eurofines, 20 pl, 1 mM stock concentration) were added. This short DNA strand
is used as “back filler” to assure high MgCl, stability of the AgNPs while it is too short to hybridize to
the DNA origami structure. The solution was left again over night for incubation. Then the NaCl
concentration was raised to a final concentration of 500 mM over the course of 6 hours. As the last
step, the DNA-functionalized AgNPs were purified from excess unbound ssDNA strands by using
100 kDa MWCO centrifugal filters as described in the AuNPs procedure.

Functionalization of DNA origami 14-helix bundle structure with AuNPs and AgNPs. After
determining the concentration of the DNA-modified AgNPs and AuNPs via UV-Vis spectroscopy,
they were mixed together with the purified DNA origami 14-helix bundle template. This structure
offers two attachment sites for AuNPs and one attachment site for AgNPs. Each attachment site
consists of five elongated staple strands offering the complementary sequence to the corresponding
metal nanoparticle. The DNA origami structure and the metal nanoparticles were mixed in a ratio
attachment site: AUNP/AgNP of 1:4. The excess of metal nanoparticles over attachment sites ensures
high binding yields and prevents crosslinking of origami structures mediated by nanoparticles. After
overnight incubation of the solution, a 0.7% agarose gel electrophoresis in 1 x TAE and 11 mM MgCl,
buffer was run to separate the desired heterogeneous trimer structures from excess, unbound metal
nanoparticles and from aggregates. The band containing the trimer structures was excised from the gel



and the nanostructures extracted by squeezing the cut gel band between two glass slides. The solution
received in a pipette contained the purified final trimer structures.

Supplementary Note S2. Characterization of heterogenous particle trimer structures.

Transmission electron microscopy (TEM). TEM was used to control the correct assembly of the
particle trimer nanostructures. A droplet of the solution containing the purified structures was
deposited on a plasma-exposed carbon-formvar-coated TEM grid (Ted Pella) and then dabbed off after
3 minutes. The grid was stained with 1% uranyl formate for 15 seconds. Imaging was performed with
a JEOL JEM-1100 at an acceleration voltage of 80 kV.

Dark-field scattering spectroscopy. In order to take scattering spectra of single trimer structures the
purified trimer solution was diluted 20 x in 1 x TAE buffer containing 11 mM MgCl, and immobilized
on cleaned glass cover slides. Therefor, a droplet of the diluted solution was deposited for 5 min onto
the glass slides, and then ddH20O was rinsed over the slide to wash away salt residues. To avoid
denaturation of the DNA structures, the slides were dried with a nitrogen flush immediately. The dark-
field scattering spectra were collected with a home-build dark-field set up in transmission mode using
a 100x air objective (Olympus) and an oil condenser (Olympus NA 1.4) with a 100 W halogen bulb as
illumination source coupled to an Acton SP2300 spectrometer (Princeton Instruments). Polarization-
resolved scattering spectra were taken by exciting the system with unpolarized incident light and
detecting the scattered light through a rotatable polarizer.

Scanning electron microscopy (SEM). The single structures characterized in the dark-field set-up were
further analyzed by SEM. Therefor, the glass slides were subsequently sputtered with a 3 nm gold
palladium layer and imaged using a Gemini Ultra Plus field emission SEM (Zeiss). The images were
taken using the in-lens detector and an electron acceleration voltage of 2 kV at a working distance of
3.0 mm.

Supplementary Note S3. Theoretical Modelling of trimer plasmonic bus structures.

Classical theoretical simulations. Theoretical computations of the NP chains were performed using
classical electrodynamics with Comsol Multiphysics with the standard boundary conditions and with
local dielectric functions for the gold sphere® and the silver sphere.® The optical dielectric constant of
the matrix was taken as an average between water and glass (e = 2.25). The trimer particle chain was
simulated with the following parameters: diameter of Au sphere 40 nm, diameter of the silver sphere
30 nm and gap size in between the spheres 4 nm. The scattering intensities were simulated with light
approaching the plane of the trimer at an angle of 20 ° and the elastic scattering was collected
computationally on the vertical axis. Calculations were done for the incident beams with two
orthogonal polarizations and the resulting scattering spectra were averaged over the incident
polarizations.

The local dissipation spectra and maps in Figure 2c¢ in the main text were computed from the standard
equation for the local rate of losses:

. (4] *
Qabs,local = <J ’ E>time = Im(‘c"metal ) g Ea) ’ Ew |

where E_ and &, are the complex field amplitude and dielectric constant, respectively.



Another important parameter of our trimer system is the splitting between the wavelengths of the
symmetric (bright) and antisymmetric (dark) modes. The experimental and theoretical data in the
figures in the main text reveal only the optically-allowed, symmetric modes, since the system is
relatively small and the incident plane wave is able to excite predominantly the symmetric modes. In
theory, we can now excite the system with two dipoles that have opposite phases (Supplementary
Figure S1). In this way, we create an antisymmetric driving field for the system and, therefore, the
dark modes should become active in the extinction and absorption spectra. Then, we see now clearly
the splitting between the symmetric (optically bright) mode and the antisymmetric (optically dark)
mode in Figure Sl theory dipoles. Using this splitting, we can estimate the characteristic transfer time
in our trimer system. The splitting between the peaks for the two modes is equal to 0.22eV in the
energy units. We now assume that, using an ultra-short pulse, we excite only NP1. This thought
experiment can be realized using an exciting plasmonic tip that is placed near NP1. Then, NP1

becomes predominantly excited in the first moment. Another words, the ultra-short localized pulse sets
up the initial conditions at t = 0 for the motion of the dipoles of the two Au NPs: B, (t =0) = P, and
Pp,(t=0)=0, where B, (t)and P,(t) are the polarizations of the NP1 and NP2,

correspondingly. In this simplified approach, we can ignore the Ag NP, which plays a role of a
transmitter, and consider only Au NPs regarding them as NP1 and NP2. The time dynamics of a

harmonic system with two modes is the following and the appropriate initial conditions:

R

Proa(t) = 2-(cos[ait] + cos[yt]) = By cos[ ™2 1]-cos[ A 1],

P . . —
Py, () = ?O(cos[a)lt] —cos[m,t]) = P, sm[%t] : sm[%t].
The polarizations have the fast and slow components and the slow component oscillates with the

circular frequency (@, —®,) /2= Asplitt / 2. Since the energy of a NP is proportional to the square of

the polarization, the slow components give the evolution of the energies stored on the NPs in the

system:

Epoy (1) o cosz[@t],

E,p, (1) o sinz[%t].

The characteristic transfer time can be estimated as the time when NP2 receives a half of the initial

wl_w2t=

energy from NP1. It happens when % This equation sets up the transfer time

P o . :
Lranser = =5 Which is used in the main text.
2w, — w,)



Quantum theoretical calculations: As described in the main text, we can model our nanoparticles as
three-dimensional quantum oscillators (Figure 4a). To develop such a model, we first write down the
Hamiltonian in the coordinate representation and then we turn this Hamiltonian into the plasmonic
second-quantization representation, which will correspond to a quantum picture of plasmons. The
Hamiltonian of our system involving the dipole-dipole couplings between the NPs has the form:

n H2 X2 d-d —-3(d-2)d, -2

H= z —Zp“ +k'%+iz i (R; )(d; )’
=(i Mt eff i>] i
alp e, Fat > i (S1)
y=X,Y,Z

di:eeﬁ,iri'

where P, is the momentum operator for the oscillator & = (i, ), where the index i is the NP
number (i=1,2,3) and y indicates the direction of the oscillation (y =x,y,z); R; is the NP-NP
distance, and e ; is the effective plasmonic change of the i-NP. In our system, we have two Au NPs (
i=12) and one Ag NP (i=3) and, correspondingly, €, ,=€4,=€,, and € , =@, . The
coefficient & is an effective dielectric constant of the matrix. In this model, three quantum plasmonic

oscillators are embedded into an effective medium and coupled via the Coulomb dipole-dipole

interaction. The first two terms are just the internal energy of the oscillators with the following

k Ka
A o g
Dy py = O =@y = —A Oppg == |——. (S2)
meff,Au meff,Ag

These oscillator frequencies should be matched with the plasmon energies of the isolated Au and Ag

frequencies:

NPs: 7@, ,, =2.29eV and hw, ,, =2.8eV . We now can quantize the oscillations by introducing

the corresponding creation and annihilation operators of plasmons:*

h A ..My ho,
X, = (Ca+c;')' p, =i M(C;—Ca).
2m 2

These operators diagonalize the first two terms in Eq. S1 and give the energy operator for the non-

interacting system of plasmons,

with the corresponding frequencies of the plasmonic excitations. Then, the total Hamiltonian of the

coupled NPs reads:



H = H, +H

int?

d. -3(d. -2)d. -2
:—Z ) (R; )d;-2) D W,,CiE, 4V, ,60¢, +he.,
ef‘f i>] ij

h (eeff,ieeff,j)
Wi = WaGy = om., R
fr jj
7]
W2y, = om.,
h (eeff,ieeff,j)
Vi = Vi Gy = om. "R
Meg | fr ij
e. e
V(o = 2 > > (EﬁlFe:zJ)- (S3)
meff,i meff,i ff j

The above operator includes the Coulomb-interaction terms between all three plasmonic quantum

2M 4

oscillations. The easiest way to proceed with the Hamiltonians (S1) and (S3) is to write down the
equations of motion in the presence of a monochromatic external field E = E, cos[«t] for the

average velocities and coordinates of the oscillators:

:<‘P(t)| |‘P(t)> L =(P@E)|x, | ).

Then, by calculating at the eigen-frequencies of the system, we find the energies of the coupled
plasmonic modes. Since the Hamiltonian is quadratic, the equations of motion for our system are
simple and have the classical-mechanics form:

eff . —ona a a

Eono =Eo, )+ E . (1),

Pra

Ve =—k, X, +€q ,E.n, —m IV,
t (s4)

where E,,, =E,(t)+ Z E,_.(t) is the total dynamic field acting on the « -oscillator, E, , (t) is
Pra

the electric field created by the /3 -oscillator and acting on the « -oscillator; the rate I'=1/7

describes slow energy dissipation in the system. The equations are easy to solve using the symmetry of
the system and the standard approach of complex variables. First, consider the incident field in the z-

direction (the molecular axis), E, =ZRe Eoe’i“’t. Then, the velocities have only z-components and



should be found in the form of Re[v.

the velocity follows from Eq. S4:

e i”Jt]. The system of equations for the complex amplitudes of

1Z,0

H F QZ QZ _ a)eeff,Au -E
(60 a)p Au +lo )Vlz,a; + AU—AUVZZ,a) + Au—Ag,a 3z [ I 0
meff ,Au
we
2 ; 2 _ eff ,Au -
QAu Au 1z 2] + ((O a)p Au + IwF)VZZ,w +QAu Ag,a 32 [ IEO (85)
meff ,Au
we
2 2 H _ eff ,Ag -
Q- Ag,b Vig o+, Ag.b 22w+(0) a)p Ag +Ia)r)v32,w = IE,
eff ,Ag
where the key interaction parameters are given by
2
2 _ 2eeff Au 2 _ 2eeff Aueeff ,Ag 2 _ 2eeff,Aueeff,Ag
Au-Au — 3! Au-Ag,a — 3 Au-Ag,b 3"
eff meff Au’ M2 geﬁ mef‘f Au’ 13 geff meff ,Ag R13

Equation S5 determines the freque

ncies of plasmonic excitations in the coupled system of three

oscillators. In the limit of small dissipation (I — 0), the eigen-frequencies of the system are given by

QZ

p,Au Au-Au Au-Ag,a
2 2 2 2 _
det QAu—Au o — wp,Au QAu Ag a [~ 0.
2 2
QAu—Ag b QAu—Ag,b a) a)p Au

This equation has three positive solutions that correspond to the three longitudinal plasmons (L-

modes) in our system:

_ , 2
a)LD,Au—Iike - p Au +QAu Au !

2 2
_ a)p,Au +wp, QAu Au 1
DB, pg-like — >

2
p,Au

—20)2

Au—-Au pAu’

\/pAgw

2 2 2
) +8QAU Ag, aQAu Agb+QAu Au 2§2Au Au pAg

1

p.Ag

2

2
_ p Au + (l) QAU Au
DB, Au-like =

2
p.Ag

2
p,Au

- 2008

2 2 2
((0 - ) +SQAU Ag, aQAu Agb+QAu Au +ZQAU Au pAg Au-Au pAu'

Two of the L-modes are bright (LB-modes) and one L-mode is dark (LD-mode). In this model, the

Ag-like LB-mode experiences a blu

Au-like LD-mode, that is not active

e shift, and the main Au-like LB-mode shows the red shift. The

in our experiments, has the blue shift. In a similar way, we can

solve the geometry with the T-modes when E, || § or E, || X. The results for these configurations can

be obtained from the above equations using the following formal equations for the interaction

parameters:



2
2 eeff,Au 2 eeff,Aueeff,Ag 2 eeff,Aueeff,Ag
Qpypy =~ 3! Q = 3! Qpingp =
g,
geff meff JAu’ 12 geff meff ,Au’ '13

Au-Ag,a —

3
geff meff ,Ag Rls

Figure 4 of the main text summarizes results obtained from the above quantum model. Here we list the

model parameters used in our quantum calculations:

(1) Radii of the particles: R,, =20nmand R,, =15nm ;
(2) Effective optical dielectric constant of the medium: &, =2.25;

(3) Effective charges and effect masses of the electrons in the NPs: €, ,, =€ N, », € ag =€ N, 5

’ meff,Au = mO ' Ne,Au and meff,Ag = mO . Ne,Ag :

(4) Effective numbers of free carriers in the NPs: N, ,, =1.5-10° and N, ,, =0.6 -10°.

We note that the chosen numbers for N, ,,and N, . are of the same order of magnitude as the

calculated numbers of free electrons in the Au and Ag NPs. By taking such numbers, we obtain a
reasonable agreement with the experiment (Figure 4). This is another supporting argument towards our
simplified quantum model of plasmons.

Finally, we should note again that our quantum model is simplified and qualitative, but nevertheless
describing the main effects. Three things omitted in our quantum model are: (1) The dielectric
screening of the Ag-plasmons due to the core dielectric constant of the Au particles, (2) the interband

transitions in gold, and (3) the multipole plasmon-plasmon interactions.

Supplementary Figure S1. Theory dipoles. Calculations for the Au-Ag-Au trimer excited with two
time-dependent dipoles placed on the left- and right-hand sides of our system. The panels show the
field maps and the optical cross sections of our system under a, the symmetric and b, anti-symmetric
local excitations.
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Supplementary Figure S2. Design of 14hB DNA origami template structure. The template
structure consists of a 200 nm long 14 helix bundle. The scaffold path (blue), the staple
oligonucleotides (grey) and the elongated staple oligonucleotides at the nanoparticle attachment sites
(red for AuNPs and green for AgNP) are displayed. The metal nanoparticle attachment is done via
DNA hybridization of the functionalized AuNPs/AgNPs. The difference in the DNA sequence of the
attachment site elongations as well as the complementary nanoparticle functionalizations guarantee
site specific binding.
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Supplementary Figure S3. Gel purification of the nanoparticle-functionalized DNA origami
structures. a, Agarose gel purification of the trimer structure with two 40 nm AuNPs and one 30 nm
AgNP attached to the DNA origami. b, gel purification of the dimer structure with two 40 nm AuNPs
attached to the DNA origami.
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excess excess
AuNPs AuNPs
AgNPs

Supplementary Figure S4. Polarization dependent data of the dimer structure. a, Polarization
resolved scattering spectra of a single AuNP dimer structure and b, corresponding simulations. Only a
small peak shift between the longitudinal mode and the transversal mode is observed, indicating that
the AuNPs are far apart from each other so that they only couple slightly.
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Supporting Figure S1:

Figure S1. DNA origami design. CaDNAno! image of the DNA origami template structure. In the
schematic picture the scaffold path (blue), the staple oligonucleotides (grey), the attachment sites
(orange) for AuNPs and the four potential dyes modified staple oligonucleotides (green) are displayed.
The design of the DNA origami is performed to encompass the AuNPs slightly into the structure. This
design ensures a rigid dimer conformation with fixed AuNPs positions. The DNA origami has
dimensions of ~ 47 nm x 44 nm and consists in the center only of a one layer DNA structure (thickness
in solution 2.5 nm). Two DNA modified AuNPs can be attached to the structure via DNA hybridization
with 10xA nucleotide long extensions on the 3” end of the orange origami staples. The dye modified
staples strands are directly incorporated into the structure whereas the dye modification is performed on
the 5° end. The staples used this dye modification are shown in green. Here we used up to four dye
modified staples strands so that the total amount of dyes per dimer structure can be varied from 1 to 4
depending on the folding stock solution.



Supporting Figure S2:
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Figure S2. Dimer structure. Schematic image of the dimer structure. (a) Front view displaying the
partial encompassment of the AUNPs into the DNA origami structure. (b) Perspective view of the dimer
structure design and the position of the four dye modified staples strands in the middle layer of the DNA
origami. (c) TEM images of the dimer structure. Scale bar 40 nm. TEM images of stained dimer samples
revealed an average gap size of ~ 3.1+1.5 nm. (d) Histogram of the AuNP gap size determined from the
longitudinal plasmon resonance of the dimer structures of Figure 2 and Figure 3 before plasmonic
heating.
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Figure S3. TEM analysis of the dimer yield. (a) and (b) Wide-field TEM images of dimer structures.
(c) Histogram of attached AuNPs per DNA origami structure. The synthetic yield of the DNA origami
gold dimers is 62 % as verified by TEM images.
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Figure S4. Thermal heating of the dimer structure. TEM images of DNA origami structures (a) not
heated and (b) after heating the TEM grid up to 200°C for 5 min. Scale bars 50 nm. (¢) Schematic
diagram and representative TEM images of the plasmonic dimer nanoantenna before and after heating
the TEM grid at 200 °C for 5 min. Scale bar, 40 nm. (d) Comparison of the dimer plasmon resonance
peak measured by single particle Rayleigh scattering spectroscopy of structures before (black) and after
(red) thermal treatment (200 °C, 5 min) and corresponding calculated dimer gap size. The nanoparticle
gap size shrinked by thermal heating the dried DNA origami dimer nanoparticle structure.
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Figure S5. Temperature simulations. Numerical simulations of the maximum increase in temperature
around an AuNP dimer in air while irradiating the nanostructure with a 612 nm light source at
~ 14 kW/cm? (a) or 60 kW/cm? (b).
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Figure S6. Additional gap-dependent SERS signal mapping. Raman scattering intensities (red
squares) of the vibrational modes of Cy3.5 located at Az (~ 1352 cm™) for the one dye (a) and the four
dyes dimers structures (b). The data is plotted as a function of the longitudinal plasmon resonance or
gap size of the DNA origami AuNPs dimer. The theoretical Raman-scattering enhancement is plotted
as black lines and normalized with respect to the gap size for which the highest Raman signal was
observed.
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