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Zusammenfassung

Auch heute noch ist die quantitative und qualitative Strukturierung der nanoskopischen Welt eine
groBe Herausforderung. Die DNA Nanotechnologie beginnt sich hierbei als vielversprechende Meth-
ode in der Forschung zu etablieren. In dieser Dissertation wurde gezeigt, dass es moglich ist mit Hilfe
von DNA Nanotechnologie komplexe Nanostrukturen mit einzigartigen optischen Eigenschaften
selbst-organisierend herzustellen. Hierzu wurden mit Hilfe der DNA-Origami-Methode plasmonische
Nanopartikel, Quantenpunkte und fluoreszierende, organische Farbstoffe mit Nanometerpriazision
angeordnet und optisch aktive Strukturen mit spezifisch ausgewidhlten Eigenschaften konstruiert.

Im ersten Teil der Arbeit wurden zuerst DNA Nanostrukturen in definierten geometrischen Formen
wie Zylinder, Ringen und Kuboiden synthetisiert und dann mit Gold unspezifisch metallisiert.

Im zweiten Teil wurden chirale plasmonische Strukturen mit kontrollierten optischen Eigenschaften
hergestellt. Hierzu wurden Goldnanopartikel mit Hilfe einer DNA-Origami-Struktur prézise in einer
Helix angeordnet. Die chirale Struktur zeigte einen Zirkulardichroismus im sichtbaren Bereich des
Lichts. Den Wellenldngenbereich und die Stirke des Signals lieBen sich durch zusétzliche Metal-
lisierung der Goldnanopartikel kontrollieren.

Im dritten Teil der Dissertation wurde ein schaltbares, zweistufiges, plasmonisches System herg-
estellt. Hierfiir wurden die vorher entwickelten Origamistrukturen mit chiral angeordneten Metall-
nanopartikeln verwendet, welche dann an einer Oberflache zueinander ausgerichtet und durch Trock-
nen und Resuspendieren an der Oberflache zwischen orthogonaler und paralleler Orientierung hin
und her geschaltet wurden. Auf Grund der Chiralitdt konnte fiir jede der beiden Orientierungen ein
spezifisches Signal des Zirkulardichroismus gemessen werden.

Im abschlieBenden Projekt dieser Arbeit wurden komplexe hierarchische Planeten-Satelliten-
Nanostrukturen hergestellt. Bei diesen Systemen wurden DNA-Origami-Strukturen als Bindungs- und
Distanzkontrolle zwischen Planeten und Satelliten benutzt. Als Planeten wurden Metallnanopartikel,
Halbleiterelemente oder DNA-Origami-Strukturen verwendet, die von Satelliten aus organischen
Farbstoffen oder Metallnanopartikeln mit kontrollierten Abstand, umringt wurden. Die hier entwick-
elten hierarchische Assemblierungsmethode erwies sich als geeignet optische Interaktionen zwischen

Planeten- und Satellitenpartikeln iiber relativ grole (>20 nm) Distanzen zu charakterisieren.
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Abstract

The optical properties of the macroscopic world are to some extent determined at the nanometer
scale and below. Even today, the quantitative and qualitative structuring of the nanoscopic world is
extremely challenging. In this context, DNA nanotechnology seems to establish itself as an inevi-
table method in research. This thesis shows that it is possible to produce complex pre-designed self-
assembled nanostructures with unique optical properties with the aid of DNA nanotechnology. For
this purpose plasmonic nanoparticles, semiconductor elements and organic dyes were individually
positioned with nanometer precision by the use of the DNA origami method, thereby creating optical
structures with specific optical properties.

In the first part of this thesis DNA nanostructures were produced in the desired shape and then metal-
lized non-specifically with gold ions from solution.

In the second part of this thesis, chiral plasmonic structures with controlled optical properties were
created. For this purpose, gold nanoparticles were arranged precisely into a helix along a DNA ori-
gami scaffold. The chiral structures showed a circular dichroism in the visible range of light. The
wavelength range and the intensity of the signal were controlled by an additional metallization pro-
cess of gold nanoparticles.

In the third part of the thesis a switchable two-state plasmonic system was established. For this, the
previously developed origami structures with chiral arrangement of metal nanoparticles were used.
The structures were connected to a surface and aligned to each other. By drying and resuspending the
surface, the structures could be orientated perpendicular and parallel to the surface. Due to the chiral-
ity, a specific signal of the circular dichroism for each of the two orientations was measured.

In the final part, complex hierarchical planet-satellite nanostructures were created. In these systems,
DNA origami structures were used to control the distance between planets and satellites. Metal
nanoparticles, quantum dots or DNA origami structures were used as planets which were surrounded
by satellites of fluorescent organic dyes or metal nanoparticles with controlled inter-particle distances.

Further long-range interactions between organic dyes around a planet nanoparticle were investigated.






Contents

Introduction

Theoretical and Experimental Basics

2.1 Chirality and Circular Dichroism . . ... .......................

2.2 Plasmonic Nanoparticles and Plasmonic Circular Dichroism . . ... ... .. ..

DNA Origami-Templated Growth of Arbitrarily Shaped Metal Nanoparticles

3.1 Introduction . . . . . . . . . . e,

3.2 Associated Publication P1. . . . . . . . . . .. .

DNA-Based Self-Assembly of Chiral Plasmonic Nanostructures with Tailored
Optical Response

4.1 Introduction . . . . . . . .

4.2 Associated Publication P2 . . . . . . . . . .

Chiral Plasmonic Material with Switchable Circular Dichroism

5.1 Introduction . . . . . . . . . e

5.2 Associated Publication P3 . . . . . . . . ...

Hierarchical assembly of metal nanoparticles, quantum dots and organic dyes

using DNA origami scaffolds

6.1 Introduction . . . . . . . . . e

6.2 Associated Publication P4 . . . . . . . ...

Current Progress and Outlook

References

Appendix

Supporting Information for Associated Publication P1. . . . . ... ... ... .. ...
Supporting Information for Associated PublicationP2. . . . .. ... ... ... .. ..
Supporting Information for Associated PublicationP3. . . . . ... ... ... .. ...

Supporting Information for Associated PublicationP4. . . . . ... ... ... .. ...

11

11

13

21

21
23

29

29

31

47

47
49

67

71

X1



Xil



“... they allow us to make something that is not just a long piece of spaghetti ...”

Nadrian C. Seeman about branched DNA molecules (which make DNA nanotechnology so exciting) [1]

Image: Nadrian C. Seeman in front of a vintage poster with the structure of double-stranded DNA and a
branched DNA molecule [2]. Reprinted with kind permission from Nadrian C. Seeman.
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1 Introduction

Nanotechnology enables the creation of nanoscale objects with macroscale impact. Some of the pro-
cesses experienced by us every day are controlled by a nanoscale mechanisms. For example, the red
colored windows of churches are a result of gold nanoparticles incorporated into the glass. The gold
nanoparticles are absorbing most of the visual light except the red light, therefore the window has
a reddish look. The color of a butterfly is the result of photonic nanocrystals on the surface of the
wings. Furthermore, nanotechnology is involved in anti-reflex coating of glasses, in sunscreens (e.g.
zinc oxide nanoparticles), as disinfectants (e.g. silvernanoparticles) in food packaging and clothing.
To manipulate the macroscale, nanoscale structures with specific properties are produced with top-
down lithography or bottom-up wet chemistry in industry (e.g. for textiles, cosmetics, surface coat-
ings, food industry), in medicine (e.g. for cancer therapy, diagnostics, drug delivery) and in research
(e.g. nanorobots, metamaterials, quantum computing). Especially DNA nanotechnology shows an
increasing impact in the research fields of nanotechnology [3]. In the field of DNA nanotechnology,
DNA is used as a programmable material to arrange nanoparticles through a self-assembly process
and to achieve function. The success of DNA nanotechnology is promoted by the readily available
DNA oligos and the reliability of the DNA assembly methods.

The field of DNA nanotechnology was established by Nadrian C. Seeman in the early 1980s, when
he had the idea to use branched DNA molecules to create three-dimensional lattices constructed from
DNA to orientate molecules/proteins of interest for crystallographic studies. During the following ten
years Nadrian C. Seeman published various basic studies showing the principles of branched DNA
molecules [3, 4]. He published the first structure created with DNA nanotechnology in the early 1990s
[5] (see Figure 1.1).

Figure 1.1: Schematic drawing of the first DNA structure created with DNA nanotechnology by Nadrian C.
Seeman in 1991. The structure is self-assembled by six single DNA strands. From ref. [5]. Reprinted with per-
mission from Macmillan Publishers Limited.



During the following 15 years many DNA nanostructures (truncated octahedron, buckyballs, tet-
rahedra and icosahedra) [6-9] and various two-dimensional arrays of DNA tiles [10-14] have been
demonstrated. Apart from structural DNA nanotechnology, even programmable DNA tweezers and
walkers have been demonstrated [15-18]. These DNA structures were driven by branch migration
process and strand displacement using toehold sequences [19]. This process was first demonstrated
by Bernard Yurke et al. in 2000 [15].

In 2006, Paul W. K. Rothemund developed the DNA origami technique to create two-dimensional
DNA structures of arbitrary shapes [20]. The technique uses a long single-stranded DNA scaffold
(around 8000 nucleotides long) which is folded together by multiple smaller single-stranded DNA
oligos (around 40 nucleotides long). The DNA origami technique owns the ability to create DNA
structure of almost arbitrary shapes. Later, Shawn M. Douglas et al. took this technique a step further
and demonstrated assembly of three-dimensional DNA origami structures of programmable shape
[21]. The technique is used in all associated publications (P1-P4). Shawn M. Douglas also had great
influence on the DNA origami community with creation of the design software “caDNAno” [22],
which allows to easily design DNA origami structures without paying attention to the DNA sequence.
Further methods to create DNA nanostructures with curved and pre-stressed shapes were developed

[23-25], followed by hierarchically assemblies [26,27] and tile assemblies of arbitrary shapes [28,

KT

Molecules .
2D crystals

3D crystals

Polymers Plasmonic atoms

Figure 1.2: Various hierarchical assemblies of plasmonic nanoparticles which can be created with the help of
DNA nanotechnology. From ref. [39]. Reprinted with permission from Macmillan Publishers Limited.



The apparent next step in DNA nanotechnology was to modify ssDNA with nanoparticles or func-
tional molecules and arrange these components by means of DNA self-assembly, a process that al-
ready started to evolve soon after the assembly power of nucleic acids has been realized [30, 31].
Many groups have been using DNA nanostructures as scaffolds to arrange fluorophores [32], metallic
nanoparticles [33-35] (Figure 1.2), quantum dots [36], proteins [37] and other bio-molecules [38]
in spatially controlled arbitrary arrangements. These approaches have shown that the properties of
creating arbitrary shapes can be transferred to new materials which only need to be linked to single-
stranded DNA.

As a next step the function was added by controlled assembly of such components with the help of
DNA nanotechnology. During the course of my work from 2010 to 2013 outstanding examples of
other groups showed how to create nanostructures with functional components using DNA origami
scaffolds (e.g. an artificial nanopore [40], a ruler [32], photoluminescence enhancement [41] and chi-

ral plasmonics [42,43]) (see also associated publication P2).






2 Theoretical and Experimental Basics
2.1 Chirality and Circular Dichroism

In general, chirality is the property of an object that is not superposable on its mirror image. There-
fore, chirality is a consequence of asymmetry. An object can show chirality in two-dimensions but
has a symmetry in the third-dimension (e.g. a two-dimensional spiral). A well-known example for
asymmetry in all three dimensions is a helix. Every chiral object has exactly one mirror image (chiral
partner), which looks alike the original (see right and left hand of a human) but can have opposite
properties as will be shown in the associated publication P2 for a plasmonic helix. In nature, chirality
of molecules plays an important role in the molecular interactions as most of the biological molecules
are chiral. Chiral partner molecules (enantiomers) could have extremely different impact reaction
schemes (e.g. see “Contergan affair”’). Therefore the reliable analysis and the exact knowledge of the

chirality of molecules is required.

lace # lice

LCP
4

lnce = lice

RCP

Figure 2.1: The basic principle of a circular dichroism measurement. The absorption of the red-colored ma-
terial, here for right-handed circular polarized (RCP) light is stronger than for left-handed circular polarized
(LCP) light. Printed with kind permission from Anton Kuzyk.

A typical optical phenomenon caused by chiral molecules and other optically active chiral objects is
circular dichroism (CD). Here, a chiral molecule or object is preferentially absorbing circular polar-
ized light of one chirality (e.g. right-handed circular polarized light, RCP) at a specific wavelength
(Figure 2.1). The enantiomer of the molecule or object preferably absorbs light of the inverted chi-
rality (e.g. Left-handed circular polarized light, LCP). The strength of the CD signal is given by the
difference between the absorption of the two different chiralities of light passing through the sample.

A4 = A

LCP_ARCP



CD is frequently used for the detection of the secondary structure of chiral molecules (e.g. proteins)
(Figure 2.2). To analyze the chirality of molecules typically a CD spectrometer is used. A standard
CD spectrometer uses a Xenon lamp as light source. The light from the Xenon lamp is collimated
and sent through a 45° polarizer and passes on to a photo-elastic modulator, which modulates the
polarization of the light beam. The polarized light beam passes through the sample cuvette to the
detecting photomultiplier. The absorption by the sample is evaluated by comparing it to a reference
beam which also hits the photomultiplier.

However, if plasmonic particles are arranged in a chiral fashion a plasmonic CD signal can be
achieved. It has been demonstrated by other groups that the chirality of natural molecules such as
peptides [44] and double-stranded DNA [45-47] can be used as templates for the growth of chiral
metal nanostructures.

In the associated publication P2 a chiral assembly of plasmonic nanoparticles on a DNA origami
scaffold is presented. This artificial nanostructure has an optical chirality in the visible range of
light (Figure 2.2). The CD signal of this structure originates from plasmonic interactions between
nanoparticles, which are assembled in a chiral geometry.

It has been shown that bio-molecules of a certain chirality can couple with non chiral metal nanopar-
ticles to generate a CD signal at the plasmonic resonance of the metal nanoparticle [48-50]. This ef-

fect will be further illustrated in chapter 7 of this thesis.



2.2 Plasmonic Nanoparticles and Plasmonic Circular Dichroism

The majority of all bio-molecules shows CD in the UV range of light. The CD of bio-molecules is exi-
tonic in nature and originating from interactions of electric and magnetic dipoles within the molecular
structure. In contrast to bio-molecules, plasmonic nanoparticles normally have symmetries and are
not chiral (Figure 2.2). Therefore these particles do not show any CD signal. They have a higher
molar extinction (¢ ~ 10* (M-cm)™'), which is many magnitudes higher than the one for biological
molecules (¢ ~ 108 (M-cm)!). Plasmonic nanoparticles are optically more active in the visible range
of light. If plasmonic particles are arranged in a chiral geometry, plasmonic dipole theory predicts the

emergence of plasmonic CD signals.
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Figure 2.2: Optical properties of proteins, gold nanoparticles and gold nanohelices. Left, Absorption spectra
of, a, a a-helix protein, b, a gold nanoparticle, ¢, a chiral array of gold nanoparticles. Reprinted with permission
from reference [50]. Right, Circular dichroism spectra of, d, different secondary structures of proteins. Here
the CD signal allows to distinguish between the secondary structures of proteins (a-helix, B-sheet and random
coil). The CD signal originates from the peptide ponds excitations of the proteins. Reprinted with permission
from reference [51]. e, No CD signal for gold nanoparticles. f, Plasmonic CD signal for a chiral array of gold
nanoparticles (left-handed (grey) and right-handed (black)).



For plasmonic nanoparticles it is possible to couple photons to surface charge densities at the inter-
face of the nanoparticle and the surrounding medium. The resulting collective oscillations of free
electrons are called plasmons. The optical response of metal can be described with the Drude-Lo-

rentz-Sommerfeld model [52, 53]. The dielectric response of an electron gas is described by [52]

D=¢FE+P=¢(l +yE=¢gk

where D is the electric flux density, £ is the external field and P the polarization density. The external
field gives rise to the polarization density and the flux density. Further, ¢, describes the permittivity
of the vacuum, y the electric susceptibility and ¢ the electric permittivity of the medium. Using the
Drude-Lorentz-Sommerfeld model, one can derive a relation for the material permittivity of metal.
This model describes the conducting electrons as detached from their ion cores thus forming a free
electron gas. Like in an ideal gas, the particles perform movements without interacting with each
other. When considering the response to an external oscillatory field, taking a constant damping I"
into account and using the equation of motion for electrons, the material permittivity of metals can

be described with

_ Neé? _ w;
&) i em(@’ + il w) S’ tilw

where o is the angular frequency of the oscillating electric field, N the electron density, e is the elec-
tron charge, m is the effective electron mass and ®, the plasma frequency described by
Ne?

2

Poogm
The free electron scheme can be accuratly used when describing the response for metals with a low
number of core electrons [54]. A more sophisticated model is required for gold and silver where core
electrons in addition to conduction electrons give a contribution to the optical response.
The material permittivity of metals can also be described with the Drude-Lorentz-Sommerfeld sus-
ceptibility y?5(w)

é() =1+ (o).

By including the influence of core electrons which contribute to the optical response, the permittivity

equation is described by [55].
() =1+ ™) + x"*(o)

where y8

(w) describes the susceptibility for interband transitions. The equation describes the opti-
cal response of metals including polarizability and absorption properties. To describe the optical
response of metal nanoparticles analytically, Mie-theory is needed while for particle arrays numerical
techniques are required, which will not be discussed here.

An optical response of a nanoparticle can be mediated by the coupling of photons to surface charge



densities at the interface of the NP and the surrounding medium (e.g. between a metal and a dielectric
material). These oscillating surface charge densities are called localized surface plasmon resonances.
To describe localized surface plasmons one can use quasi-static approximations which requires the
nanoparticle to be smaller than the wavelength of the incident light (~1%) [56]. The static polariz-

ability of a spherical nanoparticle is given by
— 4 3 ﬂ
a = 4me R 5+ 26

where €, is the complex permittivity of the nanoparticle and ¢ is the complex permittivity of the sur-

rounding medium. The localized surface plasmons of the nanoparticle show resonance if
le + 2¢ | = minimum
P m

From this equation the resonance condition for a dipole resonance in the quasi-static approximation

follows e (©) =- 23p

The Drude-Lorentz-Sommerfeld model for the permittivity of metal particles, neglecting the damp-

ing effects, can be described by

eﬁ\)

sw)=1- -5

S}

and using the resonance condition for dipoles in the quasi-static approximation, the dipole resonance
of the nanoparticle is then described by

— Y

wSP - ] - \/ﬁ .
For an increasing particle size the resonance shifts to longer wavelengths which can be observed ex-
perimentally and is also predicted by Mie-theory. If the incident light hits the plasmon resonance of
the nanoparticle, the energy of the light gets confined inside the nanoparticle. The confinement of the
light leads to strong electro-magnetic fields around the particle’s surface with a decay to zero within a
couple of nanometers from the nanoparticle (depending on the material and size of the nanoparticles).
When particles are brought together closely enough, the near-field of the plasmonic nanoparticles are
overlapping and the plasmons of the nanoparticles are hybridizing together similarly to the hybridiza-
tion of atomic orbitals in molecules [57, 58]. A detailed description of the model of interacting dipoles
can be found in references [59-61]. The coupling between the nanoparticles also depends on the po-
larization of the exciting electro-magnetic field [62], which is strongest when the light is polarized
along the geometry of the nanoparticle assembly (Figure 2.3). If the nanoparticles are assembled in
chiral geometry and brought together closely enough, it is possible to generate a plasmonic CD signal
[61, 63-65], which originates from the hybridization of plasmons of the nanoparticles in the chiral as-

sembly. Depending on the chiral geometry, preferably only one polarization of light is absorbed by the



hybridized plasmons. The plasmonic CDs of various chiral assemblies were calculated in reference
[61], where it is shown that the assembly of plasmonic nanoparticles in a geometry of a helix exhibit
the strongest CD signal. The collective plasmonic excitation in a helix can be divided into hybrid-
ized plasmons parallel (longitudinal/z-mode) and hybridized plasmons perpendicular (transverse/
xy-mode) to the helix axis. These two plasmonic modes have an inverted CD signal to each other
with a small red-shift of the resonance wavelength. When superimposing the various signals (CD,
and CDXy), one obtains the bisignated (dip-peak) CD shape of helices dispersed in solution, i.e. il-

luminated from all sides. Interestingly, such bisignated shapes are also observed from bio-molecules.

&
i

Figure 2.3: The two opposite chiralities in one helical structure (here: for a left-handed nanohelix from associ-
ated publication P2). a, The left-handed property of a left-handed helix: The incident circular polarized light
progresses parallel to helix’s axis and “recognizes” a left-handed chirality of the gold particle arrangement
(following the black arrows, starting with the first gold particle which gets hit by the wave front). b, The right-
handed property of a left-handed helix: The incident circular polarized light progresses orthogonal to helix’s
axis and “recognizes” a right-handed chirality of the gold particle arrangement (following the black arrows,
starting with the first gold particle which gets hit by the wave front).
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3 DNA Origami-Templated Growth of
Arbitrarily Shaped Metal Nanoparticles

Generating metal nanoparticles of arbitrary shape is still highly demanding and of great interest for
applications in plasmonics, photonics and electronics. For photonic applications it might be useful to
create metallic nanostructures that interact with light. For example, specific nanoparticle shapes like
split-ring structures would be useful to create plasmonic resonators and can achieve distinct optical
properties like the change of the refractive index. For Raman spectroscopy it would be beneficial to
create nanoparticles with spike-like structures that focus the electro-magnetic near-field surrounding
the nanoparticle on a single spot. It can be envisioned that metallized hierarchical assemblies of rod
shaped nanoparticles could be used as electrical leads that connect logic elements like transistors to
self-assembled devices for electronic applications. Furthermore, branched metal nanoparticles with
large surfaces can be envisioned to support the energy conservation for solar cells, by extending the
wavelength’s absorbance range of the device. Already today customized metal nanoparticles are used

in industry, e.g. for paints with designed color or heat generation effects.
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Figure 3.1: a, Schematic drawing of the metallization of various DNA origami structures (6-helix bundle,
14-helix bundle and origami ring structure). b, Scanning electron microscopy images of the metallized DNA
origami structures. Scale bars, 100 nm.

Using the bottom-up approach the shape of the prospective metal nanoparticle can be influenced by
the initiating seed. Recent works have already shown that it is possible to metallize double-stranded
DNA as well as other molecules [66-72]. Furthermore, wet chemistry allows to grow metal nanopar-

ticle of various shapes in high quality (e.g. nanorods, nanocubes or tetrapods) [39]. Still arbitrary

11



control of the shape is missing in these approaches and especially the creation of asymmetric or ring
structures was not achieved. Specifically with the DNA origami method we were able to show in the
associated publication P1 that it is possible to create arbitrary shaped seeds of DNA nanostructures,
which could later be transformed into metal nanoparticles with preferred overall shape (Figure 3.1).
We used the principle that small positive-charged gold particles (1.4 nm diameter) attach to the
highly negative charged backbone of the DNA (each phosphine group of the DNA backbone pos-
sess one negative charge at physiological pH values). After covering the origami structures with the
positive-charged gold particles, we applied electroless deposition of metal ions from solution. This
turned the DNA origami structures into continuously covered metallized objects. We created various
metallized shapes such as gold nanorods of different lengths (100 nm, 200 nm and polymers of up to
micrometer length), nanodonuts, nanocuboids and nanokites.

A following project was combining the metallization method of the associated publication P1 with
a chiral origami structure (cork screw design) and further investigated the creation of chiral metal
nanoparticles, which is currently not possible with other methods.

The metallized structures presented in the associated Publication P1 showed a high graininess due to
the different orientation of the crystal lattices of the single gold seeds. Susanne Kempter from Tim
Lied!l’s group tried to fuse the gold grains and smoothen the surface by melting of the metallized
nanostructures. The melting attempts formed gold blobs out of the metallized nanostructures without
preserving their original geometry. Further attempts using click chemistry and Tollen’s reagent to

produce sophisticated metallized nanostructures were not successful.

12



3.2 Associated publication P1

DNA Origami-Templated Growth of Arbitrarily Shaped Metal
Nanoparticles

by
Robert Schreiber, Susanne Kempter, Stefan Holler, Verena Schiiller, Daniel Schiffels, Stephanie S.
Simmel, Philipp C. Nickels, and Tim Liedl

published in

Small 2011, 7, 1795-1799

Reprinted with permission from ref. [73]. Copyright 2011 WILEY-VCH
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DNA Origami-Templated Growth of Arbitrarily Shaped

Metal Nanoparticles

Robert Schreiber, Susanne Kempter, Stefan Holler, Verena Schiiller,
Daniel Schiffels, Stephanie S. Simmel, Philipp C. Nickels, and Tim Liedl*

In self-assembly, the information for the overall shape and
functionality of the resulting structure is encoded in its
multiple subunits. A promising path to the successful construc-
tion of self-assembling objects is DNA nanotechnology, where
the hybridization specificity of complementary sequences is
employed to create nanoscale objects of defined shapes.!'?!
Driven by the hope to rival conventional top-down litho-
graphy methods, a lot of effort went into the spatial arrange-
ment of metal nanoparticlesP° and the metallization of
individual DNA double strands (dsDNA) or DNA multi-
helical bundles which were presented as promising scaffolds
for nanoelectronic applications.’"3] However, one reason why
metallized DNA structures have yet found little application
in nanoelectronics and nanooptics might be the limited con-
trol over the final 3D shape of the metallized objects. With
the establishment of DNA origami,['*!5! where a long, single-
stranded DNA scaffold is folded into shape by the help of
hundreds of short staple oligonucleotides, new possibilities
for the positioning of nanoparticles in defined confirma-
tions!'*18] and the creation of metallized objects of unprec-
edented shapes have arisen.l'l Besides the spatial labeling
precision which is offered by this technique,?”) DNA ori-
gami structures can assemble hierarchically into multimeric
architectures with dimensions of several micrometers.[1>21:22]
This offers the possibility to create complex and large-scale
spatial arrangements of anisotropic optical and electronic
components.

Here we show that DNA origami structures can be used
to attract and template positively charged gold particles in
desired conformations and that by further electroless deposi-
tion of metal ions from solution such structures can be con-
verted into continuously metallized objects. In contrast to
previous work, where DNA nanostructures were metallized
via a glutaraldehyde-based method,l'”] we use 1.4 nm gold
clusters coated with positively charged amines, which bind to
negatively charged DNA origami structures, as seeding sites
for the gold cluster growth (Figure 1). Such metal-seeded

R. Schreiber, Dr. S. Kempter, S. Holler, V. Schiiller, D. Schiffels,
S. S. Simmel, P. C. Nickels, Prof. T. Liedl

Department of Physics and Center for Nanoscience
Ludwig-Maximilians-Universitat

Geschwister-Scholl-Platz 1, 80539 Miinchen, Germany
E-mail: tim.liedl@lmu.de

DOI: 10.1002/smll.201100465

small 2011, 7 No. 13, 1795-1799

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

objects can then grow further into continuously metallized
objects of arbitrary shapes such as gold nanocuboids, nano-
donuts, or polymerized nanorods of micrometer length.

To demonstrate the principle of our strategy, 428 nm-long
six-helix bundles?®! were converted into gold nanorods of
defined length. First, the DNA objects were assembled in a
one-pot reaction where 10 nm of scaffold (p7560 and p8634)
is mixed with =200 oligonucleotides of 100 nm each in a
1 mm Tris-EDTA buffer and 15 mm MgCl,. After a thermal
annealing process, the objects were purified by electro-
phoresis followed by physical gel extraction. For the metal-
lization process, Au clusters of 1.4 nm diameter covered with
positively charged amines (Nanoprobes, USA) are deposited
on the negatively charged backbones of the DNA strands of
the origami structures. The Au-seeding process of the DNA
structures was performed successfully in solution and on two

a) —— b)
Qe .

Figure 1. a) Metallization strategy. Positively charged gold clusters cover
the negatively charged DNA origami structure. Continuous metallization
of such pre-seeded DNA origami structures is achieved by the electroless
deposition of gold ions to the electrostatically bound Au clusters (text
for details). b) TEM image of native six-helix bundles stained with uranyl
acetate. Successful metal deposition results in continuously metallized
objects of defined shape and dimensions, which is revealed by SEM
() and TEM (d). Gold cluster seeding was performed on substrate
(c) and in solution (d). Scale bars 200 nm.
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positively charged Au clusters (Supporting
Information (SI), Figure S1). The Au-
seeded DNA structures were then depos-
ited on a Si wafer or a carbon-coated
grid and were ready for the enhancement
process.

For the following gold-enhancement
process of the Au-seeded DNA structures
we used a commercially available enhance-
ment kit (EM HQ Gold Enhance, Nano-
probes, USA) and followed the suppliers’
instructions. We found an incubation time
of 30 s to give the best results for our pur-
poses. Shorter enhancement times resulted
in lack of growth continuity—EM images
6HB reveal separated gold clusters along the
origami constructs—while longer enhance-
ment times increase the background and
lead to large shapeless gold particles. The
objects were analyzed before (uranyl
acetate staining, Figure 1,2) and after (no
staining, SI, Figure S1) cluster seeding and
finally after the enhancement process (no
staining, Figure 1) with TEM and SEM.

500 [nm]

Figure 2. Fidelity of two-step metallization process. a) SEM image of metallized six-helix
bundles on a silicon wafer. b) SEM image of metallized 14-helix bundles on a silicon wafer.
c) SEM image of metallized nanodonuts on a silicon wafer. d) Contour length distribution
of 14-helix bundles (14HB) and six-helix bundles (6HB, top) and distribution of bundle
thicknesses for the 14-helix bundles, the six-helix bundles and donut (bottom). N=52, 102,

64, 140, 86, respectively. All scale bars: 200 nm.

different solid substrates: carbon-coated electron microscope
grids and silicon wafers with a 20 nm oxide layer. The par-
ticles coating the DNA origami structures act as nucleation
sites for further metallization by deposition of gold ions (Au*)
from solution to the Au clusters as metallic gold (Au’). By
adjusting the incubation time, the pre-seeded structures can
grow into continuously metallized objects of defined shapes
with controlled length and diameter (Figure 2).

In the following, two Au cluster seeding strategies are
described: seeding on substrates and seeding in solution.
For the seeding process on substrates, the DNA origami
structures are deposited on hydrophilic surfaces, either on
plasma-treated carbon grids for later transmission electron
microscope (TEM) imaging or on aminosilane-treated Si-
wafers for later scanning electron microscope (SEM) imaging.
After rinsing with H,O, the DNA structures are exposed for
1 min to a 150 nm solution of positively charged Au clus-
ters in H,O followed by another rinsing step. For successful
seeding in solution, the aggregation of the negatively charged
DNA objects by the positively charged Au clusters poses a
severe problem. This can be prevented by the application of
a high concentration of positively charged Au clusters during
the seeding process. Therefore, a 1 nM solution of DNA ori-
gami particles was incubated for 5 min in a 375 nm solution of
Au clusters dissolved in water. Interestingly, the DNA objects
withstand the lack of stabilizing Mg?* ions in the presence of
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Both methods are complementary in
assessing the shapes of the native and the
metallized DNA origami structures.

To quantify the growth fidelity and
narrow size distribution of particles gen-
erated with our strategy, we chose three
DNA origami designs for detailed exami-
nation: the 428 nm long six-helix bundle,
the 210 nm long 14-helix bundle and a
nanodonut based on a curved®! and circularized six-helix
bundle with a diameter of 136 nm (Figure 2). Since the par-
ticle growth starts from multiple small nucleation sites distrib-
uted over the whole structure, a completely smooth surface
was not achievable. From the obtained electron microscope
images we conclude that the grains growing from the indi-
vidual nucleation sites touch each other only after a certain
growth time. To finally prove the growth continuity of the
metalized objects, electrical conductivity measurements are
currently underway. We found metallization parameters to
routinely obtain structures with an extremely narrow length
distribution and feature thicknesses of only 50-60 nm, which
is considerably smaller than recently published results on
DNA origami metallization.[""] Wide-field images of particles
were used to determine the size distribution of the shape-
defined metal nanoparticles under a given set of metallization
parameters. For the six-helix bundles (Figure 2a), which have
a length of 428 nm and a diameter of 6 nm as native DNA
objects, we found metallized objects of 438 nm length with an
average deviation of 4% or 16 nm. Noteworthy, the maximum
observed error is less than 17% or 70 nm. The average dia-
meter of the metallized objects is 56 nm with a mean deviation
of 8 nm. For the shorter 14-helix bundles, which are natively
210 nm long and 10 nm wide, we found 221 nm (14 nm) long
metal nanoparticles with a width of 60 nm (£18 nm) (Figure 2b)
and the average thickness of the donut ring is 53 nm

small 2011, 7 No. 13, 1795-1799
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a)

b)
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Figure 3. Metallization of arbitrarily shaped DNA origami nanostructures. Computer models, native DNA objects after negative staining with uranyl
acetate and metallized objects are shown. a) Six-helix bundle donut. Native dimensions: 136 nm overall diameter, 6 nm strut diameter. b) 14 x 3-helix
cuboid. Native dimensions: 60 nm x 30 nmx 6 nm. c) Corner-to-corner multimerized cuboids of (b). d) 12-helix bundle kite. Native strutlength: 110 nm,
10 nm height. e) Six-helix bundles seeded in solution. Native dimensions: 428 nm length, 6 nm diameter. f) Multimerized 24-helix bundle. 105 nm
monomer length, 12 nm diameter. Scale bars: a,b,c,d): 100 nm, e,f): 500 nm.

(8 nm) (Figure 2c). By comparing the total volumes of well-
defined nanoparticles with the volumes of background par-
ticles and particles of undefined shape on Si substrates, we
conclude that more than 81% of the deposited material is con-
verted into particles of desired shape and size (SI, Figure S2).
Nonetheless, significant amounts of background parti-
cles can be found on all substrates. We were able to elimi-
nate the influence of the amount of staple oligonucleotides
on the background particle formation as described by Liu
et al.l¥l by purifying the DNA origami structures through gel
electrophoresis. We further tested several methods to com-
pletely suppress the formation of background particles on
carbon-coated TEM grids, e.g., by varying the concentration of
MgCl, during the washing steps or by passivating the surface
with BSA and Tween-20 (ST, Figure S3). None of our attempts
yielded consistently better results than those obtained when
applying the protocol described in the experimental sec-
tion. However, the background was reduced considerably by
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seeding the DNA structures in solution followed by spin filter
purification (Figure 1d). In our studies, we optimized the con-
ditions to minimize the formation of background particles
on carbon-coated grids and then applied the established pro-
tocol without further modification to Si wafers. We therefore
believe that optimizing the growth conditions for silicon sub-
strates can lead to further background reduction.

We finally set out to metallize a number of DNA ori-
gami objects with a wide variety of shapes and overall length
ranging from 60 nm to several micrometers with the method
described above. Figure 3 shows the results for the metal-
lization of DNA shapes as diverse as the six-helix bundles
of Figure 1, the DNA nanodonut of Figure 2, a cuboid,?"!
corner-to-corner polymerized cuboids, a DNA kite,?#! and a
100 nm-long 24-helix bundle that forms micrometer-long
straight polymers. For all structures, the underlying shape is
clearly recognizable. The final shape of the metallized DNA
origami structure is affected by the development time and
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the quantity of gold seeds accessible for the gold enhance-
ment process. For longer development times the pre-defined
shapes vanish due to increase of Au’ deposition on the Au-
cluster-seeded DNA structures. Overall, we found the fea-
tures of our DNA structures to be distinguishable in the
metallized version, if the distances between internal DNA
struts were greater than 50 nm. It is worth mentioning that
the speed of the development process decreases with the
number of accessible Au cluster seeds, which in turn depends
on the concentration and size of the Au-seeded DNA objects
on the substrates.

We have demonstrated a universal strategy for the genera-
tion of arbitrarily shaped metal nanoparticles. This is achieved
by a two-step procedure where DNA origami objects of
defined shapes and dimensions are first incubated with posi-
tively charged 1.4 nm gold clusters, which in a second step act
as seeds for the electroless deposition of gold ions from solu-
tion. We found a narrow size distribution of our continuously
metallized structures with a mean deviation of less than 5%
for the long axis and 17% for the short axis while only 19%
of the material deposited on the substrate is part of unspecifi-
cally grown clusters. In general, metallized structures of com-
plex shapes are expected to show unprecedented optical and
electronic behavior. Considering the wide variety of shapes
and sizes that DNA origami structures can adoptl!32122.24-26]
we anticipate that DNA-origami-templated metallization will
constitute a general path to the generation of complex mate-
rials. The possibility to selectively address DNA origami struc-
tures with gold nanoparticles and chemical groupsl!0-182728]
will enable the controlled metallization of seeding sites which
are arranged in space with nanometer precision.[202]

Experimental Section

Annealing Process of DNA Origami Structures: All DNA origami
objects were folded and purified according to the same basic pro-
tocol with variations in the folding times and the Mg?* concen-
trations. For each structure, 10 nm of the corresponding scaffold
(six-helix bundle, 24-helix bundle, and donut: p7560, cuboid:
p8064, 14-helix bundle, and kite: p8634) were mixed with a staple
mix containing 100 nm of each staple. The complete folding mix-
ture amounted to 20 uL and contained next to the staple and scaf-
fold strands 5 mm Tris, 1 mm EDTA (pH 8 at room temperature) and
the following Mg?* concentrations: 15 mm for the six-helix bundle,
the donut, the 14-helix bundle, and the Kite, and 18 mm for the
24-helix bundle and the FRET block. The folding mixture was then
exposed to structure-specific thermal annealing ramps. All these
ramps started with a heating step to 80 °C for 4 min, followed by
cooling to 60 °C at a cooling rate of 1 °C per 4 min. The following
cooling from 60 °C to 20 °C was performed at 1 °C per 20 min
(14 h) for the six-helix bundles and the donut, at 1 °C per 30 min
(20 h) for the FRET block, and at 1 °C per 60 min (40 h) for the
14-helix bundle, the 24-helix bundle, and the kite.

Purification of DNA Origami Structures: DNA origami objects
were purified by agarose gel electrophoresis. We ran a 2% agarose
gel in 0.5x TBE buffer, soaked in ethidium bromide 5 um and cut
out the favored bands to extract them with Freeze‘N’Squeeze spin
columns (Bio-Rad, Germany).
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Two-Step Metallization with Seeding in Solution: 400 uL H,O
were added to 25 uL DNA origami objects (2 nm in 5 mm Tris, 1 mm
EDTA and 18 mm MgCl,) and spun through an Amicon Ultra filter
(0.5 mL, 100 K, Millipore, USA) at 16 000 rcf for 5 min in a Biofuge
fresco centrifuge (Kendro, Thermo Fisher Scientific Inc., USA). Then
we added 0.5 pL of 300 um Nanogold solution and 400 puL H,0 to
the DNA origami solution, mixed it with a Vortex Genie 2 (Scientific
Industries, Inc., USA) and spun the solution in the same Amicon Ultra
filter again at 16 000 rcf for another 5 min. Subsequently, four times
a volume of 400 pL H,0 was added to the Amicon Ultra filter and
spun each time at 16 000 rcf. To recover the sample, we placed the
Amicon Ultra filter upside down in a new centrifuge tube and spun at
900 rcf for 3 min. The solution of seeded DNA objects was applied
for two minutes on hydrophylic formvar-carbon grids. The grids were
washed with H,0 and ready for the gold enhancement process.

Two-Step Metallization with Seeding and Electroless Deposi-
tion on EM Grids: We applied 1.5 uL DNA origami objects (2 nm) for
2 min on hydrophylic formvar—carbon grids. Grids were washed
with H,O and placed bottom up on a drop of 1.4 nm positively
charged Nanogold solution (150 nm, Nanoprobes, USA) for 1 min.
Excess of Au nanoclusters were sucked off with Whatman filter-
paper. After washing the grids with H,0, they were air-dried.

Two Step Metallization with Seeding and Electroless Deposition
on Silicon Wafers: We applied 10 uL DNA origami (0.2 nm) for 2 min
on passivated silicon wafers. Wafers were washed with H,0 and
dried with nitrogen. Subsequently, we covered the silicon wafers
with 10 uL of a 1. 4 nm positively charged Nanogold solution
(150 nm, Nanoprobes, USA) for 1 min. After washing the grids with
H,0, they were dried with nitrogen.

Gold Enhancement: In the second step we enhanced Au nano-
clusters with Gold Enhancement for EM (Nanoprobes, USA) fol-
lowing the instructions of the supplier. The developing time for
optimal particle size was 30 s.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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4 DNA-Based Self-Assembly of Chiral Plas-
monic Nanostructures with Tailored Optical
Response

A challenge in the field of self-assembly is the generation of materials, which are programmable and
flexible in design, functional and suitable for large-scale fabrications. Furthermore, it is necessary
for optical applications that the material has an isotropic response in the visible range of light with
spectral control. To influence the properties of light in the visible range with plasmonic structures it
is necessary to create structures with a smaller size than the wavenlength of the incident light (~1%
of the wavelength) (cf., chapter 2). Therefore, for visible light it is required to create structures at the
nanometer scale with arrangements of metallic or dielectric elements with nanometer precision. On
the one side there have already been many sophisticated studies from lithography for arrange plas-
monic elements, but most of these are showing two-dimensional nanostructures, or three-dimensional
structures, which are inherently difficult to build and all of structures are close to the micrometer scale
[74,75].

On the other side there are bottom-up approaches with natural molecules which have already demon-
strated that plasmonic nanoparticles can be arranged with sub 10 nm precision [46,47,76]. However,
all of these approaches are lacking in possibility to arrange the nanoparticles in arbitrary conforma-
tions as required. In particular, neither the helical pitch and diameter, nor the distance between the
particles, nor the wavelength of the response was controlled. All of the them are using molecules pre-
designed by mother nature as well as chiral hierarchical assemblies of such molecules.

The associated publication P2 was the first study showing that distinct optical properties could be
achieved from arranging plasmonic elements with the help of DNA nanotechnology. In the associated
publication we used the DNA origami method to produce plasmonic nanostructures which display a
collective optical behavior. For this, we chose a chiral assembly of the metal nanoparticles into a helix
structure (Figure 4.1). As previously explained in chapter 2, such chiral plasmonic structures show
a strong plasmonic circular dichroism (CD) in the visible range of light. The plasmonic CD signal
is easy to detect with a standard UV-Vis CD spectrometer. Opposite chiralities of plasmonic helices
show an inverted CD signal. It is therefore possible to clearly distinguish between both chiralities
from solution measurements. The CD signal of a plasmonic helix illuminated from all sides shows a
bisignated (dip-peak) shape (Figure 4.1). With the created chiral structures we were able to demon-
strate macroscopic polarization rotation effects depending on the chirality of the helices.

In addition, the influence of the nanohelices on the refractive index was investigated. The theory indi-
cates that a change of the refractive index is predicted if the material shows a strong chirality [77,78].
It has not been possible yet to measure any change in the refractive index which might be due to the

high resistance for currents in such small plasmonic structures.
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Figure: a, Schematic drawing of a left- and right-handed gold nanohelix. b, Transmission electron micrograph
of left-handed nanohelices. ¢, Theoretical circular dichroism signal of left-handed (grey) and right-handed
(black) gold nanohelices.

To summarize, we were able to generate artificial plasmonic nanostructures that were customized
to the optical theories of A. O. Govorov [61]. Thus we successfully showed that the DNA origami
method is a promising tool to create plasmonic structures with precisely designed optical properties.
It can be envisioned that the nanohelices from associated publication P2 can be even more sensitive
bio-sensors in the surrounding areas of chiral bio-molecules (e.g. BSA, flavin or sugar) than non-
chiral plasmonic particles (cf., chapter 2: chiral bio-molecules can couple to non-chiral plasmonic
nanoparticles to generate a CD signal at the plasmonic resonance [48-50] (see also chapter 7)). It is
expected that chiral bio-molecules of the same chiralitiy as the nanohelices result in an observeable
change in the plasmonic CD signal. Until now it was not possible to observe significant and reliable
changes in the plasmonic CD spectra even at high concentration of the surrounding chiral bio-mole-
cules. This can be due to the size difference of nearly two magnitudes of the nanohelices compared
to the chiral bio-molecules.

Furthermore, nanohelices were used as a chiral standard for cryo electron microscopy in a following
project with the group of Grant J. Jensen (CalTech) [79]. A small start-up company was established

from this cooperation which now sells nanohelices as chiral standards for cryo electron microscopes.
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Figure 4.2: Artistic photograph of nanohelices in small droplets. Idea by Anton Kuzyk, Tim Liedl and Robert
Schreiber. © Photo by Christoph Hohmann, Nanosystems Initiative Munich (NIM)
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DNA-based self-assembly of chiral plasmonic
nanostructures with tailored optical response

Anton Kuzykl*)‘, Robert Schreiber?*, Zhiyuan Fan®, Guinther Pardatscher!, Eva-Maria Roller?, Alexander HégeleQ,

Friedrich C. Simmel', Alexander O. Govorov® & Tim Lied]’

Matter structured on a length scale comparable to or smaller than
the wavelength of light can exhibit unusual optical properties’.
Particularly promising components for such materials are metal
nanostructures, where structural alterations provide a straightforward
means of tailoring their surface plasmon resonances and hence their
interaction with light>*. But the top-down fabrication of plasmonic
materials with controlled optical responses in the visible spectral
range remains challenging, because lithographic methods are limited
in resolution and in their ability to generate genuinely three-
dimensional architectures™®. Molecular self-assembly®” provides an
alternative bottom-up fabrication route not restricted by these
limitations, and DNA- and peptide-directed assembly have proved
to be viable methods for the controlled arrangement of metal
nanoparticles in complex and also chiral geometries®'*. Here we
show that DNA origami'>'¢ enables the high-yield production of
plasmonic structures that contain nanoparticles arranged in nano-
metre-scale helices. We find, in agreement with theoretical predic-
tions", that the structures in solution exhibit defined circular
dichroism and optical rotatory dispersion effects at visible wave-
lengths that originate from the collective plasmon-plasmon inter-
actions of the nanoparticles positioned with an accuracy better
than two nanometres. Circular dichroism effects in the visible part
of the spectrum have been achieved by exploiting the chiral
morphology of organic molecules and the plasmonic properties of
nanoparticles'®’, or even without precise control over the spatial
configuration of the nanoparticles'>*"*. In contrast, the optical
response of our nanoparticle assemblies is rationally designed and
tunable in handedness, colour and intensity—in accordance with our
theoretical model.

To demonstrate the potential of DNA origami for the programmable
and nanometre-precise design of plasmonic nanostructures, we targeted
an optical response that emerges as a collective effect from spatially
precisely arranged multiple nanoparticles in close proximity, and that
requires genuinely three-dimensional structures. The response of
helically arranged metallic nanocrystals to an electromagnetic field
meets both criteria. Much like the circular dichroism (CD, the differ-
ential absorption of left and right circularly polarized light) effect seen
with ‘optically active’ chiral molecules such as DNA and proteins that
exhibit CD in the ultraviolet and infrared ranges owing to the elec-
tronic and vibronic excitations of their chiral secondary structure?,
strong CD signals in the visible spectrum have been predicted to occur
through collective Coulomb interaction of plasmonic dipoles in chiral
assemblies of metal nanoparticles”. (See Supplementary Information
notes 1 and 2 for information on naturally occurring CD, and on the
theoretical framework of plasmon-induced CD.)

To create helical nanoparticle assemblies, we used the DNA
origami'>'® approach where hundreds of rationally designed ‘staple’
oligonucleotides are hybridized to a long single-stranded DNA scaffold

to force it into a specific two- or three-dimensional shape. The result-
ing objects are fully addressable by their DNA sequence, enabling
further decoration and functionalization in a unique, sequence-specific
manner*. Geometrical and material parameters can be tailored by
simple adjustments of the design and fabrication protocols, which
should make it feasible to quantitatively tune the optical activity of
such nanostructures dispersed in solution.

Figure la illustrates the nanostructure design (design details and
DNA sequences are given in Supplementary Information note 3). It is
based on DNA origami 24-helix bundles that offer nine helically
arranged attachment sites for plasmonic particles coated with single-
stranded DNA, here gold nanoparticles with a diameter of 10 nm. By
using nanoparticles covered with multiple linker strands, we can avoid
yield-lowering purification procedures and instead add an excess of
modified gold particles for hybridization to the DNA structures;
unconjugated gold particles are simply removed for re-use in later
experiments. The quality of the assemblies was assessed by trans-
mission electron microscopy (TEM) (Fig. 1b) (experimental details
and additional TEM images can be found in Supplementary
Information note 4). The strength of the optical activity critically
depends on the quality of the assembled structures®, so we improved
our experimental protocol to achieve a nanoparticle attachment yield
0f 96% and 98% per site and an overall yield of 77% and 86% of perfect
assemblies of right- and left-handed helices with nine nanoparticles,
respectively (Supplementary Information note 5). Most of the
imperfect structures exhibited only a single defect within an otherwise
well-formed helix. Helices stored for three months at 4 °C were still
intact (Supplementary Information note 6). As illustrated in Fig. 1c,
CD measurements were then carried out on solutions containing
left- or right-handed nanohelices.

Left-handed helical arrangements of plasmonic particles are
expected to produce a CD signal with a characteristic bisignate peak-
dip shape, with the peak centred around the plasmon resonance fre-
quency. Right-handed helices should produce a vertically mirrored
dip-peak signal. Indeed, CD spectra measured on samples with gold
nanoparticle assemblies of both helicities exhibited the anticipated
signatures (Fig. 2a). These responses arise because the helical arrange-
ment of the gold nanoparticles results in coupled plasmon waves
propagating along a helical path and causing increased absorption of
those components of the incident light that are in accord with the
handedness of the helices. The bisignate appearance of the CD signals
results from the isotropic nature of our samples, in which the
nanohelices are randomly oriented with respect to the direction of
the incident light. The interactions between the individual gold particles
within each helix create a splitting between the longitudinal and trans-
verse modes of the electromagnetic wave, and these modes typically have
opposite chirality. As a result, the plasmonic CD spectrum acquires the
characteristic dip-peak shape (Supplementary Information note 2).
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Figure 1 | Assembly of DNA origami gold nanoparticle helices and
principle of circular dichroism. a, Left- and right-handed nanohelices
(diameter 34 nm, helical pitch 57 nm) are formed by nine gold nanoparticles
each of diameter 10 nm that are attached to the surface of DNA origami 24-
helix bundles (each of diameter 16 nm). Each attachment site consists of three
15-nucleotide-long single-stranded extensions of staple oligonucleotides. Gold
nanoparticles carry multiple thiol-modified DNA strands, which are
complementary to these staple extensions. Nanoparticles and 24-helix bundles
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Figure 2 | Circular dichroism of self-assembled gold nanohelices.
Experimental (a and ¢) and theoretical (b and d) CD spectra of left-handed (red
lines) and right-handed (blue lines) helices of nine gold nanoparticles show
characteristic bisignate signatures in the visible. a, CD spectra of nanohelices
composed of 10-nm gold particles. The peak position in the spectra of left-
handed helices (indicated by the arrow) coincides with the plasmon absorption
resonance maximum. b, The theoretically predicted CDs for the geometries in
a exhibit the same features; the peak positions and amplitudes are in remarkable
agreement with the experiment. ¢, The CD signal increases owing to collective
plasmonic enhancement by a factor of 400 for assemblies of nanoparticles with
16-nm diameter, rendering the noise in the spectra invisible (as in a). The peak
position for left-handed helices exhibits a red-shift from 524 nm to 545 nm.
d, The corresponding theoretical calculation predicts a 500-fold enhancement
of the signal and a peak shift from 523 nm to 534 nm. The CD spectra were
recorded at concentrations of nanohelices of 1.5nM in a and 0.4 nM in ¢c. The
insets in a and ¢ show TEM images of left-handed (red frame) and right-handed
(blue frame) nanohelices (scale bars, 20 nm); the respective left-handed model
geometries are depicted in the insets to b and d.
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are mixed for assembly and the resulting constructs are gel-purified. b, TEM
image of assembled left-handed gold nanohelices (scale bar, 100 nm). Analysis
of the TEM data yields a 98% success rate for directed attachment of
nanoparticles. ¢, Circular dichroism is measured as the difference in absorbance
AA = Ay cp — Arcp of left-hand-circularly polarized (LCP) and right-hand-
circularly polarized (RCP) light as a function of wavelength. CD measurements
were performed with a CD spectrometer on samples in cuvettes of optical path
length 3 mm.

The experimental spectra agree well with theoretical calculations
based on classical electrodynamics (Fig. 2b). The strongest absorption
of circularly polarized light is predicted in the vicinity of the surface
plasmon frequency of the metal nanoparticles, as experimentally seen
with our assemblies. Strikingly, even the strength of the measured
signals closely matches the magnitude predicted by the calculations.
We further confirmed theoretically that the CD signal remains robust
to positional perturbations of the individual particles (see Supplemen-
tary Information note 2).

The dipole theory" predicts that the CD signal becomes stronger
when the particles are either larger or arranged in a tighter helix:

12
CDplasmonz ‘;ﬂ (1)

8
0

where ayp and Ry are the nanoparticle and helix radii, respectively. We
quantified the influence of particle size on the CD signal by using
electroless deposition of metal from solution®**” onto 10-nm seeding
particles that were already assembled into the helical geometry
described in Fig. 1 (see Supplementary Information note 7 for experi-
mental details and additional TEM images). CD measurements of
these ‘enhanced’ samples showed two notable effects (Fig. 2c): the
signal strength increased up to 400-fold for nanoparticle diameters
of 16 * 2 nm, and the absorption as well as the CD peak shifted to
longer wavelengths. These results are consistent with theoretical pre-
dictions for the plasmonic CD effect. A simple estimate for the CD
signal increase based on equation (1) and assuming a particle size of
16 nm yields an enhancement of about 280, and quantitative numerical
calculations predict an enhancement of about 500. As in the experi-
ments, the calculated CD for larger particles and the same helix radius
is also red-shifted (Fig. 2d), which is typical for strongly interacting
plasmonic nanocrystals®. Taken together, these observations illus-
trate that desired optical behaviour can be designed and realized by
exploiting the collective interactions between plasmonic particles
attached with close to 100% yield and positioned with nanometre-scale
precision.

To generate CD at other wavelengths, we plated silver onto pre-
assembled 10-nm gold particle helices and thereby produced a silver
shell of about 3 nm around each of the gold nanoparticles. Plasmon
resonances in silver occur at a shorter wavelength than in gold, so the

©2012 Macmillan Publishers Limited. All rights reserved
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recorded CD spectra were shifted into the blue spectral region (Fig. 3a).
To fine-tune the optical response to intermediate wavelengths, we used
mixtures of gold and silver ions in the plating solution to grow alloy
shells around the seed particles. Figure 3a presents a TEM image
(upper inset) with the corresponding CD spectrum of an alloy-coated
structure. As expected, the CD signal for the alloy helices appears at an
intermediate wavelength (absorption spectra and additional CD spectra
are presented in Supplementary Information note 8). Mixing of solu-
tions containing different types of structures resulted in a linear super-
position of the corresponding spectra (Fig. 3a). These experiments
indicate the potential of our assembly method for the fabrication of
optically active materials with customized spectral response.

To visualize the collective optical activity of our self-assembled
nanohelices in a macroscopic optical experiment, we exposed gold
nanoparticle helices to excessive amounts of silver ions during electro-
less metal deposition and thereby achieved a giant molar CD of around
10°M ™' cm ™. The corresponding spectra are presented in Fig. 3b.
Droplets of samples containing left-handed or right-handed helices
and a non-helical control droplet were placed onto a glass slide between
two linear polarizers. As demonstrated in Fig. 4 with polarization-
resolved transmission images, the droplets with gold helices rotate
the polarization angle of the linearly polarized light. Although our
set-up is insensitive to polarization below 550 nm, rotation of the
polarization axis of the linearly polarized light was detected for both
right- and left-handed helices in the red band of the visible spectrum.
The observation is in accordance with the effect of optical rotatory
dispersion, which is characteristic of chiral materials exhibiting CD.
In the case of our right-handed “metafluid”*, the polarization axis is
rotated clockwise (or counter-clockwise) at wavelengths above (or
below) 560 nm; the opposite effect is seen with the left-handed
nanohelices. The control sample containing isotropically dispersed
10-nm gold nanoparticles exhibited no such optical activity. Further
details on the materials characteristics (anisotropy factor and specific
rotation) can be found in Supplementary Information notes 8 and 9.

In future experiments we will explore the possibility of realizing
materials with a negative refractive index without the requirement of
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Figure 3 | Spectral tuning of circular dichroism by metal composition.

a, A pronounced blueshift of the peak position in the CD response was achieved
by depositing several nanometres of silver on gold nanoparticles of diameter
10 nm (blue spectrum of left-handed gold-core/silver-shell nanohelices; red
spectrum from Fig. 2c is shown for reference). Growth of silver+gold alloy
shells gives rise to an intermediate blueshift (green spectrum of left-handed
gold-core/silver+gold-shell helices). Mixing of solutions that contain
nanohelices of various metal compositions results in a superposition of
individual CD responses (black spectrum): a 2:3 mixture of gold-core/silver-
shell (blue spectrum) and gold-core/silver+gold-shell (green spectrum)
exhibits CD close to the predicted superposition (dashed black line; black
curves were rescaled by a factor of 1.7 for presentation purposes). b, Excessive
metal deposition leads to the merging of nanoparticles and further
enhancement of the CD signal for the left-handed (orange spectrum) and right-
handed (purple spectrum) gold-core/silver-shell helices. The corresponding
molar CD in the visible spectrum is huge with a strength of about

10 M ™' cm ™. The CD spectra were recorded at concentrations of nanohelices
of 0.4nM in a and 40 pM in b. The insets in a and b show TEM images of left-
handed (blue, green and orange frames) and right-handed (purple frame)
nanohelices (scale bars, 20 nm).
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Figure 4 | Optical rotatory dispersion of self-assembled gold nanohelices.
a, The macroscopic optical activity of the metafluid is demonstrated in
polarization-resolved transmission by placing droplets of left-handed and
right-handed nanohelices as well as a control droplet with isotropically
dispersed gold nanoparticles between two linear polarizers. The components of
the transmission set-up are ordered along the propagation path of white light as
follows: linear polarizer, sample, linear analyser, screen (charge-coupled-device
camera). The extinction characteristics of the linear polarizers render the set-up
polarization-insensitive for wavelengths below 550 nm. b, Real-colour
transmission images (scale bar, 1 mm) of the droplets for clockwise (top) and
counter-clockwise (bottom) rotation of the analyser by one degree out of the
orthogonal configuration. The droplets of right-handed and left-handed helices
appear red in the top and bottom images, respectively, as a result of optical
rotatory dispersion. Right- (or left-) handed nanohelices rotate the polarization
axis of the transmitted light in positive (or negative) and negative (or positive)
directions in the red and blue spectral bands, respectively. The rotation of the
polarization in the red band is sensitively detected by the set-up, but green and
blue components of white light illumination (below 550 nm) are not
polarization-resolved and contribute only to the bluish background.

either ¢ or u being negative™, using fluids with oriented or densely
packed plasmonic helices, which should lead to a further increase of
the chiral optical response. But irrespective of whether this goal can be
realized, the present findings clearly establish DN A origami as a valuable
addition to the existing tools at the material engineer’s disposal for
precisely arranging nanoparticles into assemblies with desired electric
or magnetic properties.
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5 Chiral Plasmonic Material with Switchable
Circular Dichroism

Studies on conformationally changing plasmonic structures are rare, because so far most plasmonic
devices have been static. However, such dynamic plasmonic structures are a key necessity for future
switchable metamaterials which can be used to dynamically control the refractive index of matter or
are envisioned as devices for data storage. Switchable metamaterials have been created which use
electric and magnetic properties of the material itself or are influenced by the change of the refractive
index or the temperature [81-86]. Most of the structures are optically active in the infrared wave-
length of light [82-84].
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Figure 5.1: a, Schematic drawing of left-handed switchable nanohelices attached to a BSA-Biotin-Neutravi-
din coated surface. b, Typical circular dichroism signal from each plasmonic state of the nanohelices.

In the associated publication P3 we showed that we were able to produce a switchable metamaterial
showing plasmonic activity in the visible range of light. In a simplified picture, for isotropically ori-
entated helices, collective plasmonic excitation in a helix can be divided into plasmons parallel to the
helix axis (z-CD) and plasmons perpendicular to the helix axis (xy-CD). These two plasmonic modes
have an inverted CD signal to each other with small shifts of the excitation wavelength. By orientat-
ing our nanostructures orthogonal or parallel to the incidence of light, we demonstrated the excitation
of either one of its plasmonic states. We were able to show the externally triggered reversible switch-
ing of a chiral plasmonic structure between its two plasmonic states (Figure 5.1). The plasmonic
states are inverted to each other which enables the distinction between the two states.

Additionally to the alignment of nanohelices on surfaces as shown in associated publication P3, to-

gether with Bernard Yurke (BSU) the alignment of nanohelices was also performed in liquid crystals
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of herring DNA. The long double-stranded herring DNA pieces align at high concentrations in the
liquid crystal phase. By stressing the liquid crystal with pressure the direction of alignment could be
controlled.

Currently, the alignment of the nanohelices in strong magnetic fields (>5 Tesla) is investigated by
Alexander Hogele’s group (LMU). The alignment of nanohelices in solution might also be realized

by attaching magnetic beads to one end of the nanostructures.
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Circular dichroism (CD) of an optically active material is a measure for the
differential absorption of left- and right-handed circularly polarized light. The
characteristic shape of the CD spectra recorded from proteins or DNA — usually
apparent in the UV range — reflects their chiral geometry and originates from the
superposition of CD signals of many randomly oriented molecules. Surface
plasmon resonances in chiral assemblies of metal nanoparticles can give rise to
strong and characteristic CD responses at visible wavelengths'***>, Here we show
that by first aligning and then toggling the orientation of nanoparticle helices
attached to a substrate, we were able to reversibly switch the optical response
between two distinct spectra corresponding to either perpendicular or parallel
helix orientation in respect to the light beam. The observed directional CD of our
switchable plasmonic material is in good agreement with predictions based on
dipole approximation theory. Such dynamic metamaterials introduce functionality
into soft matter-based optical devices and may enable novel data storage schemes

or signal modulators.

Manufacturing dynamic plasmonic materials that interact with visible light in a
controllable fashion is challenging for a number of reasons: First, a metallic or dielectric
substrate must be structured on a length-scale smaller than the wavelength of the
exciting electromagnetic field. For the visible range this implies a characteristic scale of
tens of nanometers, while for infrared (IR) wavelengths this requirement is relaxed to
hundreds of nanometers®’. Top-down fabrication methods are readily available for the
latter length scale, and therefore remarkable progress has been already achieved for
switchable plasmonic materials functioning in the IR and longer wavelengths®”'".
Further, to dynamically alter optical responses of metamaterials, generally three
approaches can be pursued: 1) The electromagnetic properties of the meta-atoms are
altered, which can be achieved, e.g., by controlling electric currents'"'*". ii) The
electromagnetic properties of the surrounding material are altered. This is equivalent to
observing changes in the environment, which is an approach that is successfully

. 14 . . . e 15,16,17,18
applied ”, in particular in sensing applications ™ >~

. 1i1) Changes in the material’s
geometry are enabled. This has been shown successfully for micrometer-scale

.19 . . . . ..
geometries , however, the control of nanoscale geometries is only possible in a limited



way in lithographically produced structures. By using molecular linkers, it is possible
to detect shifts of plasmonic resonances in absorption or scattering spectra upon
aggregation or spatial reorganization of nanoparticles®®*'. And while absorption and
scattering measurements are certainly suitable methods for the detection of frequency
shifts, controlled switching of CD spectra of chiral interacting plasmonic objects that
are assembled with soft matter templates enables entirely new detection schemes and
introduces mobility into metamaterial research. For example, recent studies observed
the induced emergence of CD signals in solutions during the formation of nanorod

aggregates” or the self-assembly of nanorod dimers of left- and right-handed chirality’.

With the aim to create a dynamic two-state plasmonic material and to overcome the
above-mentioned obstacles, we mounted switchable chiral nanostructures that are
assembled by the DNA origami method on a glass substrate. The DNA origami method
allows the assembly of complex two- and three-dimensional shapes by annealing
hundreds of short ssDNA oligonucleotides with a long single-stranded DNA (ssDNA)

22,23,24,25,26

during a thermo-controlled process (Fig. 1). DNA nanostructures can be

. . . . . . 27282 1
precisely decorated with metal particles with nanometer precision®’**3

and others
and us recently demonstrated the assembly of gold particles into left- and right-handed
nanohelices with perfectly controlled chirality™**. Notably, these particle helices exhibit
strong optical activity, which can be tuned by particle-directed metal deposition®>>*

through a wide range of the optical spectrum.

For our experiments, left-handed nanohelices (L-NHs) are attached via bio-linkers to a
substrate in a way that they are switchable in orientation. For the L-NHs, 10 nm gold
particles are attached to the surface of a rigid DNA origami 24-helix bundle to form a
secondary helix with a diameter of 34 nm, a helical pitch of 57 nm and a total length of
79 nm. Each particle attachment site on the 24-helix bundle consists of three 15 nt long
single-stranded extensions protruding from the DNA origami surface. Previous to
assembly, the gold nanoparticles were functionalized with multiple thiol-modified DNA
strands (Fig. 1a), which are complementary to the staple extensions. These particles
were mixed with the assembled 24-helix bundles followed by gel-purification to remove
unbound nanoparticles. Electron microscopy reveals the formation of the particle

helices (Fig. 1b). The face at one end of the 24-helix bundle was modified with 10
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biotin molecules to attach the L-NHs on a BSA-biotin-neutravidin coated quartz glass
surface. Due to the multiple attachment sites and the large area of the DNA structure’s
face, the gold helices stand upright as it has also been shown previously with four- and

six-helix bundles with thickened ends’**’

(experimental details can be found in
Supplementary Information Note S1). We performed single-molecule measurements to
confirm the upright orientation of the gold nanohelices in solution as discussed later.
Quartz surfaces coated with nanohelices were placed in a test tube for a step of
additional silver growth on the nanoparticles surfaces (metal enhancement). It is worth
mentioning that it is also possible to assemble the gold particles on the origami
structures after they have been attached to the surface. For this procedure, surface-
bound 24-helix bundles with bare attachment sites are placed in a solution containing
the gold particles functionalized with the sequences complementary to the attachment
sites (see Supplementary Information Note S2). The gold particle helices assemble
within one hour, no further purification is required and the unbound gold particles can
simply be removed with a pipette and later be reused for further assemblies. Another

advantage of this method is that only nanohelices, which are actually standing upright,

will offer all their attachment sites for gold nanoparticle binding.

For the CD measurements the NHs-covered quartz glass is placed perpendicular to the
measurement light beam inside a buffer-filled cuvette. The NHs standing upright on the
substrate are hence aligned parallel to the beam (Fig. 2). Due to the floppiness of the
linkers and the roughness of the protein substrate, we did no expect to achieve perfect
alignment, i.e., all helices standing exactly perpendicular to the surface. Nonetheless,
we observed a dominant plasmonic CD signal of left-handed helices when the circularly
polarized light passes through the samples along the helical z-axis (CD,). Instead of the
peak-dip (bisignated) CD of the L-NHs isotropically dispersed in solution (Fig. 2a) an
inverted dip-peak spectrum with a dominant peak at the plasmon resonance is expected
from theory (Fig. 2b, see Supplementary Information Note S3 for other geometries) and
becomes apparent in the experiment at 528 = 4 nm (Fig. 2¢). In the next step the quartz
glass was blow-dried and placed again into the emptied cuvette. This resulted in the
alignment of the L-NHs parallel to the glass surface and therefore perpendicular to the
light beam. As expected, the recorded CD spectrum shows a peak-dip signal with a
dominant dip at 552 + 4 nm (CDyy). The CDyy spectrum is flipped along the horizontal



axis and slightly red shifted (24 £ 8 nm) compared to the CD,. The wavelength shift
between CDy, and CD, agrees with the calculations for nanohelices in a uniform media.
However it should be noted that the refractive index around the gold nanoparticles could
also affect the wavelength shift to some extent (see Supplementary Information Note
S4). To show the reversibility of the CD switching, the cuvette is filled again with
buffer and a new CD spectrum is recorded. Judging from the recovered CD, signal it
can be concluded that the L-NHs stand up again and align parallel to the light beam,
although some of the helices or individual nanoparticles may have been washed away
and some helices may have stuck permanently to the substrate during the flushing and
drying process, respectively (see also Supplementary Information Note S5). Another
drying step switches the orientation and the CD signal once more. It is hence possible to
reversibly switch between two alignment states and subsequently gather the signals of
CD, and CD,, without changing the orientation of the substrate (see Supplementary

Information Note S6 for switching CD spectra of right-handed nanohelices).

Our results agree well with theoretical models: The nanohelices dispersed in solution
show the aforementioned peak-dip (bisignate) CD spectra in the visible'”. This shape
can be explained by a splitting between the plasmonic modes in a nanoparticle helix. On
the opposite sides of the plasmon peak, the plasmon modes have opposite chiralities and
therefore a CD spectrum receives its bisignate appearance (Fig. 3a). In addition to the
slight frequency shift, the calculation shows that CD of transversely oriented helices
results in a peak in the spectrum (for left-handed nanohelices) while the signal of
longitudinally oriented helices results in a dip (Fig. 3b). Since the frequency shift is
small, the total CD strength of non-oriented helices is significantly weakened due to the
cancellation of CDs from all possible helix orientations. Consequently, an increase of
the signal for aligned helices is expected. This increase, however, is strongly dependent
upon the variation of orientation — recall the incomplete orientation due to surface
roughness and floppiness of the linker molecules — of the nanohelices with respect to the
incoming light beam. To account for this effect, we calculated the influence of the angle

variation of the standing helices on the CD, (Fig. 3¢) (see Supplementary Information
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Note S7). The given angle describes the opening angle of a cone that accommodates all
helix orientations. Interestingly, even an opening angle of 70° still allows a dominant
CD, to occur. The comparison of these calculations with our experimentally obtained
CD spectra in combination with evaluating the density of the aligned L-NHs on a quartz
surface by scanning electron microscopy suggests that the cone opening angle might be
as large as 60° for our standing helices. Importantly, we find an increase of the CD
signal of three- to eight-fold for aligned L-NHs over randomly oriented L-NHs in

solution (see Supplementary Information Note S8).

To finally illustrate the formation of the commonly observed bisignate CD shapes, the
CD spectrum of L-NHs dispersed randomly in solution is recomposed if two
subsequently recorded CD, and CDyy spectra are superimposed, giving a weight of one
third to helices oriented parallel to the light beam (CD,) and two thirds to
perpendicularly aligned helices (CDyy) (Fig. 3d). This result is in very good agreement

with our theoretical model.

In addition to ensemble measurements on oriented helices, also single molecule
measurements were performed to determine the orientation of nanohelices using
darkfield scattering spectroscopy. Our calculations for the scattering show excitation of
the transverse plasmon modes for the nanohelices aligned parallel to the light beam and
excitation of both the transverse and longitudinal plasmon modes for the nanohelices
aligned orthogonal to the light beam (Fig. 4a). For our experiments we expected the
frequency shift between these plasmon resonances to be 20.5 nm (Fig. 4b). The panels
in Fig. 4¢ and d show the darkfield images and scattering spectra of surface-attached L-
NHs in solution and dry on a BSA-biotin-neutravidin functionalized glass slide. For
polarization-dependent spectral measurements, the scattered light passes through a
linear polarizer before it is fed to a spectrometer (the details of the sample preparation,
the measurement setup and additional experimental data can be found in the
Supplementary Information Note S9). The spectral measurements before and after
drying are performed in the same areas and spectra of identical helices are compared.
As shown in Fig. 4c, the darkfield image of L-NHs in solution (top) correlates well with
that of the same L-NHs after drying (bottom), except for a few unspecifically bound

nanohelices that were removed by vigorous rinsing before the nanohelices were dried.



For dried L-NHs on glass, the scattering spectra changes with respect to the polarization
orientation, as the peak scattering wavelength of the L-NHs depends on the excitable
plasmon modes. Here, the peaks for two orthogonal polarizer orientations are separated
by 22 + 4 nm, as shown in Fig. 4d (bottom), consistent with the behavior of longitudinal
and transverse plasmon modes. In contrast, the scattering spectra of L-NHs in solution
do not show clear polarization dependency (top). These experimental results show

convincing agreement with the theoretical predictions.

To summarize, we created a dynamic plasmonic material operating in the visible range
by switching of plasmonic chiral nanostructures, which show inverted CD spectra after
each switching step. The alignment process leads to a multi-fold increased CD signal
over signals resulting from randomly oriented samples at equal concentrations.
Switchable chiral nanostructures may be applied as sensors for the detection of
molecules, their chirality and their orientation, systems for data storage and materials

with switchable (negative) refractive index.
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Figure 1 | Chiral plasmonic nanostructure aligned on a surface. a, A DNA origami
24-helix bundle composed of one long scaffolding DNA strand that is folded into shape
by short DNA strands. Gold nanoparticles are arranged in a left-handed helix on the
DNA origami structure. Zoom in: 10 nm gold nanoparticle functionalized with thiolated
ssDNA hybridized to the DNA origami 24-helix bundle. The origami structure is
functionalized with biotin groups on one end for the attachment to a BSA-biotin-
neutravidin coated surface. After the attachment of the nanohelix on the surface,
additional deposition of silver atoms on the gold particles was performed to create a
silver shell around each gold nanoparticle (not shown). b, Transmission electron

microscopy image of a nanohelix.

43



44

e ofeo
i = 1 —— i50 CD theo.

| —isocem.
% & “.
, = Lo -
°,‘»’ a% O 1 theory + exp.

300 500 700
A (nm)

Xy

CD (mdeg)
Ao A

[¢]

3

Figure 2 | Dynamic material with switchable circular dichroism. a, Theoretical
(grey curve) and experimental (black curve) CD spectra for L-NHs dispersed in
solution. b, Theoretical CD spectra of L-NHs oriented parallel (red curve) and
perpendicular (blue curve) to the incident beam. ¢, Experimental CD spectra (top) and
scheme of orientation state (bottom) of the L-NHs. The light beam penetrates the quartz
substrate perpendicular to its surface plane. Measurements shown were performed with
the same ensemble of L-NHs and in the displayed order. L-NHs stood upright if
dispersed in solution and were hence aligned parallel to the incoming light beam. The
expected transverse CD, was observed in this case. After removal of the buffer and air-
drying of the surface, the L-NHs laid flat on the substrate and were thus oriented
perpendicular to the incoming light beam. Here, the expected longitudinal CDy, was
measured. The cuvette was re-filled with buffer, which lead to re-alignment of the L-
NHs parallel to the light beam. Again the transverse CD, was obtained. The sample was

air-dried again and the longitudinal CDy, was measured.
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Figure 3 | CD splitting theory and comparison to the experimental results.
a, Scheme of L-NHs aligned orthogonal and parallel to a polarized light beam. The
possible CD excitation modes are indicated with double arrows (red: CD,, blue: CDyy).
b, The simulated peak-dip CD signal of randomly oriented L-NHs can be composed by
the superposition of weighted transverse CD, and longitudinal CDy, signals. The
directional CD signal (CD, or CDyy) is much stronger than the signal originating from
randomly dispersed helices since averaging over the orientation of the chiral objects
typically strongly reduces the CD signal. ¢, Simulated CD spectra for helices oriented at
angles restricted to a cone with a given opening angle ®. d, The CD, (red curve) and the
CDyy (blue curve) were measured from the same ensemble of L-NHs by switching the
orientation of the L-NHs (cf. Figure 2). The black curve shows the calculated
superposition of weighted CD, and CDy,. Importantly, this curve resembles the CD
signal of nanohelices dispersed randomly in solution. Note that the shift between the
inverted modes is larger than expected. This can be attributed to differences of the

refractive indices of the particle-surrounding media in dry and wet samples.
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Figure 4 | Darkfield scattering spectroscopy of surface-bound nanohelices. Aligned
nanohelices orthogonal to a surface in solution (top row) and aligned nanohelices
parallel to a surface dry on glass (bottom row) were studied. a, Schemes of nanohelices
aligned orthogonal or parallel to a light beam. b, Theoretical calculations. Top: only
transverse plasmons are excited if the nanohelices are aligned parallel to the light beam.
Bottom: longitudinal and transverse plasmons are excited if the nanohelices are aligned
orthogonal to the light beam. The expected shift of the plasmon resonance is 20.5 nm. ¢,
Darkfield images of aligned nanohelices in the same area are shown in colour. An
ozone-free Xe lamp is used as a light source. d, The interpolated scattering spectra of a
typical nanohelix as highlighted in ¢ (circle). Top: the scattering spectrum of a surface-
bound nanohelix in solution shows no clear polarization dependency. Only transverse
plasmon excitation is obtained. Bottom: a dried nanohelix exhibits polarization
dependent scattering spectra consistent with Xy orientation of the nanohelix.
Longitudinal and transverse plasmon excitation is obtained. The observed shift of the

plasmon resonance is 22 + 4 nm.



6 Hierarchical assembly of metal nanopar-
ticles, quantum dots and organic dyes using
DNA origami scaffolds

Creating modular three-dimensional networks and hierarchical assemblies with metal nanoparticles,
semi-conducting nanoparticles and organic dyes is challenging and can be useful for the creation
of complex systems such as plasmonic nanolenses and light-harvesting complexes. Bottom-up ap-
proaches have demonstrated the creation of spatial arrangements of metal and semi-conducting
nanoparticles and organic dyes around a center nanoparticle [88-90]. These spatial arrangements
around a structuring nanoparticle showed a lack of the ability to design the distance between the
components (only short ranges). It was also not possible to arrange complex multi-nanoparticle ge-
ometries around the center nanoparticle (e.g. chiral assemblies of metal nanoparticle or dyes around
a structuring element). In contrast, DNA nanotechnology allows to spatially arrange metal nanopar-

ticles, semi-conducting nanoparticles and organic dyes [32,36,87].

Figure 6.1: a, Schematic drawing of a planet-satellite nanocluster with a 60 nm gold particle as a planet, DNA
origami structures (here: 24-helix bundles) as distance control and 10 nm gold particle as satellites. b, Scan-
ning electron microscopy image of such planet-satellite nanoclusters. Scale bar, 500 nm.

In the associated publication P4 we used metal nanoparticles, semi-conducting nanoparticles and
soft-matter particles as structuring elements to arrange DNA origami structures (Figure 6.1). Fur-
thermore, the DNA origami structures were modified with metal nanoparticles or organic dyes, which
were organized in specific geometries and at defined distances from the structuring planet-element.
All parameters like distance, size, stoichiometry and material composition were controlled by the

choice of the planet, its satellites and the design of the DNA origami structure which includes the
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choice for the attachment sites of the satellites. This enabled us to create hierarchical assemblies (up
to 500 nm diameter) with yet unprecedented complexity, precise control of the spatially arranged
components and mono-dispersity in solution. With these assemblies we were able to arrange helices
of metal nanoparticles around a plasmonic planet and to investigate the influence of the center metal
nanoparticle on the circular dichroism of the attached chiral nanostructures. Furthermore, we were
capable to investigate light harvesting-like constructs with organic dyes arranged around a quantum
dot. We realized that these structures were not able to prove an energy transfer from the dyes around
an acceptor quantum dot. This is possibly due to the fact that the quantum dot gets excited alongside
the organic dyes [91]. Moreover we investigated long-range dye quenching effects of organic dyes in
the surrounding area of a metal nanoparticle. This confirms the results of recent studies on long-range
quenching effects from other groups [92,93].

In addition, cooperations to study these specific planet-satellite systems are already in progress with
Joshua B. Edel (ICL) for Raman spectroscopy on liquid boundaries and with Na Liu (MPI, Stuttgart)

for cross-talks between chiral and non-chiral plasmonic nanostructures.
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ONE-SENTENCE SUMMARY: DNA nanotechnology: Rigid DNA origami
scaffolds can be used to hierarchically organize metal nanoparticles, quantum
dots and organic dyes into functional nanoclusters that have a planet-satellite

type structure.
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The self-assembly of nanoscale elements into three-dimensional structures with
precise shapes and sizes is important in fields such as nanophotonics,
metamaterials and biotechnologyl’z. Short molecular linkers have previously been
used to create assemblies of nanoparticles™*>*"*°_ but the approach is limited to
small interparticle distances, typically less than 10 nm. Alternatively, DNA

. .10,11
origami 0,

can precisely organize nanoscale objects over much larger length
scales. Here we show that rigid DNA origami scaffolds can be used to assemble
metal nanoparticles, quantum dots and organic dyes into hierarchical nanoclusters
that have a planet-satellite type structure. The nanoclusters have a tuneable
stoichiometry, defined distances of 5 to 200 nm between components, and
controllable overall sizes of up to 500 nm. We also show that the nanoscale
components can be positioned along the radial DNA spacers of the nanostructures,
which allows short- and long-range interactions between nanoparticles and dyes to
be studied in solution. The approach could, in the future, be used to construct

efficient energy funnels, complex plasmonic architectures, and porous, nano-

engineered scaffolds for catalysis.

DNA-based self-assembly offers the possibility to fabricate trillions of identical objects
at once while achieving nanometre-precise positioning of objects in all three

12,13

dimensions . The early applications of DNA to connect nanoparticles into discrete

dimers and trimers’ led over the years to the fabrication of complex, polypod-like

514,15 - T
»7° In these assemblies, where individual

dynamic and hybrid nanoparticle assemblies
DNA double-strands (dsDNA) were used as scaffolds, the achievable control over size
and shape is limited by the flexibility of dsDNA and the stability of the single chemical
bonds between the DNA and the nanoparticles. In recent years, various more
sophisticated assemblies of metal nanoparticles based on DNA scaffolding have been
realized'® ''®!°. Most of these studies used the metal nanoparticles as exemplary
objects to visualize the assembly power of DNA and only very recently function was

added by the design of optically active materials'*"

and geometries that enable
fluorescence enhancement of individual dye molecules®. Besides DNA, other

molecular cross-linkers can be used to arrange plasmonic nanoparticles into planet-



satellite assemblies™ but none of these methods offer control over distances greater than
a couple of nanometres nor simple combinatorial freedom in the choice of materials. To
overcome these fundamental limitations, we used DNA origami structures as spacers to
arrange nanoparticles and organic dyes in three-dimensions. We were able to build and
employ a new class of hybrid planet-satellite nanoclusters that are monodisperse,
tunable in size and stochiometry and whose structural integrity is provided by the
rigidity of DNA origami constructs and the stability of DNA-origami-enabled

connection schemes.

DNA origami structures are usually composed of a long (7-8 kb) scaffolding DNA
single strand and roughly 200 short “staple” oligonucleotides. The folded objects are
comprised of multiple double-helices that can be arranged in an (anti-)parallel',
crossed'’, twisted, curved®'** and pre-stressed manner™. To create the planet-satellite
nanoclusters, we fabricated chemically asymmetric DNA origami structures of varying
length and thickness that offer specific types of attachment sites (Figure 1a). Each
attachment site consists of 1 to 12 copies of a specific single-stranded DNA sequence
protruding from the DNA origami surface. Nanoparticles or organic dyes functionalized
18,19

with complementary sequences were hybridized to these sites with high fidelity

(Figure 1b and c).

In the first step of the assembly procedure, the DNA origami structures together with
the staple strands containing the sequences used for particle attachment were annealed.
Next, the DNA origami objects were purified via gel electrophoresis from the molar
excess of staple strands and subsequently hybridized (12 hours at 25 °C) with DNA-
functionalized dyes or nanoparticles, which later constitute the satellites of the
nanoclusters (DNA functionalization protocols for all nanoparticles can be found in
Supplementary Note S1). During a second gel electrophoresis step, the origami
structures with the attached satellites were purified from the excess of dyes or
nanoparticles (Supplementary Note S2) and afterwards hybridized with the planet gold
nanoparticles, which serve as solid supports for the origami structures. As planets,
DNA-functionalized gold and semiconductor nanoparticles of various sizes (10 nm to

80 nm) were employed. For the planet-satellite hybridization step (12 hours at 25 °C),
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an excess of satellite-functionalized DNA origami structures over planet particles was
used. To account for the available surface area of the nanoparticle planets, the molar
excess was varied for each planet size (Supplementary Note S3). The final super-
nanoclusters consisting of nanoparticle planets, DNA origami structures and dye or
nanoparticle satellites are in the following called origami nanoclusters (Figure 1d-h).
origami nanoclusters only tend to aggregate at high concentrations and are stable for
long periods of time (8 months) if stored at -18°C (Supplementary Note S4 and S5).
By modifying the DNA structures with gold nanoparticles along the radial spokes
(Figure 1f) we demonstrate the potential of our approach to create chiral assemblies of
high complexity. These origami nanoclusters give rise to strong circular dichroism (CD)
in the visible range and we find that our chiral structures” not only preserve their
specific optical activity in this assembly, but also experience an increase of their
plasmonic CD due to field enhancement effects in the vicinity of large (80 nm) planet
particles (Supplementary Note S6 and S7). We further created hetero-structures

featuring quantum dots®**®

as central planets and gold nanoparticles (Figure 1g) or
fluorescent dyes (Figure 1h) as satellites. We studied potential feeding of fluorescent
energy from multiple dyes™ along the spokes to the central quantum dot, but only a
non-significant increase of acceptor fluorescence could be observed (Supplementary
Note S8). We attribute this to the fundamental difficulties that arise when using

: 2
quantum dots as acceptors of fluorescence energy from organic donor molecules®’.

Also by varying the shape and accordingly the extensions of the origami structures, the
distance between satellite and planet could be controlled. We used a three-layer origami
block for a short planet-satellite distance of 10 nm (Figure 2a), a 24-helix bundle for an
intermediate distance of 100 nm (Figure 2b), and a 14-helix bundle for the longest
distance of 200 mm (Figure 2c¢). The actual distances between satellites and planets
were determined experimentally by analyzing transmission electron microscopy images
of Uranyl-acetate-stained origami nanoclusters. As the nanoclusters adsorbed to the
surface of the transmission electron microscopy grid and were further dried after the
staining process, they appear in a flattened, two-dimensional manner. The DNA origami

structures which are attached to the central sphere from all directions are thus pointing



outwards radially in only one plane. This leads to a systematic error in the distance
measurements resulting from origami structures that are attached anywhere between the
equator and the poles of the planet. Note that by slowly drying the origami nanoclusters
on a substrate it is possible to preserve the 3D structure, which can be proven by
transmission electron tomography (Supplementary Note S9). Importantly, these origami
nanoclusters represent to our knowledge the largest three-dimensional DNA-based
assemblies of defined size (DLS measurements can be found in Supplementary

Information Note S10-12).

The stochiometry of the origami nanocluster assembly was effectively controlled by
changing the size of the central gold nanoparticle planet from 10 nm to 80 nm (Figure
3a-d). If the concentration of satellite-bearing origami structures was excessive during
the assembly process, the planet size determines the number of attached satellites.
Interestingly, the standard deviation for the number of satellites was very low for each
given planet size: 17 % for 10 nm, 10 % for 40 nm, 12 % for 60 nm and 6 % for 80 nm
planet particles. In a first estimation, we expected that the absolute number should be
directly proportional to the surface area of the central particle. This not being the case
can be directly derived from the data shown in Figure 3e, where a graph showing the
number of satellites as a function of surface area is plotted. It can be observed that with
increasing particle size and hence decreasing surface curvature, less origami structures
than expected attach to the planets. We attribute this to the increasing electrostatic and
steric repulsions that occur between neighbouring DNA structures at a distance from the
particles’ surfaces when the curvature of the planet surface decreases with increasing
size. In accordance with this consideration, we found that performing the assembly at
elevated NaCl concentrations leads to higher satellite attachment yields but also to more
aggregated clusters (Supplementary Note S11 and S12). For the largest planets (80 nm
gold nanoparticle, lowest surface curvature) the average surface coverage with DNA
origami structures was 41 % at 0 mM NaCl and 11 mM MgCl,. The maximum coverage
of a flat gold surface with our satellite-bearing origami structures under such conditions
is therefore expected to be less than this value. Also origami nanoclusters with a soft

matter planet were created. To this end we used hollow origami tubes as central
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particles and thus demonstrated the realization of origami-structure-guided arrangement

of satellites (Supplementary Note S13).

Electroless deposition of gold or silver ions from solution was used to increase the size
of planets and satellites of fully assembled origami nanoclusters '>**. Gold deposition
was performed after the clusters had attached to a solid substrate (Figure 4a-c)
(Supplementary Note S14). For the silver deposition process, the clusters were kept in
solution and gold-silver core-shell satellites and planets were formed (Supplementary
Note S14). By controlling the metal deposition time or metal ion concentration, the size
of the satellites could be controlled in a step-less manner until the satellites were fusing
into a ring (surface-based deposition) or a shell (solution-based deposition) around the
planet. While we were not able to demonstrate seamless closing of the shells with
transmission or scanning electron microscopy, these origami nanoclusters could be seen
as small dots with simple bright field microscopy (Supplementary Note SI15).
Interestingly, it was possible to conjugate the DNA origami structures carrying gold
nanoparticle satellites with the gold planets even after the silver-enhancement process of
the satellites. This way hybrids with gold-silver (core-shell) satellites and gold-only

planets were formed, however with low assembly yields (Supplementary Note S16).

We further observed that the origami nanoclusters assemble into close-packed lattices
when deposited at concentrations of 10 pM and being left to slowly dry on various
surfaces (silicon oxide and carbon-coated transmission electron microscopy grids)
(Figure 4d-f). In the different nanocluster lattices that were formed from samples with
100 nm long 24-helix bundles and varying planet sizes, we found slightly smaller
average planet-planet distances than expected (5-17 %). This together with careful
inspection of, e.g., Figure 4e allows us to conclude, that the ends of the satellite-bearing
DNA structures interpenetrate slightly during the deposition process without sharing
satellite particles. We also interpret the formation of close-packed lattices as a further

proof of the uniformity of the nanoclusters.

To demonstrate the simple applicability of this well-controlled scaffolding material, we

observed quenching behaviour of the dye molecule Cy5 in the vicinity of gold



nanoparticles (20 nm) in solution-based ensemble measurements. In accordance with
other studies we find that gold nanoparticles exhibit measurable quenching effects over

. . 29,30,31,32,33
a wide range of distances™ " 7”

. Figure 5a shows the design of the photo-functional
origami nanoclusters. The modularity of the design allowed us to place dyes at virtually
any distance between 5 nm and 100 nm of which we chose 5 nm, 9 nm, 16 nm, 22 nm,
and 58 nm. For each measurement the assembled DNA spokes contained dyes at only
one of these distances and were conjugated with the 20 nm gold nanoparticle planets
(Figure Sb). Our experiments (Figure Sc¢) show quenching over a distance of up to

22 nm and when fitting the data to a simplified 1/d* model*®

, we obtain an averaged dy
value — the distance at which the energy transfer efficiency is 50% — of 12 £2 nm,
which is in very good agreement with calculated values®® (Supplementary Note S17).

To conclude, we created a great variety of planet-satellite nanoclusters with customized
material properties and defined sizes by nanoparticle- and DNA-origami-guided self-
assembly. We controlled planet-satellite distances reaching from a few to 200
nanometres and demonstrated the possibility to precisely position nanoparticles and
organic dyes along the radial spacers, which allowed us to observe field-enhanced
plasmonic CD on the one hand and distance-dependent fluorescence quenching of
fluorophores on the other hand. To ultimately build efficient energy-funneling
nanoconstructs, we propose to position nanorods as antennas around carefully placed
colloidal quantum dots or reaction centres. Using this approach the design of plasmon-
based nanolenses or SPASERs can be envisioned. Self-assembling arrays of plasmonic
particle rings and shells are also of potential interest for the creation of ordered
nanoscopic assemblies in metamaterial research. The nanoclusters could find further
applications as a framework for Raman spectroscopy and Fano resonance studies, as
porous catalytic materials, or in biomedical research where specific arrangements of

bioactive molecules are needed.

57



58

References

1. Liu, N., Hentschel, M., Weiss, T., Alivisatos, A. P. & Giessen, H. Three-Dimensional Plasmon Rulers.
Science 332, 1407-1410 (2011).

2. Soukoulis, C. M. & Wegener, M. Past achievements and future challenges in the development of
three-dimensional photonic metamaterials. Nature Photon. 5, 523-530 (2011).

3. Alivisatos, A. P. et al. Organization of manocrystal molecules' using DNA. Nature 382, 609-611
(1996).

4. Parak, W. J. et al. Conformation of Oligonucleotides Attached to Gold Nanocrystals Probed by Gel
Electrophoresis. Nano Lett. 3, 33-36 (2003).

5. Fu, A. et al. Discrete Nanostructures of Quantum Dots/Au with DNA. J. Am. Chem. Soc. 126, 10832-
10833 (2004).

6. Xu, X., Rosi, N. L., Wang, Y., Huo, F. & Mirkin, C. A. Asymmetric Functionalization of Gold
Nanoparticles with Oligonucleotides. J. Am. Chem. Soc. 128, 9286-9287 (20006).

7. Sebba, D. S., Mock, J. J., Smith, D. R., LaBean, T. H. & Lazarides, A. A. Reconfigurable Core-
Satellite Nanoassemblies as Molecularly-Driven Plasmonic Switches. Nano Lett. 8, 1803-1808
(2008).

8. Nie, Z., Petukhova, A. & Kumacheva, E. Properties and emerging applications of self-assembled
structures made from inorganic nanoparticles. Nature Nanotech. 5, 15-25 (2010).

9. Gandra, N., Abbas, A., Tian, L. & Singamaneni, S. Plasmonic Planet-Satellite Analogues: Hierarchical
Self-Assembly of Gold Nanostructures. Nano Lett. 12, 2645-2651 (2012).

10. Rothemund, P. W. K. Folding DNA to create nanoscale shapes and patterns. Nature 440, 297-302
(2006).

11. Douglas, S. M. et al. Self-assembly of DNA into nanoscale three-dimensional shapes. Nature 459,
414-418 (2009).

12. Seeman, N. C. Nanomaterials based on DNA. Annu. Rev. Biochem. 79, 65-87 (2010).

13. Kuzyk, A. et al. DNA-based self-assembly of chiral plasmonic nanostructures with tailored optical
response. Nature 483,311-314 (2012).

14. Aldaye, F. A. & Sleiman, H. F. Dynamic DNA Templates for Discrete Gold Nanoparticle
Assemblies: Control of Geometry, Modularity, Write/Erase and Structural Switching. J. Am. Chem.
Soc. 129, 4130-4131 (2007).



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Yan, W. et al. Self-Assembly of Chiral Nanoparticle Pyramids with Strong R/S Optical Activity. J.
Am. Chem. Soc. 134, 15114-151121 (2012).

Zheng, J. et al. Two-Dimensional Nanoparticle Arrays Show the Organizational Power of Robust
DNA Motifs. Nano Lett. 6, 1502-1504 (2006).

Sharma, J. et al. Control of Self-Assembly of DNA Tubules Through Integration of Gold
Nanoparticles. Science 323, 112 -116 (2009).

Ding, B. et al. J. Gold Nanoparticle Self-Similar Chain Structure Organized by DNA Origami. J. Am.
Chem. Soc. 132, 3248-3249 (2010).

Pal, S. Deng, Z. Ding, B. Yan, H. & Liu, Y. DNA-Origami-Directed Self-Assembly of Discrete
Silver-Nanoparticle Architectures. Angew. Chem. Int. Ed. 49, 2700-2704 (2010).

Acuna, G. P. et al. Fluorescence Enhancement at Docking Sites of DNA-Directed Self-Assembled
Nanoantennas. Science 338, 506-510 (2012).

Dietz, H., Douglas, S. M. & Shih, W. M. Folding DNA into Twisted and Curved Nanoscale Shapes.
Science 325, 725-730 (2009).

Han, D. et al. DNA Origami with Complex Curvatures in Three-Dimensional Space. Science 332,
342-346 (2011).

Liedl, T., Hogberg, B., Tytell, J., Ingber, D. E. & Shih, W. M. Self-assembly of three-dimensional
prestressed tensegrity structure from DNA. Nature Nanotech. 5, 520-524 (2010).

Bui, H. ef al. Programmable Periodicity of Quantum Dot Arrays with DNA Origami Nanotubes. Nano
Lett. 10, 3367-3372 (2010).

Deng, Z., Samanta, A., Nangreave, J., Yan, H. & Liu, Y. Robust DNA-Functionalized Core/Shell
Quantum Dots with Fluorescent Emission Spanning from UV-vis to Near-IR and Compatible with
DNA-Directed Self-Assembly. J. Am. Chem. Soc. 134, 17424-17427 (2012).

Dutta, P. K. et al. DNA-Directed Artificial Light-Harvesting Antenna. J. Am. Chem. Soc. 133, 11985-
11993 (2011).

Clapp, A. R., Medintz, 1. L. & Mattoussi, H. Forster Resonance Energy Transfer Investigations Using
Quantum-Dot Fluorophores. ChemPhysChem 7, 47-57 (2006).

Pilo-Pais, M., Goldberg, S., Samano, E., LaBean, T. H. & Finkelstein, G. Connecting the Nanodots:
Programmable Nanofabrication of Fused Metal Shapes on DNA Templates. Nano Lett. 11, 3489-
3492 (2011).

Dulkeith, E., Ringler, M., Klar, T. A. & Feldmann, J. Gold Nanoparticles Quench Fluorescence by

59



60

Phase Induced Radiative Rate Suppression. Nano Lett. 5, 585-589 (2005).

30. Anger, P., Bharadwaj, P. & Novotny, L. Enhancement and Quenching of Single-Molecule
Fluorescence. Phys. Rev. Lett. 96, 113002 (20006).

31. Acuna, G. P. et al. Distance Dependence of Single-Fluorophore Quenching by Gold Nanoparticles
Studied on DNA Origami. ACS Nano 6, 3189-3195 (2012).

32. Pal, S. et al. Quantum Efficiency Modification of Organic Fluorophores Using Gold Nanoparticles on
DNA Origami Scaffolds. J. Phys. Chem. C 117, 12735-12744 (2013).

33. Persson, B. N. J. & Lang, N. D. Electron-hole-pair quenching of excited states near a metal. Phys.
Rev. B. 26, 5409-5415 (1982).

Supplementary Information containing additional data and protocols is linked to the

online version of the paper.

Acknowledgements: We thank Guillermo Acuna for helpful discussions and Susanne
Kempter for experimental advice. This work was funded by the Volkswagen
Foundation, the DFG through the Nanosystems Initiative Munich (NIM), the ERC
through the Advanced Investigator Grant HYMEM, and the EU commission through the
Marie Curie Research Training Network ICARUS.

Author Contributions: RS, JD, JF and TL designed the research. RS, JD, EMR, TZ,
VS, PN and TL designed the nanostructures. RS, JD, EMR, TZ and PN performed

experiments and RS, JD and TL wrote the manuscript.

Author Information: The authors declare no competing financial interests.
Correspondence and requests for materials should be addressed to TL

(tim.liedl@lmu.de).



'a $ \,\s Zb + d AuUNP satellite e AgNP satellite f 9x AuNP helix ] 4x AuNP row h 20x dye row
DNA siame DNA scaffold p— | e oyeiieg Gkl .
strands l l l l l
Au origami Ag-Au origami Chiral origami Au-QD origami Dye-QD origami
/ l \ nanocluster nanocluster nanocluster nanocluster nanocluster

r

origami block  24-helix bundle
P —

—_— 100 nm
60 nm

14-helix bundle

is'”WT‘?T.A.@?AC.C.T.‘*EAT.;
‘J:/\

Figure 1 | Planet-satellite nanostructures. a, A single-stranded DNA scaffold (~ 8kb)
1s annealed with ~ 200 synthetic oligonucleotides (staples, each about 40 nucleotides
long) to create various DNA origami structures of defined shape and size. b, Satellite
nanoparticles (NPs) functionalized with multiple thiolated DNA strands are hybridized
via handle sequences to the DNA origami structures. ¢, The NP-bearing DNA origami
structures are hybridized to NP planets functionalized with a different DNA sequence.
d-h, Top: Schematic drawings of DNA origami structures carrying various satellites. d-
h, Middle: Schematic drawing of the fully assembled planet-satellite clusters. d-h,
Bottom: Electron micrographs of Uranyl-acetate-stained structures. Note that the
flattened appearance results from the drying process. d, Au nanocluster (planet: 60 nm
gold nanoparticle (AuNP), satellites: 10 nm AuNPs). e, Ag-Au nanocluster (planet: 80
nm AuNP, satellites: 20 nm silver nanoparticles (AgNPs)). f, Chiral nanocluster (planet:
80 nm AuNP, satellites: 9x 10 nm AuNPs in a right-handed helix). g, Au-QD
nanocluster (planet: quantum dot (QD) CdSeTe 800 nm emission, satellites: 4 x 10 nm
AuNPs). h, Dye-QD nanocluster (planet: QD CdSeTe 800 nm emission, satellites: 20 x
Cy3). Scale bars: 100 nm.
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Figure 2 | Planet-satellite distance control. AuNP planets with a diameter of 80 nm
were used for all nanoclusters presented in this figure. Top: Schemes of DNA structures
(spacers) and assembled nanoclusters; Middle: Transmission electron microscopy
(TEM) images of nanoclusters; Bottom: Histograms of distances between planet surface
and satellite surface. The grey-shaded areas correspond to a systematic uncertainty
resulting from the isotropic attachment of the DNA spacers on the AuNP planets (cf.
text). a, Three-layered origami block (60 nm x 30 nm x 8 nm) as spacer. Expected
distance: 10 nm, measured distance: 6.3 nm £ 3.6 nm (SD). Note that this measurement
is severely suffering from imaging in 2D as only satellites that have exactly attached to
the equator of the planet exhibit the correct distance in the 2D projection. b, 24-helix
bundle (length: 100 m, diameter: 16 m) as spacer. Expected distance: 100 mn,
measured distance: 83 nm £ 15 nm (SD). ¢, 14-helix bundle (length: 200 nm, diameter:
12 nm) as spacer. Expected distance: 180 nm, measured distance: 145 nm + 53 nm

(SD). Scale bars: 100 nm.



Figure 3 | Planet-satellite stochiometry control. The same

# of satellites per planet
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~ 7 of satellites per planet

80

40
planet size (nm)

DNA origami spacer

(24-helix bundle) was used in all experiments presented in this figure. a-d, Top:

Schematic drawings of the nanoclusters; a-d, Bottom: TEM images of the nanoclusters.
On average, a, 3 £ 0.5 (SD) satellites per 10 nm AuNP planet, b, 20 + 1.9 (SD) satellites
per 40 nm AuNP planet, ¢, 33 £ 3.6 (SD) satellites per 60 nm AuNP planet and d, 41 +

2.5 (SD) satellites per 80 nm AuNP planet are observed. e, Number of satellites per

planet as a function of the planet size (cf. text). Scale bars: 100 nm.
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Figure 4 | Gold enhanced origami nanoclusters and close-packed lattices. Top:

Schematic drawings; Bottom: TEM and SEM images of nanoclusters. a-¢, nanoclusters
consisting of 24-helix bundles, 10 nm AuNP satellites and 60 nm AuNP planets. The
clusters were deposited on a Si-surface and exposed to GoldEnhance™ formulation
(Nanoprobes.com) for varying enhancement times: a, 2 min, b, 6 min. ¢, 10 min. Scale
bars: 100 nm. d-f, Nanoclusters form close-packed lattices if left to slowly dry on solid
substrates. Clusters consisting of 24-helix bundles, 10 nm AuNP satellites and 80 nm
planet in d and 60 nm planets in e and f were used. The sample in f was additionally

exposed to GoldEnhance™ formulation. Scale bars: 200 nm.
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Figure 5 | Fluorescence quenching studied with origami nanoclusters. a, Schematic
drawing of a nanocluster consisting of a 20 nm AuNP planet and 24-helix bundles that
carry organic dyes (Cy5) at one of five distances to the AuNP surface: (5 nm, 9 nm, 16
nm, 22 nm or 58 nm). b, TEM image. Scale bar: 50 nm. ¢, Normalised and threshold-
corrected fluorescence intensity measurements (black circles) of Cy5 dyes at varying

positions and corresponding fit (1/d*, cf. text) (black curve)®>.
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7 Current Progress and Outlook

Previously, we could show in cooperation with Theobald Lohmiiller’s group (LMU) that the as-
sembly of a DNA origami block between two 40 nm gold nanoparticles (Figure 7.1) can be used for
surface enhanced Raman spectroscopy. It was possible to analyze fluorescent dyes which intercalated

into the DNA origami structure. The project was initiated with Frank Jackel’s group (LMU).

Figure 7.1: a, Schematic drawing and, b, transmission electron microscopy images of origami blocks between
two 40 nm gold nanoparticles with dyes intercalated in the DNA structure. Scale bars, 20 nm.

A similar assembly of a DNA origami block between two gold nanoparticles is used to create a plas-
monic CD signal from chiral molecules in the plasmonic focus point between the nanoparticles. The
appearance of the plasmonic CD was predicted by A.O. Govorov in a recent publication [94] and has
already been demonstrated [81]. We were able to prove the theory of A. O. Govorov by using a com-
pact DNA origami structure in the plasmonic focus of two metal nanoparticles thereby detecting the
chirality of double-stranded DNA from the origami structure in the plasmonic resonance of the metal
nanoparticle (Figure 7.2). To achieve a sufficiently strong plasmonic lensing a silver shell of 10-20
nm around the 10 nm gold nanoparticles has been grown by electroless deposition of silver ions. A
next step will be the incorporation of B-DNA into the DNA origami structure. B-DNA has left-handed
chirality. At high salt concentrations B-DNA can be flipped to Z-DNA which has a right-handed chi-
rality [95]. The chirality flip can then be analyzed with CD spectroscopy. Furthermore it is interesting
to investigate the possibility of the detection of low amounts of chiral drugs (e.g. Ibuprofen) which
can be incorporated into the origami structure.

As a outlook, creating dynamic plasmonic materials with distinct optical properties will certainly be
a milestone in the field of plasmonics. It is still demanding to create dynamic plasmonic devices at

nanoscale. Currently the groups of Tim Liedl and Na Liu (MPI, Stuttgart) are creating such advanced
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Figure 7.2: a, DNA origami block between two 10 nm gold particles and b, after silver enhancement of the
gold nanoparticles. Top, Transmission electron microscopy (TEM) images, circular dichroism and absorption
spectra and bottom, schematic drawing of the assembled nanostructures. Scale bars, 50 nm.

devices were plasmonic properties can be controlled by small triggers. Such dynamic plasmonic ma-
terials might be envisioned as bio-senors, where the presence of a specific bio-molecule triggers an
optical feedback of the nanodevice. This work follows the associated publication P2.

Also initiated by associated publication P2, the following project is currently in progress: The uptake
of nanohelices into cells is studied by Susanne Kempter from Tim Liedl’s group. The objectives are
to investigate in which regions of the cell the origami structures are transported and if they survive
their time in cells. This study will be a base for the further use of cell-invasive DNA origami struc-
tures. It is also worthwhile to understand whether such plasmonic nanostructures in cells have the
ability to be used as bio-sensors. Such sensors might change their plasmonic and optical properties
(e.g. their response to circular polarized light) when coupling to specific (chiral) bio-molecules or
getting digested.

Initiated by publication P3, the following studies are currently in progress: In cooperation with Na
Liu (MPI, Stuttgart) aligned nanohelices will be placed between lithographic nanorods to verify plas-
monic coupling and induced CD in the resonance of the nanorods. Following the associated publica-
tion P3 it is also envisioned that the alignment of nanohelices might be achieved using strong light
sources with polarized light. Jackwon Do from Jochen Feldmann’s group (LMU) was able to show
the trapping and printing of origami structures with the help of an optical trap [96]. The next step will
be to combine the printing and the simultaneous alignment of nanohelices with the polarization of
light. Jaekwon Do has already demonstrated this technique using gold nanorods in one of his recent
publications [97].

Initiated by associated publication P4 the following projects are progressing: The creation of exten-

sively complex planet-satellite nanostructures will be done by Luisa Kneer from Tim Liedl’s lab to
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fabricate catalysis and field enhancement hot spots with gold nanorods.

In conclusion, the impact of DNA nanotechnology is evidently increasing. This thesis shows only a
small part of its high potential and amazing properties of controlling the nanoscale. The combination
of a robust method with nearly unlimited control over the design, the advantages of self-assembly, its
modularity, the nanometer-precise arrangements and compatibility with nearly all kinds of nanopar-
ticles and bio-molecules with high yields pushes DNA nanotechnology to the position of being a all-

purpose tool for the nanoscientist.
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Uranyl Acetate Staining on Electron Microscope Grids: Formvar-carbon coated copper grids
(PLANO GmbH, Germany) were made hydrophylic by glow discharge in a plasma cleaner
(Diener, Germany) using argon. We applied 1.5 ul DNA origami to the surface of an electron
microscope grid for two minutes. Excess of DNA Origami was dabbed off with Whatman
filterpaper (Roth, Germany). The grids were washed with a 1 % Uranyl acetate solution (10
ul) and subsequently stained for one minute with additional 10 ul Uranyl acetate solution.
Finally, excess of Uranyl acetate solution was dabbed off with Whatman filterpaper and air-
dried.

Wafer preparation: We used Silicon wafers (Si-Mat) with a 20 nm silicon oxide layer. First,
the wafers were cleaned. All cleaning steps were done in an ultrasonic bath for ten minutes
(H,0, acetone, isopropanol, H,O). The different cleaning steps were followed by a Piranha
solution treatment to get rid of organic residues. Then the wafers were passivated with 3
Aminopropyldimethyl-ethoxysilan (ABCR, Germany) by soaking them for one hour at room
temperature in a 1 % 3 Aminopropyldimethyl-ethoxysilan solution in isopropanol. The wafers
were washed ten times both with isopropanol and H,O. Finally, the wafers were dried with
nitrogen and incubated for one hour in an oven at 80°C.

TEM Imaging: Samples were imaged with a Transmission Electron Microscope (JEOL JEM-
1011, JEOL GmbH) at 100 kV.

SEM Imaging. Samples were imaged with Scanning Electron Microscope (Zeiss, Leo Gemini
982) at 10 kV
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Figure S1. Left: Six-helix bundles were placed on carbon-coated grids and exposed to the
electroless gold deposition process without prior Au cluster seeding. Only unspecific growth
of shapeless gold particles occurs.

Right: Six-helix bundles were exposed to 1.4 nm Au clusters during the seeding process, but
no enhancement process followed. The intact six-helix bundles are visible on the TEM grids
without further staining. Individual 1.4 nm clusters could not be resolved in the electron
micrographs.

Figure S2. Tilted (80°) Si-wafer with metalized six-helix bundles. The three-dimensional
nature of the gold particles is clearly recognizable. Small background particles form half
spheres while the large bundles form half cylinders with a height of ~25 nm. Volumes of
correctly formed particles were estimated from TEM images, summed up and compared to the
sum of estimated volumes of background particles and larger aggregates of undefined size.
We conclude that more than 81% of material is converted into particles of correct shape and
size.
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Figure S3. Surface passivation of carbon-coated TEM grids to determine effects on the
background formation of Au particles without DNA templates. For all samples we used the
previously described process for metallization on carbon-coated grids. Left: Control sample
without any passivation. Middle: Passivation with 1% BSA. The 1% BSA solution was
incubated for 30 min on the TEM grid. Right: Passivation with Tween. The 0.1% Tween
solution was incubated for 30 min on the TEM grid. We found that no significant background
reduction could be achieved by treating the carbon-coated grids with BSA or Tween.
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Design Schematic of DNA origami
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Supplementary Note S1: Circular dichroism: helical protein
and plasmonic helices

In this section we compare optical and chiral properties of bio-molecules and plasmonic
nanostructures. Nature is remarkably skilled at creating and tailoring chirality of bio-
molecules to achieve specific functions such as chiral recognition in bio-chemical
reactions and the majority of bio-molecules and modern drugs are chiral. Their chirality
1s conveniently tested by measuring circular dichroism (CD) and optical rotatory
dispersion (ORD) responses. Interestingly, for most naturally occurring molecules the
optical extinction and chiral optical response are predominantly found in the UV
spectral interval (Figure Sla and b) and is, e.g., for double-stranded DNA on the order
of 5-20 M cm™ per base pair. In contrast, most artificial nanoscale objects such as
nanocrystals are very strong absorbers in the visible spectrum and do not exhibit CD
signals, as they are non-chiral (Figure S1 ¢ and d). The molar extinction of a single
metal nanoparticle is many orders of magnitude larger than that of a single molecule. A

typical extinction for a molecular dipole is & ~10* (M -cm)" whereas, for a gold

molecule

nanoparticle &, ~10° (M -cm) " .

According to the general quantum theory of optical activity, the strength of the
CD signal of a molecular dipole is given by’

CD, ~ Im(p,, -m,,), (SEq.1)
where p,,and m,, are the quantum matrix elements of the electric and magnetic dipole

operators, respectively, and the indices 1 and 2 denote the ground and excited states of
the molecule. Equation (SEq. 1) shows that a CD signal in a molecular system arises
from the joint reaction of electric and magnetic dipoles of a molecule to light. In
contrast, optical chirality and CD studied in this paper originate from plasmonic
interactions between nanoparticles in an assembly with a chiral geometry (Figure Sle
and f). The theory in this case is purely classical’>” and is based on Maxwell’s
equations. However, the classical results (see the Supplementary Note S2) can also be
understood in terms of the quantum equation SEq.1. The plasmon-plasmon interactions
in a chiral assembly create dynamic magnetic moments which are responsible for the
appearance of non-zero CD signals in chiral complexes.
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It is instructive to compare qualitatively the mechanisms of formation of the
bisignate CD signals in helical proteins and in plasmonic complexes (Figure S1b and f).
Obviously, the shapes of the CD spectra are similar but the spectral regions are very
different. The protein shows CD in the UV whereas the plasmonic helix has sizeable
CD signals only in the visible spectral range. This significant difference is a result of
different absorptive properties of the systems. The bisignate CD spectrum of a-helix
proteins is well described by the theory of interacting dipoles arranged on a helical

343536 In this dipolar theory every residue (building block) in a helical chain of

line
amino acids (see inset in Figure S1a) has one dipole. Dipolar Coulomb interaction gives
rise to the formation of a new spectrum of collective excitations. The spectrum of
molecular excitons splits due to these collective effects; the corresponding CD signals
have opposite signs and their superposition results in a bisignate CD spectrum’*. The
origin of the bisignate CD in the plasmonic helix is a consequence of dynamic Coulomb
interaction between dipoles of metal nanoparticles. The spectrum of excitations in this
case is more complex since every nanoparticle has three dipoles. In analogy to
molecular dipoles, Coulomb interaction creates a splitting between the collective
plasmonic modes (Figures S3 and S4). It is noteworthy that even though the handedness
of the alpha-helix protein and the plasmonic helix, depicted in Figure S1 a and e,
respectively, are the same, the bisignate shape of their CD spectra is inverted. In fact,
the sequence of the positive and negative band in the bisignate spectrum of a right-
handed plasmonic helix may invert depending on the pitch and on the radius of a
helix®. Moreover, long-range electromagnetic effects should be taken into
account®>>® for long helices (molecular or plasmonic).

For a quantitative comparison of CD from different systems it is convenient to
use the asymmetry factor defined as:

Ag
g=—=, (SEq.2)
80
where ¢, =(¢, +£_)/2 is the extinction of a given chiral object. For chiral molecules

like proteins, DNA, sugars, etc. this factor is on the order of ~10~ —107". In particular,

for the o-helix, g, .. ~30/10" ~0.003=0.3%. We can estimate this asymmetry

factor for our “super-enhanced” plasmonic helix shown in Figure 3b of the main
manuscript. Taking the measured CD and extinction, we obtain a remarkably large

number, g ~0.02 =2%. This large number is a signature of strong collective

plasmonic helix

effects arising for large plasmonic dipoles in a tightly-packed chiral assembly.
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Figure S1 | Chiro-optical properties of a-helix protein, gold nanoparticle and gold

nanohelix. a and b, Optical extinction and CD signal of solutions containing a-helix
peptides (short proteins). ¢ and d, Optical extinction and CD signal of solutions
containing gold nanoparticles. e and f, Optical extinction and CD signal recorded for
solutions with gold nanohelices; the curves a, b, ¢ and d are taken from Ref.37.
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Supplementary Note S2: Theoretical modelling of plasmonic
helices

We describe plasmonic CD spectra of helical assemblies by employing a model

3238 This approach is valid for large surface-to-surface separation

of interacting dipoles
between neighboring particles in an assembly and describes the main properties of CD
in nanoparticle systems induced by plasmon-plasmon interactions***’. Since individual
particles are non-chiral, the chiral optical property of an assembly emerges from
interactions between plasmonic dipoles arranged in a chiral geometry. The experimental
CD signal is usually measured as the optical response of randomly-oriented complexes
in solution and its theoretical modelling therefore requires averaging over the
orientation of all contributing complexes. A detailed description of the related
theoretical methods can be found in Ref. 32. Here we recapitulate briefly the main
points.
The extinction coefficient of the system is calculated from the general equation:

1 = . = .
Qextinc,i = E Re _[ ja),i (I") ) Eext,w,i (l") dV s (SEq3)
V

where j , and E are the complex amplitudes of the induced electric current and the

ext,w,t

external electric field, respectively. The external electric fields are described by the

circularly-polarized electromagnetic wave E = éiEOeiﬁk;_m with the polarization

ext,w,t
vectors ¢, and the relative permittivity of the medium &, =1.8 (water). In the coupled-

dipole approach, equation SEq.3 for small particles leads to the following expression for
the extinction cross section:

Nyp

8 ol 3
O-extini :\/Zo—zz-a)lm[ ZEextwii.dii ]9 (SEq4)
’ 2-E2-c, st T

0" i=1

where i . are the induced dipoles of the nanoparticles, i is the nanoparticle index, and

N, 1s the number of particles in an assembly (helix). The dipoles cZ’i are calculated

numerically from the system of coupled equations:
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(SEq.5)
Here, 7, =7 -7, are the vectors that interconnect particles along the normal vectors
=1, /‘FU s ayp(@)=ay, (e, — &)/ (64, +2¢,) is the single particle polarizability,

where a,, is the particle radius and &,;, = &,,(®) is the dielectric function adopted from

experimental tables™.
The total extinction CD is calculated from SEq.4 as

_ NA —4
AECD - (023 jlo ’ <O-extin,+ - O-extin,7>Q 2 (SEq4)

where the averaging over the solid angle, <...>Q, i1s necessitated by the random

orientation of the chiral complexes in solution and N, is the Avogadro number.

It is constructive to consider individual components of the CD response parallel
and perpendicular to the helical axes taken along z. First, we decompose the external
electric field:

]

Eext [0} Eext w,l Eext,a),\l ’
where Emw |is the electric-field vector in the x-y plane and £, 18 the z-component

of the field. An analogous decomposition of the extinction and the CD spectrum yields:

+ 0

extin,® O-extin,i,H extin,*, 1

8 Ny
Gexlin,i,H = \/QTCO Im (Z ext,o,i||,.x ' l A, +j] (SEqS)

0 "Co

8 Ny
O-extin,i,J_ :\/g_Oma) Im[(z exta)lJ_+' iJ_+j]‘
0 0

=1

Ag., = AECD’H + AgCD,L ,

Ny )q o4
AgCD,H (023 jlo < extln +,l O-extin,f,H >Q 2 (SEq6)

N
A‘E‘CD,L = (O 2143j10_4 ) <O-extin,+,L - O-extin,—,i>Q .
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The above equations define the CD and the extinction contributions induced by the
electric-field components that are perpendicular ( L ) and parallel (||) to the helical axis.
Finally, we define the directional CD signal as:

NA
0.23

A‘C"CD (9’ (0) = ( j104 ) [Gextin,+ (9’ (0) - O-extin,— (9’ (0):| ? (SEq7)

that is the CD signal for a particular direction of the incident electric field with the wave

vector k . The direction of vector & is given by the two spherical angles, € and ¢ (Fig
S2).
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S 2
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Figure S2 | Models of the helices and the coordinate system. a, Models of right- and
left-handed helices (numbers in nm). b, The graph also shows the decomposition of the
electric field and the coordinate system.

In the main text, Figures 2b and d present calculations based on SEq.3-SEq.9 for
helices with the following parameters: Nyp = 9 gold nanoparticles, 6 particles per pitch,
pitch = 9.5 nm and a helical radius of R, =17 nm. The size of the nanoparticles was

taken as 10 nm and 16 nm (the radius ayp = 5 nm and ayp = 8 nm) to calculate the CD
spectra in Figure 2 b and d (main manuscript), respectively.

Now we will look closely at the CD properties of a plasmonic helix and consider
one particular example of particles with a radius a,, = 5nm (cf. model in Figure S2).

The averaged CD spectra for the right- and left-handed helices have the characteristic
bisignate shapes that indicate the underlying mechanism of optical chirality. We
consider the components of the CD spectra for a right-handed helix shown in Fig. S3a,
where we used the following notation: Ag., =2z-CD and Ag., , =xy-CD. We see that

the peaks for the z-CD and xy-CD are split which is the manifestation of interaction
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between plasmonic modes in the helix. In a simplified picture, collective excitations in a
helix can be divided into longitudinal (dipoles parallel to the z-direction) and transverse
(perpendicular dipoles) modes. Due to different longitudinal and transverse coupling
strengths among individual NPs, we expect that the energies of the respective collective
modes should be different, as shown in Figure S3a. The z-modes (dipoles are parallel to
the helical axis) are excited mainly by the z-component of the incident electric field and
they are most active for the incident light with the inclination 6 ~ 7z /2 (Figure S3b, the
right graph). These characteristics are seen as the yellow region in the equatorial area in
the right panel of Figure S3b and c. These z-modes result in a positive signal at
A =552 nm and form the positive peak in the total CD at A =552 nm. Interestingly, the
xy-plasmon oscillations are efficiently excited by the light coming with the inclination
angles: 8 ~0 and 7 (blue areas in the left panel of Figure S3b and c). In the right-
handed helix, the xy-modes produce a negative CD signal at 4 =522 nm (blue colour in
the polar areas in graphs b and c on the left). Since the positive z-CD peak and the
negative xy-CD peak are slightly split, the resultant CD spectrum that can be measured
experimentally from a solution receives a dip-peak shape (Figure S3a). In the case of
the left-handed helix, the spectra become inverted (Figure S4). Some of the above
properties of plasmonic helices resemble the features typical for the UV-CD spectra of
a-helices of proteins*'.

Finally, we discuss briefly the effects of disorder in our plasmonic structures.
The averaged conjugation yield per an attachment site in the experimental structures
was 96-98% and, therefore, we can neglect disorder due to missing nanoparticles. A
relevant type of disorder can be expected from random fluctuations in the positions of
individual nanoparticles. In all our calculations, we found that the bisignate pattern of
the CD spectrum is remarkably stable against the spatial disorder in a helix. This result,
however, is not surprising if we recall the CD properties of proteins. It is known that
proteins exhibit strong CD signals in the UV spectral range even for the random-coil
conformational state’'. Moreover, helical proteins are in general not periodic.
Nevertheless, they exhibit remarkably strong UV-CD signals. By analogy one would
expect some robustness of CD response from helical arrangement of nanoparticles with
respect to the spatial disorder. Figure S5 summarizes the results. The positions of the
nanoparticles for non-ideal helices in Figure S5 were obtained using a random-number
generator. A particle coordinate was allowed to acquire a random component Ax in one

direction. With this displacement, the particle coordinate becomes x = x, + Ax, where Xx,

is the position of the particle in the ideal helix. Random numbers for Ax were

distributed uniformly in a given interval: —Ax,  <Ax <Ax, . The parameter Ax__ was

taken as 2, 5, 10nm (Figure S5). A trail was discarded when it gave particle positions
that were too close to each other. We found that for the considered helix ( pitch =9.5 nm

and R, =17 nm), a moderate disorder with Ax_, =2nm did not affect significantly the
chiral property (Figure S5b, left panel). Only for the largest disorder parameters
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(Ax_,. ~5-10nm), we observed the expected strong reduction of the CD signals. In

this case, the CD spectrum starts to fluctuate strongly as a function of the trial number
(Figure S5b, right panel). For the helices that were realized experimentally, the disorder
parameter is of the order of few nanometres and therefore has only marginal effect on
the resulting CD signals. The robustness of the CD of helical geometries against
disorder is one of the reasons why our structures consistently exhibited very strong CD
signals.
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Figure S3 | Calculated CD properties of the right-handed helix composed of 9
nanoparticles. a, Decomposition of the total CD (black spectrum) into parallel z-CD
(red spectrum) and perpendicular xy-CD (blue spectrum) components. b and c,
Calculated directional CD spectra at two wavelengths which correspond to the extremes
of the total CD in graph a.
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Figure S4 | Plots similar to Figure S3, but for the left-handed helix. The bisignate
spectrum of the total CD is reversed.
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Figure S5 | Effects of disorder on the CD spectra of nine-particle helices. a,
Calculated averaged CD spectra for the ideal helix and for three non-ideal helices. For
the non-ideal helices, the CD spectra were averaged over a set of trials. Overall, ~80
trials with generating random positions of particles were made. Insert: The model to
scale. b, Calculated CD spectra for randomized helices as a function of the trail number.
Inserts show how the nanoparticle position fluctuations were introduced.
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Supplementary Note S3: Design of nanohelices
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Figure S6 | Details of the attachment sites for AuNPs on the surface of the 24 helix
bundle. In order to achieve high binding rates of AuNPs to the DNA origami structures,
we proceeded in the following manner: DNA origami 24 helix bundles were designed
such that AuNP attachment sites are offered at nine positions on the surface of the DNA
structures. Each attachment site consists of three single-stranded 15 nt long extensions
of staples whose ends are located on three adjacent helices. a, Cross section of the
nanohelix (grey: the 24 helix bundle, blue/red: connecting handles, yellow: 10 nm
AuNPs). b, CaDNAno* image of the staple arrangement of two attachment sites. ¢, The
specific staple sequences for the hybridization of the AuNPs to the 24 helix bundle. d,
Cross section close up. The AuNPs are conjugated via a thiol bond to DNA staples
which hybridize to the DNA origami structure.

All three attachment strands of neighbouring groups were either extended on the
3’ or 5’ end and consisted of one of two different sequences. In our experiments, 10 nm
AuNPs that were conjugated with multiple copies (> 20) of one of two complements to
the attachment strands fixed via thiol modifications of either their 3’ or 5’ ends were
mixed with the assembled 24-helix bundles. The repetitiveness of these sequences
facilitates the slippage of the strands along each other thus providing a tight binding of
the particles.
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Figure S7 | CaDNAno* image of the left-handed 24 helix bundle (incl. sequences).
The schematic picture shows the scaffold path (blue), the staple oligonucleotides
(orange) and the hybridization sites (blue and red, see also Figure S8).
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AATAATAATAATAATCAAAAGAAGTTTTGCCTCGTCATTACC
AATAATAATAATAATGAGAGGCTTAACAACTAAAGGAATAAGTGAGAAAT
AATAATAATAATAATCTGAATTTACCGAAGCCCTTTTTCGAGCCAGT
AATAATAATAATAATCAGGAGGTTGAGGCAGGTCAGGAAAGCGCAGTCT
AATAATAATAATAATCGCCAGCATGATAGCCGAACAAAAACGCT
AATAATAATAATAATAAAATTTTTAGAACCCTCATATATAATCTTG
AATAATAATAATAATGGTTTGAAATGGAAACAGTGCTTCTGTAAA
AATAATAATAATAATGAGTAATGTGTAGGTAAAGAAAAACGCAAGGATA
AATAATAATAATAATTCGTCGCTATTAATTAAGATATAATTTTCACATC
AATAATAATAATAATAATCACCAATTAATGCCGGTCAATCATATGT
AATAATAATAATAATTCCTTGAAAACATAGCGATAGCTAAATAA
AATAATAATAATAATAGGTGCCGTAAAGCACTAATAGAAAGGTTG

CAATAGCAACTAAGAACTAGAAATTCTTACCAAAAAAAAAAAAAAA
AATTTGAGTGATCAGTGAGGCCACCTGAGAAAAAAAAAAAAAAA
TGAAGAAACGCCAGTTAAAGAACTGGGAATCATAAAAAAAAAAAAAAA
TGATGGGCATAAGAGTCAATAGTGAATCTCGTTAGAAAAAAAAAAAAAAA
GTCTGGAAATGCTGGACCTGCTCCATGTTAAAAAAAAAAAAAAAA
CGGAACCTATACCCACAAGAATAGTGCCTTGAGTAAAAAAAAAAAAAAAA
CATAGTGACGACGGTAATAGCCCAAATATCATCGCAAAAAAAAAAAAAAA
TAATAGCTCCAAAAGGAACTGGTAAAAAAAAAAAAAAAAA
AAAGAATAAAGCTAAATCGGTCTGGCCTTCCTAAAAAAAAAAAAAAA
ACCAAAAAGCCTTTATTTCAATTCGCATTAAAAAAAAAAAAAAAAAA
GCCCTAAGCGTCATACATGGCTTTTGATGAAAAAAAAAAAAAAA
ACATAAAGGTGTTAATTTCATCTTAAATAAGAAAAAAAAAAAAAAA
ATATTAGACTGCCAAGCTTTCTGGTTGTGAACGCAAAAAAAAAAAAAAA
TGACGGTGTACAGACCAGGAACCGAACTGACCAAAAAAAAAAAAAAAA
TGGTTGCTTTGACGAGCACGTAAAAAAAAAAAAAAAA

SUPPLEMENTARY INFORMATION giaya:l{e,!

Figure S8 | Handle sequences of the hybridization sites of the left-handed 24 helix
bundle for the conjugation of AuNPs (see also Figure S7).
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Figure S9 | CaDNAno** image of the right-handed 24 helix bundle (incl.
sequences). The schematic picture shows the scaffold path (blue), the staple
oligonucleotides (orange) and the hybridization sites (blue and red, see also Figure
S10).
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AATAATAATAATAATAGTATTAAGCCCCGATCAGTAGCACCATTA
AATAATAATAATAATAACCTATGCTAACGGGGTCAGTGCCTTGCCTGCCTATTTCGG
AATAATAATAATAATACAGCTTCCATCGCCAGTACACCTCATAGTTAGAAACTTTGC
AATAATAATAATAATGGCTCATTAGAACAACATTATAA
AATAATAATAATAATGCATAACTTAAAGGCCGCTGAGTAGTAAGCGATTTTAAGAAC
AATAATAATAATAATCCTTTATCATATATATAAGAGCTGAATATAATGTTAAATCAA
AATAATAATAATAATGGCGTTATGACCTAGTATTCTTACCGCGTTTTTAT
AATAATAATAATAATATGCAATAAAATTGCGGGAGAAG

AATAAT AATAATAATAATGGTTTGCGTGTGAAATCATAATTACTA
AATAATAATAATAATTGTAGGTAGTCAAATCACCCGGTAATCGAAGCCTGAGTAATG
AATAATAATAATAATATTTCATCAAGACAGTAAATGACTACCTCGGGCGC
AATAATAATAATAATTTGACGGCTGAAACGGTTTTGCCACCCT

GCCACCCCAATAGGTTGATGAGTGCCCGAAAAAAAAAAAAAAA
TTAAAGACTAATTACCTGAGCAAAAAAAAAAAAAAAAA
CATAACAGAAATTATTCATTAAAAAAAAAAAAAAAAAA
GATTAAGGTTGTAAGAGCAAAAGCATGTAAAAAAAAAAAAAAA
TCAGATGAACTGAAAGAAAGGCACCGACAAAAAAAAAAAAAAA
CAGGCAATGGGAAGCAGCTGGGACTCCAAAAGGCTAAAAAAAAAAAAAAA
TAACGTTGAAAATCTTGTATCGGAAAAAAAAAAAAAAA
TGAAAACACCAACGACGGGAGCAGCCTTATTATCAAGGGAGGAAAAAAAAAAAAAAA
GCATCAGCTTGCTTATAGTTGCGATAAATCCTCATATACATGAAAAAAAAAAAAAAA
GGTTTAATTTCAAATATGAATAAAAAAAAAAAAAAAAA
TCAAGAATGCCCCCTCAAATGAAATCAAGCCCTGATTGAGATAAAAAAAAAAAAAAA
GCCCCAGCACCCCGATGTAGGAACCTGAGAAAAAAAAAAAAAAAA
GTGAGGACAGATGAACCTTCATCTTGACAACAAAGAAAAAAAAAAAAAAA
GAATCCTGTCGCTAACATAAAAATTACCAAACATCAAAAAAAAAAAAAAA
TAAGACGAAGGAGCTTTTGCGTTTGCCCGATGATGTCGCGCAAAAAAAAAAAAAAAA

Figure S10 | Handle sequences of the hybridization sites of the right-handed 24
helix bundle for the conjugation of AuNPs (see also Figure S9).
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Supplementary Note S4: Methods

To generate nanohelices we first concentrated the gold nanoparticles (AuNPs),
then conjugated the AuNPs with ssDNA and finally hybridized the DNA-coated AuNPs
to the folded and purified DNA origami structures. As a last step the assembled
nanohelices were purified from free AuNPs and agglomerations of AuNPs with DNA
origami structures. The protocols of the individual steps are described in the following.

Preparation and concentration of AulNPs. Colloidal AuNP solution (50mL, British
Biocell International) of citrated AuNPs of 10 nm size and 10 nM concentration was
stirred over night after adding 20 mg of BSPP (Bis(p-sulfonatophenyl)phenylphosphine
dihydrate dipotassium salt, Sigma-Aldrich). This step is necessary to create a phosphine
coating of the AuNPs, which stabilizes the AuNPs at high particle concentrations and in
buffers containing magnesium of ~10 mM. To achieve higher concentrations, which are
needed for our experiments, the particles are pre-agitated and resuspended in small
volumes as follows: Sodium chloride was added until a colour change of the solution
from red to blue was observed. Next the AuNPs were sedimented to the bottom of a 50
mL tube by centrifugation of the AuNP solution at 1,600 rcf for 30 min and the clear
supernatant was removed with a pipette. The particles were again dissolved in BSPP
solution (800 pL, 2.5mM) followed by addition of an equal volume of methanol (800
uL). This mixture was centrifuged (1,600 rcf, 30 min), the supernatant was removed and
the particles were once more dissolved in BSPP solution (800 pL, 2.5 mM).

AuNP-DNA conjugation. AuNPs were conjugated with thiolated ssDNA strands
(biomers.net) as follows. The procedure was adopted from Ding et al.** and adapted
where necessary. The concentration of the concentrated AuNPs was determined from
the optical absorption at a wavelength of 518 nm using a spectrophotometer (Nanodrop,
Thermo Fisher Scientific and Nanophotometer, IMPLEN). For reducing the disulfide
bonds of the thiolated ssSDNA strands to monothiol, the modified strands were incubated
with TCEP (Tris(carboxyethyl) phosphine hydrochloride, Sigma-Aldrich; 20mM) for at
least 1/2 h.

AuNPs and thiolated oligonucleotides were mixed in 0.5 x TBE buffer at a ratio
of 1:300. The tube containing the mixture was gently shaken for at least 2 days at room
temperature. To test the conjugation success, a droplet of the DNA-covered AuNPs was
mixed with a droplet of 1 x TAE buffer with 10 mM Mg*" (DNA origami structures are
assembled at similar buffer conditions). At this point the DNA-covered AuNPs should
not aggregate if transferred to such buffers. If the colour of the mixed droplet changed
from red to blue, more thiolated oligonucleotides had to be added to the AuNP-DNA
mixture. To remove the unbound thiolated strands, the mixture was spun for 5 min at
14,000 rcf through a 100kDa MWCO centrifugal filter (Amicon Ultra, Millipore)
followed by additional 4 spinning steps (5 min, 14,000 rcf) with 400 pl 1 x TAE buffer
added to the centrifugal filter before each step. The unbound oligonucleotides should be
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removed immediately before adding the AuNPs to the DNA origami structures
otherwise eventually newly appearing free oligonucleotides will block the hybridization
sites of the DNA origami structure. After the last step the concentration of the AuNPs
was determined with a spectrophotometer.

DNA origami folding. For the left-handed and the right-handed design of the 24 helix
bundle we used 10 nM of P7560 scaffold* and a staple mix containing 100 nM of each
staple. The complete folding mixture contained next to the staple and scaffold strands
10 mM Tris, I mM EDTA (pH 8) and 14 mM of MgCl,. The folding mixture was then
exposed to a thermal annealing ramp, starting with a heating step to 80 °C for 5 min,
followed by cooling to 60 °C at a cooling rate of 1 °C / 5 min. The following cooling
from 60 °C to 25 °C was performed at 0.5 °C / 45 min.

ading pocket

Figure S11 | Purification of the DNA origami structures from staple excess by gel
electrophoresis. UV image of the agarose gel. DNA origami structures were purified
from excess staples by gel electrophoresis. We ran a 1.5 % agarose gel in 0.5 x TBE
buffer with 11 mM MgCl,, soaked in Sybr Gold 5 uM (Invitrogen) and cut out the
favoured bands to extract them with Freeze "N Squeeze spin columns (BioRad,
Germany).

Conjugation of AuNPs to DNA origami structures. The spin-filtered AuNPs were
added to the purified DNA origami structures in an excess of 50 AuNPs per 1 DNA
origami structure. The mixture was tumbled over 24 hrs at 23 °C.

D—- loading pocket

agglomerations of DNA
oﬁgami structures and

-

Figure S12 | Purification of the DNA origami structures from free AuNPs by gel
electrophoresis. White light image of the agarose gel. To separate the nanohelices from
the AuNP excess a second agarose gel purification step was used. We ran a 0.5 %

agarose gel in 0.5 x TBE buffer with 11 mM MgCl,. The nanohelices showed a narrow
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band in the gel, which runs slower than single AuNPs and faster than aggregates of
DNA origami structures and AuNPs. We cut out the favoured bands to extract the
nanohelices with Freeze "N Squeeze spin columns from the gel. To concentrate the
nanohelices we spun the nanohelices at 10,000 rcf for 10 min and discarded the

supernatant.

Figure S13 | Wide field transmission electron microscopy (TEM) images of left-
handed nanohelices with 10 nm AulNPs. Scale bar 500 nm.
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Figure S14 | Wide field TEM images of right-handed nanohelices with 10 nm
AuNPs. Scale bar 500 nm.
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Supplementary Note S5: Statistics
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Figure S15 | Statistics of the number of AuNPs per nanohelix. 98 % of the binding
sites of the AuNPs of the left-handed nanohelices (red) and 96 % of the binding sites of
the AuNPs of the right-handed nanohelices (blue) are occupied. Mathematically, the
percentage of correctly assembled helices amounts to 83 % (0.98%) and 69 % (0.96°).
We counted 77 % and 66 % of helices with exactly nine attached particles. When
including assemblies with ten or eleven bound particles (occasionally particles
unspecifically bind to the scaffold loops at the ends of the origami helices), 86 % and
77 % of the helices are formed correctly (98 helices were counted for both cases).
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Figure S16 | Centre-to-centre distances of AuNPs. Electron micrographs were
analysed to access the accuracy of the NP-helix assemblies. The centre-to-centre
distances of 288 neighbouring AuNPs was measured. To minimize the influence of
structural distortion due to drying and staining effects on the measurements, we
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analysed always those six particles per structure that were resting next to helices and
whose positions were not distorted during the adsorption process because they
geometrically would lie on top or under the DNA origami structure. We observed an
average distance of 11.22 nm (£1.4 nm SD).

Supplementary Note S6: Long-term stability of nanohelices

Figure S17 | Long-term stability. TEM images of nanohelices that have been stored
for 3 months at 4°C. The nanohelices show high stability over time. Only an increase of
clusters of nanohelices could be observed. No increased amounts of unbound particles
are observed but helices with unoccupied binding sites show a tendency to aggregate.
This can be explained by the fact, that aggregation is mediated by unoccupied binding
sites. Interestingly, the remaining non-aggregated helices exhibit 9 attached particles.
Scale bar 100 nm.
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Supplementary Note S7: Metal growth

Controlled growth of metal on AuNPs conjugated to DNA origami structures
was achieved by electroless deposition of gold and silver ions from solution. We
used commercially available gold and silver enhancement kits (EM Gold Enhancement
and HQ Silver Enhancement, Nanoprobes, USA). To generate the enhancement
solutions we followed the supplier’s instructions unless specified otherwise.

Gold enhancement. Instead of using all four solutions of the Gold Enhancement kit, we
only used solution A (“Enhancer”), solution B (“Activator”) and solution C
(“Initiator”). Solution D (“Buffer”) was omitted to avoid unnecessary dilution of the
gold nanohelix samples. To one part of a given sample volume (1.5 nM of nanohelices)
we added three parts of the pre-mixed solution A+B+C (i.e. 20 ul of 1.5 nM nanohelices
+ 60 pl of Gold Enhancement kit pre-mixed solution A+B+C, no D). We let the sample
sit for 20 hrs at 23°C and measured the CD spectra without any further treatment. Test
series with individual AuNPs showed that most of the particle growth was already
finished after 4 min. In the following 20 hrs no significant change of particle size was
observed. From this we conclude, that during a CD measurement (which takes ~40 min)
no changes in particle size occur.

Silver enhancement. Compared to particles enhanced with the Gold Enhancement kit
we observed much faster growth of the metal shells on the seeding AuNPs when the
Silver Enhancement kit was employed at the same concentrations as described
above. Therefore we reduced the amount of Silver Enhancement solutions added to our
samples considerably. To one part of a given sample volume (1.5 nM of nanohelices)
we added between 0.035 parts (cf. Ag enhanced helices, Figure 3a, main manuscript)
and one part (Super Ag Enhanced Helices, Figure 3b, main manuscript) of the pre-
mixed solutions A+B+C of the Silver Enhancement kit (i.e. 20 ul of 1.5nM Nanohelices
+ 0.7 ul (Ag enhanced helices, Figure 3a, main manuscript) or 20 ul (Super Ag
Enhanced Helices, Figure 3b, main manuscript) of HQ Silver Enhancement kit pre-
mixed solution A+B+C). Test series with individual AuNPs showed that most of the
particle growth was already finished after 4 min. In the following 20 hrs no significant
change of particle size was observed. As for the Au enhanced nanohelices in the
previous section we conclude, that during a CD measurement no changes in particle size
occur.

Alloy enhancement. To generate nanohelices with nanoparticles which consist of a
gold and silver alloy shell we used a combination of the EM Gold Enhancement kit and
the HQ Silver Enhancement kit (Nanoprobes, USA). To one part of a given sample
volume (1.5 nM of nanohelices) we added one and a half parts of the pre-mixed
solutions of A+B+C of the EM Gold Enhancement kit and 0.035 parts of the of the pre-
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mixed solutions of A+B+C of the HQ Silver Enhancement kit [i.e. 20 ul of 1.5 nM
nanohelices + 30 ul of Gold Enhancement kit (pre-mixed solution A+B+C, no D) + 0.7
ul of Silver Enhancement kit (pre-mixed solution A+B+C)].
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Figure S18 | TEM images of enhanced left-handed and right-handed nanohelices.
a, Ag enhanced, b, Ag/Au enhanced, ¢, Au enhanced, d, Super Ag enhanced, e, Double
Au enhanced. Scale bars 50 nm.
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Figure S19 | Super Ag enhanced nanohelices. TEM images of various right-handed
super Ag enhanced nanohelices. Scale bars 50 nm.
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Figure S20 | Three-dimensional structure of enhanced nanohelices revealed by
TEM. A carbon-formvar-coated grid covered with nanohelices, is fixed on a holder
stage which can be tilted from -25° to +25° while the sample is analysed by TEM (the
tilting axis is indicated as a dashed line). By tilting the grid holder stage 50° (from -25°
to +25°), identical structures can be examined from different directions. The particle
marked with a red arrow moves closer to the particle marked with a blue arrow. This
can only be observed if the red marked particle is resting on top and the blue marked
particle lying below the origami structure. By comparing the TEM images the three-
dimensional structure becomes apparent. Here, left-handed nanohelices are displayed. If
the nanohelices were right-handed, the marked particles would move away from each
other during rotation.
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Supplementary Note S8: CD spetra of enhanced nanohelices
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Figure S21 | Additional CD and absorption spectra of enhanced nanohelices.
Enhanced left-handed and right-handed nanohelices (Ag enhanced, Ag/Au enhanced,
Au enhanced). a, CD spectra and b, absorption spectra of enhanced nanohelices. The
path length of the light is 3 mm.
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Figure S22 | CD and absorption spectra of double enhanced nanohelices. In order to
obtain even stronger CD, we tested the possibility of a second enhancement step. This
results in an increase of CD by a factor of 5-10 (graphs are not corrected for dilution
effects). a, CD spectra and b, absorption spectra of enhanced nanohelices. The path

length of the light is 3 mm.
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Figure S23 | Anisotropy factor. Another way to characterize chiral materials is
through the anisotropy factor g, which is defined as g = Ag /e, where Ag and ¢ are the
molar CD and molar extinction respectively. In our experiments we achieve g factors as
high as 0.025 (samples presented in Figure 3b, main manuscript) This value is
comparable with the highest g-factors reported for chiroptical metal nanoparticles in
solution® and other molecules such as protein complexes*® (0.06) and polyaromatic
compounds®’ (0.05). a, CD spectra, b, absorption spectra, ¢, and anisotropy factor of
left- and right-handed super Ag enhanced nanohelices.
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Figure S24 | Long-term stability of enhanced nanohelices and CD spectra of left-
handed nanohelices after multiple silver enhancement steps. a, CD spectra of diluted
super Ag enhanced right-handed nanohelices (0.05 nM) that have been stored for 3
months at 4 °C. The 3 month old sample shows a slight shift to shorter wavelengths and
a decrease in signal by 12 %. b, By depositing more silver on the nanohelices, the CD
peak shifts to longer wavelengths. The path length of the light is 3 mm in a and b.
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Supplementary Note S9: Specific rotation

Figure S25 | Optical rotatory dispersion (ORD) of nanohelices in solution. Three
Iul droplets of solutions containing left-handed nanohelices (Super Ag Enhanced
Helices, Figure 3b, main manuscript), right-handed nanohelices (Super Ag Enhanced
Helices, Figure 3b, main manuscript) or isotropically dispersed AuNPs (approximately
equal AuNP concentrations for all samples) were deposited on a glass cover slip. The
glass cover slip with the droplets was positioned between two linear polarisation filters
as described in Figure 4 of the main manuscript. The images (middle and right) were
taken through additional emission filters (middle: 605 nm + 35 nm, right: 525 nm + 25
nm) and the analysing polarizer was rotated 1° clockwise (top) or counter clockwise
(bottom). At longer wavelengths (middle), the rotation of the polarization results in an
opacity change of the droplets depending on their materials properties: right-handed
helices rotate the polarization at red frequencies clockwise which results in a brighter
appearance of the droplet in the upper and a darker appearance in the lower frame; left-
handed helices rotate the polarization at red frequencies counter clockwise which results
in a darker appearance of this droplet in the upper and a brighter appearance in the
lower frame. The control sample does not change its opacity. At shorter wavelengths
(right) the leaking blue light (< 550 nm) dominates the recorded signal.
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Figure S26 and supplementary video | ORD of dried nanohelices. Interestingly, the
optical activity of the samples remains preserved when the nanohelices dry on a glass
surface. The same samples and set-up as in Figure 4 of the main manuscript were
investigated here, with the only difference being that the droplets were allowed to dry
and three more droplets of the same volume and content were deposited on top of the
dried spots and allowed to dry again. The middle column depicts images taken with the
polarisers crossed at a 90° angle. Here the absorption characteristics of the set-up can be
studied: Light of wavelength shorter than 550 nm is not polarization-resolved and
dominates the recorded signal (a and b) while light of longer wavelengths (¢ and d) is
completely blocked. In this experiment, the analysing polarization filter was rotated 2°
clockwise (left) or counter clockwise (right). Qualitatively, the same optical activity as
in Figure S25 can be observed while the strength of the effect is increased due to the
roughly doubled number of  participating nanohelices. Emission
filters: a, none. b, 525 + 50 nm, ¢, 605 + 35 nm, d, 700 + 25 nm.
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Figure S28 | Specific rotation and absorption losses. The magnitude of optical
rotation in our experiment can be compared with other materials using specific rotation
of a solid (the optical rotation in degrees produced by a 1 mm thickness of the solid). a,
Dried nanohelices on a cover slip. b, In our experiments we achieve optical rotation of
several degrees (Figure S26) for a film thickness of 5 um (thickness in the centre of the
droplet; the film thickness was measured with a Veeco Dektak 150 along the dashed
line in panel a). This results in a specific rotation on the order of 10° [*/mm], which is
one order of magnitude higher than the specific rotation of quartz. Specific rotation of
chiral molecules in solution is typically lower than 100 deg-dm™-g™"-cm’, which leads to
rotation of 1 [%/mm] for a typical density of 1 g-cm™. ¢, The transmission of the films
of the dried nanohelix samples is between 45% (@ 500 nm) and 70% (@700 nm). Thus,
it is possible to achieve reasonably high optical rotation with relative low
absorption/scattering losses.
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Supplementary Note S10: Polymerization of nanohelices

Figure S29 | To realize one-dimensional periodicity of nanohelices, left-handed
nanohelices were assembled into polymeric structures. TEM image of a left-handed
nanohelix polymer consisting of six monomers. For the polymerization reaction, each
polymerization oligonucleotide (see Figure S30) was added at a 10-fold concentration
of the left-handed nanohelix monomer concentration. Polymerization proceeded for 12
hrs at 23 °C. The yield analysis of the AuNP DNA origami conjugation for this polymer
1s 94 % (after 12 hrs polymerization time).
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Figure S30 | CaDNAno* image of the left-handed 24 helix bundle including
polymerization oligonucleotides (black). The schematic picture shows the scaffold

path (blue), the staple oligonucleotides (orange) and the hybridization sites (blue and
red, see also Figure S8).
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Supplementary Information Note S1: Surface preparation, attachment of the
nanohelices to the surface and silver enhancement of the gold particles of

nanohelices

Surface preparation for the attachment of the nanohelices on quartz glass

A lTcm x Iem quartz slide (CrysTec, Germany) was cut into smaller pieces of
~ 0.5 cm x 0.5 cm that can fit into a cuvette. The pieces were cleaned with Ethanol and
placed in a vial (Safe-Lock Tube 2mL, Eppendorf, Germany) for further treatment.
0.8 mg of BSA and 0.2 mg BSA-biotin (Sigma-Aldrich, Germany) were dissolved in 1
mL PBS buffer (pH 7.4). A quartz slide was covered with the BSA-BSA-biotin-PBS
solution and incubated overnight at 4°C (the vial with quartz slides was sealed to
prevent drying of the surface). After incubation, the quartz slide was flushed 4 times
with PBS buffer (pH 7.4) in order to remove free BSA-Biotin (the surface should not
get dry to avoid denaturing of the proteins). In the next step, the quartz slide was
covered with the Neutravidin solution (0.2 mg of Neutravidin per 1 mL PBS buffer (pH
7.4)) for 30 min at 4°C (Neutravidin binds to the biotin modified BSA on the surface).
Finally, the quartz surface was flushed 4 times with PBS buffer (pH 7.4) to get rid of
free Neutravidin (the surface should not dry out during this step).

Attachment of the nanohelices to the surface

50 uL of 4 nM of biotin-modified left-handed nanohelices in 0.5xTBE buffer with
11 mM MgCl, were added to 600 uL. of PBS buffer (pH 7.4). The Neutravidin coated
quartz slide was covered with the nanohelix solution for 2 hours at 4°C. Next, the
surface was flushed with 0.5xTBE + 11 mM MgCl, buffer in order to remove unbound

nanohelices.

Ag deposition on the gold particles of the nanohelices on the quartz surface

Equal amounts of the reaction solutions A (initiator), B (moderator) and C (activator) of
the HQ Silver'™ Enhancement Kit (nanoprobes.com) were mixed together. 120 pL of
the enhancement kit mix were diluted with 600 uL of 0.5xTBE + 11 mM MgCl, buffer.
This step should be performed as fast as possible because the enhancement kit becomes

active upon mixing of the reaction solutions. The quartz surface with the attached
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nanohelices was covered with the diluted enhancement solution mix for 4 min. Then the
surface was flushed with PBS buffer to stop the enhancement reaction.

Efficiency of enhancement depends on the surface density of the nanohelices.

Switching of the orientation of the nanohelices
The switching was performed by simple directed gas flow drying (the drying process
should be carried out fast), followed by resuspending the Ag enhanced nanohelices on

the quartz slide in PBS.

Supplementary Information Note S2: Direct assembly of nanohelices on the
surface and CD spectra of L-NHs assembled on the surface

Gold nanoparticles were directly hybridized to the DNA origami structures on the
surface. For this, 24 helix-bundle origami structures with attachment sites for gold
nanoparticles were attached to a Neutravidin coated quartz slide (see Supplementary
Information Note S1). The 24HB coated quartz surface was washed with 0.5xTBE +
11mM MgCl,. 600 pL of DNA functionalized 10 nm AuNPs (20 nM) in 0.5xTBE +
11mM MgCl, were added to the quartz surface and incubated for 4 hours at 20°C to
allow efficient hybridization of gold nanoparticles to the DNA origami structures.
Next, the surface was flushed with 0.5xTBE + 11mM MgCl,. After that, the deposition
of silver on the gold nanoparticles was performed (see Supplementary Information Note

S1).

] —CDz
] =CDxy

CD (mdeg)

300 400 500 600 700 800
A (nm)
Figure S2 | Switching CD spectra of nanohelices assembled directly on the surface.

Measurements were performed with the same ensemble of left-handed nanohelices in

solution (red curve) and dried (blue curve).
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Supplementary Information Note S3: Circular Dichroism of plasmonic

nanocrystal assemblies

It is interesting to compare CD of a plasmonic helix with CD signals of other

geometries, such as tetrahedral complexes for example®’>%>°

. In Figure S3, we show
three chiral geometries of a plasmonic tetramer. We can see that the helical assembly
has a clear advantage over the other geometries with tetrahedral arrangements. In a
helix, the CD signals are one/two orders of magnitude higher than the CD signals in
asymmetric and equilateral tetrahedral complexes. The data were taken from Ref. 39.
A chiral plasmonic assembly with an equilateral tetrahedral frame (Figure S3) has the
smallest CD signals. In fact, the averaged CD for this assembly has a vanishing
magnitude for the given geometrical parameters (see Figure S3 c¢). The reason is that
such a tetrahedral assembly has no dipolar CD in solution and may have non-vanishing
CD signals only due to the multipole interactions between nanoparticles.
Simultaneously, a helical assembly has a very strong dipolar CD.

The shapes of CD signals for assemblies of various geometries are typically similar.
The reason lies in the physics of the CD signal formation: The CD signal appears due
to the Coulomb and electromagnetic interactions between plasmons of single
nanoparticles, and these interactions lead to the formation of collective plasmon modes
with chiral properties. In an assembly, the integral of the CD spectrum over the
frequency should be approximately zero due to the optical sum rule and, therefore, the
shape of CD is typically bi-signate (dip-peak or peak-dip). The collective plasmonic
spectrum of a chiral assembly has right-handed and left-handed plasmonic excitations
on the two opposite sides of the plasmon peak; therefore, this property produces
characteristic bi-signate lines in the CD spectra. In Figure S3, we also include the data
for directional CD. Again we see that the helical assembly demonstrates the strongest
signals. Another general property of the plasmonic CD signals can be seen in this
figure: the directional CD signals are typically much stronger than the averaged CD in

solution.
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Figure S3 | Calculated CD spectra for three chiral assemblies shown on the left-
hand side of the figure. The averaged CD describes the signals coming from a
solution; the directional CD spectra are shown for three representative directions, +x,

+y, +z. Parameters of the assemblies are given below, in Table S3.
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Table S3. Coordinates and radii of nanoparticles in the chiral assemblies.

coordinates and radii (nm) X y z radius
helix 14376 0 0 5

0 14.376  8.386 5

-14.376 0 16.772 5§

0 -14.376 25.158 S
asymmetric tetrahedron 15.56 0 0 5

0 23.34 0 5

0 -15.56 0 5

0 0 23.34 5
equilateral tetrahedron 8.4852 84852 84852 3

-8.4852 -8.4852 8.4852 4

8.4852  -8.4852 -8.4852 S

-8.4852 8.4852 -84852 6
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Supplementary Information Note S4: Shift of the CD spectra caused by refractive

index change

e jsotropic CD in solution
e isotropic CD dry

CD (mdeg)

200 300 400 500 600 700 800
A (nm)
Figure S4 | CD spectra of left-handed nanohelices randomly orientated in solution
and on a substrate. These measurements were performed with the same ensemble of
left-handed nanohelices, which were isotropically distributed in solution (red curve)
and were then simply left to dry on a glass surface (blue curve). In contrast to the other
experiments, the structures were not attached to the surface via biotin linkers. Also, no
washing step was used to flush away unbound structures. Here, enough material was
used to enable the formation of a thin film of dried, but randomly oriented helices. An
influence of the change of the refractive index may be observed as a 4 nm shift of the
peak and a 10 nm shift of the dip of the CD signal. It is also possible that the helices are
not distributed completely isotropically but have a tendency to align parallel to the
surface. This effect must be, however, negligible as no significant change in the shape

of the CD signal 1s observed.
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Supplementary Information Note S5: Progression of the CD signal during

switching
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Figure S5 | Progression of the CD signal of L-NHs with switching cycles averaged
over 4 experiments. Each data point represents the averaged and normalized
maximum peak or dip value of the CD signals of 4 different experiments going through
up to 4 switching states. We attribute the decrease of the maximum signals over
switching cycle to the following scenarios: at each drying step, some of the nanohelices
get trapped in a specific orientation on the surface (most likely lying on the surface)
and at each washing step some of the helices (but also individual gold particles) detach

from the surface. Any other form of helix destruction or deformation will lead to a loss

of signal or the helices.

Supplementary Information Note S6: Switching with right-handed nanohelices (R-
NH)
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Figure S6 | Switching of R-NH with inverted CD signals. This experiment was
performed as described for L-NH in the main text. The recorded CD signal clearly
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shows the expected switching behavior. Right-handed nanohelices that are upright in
solution (left) show a CDy signal that is inverted to the CDz signal of L-NHs. After
being switched by drying to an orientation parallel to the surface the CD,y signal that is
inverted to the CDyy signal of lying L-NHs is recorded.

Supplementary Information Note S7: Dipolar model of nanoparticle helix
Calculations in the manuscript follow the electrodynamics methods used previously in

Refs. 37-42. A system of nanoparticles (NPs) is described by a set of dipoles p, induced

by the electric fields. The NPs are arranged in a helix (Figures 1 and 3 in the main text).

The equation for a dipole of a single NP with index iis

]_ji :a[Eext,i +2Ej—>z}’ (D

J#i

where E,

i

is the external field, « 1is the polarizability of a NP, and E_Hl. is the field

due to the neighboring NPs:

. o e N
E _:{(l_lwv%rﬁj%-p, b O M}ec‘”
C

J—i
i ¢ Vi

2)
The NP polarizability 1s defined in the usual way:

a(w)=Ry, (e, —&)/ (e, +2&), where R,,is the NP radius, &, (®) is the Au

dielectric function, and ¢, is the dielectric constant of matrix. The external field

varies at different sites by a phase factor "7 . The set of linear equations (1) can be
solved self-consistently for all dipole moments. Then, the total absorption and

extinction rates can be calculated using the following equations:

1 P, .

Qabsziw.gozillm[%'pijﬁ (3)
1 . L

Qext :_a)'gozlm(Eextfi pz) (4)

2

139



The scattering rate calculatedis O, =0,, —0,,. -

The directional CD for incident light associated with a particular wave vector k is given

by
CD}Z = Qext,+ - Qext,— > (5)

where the symbols + are related to the LCP and RCP photons. In colloidal solution
systems, the nanostructures are randomly oriented and we need to perform averaging
over orientations. Mathematically, averaging can be performed by assuming that the

light comes from all directions to a nanostructure with a fixed orientation:
(€D)=(0.-0), - (6)

The calculations of CD and scattering in the main text are based on Eqs.3-6. In
Fig. 3d in the main text, we show the data for CD averaged over an interval of the

angle of tilting,

j CD;, .(0")-sin[0'0"
CD(0) ="

5 , (7)
j sin[0'd 6"

where @ is the angle giving the tilting of the helix with respect to the normal (see
Fig. 3d in the main text). For the medium, we assumed water ( ¢ =1.8) and for Au

dielectric function we used the tables from Ref. 43.
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Supplementary Information Note S8: Comparing the CD strength of isotropic and
anisotropic L-NHs
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Figure S8 | CD comparison of oriented and randomly distributed helices
a, Wide field Scanning Electron Microscopy (SEM) image of left-handed Nanohelices
attached to a BSA-biotin-neutravidin coated quartz surface. An area density of five left-
handed nanohelices per pm® was determined. Zoom-in images reveal that super-
enhanced helices remain partly upright even after drying. b, A CD of 35 mdeg for
anisotropic left-handed nanohelices was measured at an area density of five nanohelices
per um” (silver enhanced attached helices in buffer, red curve). Silver enhanced helices
dispersed in solution at the same area density (area density was converted to volume
concentration by mapping the projection of the three-dimensional volume to a two-
dimensional plane) result in a CD peak maximum of 4.5 mdeg (black curve). Hence the
anisotropic CD is roughly one order of magnitude (~8 times) higher than the isotropic

CD of the L-NHs. The shape of the anisotropic CD, signal presented here differs
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slightly from the previous presented CD, spectra (Fig. 2 and Fig. S2). Such variations
may result from different silver enhancement conditions in each set of experiments.
Here, a stronger silver enhancement was necessary to enable imaging of the

nanohelices with SEM.

Supplementary Information Note S9 and Supplementary Movies: Surface
attachment of nanohelices with biotinylated staple strands and details on the

darkfield setup

The following two videos provide further evidence that the nanohelices attach to the
glass slide via biotinylated staple strands. The glass slide is functionalized with biotin-
BSA-neutravidin. In the first video (Solution-Helix-Prior-Biotin-Functionalization.avi),
a drop of nanohelices without the biotinylated staple strand in 1x TE buffer with 12 mM
Mg”" is place on the glass slide. The darkfield microscopy images of nanohelices under
the Xe lamp illumination are taken continuously in color. A linear polarizer is placed
just before the imaging camera. It can be seen that few nanohelices bind to the
functionalized glass slide without the biotinylated staple strands. The majority of
nanohelices move freely in solution. This suggests that the non-specific binding of
nanohelices to the glass is very low. Due to the tumbling of nanohelices, their scattering
spectra in the orientation of the polarizer changes with time. As a result, the appearing
color of the nanohelices changes throughout the video (Movie #1). In the second video
(Solution-Helix-Post-Biotin-Functionalization.avi), biotinylated staple strands are added
to the solution which hybridize with nanohelices. After 2 hours of incubation at room
temperature, the glass slide is thoroughly rinsed with 1x TE buffer with 12 mM Mg*".
The biotin binds to the functionalized glass substrate thus leading to attachment of
nanohelices to the glass slide. It shows that most nanohelices in the video are stationary
with little change in color (Movie #2). Based on the density of nanohelices in the two
videos, we can estimate that roughly 40% of the nanohelices are attached to the glass

slide.
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Movie #1: “Solution-Helix-Prior-Biotin-Functionalization.avi”

Movie #2: “Solution-Helix-Post-Biotin-Functionalization.avi”

Darkfield scattering spectra measurements

Optical characterization of the nanohelices was performed to investigate the scattering
spectra as a function of nanohelices’ orientation. The glass slide was functionalized with
neutravidin using the protocol described in the manuscript. The nanohelices were
deposited inside the silicone gasket previously painted on the slide surface. A coverslip
was immediately placed on top the gasket and the edges are sealed. The slide was
loaded into an inverted microscope (Nikon, TiU) facing down. A Xe lamp (Shutter
Instrument model LB-LS/30) illuminates the slide through a high resolution condenser
(Cytoviva). The condenser has a numerical aperture from 1.2 to 1.4, as shown in Fig.
S9.1. An 100x objective (Nikon, Plan Fluor 100x/0.5-1/3 oil iris) was used to collect the
scattering spectra with a 600 lines per mm grating and a CCD camera (Princeton
Instruments, ProEM 512). A 480 nm long pass filter (Edmund Optics) was inserted after
the lamp to reduce the scattering background generated by the sample substrate. The
polarization dependent scattering spectra were collected for individual nanohelices

using a custom-made motorized polarizer, which was inserted into the optical path after

143



the glass slide. The spectrometer's slit width was set to 30 um and the camera's region
of interest (ROI) was set such that only the light emission from the selected nanohelices
was collected during the scan from 480 nm to 760 nm. The exposure time for the CCD
camera ranged from one to three minutes. To remove background signal that may be
present in the scattering spectra, spectra from an adjacent “dark™ area containing no
sample was subtracted from the scattering spectra. The resulting spectrum was then
divided by the spectrum of the Xe lamp. A detailed description of spectral

measurements can be found in the supplementary information of reference 44.

Xe lamp (unpolarized)

Condensor

NA=12~14o0r
6=50.7°~645"

nanohelix _/—>

Matching fluid (n = 1.55)
Glass slide (n = 1.55)

NA =0.55 or |

@=-334°~334° Objective

1 Polarizer

\{

Spectrometer

Figure S9.1 | Schematic drawing of the optical setup used to characterize the
nanohelices. The glass slide is illuminated by an unpolarised Xe lamp through a high
NA condenser (Cytoviva). The light scattered by an individual nanohelix is collected by
a 100x objective lens using an adjustable NA of 0.55. The light is fed to a CCD
spectrometer (Acton 300i, Princeton Instrument) either directly or via an adjustable
linear polarizer.

After the spectra for nanohelices in buffer solution were characterized, the gasket seal is

removed. The glass slide is repeatedly rinsed with buffer solution and let dry. It was
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then rinsed with milli-Q water to remove salt on the glass surface. The glass slide was
loaded back to the microscope. By aligning to the reference marker previously placed
on the slide, the same area of the slide where the spectra were taken was located. The
reference marker was clearly viewable in the bright field mode on the microscope.
Figure S9.2 shows a colour darkfield image of surface-bound nanohelices in solution
(a) and the same area after the drying process (b). The colour change between the two
images indicates that the scattering spectra is red shifted, consistent with the change of
nanohelices’ orientation from up-right in solution to lying-flat in the dry condition. The
out-of-focus object in Fig. S9.2(a) is most likely an unbound nanostructure floating in

solution.

(@) (b)

Figure S9.2 | Darkfield colour image of surface-bound nanohelices in solution (a)
and after they are dried (b). The nanohelices with a number placed next to it were

measured spectroscopically (data shown in Figure S9.3).

The spectral shift is further verified in Fig. S9.3 where darkfield scattering spectra of 9
individual nanohelices (labelled in Fig. S9.2) were recorded. The sub-captions for each
figure correspond to the numerical labels shown in Fig. S9.2. Some variations in the
scattering spectra among different nanohelices are observed. In general, the peak
scattering wavelength for nanohelices in solution is at 554 + 8 nm and the peak

scattering wavelength for nanohelices after they are dried is at 576 + 10 nm.
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Figure S9.3 | Darkfield colour scattering spectra of 9 surface-bound nanohelices
(as labelled in Figure S9.2). Each plot consists of a scattering spectrum of a nanohelix
in solution and of a spectrum of the same nanohelix after it was dried. The peak

scattering wavelength shows a red shift after the nanohelices were dried.



Figure S9.4 is another example of surface-bound nanohelices and their respective

darkfield scattering spectra.
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Figure S9.4 | Darkfield image of surface-bound nanohelices in solution (a) and

after they are dried (b). (1)-(6) Darkfield scattering spectra of the nanohelices labelled
in (a) and (b).

It can be observed that the scattering spectra are not polarization dependent for

nanohelices in solution. However, the scattering spectra show a considerable
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polarization dependency after the nanohelices are dried. Figure S9.5 shows additional

scattering spectra of bound nanohelices for longitudinal and transverse polarizations.

During the measurements, a linear polarizer is rotated until a maximum total scattering

intensity is observed. The darkfield scattering spectrum for this polarizer angle is

considered as the longitudinal scattering. The polarizer is then rotated by 90° to obtain

the darkfield spectrum for the transverse scattering.
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Figure S9.5 | Longitudinal and transverse darkfield scattering spectra for dry,

surface-bound nanohelices shown in Fig. S9.3.



In addition to the spectra for longitudinal and transversal scatterings shown in Fig. S9.5,
the scattering spectra as a function of linear polarizer orientation were measured and a
few examples are shown in Fig. S9.6. The angle of the linear polarizer is 0° for the

transverse scattering and 90° for the longitudinal scattering, respectively.
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Figure S9.6 | Polarization dependency of darkfield scattering spectra for a surface-

bound nanohelix dried on glass.
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Supplementary Information Note S10: Additional control experiments of

nanohelices on substrates.
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Figure S10.1 | Solution measurement of L- and R-NHs attached parallel to the
substrate. A BSA-Neutravidin surface was prepared as describe in Supplementary note
S1. Instead of biotinylated nanohelices this time biotynilated poly-A-oligonucleotides
(15 nt) were applied to the surface. After washing, nanohelices without biotin were
added. As all nine gold nanoparticles of the nanohelices are densely covered with poly-
T-oligonucleotides, the helices were tightly coupled via doublestrand formation to the

substrate in a parallel fashion. As expected, we recorded clear CD signals of the xy-

modes for these samples.

CD (mdeg)
o

300 400 500 600 700
A (nm)

Figure S10.2 | L-NHs on an amine-silane coated glass slide in solution. Assembled
nanohelices were deposited on an amine-silane coated glass in 0.5xTBE buffer (pH 6,
11 mM MgCl,) for 2 hrs. The recorded CD signal of this sample is switched compared
to the signal from nanohelices standing in solution (see e.g. Figure S2) and differs
slightly from dried helices (see e.g. Figure S2). This is in accordance with our
expectation as we expect the charge-induced adsorption (DNA is strongly negatively

charged) to predominantly result in helices aligned parallel to the surface, but some
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helices may also attach upright to the surface as the structures has an aspect ration of

only ~ 5:1.
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Figure S10.3 | CD signal artifacts by a 90° rotation of the substrate. R-NHs were
aligned parallel to the quartz substrate by an airstream. The first spectra (blue) was
taken at a given orientation of the substrate in the cuvette (surface pependicular to the
probing beam). For the second experiment the substrate was rotated 90° around its
normal. As a result we observe a distinct chance of the CD signal in the UV and the
blue region of the spectrum. We conclude that substrate-related interferences can
weakly influence such measurements and have to be taken into account for quantitative

analysis. However, at the plasmonic range (above 500 nm), the effects become

negligible.
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Figure S10.4 | AFM image of left-handed nanohelices on a quartz surface.
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Supplementary Note S1 | Functionalization of AuNP colloids (10 - 80 nm).
Concentration of AuNPs. Colloidal AuNPs (100 ml, BBI) of citrated AuNPs of 10 -
80 nm size were stirred for three days at room temperature protected from light after
adding 40 mg of BSPP (Bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium
salt, Sigma-Aldrich). To achieve high concentrations of stable nanoparticles in solution,
the particles were treated as follows: First, 5 % (v/v) Sodium chloride (5 M) was added
to the solution. More sodium chloride was added until a colour change of the solution
from red to blue was observed (the charge of the particles is screened by the salt which
leads to a decreasing distance between the particles). Next the AuNPs were sedimented
to the bottom of a 50 ml tube by centrifugation of the AuNP solution at 1,600 rcf for 30
min at room temperature and the clear supernatant was removed with a pipette
immediately (about 1% of the supernatant was left in the tube). The particles were again
dissolved in BSPP solution (1.6 ml, 2.5 mM in H,0) followed by addition of an equal
volume of methanol (1.6 ml). This mixture was centrifuged (1,600 rcf, 30 min, room
temperature), the supernatant was completely removed and the particles were once more
dissolved in BSPP solution (1.6 ml, 2.5 mM in H,O). The concentration of the AuNPs
was estimated by the absorption measured via UV-Vis spectroscopy.
AuNP-DNA conjugation. The AuNPs were conjugated with thiolated ssDNA strands
(purchased from biomers.net, HPLC purified) as follows: For reducing the disulfide
bonds of the thiolated ssDNA strands (100 pM) to monothiol the modified strands were
incubated with TCEP (Tris (carboxyethyl) phosphine hydrochloride, Sigma-Aldrich; 10
mM final concentration) for at least 30 min at room temperature. AuNPs and thiolated
oligonucleotides (100 uM, incl. the TCEP) were mixed in 0.5 x TBE buffer at a ratio of
1:300 (AuNPs:DNA) for 10 nm sized AuNPs. We used a higher excess of thiolated
DNA for larger AuNPs corresponding to the increased surface of larger AuNPs (~r%),
e.g. a four times higher excess of DNA over AuNPs (1:1,200) for 20nm sized AuNPs
(two times the radius = 2% = 4 times higher excess).
We used the protocol described in reference [1] to avoid 3 days of waiting after mixing
the thiol-DNA with AuNPs (as it was previously described in reference [2]) and to
achieve higher attachment yields of thiol-DNA to AuNPs. The procedure is the
following:

1. add citrate buffer (pH 3) to a final concentration of 20 mM

2. wait 3 minutes

3. add HEPES buffer (pH 7.6) to final concentration of 100 mM
To estimate the yield of the conjugation, a droplet of the DNA-covered AuNPs was
mixed with a droplet of 0.5 x TBE buffer with 100 mM MgCl, (ideally the conjugates
should be stable at MgCl, concentrations of up to 100 mM. We realized that the random
sequence CTCTACCACCTACAT is less stable than the 15%T sequence, see comment
below). If the colour of the mixed droplet changed from red to blue, more thiolated
oligonucleotides had to be added to the AuNP-DNA mixture (this procedure is later
called MgCl; test). To remove the unbound thiolated strands and the TCEP, the mixture
was centrifuged for 10 min at 10,000 rcf at room temperature in a 100kDa MWCO
centrifugal filter (Amicon Ultra, Millipore) followed by 4 additional spinning steps
(each 10 min, 10,000 rcf) with 400 ul buffer (0.5 x TBE without MgCl,) added to the
centrifugal filter before each centrifugation step. The remaining AuNP-DNA solution
was recovered from the Amicon filter with a pipette and transferred to a fresh Amicon
filter. This 1s necessary as we observe decreasing amounts of liquids passing the filters
after several centrifugation steps. This might be due to oligonucleotide clusters blocking
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the pores of the filter, an effect that we only observe when working with high
concentrations of oligonucleotides (~50 uM)). The four filtration steps were repeated
once more. In total, the AuNP-DNA solution was centrifuged 8 times. This ensures that
as few unbound oligos as possible remain in the solution. Alternatively, agarose gel
(0.7 %) purification can be applied to remove remaining unbound oligos (analog to
origami structure purification described in reference [2]). The unbound oligonucleotides
should be removed immediately before adding the AuNPs to the DNA origami
structures. Otherwise newly appearing free oligonucleotides will block the hybridization
sites of the DNA origami structure. After the last step the concentration of the AuNPs
was determined with a UV-Vis photospectrometer. Ideally, the MgCl, test as described
before should be repeated again at this point to make sure that the conjugation was
successful.

Comment on DNA functionalization of AuNPs > 40 nm. We realized that particles
which are > 40 nm are only stable for a short time (< 1 day) at the standard MgCl,
concentrations of 10 mM without the surrounding origami structures. The DNA origami
structures function as stabilizers for large AuNPs (> 40 nm) and the constructs stayed in
solution for many weeks (sedimented constructs can always be re-suspended by gentle
shaking).

Functionalization of silver nanoparticle colloids (20 nm). The silver nanoparticle
(AgNP) preparation followed with minor changes the protocol described in reference
[3]. The 20 nm silver colloid solution (Sigma-Aldrich) was concentrated by using 100
kDa MWCO centrifugal filter (Amicon Ultra, Millipore) (8,000 rcf, 10min, room
temperature). Thiolated ssDNA strands (biomers.net, HPLC purified) were added to the
concentrated AgNP solution at a ratio of 1:1200 (AgNPs:DNA). Therefore the
concentration of the AgNPs had to be estimated via UV-Vis spectroscopy (extinction
coefficient 7.1 x 10°, typical result was about 90 nM). Next citrate-HCI buffer (pH 3)
was added to a concentration of 5 mM. After 5 min more citrate-HCI buffer was added
to a final concentration of 10 mM. After incubation for 25 min NaCl was added to a
final concentration of 30 mM. Then the pH was raised by adding HEPES buffer (pH
7.6) to a final concentration of 100 mM. The unbound ssDNA strands were removed via
centrifuging the solution for 8 min at 6,000 rcf using a 100 kDa MWCO centrifugal
filter (Amicon Ultra, Millipore).. This step was repeated 7 times with a filter change
after 4 spinning steps. Before each centrifugation step 450 pl of buffer (1 x TBE, 350
mM NaCl) were added to the centrifugal filter. Afterwards the oligonucleotide covered
AgNPs were conjugated the DNA origami structure. The ratio of AgNPs per DNA
origami structure was 5:1. The solution was left overnight on a shaker for incubation
and then the satellite-bearing DNA origami structures were purified from free AgNP as
described for AuNPs below in Supplementary Note S2.

Comment on the DNA hybridization yield between DNA functionalized metal
nanoparticles and DNA origami structures depending on the DNA sequence. We
realized that the hybridization of the multiple T sequence to its complementary
sequence is more efficient compared to the hybridization of the random sequence to its
complement. This is probably due to two effects: First, the hybridization of the multiple
T sequence to its complement allows the bases to slide against each other, which thus
allows the strands to catch each other on the very ends of the ssDNA and then zip closer
together. Second (as already shown by Storhoff et al. [4]) the A and C bases in the
random sequence tend to stick to the gold surface which might cause this ssDNA to not
stand that well apart from the surface of the metal nanoparticle as the multiple T
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sequence. To achieve high hybridization yields for the random sequence we chose a
relative long sequence of 15 bases for our attachment site (note: our attachment sites
always consist of minimum 3 ssDNA strands). We observed that for the multiple T
sequence and its complement already a sequence of 8 bases is sufficient to ensure the
same hybridization yield as for 15 random bases.

Functionalization of QD colloids. Materials: Quantum dots which have emission
maxima of ~800 nm (QD800) were purchased from Invitrogen. Phosphorothioate
modified DNA (PTO-DNA, sequence: cgg gcg tac TTT TTT TTT, upper case for
phosphodiester bases and lower case for PTO bases, HPLC purified) was purchased
from MWG Eurofins Operon. Zinc nitrate hydrate, 3-Mercaptopropionic acid (MPA)
and Sodium hydroxide were obtained from Sigma Aldrich.

Methods: DNA modified QDs were prepared by attaching PTO-DNA to the freshly
grown ZnS shell in the presence of the growing materials including Zn*" and MPA
(described in reference [5][6][7]). In a typical experiment, 100 uL. QD800 (1 uM) were
flocculated from Decane and re-dispersed in chloroform (10 nM, protocol from
Invitrogen.com). After a ligand exchange via MPA, 100 pL MPA-QDs (10 nM) were
added to 176 pL H,0 followed by adding 20 uL PTO-DNA (100 uM), 2.25 pL Zn*"
(50 mM), 4.5 uL MPA (50 mM) and 8 uLL NaOH (1 M). The mixture was incubated at
90 °C for 40 min. PTO-DNA modified QD800 were then purified from remaining
unbound PTO-DNA by using 100 kDa MWCO centrifugal filters (Amicon Ultra,
Millipore) (2x4 centrifugation steps with a filter change after 4 steps, the filter was
refilled with 450ul water after each step, 10,000 rcf, 10 min, at room temperature).
Functionalization of streptavidin coated QD colloids. Materials: Streptavidin coated
quantum dots with emission maxima of ~800 nm (QD800) were bought from
Invitrogen. Biotin modified ssDNA oligos (HPLC purified) were bought from MWG
Eurofins Operon.

Methods: The streptavidin coated quantum dots were incubated with biotin modified
ssDNA oligos in a ratio of 1:100 (QD:ssDNA) in 1x PBS (pH 7.4) over 12 hours. The
DNA modified QD800 were then purified from remaining unbound ssDNA by using
100 kDa MWCO centrifugal filters (Amicon Ultra, Millipore) (2x4 centrifugation steps
with a filter change after 4 steps, the filter was refilled with 450ul 1x PBS (pH 7.4) after
each step, 10,000 rcf, 10 min, at room temperature).
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Supplementary Note S2 | Purification of the satellite-bearing DNA origami
structures from free AulNPs by gel electrophoresis. To separate the AuNP-bearing
DNA origami structures from the AuNP excess a second agarose gel purification step
was applied. The samples were electrophoresed on a 1.0 % agarose gel containing 0.5 X
TBE and 11 mM MgCl; cooled in an ice water bath. The satellite-bearing DNA origami
structures showed a narrow band migrating slower than single AuNPs. If the band was
too faint to be detected by eye, SYBR® Gold (Invitrogen) staining was used. We cut out
the bands of satellite-bearing DNA origami structures and centrifuged the piece of gel at
2,600 rcf for 10 min at 4°C in Freeze'N’Squeeze spin columns (BioRad) and kept the
flow through for the further experiments. (cf. text in main manuscript)

Supplementary Note S3 | Excess of satellites (MeNP-bearing origami structures)

over planets.

planet ratio (planet:satellite)
10nm AuNP 1:20
20nm AuNP 1:200
40nm AuNP 1:500
80nm AuNP 1:1,000
tube origami 1:200
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Supplementary Note S4 | Low-magnification SEM images of nanoclusters. After
assembly, the nanoclusters are well dispersed in solution. Here, SEM wide field images
of gold-enhanced nanoclusters exposed to enhancement solution for varying times (as
indicated in the bottom left of each image) are shown. “Gold Enhancement” (or
electroless ion deposition) protocols are given in SI Note S14.
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Supplementary Note S5 | Long-term stability. The origami nanoclusters were stored
at - 18 °C in the fridge for eight months. Here nanoclusters with 10 nm AuNP satellites,
24 helix-bundle DNA origami structures and 60 nm AuNP planets are shown. The
nanoclusters show high stability over time as well as, however, a tendency to aggregate.

.

164



Supplementary Note S6 | Chiral nanocluster assemblies. Right-handed nanohelices
(R-NHs) were attached to an 80 nm AuNP planet. Schematic and TEM images of non-
enhanced R-NH-Nanoclusters. Left: TEM image of chiral nanocluster with large excess
of right handed nanohelices (1:100). Right: TEM image of chiral nanocluster with a low
excess of right handed nanohelices (1:10).
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Supplementary Note S7 | Circular dichroism of chiral nanoclusters. The chiral
nanoclusters presented in Figure S8 were silver-enhanced in solution. “Silver
Enhancement” (or electroless ion deposition) protocols are given in SI Note S14. Top:
The structures show strong circular dichroism (CD) in the visible range. Control
samples (blue curve, right-handed nanohelices without planet particles) were present at
the same concentration as the nanocluster-assembled super-structures (red curve). The
chirality of the nanohelices is preserved in the nanocluster assembly and we speculate
that the proximity of the helices to the large planet particle is responsible for the
increased CD signal. Bottom: TEM images of the silver-enhanced chiral nanoclusters.
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Supplementary Note S8 | Photoluminescence spectroscopy of dye-QD origami
nanoclusters. In order to observe feeding of fluorescence energy to a central acceptor,
we placed organic dyes (Cy3) along the radial spokes that were attached to a central
colloidal quantum dot. Thorough studies on resonance energy transfer through spectral
ladders of dye molecules have presented by other groups [8][9]. We therefore decided to
test an approach based on QD acceptors. Our results are ambiguous and reflect the
principal difficulties that QDs pose as acceptor molecules for photons donated by
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organic dyes, which are 1) their property to convert light of any wavelength shorter than
their emission wavelength into emitted photons and 1ii) their large absorption cross
section compared to organic dye molecules. Taken together, we observe in our
experiments increased QD800 luminescence signals over control signals under certain
conditions, but the effect becomes marginal when the control experiments are executed
extremely careful. Future experiments will include assemblies with donor dyes arranged
as a spectral ladder, gold nanorods as field enhancers or QDs as donor elements.
Figure to supplementary Note S8 | Dye-QD origami nanoclusters. a, Schematic and
b, TEM image of an origami nanocluster consisting of a QD800 planet and 24-helix
bundles decorated with 20 dyes (Cy3). c-e, QDs with two functionalization methods
were tested: Streptavidin-functionalized (¢) and direct DNA functionalization (d and e).
Photoluminescence spectra were recorded for assembled nanoclusters with QDs and
dyes, QDs only (either with Streptavidin-coating or ssDNA-coating, ¢ and d) and with
QDs assembled with 24-helix bundles without attached dyes (e).The concentrations
were carefully adjusted, however, we noted that the concentration of QDs without
attached 24-helix bundles decreased over the course of the experiments (possibly due to
adsorption to the walls of the sample container) which probably leads to the relatively

lower signals of the control samples in ¢ and d.
a b

Cc

1500000 —— QD-ONC (Streptavidin-functionalized QD)
—— only QD with ssDNA (Streptavidin-functionalized

& 1200000 QD) w/o dyes
& 900000
=

2 600000
]
< 300000

0+ - -
700 800
A (nm)
d —— QD-ONC
250000 —— QD with ssDNA w/o dyes

~ 200000

3

£ 150000

=

2 100000

5]

£ 50000

0 ; -
700 800
A (nm)
e
250000 —— QD-ONC

= QD with origami structure w/o dyes
200000 . <

150000
100000

Intensity (a.u.)

50000
0+

700 800
% (nm)

167



Supplementary Note S9 | Three-dimensional structure of nanoclusters revealed by
TEM. 20 pL of gel purified nanoclusters in 0.5 x TBE and 11 mM MgCl, were
deposited on a TEM grid and completely dried via evaporation. We assume that the
nanoclusters are embedded in the remaining salt, which supports and stabilizes the
three-dimensional structure. The TEM grid was shortly (20s) stained with Uranyl
acetate. In the microscope, the TEM specimen stage was tilted over a range of 50° and
images were taken every 25°. Two examples are shown in the upper and the lower row.
Identical satellites are marked with arrows of the same colour in each image to show the
three-djmegsional character of nanoclusters.

S o

168



Supplementary Note S10 | Dynamic light scattering (DLS) measurements:
Hydrodynamic size of the origami nanocluster as a function of temperature.
Origami nanoclusters with 80 nm gold planet and 24-helix bundles assembled in
0.5xTBE+11mM MgCl,. The expected diameter of the nanocluster is ~ 280 nm at room
temperature. We observe a diameter of 255 nm at RT (black squares). At temperatures
above 55°C the measured diameter drops dramatically to the level of the 80 nm gold
particle control (red squares). This nicely indicates the disassembly of the nanoclusters
at temperatures above 55°C.
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Supplementary Note S11 | DLS measurements: Hydrodynamic size of origami
nanocluster as function of NaCl concentration. Origami nanoclusters with 80 nm
gold planets and 24 helix bundles assembled in 0.5xTBE+11mM MgCl, and the
following NaCl concentrations: 0 mM, 20 mM, 50 mM, 100 mM and 500 mM. Higher
NaCl concentrations permit closer packing of the DNA origami structures on the planet
particles, which is reflected in a slightly increased hydrodynamic diameter at higher
NaCl concentrations. TEM inspection confirms this assumption (see next comment).
Note, that the error bars are of the size of the data point squares.
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DLS measurements: Hydrodynamic size measurements were performed in a Zetasizer
Nano ZS (Malvern Instruments, Malvern UK). Particle diffusion in a small volume
cuvette (45 pl) was measured with a 4 mW He-Ne laser operating at 633 nm and at a
detection angle of 173°.
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Supplementary Note S12 | Planet-satellite stochiometry control by varying NaCl
concentration. Origami nanoclusters with 80 nm gold planet and 24-helix bundles
assembled in 0.5xTBE+11mM MgCl,+ varying NaCl concentration. Top: Number of
satellites per planet as a function of the NaCl concentration. Bottom: Representative
TEM images for each salt concentration. A change in salt concentration leads to a
change of the electrostatic repulsion between the single DNA origami structures
attached to a planet AuNP. Higher salt concentrations also result in higher non-specific
attachment of satellite-bearing origami structures. Non-specifically attached structures
were not included in the statistics.
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Supplementary Note S13 | Origami-structure-guided arrangement of satellites. The
tubular origami structure [10] consists of 30 anti-parallel helices forming a hollow open
barrel and offers 62 protruding ssDNA handles (15%T) on its outside for the
hybridization of AuNP bearing 24 helix bundle DNA origami structures which offer 12
ssDNA handles (15xA) for the conjugation. a, Schematic drawing of the origami-
structure-guided arrangement of satellites. b, TEM images. ¢, Schematic and d,
CaDNAno [11] file of the origami planet with handle positions for the attachment of
the 24 helix bundle marked in red.

a b

24 helix bundle DNA
origami structure +AuNP
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Supplementary Note S14 | Silver and gold deposition on the gold nanoparticles of
the planet-satellite nanoclusters. We generally follow the instructions of the supplier
(HQ Silver Enhancement Kit and EM Gold Enhancement Kit from nanoprobes.com).
The procedure is also described in detail in Kuzyk et al. [2] and Schreiber et al. [12]. In
short, equal amounts of the reaction solutions A, B and C of the enhancement kit were
mixed together. The planet-satellite nanoclusters were exposed to this mixture either on

surfaces or in solution.

a

Figure to Supplementary Note S14 | Silver enhancement in solution. Silver
enhanced nanoclusters. Nanoclusters consisting of 24 helix-bundles, 10 nm AuNP
satellites and 60 nm AuNP planets were used. The nanoclusters were exposed to
SilverEnhance™ formulation (Nanoprobes.com) in solution. Top: schematic drawing of
the nanoclusters; Bottom: TEM images of the nanoclusters. The silver enhancement was
performed in 0.5x TBE + 11 mM MgCl, buffer containing 30 % in a, 40 % in b and 50
% in ¢ of the enhancement kit. Scale bars: 100 nm.
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Supplementary Note S15 | Silver enhanced nanoclusters visualized with bright
field microscopy. Far left: Bright field microscopy image of a nanocluster. The
nanocluster is visible as a diffraction-limited dot (red arrow). Second left to far right:
Zoom-in series of the identical sample area investigated with TEM. It becomes
apparent, that only the large nanocluster gives enough contrast to be distinguishable in

the bright field image.
Bright Field Transmission Electron
Microsco Microscopy
_,'
e
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Supplementary Note S16 | DNA hybridization after metal growth in solution. In
these experiments, DNA origami structures with AuNP satellites were silver-enhanced
in solution before they were mixed with the DNA-covered 80 nm AuNP planet.
Although this process only resulted in low yields of hybrid nanoclusters (gold-silver
core-shell satellites and gold planets) the experiments demonstrate that hybridization of
complementary DNA strands is still possible after the satellite-bearing DNA structures
experienced a metallization procedure.
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Supplementary Note S17 | AuNP-induced Quenching of Cy5. Cy5 dyes were placed
in rings of 4 dyes around the 24-helix bundle as illustrated in the caDNAno [11]
diagram below. Note that the distance of the dyes closest to the AuNP surface is already
denoted as 5 nm. This results from the fact, that the ssDNA covering the AuNPs is 4
nucleotides longer than the complementary strand sticking out of the origami structure
(not shown in the diagram). Additionally, a C6-linker is connecting the thiol groups
with the nucleotides. These spacers account for ~ 2 nm distance. Further, the dyes are
positioned on the outer helices of the 24-helix bundle, which itself has a diameter of

~ 20 nm. This in turn leads to a geometrically-reasoned additional dye-AuNP distance
of ~ 3 nm.

For the fit presented in Figure 5c of the article, we subtracted a threshold of the
measured fluorescence values. The intensity of the closest ring of dyes (5 nm distance to
the AuNP surface) drops to 62 % of the control value, recorded from 24-helix bundles
that are carrying dyes but are not attached to AuNPs. We attribute the incomplete
quenching to dye molecules that could have detached from the structures after
purification (note that there is always a finite off-rate and that the on-rate is extremely
reduced at low concentrations after purification) and are present as background signal.
Additionally, we have observed previously that the single-stranded scaffold loops at the
ends of DNA origami constructs tend to attract single-stranded DNA unspecifically.
These dyes also contribute to the background signal and would not be quenched. In this
respect, single-molecule experiments give a distinct advantage as all unquenched dyes
can be disregarded. However, it is remarkable that with the simple methods used here
(bulk fluorescence detection) meaningful results can be obtained. The versatility of our
system further allows in principle the examination of many different dye molecules and
central particle sizes at low costs and efforts, as always only the dye molecule of interest
with one DNA sequence complementary to the docking sites needs to be purchased.
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Supplementary Note S18 | Absorption measurements of origami nanoclusters. The
absorption measurement of planet-satellite systems with 24-helix bundle as a linker
between a 80 nm gold planet and 10 nm satellites shows the DNA absorption peak of
the origami structures at 260 nm and the absorption peak of the gold planet at ~550 nm.
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Supplementary Note S19 | Additional TEM images of Au-QD planet origami
nanoclusters.
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