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Abstract

Nanolenses are linear chains of differently-sized metal nanoparticles, which can theo-
retically provide extremely high field enhancements. The complex structure renders
their synthesis challenging and has hampered closer analyses so far. Here, the tech-
nique of DNA origami was used to self-assemble DNA-coated 10 nm, 20 nm, and
60 nm gold or silver nanoparticles into gold or silver nanolenses. Three different
geometrical arrangements of gold nanolenses were assembled, and for each of the
three, sets of single gold nanolenses were investigated in detail by atomic force
microscopy, scanning electron microscopy, dark-field scattering and Raman spec-
troscopy. The surface-enhanced Raman scattering (SERS) capabilities of the single
nanolenses were assessed by labelling the 10 nm gold nanoparticle selectively with
dye molecules. The experimental data was complemented by finite-difference time-
domain simulations. For those gold nanolenses which showed the strongest field
enhancement, SERS signals from the two different internal gaps were compared by
selectively placing probe dyes on the 20 nm or 60 nm gold particles. The highest en-
hancement was found for the gap between the 20 nm and 10 nm nanoparticle, which
is indicative of a cascaded field enhancement. The protein streptavidin was labelled
with alkyne groups and served as a biological model analyte, bound between the
20 nm and 10 nm particle of silver nanolenses. Thereby, a SERS signal from a single
streptavidin could be detected. Background peaks observed in SERS measurements
on single silver nanolenses could be attributed to amorphous carbon. It was shown
that the amorphous carbon is generated in situ.
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Zusammenfassung

Nanolinsen sind Strukturen aus linear angeordneten, unterschiedlich großen me-
tallischen Nanopartikeln. Elektromagnetische Felder können durch sie theoretisch
extrem verstärkt werden, aufgrund ihres komplexen Aufbaus sind sie bislang aber
wenig erforscht. Im Rahmen dieser Dissertation wurden Nanolinsen mit Hilfe der
DNA-Origami-Technik aus DNA-beschichteten 10 nm-, 20 nm- und 60 nm-Gold- oder
Silbernanopartikeln hergestellt. Für Goldnanolinsen sind die Partikel dabei in drei
unterschiedlichen Geometrien angeordnet worden. Einzelne Goldnanolinsen wur-
den mittels Rasterkraftmikroskopie, Rasterelektronenmikroskopie, Dunkelfeld- und
Ramanspektroskopie untersucht. Um die Raman-Verstärkung quantifizieren zu kön-
nen, trugen dabei jeweils die 10 nm-Goldpartikel Farbstoffmoleküle in ihrer Beschich-
tung. Die Interpretation der Messdaten wurde durch numerische Simulationen un-
terstützt. Nanolinsen zeichnen sich durch eine stufenweise Feldverstärkung aus.
Dieser Effekt konnte experimentell bestätigt werden, indem selektiv die 20 nm- oder
60 nm-Partikel von Goldnanolinsen mit Farbstoffen markiert und die resultierenden
Raman-Signale verglichen wurden. Ein mit Alkingruppen markiertes Protein ist
ortsselektiv in Silbernanolinsen integriert worden. Es war möglich, das für das Alkin
charakteristische oberflächenverstärkte Raman-Signal im Spektrum einer einzelnen
Nanolinse und damit eines einzelnen Proteins zu beobachten. Bei den Messungen
mit Silbernanolinsen sind für amorphe Kohlenstoffspezies charakterstische Hinter-
grundsignale beobachtet worden. Durch zeitabhängige Messungen konnte gezeigt
werden, dass diese Spezies erst in situ gebildet werden.
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1. Introduction

Almost sixty years after Richard Feynman’s often-quoted lecture about ‘plenty of
room at the bottom’,[1] nanotechnology has become part of our everyday life. Elec-
tronic devices are built from nanoscale features, like transistors, that have now
reached sizes as small as 5 nm.[2] Apart from such miniaturisation of existing tech-
nology, a lot of the attention nanoscale research has gained is due to new material

Figure 1.1.: The Lycur-
gus Cup, manufactured
in the 4th century. Its
red colour upon trans-
mission and green colour
upon reflection of light
stem from nanoparticle
colourants.[3]

properties that arise at the nanoscale. With feature
sizes between 1 nm and 100 nm, nanomaterials are in
a border region between bulk and atomic scale, and
this hybrid nature enables properties that can be found
in neither of the two. Often these new properties are
size-dependent, like the tunable colour of semiconductor
nanoparticles due to the quantum confinement effect,[4]

which is already applied in new generation displays to
improve colour depth.[5] The peculiar optical properties
of metal nanoparticles have been used for centuries—in
the form of colourants for glasses in church windows,
or in the famous Roman Lycurgus cup (shown in Fig-
ure 1.1).[6] These optical properties arise from the spatial
confinement of the surface-conducting electrons in the
metal nanostructures. The collective oscillation of such
electrons upon illumination is called a ‘plasmon’. To-
day’s applications reach far beyond a simple colouring of
glasses. Plasmon-supporting nanostructures can guide
light at scales much smaller than the diffraction limit,[7] nanoscale thin films can act
as optical lenses,[8] and films with nanoscale holes can show extraordinarily high op-
tical transmission.[9] Apart from such applications as strictly optical new materials,
plasmon-driven (photo-)chemistry is a prodigious candidate for green chemistry.[10]
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1. Introduction

One of the most remarkable features of plasmonic nanostructures is their ability
to focus light in subwavelength-sized volumes.[11] The electric field is amplified in
such foci and the high local fields can be exploited for the enhancement of signals
in infrared,[12] fluorescence,[13] and Raman spectroscopy.[14–16] An especially close
relationship exists between the development of plasmonic nanostructures and the
latter, surface-enhanced Raman scattering (SERS). Both fields have co-evolved and
mutually spurred new research interest.[17] Raman spectroscopy, with the complex
vibrational data it provides, is a versatile analytical technique, yet it suffers from
low sensitivity. SERS can increase the signal intensity to such a tremendous de-
gree that even single-molecule Raman spectroscopy is possible.[18,19] The underlying
electromagnetic field enhancement strongly depends on the shape of the plasmonic
nanostructures that provide it. In general, two synthetic routes to nanostructures
can be discriminated:

top-down Larger structures are processed, often etched, to create nanofeatures.
Example: photolithography.[20]

bottom-up Nanostructures are assembled from smaller constituents. Example:
Turkevich method for gold nanoparticle synthesis.[21]

The first single-molecule SERS studies used random aggregates of silver nanoparti-
cles, leaving the formation of highly enhancing structures to chance.[18,19] In search
for plasmonic nanostructures that provide high field enhancement in a more repro-
ducible manner, both, top-down and bottom-up approaches have been used exten-
sively to create a plethora of different plasmonic nanostructures.[22] Non-spherical
nanoparticles like nanorods,[23] nanostars,[24] nanoflowers[25] or nanoprisms[26] were
synthesised, dimers selectively assembled,[27] and surfaces regularly patterned with
triangular features,[28] just to name a few. In 2003, a plasmonic nanostructure was
proposed that consists of a linear chain of differently-sized particles and which was
termed ‘nanolens’.[29] Nanolenses have a self-similar, incremental architecture, for
which a cascaded enhancement of the electromagnetic field was predicted that can
potentially outperform other plasmonic structures. A more detailed introduction
to the plasmonics of nanolenses will be given in Section 1.1.3; a schematic gold
nanolens is displayed in Figure 1.2. In this thesis, the term nanolenses refers to
structures with at least three differently-sized particles. In addition to the high

2



field enhancements, nanolenses are predicted to be efficient generators of second
harmonic local fields,[30,31] and to effectively support surface plasmon amplification
by stimulated emission (spaser).[32] A number of theoretical studies on nanolenses
followed: The cascading effect was investigated for particle dimers[33,34] and the
statistics of enhancement distributions in nanolenses were simulated.[35] Whereas the
initial nanolenses were constituted from spherical particles, a cascaded enhancement
was also predicted for self-similar chains of core-shell nanoparticles,[36] nanorods[37]

and nanocrescents.[38] Upon publication, the efficiency of the cascade enhancement in

Figure 1.2.: Schematic
nanolens consisting of three
gold nanoparticles. It is
self-similar in the sense that
particle diameters and gaps
decrease at a fixed ratio.

nanolenses was controversially discussed,[39,40] but in
a follow-up work, the initial authors could sup-
port their findings by including electrodynamics in
the simulations.[41] Nanolenses are exciting plasmonic
structures, but their complex shape so far hampered
practical investigations. Only a moderate number of
studies have examined the plasmonic properties of
real nanolenses so far. These studies either suffered
from limited control over particle arrangement and
stoichiometry,[42] employed laborious top-down meth-
ods with large and rather flat features[43–48] or even
built up single nanolenses particle by particle with a
scanning near-field optical microscopy tip.[49] Recently,
an electrostatic surface-assembly of spherical particles was presented that yields
many well-defined nanolenses, yet this protocol has considerable inherent limitations
and is restricted in its range of particle sizes.[50] In order to yield many structures
at the same time, a bottom-up, self-assembly synthesis of nanolenses would be de-
sirable. Yet, their structural complexity entails several parameters that have to be
controlled: at least three particle types and relative positions. This set of spacial and
qualitative information has to be encoded within the self-assembling system. DNA
is an ideal material for this, as it can act as both, medium and read-out of structural
information. This double-nature is at the foot of structural DNA nanotechnology.[51]

It renders DNA a unique tool for self-assembling synthetic nanostructures with un-
matched complexity. By hybridising complementary segments, DNA strands can
fold into almost arbitrary three-dimensional shapes; non-DNA components can be
integrated when they are linked to DNA strands.[52] One of the most popular tech-
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1. Introduction

niques in the field is DNA origami, where scaffolds of about 100 nm in size are
formed from one long DNA single strand and a set of about 200 short DNA single
strands.[53] Thanks to their wide use in molecular biology, the required synthetic
DNA strands are readily commercially available, as well as strands with a great
variety of chemical modifications. In a typical synthesis, billions of DNA nano-
structures are easily self-assembled in parallel.[54] Bidault et al. were the first to
assemble nanolenses with the help of DNA. They did so by attaching one or two
DNA single strands to gold nanoparticles of different sizes and hybridising them,
respectively.[55] Thereby the particle stoichiometry was controlled, but the angle be-
tween the particles was left to chance because there was no control over where on
the particle surface the DNA strands would attach. The advantage of this approach
is that particles have no further DNA coating that would limit plasmon interaction
or give signals that can interfere with those from potential analytes in spectroscopic
applications. Only small particles (≤ 18 nm) were used, as larger particles would
not have been stable under these conditions.[56] After pursuing a similar approach
on stiff DNA motifs,[57] Ding et al. immobilised a chain of six gold nanoparticles
of three different sizes in a collinear fashion on DNA origami scaffolds.[58] Being
an impressive proof-of-principle study, the applied DNA-coated gold nanoparticles
were too small (≤ 15 nm) and the interparticle gaps too large (≈ 8 nm) to allow an
efficient plasmon interaction. The extension of this work to an efficient nanolens is
not trivial since larger metal nanoparticles are not as stable and easily aggregate in
the high-ionic strength buffers that are used for DNA origami. This necessitates the
development of new, more-efficient DNA coating procedures. Also, with decreasing
interparticle gaps, steric confinement and electrostatic repulsion start to hinder the
assembly.
In this thesis, optimised nanoparticle coating protocols and adjusted DNA origami

scaffold designs are presented. They enable the assembly of nanolenses that indeed
show the characteristic cascaded electromagnetic field enhancement and provide
strong local fields. The DNA origami scaffold allows a free placement of the con-
stituent metal nanoparticles, with a precision of ca. 5 nm (spacing between available
attachment points). Leveraging this, 10 nm, 20 nm and 60 nm gold nanoparticles
are assembled in three different geometric configurations to form gold nanolenses;
silver nanolenses are prepared in one configuration. See Figure 1.3 for a schematic
overview. Small structural variations can strongly influence the plasmonic properties

4



20-10-6020-10-60 20b-10-60 10-20-60

gold nanolenses silver nanolens

Figure 1.3.: Schematic illustrations of the assembled nanolenses. The
numbers below give the diameters of the constituent nanoparticles in nm.
The DNA origami scaffold is shown in grey.

of nanoparticle aggregates. These differences between individual plasmonic struc-
tures are missed out in ensemble measurements. For that reason, here, mostly single
nanolenses are analysed. The three different gold nanolens designs are compared by
atomic force microscopy (AFM), scanning electron microscopy (SEM), dark-field
scattering and Raman spectroscopy. The silver nanolenses are characterised by
AFM and Raman spectroscopy. DNA origami also enables a spatially-resolved char-
acterisation of the assembled structures: Probe molecules can be selectively placed
on certain particles, or on a position of choice on the DNA origami scaffold itself. In
order to compare the Raman enhancement provided by the different gold nanolens
designs, their respective 10 nm gold nanoparticles are labelled with a dye. The
average numbers of dye molecules per particle can be determined by fluorescence
spectroscopy. For the 20-10-60 gold nanolenses, the cascaded field enhancement is
investigated by selectively labelling the 20 nm or 60 nm particles with Raman probes
and comparing the SERS intensities of respective sets of single gold nanolenses. For
the silver nanolenses, a single protein is immobilised on the DNA origami scaffold,
between the 20 nm and 10 nm particle, and functions as a biological model analyte.
This combination of controlled synthesis and probing enables an in-depth investiga-
tion on the plasmonic nanostructures. Yet, the DNA origami-based approach comes
with its own inherent limitations, which to investigate will be also part of this thesis.
It follows an introduction to the fundamental backgrounds of the presented work.
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1. Introduction

1.1. Plasmonics

The dielectric function ε(ν) describes the response of a medium to electromagnetic
radiation of frequency ν. The value of ε(ν) at a defined ν is a complex number and
referred to as dielectric constant ε. The dielectric function is linked to the index
of refraction n(ν) by n(ν) =

√
ε(ν). In this work, the relative dielectric function

and constant are used. They can be transformed into the respective absolute quan-
tities by multiplication with the permittivity of vacuum ε0 (8.854 × 10−12 F m-1).
The coinage metals gold and silver have special dielectric functions, which are the
reason for their use as optical materials:[59] (i) For both metals, the real part Re(ε)
of the dielectric function is negative within the visible range, with high magnitude
values for large wavelengths (see Figure 1.4). (ii) The imaginary parts Im(ε) are
comparatively small, indicating low radiation losses caused by absorption in the
material. However, gold shows an increased Im(ε) around 400 nm due to interband
electronic transitions, which are also the reason for its yellow colour.[60] With its
near-zero Im(ε) over the whole visible range, silver outperforms gold in many plas-
monic applications. Still in many cases gold is preferred because of its high chemical
stability.[61] Such materials with negative Re(ε) and small Im(ε) are able to support

4 0 0 6 0 0 8 0 0- 6 0

- 4 0

- 2 0

0

2 0

4 0 0 6 0 0 8 0 0 - 5

0

5

1 0

A g

Re
(ε)

w a v e l e n g t h  [ n m ]

A g

A u
A u

Im
(ε)

w a v e l e n g t h  [ n m ]

Figure 1.4.: Real and imaginary part of the dielectric function of bulk
silver and gold, as determined by Johnson and Christy.[62]

surface plasmons, which are collective oscillations of the surface conduction elec-
trons under electromagnetic radiation. On planar metal surfaces these plasmons
spread over large distances (10-100 µm), which is why they are called propagating
plasmons (or surface plasmon polaritons).[63] In finite nanostructures like nanopar-
ticles, however, plasmons are spatially confined and thus termed localised surface
plasmons (LSPs). While special conditions have to be met for the excitation of
propagating plasmons, LSPs can be excited by direct light illumination.[59] Due to
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1.1. Plasmonics

the charge separation induced between electrons and positively charged nuclei, the
particle supporting an LSP can be described as an oscillating dipole, as is schema-
tically illustrated in Figure 1.5. The electric field around the particle results from

+ + +
- - -

- - -
++ +

electric �eld

electron cloud

metal sphere

Figure 1.5.: Illustration of a localised surface plasmon.

the superposition of incident field and the field induced by the oscillating dipole.
The spatial distribution of the incident field is determined by the diffraction limit
and in the order of the wavelength, whereas the field created around the particle is
extremely localized and dependent on the nanoscopic structure of the particle. The
resulting extreme spatial confinement of the amplified electric field is an important
characteristic, relevant e.g. for SERS (see Section 1.3). The so-called quality factor
Q is a measure how quickly an LSP decays and also, how strongly the electric field
on the surface of a plasmonic particle is amplified.[64] It can be approximated by:

Q ≈ −Re(ε(ν))

Im(ε(ν))
. (1.1)

The nanolenses discussed in this thesis are intricate plasmonic nanostructures, con-
sisting of several differently-sized metal nanoparticles. The following three subsec-
tions will attempt a basic theoretical description of the fundamental effects at play:
First the simplest case, the electromagnetic enhancement around an isolated metal
sphere will be discussed (Section 1.1.1), followed by the theory of plasmon hybridi-
sation between multiple spheres (Section 1.1.2). Finally, the nanolensing effect in
self-similar chains of nanoparticles will be explained (Section 1.1.3).

1.1.1. Electric field enhancement of isolated, spherical

nanoparticles

For an irradiated spherical particle of radius a that is sufficiently smaller than the
wavelength λ of the incident wave (a/λ < 0.1), the magnitude of the incident electro-
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1. Introduction

magnetic field can be considered to be constant around the particle. This so-called
electrostatic approximation enables to analytically solve Maxwell’s equations, hence
to calculate the electric field E around the particle. E at the Cartesian coordinates
x, y, z, with the distance r to the particle’s centre, then is described by:[63]

E = Einẑ−
[
ε− εout
ε+ 2εout

]
a3Ein

[
ẑ

r3
− 3z

r5
(xx̂ + yŷ + zẑ)

]
, (1.2)

with ε as dielectric constant of the particle material, εout as dielectric constant of
the surrounding medium, x̂, ŷ, ẑ as the Cartesian unit vectors, and assuming a z-
polarised incident wave of magnitude Ein. The centre of the sphere is located at the
origin of the coordinate system. As explained in the previous section, ε is a material
property and strongly wavelength-dependent. The resonance condition for the term
ε−εout
ε+2εout

is ε = −2εout, upon which the magnitude of the electric field |E| becomes
very large. However, with the imaginary part of ε being non-zero, this condition
cannot be reached exactly. The highest values of |E| are observed along the z-axis.
For a molecule located there (with x = y = 0, z = r), equation 1.2 only has a
component in the z-direction and the magnitude of the electric field is given as:

|E| = Ein +

[
ε− εout
ε+ 2εout

]
2Ein

(a
r

)3
. (1.3)

The overall maximum field thus is observed on the particle surface (for r = a), at
the z-apex, with an intensity approximated by |E|2 ≈ 4E2

in | ε−εoutε+2εout
|2. Note that this

maximal intensity is independent of a. The term
(
a
r

)3 in equation 1.3 illustrates
that |E| decays rapidly with increasing r. It also shows that the decay is slower
for particles with large radii a. Consequently, for r > a, large metal particles yield
higher field enhancements at a defined distance to the sphere’s surface than smaller
metal particles do. Though, with increasing particle size, radiation losses damp the
LSP and, eventually, the electrostatic approximation is not applicable any more.[59]

For non-spherical particles or particle assemblies, no exact solutions of the respective
Maxwell equations are available and the respective fields have to be approximated by
numerical simulations. These can be carried out by the finite-difference time-domain
(FDTD) method,[65] as for example used by the software Lumerical FDTD Solutions
(see Methods Section 2.13). In a FDTD simulation, the simulation space is split up
into many discrete units for which the Maxwell equations are solved numerically.

8



1.1. Plasmonics

1.1.2. Electric field enhancement of nanoparticle dimers

LSPs of particles in close proximity influence each other: In analogy to molecular
orbital theory, the dipole modes of the particles split into lower- and higher-energy
modes.[66,67] Which of these modes is excited depends upon the orientation of the
particle dimer relative to the incident wave polarization. For polarization along the
dimer axis, a lower-energy mode with red-shifted resonance wavelength is excited.
The enhanced electric field is highly localized to the area between the particles, with
the field intensity by far exceeding that of isolated particles if the gap is small enough
(see Figure 1.6 A vs. C). For polarization perpendicular to the dimer axis, a higher-
energy mode with blue-shifted resonance wavelength is excited. The resonance shift
for this transversal mode is smaller in magnitude than the one for the longitudinal
mode; the maximal field intensity is similar to that of isolated particles (see Figure
1.6 A vs. B).[68]

-20

0

20

-15 0 15

x 
[n

m
]

0 3 6 9 12 15

A

-15 0 15

B

y [nm]

0 3 6 9 12 15

|E/E0|2

-15 0 15

C

0 150 300 450 600 750

Figure 1.6.: Electromagnetic field intensity enhancement, simulated for a
single 20 nm gold nanoparticle (A) and a 20 nm gold nanoparticle dimer
with 1 nm gap (B, C). Incident wave polarisation is indicated by arrows at
the bottom left of each plot. Excitation wavelength is 633 nm. Please note
the different enhancement scale for (C).
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1. Introduction

1.1.3. Nanolenses

In 2003, Stockman et al. described plasmonic nanostructures termed nanolenses,
for which they proposed a cascaded field enhancement mechanism.[29] The concept
was inspired by the giant field enhancements and enhancement fluctuations observed
for fractal nanoparticle assemblies.[69,70] The cascaded field enhancement follows a
different rationale than the plasmon hybridisation between particles of similar size
described in the previous subsection: When a large metal nanoparticle is close to a
smaller one, the small particle will be exposed to the enhanced electric field of the
larger particle without perturbing it significantly. The LSP of the smaller particle is
excited by the enhanced field and will itself enhance the field in its immediate sur-
roundings. If an even smaller particle is placed within that already doubly-enhanced
field, it will again support an LSP, and thus introduce another enhancement step.The
resulting magnitude of field at the smallest particle in such a self-similar chain de-
pends on the number of iterations n and the resonance quality factor Q of the metal:

|E| ≈ |Ein|Qn. (1.4)

With a typical value of 10 for the Q of silver, and with three particles involved, this
would already result in a field enhancement of 1000.[29] The highest enhancement
is predicted to be located in the gap between the two smallest particles. Figure
1.7 shows an FDTD simulation result that illustrates this principle. The number
of possible iterations in such a system is limited by the size of the largest particle
(with damping, excitation of multipolar modes) and of the smallest particle (Landau
damping).[64] Furthermore, the difference in radii should not be too small, otherwise
the LSPs of the individual particles cannot be considered independent any more.
Simulations taking electrodynamic effects into account have shown that with size
ratios as low as 1.5, still high field enhancements can be achieved, with the optimum
being a ratio of 2.6 for a system with three spheres.[41] The highest enhancements
were predicted for systems with six spherical particles, following a symmetrical ge-
ometry, similar to: .[29]

In a recent study, Pellegrini et al. claimed to show that nanolenses provide lower
enhancement than respective homodimers of spherical particles.[71] The inter-particle
gap of the dimer in their simulations was chosen such that it equals the smallest
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Figure 1.7.: Electromagnetic field intensity enhancement, simulated for a
nanolens with 6, 12, and 24 nm gold nanoparticles with 0.5 nm and 1.0 nm
gaps. The incident wave is polarised along the symmetry axis. Excitation
wavelength is 633 nm.

gap in the compared three-particle nanolens, which cannot be seen as an appropriate
comparison. The maximal field enhancement in a plasmonic nanostructure is strictly
determined by the ratio between particle size and gap size (within certain boundary
conditions such as the electrostatic approximation).[72] Therefore, for an accurate
comparison, the gap in the dimer would need to be adjusted relative to the con-
stituent particles’ diameters, adopting the same ratio as in the compared nanolens.
The field enhancement provided by the respective dimer would drop accordingly.
Apart from delivering high field intensities for surface-enhanced spectroscopy, a

potential application for nanolenses lies in surface plasmon amplification by stimu-
lated emission of radiation (‘spaser’).[73] It was predicted that nanolenses embedded
in a host medium of quantum dots could act as efficient spasers, generating intense
local fields under the excitation of dark modes.[32] Another interesting phenomenon
that was predicted for nanolenses is the enhanced generation of second harmonics.[30]

Such intense, highly confined second harmonic local fields could provide new avenues
for spectroscopic applications. They could be used for surface-enhanced resonance
Raman scattering (SERRS) (vide infra) or fluorescence measurements of molecules
with resonances in the UV.
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1. Introduction

1.2. Raman scattering

Classically, the molecule involved in a scattering process can be described as an
oscillating dipole which is induced by an incident electromagnetic wave.[74] In an
approximation, the induced dipole moment µ′ is proportional to the incident elec-
tromagnetic field E of (angular) frequency ω0 and amplitude E0:

µ′ = αE = αE0 cos(ω0 t), (1.5)

with α being the polarizability tensor. This tensor is modulated by certain molec-
ular vibrations. Its dependence on the normal coordinate q of a vibration can be
approximated by the first two terms of a Taylor series:

α = α0 +

(
∂α

∂q

)
0

q, (1.6)

where the subscript 0 of the derivative refers to the equilibrium position of the
vibration. During a vibration, q changes periodically at frequency ωvib:

q = q0 cos(ωvib t). (1.7)

Combining equations 1.5, 1.6, and 1.7 yields the periodic change of the induced
dipole moment µ′ over time:

µ′ =

[
α0 +

(
∂α

∂q

)
0

q0 cos(ωvib t)

]
E0 cos(ω0 t). (1.8)

Considering the rule for multiplication of cosine functions, cos(A) cos(B) = 1
2
[cos(A+

B) + cos(A−B)], equation 1.8 can be rewritten as:

µ′ = α0E0 cos(ω0 t) }Rayleigh (1.9)

+
1

2

(
∂α

∂q

)
0

q0E0 cos((ω0 − ωvib) t) } Stokes

+
1

2

(
∂α

∂q

)
0

q0E0 cos((ω0 + ωvib) t) } anti-Stokes.
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1.2. Raman scattering

It becomes clear that the induced dipole moment µ′ has three components, each
oscillating at a distinct frequency. The first term of equation 1.9 describes the source
of Rayleigh-scattered light, which has the same frequency ω0 as the incident light.[75]

The following terms describe the induced dipole moments responsible for Raman-
scattered light, which is characterized either by a loss (Stokes Raman scattering) or
gain in frequency (anti-Stokes Raman scattering).[76–78] The term

(
∂α
∂q

)
0
illustrates

how a vibration is only Raman-active when the molecule’s polarisability α changes
at the zero-point of the vibration.
The described classical approach does not explain all observed aspects of Raman

scattering, for instance the intensity differences between Stokes and anti-Stokes Ra-
man scattering. They can be rationalized by adopting a quantum-mechanical view-
point:[79] From there, a scattering process can be understood as the excitation to
a virtual state, followed immediately by the transition back to a vibrational level
of the electronic ground state S0 (Figure 1.8). In contrast to fluorescence, it is not

S0
v=0
v=1
v=2

hν0

h(ν0–νM) h(ν0+νM)

hνM

Rayleigh Raman

virtual states

Stokes anti-Stokes

en
er

gy

hν0 hν0 hν0

Figure 1.8.: Schematic Jablonski diagrams illustrating the processes of
Rayleigh and Raman scattering. Both are instantaneous processes that can
be seen as interactions of incoming photons with a virtual state (dotted
line). For Raman scattering, Stokes (loss in photon energy) and anti-Stokes
(gain in photon energy) processes are shown.

required that the energy of the incident photon matches the energy of an electronic
transition in the molecule. For Rayleigh scattering, energies of incident and emitted
photon are identical; the molecule returns to the same vibrational state it initially
occupied. For Raman scattering on the other hand, the energy of the emitted photon
is shifted and a vibrational transition is observed. Two cases can be discriminated:
Stokes Raman scattering is the process where the energy of the scattered photon
(hνS) is lower than that of the incident photon (hν0), while the molecule is excited
to a higher vibrational level. If the molecule is in an excited vibrational state in the
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1. Introduction

first place, anti-Stokes Raman scattering can occur: the vibrational energy hνM is
transferred to the scattered photon (hνS = h(ν0 + νM)) and the molecule is left in a
lower vibrational state. Consequently, the intensity ratio between Stokes and anti-
Stokes scattering depends on the initial population distribution of vibrational states
and thus on temperature. Due to its higher intensity at room temperature, in most
applications only Stokes-scattered light is detected. The energy difference between
incident and scattered photon is defined as the Raman shift and typically expressed
as wavenumber: ∆ν̃ = (ν0−νS)/c, with the unit cm-1. Large molecules can support
many different vibrations, each with a different energy, resulting in complex Raman
spectra with many molecule-characteristic bands. This high specificity is one of the
great strengths of Raman scattering.
The Raman cross section σfree is a measure of the likelihood of a Raman scattering

event to occur for an isolated, single scatterer. It is given as the ratio between the
power of the Raman scattered light PS and the power density of the incoming light
I0:

σfree =
PS
I0
. (1.10)

This means that in a measurement with several molecules, the total power of a
Raman signal PS is given as:

PS = I0N σfree, (1.11)

with N being the number of scattering molecules in the probed volume. Raman cross
sections typically are in the range of 10−30 cm2– 10−25 cm2 and thus many orders
of magnitude below fluorescence cross sections (ca. 10−16 cm2).[80] When the virtual
state coincides with an electronic state of the molecule, resonance Raman scattering
is observed. This can increase the Raman cross section and thus the Raman signal
by several orders of magnitude, but it is accompanied by background fluorescence,
which will obscure the Raman signal if not quenched.

1.3. Surface-enhanced Raman scattering

Raman spectroscopy can identify many different molecules due to their individual
vibrational fingerprints. Yet its sensitivity is limited by the extremely low Raman
cross sections. SERS is a phenomenon that can help circumvent this disadvantage.
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1.3. Surface-enhanced Raman scattering

It was first observed by Fleischmann in 1974, who found that molecules adsorbed
to rough silver surfaces show increased Raman signal intensities.[15] In the course
of later research, while using silver nanoparticle aggregates, extremely increased
Raman cross sections were measured that were up to 1014[81] times larger than those
of the surrounding solvent molecules. This enabled even the observation of single-
molecule Raman scattering.[18,19] SERS is observed for molecules in close vicinity of
nanoscopic metal structures, where a variety of effects influence the Raman signal
intensity. As discussed in Section 1.1, metal nanoparticles can support LSPs which
locally enhance the electric field. The magnitude of this enhancement at a certain
frequency is quantified by the factor A(ν), with A(ν) = |E(ν)|

|Ein(ν)|
. The exciting incident

field intensity thus is locally enhanced by a factor of (A(ν0))
2. Likewise, the Raman

scattered light can couple to the LSP, upon which its intensity is enhanced by a
factor of (A(νS))2. The product of both factors is referred to as the electromagnetic
enhancement. If the difference in frequencies between incident and scattered light,
ν0 and νS, is neglected, (A(ν0))

2 and (A(νS))2 become equivalent and the intensity of
scattered light becomes proportional to (A(ν0))

4 = |E(ν)|4
|Ein(ν)|4

, which is often referred
to as the E4-approximation.
When a molecule is close to, or even adsorbed on a surface, its polarizability can

be affected and thus also its Raman cross section. This is referred to as chemical
enhancement. Hence, σfree is substituted by σads. The combined effects of elec-
tromagnetic and chemical enhancement are summarised in the enhancement factor
EF , which then is defined as EF = σads

σfree
(A(ν0))

2 (A(νS))2. Furthermore, the num-
ber of molecules with enhanced scattering N ′ can differ from the total number of
molecules in the probed volume N . Equation 1.11 is modified accordingly overall
and the SERS signal PSERS is described by:

PSERS = I0N
′ σads (A(ν0))

2 (A(νS))2 = I0N
′ σfreeEF. (1.12)

SERS spectra can differ from respective un-enhanced Raman spectra in both, peak
position and relative peak intensity. Orientation and distance of the scattering
molecule relative to the surface of the plasmonic nanostructure greatly influence
which vibrations are enhanced. Also, the chemical enhancement will act differently
on different molecular vibrations. Such variations have a great impact since SERS
spectra typically are dominated by the strongly enhanced signals from only a few
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1. Introduction

molecules, those which are located in the small foci of highest field enhancement.[82]

SERS under resonant conditions is referred to as SERRS. While the overall Ra-
man signal typically increases through the resonance, the electromagnetic enhance-
ment itself can be negatively affected.[83] Conveniently, accompanying fluorescence
is quenched in close proximity to metal surfaces.

1.4. The structure of DNA and a historical

overview on structural DNA nanotechnology

In nature, deoxyribonucleic acid (DNA) developed as a highly compressed storage
for genetic information, able to code the blueprint of a whole organism. Watson
and Crick discovered its structure to be a double helix of two antiparallel polynu-
cleotide strands (Figure 1.9 A).[84] The right-handed double helix of B-DNA (which
is the most common form) was determined to be 2 nm in diameter[84] and to have
a helical twist of approximately 10.5 nucleotides per turn,[85] with 0.34 nm rise per
nucleotide.[86] The nucleotides constituting the two strands consist of a phosphate
group, the sugar 2-deoxyribose and one of the four nucleobases adenine (A), cy-
tosine (C), guanine (G) and thymine (T). Genetic information is encoded in the
sequence of nucleobases and the genetic code is used to translate it into amino acid
sequences.[87] The nucleobases of two single strands selectively interact by forming
pairs (‘Watson-Crick basepairing’): adenine binds thymine via two hydrogen bonds,
cytosine forms three hydrogen bonds with guanine. The enthalpic gain from these
specific interactions enables double helix formation if the nucleotide sequences of
two single strands are complimentary. Further factors driving the double helix as-
sembly are the hydrophobicity of nucleobases, nucleobase stacking interactions and
the polarity of the phosphate groups.
Structural DNA nanotechnology exploits the principle of sequence-dependent DNA

hybridisation for construction purposes, with DNA strands being the building ma-
terial and nucleobases understood as a programmable glue. One of the simplest
assembly units is the Holliday junction,[90] a motive found in nature with two cross-
ing double helices (Figure 1.9 B).[91] Natural Holliday junctions are not stable since
sequence symmetry causes the branching point to migrate along the strands. By
introducing asymmetric sequences, stable four-arm junctions can be received.[92]
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Figure 1.9.: (A) Structural model of a DNA double helix[88] and chemical
structure of a Watson-Crick base pair of deoxyadenosine monophosphate
(pink) and deoxythymidine monophosphate (blue). (B) Structural model of
a Holliday junction.[89]

Similarly, branched points with more than four arms can be produced as further
topological elements.[93] In 1982, Ned Seeman conceived the idea that many Holli-
day junctions could be joined by sticky end hybridisation[94] to form periodic nucleic
acid networks.[95] Those, he reasoned, could be used as programmable scaffolds for
protein attachment in crystallography. Some years later it was his laboratory that
used the principle of interconnected DNA branches to construct the first artificial
DNA nano-object, a cube with double helices as edges (Figure 1.10 A).[96] By in-
troducing two crossovers between antiparallel DNA helices, stiffer units (so-called
DX molecules, Figure 1.10 B) were achieved that could form larger networks.[104]

In his seminal publication from 2006, Rothemund showed how to improve the yield
of large and complex DNA structures by using a technique he termed ‘scaffolded
DNA origami’ (Figure 1.10 C).[53] DNA origami—in the scientific community it has
become common to omit the ‘scaffolded’—spurred the development of DNA nan-
otechnology and due to its simple and robust synthesis protocol it is now used as
a tool in many laboratories world-wide.[98] Soon, three-dimensional DNA origami
scaffolds were presented[100] (Figure 1.10 D-F), together with a CAD software for
custom-designed shapes of DNA origami scaffolds.[105] Further notable developments
in DNA nanotechnology include DNA bricks[102] (Figure 1.10 G), which are modular
three-dimensional structures exclusively made of oligonucleotides, and origami-like
three-dimensional polyhedral meshes (Figure 1.10 H).[103,106]
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A B C D

E F G H

Figure 1.10.: Structures representing important steps in the develop-
ment of DNA nanotechnology. (A)DNA cube, 1991;[97] (B)DX molecule,
1993;[98] (C) 2D DNA origami, 2006 (AFM image size: 165 nm×165 nm);[53]
(D) single-layer 3D DNA origami, 2009;[99] (E)multilayer 3D DNA origami,
2009;[100] (F) curved 3D origami, 2011;[101] (G)DNA bricks, 2012;[102] (H) 3D
polyhedral mesh, 2015.[103] Images modified from annotated references, sizes
scaled.

1.5. DNA origami

In DNA origami, a large set of short, artificial, single-stranded DNA molecules (‘sta-
ple strands’) directs the route of a very long, natural, single-stranded DNA molecule
(‘scaffold strand’) by hybridizing at defined positions on that scaffold strand. The
resulting structure’s shape is defined by the staple sequences and held together by
the many crossovers between staple strands and scaffold strand. For an assembly
schematic see Figure 1.11. A key property of DNA origami and other DNA nano-
structures is that each nucleotide’s position is defined by the input DNA sequence
and thus known and modifiable. By placing different modifications at defined posi-
tions on the DNA origami scaffold, self-assembly of even more-complex nanostruc-
tures is enabled. Although DNA is a relatively inert material, it is easy to introduce
functionality to selected positions on a DNA origami scaffold: Staple strands with a
great variety of chemical modifications (thiols, biotin, aldehydes, amines, fluorescent
dyes, ...) are commercially available. Furthermore, staple strands can be extended so
that single-stranded overhangs of defined sequence protrude from the DNA origami
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+

sca�old strand

staple strand

+

staple strands

DNA origami sca�old

=

Figure 1.11.: Illustration of the folding process in DNA origami. Each
staple strand has a different nucleotide sequence and thus binds at another
position of the scaffold strand. As a consequence, the scaffold strand is
routed along the target shape, in this case a triangle with a central hole.
The 3D model of the folded DNA origami scaffold is based on simulations
carried out by CanDo.[54]

scaffold (‘capture strands’). Those capture strands can be used as attachment points
for nanocomponents that carry DNA single strands of a complementary sequence,
such as other DNA origami scaffolds[107] or DNA-coated nanoparticles;[108] as ap-
tamers they can directly bind molecules.[109] For a more detailed view on nanopar-
ticle binding refer to Section 1.6, subsequent to this one. The protrusion angle of
a capture strand is determined by the intrinsic twist of DNA double-helices. The
capture strand will protrude at an angle depending on its location within the he-
lical turn of the double strand. In the case of two-dimensional DNA origami, this
can be exploited to determine the face on which a capture strand protrudes and
respective nanocomponents are bound. As an interfering phenomenon, ‘molecular
threading’ can occur: It was observed that long capture strands can wind though
the holes between crossovers in the DNA origami scaffold in order to overcome the
steric confinement imposed by a surface.[110]

The applicability of the standard DNA origami used by most research groups is
limited by the requirement of high ionic strength buffers. Typically, magnesium
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chloride at concentrations of at least 10 mM is used;[54] assembly in sodium chloride
is also possible, but there, high concentrations (>1 M) are required.[111] The cations
shield the negative charges of the phosphate backbone, which are densely packed
in classical DNA origami and would otherwise drive the structures apart. Recently
presented DNA origami scaffolds constructed from polyhedral meshes overcome this
limitation: Since helices are not so closely routed, these structures are stable even
in PBS buffer.[103] (An exemplary structure design was displayed in Figure 1.10H.)
Another viable strategy is to stabilise existing DNA origami scaffolds against low
salt conditions, either by (i) linking staples after assembly with click chemistry,
forming a ‘chain-armor’,[112] or by (ii) enveloping them in a cationic block copolymer
layer.[113] Another limitation of DNA origami is the size restriction imposed by the
available scaffold strands. This was partially overcome by using longer scaffold
strands (51 kb vs. 7 kb),[114] or by joining DNA origami scaffolds either via sticky
end hybridisation[107] or shape complementarity.[115]

The custom structure design with placement of non-DNA objects at defined posi-
tions renders DNA origami a versatile toolbox with countless applications. Amongst
others, DNA origami helped create lipid membrane channels,[116] nanocarriers for
drug delivery,[117] nanowires,[118] enzymatic nanoreactors,[119] and functional scaf-
folds for fundamental biophysical investigations.[120–122] Alone in the Bald group it
was used for as different purposes as to build selective potassium sensors,[123] pho-
tonic wires,[124] light harvesting systems,[125] plasmonic nanostructures,[27] and to
determine cross sections of DNA damage towards electron[126] or UV radiation.[127]

The following section will illustrate the application of DNA origami in plasmonics.

1.6. DNA-coated metal nanoparticles and DNA

origami-based plasmonics

DNA-coated gold nanoparticles were developed already ten years before the inven-
tion of DNA origami, in parallel by Mirkin and Alivisatos, to serve as versatile
tools in DNA analytics.[128,129] Thiolated DNA single-strands were used to form
a coating layer on the gold nanoparticles, taking advantage of the strong sulfur-
gold bond.[130] Analogous silver nanoparticles followed later.[131] Such DNA-coated
metal nanoparticles can be bound on DNA origami scaffolds by capture strands
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1.6. DNA-coated metal nanoparticles and DNA origami-based plasmonics

of complementary sequence, for illustration see Figure 1.12 A. A recent review by
Seeman and Mirkin describes the synergistic co-evolution of the fields of DNA nano-
technology and DNA-coated gold nanoparticles.[132] The high ionic strength buffer
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Figure 1.12.: (A) A single DNA-coated gold nanoparticle is immobilised by
three capture strands on a triangular DNA origami scaffold. (B) Schematic
of a Nanoparticle with a low DNA coating density due to unspecific strand
adsorption vs. one with a high coating density.

that stabilizes DNA origami scaffolds is a challenging environment for DNA-coated
metal nanoparticles. Only high coating densities are able to provide the electro-
static shielding that is necessary to prevent particle aggregation in the magnesium-
containing buffer. Generally, such high coating strand densities are achieved by the
so-called salt ageing procedure, where the sodium chloride concentration is elevated
in a step-wise manner.[133] The salt shields the mutual repulsion between the nega-
tively charged coating strands, so that more and more coating strands bind on the
particle. The particles’ stability against salt rises concomitantly.[134] The process
can be aided by lowering the pH, which partially protonates the phosphate groups
in the DNA backbone and thus further decreases electrostatic repulsion.[135] Modi-
fying the chemical structure of the coating strands by incorporating ethyleneglycol
moieties is another strategy to increase particle stability,[134] though synthesis costs
rise considerably for such doubly-modified DNA strands. Also, small molecules that
adsorb to the particle surface—such as nonionic fluorosurfactants—can aid the coat-
ing procedure by blocking unspecific adsorption of nucleobases.[136] Such unspecific
adsorption (as illustrated in Figure 1.12 B) can severely limit the DNA loading.[137]

It strongly depends on the base composition of the coating strands since the four
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nucleobases differ in their affinity to metal surfaces: Adenine shows the highest affin-
ity to gold, followed by cytosine, guanine and thymine.[138] For that reason, coating
strands with exclusively thymine are usually preferred for gold nanoparticles.[139]

For silver nanoparticles, the opposite trend was reported: particles coated with ade-
nine strands were more stable than those coated with thymine strands.[140] Since
the thiol-silver bond is comparably weak,[130] it is advantageous to use DNA strands
with multiple thiols for silver nanoparticles to prevent an early strand detachment
after the coating procedure.[131] In most plasmonics applications, an efficient plas-
mon coupling between the individual particles is desired, which necessitates small
interparticle gaps. For DNA-coated nanoparticles, the minimal possible gap size is
set by the coating thickness. It can be decreased by short coating strands, but if
too short (. 13 nt), their stabilisation efficiency drops considerably.[137] Thus, for an
efficient plasmon coupling and high field enhancements, the relative gap size has to
be decreased, so large plasmonic nanoparticles have to be used. Since DNA coating
density decreases with increasing nanoparticle size (which can be rationalized by the
lower curvature of these particles), and large particles generally are not as stable,
this poses an additional challenge when coating the particles.[134]

With several capture strand groups, DNA origami scaffolds can control the rel-
ative geometry of multiple DNA-coated metal nanoparticles. The precision of this
placement is restricted by the routing of staple strands in the scaffold, i.e., by the
density of potential capture strand positions. For a typical DNA origami, this re-
lates to a resolution of a few nanometres. Depending on capture strand placement
and particle size, the flexibility of the respective DNA structures can add some
additional uncertainty. After proof-of-principle experiments demonstrating the con-
jugation of gold[108] or silver nanoparticles[141] with DNA origami scaffolds, such
plasmonic conjugates have been used in many different studies.[142] The directed
placement of spherical gold nanoparticles[143] or gold nanorods[144] for example can
be exploited to create nanostructures with designed chirality and strong circular
dichroism. Implemented in a switchable DNA origami scaffold,[145] these can sense
the pH.[146] Long chains of plasmonic nanoparticles can act as waveguides[7] which
‘transport’ the excitation from one point in space to another. In the future such
structures might be used in nano-optoelectronics. Efforts to build waveguides with
DNA origami comprise the improvement of the particle binding yield,[147] extension
over several scaffolds[148] and the implementation of a switch.[149] These systems suf-
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fer from the inherent losses due to damping in excited plasmonic systems. In an
attempt to overcome this limitation, a recent study investigated a non-dissipative ex-
citation transfer between two gold nanoparticles, mediated by an off-resonant silver
nanoparticle.[150] The intense near-fields provided by plasmonic nanostructures can
also be used for fluorescence enhancement. Since here two processes—quenching by
the metal surface and the enhancement of the exciting light—compete, exact control
over the placement of the fluorophore is crucial.[151] As for the metal nanoparticles,
this can be ensured by the DNA nanostructures. Fluorescence enhancement on
DNA origami scaffolds has been demonstrated using dimers of gold[152] and silver
nanoparticles,[153] as well as gold nanorods.[154]

A prime application for plasmonic nanoparticle aggregates is SERS. The first
study that used DNA origami to create SERS substrates was conducted in the Bald
group,[27] with similar reports from other groups following en suite. (See Table 1.1 for
details.) More refined approaches, enabling single-molecule SERS, were published
recently.[155–157] The improved signal intensities were achieved by silver-coating,[155]

heat-tuning,[156] or nanostars,[157] respectively. Prinz et al. furthermore investigated
the influence of a graphene coating on such a SERRS system and found that it is
able to decrease the photobleaching rate significantly.[158] Most of the mentioned
studies of SERS on DNA origami substrates actually used SERRS, exploiting the
stronger Raman scattering of resonant dye molecules.

Table 1.1.: SERS studies with DNA origami substrates. Except Pilo-
Pais et al., all used fluorescent dyes under resonant excitation as reporter
molecules. ‘Gold-’ and ‘silver-growth’ indicate a post-assembly deposition
of the respective metal.

plasmonic aggregate Raman reporter
Prinz et al., 2013[27] gold dimer, gold-growth few dyes on DNA origami
Kühler et al., 2014[159] gold dimer intercalating dyes
Pilo-Pais et al., 2014[160] gold tetramer, silver-growth 4-aminobenzenethiol adsorbed on particles
Thacker et al., 2014[161] gold dimer unspecifically adsorbed dye
Prinz et al., 2016[155] gold dimer, silver-growth single dye
Simoncelli et al., 2016[156] gold dimer single dye
Tanwar et al., 2017[157] gold nanostar dimer single dye
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2. Methods and sample
preparation

The general workflow for the preparation of nanolenses is shown in Figure 2.1.
Gold or silver nanoparticles are coated with thiol-modified DNA single strands
(Section 2.2) and DNA origami scaffolds are self-assembled (Section 2.3). For those
samples where the protein streptavidin is to be detected, streptavidin is bound
on the assembled scaffolds (Section 2.4). The DNA-coated particles are bound via
DNA-DNA hybridisation onto the DNA origami scaffold (Section 2.5). Nanolenses
are separated from unbound nanoparticles by gel electrophoresis (Section 2.6) and
for single-nanolens characterisation, samples are deposited on silicon wafers (Sec-
tion 2.7). The nanolenses are characterised by Raman spectroscopy (Section 2.8),
AFM (Section 2.9), SEM (Section 2.10), dark-field spectroscopy (Section 2.11) and
UV/Vis extinction spectroscopy (Section 2.12). Furthermore, FDTD simulations are
carried out (Section 2.13).

DNA origami
sca�old assembly

particle
coating

hybridisation

streptavidin
binding

immobilisation
on Si substrate

gel
electrophoresis

Figure 2.1.: Workflow chart for nanolens sample preparation.
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2. Methods and sample preparation

2.1. Buffers and reagents

1xTAE 40 mM tris(hydroxymethyl)aminomethane (Tris), 20 mM acetic acid, 1mM
ethylenediaminetetraacetic acid (EDTA)

TAE-Mg 1xTAE with 11 mM MgCl2

TAE-Mg-SDS TAE-Mg with 0.02 % sodium dodecyl sulfate (SDS)

6x loading buffer 30 % glycerol, 11 mM MgCl2

DNA is purchased from IDT technologies (unmodified staple strands), FRIZ
Biochem (DTPA-modified coating strands), metabion (thiol-, dye- or biotin-mo-
dified strands), or Eurofins (M13mp18 scaffold strand), and all other chemicals
from Sigma-Aldrich if not stated otherwise. Gold nanoparticles and 20 nm sil-
ver nanoparticles are purchased from BBI Solutions. DNA sequences are given in
5’-to-3’ direction. Nanoparticle size is noted as diameter.

2.2. Nanoparticle coating

Nanoparticles are coated with thiol-modified single stranded DNA. The coating has
three purposes: (i) enabling the selective hybridization to complementary capture
strands on DNA origami scaffolds, (ii) the stabilization against aggregation in the
high ionic strength buffer that is required for the integrity of the DNA origami,
and (iii) the labelling of selected nanoparticles with the fluorescent dye 5-carboxy-
tetramethylrhodamine (TAMRA, see Figure 2.2 A for structure). TAMRA serves
as a reporter molecule for the characterization of the nanolenses regarding their
ability to enhance Raman scattering signals. Its absorption maximum is at 542 nm
(emission maximum: 568 nm),[162] so that under 532 nm laser excitation, resonant
Raman scattering is expected, which renders TAMRA a potent Raman reporter
with high signal intensity. Fluorescence is efficiently quenched since the dye is close
to gold surfaces. The TAMRA molecules are attached at the solution-facing 5’-
end of the DNA coating strands. The resulting lack of direct interaction with the
gold nanoparticle surface should lead to very small or negligible contributions of
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chemical enhancement, and a main contribution to potential SERS enhancement
by electromagnetic enhancement. The average number of TAMRA molecules on a
certain batch of nanoparticles is determined by the fluorescence method described
in Section 2.2.3.
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Figure 2.2.: (A) Molecular structure of TAMRA. (B) 3’-thiol-modified
DNA single strand bound to a gold surface. (C) Molecular structure of
bis(p-sulfonatophenyl)phenylphosphine (BSPP).

2.2.1. Gold nanoparticle coating

Figure 2.2B illustrates how a thiol-modified DNA strand is coupled to the surface
of a gold nanoparticle. Two methods were developed to coat gold nanoparticles
with single-stranded DNA: a fast one at pH3 and a slow salt ageing protocol, where
the ionic strength is increased in small steps. The coating protocol from the first,
preliminary studies is also shown.

pH 3 method

Most gold nanoparticles are coated with a rapid protocol at pH3, modified from
Zhang et al.[163] Citrate-stabilized gold nanoparticle suspension (1 nM (60 nm parti-
cles), 10 nM (20 nm particles), 5 nM (10 nm particles)) is mixed with DNA coating
strands (15µM (60 nm particles), 22.5µM (20 nm particles), 2.5µM (10 nm parti-
cles)) in 0.02% SDS and incubated for 30min. 0.5M citrate buffer (pH3) is added to
a final concentration of 10mM and the solution is incubated for another 45min. It
is important to note that the citrate buffer is prepared from trisodium citrate, with
pH adjustment by HCl, so that there are three equivalents of sodium for each citrate
molecule in the buffer stock solution. 2.5M NaCl is added to a final concentration of
300mM and after shaking for 3 h, more 2.5M NaCl is added, to a final concentration
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2. Methods and sample preparation

of 600mM. After overnight incubation, 400µl TAE-Mg-SDS are added. In order to
remove unbound DNA, gold nanoparticles are either sedimented by centrifugation
(60 nm / 20 nm particles) or separated off by centrifugal filters (10 nm particles, Am-
icon Ultra 100 kDa molecular weight cut-off (MWCO), Millipore) and the respective
supernatant or filtrate is removed. After four more cycles of TAE-Mg-SDS addition,
centrifugation and supernatant or filtrate removal, the particle suspension is stored
at 4 °C. The thorough purification is essential for high hybridisation yields because
otherwise, unbound coating strands will compete for hybridisation on the capture
strands of the DNA origami scaffold. The DNA coating should allow optimum plas-
mon coupling between the gold nanoparticles. Thus the length of coating strands
is set to 13 bases, with 9 base recognition sequences. For shorter lengths, a rapid
loss in stability has been reported.[137] The coating strands are 3’-thiol-modified and
have the sequence (XTT)3-T4-SH, with X representing A, G, or T, respectively. The
explicit combinations of sequences and particles sizes used in the different nanolens
assemblies are given in Table 2.1. For the experiments with TAMRA-labelled 60 nm
gold nanoparticles, a 1:1 mix of 5’-TAMRA-labelled / unlabelled (TTT)3-T4-SH
coating strands is used. 60 nm gold nanoparticles with a pure TAMRA-(TTT)3-
T4-SH coating do not withstand the high ionic strength buffers. Generally, particle
stability decreases when TAMRA-modified coating strands are used.

Table 2.1.: DNA strands coating the respective nanoparticles for assem-
bling different nanolenses. The individual nanolens designs will be intro-
duced in the following Section 2.3. As mentioned explicitly in the text,
some experiments used coating strands that carried 5’-TAMRA modifica-
tions as Raman probes. In these cases, the TAMRA-labelled nanoparticle
in the respective nanolens will be marked by an asterisk.

nanoparticle size
design 10 nm 20 nm 60 nm

20-10-60 (ATT)3-T4-SH (GTT)3-T4-SH (TTT)3-T4-SH
gold nanolens 20b-10-60 (ATT)3-T4-SH (GTT)3-T4-SH (TTT)3-T4-SH

10-20-60 (GTT)3-T4-SH (ATT)3-T4-SH (TTT)3-T4-SH

silver nanolens 20-10-60 (ATT)3-T4-SH (GTT)3-T4-SH (TTT)3-T4-DTPA
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2.2. Nanoparticle coating

Salt ageing

The pH 3 method does not yield stable 20 nm nanoparticles with TAMRA-(GTT)3-
T4-SH DNA. Therefore, a small-step salt ageing protocol at pH 7 is applied. For
stabilisation during the initial salt ageing steps, gold particles are firstly coated with
bis(p-sulfonatophenyl)phenylphosphine (BSPP, see Figure 2.2C for structure).[58]

5mg of BSPP (sensitive to oxygen, to be stored under nitrogen) are added to 15ml
of citrate-stabilized 20 nm gold nanoparticles (1 nM) and stirred in the dark over
night. NaCl is added to the suspension until the colour turns deep blue. The sample
is centrifuged at 500 rcf for 30min and the supernatant is removed. 0.3ml of 2.5mM
BSPP are added to resuspend the particles. 0.5ml of methanol are added and the
sample is centrifuged again at 500 rcf for 30min. The supernatant is discarded and
0.2ml of 2.5mM BSPP are used for resuspension. The thus BSPP-coated particles
are stored at 4 °C and can be used for several months.
A mixture of 6 nM BSPP-coated 20 nm gold nanoparticles and 13.5µM thiol-

modified DNA (1:1 TAMRA-(GTT)3-T4-SH / (GTT)3-T4-SH) in 0.02% SDS, 50mM
NaCl and 0.5x TAE is incubated for 1 h, then the NaCl concentration is increased
to 100mM and the solution is left shaking over night. The NaCl concentration is
further increased, to 700mM, in 50mM steps every 40min. After another overnight
incubation, particles are purified by five cycles of buffer addition (400µl TAE-Mg-
SDS), centrifugation and supernatant removal.

Preliminary coating protocol

The following protocol was applied to coat gold nanoparticles for preliminary studies.
As it proved to work only for small particles, the more advanced protocols from above
were applied in the later experiments. 15ml of citrate-stabilised gold nanoparticles
(OD520nm = 0.1) are BSPP-coated as described above. 25µl of the BSPP-coated
particles are mixed with 22µl thiolated coating strand (100µM), 1µl of 5M NaCl,
5µl of 10x TAE and 47µl of water. After one day of shaking at room temperature,
2µl of 2.5M NaCl are added, increasing the NaCl concentration from 50mM to
100mM. 2µl of 2.5M NaCl are added again after one to five days, then three more
times, each after over night incubation, until a NaCl concentration of ca. 300 mM
is reached. For work-up, 100µl TAE-Mg are added, the sample is transferred to
100 kDa MWCO Amicon centrifugal filters (30 kDa for 5 nm gold nanoparticles) and
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2. Methods and sample preparation

exposed to five cycles of centrifugation, flow through removal and buffer addition.
Circa 30µl of deep red particle solution are recovered.

2.2.2. Silver nanoparticle coating

Coating silver nanoparticles is complicated by the fact that the bond between sul-
fur and silver is weaker than the one between sulfur and gold.[130] For this reason,
a modified salt ageing protocol is used here. Citrate-stabilised silver nanoparti-
cles (0.4 nM (60 nm particles), 4 nM (20 nm particles), 5.6 nM (10 nm particles)) are
mixed with a fresh 2.5mM BSPP solution, yielding a final BSPP concentration
of 0.5mM. The suspension is kept at 40 °C whilst shaken for 30min to 60min.
SDS is added to a final concentration of 0.02 % and DNA coating strands are
added at a molar excess of 30,000x (60 nm particles), 2000x (20 nm particles) or
150x (10 nm particles), respectively. Samples are incubated at 40 °C for 10min
and then the NaCl concentration is elevated in a stepwise manner, with 20min
of shaking at 40 °C between each step. First, 1M NaCl is added in 20mM steps
until a concentration of 100mM is reached. Then, the NaCl concentration is in-
creased to 150mM, 200mM, 300mM, 400mM, 600mM and 750mM, in the last
four steps by adding 2.5M NaCl. The suspension is mixed 1:1 with TAE-Mg-
SDS and kept at 40 °C for another 30min.[164] 60 nm and 20 nm particles are pu-
rified by five cycles of centrifugation, supernatant removal and pellet resuspension
in 400µl TAE-Mg-SDS. 10 nm particles are purified with centrifugal filters (Ami-
con Ultra 100 kDa MWCO, Millipore), also with five cycles of centrifugation and

P O OH

S S

O

OH

ODNA-3’

Ag

Figure 2.3.: DTPA-
modified DNA strand,
bound to a silver surface
by its two thiol moieties.

buffer addition. Due to the weaker surface binding,
the coating strands detach much faster from the silver
nanoparticles, especially in the case of large nanoparti-
cles. Therefore it is critical to execute at least three addi-
tional purification steps immediately before applying the
coated silver nanoparticles in a hybridisation reaction.
In order to decrease strand detachment from the 60 nm
particles, these are coated with dithiol-phosphoramidite-
modified strands (DTPA, see Figure 2.3).[165] DTPA-
modified strands are reported to show a considerably
lower dissociation rate on gold nanoparticles.[166] The
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2.3. Assembly of DNA origami scaffold

same is to be expected for silver particles.[131] Before use, the DTPA-modified strands
are deprotected for 1 h by addition of 9.1mM tris(2-carboxyethyl)phosphine (TCEP)
to 91µM DNA. The reaction mixture is used without further purification. The se-
quences of the DNA strands applied to coat the respective silver nanoparticles are
displayed in Table 2.1. Citrate-stabilized silver nanoparticle stock solutions are
stored at 4 °C under argon to prevent oxidation. Once coated with DNA, the silver
nanoparticles were found to be effectively protected against oxidation.[167,168] Inter-
estingly, adenine-containing strands are reported to be more suitable for coating
and to show less unspecific adsorption on silver than respective thymine strands, a
behaviour opposite to what is observed on gold.[140] Nevertheless, with the robust
coating protocol presented here, even 60 nm silver particles can be coated with DNA
strands exclusively built with thymine.

2.2.3. Determination of coating strand density

In order to determine the number of TAMRA-modified DNA strands on gold na-
noparticles, a protocol introduced by Hurst et al.[134] is applied: During overnight
incubation, the DNA strands on the gold nanoparticle surface are replaced by an
excess of dithiothreitol (0.5M). After removing the gold nanoparticles by centrifu-
gation, the supernatant is diluted and the concentration of TAMRA-modified DNA
is determined with a HORIBA Jobin Yvon FluoroMax-P fluorescence spectrometer.
A calibration curve is created from a blank sample and nine known concentrations
of TAMRA-modified DNA between 0.5 nM and 15 nM. The TAMRA concentration
is multiplied by the dilution factor and divided by the initial gold nanoparticle con-
centration to yield the number of TAMRA strands per particle.

2.3. Assembly of DNA origami scaffold

The sharp triangle introduced by Rothemund is used as the scaffold for the na-
nolenses; it has a side length of 127 nm and consists of a single layer of double-
stranded DNA.[53] A schematic of the folding process was shown in Figure 1.11 on
page 19. Compared to other DNA origami scaffolds, the sharp triangle features
high folding yields and low susceptibility to oligomerisation, the latter because all
double helix ends are contained within the scaffold itself. It self-assembles when
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2. Methods and sample preparation

208 short DNA single strands (termed staple strands) and the long, single-stranded
scaffold strand M13mp18 are subjected to a temperature program. 200 nM of each
staple strand are mixed with 5 nM scaffold strand in TAE-Mg, in a total volume
of 100µl. The sample anneals during the following programme in an advanced
primus 25 thermocycler (PEQLAB): rapid heating to 80 °C, then cooling down from
80 °C to 66 °C at 2 °C/min, from 65 °C to 25 °C at 0.5 °C/min and from 24 °C to
8 °C at 1 °C/min. The sample is transferred to an Amicon Ultra 100 kDa MWCO
centrifugal filter from Millipore, and excess staples are removed by five successive
cycles of 400µl TAE-Mg buffer addition and centrifugation at 5200 rcf for 7min.
Typically, this procedure yields 20µl of 15 nM DNA origami scaffold. Staple strand
sequences can be found in Table A.1 on page 115 of the Appendix, together with
a full map of the DNA origami scaffold (Figure A.1, page 99). In order to form
capture strands, selected staple strands are extended at their 5’-end, typically by 28
nucleotides. Groups of capture strands with orthogonal sequence are positioned on
the DNA origami scaffold in three different configurations, enabling three different
nanolens designs. The position of the modified staple strand determines which face
of the DNA origami scaffold the extension will protrude on. The number of capture
strands on the DNA origami scaffold is adjusted with respect to the nanoparticle
size: 60 nm particles are bound by four to five capture strands, 20 nm particles by
four, and 10 nm particles by three. The capture strand sequences and positions that
realise the different nanolenses are displayed in the following subsections.

Design 20-10-60

In this design, all capture strands protrude on the same face of the DNA origami
scaffold (i.e., downwards in Figure 2.4). Capture strands are spaced at approxi-
mately 11 nm in helix direction, so that the distance between the centres of capture
strand groups is circa 22 nm. After hybridisation of nanoparticles coated with the re-
spective complementary DNA strands, this DNA origami scaffold yields nanolenses
with nanoparticles in the order: 20 nm, 10 nm, and 60 nm.
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Figure 2.4.: Map showing the modified staple strands for design 20-10-60.
Dashed lines indicate size and position of the nanoparticles to be bound.
The scaffold strand is depicted as a blue line, staple strands as red arrows.

Design 20b-10-60

This DNA origami scaffold design differs from the previous one only in the capture
strands for the 20 nm nanoparticle (green in Figure 2.5). Here they are designed
to protrude from the opposing face of the scaffold (i.e., upwards in Figure 2.5).
Consequently, the 20 nm particle will not be bound on the same side as the 10 nm
and 60 nm nanoparticle. This specificity is enabled by the intrinsic twist of the DNA
helix: every 16 base pairs, the helix undergoes a one-and-a-half turn. Conveniently,
staple strand ends are spaced at exactly 16 base pairs in the sharp triangle DNA
origami scaffold, resulting in an alternating pattern of up- and down-pointing nicks
and potential staple end modifications. This design principle can be disturbed by the
occurrence of ‘molecular threading’, where a capture strand winds through holes in
the DNA origami scaffold and protrudes on the opposite side.[110] This phenomenon
is especially pronounced for DNA origami scaffolds adsorbed to a surface, with a high
steric confinement on one side. For the nanostructures described in this thesis, two
measures were taken to minimise threading effects: (i) nanolenses were assembled in
solution, and (ii) for each nanoparticle at least three capture strands were placed on
the DNA origami scaffold, making it more probable that a nanoparticle binds on the
intended scaffold side even if one of the capture strands threads through to the other
side. In design 20b-10-60, slightly shorter recognition sequences ((AAC)5 instead of
(AAC)8) are used for the capture strands binding the 20 nm particle, with the aim
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2. Methods and sample preparation

to achieve a more precise localisation of those particles. Disadvantages in binding
yield are not expected since no other particles that could impose steric stress are
bound on this side of the DNA origami scaffold.
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Figure 2.5.: Staple map with the modified staple strands for design
20b-10-60. Dashed lines indicate size and position of the nanoparticles to
be bound. The scaffold strand is depicted as a blue line, staple strands as
red arrows.

Design 10-20-60

In this DNA origami scaffold design, the number of capture strands for binding the
60 nm particle is increased to five in order to raise binding yields and to account for
the higher steric stress imposed by the adjacent 20 nm particle. For the same rea-
son, the distance between the capture strand groups binding those particles (60 nm
and 20 nm) is increased by 16 nm (see Figure 2.6, blue and red dots). As in the
other designs, the capture strand group supposed to bind the 10 nm gold nanopar-
ticle consists only of three strands. Here they are located at the end of the DNA
origami scaffold (green dots in Figure 2.6). After addition of nanoparticles with
the respective coating, this design will enable an overall arrangement in the order:
10 nm, 20 nm, 60 nm particle. All capture strands are designed to protrude on the
same face of the DNA origami scaffold (i.e., downwards from the paper plane in
Figure 2.6).
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Figure 2.6.: Staple map with the modified staple strands for design
10-20-60. Dashed lines indicate size and position of the nanoparticles to
be bound. The scaffold strand is depicted as a blue line, staple strands as
red arrows.

Design 20-10-60 with biotin modification

The DNA origami scaffold can control the position of analyte molecules when respec-
tive binding functionalities are incorporated. To model such a case, a biotin-modified
staple strand is included in design 20-10-60. See Figure 2.7 for a schematic. Biotin
binds non-covalenty to the subunits of the tetrameric protein streptavidin (struc-
tural model in Figure 2.7, inset; mass ca. 52 kDa). Due to its very low dissociation
constant (Kd ≈ 10-14M)[169] the biotin-streptavidin interaction is a robust molecular
recognition system that is widely used in molecular sciences.[170]

2.4. Streptavidin immobilisation

A solution of 2 nM biotin-modified DNA origami scaffolds and 20 nM streptavidin
in 15µl TAE-Mg is incubated for 2 h at room temperature. For process control by
AFM, 1µl of the resulting solution is deposited on a silicon chip (procedure described
in Section 2.7 on page 41). Figure 2.8 shows AFM images of scaffolds before (A)
and after (B) streptavidin addition. The DNA origami scaffolds with biotin-modified
staples immobilise streptavidin with high binding yields. The conjugate solution is
used for nanoparticle hybridisation without further purification, as described in the
following Section 2.5.
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Figure 2.7.: Modified staple strands for design 20-10-60 with a single biotin
modification. The scaffold strand is depicted as a blue line, staple strands as
red arrows. The inset at the bottom right shows the structure of biotin and a
ribbon representation of tetrameric core-streptavidin (yellow), binding four
biotin molecules (grey).[171]

A B

Figure 2.8.: DNA origami scaffold of design 20-10-60 with biotin, without
(A) and with (B) one streptavidin bound per scaffold. Scale bars: 1µm.
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2.4. Streptavidin immobilisation

Streptavidin modification

Because of background signals observed in the SERS experiments, a modified vari-
ant of streptavidin is bound on the DNA origami scaffold. Streptavidin is reacted
with propargyl-N-hydroxysuccinimidyl ester (P-NHS) in order to label its lysine side
chains with alkyne moieties which give strong Raman signals that do not overlap
with many others.[172] All of streptavidin’s side chains face the solution and are eas-
ily accessible (Figure 2.9A, red); for a reaction scheme see Figure 2.9B. Monomeric
streptavidin contains eight lysines and the full, tetrameric form 32, respectively.
The modification procedure is as follows: 5µM streptavidin is reacted with 2.5mM
P-NHS in 50µl of 5mM phosphate-buffered saline for 4 h. The solution is trans-
ferred to a 30 kDa MWCO centrifugal filter (Amicon Ultra, Millipore) and the buffer
is exchanged by three successive cycles of TAE-Mg addition, centrifugation and fil-
trate removal. The residual is diluted to 100 nM and respective aliquots are stored
at -20 °C.
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Figure 2.9.: (A) Structural model of the tetrameric core-streptavidin.[171]
Side-chains only of lysine (red) are displayed. The unstructured terminal
parts of the protein subunits are not included in the crystallographic data
and thus are not shown. They contain four more lysines per monomer.
(B)Reaction scheme of the alkyne modification of streptavidin’s lysine
residues. (C)MALDI-TOF MS data of the pristine and alkyne-modified
protein. Spectra are normalised towards the tetramer peak and offset for
clarity.
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2. Methods and sample preparation

Matrix-assisted laser desorption/ionisation - time-of-flight mass
spectrometry

The alkyne modification of streptavidin is confirmed by matrix-assisted laser desorp-
tion/ionisation - time-of-flight mass spectrometry (MALDI-TOF MS, conducted by
Timm Schwaar and Ioana Abbas). For that purpose, the modified streptavidin
solution is desalted by repeated centrifugation and water addition in a 10 kDa
MWCO centrifugal filter (Amicon Ultra, Millipore). α-cyano-4-hydroxycinnamic
acid matrix is freshly prepared (10 g/l in water/acetonitrile/trifluoroacetic acid,
33%/66%/0.1%) and 0.75µl of the matrix are spotted on a stainless steel MALDI
target. 0.75µl of the desalted, modified streptavidin solution (0.4µM) and 0.75µl
of unmodified streptavidin in water (10µM), respectively, are spotted on the ma-
trix and dried with it. Samples are analysed in a Bruker Reflex III MALDI mass
spectrometer (Bruker-Daltonik) with a nitrogen laser and 20 kV acceleration voltage
in linear positive mode. Upon exposure to the MALDI laser, the tetrameric strep-
tavidin is partly decomposed into its subunits, which is a known phenomenon for
this protein (‘first shot phenomenon’).[173,174] The resulting spectra are displayed in
Figure 2.9. The average m/z-shift per subunit observed for the modified protein is
512. Since one alkyne modification increases the molecular weight by 110, this shift
relates to an average of 4.7 alkyne groups per streptavidin subunit and to ca. 19
alkyne groups on the full streptavidin, respectively. The overall labelling efficiency
thus is 59%.

2.5. Nanolens assembly

Figure 2.10 gives an overview of the nanolenses realised with the three different DNA
origami scaffold designs. Silver nanoparticles are assembled only in the 20-10-60
geometry. Nanoparticles are bound to the DNA origami scaffold in several steps:
The 10 nm particle is always immobilized first. In the second step, for 20-10-60
and 20b-10-60 nanolenses, the 20 nm and 60 nm particles are added together, for
10-20-60 nanolenses they are added in consecutive steps, in that order. Table 2.1
on page 28 showed which nanoparticles with which DNA coating combinations are
used for assembling the respective nanolens designs. For gold nanolenses, the first
hybridization step is facilitated by a temperature ramp from 45 °C to 25 °C over a
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20-10-60

20-10-60

20b-10-60 +

+

+

10-20-60

Figure 2.10.: Scheme illustrating which combinations of DNA-coated gold
and silver nanoparticles and DNA origami scaffolds yield the respective
nanolenses. Colour code for recognition sequences in the particle coating:
(GTT)3, (ATT)3, (TTT)3. The full coating strand sequences were given
in Table 2.1 on page 28.
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2. Methods and sample preparation

course of 71min. In order to prevent the detachment of already bound nanoparticles,
subsequent hybridization steps are performed by incubation at room temperature
(90min). For silver nanolenses, all steps are carried out at room temperature, with
90min (first step) and 3 h (second step) incubation time, respectively. A ratio of
1:1 between DNA origami scaffold and the respective nanoparticles was found to
show the best assembly yield. The stepwise hybridization enables process control
by AFM. With binding yields of almost 100% in the first hybridisation step, it is
ensured that each nanolens includes one 10 nm nanoparticle, even if the particle
cannot be visualised in the fully assembled nanolens anymore.

2.6. Gel electrophoresis

Unbound nanoparticles are removed by agarose gel electrophoresis in a Biorad Mini-
Sub Cell GT electrophoresis chamber. For gold nanolenses, a two-layered agarose
gel is applied, consisting of a bottom layer of 4% agarose (20ml) and a top layer
of 1% agarose (40ml). Before injection into the freshly cast gel, 6x loading buffer
is added to the sample so that the loading buffer is diluted by a factor of six. The
gel is run at 60V for ca. 1 h, with TAE-Mg as running buffer and cooling by an ice
bath. Gold nanolenses are extracted from the gel by electroelution:[175] A pocket is
cut in the top layer in running direction, just in front of the band containing the
gold nanolenses. The pocket is filled with 20% sucrose in TAE-Mg to slow down
band migration. The bottom layer of the gel has the purpose to seal the pocket
from one side. Voltage is applied again until the band of interest has migrated into
the pocket and the thick solution is removed with a pipette. The sucrose-content
is reduced by three cycles of TAE-Mg addition, centrifugation for 10min at 400 rcf
and supernatant removal. For silver nanolenses, a simpler extraction method, which
does not require a two-layered gel, is applied. Here, samples are separated by a 1%
agarose gel (60ml). The band of interest is cut out and placed onto a microscope
slide wrapped in Parafilm M. A second Parafilm M-wrapped microscopy-slide is then
used to squeeze the yellow nanolens solution out of the agarose slab. Two examples
of gels run with gold and silver nanolenses are shown in Figure 2.11. Each sample
was run in two parallel lanes to prevent smear associated with overloading.
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20-10-60 AgAu 20b-10-60

free nanoparticles

nanolenses

Figure 2.11.: Exemplary agarose gels with gold (left, 12.5 fmol loaded per
well) and silver nanolenses (right, 8.2 fmol loaded per well). The major
bands contain nanolenses and unbound nanoparticles, respectively. The
nanolens designs are indicated in the superscript.

2.7. Deposition on silicon wafer

A polished silicon wafer (CrysTec, (100)-orientation, p-doped with boron) is cut into
ca. 0.5 cm2 squares and exposed to air plasma (Diener electronic Zepto ONE) for
5min. In a subsequent cleaning step, substrates are washed with 4ml of ethanol-
water 1:1 solution and blow-dried with compressed air. 1µl to 6µl of sample solution
are placed onto the silicon substrate and 30µl 110mM MgCl2 10x TAE buffer are
added. The substrate is incubated for 1 h in a wet chamber, then washed with
4ml ethanol-water 1:1 and blow-dried. The substrate is gently scratched at several
positions with a diamond cutter. Since the scratches are visible in both, AFM and
Raman mapping, they can be used as orientation points for spatially correlating the
data from both techniques. Silicon is used for sample deposition and characterisation
since it provides several advantages over mica, which is the more common substrate
for AFM imaging: (i) Silicon gives few, sharp background signals in Raman imaging.
(ii)DNA origami scaffolds adsorb more regularly on silicon, fewer artefacts and
deformed DNA origami scaffolds are observed. (iii) Since the doped silicon surface
is conductive, the same samples can also be analysed by SEM. (iv) Silicon is not as
brittle as mica so that scratches can easily be placed, to be used as orientation marks
for AFM-Raman correlation. A disadvantage of silicon compared to mica is that the
sample incubation time for adsorption is 1 h instead of 5min. Also, high magnesium
concentrations are required (110mM Mg2+ on silicon compared to 11mM Mg2+

on mica), which can pose a problem for colloid stability and lead to aggregation
during the adsorption process. Aliquots from all consecutive nanolens assembly
steps are deposited on silicon substrates, thereby, an effective process control is
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2. Methods and sample preparation

enabled. Exemplary AFM images for the assembly of 20-10-60 gold nanolenses are
displayed in Figure 2.12.

A B

DC

Figure 2.12.: AFM images illustrating the assembly steps for 20-10-60
gold nanolenses. (A)DNA origami scaffolds as synthesised. (B)DNA
origami scaffolds after the first hybridisation step, with 10 nm gold nanopar-
ticles. (C) 20-10-60 gold nanolenses as assembled, with unbound particles.
(D) 20-10-60 gold nanolenses after gel purification. Scale bars: 1µm.

2.8. Raman spectroscopy

Raman measurements are carried out on a WITec alpha300 confocal Raman micro-
scope with a 100x Olympus MPlanFL N objective (numerical aperture 0.9) or a 10x
Nikon EPlan objective (numerical aperture 0.25), with a 50µm pinhole, 600 gr/mm
grating and 532 nm excitation laser. For Raman scans with the 100x objective, typ-
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2.8. Raman spectroscopy

ically, areas of 25×25µm2 around the end of a scratch are scanned with 0.5µm step
size, 4 s integration time and 0.4 mW power at the sample, if not stated otherwise.
The laser spot was estimated to be 1.3µm wide.1 For Raman scans with the 10x
objective, areas of 170×190µm2 are scanned with a 5µm step size. These scans were
carried out together with Yuya Kanehira. Silver nanolenses were measured after a
system calibration, so that the absolute signal intensities should not be compared
with the measurements from before. At an even later date, a new camera with
an optional electron multiplying charge-coupled device (EMCCD) mode was imple-
mented. It will be mentioned explicitly in the text if this camera mode was used
instead of the conventional one. The laser spot of the 10x objective is estimated to
be 10µm wide. For single nanolens analysis, AFM and Raman mapping data are
correlated in order to ensure that only SERS data from single nanolenses is obtained
(vide infra). Table 2.2 gives an overview on eventually observed background signals;
Table 2.3 translates the respective laser powers at the sample to power densities.

Table 2.2.: Background bands observed in Raman spectra.

Raman shift assignment
520 cm−1 transverse optical phonon (TO) of silicon[176]

930 cm−1 – 1030 cm−1 second-order TO of silicon[176]

ca. 1445 cm−1 third-order TO of silicon[176]

2330 cm−1 gaseous N2
[177]

Table 2.3.: Conversion of power at the sample to power density.

objective power at the sample power density
10x 24 mW 24 kWcm−2

100x 0.4 mW 24 kWcm−2

100x 1.6 mW 96 kWcm−2

100x 2.8 mW 168 kWcm−2

1determined by Dr. Julia Prinz.
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Estimation of enhancement factors

Enhancement factors for gold nanolenses (EFAuNL) are determined with TAMRA as
Raman reporter, placed in the coating of the 10 nm gold nanoparticles. TAMRA’s
fluorescence under 532 nm illumination prevents bulk Raman measurements of the
non-enhanced dye, the estimation of EFAuNL therefore is not straight forward. How-
ever, since enhancement factors for single 60 nm gold nanoparticles (EFAuNP ) are
known from literature, EFAuNL can be determined indirectly when gold nanolenses
and TAMRA-coated, single 60 nm gold nanoparticles are measured under the same
conditions. EFAuNL then can be defined as:

EFAuNL =
IAuNL
IAuNP

NAuNP

NAuNL

EFAuNP , (2.1)

with IAuNL – SERS intensity of strongest TAMRA band from a single gold nanolens,
IAuNP – average SERS intensity from single, TAMRA-labelled 60 nm gold nanopar-
ticles (13.9 cts, n = 14), NAuNP – number of TAMRA molecules on single 60 nm
gold nanoparticles, NAuNL – number of TAMRA molecules on single 10 nm gold
nanoparticles (these are incorporated in the nanolenses), EFAuNP – enhancement
factor of single 60 nm gold nanoparticles (7.5 × 103).[178] It has to be noted that
this value for EFAuNP is only a rough estimate under the conditions used here: Zhu
et al. reported it for 60 nm gold particles under 633 nm illumination. Under the
conditions used here (closer to the plasmonic resonance, with 532 nm illumination),
an increased EFAuNP would be expected, according to calculations by Wang and
Kerker larger by a factor of almost 10.[179] On the other hand, the enhancement
factor determined by Zhu et al. is expected to contain contributions from chemical
enhancement, which can account for a factor of 10 to 100.[180] For the TAMRA-coated
particles, no chemical enhancement is expected since the dye molecules are bound
on the solution-facing 5’-end of the coating strands, so the effective EFAuNP in the
measured system will be smaller. Weighing both influences, EFAuNP is rather over-
than underestimated. The electromagnetic enhancement of 103 predicted by Wang
and Kerker for 60 nm particles under 532 nm excitation fits into this picture.[179] The
resonance Raman contribution from TAMRA is not accounted for in the estimated
EFAuNL since it contributes to both, IAuNL and IAuNP . Assuming a similar influence
in both systems, it cancels down in equation 2.1. The corresponding SERS spectra
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2.8. Raman spectroscopy

from single TAMRA-labelled 60 nm gold nanoparticles that were used to extract
IAuNP can be found in Figure A.10 on page 108 of the Appendix. The observation
of the latter was apparently enabled by TAMRA’s resonance Raman contribution,
without which the signal would have been too weak to be recorded.[181] In Section
2.2.3 it was described how NAuNP and NAuNL were determined by fluorescence spec-
troscopy.

Error estimation for enhancement factors

The error ∆EFAuNL of EFAuNL is determined by error propagation and reads as
follows:

∆EFAuNL =

∣∣∣∣dEFAuNLdIAuNP

∣∣∣∣∆IAuNP +

∣∣∣∣dEFAuNLdNAuNP

∣∣∣∣∆NAuNP +

∣∣∣∣dEFAuNLdNAuNL

∣∣∣∣∆NAuNL

= ±EFAuNL
(∣∣∣∣∆IAuNPIAuNP

∣∣∣∣+

∣∣∣∣∆NAuNP

NAuNP

∣∣∣∣+

∣∣∣∣∆NAuNL

NAuNL

∣∣∣∣)
= ±EFAuNL

(∣∣∣∣12.8 cts

13.9 cts

∣∣∣∣+

∣∣∣∣ 264

2988

∣∣∣∣+

∣∣∣∣∆NAuNL

NAuNL

∣∣∣∣) ,
with ∆IAuNP being the standard deviation of the SERS intensity measured for single
TAMRA-coated 60 nm particles (n = 14). The errors for the number of TAMRA
molecules on single 60 nm particles (∆NAuNP ) and on the 10 nm particles of the
gold nanolenses (∆NAuNL) are derived from error propagation calculations based
on the linear regression data from the fluorescence measurements (Section 3.1). For
20-10*-60 and 20b-10*-60 gold nanolenses this yields:

∆EFAuNL = ±EFAuNL
(

12.8 cts

13.9 cts
+

264

2988
+

14.7

99

)
= ±1.16 EFAuNL,

and for 10*-20-60 gold nanolenses, respectively:

∆EFAuNL = ±EFAuNL
(

12.8 cts

13.9 cts
+

264

2988
+

11.6

39

)
= ±1.31 EFAuNL.

∆IAuNP is the main error contributor, its high variance is a typical phenomenon for
SERS. ∆NAuNP and ∆NAuNL have a small, but not negligible influence on the overall
error. Considering the large contributions of the other terms, the instrumental
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error for the measurement of SERS intensity of a single gold nanolens (∆IAuNL) is
neglected.

2.9. Atomic force microscopy

For AFM imaging, a Keysight Technologies AFM 5500 and a Nanosurf FlexAFM
scanning probe microscope with a Nanosurf C3000 controller are used. The instru-
ments are operated in tapping mode with Tap150Al-G cantilevers (BudgetSensors)
with a force constant of 5N/m and a resonance frequency of approximately 150 kHz.
AFM data is processed with Gwyddion 2.48. Typical measurement parameters are a
scan speed of 0.5 lines per second, a setpoint of 60%, 512×512 pixels, and a P- and
I-gain of 800. Since the maximal scan size of both microscopes is 10µm×10µm,
many AFM images have to be combined in order to cover the area around the
scratch where a Raman scan was carried out. An example of such correlation data
is displayed in Figure 2.13. The Raman-AFM correlation on silver nanolenses for
the streptavidin detection was measured together with Yuya Kanehira.

A B

Figure 2.13.: (A) Map of Raman scan data collected around a scratch. The
integrated signal intensity from 1150 to 2000 cm-1 is plotted, with bright
colours indicating high intensities. (B) Combined AFM images around the
scratch area.

2.10. Scanning electron microscopy

SEM measurements were carried out by Franka Jahn at the Leibniz Institute of
Photonic Technology in Jena, on a Jeol JSM-6700F, with an accelerating voltage of
15.0 kV and a working distance of 7.1–7.2 mm.
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2.11. Dark-field spectroscopy

Dark-field spectroscopy was conducted by André Dathe at the Leibniz Institute of
Photonic Technology in Jena, on a Carl-Zeiss AxioImager.Z1 microscope in upright
dark-field configuration. A 100x Carl-Zeiss LD EC Epiplan-Neofluar HD DIC ob-
jective with a numerical aperture of 0.75 and a 100W halogen light source are used.
Spectra from individual nanostructures are obtained with an optical fiber that is
placed into the image plane of the microscope beam path. For detection, an exter-
nal Princeton Instruments SpectraPro 2300i spectrometer with 150 gr/mm is used.
Signals are integrated over 10 s and averaged over six acquisitions. The spectra are
corrected by:

scorr =
sraw − sbg
slamp − sdark

,

with scorr – corrected spectrum, sraw – raw spectrum, sbg – background spectrum,
collected from a position next to the respective nanolens, slamp – lamp spectrum and
sdark – dark spectrum. Spectra are further treated by a moving-average smoothing
algorithm.

2.12. UV-Vis extinction spectroscopy

DNA and nanoparticle concentrations are determined with a Thermo Fisher Scien-
tific Nanodrop200c spectrophotometer with an optical path of 1mm. The respec-
tive extinction coefficients ελ used are listed in Table 2.4. Extinction spectra of
nanolenses are measured directly after purification by gel electrophoresis. Measure-
ments are done at least in triplicate and spectra are treated by a locally-weighted
scatterplot smoothing (LOESS) algorithm.[182]

Table 2.4.: Extinction coefficients ελ at the wavelengths λ used in UV-Vis
extinction measurements. The value for DNA origami scaffolds is based on
an ε260nm of 0.02 µl ng-1 cm-1 for double strand DNA[183] and a molar mass
of 4.69MDa for the DNA origami scaffold.

gold nanoparticles[184] silver nanoparticles[185] DNA origami
10 nm 20 nm 60 nm 10 nm 20 nm 60 nm scaffolds

ελ in nM-1cm-1 0.103 1.031 39.63 0.556 4.18 73.9 0.0939
λ in nm 520 520 535 410 410 420 260
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2.13. Finite-difference time-domain simulations

FDTD simulations are carried out with Lumerical FDTD Solutions 8.6.3. For gold
nanoparticles with 19 nt-long coating strands, Thacker et al. have determined a coat-
ing thickness of 2.5 nm.[161] Assuming proportionality between layer thickness and
strand length, for the 13 nt-long coating strands used here, a 1.7 nm coating thick-
ness is modelled. The refractive index of the single-stranded DNA coating (1.7)
is adopted from the same reference.[161] Since in Raman scattering, exciting and
emitted light are wavelength-shifted and thus experience different enhancement, the
electric field intensity enhancements at 532 nm (laser) and 583 nm (wavelength of
the usually strongest TAMRA band, at 1650 cm-1) are computed and multiplied. To
achieve more accurate results for Rayleigh scattering simulations, substrate layers
are included in those simulations. The surface layers are modelled with thicknesses
of 2 nm (DNA origami scaffold), 2 nm (SiO2 in silicon chip surface, as communi-
cated by supplier) and an infinite layer of silicon below. Scattering cross sections
from s- and p-polarized light are added incoherently to account for the unpolarised
illumination of the dark-field setup. The materials’ refractive indices are: DNA
origami scaffold: 2.1, gold: as determined by Johnson and Christy,[62] silver, silicon
and SiO2: as determined by Palik,[186] surrounding medium: 1.0. The simulation
volume is surrounded by a perfectly matched layer absorbing boundary, the mesh
size is 0.25 nm in the plotted area. 3D models of the simulated systems are depicted
in Figure 2.14.

48



2.13. Finite-difference time-domain simulations

20-10-60 10-20-6020b-10-60

id
ea
l

no
n-
id
ea
l

A

B

Figure 2.14.: 3D models used for simulations estimating: (A) electromag-
netic enhancement, and (B) scattering cross sections. Colour code: blue –
DNA, white – SiO2, red – silicon.

49





3. Results

3.1. Nanoparticle coating

Coating protocols were developed that yield stable, DNA-coated gold and silver
nanoparticles of a broad size range (10 nm–60 nm), within one to two days. In all
protocols, the NaCl concentration is gradually increased. It was observed that the
concentration range until 100 mM NaCl is most critical: Particle suspensions that
showed no aggregation until this threshold concentration typically remained stable
throughout the whole procedure. The following factors had the greatest influence
on the success of a gold nanoparticle coating:

particle size Small particles will be more stable than large ones.

coating strand sequence (TTT)3-T4-SH strands yield the most stable gold nano-
particles, followed by (GTT)3-T4-SH and (ATT)3-T4-SH coating strands.

TAMRA modification of coating strands decreases particle stability significantly.
Mixtures of TAMRA-modified and -unmodified strands can mitigate this ef-
fect.

The coating method that was used for most gold nanoparticles featured a steep in-
crease of NaCl concentration in citrate buffer at pH3. For one particle and coating
strand combination (20 nm gold particles with TAMRA-(GTT)3-T4-SH), however,
this method led to aggregation. Possibly the NaCl concentration raise (from 30mM
to 300mM in one step) was too rapid for this system that has several of the re-
strictions indicated as critical above. Furthermore, it has to be considered that at
reduced pH not just the inter-strand repulsion is attenuated, but also the surface ad-
sorption of the nucleobases is affected. In the case of adenine, a reduced binding to
gold was reported for low pH values,[187] what would result in less unspecific strand
adsorption and actually be auxiliary for coating procedures with adenine-containing
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strands. Meanwhile, it is unclear how the surface-adsorption of other nucleobases or
TAMRA is affected upon protonation. In the case of the 20 nm gold particles with
TAMRA-(GTT)3-T4-SH coating, a slow salt ageing protocol at neutral pH presented
an apparently milder alternative that led to stable particles. In general it was more
difficult to create particles with a high salt resistance when TAMRA-modified coat-
ing strands were used. Only with a mixture of TAMRA-modified and -unmodified
strands it was possible to coat respective 20 nm and 60 nm gold nanoparticles. Two
possible explanations for this behaviours are: (i) TAMRA, located at the solution-
facing 5’-end of the coating strand, partially blocks the electrostatic shielding pro-
vided by the DNA coating. (ii) TAMRA adsorbs to the particle surface, similar to
adenine, and thereby prevents high coating densities. The first is unlikely to be the
case since coating strands with TAMRA at the 3’-end, close to the thiol, also showed
a diminished stabilisation efficiency.1

For silver nanoparticles, the method at pH3 also led to aggregation, so that a
small-step salt ageing procedure at 40 °C (modified from ref. 153) was applied. The
elevated temperature during coating putatively suppresses weak, unspecific DNA
strand adsorption and favours the strong, covalent surface bond of the thiol groups.
Tokareva et al. reported that strands with adenine are more suitable for coating sil-
ver nanoparticles than their thymine equivalents.[140] In the experiments presented
here, not enough silver particle sizes and coating strand combinations were used
to allow a judgement on the influence of the strand sequences. Still it is notable
that even 60 nm particles could be coated with homo-thymine strands: This either
speaks against the findings of Tokareva et al., or for the robustness of the presented
protocol. After coating, strands detached quickly from the silver nanoparticle sur-
face, especially for 60 nm particles. The reason for this is the comparably weak Ag-S
bond.[130] DNA strands with dithiolated head groups (DTPA-modified) were applied
to lower the detachment rate on those particles.
For gold particles to be coated with adenine-rich strands, or for other challenging

combinations that are prone to unspecific strand adsorption, reaction temperatures
above 40 °C should be tested in the future. Additionally, introducing a stepwise pH3
protocol, as presented by Zhang et al.,[188] combined with small-step salt ageing to
high NaCl concentrations, or with magnesium salt in the final salt ageing step[164]

1oral communication by Dr. Julia Prinz
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3.1. Nanoparticle coating

could prove beneficial. A strategy that was not explored here was to use small
molecules other than BSPP to stabilise the particles and block unspecific DNA
strand adsorption. Such helper molecules can be added after the DNA coating
strands and fill the gaps between them. Notable examples include T5-SH strands,[108]

nonionic fluorosurfactants,[136] and mercaptohexanol.[189]

Determination of coating strand density

TAMRA-modified coating strands were replaced on the gold nanoparticle surface
by dithiothreitol and the number of free TAMRA molecules in solution was deter-
mined by fluorescence spectroscopy. The TAMRA concentration was derived from
the respective calibration curve (displayed in Figure 3.1), was multiplied by the re-
spective dilution factor and divided by the initial gold nanoparticle concentration to
yield the average number of TAMRA strands per particle (displayed in Table 3.1).
Measurements were done in triplicate.
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Figure 3.1.: Fluorescence data and calibration curves of TAMRA-DNA.
For assignment of the data points refer to Table 3.1.
� – Calibration values from known TAMRA concentrations.

Table 3.1.: Number of TAMRA-modified coating strands on the respective
gold nanoparticles.

particle size coating sequence nanolens applied at TAMRA-DNA per particle
I 10 nm (ATT)3-T4-SH 20-10*-60/20b-10*-60 99± 13
♦ 10 nm (GTT)3-T4-SH 10*-20-60 39± 2
4 20 nm (GTT)3-T4-SH 20*-10-60 130± 6
5 60 nm (TTT)3-T4-SH 20-10-60* 2988± 187
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3.2. Preliminary experiments

Small gold nanoparticle assemblies on the way to functional gold nanolenses

In preliminary experiments, a number of different gold nanoparticle assemblies were
prepared on DNA origami scaffolds, first with 5 nm, 10 nm and 15 nm gold nanopar-
ticles, then with larger particles. Figure 3.2 gives an overview on the structures. The
(preliminary) coating protocol that was used for the gold nanoparticles in Figure
3.2 A–D can be found on page 29 of the Methods. An efficient plasmon coupling be-
tween the particles requires small relative gap sizes. The length of the DNA coating
strands and thus the coating thickness could not be decreased without compromising
the assembly stability. Therefore, here the relative interparticle gaps were decreased
by scaling up the particle sizes in a stepwise approach. The upper limit turned out
to be determined by the stability of the medium-sized particle in the nanolenses. For

A CB

FED

Figure 3.2.: AFM images of different complex gold nanoparticle aggregates
that were assembled on DNA origami scaffolds en route to the nanolenses
investigated in this thesis. (A) 10-5-15, (B) 20-5, (C) 10-5-20, (D) 10-5-40,
(E) 20-5-40 and (F) 20-5-60; the numbers give the constituent nanoparticles’
diameters. Scale bars: 100 nm.

this particle, coating strands with sequences other than homo-thymine (reserved for
the largest particle) had to be used, which proved to be far less-efficient stabilisers. A
further upper limit is defined by the onset of damping and quadrupole resonances in
large particles that will lead to a decreased strength of the respective LSP coupling
mode.[11] Also, a sufficient size ratio between the constituting nanoparticles (between
two and three) has to be maintained.[41] As a compromise, further experiments were
carried out with nanolenses from 10 nm, 20 nm and 60 nm nanoparticles.
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3.3. Gold nanolenses

Optimisation of capture strand number for small nanoparticles

DNA origami scaffolds with three or four capture strands at the central position
were prepared and 5 nm particles hybridized to them. Figure 3.3 shows two of the
resulting AFM images. The scaffolds with four capture strands have mostly bound
two nanoparticles, the scaffolds with three capture strands mostly one nanoparticle.
Therefore, the smallest nanoparticles in the nanolenses were immobilised by groups
of three capture strands in the succeeding experiments. For particles larger than
10 nm—due to steric and electrostatic hindrance—no multiple binding was observed.

A B

Figure 3.3.: AFM images of DNA origami scaffolds with 5 nm gold
nanoparticles bound by (A) four or (B) three capture strands, respectively.
Scale bars: 1µm.

3.3. Gold nanolenses

Gold nanolenses from DNA-coated 10 nm, 20 nm, and 60 nm gold nanoparticles were
assembled in the three different designs 20-10-60, 20b-10-60, and 10-20-60. Repre-
sentative AFM and SEM images are displayed in Figure 3.4. The AFM images show
the 60 nm gold nanoparticles in purple and the 20 nm particles as yellow-to-green
shoulders. The DNA origami scaffolds are visible as dark-red triangles beneath the
particles. The 10 nm particles are typically not seen since they are difficult to be
resolved in close vicinity to the larger particles. Still, the stepwise assembly with
AFM imaging in-between ensured that each nanolens included one 10 nm particle
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A B C

D E F

20-10-60 20b-10-60 10-20-60

Figure 3.4.: (A-C) AFM and (D-F) SEM images of 20-10-60, 20b-10-60,
and 10-20-60 gold nanolenses. Scale bars: 100 nm.

(cf. Figure 2.12 on page 42). The nanolens assembly was also followed by UV-Vis ex-
tinction spectroscopy (Section 3.3.1). In order to compare the three designs regard-
ing their electromagnetic enhancement, gold nanolenses were assembled where the
respective 10 nm particles carried TAMRA as Raman reporter at the 5’-end of their
coating strands. In the following, such TAMRA-labelled particles will be indicated
by an asterisk in the nanolens nomenclature (20-10*-60, 20b-10*-60, and 10*-20-60,
respectively). The 10 nm particle mediates the last step in the nanolenses’ enhance-
ment cascade and thus is where the highest enhancement is expected. Twenty single
gold nanolenses from each design were characterised in detail: SERS (Section 3.3.2)
and dark-field scattering spectra (Section 3.3.4) were collected and complemented
by FDTD simulations. Correlated Raman and AFM imaging confirmed that the
signals originated from single nanolenses. For several nanolenses, information on
the gap size could be inferred from SEM measurements. The complete set of AFM
and SEM images can be found in the Appendix (Figures A.2–A.6, page 100ff.). In
further experiments (Section 3.3.5), the enhancement in the different interparticle-
gaps of the 20-10-60 gold nanolenses was probed by selectively labelling the 20 nm
or 60 nm particles with TAMRA (giving 20*-10-60 and 20-10-60* gold nanolenses,
respectively).
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3.3. Gold nanolenses

3.3.1. UV-Vis extinction spectroscopy

The UV-Vis extinction of citrate-stabilised 60 nm gold nanoparticles, DNA-coated
60 nm gold nanoparticles and of gold nanolenses was measured; representative spec-
tra are displayed in Figure 3.5. A slight red-shift (by 3 nm, to 539 nm) was observed
when the citrate-stabilised gold particles were coated with thiolated DNA, an ef-
fect that has similarly been reported for alkanethiols.[190] Mie theory accordingly
predicts a red-shift for the addition of such a dielectric shell.[191] The extinction
maximum of the gold nanolenses is further red-shifted (by 2 nm, to 541 nm). This
shift is the result of an apparently only weak plasmon coupling between the gold
particles that constitute the nanolenses. The observed red-shift underestimates the
actual coupling strength since it represents an ensemble value: After gel purifica-
tion, a mixture of full nanolenses and incomplete structures is present in solution.
Extinction data was collected for 20-10-60 and 20b-10-60 nanolenses, both showing
the same maximum position. When 10-20-60 gold nanolenses were assembled, the
reaction scale was too low to allow UV-Vis extinction measurements.
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Figure 3.5.: UV-Vis extinction spectra of citrate-stabilised 60 nm gold
nanoparticles (60 nm Aucitr.), DNA-coated 60 nm gold nanoparticles (60 nm
AuTTT), and gold nanolenses (20-10-60 AuNL). The inset gives a magnified
view on the peak maxima.
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3.3.2. Comparison of SERS signals from different gold

nanolens designs

The average SERS spectra from the sets of twenty single gold nanolenses from each
design are shown in Figure 3.6 (A–C, black). Also displayed are the spectra from
the respective single nanolenses that gave the strongest SERS signal (red). The
individual spectra from all structures can be found in FigureA.8 on page 106 of the
Appendix. The average SERS spectra of the three designs differ in their intensity,
with 20-10*-60 gold nanolenses showing the strongest average signal, followed by
the 20b-10*-60 ones, whereas 10*-20-60 gold nanolenses show the weakest average
signal. The analysis of single gold nanolenses enables a close look at how differences
in average SERS signals between the designs are constituted. The distributions of
signal-to-noise ratios for the single nanolenses are displayed in the histograms of
Figure 3.6 (D–F). The signal-to-noise ratio is chosen rather than the absolute in-
tensity in order to account for the considerably varying magnitude of noise. Each
design yields a majority of spectra with relatively low signals just around the limit

Figure 3.6.: (A–C) Average spectrum and most intense Raman spec-
trum obtained from each respective gold nanolens design: (A) 20-10*-60,
(B) 20b-10*-60, (C) 10*-20-60. Characteristic bands of TAMRA are high-
lighted in bright green. Spectra offset for clarity. (D–F) Distribution of
signal-to-noise in the individual SERS spectra. The intensity of the most
prominent TAMRA band of each respective spectrum is divided by the
noise. The limit of detection is indicated by a dotted line.
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3.3. Gold nanolenses

of detection (determined by three times the standard deviation of the noise). The
main difference between the three designs lies in the number and intensity of those
spectra of relatively high intensity. Whereas six nanolenses of design 20-10*-60
yield a signal-to-noise ratio above six, for design 20b-10*-60 only two individual
nanolenses show SERS signals of similar intensity. For design 10*-20-60, none of
the twenty examined nanolenses yields signals of this strength. The observed wide
distribution of signal intensities, with a small number of strong emitters and many
weak ones, is a characteristic phenomenon in SERS.[82] Its origin lies in the many
factors that have to coincide for strong signal enhancements, such as the nanomor-
phology of the plasmonic substrate, the Raman scatterer position and orientation,
and the incident light polarisation. The signal variations are expected to be slightly
damped in the particular systems studied here: A theoretical study showed that
by selectively labelling the smallest particle in the nanolens cascade, the statisti-
cal variation in enhancement factors can be narrowed down significantly, resulting
in more-reproducible SERS signals.[35] The DNA origami scaffold exerts control on
type, number and relative positioning of the plasmonic particles. But still, because of
the (approximated) |E/E0|4-proportionality of the Raman scattered intensity, small
changes in the plasmonic system can lead to high variations in signal intensity. For
some structures, the gap size could be investigated by the help of the SEM images.
They show that those nanolenses with a large inter-particle gap (> 5 nm) do not
give a TAMRA signal above the detection limit. There are also nanolenses with
apparently small inter-particle gaps and no TAMRA signal, but the SEM data does
not allow to determine the exact size of such small gaps. Few-molecule spectroscopy
as carried out here is a way to visualise the distribution of strong and weak Raman
scatterers that is normally convoluted in those SERS spectra that originate from
many plasmonic structures. For a detailed reproduction of such a distribution, the
analysis of far more single nanolenses would be necessary—a laborious task with the
current AFM-correlation procedure.
One 20-10*-60 gold nanolens showed a particularly strong SERS signal (Fig-

ure 3.6A, red), relating to an enhancement factor EFAuNL of 1.4 × 106. This
EFAuNL value could be underestimated because it is determined based on the to-
tal number of TAMRA molecules on the 10 nm particle. Only a fraction of these
molecules is in the region where the local field is very high and therefore, the number
of molecules that contribute to the strong SERS signal is expected to be consider-
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ably smaller (up to a factor of 100, as there were estimated to be 99± 13 dye
molecules on one particle). The resonance of the TAMRA molecules at the wave-
length of the excitation laser (532 nm) contributes further to the observed SERS
signal. The corresponding AFM, SEM and dark-field scattering data for this partic-
ular well-performing gold nanolens are displayed in Figure 3.7 A–C, together with
a complimentary data set for a gold nanolens with low enhancement. The SEM
data reveals why no SERS signal is observed for the latter: the 20 nm particle is
separated off by a gap of approximately 10 nm, where no efficient plasmon inter-
action is expected. In the well-performing nanolens, the particle distance is too
small to be determined from the SEM data. One has to be especially careful when
inferring gap sizes between differently-sized particles from SEM data: The top-view
perspective leads to underestimation of the distance. High-resolution transmission
electron microscopy at a tilted angle would yield a more precise estimate.[192] The
two structures in Figure 3.7 (C vs. G) show similar dark-field scattering spectra.
Both spectra have a maximum around 565 nm and a shoulder peak around 650 nm.
The dark-field scattering data and their correlation with SERS intensities will be
discussed in Section 3.3.4.

Figure 3.7.: (A) AFM, (B) SEM, (C) dark-field scattering and (D) SERS
data for the 20-10*-60 gold nanolens with a particularly strong SERS signal.
(E) AFM, (F) SEM, (G) dark-field scattering and (H) SERS data for a
20-10*-60 gold nanolens with low Raman enhancement. The SEM data
shows a large inter-particle gap and explains the poor SERS performance
of the latter. Scale bars: 100 nm.
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3.3. Gold nanolenses

3.3.3. Finite-difference time-domain simulations

In order to better understand the SERS behaviour of the different gold nanolenses,
FDTD simulations with various particle arrangements were carried out. Figure 3.8
A–C shows the simulation results for the ideal cases, with particles touching and
the centres of all particles located on a symmetry axis, like pearls on a tightened
string. The maximal enhancement factors found in these simulations have the same
order of magnitude as those estimated from the measurements: 106. The actual
geometry of an individual nanolens might deviate from the ideal arrangement, since
in the experiments reported here (i) the nanolenses are dried on the surface, (ii) the
nanoparticles are assembled on a planar DNA origami scaffold, and (iii) the tether-
ing capture strands allow for some flexibility and imply variation between individual
nanolenses. Thus, further simulations demonstrate how the electric field enhance-
ment is affected when gold nanoparticle positions are varied (Figure 3.8 D–F). The
SERS enhancement of a nanolens then depends on how closely its structure matches
the ideal collinear geometry of Figure 3.8 A–C. The relatively small enhancement
observed for 10*-20-60 gold nanolenses (see Figure 3.6C) can be explained by the
flexibility of the 10 nm gold nanoparticle: In these nanolenses, the TAMRA-labelled
10 nm particle is free to move as far as the DNA tethers allow. The simulation shows
that an additional 5 nm gap between 10 nm and 20 nm gold nanoparticle causes the
SERS signal in 10*-20-60 nanolenses to drop by two orders of magnitude (Figure
3.8 C vs. F). For 20-10*-60 and 20b-10*-60 gold nanolenses, on the other hand,
the 10 nm particle is wedged between the larger particles and therefore not free to
move. In these nanolenses, another distortion can occur: the centres of the spher-
ical particles are expected to be not in a line when assembled on a perfectly flat
surface (see schemes in Figure 3.8 D, E). The simulations show this to decrease the
enhancement by one order of magnitude in the least favourable case. The initial idea
for the 20b-10*-60 nanolens was to optimize the geometry in a way that the DNA
origami scaffold would lift the 10 nm particle into the plane between the 20 nm and
60 nm particles. However, the poor SERS performance of the design indicates that
when dried on a surface, the scaffold is not sturdy enough to do so. Furthermore,
20b-10*-60 gold nanolenses suffer from the additional DNA origami spacer separat-
ing the 20 nm gold nanoparticle. The strong SERS enhancement for some 20-10*-60
gold nanolenses indicates an optimal plasmonic coupling with a geometry close to
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A B C

D E F
20-10-60 20b-10-60 10-20-60

Figure 3.8.: Electromagnetic SERS enhancement of gold nanolenses, based
on FDTD simulations of the local fields for the three designs at the exci-
tation wavelength (532 nm) and at the wavelength corresponding to the
TAMRA signal at 1650 cm-1 (583 nm). (A–C) in-line, no gap (D, E) out-of-
line, (F) 5-nm-gap arrangement. The polarization direction of the incident
light is along the longitudinal axis of the nanolenses. The red line in the
schematics illustrates the plane of observation; the plane is chosen to in-
tersect the position of greatest field intensity. The DNA origami scaffold
separating the 20 nm gold nanoparticle in 20b-10-60 gold nanolenses (B, E)
is indicated in grey.
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3.3. Gold nanolenses

the one shown in Figure 3.8A. In these cases, the structures might be benefiting
from the relative flexibility of the single-layered DNA origami scaffold. Apart from
misalignment, it was recently shown that the plasmonic response of the system can
also be greatly influenced by the morphology of the individual gap.[192] Both effects
are expected to contribute to the large signal fluctuations observed for the gold
nanolenses.

3.3.4. Dark-field spectroscopy

Dark-field scattering spectra were collected for the sets of gold nanolenses examined
in Section 3.3.2; the spectra are displayed in Figure A.9 on page 107 of the Appendix.
Figure 3.9 A shows the extracted dark-field scattering maxima λmax versus the SERS
intensities of the respective gold nanolenses. There is no obvious correlation between
them. Interestingly, the λmax-distribution for the 20-10*-60 gold nanolenses is sig-
nificantly narrower than those for the other nanolenses. At the same time, the
20-10*-60 gold nanolenses showed the strongest SERS signals. The medians of the
λmax-values for 20-10*-60 (567 nm) and 10*-20-60 (573 nm) gold nanolenses are indi-
cated by dashed lines. The median for the 20b-10*-60 gold nanolenses lies in-between
(569 nm) and is not shown. These values indicate that the 532 nm excitation and
583 nm emission (of the strongest TAMRA band) in the SERS experiments were in
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Figure 3.9.: (A) Correlation of the wavelength maximum λmax of the dark-
field scattering and the SERS signal/noise of the individual gold nanolenses.
(B) Simulated Rayleigh scattering cross sections for the gold nanolens de-
signs. The dashed lines in (A) and (B) indicate the medians of the exper-
imental λmax-distributions for 20-10*-60 and 10*-20-60 nanolenses, respec-
tively.
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good match with the plasmonic resonance. Though, the relation between Rayleigh
scattering and electromagnetic Raman enhancement is not straight-forward, as em-
phasized by Moskovits in ref. 193. In the particular case here, there is a discrepancy
because longitudinal and transversal coupling modes equally contribute to the dark-
field spectra. In the SERS measurement, on the other hand, it is mainly the longi-
tudinal mode that is responsible for the signal enhancement. Therefore, the optimal
excitation and emission wavelengths for SERS will be slightly further in the red
than suggested by the λmax-values from the dark-field scattering. The experimental
data match the scattering cross sections simulated by the FDTD method that are
displayed in Figure 3.9B. The stronger longitudinal coupling mode at 577 nm in the
simulations for the 10-20-60 nanolenses is reflected in the red-shift of the respective
experimental λmax-median. It is caused by the smaller distance between 20 nm and
60 nm particle in these nanolenses.
Two exemplary dark-field spectra were displayed in Figure 3.7 on page 60; both

spectra show a shoulder peak at ca. 650 nm that is not predicted in the simulations.
The particles’ LSPs can potentially interact with the underlying silicon substrate,
and, due to the high refractive index of silicon, a red-shifted p-mode can be excited
under the high angle of incidence used in the dark-field configuration.[17] It was
reported that dark-field spectra of single gold nanoparticles on silicon substrates are
dominated by this mode, with their λmax-values even more red-shifted than those of
particle dimers on the same substrate.[194] The excitation of such a surface-coupling
mode would explain the shoulder peaks around 650 nm in Figure 3.7. It fits into
the picture that the shoulder peak is observed in 3.7 C and G, at both, small and
large interparticle-distance. In the simulations, the incident light vector was defined
as perpendicular to the surface and therefore no such surface-coupling modes are
excited and no peak around 650 nm is observed. Using a tilted incident angle
for a broadband light source in this version of Lumerical FDTD Solutions is not
straight forward and can lead to erroneous results.[195] In the SERS experiments,
the coupling to the silicon is expected to be less pronounced, since for SERS, the
full light cone illuminates the sample, whereas in the dark-field configuration, the
sample is illuminated intrinsically only from a high angle of incidence.
When comparing the dark-field scattering spectra to the UV-Vis extinction data

presented in Section 3.3.1, it has to be considered that both originate from nanolenses
under different conditions: Dark-field scattering was recorded in air and with the
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3.3. Gold nanolenses

plasmonic structures placed on the silicon surface, therefore exposed to a differ-
ent dielectric environment. Drying effects are further expected to influence particle
distances and thus the plasmonic resonances. Especially the exposure to the high
Mg2+ concentration (110mM) during the drying process will lead to a decreased
interparticle gap. As discussed, on silicon, surface-coupling modes in the red can be
excited. Furthermore, the extinction data is a convolution of absorption and scat-
tering, whereas in the dark-field configuration only scattering is detected. With all
these influencing factors it is not surprising that the dark-field and UV-Vis extinction
maxima do not coincide.

3.3.5. Comparison of SERS signals from different gaps

It is predicted that the electric field enhancement provided by nanolenses is strongest
in the gap between the small and the medium-sized particle.[29,42] This is also re-
flected in the FDTD simulation results (see Figure 3.10 A, which represents the data
already shown in Figure 3.8 A, but in a way that better visualises the difference be-
tween the gaps). This phenomenon is an intrinsic property of the cascaded field
enhancement mechanism.

A

20*-10-60 20-10-60*

B

Figure 3.10.: (A) FDTD simulation result indicating the electromagnetic
Raman enhancement of the two gaps in a 20-10-60 gold nanolens. The
positions of the gold nanoparticles are shown by the golden wireframes.
(B) Illustration showing how the TAMRA coating of the *-marked gold
nanoparticles leads to emission from only one of the two gaps (bright green).
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Two studies demonstrated such a cascaded enhancement for gold nanolenses by
comparing their field enhancement with that of respective heterodimers. Kravets
et al. used randomly placed dye molecules to study the overall enhancement of the
structures,[43] and Höppener et al. probed the enhancement at the external border
of a gold nanolens.[49] Neither of them selectively probed the field enhancement in
the internal gaps of a nanolens. The DNA origami-based approach enables not just
the bottom-up assembly of nanolenses, but also the selective incorporation of probe
molecules and thus to distinguish the internal nanogaps and their enhancement
contribution. In order to selectively probe either one of the gaps, experiments with
20-10-60 gold nanolenses were carried out where either the 20 nm (20*-10-60), or
the 60 nm (20-10-60*) gold nanoparticles were TAMRA-labelled. See Figure 3.10B
for a schematic illustration. In this way, the Raman signal originates only from one
of the two gaps and the respective local enhancements can be compared. SERS
spectra from seventeen single 20*-10-60 gold nanolenses and eleven single 20-10-60*
gold nanolenses were measured and the intensity of the strongest TAMRA signal in
each spectrum was determined. The spectra are displayed in Figure A.11 on page
108 of the Appendix, the corresponding AFM images in Figure A.12 on page 109.
The SERS signal intensity depends on the number of TAMRA molecules in the gap.
Since nanoparticles of different size support different densities of dye molecules on
their surface, signal intensities have to be normalised when two individual gaps are
compared. The SERS signal intensity IAuNL is divided by the density of TAMRA
molecules on the respective gold nanoparticle, assuming that the SERS signal is
proportional to the number of dye molecules in the area of highest enhancement
and that for both gaps these areas share similar size:

IAuNL,d =
IAuNL
N/(πd2)

, (3.1)

with IAuNL,d – TAMRA density-normalised SERS signal intensity of the nanolens,
N – number of TAMRA strands on the coated gold nanoparticles (2988 for 60 nm
particles, 130 for 20 nm particles, as determined on page 53), and d – particle diam-
eter. The resulting average IAuNL,d for the 20*-10-60 nanolenses is approximately
30% higher than that for the 20-10-60* ones (see Table 3.2).
When the incident light is polarized parallel to the longitudinal axis of the na-

nolens, the regions of high fields are located in the gaps between the particles.
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Table 3.2.: SERS signals from gold nanolenses with TAMRA-labelled
20 nm or 60 nm gold nanoparticles. The SERS signal from single nanolenses
(IAuNL) is normalised for TAMRA density (IAuNL,d) and for signal contri-
bution from isolated, TAMRA-labelled gold nanoparticles (IAuNL,d,i).

20*-10-60 20-10-60*
average IAuNL [cts] 8.9 ± 5.7 17.3 ± 11.4
IAuNL,d [cts nm2] 86 65
IAuNL,d,i [cts nm2] 68 12

For light polarized perpendicular to the longitudinal axis, mainly transverse modes
are excited that provide field enhancements similar to single-particle modes.[68,196]

Under the illumination used in the experiments presented here, both, longitudinal
and transverse modes are excited. Therefore, also the enhancement contributed by
the whole nanoparticle surfaces, apart from the gaps, must be taken into account.
This is achieved by subtracting the average normalised SERS signals of TAMRA-
coated, isolated nanoparticles of the respective size from the signal obtained with
the nanolenses:

IAuNL,d,i = IAuNL,d − IAuNP,d , (3.2)

with IAuNL,d,i – isolated-particle-corrected SERS intensity of the nanolens, IAuNP,d
– density-normalised SERS intensity of strongest TAMRA band from isolated gold
nanoparticles (53 cts nm2 for 60 nm particles (n=14), 18 cts nm2 for 20 nm particles
(n=11)). The spectra from the single particles are shown in Figure A.10 on page
108 of the Appendix. For the TAMRA-coated single 20 nm particles, the Raman
enhancement was too weak and no characteristic TAMRA bands were observed.
Thus, as a conservative estimate, the magnitude of the noise was used for correcting
the signal from the 20*-10-60 nanolenses. As this correction term is an upper-
limit value that is subtracted, the signal from the 20*-10-60 nanolenses could be
underestimated. Accordingly, the cascading effect would be underestimated in the
current calculation. With the second normalisation, the difference in SERS intensity
between the gaps increases considerably: the signal IAuNL,d,i from the gap between
20 nm and 10 nm gold nanoparticle is approximately six times higher than that from
the other gap (see Table 3.2). This matches reasonably with the FDTD simulation
result, which predicts a factor of two (Figure 3.10A). The nanolens in this simulation
featured a 3.4 nm gap of DNA coating between the metal surfaces; with smaller gap
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sizes, larger factors were predicted. The large fluctuations of the signal intensities
IAuNL are a characteristic SERS feature and render the data interpretation difficult.
In spite of the relatively low number of analysed nanolenses, these results provide the
first experimental indication that the gap between medium and small nanoparticle
in nanolenses provides stronger field enhancement than that between the large and
the small nanoparticle.

3.4. Silver nanolenses

Silver experiences less LSP damping in the visible than gold and thus is seen as the
better plasmonic material for many applications. Accordingly, stronger SERS signals
are potentially accessible for silver nanolenses. They were assembled only in the
20-10-60 geometry, as this had shown the best performance in the experiments with
the gold nanolenses. In the first syntheses, the silver nanolens assemblies suffered
from low yields; especially the 60 nm silver nanoparticles did not bind well to the
DNA origami scaffold. The cause for this was a rapid coating strand detachment,
so that stronger-binding dithiol coating strands in combination with an additional
purification step before hybridisation could resolve the issue. Figure 3.11 shows a
schematic and an AFM image of successfully assembled silver nanolenses.

A B

Figure 3.11.: (A) Schematic of an assembled silver nanolens. (B) Ex-
emplary AFM image of two silver nanolenses. As for the gold nanolenses,
the 60 nm particle is seen as a purple spot, the 20 nm particle as a yellow
shoulder. The underlying DNA origami scaffold is dark red. Scale bar:
500 nm.
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3.4.1. UV-Vis extinction spectroscopy

UV-Vis extinction was measured for citrate-stabilised 60 nm silver nanoparticles,
DNA-coated 60 nm silver nanoparticles and silver nanolenses. The respective data
are displayed in Figure 3.12. Interestingly, when the citrate-stabilised 60 nm silver
particles were coated with the thiolated DNA, their extinction maximum blue-shifted
from 437 nm to 416 nm. This significant shift is opposite to what would be expected
from Mie theory, which predicts a red-shift for particles that are coated with a di-
electric layer (as observed for the gold particles, that showed a 3 nm red-shift, cf.
Figure 3.5, page 57). Considering the several-hour coating procedure at 40 °C, the
blue-shift observed here could result from a temperature annealing that smoothes
out edges and renders the particles more spherical. However, no resonance shift was
observed in a control experiment with 60 nm citrate-stabilised silver particles that
were kept at 40 °C for one day. Instead, the surface chemistry of the silver particles
yields a possible explanation: A study with alkanethiols of different lengths indi-
cated that for short alkanethiols (≤ 3 carbons), a blue-shifted plasmon resonance is
to be expected.[197] The authors reason that this could be caused by an increase in
electron density on the silver particle surface due to the charge-transfer nature of the
Ag–S bond. At longer chain lengths (> 3 carbons), the increasing thickness of the
dielectric coating layer dominates. These conclusions were drawn from extrapolation
of data for long alkanethiols, but an actual blue-shift in the plasmon resonance has
also been experimentally reported, for SH– binding to colloidal silver.[198] There, a
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Figure 3.12.: UV-Vis extinction spectra of citrate-stabilised 60 nm silver
nanoparticles (60 nm Agcitr.), DNA-coated 60 nm silver nanoparticles (60 nm
AgTTT), and silver nanolenses (AgNL). The inset gives a magnified view on
the peak maxima.
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blue-shift of up to 10 nm was measured, which was reversed under high SH– concen-
trations. Possibly the blue-shift observed here can be attributed to the same effect.
The DNA coating with its estimated thickness of 1.7 nm is considerably thicker than
the monolayers of these studies. But due to the DNA’s steric and electrostatic con-
straints, it might not be as densely packed as the alkanethiols. Additionally, the
60 nm silver particles were coated with dithiol-modified DNA strands, enforcing the
electron-donating effect per strand. For gold particles, no such effect is expected,
due to the more covalent nature of the Au–S bond.[130] Another hypothesis is that
the original citrate-stabilised stock suspension is actually a mixture of single and
aggregated particles, the latter of which are either lost or disassembled during the
coating procedure. This is supported by the larger full width at half maximum of
the peak from the citrate-stabilised particles.
Upon assembly of the DNA-coated silver nanoparticles to silver nanolenses, only

a minuscule wavelength shift (< 1 nm) relative to the DNA-coated 60 nm particles is
observed, which is within the range of error for these measurements. The absence of
a strong red-shift upon silver nanolens formation indicates that—in solution—there
is only a weak coupling between the constituent particles’ LSPs. The electrostatic
repulsion, mitigated by only 11mM Mg2+, and the steric requirements of the hy-
drated DNA coating, likely keep the negatively charged particles apart. During the
assembly of the gold nanolenses, also only a small red-shift (2 nm) was observed. If
in-solution measurements were to be carried out with DNA origami-based nanolenses
in a future application, higher-ionic strength buffers or an alternate coating approach
were advisable. It fits into this picture that SERS measurements with nanolenses in
solution (not shown in this work) were mostly unsuccessful.

3.4.2. Finite-difference time-domain simulations

FDTD simulations were carried out for silver nanolenses with an ideal, collinear
particle arrangement. As for the gold nanolenses, the field intensity enhancement at
532 nm was multiplied with the one at 583 nm (1650 cm-1) in order to achieve a more
realistic estimation of the enhancement of respective Raman signals. A plot of the re-
sulting enhancement in the plane of the symmetry axis is shown in Figure 3.13A. The
maximal electromagnetic enhancement of the Raman signal is located at the crevices
between the 10 nm and the 20 nm particles. It is only slightly higher than that from
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A B

Figure 3.13.: (A) FDTD simulation result for a silver nanolens with
an ideal collinear particle arrangement (all particle centres on a straight
line). The positions of the silver nanoparticles are shown by the grey wire-
frames. (B) Maximal electromagnetic field enhancement versus the exci-
tation wavelength, simulated for silver and gold nanolenses in the ideal
collinear 20-10-60 geometry. The dotted lines indicate the wavelengths used
for the simulation under (A).

Figure 3.14.: FDTD simulation result
for a silver nanolens with an out-of-line
particle arrangement (all particles lying
on a flat plane). The positions of the sil-
ver nanoparticles are shown by the grey
wireframes. The plotted area is indicated
by a red line in the inset schematic.

the respective gold nanolenses (1.19 ×
106 for silver vs. 1.13 × 106 for gold).
This result can be understood with
a look at the wavelength dependence
of the maximal field enhancement pro-
vided by the gold and silver nanolenses,
as it is displayed in Figure 3.13B. The
silver nanolenses excel at wavelengths
below 550 nm, but above that, the gold
nanolenses show the higher field en-
hancement. For excitation at 532 nm
and emission at 583 nm (Figure 3.13B,
dotted lines) both structures yield com-
parable results. FDTD simulations were
also run for a distorted silver nanolens
geometry, where the particles are ar-
ranged out-of-line, as if lying on a sur-
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face. A plot of the resulting data is shown in Figure 3.14. In this adverse geometry,
the maximal electromagnetic Raman enhancement decreases by a factor of approxi-
mately four (from 1.19× 106 to 3.05× 105). This decrease is similar to the one that
was observed for the respective gold nanolenses under the same deformation. Over-
all, these simulation results show that under the conditions here, silver nanolenses
not necessarily are the better plasmonic substrates. However, under the right con-
ditions they can outperform analogous gold nanolenses. This could be realised by
either shifting the plasmon resonance to the red (larger particles, a higher-refractive
index medium such as water), or by excitation with a respective blue laser line.

3.4.3. Surface-enhanced Raman spectroscopy

In most sensing applications, the analyte does not exhibit Raman enhancement
through a molecular resonance, as it was exploited when TAMRA was used as a Ra-
man reporter in the SERS experiments with the gold nanolenses. In order to simulate
a more practical sensing application with the silver nanolenses, a protein served as
a non-resonant, biologically more relevant model analyte. As such, streptavidin was
used, since it is well characterised and easily incorporated into the self-assembly
design: It builds a strong, non-covalent bond to the small molecule biotin (shown
in Figure 2.7 on page 36). One of the advantages of the DNA origami platform
is that it allows the exact positioning of such molecules. A single biotin, and con-
sequently a single streptavidin, was placed between the 20 nm and 10 nm particle
of a silver nanolens. Figure 3.15 shows an illustration of a thus-resulting assem-
bly. The unambiguous detection of pristine streptavidin in single silver nanolenses

Figure 3.15.: Illustration of a single streptavidin molecule (dark yellow)
bound within a silver nanolens.
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was complicated by intense, fluctuating SERS spectra in the fingerprint region of
the protein (their nature being discussed further below). Therefore, streptavidin
was modified with alkyne groups, which give Raman signals at frequencies where
only a few other signals appear. This property enables alkynes to be used as Ra-
man tags even in such a crowded and chemically diverse environment as a living
cell.[172] For the experiments discussed here, streptavidin was successfully modified
with an average of 19 alkyne groups on the full tetrameric protein, as determined
by MALDI-TOF MS. Its biotin affinity was apparently not compromised by these
modifications: Streptavidin could still be immobilised with high yields on the DNA
origami scaffolds (see Figure 2.8 on page 36 of the Methods). In a monosubstituted
alkyne, the band for the C≡C stretching vibration is expected between 2100 cm-1

and 2150 cm-1.[177] Unfortunately, the available amount of protein did not suffice for
a non-enhanced Raman control experiment with the alkyne-modified streptavidin,
which would have purveyed the spectral position of the alkyne stretch vibration in
this particular chemical environment. Instead, Raman spectra of the P-NHS that
was used to modify streptavidin were acquired. They are displayed in Figure 3.16A.
The characteristic stretch vibration of the alkyne group was observed at 2128 cm-1

for solid P-NHS, and at 2121 cm-1 for P-NHS in aqueous solution. The alkyne signal
in the nanolenses is accordingly expected around 2121 cm-1. Despite the high degree
of structural control provided by the DNA origami assembly, SERS signal intensities
can still vary significantly, as demonstrated by the gold nanolenses in Section 3.3.2.
In order to find silver nanolenses with a strong-enough field enhancement for

detection of the single streptavidin, an iterative Raman mapping approach was fol-
lowed: At first, a large area of 170 × 190 µm2 was scanned with the 10x objective.
Due to the large laser spot size of ∼ 10 µm, several nanolenses would always be in
focus. Then, around those positions where an alkyne signal was detected, high reso-
lution scans with the 100x objective were carried out. In these scans, the spot size is
smaller (1.3 µm) and in most cases only single plasmonic structures have contributed
to the observed signal. The exact point of origin of the alkyne signal is located in
the scan data and correlated AFM imaging then ensures whether the signal can be
attributed to a single silver nanolens. Figure 3.16 B shows a respective data set
where the alkyne signal at 2120 cm-1 was observed in both, the low- and the high-
resolution scan. As AFM confirmed that only a single nanolens was present, it can
be concluded that alkyne reporter groups from a single protein were detected in this
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Figure 3.16.: (A) Raman spectra of P-NHS, solid and 125mM in water.
(B) SERS spectra from the same sample position. The high resolution spec-
trum originates from a single silver nanolens. The dotted line marks the
alkyne peak. Low resolution scan: 10x objective, 24mW, conventional cam-
era. High resolution scan: 100x objective, 0.4mW, EMCCD camera, scaled
down by 0.01. Inset: AFM image of the corresponding silver nanolens.
Scale bar: 100 nm. Full spectra and conditions are given in Figures A.13
and A.14 on page 110. Spectra offset for clarity.

non-resonant SERS experiment. Two more data sets from single silver nanolenses
are shown in Figure A.15 on page 111 of the Appendix. There, no strong alkyne
peaks were observed in the high resolution scans, so that the assignment to the
individual nanolenses remains ambiguous.
During the large-scale scans with the 10x objective, repeatedly, peaks that could

not be assigned to DNA or streptavidin appeared at apparently random wavenum-
bers between 2050 cm-1 and 2250 cm-1. One example is the peak at 2080 cm-1 visible
in Figure 3.16B. The same was true for control experiments on silver nanolenses
that did not contain streptavidin. Figure 3.17 shows exemplary spectra for such a
case. A closer investigation showed these peaks to probably originate from amor-
phous carbon (nitride) species that are formed as degradation products in situ. A
more detailed account of the generation of amorphous carbon will be given further
below. This raises the question whether the peaks at ca. 2120 cm-1 are correctly
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Figure 3.17.: SERS spectra of silver
nanolenses without streptavidin, show-
ing spurious peaks between 2050 cm-1 and
2250 cm-1 (dotted lines). 10x objective,
24mW power, 8 s integration, offset for
clarity.

attributed to alkyne-modified streptavi-
din—or belong to those random peaks
that are also found in the control, with-
out any alkyne and streptavidin present.
In order to clarify this point, three large-
scale Raman scans were conducted on
silver nanolens samples with and with-
out streptavidin, respectively. The spec-
tra (ca. 1300 for each scan) were ana-
lysed for peaks between 2050 cm-1 and
2250 cm-1 and the respective peak po-
sitions were collected. The resulting
peak distributions are displayed in the
histograms of Figure 3.18. Both his-
tograms show broad distributions, but
there is one striking difference: The
sample with streptavidin shows a large number of data points for the bin around
2120 cm-1, whereas for the control, only a single peak was observed there. The
assignment of the peaks at 2120 cm-1 to the alkyne groups on the modified strep-
tavidin therefore stays unaffected. Would these peaks also belong to degradation
products from the DNA coating, they would be observed in both types of samples.
Photodegradation of streptavidin itself is unlikely: It was shown that direct access
of the protein to the silver surface is required for this and that the degradation can
be prevented by a monolayer of thiolated molecules (as present here in the form of
the DNA coating).[199]

Amorphous carbon

In an attempt to improve streptavidin detection, SERS spectra under elevated laser
intensities were measured, with 2.8mW at the sample. Spectra from twelve sin-
gle silver nanolenses with streptavidin were collected under these conditions; the
individual spectra are displayed in Figures A.16 and A.17 on page 112f. of the Ap-
pendix. Some of the spectra show a broad, double-peaked background signal around
1350 cm-1 and 1550 cm-1, for example see spectrum 40-5 in Figure 3.19A. In others,
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Figure 3.18.: Histograms of the peak occurrence in the spectral region
between 2050 cm-1 and 2250 cm-1. For each histogram, Raman spectra from
three 170× 190 µm2 scans were analysed. Each point represents one identi-
fied peak. Data points are stacked in 10 cm-1-bins, while the x-coordinates
still show the exact peak positions. (A) Silver nanolenses with streptavidin.
(B) Silver nanolenses without streptavidin.

a variety of intense peaks is observed, which are difficult to assign to characteristic
DNA or protein vibrations (see spectra 53-3 and 0-57 in Figure 3.19A). Such strong
signal fluctuations—also referred to as spectral blinking—can be indicative of few-
molecule SERS.[200] However, strongly varying, intense peaks in few-molecule SERS
are also known to arise from ‘amorphous carbon’, which can stem from carbon con-
tamination on the particles,[201] or is created in situ by photodegradation under the
highly enhanced fields.[202–204] Domke et al. devote a whole article to the question:
“Enhanced Raman Spectroscopy: Single Molecules or Carbon?” [205] In fact, there
have been a number of publications that claimed to show single molecule SERS spec-
tra, which were later revealed to originate from amorphous carbon instead.[206–209]

Various carbonaceous species make up the amorphous carbon and, accordingly, give
many different, rapidly changing peaks.[210] When these peaks are summed up, they
yield the overall broad, amorphous carbon spectrum, which resembles the one from
graphite.[202,211] It features the so-called ‘D peak’ around 1350 cm-1, that originates
from breathing modes of sp2-atoms in rings, and the ‘G peak’ at 1580 cm-1, that
originates from bond stretching of pairs of sp2-atoms in rings and chains.[212] Amor-
phous carbon has a high Raman cross section and is resonantly excited in SERS
experiments.[202,213]
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Figure 3.19.: (A) Exemplary SERS spectra from single silver nanolenses.
(B) Average SERS spectra from twelve single silver nanolenses. Either all,
or only those spectra with sharp peaks were averaged. D and G band are
marked, respectively. All individual spectra are shown in Figures A.16 and
A.17 on page 112f. of the Appendix. Those averaged for the red graph are
marked by a #. Measured with the 100x objective, 4 s integration and
2.8mW at the sample; spectra offset for clarity.

Fluctuating few-molecule spectra from an analyte of interest can be distinguished
from amorphous carbon when a sufficient number of the spectra is averaged. This
should give a spectrum that resembles the ensemble spectrum of the respective
analyte molecule. If signals originate from amorphous carbon instead, the averaging
yields the typical broad carbon band with D and G peak.[205,210] Applied to the data
from the twelve single silver nanolenses, a double-peak results that matches in both,
position and shape, the various literature for amorphous carbon. It is shown in
Figure 3.19 B (grey). When spectra that already have a strong background signal
are left out and only those with distinctively sharp peaks are averaged (Figure 3.19,
red), the double-peak shape persists, evidencing that the broad amorphous carbon
signal is the superposition result of many sharp peaks generated from diverse carbon
species.[210]

The intensity ratio of D and G peak can be used to estimate the underlying
amorphous carbon’s crystallite size La. Tuinstra and Koenig have shown that the
two quantities are inversely proportional:

I(D)

I(G)
=
C(λ)

La
, (3.3)
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with C(516 nm) ≈ 4.4 nm.[211,214] This relation is widely used, but Ferrari and
Robertson pointed out that it holds true only above a threshold size of 2 nm for
La.[212] For smaller crystallites, the trend reverses, so that with decreasing grain
size, I(D)/I(G) decreases as well. This is attributed to the lower probability of
finding aromatic rings in the crystallites. The relation proposed for this case reads:

I(D)

I(G)
= C ′(λ) L2

a, (3.4)

with C ′(514 nm) ≈ 0.0055Å−2.[212] Accordingly, the I(D)/I(G)-value of 0.81 for
the average spectrum of Figure 3.19B can be assigned to two different La values.
Equation 3.3 yields 5.4 nm, equation 3.4 yields 1.2 nm. Ferrari and Robertson’s data
on the change in G band position with La helps to distinguish the two cases. The G
band position of 1580 cm-1 as observed in Figure 3.19 indicates that La < 2 nm and
that the system is described by equation 3.4. Depending on the exact pathway of
the amorphous carbon formation and due to the dispersive nature of the I(D)/I(G)

ratio, this value for La could be overestimated.[212] On the other hand, it could be
underestimated since I(D)/I(G) rises when amorphous carbons contain a nitrogen
content above 5%,[215] which is to be expected for amorphous carbon(nitrides) formed
from DNA bases. Overall, the estimated crystallite size of around 1.2 nm is in
accordance with what would be expected upon degradation of a DNA coating in a
similar size-range (∼ 1.7 nm coating thickness as based on Ref. 161).
The broad feature around 2200 cm-1 in Figure 3.19 can be attributed to the sum of

various C≡N stretching vibrations in the amorphous carbon (which, as pointed out
above, is likely to be more accurately described as an amorphous carbon nitride).[215]

These C≡N vibrations give an explanation for the random peaks that were collected
in the histograms of Figure 3.18 on page 76. Another potential source for spurious
peaks between 2090 cm-1 and 2140 cm-1 is CO that is chemi- or physisorbed on
the metal surface and which commonly accompanies amorphous carbon.[200,216,217]

Overall, the generation of amorphous carbon explains several of the features observed
in the single silver nanolens SERS spectra:

(i) the broad double-peak background present in some cases

(ii) strongly varying, intense peaks between 1100 cm-1 and 1600 cm-1
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(iii) random peaks between 1950 cm-1 and 2250 cm-1

(iv) occasional broad peaks between 2500 cm-1 and 3000 cm-1 (combination bands)[218]

The generation of amorphous carbon signals was further investigated by varying the
irradiation time. Large area Raman-scans with the 10x objective were conducted,
with the aim to get a representative overview despite the notoriously inhomogeneous
distribution of nanostructures and hot spot intensities over the surface. The scans
used the same laser power (24mW), but different integration times per spot (0.02 s–
2 s). The average of all spectra from a certain scan was generated, thus receiving
the average SERS signal from an area as large as 170×190 µm2, with approximately
3500 plasmonic nanostructures, as estimated by AFM measurements. Each scan was
conducted on a separate position of the silicon wafer. Accounting for the different
integration times, the spectra were normalised regarding the N2-peak at 2330 cm-1.
Figure 3.20 displays the respective scan data for silver nanolenses with and without
streptavidin. They show a similar trend: The amorphous carbon background in-
creases with longer integration times; at 0.02 s there is no background contribution
yet. One of the peaks visible at 0.02 s in the sample without streptavidin, indicated
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Figure 3.20.: Total area average spectra of 170 × 190 µm2 Raman scans,
measured with the 10x-objective and 24mW at the sample. Integration time
per spot is given on the right. Spectra normalised regarding the N2-peak
at 2330 cm-1 and offset for clarity. The dotted line marks the position of a
characteristic thymine vibration. (A) Silver nanolenses with streptavidin.
(B) Silver nanolenses without streptavidin.
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by the dotted line, can be attributed to thymine (methyl deformation vibration),
which is indeed the most abundant nucleobase in the particle coating.[219] The fact
that the band is not seen for the sample with streptavidin might have its reason in
streptavidin acting as an additional spacer between the silver nanoparticles. The
peak at 1445 cm-1 present in all spectra belongs to the third-order transverse opti-
cal phonon of silicon.[176] These results suggest that the amorphous carbon species
responsible for the background peaks are formed in situ. Simply decreasing the inte-
gration time will not be the best solution to avoid carbon interference, as the signals
of interest then will be too weak (considering that even the omnipresent DNA coat-
ing gave only a weak or no Raman signal under the low integration times in Figure
3.20). Several strategies can be pursued instead: Measurements could be conducted
at low temperature[202] or in water.[199] It was repeatedly shown that under exclusion
of oxygen, no amorphous carbon is formed.[82,210,220] Instead by an inert gas atmo-
sphere, this could be realised by a protective layer of graphene that was already
applied for a similar system in this group.[158] The simplest approach would be to
combine a lower laser power with longer integration times, thereby allowing a better
heat dissipation.

Comparison of gold and silver nanolenses

SERS spectra of four single silver nanolenses with streptavidin were measured under
the same conditions as the gold nanolenses from Section 3.3 (i.e., 4 s integration,
0.4mW, 100x objective; spectra shown in Figure A.18 on page 114 of the Appendix).
Even under this low irradiation power, the silver nanolenses showed the intense,
fluctuating SERS signals characteristic for amorphous carbon.The average spectrum
of the single silver nanolenses accordingly shows a broad, asymmetric carbon peak.
The formation of amorphous carbon has been reported for gold and silver nano-
structures alike.[200,205] Though, so far there is no systematic study comparing both
metals, and also the exact mechanism of the amorphous carbon formation remains
unclear. In this context it is interesting that here the formation was only observed for
silver nanolenses; during the measurements with the gold nanolenses, there were no
amorphous carbon signals. Silver’s higher affinity to oxygen and anions likely plays
a role in this.[221,222] For silver nanostructures, initial chemical contaminants are also
known as potential source of amorphous carbon signals.[201] Here this does not seem
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to be the case, as: (i) thiolated molecules displace the carbonaceous contaminants
on silver surfaces,[223] and (ii) the amorphous carbon signals set on only after a
long-enough irradiation time (see Figure 3.20). Still it cannot be excluded that
carbonaceous contaminations remain on the surface after the coating with DNA
(which is less dense than the alkanethiol layer from ref. 223) and are subsequently
transformed in situ into resonant amorphous carbon species with high Raman cross
sections.
The study presented here does not include a direct comparison of gold and silver

nanolenses’ Raman enhancement. The FDTD simulations predict a similar elec-
tromagnetic enhancement for them under the 532 nm excitation that was used in
the experiments (cf. Figure 3.13B on page 71). Whereas 532 nm excitation and
respectively red-shifted Raman emission are predicted to be near ideal for the gold
nanolenses, they are far from the resonance frequency of the silver nanolenses’ LSPs:
At 450 nm excitation a two orders of magnitude stronger electromagnetic enhance-
ment of the Raman signal is to be expected from the silver structures. An experi-
mental enhancement factor for the silver nanolenses determined at 532 nm excitation
therefore would not say much about their potential as plasmonic devices. An ade-
quate comparison of the enhancement potential of gold and silver nanolenses would
need to be carried out at their respective plasmonic resonance frequencies. When
working with silver nanostructures, the issue of the amorphous carbon formation
remains to be addressed in the ways indicated above.
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Protocols were developed to coat gold and silver nanoparticles with high densities of
single-stranded DNA, rendering them stable even in high-ionic strength buffers. This
enabled DNA origami scaffolds to assemble the coated 10 nm, 20 nm and 60 nm gold
and silver nanoparticles into discrete, complex nanolenses. Gold nanolenses were
prepared in three different geometrical arrangements (20-10-60, 20b-10-60, 10-20-60).
For each, sets of single nanolenses were analysed by AFM, SEM, dark-field scattering
and Raman spectroscopy. The Raman enhancement was probed by dye molecules
in the coating of the 10 nm particles. The gold nanolenses in 20-10-60 geometry
overall showed the strongest SERS, with enhancement factors up to 1.4 × 106. This
is below the enhancement factors reached in typical single-molecule experiments
(∼ 108),[224] but here it is achieved without significant contribution from chemical
enhancement because the DNA separates the dye molecules from the gold surface.
The FDTD simulations predict the plasmonic resonance for 20-10-60 gold nanolenses
at a wavelength of 577 nm. In order to achieve the maximal signal enhancement in a
SERS experiment, the excitation source should be blue-shifted from the plasmonic
resonance, and the emission band of interest red-shifted, respectively. With ex-
citation at 532 nm and emission at 583 nm (most prominent TAMRA band), the
SERS measurements on the gold nanolenses met these conditions. The experiments
also gave insight into the distribution of SERS signal intensities from individual
nanolenses. Despite the structural control provided by the DNA origami scaffold,
these varied considerably. For some nanolenses, the SEM images showed the low
signals to correlate with large interparticle gaps, indicating that the nanoparticle
anchoring might be too flexible. In the current DNA origami scaffold designs, the
capture strands indeed were longer than their complementary counterparts on the
nanoparticles (28 nt vs. 13 nt). The overhangs were intended to decrease steric in-
teractions between the particles and to increase the range of the capture strands. At
the same time, the flexibility should allow the particles to touch during the sample
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deposition, electrostatically mediated by the highly concentrated magnesium ions.
Shorter capture strands, especially for the 10 nm particles, will be a way to reduce
these variations. The scattering maxima obtained in the dark-field measurements
on the 20-10-60 nanolenses were distributed around 567 nm, matching respective
FDTD simulations. The localization of the field enhancement in the 20-10-60 gold
nanolenses was further examined by selectively labelling the 20 nm or 60 nm gold
nanoparticles with dye molecules. The highest enhancement was found for the gap
between the 20 nm and 10 nm gold nanoparticles, in accordance with theoretical
predictions and indicating a cascaded field enhancement.

Silver nanolenses were only assembled in the 20-10-60 geometry, as this had
yielded the strongest SERS signals for gold nanolenses. When integrated into the
DNA origami scaffold, single analyte molecules can be placed at defined positions
relative to the plasmonic particles. This is a notable advantage over many other
studies, where statistical methods have to prove the single-molecule origin of even-
tually observed SERS signals.[224] Often there is also no control over the position
of the analyte. Here, a single protein (streptavidin) was bound between the 20 nm
and 10 nm particle on the DNA origami scaffold, to serve as a biological model an-
alyte. In the respective Raman measurements on single silver nanolenses, strong
background peaks were observed that hindered the direct observation of character-
istic protein bands. To enable an unambiguous detection nevertheless, streptavidin
was labelled with alkyne groups (nineteen on average). A combination of large-scale
and small-scale Raman scans, correlated with AFM measurements, localised a single
silver nanolens with a detectable alkyne signal. Nanolenses are generally not well-
suited for SERS measurements on large molecules like proteins: The highest fields
are confined to the relatively small volume between the two smallest particles in the
nanolens cascade. The maximal field intensity is highly sensitive to an increase of
this gap and it is accordingly difficult to fit a protein in. Still it was possible to
detect a signal from the (non-resonant) alkyne labels of a single streptavidin. It is
not unlikely that either the protein was deformed in this case, or that only a few of
the side chain residues protruded into the plasmonic gap. For protein experiments
with stronger signals, a homodimer of two large plasmonic particles would be a bet-
ter substrate as it provides a comparably larger volume of high field enhancement.
For the silver nanolenses, the 532 nm excitation used in the SERS experiments was
far from the plasmonic resonance. The FDTD simulations suggest that a hundred-
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times-stronger Raman enhancement would be feasible with an excitation around
450 nm. The best experimental way to determine the ideal excitation conditions
would be wavelength-scanned SERS measurements with a tunable laser.[225] In the
current Raman set-up, no laser line in the blue was available. Measurements in a
higher-refractive index medium (such as water) or with larger silver particles would
approach the problem from the other side and red-shift the plasmonic resonance.
Also, the 21 nm blue-shift of the 60 nm silver nanoparticles upon coating with DNA
is worth a closer investigation in this context. The spurious peaks observed in the
SERS measurements on single silver nanolenses could be attributed to amorphous
carbon. Variation of the integration time showed that the amorphous carbon is
formed in situ: The respective signals only set on after a certain exposure time to
the laser field. The sensitivity of the measurements is limited under such short in-
tegration times, so several alternative strategies were proposed to reduce or prevent
amorphous carbon formation. So far, no amorphous carbon signals were observed
with gold nanolenses. However, considering the literature, it cannot be excluded for
future experiments, especially under higher laser powers.[200]

In the present designs, the nanolenses do not yet match the sensitivity of pub-
lished DNA origami-based dimers,[156] but several strategies for improvement follow
from the experiments described above. 20-10-60 nanolenses come with the inherent
disadvantage that the particle centres are not aligned in the z-direction, especially
when the structures are assembled on a flat DNA origami scaffold and deposited on
a solid surface. Therefore, only reduced coupling strengths and field intensities are
accessible with such a design. Placing one particle on the other face of a 2D origami
scaffold, as in the 20b-10-60 nanolenses, did not yield better results. The scaffold
was apparently not sturdy enough to lift the particles in line; even decreased SERS
signals were observed, owing to the DNA origami scaffold as an additional spacer
in-between the particles. In a nanolens design that orders the particles according
to their size, on the other hand, the particle centres are intrinsically aligned in all
directions. It therefore has the greatest potential to yield high field enhancements.
However, in the presented experiments, the 10-20-60 gold nanolenses showed the
lowest SERS signals. The reason for this likely were the relatively long capture
strands, which did not keep the 10 nm gold nanoparticles close enough to the 20 nm
ones. As indicated above, they should be replaced by shorter capture strands (e.g.,
13 nt long, with 4 nt spacer and 9 nt recognition sequence, as for the coating strands).
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4. Conclusion and outlook

Applying the coating protocol at 40 °C also to gold, larger gold nanoparticles might
be coated with strands of custom sequence and the nanolens cascade could be ex-
tended by one particle, so that 10-20-40-80 gold nanolenses could be realised with
only small changes in the methods presented here. A fourth particle in the cascade
is expected to increase the overall enhancement significantly.[29] There is just enough
space on the triangular DNA origami scaffold for such an assembly, though a more
rigid support like an 14-helix bundle[150] or a multi-layered rectangle[100] could prove
beneficial for higher reproducibility.
Simulations by the Stockman group show that for small three-particle nanolenses

(smallest particle < 6 nm), an electrodynamic resonance with giant field enhance-
ments is expected, reaching up to |E/E0|4 ≈ 7504 ≈ 3× 1011.[41] Such small par-
ticles would also require smaller interparticle gaps for an efficient plasmon inter-
action. In order to realise these, it will be imperative to develop a nanoparticle
coating that is thinner than the current DNA coating. The same is true for other
plasmonic assemblies on DNA origami scaffolds that require small gaps and it will
be especially beneficial for SERS applications, where signals from the DNA coat-
ing potentially overlap with those from a respective analyte. Only a few of the
many DNA strands in the particle coating are required for tethering to the DNA
origami scaffold. Actually, even a single strand could theoretically suffice for that.[226]

stabilizer

tether

Figure 4.1.: Concept of a
nanolens based on particles with
a hybrid coating. DNA origami
scaffold shown in grey.

The reason why high densities of DNA strands
on the particle surface are needed is the stabili-
sation against salt-induced aggregation. It seems
appropriate to distribute the two tasks the coating
has to fulfil—tethering and stabilising—between
two specialised molecules. For the former, a sin-
gle DNA strand would ensure that no DNA would
interfere in the respective gaps between the plas-
monic particles. With DNA strands hybridised
in the ‘zipper configuration’,[227] the positioning
should be as precise as with several tethers, and

long recognition sequences (≥ 30nt) should enable a tight binding. A schematic of
such an assembly is shown in Figure 4.1. Similar systems of plasmonic homodimers
without DNA origami were realised by Bidault et al.[226,228] For stabilisation they
used thiolated oligoethylene glycol. Their results indicate that this would not suf-
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fice to stabilise 60 nm particles against the magnesium buffer required for the DNA
origami integrity. A charged head group on the molecule would help to increase its
stabilisation efficiency. At the same time, such a simple molecule would contribute
considerably less background signals in SERS measurements. Appropriately-spaced
capture strands in zipper configuration could force the particles to touch and would
let the stabiliser molecule determine the spacing between the metal surfaces. The
chain length of the oligoethylene glycol then would be a way to fine-tune the par-
ticle distances. Such an approach would be especially useful as the capture strand
placement alone only allows a precision of ∼ 5 nm for the particle placement, while
at the same time, the electromagnetic Raman enhancement changes greatly even
upon small variations in gap size. Still, such singly-charged, small coating molecules
might not provide as stable particles as the polyanionic DNA single strands. So it
might be worthwhile to explore DNA origami scaffolds that do not require high ionic
strength buffers. Wireframe-based origami scaffolds are stable at low salt concen-
trations (4mM MgCl2 instead of 10mM),[103,229] and cationic polymers can stabilise
DNA origami scaffolds in absence of magnesium by enveloping them.[113] A hybrid
coating as outlined here would be a substantial improvement for the whole field of
DNA origami-based plasmonics. With gap sizes in the range of 1 nm, such substrates
will be able to compete in terms of field enhancements with more-established SERS
substrates.
For applications in the long run, the system integration of self-assembled plas-

monic nanostructures into larger, probably silicon-based photonic devices will be
fundamental. DNA origami scaffolds can serve as a mediators here. They adsorb
in an oriented fashion on lithographically introduced patches on silicon wafers;[230]

fluorescent DNA origami beacons were thereby already integrated in respective
photonic crystal cavities.[231] The combination of optical cavities with plasmonic
nanostructures is a promising avenue for analytical devices with an unprecedented
sensitivity.[232] For wet applications, e.g., when integrated into a microfluidic sys-
tem, the electrostatic adsorption would ideally be followed by a covalent linkage
to the surface. A disadvantage of the DNA origami scaffolds applied in this the-
sis is that there are three possible orientations for equilateral triangles to adsorb
onto triangular patches (given that one face adsorbs preferentially). An absolute
orientation could be achieved by a disk-shaped DNA origami scaffold with an off-
set hole.[233] Such lithographically patterned silicon wafers could be used to create
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4. Conclusion and outlook

periodic, oriented arrays of the plasmonic nanolenses. These could give rise to long-
range photonic interactions with significantly increased field intensities.[234–236] The
DNA origami scaffold can also incorporate further functional units, such as quantum
dots.[237] When surrounding a nanolens, they can act as gain medium for a spaser.[32]

For practical applications it will be a considerable advantage that large quantities
of the plasmonic nanostructures can be self-assembled in parallel.
Through offering control over many parameters in the nanosystem, DNA origami

is certainly one of the most versatile techniques for fundamental studies on complex
plasmonic particle aggregates. The presented work demonstrates the potential and
the limitations of such an approach. The assembled gold and silver nanolenses
did not yet provide the high field enhancements that would justify their use over
simple homodimers, but it was shown that DNA origami is a promising path towards
nanolenses that meet the anticipations.
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Figure A.1.: Map of the DNA origami scaffold. Staple strands: red,
scaffold strand: blue. The original version of this graphic was created by
Alexandru Rotaru.
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Figure A.2.: AFM images of the single 20-10*-60 gold nanolenses used for
the nanolens design comparison. Scale bars: 100 nm.
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A09 A12

A13 A15

A17 A19

Figure A.3.: SEM images of the single 20-10*-60 gold nanolenses used for
the nanolens design comparison. The numbering corresponds to the one in
the AFM images of Figure A.2. Scale bars: 100 nm. Since the scratches
on the silicon substrates had a very low contrast when imaging with low
magnification, it was not possible to find the all gold nanolenses of the set
displayed in Figure A.2.
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Figure A.4.: AFM images of the single 20b-10*-60 gold nanolenses used
for the nanolens design comparison. Scale bars: 100 nm.
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B01 B02 B03 B04
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B09 B10 B11 B12

B13 B14 B15 B16

B17 B18 B19 B20

Figure A.5.: SEM images of the single 20b-10*-60 gold nanolenses used
for the nanolens design comparison. The numbering corresponds to the one
in the AFM images of Figure A.4. Scale bars: 100 nm. Since the scratches
on the silicon substrates had a very low contrast when imaging with low
magnification, it was not possible to find the all gold nanolenses of the set
displayed in Figure A.4.
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Figure A.6.: AFM images of the single 10*-20-60 gold nanolenses used for
the nanolens design comparison. Scale bars: 100 nm.
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C01 C02 C03 C04

C05 C06 C07 C08

C09 C10 C11 C12

C13 C14 C15 C16

C17 C18 C19

Figure A.7.: SEM images of the single 10*-20-60 gold nanolenses used for
the nanolens design comparison. The numbering corresponds to the one in
the AFM images of Figure A.6. Scale bars: 100 nm. Since the scratches
on the silicon substrates had a very low contrast when imaging with low
magnification, it was not possible to find the all gold nanolenses of the set
displayed in Figure A.6.
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Figure A.8.: SERS spectra obtained from 20-10*-60 (A01–A20), 20b-10*-
60 (B01–B20) and 10*-20-60 (C01–C20) gold nanolenses. Characteristic
TAMRA bands are marked in green. The numbering corresponds to the
one used for the AFM and SEM images in Figures A.2 – A.7. Measured
with the 100x objective, 4 s integration and 0.4mW at the sample, offset for
clarity. Spectrum A09 was scaled down by a factor of 10.
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Figure A.9.: Dark field scattering spectra obtained from 20-10*-60 (A01–
A20), 20b-10*-60 (B01–B20) and 10*-20-60 (C01–C20) gold nanolenses.
The numbering corresponds to the ones in Figures A.2 – A.8. For a few
nanolenses, spectra are distorted or no clear spectra could be obtained due
to background scattering on the sample. These were excluded from the λmax
analysis.
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Figure A.10.: SERS spectra obtained from (A) single 20 nm and (B) single
60 nm gold particles coated with TAMRA-modified DNA strands and used
for correcting the data from the gap comparison as well as for calculating
enhancement factors (60 nm particles). Characteristic TAMRA bands are
marked in green. Measured with the 100x objective, 4 s integration and
0.4mW at the sample, offset for clarity.
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Figure A.11.: SERS spectra from single gold nanolenses where either the
20 nm gold nanoparticle (D01–D17, 20*-10-60), or the 60 nm gold nanopar-
ticle (E01–E11, 20-10-60*) carried TAMRA-modified DNA strands. The
numbering corresponds to the one in the AFM images of Figure A.12. These
spectra were used to compare the signal intensities from the two different
internal gaps. Characteristic TAMRA bands are marked in green. Mea-
sured with the 100x objective, 4 s integration and 0.4mW at the sample,
offset for clarity.
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Figure A.12.: AFM images of the single 20*-10-60 gold nanolenses (D01–
D17) and 20-10-60* gold nanolenses (E01–E11) used for the gap comparison.
Scale bars: 100 nm.
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Figure A.13.: Raman spectra of P-NHS, solid and with 125mM in water,
obtained with the 10x objective and 24mW at the sample. (solid) 0.5 s
integration, 10 accumulations. (aqueous) 10 s integration, 40 accumulations.
A drop of 10µl of the liquid sample was placed and measured on a silicon
wafer. Spectra offset for clarity.
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Figure A.14.: (A) SERS spectra from silver nanolenses with streptavidin,
same position on a silicon wafer. Low resolution: 10x objective, 24mW, 8 s
integration, conventional camera. High resolution: 100x objective, 0.4mW,
4 s integration, EMCCD camera, scaled down by 0.02, detector oversat-
urated below 1750 cm-1. The high resolution spectrum originates from a
single silver nanolens. The inset is a zoom-in onto the alkyne peak at
2120 cm-1 (dotted line). Spectra offset for clarity. (B)AFM image of the
corresponding silver nanolens.
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Figure A.15.: (A/C) SERS spectra from silver nanolenses with strepta-
vidin, same positions on a silicon wafer.
Low resolution: 10x objective, 24mW, 8 s integration, conventional camera.
High resolution: 100x objective, 0.4mW, single silver nanolenses, (A) 2 s
integration, EMCCD camera, scaled down by 0.02, (C) 4 s integration, con-
ventional camera. Spectra offset for clarity. The insets zoom onto the alkyne
peak at 2120 cm-1 (dotted line).
(B/D)AFM images of the corresponding single silver nanolenses. Scale bars:
100 nm.
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Figure A.16.: Each diagram shows SERS spectra from a certain single
silver nanolens with streptavidin, measured at different positions during
the Raman scan. The respective coordinates are annotated on the right,
with the first-measured spectrum at the bottom and the last-measured at
the top. Obtained with the 100x objective, 4 s integration and 2.8mW at
the sample. Spectra are offset for clarity.
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Figure A.17.: Each diagram shows SERS spectra from a certain single
silver nanolens with streptavidin, measured at different positions during
the Raman scan. The respective coordinates are annotated on the right,
with the first-measured spectrum at the bottom and the last-measured at
the top. Obtained with the 100x objective, 4 s integration and 2.8mW at
the sample. Spectra are offset for clarity.
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Figure A.18.: Each diagram shows SERS spectra from a certain single
silver nanolens with streptavidin, measured at different positions during
the Raman scan. The respective coordinates are annotated on the right,
with the first-measured spectrum at the bottom and the last-measured at
the top. Obtained with the 100x objective, 4 s integration and 0.4mW at
the sample. Spectra are offset for clarity. The bottom diagram shows the
average of the four upper diagrams.

114



Table A.1.: Staple strand set used for assembly of the DNA origami scaf-
fold. Strands eventually modified in certain designs are given in bold.

t8s27g CGCGAACTAAAACAGAGGTGAGGCTTAGAAGTATT
t8s7g AGCCATTTAAACGTCACCAATGAACACCAGAACCA
t9s10h TATCTTACCGAAGCCCAAACGCAATAATAACGAAAATCACCAG
t9s16e ACTAAAGTACGGTGTCGAATATAA
t9s18g TGCTGTAGATCCCCCTCAAATGCTGCGAGAGGCTTTTGCA
t9s20h AAAGAAGTTTTGCCAGCATAAATATTCATTGACTCAACATGTT
t9s26e ACCACCAGCAGAAGATGATAGCCC
t9s28g TAAAACATTAGAAGAACTCAAACTTTTTATAATCAGTGAG
t9s30h GCCACCGAGTAAAAGAACATCACTTGCCTGAGCGCCATTAAAA
t9s6e CCATTAGCAAGGCCGGGGGAATTA
t9s8g GAGCCAGCGAATACCCAAAAGAACATGAAATAGCAATAGC

t-10s17h ACCAACCTAAAAAATCAACGTAACAAATAAATTGGGCTTGAGA
t-10s27h AACTCACATTATTGAGTGTTGTTCCAGAAACCGTCTATCAGGG
t-10s7h ACGACAATAAATCCCGACTTGCGGGAGATCCTGAATCTTACCA
t-12s19h CCTGACGAGAAACACCAGAACGAGTAGGCTGCTCATTCAGTGA
t-12s29h ACGTGGACTCCAACGTCAAAGGGCGAATTTGGAACAAGAGTCC
t-12s9h TGCTATTTTGCACCCAGCTACAATTTTGTTTTGAAGCCTTAAA
t-1s10e AGAGAATAACATAAAAACAGGGAAGCGCATTA
t-1s12i AGGGATAGCTCAGAGCCACCACCCCATGTCAA
t-1s14e ATTTTCTGTCAGCGGAGTGAGAATACCGATAT
t-1s14i CAACAGTTTATGGGATTTTGCTAATCAAAAGG
t-1s16e ATTCGGTCTGCGGGATCGTCACCCGAAATCCG
t-1s16i GCCGCTTTGCTGAGGCTTGCAGGGGAAAAGGT
t-1s18g CGACCTGCGGTCAATCATAAGGGAACGGAACAACATTATT
t-1s18i GCGCAGACTCCATGTTACTTAGCCCGTTTTAA
t-1s20e ACAGGTAGAAAGATTCATCAGTTGAGATTTAG
t-1s22i CGCGTCTGATAGGAACGCCATCAACTTTTACA
t-1s24e CAGTTTGACGCACTCCAGCCAGCTAAACGACG
t-1s24i AGGAAGATGGGGACGACGACAGTAATCATATT
t-1s26e GCCAGTGCGATCCCCGGGTACCGAGTTTTTCT
t-1s26i CTCTAGAGCAAGCTTGCATGCCTGGTCAGTTG
t-1s28g TTTCACCAGCCTGGCCCTGAGAGAAAGCCGGCGAACGTGG
t-1s28i CCTTCACCGTGAGACGGGCAACAGCAGTCACA
t-1s2i CCTTTTTTCATTTAACAATTTCATAGGATTAG
t-1s30e CGAGAAAGGAAGGGAAGCGTACTATGGTTGCT
t-1s4e TTATCAAACCGGCTTAGGTTGGGTAAGCCTGT
t-1s4i TTTAACCTATCATAGGTCTGAGAGTTCCAGTA
t-1s6e TTAGTATCGCCAACGCTCAACAGTCGGCTGTC
t-1s6i AGTATAAAATATGCGTTATACAAAGCCATCTT
t-1s8g TTTCCTTAGCACTCATCGAGAACAATAGCAGCCTTTACAG
t-1s8i CAAGTACCTCATTCCAAGAACGGGAAATTCAT
t-2s11g CCTCAGAACCGCCACCCAAGCCCAATAGGAACGTAAATGA
t-2s13g AGACGTTACCATGTACCGTAACACCCCTCAGAACCGCCAC
t-2s15f CACGCATAAGAAAGGAACAACTAAGTCTTTCC
t-2s17f ATTGTGTCTCAGCAGCGAAAGACACCATCGCC
t-2s1g AAAACAAAATTAATTAAATGGAAACAGTACATTAGTGAAT
t-2s21g GCTCATTTTTTAACCAGCCTTCCTGTAGCCAGGCATCTGC
t-2s23g GTAACCGTCTTTCATCAACATTAAAATTTTTGTTAAATCA

115



A. Appendix

t-2s25f ACGTTGTATTCCGGCACCGCTTCTGGCGCATC
t-2s27f CCAGGGTGGCTCGAATTCGTAATCCAGTCACG
t-2s3g AGAGTCAAAAATCAATATATGTGATGAAACAAACATCAAG
t-2s5f ACTAGAAATATATAACTATATGTACGCTGAGA
t-2s7f TCAATAATAGGGCTTAATTGAGAATCATAATT
t-3s10g AACGTCAAAAATGAAAAGCAAGCCGTTTTTATGAAACCAA
t-3s14e GTTTTGTCAGGAATTGCGAATAATCCGACAAT
t-3s16e GACAACAAGCATCGGAACGAGGGTGAGATTTG
t-3s18g TATCATCGTTGAAAGAGGACAGATGGAAGAAAAATCTACG
t-3s20g TTAATAAAACGAACTAACCGAACTGACCAACTCCTGATAA
t-3s24e TGTAGATGGGTGCCGGAAACCAGGAACGCCAG
t-3s26e GGTTTTCCATGGTCATAGCTGTTTGAGAGGCG
t-3s28g GTTTGCGTCACGCTGGTTTGCCCCAAGGGAGCCCCCGATT
t-3s30g TAGAGCTTGACGGGGAGTTGCAGCAAGCGGTCATTGGGCG
t-3s4e GATTAAGAAATGCTGATGCAAATCAGAATAAA
t-3s6e CACCGGAATCGCCATATTTAACAAAATTTACG
t-3s8g AGCATGTATTTCATCGTAGGAATCAAACGATTTTTTGTTT
t-4s11g AGGTTTAGTACCGCCATGAGTTTCGTCACCAGGATCTAAA
t-4s13g AGCGTAACTACAAACTACAACGCCTATCACCGTACTCAGG
t-4s15f TAGTTGCGAATTTTTTCACGTTGATCATAGTT
t-4s17f GTACAACGAGCAACGGCTACAGAGGATACCGA
t-4s1g GAGCAAAAGAAGATGAGTGAATAACCTTGCTTATAGCTTA
t-4s21g GTTAAAATTCGCATTAATGTGAGCGAGTAACACACGTTGG
t-4s23g GGATAGGTACCCGTCGGATTCTCCTAAACGTTAATATTTT
t-4s25f AGTTGGGTCAAAGCGCCATTCGCCCCGTAATG
t-4s27f CGCGCGGGCCTGTGTGAAATTGTTGGCGATTA
t-4s3g ACATAGCGCTGTAAATCGTCGCTATTCATTTCAATTACCT
t-4s5f GTTAAATACAATCGCAAGACAAAGCCTTGAAA
t-4s7f CCCATCCTCGCCAACATGTAATTTAATAAGGC
t-5s10g TCCCAATCCAAATAAGATTACCGCGCCCAATAAATAATAT
t-5s16e AACAGCTTGCTTTGAGGACTAAAGCGATTATA
t-5s18g CCAAGCGCAGGCGCATAGGCTGGCAGAACTGGCTCATTAT
t-5s20g ACCAGTCAGGACGTTGGAACGGTGTACAGACCGAAACAAA
t-5s26e TGCTGCAAATCCGCTCACAATTCCCAGCTGCA
t-5s28g TTAATGAAGTTTGATGGTGGTTCCGAGGTGCCGTAAAGCA
t-5s30g CTAAATCGGAACCCTAAGCAGGCGAAAATCCTTCGGCCAA
t-5s6e GTGTGATAAGGCAGAGGCATTTTCAGTCCTGA
t-5s8g ACAAGAAAGCAAGCAAATCAGATAACAGCCATATTATTTA
t-6s13f ACAGACAGCCCAAATCTCCAAAAAAAAATTTCTTA
t-6s15c CGAGGTGAGGCTCCAAAAGGAGCC
t-6s17f ACCCCCAGACTTTTTCATGAGGAACTTGCTTT
t-6s23f CGGCGGATTGAATTCAGGCTGCGCAACGGGGGATG
t-6s25c TGGCGAAATGTTGGGAAGGGCGAT
t-6s27f TGTCGTGCACACAACATACGAGCCACGCCAGC
t-6s3f TCCCTTAGAATAACGCGAGAAAACTTTTACCGACC
t-6s5c GTTTGAAATTCAAATATATTTTAG
t-6s7f AATAGATAGAGCCAGTAATAAGAGATTTAATG
t-7s10g GCCAGTTACAAAATAATAGAAGGCTTATCCGGTTATCAAC
t-7s18g AAAACACTTAATCTTGACAAGAACTTAATCATTGTGAATT
t-7s20g ACCTTATGCGATTTTATGACCTTCATCAAGAGCATCTTTG
t-7s28g TTCCAGTCCTTATAAATCAAAAGAGAACCATCACCCAAAT
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t-7s30g CAAGTTTTTTGGGGTCGAAATCGGCAAAATCCGGGAAACC
t-7s8g GCGCCTGTTATTCTAAGAACGCGATTCCAGAGCCTAATTT
t-8s15f CGGTTTATCAGGTTTCCATTAAACGGGAATACACT
t-8s17c GGCAAAAGTAAAATACGTAATGCC
t-8s25f TCTTCGCTATTGGAAGCATAAAGTGTATGCCCGCT
t-8s27c GCGCTCACAAGCCTGGGGTGCCTA
t-8s5f TTCTGACCTAAAATATAAAGTACCGACTGCAGAAC
t-8s7c TCAGCTAAAAAAGGTAAAGTAATT
t-9s10g ACGCTAACGAGCGTCTGGCGTTTTAGCGAACCCAACATGT
t-9s20g TGGTTTAATTTCAACTCGGATATTCATTACCCACGAAAGA
t-9s30g CGATGGCCCACTACGTATAGCCCGAGATAGGGATTGCGTT
ts-rem1 GCGCTTAATGCGCCGCTACAGGGC

t-5s2e-t6s23c-3T TTAATTAATTTTTTACCATATCAAA
t-7s4e-t8s25c-2T TTAATTTCATCTTAGACTTTACAA
t-9s6e-t10s27c-1T CTGTCCAGACGTATACCGAACGA
t-11s8e-t12s29c-0T TCAAGATTAGTGTAGCAATACT
t-5s12e-t6s3c-3T TGTAGCATTCCTTTTATAAACAGTT
t-7s14e-t8s5c-2T TTTAATTGTATTTCCACCAGAGCC
t-9s16e-t10s7c-1T ACTACGAAGGCTTAGCACCATTA
t-11s18e-t12s9c-0T ATAAGGCTTGCAACAAAGTTAC
t-5s22e-t6s13c-3T GTGGGAACAAATTTCTATTTTTGAG
t-7s24e-t8s15c-2T CGGTGCGGGCCTTCCAAAAACATT
t-9s26e-t10s17c-1T ATGAGTGAGCTTTTAAATATGCA
t-11s28e-t12s19c-0T ACTATTAAAGAGGATAGCGTCC

t11s18h AATACTGCGGAATCGTAGGGGGTAATAGTAAAATGTTTAGACT
t11s28h TCTTTGATTAGTAATAGTCTGTCCATCACGCAAATTAACCGTT
t11s8h CAGAAGGAAACCGAGGTTTTTAAGAAAAGTAAGCAGATAGCCG
t1s10g GACGGGAGAATTAACTCGGAATAAGTTTATTTCCAGCGCC
t1s12i TCATATGTGTAATCGTAAAACTAGTCATTTTC
t1s14i GTGAGAAAATGTGTAGGTAAAGATACAACTTT
t1s16i GGCATCAAATTTGGGGCGCGAGCTAGTTAAAG
t1s18i TTCGAGCTAAGACTTCAAATATCGGGAACGAG
t1s20g GAATACCACATTCAACTTAAGAGGAAGCCCGATCAAAGCG
t1s22i TCGGGAGATATACAGTAACAGTACAAATAATT
t1s24i CCTGATTAAAGGAGCGGAATTATCTCGGCCTC
t1s26i GCAAATCACCTCAATCAATATCTGCAGGTCGA
t1s28i CGACCAGTACATTGGCAGATTCACCTGATTGC
t1s2i CGGGGTTTCCTCAAGAGAAGGATTTTGAATTA
t1s30g TTGACGAGCACGTATACTGAAATGGATTATTTAATAAAAG
t1s4i AGCGTCATGTCTCTGAATTTACCGACTACCTT
t1s6i TTCATAATCCCCTTATTAGCGTTTTTCTTACC
t1s8i ATGGTTTATGTCACAATCAATAGATATTAAAC
t2s11g AGAAAAGCCCCAAAAAGAGTCTGGAGCAAACAATCACCAT
t2s13g ACAGTCAAAGAGAATCGATGAACGACCCCGGTTGATAATC
t2s15f ATAGTAGTATGCAATGCCTGAGTAGGCCGGAG
t2s17f AACCAGACGTTTAGCTATATTTTCTTCTACTA
t2s1g GATAAGTGCCGTCGAGCTGAAACATGAAAGTATACAGGAG
t2s21g CCTGATTGCTTTGAATTGCGTAGATTTTCAGGCATCAATA
t2s23g TGGCAATTTTTAACGTCAGATGAAAACAATAACGGATTC
t2s25f AAGGAATTACAAAGAAACCACCAGTCAGATGA
t2s27f GGACATTCACCTCAAATATCAAACACAGTTGA
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t2s3g TTTGATGATTAAGAGGCTGAGACTTGCTCAGTACCAGGCG
t2s5f CCGGAACCCAGAATGGAAAGCGCAACATGGCT
t2s7f AAAGACAACATTTTCGGTCATAGCCAAAATCA
t3s10g GTCAGAGGGTAATTGATGGCAACATATAAAAGCGATTGAG
t3s14e CAATATGACCCTCATATATTTTAAAGCATTAA
t3s16e CATCCAATAAATGGTCAATAACCTCGGAAGCA
t3s18g AACTCCAAGATTGCATCAAAAAGATAATGCAGATACATAA
t3s20g CGCCAAAAGGAATTACAGTCAGAAGCAAAGCGCAGGTCAG
t3s24e TAATCCTGATTATCATTTTGCGGAGAGGAAGG
t3s26e TTATCTAAAGCATCACCTTGCTGATGGCCAAC
t3s28g AGAGATAGTTTGACGCTCAATCGTACGTGCTTTCCTCGTT
t3s30g AGAATCAGAGCGGGAGATGGAAATACCTACATAACCCTTC
t3s4e TGTACTGGAAATCCTCATTAAAGCAGAGCCAC
t3s6e CACCGGAAAGCGCGTTTTCATCGGAAGGGCGA
t3s8g CATTCAACAAACGCAAAGACACCAGAACACCCTGAACAAA
t4s11g GCAAATATTTAAATTGAGATCTACAAAGGCTACTGATAAA
t4s13g CGTTCTAGTCAGGTCATTGCCTGACAGGAAGATTGTATAA
t4s15f CAGGCAAGATAAAAATTTTTAGAATATTCAAC
t4s17f GATTAGAGATTAGATACATTTCGCAAATCATA
t4s1g TAGCCCGGAATAGGTGAATGCCCCCTGCCTATGGTCAGTG
t4s21g GCGCAGAGGCGAATTAATTATTTGCACGTAAATTCTGAAT
t4s23g GATTATACACAGAAATAAAGAAATACCAAGTTACAAAATC
t4s25f TAGGAGCATAAAAGTTTGAGTAACATTGTTTG
t4s27f TGACCTGACAAATGAAAAATCTAAAATATCTT
t4s3g TTTAACGGTTCGGAACCTATTATTAGGGTTGATATAAGTA
t4s5f CTCAGAGCATATTCACAAACAAATTAATAAGT
t4s7f GGAGGGAATTTAGCGTCAGACTGTCCGCCTCC
t5s10g GATAACCCACAAGAATGTTAGCAAACGTAGAAAATTATTC
t5s14e TTAATGCCTTATTTCAACGCAAGGGCAAAGAA
t5s16e TTAGCAAATAGATTTAGTTTGACCAGTACCTT
t5s18g TAATTGCTTTACCCTGACTATTATGAGGCATAGTAAGAGC
t5s20g AACACTATCATAACCCATCAAAAATCAGGTCTCCTTTTGA
t5s24e AATGGAAGCGAACGTTATTAATTTCTAACAAC
t5s26e TAATAGATCGCTGAGAGCCAGCAGAAGCGTAA
t5s28g GAATACGTAACAGGAAAAACGCTCCTAAACAGGAGGCCGA
t5s30g TTAAAGGGATTTTAGATACCGCCAGCCATTGCGGCACAGA
t5s4e CCTTGAGTCAGACGATTGGCCTTGCGCCACCC
t5s6e TCAGAACCCAGAATCAAGTTTGCCGGTAAATA
t5s8g TTGACGGAAATACATACATAAAGGGCGCTAATATCAGAGA
t6s15g ATAAAGCCTTTGCGGGAGAAGCCTGGAGAGGGTAG
t6s17f TAAGAGGTCAATTCTGCGAACGAGATTAAGCA
t6s25g TCAATAGATATTAAATCCTTTGCCGGTTAGAACCT
t6s27f CAATATTTGCCTGCAACAGTGCCATAGAGCCG
t6s5g CAGAGCCAGGAGGTTGAGGCAGGTAACAGTGCCCG
t6s7f ATTAAAGGCCGTAATCAGTAGCGAGCCACCCT
t7s10g ATAAGAGCAAGAAACATGGCATGATTAAGACTCCGACTTG
t7s14e ATGACCCTGTAATACTTCAGAGCA
t7s16e TAAAGCTATATAACAGTTGATTCCCATTTTTG
t7s18g CGGATGGCACGAGAATGACCATAATCGTTTACCAGACGAC
t7s20g GATAAAAACCAAAATATTAAACAGTTCAGAAATTAGAGCT
t7s24e ACAATTCGACAACTCGTAATACAT
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t7s26e TTGAGGATGGTCAGTATTAACACCTTGAATGG
t7s28g CTATTAGTATATCCAGAACAATATCAGGAACGGTACGCCA
t7s30g GAATCCTGAGAAGTGTATCGGCCTTGCTGGTACTTTAATG
t7s4e GCCGCCAGCATTGACACCACCCTC
t7s6e AGAGCCGCACCATCGATAGCAGCATGAATTAT
t7s8g CACCGTCACCTTATTACGCAGTATTGAGTTAAGCCCAATA
t8s17g TAATTGCTTGGAAGTTTCATTCCAAATCGGTTGTA
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