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Kurzfassung

Oberflachenverstirkte Raman-Streuung (SERS) ist ein Schliissel zu markierungsfreier
biomedizinischer Diagnostik. Insbesondere beziiglich der Identifikation von einzelnen Proteinen
und anderer Biomolekiile aus einer Losung. SERS-Detektion stellt allerdings aufgrund der
kleinen Ramanstreuquerschnitte von molekularen Gruppen eine Herausforderung dar. Sie
erfordern signifikante Raman Verstirkungsfaktoren. Diese konnen durch eine erhdhte
elektromagnetische Feldverstiarkung in Liicken zwischen plasmonisch gekoppelten metallischen
Nanopartikeln erreicht werden. Idealerweise sind solche plasmonischen Antennen schnell mit
offen zuginglichen Hotspots erzeugbar, sowie frei als so genannte Nanoagenten einsetzbar. In
dieser Dissertation werden zwei verschiedene Gold Nanostéibchen (GNR) basierte Dimere, fiir
SERS von Analyten aus wisseriger Losung, vorgestellt.

Der erste Dimer Typ basiert direkt auf GNRs, die aufgrund einfacher Synthetisierbarkeit,
anpassbarer Resonanz und signifikanter elektromagnetischer Feldverstirkung an ihren
abgerundeten Enden ausgewéhlt wurden. Nanostdbchen Dimere wurden mittels eines DNA-
Origami Gerlists in Balkenform in einer Spitze an Spitze Manier assembliert. Diese Antennen
besaflen Liicken mit ~8 nm Spannweite, mit Analyt-spezifischen Bindungsstellen an den
plasmonischen Hotspots und waren auf Resonanz im Roten bis Nahinfraroten (NIR) ausgelegt.
Sie ermdglichten Subsekunden SERS-Detektion von einzelnen aus einer Losung gebundenen
Streptavidin und Thrombin Molekiilen, mittels eines 671 nm Lasers. Diese Ergebnisse werden
durch Rechnungen, die ausreichende E-Feld Verstirkung indizieren und Experimente zu
Detektionsspezifizitit, gestiitzt. AbschlieBend wurden Nanostibchen basierte Strategien fiir
stirkeres SERS aus groBeren Liicken untersucht. Hier wirken sowohl stumpfere GNR spitzen,
Silbernanostdbchen, als auch GNR Tetramere vielversprechend, wiahrend GNR Trimere und
Hotspots zwischen schérferen Spitzen dies nicht tun.

Der zweite Dimer Typ besteht aus GNRs die mittels eines fokussierten 1064 nm Lasers in zwei
Sphéren gespalten sind, welche dann durch den Laser paarweise auf Glass Substrate optisch
gedruckt werden. Dieser neuere Zufallsfund wurde auf plasmonische Hotspots untersucht.
Liicken zwischen den Nanosphédren konnten mittels Transmissionselektronenmikroskopie
bestitigt werden und wurden spektroskopisch fiir ~0.8 nm grofl befunden. Sie ermdglichten
signifikantes 4-Nitrothiophenol Resonanz-Raman Signal am NIR und waren fiir das Analyt,
welches nach der Dimer Generation hinzugegeben wurde, frei zugénglich. Des Weiteren wurden
mittels numerischer Modellierung optische Kraft als Einfluss auf die Angstrom Liicken analysiert.
Hier wurde ein Zusammenspiel zwischen zwei Laser getriebenen Kraftkomponenten identifiziert.
Die erste ist klassische Dipol-Dipol Attraktion. Die zweite ist separativ und stammt von einer
Einzel-Dipol Komponente durch Intradimer Elektron Tunneln.

Hiermit présentiert diese Arbeit zwei unterschiedliche Gold Nanostdabchen basierte Pfade, fiir frei
zugingliche SERS Hotspots die im Bio-Optischen Fenster funktional sind. Sie befasst sich auch
mit den Mechanismen hinter und potenziellen Verbesserungen von diesen Nanoagenten und
verkiirzt somit den Weg zu biodiagnostischen und anderen Detektionsapplikation mittels SERS.
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Abstract

Surface-enhanced Raman scattering (SERS) spectroscopy is a key to label-free biomedical
diagnostics. Particularly regarding the identification of single proteins and other biomolecules
from liquid samples. SERS detection does however pose a challenge, due to the small Raman
scattering cross sections of molecular groups involved. These necessitate significant Raman
enhancement factors. Such amplification can be achieved by raised electromagnetic field
enhancement in gaps between plasmonically coupled metallic nanoparticles. Ideally, such
plasmonic multimer antennas are rapidly creatable with openly accessible hotspots, as well as
freely deployable as so called nanoagents. In this PhD thesis, two different gold nanorod (GNR)-
based dimer concepts are presented, for detecting analyte from aqueous solution with SERS.

The first dimer type involves GNRs directly, selected due to their ease of synthesis with a
tuneable resonance and significant electromagnetic field enhancement at rounded ends. Nanorod
dimers were assembled in a tip-to-tip manner using a DNA origami beam-based scaffold design.
The antennas featured ~8 nm gaps, with analyte specific binding sites at the plasmonic hotspots,
and were tuned for red to near infrared (NIR) resonance. These enabled subsecond SERS
detection of single streptavidin and thrombin molecules captured from solution, using a 671 nm
laser. The results are supported by calculations indicating sufficient E-field enhancement and
experiments on detection specificity. Finally, nanorod-based strategies for stronger SERS from
larger gaps were examined. Here, blunter GNR tips, silver nanorods, as well as GNR tetramers
appear promising, whilst GNR trimers and hotspots between sharper tips do not.

The second dimer type consists of GNRs split into two spheres with a focused 1064 nm laser,
which are then optically printed onto glass substrates pairwise by the laser. This recent chance
discovery was investigated for plasmonic hotspots. Gaps between the nanospheres could be
confirmed using transmission electron microscopy, and were found to be ~0.8 nm in size
spectroscopically. They enabled significant 4-nitrothiophenol resonance Raman signal at the NIR
and were also freely accessible for the analyte molecules added post dimer generation. Further,
numerical modelling was used for analyzing optical force as an influence on the angstrom gaps.
Here an interplay of two laser driven force components was identified. The first is classical dipole-
dipole attraction. The second is separative, and stems from a single-dipole component mediated
by intradimer electron tunnelling.

Hereby, this work presents two distinct gold nanorod-based paths, to freely accessible SERS
hotspots functional in the bio-optical window. It also delves into mechanisms behind and potential
improvements of these nanoagents, thus shortening the way to bio-diagnostic and other sensing
applications via SERS.
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1 Introduction to Single Protein Raman Detection

The discovery of Raman scattering by Chandrasekhara V. Raman et al. in 1928 [1, 2], has led to
a Nobel prize in 1930. Further, Raman spectroscopy, based on characteristic vibrational energies
of chemical bonds, has become one of the principal methods for identifying analyte. As such, it
presents an answer to a key goal in biomedical diagnostics: the detection of label-free single

proteins from aqueous solution. This is also the main challenge of this work.

For (single) molecules, Raman spectroscopy features a downside, in that its sensitivity is
limited by the small scattering cross sections of ~107° cm?/sr [3-5] involved. Here, stimulated
Raman spectroscopy (SRS) [6, 7], coherent anti-Stokes Raman spectroscopy (CARS) [8, 9] and
coherent Stokes Raman scattering (CSRS) [8] have been employed to raise Raman signal by
orders of magnitude over spontaneous emission. This has also allowed for spatially resolving
protein concentration with SRS [10], chemical and biological systems with CARS [11], as well
as biological samples with CSRS [12]. However, these methods require costly pulsed laser setups.
Further, in the context of single-molecule detection, and similarly to conventional Raman

spectroscopy, they feature significant background signal due to limited optical resolution.

These constraints can be alleviated through surface-enhanced Raman scattering (SERS).
Observations from the effect, in the vicinity of rough metal surfaces, were first reported on by
Fleischmann et al., in 1974 [13]. The results were attributed both to electromagnetic surface
enhancement by Jeanmaire & Van Duyne in 1977 [14], as well as a chemical enhancement [15,
16]. In later work, the electromagnetic component was found to dominate [3]. It stems from
collective oscillations of metal surface electrons as surface plasmons, excitable by light. This has
in fact been used for single protein SERS from electrochemically deposited gold films [17], albeit
determined via statistical analysis. Additionally, it has enabled time resolved SERS from metallic
nanopores with optically trapped nanoparticles [18]. Further, tip-enhanced Raman spectroscopy
(TERS), has been developed towards spatially resolving protein structures, by scanning them with
a sharp metallic probe [19, 20]. However, for Raman detection via bottom-up assembled and
freely deployable sensors — a desirable modus operandi in applications — alternatives must be
explored. Here metallic nanoparticles and their strongly excitable (localized) surface plasmon

resonances can be employed as plasmonic nanoagents [21].

The first documented use of such nanoparticles was by the ancient Romans for coloring glass,
a famous example being the Lycurgus-Cup [22]. This was followed by centuries of gold and silver
powders used for staining church windows and other coloring applications. It took until 1857 for
Michael Faraday to link these optical effects to the minuscule sizes of the particles [23]. Later, in
1905, Richard Zsigmondy reported on the mechanism behind the reddish color of colloidal gold



nanoparticles [24], earning him a Nobel prize for chemistry in 1925. Gustav Mie introduced a
conclusive theory for metallic nanospheres in 1908 [25], which was expanded to spheroidal
particles by Richard Gans by 1912 [26]. These somewhat conceptual ellipsoids are
spectroscopically similar to gold nanorods (GNRs) [27], the particles of choice in this thesis.
Today, such nanorods can be synthesized readily [28-31], by growing seed crystals [32] into
elongated particles in an HAuCly (chloroauric acid) solution. This tuning of particle geometry is
mediated with surfactants, allowing for specific crystal facet growth directions [33]. GNRs exceed
gold nanospheres in both optical cross sections [34], as well as E-field- and radiation- [35]

enhancement at their tips, which is beneficial for SERS.

Metallic nanoparticles can also be coupled plasmonically via proximity. This leads to E-field
enhancement hotspots in the resulting antenna gaps, which are thus useful for increasing SERS.
Here DNA origami [36, 37] has emerged as a highly effective tool for arranging plasmonic
multimers. It is based on self-assembling DNA employed as scaffolding for both metallic
nanoparticles as well as analyte. Most prominently, to generate freely deployable gold nanosphere
(GNS) dimers. However, strong field enhancement for single-molecule (SM) SERS has required
reduced ~1-2 nm nanosphere gap spans for both dye molecules [38, 39] and proteins [40]. Such
hotspots limit the size of potential SERS analyte, and are less accessible, particularly when
obstructed by DNA. Other DNA origami-based schemes, such as bi-gold nanostars [41] and tip-
to-tip aligned gold nanotriangles (bowties) [42], featured more open gaps, but no clear SERS
measurement of diffusive analyte from solution. These aspects call for alternative sensing

nanoagents, combining accessible hotspots with strong field enhancement and ease of assembly.

Such plasmonic antennas are the subject of this thesis. Physical principals behind Raman
scattering and its enhancement, as well as particle plasmons are described in Chapter 2. This is
done with a focus towards E-field enhancement of plasmonic dimers for SERS, as well as optical
forces and heating experienced by them. Methods used to study the nanoagents experimentally

and theoretically are described in Chapter 3.

For the first results Chapter 4 of this work DNA origami was used for spacing two gold
nanorods in a tip-to-tip alignment along their long axes. It begins with the GNR dimer design for
significant E-field enhancement from accessible hotspots, with analyte specific binding sites. This
is followed by characterizing the antennas regarding SERS. Next, GNR dimers allowed for
capturing and detecting of single thrombin and streptavidin molecules, from and in solution.
These results are supported both by calculations, as well as further experiments on protein
detection specificity. Finally, alternative nanorod-based multimer designs are discussed towards

generating even more effective SERS hotspots.
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Chapter 5 of this thesis deals with a new type of gold nanosphere dimer for Raman
enhancement, which does not require scaffolding. Instead, the dimers are printed from optically
split GNRs in a single step with a focused laser. The chapter begins with a description of the
antenna assembly. It continues with experiments and calculations which show that the GNS
dimers feature ~sub-nm gaps. These hotspots are then employed for measuring SERS of 4-
nitrothiophenol (NTP), added post dimer synthesis. The chapter is concluded with the analysis of

an optical force-based model contributing to the dimer hotspot span, and how it might be tuned.

Finally, in Chapter 6, | summarize the findings and conclude on a bright future for both GNR-

based types of dimers as plasmonic nanoagents.
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2 Fundamentals of Plasmonic Dimers for SERS

In a dielectric environment, metallic nanoparticles feature a plasmonic resonance via the particle
plasmon [43], also known as the localized surface plasmon (LSP) [44]. At their peaks, these
oscillations of surface conduction electrons, can cause a significant increase in both real and
imaginary parts of the particle’s polarizability. This is possible to the point that both scattering as
well as absorption cross sections exceed those of geometry [34]. In particular at resonance,
increased extinction cross sections of plasmonic nanoparticles, coupled with the small surface
curvatures involved, generate strong enhancement factors (EF) of incident light’s electric fields,
as well as radiation enhancement factors in their vicinities [5]. This is one of the main components
from which they draw their properties as Raman sensing agents. Here, SERS scales in the

following manner [5, 45]:

Raman Signal ~ EFZ,.itation * EFfaman ~ EF* Eq. (2.1)

As further simplified, and often used in approximations, SERS scales with the fourth power of E-
field enhancement. The following delves into fundamentals behind Raman scattering and its

enhancement via plasmonic dimers.
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2.1 Surface-Enhanced Raman Scattering

Molecular groups, and other defined atomic arrangements such as lattices, feature distinct
vibrations, partially susceptible to light in a process known as Raman scattering. This inelastic
process is explained in the first section of this subchapter. The loss of energy to (or gain by) such
oscillations can then be resolved spectroscopically, to identify the presence and type of analyte
molecules. Such detection is the main motivation of this thesis. Here, the small nature of Raman
cross sections [3-5], necessitates their enhancement, the subject of the second section of this
subchapter. Whilst two main components of SERS exist, namely chemical enhancement, and
electromagnetic enhancement, the dominance of the second component [3] warrants delving into

it in greater detail.

2.1.1 Raman Scattering and SERS

Raman scattering occurs in conjunction with oscillations of the polarizability of atomic
arrangements [5]. As such, it relies on changes in overall lengths involved. This can be explained
by placing it in contrast with IR-spectroscopy [46], which relies on oscillations of actual dipolar
moments [47]. An illustration of the comparison is depicted in Figure 2.1.1 A. Raman signal can
be gained by a monochromatic light source, whilst IR-spectroscopy requires a broadband source

covering a range of modes, which can absorb photon energy. In both cases, signal can be resolved

spectroscopically.
A B 5
Raman active 1 Excited
- - 0 State
/. . .\ v'
- %
S. .S.
- -
20
g R
[ =4
w
Infrared active
- -
- N 2
.=.=. 1 Ground
4\— - 4_/ 0 1 State
Rayleigh Raman Res.Raman V' Infrared

Figure 2.1.1: Illustration of Raman Scattering. A Sketch illustrating Raman, and IR active vibrations
in the case of CO,. Here, the Raman active mode involves oscillations in the molecule’s length. For the
IR mode, the higher electronegativity of oxygen compared carbon leads to effective charge asymmetry,
and a dipole moment in the case of antisymmetric displacements. B Jablonski diagram of Rayleigh,
Stokes/anti-Stokes (S./A.S.) Raman and resonance (Stokes) Raman scattering, as well as IR absorption.
Here, dashed lines represent virtual states and v’ denotes vibrational levels.

In principle, both vibrational as well as rotational modes of the molecule can contribute to
Raman signal. In practice, however, rotational modes are more relevant for lighter molecules,

such as gasses [5], and thus not examined in this work. Therefore, Raman active oscillations
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feature two main peaks: one Stokes, from an hw, loss of energy to a vibrational state (with
frequency w,,), and one anti-Stokes from an hw,, energy gain from the mode, for the incident light
(usually stemming from a laser) with frequency w;. The corresponding energy changes are
illustrated in Figure 2.1.1 B. The resulting Raman signal photons, with a singular vibrational

transition, have frequencies:
wgp = Wy, T w,. (2.2)

Usually, the signal of interest stems from the lower energy Stokes component. The prerequisite
for corresponding anti-Stokes scattering is vibrational occupation of the first level of the ground
state. With a Boltzmann occupation distribution at temperature T, the corresponding probability

1s:
_h v
P =e /kgT (2.3)

Here, occupation of higher vibrational states is significantly less probable, as vibrational energies
exceed thermal energies. Consequently, probability for ground state occupation can be simplified

to:
Pp=1—-P; =1. 24)

The ratio between the two states is therefore:

% ~ exp (—kr:;,,) (2.5)

0

With total power radiated by a dipole being proportional to w*, as is derivable from Maxwell’s

equations [48, 49], intensity ratios between anti-Stokes and Stokes scattering are [5]:

las _ (w)‘* exp (-hwv), (2.6)

Is W) — Wy kgT

Typically, vibrational energies are expressed in wavenumbers v, where:

Wy

2.7)

T 2nc’
The common unit of measure used is then: cm™.

To ensure that peaks are energetically sharp, and thus detectable, typically a laser with a high
monochromaticity is used as an excitation source. For a laser with A = 671 nm, a temperature of
293 K (room temperature), and v = 1500 cm™ (186 meV — a value in the typical range of those
for carbon-based compounds examined in this thesis), the anti-Stokes probability becomes ~0.1%.

Therefore, this work focuses on detecting Raman scattering stemming from a Stokes process.



8 2.1 Surface-Enhanced Raman Scattering

A more detailed view of this scattering process for a specific vibrational mode involves its
3 x 3 Raman polarizability tensor @z (w;, w,). It can be used to describe a Raman induced dipole

pr(wg) in a vacuum, oscillating with wy , via:

Pr(wg) = @g(wy, w,)E(wy). (2.8)

Here, pr(t) = Re(pr(wg) exp(—iwgt)), and E(t) = Re(E(w;) exp(—iw.t)) are time
dependant. The Raman polarizability tensor is however not, and allows for a classical description

of Raman scattering.

Within this work, SERS from aqueous molecules is discussed, leading to an important effect
namely that of microscopic fields [5], related to their macroscopic counterparts via Epjjcro =

(LM)1/4EMacr09 with:

(Ly)H/* =222 2.9)

In vacuum, this value is 1, which also closely describes conditions in air. For water the main
medium of interest here, with a refractive index n,, of 1.33 and permittivity of 1.77, (L)% =

1.26 is still relatively close to 1. It does however modify the Raman polarizability tensor with:

pr(wg) = (LM)1/4&R((UL'(‘)U)E((UL)- (2.10)

At the same time, the total power emitted by a dipole in a medium is proportional to n,,, and

the dipole moment squared:

_ o*nyLy)?pl?

Praa = (2.11)

12megc3

In water, this power is ~2.1 times larger than in vacuum/air, and could be increased with higher
permittivity media. Whilst not major, this factor can be expected to benefit aqueous measurements

in this thesis. On the other hand, longer wavelengths lessen Raman scattering.

Another aspect to be considered is the tensorial nature of &g, incorporating the excitable
orientation of an individual potential Raman oscillator. In principle, Raman scattering could be
aided by orienting the tensor (by rotating its molecule) according to desired axes. However, here,
molecules are studied where orientation is not rigidly fixed in space. For one, this might lower
intensities of potentially specifically desired peaks. It does however also mean that all Raman
modes can be enhanced electromagnetically, by increasing both P,.,4 of the molecular dipole as
well as E(w; ) in a single spatial dimension. The enhancement aspect — essential to work presented

here on SERS in proximity to metallic particle surfaces — will be discussed in the next section.

The second component of SERS, chemical enhancement, stems from broadening of excited
states during resonance Raman (thus enhancing @y), as postulated by Philpott and published in

1975 [15]. It would be limited to where analyte for resonance Raman is attached directly to the
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plasmonic nanoantennas in this study. Additionally, more recent extensive analysis by Le Ru,
Etchegoin et al., published in 2007 [3], calls this factors relevance into question. Further, the
aforementioned enhancement requires resonance Raman conditions (Figure 2.1.1 B), where
excitation reaches (virtual) states at or beyond molecular transition energies [50]. Whilst
resonance Raman can feature greatly enhanced cross sections [5], by several orders of magnitude

in the case of dyes [3] for example, it requires excitation wavelengths in specific ranges.

2.1.2 Electromagnetic Enhancement of Raman Scattering

Plasmonic nanoantennas are highly suited to enhancing Raman signal, both via amplifying the
external excitation field, was well as increasing Raman radiation. The first component — the
EFZ,citation factor in Equation 2.1 — is most intuitive. This is underlined by the depictions of
field enhancement in the following Section 2.2.1. As such, it is strongest in direct proximity to
plasmonic particle-based antennas, as well as rough metallic surfaces, with the latter being the

namesake of SERS.

The second component, based on the radiation enhancement factor, is somewhat less intuitive.
Here dipoles radiation is modified with an increase in local density of states (LDOS). For one, as
mentioned in the previous Section 2.1.1, this scales with refractive index. More importantly
however, it also scales with field enhancement at the Raman scattering or (anti-)Stokes shifted

wavelength. This is in accordance with the optical reciprocity theorem (ORT) [51]:

p1-E,=p, E;. (2.12)

It states how a field E, created at position a by dipole p, at position b is related to the field E; at
b created by a dipole p; at a. This allows for the derivation, that far-field emission of a dipole in
a given direction is enhanced by the square of local E-field enhancement for plain wave excitation
from this direction [5]. This EF24man constitutes the second factor in Equation 2.1, and is thus

as directly calculatable as the first excitation enhancement term.

It is important to note that in principle, a plethora of different notations for and definitions of
modified spontaneous Raman emission exist [5]. These include considerations for reabsorption
of Raman photons by the optical system as well as directional emission. The first aspect is
particularly relevant for plasmonic antennas. Here, single plasmon modes with the largest
polarizability might dominate in terms of scattering to absorption ratios, as well as interaction
cross sections. They also feature highest E-field enhancements, as discussed in the later Section
2.2.2. This leads directly to the aspect that previous discussions of Raman enhancement focused
on parallel detection, where polarizability, laser polarization and E-field enhancement are aligned

in one axis. For a back-scattering configuration, with unidirectional excitation and detection, this
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is however a relatively exact approximation [5]. Effectively, it matches experimental conditions
with SERS via longitudinal resonance of plasmonic dimers. It will therefore be used for

comparative purposes in following chapters.

A final important aspect of electromagnetic enhancement is related to image dipole effects in
proximity to metallic surfaces. When this proximity (usually less than 1 nm for the effect to
become relevant) is generated via adsorption, it might be ascribed to chemical enhancement [5].
Here it acts both at the excitation, as well as the Raman wavelength, where it might introduce
additional enhancement factors ~10. Additionally, image dipoles have been identified as
contributors to background signal in Raman measurements, from broadening of corresponding
SERS peaks by coupling to the electronic continuum of the metal [52]. Whilst the focus of this
work lies on E-field enhancement factors towards SERS, image dipole effects can however still

influence results.



2 Fundamentals of Plasmonic Dimers for SERS 11

2.2 Plasmonic Dimers

There are a number of ways in which plasmonic nanoparticles can be tuned to raise electric field
strength, and thus Raman enhancement. For one, this includes less lossy metal parameters.
Additionally, sharper tipped geometries will lead to concentrated E-field enhancement. Lastly,
coupling two metallic nanoparticles with one another, will lead to higher field enhancement in
the gap between them. Intriguingly, the gold nanorod dimer antennas at the focus of this thesis
feature a combination of all three of these components. These factors are also partially exploited
by optically splitting gold nanorods into nanosphere dimers, with (sub)nanometer plasmonic
hotspots. Similarly, to other plasmonic particle-based nanoagents for sensing [21], optical forces
and plasmonic heating can also come into play for such dimers. This subchapter serves to present

the fundamentals behind these aspects.

2.2.1 Single Particle Plasmons

The idealized particle plasmon is a standing wave of electrons localized to the surface of a metallic
nanoparticle. Understanding this light driven oscillation can begin with examining how matter
responds to an electric field E(w), via a displacement field D(w). The two are linked both by the
vacuum permittivity &, and polarization P(w) [53], as well as by the frequency dependent

dielectric function e(w) [54]:

D(w) = ggE(w) + P(w) = e(w)E(w). (2.13)

The derivation of this permittivity in its most primitive form comes from the classical Drude
model. In it, conduction band electrons are modelled as an ideal gas with a density of n, an
effective mass m,,, and a mean scattering rate or damping constant y. This model is local, in that
electrons are only influenced by fields applied to their direct location. The corresponding equation

of motion is then equivalent to [53]:

9%x ox

Moy o5 = —YMey o — eE(t). (2.14)

At the same time, any electron displacement results in a polarization P = —enx(w), from which

the plasma frequency of the metal can be derived:

wy = |2, (2.15)

EoMex

For oscillations driven by an incident field E(t) = Eye~'“t, the equation of motion can then be

solved via:
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_ eE(w)
x(w) = Mes(W2+iwy) (2.16)
This grants access to the dielectric function:
(1)2
e(w) =& (1- wz;;@y). 2.17)

A positive ionic background modifies Equation 2.13 by a background polarization term where
Py = p(€e — 1), with &, as the background permittivity [53]. This leads to the dielectric

function:

e(w) = € — (2.18)

Drude

) | )
[
2 ol Olmon, etal. E 3

-4} 2

Olmon, etal.
-50 | 1F
-60 T T T T T T T T T T T T T T
300 400 500 600 700 800 900 1000 1100 300 400 500 600 700 800 900 1000 1100
Wavelength [nm] Wavelength [nm]

Figure 2.2.1: Comparison between Drude and experimental Permittivities of Gold. A
Experimental Real part of permittivity (blue) of monocrystalline Gold [55] and corresponding fit
(grey). B Imaginary part of permittivity (red) of Gold and corresponding fit (grey). Fitting parameters
used were £,,= 9, w, = 1.32:10'%s" and y = 6.62:10s™". This figure is after reference [56].

Figure 2.2.1 A and B reveal a relative similarity between the real part and a stark difference
between the imaginary part of gold’s measured permittivity [55] and their Drude-modelled
counterparts. Particularly for wavelengths below 600 nm the measured imaginary permittivity is
significantly higher due to interband damping. The difference continues but levels off for
wavelengths above ~690 nm. This is the threshold for interband damping due to excitations from
the d- into the sp-conduction band for gold [57]. With the focus of Raman measurements in this
work being close to the NIR (671 nm and beyond), the most lossy parts of gold’s permittivity are
avoided. The discrepancy between measured and Drude permittivities are however still relevant.
In principle, the analytical Drude-Lorentz model can be used to account for interband transitions,
where Lorentzian oscillator terms are incorporated into the dielectric function [53]. Within the

scope of this thesis however, interpolations from measured data are employed for calculations.

Whilst these parameters are derived from the interiors of bulk crystals, they are still essential
to conduction band electron oscillations at the surfaces of metals. In their plainest form, they exist
at the surfaces of spherical metal nanoparticles significantly smaller than the incident wavelength

of light that excites them in a vacuum. This is illustrated in Figure 2.2.2 A and B. By shrinking
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the particle, it can be modelled as a point-like dipole experiencing homogeneity in the exciting
light field’s phase. This enables a quasi-static approximation of the illumination as a plane wave
with a constant field, exciting the conduction band electrons coherently. Mie Theory [25] then

allows for an analytical derivation of the antenna’s LSP resonance.

A B C

Polarization
—— -I--p

Figure 2.2.2: Particle Plasmon and Mie Theory Parametrization. A Illustration (not to scale) of
particle plasmon excited by light (green), with field lines (translucent black) and dipole orientation
(bold black arrow). The plasmonic oscillator is maximally displaced in terms of charge. B Sketch of
time dependent plasmonic field (translucent black), due to oscillating excitation field (green). Dipole
orientations (bold black) depicted for two points in time (with corresponding charge displacement
sketches). Here, the shift between excitation and plasmonic dipole corresponds to a 90° phase lag for
an oscillator in resonance. C Illustration of parameters relevant to Mie theory modelling.

The parameters necessary for implementing Mie theory are depicted in Figure 2.2.2 C. Here,
a sphere with a permittivity of €(w), a radius of a, and a radius vector r(8) sits in a homogenous
electric field Eq = E, - e,, in a medium with the homogenous permittivity &,,. To solve the
Laplace Equation 0 = 49, for the given azimuthal symmetry of the potential, the Legendre

Polynomial P, (cos 6), with corresponding constants A,, and B,,, can be used [53]:

0=4 Z [A,r™ + Byr~™*D]P, (cos 6) (2.19)
n=0
Continuity at r = a, as well as non-divergence of fields, which requires @(r - ) = —E, -1,
are fulfilled with:
_ 3em
Pint = ~ fiyrze, Fo T oS0, (2.20)
and
P.
Pexe = —Eg-rcost + 4'7780;mr3. (2.21)

For the internal and external case respectively. Here P = ¢, ¢, aEy represents the sphere’s dipole

moment, which incorporates the sphere’s complex polarizability:

@ = 43 £ Em (2.22)

s(w)+2ey’

It clearly indicates the resonance of the spherical particles dipole moment, when the Fréhlich

condition [58] is met:
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Re[e(w)] = —2¢,,. (2.23)
The condition is most accurate for an electrically undamped metal, where:

w2

gw)y=1--= (2.24)

"
For spherical metal particles much smaller than the incident wavelength in vacuum, it is fulfilled
whenw = wp/ /3. In practice, the condition red-shifts with increasing sizes [59]. This stems from
retardation effects across the particle [60]. Such delayed interaction between charges across a
physical antenna is not applicable to a theoretical point dipole. Additionally, multipolar modes
become relevant at larger fractional sizes of the excitation wavelength [60]. The antenna length

criterion for these effects can be as small as 10% of the local wavelength [27], which is applicable

to nanoparticles in this work.

In general, the LSP also red-shifts in higher permittivity media, whilst blue-shifting for metals
with higher plasma frequencies, as per Equation 2.23 and 2.24. At this point it is also apparent
that both particle polarizability as well as potential are greatly enhanced at resonance. At the same
time, these are constrained by plasmon damping, accounted for by the imaginary part of the
metal’s permittivity. The increased polarizability of plasmonic nanoparticles results in an increase
in both effective scattering and absorption cross section, the sum of which forms the interaction

or extinction cross section via:
Oscat + Oabs = Oext- (2.25)

The values are related to a, with the wave vector k = 21/, in the following manners [53]:
k* 2
Oscat = o la 1%, (2.26)

Oext = k - Im(a). (2.27)

In the case of Drude modelled permittivities, without interband transitions, the line-shapes of such
cross sections are in fact Lorentzian (in energy) [59]. This follows from a simplified damped
harmonic oscillator nature of such particle plasmons. In reality, interband damping can suppress,

broaden and otherwise alter resonance significantly.

Large interaction cross sections go hand in hand with E-field enhancement in the (near field)

vicinity of the particle [49] in general:

Eoxt = —V®eye = iBer(er-p)—p‘ (2.28)

3 4Ameyen,
And for its maximum, at the poles of the sphere’s surface, here in x direction, in particular:

3e(w)
e(w)+2ey,’

E(r =ae,) =E, (2.29)
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where a significant field enhancement becomes apparent in the case of the metallic nano-spheres.

Again, it is however constrained by plasmon damping.
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Figure 2.2.3: Plasmonic Properties of single Nanosphere, Nanorod and Nanoellipsoid. A
Longitudinal (and transversal) scattering, absorption and extinction spectrum of single 40 nm
(diameter) gold sphere. B Longitudinally excited sphere E-field enhancement (at 544 nm). C
Interaction cross sections of single 21 x 64 nm GNR. D E-field enhancement GNR (at 738 nm). E
Interaction cross sections of single Ellipsoid (at 716 nm). F E-field enhancement of 21 X 64 nm
Ellipsoid. Calculations were conducted with nanoparticles on glass in water, with longitudinally
polarized excitation. Limited waviness in the spectra indicates that the calculations have converged
reasonably well.

An exemplary numerical calculation (explained in Section 3.2.1) for metal nanosphere optical
interaction cross sections, as well as field enhancement are displayed in Figure 2.2.3 A and B
respectively. Here, the peak extinction cross section is significantly greater than the geometric
one (~1.3-107 um?), and electric fields are enhanced by an order of magnitude in the particle

vicinity. Together with resonance and damping of the plasmonic oscillator, particle shape itself
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will also influence E-field enhancement significantly. A prominent example — central to this thesis
— are noble metal nanorods, where the loss of geometric symmetry coincides with the emergence
of a red-shifted longitudinal plasmon peak [26]. Here, an increase in aspect ratio (length divided

by width) of GNRs leads to a red-shift of the plasmon mode [59].

The rods examined here are approximated as spherically endcapped cylinders, with an
example of longitudinal optical cross sections and field enhancement given in Figure
2.2.3 C and D. Field enhancement is significantly higher than for the sphere (at 544 nm), which
can be linked to the GNR plasmon resonance around 730 nm being red-shifted from interband
transitions, leading to a significant reduction in surface plasmon damping [59]. Additionally, the
GNR’s ends feature greater curvatures relative to the particle size (compared to spheres), and
further concentrate charge displacement and field enhancement. These ends can be thought of as

sharper tips.

Whilst such aspects cannot be calculated for nanorods analytically, they can be for an ellipsoid
of comparable dimensions. This might provide very similar solutions in terms of longitudinal
plasmon resonance location compared with GNRs, as shown in Figure 2.2.3 E. More specifically,
the shape features a limited blue-shift in longitudinal resonance, by 22 nm for field enhancement,
compared to its more bluntly tipped aspect ratio counterpart. However, as will later be explored
further, ellipsoid tip E-field enhancement, depicted in Figure 2.2.3 F, is significantly greater than
for GNRs due to even higher effective tip sharpness. The particles are also not analyzed in a
homogenous medium, but rather on substrates presenting asymmetries which are more difficult
to account for analytically. The experimental conditions and importance of E-field enhancement

in this work thus necessitate numerical modelling.

Beyond spheres and rods, a variety of different plasmonic nanoparticle geometries with
sharper tips have been generated, with a view towards even higher E-field enhancement factors.
These include gold nanostars [61, 62], gold nano triangles [63-65], and bipyramids [66, 67].
Nanostars in particular feature high (several 10?) field enhancements [62] — beneficial for SERS,
as highlighted by Equation 2.1 and discussed in Subchapter 2.1 — albeit localized to their tips.
In contrast, the following section deals with an increase of E-field enhancement via proximity of

two metallic nanoparticles to one another.

2.2.2 Plasmonic Nanoparticle Coupling

Besides sharper tips and lower imaginary permittivities, coupling plasmonic nanoparticles will
also lead to an increased field enhancement (around longitudinal plasmon resonance), via a

hotspot in corresponding gaps [68]. This stems from an overlap of the near fields of particles
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when excited longitudinally to the dimer axis, leading to plasmonic coupling. The corresponding
bonding dipolar mode (BDP) forms the basis of SERS in this thesis. It is illustrated in Figure
2.2.4 A, as an antisymmetric component of bisphere plasmon hybridization [69]. Here particle
dipoles oscillate in parallel, slowing each other down by lowering each other’s restoring forces
through attractive coulomb interaction of displaced charge densities [53]. This near-field coupling
leads to a red-shift in the mode when compared to a single oscillator. A symmetric counterpart,
to this, namely the antibonding dark mode can also be distinguished. It is blue shifted to the single
particle mode, from charge density repulsion at the gap contributing to restoring forces of the
dimer halves. As alluded to by its name, and unlike bright modes, it is not excitable optically by
a conventional (linearly polarized) light source [70], due to its lack of overall polarizability and
dipole moment. Coupling along the transversal axis exists analogously, but is less pronounced
[71]. It can also not contribute significantly to charge displacement around — and field

enhancement inside — the gap, as polarization is excited perpendicularly to its span.
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Figure 2.2.4: Coupled Plasmonic Nanoparticles. A Illustration of nanosphere dimer plasmon
hybridization. B Longitudinal polarization extinction spectra of single and coupled gold nanospheres
(40 nm on glass in water). Here the single sphere correspond to an infinite gap span. C E-field
enhancement, for longitudinal excitation, at centres of dimer hotspots in B. A is after reference [56].

As gaps (with D as a span) shrink, coupling increases. In particular, the longitudinal bonding
plasmon red-shifts [71-73], as is depicted in Figure 2.2.4 B, where increased attractive dipole-
dipole coupling slows down (GNS dimer) plasmon oscillation. Conversely, antibonding modes
blue-shift with further coupling. More specifically, according to approximations by Simpson &

Peterson [74], for first order bonding dipole-dipole interaction, energy differences involved scale
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with 1/D3. However, coupling to modes of different orders leads to even stronger plasmon

resonance scaling with D and thus further increased red-shifts from smaller gaps [69].

Coupling alone increases E-field enhancement around the particles significantly, with further
decrease in interparticle spacing leading to even higher values in the gap [38, 75]. The effect can
also be seen in Figure 2.2.4 C. It illustrates one of the key trade-offs in this field and thesis,
namely that of hotspot size vs. electromagnetic enhancement. An analytical analysis of the effect
is difficult (at best) due to complexity of the problem, involving non-point-like dipoles. This is

also why a numerical approach is used here.

In principle, numerical calculations also consider higher order modes. However, usually, the
longitudinal bonding mode dominates, with the largest overall dipole moment, strongest coupling,
and thus E-field enhancement. Therefore, it is also the main point of study here. As an example,
for 60 nm gold nanosphere dimers with gaps in the 1.2-3.5 nm range, calculated E-field
enhancement has been reported in the region of 102, by Tapio et al. [40], on silicon substrates in
air. Here for glass, and bare 40 nm gold nanospheres with larger 5 nm gaps in water, a hotspot
central enhancement factor of 42 can be seen in Figure 2.2.4 B. This factor falls to 16 for 10 nm
gaps but is still significantly larger than at (particularly at nm distances from) a single gold
nanospheres (Figure 2.2.3 B). Intriguingly, further decreasing D to sub-nm sizes, is calculated to
generate limited maximum hotspot central field enhancements, by Esteban et al. [76]. The
maximum value around ~1-2000 for gold spheres in a vacuum, was found to stem from quantum
tunneling. Here electrical contact suppresses charge displacement between the dimer halves, and
thus the BDP mode. Such field enhancements stem from build ups of high charge densities [77].
Here, impact on electrons of nonlocal (to the electron position) electromagnetic fields can become
considerable [27]. Particularly for sub-nanometer gaps, but also small metal nanoparticle
diameters (under 10 nm), as well as high curvatures. This can also affect plasmon resonance
notably, where BDP modes might blue-shift due to effectively lowered charge densities at gaps
reducing plasmon coupling, for example. For classical calculations in this work, with a main focus
on several nanometer sized gaps, nonlocal effects are however not implemented. With these
distances between plasmonic nanoparticles, the impact of such effects is decreased significantly

[78, 79].

2.2.3 Optical Forces

Plasmonic antennas can be subject to significant optical forces, in a focused laser beam. The effect
has been used both for trapping [80-83], as well as for printing [81, 84] single metallic
nanoparticles. The first aspect stems from gradient forces pulling the antenna into the region of

highest light intensity, and is illustrated in Figure 2.2.5 A. The second is the result of scattering
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force from light [85], along its Poynting vector, and is sketched in Figure 2.2.5 B. Scattering
forces stem from momentum transfer due to directionally absorbed photons with p = h/A, and
more isotropically released energy. When gradient forces overweigh the particle is trapped. If

scattering forces overweigh it can be printed.
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Figure 2.2.5: Illustration of Optical Forces. A Gradient force pulls the particle into maxima of the
optical intensity distribution. B Scattering force pushes the particle along the Poynting vector of the
light beam. C Optical torque pulls the particles axis with highest polarizability in parallel with
polarization of the oscillating excitation field. The dashed arrows indicate properties of the light source,
the full arrows indicate force vectors, and the dotted arrows indicate rotation.

-----------

Interestingly, optical forces do not act on single plasmonic antennas uniformly. For example,
they can align particles with aeolotropic polarizabilities such as GNRs, in parallel to the light’s
polarization [80, 81, 86, 87]. This is depicted in Figure 2.2.5 C. These principles also apply to
dielectric particles [88]. Additionally, they can manifest as differential forces in other axes, an
example being force maxima at centres of longitudinally excited GNRs, calculated by Liaw et al.
[89]. Further, excited particles can interact with one another. This can become particularly
relevant between two coupled plasmonic nanoparticles forming a hybridized single resonator [90,
91], as will be discussed in later parts of this thesis. To account for these effects, volumetric force
can be determined. Plasmon oscillations can be modelled as coherent charge density p
displacements with a time dependent velocity v. Here, particle volume elements V' are subject to

electromagnetic Lorentz forces via:
F = pr(E +v X B)dV. (2.30)

With the help of the Maxwell stress tensor (MST) T expressed componentwise using indices i

and j [92]:
1 2 1 1 ”
Tij = &o(EiEj — 5 64;E7) + —(BiBj — 5 6i;B%), (2.31)
and the pointing vector:
S=E><H=E><u£, (2.32)
0

F can be expressed as a time-dependent force density:



20 2.2 Plasmonic Dimers

f(O=V-T— =S (2.33)
Time averaged, the force density is then:
f®&=V-T. (2.34)

For volumetric elements with surfaces defined by S, with a unit normal 7, this yields a total force

of [92]:
F = gﬁST -1 ds. (2.35)

Such volume and surface element derivations of electrodynamically induced force are
fundamental to numerical methods for calculating both dipole-dipole, as well as dipole laser

interactions. These are introduced in greater detail in Section 3.2.1 of this work.

2.2.4 Plasmonic Decay and Heating

Excited particle plasmons decay along two broad pathways, one radiative, and one nonradiative.
Whilst the first can be detected directly by optical means, the second usually manifests in heat,
but also other forms of localized energy dissipation. Longer plasmon lifetimes T, correspond to
reduced linewidths I" via T, = 2h/I" of the plasmonic oscillators Lorentzian response curve [59],
with an example shown in Figure 2.2.6 A. Reduced plasmon damping goes hand in hand with
higher E-field enhancements, and vice versa [93]. Here, damping defines interaction cross
sections, which correspond to excitability and thus field enhancement from a particle plasmon
mode. Plasmon decay is thus an essential component of plasmonic nanoagents, particularly for
SERS, from multiple perspectives. Its components are illustrated in Figure 2.2.6 B and described

in the following part of this section.
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Figure 2.2.6: Plasmon Dephasing. A Normalized calculated longitudinal extinction spectrum (in
energy space) of a 21 x 64 nm GNR on glass, in water (red line) and Lorentzian fit (black dashed line,
with I' = 80.7 meV = 651 cm™'). Here the dotted black line indicates the energy at which the antenna
displays maximum E-field enhancement in Figure 2.2.3 D (1.68 eV). B Sketch of different pathways
of plasmon decay. Here, scattering and dissipative processes marked by dashed and emissive processes
by solid lines.
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Radiative decay is straight forward and takes place via photonic emission from the oscillating
plasmon dipole. It is assignable with a decay rate of T,”. Nonradiative decay with T,;1, on the
other hand, is more complex. It can be subdivided into its constituents: intraband damping
(Tintq), interband damping (T;,1,,), pure (or elastic) dephasing (T*~1), and chemical interface
damping (CID, T5;5). Intraband damping can take place in different ways. For one, scattering of
bosonic LSP electrons with the (ground state) lattice creates phonons according to the Drude-
Sommerfeld model [94], thus heating the metal. With experiments commencing at room
temperature, electrons scattering with phonons will also have to be considered [55, 95]. Interband
damping [96] on the other hand occurs when electrons are lifted from lower bands into the
conduction band. For gold, from the d-band to the Fermi Level, this requires a photon energy
around 1.8 [57] (689 nm). Interband damping is however lowered significantly below 2 eV (620

nm) [59], where plasmon resonances delt with in this thesis lie.

Another aspect is pure dephasing, where the plasmon scatters off of imperfections such as
impurities, grain boundaries, as well as surface roughness [97]. Chemically synthesized gold
nanorods with radii exceeding 10 nm have been found almost free of such faults [98]. Bellow this
radius surface scattering can however become significant [99]. The plasmon thus decoheres and
destructively interferes with itself. Thereby further electron-electron scattering can lead to hot
electrons. These in turn can heat the lattice by scattering with phonons [100]. They can also be
emitted from the particles interface [101-103], with the potential of driving chemical reactions
[104-106]. The latter CID process has also been studied in the context of nanoparticle adsorbate
coupling to glass substrates leading to virtual states close to the Fermi level [107], as well as such

states matching excitation energy [97]. In some cases, it has been found negligible [59].

Dephasing times T, of the particle plasmon are on the order of ~1-10 fs [59, 108]. Electron-
electron and electron-phonon scattering have been timed with ~1 ps and ~1-10 ps respectively
[108, 109]. Finally, thermal dissipation and thus equilibration timescales for continuous wave
(CW) excited particles are on the order of 100 ps [110-112]. Plasmonic heating is therefore a sub-

nanosecond process here.






3 Methods to Characterize and Model GNR-Based Plasmonic Dimers 23

3 Methods to Characterize and Model GNR-Based
Plasmonic Dimers

Within the scope of this work, several different techniques have been used to measure and analyze
plasmonic nanoantenna systems. This starts with dark-field microscopy to characterize and
spectroscopically measure nanoparticles. Such measurements were supplemented with electron
microscopy for structural characterization. Further, electrodynamic properties of antenna systems
and plasmonic heating were analyzed numerically. These techniques are described in the

following subchapters.
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3.1 Nanoagent Characterization and Use

This subchapter describes setups and methods used for optical scattering and Raman
spectroscopy, as well as imaging of the plasmonic nanoantennas employed in the scope of this
thesis. It spans dark-field (DF) microscopy (DFM) and spectroscopy, as well as scanning and

transmission electron microscopy (SEM and TEM respectively).

3.1.1 Raman and Scattering Spectroscopy with a Dark-Field Microscope

Both Raman, as well as single-particle scattering spectroscopy require an optical microscope for
locating and measuring nanoantennas. Dark-field microscopy used here, is an imaging technique
for detecting scattered light in front of a dark background [59], and therefore well suited to the
task. It functions similarly to bright-field microscopy, but differs in that illumination is aimed
around the microscopy objective. Lighting is implemented in the form of a hollow cone, and takes
place from below the substrate. The cone’s inner surface requires a larger numerical aperture NA
(n - sin(a), with refractive index n and angle of incidence ) than that of the objective. This is
achieved using a white light source directed through a dark-field condenser. The corresponding

setup is illustrated in Figure 3.1.1 A and B.
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Figure 3.1.1: Dark-field, Optical Printing and Raman Scattering Microscope Setup. A Scheme of
dark-field microscope setup used for experiments on glass-substrate-based samples. The setup enables
switching between both optical microscopy by camera and eye, as well as spectroscopy, whilst
incoupling a laser (with a system of mirrors for alignment). B Sketch of dark-field microscopy, where
light is guided through the sample around an objectives entrance by the condenser, so that only scattered
light is imaged.

This allows for analyzing the sub diffraction limit sized nanoantennas, with their small optical

cross sections, which is possible in both air and water. In the latter case, fluid volumes were
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around 100 pl, with further Milli-Q purified water added to compensate for evaporation. The light
scattered by the particles, can be outcoupled to both a CMOS (complementary metal-oxide-
semiconductor)-based digital camera for imaging (Canon EOS 6D), as well as a CCD (charge-
coupled diode)-based spectrometer (Princeton Instruments SpectraPro 2500 with a Spec-10:2k
CCD). The spectrometer functions by diffracting light, first guided through an adjustable slit, with
a one-dimensional grating. The diffracted light illuminates the CCD chip (Princeton MicroMax),
which thereby resolves one dimension in frequency, and one dimension in real space. This allows
for detecting scattering spectra. For this, two regions of interest are selected (in real space), where
one contains a particle to be analyzed and another contains background. The latter spectrum is
subtracted from the first, prior to normalizing with a third spectrum gained from the illumination
source using a milky glass substrate. This requires a distance between the target and its
surroundings. Otherwise, spectra might be distorted by non-representative background signal,

potentially containing significant peaks from scattering by other antennas for example.

Additionally, the DFM setup used allows for Raman and SERS measurements, by incoupling
a laser through the objective, and targeting particles of interest. Raman scattered light was selected
to be resolved with the spectrometer, by introducing a longpass filter to block back-reflected and
scattered laser irradiation. Incoupling and focusing of a red or NIR laser into a DFM setup also
allowed for visually monitored optical printing. Here a matching notch filter could be inserted to

block visually obstructive back reflection of the laser whilst printing.

The DFM used here for scattering and Raman spectroscopy was a Zeiss Axio Scope Al, with
a sample stage including substrate holder and dark-field condenser. The stage was motorized in
xy, and with z — the focal axis — requiring manual adjustment. The illumination source employed
was halogen white light-based. Condensers used were a Zeiss 465505 (NA of 0.8-0.95) for some
measurements in air, and a Zeiss 445323 (NA of 1.2-1.4) for measurements in air and water. Main
objectives utilized for measuring were a Zeiss Epiplan HD 50x NA 0.7 objective in air, and a
Zeiss Achroplan 100x NA 1.0 W in water. The CW laser used for Raman measurements was a
Novanta Gem 671 (solid state, 671 nm, 500 mW), with a lambda quarter plate inserted into the
beam path for circular polarization. Power was adjustable with a variable neutral density (ND)
filter. Its focus featured a full width at half maximum of 560 nm, in water. Optical printing was
conducted using a similarly equipped setup, with a Cobolt Rumba (Nd:YAG, 1064 nm, 3 W) CW
laser (linearly polarized with adjustable power). Its beam was expanded to fill out the entrance

pupil of a 63x NA 1.0 Zeiss W-Plan Apochromat.

Additional experiments in air, for heating plasmonic antennas, were carried out using a WiTec
alpha300 series dark-field microscope (Hynano Chair, LMU Munich). It was equipped with a

633 nm laser, and imaging was conducted with an NA 0.95 100x Zeiss Air objective.
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Due to the small energy differences involved in Raman spectroscopy (1 nm of deviation in
wavelength at 671 nm corresponds to 22.2 cm ™! in terms of wavenumber) good alignment of the
setup is important. Calibration of the spectrometer was conducted with a silicon substrate. Here
resolving a distinct Raman peak at 521 cm™! [113], ensured correct alignment of the setup. Raman
spectra can also feature a significant background signal. An approximation of this signal was
subtracted from certain spectra, for improved visual clarity. The background could be
approximated by fitting a polynomial function, with significantly lower curvatures than observed

Raman peaks, to local minima in the spectrum.

3.1.2 Electron Microscopy for Increased Spatial Resolution

Microscopy in general — and optical microscopy in particular — is inherently diffraction limited in
resolution, describable via the Abbe limit d = 0.5 A/NA. To structurally image the significantly
smaller nanoantennas studied here, scanning electron microscopy was used. Its electron matter
wavelength (1) is related to its electron impulse (p) via the de Broglie equation: A = h/p, with h
as Planck’s constant. For an acceleration voltage U of 3-10 kV, as used here, this results in 4 =
23-12 pm, from:

h

A = \/’ma (31)

with e as the electron elementary charge, and m, as their mass. Even with the low NAs on the

order of 107% used for electron microscopy, resolution is thus still considerable at up to ~1-2 nm.
For larger energies resolution does however not scale as significantly anymore, due to relativistic

effects.

To generate such energies, electrons are first extracted from a filament (cathode) tip via an
electric field (field-emission-SEM) [114]. They are then accelerated in an electric potential of an
electron gun, and then focused onto the sample surface by an electromagnetic lens system. By
rastering (or scanning) the beam across the sample whilst detecting both directly backscattered
and secondarily generated electrons, the surface can be mapped to form an image. Here such
electrons were sensed using a combination of Inlens and conventional secondary electron SE2
detectors. The first (Inlens) consists of a ring integrated into the electron lens column. It offers a
particularly high spatial resolution. The second (SE2) is mounted outside the electron lens system
and includes a Faraday cage to attract and thereby accelerate lower energy electrons towards it. It
allows for detection of electrons scattered close to the sample surface. This is illustrated in Figure
3.1.2 A. For this work, a combination of Inlens and SE2 detection, enabled by an Ultra 55 SEM
(Zeiss), offered a favorable mix of high resolution and topological contrast. Here, for non-

electrically conductive substrates, such as glass, charging was prevented by coating the SEM
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samples with a ~1 nm gold-palladium layer. This was done using a Leica EM SCDO005 sputter

coater.

The Ultra 55 SEM microscope could also be used in transmission mode (STEM or T-SEM)
[114, 115], as sketched in Figure 3.1.2 B. Here, electrons which travel through the substrate
directly (without being scattered by the sample and caught in the electron trap) generate
measurable SE2 electrons via a conversion detector. In this case, image contrast is derived from

sample transmission. In this case, imaging was conducted with an electron acceleration voltage

of 30 kV.
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Figure 3.1.2: Illustration Electron Microscopy. A Schematic of scanning electron microscopy. Here
the substrate rests on an additional stage, allowing for more range of motion, beyond that of the
scanning electron beam. The dashed purple line serves to distinguish between A and B. B Schematic
of transmission scanning electron microscopy. C Simplified schematic of transmission scanning
electron microscopy. The schematics are not to scale.

For added resolution and material-contrast to visualize nanoscopic gaps and DNA origami
scaffolds of dimers, conventional transmission electron microscopy was employed, which is
illustrated in Figure 3.1.2 C. Again, imaging contrast is derived from sample transmission,

detected with a 2D CCD sensor, which is 2 dimensional for image resolution [114]. For this, a
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JEM-1101 (JEOL) TEM was used at an electron acceleration voltage of 80 kV (by K. Kolataj,
Liedl Group, LMU Munich).

Additionally, for even higher resolution, high-angle annular dark-field scanning TEM
(HAADF-STEM) [116] was employed. This enables higher material contrast, via Rutherford
scattered electrons (from the atomic nucleus). Here, it was conducted with an FEI Titan Themis
(by M. Déblinger, Department of Chemistry — Bein Group, LMU Munich), with a 300 kV electron

acceleration voltage.

Transmission electron microscopy requires transmissive substrates. For the T-SEM and
HAADF-STEM measurements 50 nm silicon nitride (SizN4) membrane TEM grids (Plano
GmbH) were used. For conventional TEM, 300 mesh Cu (Ted Pella, Inc.) grids were employed.
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3.2 Nanoantenna Numerical Modelling

Three numerical methods were used for modelling physical phenomena relevant to SERS with
plasmonic dimers. Firstly, electromagnetic properties and effects were calculating using the
finite-difference time-domain method (FDTD), a standard method for applications with complex
particle geometries [60]. For this, the commercial software Lumerical FDTD (Ansys Lumerical)
was used. Optical absorption derived by FDTD could be used in combination with finite element
modelling (FEM) COMSOL Multiphysics 5.2a (COMSOL Group), to determine plasmonic
heating effects. These are described in the following two sections. Additionally, a simple random

walk model was implemented in Python for simulating protein diffusion.

3.2.1 Electrodynamic Effects from Finite-Difference Time-Domain Calculations

The finite-difference time-domain method, involves grid-based differential numerical modeling
for solving Maxwell’s time-dependent partial differential equations, as demonstrated by Kane S.
Yee in 1966 [117]. It does so by alternating between magnetic, and electric field calculations at
all grid locations, solving Maxwell’s equations in a temporally and spatially discretized rhythm.
To do so, the simulation volume is partitioned into so called Yee-cells; named after their inventor.
Here, separate grids for magnetic and electric field strength calculation are interwoven in an
equally spaced manner. This Method of meshing is illustrated in Figure 3.2.1 A and B. Modelling

for both gold nanorod, as well as nanosphere dimers is illustrated with Figure 3.2.1 C.

The mesh-points are in turn assigned with frequency dependent n (real) and k (imaginary)
coefficients of the complex refractive index according to the structures modeled in the simulation
region. Mesh density is then chosen with an appropriate spatially varying (sub-nm in metallic
regions) density. Here meshing was generally done with a 0.2-0.4 nm spacing, encompassing the
whole plasmonic nanoantenna with an additional size margin of ~10%. For particularly small
gaps between particles (<1-5 nm), meshing resolution in the gap area was increased (by lowering
grid constants down to 0.01 nm) particularly in direction of the gap span. This was done to avoid
edge coarseness relative to simulated dimensions. An illumination source, with desired frequency
range, intensity distribution and size, was also added. The simulation volume was defined to be
several (~3-4) times the largest wavelength simulated in size. To account for limited simulation
volumes, compared to light propagation lengths, model boundaries were set to consist of perfectly
matched layers (PML), with low interreflectivity. These ensure that electromagnetic fields decay
at the outer model surfaces. Additionally, to increase calculation speeds not involving forces,

where possible, symmetric (perpendicular to excitation polarization) and antisymmetric (parallel
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to excitation polarization) boundary conditions were applied. Simulations were also assigned a

cutoff for remaining energy in the model region (here 1075, for convergence).
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Figure 3.2.1: Finite-Difference Time-Domain Method. A Sketch illustrating Yee-cells in 2D. B
Sketch illustrating Yee-cells in 3D. C Illustration of main plasmonic nanoantenna modelling. Injection
occurred backwards in the z-axis, to best match excitation by laser. For studies on 40 nm spheroidal
dimers from split GNRs on glass, light was injected from below the substrate. Field enhancement
factors were normalized by corresponding illumination source field strengths at the hotspot centre
height above the substrate. The hotspot centre is marked by x in i). Force monitors were applied so as
to encompass individual dimer particles as depicted in ii).

What remains before running the simulation is adding rectangular monitors to determine
different types of desired results. They are required to contain what they are to evaluate. This
included scattering (0.4 ) and absorption (g,;s) cross sections of the studied plasmonic antennas,
as well as (mapped) electromagnetic fields, and volumetric forces. The first two aspects are
calculated from energy absorbed within, and scattered out of cross section monitors respectively.
Here, a self-subtracting light source cube (total-field scattered-field — TFSF) is implemented, so
as to encompass the absorption monitor, and be encompassed by the scattering monitor. TFSF
sources were also used to derive E-field maps from 2D electromagnetic field monitors, the most
important result of FDTD within the scope of this thesis. Additionally, they were employed for
evaluating optical forces. Where not stated otherwise, excitation was linearly polarized and

aligned with the long axis of the antenna, for calculating corresponding field enhancement. To
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achieve circularly polarized light, two perpendicularly polarized TFSF sources with a 90° phase
difference could be employed. In such cases, symmetric and antisymmetric boundary conditions

could not be implemented.

Calculated electromagnetic fields can also be used (by the software) to derive forces acting on
surfaces of particles via the Maxwell stress tensor in Equation 2.31. This MST method functions
by integrating (or effectively summing) over surface elements for Equation 2.35, with indices

for the different surface normals, with:
1 “

for calculating total forces F acting on particles. It is best suited for larger particles with larger
index contrasts, such as ~10+ nm gold nanoantennas, as examined here, and is based on field data
at the surface. The volumetric technique on the other hand is based more directly on Lorentz

forces and thereby Equation 2.30, via:
F,=¢,(V-E)E —iw(e, — &,)E X B. (3.3)

Here, &, is the background permittivity of the medium and &, is the background permittivity of
the volume element. Whilst this method is more accurate for smaller particles with low contrasts
of refractive index to the environment, it requires more memory, as it necessitates collecting fields
throughout the volume. Its use is therefore limited to appropriate cases (here, approximated

optical forces acting on proteins in Section 4.2.2).

Additionally, simulating of plasmonic heating power can be accomplished both for a whole
particle, as well as spatially resolved, in dependence of illumination intensity. A simple

approximation of heating power @, with homogenous illumination intensity I is achieved by:

Q =ogps 1. (3.4)

From this an average heating power density q for volume of interest IV can be calculated:

g== (3.5)

Heating with a Gaussian focus was modelled by implementing a (cross section) monitor for
net power flow P; around a Gaussian source, and a second such monitor (analyzed for P,) around

source and antenna. Proportion of source power absorbed is then:

Pprop. = (P, — P;)/P;. (3.6)

In principle, a more detailed volumetric heating analysis of q(r) can be achieved by
considering local fields together with local absorptivity. Here, n? = ¢ - u = & for non-magnetic

materials (where u =~ 1), and thus Re(e,) = n? — k? and Im(e,) = 2n - k:
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qr) = Zim(e() |[E@) |2 (3.7)

This will also lead to significant anisotropies in heating (of gold nanoparticles) according to
Baffou et al. [118]. Due to gold’s significantly higher thermal conductivity (~318 Wm™'K™!) than
that of water (~0.6 Wm 'K™!), temperatures are however relatively isotropic within the particles,
particularly compared to their environment. In this work, nanoparticle heating is therefore

approximated to be homogenous.

Calculations for spatially variable laser intensities were conducted for a Gaussian beam. In
cylindrical coordinates, with propagation in the z axis and radial deviation r, intensity

distributions are thus:

I(r,z) = I, ( 7o )2 exp (%Zr;) (3.8)

w(z
For P, as the beams power, its intensity at its focal point is:

2Py

IO = 7t.woz' (3-9)
With beam waist radius at focus:
p)
Wqo = TNA (310)

beam waist radius for distance from focal plane z:

w(z) = w, /1 + (i)2 (3.11)

and the Rayleigh-Length:

zp =TT, (3.12)

An additional important value in the scope of this thesis is the electric fields relationship with
intensity, where c is the speed of light in a vacuum:

CoEpn
2

I = E?. (3.13)

Combining Equations 3.9 and 3.13, electric field amplitude at the focal centre is:

Ey =2 |2 (3.14)

Wo Al TNCoEg

The main refractive indices used for modelling with FDTD in this thesis are based on work by
Olmon et al. for monocrystalline gold [55], and Palik for glass and water [119]. Others were used
as stated. Spheroidal particles were modelled as perfect spheres, and GNRs were modelled as
cylindrical rods with hemispherical (if not stated otherwise) endcaps. Dimensions corresponded

to manufacturing specifications and TEM imaging results of the samples studied in this work.
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Where not stated otherwise, results were calculated and are depicted with 1 nm in spectral

resolution.

3.2.2 Thermal Effects from Finite Element Analysis

Here, the Finite Element Method was used to calculate plasmonic heating effects. The versatile
numerical technique [120], is based on boundary conditions surrounding a mesh. Mesh points are
interlinked by differential equations representing relevant physical phenomena, with early
implementations by Turner et al. [121], in 1956, in the context of aerofoil deflection. Parameters
of these equations defined by structures and materials used for modelling, as well as boundary

conditions. Triangular meshing of space into finite elements with contour equations C;; [122] is

illustrated in Figure 3.2.2 A.

Within the scope of this work temperatures T are examined, where the main differential

relationship involved is represented by the heat equation:
aT
q=pcp5—V- (kVT). (3.15)

Here p is the mediums density, ¢, is its specific heat capacity and k is the thermal conductivity.
The latter parameter is most central to this work, where CW excitation is approximated to cause
steady state heating, due to sub-nanosecond equilibration timescales (Section 2.2.4). Relevant
parameters were implemented directly from the COMSOL materials database for gold, (quartz)

glass, water and air.
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Figure 3.2.2: Finite Element Method. A 2D-Sketch illustrating meshing of boundary elements Cj,

between (numbered) points in space. B 2D-sketch (not to scale) illustrating modelling, including
room temperature (20 °C) boundary conditions (dashed black outline). Gap temperatures are given for
point x. A is after reference [122].

The simulation volume was set to be 1 X 1 x 1 um in size. Half of it consisting of water, and
the other half of glass, as illustrated in Figure 3.2.2 B. Meshing was set to be extra fine and
physics controlled in the software. The second aspect results in finer meshing around the interface
between heat sources and surrounding media. Homogenous heating, with volumetric powers

could then be applied to the GNR, and the simulation was run until a steady state equilibrium was



34 3.2 Nanoantenna Numerical Modelling

reached. Temperatures could then be read out from specific points, as well as exported in the form

of 2D heatmaps.
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4 Gold-Nanorod Dimers for Single-Molecule SERS from

Solution

In recent years, several experimental approaches have been developed towards detecting single
label free aqueous proteins. These have included interferometric scattering (iISCAT) microscopy
[123], as well as localized surface plasmon interaction [124, 125], which both rely on a refractive
index contrast between proteins and their environment. lonic conductance measurements through
nanopores [126], can also not resolve actual analyte chemical structure. These techniques
therefore feature potential identification ambiguity. In contrast, Raman and infrared (IR)
spectroscopy do deliver such information as they are based on molecular oscillations and lattice
phonons. Whilst functional for the study of proteins [127], IR spectroscopy is however limited

for biological samples due to absorption by water molecules at relevant wavelengths.

SERS therefore presents a tenable way for achieving this goal. It is however challenging if the
nanoagent hotspots are to be readily accessible for diffusive analyte to bind in and be functional
in the bio-optical window. Here this is aimed at via GNR dimers aligned in a tip-to-tip manner,

using DNA origami.

This work builds on a notable series of previous studies, using DNA origami to structure
plasmonic dimer Raman sensors. It starts with 40 nm gold nanospheres, coated with dye, and
DNA strands [128] by Thacker et al., as well as quantified amounts of SYBR Gold dye molecules
[129] by Kiihler et al. reported on in 2014. This has continued to evolve into the detection of
single Cyanine 3.5 (Cy3.5) dye molecules [38] by Simoncelli et al. (2016). Whilst the first
example, provided an open albeit untested SERS hotspot in the DNA origami platform, the second
and third featured a proven but sealed hotspot in a DNA origami sandwiching structure. Later
studies by Tapio et al. focused on smaller single proteins such as horseradish peroxidase (HRP,

40 kDa) prefixed between two 60 nm plasmonic spheres, spaced by DNA nanoforks [40] (2021).

More accessible SERS hotspots present a key for practical measurements on diffusive analyte.
Here, Zhan et al. employed gold bowties to generate open 5 nm large hotspots [42]. These were
used for Cy3 and Cy5 molecules preattached to a DNA strand reaching into the plasmonic hot
spot. Whilst appearing promising, their use for protein SERS from solution was not demonstrated.
With respect to this goal, Tanwar & Sen et al.’s work on coupled plasmonic nanostars [130-132]
culminated in the measurement of several dyes, as well as the protein thrombin [41] in 2021. The
latter publication displayed a scheme for capturing thrombin from solution with an aptamer,

between two Ag coated Au nanostars. However, whilst highlighting the importance of detecting
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freely diffusive bio molecules, the demonstration of SM-SERS from hotspots was not conclusive.
Further, these detection schemes were tested in air, disparate to potential in vivo applications.

Additionally, the < 633 nm laser wavelengths used are absorbed by tissue.

E-field enhancement of coupled GNR tips has been exploited successfully in previous studies.
In particular, it has enabled fluorescence detection of diffusive [133] as well as preattached dyes
[134], using sheet- and pillar-based DNA Origami scaffolds respectively. Additionally, chains of
coupled GNRs have yielded protein SERS, albeit of larger amounts of p-ATP preattached and

confined to intertip hotspots during antenna assembly [135].

In contrast, here, gold nanorod dimers are used for detecting single diffusive proteins. This
chapter is based on: [136] (Schuknecht, Kolataj et al.). It begins with an outline of the GNR dimer

design criteria, synthesis, and characterization in Subchapter 4.1. This is continued with

demonstration and discussion of single-protein SERS, with analyte captured from solution in

Subchapter 4.2. Finally, means of improving upon the GNR dimer system are discussed in

Subchapter 4.3.
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4.1 Gold-Nanorod Dimer Design and Properties

Beyond a principal of two gold nanorods aligned in a tip-to-tip fashion, other parameters need to
be accounted for to achieve the goal of single protein SERS, with practical applicability. These
begin with a sizable hotspot balanced against E-field enhancement. Regarding hotspot size, gaps
should be wider than analyte molecules. Here, this is defined by the ~5 nm diameter of proteins
streptavidin [137] (~60 kDa) and thrombin (~36 kDa), chosen for measurement due to their
proximity to the mean weight of proteins in eukaryotic cells (49+48 kDA) [138]. Additionally,
plasmonic coupling is strongest at smaller distances between metal nanoparticles. From a
geometric perspective, GNR radii should therefore be significantly larger than the desired analyte,
for it to experience significant field enhancement. Further, they should both be excited and emit
Raman in the bio-optical window. For excitation with a 671 nm laser (as used here), in an aqueous
environment, resonance should thus be around 1500 ¢cm™ lower in energy (located around
746 nm), to maximally enhance Raman cross sections of biomolecules [139]. Less maximized
excitation enhancement can then be compensated for by higher laser powers. The design,

implementation, and characterization of GNR dimers is discussed in the following sections.

4.1.1 Plasmonic Dimer Antenna Design

A first step for evaluating antenna designs for SERS, is assessing their electromagnetic
enhancement. Here, this is done theoretically, using FDTD, to approximate experimental
conditions. Calculations were conducted for bare 21 x 64 nm GNRs (aspect ratio of 3.05), in
water, on glass. Figure 4.1.1 A indicates significant E-field enhancement factors of ~10?
throughout GNR dimer hotspots for gaps of 10 nm. Additionally, these are achieved at a desirable

wavelength range of the bio-optical window, for a range of gaps as shown in Figure 4.1.1 B.
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Figure 4.1.1: Wavelength dependent E-Field Enhancement. A E-field enhancement of GNR dimer
with a 10 nm gap in water on glass, in both the xz- and xy-plane. Field enhancement scales are similar
(~1% deviation). The calculation was done at 785 nm for maximum central E/Eo. B Wavelength
dependent E-field enhancement at the hotspot centres of GNR dimers for different gap lengths.
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Further, red-shifting of E-field enhancement for smaller distances between the GNRs and
resulting increasing plasmon coupling [44], is limited to ~53 nm or ~830 cm ™!, for gaps from 3-
15 nm. At the same time, line widths span ~80 nm or ~1300 ¢m!. This indicates Raman
enhancement at suitable wavelengths over a broad range of gaps, with tolerances for differently
sized analyte and variances in synthesis. A nanorod geometry with an aspect ratio of ~3 therefore

appears suitable. It was aimed for in experimental synthesis, described in the following.

4.1.2 GNR Dimer Assembly with DNA Origami

To generate GNR dimer antennas for SERS, DNA origami is used here. In recent years,
nanolithography has been augmented by DNA origami as a versatile method for bottom-up nano-
structuring. It is based on deoxyribonucleic acid and its nucleobases adenine, thymine, guanine
and cytosine (A, T, G and C respectively). These interlink covalently between sugar and
phosphate groups, forming single strands with a sugar phosphate backbone. Additionally, A and
T, as well as G and C form bonds between each other, joining the single strands into a double
helix. This has been exploited with tailored DNA, where scaffold strands fold into complex three-
dimensional shapes held in place by specific DNA staple strands [36, 37].
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ssDNA Scaffold Strand ‘..A T ﬁf' SSDNA Staple Strands
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DNA Origami Beams

) / 3D Geometry
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scaffold strands with a fixed sequence are held in place with specifically matched ssDNA staple strands.
B Illustration of GNR dimer assembly. DNA origami is folded into beams and used as scaffolding of
GNRs, via Ag and R’s binding sites. GNRs are functionalized with corresponding T or R sequence
ssDNA, to bind to the scaffolding beam pairwise and longitudinally aligned, forming a gap at the
centres of their tips. The beam is designed with a central docking site for SERS analyte (black star) at
the intertip hotspot centre. C Exemplary TEM images of DNA origami beams, GNRs, and thereby
assembled GNR dimers (with closeup insert). B and C have been adapted from: [136] (Schuknecht et
al.).

The DNA Origami method is illustrated in Figure 4.1.2 A. Coupled with the ability to fit such

structures with binding sites at defined locations, DNA origami can be used as scaffolding for
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metallic nanoparticles coated with matching single-stranded DNA (ssDNA) linker strands via
thiolate bonds [140, 141]. This has allowed for generating plasmonic hotspots for SERS in
numerous works, not limited to the following: [38-42, 128-130, 142-147].

Here, for assembling GNRs in a tip-to-tip manner, with a SERS hotspot and analyte binding
site between the two, a beam-based scaffolding was chosen. The corresponding design by K.
Kolataj was implemented using caDNAno [148, 149]. It is based on DNA strands, as illustrated
in Figure 4.1.2 B. The 14 strands were designed to assemble in a honeycomb lattice, resulting in
a 215 x 12.5 nm superstructure. Each half of this structure was designed with 14 binding strands,
with 4 nm separation, running along a single axis on the beams surface. The sites differed in the
8 nucleotide long binding strands employed, with one type being poly-A (AAAAAAAA), and the
other being Random’ (ATGTAGGT). These are meant to bind correspondingly functionalized
GNRs whilst preventing single nanorods bridging across the beam centre. This is crucial as the

space is designated for the inter-tip plasmonic hotspot.

To locate analyte and analyte binding sites in the SERS hotspot, two core strands at the centre
of the beam, in line with the GNR binding sites, were elongated by 3 and 5 nucleotides. Dye
molecules with 20 - and biotin as well as HD 22 aptamer with 5 — basis pairs were then able to
dock to these sites, resulting in them being elevated by a double helix pillar. The pillar is devised
to protrude from the GNR scaffolding beam in a perpendicular manner. This is facilitated by steric

and electrostatic repulsion of the aqueous DNA phosphate backbone.

GNRs were synthesized by K. Kolataj according to protocols established by Ming et al. [29].
They were functionalized batchwise with thiolated ssDNA corresponding to the binding sites. At
this point, the question arises to what extent DNA origami functionalization of synthesized GNRs
might influence their plasmon response, by altering effective external permittivities. Raising these
will result in red-shifts of the plasmon resonance (and vice-versa), analogously to the Frohlich
condition for metallic spheres (Equation 2.23). In-air studies on DNA origami based dimers by
Thacker et al. [128], indicate that an ssDNA layer features a refractive index of 1.7+0.1,
Submerging nanoparticles in (aqueous) buffer, led to limited red-shifts by 51 nm. Other, more
explicit ellipsometry studies [128] have found refractive indices of ~1.46 for ss-, and ~1.53 for
ds(double-stranded)DNA (dried, and at 700 nm wavelengths). Here, for an exemplary batch of
GNRs in aqueous solution, functionalizing of the nanorods with thiolated ssDNA strands lead to
limited resonance red-shifts from 680 to 682 nm (~2 nm). This indicates a limited influence of
DNA on effective refractive index of the sample. It thus supports the simplified modelling of bare

GNR dimers in water.

The GNRs were then added to a solution of DNA beams, to form GNR dimers. Finally, gel

electrophoresis was employed for sorting out single nanorods and clusters, thereby purifying the
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GNR dimer synthesis. An example for such antennas and their components is depicted in Figure
4.1.2 C. It confirms GNR dimer construction, with the goal of locating single analyte molecules
in a hotspot and detecting them with SERS; the main subject of this chapter. Further details on
the design and synthesis can be found in the supporting information and methods section of: [136]

(Schuknecht, Kolataj et al.).

4.1.3 GNR Dimer Characterization

GNR dimers were synthesized in two different batches, R1 and R2, based on two sperate
nanoparticle batches. They were then dropcast onto TEM grids and glass substrates for
measurements. The nanoantennas were analyzed by TEM to confirm both dimer formation, as
well as to examine their structural properties. Figure 4.1.3 A and B show further exemplary TEM

images of synthesis results for the batches.

To verify that antennas featured correct specifications, GNRs constituting dimers were
measured, with results depicted in Figure 4.1.3 C-F. These show that dimer GNRs fulfilled
design criteria of aspect ratios ~3, with widths ~20 nm. Here, batch R1 matched the 64 x 21 nm
dimers simulated best, with 2-3 nm deviations in average dimensions for batch 2. Further, analysis
on the gap span is depicted in Figure 4.1.3 G and H. Gaps were ~8+3 nm in width, thus (usually)
exceeding the size of streptavidin and thrombin. Besides spacing, another important degree of
freedom exists in the sample generation outcome, namely the alignment of their GNRs towards
one another. As can be seen in Figure 4.1.3 I and J, properly formed dimers (with maximum
misalignment of 60°), featured a limited average angular deviation of 13°. Overall, a ~55%

synthesis yield of tip-to-tip GNR dimers was achieved.
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Figure 4.1.3: GNR dimer Geometry Characterization by TEM. A and B TEM images of R1 and
R2 GNR dimers. Sketches illustrate length, width, gap and angle B of dimer Characterization. C Length
distribution of batch R1 GNRs assembled into corresponding dimers by DNA origami. D Length
distribution of R2 GNRs from corresponding dimers. E Width distribution of R1 GNRs. F Width
distribution of R2 GNRs. G Gap size distribution of R1 GNR dimers. H Gap size distribution of R2
GNR dimers. I Inter-GNR angle distribution of R1 dimers. J Angle distribution of R2 dimers. Here
180° corresponds to an ideally (straightly) aligned dimer, and angles below 120° were not considered.
Black scale bars denote 500 nm, and purple scale bars 100 nm. Red curves are Gaussian fits, with u as
a mean, and o as a standard deviation. This figure has been adapted from: [136].

For further optical characterization experiments on dimers, these were dropcast onto glass

substrates, and analysis commenced with DF-microscopy. Imaging results of this are depicted in

Figure 4.1.4 A. Here, potential GNR dimers were identified by their reddish color. Dark-field

illumination was then used for single antenna scattering spectroscopy with exemplary spectra

depicted in Figure 4.1.4 B. Further analysis of dimer scattering spectra revealed a mean plasmon

resonance of 753426 nm. Here, GNR dimer shapes were determined using SEM, with examples
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shown in Figure 4.1.4 C. It was found that out of 30 reddish spots examined spectroscopically,
16 stemmed from GNR dimers. Other antennas were malformed dimers, single GNRs or

aggregates. This corresponds to an identification and targeting rate by DFM of 53%.
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Figure 4.1.4: GNR Dimer optical and structural Confirmation. A DFM image of GNR dimers
(reddish spots) on glass substrate in air. B Exemplary scattering spectra of GNR dimers in A. Here, for
16 dimers, a mean scattering peak position of 753+26 nm (indicated by black marker with error bars).
C SEM images of GNR dimers in A and B. Overall 16/30 reddish spots from A examined were
determined to be dimers. This figure has been adapted from: [136].

These spectral measurements were conducted in air, as blow-drying of samples after water
immersion experiments appeared to remove a large proportion of GNR dimers from their sample
substrates. Whilst higher effective external permittivities (in water) might cause plasmon red-
shifts, spectroscopic results are nevertheless relevant for measurements in water. Here, Thacker
et al. [128] found a lack of plasmon resonance shifts for single ssDNA coated gold nanospheres
on flat DNA origami sheets. For corresponding dimers blue shifts were observed, due to increased
spacing between nanospheres. This was linked to ssDNA hydration expanding dimer gaps. In this
work on DNA-beam-based dimers however, ssDNA length is not directly responsible for the tip-
to-tip spacing of GNRs. DFM experiments throughout this study indicated limited shifts in
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antenna color from sample submersion in water. An example for a ~7 nm red-shifted spectrum is
given in Figure 4.1.5 A. Conversely, the antenna spectrum in Figure 4.1.5 B features a ~11 nm
blue-shift from aqueous submersion. Here, the antennas were not identified as dimers via SEM.
However, the antenna in B (unlike that in A) was useful for Raman and is discussed later in this

subchapter.
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Figure 4.1.5: Examples of Environmental Effects on Nanoantenna Plasmon Resonance. A
Scattering spectrum of nanoantenna in air (grey) and water (blue). The spectral peak red-shifted from
~703 to ~710 nm. B Scattering spectrum of a second nanoantenna in air (dark grey) and water (dark
blue). The spectral peak blue-shifted from ~701 nm to ~690 nm. Spectra were first acquired in air, and
then in aqueous solution. Black arrows indicating shifts are not to scale. The aqueous antenna scattering
spectrum in B has been adapted from: [136].

At this point, it should also be noted that, whilst the resonance ~750 nm (in air) appears
favorable for Raman measurements with a 671 nm laser, a selection bias for dimers with bluer
resonances cannot be exclude. It can be expected to stem from particles with resonance
wavelengths beyond ~800 nm being significantly more difficult to identify via the CMOS camera.
(equipped with a conventional photography IR filter). More specifically, particles with resonances
further in the NIR lack brightness. This might lead to selection for dimers featuring larger gaps,
or consisting of GNRs with smaller aspect ratios, compared to the synthesis mean. In general
however, synthesized GNR dimers identified for measuring fulfilled initially specified criteria,

with resonances in the bio-optical window.

4.1.4 Impact of Laser Irradiation on GNR Dimers

Another significant factor to be considered, is modification of the dimer system itself, by laser
irradiation. The most prominent factor here is plasmonic heating. Past reports of it have usually
focused on plasmonic particles and their thermal reshaping. This has included surface diffusion,
from tips of GNRs to their centres, by Link et al. [150], with a femto-second pulsed laser.
Temperatures for such deformation of gold nanogeometries were found to be several 100 K under

the bulk melting point of gold (~1337 K) both theoretically [151], as well as in experiments [152].
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Whilst such temperatures (several 100 °C) are clearly to be avoided, significantly less extreme
heating to 150 °C, has been found to shrink DNA origami sheets by ~50% [153]. Thus, in the
context of DNA origami assembled plasmonic dimers, Simoncelli et al. [38] found that shrinking
of a funnel like scaffold lead to reduced gaps between dimer spheres. This also led to increased

SERS signal, from higher field enhancement, in air.

For this work, with a focus on aqueous SERS measurements, a heatsink effect of the
environment can be assumed. This was approximated via numerical calculations, with results
described in the following. Here temperatures, of and around the GNR dimers are significantly
lower in water (Figure 4.1.6 A), than in air (Figure 4.1.6 B). This also translates to the GNRs
themselves and hotspot centres, as displayed in Figure 4.1.7 C and D respectively, over a range

of excitation powers.
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Figure 4.1.6: Heating Calculations for GNR Dimers in Air and Water. A Calculated temperature
distribution around bare GNR dimers with 8 nm gaps in water. Heating was modelled assuming a power
of 5 mW, for the 671 nm laser. B Temperature distribution around bare GNR dimers with 8 nm gaps
in air, for heating power in A. C Temperatures of GNRs for different laser powers in water and air. D
Temperatures at hotspot centres for different laser powers in water and air. Locations are indicated
with: x. The FEM calculations are based on 0.393% of parallelly polarized focused laser light
absorption (derived via FDTD). This absorption quotient is halved to approximate circularly polarized
excitation. A and C have been adapted from: [136].

These approximations predict that heating in water with several mW laser power should not
impact DNA origami scaffolding significantly. It should however be remembered that differences

in resonance from GNR dimension and gap sizes will impact absorption, thermal dissipation, and
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thus temperatures depicted. Thus, lower laser powers appear desirable, and their potential effects

might still be considerable.

To gain an understanding of the qualitive effects of heating, further experiments were
performed. These were carried out in air, again, as sample submersion and subsequent blow-
drying in aqueous solution was found to remove a significant proportion of dimers from the
substrates. This would have both lowered sample size, as well as potentially introduced a selection

bias for or against dimers altered by the laser. Exemplary results are depicted in Figure 4.1.7 A.
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Figure 4.1.7: Angling of GNR Dimers under Laser Excitation. A SEM images of GNR dimers
before and after laser irradiation and plasmonic heating. B Analysis of intradimer GNR (golden)
angling from plasmonic heating. Here the non-heated GNRs were found to have a 21.3° standard
deviation of angular misalignment, which functions as the threshold for being angled here. C Sketch
of possible GNR dimer angling mechanisms, due to DNA beam (maroon colored) contraction from
heating, either via i): GNRs colliding at their tips (leading to smaller gaps), or ii): GNRs sticking to the
substrate (resulting in similar gaps). Corresponding interactions are signified by a star outline. D Sketch
of possible GNR dimer angling due to electromagnetic forces (resulting in smaller gaps). Thin black
arrows indicate force vectors.

Here it should be noted that DNA origami is not visible in the SEM images. Antennas were

plasmonically heated using focused lasers, with wavelengths of 633 nm and 671 nm set to ~1-
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10 mW of illumination power. These were directed at dimers on glass substrates for times on the
order of 10s. The clearest visual difference found, between heated and nonheated antennas, was
increased angling of irradiated dimer nanorods. Further statistical analysis confirmed an increase
in angling, for particles exposed to a focused laser as shown in Figure 4.1.7 B. The probable
cause of this, in the context of (aforementioned) previous work on heat shrunken DNA origami
scaffolding [38], is contraction of the central DNA beam. With rods then either colliding with
their tips or sticking to the substrate, the contracting beam can impart a torque on them. The torque
is applied via the single sided GNR-beam attachment. Such potential mechanisms behind angling

of dimer GNRs towards one another, is illustrated in Figure 4.1.7 C.

Attractive forces, from the bonding dipole-dipole coupling component of plasmon
hybridization [90, 91], between the antenna GNRs might also shrink gaps. Such forces can be
explained classically, via two parallelly aligned (plasmonic) dipoles experiencing coulomb
attraction to one another. The effect could thereby also lead to angling, as shown in
Figure 4.1.7 D. Torque would occur when the dimer GNRs are forced towards one another, under
maintenance of the length of the DNA origami beam to which they are attached. The mechanism

would apply quasi inversely to tip interference angling from DNA scaffold contraction.

Apart from GNR substrate adhesion mediated angling, these effects might thus include smaller
gaps. These are indicated in SEM images (Figure 4.1.7 A) and could provide higher Raman
enhancement at the expense of hotspot size. Determining gap lengths of the GNR dimers with nm
accuracy using an SEM is however difficult. This is due to resolution limitations, as well as
potential variances in metal sputtering layers (required for electrical sample conductivity). Angles
were however clearly derivable from lines running in parallel to the long axes of the dimer GNRs

outlines, unaltered in terms of direction by sputtering.

The effects of angling between GNRs on field enhancement, are less straight forward than
shrinking gaps. Other work on fluorescence enhancement from GNR-based dimers indicates that
both excitation and radiation enhancement (of fluorophores) in the hotspots does drop, albeit not
substantially [134]. These structures featured relatively angularly misaligned GNRs, attached by
the tips to a twin pillar DNA origami scaffold, with an average angle of 134°. The results were
supported by calculations on E-field enhancement factors at the hotspot centres. Here, this is also
found numerically for E-field enhancement at the centre and the whole of the antenna hotspot,

which is depicted in Figure 4.1.8 A and B respectively.

This coincides with limited shifts in resonance with angling, as indicated by Figure 4.1.8 C.
Plasmon coupling thus seems relatively unaffected by misalignment. It thereby supports that both
inherent angling from the synthesis shown in Section 4.1.3 as well as from deformation is not an

issue with minor angling, and even beyond 30°. However, whilst calculated E-field enhancement
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(and resonance wavelength) does not appear substantially reduced, even at 90°, extreme cases of
misalignment should still be avoided. For one, the analyte binding strand might otherwise be
dislocated from the hotspot, and they might become less accessible. Additionally, these results
are reliant on the spherical endcap approximation employed for modelling GNRs. It simplifies
(geometrically) defining gap widths by their spans, and similarizes hotspot shape under GNR
angling. In reality, synthesized particle ends are expected to not have perfectly spherical
curvatures, due to crystalline facets of gold [29]. This might impact plasmon coupling

significantly, particularly from a loss of symmetry of the gap around its span due to angling.
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Figure 4.1.8: Angling Effects on E-Field Enhancement. A Dimer GNR angle  dependence field
enhancement at the hotspot centre for 5 and 8 nm gaps. 167° represents the mean synthesis angle
according to TEM. B E-field enhancement maps for GNR dimers with 8 nm gaps at different angles
on glass, in water. C Wavelengths corresponding to maximum calculated E-field enhancement in A
and B. Gap lengths for angling are defined by the shortest distance between the GNRs. A and B have
been adapted from: [136].

These findings indicate that SERS enhancement of GNR dimers might be relatively stable
under laser excitation in aqueous solution. In particular, extreme cases, of melting GNRs appears
avoidable at mW scale excitation powers. Impact on the DNA origami structure and GNR

positioning should however still be considered.
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4.1.5 SERS Detection of Cy3.5

To gain further insight, into GNR dimer function in practice, studies were carried out towards
single dye molecule Raman detection. Dye molecules of the Cyanine family have been
particularly prominent in past single-molecule SERS measurements [38-42, 147]. This has also
been due to the ability of exciting dye resonance Raman, greatly increasing resulting Stokes
shifted signal. Here, with Cyanine 3.5 molecules chosen as analyte the resonant enhancement is
however not a strong contributor. This is due to a very limited overlap between the 671 nm laser
line, and the dye’s absorption spectrum, which peaks at 592 nm [154]. The molecule was instead
chosen specifically to see whether and how SERS detection of small single molecules is

achievable with the GNR dimers. It also serves for insight into how excitation by laser might

impact the antennas during measurements.
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Figure 4.1.9: Single Cy3.5 Molecule SERS in Water. A Sketch of GNR dimer gap fitted with a Cy3.5
molecule. B DFM image of individual Cy3.5 fitted antennas on a glass substrate. C Single Cy3.5 SERS
spectra with signal in counts (cts), from measurements at different times. The bulk spectrum (4000 cts
scalebar) was acquired from Cy3.5, via a solution with 10 uM of dye concentration dried onto a gold
film. The gold film was generated by sputter-coating a glass substrate. The spectra are background
subtracted, for visual clarity. Raman peak assignment features in Table 1. This figure has been adapted
from: [136].

GNR dimers for such experiments were synthesized with single Cy3.5 molecules, reaching
into the inter tip hotspot via the central DNA helix pillar as illustrated in Figure 4.1.9 A. They
were dropcast onto glass substrates. Samples could then be placed under a dark-field microscope,
in water immersion conditions. Individual dimers were again identifiable, with an example (the
same antenna as in Figure 4.1.5 B) depicted in Figure 4.1.9 B, to be targeted for SERS. Here a
laser power of 10 mW was used to acquire Raman spectra in a sequential (time resolved) manner.
Cy3.5 can in fact be identified clearly by SERS, as shown in Figure 4.1.9 C, for exemplary points
in time of the measurement series. This is possible via distinct Raman vibrational modes, at 1270-

1280 cm™! (aromatic group motion) [155, 156], ~1350 cm™! (central methine chain) [155-157],
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~1460-70 cm ™! (asymmetric CH3 deformation) [155-157], 1560 and 1590 cm™' (N*=C stretching)
[155, 156, 158] and ~1610-1620 cm™!' (C=C stretching) [156, 158]. Signal corresponding to these
peaks was also identifiable in bulk SERS measurements of the dye, confirming the single-

molecule SERS capability of the design.

Table 1: Cy3.5 Raman Peak Assignment.

Cy3.5 Peak Positions [em™] Raman Peak Assignment
1270-1280 Aromatic group motion [155, 156]
1350 Central methine chain motion [155-157]
1460-70 CH3; asymmetric deformation [155-157]
1560 and 1590 N*=C stretching [155, 156, 158]
1610-1620 C=C stretching [156, 158]

The full corresponding time resolved SERS measurement of the antenna is shown in Figure
4.1.10 A. It reveals a significant amount of Stokes shifted signal at lower wavenumbers, with a
lack of clearly identifiable molecular vibrational peaks. This shifted to fluctuating Raman signal
at higher wavenumbers towards the end of the measurement. It is also where distinct Cy3.5 Raman
spectra were identified. Such signal peak effects are common in single-molecule measurements
[18, 159], where Raman fluctuations might stem from interactions of molecules with one another

and with the SERS substrate. Here this might include ssDNA coating of the GNRs, as well as the

dye analyte.
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Figure 4.1.10: Effect of SERS Measurement on GNR Alignment. A Heatmap of signal from SERS
measurement (serial acquisition), with 0.5s integration time per row. The laser was turned on ~1s into
the acquisition, so as not to miss any signal. The scale is reciprocal, for visual clarity. The white arrow
indicates an area of potential fluorescence signal. B Dark-field scattering spectra before (peak at
~690 nm, in blue) and after (peak at ~698 nm, in red) Raman measurement. The dotted line indicates
the laser wavelength. C Sketch illustrating shrunken GNR dimer gaps (neglecting potential angling)
with fluorescence quenching of dye molecule (red to grey). A and B have been adapted from: [136].
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Besides fluctuant Raman signal, three other noteworthy findings stand out in the case of this
SERS measurement. Firstly, it took several tens of seconds for significant Raman signal around
1400 cm! to appear. Secondly, the beginning of the measurement appears to be dominated by a
low intensity fluorescence tail at lower wavenumbers, with signal disappearing towards later parts
of the time series. Thirdly, there is a small red-shift in the dimer’s scattering spectrum by ~8 nm,
which is depicted in Figure 4.1.10 B. Combining points one and three clearly indicates that the
intertip gap of the GNR dimer shrunk during the measurement, a possibility discussed in Section
4.14. It can explain the appearance of Cy3.5 Raman modes later in the measurement, via
shrinking gaps coinciding with higher field enhancement in the hotspot. It also matches the
spectral red-shift of the plasmon bonding mode peak from stronger coupling between the two
GNRs. Notably, the second less intuitive point, a loss of fluorescence signal (at lower
wavenumbers) might also be explained by a shrunken gap, instead of by simple fluorophore

bleaching. This is illustrated in Figure 4.1.10 C and described in the following.

Whilst the laser line appears far outside of the absorption band of Cy3.5 [154], some minor
fluorescence signal cannot be entirely excluded. Particularly, as plasmonic dimers, including
specimens based on GNRs [160], have proven to be highly effective for raising fluorescence cross
sections. Its disappearance, in conjunction with SERS of the dye molecule and indicators of a
shrinking gap, therefore, points towards fluorescence quenching instead of potential fluorophore

destruction.

This fluorescence quenching phenomenon from a proximity of molecules to a metallic surface
has been reported by Dulkeith et al. [161], in the context of gold nanospheres. For Cy5 dye, the
distance dependent effect, theorized to stem from a phase difference between the gold
nanoparticle and the molecular dipole, was particularly pronounced around ~4 nm in experiments
[162]. This distance corresponds to half of the average GNR dimer hotspot length. A shrinking
gap can thus explain all three observed phenomena. It might also increase interaction between
GNR surfaces and the dye, as well as ssDNA coating, leading to signal fluctuations. At the same
time, potential angling occurring here, does not appear detrimental to SERS and thus E-field

enhancement experimentally.

Whilst the detection of Cy3.5 was successful, previously described sample alterations do
however represent a form of degradation. This regarding, another effect can also come into play.
It is carbonization of the antenna’s surroundings, which can be particularly prominent in SM-
SERS measurements, as reported by Andreas Otto, in a 2002 review study [163]. Here,
crosslinking of chemical groups, can lead to layers of amorphous carbon on the plasmonic
surfaces. It was also found to contribute significantly to signal fluctuations. Whilst the study dealt
with results at silver nanoparticles and rough silver films, chemical alterations at the metallic

surfaces were found explicitly for biomolecules such as hemoglobin. Examining the effect is
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therefore important in the context of this work. Carbonization has been found to stem from both
heating (by several 100 K), as well as hot-electron-induced photochemical processes at plasmonic
hotspots during TERS [164]. This sample degradation manifested in fluctuating signal, around
1350 cm ! and 1580 cm™!, leading to the emergence two broad humps dominating time averaged
SERS spectra, at those locations. As an example in the context of dimers, hot electrons have also

been effective at driving chemical reactions at the hotspots of silver nanotriangle bowties [106].
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Figure 4.1.11: Cy3.5 Antenna Carbonization. A SERS spectrum of antenna with 20s integration
time. The spectrum features broad peaks at 1350 and 1580 cm™! (locations indicated by dark grey bars).
B Illustration of potential mechanisms behinds behind carbonization. Here gaps shrink, and either: i)
the whole of the antenna surroundings is thermally carbonized, including the Cy3.5 analyte unless it
dissociates beforehand (dark grey dotted arrow). Or: ii) only ssDNA (at the hotspot) is carbonized.
Here, ssDNA is light grey, carbonized media is (full) black, unquenched Cy3.5 is red and quenched
Cy3.5 is colored dark grey. The sketch is not to scale, and potential angling is not depicted.

For the Cy3.5 measurement here, Raman indicative of carbonization was in fact observed, by
integrating over the last 20s of the measurement, as depicted in Figure 4.1.11 A. It should be
noted that this signal can be expected to also stem from Cy3.5. However, the two peaks appear
broader and significantly more pronounced than for signal matching Cy3.5 (Figure 4.1.9 C).

Carbonization for GNR dimers will therefore be examined in the following.

Here, hot electrons, as a cause for carbonization appear inhibited by a favorable combination
of gold surface and aqueous environment. Regarding the first aspect, Heck et al. found gold to be
significantly less effective for carbonization at its surface than silver [145]. For one, this was
explained with a higher affinity of silver to oxygen [165] and anions [166] in aqueous solution.
Additionally, it was attributed to thiol-bonding, of ssDNA coating, being stronger on gold than
silver [167]. Desorbed radicals in turn can form further amorphous carbon products [164].
Regarding the second aspect, Bjerneld et al. found that for SERS measurements with silver
particles, an aqueous environment suppresses carbonization [168]. Submersion in water was
found completely protective for analyte shielded from direct contact with the metal nanoparticle
surfaces by (thiophenol) adsorbate. The aqueous adsorbate itself was also less prone to

carbonization in water than in air. The combination of gold nanoparticles in water might therefore
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be expected to protect analyte completely, but not the ssDNA attached to the GNRs. Further,
thermal aspects might also have played a role in carbonization. Potential mechanisms behind the

measured carbonization signal are illustrated in Figure 4.1.11 B.

Calculations of model GNR dimers in water (Figure 4.1.6 C) indicate temperatures of ~76 °C
here, indicating a lack of thermal carbonization. However, individual dimers might exhibit
significant differences in absorption of the laser. In particular, the scattering peak of this antenna,
is close (~19 nm away) to the excitation wavelength at the beginning of the SERS measurement
(Figure 4.1.10 B). The laser induced plasmon (scattering) resonance red-shift (to a ~27 nm
distance) could then have lowered plasmonic heating and temperatures. This in turn might have
arrested thermal alteration, thereby preventing destruction of the antenna, as indicated by the
limited plasmon resonance shift. That heating to the point of thermal carbonization was not
involved matches that the single Cy3.5 DNA anchor strand did not dissociate thermally [169]
prior to measuring dye SERS. Additionally, the molecule did also not appear chemically altered
(in a significant way), as indicated by the clear Raman identifiability. More moderate temperature
increases could however still have favored desorption and carbonization of thiolated ssDNA
directly at the GNR surfaces. Detected (potential) carbonization Raman signal therefore appears

to stem from hot electrons effecting ssDNA, and not analyte.

These findings highlight the importance of reduced laser powers for antenna and analyte
preservation. Especially, as Raman fluctuations due to DNA carbonization might obscure analyte
signal. They also indicate that some slight deformation might be favorable for electromagnetic
enhancement factors, particularly for (initially) larger GNR dimer gaps. Elevated laser powers
might thus also be desirable for SERS beyond a simple proportional increase in Raman excitation.
Protein measurements in the following subchapter were conducted with a view towards balancing

these aspects.
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4.2 GNR Dimers for Single-Protein SERS

This subchapter begins with testing the GNR dimers for SERS of single proteins captured from
aqueous solution, the main goal and topic of this work. Mainly, these were streptavidin (SKU
189730 and §4762) from streptomyces avidinii bacteria and thrombin (SKU 1.12374) from bovine
plasma. Additional proteins used for testing were myoglobin (SKU M0630) from horse skeletal
muscle and IgG (anti-biotin antibody, SKU B3640) from goat. Proteins were purchased from
Sigma-Aldrich. The subchapter is concluded with a discussion of the results, both in the context

of E-field enhancement as well as measuring specificity.

4.2.1 SERS Detection of Proteins

Streptavidin and thrombin were not only chosen for testing GNR dimer capabilities due to their
size and prominence. The ability to design effective binding sites for them at hotspots also

factored into the decision.

Starting with streptavidin, the tetrameric protein has a size of 4.2 x 4.2 x 5.6 nm [137, 170],
with a hydrodynamic radius of 2.82 nm [171]. It is prominent in biotechnical use and research
due to its strong bond to the vitamin biotin. This takes place via one of its four avidin
groups/binding sites [172]. Accordingly, GNR dimer antennas were constructed, with single

biotin binding sites, so as to capture single streptavidin molecules in their gaps for SERS.

Testing of the streptavidin detection scheme commenced with identifying antennas, dropcast
onto glass substrates, using DF-microscopy. This is visualized in Figure 4.2.1 A, together with
the dimer design. Followingly, SERS measurements of individual prospective dimers were
carried out in TE buffer, so as to test for the presence of biotin in hotspots. The measurements
were carried out with a laser power of 5 mW. They also served to find potential background signal
from DNA. Exemplary results of these SERS experiments are depicted in Figure 4.2.1 B. The

1

measurement features its most prominent signal at ~1375 cm™', consistent with nucleobases of

DNA (ring breathing modes of A, T, G) [139, 173]. Raman scattering corresponding to biotin was

less distinct, but clearly visible. In particular in the form of signal at 1270 cm™!

assignable to
methylene group wagging [174, 175], 1450-1470 cm ™' to CHa (ring) stretching [174, 175], and at

1565 cm™! to C-N stretching [174, 176].

The next step was adding streptavidin to the TE buffer immersed sample. An illustration of
the protein binding in dimer gaps is shown in Figure 4.2.1 C. After several minutes of waiting
for the proteins to locate in hotspots and bind to biotinylated docking sites, measurements of
commenced. Exemplary SERS results are shown in Figure 4.2.1 D. Here additional peaks were

identifiable and assignable to streptavidin, with Stokes shifts at 1239 cm™ (amide III/B-sheet)
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[139, 174, 175, 177], 1336 cm™! (tryptophan W7) [174, 175, 177], 1560-1580 cm ™' (tryptophan
W2) [174, 177] and 1670 cm™! (amide 1/B-sheet) [139, 174, 177]. In the depicted measurement,
most of these peaks were not present from the beginning of the acquisition. Further signal at
~1360-1370 cm™! might correspond to tryptophan [174, 175, 177], as well as DNA ring breathing
[139, 173]. An additional peak at ~1503 cm™!, unspecific to streptavidin, can be assigned to
aromatic ring vibrations of DNA [175] as well as N-H bending [139].
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Figure 4.2.1: Streptavidin SERS in aqueous Solution. A Sketch of a GNR dimer gap with biotin
binding site, and DFM image of antennas. B SERS spectra of biotinylated antenna circled in DFM
image in A (with biotin Raman peaks highlighted in mint green, and DNA signal highlighted in light
grey). C 3D rendering of streptavidin (circled) from data of [178], without ligand and water molecules.
Image from the RCSB PDB (RCSB.org) of PDB ID 6J6J ([178]). The sketch illustrates streptavidin
entering the antenna gap and binding to biotin. D SERS spectra measured after streptavidin was added
to the solution. The first spectrum (from the top) does not enable the identification of streptavidin. Later
spectra feature peaks assignable to the protein (highlighted in light blue). Streptavidin was concentrated
at ~4.2 uM. All spectra were obtained with 0.5s integration times, with later SERS spectra at lower
positions in their respective stacks, and with Raman peak assignment featured in Table 2. This figure
has been adapted from: [136].
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Here streptavidin was not detectable at the beginning of the measurement. This indicates that
the protein was either not located in the hotspot, or that the hotspot was not sufficient in strength
at the beginning of the time series. Particularly a shrinking gap could have furthered Raman

enhancement.

Table 2: Protein Capture Raman Peak Assignment.

HD22/DNA Peaks [em™!] Raman Peak Assignment
1160-1170 Cand G [139, 173]
1230 Antisymmetric phosphate stretching [139, 179]
1375 T, A and G ring breathing modes [139, 173]
1510-1515 Adenine ring breathing [139, 180] and cytosine [139, 181]
1574 G and A [139, 173]
1601 Thymine [173]
Biotin Peaks [cm™] Raman Peak Assignment
1270 Methylene group wagging [174, 175]
1450-1470 Stretching of ring CH, [174, 175]
1565 C-N stretching [174, 176]
Streptavidin Peaks [cm™] Raman Peak Assignment
1239 Amide III/B-sheet [139, 174, 175, 177]
1336 Tryptophan W7 [174, 175, 177]
~1360-1370 Tryptophan [174, 175, 177], DNA ring breathing [139, 173]
1560-1580 Tryptophan W2 [174, 177]
1670 Amide I/p-sheet [139, 174, 177]
Thrombin Peaks [cm™!] Raman Peak Assignment
1230-1250 Amide I11/B-sheet [139, 182]
1302 Amide III [139, 180] or CH; twisting for protein [139, 183]
1340 and 1360 Tryptophan [139, 182]
~1550-1560 Amide II or tryptophan [139, 182]
1639-1670 Amide I/B-sheet [139, 182, 184]

Additional measurements with the goal of detecting single thrombin protein SERS were
carried out with similar GNR dimers in PBS buffer. The globularly shaped enzyme is well known
for its role in blood coagulation. Whilst it is slightly smaller than streptavidin with a
hydrodynamic radius of 2.05 nm [185], and (dry) dimensions of 4.5 x 4.5 x 5 nm [186], it serves
to illustrate the antennas versatility. Here the antenna design involves central HD22 binding sites.
These aptamers consist of 29 nucleotides forming a duplex/G-quadruplex mixed structure with a
cage like geometry for capturing thrombin. The antenna design is visualized in Figure 4.2.2 A,
together with a DFM image of located antennas. Due to the nature of HD22, the molecule cannot
clearly be distinguished from the DNA origami scaffold by SERS measurement of corresponding
antennas. An example is shown in Figure 4.2.2 B, measured with a laser power of 2 mW. Here,
Raman modes typical for DNA were observed at ~1160-1170 cm™! (C, G) [139, 173], 1375 cm™!
(T, A and G ring breathing) [139, 173], 1510-1515 cm™' (adenine ring breathing and cytosine)
[139, 180, 181] and 1574 cm™' (G, A) [139, 173]. Further, signal at 1600 cm™' is assignable to



56 4.2 GNR Dimers for Single-Protein SERS

thymine [173]. Finally, signal corresponding to antisymmetric phosphate stretching at 1230 cm™
is assignable to DNA origami, ssDNA, as well as the aptamer [139, 179].
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Figure 4.2.2: Thrombin SERS in aqueous Solution. A Sketch illustrating a GNR dimer gap with an
HD22 binding site, as well as DFM image of such antennas. B SERS spectrum (from antenna circled
in A) of the aptamer (with DNA/HD22 peaks highlighted in light grey). C 3D rendering of thrombin
(circled) from data of [187], without ligand and water molecules. Image from the RCSB PDB
(RCSB.org) of PDB ID 1UVT ([187]). The sketch illustrates thrombin entering the nanogap and
binding to HD22. D SERS spectra after adding thrombin — for a concentration of ~28 puM (with
thrombin peaks highlighted in light red). All spectra were obtained with 0.5s integration times, with
later SERS spectra at lower positions in their respective stacks, and Raman peak assignment featured
in Table 2. This figure has been adapted from: [136].

The next step consisted of adding thrombin to the solution. An illustration of the protein
binding in hotspots is shown in Figure 4.2.2 C. After incubation, SERS measurements yielded
signal depicted in Figure 4.2.2 D. This corresponded to thrombin at 1230-1250 cm™! from amide
I11/B-sheet [139, 182], 1340 (and 1360) cm™! (tryptophan) [139, 182], and ~1550-60 cm™' from
amide IT and/or tryptophan [139, 182]. Signal at 1302 cm™' is assignable to Amide III as well as
protein CH; twisting [139, 180, 183]. Intriguingly, amide I/B-sheet Raman was not consistently
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visible via signal between 1639-70 cm™' [139, 182, 184]. Together with signal fluctuations this

points towards degradation of the sample, as well as potential carbonization.

To examine the effect of carbonization, protein measurement signal was integrated, for results
from the streptavidin as well as thrombin measurements displayed in Figure 4.2.1 D and Figure
4.2.2 D respectively. This is depicted in Figure 4.2.3 A for streptavidin, and Figure 4.2.3 B for
thrombin. Both spectra indicate a lack of carbonization humps, with sharper protein peaks

remaining visible at and around wavenumbers of relevance.
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Figure 4.2.3: Protein SERS with longer Integration Times. A SERS spectrum of streptavidin
measured with 5 mW. B SERS spectrum of Thrombin measured with 2 mW laser power. Overall
integration times were 30 seconds for both spectra. These lack broad peaks at 1350 and 1580 cm’!
(locations indicated by dark grey bars). This figure has been adapted from: [136].

The finding indicates that both heating as well as hot electrons are, at the very least, not a
detrimental issue for these GNR dimer measurements. The thermal aspect is consistent with
results for plasmonic heating (Figure 4.1.6) where GNR temperatures lie at ~49°C even for 5 mW
of excitation power. At these temperatures, protein denaturation can however still be a factor,
even in buffer. Together with analyte molecule movement in the hotspot, it might therefore
explain some of the signal fluctuations. Antenna alteration, such as angling and shrinking gaps,
might also have taken place. Carbonization of ssDNA can also not be excluded entirely from these
results. Nevertheless, the findings confirm the use of GNR dimers structured using DNA origami

for single protein SERS from aqueous solution.

A question which remains here, is to what extent measuring SERS was analyte specific. To
further test for this, two additional types of aqueous GNR dimer measurements were conducted.
They are outlined in Figure 4.2.4 A. One with only myoglobin, and one in which both streptavidin
and myoglobin were added to the solution. The latter oxygen (via iron) binding protein is found
in muscle of mammals. It was chosen, as it does not bind to biotin. Additionally, its size, with a
(hydrodynamic) diameter of ~3.5 nm [188] (and mass of 17 kDa), allows for it to fit into the

plasmonic antenna hotspots.
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Figure 4.2.4: Protein Binding Specificity SERS Measurements. A Sketch of specificity
measurements. Here GNR dimer gaps featured biotin equipped binding sites. Measurements were
conducted either with only myoglobin, or myoglobin as well as streptavidin, added to the solution. B
SERS measurement results with myoglobin only not being detectable, as well as a combination of
myoglobin and streptavidin delivering streptavidin signal. Spectra shown were acquired within 0.5s of
integration time and at 1 mW excitation power. The results are confirmed by bulk Raman
measurements of both proteins. Spectra, apart from that of myoglobin only, feature background
subtraction. This figure is adapted from: [136].

The measurements were conducted with biotin equipped GNR dimers. The presence of
myoglobin alone in solution did not deliver a matching Raman spectrum, even after prolonged
measurements. Measurements including streptavidin as well as myoglobin yielded SERS of
streptavidin. Examples for this are shown in Figure 4.2.4 B. A comparison with both myoglobin
and streptavidin bulk Raman spectra serves to further confirm the results. These measurement
specificity findings indicate that GNR dimers function as intended by capturing analyte from

solution.

4.2.2 GNR Dimer SERS Hotspot Effectiveness

In the previous section, the use of GNR dimers for SERS detection of larger proteins after
diffusing into their accessible hotspots was demonstrated. However, some questions remain
regarding the effectiveness of the system. In particular, these concern enhancement factors
necessary for SM-SERS detection, as well as the time scales necessary for proteins accessing the

hotspots. The aim of this section is to analyze and address these aspects.

For one, experimentally, single Cy3.5 molecules might not have experienced sufficient
enhancement in ~8 nm hotspots for SERS. Instead, gaps they were prefixed into were potentially
required to shrink. This regarding, Le Ru & Etchigoin identified necessary Raman enhancement

factors of 10°-10'° (~2-300%) for detecting single small nonresonant molecules, in a 2012 meta
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study [189]. In 2021 work by Tapio et al. nonresonant SM-SERS of dye (TAMRA at 633 nm)
required E-field enhancement factors around 300 from ~1-2 nm nanosphere gaps [40]. For the
following, calculations will be used for further comparative analysis regarding Raman

enhancement factors of dimer hotspots.

Peak E-field enhancements are significantly higher for GNR than GNS dimers at the same
gap-lengths, as shown in Figure 4.2.5 A. They are also located more firmly in the bio-optical
window according to corresponding peak enhancement wavelengths given in Figure 4.2.5 B. For
~8 nm gaps, the factors do however not match previously stated requirements for SM SERS

detection. This also presents a concern for measuring SERS from smaller proteins such as biotin
(0.24 kDa).

A B
400 850 -
el
350 I\ Rods: ".--._._

\ 800 Tt @-ega.
EOER @®64x21 nm — --o--0-.g
~ \ 1
u A Spheres: £ 750
EZSO N ® @80 nm g
S2001% ®60nm 8 700 #-._

E % o ® 40 nm 2 o
2150 8 N & e

\\ ~ .-"--_
'g \ h.‘ ’.,__M.‘ .':‘E 650 9. "--—.___,_.___'__h
s 100 ‘.‘j“h "“___‘- w

5 ~.__:!==. “"t _*‘1--: 600
o 550
2 4 6 8 10
Gap [nm]
D
E/E,
240
220 10
200
180 5
160
140 —
£
120 £0
100 ™
80 -
60
40
20 -10
0
x [nm] X [nm]

Figure 4.2.5: GNR and GNS Dimer E-Field Enhancement. A E-ficld enhancement maxima at gap
centre, between two gold nanorods and nanospheres, in water, on glass. B Wavelength of maximum
field enhancement (A) for a given gap. C Peak (at 607 nm) E-field enhancement map of GNS dimer
with 5 nm gap. D Peak (at 808 nm) E-field enhancement map of GNR dimer with 5 nm gap. A, C and
D have been adapted from: [136].
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At first, this poses a potential conundrum of significant gap shrinkage being required for single
Cy3.5 and biotin SERS, whilst open hotspots were usable for detecting single larger protein
Raman signal. This might however be solved by the size of streptavidin and thrombin. Firstly,
their molecular subgroups are relatively large, compared to typical gasses for example, thus
featuring bigger Raman cross sections [5]. Whilst this is also the case for some of the smaller
molecule components, larger protein’s secondary structure subgroups often appear repeatedly. A
primary example for this, is amide B-sheet in streptavidin and thrombin. In the case of
streptavidin, as a tetramer, it is made up of four similar groups, each comprising of 70% of f-
sheet [190]. This leads to a large amount of similar molecular oscillators, with the same Raman
active modes. Therefore, measured single protein Raman spectra result from a superposition of
many smaller scattering cross sections. This results in significantly more signal than what would
be expected from conventional smaller single molecules. The effect does however require Raman
enhancement of the whole molecule in the plasmonic hotspot. It might be expected from sphere-
based dimers due to their lower curvatures, and thus potentially more homogenous gaps, as
depicted in Figure 4.2.5 C. Here, as shown in Figure 4.2.5 D, higher curvature tips of GNRs do
not appear to be a hindrance. The GNR dimer hotspots are calculated to be large enough to
encompass whole ~5 nm proteins. Again, this is with the added benefit of significantly higher E-

field enhancement compared to the sphere-based dimer.

For such GNR dimer hotspots, calculations reveal ~100 nm* with a peak EF above 100 ina 5
nm gap, and a central 4.1-107 peak EF* for an 8 nm gap, as examples. In contrast, 60 nm sphere
counterparts feature ~0 nm? (excluding meshing related numerical artefacts), and 1.5-10°
respectively. This indicates that, unlike ~1-2 nm gap 60 nm diameter GNS dimers [40], more
openly accessible ~5+ nm gap hotspots between such GNS would not enable SM-SERS detection.
According to calculations (Figure 4.2.5 A) comparable 80 nm GNS dimers would also be
insufficient in hotspot strength for SM-SERS. It should be noted though, that together with 60 nm
GNS counterparts, they would still fare significantly better than dimer antenna designs relying on

40 nm gold nanospheres.

An additional consideration can be linked to the bio-optical window measurement
requirement. GNR dimers were successful here experimentally, and are inherently tunable via
GNR aspect ratio. On the other hand, especially 40 nm, but also 60 nm and even 80 nm GNS-
based dimers are not ideal for enhancement at and in the NIR according to FDTD calculations
shown in Figure 4.2.5 A and B. Here, particularly 40 nm GNS designs — whilst having been
highly successful for (SM-)SERS detection [38, 128, 129] — appear to feature subpar EF
performance. This might be explained by a prevalence of more interband plasmon damping [59]
due to their bluer (comparatively far lower than ~690 nm) BDP resonance. This disadvantage

features despite higher nanoparticle curvatures around the hotspot, compared to the larger GNS
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dimers. Smaller particles do however also feature smaller polarizabilities and optical interaction
cross sections. The GNR-based dimer superiority therefore appears at least in part founded on the
ability to maximize effective tip curvature and plasmonic excitability, whilst minimizing

interband damping.

The requirement of larger gold nanospheres for measuring at the NIR might also grant GNR
dimers a geometrical advantage, regarding DNA origami scaffolding, for analyte binding site
placement. Larger GNS radii would necessitate longer linker strands for reaching into the dimer
hotspot. Flexibility of double stranded DNA, with persistence length of ~50 nm [191], could thus
impact the positional accuracy of analyte in the gap significantly. This might necessitate a more

complex binding site design, which could also result in less openly accessible SERS hotspots.

At this point, it should be mentioned, that the desire to measure SERS close to the NIR also
comes at a cost, namely of reduced Raman radiation by analyte according to Equation 2.11. With
radiated energy scaling with 1/1*, and thus photon count with 1/A3, shorter wavelengths are
inherently beneficial. From this perspective, ideally, the excitation wavelength is at the shorter
end of the preferred wavelength range (the bio-optical window), which is the case here with
671 nm. The wavelength is also similar to that used in other aforementioned studies on gold
nanoparticle-based dimers (typically around 600 nm). This renders results comparable regarding
E-field enhancement for SERS. GNR resonance tunability is thus again particularly useful. It
could in theory allow for limited further optimization of excitation and antenna resonance towards

the lowest wavelengths of the bio-optical window.

The GNR dimer hotspots do also not present significantly more volume of strong Raman
enhancement, than the size of streptavidin and thrombin according to modelling presented in this
chapter. This indicates that it was only single analyte molecules, or at the very least, that it cannot
have been significantly larger quantities of such, which were detected. This in turn supports theory
of high E-field enhancement factors, and that the detection scheme functioned via binding of
single analyte at the hotspot. However, within the scope of this project only an estimated ~10-
15% of DNA origami-based GNR dimers yielded protein SERS signal. To explained this, several

factors are examined in the following.

For one, these include time scales on which proteins might enter the hotspots and how probable
this is during a sample measurement procedure. Towards analyzing this, mean diffusion times for
proteins entering dimer gaps were approximated with a numerical 3D random walk model. The
hotspot was approximated with a 4 x 4 x 4 nm “hitbox”, freestanding in a 400 x 400 x 400 nm
simulation volume (with reflective surfaces). This is illustrated in Figure 4.2.6 A. Diffusion
proceeded stepwise, in 4 nm increments. The value was chosen to account for nanoscopic protein

scale path self-overlap, as it is not relevant to more macroscopic diffusion into dimer gaps. It also
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corresponds to the hitbox width. Considerable diffusion movement within a diffusion path step
might therefore approximate exact protein positioning for binding within a diffusion time step.
The average amount of time it would take for a molecule to travel the 4 nm path step distance by

diffusion, was derived via diffusion coefficients:
_ kT
D - 677."1"1’]' (41)
Here, r is the hydrodynamic radius, with 2.82 nm for streptavidin [171], and 2.05 nm in the case
of thrombin [185], resulting in a D of 7.72-10"!' m?/s for streptavidin and 1.06:10'° m?/s for

thrombin in water. This corresponds to 4 nm step times of 207 ns and 157 ns respectively.
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Figure 4.2.6: Localization of Proteins in Hotspot. A Illustration of mean diffusion time modelling
for proteins (purple pentagon) to enter GNR dimer hotspots. B Calculated concentration dependent
diffusion times for streptavidin (blue) and thrombin (red). Different numbers of “proteins” were
positioned randomly in the volume, representing different concentrations, and were made to diffuse
stepwise. This was done 100 times for each concentration, with the average number of steps it took,
multiplied with the 4 nm diffusion step time, to find the mean diffusion time (MDT). The dashed lines
(linearly) fit the inverse relationship between (logarithmic) concentration and (logarithmic) MDT, and
are extrapolated to consider both experimental and physiological concentrations. This figure has been
adapted from: [136].

The results of these calculations are depicted in Figure 4.2.6 B. Here a clear inverse
relationship between MDT and concentration is visible, via relationships of 8.4 s-.uM for
streptavidin and 6.1 s-pM for thrombin. This means that diffusion into hotspots was not a limiting
factor for both streptavidin, and thrombin in experiments with concentration ranging between
0.33-4.2 uM and 6.9-61 uM respectively. More explicitly, these molarities correspond to MDTs
around 0.1-10s.

Calculated mean diffusion time scales do however fall well within the usual time series span
of ~50s employed in this work, for measuring SERS. The question whether analyte might not
have entered hotspots during the SERS accumulations does therefore arise. Here, these dielectric
particles could then be held in place by laser induced trapping forces. Such optical tweezing forces
can be strong enough for trapping both micron scale dielectric particles in a laser focus [192], as

well as smaller protein molecules in metallic nanohole hotspots [193]. If maintaining such optical



4 Gold-Nanorod Dimers for Single-Molecule SERS from Solution 63

traps was in fact necessary, this would negate SERS specificity via analyte binding sites. It could
also impose limits to the GNR dimer system when measuring both experimental, as well as real
world analyte concentrations. For example, physiologically relevant levels of Thrombin [194] of
1-500 nM, could present a time constraints, as diffusion times into hotspots might range from ~1s
to several hours. Therefore, optical trapping forces could not only counteract measuring
specificity via analyte binding. A potential requirement of measuring a single antenna for such a

long time might also not be practical.
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Figure 4.2.7: Optical Trapping Forces in Hotspot. A Illustration (not drawn to scale) of dielectric
trapping with the black arrow denoting optical force pulling the particle along the displacement (D.) z-
axis into the GNR dimer hotspot centre. B Calculated restoring force for dielectric sphere into hotspot
centre of a GNR dimers with an 8 nm gap. The system was simulated on a glass substrate in water,
with displacements perpendicular to the substrate plane. Excitation intensity corresponds to the laser
focus centre with a power of 1 mW.

A trapping effect, illustrated in Figure 4.2.7 A, could be particularly pronounced here. This
stems from the mW scale powers of the focused laser combined with significant E-field
enhancement, strongly gradated at the GNR dimer hotspot. It was therefore also calculated using
FDTD for GNR dimers with 8 nm gaps, with results depicted in Figure 4.2.7 B. This was done
for a 5 nm sphere, with a refractive index of 1.6, chosen to approximate proteins in aqueous
solution [195]. As can be seen, it does not experience significant forces in the context of room
temperature energy when displaced off-dimer axially, from the hotspot centre. Trap depths within
the 10 nm scale potential might thus be 2-3 orders of magnitude bellow room temperature energies
of 1 kgTr during experiments. The results therefore support analyte detection specificity via the

binding sites of the GNR dimers for the proteins studied here.

Nevertheless, forces experienced by the proteins are significant, reaching 103 aN at
experimentally used laser powers. They could thus contribute to stabilizing potential analyte
directly in the SERS hotspot. They might also contribute to observable Raman fluctuating and
signal becoming stronger from the start of measurements. Further, scaling of optical forces with
the analyte polarizability, results in a third power dependency with its span [88]. For larger
biomolecules and higher laser powers this could in principle also lead to significance of the optical

trapping effect.
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Another likely factor in the low SERS yields is the range of synthesis outcomes. Intra dimer
GNR angling, discussed in the previous Subchapter 4.1 does not appear to be a major factor in
terms of field enhancement. It could however misalign the linker strand and binding site from the
plasmonic hotspot, as well as make the gap less accessible. Gap size variations can also be
expected to influence SERS signal yields. On the one hand, according to the measured distribution
(Figure 4.1.3 G and H), a significant proportion of GNR dimers might exist, with gaps which are
too small for streptavidin and thrombin to enter the hotspots fully. On the other end of the scale,
gaps too large for E-field enhancement to be sufficient for clear detection by SERS might also
exist. Therefore, only a proportion of the antennas might have been suitable for single protein
SERS. For antennas with gaps around 8 nm in span ~40% of the dimers fell within a gap range
of 3 nm (for example 6.5-9.5 nm). This value drops to ~30% and ~15% for 2 nm and 1 nm gap
size ranges respectively. This aspect can still apply for shrunken gaps from laser excitation and
after angling. Gap variations could therefore have contributed significantly to a limited SERS

yield.

To further examine GNR dimer hotspots, additional measurements with the aim of detecting
Raman scattering of biotin-binding immunoglobulin G (IgG) were conducted. IgG was chosen,
as the molecule is significantly larger than both streptavidin and thrombin. It has a size of
14.5 x 8.5 x 4 nm [196], a hydrodynamic diameter of 10.6 nm [171] and a mass of ~150 kDa.
The protein is also the most common serum antibody found in human blood [197]. SERS
measurements were carried out in solution at concentrations ~0.13 pM, with biotin functionalized
antennas. Measurements would be expected to feature slightly longer, but similar mean diffusion
times into hotspots as streptavidin and thrombin. Here, SERS detection was unsuccessful, even
after hour long incubation times. This indicates that hotspots large enough for accepting IgG

might not be strong enough for sufficient Raman scattering by the protein.

Whilst SERS of single proteins was measurable from solution with these GNR dimer
nanoagents, the findings also present limitations of the antennas. These do however suggest an
opportunity to improve upon the gold nanorod dimer design, which is investigated in the

following subchapter.
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4.3 Improving Nanorod-Based SERS

The question how these already functional GNR dimers might be improved upon encompasses
multiple aspects. In terms of antenna stability, recent scientific advances have shown that DNA
origami can be silicified [198], to strengthen it against thermal and mechanical influences.
Further, this can be done site specifically [199], so as to allow for binding sites to remain
functional [200]. Stability might also be increased by lowering antenna temperatures. This can be
achieved using more effective environmental heatsinks such as graphene coated glass [201], or
even sapphire (~20 W/(m'K) thermal conductivity vs. ~1 W/(m-K) for glass) substrates [202].
Such modifications would also allow for greater laser powers to be used, without destroying the
nanoagents and analyte, thus increasing SERS signal. On the one hand, this might enable faster
detection of a larger range of molecules, from bigger hotspots. On the other hand, there are also
potential downsides to these modifications. For one, stabilizing the antennas against deformation
could inhibit increased E-field enhancement factors from shrinking gaps. Additionally, free

substrate choice might not be possible in practical applications of the nanoagents.

Another method lies in an increase of electromagnetic Raman enhancement factors directly,
which is the focus of the following section. One of the first aspects which might come to mind is
the curvature of the hotspot forming particle ends, and how to improve upon spheroidal metallic
nanorod tips. The second relates to the properties of metallic particles constituting the antennas.

A third option discussed, is using more than two GNRs for generating SERS hotspots.

4.3.1 GNR Tip Curvature at the Hotspot

In essence, gold nanorods already feature ends with higher overall curvatures than gold
nanospheres of similar volume. Thus, even sharper tips might appear as a logical step in dimer
evolution, to further raise Raman enhancement factors. In fact, numerous studies have been
devised using different types of particles featuring more point-like ends for assembling dimers.
The particularly impressive example by Zhan et al. [42] involved bowtie nanoantennas, where 5
nm gaps yielded enhancement factors ~220 experimentally and central EF of ~600 in calculations.
Other studies have included bi-Au(Ag) nanostars [41, 130, 131], albeit with ill-defined nanogaps,
and where monomers alone featured sufficient field enhancement for SERS [41]. Further, dimers
based on sharply tipped bipyramids have been exploited experimentally for their field
enhancement, by Kaur et al. [146]. Whilst the antennas enabled detection of single thioflavin

molecules, unquantified hotspot size appeared to be well under 3 nm according to TEM.

Here, in the scope of GNR dimers, nanorods with conical tips at the gaps were examined, as

is depicted in Figure 4.3.1 A. This shape might be somewhat hypothetical, also due to the
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asymmetry involved. It does however allow for varying an effective tip sharpness and enables
direct comparability to spherically endcapped GNR-based dimers. An important constraint to
consider here is that metal lattice structures do not allow for infinite tip curvatures. The endcap
cones were therefore truncated with different radii. Results (Figure 4.3.1 A) show that sharper

GNRs appear to offer benefits for SERS (over their spherically ended counterparts) for smaller

gaps, but not for larger hotspots.
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Figure 4.3.1: Effects of Tip Sharpness on the Plasmon Hotspot. A Calculated maximum central E-
field enhancement for GNR dimers with truncated tips at hotspots (21 x 64 nm GNRs, as illustrated in
sketch). Truncation diameter is varied for 5 and 8 nm gaps, with a comparison to spherically endcapped
GNR dimers. B Maximum E-field enhancement (at 758 nm) map covering 1 nm truncation diameter
capped GNR dimer hotspot. C Maximum E-field enhancement (at 772 nm) map around 5 nm truncation
diameter capped GNR dimer hotspot. D Wavelength of maximum E-field enhancement at hotspot
centre for structures shown in A. Calculations were performed with antennas on glass, in water. A, B
and C have been adapted from: [136].

A limited E-field enhancement from sharper tips is not only found at the gap centre, but also
throughout the hotspot (excluding truncation edges). This can be seen for the 8 nm inter-connical-
tip distance example in Figure 4.3.1 B, with 1 nm tip diameter. Here too, more blunt tips with a
5 nm diameter example featured in Figure 4.3.1 C, appear favorable. The reason for this finding
might lie in the reduced plasmonic coupling between the plasmonic particles constituting the
dimer. This is supported by the wavelengths corresponding to hotspot centre resonance depicted

in Figure 4.3.1 D. These blue-shift for sharper tips. A possible explanation would be effectively
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higher tip curvatures, raising the effective interparticle distance around the span of the gap. This
span is uniform within the truncation diameter. It also matches a strong decrease in hotspot
intensity outside of the central truncation diameters. Tip curvature alone might however effect
resonance slightly as can be seen in Figure 2.2.3. Here lowered curvatures, from an ellipsoid to
arod, result in a red-shifted resonance. However, dimers with smaller 5 nm gaps feature stronger
resonance red-shifts than 8 nm gap counterparts when conical tip diameters increase (Figure
4.3.1 D). As this coincides with smaller gaps leading to stronger plasmonic interaction,

nanoparticle coupling does appear to be influenced significantly by tip geometry as well.

Sharper tips might still offer greater benefits for single smaller molecule SERS, or partial
analysis of larger analyte. An extreme example of this is TERS. Increasing Raman scattering from
larger molecules does however require wider hotspots for them to fit inside. These appear to
benefit from more bluntly tipped nanoparticles, especially when the goal is to probe the whole
molecule. Further, hotspots formed by very sharp tips might be particularly susceptible to
misalignment between the nanoparticles. Due to the small coupling interfaces, even small
absolute amounts in off-axiality of tips might greatly change the hotspot in terms of location, size
and strength. In practice, this could make synthesis of dimers with functional and accessible
hotspots from sharp tips difficult and unreliable. Past attempts have thus relied on linker strands
spanning and thus obstructing the hotspot by directly connecting bipyramid ends [146]. This
might be particularly detrimental to analyte capturing schemes, as the hotspots are already limited
in size. Template binding schemes on the other hand have so far offered no definitive way of

aligning tips of metallic nanostars towards one another [41, 130, 131].

Additionally, whilst 5 and 8 nm capping diameters of conical tips appear to offer high field
enhancement, clear synthesis strategies for achieving these do not appear to exist. Therefore,
GNRs with more rounded tips seem to present an advantageous option for assembling dimers for
SERS from larger gaps. This also poses the question whether less hemispherical, effectively more
flat ellipsoidal ends might not offer further benefits for SERS from nanorod dimers. To answer it,

calculations were performed on ellipsoidally endcapped GNRs.

Here an ellipsoidicity parameter describes the length to radius ratio of the endcap. For spheres
it equals one, for flatter tips it is smaller. Examples for field enhancements at 8 nm gaps are
depicted in Figure 4.3.2 A and B, for ellipsoidicities of 0.5 and 0.25 respectively. As can be seen,
the hotspots become larger and more homogenous for blunter tips. Interestingly, for the lower
ellipsoidicity nanorods relatively highly curved edges of the endcaps appear to dominate in terms
of potential Raman signal enhancement factors. This stands in contrast to spherically endcapped
GNR dimers. For these highest E-field enhancements were found around the tips, at the central

antenna axis.
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Hotspot homogeneity also translates to maximum central E-flied enhancements shown in
Figure 4.3.2 C. Here, blunter tips feature larger enhancement as of ~7 nm, whilst below this span
sharper tips dominate. The effect might stem from higher enhancement at sharper tips
overweighing the impact of a more uniform hotspot for smaller gaps. Figure 4.3.2 D depicts
wavelengths of maximum enhancement for the three differently endcapped GNRs. Again,
increased plasmonic coupling, manifesting in red-shifted resonance, appears to go hand in hand
with more homogenous field enhancement across dimer hotspots. It should however be noted
once more, that tip bluntness alone can result in red-shifted resonance between antennas with the
same aspect ratio. Nevertheless, spectral peak position differences between dimer types (in terms
of GNR endcap curvature) increase when shrinking gaps from 12 to 3 nm. Coupling therefore

appears to increase with lower values of tip ellipsoidicity.
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Figure 4.3.2: Effects of GNR Tip Ellipsoidicity on plasmonic Hotspots. A Calculated maximum (at
826 nm, for the hotspot centre) E-field enhancement map for dimer based on tips with an ellipsoidicity
of 0.5. B Calculated maximum (at 852 nm) E-field enhancement map for dimer based on tips with an
ellipsoidicity of 0.25. C Calculated maximum central E-field enhancement for dimers consisting of
GNRs with differing tip ellipsoidicity and gaps. D Wavelength of maximum E-field enhancement at
hotspot centre of dimers with differently tipped GNRs.

According to these results, blunter tips might feature advantages, over higher curvature
counterparts, for SERS of larger molecules such as IgG. Hotspots between such ellipsoidal

endcaps might however be impacted more significantly by angling, than between spheroidal ends
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shown in Figure 4.1.8. For ellipsoids, hotspot shape would not remain unaffected around the gap
span. The span would also shift towards the inside of the angle. Such effects might already have
taken place to a certain extent in experiments. Even if here chemically synthesized GNRs feature
relatively hemispherical ends according to electron microscopy results. Synthesizing GNRs with
explicitly flatter ends for dimers might therefore be an effective way of obtaining stronger SERS

signal for larger analyte.

4.3.2 Silver Nanorod Dimers

A frequently asked question when discussing plasmonic antennas is whether it might not be
possible to use silver instead of gold particles to enhance efficiencies for radiative applications.
Here an advantage of silvers over gold stems from a lack of interband damping in the visible
range. Thus, silver nanosphere plasmonic coupling derived hotspots have been used to great effect
for single protein SERS studies [40, 143]. Silver nanorods (AgNRs) are also synthesizable [203,
204], and have been employed for sensory experiments, including SERS detection of aqueous dye
molecules at uM concentrations [205]. In the context of this thesis, silver nanorod dimers will be

discussed theoretically.
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Figure 4.3.3: Calculated E-Field Enhancement of Silver Nanorod Dimers. A Maximum (at
746 nm) E-field enhancement Map for 8 nm gap AgNR (21 x 64 nm, tip to tip, on glass and in water)
dimer, with Silver from Palik [206]. B Comparison between gold (single crystalline from Olmon et al.
[55]), and silver with differing permittivities (Palik [206], and Johnson and Christy [57]) nanorod-based
dimer E-field enhancement spectra at hotspot centres.

The first step of this brief analysis was to conduct FDTD calculations of E-Field enhancement
for silver counter parts of the GNR-based dimers examined in previous sections. As is displayed
in Figure 4.3.3 A for an 8 nm gap, E-field enhancement is significant throughout an antenna’s
hotspot. However, calculations also reveal that there might be a disadvantage in field
enhancement compared to GNR-based dimers. These are shown in Figure 4.3.3 B, and display a

strong dependence of EF results on the experimental permittivities used for modelling.
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Besides a potential lack of improved electromagnetic Raman enhancement, silver-based GNR
dimers might also feature other downsides. Notably, silver is less chemically inert than gold, and,
in particular can oxidize [207], incorporating oxygen into the lattice and releasing Ag" ions into
aqueous solution, causing toxicity [208]. Additionally, plasmonically excited silver nanoparticles
are likely to carbonize their surroundings, as described in Section 4.1.5, potentially including
analyte [145]. This effect is however less pronounced in water, which is favorable to protein
measurements similar to the ones presented here. Further, issues of analyte alteration and silver
oxidation might be alleviated by a thin gold coating of the AgNRs [209]. There might however
still be an overall insufficiency of incentive for using silver nanorods for SERS in the bio-optical

window.

In terms of E-field enhancement, the main advantage of silver can be explained by the lack of
interband damping of gold at wavelengths at and in the NIR [59]. In fact, silver according to Palik
[206] (1985) appears to feature larger imaginative permittivities than gold at red and NIR
wavelengths. These are however lower according to Johnson & Christie [57] (1972). In practice,
results might lie somewhere in between the two according to later (2016) work by Jiang et al.
[210]. Therefore, this still presents a potential advantage for silver. Another advantage might lie
in the geometry of silver nanorods. Here, gold nanorods coated with a silver layer [211] appear
to feature significantly flatter endcaps than spheres according to TEM images. This might be a
useful basis for more homogenous hotspots for SERS of larger analyte, as discussed in the

previous Section 4.3.1.

Silver-based nanorods therefore appear promising for future studies. Proneness to
environmental carbonization, chemical stability and synthesizability of geometries should
however be kept in mind when looking into alternative metals to gold for designing SERS

nanoagents.

4.3.3 GNR Trimers and Tetramers

A third path, besides sharper tips and alternate metals, for constructing more effective plasmonic
hotspots, lies in structuring nanoantennas with more than two GNRs. Such multimers, with DNA
origami scaffolding templates, have been employed before in SERS studies by multiple
researchers. For one, Pilo-Pais et al. used gold nanosphere tetramers connected by rectangular
templates for detecting 4-aminobenzenethiol [142]. Also, Heck et al. employed triangular
templates for pattering silver sphere trimers around single streptavidin molecules [143]. Finally,
Fang et al. used up to 4 GNS on triangle-based templates for detecting single SYBR Green I dye
molecules [144]. In these cases, however, the main SERS hotspot of an antenna was found in the

gap between only two of its multiple nanospheres. Thus, more than two nanoparticles might not
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necessarily benefit single-molecule detection from a single hotspot significantly. This might be
underlined with a particularly extreme case of pattering rows of plasmonic nanostars with DNA
origami, to generate rows of similar hotspots by Kaur et al. [132]. Plasmonic nanoantenna-based
multimers for generating larger hotspots have been demonstrated with the help of focused ion
beam milling (FIB) [212]. Here, Morshed et al. detected SERS from two-bowtie antennas. The
tetramers with 30 nm central gaps featured 4 planes of symmetry. This offered similar
enhancement for circular as well as linearly polarized light for detecting Raman signal of bulk

ethanol, in the central antenna hotspot.

10 nm Gap, 21 x 64 nm GNRs E/E, 10 nm Gap, 21 x 64 nm GNRs E/E,
110
350
100
90 - 300
80 \ / 250
70
60 200
a0 150
40
30 100
20
50
10
0
-20 -10 0 10 20
x [nm]
C
11 nm Gap, 16 % 59 nm GNRs E/E, 0
2 180 s =«==Dimer
65 AN .
160 -"'.‘T ., A Trimer
10 140 i‘; 60 "~\\ + Tetramer
T 120 E 55 s .
£0 100 g . p
> 80 £ 50 A 16x59nm O«
g §~~‘\
-10 60 5 45 h
40 2 2
20 40 16 x 59 nm *
-20
35 4 T T T
-20 -10 0 10 20 9 10 11 12 13

x [nm] Gap (Diameter) [nm)]

Figure 4.3.4: Effects of using multiple GNRs for E-Field Enhancement. A Maximum E-field
enhancement (at 807 nm) map of a GNR-based trimer, with 10 nm circular gap. B Field enhancement
(at 866 nm) map of a GNR tetramer, with a 10 nm (circular diameter) gap. C Field enhancement (at
871 nm) map of a 16 x 59 nm GNR based tetramer, with an 11 nm circular gap. D Exemplary maximum
hotspot central E-field enhancement of different GNR-based multimers for different gaps. GNR
dimensions are 21 x 64 nm, if not stated otherwise. Here (for trimers and tetramers), excitation occurred
with circularly polarized light to account and approximate for the additional symmetry and
enhancement axes (particularly under conditions of circularly polarized excitation). A and B are
adapted from: [136].

To examine how GNR-based multimers might perform, FDTD calculations on trimers and
tetramers with symmetric starlike shapes were conducted. An example of a trimer with a 10 nm
gap (diameter of a circle around which GNR tips are oriented) is shown in Figure 4.3.4 A. Here

it can be seen that the antenna features strongest E-field enhancement in the narrow gaps between



72 4.3 Improving Nanorod-Based SERS

neighboring GNR tips and not at its centre. This phenomenon has also been reported on in the
context of silver nanodisc trimers [213]. In fact, here (Figure 4.3.4 A) the central enhancement is
lower than that of comparable GNR dimers. A comparable tetramer featured similar patterns of
enhancement to the trimer, with strongest enhancement between the antenna tips in Figure
4.3.4 B. The central hotspot was however stronger in general. Shrinking nanorods (to 16 X 59 nm)
offered an increased advantage for a central 11 nm hotspot, as depicted in Figure 4.3.4 C. At least
in the xy-plane. Coupling between neighboring GNR tips was further reduced, as indicated by
lowered field enhancement at those locations. However, GNR dimers featured higher central E-
field enhancement factors for the same central gap diameters. This was also the case for additional

multimer examples as shown in Figure 4.3.4 D.

Whilst GNR trimers are found to perform worse than similar dimers, tetramers appear to
feature some merits. For one, E-field enhancement is more homogenous throughout the gaps. This
results in larger effective hotspots, in the xy-plane. Also, Raman enhancement can take place
along multiple axes. The later aspect might effectively double SERS signal of tetramers over that
of dimers. Coupling between neighboring GNR tips is also particularly reduced for growing gaps
and thinner/smaller GNRs. The latter should however suffer limitations in hotspot size in the z-
axis. Further, tetramers in general might be more complex to structure than dimers, and be more
prone to synthesis variation, with potentially negative impacts on SERS performance.
Additionally, gap shrinkage, potentially necessary for SM-SERS, could be hindered by nanorod
tip interference. It could also result in increased E-field enhancement between neighboring GNR
tips instead of at the multimer gap centre. This might also be particularly disadvantageous to the
use of more flatly tipped metallic nanorods, for increasing hotspot effectiveness, as described in
Section 4.3.1. Here particularly, E-field enhancement might be highest in confined spaces

between edges around the nanorod tips, instead of in the open hotspot centre.

Nevertheless, tip-to-tip metallic nanorod tetramers still present advantages. They should
therefore not be disconsidered as potential candidates for detecting even larger diffusive

molecules, than streptavidin and thrombin.

Again, whilst offering potential benefits for future detection SERS schemes towards larger
biomolecules, this subchapter supports the finding that GNR-based dimers are advantageous for
SERS. At the very least regarding design complexity and synthesis, compared to other nanorod
multimers. Together with silver nanorods, especially tetramers might offer further advantages for
Raman detection. Overall, however, a simple dimer design with nanorod tips featuring lower
curvatures appears particularly promising. Further reductions in design complexity, for generating

coupled plasmonic particles towards SERS, are the subject of the next chapter.
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5 Split Gold Nanorods as Dimers for SERS

The previous chapter demonstrated the use of GNR dimers structured with DNA origami for
measuring SERS from larger gaps. More specifically, this was accomplished for ~5 nm large
proteins. For smaller analyte, smaller accessible hotspots with higher field enhancements might
however be better suited. Recently, a method for generating plasmonic nanodimers on a substrate
with light, directly from a solution of plasmonic nanorods, was discovered by C.M. Maier in the
context of his 2020 PhD thesis [56]. In this work a focused NIR laser was used for optically
splitting nanorods into two spheroids, and printing these onto glass substrates as dimers. This
GNR dimerization process is described in Subchapter 5.1. Preliminary spectroscopic results [56]
suggested a potential existence of gaps, significantly smaller than 1 nm. This chapter presents an
answer to the question of such gaps as hotspots for SERS. It is based on: [214] (Schuknecht,
Maier et al.).

Whilst sub nanometer gaps might limit the size of analyte fitting into the hotspot, they can
offer particularly high field enhancement, as theorized by Esteban et al. [76]. Traditional top-
down lithography methods require more extensive work to pattern such features (in limited
dimensions). For example, two-step electron beam lithography (EBL) for angstrom gapped gold
nanocylinder dimers, by Zhu et al. (2014) [215]. Alternative sequential optical printing methods
of metallic nanospheres from solution with a focused laser, as by Urban et al. [84] have also been
explored. These have yielded limited results for printing GNS dimers with nm small gaps [216]
due to thermophoretic forces [217]. These arise when the first printed particle is heated, thereby

disturbing printing of the second.

To avoid thermophoretic effects, printing has also been conducted on polymer, which was heat
shrunken to close gaps between neighboring particles [218]. Additionally, Gargiulo et al. have
printed Au-Ag heterodimers, thereby lowering simultaneous plasmon resonance and heating, on
glass substrates [216]. Further, more highly thermally conductive graphene oxide coated sapphire
substrates, for lowering thermal gradients in general, were explored for printing Au-Au dimers
[202]. Gaps here were either at least in the several 10s of nm range, strongly limiting field
enhancement, or the particles appeared merged, eliminating plasmonic hotspots altogether. This

calls for alternative ways of optically assembling SERS nanoagents, such as via GNR splitting.

Here, in Subchapter 5.2, the presence of gaps is confirmed by HR-TEM, and their sizes are

determined to be ~0.8 nm spectroscopically. GNS dimer printing from optically split GNRs
therefore have potential for SERS. Demonstration of this is the subject of Subchapter 5.3. It is

followed by a discussion on what determines particle separation in Subchapter 5.4. This

culminates in an outlook on tuning such optically generated plasmonic dimer nanoagents.
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5.1 Optical GNR Splitting and Dimer Printing

The first step in analyzing dimers generated by optically splitting GNRs lies in understanding the
reshaping process and producing samples. For this, CTAB (cetrimonium bromide) capped GNRs
resonant to 1064 nm light in aqueous solution (25 x 137 nm, 0.07 nM, purchased from Nanopartz)
were employed. An exemplary GNR and its scattering spectrum, is depicted in Figure 5.1.1 A.
Its main longitudinal plasmon peak in the NIR is located similarly to that calculated for a GNR
in Figure 5.1.1 B. Here, the longitudinal plasmon peak is blue shifted from 1064 nm due to the
GNR environmental refractive index being lower in air than in water. Experiments involved ~3 pl

of the GNR solution injected into the water droplet medium of a DFM setup.
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Figure 5.1.1: Gold Nanorod used for Dimerization. A SEM image of GNR and corresponding
scattering spectrum in air. B Scattering spectrum (for longitudinally polarized excitation) of a
25 x 137 nm GNR, on glass in air. Adapted with permission from [214] (Schuknecht et al.). Copyright
2023 American Chemical Society.

Generating dimers by optical splitting and printing is illustrated in Figure 5.1.2 A. It starts
similarly to previous work on printing aqueous gold nanorods [81]. The nanorods diffuse into the
beam of a focused laser, resonant to their longitudinal plasmon modes. Optical torque can begin
aligning metallic antennas parallelly to the laser polarization axis [86, 87]. With the laser focused
onto a substrate, they can then be printed by optical force [219]. The difference between GNR
reshaping and more traditional optical GNR printing with a 1064 nm laser lies in the powers used.
Rising laser intensities deliver geometries increasingly divergent from rods. Exemplary results of

the power dependent optical printing processes are depicted in Figure 5.1.2 B.

Dimerization of GNRs was observed at laser powers >100 mW [56, 214]. Resulting dimer
antennas were found to consist of ~40 nm gold spheres by SEM. Crucially, dimer printing
appeared to take place ~1 um below the laser beam focus. Shifting the laser beam focus from the
substrate was thus a requirement. The dimers were aligned parallelly to the laser polarization in
terms of their long axes, with a standard deviation of 45°. Positionally, printing was observed to
lie within ~1 um of the laser focal axis, by camera. Dimer volume (~6.7-10° nm?) was similar to
that of a single 25 x 137 nm GNR. It features 6.7-10° nm® or 6.3-10° nm?®, when modelled as a full
25 x 137 nm or a spherically endcapped cylinder respectively. This indicates that dimers stem
from GNRs which are split in half. Understanding this light driven process can begin by

examining GNR reshaping at lower laser powers.
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Figure 5.1.2: Gold Nanorod Printing, Bending and Dimerization with Light. A Sketch of different
GNR printing outcomes with rising laser powers, beginning with GNRs in aqueous solution diffusing
into the laser beam. Here, they experience plasmonic heating (illustrated by discoloration from golden
to red), differential optical load (solid black arrows) and differential hydrodynamic forces (blue
arrows), as well as Rayleigh instability mediated reshaping (golden arrows), whilst being printed
(hollow black arrows) through the laser beam. They can thus either be printed, at the lasers focus, as
GNRs (i) with a laser power of 10 mW, or bent (ii) with a power of 25 mW, or split into a dimer (iii)
with >100 mW of power. B SEM images of different laser power dependent GNR printing outcomes
corresponding to A.

For laser powers on the order of 10 mW (illumination intensities in the region of 1 MW/cm?),
Babynina et al. found that GNRs could be bent before being printed [98]. Plasmonic heating [220]
alone, to elevated steady state temperatures, cannot explain this effect. These might instead lead
to spheroidization of the GNRs [221]. Therefore, whilst plasmonic heating might weaken the
particles structurally, an additional bending force is required here. It will be discussed in the

following.

A bending moment acting on the GNRs was attributed to differential optical load [89], as well
as hydrodynamic force [98]. The first component is depicted in Figure 5.1.3 A. Here optical load,
defined as force per unit length, acts strongest at the centre of the GNR. Integrating these loads q
over the length of the rod L results in a total optical force F,; = [ qdL acting on the particle. It
can be employed for simulating interactions of the GNR with its liquid environment. For
calculations, total drag force was obtained by integrating pressures p in propagation direction z
over the GNR surface S in propagation direction z with F g,.q5 = — [ pfi,dS. It was matched with

total optical force in FEM calculations, resulting in a velocity of 0.35 m/s in the laser focus.
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Results for hydrodynamic pressure are depicted in Figure 5.1.3 B. As can be seen, drag is
strongest around the tips of the GNR and weaker at its centre. Combined, these differential forces
introduce a bending moment to the nanorod by effectively pushing downwards at its centre and

upwards at its ends. This can explain GNR bending with light.
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Figure 5.1.3: Differential Forces acting on GNR during Splitting Process. A Optical load q, acting
on a GNR in the focus of a 100 mW power laser. Optical force acts along the arrow directions. Fop.,
denotes the total force acting on the nanoparticle. B Hydrodynamic pressure profile along the bottom
of a GNR pushed through water by the optical force depicted in A. Drag force acts along the arrows.
The particles was aligned in parallel to the laser polarization and perpendicularly to the flow direction
of water. Optical forces were calculated with FDTD (see Section 2.2.3 and 3.2.1) [214]. Hydrodynamic
interaction was simulated with FEM for the Navier-Stokes equation for noncompressible fluid under
mass conservation [214]. Adapted with permission from [214]. Copyright 2023 American Chemical
Society.

Again, higher laser powers (=100 mW) were then found to split the GNRs and print resulting
double spheres onto a glass substrate. On its own, the bending moment acting on GNRs, during
the optical printing process, would imply further kinking and possibly a break at the centre, into

two shorter nanorods. Therefore, further effects must be involved.
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Figure 5.1.4: Differential Forces acting on Dumbbell during Splitting Process. A Optical load g,
acting on a dumbbell in the focus of a 100 mW power laser. Optical force acts along the arrow
directions. Fop., denotes the total force acting on the nanoparticle. B Hydrodynamic pressure profile
along bottom of a dumbbell pushed through water. Drag force acts along the arrows. The particle was
aligned in parallel to the laser polarization and perpendicularly to the flow direction of water. Optical
forces were calculated with FDTD [214]. Hydrodynamic interaction was simulated with FEM [214].
Adapted with permission from [214]. Copyright 2023 American Chemical Society.



5 Split Gold Nanorods as Dimers for SERS 77

One key mechanism identified behind this GNR dimerization is (Plateau-)Rayleigh instability
[222, 223]. It was first reported on by Plateau and Lord Rayleigh, in 1873 and 1878 respectively,
in the context of liquid columns and jets disintegrating into droplets due to capillary forces. Such
principles of surface area (to volume) minimization were also found applicable to gold nanowires,
forming chains of droplets when heated to 500°C [152]. However, according to previous reports
on cylindrical rods, minimum aspect ratios for bispheroidization are 7.2 [224], whilst the GNRs
employed here have a length to width quotient of ~5.5. This supports that additional factors are
at play. These were identified as differential optical and hydrodynamic forces acting not only on
the GNRs, but also on their transition phases as dumbbells [56]. Such forces are illustrated with
Figure 5.1.4 A and B respectively. These forces also induce a bending moment, by pushing
strongest at the centre optically, and resisting strongest around the ends hydrodynamically. This
might lead to dumbbell kinking and finally splitting in the middle. The heated halves could then

fully spheroidize via surface tension.

A

Simulation

SEM

Figure 5.1.5: Static Melting of GNRs. A FEM (COMSOL) simulation of GNR melting without
optofluidic forces, via a nanorod shaped liquid droplet relaxing under surface tension. B SEM images
of GNRs on glass substrates reshaped by plasmonic heating through laser excitation. NIR (1064 nm)
laser powers used for heating (100 mW) corresponded to those in optical printing and splitting
experiments. Reprinted with permission from [214]. Copyright 2023 American Chemical Society.

The necessity of optofluidic force contributions in dimerization is further supported by results
of static GNR melting [56, 214]. Here, immobilized GNRs allowed for analyzing more isolated
effects of heating, by suppressing and counteracting hydrodynamic as well as optical forces (in
the printing direction). Results of simulations and experiments are shown in Figure 5.1.5 A and
B respectively. In the case of experiments, intermediate melting states were achieved from
random variations in GNR orientation (against polarization) and positioning (from focus) in the
laser leading to different heating powers. Here, reshaping was arrested at different stages, by
plasmon resonance shifts away from the laser wavelength (leading to reduced heating). Both
calculations, as well as experiments on static GNR reshaping featured dumbbell states during
spheroidization of the nanorods, indicative of Rayleigh instability. However, dimerization was

not induced. Instead, the GNRs were molten into single spheroids. Other work on stationary gold
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nanoantennas with an aspect ratio of 8 (50 x 400 nm), heated with fs pulsed NIR light, also
revealed incomplete dimerization [225]. Therefore, both Rayleigh instability, as well as

optofluidic forces appear vital for splitting GNRs into GNS dimers with light.

Here, to increase dimer yield on glass substrates, these were plasma treated, prior to
experiments. This was necessary as, at a water interface, fused silica displays dissociation of
silanol groups leading to a negative substrate surface charge [226]. In contrast, CTAB — which is
adsorbed to the GNRs, where it forms bilayers — is positively charged in water. As such, it
prevents aggregation of the nanoparticles, but also causes them to adsorb to glass substrates. To
prevent this, substrates were plasma functionalized (with air), to give them a positive surface
charge, prior to experiments. This was done for 2 minutes with a Harrick PDC-32G-2 plasma-
cleaner. Additional CTAB was added to the solution, via 1 pul of aqueous solution at a
concentration of 1 mM, to raise positive surface charging and electrostatic repulsion. For silicon
nitride SizsN4 in aqueous solution surface potential is pH-dependent (positive in an acidic and
negative in a basic environment) [227]. Plasma treatment was also conducted for the Si3Ny
substrates to ensure positively charged surfaces, and was found to be successful in hindering

adsorption of GNRs.

With this, further GNR splitting, and dimer printing was conducted experimentally. The size
of potential gaps, and their use for SERS, are the subject of this work’s following subchapters.
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5.2 Approximating the Dimer Gap Size

SEM images of optically split gold nanorods, as presented in Subchapter 5.1, depict two adjacent
spheroids (Figure 5.1.2 B). When viewed from a perspective of electromagnetic enhancement
two key questions arise: Firstly, whether these dimers feature gaps and secondly, how large such
potential plasmonic nanoagent hotspots are. Answers to these questions are the subject of this

subchapter.

Besides SEM imaging resolution, another inhibiting factor to the method for identifying
plasmonic gaps is the necessity of conductive substrates. Nanodimers printed onto glass substrates
for DF-scattering (including basic visual confirmation of printing) and SERS experiments, had to
be sputtered with an nm-thick conductive gold-palladium layer (Section 3.1.2). This potentially
obscures nanoscopic interparticle gaps. The necessity of sputtering was avoided by printing
dimers onto conductive silicon nitride membranes, suitable for higher resolution transmission

electron microscopy.

10 nm
—_—

Figure 5.2.1: TEM Imaging of Intradimer Gap. A Exemplary T-SEM (30 keV) images of dimers,
with limited resolvability of gaps. B Consecutive high-resolution HAADF-STEM images of dimer.
Image i) was followed by image ii), with the later taken after more electron beam exposure. B: Adapted
with permission from [214]. Copyright 2023 American Chemical Society.

The presence of gaps is strongly suggested by scanning T-SEM measurements depicted in
Figure 5.2.1 A. The images also clearly show the spheroidal nature of the dimer halves. Small,
potentially threadlike, connections between them can however not be excluded. To confirm gaps
between the dimer spheres more absolutely, high-resolution (HR) TEM was conducted (Figure
5.2.1 B). Here it was found that the 300 keV electron energy beam melted the dimer together at
the gap. Whilst a gap presence could be confirmed, its span was however not measurable with

atomic resolution. HR-TEM was also not conductible in a statistically significant manner.

Thus, to approximate gap sizes, scattering spectra of optically generated dimers printed onto
glass substrates were acquired in water. These spectra could then be analyzed for bonding dipolar
mode resonances, in light of plasmon coupling. Printed (potential) dimers were preliminarily
identified by their bright whitish color with DFM as shown in Figure 5.2.2 A. These spots were
subsequently targeted for acquiring DF scattering spectra. Afterwards, potential dimer geometries
were analyzed via SEM as shown in Figure 5.2.2 B. Here not all whitish spots proved to match

dimers. However, in general yields of up to ~40% were achievable in terms of all printed particles.
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Figure 5.2.2: BDP Resonance for estimating Gap Length. A DFM image of line of printed antennas

with identification markers. B SEM images of printed antennas in A. Here #1, #2, #II and #IV were

identified as GNS dimers, whilst #I and #III were not. Scale bars are 20 nm in size. C Exemplary

scattering spectra of two of the dimers, with indicators of BDP peak location. Adapted with permission

from [214]. Copyright 2023 American Chemical Society.

Next scattering spectra could be evaluated with examples for dimers confirmed via SEM
depicted in Figure 5.2.2 C. Here, the longitudinal red BDP modes dominate. Peaks around
550 nm might correspond to a combination of higher order (bonding) quadrupolar [76] - and

transversal plasmon - modes. Analysis of the BDP peak was then carried out for further printed

dimers.
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Figure 5.2.3: BDP Resonance for estimating Gap length. A Boxplot of bonding dipolar plasmon
peak position in water of 17 dimers (determined via SEM), with legend. Average resonance was located
at 671 nm (with a median of 669 nm, and one outlier). This corresponds to a gap of ~0.8 nm according
to calculations in B. B BDP resonance wavelength for interparticle gap span according to FDTD
simulations of dimers on glass, in water. Here, grey, and dashed lines match average and median
resonances to gaps respectively. Calculations in B were conducted with longitudinal excitation and
5 nm spectral resolution, with resonances determined by Lorentzian fitting. Adapted with permission
from [214]. Copyright 2023 American Chemical Society.
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A statistical analysis of GNS dimer BDP mode resonance is shown in Figure 5.2.3 A. Here a
plasmon resonance around 670 nm was found. This presents a significant red-shift from single or
uncoupled gold nanosphere plasmonic resonance under similar conditions, which lies around
530 nm (Section 2.2.1). To approximate how gap size and resonance are linked, FDTD
calculations were performed, which are shown in Figure 5.2.3 B. Qualitatively, again, smaller

gaps lead to stronger coupling and greater red-shifts of the longitudinal plasmon mode.

A direct comparison between experiments and classical simulations on the BDP mode yields
a dimer gap length around 0.6-1.4 nm, skewedly distributed around a mean of ~0.8 nm. For such
angstrom scale distances, the question arises whether quantum mechanical electron tunneling
effects might have to be considered. These are the subject of a number of studies on metallic
dimers in air/vacuum, not limited to the following, of both of a theoretical [76, 78, 228], as well
as an experimental [215, 229, 230] nature. Here, more specifically, according to calculations
Esteban et al. [76], an additional longitudinal (quantum tunneling) charge transfer plasmon (CTP)
was only clearly observable as of ~0.1-0.2 nm of separation (in vacuum). Electron tunneling is
also not a (major) detrimental factor to the BDP mode (in terms of red-shift and intensity) up until
around 0.3 nm. A similar value for screening of the BDP mode was found experimentally by
Savage et al. [229]. At the same time, the BDP mode can blue-shift shortly before contact of the
dimer halves, as, again, found both in theoretical [76, 78, 228] and experimental [229] work.
Despite differences in parameters, including an aqueous instead of air/water environment, a
similarly V-shaped relationship between gap length and resonance energy, could thus be

presumed here.

Therefore, the question whether the 671 nm average resonance might (partially) stem from a
suppressed bonding plasmonic mode, with a significantly smaller gap than 0.8 nm, does come to
mind. Nonlocal effects would then be more considerable, corresponding to further reduced actual
compared to calculated gap spans [78, 79]. Besides HR-TEM imaging results, two other
arguments speak against this. The first is linked to E-field enhancement within the gap. It would
be suppressed (together with the BDP mode) by electrical contact for significantly shorter gap
spans. Instead, it can be exploited for SERS, described in the next subchapter. The second relates

to forces involved when printing the dimers. It is discussed in the final subchapter.
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5.3 SERS of NTP

The previous subchapter serves to discuss the existence and size of gaps between the GNSs
constituting dimers created by optical splitting of GNRs. This subchapter focuses on the potential
uses of such gaps in generating E-field and thereby Raman enhancement. To do so, dimers printed
onto glass substrates and submerged in water, were functionalized with 4-nitrothiophenol (NTP).
This was done by adding 10-30 pl of ethanol containing NTP at a 1 mM concentration. This
corresponded to a concentration of 0.09-0.23 mM NTP in the solution. The molecules could then
adsorb to the gold nanoantenna surfaces via thiol bonds, with the attached molecule illustrated in
Figure 5.3.1 A. Such samples could then be blow dried and resubmerged in water for further
analysis with a DFM setup.

Potential dimer antennas were identified by their whitish color, and then irradiated with
circularly polarized 671nm laser light. Here a power of 0.2 mW was used to generate SERS. This
relatively low power was chosen to avoid altering the nanoparticles and analyte by plasmonic
heating. Dimeric properties were confirmed after these optical experiments by SEM. An example
of for such a dimer is given in Figure 5.3.1 B, with corresponding SERS signal in Figure 5.3.1 C.
Here distinct peaks were found at 1070 cm™' — corresponding to ring C-H bending, 1320 cm™! —
matching symmetric NO, stretching, and 1570 cm™' — for C=C stretching of the aromatic ring, in
accordance with literature [231, 232]. The sharpness of the peaks indicates that carbonization and
cross linking of the adsorbate molecule did not play a major role here. In particular, the spectrum

1

also lacks significant SERS signal peak broadening around the aromatic ring mode at 1570 cm™',

which has been measured for carbonized thiophenol [164].
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Figure 5.3.1: Dimers for SERS of NTP. A Sketch of a 4-nitrothiophenol molecule with thiol bond to
gold surface. B DFM image of exemplary dimer (circled whitish spot) and SEM image of same dimer.
C Background subtracted SERS spectrum from dimer identified in B, with labelled NTP Raman modes
highlighted in gold, and potential ATP (and DMAB) signal highlighted in blue. The spectrum was
acquired with a 25s integration time. Raman peak assignment is featured in Table 3. B and C: Adapted
with permission from [214]. Copyright 2023 American Chemical Society.

1

What was however observed, was additional Raman signal at 1000 cm™ and around

1170 cm™!. Here, it might correspond to 4-aminothiophenol (4-ATP) at 1000 cm ™!, and 1170 ¢cm™
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[233, 234], as well as dimercaptoazobenzene (DMAB) at 1000 cm™!, 1144 cm™ and 1185 ¢cm™!
[234, 235]. The presence of ATP can be explained by a hot electron induced reduction of NTP
[235], where the NO, group is reduced to NH,. ATP generation would also match the peak
shoulder, around 1590 cm™' [233-235], of the NTP C=C aromatic ring stretching mode
(1570 cm™"). DMAB on the other hand is a possible intermediate state in an NTP to ATP reaction
pathway, where two NTP molecules are joined via an N=N bond [235]. Corresponding reactions

might also have been assisted by plasmonic heating.

Table 3: NTP Measurement Raman Peak Assignment.

Peak Positions [cm™] Raman Peak Assignment
1000 ATP [233, 234], DMAB [234, 235]
1070 NTP [231, 232] ring C-H bending
1144 DMAB C-N vibration [234, 235]
1170 ATP C-H bending [233, 234]
1185 DMAB C-H bending [234, 235]
1320 NTP symmetric NO, stretching [231, 232]
1570 NTP ring C=C stretching [231, 232]
1590 ATP ring C=C stretching [233-235]

Here, it should also be noted, that 671 nm does correspond to resonance Raman in the case of
NTP, for all three of its main characteristic modes [232]. This boosts Raman cross sections

2326 cm?, On the one hand, no clear SERS signal was detectable for non-

significantly to ~10~
dimerized GNR structures as side products of the laser printing and reshaping process. On the
other hand, 15 out of 16 (94%) dimers (structurally confirmed by SEM), yielded NTP Raman. In
these cases, a rate of detected counts in the region of 10**s™! per (background subtracted) main
(NO») peak was observed. This is considerable and indicates strong electromagnetic enhancement

from the dimer hotspots.

CTAB Raman signal, with most prominent peaks (from CH, and CHs deformation) at
1450 cm™! [236], was not distinctly observable. This suggests that the ligands were stripped from
the metallic nanoparticles due to plasmonic heating in the optical splitting process. They might
also have decomposed at temperatures exceeding 200-250 °C [237], which is significantly below
golds bulk melting point and temperatures reached during the dimerization process. Readsorption
of some of the free CTAB ligands from the printing solution to the dimer GNSs can however not
be excluded. In particular, as their Raman cross sections might be significantly smaller than those
of NTP, making it difficult to detect with SERS. Additionally, the molecule which forms 3.6 nm
bilayers on gold nanoparticles [238], might not fit into the dimer gap, where Raman enhancement
is highest. Therefore, whilst potentially present, CTAB does therefore not appear to hinder the

use of these dimers for SERS detection here.
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According to calculations presented in work by Esteban et al. [76, 228] E-field enhancement
factors for 40 nm bispheres in vacuum are in the region of 10°, at the centres of 0.8 nm gaps. Such
E-field enhancement factors are sustained from roughly 1 nm until 0.2-0.3 nm distances. Below
these, electron tunneling suppresses field enhancement in the hotspot. The effect is explainable
by electron tunneling lowering charge displacement around the nanosphere gaps. Further
experimental work in air by Zhu et al. [215], corroborates this. It showed a Raman enhancement
factor of 1.2-10° for 90 x 20 nm (width by height) gold disc dimers distanced by 0.67 nm, which
was suppressed to 2.4-10® for a 0.20 nm gap.
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Figure 5.3.2: Classical E-Field Enhancement in Gap. A Maximum E-field enhancement map (at
663 nm) for a 40 nm GNS dimer with a 0.8 nm gap. B Maximum E-field enhancement at centres of
dimers with varying gap spans. Calculations were performed with antennas on glass, in water.
Calculations in B were conducted with 5 nm spectral resolution, with Lorentzian fitting at the peak to
determine maximum enhancement.

Here, in aqueous solution, classical calculations indicate that peak field enhancement factors
are relatively high, reaching ~700 for 0.8 nm gaps displayed in Figure 5.3.2 A, albeit confined to
a small part of the hotspot. In general, they were calculated to be in the region of ~300-1000 for
the centres of experimentally achieved ~1.4-0.6 nm gaps, as depicted in Figure 5.3.2 B. This
implies significant EF* Raman scattering enhancement factors of ~10-12 orders of magnitude. In
air at least, suppression of this Raman enhancement via quantum tunneling would not be expected.
Additionally, the small gaps might have led to particularly strong image dipole enhancement
(touched upon in Section 2.1.2). This could have contributed to identifiable SERS as well as
significant signal background. These aspects support the strong Raman signal observed, and that
this type of dimer does in fact feature freely accessible hotspots open to sub-nm diffusive analyte.
Here, a remaining question is whether the aforementioned E-field enhancement might not be at
least partially quenched by quantum tunneling in water. This is addressed in the following

subchapter, which focuses on what might cause and determine the sizes of these hotspots.
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5.4 Dimer Gaps and Optical Forces

A further important question that arises, is why ~sub-nm gaps should exist between the printed
spheroidized GNR halves. Instead, GNSs could be expected to drift apart via Brownian motion.
An explanation can be sought in DLVO theory [239], named after Derjaguin, Landau, Verwey
and Overbeek. It describes the force between surface charged particles in a liquid medium. Here,
van der Waals attraction is combined with surface charge effects. The latter includes repulsion
via charged ligands which can be screened by an electrical double layer of counterions. Positively
charged ligands might be present here, in the form of free CTAB, attaching to the dimer GNS
from solution after GNR splitting. The use of deionized water in experiments does however
suggest that screening of surface charges by ions is not a major factor. Overall, the exact
contribution of CTAB is difficult to quantify here. On its own, the surface charge effect could be
expected to cause gaps of at least 2 CTAB bilayer widths, or ~7 nm, which is significantly larger
than experimental observations. Therefore, van der Waals forces might have overcome
electrostatic repulsion. These attractive forces from fluctuating polarizations, can become
particularly significant for small distances. For sub-nm gaps between metallic nanoparticles,
potential energies have been calculated to reach and exceed eV (~40 kgTr) depths [240-242].
Further, for particularly small distances between nuclei (~0.4 nm for gold [243]) van der Waals

repulsion comes into play.

For one, these forces appear difficult to quantify for the GNR dimerization case, also due to
the unknow impact of CTAB. It is thus unclear how they might lead to ~0.8 nm GNS gaps. What
might be excluded however, is that gaps are determined by van der Waals forces alone. These
would be expected to further shrink gaps significantly. Therefore, here, an additional factor is
explored, namely optical forces between the plasmonically hybridized particles, driven by the
NIR laser during the printing process. According to Tong et al. [91], it can contribute significantly

to potential landscapes according to DLVO theory, between citrate capped gold nanospheres.

A number of studies have looked into optical forces for arranging metallic nanoparticles in a
patterned manner by optical binding [244-246]. Here, both attractive gradient forces pulling
plasmonic particles into the laser beam as well as forces between particles, resulting in periodic
potentials, have been exploited. In general, these led to interparticle distances in the region of the
excitation wavelength. However, an additional regime, where particles were spaced significantly
closer together, was also achieved by Yan et al. [244]. For this, silver spheroids had to approach
one another, with a dimer axis aligned somewhat in parallel to the excitation laser polarization.
Similar conditions might be expected for the spheroidized halves of optically split GNRs
examined in this thesis. In the 2014 study ([244]), a deep attractive binding potential was

observed. Spacing between the particles was found to then be determined by electrostatic
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repulsion of a polymer coating. For such close proximities plasmonic dipole-dipole coupling is

thus significant.

Other studies have focused further on attractive dipole-dipole coupling forces, between
plasmonic nanoparticles in proximity to one another [90, 91, 247, 248]. In particular, Svedberg et
al. [248] have managed to exploit this for SERS of thiophenol from silver nanospheres in solution
coupling with nanoparticles on a substrate. To do so the nanoparticles were coated with analyte
molecules and optically bound to one another with an 830 nm laser. A separate 514.5 nm laser
was then used simultaneously for measuring SERS in the 2006 study ([248]). Such forces

therefore appear highly relevant for optically assembled dimers here.

Attractive dipole-dipole force does however become ever stronger for shrinking gaps. For
nanospheres stripped of surfactants, during the GNR splitting process, gaps would then be closed.
This was however not observed. Merging of spheres was also avoided under optimal experimental
conditions. Therefore, an additional effect might have come into play. Here, a prime candidate is
GNS collision (which will be revisited later). It in turn goes hand in hand with electrical contact
between the two particles. The effect is illustrated in Figure 5.4.1 A, with conductivity established
by overlapping of the dimer halves.
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Figure 5.4.1: Classical Intradimer Forces. A Sketch of charge distributions and forces involved for
GNS dimers in the NIR laser field. Thick black arrows represent dipole orientation. B Classically
calculated intradimer force during laser printing process, with gap/overlap dependence. C Classically
calculated dimer printing force. Calculations were performed with homogenous excitation. Overlaps
could not be shrunken infinitesimally, to more accurately model 40 nm GNS touching, due to lack of
simulation convergence, possibly due to the sharp geometrical cross sections involved. Actual laser
fields involved in the printing process were on the order of ~10 MV/m (or ~100 (MV/m)?).
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For particles in electrical contact opposite charging at the intradimer junction is suppressed.
The dimer thus becomes a single dipole, were charge displacement is most pronounced at the
ends. As a driven oscillator, the precontact dimer dipole is blue-shifted in resonance from the
1064 nm laser via the BDP mode. Averaged over time, it is thus polarized more parallelly than
anti-parallelly to the light field, meaning a positive polarizability. For the electrical contact dimer
in a laser spot, this might also be the case. The dimer GNSs could then be pulled apart, via their
opposing net charges. The optical forces involved between separate and merging/overlapping
gold nanospheres in water can be calculated classically using FDTD, with results shown in Figure
5.4.1 B. Calculations confirm the hypothesis. Here, attractive forces are particularly large for
small gaps, whilst separative forces increase for larger overlaps. Proximity between dimer GNSs
can be expected to increase attraction between the two. Additionally, for printing forces depicted
in Figure 5.4.1 C, a similar pattern is observed, with higher printing forces for smaller gaps and
larger overlaps. A higher force indicates an increased interaction cross section of the antennas,
potentially also from plasmon resonances more closely matching the laser wavelength. This force
has proven sufficient for printing dimers below the lasers focus in experiments, whilst being
significantly lower than calculated interparticle forces. Interparticle force therefore appears to be

of importance in the optical dimer patterning process.

Here it should be noted that nonlocal effects were not considered. Rescaling corrections for
gap lengths, as have been performed in vacuum [78, 79], could increase the accuracy of such
classical results. Nevertheless, these calculations support that classical electrical contact will
induce separating forces. However, at least on their own, they cannot explain how ~0.8 nm
intradimer gaps were formed. Classically calculated intradimer forces would turn attractive for
any GNS separation. A theory towards how optical forces might contribute to GNS separation is

presented in the following.

Due to an onset of electron tunneling for shrinking single angstrom gap dimers, a geometrical
overlap is not necessary for electrical contact. This in turn results in separation forces potentially
contributing to the measured gap spans. To test this hypothesis, further calculations were
conducted for 40 nm gold sphere dimers in water. They are based on a quantum-corrected model
(QCM) approach by Esteban et al. (2012) [76]. Here the intradimer gap is modelled with media
where €*(d, w) describe an effective permittivity, from electron tunneling. This is based on local
gap length d > D, with d measured in parallel to the longitudinal dimer axis and D as the

minimum span of the gap. €*(d, w) was then implemented in a cylindrical layer system.

For this work, modelling parameters were chosen analogously to later work by Zhu et al.
(2014) [215], albeit for an aqueous environment instead of vacuum. Hereby, approximating
£*(d, w) begins with gold according to the Drude model, but with a modified damping constant

y*, similarly to Equation 2.18 via:
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“(d,w) = . 5.1
£(,w)—soo—m. ()

With:
Y= Ygolia exp(2qd). (5.2)

In the vacuum case, €, = 1 is the background screening contribution of vacuum/air, wg =
21:1.94-10° 57!, ygo1q = 2m2.14:10 57, and qpqc = 1.12:10" m™; the latter being an effective
decay rate from Zhu et al. ([215]), obtained by a linear fit from full quantum mechanically
simulated data from Esteban et al. ([76]). Translating this model to the aqueous dimer case,
discussed in this thesis, requires a gap permittivity €* to meet two requirements. For one, it has to
match that of the surrounding dielectric medium for large d [228]. For this, €, = €y grer= 1.769
(with a refractive index of ~1.33 for water), is significantly larger than vacuum permittivity.
Additionally, the water gold interface is expected to impact the tunneling coefficient, now q4quq-
From the time independent Schrédinger equation, tunnelling suppression and thus g scales with
the square root of barrier height [249]. Here, this is the work function of gold in the given

dielectric medium and thus:

G2 = W /Wi-qy. (5.3)

From Musumeci and Pollack [250], gold exhibits a significantly lower work function in water
than in vacuum, which is implemented here with Wy, 4quq = 2.26 €V and Wyyyqc = 5.285 €V.
Therefore, from Equation 5.3 q4q,,= 0.732:10'"m™. Permittivities £*(d) were calculated for
1064 nm excitation (laser wavelength) with 0.05 nm local gap length d discretization. This is
depicted in Figure 5.4.2 A, which shows negative d-dependent effective permittivities below

~0.3 nm. This indicates electrical conductivity between the dimer spheres via quantum tunnelling.

These approximations allow for modelling laser driven interparticle forces with electron
tunneling effects, which are shown in Figure 5.4.2 B. Here an €*(d) was implemented for d <
0.55 nm (for a 0.5 nm gap a 1.4% deviation between classical and tunnelling corrected
interparticle forces was observed). In a similar way to their classical counterparts (Figure 5.4.1),
they start of positive, become negative and go towards zero for increasing gaps. A force

equilibrium is found at ~0.24 nm separation.

In isolation, such a force curve strongly suggests a bond between the dimer spheroids with an
equilibrium gap span. Notably, forces turn positive (repulsive) with the implementation of the
first negative Re ("), at a separation of 0.2 nm. This is significantly smaller than the ~0.3 nm as
of which negative permittivities would be expected to play a role in the gap. Modelling with
smaller increments in d and more accurately matched effective permittivity layers might therefore

influence results quantitatively. Qualitatively, calculated optical intradimer forces do however
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imply a binding potential with a stable minimum, coinciding with dimer gap formation in the

printing process.
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Figure 5.4.2: QCM Approximated Calculations of Optical Force between Dimer GNSs in Water.
A Tllustration of QCM modelling with an £*(d) layer system (not to scale), and calculated distance
dependent permittivities. B Quantum mechanically corrected combined with classical intradimer forces
(blue dots). An additional interpolation (black dots) was carried out with 0.01 nm resolution (assuming
ON at 500 nm as an additional datapoint for the approximation). Modelling was done with a 1 V/m
homogenous (TFSF) source with polarization (dashed double arrow) along the long dimer axis, as
illustrated by the inset. Gap permittivities were modelled with up to five £*(d) layers for d,, = D +
(n-0.1—0.05) [nm]. Starting with index n = 1 for the inner layer and moved outwards with layer
radii; 1.4, 2.0, 2.4, 2.8, 3.2 [nm] respectively, to approximate effects of a rising d on permittivities
within the dimer gap. C Integrated interparticle forces from B with a homogenous laser field amplitude
0f 1.78-107 V/m (100 mW power, at focus). Integration was conducted via summation, with subsequent
interpolation. It started at 50 nm of separation. Here, for growing gaps, the isotropic excitation field
strengths would increasingly misapproximate the Gaussian focus. Note the logarithmic x-axis might
obscure asymptotic behavior. D potential energy 1 um below focus (7.27-10° V/m). The dotted arrow
illustrates the effects of anharmonicity. Combining room temperature (T) with loosening of the
potential due to position and orientation of the dimer in the laser (*), it can be drawn to extend (by T*)
to experimentally observed ~0.8 nm gaps.

To approximate an optically driven intradimer bonding potential energy landscape,
corresponding forces were integrated for a 100 mW power in an experimental laser focus. The
result is depicted in Figure 5.4.2 C. One thing which stands out according to calculations, is that
the potential appears positive at gaps smaller than ~0.08 nm. Whilst the model is idealized, does

not include non-optical influences, and only reaches 50 nm of separation, this possibility should



90 5.4 Dimer Gaps and Optical Forces

still be considered. A positive potential energy would lead to GNS separation. In this case they
could however be recaptured by gradient forces of the printing NIR laser, and rehybridize
plasmonically. They would then also be optically bound to one another by the laser. Here, in the
context of room temperature energies, the interparticle bond strength appears deep at over
~72 kgTr. It is also rigid with a fitable spring constant of ~1700 kgTr/nm? at its minimum. From
a laser driven electromagnetic perspective, the dimer spheres would thus be held at a fixed
distance at the potential minimum (~0.24 nm) roughly half a gold lattice constant from one
another. This is significantly less than the ~0.8 nm finally observed for printed dimers. It is
however important to remember, that successful dimer printing was only possible with a laser
focus set ~1 pm above the substrate. Even under highest intensity conditions, with dimer location
within the radial centre of the beam, the binding potential becomes significantly more shallow.
This is shown in Figure 5.4.2 D, with a trap stiffness of ~290 kgTr/nm? At this point,
anharmonicity of the potential can begin to play a role, and ~5.6 kgTr match the interparticle
distance of the experimentally observed gaps. This is significantly above ambient (~Tr)
conditions as well as the bulk melting point of gold. On the one hand, this might stabilize the
bond between the dimer GNSs against Brownian motion. On the other hand, it also means that
the anharmonicity alone cannot suffice to explain the raised gaps according to the optical force
model at room temperature. These findings therefore bring up the question to what extent

plasmonic heating might be involved.

To estimate the impact of plasmonic heating (for a laser power of 100 mW), the total
absorption cross section of a dimer with a 0.8 nm gap in water was calculated to be 40.6 nm?.
1 um under the laser focus, at an intensity I = 5.55 MW/cm?, this corresponds to a heating power
of Q@ = 1.13 pW per sphere. For a thermal conductivity k ~ 0.6 W/(m-K) of water, and assuming
a simplified single sphere heating model in water, AT = Q/(4mkr) equals 7.5 K. Whilst not
accounting for sphere-sphere-environment thermal interactions, this result is so far below 1 T,
that heating does not appear significant for explaining a ~0.8 nm gap. Instead, thermal effects
appear negligible. Therefore, deviations of the dimer to the laser alignment, numerical aperture,
and focal position appear as the most likely contributors to loosening the optical bonding

potential.

The following examines examples for aforementioned deviations, in the context of optical
forces. Here either an actual focal distance of ~2.5 pm from the substrate, or a beam with an
effective numerical aperture of ~0.42 could account for a 0.8 nm gap. Laser beam and focal
position especially were however too well controlled for experimentally to explain this. Other
types of contributions, namely axial and angular deviation from laser focus and polarization axis,
are illustrated in Figure 5.4.3 A. They present a suitable explanations for 0.8 nm gaps according

to calculations displayed in Figure 5.4.3 B. At 100 mW, axial printing deviation of ~770 nm, or
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an angular printing deviation of ~65° alone could cause a 0.8nm gap. Particularly combined
deviations in printing position and alignment angle appear well within the experimentally
observed range. As an example, for an angular printing deviation from the laser polarization, by
the observed 45° standard deviation in printing, ~590 nm of axial printing deviation would be
sufficient. For larger laser powers, such as 200 mW, a more significant printing deviation of
~910 nm spatially, or 73° angularly would be required for a 0.8 nm gap. Here a combination of

the aforementioned factors appears necessary from an optical force perspective.
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Figure 5.4.3: 0.8 nm Gaps via Alignment of Dimer in Laser. A Illustration of angular deviation (ang.
d.) from laser polarization and radial deviation (rad. d.) from laser focus. B Angular deviation from
laser polarization necessary for 0.8 nm gaps, for a given radial deviation from laser focus, from an
optical force perspective. Calculation results are given for different laser powers, 1 um below the focus.

A printing and alignment deviation induced gap increase alone might explain the observed gap
range ~0.6-1.4 nm via the optical potential. Further, the rapid shallowing of the potential for
smaller binding energies necessary for larger gaps in Figure 5.4.2 C and D can help explain why
larger gaps were not achievable in a controlled manner via defocusing and lower laser powers in
experiments. Instead printing yield was greatly reduced. The dimer might be separated here, and
printing forces (Figure 5.4.1 C) could be insufficient for printing. Thus, whilst the
approximations made might not model dimer printing exactly or completely, the kgTr binding

energy scale calculated for optical forces appears consistent with experimental results.

Here, it should be noted, that these calculations rely heavily on approximations. For one,
spatially more exact values for modelling permittivities in the dimer gaps might be implemented.
Also, the model used for fitting permittivities is a simplification, which does not explicitly account
for nonlocal effects [77] besides electron tunnelling. Tunnelling is however the dominant effect,
whilst others could potentially be implemented [76]. Considering these aspects, would translate

to more accurate optically induced potential landscapes.

At this stage, it should also be considered, that collisions of the two gold nanospheres could
correspond to a similarly steep potential wall as repulsive optically driven forces, and thus also

an anharmonic intradimer bonding energy. However, the optically driven intersphere potential
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would deepen significantly, as can be seen from classical calculations of bonding forces for 0.1-
0.3 nm gaps in Figure 5.4.1 B. Here forces from dipole-dipole attraction unsuppressed by
tunneling are ~1 order of magnitude larger than for distances above ~0.35 nm, where the observed
maximum bonding force lies. They could then contribute to the potential energy landscape,
deepening it significantly. Then, however, positional and angular deviational effects could not
exploit thermal anharmonicity significantly, even 1 um bellow the laser focus. Observed gaps
would be significantly smaller, contradicting TEM imaging results. Also, tunneling and electrical
contact could again suppress the BDP and SERS mode, which were however both observed. This
speaks for quantum tunneling current contributing to a gap. It therefore appears to aid in

assembling the dimers with SERS hotspots along with attractive optical forces.

The laser driven anharmonic interparticle potential model is not limited to contributing to an
explanation of the observed printing results. It might also offer an outlook on how to tune
intersphere gaps of optically assembled dimers. From Figure 5.4.2 A and B, as well as a
conductivity requirement, a negative permittivity appears crucial for establishing repulsive laser
driven forces. Larger freely accessible gaps might be desirable for detecting Raman scattering of
bigger molecules than NTP, such as diffusive proteins in water. From an optical force perspective,
this requires a negative Re[e*] for larger distances. Equation 5.1 gives clear indications as to how

to achieve this, along three paths described in the following.

The first way for lowering Re[£*] is solvent related. Both a lower work function (thus lowering
y*, according to Equation 5.2 and Equation 5.3), and a smaller €., could lower real permittivities
at larger distances. The second is via the nanoparticle metal involved, where less damping and
higher plasma frequencies and (again) lower work functions could help. Both options can be
expected to influence the metal nanorods plasmonic properties, which would have to be accounted

for, especially regarding optical excitation for splitting and printing.
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Figure 5.4.4: Wavelength Dependence of Effective Permittivity. A Real part of distance dependent
effective permittivities £*(d, w) for different wavelengths. B Zoom in on real part of distance
dependent effective permittivities in A, for values around 0. C Imaginary part of distance dependent
effective permittivities for different wavelengths.
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The third pathway might be the most promising: an increase in the driving lasers wavelength.
This can be expected to necessitate higher aspect ratio GNRs to maintain resonance in the splitting
process. Such aspect ratios should also further Rayleigh instability in the printing process,
increasing the dimer creation probability. However, calculations depicted in Figure 5.4.4 A and B
reveal, that gains in terms of the distance threshold for negative real permittivity are marginal.
For example, 1400 nm instead of 1064 nm as an excitation wavelength will raise the maximum
distance d corresponding to negative Re(¢*) by less than 0.01 nm for gold in water. The value
would thus remain around 0.29 nm. Larger wavelengths do however cause more negative values
of permittivity, especially below 0.2 nm of separation. They could therefore lead to stronger

conductivity and more steep repulsive forces, skewing the potential towards larger gaps.

Imaginary parts of €*(d, w) depicted in in Figure 5.4.4 C increase with rising wavelengths.
This might however not be that relevant here, due to the sub-nm distances within which
conductivity is required for electrically connecting the dimer halves. Thus, conversely, shorter
wavelengths might in fact be useful for generating dimers with smaller gaps, potentially featuring
increased tunneling effects. Overall, these effective optical constants do however suggest a
limited potential for tuning gap size, on the one hand. On the other hand, calculated gap
permittivities for 671 nm and longer wavelengths match that the ~0.6-1.4 nm dimer hotspots

(Subchapter 5.2) do not appear to feature suppressed Raman enhancement (Subchapter 5.3).

At this point it is however important to remember that optical forces are not the only
contributors to dimer gaps. The actual dimer GNS potential landscape might look very different,
and DLVO theory related forces might in fact dominate. Nevertheless, the optical potential agrees
with experimental results. Particularly laser driven attractive dipole-dipole coupling could assist
in binding GNSs to one another over longer ranges than van der Waals forces and coulomb
repulsion from ligands. Further, they could stabilize dimer printing against Brownian motion of
GNSs from split GNRs. Repulsive optically induced forces might at the very least counteract
excessive attraction between the nanospheres, preventing the assembly of dimers featuring

significant plasmon tunneling.

Thus, hotspots generated by splitting GNRs from aqueous solution appear stable in terms of
assembly as functional SERS nanoagents. This does however go hand in hand with them
potentially being difficult to tune in size with a single splitting and printing laser from an optical
force perspective. Further, positioning and alignment accuracy were limited in experiments. Here,
a way for tuning the dimer printing process particularly in terms of antenna location and
orientation might exist. Analogously to work on aligning and printing gold nanorods by Do et al.
[81], a second laser might be used. More specifically, a green (532 nm) transversally polarized
and resonant laser could be aligned coaxially with the NIR illumination source. It could aid both

antenna alignment [86], as well as positioning via a tighter focal spot, during the printing process.
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This second laser might also offer more controlled interaction of nanoparticles with the NIR laser
and its larger focal spot during dimer assembly. Lastly, it might even be useful for tuning gaps,
via repulsive forces between gold nanospheres from an excited antibonding transversal plasmon

mode [90].
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6 Concluding on GNR-Based Plasmonic Dimer
Nanoagents for SERS Applications

To conclude, this PhD thesis presents two types of plasmonic dimer nanoantennas, derived from
gold nanorods in two distinct ways. Both antenna types were expected to feature strong plasmonic
coupling between their two metallic nanoparticle constituents. Resulting hotspots were

investigated towards their potential for SERS, with a view towards measuring diffusive analyte.

Firstly, with Chapter 4, dimers based on tip-to-tip aligned GNRs via DNA origami, have been
found effective for SERS detection of diffusive biomolecules from solution, the main goal of this
thesis. For protein measurements, the streptavidin and thrombin molecules identified after
entering the ~8 nm dimer hotspots were relatively large with ~5 nm. Here subsecond SERS
detection was possible. Potential carbonization of nanoagent DNA origami and analyte was also
not found pronounced enough to hinder measurements. The antenna design also proved successful
for SM-SERS of dye. Effects of the laser on antennas were found to be angling, as well as
potentially shrinking of gaps. The latter might have aided Raman measurements by increasing

plasmonic coupling and E-field enhancement.

To further improve the antennas, particularly with a view towards SERS detection of larger
analyte, modifications to the plasmonic multimer design were explored. Here, whilst the use of
sharper tipped rodlike structures was not found conducive, flatter tips were. Further, the use of
silver-based nanorods, as well as tetrameric tip-to-tip nanorod arrangements appear promising for
future studies. These might also be combined with higher excitation powers via stabilizing DNA
origami scaffolds through silicification and more thermally conductive substrates. Here,
investigating the impact of optical forces on GNR dimers, and using this mechanism for

positioning the nanoagents, might also prove fruitful.

Secondly, with Chapter 5, gold nanospheres generated in a single GNR splitting and printing
step process, were examined for their plasmonic hotspots. Whilst high-resolution HAADF-STEM
could confirm the presence of gaps, their average span had to be quantified via the resonance of
their plasmon bonding mode. It was found to be ~0.8 nm in size. Resulting hotspots enabled

strong resonance Raman enhancement of NTP, added post dimer creation, in solution.

Additionally, mechanisms behind the angstrom intradimer gaps were looked into, and a laser
induced anharmonic intersphere potential was identified as a component. It results from classical
excited dipole-dipole attraction in combination with quantum tunneling mediated single dipole
separation. Tuning the parameters involved could allow for assembling dimers with more specific

gap sizes. Here, larger hotspots might be suitable for studying larger diffusive analyte, in
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particular proteins in aqueous solution. SERS sensing might also benefit from especially freely
accessible hotspots due to a reduced presence of ligands for this type of antenna. Printing dimers
with smaller gaps might in turn allow for studying of plasmon tunneling effects. Moreover, the
optical excitation electromagnetic model suggests the possibility of printing dimers directly,
consisting of different metallic nanoantennas including chemically synthesized metallic spheres,
triangles, and rods. Whilst there might be a significant presence of ligands, leading to further
DLVO interaction, such printed dimers could be suitable towards detecting larger diffusive

analyte including proteins.

Beyond scientific interest, these findings present a significant step towards using SERS in
further applications. Both resonators function at the NIR, making them interesting for applications
in the bio-optical window. Due to the more tunable nature of the DNA origami GNR dimers, their
resonance is however more optimizable than for optically split GNR dimers. Additionally, their
freer deployability, as a single unit, might make them a better nanoagent candidate. In future,
GNR dimers, or further optimized derivatives of them, might thus be optically trapped and
positioned, potentially for in vivo and intracellular sensing. On the other hand, optically printed
GNS dimers might prove effective in flow cells, and lab-on-a-chip applications. In principle,
plasmonic dimers can also be employed in CARS measurements [251]. Analyzing arrays of GNR-
based nanoagents with stimulated Raman scattering microscopy could thus be of further use for

parallelized single protein detection, with even higher sensitivity.
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