Gold Nanorod-Based Dimerswith accessible Hotspotgor

Surface-Enhanced RamanSpectroscopy

Francis Rameshchandra Schuknecht

Minchen 2024






Gold Nanorod-Based Dimers with accessible Hotspots for

SurfaceEnhanced Raman Spectroscopy

Dissertation

SN

\?}I\

A

an der Fakultat fir Physiéter

Ludwig-Maximilians-Universitat Miinchen

vorgelegt von
Francis Rameshchandra Schuknecht

ausRockville, Maryland USA

Minchendenll. SeptembeR024



Erstgutachter PD Dr. Theobald Lohmiuiller

Zweitgutachter Prof. Dr.Alexander Urban

Tagdermundlichen Prifung 29.10.2024



Kurzfassung

Oberflachenverstarkte Ram&reuung (SERS) ist ein Schlissel zu markierungsfreier
biomedizinischeDiagnostik Insbesondere bezlglich déentifikationvon einzelne Proteinen
und anderer Biomolekilaus einer LosungSERSDetektion stellt allerdings aufgrund der
kleinen Ramanstreuquerschnitte von molekularen Grupgiea Herausforderung daBie
erforden signifikante RamanVerstarkungsfaktorenDiese kénnen durch eine erhdhte
elektromagnetischEeldverstarkungn Luckenzwischenplasmonisclgekoppeltermetallischen
Nanopartikelnerreichtwerden ldealerweise sind solch@asmonischemntennenschnell mit
offen zuganglichen Hotspotsrzeugbarsowie frei als so genannte Nanoagenten einsetkbar
dieser Dissertation werden zwei verschied&wdd Nanostédbchen (GNR) basierte Dimdiir
SERSvon Analyenaus wasseriger Losungprgestellt

Der erste DimerTyp basiert direkt auf GNRs, die aufgrund einfacl@nthetisierbarkeit,
anpassbarer Resonanz urgignifikanter elektromagnetischer Feldverstarkung ianen
abgerundetereEnden ausgewahlt wurdeManostabchen Dimere wurdemittels einesDNA-
Origami Gerists m Balkerform in einer Spitze an Spitzéanier assembliertDiese Antennen
besaRenLicken mit ~8 nm Spamweite, mit Analytspezifischen Bindungsstellean den
plasmonischen Hotspotsd warenauf Resonanz inRoten bisNahinfraroten(NIR) ausgelegt.
Sie ermdglichterBubsekundenSERSDetektionvon einzelneraus einer Losung gebundenen
Streptavidin und ThrombiMolekilen mittels eines 671 nm Lase@iese Ergebnisse werden
durch Rechnungendie ausreichende -Eeld Verstarkug indizieren und Experimentezu
Detektionspezifizitat, gestitzt. AbschlieRendwurden Nanostdbchen basiertgtrategienfur
starkeres SERS aus grol3eren Lickatersucht. Hier wirken sowoltumpfere GNR spitzen
Silbernanostabcherals auch GNR Tetramere vielversprechend, wéhrend GNiRere und
Hotspots zwischen scharfer8pitzendies nicht tun.

Der zweite Dimer Typ besteht aus GNRs whittels eines fokussierten 1064 rirasersn zwei
Sphéarengespaltensind, welche danrdurch denLaserpaarweiseauf Glass Substrateoptisch
gedruckt werden. DieseneuereZufallsfund wurdeauf plasmonische Hotspots untersucht.
Licken zwischen den Nanospharekonnten mittels Transmissiogisktronemmikroskopie
bestatigt werderund wurden spektroskopisdiir ~0.8 nmgroR3 befunden Sie ermdéglichten
signifikantes 4Nitrothiophenol ResonarRaman Signabm NIR und waren fur das Analyt
welches nach dddimer Generatiominzugegeben wurdérei zuganglichDes Weiteremwurden
mittels numerischer Modellierung optischealtials Einflussaufdie Angstrom Lickeranalysiert
Hier wurde eirusammenspiel zwischen zwei Laser getriebétraftkomponenten iddifiziert.
Die erste istklassischeDipol-Dipol Attraktion. Die zweite ist separativ undgtammt voneiner
EinzelDipol KomponentedurchintradimerElektronTunneln

Hiermit prasentiert dies@rbeit zweiunterschiedlich&old Nanostéabchen basieRé&de fiir frei
zuganglicheSERSHotspotsdie im Bio-Optischen Fenster funktional sinslie befasst sich auch
mit den Mechanismen hinter und potenzielderbesserungeron diesen Nanoagenten nd
verkurzt somiden Weg ziodiagnostischennd andereetektiongapplikation mittels SERS.



Abstract

Surfaceenhanced Raman scattering (SERS) spectroscopy is a Keypekfree biomedical
diagnostics. Particularly regarding the idengfion of single proteinsand other bimolecules
from liquid samples. SERS detectidnes however pose a challengkje tothe small Raman
scattering cross sections of molecular groups involVédekse necessitate significant Raman
enhancement factorsSuch amplification can be achievedy raised electromagnetic field
enhancement in gaps betweplasmonically coupled metallic nanoparticles. Ideally, such
plasmonic multimelantennasare rapidly creatableith openly accessible hotspptss well as
freely deployable as so called nanoagdntthis PhDthesis, two differengold nanorod (GNR)
baseddimerconceptsare presentedor 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-tggtip manner using a DNA origami bedmased scaffold design.

The antennas feature® nm gaps, with analyte specific binding sites at the plasmonic hotspots,
and were tuned fored to near infrared (NIR) resonance. These enabled subsecond SERS
detection of single streptavidin and thrombin molecules captured from solugiog a 671 nm

laser. The results are supported by calculations indicating sufficiatdeEenhancement and
experiments on detection specificity. Finally, nanebaded 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 amatspots between sharper tipsru.

The second dimer typmnsists ofGNRs split intotwo spheresith a focused 1064 niaser
which are theroptically printed onto glass substrat@ggirwiseby the laserThis recent chance
discovery was investigated for plasmonic hotspots. Ggbaween the nanospheresuld be
confirmed using transmission electron microscogyd were found to be0.8 nm in size
spectroscopically. They enabled significantitothiophenol resonance Raman sigatdhe NIR
and were also freely accessible for the analyte molecules added post dimer generation. Further,
numerical modelling was used for analyzipgfical forceas aninfluence on theangstrom gaps.
Herean interplay otwo laser driven force componemias identified The first isclassical dipole
dipole attraction The second iseparativeand stem$rom a singledipole component mediated
by intradimerelectron tunnelling.

Hereby, his work presenttvo distinct gold nanorctiased pathdo freely accessibISERS
hotspotdunctional in the bieoptical window. ltalso delves into mechanisinshindand potential
improvements of thesganagents, thus shorteimg the way to biediagnostic and other sensing
applications via SERS.
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1 Introduction to Single Protein RamanDetection

Thediscoveryof Raman scatteringy Chandrasekhara V. Ramenal.in 1928[1, 2], hasled to
a Nobel prize in 193@~urther Raman spectroscoplyasedn characteristiwibrational energies
of chemicalbonds,hasbecomeone of the principal methods fatentifying analyte As such,it
presents @ answerto a key goal in biomedical diagnosticdhe detectionof labelree single
proteins fromagqueousolution This is alsdhe main challengef this work.

For (single) moleculedRaman spectroscopfgatures a downside, in that gensitivity is
limited by the small scattering cross sectio$ ~10 0 cné/sr [3-5] involved Here, stimulated
Raman spectroscopy (SR[®) 7], coherentanti-Stokes RamagnpectroscopYCARS)[8, 9] and
coherentStokes Raman scattering (CSR$3] have been employe raiseRamansignal by
orders of magnitude over spontaneous emisdibis has also allowed fapatially resolving
protein concentration with SR&0], chemical and biological systems with CARS], as well
asbiological samples with CSH%2]. However these methods require cogplylsed laser setups.
Further in the context of singkenolecule detectignand similarly to conventional Raman

spectroscopytheyfeature significant background sigmhle tolimited optical resolution

These constraing can bealleviated through surfaceenhanced Raman scattering (SERS)
Observationgrom the effectin the vicinity of rough metal surfacesere first reported oby
Fleischmann et alin 1974 [13]. The results were attributed both to electromagnatiface
enhancemerty Jeanmaire & Van Duynia 1977[14], as well as a chemicehhancemeritl5,
16]. In later work, theelectromagnetic componentas found to dominatg3]. It stems from
collective oscillations of metal surface electrons as surface plaseanisble by lightThis has
in fact been used for single protein SERS from electrochemically deposited golfLfilpadbeit
determined via statistical analysigdditionally, it has enabletime resolved SERS frometallic
nanoporesvith optically trapped nanoparticle$18]. Further, tipenhanced Raman spectroscopy
(TERS), has been developed towards spatially resolving protein strybyisesnning them with
a sharp metallic probgl9, 20]. However for Raman detectionia bottomup assembled and
freely deployablesensors a desirable modus operandi in applicasionalternativesmustbe
explored.Here metallic nanoparticles and their strdpgexcitable (localized) surface plasmon

resonancesanbeemployedasplasmonicnanoagentf21].

The frst documentedise ofsuchnanoparticlesvasby theancientRomandor coloring glass
a famous example being thgcurgusCup[22]. Thiswasfollowed by centuries of gold and silver
powdersusedfor staining church windowand other coloringpplications It took until 1857 for
Michael Faraday to link these optical effebtstheminusculesizes of the particle$23]. Later, in

1905 Richard Zsigmondyeported orthe mechanism behind the reddish color of colloidal gold



nanoparticleg24], earninghim a Nobel prize for chemistry in 2%. Gustav Mie introduced a
conclusive theory for metallic nanospheres 98 925], which was expanded to spheroidal
particles by Richard Gandy 1912 [26]. These somewhat conceptual ellipsoids are
spectroscopically similar to gold nanorods (GNRA]], the particles of choice in this thesis
Today, suchnanorodscan be synthesized readilj28-31], by growingseed crystal$32 into
elongated particles in an HAuGkhloroauric acid) solutionThis tuning of particle geometrys
mediated wittsurfactants, allowing for specific crystal facet growth direct[88k GNRs exceed
gold nanospheres in botiptical cross sectiong34], as well ask-field- and radiation [35]

enhancemerdt their tips which is beneficial for SERS

Metallic nanoparticle canalsobe coupleglasmoniclly via proximity. Thisleads toE-field
enhancemerttotspots irthe resultingantennagaps which arethususeful forincreasng SERS
Here DNA origami [36, 37] has emerged as highly effective tool for arranginglasmonic
multimers It is basedon selfassembling DNAemployedas scaffoldingfor both metallic
nanoparticles as well as analytéost prominentlyto generate freely deployalgeld nanosphere
(GNS) dimers However, strong field enhanceméat singlemolecule(SM) SERShasrequired
reduced~1-2 nmnanosphere gagpars for both dye moleculef38, 39] and protein$40]. Such
hotspotslimit the size ofpotential SERS analyte, arade less accessibl@articulaty when
obstructed by DNAOther DNAorigamibasedschemessuch as bgold nanostarf41] andtip-
to-tip aligned gold nanotrianglgbowtieg [42], featued more open gaps, but rear SERS
measurementf diffusive analyte from solutionThese aspectsall for alternative sensing

nanoagentg;ombiningaccessible hotspots with strong field enhancement and eassearfibly.

Suchplasmonicantennas are theubject of thisthesis Physical principals behind Raman
scatteringand its enhancemeras well agarticle plasmonaredescribed irChapter 2. This is
done with docustowardsE-field enhancementf plasmonic dimerfor SERS as well amptical
forcesandheatingexperienced by thenMethods used tstudythe nanoagentgxperimentally

and theoreticallyaredescribedn Chapter 3.

For the firstresultsChapter 4 of this work DNA origami was usedfor spaéng two gold
nanorodsn a tipto-tip alignment along their longxes It begins withthe GNR dimerdesignfor
significantE-field enhancement fromccessible hotspgtwith analytespecificbinding sitesThis
is followed by characterizing the antennasgardingSERS.Next, GNR dimersallowed for
capturing anddetectingof single thrombin andstreptavidinmolecules from andin solution
These results arsupportedboth by calculations, as well as further experiments on protein
detection specificityFinally, alternative nanoretlasedmultimer designs are discussed towards

generatingevenmore effective SERS hotspots.
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Chapter 5 of this thesis deals with a new type gbld nanospher@imer for Raman
enhancementvhich deesnot require scaffoldingnstead the dimers argrintedfrom optically
split GNRsin a single stepvith a focused laseiThe chaptebegins with a description dhe
antennaassembly It continues with experiments and calculatiamsich showthat theGNS
dimersfeature ~sulmm gaps Thesehotspotsare then employed for measuring SERS of 4
nitrothiophenolNTP), added postimersynthesisThe chapter is concluded with thealysis of

an opticalforce-basedmodelcontributing to thalimerhotspot pan and how it might be tuned

Finally, inChapter 6, | summarizehefindings andconclude on a bright future for baBNR-

basedypes ofdimers agplasmonicnanoagents.
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2 Fundamentalsof PlasmonicDimersfor SERS

In adielectric environment, ptallic nanoparticle$eaturea plasmoniaesonanceia the particle
plasmon[43], also known as thicalized surfaceplasmon(LSP) [44]. At their peals, these
oscillatiors of surface conduction electrgnsan cause a significant increase oth real and
imaginary parts of the partides p o | a This 5 pobsiblkoithie point that both scattering as
well as absorption cross sections exceed those of geof3diryln particular & resonance,
increased extinction cross sectaf plasmonicnanoparticlg, coupled with the snilasurface
curvatures involvedyenerate strongnhancemerfactors (EF)of incident lights electric fields
as well agadiationenhancemeritictorsin their vicinitieg[5]. This isone of the main components
from which they draw their properties &mansensing agentdHere SERS scales in the

following manne(5, 45]:
Ywd OEQQE OO 00 x 00 Eq. @.1)

As furtheramplified, andoftenusedin approximationsSERS scales with the fourth powertsf
field enhancementThe following delve into fundamentals behind Ramanattering and its

enhancementia plasmonic dimers



2.1 SurfaceEnhanced Raman Scattering

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 idengfptbsence and type of analyte

molecules. Such detection is the main motivation of this thesis. Here, the small nature of Raman

cross section§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 com@mentantsdelving into

it in greater detail.

2.1.1 Raman Scattering and SERS

Raman scattering occurs in conjunction with oscillations of the polarizability of atomic

arrangementfb]. As such, it relies on changes in overall lengtlislved This can be explained

by placing it in contrast with iRpectroscopy46], which relies on oscillations of actual dipolar

momentq47]. An illustration of the comparison is depictedrigure 2.1.1 A Raman signal can

be gained by a monochromatic light source, whilssfiectroscopy requires a broadband source

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

spectroscopically.

A

Raman active
-— —

——e
DA 7

[

Infrared active

— - -

&——@
¥ 4

o - <

N

Energy
1
1

<O L N

1

Rayleigh

Raman

Res. Raman

2
1
0
v

Infrared

Excited
State

Ground
State

Figure 2.1.1: lllustration of Raman Scattering. ASketch illustrating Raman, and IR active vibrations
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Here, dashed lines represent virtual stateddaglenotewibrationallevels

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 gassg5], and thus not examined in this work. Therefore, Raman active oscillations

osci l
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feature two main peaks: one Stokes, fromian loss of energy to a vibrational state (with
frequency ), and one antbtokes from ali  energy gain from the mode, for the incident light
(usually stemming from a laser) with frequency. The correspondingenergy changes are
illustrated inFigure 2.1.1 B The resulting Raman signal photomsth a singular vibrational
transition have frequencies:

L S I (2.2)

Usually, the signal of interest stems from the lower en&tgkes component. The prerequisite
for corresponding antbtokes scattering is vibrational occupatadrthe first level ofthe ground
state.With a Boltzmanroccupatiordistributionat temperaturéY the corresponding probability
is:

)

6 0 ) (2 .3)

Here,occupation ohighervibrationalstateds significantly less probableas vibrational energies
exceed thermal energigSonsequently, probability for ground state occupation can be simplified
to:

O ép 0 énp. (24)

The ratio between thevo states isherefore
—EQar— . (2.5)
With total power radiated by a dipole being proportionaltop as i s derivable fro
equationg48, 49|, intensity ratios between affitokes and Stokes scattering e
—  — Qor— . (2.6)
Typically, vibrational energies are expressed in wavenumbevkere:
— (2.7
The common unit of measure used is them:™.

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 wiv1l nm, a temperature of
293 K (room temperature), and= 1500 cmt (186 meVi a value in theypical range of those
for carbonbased compounds examined in this thesis), thesdokies probability become$.1%.

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



8 2.1 SurfaceEnhanced Raman Scattering

A more detailed view of thiscattering process for a specific vibrational mode involves its
3 x 3 Raman polarizability tenspr 7 R . It can be used to describe a Raman induced dipole

— in a vacuumoscillating with  , via:
— 1 h . (2.8)

Here, mm 0 YQum] A@DQ 0, and o YQrl AGDQ 0 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 field$], related to their macroscopic counterparts ia

O TF o, with
o T — (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 of 1.33 and permittivity of 1.770 7 =
1.26 is still relatively close to 1. It does however modify the Raman polarizability t@itkor

- O T 1 h [l (2.10)

At the same time, the total power emitted by a dipole in a medipnoportional tce , and

the dipole moment squared:
- ¥
0 = (2.12)

In water, this power is2.1 times larger than in vacuum/air, awaild 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 ,oincorporating 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 wherdemtation 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 electromagnetidayiyncreasing botd  of the molecular dipole as
wellasF]  inasingle spatial dimension. The enhancement asgssential to work presented

here on SERS in proximity metallic particle surfaceiswill be discussed in the next section.

The second component of SERS, chemical enhancestents from broadening of excited
states during resonance Raman (thus enhancihgas 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 2003], calls this factors relevance into question. Further, the
aforementioned enhancement requires resonance Raman condiiigu® (2.1.1 B, where
excitation reachegvirtual) states ator beyond molecular transition energi€s0]. Whilst
resonance Raman can feature greatly enhanced cross sgijtitysseveral orders of magnitude

in the case of dyds] for example, it requires excitation wavelergyth specifiaranges.

2.1.2 Electromagnetic Enhancement of Raman Scattering

Plasmonic nanoantennage highly suited to enhancing Raman signal, both via amplifying the
external excitation field, was well dscreasingRaman radiation. The first componénthe

00 factor inEquation 2.17 is most intuitive.This is underlined by the depictions of

field enhancement ithe following Section 2.2.1. As such, it is strongest in direct proximity to
plasmonic partickbased antennas, as well as rough metallic surfaces, with the latter being the

namesake of SERS.

The second componehased 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 previouSection 21.1, this scales with refractive index. More importantly
however, it also scales with field enhancement at the Raman scattering -08{(@keis shifted

wavelength. This is in accordance with the optical reciprocity theorem ({ZR]T)

It states how a fielgk created at positioédby dipolesm at positionwis related to the fielg: at
wcreated by a dipokas at ¢ This allows for the derivation, that féield emission of a dipole in
a given direction is enhanced by the square of lodadl& enhancement for plain wave excitation
from this direction5]. ThisO"O constitutes the second factorkiguation 2.1, and is thus

as directly calculatable as the first excitation enhancement term.

It is important tonotethatin principle,a plethora of different notations for and definitions of
modified spontaneous Raman emission €&kt These include considerations for reabsorption
of Raman photons by theptical system as well as directional emissidme first aspect is
particularly relevant for plasmonicantenna Here single plasmon modesith the largest
polarizability might dominate in terms ofcattering to absorption ratios, as well as interaction
cross sectionslhey also feature higheBtfield enhancements, as discussethilaterSection
2.2.2. This leads directly to the aspect that previous discussions of Raman enhancement focused
on parallel detection, where polarizability, laser polarizationgfidld enhancement are aligned

in one axis. For a baescattering configuration, with unidirectional excitation and detectits
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is however a relatively exact approximatidj. Effectively,it matches experimental conditions
with SERS vialongitudinal resonanceof plasmonic dimersit 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 ascoilobeérical enhancemelt].

Here it acts both at the excitation, as well as the Raman wavelength, where it might introduce
additional enhancement factorsl0. Additionally, image dipoles have been identified as
contributors to background signal Raman measurements, from broadeningasfesponding

SERS peaks by coupling to the electronic continuum of the riialWhilst the focus of this

work lies on Efield enhancement factors towards SERS, image dipole effects can however still

influence results.
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2.2 Plasmonic Dimers

There area number ofvays in which plasmonic naparticlescanbetunedto raise elecic field
strength and thus Raman enhancemdrdr one, thisincludes less lossymetal parameters
Additionally, sharper tipped geometriesdll lead toconcentratd E-field enhancement.astly,
coupling two metallic nanopatrticles with one anothgh lead to higherfield enhancement in
the gap between the Intriguingly, the gold nanorodiimer antennas at the focus of this thesis
featurea combination of all three of thesemponentsThesefactorsarealsopartially exploited

by optically splitting gold nanorods inteansphere dimers, with (sub)nanometer plasmonic
hotspotsSimilarly, to other plasmoniparticlebasedhanoagents fasensind21], optical forces
and plasmonic heating catsocome into playor suchdimers This subchapter serves to present
the fundamentals behind seaspects.

2.2.1 Single Particle Plasmons

The idealized particle plasmdisa standing wave of electrons localized to the surfaaengftallic
nanopartiok. Understandinghis light driven oscillatiorcanbegin withexamininghow matter
respondto an electric fieldp] , via a displacement fielgt1 . The two are linkedboth by the
vacuum permittivity - and polarization ||-1 [53], as well ashy the frequency dependent

dielectric functior 7 [54]:

(oA R | R N B (213

The derivation of this permittivityn its most primitive forncomes fromthe classical Drude
model. In it,conduction band electrorsse modellecas a idealgaswith a density of, an
effective masst ., and a mean scatteringteor dampingconstant . This modelis local in that
electrons arenly influenced byields applied to theidirectlocation.The corresponding equation
of motionis thenequivalent td53]:

a .2 ra.> o, (2.14)

o-

At the same timgany electron displacement results ipaiarization”— Q®71 ,from which

the plasma frequenay the metatan be derived

] o (2.15)

z

For oscillations driven bgn incidenfield O6 'O'Q |, the equation of motion can then be

solvedvia:
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S [ — (2.16)

z

This grants access to the dielectric function:

-1 - /. (2.17)

A positive ionic background modifidsquation 2.13 by a background polarization term where

0 - - p , with - as the background permittivi}p3]. This leadsto the dielectric

function:

T — (2.18)

Drude
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Figure 2.2.1: Comparison between Drude and experimental Permittivities of Gold. A
ExperimentalReal part ofpermittivity (blue) of monocrystallineGold [55] and corresponding fit
(grey). B Imaginary part of permittivityfred) of Gold and corresponding figrey). Fitting parameters
usedwere- =9, =1.3280%s*and =6.6240'% 1, Thisfigure is aftereferencg56.

Figure 2.2.1 A andB reveal arelative similarity between the real part anstark difference
between the magi nar y pneeasuredoermittivityo[b5p anhd their Drudemodelled
counterpas. Particularly forwavelengths below 600 nthe measured imaginapermittivity is
significantly higher due to interband damping. Tdiéerence continuesut levels offfor
wavelengths abov@690 nm This isthe threshold for interband dampidge to excitations from
the d into the spconduction bandor gold[57]. With the focus of Raman measurements in this
work beingclose tathe NIR (671 nm and beyond), the most lossy parts ofgplimittivity are
avoided The discrepancy between measured and Drude pierti@s arehowever still relevant.

In principle, the analytical Drudkorentz model can be used to account for interband transitions
where Lorentzian oscillator terms are incorporated into the dielectric furj&@nwithin the

scope of this thesisowever interpolations from measured data are empldgedalculations

Whilst these parameters are derived from the interiors of bulk crystals, they are still essential
to conduction band electrarscillations at the surfaces of metaitstheir plainesform, they exist
at the surfaces of spherical metal nanoparticles significantly smaller than the incident wavelength

of light that excitethemin a vacuum. This i8lustrated inFigure 2.2.2 A andB. By shrinking
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the particle,it can bemodelledas a poitike dipole experiencing homogeneity in the exciting
light fieldGs phaseThis enables guasistatic approximation aheilluminationas a plane wave
with a constant fieldexciting the conduction band electrons cohereiig Theory[25] then
allows for an analytical derivation of tken t e hSPaeSahance.

A B C

3

Polarization
—— -I--p

Figure 2.2.2: Particle Plasmon and Mie TheoryParametrization. A lllustration (not to scalepf
particle plasmorexcited by light (geen), with field lines (translucent blac&hd dipole orientation
(bold black arrow). The plasmonic oscillator is maximally displaoe@rms of chargeB Sketchof

time dependent plasmonic field (translucent bladkie to oscillating excitation field (greem)ipole
orientations(bold black)depicted for two points in time (with corresponding charge displacement
sketches)Here, the shift between excitation and plasmalifole corresponds to a 90° phase fag
anoscillator in resonance€ lllustration ofparameters relevant to Mie theory modelling

Theparameters necessary for implementing Mie theory are depickgure 2.2.2 C. Here,
a sphere with aermittivity of- 1 ha radius ofy and aradiusvector » — sits in a homogenous
electric field f 'O g, in a medium withthe homogenous perriitity - . To solve the
Laplace Equatiomt « , for the given azimuthal symmetof the potentigl the Legendre

Polynomiald A -9 with correspondingonstant® andé , can be used53:

T o o061 061 0 AT-© (2.19
Continuityati @& as well as nowlivergenceof fields, which requires 1 © Hb F o™
are fulfilled with:
——O02AT-0 (2.20)
and
0aAi-0 > 2.21)
For the internal and external case respectively. Iﬂlere -l Frepresent glipdehe spher

momeni which incorporatesthe p h e r e 6 Polacizabilify.| e x
| T —. (2.22

It clearly indicates the resonance of gherical particles dipole moment, when théhkch

condition[58] is met
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YQ1 k¢ . (2.29

The condition is most accurate for @ectricallyundamped metal, where:
-1 p —. (2.24)

For spherical metal particles much smaller than the incidanélengthin vacuum it is fulfilled

when 1 Mo. Inpractice the condition reghifts with increasing siz§59]. This stems from
retardation effectacross the particlg60]. Such delayed interaction between charges across a
physical antenn& not applicable toa theoreticalpoint dipole Additionally, multipolar modes
become relevant at largactional sizes ofhe excitation wavelengtl60]. The antenna length
criterion for theseeffects carbeas small as 10% d¢iie local wavelengtf27], which is applicable

to nanoparticleg this work

In general, the LSBIso redshifts in higher permittivity media, whilst bleghifting for metals
with higher plasmdrequences as perEquation 2.23 and2.24. At this point itis alsoapparent
that bothparticlepolarizability aswell aspotential are greatlgnhanced at resonan@d the same
time, these areconstrained bylasmon dampingaccounted for by the imaginary part of the
me t @drnditsvity. The increased polarizability of plasmonic nanopartisssilts inan increase
in botheffectivescattering and absorption cross section, the sum of whicts therinteraction

or extinction cross section via:

, \ . (2.25)

The values are related|tg with the wave vectolQ ¢* 7_, in the following mannergs3):
—7 - (2.26)

" Q00d . (2.27)

In the case of Drude modelled petirities, without interband transitions, the lisbapes o$uch
cross sections are in fact Lorentzigm energy)[59. This follows from asimplified damped
harmonic oscillator nature sfichparticle plasmos. In reality, interband damping can suppress

broaderandotherwisealterresonance significantly.

Largeinteraction cross sectiog® hand in hand witk-field enhancemenh the (near field)

vicinity of the partick [49] in general:
F J —amn== (2.28)

And for its maximum, at thpoles of thespherés surfaceherein x direction in particular:

F> G F , (2.29
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where asignificantfield enhancemertiecomes apparent in thase othemetallicnanespheres.

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 transversdl scattering absorptionand extinctionspectrum of single 40 nm
(diameter) gold sphere B Longitudinally excited ghere E-field enhancemen{at 544 nm) C
Interaction cross sectiord single21 x 64 nmGNR. D E-field enhancemenBNR (at 738 nm)E
Interaction cross sections single Ellipsoid (at 716 nm) F E-field enhancementf 21 x 64 nm
Ellipsoid. Calculations were conductedith nanoparticleson glassin water, with longitudinally
polarized excitationLimited wavinessin the spectrandicates that the calculations have converged
reasonably well

An exemplary numerical calculation (explainedsigction 32.1) for metal nanosphere optical
interaction cross sections, as well as field enhancement are displdyediia 2.2.3 A andB
respectively. Here, the peak extinction cross section is significantly greater than the geometric
one (1.340°2 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 Eield enhancement significantly. A prominent exaniptentral to this thesis

1 are noble metal nanorods, where the loss of geometric symmetry coincides with the emergence
of a redshifted longitudinal plasmon pe§R6]. Herg an increase in aspect ratio (length divided

by width) of GNRs leads to a reghift of the plasmon modé&9].

The rods examined here are approximated as spherically endceylpeters with an
example of longitudinal optical cross sections and field enhancement givefigime
2.2.3C andD. Field enhancement is significantly higher than for the sphere (at 544 nm), which
can be linked to the GNR plasmon resonance around 730 nm beisgifted from interband
transitions, leading to a significant reduction in surface plasmon daffghgidditionally, the
GNR6s ends feature greater (conpared tosphergsand el at i ve
further concentrate charge displacement and field enhancerheseendscan 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
plasmorresonance locatiacompared with GNRss shown ifrigure 2.2.3 E. More specifically,
the shape features a limited bisigft in longitudinal resonance, by 22 nm for field enhancement,
compared to its more bluntly tipped aspect ratio counterpart. However, éatavibe explored
further, ellipsoidip E-field enhancement, depictedrigure 2.2.3 F, is significantly greater than
for GNRs due to even higher effective tip sharpness. The particles are also npedialg
homogenous medium, but rather on substrates presenting asymmetries whichead#ficult
to account foranalytically. The experimental conditions and importance-fiéle enhancement

in this work thus necessitate numerical modelling.

Beyond spheres and mgda variety of differenfplasmonic nanoparticle geometriegth
sharper tiphave beemeneratedwith a view towards even highErfield enhancement factars
These includagold nanostarg61, 62], gold nano triangle$63-65], and bipyramidg§66, 67].
Nanostarsn particular feature higtseveral 18 field enhancemes{62] i beneficialfor SERS,
as highlighted byequation 2.1 and discussed iBubchapter 2.1 1 albeitlocalizedto their tips
In contrast, hefollowing sectiondeals withan increase of field enhancement via proximity of

two metallic nanopatrticles to one another.

2.2.2 PlasmonicNanoparticle Coupling

Besidesshargr tips and lower imaginary perntitities, coupling plasmonic nanoparticlesl
alsolead to an increased field enhancem@mbundlongitudinal plasmon resonanceyia a

hotspot incorresponding gapi68]. This stems from an overlap of tinear fields ofparticles
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when excited longitudinally to the dimer axsading to plasmonic couplinghe corresponding
bonding dipolar modéBDP) forms the basis d8ERS inthis thesis |t is illustrated inFigure
224 A, as & antisymmetriccomponent of bisphere plasmon hybridizatjéf]. Here particle
dipoles oscillate in paralleslowing each otherdowmy | oweri ng each otherds
through attractive coulomb interactiohdisplaced charge densitigS3]. Thisnearfield coupling
leadsto a redshift in the mode when compared to a single oscilla&&@ymmetric counterpart,
to this, namely the antibonding dark mode can also be distingulsielue shifted to the single
particle modefrom charge density repulsion at the gap contributing to restoring fofdbe
dimer halvesAs alluded to by its namand unlike bright modeg, is not excitable optically by
a conventiona(linealy polarized light source[70], due to its lack obverall polarizability and
dipole moment. Coupling along the transversal axistsanalogously, buis less pronounced
[71]. It can also not contribute significantly tocharge displacement arourid and field

enhancemeritsidei the gap aspolarizationis excited perpendicularlio its span
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Figure 2.2.4: Coupled Plasmonic Nanoparticles. A lllustration of nanosphere dimer plasmon
hybridization.B Longitudinal polarizationextinction spectra ofingle andcoupled golchanospheres
(40 nm on glass in waterHere the single sphere correspond &m infinite gap span C E-field
enhancemenfor longitudinal excitationat centres of dimer hotspots in Bis afterreferencqd56|.

As gaps (withHO as a span) shrink, coupling increases. In particular, the longitudinal bonding
plasmon reeshifts [71-73], as is depicted ifigure 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 &

Petersorni74], for first orderbondingdipole-dipole interaction, energy differences involved scale
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with p7O . However, couplingo modes of different orders leads to even stronger plasmon

resonance scaling wit@ and thus further increased rehllifts from smaller gag$9.

Coupling alone increasé&sfield enhancement around the particles significantly, Wittiher
decrease in interpartickpadng leadng to evenhighervaluesin the gad38, 75]. The effectcan
alsobe seen irFigure 2.2.4 C. It illustrates one of the key traddfs in this field and thesis,
namely tkat of hotsposizevs. electromagnetienhancemenfn analytical analysis of the effect
is difficult (at best) due taomplexity of the probleminvolving nonpointlike dipoles Thisis

alsowhy a numerical approadt usedchere

In principle,numericalcalculatiors alsoconsiderhigher order modes. However, usually, the
longitudinal bonding mode dominat@gth thelargestoveralldipole momentstrongest coupling
and thuse-field enhancementherefore, it is also the main point of study hére.an example,
for 60 nm gold nanospheralimers with gaps in thel.2-3.5 nm range calculated E-field
enhancement has bemported in the region of 30by Taio et al.[40], on silicon substrateia
air. Here for glassandbare40 nm gold nanospheregth larger5 nm gapsn water ahotspot
centralenhancemerfactor of42 can be seen iRigure 2.2.4 B. Thisfactorfallsto 16 for 10 nm
gaps butis still significantly larger than at (particulgrat nm distances froma single gold
nanosphere@-igure 2.2.3 B). Intriguingly, furtherdecreasingD to subnm sizesis calculated to
generatelimited maximum hotspot central field enhancementsy Esteban et al[76]. The
maximumvaluearound~1-2000 for gold spheres mvacuumwas found testem fromguantum
tunneling Hereelectrical contacsuppressscharge displacemebetween the dimer halveand
thus the BDP modéuch field enhancemenssem from build ups of high charge densifiég.
Here,impacton electron®f nonlocal (to the electron positioalectromagnetic fieldsan become
considerable[27]. Particularly for subnanometer gaps, but alsmall metal nanoparticle
diameters (under 10 nm)as well ashigh curvaturesThis can alsaffect plasmon resonance
notably, whereBDP modes might blushift due toeffectivelyloweredcharge énsities at gaps
reducing plasmon couplintpr exampleForclassical calculations in this waonkith amainfocus
on several hanometer sized gapsnlocal effects are however namnplemented With these
distancedetween plasmonic nanoparticléise impact osucheffectsis decreased significantly
[78,79.

2.2.3 Optical Forces

Plasmonic antennas can be subject to significant optical forces, in a focused las@ihleezffact
has been used botlor trapping [80-83], as well asfor printing [81, 84] single metallic
nanoparticlesThe firstaspectstems from gradient forces pulling the antenna into the region of

highestlight intensity,and is illustrated ifrigure 2.2.5 A. Thesecond is the result of scattering
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force from light [85], alongits Poynting vectarand issketched irFigure 2.2.5 B. Scattering
forcesstem frommomentum transfedue todirectionally absorbed photongith y  EX_, and
moreisotropically released energWwhengradient forces overweigh the particle is trapgéd

scattering forces overweighdan be printed.
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Figure 2.2.5: lllustration of Optical Forces. AGradient force pufl the particleinto maxima ofthe
optical intensity distributionB Scattering forcgpushes the particle along the Poynting vectothe
light beam C Optical torquepulls the particles as with highest polarizabilityin parallel with
polarizationof theoscillatingexcitation field. The dashed arrows indicate properties of the bghtce
the full arrows indicate forceectors,and the dotted arrows indicate rotation

Interestingly opticalforces do not act on singasmonicantenna uniformly. For example,
they can alignparticles with aeolotropipolarizabilitiessuch as GNRsn parallel tothel i ght 6 s
polarization[80, 81, 86, 87]. This is depicted irFigure 2.2.5 C. These principles also apply to
dielectric particle§88]. Additionally, they canmanifest aglifferential forces in other axesan
example beindorce maxima at centres langitudinally excited GNR<alculated by Liaw et al.
[89]. Further excited particles can interact with one anotfdris can become particularly
relevant between two coupled plasmonic nanopartiokesing ahybridizedsingle resonatdiQ0,
91], as will be discussed in later parts of this thésisaccount for these effectslumetric force
can be determinedPlasmon oscillationccan be modelled asoherent charge density
displacements with a timgependentelocity o. Here particle volume elementsare subject to

electromagnetic Lorentz forces via:

3 ."F ° | Qo (2.30)

With the help of the Maxwebtresstensor(MST) J|| expressed componentwise using indi€gs
and’q92]:

Y - 00 - ©O 66 - 0 , (2.32)
and the pointing vector:

I 73 ¢+ (2.32)

3 can be expressed as a tihependentorce cersity:
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Bo 3 -A— (2.33
Time averaged, the force density is then:

Bo 3 (2.34)

Forvolumetric elements with surfaces defined¥yvith aunit normal , thisyieldsatotal force
of [92):

3 B4o QY (2.35

Such volumeand surface elementderivations of electrodynamically induced foreee
fundamental tonumerical methods for calculatirigpth dipoledipole, as well as dipol&aser

interactionsThese are introduced greaterdetail inSection 3.2.1of this work.

2.2.4 PlasmonicDecayand Heating

Excited particle plasmons decay along two broadvpayls one radiativeandone nonradiative
Whilst the first can be detected directly by opticeans, the second usually manifests in,heat
but also other forms of localized enemjgsipation Longer plasmon lifetimesy correspond to
reduced linewidthe)via™Y ¢ @wof the plasmonic oscillators Lorentzian response c{59k

with an example shown iRigure 2.2.6 A. Reduced plasmon damping goes hand in hand with
higher E-field enhancement and vice versd93]. Here, dampingdefinesinteraction cross
sections, whicttorrespond t@xcitability andthusfield enhancement from particle plasmon
mode Plasmondecayis thus an essential component of plasmonic nanoagents, particularly for
SERS, from multiple perspectives. Its components are illustratéidune 2.2.6 B and described

in the following part of thisexction
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Figure 2.2.6: Plasmon Dephasing A Normalized calculatedongitudinal extinction spectrun{in

energy space&)f a 21x 64 nm GNR on glass, in watéed line) and_orentzian fit(black dashed line,

with @ = 80.7meV = 651 cm?). Here the dotted black line indicates the energy at which the antenna
displays maximunt-field enhancemenh Figure 22.3 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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Radiativedecay is straighbrward andakes plaevia photonicemissionfrom the oscillating
plasmon dipolelt is assignable with a decay rate"¥f . Nonradiative decay withy , on the
other hand, is more complek can be subdivided intits constituentsintraband damping
(Y ), interband dampingY ), pure(or elastig dephasingd”Y ), and chemical interface
damping(CID, "Y ). Intraband damping can take pldndifferent waysFor one scattering of
bosonicLSP electrons with théground statelattice creats phonons according to the Drude
Sommerfeld mode[94], thus heating the metalWith experiments commencing at room
temperatureelectrons scattering with phorsowill also have to beonsidered55, 95]. Interband
damping[96] on the other hand occurs when electrons are lifted from Ibaeds into the
conduction bandFor gold, from the dband to the Fermi Level, thiequiresa photon energy
around 1.457] (689 nm).Interband damping however lowered significantly belowe®/ (620

nm) [59], whereplasmorresonances deltith in this thesis lie.

Another aspect is pure dephasingherethe plasmorscattersoff of imperfections such as
impurities, grain boundaries, as well asirfaceroughnesqd97]. Chemically synthesizedjold
nanorods with radii exceeding 10 nm have been found almost free dasiltsf98]. Bellow this
radius surface scattering can however become signifieahtThe plasmon thudecoheres and
destructively interferewvith itself. Therebyfurther electrorelectron scattering can lead to hot
electrons. These in turn can heat the lattigescattering with phonorfd0(. They can alsbe
emittedfrom the particlednterface[101-103, with the potential oflriving chemical reactions
[104-10€. The latter CID process hassobeen studieth the context ohanoparticle adsorbate
coupling to glass substrates leading to virtual states close to the Fermi @&fehs well as such
states matching excitation enef[@]. In somecasesit has been found negligib|&9].

Dephasing timesY of the particle plasmon are on the order©f10 fs [59, 10§. Electron
electron and electrephonon scattering have been timeith ~1 ps and~1-10 ps respectively
[108 109. Finally, thermaldissipationand thusequilibration timescaledor continuous wave
(CW) excited particlesreon the order of 100 §410-117. Plasmonic heating is #reforea sub

nanosecond procebsre.
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3 Methodsto Characterize and Model GNR-Based

PlasmonicDimers

Within the scope of thigork, severallifferenttechniquefiave beemnised to measure and analyze
plasmonicnan@ntennasystems This starts withdarkfield microscopyto characterize and
spectroscopicallyneasurenanoparticlesSuchmeasurementaere supplementeavith electron
microscopyfor structurakcharacterizationFurther, electrodynamic properties of antenna systems
and plasmonic heatingvere analyzednumerically. These techniques are described in the
following subchapters
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3.1 NanoagentCharacterization and Use

This subchapter describes setups and methods used for ogptitiéring and Raman
spectroscopy, as well as imaging of tlasmonicnanoantennasmployedin the scope of this
thesis.It spansdarkfield (DF) microscopy(DFM) and spectroscopyas well as scanningnd

transmissiorelectron microscop¢ySEM and TEM respectively)

3.1.1 Raman and Scattering Spectroscopwith a Dark-Field Microscope

Both Raman, as well as singparticle scattering spectroscomquire a opticalmicroscope for
locating and measuringanoantenna®ark-field microscopyused heres an imaging technique
for detecting scattered ligim front of a dark backgrounid9], and therefore well suited to the
task It functions similarly tobright-field microscopy, but differs in that illumination is aimed
around the microscopy objectiddghting isimplementedn the form of a hollow conendtakes
place from below the substratehdic o n ian&rssurfaceequiresa larger numerical apertulA

(¢ DD E 1, with refractive index and angle of incidende) than that of the objectiv@ his is
achieved using a white light source directed throudarkfield condenserThe corresponding
setup is illustrated ifigure 3.1.1 A andB.
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Figure 3.1.1: Dark -field, Optical Printing and RamanScattering MicroscopeSetup. A Scheme of
dark-field microscope setup used for experimeamtglasssubstratebased sample$he setup enables
switching betweerboth optical microscopyy camera and eyeas well as spectroscopy, whilst
incoupling a lasefwith a system of mirrorfor alignmen}. B Sketch ofdarkfield 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 analyzinghe sub diffraction limit siz& nanoantennasith theirsmall optical

cross sectionswhich is possible inboth air and watern the later case, fluid volumes were
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around 100 pl, with furthawlilli -Q purified wateradded to compensate for evaporatibime light
scattered by the particlesan be outcoupled to both a CM@&mplementary metaixide-
semiconductorpased digital camera for imaginGgnon EOS 6 as well asa CCD(charge
coupled diodepased spectrometePrincetoninstrumentsSpectraPra2500 with a Speel0:2k
CCD). The spectrometer functions by diffractiinght, first guided througfan adjustablelit, with
aonedimensionafrating.The diffracted lighilluminatesthe CCD chip (Princeton MicroMa,
which therebyesolvesone dimension in frequency, and one dimension in real space. This allows
for detecting scattering spectfeorthis, two regions of interestre selecte@n real spacewhere
one contains a particle to be analyzed and another contains backgrbatatter spectrumis
subtracted from théirst, prior to normalizing with a third spectrum gained from the illumination
sourceusing a milky glass substrat@his requires a distance betwethre target and its
surroundhgs. Otherwise,spectramight bedistorted by nosrepresentativdackgroundsignal

potentially containing significant peak®m scattering bytherantennagor example

Additionally, the DFM setup used allows fBaman and SERS measuremghysancoupling
a laser through the objectivandtargeting particles of intere®aman scattered light was selected
to be resolvedvith the spectrometerytintroducing a longpass filter to block balectedand
scatteredaser irradiationIincoupling and focusing of @ed orNIR laserinto a DFM setup also
allowedfor visually monitoredptical printing.Here a matching notch filter could besertedo
block visually obstructive back reflection of the laser whilst printing.

The DFM used herfor scattering and Raman spectrosce@s aZeiss Axio Scope Alvith
a sample stagecluding substrate holder and ddi&ld condenser. The stage wastorized in
xy, andwith zT the fo@l axisi requiring manual adjustment. The illumination sowoeloyed
was halogen white lightased. Condemss usedvere aZeiss 465509NA of 0.8-0.95) fa some
measurements @ir, and &eiss445323(NA of 1.2-1.4) for measurements in air and wakéain
objectives utilized for measuring wereZeiss EpiplarHD 50x NA 0.7 objective in air, and a
ZeissAchroplan100x NA 1.0W in water.The CW laser used for Raman measurements was a
Novanta Gem 67(solid state671 nm,500 mWj, with a lambda quarter plateserted into the
beam patHor circular polarizationPower was adjustable withvariable neutral densityND)
filter. Its focus featured a full width at half maximum of 560 nm, in w&@tical printing was
conductedisinga similarly equipped setupjth aCololt Rumba(Nd:YAG, 1064nm, 3 W) CW
laser(linearly polarized withadjustable power)its beamwasexpanded to fill out the entrance

pupil of a 63x NA1.0 Zeiss WPlan Apochromat

Additional experiments in agifor heating plasmonic antennagere carried out using\@l Tec
alpha300series darKield microscopgHynanoChair, LMU Munich) It was equipped with a

633 nm laser, and imaging was conducted with an NB D0®x ZeissAir objective.
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Due to the small energy differences involved in Raman spectrogtapy of deviation in
wavelengthat 671 nncorresponds to 22.2 ¢in terms of wavenumbggood alignment of the
setup is importanCalibration of the spectrometer was conducted with a silicon substrate. Here
resolving adistinctRamarpeak at 521 chh[113, ensured correct alignment of the sefaman
spectra can also features@gnificantbackground signalAn approximation of this signakas
subtracted fromcertain spectrafor improved visual clarity The background could be
approximatedy fitting a polynomial functionwith significantly lower curvatures than observed

Raman peakgo local minima in the spectrum.

3.1.2 Electron Microscopy for Increased SpatialResolution

Microscopy in generdl and optical microscopy in particulais inherently diffraction limited in
resolution describablevia the Atbe limit'Q 1@ _X. !. To structurally image the significantly
smaller nanoantennas studied heanningelectron microscopwasused. Its electron matter
wavelength () is related to its electron impulsg) (via the de Broglie equation:  EXT), with E
as Pl anc kKosan aceeleratipravaltagg of 3-10 kV, as used here, this resultssin
23-12 pm, from:

= (3.1)

with Qas theelectrm elementarycharge, andt  as their massEven with the low NAs on the
order of 102 usedfor electron microscopyesolution is thus still considerableugt to~1-2 nm.
For larger energiaegsolution does howeveaptscak as signifcantlyanymoredue to relativistic

effects.

To generatesuchenergieselectronsarefirst extracted from a filamer{cathodeltip via an
electric field field-emissionSEM) [114]. They are then accelerated in an electric poteotiah
electron gunandthenfocused onto the sample surface by an electromagnetic lens sistem.
rastering(or scanninghe beamacross the samplehilst detecting bothdirectly backscatterd
and seconddly generatedelectrons the surfacecan be mapped to form an image. Hsuteh
electrons wersensedising a combination of Inlens and conventiosetondary electroS8E2
detectors. The firstiflens)consists of a ring integrated into the electron lens column. It offers a
particularlyhigh spatial resolution. The second (SEZ2) is mounted outside the electron lens system
and includes a Faraday cage to attract and thereby accelerate lower energy ébecirolsst It
allows for detection of electrons scattered close to the sample suitieee illustrated irFigure
3.1.2 A For this work, aombinationof Inlens and SE2 detectipenabled by ma Ultra 55 SEM
(Zeisg, offered a favorable mix of high resolutionand topological contrastHere, for non

electrically conductive substrates, such as glass, charging was prevented by coating the SEM
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samples with a1 nm goldpalladium layer. This was done using-@ca EM SCD00Sputter
coater

The Ultra 55 SEMmicroscopecould alsobe used in transmission mod&TEM or T-SEM)
[114, 115, assketchedin Figure 3.1.2B. Here electrons whichtravel through the substrate
directly (without being scatteredy the sampleand caught in the electron traggnerate
measurable SE2 electrons via a conversion detdntthis caseimage contrast is derived from
sampletransmissionln this caseimaging was conductedlith an electron acceleration voltage
of 30kV.

A SEM C TEM
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Figure 3.1.2: lllustration Electron Microscopy. A Schematiof scanning electron microscoyere

the substrate rests on an additional stage, allowing for more range of motion, beyond that of the
scanning electron beam. The dashed purple line sendistitoguishbetween A andB. B Schematic

of transmissionscanningelectron microscopyC Simplified hematic of transmission scanning
electron microscopyThe schematics are not to scale.

For addedesolution andmateriatcontrast to visualiz@anoscopic gaps arldNA origami
scaffoldsof dimers,conventional tansmissionelectron microscopy was employedvhich is
illustrated inFigure 3.1.2C. Again, imaging contrast is derived from sample transmission

detected witta 2D CCD sensqgrwhich is 2 dimensiondbr image resolutiofil14. For this, a
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JEM-1101(JEOL) TEM was used an electron acceleration voltage&t kV (by K. Kolataj
Liedl Group, LMU Munich).

Additionally, for even higher resolutiorhigh-angle annular darkeld scanning TEM
(HAADF-STEM) [116 was employed.This enables higher material contraga Rutherford
scattered electrons (from the aiomucleus) Here it wasconducted with airEl Titan Themis
(by M. Doblinger Department of ChemistiiyBein Group LMU Munich), with a300 kVelectron

acceleration voltage

Transmission electromicroscopy requires transmissive substrates. For #&EN and
HAADF-STEM measurements 50 nm silicon nitrig®isNs) membrane TEM gds (Plano
GmbH were used. For conventional TEBDO mesh CiiTed PellaInc.) gridswere employed.
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3.2 NanoantennaNumerical Modelling

Threenumerical methods were used for modelling physical phenomena relevant to SERS with
plasmonicdimers. Firstly, electromagnetic properties and effects were calculating using the
finite-differencetime-domain method (FDTD)a standard method for applicatiomish complex
particle geometrief50]. For this, the commercial softwakemericalFDTD (AnsysLumerica)

was usedOptical absorptionlerivedby FDTD could beusedin combinatiorwith finite element
modelling (FEM) COMSOL Multiphysics.2a (COMSOL Group, to determine plasmonic
heating effectsThese are described in the followitvgp sctiors. Additionally, a simple random

walk model was implemented Pythonfor simulatingprotein diffusion

3.2.1 Electrodynamic Effects from Finite-Difference Time-Domain Calculations

The finite-difference timedomainmethod,involvesgrid-based differential numerical modwai

for sohvingMa x we | |-demendent pad differential equationsasdemonstratethy Kane S.

Yee in 1966117]. It does so by alternating between magnetic, and electric field calculations at
all grid locationss ol vi ng Ma x wia & tendperallyaryl spattallydseretized rhythm

To do so, thamulation volume is partitioned into so called Yeslls; named after their inventor.
Here, separate gridsrfanagnetic and electric field strength calculation are interwoven in an
equallyspaced mannerhis Method of meshing is illustratedmingure 3.2.1 AandB. Modelling

for bothgold nanorod, as well as nanosphere dimers is illustratedrigitine 3.2.1 C

The meskpoints are in turn assigned with frequency depenggneal) and’Q(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 varyingrtsir metallic
regions) density. Here meshing was generally dattea 0.20.4 nm spacing, encompassing the
whole plasmonic nanoantenna with an additional size mafgiri0%. For particularly small
gaps between particleI-5 nm), meshing resolution in the gap area was increagddwering
grid constants dowto 001 nm)particularlyin direction of the gap spamhis was done to avoid
edge coarseness relative to simulated dimensfonglumination sourcewith desired frequency
range, intensity distribution and sjzeas 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 interreflectivityh&se ensure that electromagnetic fields decay
at the outer model surfaces. Additionally, to increase calculation speeds not involving forces,

where possiblesymmetric (perpendicular to excitation polarization) and antisymmetric (parallel
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to excitation polarization) boundary conditions were applgthulations were also assigned a
cutoff for remaining energy in the model region (her€,for convergence).
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Figure 3.2.1: Finite-Difference Time-Domain Method. A Sketch illustrating Yeeells in 2D.B
Sketch illustrating Yeeells in 3D.C lllustration ofmainplasmonic nanoantenmaodelling Injection
occurredbackwards in the-axis to best matctexcitation by laser~or studies o0 nm spheroidal
dimersfrom split GNRson glasslight wasinjected from below the substratéield enhancement
factorswere normalized byorrespondingllumination sourcefield strengthsat the hotspotentre
height above the substrafehe hotspot centre mmarked byx in i). Force monitors were applied so as
to encompasmdividual dimer particles as deged inii).

What remains before running the simulation is addiegiangularmonitors to determine
different types ofdesiredresults They are required toontainwhat they are toevaluate This
includedscattering,, ) and absorptiof), ) crosssections of the studied plasmonic antennas,
as well as(mapped electromagnetic fields, ameblumetric forces. The first twaspectsare
calculated from energgbsorbed withinand scattered out ofosssection monitorsespectively
Here a selfsubtracting light source culfmtalfield scatteredield i TFSH is implementedso
as toencompass the absorption monjtandbe encompassed by the scattering moni&iSF
source werealso used to derivie-field mapsfrom 2D electromagnetic fieldnonitors the most
important result of FDTD within the scope of this thegidditionally, they wereemployedfor
evaluatingoptical force. Where not stated otherwise, excitation was linearly polarasd

aligned with the long axis of the antenar calculatingcorresponding field enhancemefib
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achieve circularly polarized light, two perpendiculgsblarized TFSF sources with a 90° phase
difference could be employebh suchcasessymmetricand antisymmetric boundary conditions
could not bemplemented

Calculated electromagnetic fieldanalsobe usedby the softwarejo deriveforces acting on
surfaces oparticlesvia the Maxwell stress tensior Equation 2.31. ThisMST methodunctions
by integrating (or effectively summing@yer surfae element$or Equation 2.35, with indices
for the different surface norngwith:

3 B B-YQ o Qv (3.2)

for calculatingtotal forcesy acting on particledt is best suited for larger particles with larger
index contrasts, such a80+ nm gold nhanoantennasexamined herendis based offield data

at the surface The volumetric technique on the other hasmdyased morelirectly on Lorentz
forces andherebyEquation 2.30, via:

T - 0o @- - F | (33)

Here,- is the background permittivitgf the mediumand- is the background permittivity of
the volume elemenWhilst this method is more accurate for smaller particles with low costrast
of refractiveindexto the environmentt requires more memory, as it necessitates collecting fields
throughout the volumelts use is therefore limited tappropriatecases lfere, approximated

optical forcesactingon proteins irSection4.22).

Additionally, simulating of plasmonic heating power can be accompliebtdfor a whole
particle, as well aspatially resolvedin dependence of illumination intensitA simple

approximatiorof heating powed , with homogenous illumination intensiif)s achieved by:

o6 , 0J0 (3.4)

From this an average heating power densityr volume of interesto can be calculated

- (3.5)

Heating with aGaussiarfocuswas modelled by implementing(erosssection)monitor for
net power flowd arounda Gaussiarsourceanda second such monit@nalyzed ford ) around

source and antenna. Proportiorsofircepower absorbet then:
0 g 0 0 70. (3.6)
In principle, amore detailed volumetric heating analysis rpf» can be achieved by

consideringocal fieldstogetherwith local absorptivity Here,& -0 é - for nonmagnetic

materialgwhere' & p), andthus'Y Q@ ¢ 'QandOa- ¢t 30



32 3.2 Nanoantenna Numerical Modelling

n» —0&-1 O» . (3.7)

This will also lead to significant anisotropies in heat{nf gold nanopartles) according to
Baffouetal[11§.Due t o gol ddés signi fi ca-Bt8lWni'khljttpmer t her
that of wate (~0.6 Wm''K'?1), temperaturesre howeverelatively isotropic within the particles
particularly compared to their environmemn this work, ranoparticle heatings therefore

approximated to be homogenous

Calculations for spatially variable laser intensities were conducted Gauasian beam. In
cylindrical coordinateswith propagation in thed axis and radial deviationi, intensity
distributions are ths

Ohh 0 — Qowir—. (3.8)
Ford as the beams powsts intensityatits focal point is
(@) -5 (39

With beam waist radius at focus:

0 — (3.10

0 a 0 p -, (3.11)

and theRayleighLength

(3.12)

An additional important value in the scope of this thesis is the electris fieldtionship with

intensity, where® is the speed of light in a vacuum
‘© —0. (313

CombiningEquations 39 and3.13, electric field amplitude at the focal centre is

o — — (3.14)

The main efractive indices used for modelling with FDTD in this iBeebased on work by
Olmonet al.for monocrystalline gol@55], and Palik for glass and wafdrl9. Others were used
as statedSphepoidal particles were modelled as perfect spheres, and GiRs modelled as
cylindrical rodswith hemispherica(if not stated otherwisegndcapsDimensions correspoed

to manufacturing specifications adEM imagng resultsof the samples studied in this work.
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Where not stated otherwise, resulisre calculated andare depicted with 1 nm in spectral

resolution.

3.2.2 Thermal Effects from Finite Element Analysis

Here, the Finite Element Method was usedattulate plasmonic heating effects. Megsatile
numerical techniquglL2(, is based on boundary conditiongrounding a mesiMesh points are
interlinked by differential equationsepresenting relevanphysical phenomenawith early
implementations by Turner et §1.21], in 1956 in the context of aerofoil deflectioRParameters
of these equationgdefinedby structure and materialsised formodeling, as well as boundary
conditions Triangular neshingof space into finite elementgith contour equationé [127 is

illustrated inFigure 3.2.2 A.

Within the scope of this workemperaturesYare examined, where the maiifferential

relationshipinvolvedis represented bthe heat equation:
n "w— o1 7Y (3.15

Here” is the mediums densityp is its specific heat capacity afids the thermal conductivity.
Thelatter parameters mostcentralto this work where CW excitation is approximated to cause
steady state heating, duegobnanosecond equilibration timescal&e¢tion 22.4). Relevant
parametersvereimplemented directlfrom the COMSOLmaterials database for gol@uart?
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Figure 3.2.2: Finite Element Method. A 2D-Sketch illustratingneshingof boundary elementsoq

between(numberell points in spaceB 2D-sketch (not to scalejllustrating modelling including
room temperatur€0 °C)boundary conditiongdashedlack outline).Gaptemperatures are given for
pointx. A is afterreferencd122,.

The simulation volume was set to b 1 x 1 um in sizeHalf of it consisting of water, and
the other half of glass, as illustratedRigure 3.2.2 B. Meshing was set to be extra fine and
physics controlleéh the softwareThe second aspect results in finer meshiogind the interface
between heat sources and surrounding anddbmogenous heating, with volumetric powers

could then be applied to the GNR, and the simulation was run until a steady state equilibrium was
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reached. Temperatures could then be read out from specific points, as well as @xplostéarm

of 2D heatmaps
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4  Gold-Nanorod Dimers for Single-Molecule SERSfrom

Solution

In recent yearsseveralexperimental approaches have been developed towards detecting single
label freeaqueous proteins. These have inclushterferometric scattering (iISCAT) microscopy

[123, as well as localized surface plasmon interadti@4, 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 oscillatiaiticnd |
phonons. Whilst functional for the study of protejd&7], IR spectroscopy is however limited

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

SERStherefore presentstenableway for achieving this goalt is however challenging if the
nanoagent hotspots are to be readily accessible for diffusive analyte to bincbimfanctional
in the bicoptical window. Here this is aimet via GNR dimersalignedin a tipto-tip manney

using DNA origami

This work builds on anotableseries ofpreviousstudies using DNA origami to structure
plasmonicdimer Raman sensorét starts with 40 nm gold nanospheresoatedwith dye, and
DNA strandg4128 by Thacker et alas well agjuantified amounts @YBR Golddye moleculs
[129 by Kihler et al.reported ornin 2014 This has continued to evolve into the detection of
single Cyanine 3.5(Cy3.5) dye moleculed38 by Simoncelli et al(2016. Whilst the first
exampleprovided an open albeit untested SERS hotsgbe DNA origami platformthe second
and thirdfeatureda provenbut sealed hotspot in a DNA origas@ndwichingstructure.Later
studiesby Tapio et alfocused orsmaller single proteins such kgrseradish peroxidagelRP,

40 kDa)prefixedbetween two 60 nrmplasmonicspheresspaced by DNA nanoforkd(] (2021)

MoreaccessiblISERS hotspots present a key for practical measurements on diffusive analyte.
Here,Zhan et al. employedold bowties to generate open 5 nm large hotsptis These were
used for Cy3 an€y5 moleculegpreatached to a DNA strand reaching into the plasmonic hot
spot.Whilstappearing promising, their use for protein SERS from solution was not demonstrated.
With respect to this goalanwar& Sene t a | .ordceupledopladmonic nanostft80-132
culminatedn the measurement of sevedgles, as well as the protein thromp#d] in 2021 The
latter publicationdisplayed a scheme for capturing thrombiom solutionwith an aptamer,

between two Ag coated Au nanostaiswever, whil$ highlighting theimportance of deteitg
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freely diffusve bio molecules, the demonstrationSW-SERSfrom hotspots was not conclusive
Further thesedetection schemes wetestedin air, disparate to potential in vivapplications.
Additionally, the 0633 nm laser wavelengtiisedareabsorbed by tissue

E-field enhancement afoupled GNR tipfias been exploited successfully in previous studies
In particular,it hasenabledluorescence detection of diffusiy&33 as well as preattached dyes
[134], usingsheet and pillarbased DNA Origamécaffolds respectivel\Additionally, chains of
coupled GNRsaveyielded protein SERSalbeit of larger amounts ofATP preattached and

confined to intertip hotspots during antenna assefildy.

In contrast, bre,gold nanoroddimersare used for detecting single diffusive proteifkis
chaptelis based on[136] (Schuknecht, Kolataj et all}.begins with an outline of iGNR dimer

design criteria synthesis,and characterizationn Subchapter 4.1 This is continual with

demonstratiorand discussiomf singleprotein SERS with analyte captured from solution

Subdhapter 4.2 Finally, means of improvingiponthe GNR dimer system amiscussedn

Subdhapter 4.3,
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4.1 Gold-Nanorod Dimer Designand Properties

Beyond gorincipal of two gold nanorods aligned in a-ip-tip fashion other parameters need to
be accounted fato achieve the goal of single protein SER®th practical applicabilityThese
begin with a sizable hotspot balanced agdifield enhanement Regarding hotspot size, gaps
shouldbewider than analyte moleculeblere,this is defined by the5 nm diameter oproteins
streptavidin[137] (~60kDa) and thrombin~36 kDa) chosenfor measurementiue to their
proximity to the mean weight of proteins in eukaryotic cellst@®kDA) [138. Additionally,
plasmonic coupling is strongest smaller distances between metal nanopartidleesm a
geometric perspectiy&NRradi shouldthereforebe significantly larger thatie desired analyte
for it to experience significant field enhanceménirther, they should both be excited and emit
Raman in the bimptical window. For excitation wita671 nm lasefas used herely an aqueous
environment,resonance should thuse around 1500 cni? lower in energy(located around
746nm), to maximally enhance Ramanoss sectionsf biomolecule§139. Less maximized
excitation enhancement can then be compendatedy higherlaser powers. The design,

implementationand characterization of GNR dimers is discussed in the follogéntions

4.1.1 PlasmonicDimer Antenna Design

A first step for evaluating antennalesigns for SERSis assessingheir electromagnetic
enhancement. Here, this is done theoretically, using FDO®Dapproximateexperimental
conditions Calculationswere conducted fobare21 x 64 nm GNRgaspect ratio of 3.05)n
water, on glassFigure 4.1.1 A indicatessignificant Efield enhancemenfactors of ~1(?
throughoutGNR dimer hotspotfor gaps of 10 nm. Additionally, theseeachievedat a desirable
wavelength rangef the bicoptical window for a range ofjapsasshown inFigure 4.1.1 B.
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Figure 4.1.1: Wavelength dependent E-ield Enhancement.A E-field enhancement dBNR dimer
with 210 nm gapn wateron glassin both thexz- andxy-plane Field enhancement scales are similar
(~1% deviation. The calculation was done at 785 nm for maximum centray. BBNavelength
dependetE-field enhancement at the hotspot centeGNR dimerdor different gagengths
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Further redshifting of E-field enhancemenfior smallerdistances between the GNRs and
resultingincreasng plasmoncoupling[44], is limited to ~53 nm or ~830cm'%, for gaps from 3
15nm. At the same timeline widths span~80 nmor ~1300 cm't. This indicatesRaman
enhancemerdt suitable wavelengtte/er a broad range of gapeith tolerances for differently
sized analytand variances in synthesfs nanaod geometry with an aspect ratio<§therefore

appears suitablét wasaimed for inexperimentabynthesisdescribed in the following

4.1.2 GNR Dimer Assemblywith DNA Origami

To generate GNR dimer antennas for SERS, DNA origami is hsegl In recent years,
nanolithography has been augmented®bA origamias a versatile method for botteump nane
structuring. It is based on deoxyribonucleic acid and its nucleobdeas®, thymine, guanire

and cytosire (A, T, G and C respectively). These interlink covalently between sugar and
phosphate groups, forming single strandth a sugar phosphate backboAeditionally, A and

T, as well as G and C form bonds between each other, joining the single sttaraisldnible
helix. This has beeaxploited withtailoredDNA, where scaffold strandeld into complex three
dimensional shapes held in placedpecificDNA staple strandg36, 37].

A B

1
Phosphate Backbone ,"r.

1
SSDNA:T | ! L
\

T
ssDNA Scaffold Strand ‘..A ﬁf’ SSDNA Staple Strands

+

) “l‘. C :

)‘/ 3D Geometry

- - -
DNA Double Helix ~~

GNR Dimers

100 nm- Vgl 1000m  100nm -
Figure 4.1.2: DNA Origami for GNR Dimers. A lllustration of DNA origami assembly. Here ssSDNA
scaffold strandwiith a fixed sequence aheldin place withspecificallymatchedssDNA staple strands.

B Illustration of GNR dimer assembly. DNA origami is folded into beams and used as scaffolding of
GNRs, via A a n d g biRding sites. GNRare 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 diatjstar) at

the intertip hotspot centr€ Exemplary TEM images of DNA origami beams, GNRs, and thereby
asembled GNR dimers (with closeup inseB)and C have been adapted frdii36 (Schuknecht et

al.).

The DNA Origami method is illustrated igure 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 sirgilanded DNA (ssDNA) linker strands via
thiolate bondg140, 141]. This has allowed for generating plasmonic hotspots for SERS in
numerous works, not limited to the followin@8-42, 128130, 142-147].

Here, for assembling GNRs in a-tigtip manner, with a SERS hotspot and analyte binding
site between the two, a bedrasedscaffolding was chosehe correspondingesign by K
Kolataj wasimplemented usingaDNANo[148 149. It is based on DNA strands, as illustrated
in Figure 4.1.2 B. Thel4 strands were designed to assemble in a honeytattide, resulting in
a 215x 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 beiggfhAAAAAAAA), and the
ot her bei ng Ran dibaesdare(meanad hw@d@GEsppndingly functionalized
GNRswhilst preventing singl@anagods bridgng across the beam centéhisis crucial aghe

spacds desigmatedfor the intertip plasmonic hotspot.

To locate analyte arahalytebinding sites in the SERS hotspot, two core strands at the centre
of the beam, in line with th&NR binding sites, were elongated by 3 and 5 nucleotides. Dye
molecules with 206 and biotin as well as HD 22 aptamer witfi basis pairs were then able to
dock to these sites, resulting in them being elevated by a double helixTgikguillar is devised
to protrude from the GNR scaffolding beam in a perpendicular manner. This is facilitated by steric
and electrostatic repulsiaf the agueous DNA phosphate backbhone

GNRswere synthesized by.Kolataj according to protocols established by Ming ef24].
They werefunctionalized batchwise with thiolated ssDN&rresponding to thieinding sitesAt
this point, the question arises to what extent DNA origami functionalization of synthesized GNRs
might influence their plasmon responbg alteringeffectiveexternal permittivitiesRaising hese
will result in redshifts of theplasmon resonandand viceversa) analogousihto the Frohlich
conditionfor metallic spheregEquation 2.23). In-air studies on DNA origami based dimers by
Thacker et al[12], indicate that an ssDNA layer features a refractive index of 1.740.1,
Submerging nanoparticlés (aqueous) buffeded to limitedred-shifts by 51 nm. Other, more
explicit ellipsometry studiegl28 have found refractive indices of ~1.46 for,ssnd ~1.53 for
ds(doublestraneedDNA (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 reshifts from 680 to 682 nm (~2 nm). This indicates a limited imib@eof
DNA on effective refractive index of the sampglghussupportsthesimplified modellingof bare

GNR dimeran water

The GNRs wer¢hen added to a solution of DNA beams, to form GNR dinférslly, gel

electrophoresis was employed for sorting out single nanorods and clusegbygurifying the
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GNR dimer synthesisAn examplefor suchantennasind their components depicted inFigure
4.1.2 C. It confirms GNR dimerconstructionwith the goal of locaing single analyte molecules
in a hotspotanddetecing them with SERSthe main subject of this chapter. Further details on
the design and synthesis can be found in the supporting informatiomesimads section of136
(Schuknecht, Kolataj et al.)

4.1.3 GNR Dimer Characterization

GNR dimers were synthesized in two different batches, R1 ando&2d on two sperate
nanoparticle batchesThey were then dropcast onto TEM grids and glass substfates
measurements he nanoantennasere analyzedby TEM to confirm both dimer formation, as
well as to examine thestructuralpropertiesFigure 4.1.3 A andB showfurtherexemplaryTEM

images okynthesigesultsfor the batches.

To verify that antennasfeatured correckpecifications,GNRs constitutingdimers were
measured, with resultdepicted inFigure 4.1.3 C-F. These showhat dimer GNRs fulfiled
designcriteria of aspect ratios3, with widths~20 nm Here,batch R1 matatdthe 64x 21 nm
dimers simulatetest with 2-3 nmdeviationgn averagaimensiondor batch 2Further, analysis
on the gap spais depicted irFigure 4.1.3 G andH. Gapswere~8+3 nm inwidth, thus (usually)
exceedinghe size of streptavidiand thrombinBesides spacingnather importantlegree of
freedom exists in theamplegeneratioroutcome namely thealignment 6 their GNRs towards
one anotherAs can be seen iRigure 4.13 | andJ, properly formed dimers (with maximum
misalignment of60°), featured dimited averageangular deviatiorof 13°. Overall, a~55%

synthesis yiel®f tip-to-tip GNR dimerswasachieved.
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Figure 4.1.3: GNR dimer Geometry Characterization by TEM. A andB TEM images ofR1 and

R2 GNR dimers Sketches illustrate length, width, gap and abgledimer Characterizatiof© Length
distribution of batch R1 GNRs assembled into corresponding dimers by DNA oriDab@ngth
distribution of R2 GNRs from corresponding dimeesWidth distribution of R1 GNRsF Width
distribution ofR2 GNRs.G Gap sizedistribution ofR1 GNR dimers H Gap size distribution dR2
GNR dimers | Inte-GNR angle distribution of R1 dimerd.Angle distribution of R2 dimers. Here
180° corresponds to an ideafstraightly) aligned dimerand angles below 120° were not considered.
Black scale bars denote 500 nm, and purple scale bars 100 nm. Red cuGeassaran fits, with | as

a mean, and as a standard deviationhis figure has been adapted frgih36].

For further optical characterizatioexperimenton dimers thesewere dropcast onto glass
substratesandanalysiscommencedvith DF-microscopy Imaging esults otthisare depicted in
Figure 4.14 A. Here, mtential GNR dimers werglentified by their reddish coloDark-field
illumination was then used faingle antennacattering spectroscopyith exemplary spectra
depictedn Figure 4.14 B. Further analysis adimerscattering spectn@&veaedamean plasmon

resonance of 7526 nm. Here,GNR dimer shapes were determined us8tM, with examples
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shown inFigure 4.14 C. It was found that out of 30 reddish speteamined spectroscopically
16 stemmed fromGNR dimers.Other antennas were malformed dimers, single GNRs or
aggregatesThis corresporgito an identificatiorand targetingateby DFM of 53%
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Figure 4.14: GNR Dimer optical and structural Confirmation. A DFM image of GNR dimer
(reddish spotshn glass substrate in aB.Exemplary satteringspectraof GNR dimers in AHere, for

16 dimers, a mean scattering peak position oft263im (indicatedby black marker with error bg

C SEM images of GNRdimers in A and BOverall 16/30 reddish spots from A examined were
determined to be dimer$his figure has been adapted frdrb36.

Thesespectral measurements were conducted inaaithlowdrying of samples after water
immersion experiments appeared to remove a large proportion of GNR dimers from their sample
substratesWhilst higher effective external permittivities (in water) might cause plasmen red
shifts, spectroscopic results areeverthelesselevant for measurements in watdere, Thacker
et al.[12§ founda lack of plasmon resonance shifts fsinglessDNA coatedjold nanosphese
on flat DNA origami sheet$-orcorrespondinglimers blue shifts werabserveddue to increased
spacing between nanospheres. This was linked to ssDNA hydration expanding dimier théaps.
work onDNA-beambaseddimers however, ssDNkengthis notdirectly responsible for the tip

to-tip spacing of GNRsDFM experiments throughout thistudy indicated limited shifts in
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antenna color from sample submersion in watarexample for a7 nm redshifted spectrum is
given inFigure 4.1.5 A Conversely, the antenna spectrunirigure 4.1.5 Bfeaturesa~11 nm
blue-shift from aqueous submersiodere, the antennagere not identified adimersvia SEM.
However, he antennan B (unlike that in A)was useful for Ramaard is discussed later in this

sulchapter.
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Figure 4.1.5: Examples of Environmental Effects on Nanoantenna Plasmon Resonancé&
Scattering spectrum of nanoantenna in air (grey) and water (bl )spectral peak reshifted from
~703 to~710 nm.B Scattering spectrum of secondnanoantenna in aidéark grey) and waterdark
blue). The spectral peak bhsaifted from~701nm to~690nm. Spectra were first acquired in air, and
then in agqueous solutioBlack arows indicating shifts are not to scalée aqueous antenna scattering
spectrum in B has been adapted fr¢hR6].

At this point, itshould also be noted that, whilst the resonar¢® nm(in air) appears
favorable for Raman measurements with a 671 nm laser, a selection bias forvditmdéiser
resonances cannot be excludie.can be expected testem from particles with resonance
wavelength®eyond~800 nmbeingsignificantlymore difficultto identifyvia the CMOS camera
(equippedvith a conventiongbhotographyR filter). More specifically particles withresonances
further in the NIRlack brightnessThis mightlead toselecton for dimers featuring larger gaps,
or consisting of GNRs with smaller aspect ratmsmpared to the synthesis meémgeneral
however,synthesizedsNR dimersidentified for measurindulfilled initially specifiedcriteria,

with resonanesin the bicoptical window

4.1.4 Impact of Laser Irradiation on GNR Dimers

Anothersignificant factorto be considereds modification of the dimer system itself, by laser
irradiation. The most prominent factor here is plasmonic heddagt 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 H15(, with a femtesecond pulsed laser
Temperatures for such deformatimigoldnanogeometriesere found to be several 180under
thebulk melting point of gold~1337 K)both theoretically151], as well as in experimerts57.



44 4.1 Gold-Nanorod Dimer Design and Properties

Whilst such temperaturgseveral 100 °Careclearly to be avoidedsignificantly less extreme
heating to 150 °C, has been found tshrink DNA origami sheets by50%[153. Thus, inthe
context of DNA origami assembled plasmonic dimers, Simoncelli B&lfoundthatshrinking
of afunnel like scaffoldead to reduced gapetween dimer spheres. i$talso led to increased
SERS signal, from highdield enhancementin air.

For this work, with a focus omqueous SERS measurements, a heatsink effect of the
environment can be assumed. This was approgithata numerical calculationsvith results
described in the followingHeretemperatures, of and around the GNR dimers are significantly
lower in water Figure 4.16 A), than in air(Figure 4.16 B). This also translates to tli&NRs
themselves anbotspot centres, as displayedHigure 4.1.7C andD respectivelyover a range

of excitation powers.
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Figure 4.16: 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 laselB Temperature distribution around bare GNR dimers with 8 nm gaps

in air, for heating power in AC Temperaturesf GNRs for different laser powers in water and &ir.
Temperatures at hotspot centfes different laser powers water and airLocationsare indicated

with: x, The FEM calculations are based on 0.393% of parallelly polaficzedsedlaser light
absorption (derived via FDTDYhis absorption quotient isalvedto approximate circularly polarized
excitation.A and Chave been adapted fronf136.

Theseapproximatios predictthat heatingin waterwith several mW laser powshould not
impactDNA origami scaffoldingsignificantly.It shouldhowevertberememberethat differences

in resonance from GNR dimension and gegeswill impact absorptionthermal dissipatiorand
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thus temperatures depictéthus,lowerlaser powersppeadesirable, and their potential effects

might still be consideable

To gain anunderstanding of the qualitive effects of hegfifurther experimentsvere
performed.These were carried out in aagain,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 dimg altered by the lasdExemplaryresults are depicted Figure 4.17 A.
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Figure 4.17: Angling of GNR Dimers under Laser Excitation. A SEM image of GNR dimers
before and after laser irradiatiand plasmonic heatingB Analysis of intradimer GNR(golden)
angling fromplasmonic heatingHere thenonheated GNRs were found to have?h3° standard
deviation of angular misalignmenthich functiors asthe thresholdor being angled her&C Sketch
of possibleGNR dimerangling mechanissy due to DNAbeam(marooncolored contractionfrom

heating either viai): GNRscolliding at their tipgleading to smaller gapyrii): GNRs sticking to the
substratéresulting in similar gapsiCorrespondingnteractiors aresignified by a star outlind Sketch
of possible GNR dimer anglindue to electromagnetic forcésesulting in smaller gapsYhin black

arrows indicate force vectors.

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

plasmonically heated usirfgcusediases, with wavelengths of 633 nm and 671 st to~1-
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10mW of illumination power. These werdirected at dimers on glass substrates for times on the
order of 10s. The clearest visual difference fouedweerheated and nonheated antenmess
increased angling afradiateddimer nanorods. Further statistical analysis confirmed an increase

in angling, for particles exposed to a focused laseshown irFigure 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 viahe single sided GNfReam attachment. Such potential mechanisms behind angling

of dimer GNRs towards one another, is illustrateBigure 4.1.7C.

Attractive forces from the bonding dipola@ipole coupling component oplasmon
hybridization[90, 91], betweenthe antenna GNRsight also shrink gapsuch forces can be
explained classically, via two parallelly aligned (plasmonic) dipoles experiencing coulomb
attraction to one anotheiThe effect could thereby also lead to angling as shown in
Figure 4.1.7D. Torquewould occumwhenthedimerGNRsare forcedowards one another, under
maintenance of the length of the DNA origami bearwhach they are attached. & mechanism
would applyquasi inversely to tip interference angling from DNA scaffold contraction.

Apart from GNR substrate adhesimediated anglinghese #ects might thus include smaller
gaps These ardndicated in SEMimages Figure 4.1.7A) and couldprovide higher Raman
enhancement at the expense of hotspot Bieerminng gap lengths of the GNR dimers with nm
accuracy using an SEM is however difficulthis is due toresolution limitations as well as
potential variances imetalsputtering layeréequired forelectricalsample conductivify Angles
were however clearly derivable from lines running in parallel téahgaxesof thedimerGNRs
outlines unaltered in terms of directidoy sputtering

The effects of angling between GNRs on field enhancementessestraight forwarthan
shrinking gapsOtherwork onfluorescence enhancement fr@hR-baseddimersindicates that
both excitation and radiatim@nhancemen(of fluorophore}in the hotspatdoes dropalbeit not
substantiallyf134]. Thesestructures featured relatively angularly misaligned GNRached by
the tips to a twin pillar DNA origami scaffgldvith an average angle of 134rhe results were
supported by calculations @&sfield enhancement factors at the hotspot cenkiese,thisis also
found numericallyfor E-field enhancemerdt the centre anthe wholeof the antennahotspot,

which is depicted ifrigure 4.1.8 A andB respectively

This cancides withlimited shifts in resonance with anglings indicated byrigure 4.1.8 C
Plasmon coupling thus seems relatively unaffectemisglignmentlt thereby supports that both
inherent angling from the synthesis showigéttion 4.1.3as well as from deformation is not an

issue with minor anglinggndevenbeyond30°. However, whilst calculatedfield enhancement
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(and resonance wavelengtijesnot appear substantiallgducedeven at 90°, extreme cases of
misalignrent 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. GBN#Raplifies
(geometrically) defininggap widths by their spans and similarizes hotspotshapeunder GNR

anging. In reality, synthesized particle ends are expected tohawe perfectlyspheical
curvatures due to crystalline facets of gold29]. This might impact plasmon coupling

significantly, particularly froma loss of symmetrgf the gap around its spaue to angling.
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Figure 4.18: Angling Effects on E-Field Enhancement. ADimer GNR angleb dependece field
enhancemenat the hotspotentre for 5 and 8 nm gaps67° represents the mean synthesis angle
according to TEMB E-field enhanementmapsfor GNR dimerswith 8 nm gapst different angle®

on glassjn water C Wavelengthorresponding to maximum calculatedfiéld enhancement in A
and B Gap lengths for angling are defined by the shortest distance between the AGhiRRisB have
been adapted fronjii36].

These findings indicate that SERS enhancement of GNR dimers might be relatively stable
under laser excitatioim aqueous solutiarin particularextreme case of melting GNRsappears
avoidable at mW scale excitation powehsipact on the DNA origami structurand GNR

positioningshould howevestill be considered.
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4.1.5 SERS Detection ofCy3.5

To gain further insight, into GNR dimer function in practice, studies were carried out towards
single dye moleculeRaman detection. Dye molecules of the Cyanine family have been
particularly prominent in pastinglemoleculeSERS measuremenit’38-42, 147. Thishas also
beendue tothe ability of exciiing dye resonance Raman, greatly increasing resulBrukes

shifted signal. Here, with @Gyine3.5 moleculeshoseras analyteheresonant enhancement is
however not a strong contributdrhis isdue to a very limited overlap between the 671 nm laser

l ine, and t he dy,evbich peakstsbd2rnm[Li54.0The molecalewas instaad
chosen specifically to see whether and how SERS detection of small single molecules is

achievable with th&sNR dimers. It also serves for insight iftow excitation by laser might

impact theantennasluring measurements

A C
Cy3.5:@

(1000 cts

Signal

1200 1400 1600
Raman shift [cm™]

Figure 4.1.9:SingleCy3.5MoleculeSERS in Water. ASketch of GNR dimer gap fitted with a Cy3.5
molecule B DFM image of individual Cy3.5 fitted antennasaglass substrat€ Single Cy3.5 SERS
spectrawith signal in countgcts), from measurements different times. The bulk spectrum (4000 cts
scalebar) was acquired from Cy3via a solution with 10 uM of dye concentration dried onto a gold
film. The gold film was generated by sputtarating a glass substrate. The spectra are background
subtracted, for visual claritiRaman pak assignment featurestiable 1. Thisfigure has been adapted
from: [136].

GNR dmersfor suchexperiments wre synthesied with single Cy3.5 molecules, reaching
into the inter tip hotspot vithe centralDNA helix pillar as illustrated irFigure 4.1.9 A They
were dropcast onto glass substragsnplecould then bglaced under darkfield microscope
in water immersiorconditions.Individual dimers weragainidentifiable with an exampléthe
same antenna as igure 4.1.5 B depictedn Figure 4.1.9 B to be targeted for SER8ere a
laser power of 10 mW was used to acqieemanspectra ira sequential (timeesolved) manner
Cy3.5 can in fact be identified clearly by SERS, as showigare 4.19 C, for exemplarypoints
in time of the measurement seri€hisis possible via distindRamarvibrational modes, at 1270
1280 cm? (aromatic group motion)155 156, ~1350 cm?! (central methine chaif)l55-157),
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~146070 cn? (asymmetric Chldeformation)155-157], 1560 and 1590 crh(N*=C stretching)
[155 156, 158 and~16101620cm’ ! (C=C stretching)156, 15§. Signal corresponding these
peaks vas also identifiable in bulk SERS measurements of théye, confirming the single
molecule SERS capability of the design.

Table 1: Cy3.5 Raman Peak Assignment.

Cy3.5 Peak Positions [ci] Raman Peak Assignment
12701280 Aromatic group motiotj155 156
1350 Central methine chain motida55-157
146070 CHs asymmetric deformatiof1 55157
1560 and 1590 N*=C stretchind 155, 156, 15§
16101620 C=C stretchind156, 158

Thefull corresponding time resolved SERS measurement of the antenna is shéguren
4.1.10A. It reveals a significant amount 8fokes 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 measurdhisaiso where distinct Cy3.5 Raman
spectra were identifiecGuchsignal peakeffectsare common in singleolecule measurements
[18, 159, whereRaman fluctuations miglstem from interactions of moleculegh one another
andwith the SERS substratdere thismightincludessDNA coatingof the GNRsas well as the
dyeanalyte.
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Figure 4.1.10: Effect of SERSMeasurement onGNR Alignment. A Heatmap of signal from SERS
measurement (serial acquisition), with 0.5s integration time per row. The laser was turisdmn
the acquisition, so as not to miss any signal. The scale is reciprocal, for visual Treitshite arrow
indicatesan area ofpotential fluorescence signaB Dark-field scattering spedr before(peak at
~690nm, in blue) andafter peak at-698 nm, inred) Raman measurement. The dotted ilnkcates
the laser wavelengtiC Sketch illustrating shrunken GNR dimer ggpsglectingpotentialangling)
with fluorescence quenching of dye molecule (red to greynd Bhave been adapted fronj136.



50 4.1 Gold-Nanorod Dimer Design and Properties

BesidedluctuantRaman signal, threathernoteworthy findings stand out in the case of this
SERS measement Firstly, it took several tens gkconds for significant Ramaignalaround
1400cm? 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 seriesThirdly, there isasmall redshift in the dimeis scattering spectrum BB nm
which is depicted ifrigure 4.1.10 B Combining points one and three clearly indicates that the
intertip gap of the GNR dimer shrunk during the measurement, a posgltstityissedh Section
4.14. It can explain the appearance @fy3.5 Raman modegater in the measurementia
shrinking gapscoinciding with higher field enhancemein the hotspat it also matches the
spectral reeshift of the plasmon bonding mode peak from stronger coupling between the two
GNRs. Notably, the second less intuitive point, a loss of fluorescence <Kmmnddbwer
wavenumbersmight also be explained by shrunkergap instead ofby simple fluorophore

bleaching Thisis illustrated inFigure 4.1.10 Canddescribed in the following.

Whilst the laser line appears far outside of the absorption band of {1y82]5 some minor
fluorescence signal cannot be entirely excludeatticularly as plasmonic dimers, including
specimens based on GNR$(, have proveto be highly effectivdor raisingfluorescenceross
sections. Its disappearance, in conjunction with SERS of the dye molecule and indicators of a
shrinking gap, therefor@oints towards fluorescence quenching instegabténtialfluorophore
destruction.

Thisfluorescence quenchimnenomenon from a proximity of molecules to a metallic surface
has been reported by Dulkeith et[dl6]], 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 ardumd in experiments
[162. This distance corresponds to half of the average GNR dimer hotspot length. A shrinking
gapcan thusexplain all three observed phenoraeft might also increase interaction between
GNR surfacesaind the dye, as well as ssDNA coatilegding tosignalfluctuations. At the same
time, potentialangling occurring heredoes not appear detrimental to SERS and Hifisld

enhancemergxperimentally

Whilst the detection of Cy3.5 was successful, previously described sample alterations do
however represent a form of degradation. This regarding, another effetscaome into play.
It is carbonization of the antennads s-urroundi
SERS measurements, as reported by Andreas Otto, in a 2002 r=vdyw[163. Here,
crosslinking of chemical groups, céead tolayers 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 wee found explicitly for biomolecules such as hemoglobin. Examining the effect is
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therefore important in the context of therk. Carbonization has been found to stem from both
heating (by several 1), as well as heelectroninduced photochemical processes at plasmonic
hotspots during TEREL64]. This sample degradation manifested in fluctuating signal, around
1350cm' t and 1580 cnit, 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 nanotrianglestyp@dje
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Figure 4.1.11:Cy3.5 Antenna Carbonization. A SERS pectrum of antenna with 20s integration
time. The spectrum featurbsoad peakat1350 and 1580 cth(locations indicated bgtark greybars).

B lllustration of potentialmectanisis behind behind carbonization. Hegaps shrink, andither. i)

the whde of the antenna surroundinggsthermally carbonizedncluding the Cy3.5 analyte unless it
dissociatedeforehanddark greydottedarrow). Or:ii) only ssDNA (at the hotspot) is carbonized.
Here ssDNA is light greycarbonized media i€ull) black,unquenched Cy3.5 is red and quenched
Cy3.5 iscoloreddark grey.The sketch is not tecale,andpotential angling is not depicted.

For the Cy3.5measuremeritere Raman indicative ofarbonization wam factobserved, by
integrating over the last 20s of the measureresdepicted inFigure 4.1.11A. It should be
noted that this signalan be expected @wso stem from Cy3.5However, theawo peaks appear
broacer and significantly morgronouncedhan for signalmatching Cy3.5Figure 4.1.9C).
Carbonization for GNR dimessill thereforebe examined in the following.

Here, lot electronsas a cause for carbonizatiappear inhibited by a favorable combination

of gold surface and aqueous environment. Regarding the first aspect, Heck et al. found gold to be
significantly less effectivéor carbonization at its surface than silj&A5. For one, thisvas
explainedwith a higher affinity of silver taxygen[165 and aniong166§ in agueoussolution
Additionally, it was attributed tdhiol-bonding of sONA coating being stonger on gold than

silver [167]. Desorbedradicals inturn canform further amorphous carbon produ¢if4].
Regardingthe secondaspect Bjerneld et al. found thdbr SERS measuremenwith silver
particles, an aqueous environmesafppresses carbonizatiph6g. Submersion in ater was

found completely protectivior analyteshielded from direct contact with the metanoparticle
surfaces by (thiophenol) adsorbateThe aqueousadsorbate itself was alsiess prone to

carbonizationn water than in aifThe combination of gold nanoparticiesvatermighttherefore
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be expected tprotect analyteeompletely but not the ssDNA attached to the GNRarther
thermal aspestmightalsohave played &lein carbonizationPotential mechanisms behind the
measured carbonizati@mgnalare illustrated irFigure 4.1.11 B

Calculations of model GNRimersin water Eigure 4.16 C) indicate temperatures e¥6 °C
here indicating a lack of thermal carbonizatioHowever,individual dimers might exhibit
significant differences in absorptiofi the laserin particularthescattering peak of thentenna,
is close(~19 nm awayto the excitation wavelengtht the beginning of thEERSmeasurement
(Figure 4.110 B). The laser inducedplasmon (scattering) resonanashift (to a ~27 nm
distancg couldthenhavelowered plasmonic heatingnd temperature3hisin turn mighthave
arresed thermalalteration therebyprevening destruction of the antennasindicated bythe
limited plasmon resonance shifthat heatingto the point ofthermal carbonization as not
involved matches that theingle Cy3.5 DNA anchor strand did not dissocidteermally[169
prior to measuringdye SERS Additionaly, the moleculedid also not appeathemically altered
(in a significant way, asindicated by the clear Ramatentifiability. More moderatéemperature
increases coulthowever still haveavored desorptionand carbonization athiolated ssDNA
directly at the GNR surfaceBetected potential)carbonizatiorRamansignaltherefoe appears
to stem fromhot electronseffectingssDNA and not analyte.

These findingshighlight the importance of reduced laser powersantenna and analyte
preservationEspecially asRamarfluctuations due to DNA carbonization might obscure analyte
signal They also indicate that some slight deformation might be favorabledotromagnetic
enhancement factqrparticularly for (initially) larger GNR dimergaps.Elevatedlaserpowers
mightthus also be desirabier SERSbeyond asimpleproportionaincrease in Raman excitation
Protein measurements in the followisigchaptemwereconducted with a view Wwardsbalancing

these aspects.
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4.2 GNR Dimers for Single-Protein SERS

This sulchapter begingvith testing the GNR dimerf®er SERSof single proteis capturedrom
agueous solutigrnthe main goaandtopic of this work Mainly, thesewere streptavidin KU
189730andS4762 from streptomyces avidinii bacteaadthrombin SKU 112374 from bovine
plasma Additional proteins used fdesting weremyoglobin SKU M063( from horse skeletal
muscle andgG (antibiotin antibody SKU B364) from goat Proteins were purchased from
SigmaAldrich. Thesulchapter is concluded with a discussion of the redoditf) in the context
of E-field enhancement as well ageasuring specificity.

4.2.1 SERSDetectionof 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 themnhotspotsalso

factored into the decision

Starting with streptavidin, the tetrameric protein haiza of4.2x 4.2x 5.6 nm[137, 17Q,
with a hydrodynamic radius of 2.82 n71]]. It is prominentin biotechnicaluseand research
due toits strong bond tahe vitamin biotin. This takes placevia one of its four avidin
groupsbinding sites[172). Accordingly, GNR dimer antennas were constructeith single

biotin binding sitesso as taapture single streptavidin molecules in their JapSERS.

Testing of tke streptavidindetection schemeommenced witlidentifying antennasiropcast
onto glasssubstratesusing DF-microscopy This is visualized inFigure 4.2.1 A together with
the dimer designFollowingly, SERS measurements$ individual prospective dimersere
carried out in TE buffer, so as test forthe presence of biotin in hotspots. The measurements
werecarried out with a laser power of 5 m\theyalso served to find potential background signal
from DNA. Exemplary esults of these SER&perimentsare depicted inFigure 4.21 B. The
measuremerfeatures its most prominent signal at1375 cm!, consistent with nucleobases of
DNA (ring breathing modes of A, T, )39 173. Ramarscatteringcorresponding to biotin as
less distinct, buclearly visible In particularin the form ofsignal at 1270 ch assignable to
methylene group waggifd74, 175, 14501470 cmto CH, (ring) stretching 174, 175, and at
1565 cm'to G-N stretching 174, 176].

The next step was adding streptavidin to the TE buffer immersed sakmpidustration of
the proteinbinding indimer gapsis shownin Figure 4.2.1 C After several minutes of waiting
for the proteingo locate in hotspots and bind to biotinylatéocking sites, measurementef
commencedExemplarySERS resultareshownin Figure 4.21 D. Here additional peaks were
identifiable and assignable to streptavidin, witbkes shifts at 1239 c( a mi d ehedt)l | / b
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[139 174 175 177, 1336 cm! (tryptophanW?7) [174, 175 177, 15601580 cm? (tryptophan
W2) [174, 177 and 1670 cit ( a mi dshkeet)[18%174, 177]. In the depicted measurement,
most ofthese peaks were not present from the beginning of the acquisfamher gynal at
~1360-1370cm' ! might correspond téryptopharn{174, 175,177, as well as DNA ring breathing
[139 173. An additional peak at ~1503 ¢t unspecific to streptavidin, can be assigned to
aromatic ringvibrations of DNA[175 as well as NH bending[139.

A B Raman shift [cm™]
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Figure 4.21: Streptavidin SERS in aqueousSolution. A Sketch ofa GNR dimer gap witlbiotin
binding site, andDFM image ofantenna B SERSspectra of biotiglated antennaircled in DFM
image in A(with biotin Ramanpeaks highlighted imint green and DNAsignal highlightedn light
grey). C 3D renderingof streptavidin(circled)from datof [178], withoutligandandwatermolecules
Image from the RCSB PDBERCSB.org) of PDB ID 6J6J[178). The ketchillustratesstreptavidin
entering the antenna gap and binding to bi@iSERS spectra measured after streptavidin was added
to the solution. The first spectrum (from the tdpgs noenable thédentification ofstreptavidin Later
spectra feature peaks assignablinéoproteinhighlighted inlight blue). Streptavidin was concentrated
at ~4.2 uM. All spectra were obtained with 0.5s integration timetth later SERSspectraat lower
positionsin thdr respectivestacls, andwith Ramanpeak assignment featuredTiable 2. This figure
has been adapted froifi:36].
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Here streptavidin was ndetectable 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 thame seriesParticularly a shrinkinggap could have furtheredRaman

enhancement

Table 2: Protein Capture Raman Peak Assignment.

HD22/DNA Peaks [cm] Raman PeakAssignment
11601170 C and G139 173
1230 Antisymmetric phosphate stretchifi39 179
1375 T, A and G ring breathing modgs39 173
15101515 Adeninering breathind139, 180 andcytosine[139, 181]
1574 G and A[139 173
1601 Thymine[173
Biotin Peaks [cni?] Raman Peak Assignment
1270 Methylene group waggingdL74, 175
14501470 Stretching of ring CH[174, 179
1565 C-N stretching 174, 176
Streptavidin Peaks [cmi?] Raman Peak Assignment
1239 Amide 1I/b-sheef139, 174, 175, 177
1336 Tryptophan W7 174, 175, 177]
~13601370 Tryptophan[174, 175 177], DNA ring breathind139, 173
15601580 Tryptophan WZ174, 177]
1670 Amide I/b-sheef139, 174, 177]
Thrombin Peaks [cm 1] Raman Peak Assignment
12301250 Amide Ill/b-sheef139, 182
1302 Amide 11 [139, 180 or CH. twisting for protein[139 183
1340 andl360 Tryptophan139, 187
~155031560 Amide Il or tryptopharf139, 182
16391670 Amide I/b-sheef139, 182 184

Additional measurements with the goal détectingsingle thrombinprotein SERS were
carried ouwith similar GNR dimerdn PBS bufferTheglobularly shaped enzynigwell known
for its role in blood coagulationWhilst it is slightly smaller than streptavidiwith a
hydrodynamic radius of 2.05 nft85, and (dry) dimensions @.5x 4.5x 5 nm[184], it serves
to illustrate the antennas versatility. Here the antenna design involves Efdetbindingsites
These aptamers consist of 29 nuclectideming a duplex/Guadruplex mixed structure with a
cage like geometrfor capturing thrombinThe antennadesign is visualized ifigure 4.2.2 A
togethemwith a DFM image of located antenn&sie to the nature of HD22, the molecule cannot
clearly be distinguished from the DNA origami scaffofddSERS measurement of corresponding
antennasAn examplds shown inFigure 4.22 B, measured with a laser power of 2 mMére
Ramarmodestypical for DNA were observed al1601170cm'* (C, G) [139 173, 1375cm'?
(T, A and G ring breathing139, 173, 15101515cm'* (adeninering breathing andytosine)
[139 180, 181] and 1574 cit (G, A) [139, 173. Further, signal at 1600 éis assignable to
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thymine[173. Finally, signal orresponding to antisymmetric phosphate shieg at 1230 crit
is assignable to DNA origamssDNA as well as the aptamjr39, 179.
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Figure 4.22: Thrombin SERSIin aqueous SolutionA Sketch illustrating &NR dimer gap with an
HD22 binding site, as well as DFM image of such anteB&ERS spectrurffrom antenna circled
in A) of the aptamer (with DNA/HD22 peaks highlighted in light gr&y)3D rendering of thrombin
(circled) from dataof [187], without ligand and water molecules.Image fromthe RCSB PDB
(RCSB.org) of PDB ID 1UVT (187). The Ketchillustratesthrombin entering the nanogap and
binding to HD22 D SERS spectra after adding thrombirfor a concentratiorof ~28 puM (with
thrombin peaks highlighted in light red)ll spectra were obtained with 0.5s integration timegh
later SERS spectra at lower positions in their respective stack®amdnpeak assignment featured
in Table 2. Thisfigure has been adapted frofh36|.

The next step consisted of adding thrombin to the solufionillustration of the protein
bindingin hotspots ishownin Figure 4.2.2 C After incubation, SERS measuremenislded
signaldepicted inFigure 4.22 D. This corresponded to thrombin 12301250 cm?! from amide
11/ b-sheet{139, 182, 1340(and 1360 cm'! (tryptophan [139, 187, and~155060 cm? from

amide llandbr tryptophar{139, 187. Signal at 130Zm' ! is assignable to Amide IHs well as
protein CH, twisting [139, 180, 183. Intriguingly, amide 1 8heetRaman was not consistently
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visible via signal between 163® cm! [139, 182 184. Togetter with signalfluctuationsthis
points towardslegradation othe sample, as well g®tentialcarbonization.

To examineghe effectof carbonizationprotein measurement signal was integra@desults
from thestreptavidin as well as thrombin measureradigplayed inFigure 4.21 D andFigure
4.2.2D respectivelyThis is depicted ifrigure 4.2.3 Afor streptavidin, andrigure 4.2.3 Bfor
thrombin. Both spectra indicat@a lack of carbonizationhumps with sharper protein peaks

remaining visibleat and around wavenumbers of relevance
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Figure 4.23: Protein SERS with longer Integration Times. A SERS spectrum of streptavidin
measured with 5 mWB SERS spectrum of Thrombin measured with 2 mW laser power. Overall
integration times were 30 seconds for both spedth@selack broad peaks at 1350 and 1580%cm
(locations indicated bglark greybars) This figure has been adapted frdi34.

The findingindicatestha both heating as well as helectrons are, at the very least, not a
detrimental issudor these GNR dimermeasurementsThe thermal aspeds consistent with
results foplasmonic heatin@~igure 4.1.6) whereGNR temperaturebe at~49°C everfor 5 mwW
of excitation powerAt these temperaturesrqtein denaturatioman however still be a factor
even in buffer Together with analyte molecule movement in the hotspotight therefore
explain some of the signal fluctuatiodmtenna alteratiorsuch as angling and shrinking gaps
might also have taken plaggarbonizatiorof ssDNAcan also ndbeexcludedentirelyfrom these
results Neverthelessthefindingsconfirm the use of GNR dimers structured using DNA origami
for single protein SERS from aqueous solution.

A question whichremairs here,is to what extent measurirBERSwasanalytespecific To
further test foithis, two additional types of aqueous GNR dimer measurements were conducted
They areoutlined inFigure 4.24 A. One with only myoglobin, and one in which both streptavidin
and myoglobin were added to the solution. Tdtgeroxygen(via iron) binding proteinis found
in muscle of mammaldt was chosen, as it does not bind to biotin. Additionally, its, siith a
(hydrodynamig diameter of~3.5 nm[18§ (and mass of 17 kDagllows for it to fit into the

plasmonic antenna hotspots.
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Figure 4.24: Protein Binding Specificity SERS Measuremens. A Sketch of specificity
measurements. Here GNR dimer gaps featured biotin equipped bindingMsgi@surements were
conducteckitherwith only myoglobin or myoglobin as well as streptavidiadded to the solutiol®
SERS measurement results with myoglobin only meihg detectable, as well as a combination of
myoglobin and streptavidin delivering streptavidin signal. Spectra shown were acquired witltifh 0.5s
integration timeand at ImW excitation power. The results are confirmed by bulk Raman
measurementsf both proteins. Spectrapart fromthat of myoglobin only feature background
subtraction. This figure is adapted frofh36].

The measurements were conducted with biotin equipped GNR diffleespresence of
myoglobin alone in solution did not delivemaatchingRaman spectrumreven aftemprolonged
measurementdMeasurements including streptavidiis well as mydgbin yielded SERS of
streptavidin Exampledor this are showin Figure 4.24 B. A comparison wittboth myoglobin
and streptavidin bulk Ramaspectrasenes to further confirm the result$hese measurement
specificity findings indicate thatGNR dimers function as intenddxy capturing analyte from

solution

4.2.2 GNR Dimer SERSHotspot Effectiveness

In the previous section, these of GNR dimersfor SERSdetection of larger proteinafter
diffusing into their accessible hotspotwas demonstratedHowever,some questionsemain
regarding theeffectiveness of theystem In particular theseconcernenhancement factors
necessary foBM-SERS detectigras well as the time scales necessarypfoteinsaccessing the

hotspotsThe aim of this ectionis toanalyzeandaddresshese aspects

For one,experimentally single Cy3.5 moleculesmight not have experiencedsufficient
enhancementin ~8 nmhotspotdor SERS Instead, gpsthey wereprefixedinto werepotentially
required toshrink This regarding, Le Ru & Etchajn identified necessarjRamanenhancement

factors of 16-10'° (~2-300% for detectingsingle small nonresonaninoleculesin a 2012 meta
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study[189. In 2021 work by Tapio et alnonresonanSM-SERSof dye (TAMRA at 633 nm)
requirel E-field enhancement factors around 30@m ~1-2 nmnanosphergaps[40]. For the
following, calculations will be used fofurther comparative analysisegarding Raman
enhancement factoo$ dimerhotspots

Peak E-field enhancements are significantly higher for GNR t@&S dimersat the sane
gaplengths asshown inFigure 4.25 A. They are also locateahore firmly in the bio-optical
window according tacorrespondingpeakenhancememavelengthgjiven inFigure 4.25 B. For
~8 nm gaps, théactorsdo howevernot match previously stated requirements for SM SERS
detection.This also presents a concern fioeasuring SERS frosmaller proteins such as biotin
(0.24 kDa)
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Figure 4.25: GNR and GNSDimer E-Field Enhancement A E-field enhancemenhaximaat gap
centre, betweetwo gold nanorods andanapheres, in water, on glags Wavelengthof maximum
field enhancement (A) for a given gap Peak(at 607 nm)E-field enhancement mapf GNS dimer
with 5 nm gap D Peak(at 808 nm)E-field enhancement map of GNR dimer with 5 hm gapC and
D havebeen adapted fronji3€.
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At first, thisposes gotentialconundrum osignificantgap shrinkagéeing required fosingle
Cy3.5and biotinSERS whilst openhotspotswere usable for detecting singirger protein
Raman signalThis might howeverbe solvedby the size oftreptavidin and thrombirFirstly,
their molecular subgroupare relatively large compared to typical gasses for examjphais
featuring bigger Raman crossctiong[5]. Whilst this is also the case for some of smealler
molecule componentiargerproteid s s e ¢ 0 h d aubgyoupmitenapmearepeatedlyA
primary examplefor this, is amide b-sheet in streptavidirand thrombin. In the case of
streptavdlin, as atetramer it is made up ofour similar groups, each comprising of 70%#ef
sheef19(. This leads to a largemountof similar molecular oscillators, with the same Raman
active modes. Therefore, measured single protein Raman spectra resultsiipar@osition of
many smaller scattering cross sectionisis results irsignificantly more signal than what would
be expected from conventional smaller single molecules efflectdoes however require Raman
enhancement of the whole molecule in the plasmonic hotspoight be expected from spleer
based dimers due to their lower curvatures, and thus potentially more homogenous gaps, as
depictedn Figure 4.25 C. Here,as shown irfFigure 4.25 D, higher curvature tips d6NRs do
not appear to be hindrance The GNR dimerhotspotsare calculated to béarge enough to
encompass whole5 nm proteinsAgain thisis with the added benefit of significantly higher E
field enhancemertompared to the sphebased dimer

For suchGNR dimerhotspots, calculations reveat100 nm?® with a peakEF above 100 in a 5
nm gap, and a central A0’ peak EF for an 8 nm gapas exampledn contrast 60 nm sphere
counterpartsfeature ~0 nn? (excluding meshing related numerical arteface)d 1.
respectively This indicates thatunlike ~1-2 nm gap 60 nm diameter GNS dim¢4§], more
openly accessibles+ nm gaphotspotdetween such GNBould not enable SMBERS detection.
According to calculations(Figure 4.25 A) comparable80 nm GNS dimers would aldoe
insufficientin hotspot strengtfor SM-SERS It should be noted though, thagether with 60 nm
GNScounterpartghey wouldstill fare significantly better thadimerantenna designs relyirum

40 nmgold nanospheres

An additional consideratiorcan be linked to the bio-optical window measurement
requirementGNR dimerswere successful heexperimentally andare inherently tunable via
GNR aspect ratioOn the other handspecially40 nm, but als®0 nm andeven80 nm GNS
baseddimersare not ideal foenhancemerat andin the NIRaccording to FDTD calculations
shownin Figure 4.25 A andB. Here, prticularly 40 nm GNS designis whilst having been
highly successful foSM-)SERS detectiorj38, 128 129 1 appear to featursubpar EF
performanceThis might be explained by a prevalence of more interband plasmon dafg8ing
due to their bluer (comparatively far lower tha90 nm)BDP resonanceThis disadvantage

featuresdespite highenanoparticlecurvatures around the hotspobmpared to the larg&NS
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dimers Smaller particleslo however also feature smallpolarizabilities anaptical interaction
cross sectiong he GNR-based dimer superiorithereforeappearst least in parfiounded orthe
ability to maximize effective tip curvature and plasmonic excitability, whilst minimizing

interband damping.

Therequiremenbdf larger gold nanospheres fareasuringatthe NIR might also grarGNR
dimersa geometrical advantageegardingDNA origami scaffolding for analyte binding site
placement. Larger GNS radiiould necessdte longer linker strands for reachiimgo the dimer
hotspot Flexibility of double stranded DA, with persistence length 660 nm[191], couldthus
impactthe positional accuracy of analyitethe gapsignificantly. This mightnecessitate a more

complex binding site desigwhich couldalsoresult in less opdy accessible SERBotspots

At this point, it should be mentioned, that thesireto measureSERSclose tothe NIR also
comes aticost namelyof reduced Raman radiation by analyte accordirgpioation 2.11. With
radiated energy scaling wighf_ , and thus photon count wigtf_ , shorter wavelengths are
inherently beneficialFrom this perspectivedeally, theexcitation wavelength iat the shorter
end of the preferred wavelength ran@ee bicoptical window, which is the case here with
671nm. The wavelength ialso similar to that used in other aforementioned studiasgold
nanoparticlebaseddimers(typically around 600 nm)rhisrendersresults comparablegarding
E-field enhancement for SER&NR resonancdunability is thusagainparticularly useful It
could in theory allow folimited further optimizatiorof excitation anéntenna resonantawards

thelowestwavelengtls of the bicoptical window

The GNR dimerhotspots do also not present significantly more volume of strong Raman
enhancement, than the sizestreptavidin and thrombiaccording to modellingresented in this
chapterThisindicateghat it was only single analyte molecylesatthe veryleast thatit cannot
have beesignificantly larger quantitiesf such whichwere detected his in turnsuppors theory
of high Efield enhanement factorsand that the detection scheme functiomedbinding of
single analyte at the hotspétowever, within the scope of this project oy estimated-10-

15% of DNA origamibased GNR dimengeldedproteinSERS signalT o explainedhis, several

factors are examindd the following

For onethesédncludetime scale®n whichproteins might enter the hotspatsd how probable
this is during @aample measurement procedurewardsanalyzng this, mean diffusion times for
proteins enteringlimer gapsvere approximated with mumerical3D random walk modelThe
hotspot was approximated with a4 x4 nmb ¢i>hdo t f r e ed80xd400400mgn i n
simulation volume(with reflective surfacgs This is illustrated inFigure 4.26 A. Diffusion
proceeded stepwise, dhnmincrementsThevaluewaschosen t@ccount fomanoscopigrotein

scale patlself-overlap, as it is not relevattt more macroscopic diffusion into dimer gajpsilso
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corresponds to the bhibx width Considerable diffusiomovement within a diffusion path step
might thereforeapproximateexactproteinpositioning for binding within a diffusiotime step.
Theaverageamount of time itvould take for amoleculeto travelthe4 nm path stedistanceby

diffusion, was derived vialiffusion coefficients

o)

0 55"

(4.1)

Here,i is the hydrodynamic radius, with 2.82 nm for streptavidird], and 2.05 nm in the case
of thrombin[185, resulting in &0 of 7.7280% m?/s for streptavidin and 1.@80° m?%s for
thrombinin water This correspondto 4 nm step times &07 ns and 157 ns respectively.

Figure 4.26: Localization of Proteins in Hotspot. A lllustration of mean diffusion time modelling

for proteins(purple pentagonjo enterGNR dimerhotspots B Calculated concentratiotependent
diffusion times for streptavidin (blue) and thrombin (teBjfferent n u mb e r poteingf viier e
positioned randomly in the volume, representing different concentrations, ananadeto 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 (MDmh& dashed lines
(linearly) fit the inverse relationship betwe@ogarithmic)concentration anflogarithmic)MDT, and

are extrapolated toonsiderboth experimental and physiological concentratidiss figure ha been
adapted fromf134.

The results of these calculations are depictedrigure 4.26 B. Here a clear inverse
relationship between MDTand concentration isvisible, via relationships of 8.4A8vI for
streptavidin ané.1 sAM for thrombin.This means that diffusion into hotspots was not a limiting
factor for both streptavidin, and thrombin in experiments with aureon ranging between
0.33-4.2 uM and 6.961 puM respectivelyMore explicitly, thesemolaritiescorrespond to MDTs
around 0.110s

Calculatedmean diffusiortime scalesio howeverfall well within the usual time series span
of ~50s employed in this workfor measuringSERS The question whether analyte might not
have entered hotspots during the SEER&imulatios does therefore arisdere thesedielectric
particlescould therbe held in place by laser induced trapping forBesh optical tweezinfprces
can be strong enoudér trappingboth micron scalaielectric particlesn a laser focugl92, as

well as smaller protein moleculesmetallic nanohole hotspof$93. If maintainingsuchoptical


































































































































































