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Abstract

Single-molecule fluorescence spectroscopy has revolutionized the field of biophysical sci-
ences by enabling visualization of dynamic molecular interactions and nanoscopic fea-
tures with high spatiotemporal resolution. Monitoring enzymatic reactions and studying
diffusion dynamics of individual molecules (such as lipids and proteins) help us under-
stand how these nanoscopic entities influence and control various biochemical processes.
Nanophotonic antennas can efficiently localize electromagnetic radiation into nanoscale
spatial dimensions comparable to single bio-molecules (<10 nm). These ultra-confined
illumination hotspots thereby offer the opportunity to follow single-molecule events at

physiological expression levels.

In this thesis, we explore various photonic nanoantenna platforms (double nanohole
apertures, dimer nanogap antennas and planar “antenna-in-box”) and demonstrate their
application in enhanced single-molecule fluorescence detection. Using fluorescence burst
analysis, fluorescence correlation spectroscopy (FCS), time-correlated TCSPC measure-
ments, and near field simulations, we quantify nanoantenna detection volumes, fluo-
rescence enhancement factors and discuss the fluorescence photodynamic accelerations
mediated by optical nanoantennas. An alternative to plasmonic structures, all-dielectric
nanoantenna based on silicon nanogap is also demonstrated to enhance the fluorescence

detection of single molecules diffusing in concentrated solutions.

Further, using resonant planar “antenna-in-box” devices we investigate the diffusion dy-
namics of phosphoethanolamine and sphingomyelin on the plasma membrane of living
cells and discuss the results in the context of lipid rafts. Together with cholesterol deple-
tion experiments, we provide evidence of cholesterol-induced nanodomain partitioning

within less than 10 nm diameters and characteristic times being ~100 us.

KEYWORDS: optical nanoantennas, fluorescence correlation spectroscopy (FCS), single-

molecule detection, living cells






Résumé en francais

La spectroscopic de fluorescence de molécule individuelle a révolutionné le domaine
des sciences biophysiques, en permettant la visualisation des interactions moléculaires
dynamiques et des caractéristiques nanoscopiques avec une haute résolution spatio-
temporelle. Le controle des réactions enzymatiques et I’étude de la dynamique de dif-
fusion de molécules individuelles (& titre d’exemple, des lipides et protéines) permet de
comprendre 'influence et le controle de ces entités nanoscopiques sur plusieurs processus

biophysiques, en incluant I’adhésion cellulaire, la transduction du signal et 'immunologie.

La nanophotonique basée sur la plasmoniques offre des nouvelles opportunités de suivi
d’évenements a molécule unique, puisque il est possible de confiner des champs électroma-
g nétiques dans les hotspots a nano échelle, & dimensions spatiales comparables a une

molécule unique (<10 nm).

Dans ce projet de thése, nous explorons plusieurs plateformes de nano antennas pho-
toniques (notamment des nano ouvertures doubles, des nanogap-antennas et des “antenn-
a-in-box” planaires) avec des hotspots ultra-confinés, et nous avons démontré les appli-
cations dans ’amélioration de la spectroscopic de fluorescence de molécule individuelle.
En utilisant la fluorescence burst analysis, 'analyse de fluctuations temporelle de fluo-
rescence, time-correlated measurements et des simulations de champ proche, nous quan-
tifions les facteurs d’amélioration de fluorescence, les volumes de détection de nanoanten-
nas; ainsi, nous discutons l'accélération de fluorescence photo dynamique. En alternative
aux structures plasmoniques, des antennes diélectriques basées sur les dimeres en silicone
sont aussi démontrées d’améliorer la détection de fluorescence a molécule unique, pour

des concentrations micro molaires physiologiquement pertinentes.

En outre, nous explorons des systemes planaires “antenna-in-box” pour l'investigation
de la dynamique de diffusion de la phosphoéthanolamine et de la sphingomyéline dans
les membranes des cellules vivantes. Avec des expériences de déplétion de cholestérol,
nous démonstrons le cloisonnement des membranes plasmatiques induits par cholestérol,

et nous discutons les résultats dans le contexte des radeaux lipidiques.

MOTS CLES: nanoantennas optiques, spectroscopicde corrélation de fluorescence, dét-

ection de molécule unique, cellules vivantes
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Resumen en espanol

La espectroscopia de fluorescencia de una sola molécula ha revolucionado el campo de
las ciencias biofisicas, permitiendo la visulizacién de interacciones moleculares dinamicas
y caracteristicas nanoscopicas con alta resolucion espaciotemporal. La monitorizacién
de las reacciones enzimaticas y el andlisis de la dindmica de difusién de moléculas in-
dividuales (como lipidos y proteinas) nos ayudan a comprender cémo estas entidades

nanoscopicas influyen y controlan diversos procesos bioquimicos.

Las antenas nanofoténicas pueden localizar eficientemente la radiacién electromagnética
en dimensiones espaciales en nanoescala, comparables a biomoléculas tnicas (<10 nm).
Estos “hotspots” de iluminacion ultra configurados ofrecen de este modo la oportunidad

de monitorizar eventos de molécula tnica a niveles de expresion fisioldgica.

En esta tesis, exploramos varias plataformas foténicas de nanoantenas (double nanohole
aperture, dimero nanogap antenas y “antenna-in-box” planares) y demostramos su apli-
cacién en la mejora de la deteccién una sola molécula de fluorescencia. Utilizando el
andlisis por explosiéon de fluorescencia, espectroscopia de correlaciéon de fluorescencia
(FCS), medidas TCSPC correlacionadas en el tiempo y simulaciones de campo cercano,
cuantificamos volimenes de deteccién de nanoantenas, factores de mejora de fluorescen-
cia y discutimos las aceleraciones fotodinamicas de fluorescencia mediada por nanoan-
tennas dpticas. Las nanoantennas dieléctricas basadas en “nanogaps” de silico se han
propuesto como una alternativa en el realce de la detectién de fluorescencia de difusién

de moléculas unicas en soluciones concentradas.

Ademas, utilizando dispositivos resonantes planares de “antenna-in-box”, investigamos
la dindmica de difusién de la fosfoetanolamina y la esfingomielina en la membrana
plasmatica de las células vivas y discutimos los resultados en el contexto de las balsas
lipidicas. Junto con experimentos de dismincién de colesterol, proporcionamos pruebas
de divisién inducida por colesterol en el nanodominio dentro de diametros menors de

10 nm y con tiempos caracteristicos de ~100 microsegundos.

PALABRAS CLAVE: nanoantennas épticas, espectroscopia de correlacion de fluorescencia

(FCS), deteccién de moléculas tnicas, células vivas
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Introduction

Single-molecule detection techniques have revolutionized biophysical sciences by enabling
the study of dynamic processes on living systems at the molecular level [1]. Under-
standing how bio-molecules interact with each other at the single molecule level helps
us understand their influence in various biological processes such as signaling and im-
munology [2]. After the first optical detection of single-molecules by Moerner [3] and
Orrit [4, 5] in the early 90’s, the field has seen tremendous development with major
readout approach being the fluorescence signal. However, the size mismatch between a
single molecule (below 5 nm) and wavelength of the visible light (400-800 nm), has been
a major limiting factor for efficient detection of single molecules. The fundamental phe-
nomenon of diffraction [6], limits the interaction between the propagating optical field

and an individual emitter, resulting in low fluorescence signal and large statistical noise.

Transient interactions between proteins, nucleic acids and enzymes typically occur at
micromolar concentrations [7, 8]. However, diffraction-limited confocal techniques are
restricted to concentrations in the pico to nanomolar range in order to isolate a single-
molecule within the femtoliter confocal detection volumes [9]. To observe a large class
of enzymes and proteins interactions with single-molecule resolution at physiologically
relevant conditions, the optical detection volume must be reduced by more than three

orders of magnitude as compared to the confocal configuration [10].

Photonic nanoantennas realize a new paradigm to localize electromagnetic energy into
nanoscale spatial dimensions [11, 12|, enhance the luminescence of quantum emitters
[13] and even trap single proteins [14]. To overcome the diffraction limit, nanoantenna
designs take advantage of sharp curvature radii, nanoscale gaps and plasmonic reso-
nances, using metal nanoparticles [15, 16], nanorods [17, 18], bowtie antennas [19] or
dimer gap antennas [20, 21, 22]. The enhanced electric field in the nanoscale probe areas
yield a high signal to noise ratio ultimately making it possible to follow single-molecule
events at physiological expression levels. The enhanced detection of single fluorescent
molecules in concentrated solutions is a major and emerging field of application for

optical nanoantennas [8, 23].

This dissertation has two major goals: (i) design and optimization of photonics nanoan-
tenna platforms for enhanced single-molecule fluorescence detection at biologically rel-
evant micromolar concentrations, and (ii) application of these ultra-confined electro-

magnetic hotspots to investigate the nanoscopic organization of lipids in the plasma
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membrane of living cells.

The thesis starts with a summary on the recent advances in the nanoantenna based
single-molecule fluorescence techniques in Chapter 1. The experimental methods, fluo-
rescence correlation spectroscopy and time-correlated single-photon counting technique
are detailed in Chapter 2. In addition, this thesis has four other main chapters and are

organized as following:
Chapter 3

In this chapter, we explore the double nanohole (DNH) design for enhanced single-
molecule fluorescence detection by exploiting the localized electric fields within the
nanoscale apex region. Using FCS and TCSPC, we quantify the fluorescence enhance-
ment factors, nanoscale detection volumes and discuss the photokinetics decay mech-
anism of the molecules diffusing through the DNH apex. A relatively simple antenna
geometry: two connected circular nanoapertures with a apex region, DNH is fabricated
by FIB milling. Using a 25 nm nominal apex size DNH, we report fluorescence en-
hancement factors above 100-fold, steaming from confined detection volumes (~70 zL),
together with 30-fold LDOS enhancement and single-molecule sensitivity at concentra-

tions exceeding 20 puM.
Chapter 4

All-dielectric optical nanoantennas are presented as a potential alternative to their plas-
monic counterparts. Arrays of all-silicon nanogap antennas with 20 nm nominal gap
separations are fabricated on a glass substrate. Using burst analysis, fluorescence corre-
lation spectroscopy and TCSPC measurements, we report fluorescence enhancement up
to 270-fold within a 140 zL detection volume, together with 15-fold LDOS enhancement
for single molecules diffusion through the nanogap region. Detailed comparison with the

gold dimer nanoantenna in similar experimental conditions is also presented.
Chapter 5

This chapter focuses on planar nanoantenna optimized for full hotspot accessibility and
extremely planar surface topology. Combining electron beam lithography with planariza-
tion, etch back and template stripping, we present a large set of flat gold nanoantenna
arrays, featuring sharp edges and direct surface accessibility of the electromagnetic
hotspots. Using 10 nm nominal gap antenna, we quantify giant fluorescence enhance-
ment factors (above 15,000-fold) within confined detection volumes in the 20 zL range,
together with 100-fold LDOS enhancement when compared to diffraction-limited confo-

cal scheme.

Chapter 6
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In this chapter, we exploit the planarity of in-plane “antenna-in-box” devices to assess
the dynamic nanoscale organization of the plasma membranes in living Chinese hamster
ovary cells. Using the planar nanoantenna design, we investigate diffusion dynamics in
membrane regions as small as 10 nm with sub-ms temporal resolution. Our results show
the existence of dynamic nanodomains on the plasma membranes of living cells with
characteristic domain sizes less than 10 nm diameter and transient trapping times as

short as 100 us.

This PhD dissertation has been completed within the framework of FKurophotonics
doctorate program funded by the European Union (Grant 159224-1-2009-1-FR-ERA
MUNDUS-EMJD). All research activites were carried out within the Institut Fresnel
(Marseille, France) and ICFO (Barcelona, Spain) under an international co-tutelle agree-
ment constituting to a dual doctorate award: Doctor of Science in Physics from the AMU,
Marseille, France and Doctorate in Photonics Engineering, Nanophotonics and Biopho-
tonics from the UPC, Barcelona, Spain. All external collaborations are mentioned in the

appropriate Chapters to follow.






Chapter 1

Optical nanoantennas for

sub-diffraction photonics

1.1 Single-molecule fluorescence spectroscopy

Dynamic bio-molecular interactions such as, protein folding or polymerization and en-
zymatic interactions are best studied at the single-molecule level. The development of
modern optics and the selectivity offered by the fluorescence probes have significantly
advanced the biological sciences with applications ranging from super-resolution optical
microscopy to monitoring real-time DNA sequencing [24, 25]. Single-molecule fluores-
cence spectroscopy offers a powerful platform to observe how single molecules work and
interact in a physiological environment. This eventually helps to understand the mech-
anisms that drive and control the functions (such as cell adhesion, signaling pathways

and immunology) of living systems at the molecular level [10].

Over the last two decades, enormous progress has been made in the optical detection of
single molecules. However, efficient detection of single molecules still remains a major
challenge. The main bottleneck being the minimum attainable spatial resolution due
to the fundamental phenomenon of light diffraction [6]. In diffraction-limited optics,
the size mismatch between a single molecule (usually below 5 nm) and typically few
hundreds of nm for visible light spectrum, limits the efficient interaction between the
propagating light field and an individual emitter. Thereby, the direct consequences being

low fluorescence signals and ensemble averaging [26].

Moreover, diffraction limited optical microscopes generate detection volumes on the
order of ~0.5 fL. which impose nanomolar concentrations of the molecular species in order

to isolate a single molecule within the detection volume. However, the low molecular
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density condition does not meet the requirement of a large majority of enzymes and
proteins which call for concentrations in the micromolar range to reach relevant reaction
kinetics and biochemical stability. Figure 1.1 displays the histogram of Michaelis constant
(the substrate concentration such that the reaction rate is half the maximum achievable
rate) for 118,000 enzymes taken from the Brenda database and shows that the biological

binding constants are usually in the micro to millimolar range [7, 27].

As we progress into this dissertation, we will demonstrate different nanophotonics ap-
proaches to achieve extreme light confinement and discuss the concentration limit al-
lowed in each case for single-molecule resolution. The enhanced electric field in the
nanoscale probe area yields a sub-diffraction spatial resolution ultimately making it

possible to follow the single molecule events at very high fluorophore concentrations.
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FIGURE 1.1: Histogram of Michaelis constant. Histogram of Michaelis con-

stant for 118,000 enzymes taken from the Brenda database (http://www.brenda-

enzymes.org/). The arrows indicate the concentration regime reached by different tech-

niques. TIRF stands for total internal reflection fluorescence microscopy, and STED
stands for stimulated emission depletion microscopy.

1.2 Advances in single-molecule detection techniques

Single-molecule techniques are designed either by optically shaping the excitation beam
profile (as in STED and SPIM) or by exploiting the plasmon resonance of metallic

nanoparticles to locally tailor the excitation/emission profiles of the nearby molecule.
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We start with a brief summary of well established single-molecule fluorescence techniques

and then will focus discussion on nanoantenna enhanced florescence detection.

Near field scanning optical microscope (NSOM)

After Moerner demonstrated the detection of single molecules in solid phase at the
cryogenic temperatures [3], Betzig in 1992 obtained the first super-resolution image of
a biological sample (at room temperature) using the near field scanning optical mi-
croscopy (NSOM) [28, 29]. This technique is based on sub-wavelength apertures which
are scanned across the sample surface at a distance of few nanometers to acquire super-
resolution mapping. Usually a nanoaperture at the apex of a metallic tip is used to
constrain the light in both lateral and axial dimensions and the resolution in NSOM
relies mainly on the physical size of the aperture (rather than the illumination wave-
length itself) and the tip-sample separation distance. The main application of NSOM
has been to investigate the nanoscale organization of membrane proteins in living intact
cells [30]. In addition, NSOM has been successfully demonstrated to monitor rotational

and translational diffusion of single molecules [10, 31].

In recent years, improved illuminations schemes based on monopole nanoantennas engi-
neered on bowtie nanoaperture at the apex NSOM probe have been demonstrated for
simultaneous dual-color single-molecule imaging with spatial resolution down to 20 nm.
This design provides extreme confinement of light along with high photon counts per
molecule proving background-free nanolight source for live cell research at biologically-

relevant high concentrations [32].

Total internal reflection fluorescence microscopy (TIRF)

TIRF is another class of near field microscope which restricts the excitation and detection
of fluorophores within immediate interface between the sample and the substrate. TIRF
microscopes circumvent the diffraction barrier by exploiting the properties of evanescent
fields created by internally reflecting light at the interface between two media with
different refractive indices [33]. TIRF inherently selects the surface-bound molecules,
and thus is capable of resolving features as close as 100 nm near the surface. Together
with FCS, TIRF microscopes have been used to investigate membrane dynamics with
high temporal and spatial resolution. In particular, TIRF-FCS has been demonstrated
to investigate the binding and release of single molecules with enhanced counts per
molecule and a high signal-to-background ratio as compared to conventional confocal

microscopes [34].
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Stimulated emission depletion microscopy (STED)

STED microscopy is a powerful far-field optical technique with spatial resolution down to
~40 nm. The resolution enhancement in STED is based on switching off the fluorophores
in the outer periphery of the diffraction-limited excitation spot by stimulated emission
using intense laser source [35]. The STED microscope has a pair of synchronized laser
pulses: first pulse to excite the fluorescence dye with an ordinary diffraction-limited focus;
and second (also called depletion pulse) is immediately followed after the excitation
pulse. The depletion pulse is red-shifted in frequency compared to the emission spectrum
of the fluorophore molecule and thereby quenches the fluorescence from molecules at the

periphery of the excitation focal point via stimulated emission [36].

Further improvement in the STED resolution has been achieved by time gating the
detected signals (gated-STED). Together with FCS, dynamic observation of complex
molecular interaction have been realized with STED and importantly at near-physiological
conditions. Apart from STED microscopy, techniques such as PALM and STORM, have
also demonstrated nanoscopy spatial resolution. But the limited temporal resolution
in such localization based techniques have restricted applications in studying single-
molecule dynamics. In addition, selective plane illumination microscopy (SPIM) has
also been widely used for high-throughput fluorescence imaging. As the illumination is
restricted to a single plane within the sample, this technique significantly reduces the
background signal enabling high-resolution and high-throughput imaging [37]. Together
with FCS, light-sheet microscopy based SPIM-FCS has been used as a quantitative bio-

imaging tool to study the dynamics of bio-molecular interactions in living cells [38, 39].

Figure 1.2 summarizes the different methods of achieving spatial confinement in optical
microscopy. As shown in Figure 1.2a, single-molecule fluorescence microscopy techniques
are improved by confining light at the nanoscale. This confinement of excitation light will
eventually lead to significant reduction in the background fluorescence. The light confine-
ment is mainly achieved either by shaping the illumination beam profiles as in STED
(b), and light sheet microscopy (b), or by physical confinement as in wide-field tech-
niques (d) to study micron-size bacterial cells. Additionally, surface bound-illumination
confinement as in TIRF (e), and the extreme field confinement through plasmonic inter-
actions at the nanoscale (f) have been widely used in fluorescence microscopy to study

molecular dynamics much below the diffraction limit of light.

Although all of these techniques have been successful in direct visualization of molec-

ular interactions in very diluted sample concentrations or in fixed cells, the live cell
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FIGURE 1.2: Bridging optical microscopy and sub-cellular biophysics by

various confinement methods. (a) Relative reduction in background signal for a high

numerical aperture objective lens as a function of axial confinement. (b-f) Various modes

of confinement and their relative scales. The main strategies for volume confinement in

fluorescence microscopy being: excitation confinement by laser illumination with beam

shaping; physical confinement by micron-scale geometries; and nanoscale confinement
by nanophotonics. Figure adapted from [26].

research has been always a major concern. Nanophotonics provides a rather straight-
forward, yet powerful platform for enhanced single-molecule fluorescence detection and

nanospectroscopy in living cells.

1.3 Controlling light with optical nanoantennas

As discussed in earlier Section 1.2, to observe a large class of enzymes and proteins at
physiologically relevant conditions with single-molecule resolution, the optical detection
volume must be reduced by more than three orders of magnitude as compared to the
confocal volumes. This can be achieved by exploiting the unique optical properties of
metallic nanostructures that support local surface plasmon modes, and has led to the

concept of optical nanoantenna.
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FIGURE 1.3: Optical nanoantenna: Controlling light at the nanoscale. Pho-
tonic nanoantennas reversibly convert freely propagating optical radiations into local-
ized energy and tailor light-matter interaction at the nanoscale. An atom or a molecule
interacts with optical radiation via an optical nanoantenna: (a) receiving and (b) trans-
mitting nanoantenna configurations. Arrows indicate the direction of energy flow. In
spectroscopy and microscopy, the two antenna concepts are combined; i.e., the nanoan-
tenna is used both as a receiver and as a transmitter. Figure adapted from [11].

Optical nanoantennas, like their radio and microwave counterparts, convert propagating
radiation into localized energy and enable interactions between light and single quantum
emitters. However, the translation of the radio and microwave antenna concept into the
optical frequency regime is not straightforward, primarily because of the nanometric spa-
tial scales required (and the fabrication challenges) in order to cover the visible spectrum
of the light (400-800 nm). Due to the fundamental phenomenon of diffraction of light, the
minimum confinement (of the propagating optical fields) possible with tradition optics is
limited roughly to half a wavelength. In recent years, the significant advancement in the
field of nanotechnology providing control and manipulation of materials at the nano-
metric scales has resulted in significant research interest in optical nanoantenna with
achievable spatial dimensions being well below the diffraction limit of light. As optical
nanoantennas can efficiently confine electromagnetic radiations into localized hotspots,
they have been widely used to improve the spatial resolution in optical microscopy and
spectroscopy. These confined volumes are much smaller than those achieved with conven-
tional focusing or objective lenses [11]. However, before being able to comment /interpret
the photo-physical properties and dynamics of single molecule in nanoantenna-enhanced

experiments at high molecular concentrations (usually micromolar regime), quantifying
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the fluorescence enhancement factors and understanding the mechanism behind it is cru-
cial. Hereafter we briefly discuss the origin of fluorescence enhancement in the vicinity

of the nanostructures and the photo kinetics decay mechanisms involved.

Figure 1.3 illustrates the general concept of optical nanoantenna, in which a local source
(usually a molecule or an atom) interacts with the optical radiation via either a re-
ceiving (a) or a transmitting (b) nanoantenna. The nanoscale interactions between the
single emitter and the optical radiation field take advantage of the plasmonic properties
of metallic nanostrucures leading to particular surface plasmon resonances modes. In
general, optical nanoantennas take form of sharp edges on metallic particles and nano-
metric gaps between the particles, and their properties being strongly dependent upon
the shapes, sizes and the material compositions. The near field coupling between an
emitter and the optical radiation in the presence of an optical nanoantenna is mainly

influenced by (i) the near field enhancement, and (ii) the accelerated decay rates.

In addition to the surface plasmon resonance effect, the local electric field around the
emitter is also modified via lightning rod effect. The sharp curvatures (or tips) of metal
surface leads to an increase in surface charge density. As the near field is directly pro-
portional to the surface charge density, this ultimately results in enhanced local electric
fields. Further, a nanoantenna can locally enhance the electric field by increasing the ab-
sorption rate at the emitter’s position. Thus, the strength of the near field enhancement
mainly depends upon the emitter’s position, orientation with respect to the nanoantenna
dipole and also on the resonance mode of the nanoantenna. These effects combined re-
sult in amplified photon counts rates for a fluorescent emitter placed in the vicinity of

the nanoantenna.

To characterize the fluorescence photokinetics enhancement induced by the nanoantenna,
let us model the electronic states involved in the fluorescence emission with a simple
three-level system as shown in Figure 1.4. Sg and S7 are the ground state and the first

excited electronic states respectively. If we denote the excitation intensity by I..., and

XC

the excitation cross section by o, then the excitation rate is given by I'.,. = 0/..

Following the absorption of incident photons, the electrons are promoted to an excited
state (higher energy level S; or higher) from the ground state Sy. The excited states

gets depopulated via radiative or non radiative emission to the stable ground state.

The rate constants for all possible pathways as: radiative emission (Fra d), and non radia-
tive de-excitation pathways such as internal conversion (T', ), intersystem crossing (I', )
and triplet state de-excitation (th) are shown in Figure 1.4. The total de-excitation

rate from the excited singlet state S7 to the ground state Sy is 7 = m = %,

tot
where 7 is called the excited state lifetime.
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FIGURE 1.4: Jablonski diagram describing the molecular transition rates.

The excited states gets depopulated via radiative or non radiative emission. Fluores-

cence lifetime is the average time a fluorophore remains in the excited state following
the excitation.

The local environment around an emitter largely influences the spontaneous emission
rate, and therefore modifies the lifetime of the excited state transition to the ground
state. The change in this lifetime is critically influenced by the radiative decay routes
(causing a photon emission), and by the non-radiative decay mechanism (such as energy

dissipation into the local environment) [40].

The intrinsic quantum yield of an emitter in homogenous medium is defined as: ¢ =

Frdriﬁﬂ, where T',.,4 is the radiative decay rate and I';,, is the non-radiative rate.
Ta nr

. . r r
The presence of a nanostructure modifies the quantum yield as: ¢* = 2t = —red——.
tot rad nr

loss

In addition to the modified radiative rate, the presence of nanostructure introduces an

extra decay route, i.e I'; __ due to the metallic losses .

Following the Fermi’s Golden rule, the transition probability (also called decay prob-
ability) per unit time from the initial state |i) to a set of final states |f) is given by
[41]:

2
Py = 7 M ple)

where Mjs is the transition matrix element between the molecular states, and p(w) de-
notes the local density of optical states (LDOS). In absence of an incident field, and
without any preferred dipole orientation, the transition matrix element in free space
(averaged over all direction) is given by: |Mi* = |p|* hw/6e,, where p = - e (i|r| f)
represents the dipole moment associated with the electronic transition. Local density of

optical states (LDOS) in free space is given by: p(w) = w?/m2c?
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As we discussed, the presence of a nanostructure significantly modifies the LDOS by
changing the radiative rate and by adding an extra route of de-excitation via losses.
If the plasmon resonance of the nanoantenna has significant spectral overlap with the
emission frequency of the emitter, the LDOS depends upon the excitation probability
of the plasmonic resonance (Aes), and thus the ratio of radiative rate of the emitter in
the presence of nanoantenna (I'; ;) and the same without a nanoantenna (I';.q) takes
the form of [42]:

Dy 3 [Ael
Lroq 472 | 03V

where L represent the quality factor, V being the mode volume and n is the refractive
index of the medium. Moreover, in order to achieve strong modification in the sponta-
neous emission rate with minimum perturbation in the non radiative rates, the following

criterion must be met while designing the nanoantenna:

e tailored antenna geometry to have plasmon resonance in the region where dissipa-
tion losses are minimum and ensuring higher order plasmon modes are separated

from the dipolar one,

e clongated plasmonic structures (such as rod-geometry) are preferred over spherical

particles in-order to benefit from strong near field enhancement at the sharp tips,

e adjusting the orientation of the emitter with respect to the electric dipole moment

of the nanoantenna, and

e choosing the antenna’s mode volume such that the radiation is stronger than the
absorption.

Further, if £ be the light collection efficiency of the system and ¢ = S 7

Frad+2 Fnr FtOt

describes the quantum yield of the dye, then under steady state excitation, the detected

count rate per molecule is given by [43]:

k¢UIeXC (1 . 1)

Q= P07exc
1 + IeXC/Isat

Ftot
7 (1+Fisc /th )

At low excitation regime, the detected count rate is proportional to the collection effi-

where, I, denotes the saturation intensity and is given by

ciency and the quantum yield and has linear dependence with the excitation intensity.

Thus the Equation 1.1 further simplifies to:

Q = kgbo’[exc [[exc << Isat]
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However, at excitation power exceeding the saturation intensity, the fluorescence count
rate does not scale linearly with the excitation intensity, but depends only on the radia-

tive rate and the collection efficiency, which is represented as:

Q = kd)o-]-sat [IeXC >> Isat]

Higher excitation intensity is not favored in the field of fluorescence microscopy and
spectroscopy as bio-molecules, cells and tissues are extremely sensitive to the environ-
ment we expose them to. Throughout this thesis, we work in the regime where excitation
intensity is well below the saturation level of the dyes. As the experiments are performed
with molecules diffusing in solution, it is safe to assume that the fluorophore’s absorption

cross section is unchanged with the presence of nanoantennas.

Finally, the fluorescence enhancement factor is estimated as:

brightness per molecule with nanoantenna (Q*)

fluorescence enhancement =
() brightness per molecule in open solution (Q

_ R e

Tk ¢ L
=Nk N Moye

conf )

Thus in the regime below saturation, the gain in fluorescence signal in proximity of the

nanoantenna is mainly due to the:

e highly directive emission which increases the collection efficiency of the system,
e increased quantum yield of the emitter, and

e enhanced local field contributing to the high excitation efficiency.

All these three factors can be independently or collectively tuned by proper choice of
nanoantenna structure or fluorescent dye. And an increase in any of these quantities
will contribute to an enhanced fluorescence count rate. For optimal enhancement in
fluorescence signal, along with the local excitation enhancement, it is also necessary to
have enhancement in the quantum yield of the dye. Therefore, high enhancement factors
can be expected with dyes having low quantum yields. Designing a nanoantenna whose
resonance overlaps both the excitation and emission wavelength results in very high

photon count rates.
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1.4 Emerging nanostructures and biophotonic applications

After the discussion on optical nanoatenna concept and design rule optimization, in
this section we summarize various nanophotonics strategies designed to isolate a single-
molecule from a crowded background molecules present within the diffraction-limited
detection volume. Various nanoantenna geometries and their applications in the context

of enhanced florescence spectroscopy will be discussed.
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FIGURE 1.5: Zero-mode waveguides for enhanced fluorescence detection. (a)
Scanning electron microscope image of circular nanoapertures milled in gold films. (b)
Near field intensity distribution on a 120 nm diameter gold aperture with 633 nm ex-
citation wavelength [48]. (¢) Observation volume measured as the function of aperture
diameter. The right axis shows the concentration required for single-molecule sensitivity
[50]. (d) Nanoaperture enhanced single-molecule enzymology [47]. (e) Scanning electron
microscope image (tilted view) of cross-sectional cuts of the nanoapertures. Cell mem-
branes are outlined by the orange line and aperture locations have been circled in yellow.
Cell membrane spanning a nanoaperture dips down (black arrow), indicating membrane
invagination [52]. (f) Normalized correlation functions obtained for the FL-GM1 gan-
glioside lipid analog, demonstrating a significant reduction of the diffusion time within
the 150 nm nanoaperture [52, 53]. The inset cartoon depicts the cell invaginating into
a subwavelength aperture.

The efficient control, visualization and manipulation of optical fields at the nanoscale
provides various opportunities with board applications ranging from biosensing, photo-
voltaics to single-molecule spectroscopy, and investigating membrane dynamics in living
cells [44, 45, 46]. The scientific field of nanophotonic enhanced fluorescence was pioneered

in 2003 by the groups of Harold Craighead and Watt Webb by using a single nanometric
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aperture milled in an opaque metallic film to confine light below the diffraction limit [47].
These nanometric apertures can be easily fabricated in Au- or Al-films using FIB, which
uses a focused beam of ions (usually gallium ion) to create desired nanoscale features by
etching/ablating surfaces. Figure 1.5a shows SEM image displaying arrays of nanoholes
milled in gold films with increasing diameters. As the aperture diameter is below half
of the optical wavelength, the light does not propagate though the aperture and evanes-
cently decays within a few tens of nanometer inside the nanoaperture (see near field
simulation in Figure 1.5b), which are therefore called as zero-mode waveguides (ZMW).
The near field intensity distribution shown in (b) considers a 120 nm water-filled gold
aperture illuminated at 633 nm [48]. The nanoaperture acts as pinhole in the sample
plane as thus provides detection volume in the attoliter (1078 L) range which is around
three-orders of magnitude smaller than the diffraction-limited confocal detection volume
[50, 51]. This confined detection volume allows molecular concentration in ~1 M range

for single-molecule isolation (see Figure 1.5¢).

Levene et al have demonstrated arrays of ZMW with single molecule sensitivity at mi-
cromolar concentration for enhanced single-molecule enzymology application (see sketch
in Figure 1.5d). Using nanoapertures with 43 nm diameters, DNA polymerase was mon-
itored at 10 uM concentration [47]. These simple-to-fabricate apertures have also been
demonstrated to monitor real-time single molecule DNA sequencing [25], and to in-
vestigate sub-diffraction membrane dynamics in living cells [52, 53]. Figure 1.5e shows
cell membrane spanning over arrays of nanoaperture. The dip down (black arrow) in-
dicates membrane invagination into the nanoapertures. The reduced illumination area
with ZMW was then used to study the diffusion dynamics of membrane lipids (Fig-
ure 1.5f). The inset in f shows the cell invaginating into a subwavelength aperture as

seen in SEM image in Figure 1.5e.

However, the fluorescence enhancement factors in ZMW'’s remain weak due to the lack
of intense field localization and also the fluorescence quenching becomes dominant for
aperture with diameters less then 100 nm, resulting to near unity signal-to-noise ratio
[54, 55]. Plasmonic nanostructures with sharp tips sustain high local electromagnetic
intensities stemming from a combination of lightning rod effect, local surface plasmon

resonance and coupling between single emitters.

Figure 1.6 summarizes the applications of gold-nanorod structure for achieving higher
field localization along with high signal-to-noise ratio [13, 18, 56, 57]. Using these sim-
ple nanorod structures (length ~50 nm and width ~25 nm), enhancement factors over
1000-fold were reported for an emitter with low quantum yield (CV molecules with
2 % quantum yield). Figure 1.6a shows representative fluorescence time trace for CV

molecules diffusing in solution and recorded with a gold nanorod (green) having SPR at
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FIGURE 1.6: Gold nanorods for fluorescence enhancement and single-
molecule detection. (a) Typical fluorescence time trace of CV molecules diffusing
in a glycerol solution recorded with a gold nanorod (green) and the background fluo-
rescence with no nanorod present (red) [18]. (b) Strategy for protein anchoring onto
the model lipid bilayer for gold nanorod enhanced fluorescence experiments [56]. (c)
A single gold nanorod interacting with a single light-harvesting complex yields strong
fluorescence enhancement. The enhanced fluorescence brightness per molecule is then
exploited to recorded the first photon antibunching of a single light-harvesting complex
under ambient conditions [13]. (d) Gold nanorod for optical detection of single non-
absorbing molecules. A single gold nanorod is functionalized with biotin and is intro-
duced to an environment with the protein of interest. Binding of the analyte molecules
to the receptors induces a redshift of the longitudinal SPR and is monitored at a single
frequency using photothermal microscopy. The graph displays the magnitude of SPR
change as a function of molecular weight of the protein. The solid lines represents the
DDA calculations of the SPR red shift for purely refractive proteins, calculated for two
different protein conformations on the surface of the gold nanorod [57].
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629 nm and excited at 633 nm. The background signal without the nanorods (displayed
in red) is flat around the zero intensity [18]. These nanorods were also demonstrated
to enhanced FCS experiments with high quantum yield dyes in model lipid bilayers
(sketched in Figure 1.6b). The enhanced FCS curves were computed after filtering the
single-molecule burst events on the basis of their shortened lifetime in the presence
of the nanorod. This strategy was shown to enhance the correlation contrast in FCS

experiments by more than an order of magnitude [56].

Further, tuning the nanorod length in resonance with single light-harvesting complex 2
(LH2 with Aeze = 800 nm; and Aeze = 870 nm), Wientjes et al have recorded the
first photon antibunching of a single light-harvesting complex under ambient conditions.
Figure 1.6c shows the fluorescence time trace from single unenhanced LH2 complex
(top), and the same from an enhanced LH2 complex (bottom). The on-off blinking to
a near-zero background level confirms that the emission stems from a single complex.
Fluorescence enhancement factors over 500-fold were reported using LH2 complex having

~10 % intrinsic fluorescence quantum efficiency [13].

Apart from enhanced fluorescence experiments, gold nanorods have shown their poten-
tials in detecting non-absorbing molecules based on the local changes in the refractive
index producing a resonance shift. Figure 1.6d shows the experimental strategy with a
single gold nanorod functionalized with biotin which is then introduced into an envi-
ronment with the protein of interest. Binding of the analyte molecules to the receptors
results a redshift of the longitudinal SPR which is monitored at a single frequency using
photothermal microscopy [57]. Black dots in Figure 1.6d shows the magnitude of the
biggest two steps in photothermal time traces (showing single-molecule binding events)
as a function of molecular weight of the protein. Calculations based on Discrete-dipole
approximation (DDA) of the SPR red shift for purely refractive proteins, calculated for
two different protein conformations on the surface of the nanorod are displayed in solid
lines. Gold nanorods can easily be mass produced using wet chemistry synthesis, and
thus hold promise for many biologically-inspired experiments where analyte concentra-

tion can not be arbitrarily diluted.

In order to extend the applications of plasmonic nanoantennas, tuning the plasmon
resonance of the nanostructure while simultaneously preserving the localized and en-
hanced near field is crucial. To this extent, nanoscale patch antenna concept has been
put forward [58, 59]. Figure 1.7a shows the schematic of the plasmonic nanopatch an-
tenna, consisting of a silver nanocube (colloidally synthesized with diameter 65-95 nm)
dispersed over a 50 nm gold film and separated by a fluorophore-coated spacer layer
with varying thickness from 5-15 nm. This sandwich configuration produces the sub-

10 nm gaps and have been demonstrated to achieve high Purcell factors in plasmonic
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FIGURE 1.7: Plasmonic nanopatch antenna for large Purcell enhancements.
(a) Schematic of a plasmonic nanopatch antenna: silver nanocube situated on a gold film
separated by a 5-15 nm spacer layer containing a fluorescent material. Schematic cross-
section of a film-coupled silver nanocube showing the simulated fundamental plasmonic
gap mode showing that dominant component of the gap electric field is in the vertical
(z) direction and is largest near the corners of the nanocube. Transmission electron
microscopy image of a representative single silver nanocube is shown in bottom left of
(a). The scale bar is 50 nm. (b) Measured and simulated time-resolved Ru dye emission
for four gap thicknesses demonstrating the gap thickness dependence of spontaneous
emission rates [58].

nanoantennas. Figure 1.7b shows the measured (colored dots) and simulated (black cir-
cles) time-resolved Ru dye emission for different gap thicknesses (nominal being 5 nm).
This nanoscale patch antenna geometry have been shown to have large emission rate
enhancement, high radiative efficiency, and directionality of emission. These properties
have been further exploited in the context of enhanced fluorescence [59] and enhanced

Raman scattering experiments [60].

Figure 1.8a shows the bowtie nanoantenna to enhance single-molecule fluorescence from
dyes diffusing within the nanogap. Large scale fabrication of bowtie nanoantenna was
achieved by e-beam lithography. This technique uses a focused electron beam to pattern
custom shapes with nanometric features on an electron-sensitive resist (such as PMMA
over a silicon wafer). The e-beam exposed resist is then developed by immersing into
a solvent that allows selective removal of either the exposed or non-exposed regions of
the resist. This eventually creates small structures in the resist which are subsequently
transferred to any substrate. Gold bowtie nanoantenna with 10 nm nominal gap size
were reported to produce over 1000-fold fluorescence enhancement using an emitter
with intrinsically low, ~2.5% quantum yield (TPQDI molecules indicated by black ar-
rows, doped in PMMA layer in light blue). In addition, emission decay times as short

as 10 ps were observed for molecules diffusing through the nanogap region [19]. As a
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FIGURE 1.8: Bowtie nanoantenna and DNA origami for large single-
molecule fluorescence enhancements. (a) Scatter plot of single-molecule fluores-
cence brightness enhancement for 129 nanoantenna as a function of bowtie gap size.
Inset shows the schematic of bowtie nanoantenna (gold) coated with TPQDI molecules
(indicated by the balck arrows) in PMMA (light blue) on a transparent substrate [19].
(b) Single-molecule fluorescence trajectory for a DNA origami based dimer nanoantenna
(black line) and for a DNA origami structure without nanoparticles (red line) obtained
using 10x more excitation intensity. The inset shows a sketch of the DNA origami
optical nanoantenna with two 100 nm Au nanoparticles with an overall interparticle
distance being 12 to 17 nm [61].

powerful alternative, the DNA origami method is used to achieve exquisite nanofabri-
cation control for both the self-assembly of nanoparticles into complex antenna design
to localize the desired target molecule in the antenna hotspot [20]. Figure 1.8b shows a
representative single-molecule fluorescence time trace for Atto647N molecules recorded
with a DNA origami with ~12 nm nominal gap size (black traces). The same acquired
with 10x excitation power but without the gold dimers is also displayed in red for direct
comparison. Experiments performed NiCl, as the chemical quencher have been reported
with fluorescence enhancement factors over 5000-fold, and single-molecule sensitivity at

25 uM fluorophore concentrations [61].

A specific requirement for the detection of fluorescent molecules in solution at high
concentration is the rejection from the background signal from molecules a few tens
of nanometer away from the plasmonic antenna, yet within the confocal detection vol-
ume. At the targeted concentrations of several micromolar, the number of non-enhanced
molecules in the confocal volume can reach several thousands, and their collective flu-
orescence signal can severely outshine the signal from an individual molecule enhanced
by the plasmonic hotspot. Current approaches mostly exploit the low quantum yield of
the emitters diffusing through the hotspot to increase the contrast between the detected
molecule and the background. More recently, innovative nanoantenna design termed
“antenna-in-box” combining a central nanogap antenna together with a metal cladding

layer has shown great potential, enabling single molecule operation at concentrations
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FIGURE 1.9: Planar “antenna-in-box” platforms with single-molecule sensi-
tivity at physiological expression levels. Planar optical nanoantennas yield giant
single-molecule fluorescence enhancements for molecules diffusing in solution (a) and
for investigating lipid diffusion dynamics in the plasma membrane of living cells (b)
[62, 64]. The ultra confined volumes (in 20 zL range) are brought to the surface of the
nanostructure with an innovative nanofabrication technique that applies planarization,
etch back and template stripping to expose the excitation hotspot at the surface. The
inset in b shows the FDTD simulations of the electric field intensity profile within a
10 nm gap “antenna-in-box” illuminated at 633 nm. The colorscale indicates the en-
hancement of the local excitation intensity.

above 25 puM. The central nanogap provides the extreme localization of the incident
electromagnetic fields, while the surrounding box-aperture screens the fluorescence sig-
nal preventing the excitation of background molecules diffusing away from the nanogap.
This structure was investigated during the course of this PhD project, and as we progress
into the thesis we will discuss in detail in Chapter 5 and Chapter 6. Figure 1.9a summa-
rizes the fluorescence enhancement factors achieved with FCS on planar optical nanoan-
tenna for molecules diffusing in solution [62]. We further exploited these planar nanoan-
tenna platforms to investigate model lipid membranes and plasma membranes in living
cells with high spatial and temporal resolution [63, 64]. Figure 1.9b displays the planar
antenna-in-box concept for live cell nanospectroscopy and we will discuss this project in
Chapter 6.

In general, the nanoantenna or nanoapertures based single-molecule approach is realized:
(i) by limiting the light-exposed sample region as in the case of zero-mode waveguides
where nanometric circular apertures with diameters slightly smaller then 100 nm are
used to achieve reduction in detection volumes, or (ii) by enhancing the local excitation
intensity in extremely localized hotspots through resonant plasmonic interaction which

yields both volume reduction and very high fluorescence count rates. Importantly, the
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“antenna-in-box” design benefits from both of these features and thus ideal for single-

molecule experiments at near-physiological expression levels.
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FIGURE 1.10: Fluorescence enhancement factors summarized for different
nanophotonics approach. Comparison between different approaches to confine light
and enhance fluorescence. The fluorescence enhancement factors are estimated for an
emitter with 2% quantum yield. The upper threshold in both the axis accommodates
the results published until the start of this PhD project (see Roadmap article [7]). As
we will see in the upcoming Chapters, higher figure of merits have been achieved.

Figure 1.10 summarizes various nanophotonics approaches for enhanced single-molecule
fluorescence detection. Various structures such as single aperture, aperture arrays, bowtie
structures, double nanoholes structures have been widely used for enhanced single-
molecule fluorescence detection [7, 48, 49, 50, 51, 65, 66]. While specific design must
be found for the plasmonic antennas (as per desired experiments), their integration into

microscope apparatus, the nanofabrication itself is another great challenge.

Classical top-down techniques like electron-beam lithography or focused ion beam milling
have made decisive contributions in the development of nanophotonics, yet they are both
expensive to run and slow in throughput. Bottom-up self-assembly or stencil nanolithog-
raphy offer alternative strategies to overcome these limitations. Nanostructures such as
spherical gold nanoparticles, nanorods, or dimer geometries (such as DNA origami) pro-

vides nanofabrication control with relatively simple designs [22, 44, 67].

While metals provide nanoscale localization of intense light fields, resistive heating losses

in metals can simultaneously severely limit the performance of plasmonic antennas due to
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non-radiative energy transfer from the molecule to the metal. This fluorescence quench-
ing phenomenon critically depends on the molecular distance from the metal as well
as the fluorescence emission spectra position respective to the nanoantenna mode reso-
nances. Therefore, a balance must be found to maximize the net fluorescence enhance-
ment. In Chapter 4, we will demonstrate a powerful alternative dielectric nanogap an-

tenna for enhanced single-molecule fluorescence detection [68].

1.5 Summary

The recent achievements of plasmonics and nanophotonics enable to overcome the diffrac-
tion limit and confine the light towards dimensions similar to the size of a single molecule.
These promising new techniques pave the way to bring single-molecule microscopy into
a new dimension of molecular concentration reaching physiological conditions close to
the native environment of the living cell. A huge number of proteins and enzymes which
were only monitored using ensemble measurements can now be investigated with sin-
gle molecule resolution to reveal sample heterogeneity, sub populations and dynamic
disorder. Applying plasmonics and nanophotonics to single-molecule detection at high
concentrations holds great promises to reveal new insights on biological functions and

dynamics.






Chapter 2

Fluorescence correlation
spectroscopy and time correlated

techniques

This chapter starts with the discussion on the principle and theoretical background of
confocal FCS and time-correlated single-photon counting technique. Further, the exper-
imental setup used during the course of this PhD will be detailed. And finally a short

summary on nanoantenna mediated FCS and the decay mechanism will be presented.

2.1 Fluorescence correlation spectroscopy (FCS)

FCS is a powerful solution-based single-molecule technique widely adopted for studying
dynamics and bio-molecular interactions [43, 69]. Monitoring the fluorescence fluctuation
of the molecules continuously moving in-and-out of the illumination spot, gives us the
information about the dynamic molecular properties at a single molecule level which
are otherwise hidden in ensemble averaging. As FCS relies on the intensity fluctuation
of molecules freely diffusing in solution, this technique is less prone to photophysical
damages introduced by the excitation source when compared to the single molecule
experiments performed with fixed dyes. Although being first purposed in 1972 by Madge,
Elson and Webb [70], until recently the applications were restricted to solutions with
ultra low sub nanomolar analyte concentration [43, 69, 71]. As we progress into this
thesis, we will demonstrate that using nanoantenna (or nanoapertures), it is now possible
to follow single-molecule dynamics at high physiological concentrations with very high
SNR.

25
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As shown in Figure 2.1a, FCS uses the information about the fluctuation of the fluores-
cence signal form the molecules diffusing in-and-out of the confocal volume to compute
the temporal auto-correlation function (Figure 2.1b). The continuous diffusion is gov-
erned by random Brownian motion and so apart from yielding a direct measure of the
molecular interactions at cellular level, it also contains the information about the dynam-
ics of single molecules such as diffusion behaviors, chemical reaction rates, hydrodynamic
radii and so on. All phenomenon affecting the fluorescence intensity with time should

be detectable using FCS.
Relationship between fluorescence fluctuation and average particle number:

The number of randomly diffusing molecules in the confocal volume at any time is
governed by Poisson distribution, thus the property of randomly distributed process

yields the sample variance as:

(5N)? = (N) (2.1)

Intensity

N = number of molecules

1/N t, = diffusion time

diff

Correlation amplitude
|

0.001 0.01 0.1 1 10 100
Lag time (ms)

~0.5um?

FIGURE 2.1: Principle of fluorescence correlation spectroscopy. (a) The ex-
citation beam is focused in a solution containing fluorescence molecules diffusing in-
and-out of the confocal illumination spot (typical volume 0.5 ym?) governed by the
Brownian motion. The fluorescence intensity fluctuations are recorded with time and
the temporal auto correlation of intensity at time t is computed with the same after a
certain time delay (t+7). (b) The resulting correlation amplitude indicates the average
number of molecules present within the illumination volume and the roll off time in the
correlation curve indicates the mean translation diffusion time.

As the fluorescence intensity (not fluctuations but the mean intensity) is directly pro-

portional to the number of molecules, defining « as a proportionality constant we can
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write:

(F) = a(N)
And, ((6F)%) = a® (§N)?
=a?(N) [Using Equation 2.1]

Thus, normalization of the above equations:

((6F)%) 1

(F)? (N)

It is worth noting that apart from fluorescence intensity (F), another physical parameter,
i.e. concentration (C) is also directly proportional to the number of particles (N) and
follows the same relation:

<(5F)2> <(5C’)2> <(6N)2> 1

B0 e W) (22)

The above equation describes relationship between intensity fluctuations and average
number of particles by incorporating the average intensity value, (F') which can be

easily measured.
Deriving the correlation amplitude:

Under constant excitation power, the fluorescence fluctuations can be defined as the

deviation from the temporal average of the signal,

Considering a system in equilibrium, let us now describe the dynamics of the fluorescence
dye in single-molecule level by 5(JqC (7, t)) that includes the fluctuation in molecular
absorption cross-section (d0), quantum yield (d¢g) and the same in the local particle
concentration §C(7, t). Owing to the fact that the fluctuations arise only form the change

in local concentration within the focal volume, the variation in fluorescence signal can
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be written as:
SF(E) = & /V Lwcl?) S(7) (0 ¢ C(.1)) AV (2.3)

where k denotes the detection efficiency, S(7) is the optical transfer function, and I, ()

describes the spatial distribution of the excitation energy with Iy maximum.

The above equation can be simplified by defining a new convolution function: W (7) =
Ierc(F) /1o * S(7), that incorporates the two dimensionless spatial optical transfer func-
tions. W (7) describes the spatial distribution of the emitted light which is usually ap-
proximated by three-dimensional Gaussian function, that decays to 1/e? at rq in lateral
direction and at z = zg in axial direction. Mathematically this is represented as:

—92 (EQEyQ) -2 2

W(r)=e e

N‘N

ony

Further introducing a parameter 1 = Iy x o ¢ that describes the photon count rate per

molecule per unit time, the Equation 2.3 can be now rewritten as:
- / W () 6(n C(7, 1)) AV (2.4)
v

The temporal auto correlation of the fluctuation in signal with a certain lag time (7) is
defined as:

(OF (£) SE(t + 7))

(F(t)?
_ JIw@WE) (6(nCr1))d(n Ot + 7)) dVdV”’

([W(F (5(nC(F 1)) dv)?

g(r) =

[Using Equation 2.4]
Further, the fluctuation term can be separated as:
§(n C(7,t)) = Cén+ néC

Under the condition that the fluorophore property is not changing within the measure-

ment time (i.e. 0n = 0 ), the auto correlation equation simplifies to:

[ W(FAW (') (§C(7,0)8C(F )) AVdV'
((C) fW(Rav)?

g(t) =

If we consider only the particle freely diffusing in 3D with diffusion constant (D), then

the number density auto correlation term in the above equation i.e. (§C(7,0) 6C(F; 7))
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can be replaced by (C) W e

Thus g(7) reduces to:

F—)?
ff W(F)W(F/) <C> m 67( 4DT) dvav’

9(7) 2
((C) Jw(r)dV)
7—7)2
11 [[WAWE) e e dvdy? 05
(C) (4nD7)~%/? (fW(Fav)? '
Tp 1s the lateral diffusion time which represents the time period a molecule spends in

the illumination confocal volume, and is related with the diffusion constant as:

And the effective confocal volume (Vg) is defined as:

s UJw@av)®
T TwWrEm Ay
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Replacing these values of 7, and Veg in Equation 2.5, we get the auto correlation

function for freely diffusing molecules as:

B 1 1 1
9(7) = (C)Veg 1+ (1/7) \/1 + (ro/2:)2(7/7p)
1 1 1
<N>1+(T/7'D) 1—1—32(7'/7']3)

where (V) = (C) Vg is the average number of molecules within the confocal volume and
s = ro/z, denotes the ratio of transverse to axial dimension of the detection volume.
Thus, as the values of ry and z3 can be deduced from the calibration measurements,
the amplitude of correlation at zero lag time gives us information about the particle

concentration: g(0) = <Tlv>

Finally, similar to the correlation coefficient between the fluctuations, the definition

of the correlation coefficient of the intensity at time t and the intensity at some time
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interval 7 later follows the same definition:

(F(t)F(t+71)) 14 (0F(t)0F(t+ 1))

(F@)* (F(1)”
g ! ! (2.6)
(N 1+ (7/7) 1+ 2(7/mp)

G(r) =

It is important to recall that the equation derived was based on the assumption that
the molecule’s fluorescence properties are not changing while it crosses the illumination
focus (i.e. on = 0 ). However for most of the fluorescence experiments (usually at high
fluorophore concentrations and for high excitation power), the dye tends to have tran-
sition to first excited triplet state appearing to be in dark state before finally going to
ground state, eventually interrupting the fluorescence emission. Describing the triplet
transition by a simple exponential decay, and defining (B) as the background noise, N
the amplitude of dark state population, and 73, as the blinking time of the dark state,

we can now rewrite the correlation amplitude as:

Gr)=1+ <zif> <1 - @)2 [l T e_ﬂ 1+ <i/TD> 1+ 312<T/TD>

[3D random diffusion] (2.7)

The last term in the above equation is know as the motility-term and is strictly for a case
of three dimensional Brownian motion. However the mobility of particles in case of lipid
bilayers (model membranes or in plasma membranes of living cells) is more accurately
described by a 2D Brownian diffusion model and thus the correlation amplitude takes

the form of:

[2D membrane diffusion] (2.8)

Using these equations (Equation 2.7 and Equation 2.8), various investigations such as
diffusion analysis, concentration measurements, studying conformational changes and
molecular interactions can be readily carried out with FCS technique [72, 73]. The con-
focal illumination volume (~0.5 fL) is larger than the dimension of single molecules
~b nm, thereby restricting FCS in early days to solutions with ultra low analyte con-
centrations as reliable fluctuation could only be observed in presence of fewer molecules.
When the focal spot contains a large population of molecules, then those leaving and

entering the illumination volume do not have significant fluctuation in the intensity time
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trace, making it difficult to analyze and interpret it. Further details on nanoantenna me-
diated FCS will be detailed at the end of this chapter. And in following chapters, we
will demonstrate how engineering nanostructures with different shapes and sizes, single-
molecule resolution at very high fluorophore concentrations is readily achievable with
FCS. Apart from single molecule sensitivity, nanoantenna-FCS has an additional advan-
tage of high temporal and spatial resolution (with confined electromagnetic hotspots),
which will be further exploited to explore the plasma membrane architecture in living

cells.

2.2 Time correlated single-photon counting (TCSPC)

TCSPC is a time domain technique based on the detection of single photons. This tech-
nique is capable of recording low level light with extremely high temporal (usually few
ps) resolution. The immediate applications are in fluorescence lifetime measurements,
fluorescence resonance energy transfer (FRET) experiments and fluorescence lifetime

imaging (FLIM) [74, 75, 76].

The technique requires a pulsed excitation source with high repetition rate. After each
pulse of excitation, the excited state electrons decay back to the ground state with a
certain rate that incorporates all possible decay pathways either radiative (I';) or non
radiative way (I'y,). Fluorescence and phosphorescence are radiative pathways while
transition like inter-system crossing and internal conversion are non radiative decay
mechanism. The rate of de-excitation of the electrons ultimately depends upon the nature
of excited state. Fluorescence lifetime is the average time a fluorophore remains in the
excited state following the excitation. Mathematically, fluorescence lifetime (7) is defined

as:

1
Ty + > Loy T,

T

ot

As the arrival times of single photons at the detector follows a Poisson distribution,
fitting the number of detected photons vs gives the excited state or fluorescence lifetime
information. Since fluorescence lifetime of molecules near nanoapertures can be as short
as few ps, the sampling time has to be at least 10x faster than the expected decay
time to be measured. TCSPC instruments make it possible having ps time resolution
otherwise it is impossible to get such resolution with any analog photon counters. The
data acquisition is extended over multiple cycles with the pulsed excitation, and from the

data collected over many cycles, a single decay profile (exponential fit) is constructed.
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Ideally, the exponential decay governed by S(t) = A.exp(—t/T) gives the information

about molecular fluorescence decay dynamics.
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FIGURE 2.2: TCSPC technique for fluorescence lifetime analysis. (a) TCSPC
technique is a fast stopwatch with two inputs. The reference pulse starts the clock,
and is stopped by the signal pulse originating from sample. (b) The time measured for
one such start-stop measurement is then stored by an increase of count in a histogram.
The measurement is carried out over a large number of such cycles and the final signal
waveform /histogram is efficiently reconstructed by determining the arrival times of the
photons, and counting them in several time bins with respect to the excitation pulses.

The high repetition rate (assured by pulsed excitation) and low level signal intensity is
required to make sure that the probability of detecting more than one photon in one
signal period is negligible. Based upon the photon arrival time relative to a reference
pulse (Figure 2.2a), a corresponding histogram is build up. As depicted in Figure 2.2b,
the final histogram is actually a distribution of the photon arrival probability. As the
condition of single photon probability is ensured, the collective set of registered photons
over multiple cycles essentially represents the decay profile one would have obtained

from a single shot time-resolved analog measurement.
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2.3 Experimental setup: FCS and TCSPC

Institut Fresnel, Marseille

The fluorescence experiments are carried upon an inverted confocal microscope. The
schematic diagram of the experimental system (FCS and TCSPC) is shown in Figure 2.3.

And the optical setup can be broadly divided into two main subsystem as:

e Excitation path with microscope and sample stage, and

e Detection subsystem with correlator and TCSPC electronics.

single mode /2
fiber PBS

ps laser

diode
diaphgram

microscope

APD objective 40x NA 1.2

spectrometer

TCSPC board ]

|corre|ator

FIGURE 2.3: Schematic of the experimental techniques (FCS and TCSPC)

The setup is equipped with two beam source (on being continues wave and the second

being a pulsed laser). Both the lasers share same focal point at the objective as ensured

by a single mode fiber for perfect spatial overlap. A high NA (1.2) 40x objective is at

the heart of the optical setup. The sample stage is computer controlled piezo-stage and

the fluorescence is filtered by a pinhole and a set of bandpass filters just before a pair
of detectors.

2.3.1 Excitation arm with microscope and sample stage

Linearly polarized HeNe laser is used as an excitation source at 633 nm for all FCS
experiments and a picosecond laser diode operating at 636 nm (Pico-Quant LDH-P-635,

repetition rate 80 MHz) for fluorescence lifetime measurements. A single mode fiber
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(Thorlabs P3-630A-FC-5) ensures spatial overlap between two different laser sources
hence following same optical path for excitation same focal spot in objective focus for
fluorescence spectroscopy and lifetime measurements. The excitation power is controlled
by the half-wave plate just before the polarizing beam splitter. The beam is then focused
onto the sample plane with a high 1.2 NA water-immersion objective from Zeiss (40x)

customized with a three-axis piezoelectric stage.

2.3.2 Detection subsystem with correlator and TCSPC electronics

The emitted fluorescence is collected in epi-detection mode using a dichroic mirror
(Omega Filters XF2072) designed to work at an incidence angle of 45° reflecting ex-
citation laser and transmitting only the fluorescence. A 30 ym pinhole in the detection
path rejects the off-focal signal and sets the 0.5 fL. confocal detection volume. The signal
is then divided using a 50/50 beam-splitter, screened by 670 + 20 nm bandpass filter
and is finally fed into two avalanche photodiodes (PicoQuant MPD-5CTC: dead time
of 50 ns and active surface of 50 pum). The temporal fluctuations of the fluorescence
intensity are then analyzed with a hardware correlator (Flex02-12D/C, correlator.com,
Bridgewater NJ) with 12.5 ns minimum channel width which computes the second order
correlation. During the FCS experiments, both the fluorescence signal and the calculated
correlation curve are displayed simultaneously on the computer screen, thereby facilitat-
ing adjustment and control of the experimental setup and conditions. The characteristic
time and the number of molecules responsible for the fluctuation in the signal is derived
by fitting the analytical expression represented in Equation 2.7. For fluorescence lifetime
measurements, one of the photodiode output is sent to a fast time-correlated single pho-
ton counting module (PicoQuant PicoHarp 300). The characteristic fluorescence decay
dynamics is then analyzed using the exponential decaying probability distribution as

described in earlier section.

FCS experimental setup at ICFO, Barcelona

The FCS experiments on living cells (Chapter 6) were performed in ICFO, Barcelona
with a commercial MicroTime 200 setup equipped with an inverted confocal micro-
scope (Olympus 60x, 1.2 NA water-immersion objective). A three-axis piezoelectric
stage (PhysikInstrumente, Germany) allows to select individual nanoantennas and lin-
early polarized light at 640 nm from picosecond laser diode (Pico-Quant LDH-D-C-640)
in continuous wave mode is used as an excitation source. The emitted fluorescence sig-
nal is collected in epi-detection mode through a dichroic mirror and the signal is split

into two avalanche photodiodes (PicoQuant MPD-50CT). An emission filter and a band
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pass 650-690 nm filter just before each detector eliminate the scattered light by the
excitation laser. A 30 pum pinhole in the detection arm yields 0.5 fL. confocal detec-
tion volume at the sample plane. The fluorescence time traces are recorded on a fast
time-correlated single photon counting module in the time-tagged time-resolved mode
(PicoQuant MPD-50CT) and the correlation amplitudes are computed with the com-

mercial software package SymPhoTime 64.

2.4 Nanophotonics enhanced fluorescence correlation spec-

troscopy

Considering the fact that the smallest possible volume attainable in any confocal system
is set by the diffraction barrier to 0.2 fL. at best, it limits the maximum concentration at
which the technique can operate within nanomolar to few picomolar range. Use of nano-
metric apertures (or nanoantennas) squeezes excitation light in sub-diffraction limited
volumes, making it possible to shine light only on a few (or even one) molecules at a
time. In addition to the characteristic diffusion time and the mean number of molecules
within the illumination volume, FCS can be used to compute fluorescence count rate

per molecules (also called brightness per molecule).

As discussed in the earlier Chapter (Section 1.3), the enhancement factor () is defined
as the ratio of the brightness per molecule in presence of a nanoantenna (or aperture)
to the same in open solution in confocal illumination. Thus at a fixed excitation power,

the fluorescence enhancement factor is computed as:

_ brightness per molecule with nanoantenna (Q*)

fluorescence enhancement (7, )

~ brightness per molecule in open solution (Qon)

where Q (or Q*) = %. The total fluorescence (F), background signal (B), are

directly taken from experiment as measured by single-photon counting devices and the
average number of molecules (N) is deduced from the correlation amplitude G(0) (at
zero lag time) which is computed by numerically fitting the data to the model given by
the Equation 2.7.

As FCS is a statistical technique, noise is an important limiting factor. Thus proper
estimation of the signal-to-noise ratio helps largely in more accurate analysis of the
data, and also enables optimization of the experimental design. Apart from the shot
noise (resulting from the quantum nature of light), the stochastic nature of the signal

fluctuation process also contributes to the noise in FCS. Following the work of Koppel
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[77], it is shown that the SNR in FCS does not depend on the total fluorescence but on
the brightness (also know as the count rate) per molecule (Q). This parameter is related

with the total experiment acquisition time (7,

tor) and the correlator’s minimum channel
width (A7) and follows the relation [77, 78]:

SNR o< Q4/ T} AT

Considering the case when N >> 1 (large number of molecules in detection volume),
small time delay (A7), uniform excitation and negligible background, the signal-to-noise
(SNR) for the first channel of the auto correlation function is given by:

SNR._ = Q,/T. . AT

tot

However without any prior assumption on the number of molecules the above equation

takes the form of [78]:

Q Vv ,IicotAT

Further, keeping the detection electronics and correlator same, high SNR can be achieved
by increasing the count rates per molecule (using nano apertures or nanoantennas).
Even at relative low excitation power, and near physiological concentrations FCS with

single-molecules resolution is possible. In addition, as the SNR scales with @/}

ot and

hundred fold increase in counts per molecules can be achieved by using nanophotonics
approach, it amounts to a significant 10%-fold reduction in the total accusation time.
It is important to note that this concept of Fast-FCS (with small acquisition time) is
particularly important in experiment involving biomolecular interactions. Experiments
involving emitters with low brightness require long acquisition time, to overcome the
SNR issue, thereby limiting the access to the dynamics of single molecules at very short
time scale. Fast-FCS helps to overcome this limitation eventually opening a new window
to look at various dynamics events (such as: fast enzymatic reactions, protein-protein
interactions at short time scales and ps rotational times of single molecules) which are

otherwise restricted in conventional FCS [8, 78].

The photons emitted by the individual dye/molecules (termed as count rate or molecular
brightness) is a deciding factor in FCS analysis. We will further discuss in detail the
mechanism behind the enhancement in molecular brightness per molecule in the case of

different nanoantennas (or apertures) whenever required in the following chapters.



Chapter 3

Double nanohole apertures for

fluorescence enhancement

The double nanohole (DNH) structures milled into a metal film have recently attracted
interest in single-particle trapping (from nanometric beads to single protein) as they offer
new strategies for real time investigation of biochemical events at nanoscale dimensions
[14, 79]. In this chapter, we introduce the use of double nanohole structure with 25 nm
nominal gap and report enhanced single-molecule fluorescence detection in concentrated
solutions exceeding 20 uM. The nanometer gap localizes the excitation light into an
apex volume down to 70 zL (1 zL=10"2! L), 7000-fold below the diffraction-limited
confocal volume. Using fluorescence correlation spectroscopy and time-correlated photon
counting, we measure up to a 100-fold fluorescence enhancement, together with a 30-fold

enhancement of the local density of optical states (LDOS).

This project was carried out in collaboration with Prof. Reuven Gordon from University

of Victoria, Canada.

3.1 Double nanohole: Motivation and structure design

We start with a discussion on the distinctive advantages of double nanohole apertures
(DNH) over various other antenna designs, the fabrication procedure of these innova-
tive strategy for achieving nanoscale mode volume, before eventually demonstrating its
application for enhancing the fluorescence of single-emitters. The DNH nanostructures

have shown great promise in the field of enhanced spectroscopy, on-chip sensing [80],

The contents of this chapter have been published in:
Regmi, R., Al Balushi, A.A., Rigneault, H., Gordon, R. and Wenger, J., 2015. Nanoscale volume
confinement and fluorescence enhancement with double nanohole aperture. Scientific Reports, 5.
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and many biological studies involving optical trapping experiments [81]. The volume
confinement and near field enhancement result from the sharp apex region in between
two nearly spaced nanoholes enabling single molecule sensitivity. In particular the DNH
structures have been successful in trapping single proteins [14] and monitoring single pro-
tein binding kinetics in a label free fashion [82, 83]. The variation in light transmission
through these double nanohole aperture is used to detect and monitor these trapping
(or binding) events [84]. In addition, the DNH structures have also been demonstrated

for surface enhanced Raman Scattering [85] and second harmonic generation [86].

Thus the quantification of fluorescence enhancement factor in DNH is interesting for
plasmon-enhanced luminescence applications and the measurement of the near field apex
volume is important to understand the phenomenon leading to enhanced plasmonic
trapping in DNH. In addition, prior to this PhD thesis, there has been no report of their

use to enhance the fluorescence of single molecules.
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FIGURE 3.1: Experimental strategy of DNH structure for fluorescence en-

hancement. Sketch of double nanohole structure to enhance the fluorescence of single

molecules diffusing within the apex region. The parallel excitation mode essentially

results in the enhanced fluorescence signal from the molecules within in apex volume
when compared to those diffusing in the nearby nanoholes.

The narrow gap between the two cusps of the double nanoholes leads to the concen-
tration of light resulting in one single localized nearfield hot-spot and shows plasmonic
resonance with respect to the polarization of the incoming light. As shown in Figure 3.1
the molecules diffusing along the apex region experience the concentrated near field and
thereby significantly enhancing the fluorescence of these molecules when compared with

those within the nearby nanoholes.

The key advantages of the DNH structure design can be summarized as following;:

e the relatively simple structure design (compared to bowtie antenna [87, 88], bowtie

aperture [89] or antenna-in-box [90]) makes the fabrication process much simpler,
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e the apex between the two holes directly realizes sharp radii of curvature and

nanometer gap sizes, providing high local intensity enhancement,

e the optically thick metal film efficiently screens out the background molecules

around the structure, and

e the good thermal conductivity of the gold film helps avoiding the heating effects.

The nano structures are milled into a 100 nm thick gold film adhered to the glass
substrate with 5 nm Ti adhesion layer using using focused ion beam (FEI Strata DB235).
The FIB system tightly focuses a beam of gallium ions into the sample and can yield
nanometer milling precision. The accelerating voltage and current of the gallium ion
beam were respectively set to 30 kV and 10 pA. The DNH structure is achieved by
milling two 190 nm diameter nanoholes connected by an apex region of 60 nm length
and 25 nm gap width. Figure 3.2 shows the scanning electron microscope image of a
2x3 arrays(a), zoomed in image of a representative DNH with 25 nm nominal gap (b),

and the same with 45° sample tilt (c).

FIGURE 3.2: Scanning electron microscope image of DNH structures using

focused ion beam. (a) DNH structure arrays milled in 100 nm thick gold film and

imaged using a scanning electron microscope. (b) The zoom-in image of a single struc-

ture: two 190 nm diameter nanoholes connected by an apex region of 60 nm length and
25 nm gap width. (c) The same structure imaged with 45° sample tilt.

3.2 Near field and transmission characteristics of DNH

The nanogap between the cusps of two nearby circular nano apertures results in a
single hotspot located at the center of the structure. We compute finite-difference time-

domain (FDTD) simulation using Rsoft Fullwave V6 software to investigate the strength
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of the near field localization with respect to the polarization of the incoming light.
We use a total-field scattered-field source and the 3D simulation region was enclosed
with perfectly-matched-layer boundaries with a 2 nm mesh override (1 nm mesh for
the intensity maps in Figure 3.3). The permittivity of gold is taken from Johnson and
Christy [91] and the refractive indices for the glass substrate and water are respectively
set to be 1.52 and 1.33.

a

Intensity enhancement

FIGURE 3.3: Near field enhancement in the apex region of DNH. Local in-

tensity enhancement for a DNH of 25 nm gap and 190 nm diameter excited at 633 nm

with a linear polarization parallel (a) and perpendicular (b) to the apex between the

holes, taken in a plane 5 nm below the top metal surface. The inserts show the inten-

sity enhancement along a vertical cut in the DNH center. All images share the same
colorscale.

Figure 3.3 demonstrates the polarization dependence of the DNH with maximum field
confinement with the incoming light polarization when oriented parallel to the apex
between the nanoholes. The vertical profile further shows that the intensity is mainly
localized inside the DNH and quickly vanishes within 10 nm above the metal surface
(Figure 3.3a). However, a minimum intensity in the gap is observed when the incoming
light polarization is oriented perpendicular to the apex (Figure 3.3b). This is essen-
tially because the incident light is mainly concentrated in the two nearby circular nano

apertures.

To further confirm this characteristic of the DNH, we record far-field transmission spec-
tra using polarized illumination and is displayed in Figure 3.4a. Polarized white light
is illuminated through the DNH and the transmission signal is sent to a spectrograph
(Horiba iHR320) equipped with a Peltier-cooled CCD detector where the spectra is
measured for each polarization with respect to the DNH apex. When the orientation
is set parallel [79]. These findings are well reproduced by FDTD numerical simulations
of the transmission spectra as shown in Figure 3.4b. Moreover, the recorded spectra
shows that the DNH response covers well the 633 nm laser excitation wavelength and

the 650-690 nm fluorescence emission band for the Alexa Fluor 647 dye.
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FIGURE 3.4: Transmission characteristic of the DNH. (a) Experimental and

(b) simulated transmission spectra with normal illumination for two orthogonal linear

polarizations along (red) and perpendicular (blue) to the apex. When the orientation

is set parallel to the apex, a minimum of transmission is found as the electromagnetic

intensity is concentrated in the gap, whereas a maximum transmission is obtained for
a polarization oriented perpendicular to the apex.

3.3 Experiment and results: Single-molecules in solution

Materials and Experimental setup

Single-molecule experiments are performed with micromolar concentrations of Alexa 647
fluorophores (from Invitrogen, Carlsbad, CA) in a water based phosphate buffered saline
(PBS) solution together with 200 mM or 80 mM methylviologen (1,1’-dimethyl-4,4’-
bipyridiniumdichloride, Sigma-Aldrich) as the chemical quencher. The use of methylvio-
logen changes the 30% initial quantum yield of the Alexa647 to 8% or 12% and thereby
maximizes the fluorescence enhancement-factors (as discussed in Chapter 2). The DNH
structure is first cleaned by UV-ozone treatment for 10 minutes to remove organic im-
purities and render the gold surface hydrophilic. Fluorescence experiments are then
performed immediately afterward, with the sample being exposed to air for less than 2
minutes. The DNH structure is covered by the solution containing the Alexa Fluor 647

molecules at micromolar concentrations.

The fluorescence experiments are carried on a confocal inverted microscope (40x, 1.2
NA water-immersion objective) equipped with a three-axis piezoelectric stage for precise
positioning of nanostructure in the focal plane. A linearly polarized He-Ne laser at
633 nm (with power 10-20 W) is used as an excitation source. The emitted fluorescence
signal is separated from the excitation light using a dichroic mirror and the out-of-focus
fluorescence is rejected by a 30 um pinhole conjugated to the sample plane. Finally, the

fluorescence is recorded using two avalanche photodiodes with 670 4+ 20 nm bandpass
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filters. To quantify the hot spot detection volume and fluorescence enhancement, we
analyze the fluorescence intensity temporal fluctuations F'(t) with a hardware correlator
(Flex02-12D/C correlator.com, Bridgewater NJ, 12.5 ns minimum channel width) to

perform fluorescence correlation spectroscopy (FCS).

3.3.1 FCS: Quantifying apex volume and fluorescence enhancement

In the DNH, the total fluorescence signal is the sum of the enhanced fluorescence from
molecules within the nanoscale apex volume and the background fluorescence from the
molecules present in each nanohole. Thus, it is necessary to carefully discriminate the
contributions by each species in oder to have an accurate quantification of fluorescence-
enhancement factors in the apex volumes alone. For this, we consider the raw fluorescence
time trace as the sum of two molecular species with different number of molecules and
brightness: N* molecules within the apex region with brightness Q*, and Ny background
molecules with brightness Qg diffusing away from the region of interest (essentially within
the two nanoholes). An essential feature in FCS is that the molecules contribute to G in
proportion to the square of their fluorescence brightness, so that the fluorescence from
molecules in the apex region experiencing the maximum enhancement will have a major
contribution in the FCS correlation amplitude. Following the Equation 2.6 derived in
Chapter 2, the temporal correlation of the fluorescence intensity F can now be written
as [43]:

(F(t) F(t+T1))

(F(t))?

N*Q*2G5(1) + NoQ3Gao(T)
(N*Q* + NoQo)?

G(r) =

=1+ (3.1)

where G(7) and Ggo(7) are the normalized correlation functions for each species taken

individually based on a three dimensional Brownian diffusion model:

1
(1+7/74:)4/1+ s? T/Tdi

74, stands for the mean residence time (set by translational diffusion) and s; is the ratio

Gai(T) =

of transverse to axial dimensions of the detection volume, whose value is set to s = 0.2.

To extract the number of molecules within the apex region (N*) and the corresponding

fluorescence brightness @Q* (for a given sample concentration), we use the asymptotic
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value of the correlation function given by the Equation 3.1 towards zero lag time [90]:

NOQ(% +N*Q*2
(NoQo + N*Q*)?

G0)=1+ (3.2)
The value of total fluorescence intensity F (i.e., NoQo + N*Q*) is known from the
experimental measurement, thus replacing N*@Q* = F — NyQo into Equation (3.2), we

obtain the fluorescence brightness and number of molecules within the apex region:

F2(G(0) = 1) — NoQj
(F' — NoQo)
(F — NoQo)?
F2(G(0) — 1) — NoQj

Q =
(3.3)
N* =

These expressions show that in addition to F' and G(0) (experimentally measured pa-
rameters), we need to estimate the number of molecules and brightness for the molecules
diffusing away from the apex region (Noy, Qo). At 20 uM concentration, we get Ny = 49,
and Qo = 1.95 counts/ms from the results obtained from control experiments with a
double nanohole without any connecting gap region. These experimental findings are

further supported from the earlier work on single nanometric apertures [92, 93].

a g
b 102
4

™ 1120 Confocal
g
2 h I“ w "w 'MMI'WW" mm“ T
% 1070 °
e | | ! 5
> 120+ 2
= g
B it B
= 1001CO 8

80—"'"‘"“”“ ' oty ' CO

T T
0 50 100 150 10* 102 10° 107
Time (s) Lag time (ms)

FIGURE 3.5: FCS analysis to measure the near field apex volume. (a) Flu-
orescence time trace with excitation light parallel (red) and perpendicular (blue) to
the apex region. The time trace found for the confocal case (0.5 fL diffraction-limited
volume) is shown in green for comparison. The binning time is 100 ms for all traces. (b)
Correlation curves of the traces shown in (a). As expected, the stronger confinement
of light with the polarization parallel to the apex yields a lower number of detected
molecules. For all cases, 20 uM Alexa Fluor 647 concentration along with 200 mM of
methylviologen at 10 uW excitation power is used. The binning time for the traces in
(a) is 100 ms. The fit parameters are summarized in Table 3.1.
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Confocal Double nanohole
Excitation polarization Linear Parallel  Perpendicular
F (counts/ms) 1090 110 85
G(0)-1 0.16x1073  34x1073 22x1073
N 6200 0.9 46
Ta (ps) 62 1.2 33
@ (counts/ms) 0.17 15.6 1.9
Detection volume (zL) 500x 103 74 4x103
Fluorescence enhancement 92 11
Volume reduction 6900 140

TABLE 3.1: Fitting parameter results for the FCS curves obtained on double
nanohole (Figure 3.5b). The polarization orientation with respective to the DNH
apex shows high average fluorescence intensity, together with a higher correlation am-
plitude when compared with its perpendicular counterpart. For the DNH-parallel case,
the FCS fit considers two species. The count rate per molecule (Q* = 15.6 counts/ms)
and the average number of molecules (N* = 0.9) in the apex region are computed using
the Equation 3.3. The number of molecules and diffusion time for the slowly diffusing
species within the aperture region are respectively No = 49 and 740 = 33 pus.

FCS results and discussions

Figure 3.5a shows the raw fluorescence intensity traces in a DNH with 20 uM Alexa
Fluor 647 and 200 mM methylviologen. A higher fluorescence intensity is obtained when
the excitation polarization is set parallel to the apex region between the double nanohole
structure, in accordance with the higher localized excitation intensity expected from the
simulations (Figure 3.3a). To characterize the apex detection volume and the fluores-
cence enhancement, we perform fluorescence correlation spectroscopy (FCS) analysis and

compute the temporal correlation of the intensity traces displayed in the Figure 3.5a.

Figure 3.5b shows the FCS correlation curves for both the DNH and confocal mode. The
FCS data supports the polarization dependency of the DNH as a high FCS correlation
amplitude is found when the excitation is set parallel to the apex region. This relates
to a reduced number of molecules within the nanoscale detection volume as the FCS
amplitude scales inversely with the number of molecules withing the detection volume.
The confocal measurement for the reference solution (without nanostructure) shows
comparatively high average fluorescence intensity (green curve in Figure 3.5a) and very
weak FCS correlation amplitude (Figure 3.5b). As expected, this corresponds to the
situation that at 20 uM fluorophore concentrations there are about 6200 molecules in
the 0.5 fL diffraction-limited confocal detection volume with a low average brightness
per molecule. At 10 uW excitation power and in presence of chemical quencher, the

brightness per molecules in the confocal setup is Qo = 0.17 counts/ms.

Following the FCS analysis procedure as explained in the earlier section, considering

the two-species contribution in the total fluorescence intensity, we obtain an average
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FIGURE 3.6: FCS at varying fluorophore concentrations. (a) FCS correlation

functions for increasing concentrations of fluorescent dyes in a double nanohole with

excitation polarization parallel to the apex. (b) Number of detected molecules in the

apex region as function of the molecular concentration. The slope of the curve quantifies
the apex near field volume Vg

number of N* = 0.9 molecules in the hot spot with brightness @* = 15.6 counts/ms
with excitation polarization parallel to the DNH apex. These values correspond to a
fluorescence enhancement of Q*/Qcony = 92, and a hotspot volume of 74 zL (1 zL =

1072 L), equivalent to a detection volume reduction of Ny, ¢/N* = 6900.

In addition to the fluorescence enhancement and nanoscale confinement of light, the
FCS curves in DNH also show polarization-dependent microsecond residence time in the
apex region. Two diffusion times are obtained from the fit for parallel excitation and
these essentially correspond to the two populations: inside the DNH gap and within the
two nearby nanoholes. The red curve in Figure 3.5b readily shows a fast component
with correlation times in the ps range and in consistent with the 25 nm apex gap
size. The diffusion time obtained from the FCS fit in Figure 3.5b is 1.2 us and this
value corresponds to the microsecond regime expected from the volume reduction. It
is important to note that the long second time in the parallel configuration (33 us) is
indeed comparable to the time obtained from single-component fit for the perpendicular
excitation configuration mode. This further confirms that the longer diffusion time in
parallel excitation steams from the nanohole region and is independent of the excitation
polarization. The fitting parameters for the FCS analysis (confocal and DNH case) are

summarized in Table 3.1.

As compared to the first generation “antenna-in-box” platform [90], the DNH design has
a comparatively lower detection volumes due to a better lateral and axial confinement. It

is also significantly easier to fabricate using simple focused ion beam milling. The 25 nm
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gap “antenna-in-box” design has been reported with 36 £ 6x fluorescence enhancement
factors while using a simple double nanohole design we achieve a high 100x fluorescence
enhancement values together with lower detection volumes. Further, the optical perfor-
mance of the DNH is comparable with dimer gold antenna design. Towards the end of
the next Chapter 4, we will discuss that using 20 nm gold dimer antennas we could reach
on average 200-fold fluorescence enhancement factors with similar experimental condi-
tions [22]. However, the efficient background screening in case of DNH design makes it

more favorable for experiments at biologically relevant micromolar concentrations.

Effect of fluorophore concentration and quantum yield

After each FCS experiment, the coverslip containing DNH structures is rinsed with
ethanol, dried with nitrogen and cleaned again under UV illumination for 10 minutes.
Following this protocol, we are able to reuse the same sample several times without
observing any major change in optical performance. To demonstrate the control and
reproducibility of the experiments, we conduct a series of FCS measurements with in-
creasing concentrations of fluorescent dye (Figure 3.6a). The increase in fluorophore
concentration results in higher number of molecules within the detection volume and
lower amplitude of the correlation curves. The linear relationship between the number
of detected molecules (N*) in the near field region with the fluorophore concentration
further confirms the effective detection volume V_. of 74 zL (Figure 3.6b). In addition,
this volume corresponds very well to the geometrical dimensions of the apex region of
60 x 25 x 50 nm? = 75 zL, considering a typical thickness of 50 nm for the intensity
profile decaying evanescently inside the DNH obtained from numerical simulations as

shown in insert of Figure 3.3a,b.

In Figure 3.7a we vary the excitation power and report the average fluorescence bright-
ness per molecule for both polarization orientations with respect to the DNH apex
region. With parallel orientation, count rates per molecule above 20 counts/ms are ob-
tained, while for the confocal reference the fluorescence brightness saturates to values
below 1 counts/ms in the presence of methylviologen. The experimental data points
for increasing excitation power follows the general model of the fluorescence brightness
Alcye/(141eze/Isat), where Loy is the excitation power, g4 the saturation power, and A
being a constant proportional to the molecular absorption cross-section, quantum yield

and setup collection efficiency [92]. The fit results are summarized in Table 3.2.

Moreover the effect of the fluorophore’s quantum yield is studied using different con-

centrations of methylviologen: 200 mM, 80 mM, and no methylviologen. Figure 3.7b
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FIGURE 3.7: Fluorescence brightness per molecule and influence of quantum
yield.(a) Fluorescence brightness per molecule versus the excitation power for Alexa
Fluor 647 with 200 mM methylviologen (quantum yield ~ 8%). The data for the double
nanohole with perpendicular orientation respective to the apex (blue) and the reference
confocal data (green) are multiplied respectively by 2x and 10x. (b) Fluorescence
enhancement factors with excitation polarization parallel (red) and perpendicular (blue)
respective to the apex. For (b), the excitation power is 10 yW. Different concentrations
of chemical quencher are used, corresponding to different values of quantum yield in
solution: from left to right the data points correspond to methylviologen concentrations
of 200 mM, 80 mM and 0. The solid lines (red for parallel and blue for perpendicular
excitation polarization) are numerically obtained using the Equation 3.4.

Excitation A (counts/ms/uW)  Igu (WW)

Parallel 2.07 + 0.21 26.7 + 7.2
Perpendicular 0.49 £ 0.08 42.6 £+ 26.1
Confocal 0.31 + 0.01 11.1 £ 1.5

TABLE 3.2: Fit results show fluorescence saturation at higher excitation pow-

ers with DNH. The parallel excitation scheme shows fluorescence saturation occurring

only at powers higher than 20 pW. All the FCS measurements with DNH are therefore
recorded at 10 uW excitation powers.

summarizes the fluorescence enhancement results for both DNH polarization orienta-
tions for all three methylviologen cases. While Alexa Fluor 647 quantum yield is being
quenched from 30% to 8%, the fluorescence enhancement factor increases significantly
from 40 to 100x. This effect can be understood by describing the fluorescence enhance-
ment factor ng as function of the fluorophore’s quantum yield in reference solution ¢

[93, 94]:
Tlexc Tlem
= 4
G (e s o

where 7, is the excitation intensity enhancement, 7., is the radiative rate enhancement

times the collection efficiency enhancement, and ¢ = (I}, + I'}, ) /I'rad is a parameter
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describing the ratio of the radiative rate I, ; and the nonradiative rate to the metal I'} __

due to ohmic losses relative to the dye’s radiative rate I';,4 in the confocal reference.

The value of ( is actually equivalent to the enhancement of the local density of optical
states (LDOS). The solid lines in the Figure 3.7b are numerically obtained using the
Equation 3.4 and the value of ( is set to the experimentally obtained LDOS enhance-
ment from the fluorescence decay dynamics (as we will elaborate in next Section 3.3.2).
Figure 3.7b shows an excellent agreement with the Equation (3.4) model and the ex-
perimental data for both polarization condition. Moreover, assuming that 7ezec = Mem
and neglecting the gain in collection efficiency, the extrapolation of the data to ¢ — 0
indicates a local intensity enhancement of 7., ~14 for parallel and ~4 for perpendicular

orientation, in good agreement with the numerical simulations in Figure 3.3a,b.

3.3.2 Fluorescence photodynamics and LDOS enhancement

Fluorescence lifetime is the average time a fluorophore remains in the excited state

following the excitation, and is defined as 7 where T',,, denotes radiative

_ 1
- F'r +Z Fnr )
process and > I'y, indicates all possible non radiative pathways.

The lifetime and the quantum yield of a fluorophore are altered in the vicinity of nanopar-
ticles as they open up many possible de-excitation routes for the excited molecule. In
this section we elaborate all the decay rates with and without the DNH structures. Flu-
orescence lifetime experiments are performed by time-correlated single photon counting
(TCSPC) technique. The experimental setup is as explained in the Chapter 2. In brief,
the excitation source is switched to a picosecond pulsed laser diode operating at 636 nm
(PicoQuant LDH-P-635, with 80 MHz repetition rate). A single mode optical fiber (from
Thorlabs: P3-630A-FC-5) guarantees the same excitation spot in the sample plane for
the FCS and TCSPC experiments.

As described for the FCS case, the TCSPC data analysis also needs additional care
to accurately distinguish the decay dynamics between the molecules diffusing within
the apex volume and in the nearby nanohole region. Therefore we use a bi-exponential
model to the fluorescence decay traces obtained from the TCSPC measurements: first
contribution from N* molecules within the apex region with brightness Q*, and second
being from the Ny background molecules with brightness Qg diffusing within the two

nanoholes.

Figure 3.8 shows the amplitude-normalized fluorescence decay traces for the confocal
reference and the DNH with excitation polarization parallel and perpendicular to the

apex region (colored points being experimental data and black lines being the fits).
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FIGURE 3.8: Fluorescence decay dynamics at the DNH apex. Typical fluores-
cence decay traces with excitation light parallel (red) and perpendicular (blue) to the
apex region. The decay trace with the diffraction-limited volume (green) provides the
reference for Alexa Fluor 647 with 200 mM methylviologen. Black lines are numerical
fits used to determine the fluorescence lifetime indicated on the traces. IRF denotes the
instrument response function. For a supplementary comparison between parallel and
perpendicular cases, the inset displays the traces normalized so that the longer time
decay component has a similar amplitude for both cases. The additional short lifetime
contribution representative of the apex region clearly emerges when the polarization
orientation is parallel to the apex.

The TCSPC data shows acceleration of the decay dynamics from confocal to DNH and
from perpendicular to parallel orientation of the excitation light. For confocal case, the
TCSPC data is fitted with a single exponential model and in the presence of 200 mM
methylviologen, the Alexa Fluor 647 confocal fluorescence lifetime is 380 ps. For the DNH
with parallel orientation, bi-exponential decays are observed (see insert in Figure 3.8): a
fast 120 ps decay corresponding to the N* molecules in the gap, and a longer 280 ps decay
for the Ny molecules outside the gap. For the DNH with perpendicular orientation, the
presence of the nanoholes further reduce this lifetime to 280 ps (1.35x lifetime reduction),
a value that is similar to the lifetime reduction obtained with single gold aperture as
reported in our earlier works [92]. Mono-exponential decay dynamics seen in the case of
perpendicular excitation behaves exactly similar to that of the longer time in parallel
case. This further confirms that the background fluorescence mainly stems from the
adjacent nanoholes. For each case, the model takes into account the temporal resolution
of our apparatus by computing the de-convolution of the exponential decay with the

instrument response function (IRF, full width at half maximum 120 ps) [92, 93].
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With the use of methylviologen, the chemical quenching rate I'; represents a large frac-
tion of the total decay rate I'y,; (which is inverse of the fluorescence lifetime). Therefore
in order to accurately estimate the local density of optical states (LDOS) enhancement
with the DNH, the influence of the chemical quenching rate I'; must be taken into

account prior to computing the ratio of decay rates.

Although the LDOS encompasses both radiative and non-radiative transitions set by the
photonic environment (such as energy transfer to the free electrons in the metal), the
LDOS is not proportional to the chemical quenching rate introduced by the presence of

methylviologen [95, 96].
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FIGURE 3.9: Numerical simulations of LDOS enhancement for a dipolar

emitter located in the center of the DNH gap. In (a), three different dipole

orientations are displayed, the case when the dipole is oriented parallel to the apex

provides the highest LDOS enhancement. In (b), the orientation-averaged LDOS en-

hancement is plotted as function of the emission wavelength (solid line). The normalized

Alexa Fluor 647 emission spectrum is shown in dashed gray line, and the 650-690 nm
region used experimentally for fluorescence collection is indicated.

Thus to estimate the amount of decay rate that actually depend on the LDOS, we
express the dye’s total decay rate in the confocal case as I'ioy = I'yqq + 'y + 'y, where
I',..q denotes the radiative rate, and I'y, being the internal non-radiative decay rate. In
the presence of the DNH, the decay rate now becomes I';, = I'; ;+ 1y, +T¢+17 .. The

supplementary term I'; _ is being added to account for non-radiative energy transfer

to the metal, and we assume that the internal non-radiative decay rate I'j,, and the

methylviologen quenching rate I'; are independent of the presence of the DNH [95].

*
loss

Finally, the LDOS enhancement is expressed as (I',; + I'},..)/I'rad, keeping only the

T

rate influenced by the photonic environment, and taking into account non-radiative
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transfer to the metal. This expression of the LDOS enhancement corresponds to the

quantity ¢ used in Equation 3.4.

Frad Floss Fnr Fq Ftot ¢
0.67 1.75 2.63 0.08

Confocal 0.21 -
DNH perpendicular 0.84 0.31 0.67 1.75 3.57 0.24
DNH parallel 2.94 297 0.67 1.75 833 0.35

TABLE 3.3: Fluorescence photokinetic rates inside the DNH. I',..4 radiative rate,

I';0ss non-radiative transitions to the metal, I',,, intramolecular non-radiative transi-

tions, I'; methylviologen quenching rate, I'i,; total decay rate (inverse of fluorescence

lifetime), ¢ quantum yield. All rates are expressed in ns~—!, and the typical uncertainty
is & 0.05 ns~ L.

Next we estimate the internal non-radiative rate I',,, = 0.67 ns~! and the quenching
rate 'y = 1.75 ns~! using the knowledge of the 30% quantum yield of Alexa Fluor 647
in pure water solution which is quenched to 8% by 200 mM methylviologen. A detailed
Stern-Volmer analysis is presented in the supporting information of Ref. [90]. We can
now subtract these values of I';,, and I'; from the total decay rate I';; with the DNH so
as to estimate the part depending on the LDOS.

For the DNH with perpendicular orientation, we get I'; , + I . = 1.15 ns~! and a
LDOS enhancement of 5.5x which is characteristic of nanoholes [92]. For the parallel
orientation, the apex region further influences the decay rates so that I'), , + 17 .. =
5.9 ns~!. This corresponds to a LDOS enhancement of 5.9/0.21 = 28, demonstrating
the significant influence of the DNH apex on the LDOS. The influence of photonic
environment over the emission properties of fluorescence dyes (in particular for enhancing

FRET and LDOS) has been studied extensively in Ref. [97].

Table 3.3 provides a complete overview of the fluorescence photokinetics alteration in
the DNH together with the different rates in the confocal case. For the enhancement of
the radiative rate I',,q, we use the value of 7, deduced from Figure 3.7b. The analysis
of Table 3.3 also reveals the increase of the non-radiative losses I',ss to the metal,
which contribute to quench the fluorescence emission. Fortunately, this electromagnetic
quenching is compensated by the simultaneous increase in radiative rate I';.qq (Purcell
effect), so that the effective quantum yield ¢ of the dye is actually increased by the

presence of DNH structure.

To confirm the experimental results, we compute the LDOS enhancement as the rela-
tive increase in power released by a dipolar emitter located at the center between the
DNH apex [94, 98]. Figure 3.9a shows the LDOS enhancement for a dipole with all three

different orientations within the DNH. Clearly, the case of orientation parallel to the

Numerical simulations of the LDOS enhancement for the dipole with all three different orientations
within the DNH were done by Ahmed A Al Balushi, University of Victoria, Canada.
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DNH apex yields a maximum LDOS enhancement up to 210x. Further, we plot the
orientation-averaged LDOS enhancement factors within the 650-690 nm range in Fig-
ure 3.9b, and obtain a mean 60x LDOS enhancement. This value is within a factor 2 of
the experimental observation, which is satisfactory considering the 3D spatial averaging
in the experiments, the limited temporal resolution of our apparatus, and possible mi-
nor nanofabrication deficiencies. In addition, the simulations result shows that the DNH
design bears a resonance around 685 nm that covers well the Alexa Fluor 647 emission

spectrum.

3.3.3 Stencil lithography for large scale nanoantenna fabrication

We further extend the DNH concept for single-molecule detection adopting a differ-
ent fabrication procedure based on lithography and template stripping. This technique
based on the use of nanoscale shadow mask achieves large scale antenna structures with
reduced apex volumes. Figure 3.10a shows a typical SEM image of the structure with
~20 nm nominal apex gap between two nearby nanoholes achieved by lithography fabri-
cation. When compared to the FIB milled structures (Figure 3.2), the lithography based
fabrication technique achieves sharp tips, and thus potentially a better candidate for
enhanced single-molecule fluorescence detection. The fluorescence experiments are then
carried out as explained in the earlier case of FIB milled structures, with solution con-

taining Alexa647 fluorophore along with 200 mM methylviologen as chemical quencher.

Confocal Double nanohole
Excitation Linear Parallel Perpendicular
F (counts/ms) 1090 81 42
G(0)-1 0.16x1073  352.4x1073  94.4x1073
N 6200 0.8 11
Tq (us) 62 2 25
@ (counts/ms) 0.17 53 3.8
Detection volume (zL) 500x103 65 103
Fluorescence enhancement 312 22
Volume reduction 7700 500

TABLE 3.4: Fitting parameter results for the FCS curves for DNH fabricated

by lithography (Figure 3.10c). The FCS experiment is performed with 20 yM con-

centration of Alexa Fluor 647 (along with 200 mM methylviologen) at 10 W excitation

power. Following the Equation (3.3) we use Ny = 11 and Q¢ = 3.8 counts/ms as control

parameters and compute N* = 0.8 and Q* = 53 counts/ms for DNH parallel excitation
configuration.

The fluorescence time traces are then recorded with excitation light parallel and perpen-

dicular to the apex of the DNH structure and are displayed in Figure 3.10b. The time
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FIGURE 3.10: FCS and TCSPC results obtained with DNH fabricated by
lithography technique. (a) Scanning electron microscope image of the structure fab-
ricated by stencil lithography. (b) Fluorescence time trace with excitation light parallel
(red) and perpendicular (blue) to the apex region. The time trace found for the confocal
case is shown in green for comparison. FCS correlation function of the traces are shown
in (c). For all cases, the Alexa Fluor 647 concentration 20 M with 200 mM of methylvi-
ologen as chemical quencher, and the excitation power is 10 uW. Dots are experimental
points, lines are numerical fits. The fit parameters are summarized in Table 3.4. (d)
Amplitude-normalized fluorescence decay traces with excitation light parallel (red) and
perpendicular (blue) to the apex region. The binning time for the traces in (b) is 100 ms.

Prad Ploss Pm" Fq I\tot ¢
0.67 1.75 2.63 0.08

Confocal 0.21 -
DNH perpendicular 0.84 0.31 0.67 1.75 3.57 0.24
DNH parallel 5.25 6.63 0.67 1.75 14.3 0.35

TABLE 3.5: Fluorescence photokinetic rates inside DNH by lithography. I';..4
radiative rate, I'j,ss non-radiative transitions to the metal, I';, intramolecular non-
radiative transitions, I'; methylviologen quenching rate, Iy, total decay rate (inverse
of fluorescence lifetime), ¢ quantum yield. All rates are expressed in ns~!. For the
parallel orientation, I', , + I'7... = 11.88 ns™!, and this corresponds to the LDOS

loss

enhancement of 11.88/0.21 = 57x.
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trace with light parallel to the apex region (red) shows frequently occurring brighter flu-
orescence burst events when compared to the trace with perpendicular excitation (blue).
This confirms the nanoscale near field localization in the apex volume with parallel exci-
tation, and thereby the molecule experiencing enhanced fluorescence. These fluorescence
time traces are further analyzed by fluorescence correlation spectroscopy to quantify the
hot spot detection volume and fluorescence enhancement factor. Figure 3.10c shows the
correlation curves for both the excitation case for the DNH along with confocal case (in
green) and clearly shows the dependency on the polarization orientation respective to the
apex volume. Unlike in confocal mode (without DNH) where the correlation amplitude
is barely detectable at 0.16x10~3 (corresponding to about 6000 molecules in the 0.5 fL
detection volume), the same with excitation parallel to the DNH apex yields remarkably
higher correlation amplitude (352.4x1073) with high fluorescence brightness. Using the
two-species model to analysis FCS correlation curves as introduced at the beginning of
this chapter, we quantify an average number of N* = 0.8 molecules with fluorescence
brightness per molecule Q* = 53 counts/ms, which corresponds to a fluorescence en-
hancement of Q*/Qcons = 312X together with a 8000-fold volume reduction to confocal

scheme. The fitting results for all the correlation curves are summarized in Table 3.4.

Finally we compute the fluorescence lifetime analysis in these DNH made by stencil
lithography by using time-correlated single photon counting technique, and compute
the complete photokinetic rates as before. Figure 3.10d shows the normalized fluores-
cence decay traces for the DNH with excitation polarization parallel (red) and perpen-
dicular (blue) together with the confocal reference (green). As the new energy decay
routes are opened by the presence of DNH and thus the increased radiative emission
rate for the dipole emitter withing the apex (together with non-radiative energy trans-
fer to the metal) the TCSPC measurement shows significant reduction in fluorescence
life-time with DNH (and parallel excitation) when compared to the confocal reference.
As expected, the parallel excitation case shows bio-exponential decay dynamics: 70 ps
originating from the sharp apex region and 280 ps essentially due to the fluorophores
excited within the nearby nanoholes. TCSPC measurement with the perpendicular po-
larization (blue in Figure3.10d) which shows mono-exponential decay dynamics with
decay time being 280 ps further supports the contribution of background fluorophores

being excited within the nanoholes.

Further, taking into account the influence of the chemical quenching rate set by methylvi-
ologen, we compute LDOS enhancement of 11.88/0.21 = 57x (as for the parallel orien-
tation I'* , + I}, . = 11.88 ns™1). As shown in Table 3.5, the LDOS enhancement for

loss

the perpendicular case remains comparable to that with the FIB milled structure (and
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consistent with the influence of single nanometric apertures). However, in parallel exci-
tation configuration and DNH with sharp tips and reduced apex gap we are able to see

the influence in the decay dynamics as represented by a higher 60x LDOS enhancement.

3.4 Summary

We demonstrate the effectiveness of double nanohole structures to enhance single molecule
fluorescence at micromolar concentrations by analyzing the fluorescence temporal dy-
namics from pico-to millisecond time scales. While DNH structures have been broadly
applied for optical trapping of nano-objects, prior to this PhD project there has been
no report of their use to enhance the fluorescence of single molecules. The polarization-
dependent response of this design allows to selectively extract the relevant signal from

the apex region to quantify the nanoscale DNH volumes.

Using fluorescence correlation spectroscopy, we measure the near field apex volume to
A3/3800, realizing a volume reduction of 7000-fold as compared to diffraction-limited
confocal setups. The high intensity confinement goes with fluorescence enhancement
up to 100-fold, together with microsecond transit time, 30-fold LDOS enhancement
and single molecule sensitivity at concentrations exceeding 20 uM. As compared to
similar gap size 25 nm antenna-in-box platform, the DNH design shows comparatively
lower detection volumes with high fluorescence enhancement factors. Although higher
enhancement factor (up to 1000-fold) was reported with smaller 10 nm gap antenna-in-
box platform, the same design could only yield 40x fluorescence enhancement for 25 nm
gap size (as our DNH design) in similar experimental conditions. In addition, the DNH
spectral resonance occurs in the range 550-700 nm enabling a better spectral overlap

with the emission band of most common red fluorescent dyes.

Although the “antenna-in-box” provides a higher gap intensity due to the nanoantenna
being disconnected from the metal film, the DNH partly compensates this feature by
lower non-radiative losses and a better spectral overlap with the resonance. In addition,
the DNH has a comparatively lower detection volume when compared to the FIB milled
antenna-in-box design, due to a better lateral and axial confinement. The apex between
the two holes directly realizes sharp radii of curvatures and nanometer gap sizes, and the
optically thick metal film efficiently screens out the fluorescence form the background
molecules, making DNH a attractive choice for single-molecule fluorescent detection in

concentrated solutions.

We further discussed that should we aim for higher enhancements, there is plenty of

room to achieve via optimization as shown by the lithography based DNH leading to
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higher fluorescence enhancement of 300x and 57x LDOS enhancement. These findings
are of interest to a broad scientific community working on optical nanoantennas for flu-
orescence enhancement, optical trapping, and single-molecule detection. The DNH pro-
vides an efficient design to reach nanometer confinement of light, with a comparatively
much simpler nanofabrication as compared to other designs (such as antenna-in-box and
bowtie antennas). The high optical performance and the robust design open promising

perspectives to study complex biochemical dynamics at physiological concentrations.

However meeting the broad expectations of plasmonics requires nanogap antennas fea-
turing sub-10 nm gap sizes, high fabrication throughput and planar surface topology. In
addition, an alternative paradigm to compensate the losses induced my metallic struc-
tures are desired for experiments requiring either temperature control or high excitation
powers. In the next chapter, we explore all-dielectric nanogap antennas and compare the
optical performance with their plasmonic counterparts. Finally in Chapter 5 and Chap-
ter 6, we address the planarity and reproducibility issues. Using planar nanoantennas
with narrow gaps and sharp edges we demonstrate their relevance in single-molecules
detection technique (Chapter 5) and for investigating membranes dynamics in living
cells (Chapter 6).



Chapter 4

Dielectric nanogap antennas for

single-molecule detection

Plasmonic metal nanostructures are at the heart of nanophotonics research, mainly
because of their ability to localize electromagnetic energy into nanoscale spatial dimen-
sions. However, energy transfer to the free electron gas in the metal generates losses,
which leads to severe quenching of the fluorescence emission [15, 99] thereby limiting
biologically-inspired applications. In this chapter, we demonstrate the effectiveness of an
alternative approach using all-dielectric nanoantennas based on silicon dimers to enhance
the fluorescence detection of single molecules. For a dimer geometry silicon nanoparticles
with 20 nm gap, we achieve fluorescence enhancement factors above 200-fold and isolate
detection volumes down to 140 x 107! L, equivalent to a 3600-fold reduction below the
classical diffraction limited confocal volume. In addition, optical performance of gold

nanoantennas with similar structure design will also be discussed.

This project was carried out in collaboration with the teams of Dr. Nicolas Bonod (Insti-
tut Fresnel, Marseille), Dr. Sébastien Bidault (Institut Langevin, Paris) and Dr. Mathieu

Mivelle (Université Pierre et Marie Curie, Institut des NanoSciences de Paris).

The contents of this chapter have been published in:

Regmi, R., Berthelot, J., Winkler, P.M., Mivelle, M., Proust, J., Bedu, F., Ozerov, 1., Begou,
T., Lumeau, J., Rigneault, H., Garcia-Parajo, M.F., Bidault, S., Wenger, J. and Bonod, N., 2016.
All-dielectric silicon nanogap antennas to enhance the fluorescence of single molecules. Nano Letters,
16(8), pp.5143-5151.

Punj, D., Regmi, R., Devilez, A., Plauchu, R., Moparthi, S.B., Stout, B., Bonod, N., Rigneault,

H. and Wenger, J., 2015. Self-assembled nanoparticle dimer antennas for plasmonic-enhanced single-
molecule fluorescence detection at micromolar concentrations. ACS Photonics, 2(8), pp.1099-1107.

o7



Chapter 4. Dielectric nanogap antennas for single-molecule detection 58

4.1 All-dielectric platform: Experimental strategy

The resonant excitation of the surface plasmons in metallic nanoantennas (with various
shapes and gap sizes) have been used to drastically enhance the interactions between
a single emitter and its surrounding photonic environment [100], leading to giant lumi-
nescence enhancement [17, 20, 61, 90], ultrafast emission in the picosecond range [101],
and directional emission control [93, 102]. All these features make optical nanoantennas
ideal for the ultrasensitive biodetection of single molecules and enhanced spectroscopy.
However, as the fluorescence emissions is quenched in the immediate vicinity of metallic
structures, a compromise has to be made between the near field enhancement and the
losses. Additionally, interband transitions in the metal induce absorption at the laser
frequency and Joule heating of the nanoantenna and its environment [15, 103]. This
brings further limitations in the applications which require either temperature control

(such as biosensing) or high excitation powers (such as non-linear spectroscopy).

It is important to note that the plasmonic heating effects however have been used as
a merit in the context of thermo plasmonics where metallic nanostructures are used
as nano-sources of heat to selectively ablate tumors or to control the cell migration
[104, 105]. Apart from the context where metal nanoparticles can been used as pho-
tothermal agents, applications involving fluorescence bio-sensing and monitoring dynam-
ics of individual proteins and molecules require minimum perturbation in living systems.
Mainly to circumvent the losses inherently present in metal nanoantennas, the use of
dielectric nanoparticles has recently attracted significant research and industrial inter-
est. Various dielectric materials such as silicon, germanium and gallium phosphide have

been recently demonstrated as potential alternative contenders to metals [106, 107, 108].

As compared to gold and silver, these dielectric materials feature weaker absorption
coefficients in the visible and the near infrared [109]. And most importantly, similar to
their metal counterparts the sub-wavelength dielectric particles also support spectral
resonances (commonly known as Mie resonances). Mie resonances are low order mode,
typically dipolar which can easily be excited by increasing the optical contrast between
the material and its surrounding. The postulation of the resonant electromagnetic inter-
action of small dielectric particles dates back to 1908 when G. Mie first derived the exact
theoretical solutions of light scattering by small spherical dielectric particles (know as
Mie theory) by solving the Maxwell equations [110]. As the sub-wavelength dielectric
particles also resonantly interact with light, they too can efficiently enhance the local
near-field intensity [111, 112, 113, 114, 115]. It is important to note that this approach is
conceptually different from dielectric microcavities [116, 117] such as dielectric photonic

crystal cavities [118, 119] or planar concentrators [120, 121] that feature high quality
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Q-factors. Although sub wavelength-sized dielectric particles exhibit low Q-factor, this

is however compensated by the small mode volumes [122].

In addition, unlike spherical metal nanoparticles which feature only electric modes, high
refractive index dielectric nanoparticles have both electric and magnetic modes (charac-
terized by peaks in the scattering coefficients) that can be of similar strengths [107, 108].
The presence of both electric and magnetic modes (feature popularly known as magnetic
light) offers novel opportunities to tailor the light scattering or the chirality of light emis-
sion [123, 124, 125, 126]. Further, they have been demonstrated to enhance the radiative
decay rate constants of nearby emitters [127, 128], improve the directivity of dielectric
optical antennas [112, 129], and enhance the Raman scattering process [130, 131]. All
these features open bright perspectives for all-dielectric optical nanoantennas for various

single-molecule and biologically relevant experiments.

In particular, dielectric silicon microspheres have been used for strong three-dimensional
sub-diffraction confinement of light [132] and to efficiently excite and increase the collec-
tion efficiency of single-molecule fluorescence [133]. Other higher refractive index mate-
rial such as polystyrene spheres (dielectric constant 2.6) with 1-5 ym diameter deposited
on a glass substrate were demonstrated for direct observation of 3-D photonic nanojets
beams [134, 135]. These micron sized high index spheres have also been used to enhance
the fluorescent detection of on-chip immunoassays [136] and for fast detection of single
nanoparticles in flow [137]. Apart from the characteristic Mie resonance, dielectric mi-
crospheres are know to exhibit other higher order modes (such as Whispering gallery

modes) [138, 139], which is beyond the scope of this thesis.

More recently, silicon dimer structures with nanometric gaps (silicon nanogap antennas)
have been reported to enhance the fluorescence of a dense layer of dyes covering the
nanostructures [113, 130]. However, issues related to photobleaching and surface coverage
density challenge the estimation of the fluorescence enhancement factor. Measurements
down to the single molecule level have never been reported so far on silicon nanoantennas.
A clear quantification at the single molecule level is important to conclusively compare
the experimental results to numerical simulations and discuss the physical origin of the

fluorescence enhancement on all-dielectric nanoantennas.

Here we use silicon dimer antennas to enhance the fluorescence emission of single molecules
diffusing in solutions of micromolar concentration. Fluorescence correlation spectroscopy
(FCS) is implemented to analyze the fluctuations on the fluorescence signal and quan-
tify the average fluorescence brightness per emitter and the size of the detection volume.
The results are independently validated by fluorescence burst analysis technique, TCSPC

measurements and numerical simulations. This project demonstrates well that all-silicon
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nanoantennas are a valid alternative to plasmonic devices for enhanced single molecule

fluorescence sensing, with a sensitivity down to the single-molecule level.

4.2 Silicon dimer nanoantenna fabrication

Silicon nanogap antennas are fabricated by creating a mask with electron beam lithogra-
phy in a poly(methyl methacrylate) PMMA layer coated on a 60 nm thick silicon layer.
Amorphous silicon layer is deposited on a 150 pm thick microscope glass coverslip by
Plasma Assisted Reactive Magnetron Sputtering (Buhler, HELIOS) [140]. This results
in an uniform 60 nm thick layer of silicon. The precise thickness control of the deposited
layer is carried out using an in-situ optical monitoring system which measures the evolu-
tion of the monochromatic transmission during deposition. The monitoring wavelength
is chosen to 1500 nm. At this wavelength the absorption of silicon layers is negligible

and the real part of the refractive index is ~3.695.

After deposition, the samples are cleaned in successive ultrasound baths in acetone and
isopropyl alcohol (IPA, propan-2-ol), dried with nitrogen gas and exposed to oxygen
plasma at 150° C (Nanoplas, France) for 10 minutes. A 60-70 nm thick commercial
PMMA positive e-beam resist (ARP-679, Allresist, Germany) diluted at 2% in ethyl
lactate solvent is spin-coated at 4000 rpm onto the silicon surface and baked on a hotplate
to remove the remaining solvent and harden the PMMA layer. A second conducting
polymer layer (SX AR-PC 5000/90.1 from Allresist, Germany) of thickness of 30 nm
is spin-coated on the first PMMA e-beam resist to reduce the sample charging and to

increase the EBL resolution.

The samples are then exposed to electron beam using an EBL tool (Pioneer, Raith,
Germany) equipped with field emission gun (FEG) electron source (acceleration voltage
of 20 kV, apertures of 7.5 and 10 pum, beam current of 18 to 30 pA). We varied both the
designed distances between the features and the exposure dose in order to finely tune
the nanogap between the particles. After exposure, the conducting layer is removed in
deionized water, and the PMMA is developed in a commercial solution (AR 600-55 from
Allresist GmbH) for 60 seconds. A 15 nm thick metal nickel mask is then evaporated
on the sample under vacuum (Auto 306 tool from Edwards, UK). After metallization,
a lift-off process is performed in ethyl lactate using ultrasonic cleaning bath. During
the lift-off, the remaining e-beam resist and the excess of nickel are removed. Finally,

the sample is rinsed in deionized water and dried under nitrogen flow. The unprotected

Nanofabrication process was performed by Dr. Johann Berthelot (Institut Fresnel) in PLANETE CT
PACA cleanroom facility, CINAM, Marseille (collaborators: Julien Proust, Frédéric Bedu, Igor Ozerov,
Thomas Begou, Julien Lumeau).



Chapter 4. Dielectric nanogap antennas for single-molecule detection 61

FIGURE 4.1: SEM images of silicon nanogap antennas for enhanced single-
molecule fluorescence. (a) SEM image of an array of silicon dimer antennas with
gaps measured ~20 nm. The inset shows SEM images of silicon dimers as the func-
tion of e-beam exposure dose coefficient allowing to fabricate the 30 nm gap (dose
0.8 x 120 pC/cm?) and the 20 nm gap antennas (dose 0.9 x 120 uC/cm?). For higher
doses, the antennas are bridged. The scale bar is 100 nm. (b) Scanning electron micro-
scope image of a representative silicon dimer antenna with 20 nm nominal gap. The
silicon thickness is 60 nm and each silicon disk is 170 nm in diameter. (c¢) Principle of
the experiment: a silicon dimer antenna confines light in the nanoscale gap volume and
enhances the fluorescence of single molecules diffusing in solution.

areas are etched in a RIE tool (MG-200, Plassys, France) by a gas mixture containing
SFg, Oy and CHF3 (respective fluxes 20, 8 and 5 scem) for 10 seconds, alternated with
a pure Oq plasma for 5 seconds. Excited SFg is known to efficiently etch the silicon and
the admixture of CHF3 gas is used to passivate the vertical feature walls and to etch the
silicon oxide on the very reactive silicon surfaces during the process. This process offers
a very good etching anisotropy and nearly vertical walls of the structures. After RIE, the
remaining nickel is removed chemically in the acid solution of HCI and FeCls. Finally, the
samples are rinsed in deionized water and dried under nitrogen flow. Scanning electron
microscopy images are performed on a FEI DB235 microscope with field emission gun

and 5 kV acceleration voltage, providing about 4-5 nm spatial resolution.

Figure 4.1 shows an array of silicon dimer antennas with 5 pm pitch size (a) and a
representative ~20 nm nominal gap Si-dimer nanoantenna imaged with SEM (b). The
inset in a shows image of silicon dimers as the function of e-beam exposure dose allowing
to fabricate the 30 nm gap (dose 0.8 x 120 uC/cm?) and the 20 nm gap antennas (dose
0.9 x 120 uC/cm?). And for higher doses, the antennas are bridged. Figure 4.1c the



Chapter 4. Dielectric nanogap antennas for single-molecule detection 62

sketch depicting the principle of our experiment: a silicon dimer nanoantenna confining

light in the nanoscale gap for enhanced single-molecule fluorescence detection.

4.3 Near field enhancement and nanoantenna resonance

We perform finite-difference time-domain (FDTD) modeling using RSoft Fullwave software-
Version 6.0 and access the near field strength for silicon dimer geometry. We study the
gap size influence and the distribution of near field with respect to the polarization of
incoming excitation light. The model considers perfectly matched-layer boundary con-
dition on all faces and the computation is done with 1 nm mesh size. The nanoantenna
parameters are set to reproduce the fabricated devices: cylindrical shape with 170 nm
diameter, 60 nm height and 20 or 30 nm gap separation. A glass substrate with refractive
index 1.52 and water super-substrate are also considered. The excitation wavelength is

633 nm and the permittivity for amorphous silicon is taken from [109, 141].

a Gap 20 nm c Gap 30 nm
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FIGURE 4.2: Near field enhancement and gap size influence in silicon
nanogap antenna. FDTD simulations of the electric field intensity distributions
around the silicon dimer of 170 nm diameter with 20 nm (a,b) and 30 nm (c,d) gap
separations. The silicon antenna is illuminated at A = 633 nm in normal incidence from
the glass substrate with a linear electric field polarized parallel to the dimer axis. The
images in (a,c) correspond to the horizontal plane crossing the center height of the
dimer, while the images (b,d) are vertical cross-sections along the main dimer axis. The
color scales are common for (a,c) and (b,d) to ease comparison between the gap sizes.

Figure 4.2 display the near field distributions for 20 nm (a,b) and 30 nm (c,d) gap silicon
antenna with incident electric field polarized parallel to the dimer axis. An electric field
intensity enhancement around 22x is achieved with the 20 nm gap antenna when the

incident polarization is along the dimer axis. As the gap size is increased to 30 nm,
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the intensity enhancement drops to 12x. This reveals the ability of amorphous silicon
dimer antennas to confine the electric field energy in their nanogaps. Further, as seen
in Figure 4.2a,c the spatial distribution of the near field is typical of an electric dipole

resonarmnce.
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FIGURE 4.3: Perpendicular excitation in silicon nanogap antenna shows no

near field localization. FDTD simulations of the electric field intensity distribution

for excitation light perpendicular to dimers with 20 nm (a) and 30 nm (b) gap sizes.

The simulation indicates no influence of the gap size in near field strength and thus

no near field localization with this excitation polarization. The antenna is illuminated

at A=633 nm in normal incidence from the glass substrate with a linear electric field
polarized perpendicular to the silicon antenna major axis.

Figure 4.3 shows the FDTD modeling for the transverse polarization yielding no signif-
icant near field enhancement in both 20 nm (a) and 30 nm (b) gap separations. This
further highlights the strong influence of the incident polarization on the near field
enhancement within the nanogap. To further emphasize polarization dependency and
resonant feature of silicon dimer antennas, we carry optical spectroscopy on individual
nanoantennas in transmission mode with a custom-build confocal microscope setup. A
250 W Quartz Tungsten Halogen lamp (Oriel QTH) is used as incident illumination
source. The light is then polarized using a Glan-Thompson linear polarizer and focused
from the top of the sample with a 10x objective (Olympus, NA 0.22). The light scat-
tered by the nanostructure is collected by a 100x microscope objective with 10 mm
long working distance (Mitutoyo, NA 0.7). The collected light is then focused with an
optical fiber with a core diameter of 62.5 pum on the spectrometer (Isoplane, Princeton

Instruments) equipped with a Peltier-cooled CCD detector.

Figure 4.4 shows experimental (a) and simulated (b) spectra of the scattering cross-
section of the silicon dimer illuminated with an electric field polarized parallel (red
line) or perpendicular (black line) to the dimer axis. The polarization contrast is more

pronounced in the 550-750 nm range of the visible spectrum.
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FIGURE 4.4: Scattering property of silicon dimer nanoantenna. Experimen-

tal (a) and simulated (b) spectra of the scattering cross-section of the silicon dimer

illuminated with an electric field polarized parallel (red line) or perpendicular (black

line) to the dimer major axis. The vertical dashed line represents the excitation laser
wavelength used for florescence experiments.

As plasmonic nanoantennas (usually gold) are traditionally used to achieve high excita-
tion intensity enhancement, we also carry FDTD simulations for the gold nanostructures
with same gap sizes. In coming sections, we will compare the fluorescence performance of
the silicon gap antennas with the one achieved with gold nanoantennas at similar exper-
imental configuration. Figure 4.5 shows the electric field intensity distributions around
the gold antenna of 80 nm diameter particles with gap sizes respectively 20 nm (a,b) and
30 nm (c,d). Although with 20 nm gap gold dimer nanoantenna we achieve nearly 160 x
fold near-field enhancement (compared to 22x for silicon dimers), the higher quenching
losses in gold structures and also the volume averaging (as indicated in FDTD z-cuts)
can spoil this effect, so that the net fluorescence gain with gold may eventually not be
higher than the silicon nanostructures [113]. We now start the discussion about the flu-
orescence experiments with silicon nanoantennas and will present a detailed comparison

with its gold counterpart in the sections to follow.

4.4 Experiment and results: Single-molecules in solution

Materials and Experimental setup

The optical setup for the fluorescence experiments is as discussed in Chapter 2. In brief,
linearly polarized He-Ne laser at 633 nm (with 10-50 W incident power) is used as
an excitation source. The fluorescence correlation spectroscopy experiments are carried

upon an inverted confocal microscope (with 40x, 1.2 NA water-immersion objective
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FIGURE 4.5: Near field enhancement in gold nanogap antenna. FDTD sim-
ulations of the electric field intensity distributions around the gold antenna of 80 nm
diameter particles with 20 nm (a,b) and 30 nm (c,d) gap sizes. The gold antenna is
illuminated at A = 633 nm in normal incidence from the glass substrate with a linear
electric field polarized parallel to the dimer axis. The images in (a,c) correspond to the
horizontal plane located inside the antenna at 7 nm from the gold-glass interface, while
the images (b,d) are vertical cross-sections along the main dimer axis. The color scales
are common for all cases.

from Zeiss) customized with a three-axis piezoelectric stage. The emitted fluorescence
is collected in epi-detection mode using a dichroic mirror, and set of two avalanche
photodiodes. A 30 um pinhole in the detection path rejects the off-focal signal and sets
the 0.5 fLi confocal detection volume. For lifetime measurements, the excitation source is
a picosecond laser diode operating at 636 nm and one of the photodiode output is sent
to a fast time-correlated single photon counting module. The change in source for FCS
and TCSPC experiments is done with a set of two removable mirrors. A single mode
optical fiber ensures a perfect spatial overlap between the cw-laser and the pulsed laser

at same excitation spot in focal plane.

Fluorescence experiments with silicon nanogap antennas are carried out with two differ-
ent fluorophores (i) Alexa Fluor 647 with 200 mM Methylviologen (8% quantum yield)
and (ii) Crystal Violet molecules (2% quantum yield). Figure 4.6 shows the excitation
and emission spectrum of Alexa 647 (a), and CV (b) fluorescent dyes. Both dyes have
similar fluorescence spectrum and thus with minimum change in the existing setup we
can directly compare results with earlier experiments carried out in similar conditions.
For the experiments with CV molecules, we replace the 670 £+ 20 nm bandpass filter in
front of the photodetector in the detection arm with a longpass filter (cutoff A = 650 nm).
As the CV molecules has a rather boarder emission spectrum, the inclusion of longpass

filter helps in maximizing the collection of the emitted photons by the CV molecules. In
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FIGURE 4.6: Nanoantenna resonance and fluorescence absorption and emis-
sion spectra. Spectral overlap between the scattering spectra for the silicon antenna
with 20 nm gap (red line) and the excitation (dashed lines) and emission (solid shad-
owed lines) fluorescence spectra for Alexa Fluor 647 (a) and Crystal Violet molecules

(b).

addition, Figure 4.6 also shows the nice spectral overlap between the scattering spectra
(red lines) for the silicon nanogap antenna, especially in the 550-750 nm spectral range

matching the emission of both the fluorescent dyes (Alexa Fluor 647 and Crystal Violet).

4.4.1 Burst analysis of Crystal Violet molecules

To assess the optical performance of the silicon nanogap dimer, the nanoantenna sample
is covered by a solution containing 1 uM of CV molecules in a 1:1 water-glycerol solution.
The use of glycerol slows down the diffusion of molecules passing through the hotspot
making the single molecule events more prominent from a near constant background.
Prior to this, the antennas are rinsed with ethanol and exposed to UV ozone treatment
for 1 minute to remove any possible organic impurities. In addition to low excitation
power (typically between 10-50 pW), as the fluorophores are constantly diffusing in and
around the nanoantennas, problems related to photobleaching are avoided to a greater

extent.

Figure 4.7a,c,e shows the fluorescence traces of the CV molecules recorded with silicon
nanogap antennas with increasing gap size (a,b) and perpendicular excitation polariza-
tion (c). All the traces are recorded at 50 W laser power (corresponding to ~10 kW /cm?
at the focus) and the events are collected in individual histogram (Figure 4.7b,d.f). At
the 1 uM concentration, the confocal volume surrounding the antenna contains about

310 CV molecules creating a near constant fluorescence background. Fluorescence bursts
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FIGURE 4.7: Fluorescence bursts from single Crystal Violet molecules in-
dicate fluorescence enhancement on silicon nanogap antennas. (a,c,e) Fluo-
rescence time traces and (b,d,f) corresponding photon count histograms recorded on
individual silicon nanoantennas, with the excitation electric field polarization set paral-
lel (a~d) or perpendicular (e,f) to the antenna main axis. The data for the perpendicular
orientation (e,f) corresponds to a 20 nm gap antenna and similar results are obtained
with 30 nm separation. The experiments are performed with 1 uM of Crystal Violet
in water-glycerol 1:1 solution with 50 yW excitation power at 633 nm. The binning
time for all the time fluorescence time traces is 20 us and the count rates are back
computed to counts per millisecond to ease comparison with Ref. [18]. The black lines
in the histograms are fits by exponentially decaying probability distributions.
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are seen on top of this background (see inset of Figure 4.7a), with intensities depend-
ing on the gap size (Figure 4.7a-d) and the excitation polarization (Figure 4.7e,f). This
confirms that the intense fluorescence bursts recorded with parallel excitation (a-d) on

the antenna originate from the fluorophore crossing the antenna gap region.

The fluorescence enhancement factors are derived from the photon count histograms in
similar manner to the work from Orrit’s Lab and done on gold nanorods [17, 18]. In the
confocal reference condition using the same 50 uW excitation power at 633 nm, the peak
fluorescence count per CV molecule is estimated to 1.5 counts/ms. The peak fluorescence
intensity with the nanoantenna is determined using a subtraction method, that consid-
ers the difference between the maximum intensities for the parallel (Figure 4.7a,b) and
perpendicular orientations (Figure 4.7e,f) to take into account the fluorescence back-
ground. This leads to a fluorescence intensity of 400 counts/ms for the 20 nm gap size,
which is equivalent to a 400/1.5 = 270x fluorescence enhancement. When the gap size
is increased to 30 nm (Figure 4.7c,d), the fluorescence intensity and the enhancement
factor decrease to 100 counts/ms and 70x respectively. From the fluorescence correla-
tion spectroscopy analysis that we detail hereafter, we estimate that less than 0.08 CV
molecules are present in the 20 nm gap region at a 1 M concentration. This low number
and the subtraction method to determine the peak intensity rule out the possibility that
the estimated count rates originate from more than a single molecule diffusing in the

nanogap.

4.4.2 FCS: Alexa Fluor 647 at micromolar concentrations

We now switch to Alexa Fluor 647 molecules with 8% quantum yield and test the perfor-
mance of the silicon nanogap antennas at 6 M fluorophore concentration. We study the
temporal fluctuations of the fluorescence intensity F(t) to perform fluorescence correla-
tion spectroscopy (FCS) using the hardware correlator (Flex02-12D/C correlator.com,
Bridgewater NJ) with 12.5 ns minimum channel. FCS computes the temporal correla-
tion of the time-dependent fluorescence signal, which is used to determine the average
number of detected molecules, their mean diffusion time to cross the hot spot volume

and the fluorescence brightness per emitter.

A major difficulty of experiments operating at high fluorophore concentrations is that the
enhanced fluorescence signal from the dimer hotspot is hidden by the fluorescence back-
ground from the large number of non-enhanced molecules within the diffraction-limited
confocal volume. At the working concentration of 6 uM, typically 1800 molecules are
present in the 0.5 fL diffraction-limited confocal volume around the silicon dimer an-

tenna, whose collective contribution can easily overwhelm the enhanced single-molecules
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fluorescence from the nanogap region. Hence as in the case of DNH, we use the two-
species model in the total fluorescence signal for the silicon dimer experiments as well
and quantify the average number of molecules and their fluorescence brightness in the

hotspot alone.

Thus the total fluorescence intensity measured experimentally (F) is the sum of two
molecular species with different number of molecules and brightness: N* molecules within
the dimer gap region with brightness Q*, and Ny background molecules with brightness
Qo diffusing away from the region of interest but still within the diffraction-limited con-
focal detection volume. However, as the molecules contribute to G in proportion to the
square of their fluorescence brightness, the fluorescence from molecules in the nanogap
region experiencing the maximum enhancement will have a major contribution in the
FCS correlation. And using the values of background molecules and their brightness
from control experiment, we can easily quantify the average number of molecules in the
nanogap and their brightness per molecule. This will eventually give an independent val-
idation and direct comparison to the enhancement factors derived from the fluorescence

burst analysis technique.

The temporal correlation of the fluorescence intensity F' can be written as:

(F(t) F(t+T))

(F(t))?

N*Q*2G5(1) + NoQ3Gao(T)
(N*Q* + NoQo)?

G(r) =

=1+

where G}(7) and Ggo(7) are the normalized correlation functions for each species taken

individually based on a classical three dimensional model:

1
(14 7/70:)\/1+ SZZ T/Tdi

74,; stands for the mean residence time (set by translational diffusion) and s; is the ratio

Gdi(’i') =

of transversal to axial dimensions of the analysis volume, whose value is set to s = 0.2
as it has negligible influence on the estimates of the number of molecules and brightness
within the gap (N*, Q*). To extract the number of molecules within the gap (N*) and
their corresponding fluorescence brightness (Q*), we use the asymptotic value of the

correlation function towards zero lag time [65]:

N()Qg 4 N*Q*Z

GO =14 {0y T NG

(4.1)

As the sum NoQo + N*Q* amounts to the value of total fluorescence intensity (F)

measured experimentally, we can safely replace N*Q* in Equation (4.1) with F' — NyQo
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to obtain the fluorescence brightness and number of molecules within the nanogap region

as:

F2(G(0) = 1) — NoQf
(F — NoQo)
(F — NoQo)?
F2(G(0) — 1) — NoQj

Q=
(4.2)
N* =

For background molecules contribution: the fluorescence brightness @)q is set according to
the value found for the confocal reference Q.o . In addition, the number of background
molecules Ny is deduced from the fluorescence intensity when the excitation polarization
is set perpendicular to the dimer axis. As total fluorescence intensity F' and G(0) are
experimentally measured with excitation parallel to the dimer axis, we can now use the

set of expression in Equation 4.2 to get @* and N*.

Excitation

Silicon nanogap antenna Perpendicular Parallel

F' (counts/ms) 165 £ 1 183+ 1

N* - 0.5+0.1

Ny 970 £ 50 970 £+ 50

Tq (us) 50+ 5 0.2+0.1

Q* (counts/ms) - 36+5

Qo (counts/ms) 0.17+£0.02  0.17+£0.02

Detection volume (zL) 2.74+0.2x10° 140 + 30

Fluorescence enhancement - 210 £+ 40
Volume reduction - 3600 £ 700

TABLE 4.1: Fitting parameter for the FCS curves on silicon nanoantennas and

displayed in Figure 4.8b,c. Using two-species analysis we quantify average number

of molecule N* = 0.5 with brightness Q* = 36 counts/ms for those diffusing within the
nanoagap of the silicon dimer antenna.

Figure 4.8 displays the raw fluorescence intensity time traces (a) and the FCS corre-
lation functions with excitation polarization parallel (b) and perpendicular (c) to the
silicon dimer major axis. As demonstrated in FDTD simulations (Figure 4.2), the high
localization of near field with incident light parallel to the dimer axis, results in larger
fluorescence intensities and higher correlation amplitudes. This experimentally confirms
the coupling between the two silicon particles and the generation of an electromagnetic

hotspot in the gap region separating the nanoparticles.

Using the two-species model as described above, FCS analysis quantifies the average
number of fluorescent molecules N* in the antenna hotspot and the brightness per
emitter Q*. From the data in Figure 4.8a with parallel excitation and a 20 nm gap
size, we find N* = 0.5 molecule with brightness @* = 36 counts/ms. These values
should be compared to the confocal reference of Ny, =1800 molecules with brightness

Qcony = 0.17 counts/ms. The increase in fluorescence brightness per emitter in the
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FIGURE 4.8: Fluorescence correlation spectroscopy in silicon nanogap an-
tenna shows polarization contrast. (a) Fluorescence time traces with excitation
electric field parallel (red) and perpendicular (blue) to the dimer antenna with 20 nm
gap. The binning time is 100 ms. (b,c) FCS correlation functions corresponding to the
traces shown in (a). Dots are experimental data and black lines are numerical fits, whose
parameters are summarized in Table 4.1. The experiments are performed with 6 yM
concentration of Alexa Fluor 647 and 200 mM methylviologen at 10 uW excitation
power.
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FIGURE 4.9: FCS with CV molecules and luminescence background when
no fluorescent dye is present. FCS correlation function for the fluorescence trace
recorded with Crystal Violet on 20 nm silicon nanogap antenna with the excitation
polarization parallel (red) and perpendicular (blue) to the antenna main axis (the raw
intensity traces are shown in Figure 4.7a,e). The long correlation times in the millisec-
ond range show that the fluorescence fluctuations for Crystal Violet are not limited by
translational diffusion and indicate adsorption on the silicon surface. (b) Correlation
function (inset: intensity time trace) for a silicon antenna with 20 nm gap size with no
fluorescent molecules to record the level of luminescence background. The 10 pW exci-
tation power at 633 nm is similar to the conditions used in Figure 4.8a-c. No correlation
is seen for lag times > 10 us as the curve is symmetrical around zero. For lag times
< 10 ps, the extremely low detection rate does not enable to construct any correlation
function, so the correlator output remains at the -1 level.
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nanogap quantifies the antenna fluorescence enhancement as Q*/Qcony = 210x. The
FCS data also shows that the volume in the silicon nanogap is Neonr/N* = 3600x lower
than the diffraction-limited confocal volume. Additionally, the calibrated 6 pM Alexa
647 concentration allows us to express the number of molecules N* as the nanoantenna
detection volume of 140 zL (1 zL = 102! L), which is equivalent to A3/1800. This volume
measured by FCS corresponds well to the 25 x 90 x 60 nm? = 135 zL value expected from
the numerical simulations (Figure 4.2a,b). In contrast, the perpendicular excitation leads
to a nearly flat correlation curve (Figure 4.8c), with N=970 molecules and brightness @
= 0.17 counts/ms. This supports the fact that no volume confinement is achieved with
an excitation polarization perpendicular to the dimer axis, and confirms the nanogap
origin of the signal for a parallel polarization. The FCS fitting results are summarized
in Table 4.1.

In addition, we also computed correlation functions for the CV fluorescence time traces
shown in Figure 4.7) (in the earlier section 4.4.1: Burst analysis with CV molecules).
Figure 4.9a shows the correlation curves for CV molecules diffusing within 20 nm silicon
nanoantenna. This further validates the polarization sensitivity as the parallel excitation
(red) shows higher correlation amplitudes (indicating fewer molecules probed due to
localized excitation hotspot) when compared to the perpendicular excitation case (blue).
We also checked that no bursts are detected in the absence of fluorescent molecules (inset
of Figure 4.9b), indicating a negligible luminescence background from the silicon antenna
itself. No correlation is seen for the same trace recorded without any fluorophore. For
lag times >10 ps the curve is symmetrical around zero, and for lag times <10 us,
the extremely low detection rate does not enable to construct any correlation function,

thereby correlator output remaining at the -1 level.

Effect of excitation power and saturation regime

We perform a series of FCS experiments for varying excitation power and for both gap
sizes with Alexa Fluor 647 in presence of methylviologen as the chemical quencher.
Figure 4.10 plots the fluorescence count rate per molecules as measured by FCS and
as the function of excitation power for 20 nm and 30 nm gap sizes. The confocal case
(without nanoantenna in the sample plane) is also shown in green for direct comparison.
The experimental data points for increasing excitation power follows the general model
of the fluorescence brightness Alcyc/(1 4 Lexe/Isat), where Iy is the excitation power,
I the saturation power, and A being a constant proportional to the molecular ab-
sorption cross-section, quantum yield and setup collection efficiency [92]. The fit results
are summarized in Table 4.2. Moreover, brightness per molecule above 40,000 counts/s

can be readily obtained with the silicon nanoantenna, while the fluorescence brightness
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FIGURE 4.10: Effect of excitation power and saturation regime. Fluorescence

brightness per emitter as a function of the excitation power to show fluorescence sat-

uration occurring at powers higher than 15 yW. For the silicon antennas, the electric

field excitation is set parallel to the dimer axis. For the confocal reference, the data is
multiplied by 50x to ease display on the same graph.

saturates to values below 1,000 counts/s for the confocal reference in the presence of

methylviologen.

For the silicon nanoantennas, the electric field excitation is set parallel to the dimer
axis and shows fluorescence saturation occurring only at powers higher than 15 pW.
All our FCS measurements involving methylviologen (Figure 4.8) are therefore recorded
at 10 uW excitation powers. The dependency of the brightness per emitter with the
excitation power and the saturation trend is typical in fluorescence and confirm that our

data is not affected by laser leakage on the detection channel or other spurious effects.

Gap size A (counts/ms/uW)  Isq (uW))

20 nm 5.7+ 1.6 16.4 4+ 9.3
30 nm 1.8 +04 24.3 + 13.3
Confocal 2.2+ 0.2 6.8 = 0.8

TABLE 4.2: Fit results show fluorescence saturation at higher excitation pow-

ers. The parallel excitation scheme shows fluorescence saturation occurring only at

powers higher than 15 pW. All our FCS measurements involving methylviologen (Fig-
ure 4.8) are therefore recorded at 10 yW excitation power.

4.4.3 Photokinetic rate enhancement in silicon nanogap antennas

The presence of a nanogap antenna affects the fluorescence signal mainly via: (i) local
enhancement of the excitation intensity, (ii) accelerated decay rates (Purcell effect) in

the nanogaps, (iii) enhancement in the quantum yield of the emitter. We start this
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loss*

section with the discussion on the influence of the antenna on the radiative rate I"

shows the numerical simulations of the decay rate constants as a function of the emission
wavelength for a perfect dipole emitter with parallel orientation located in the dimer
center of a silicon antennas with 20 (a) and 30 nm (b) gap separations. All rates are
normalized to the dipole’s radiative rate in free space and the simulations take into
account the complex permittivity of amorphous silicon [109, 141]. In agreement with the
reciprocity theorem [142], the computed radiative rate enhancement I}, /T',qq appears
very close to the excitation intensity enhancement I}, ./I.,., and increases as the gap size
is reduced. The fluorescence enhancement mechanism in silicon nanogap antennas can be
thoroughly explained by a combination of excitation intensity enhancement and radiative
rate enhancement with near similar strengths. However, our calculations reveal a non-
negligible contribution of the non-radiative losses, which decrease the antenna’s radiative
efficiency (ratio of radiative rate to the total decay rate displayed in Figure 4.11c) in the
visible region. While amorphous silicon has almost real permittivity in the near infrared
minimizing the optical losses [113], the remaining absorption in the visible range is a

phenomenon that must be taken into account.
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FIGURE 4.11: Decay rate constants as function of the emission wavelength
for silicon nanogap antennas. (a-b) Numerical simulations of the decay rate con-
stants as a function of the emission wavelength for a perfect dipole emitter with parallel
orientation located in the dimer center with increasing gap sizes. All rates are normal-
ized to the dipole’s radiative rate in free space. (¢) Antenna radiative efficiency (ratio of
radiative rate to total decay rate) for a perfect dipole emitter with parallel orientation
located in the dimer center with 20 nm (red) and 30 nm (orange) gap size.

Further, reducing the emitters intrinsic quantum yield (8% for Alexa647 to 2% for
CV molecules), we benefit from higher enhancement factors. As with the CV molecules,
we clearly observe enhancements of several hundreds and even higher values can be
foreseen for further reduced gap sizes. Figure 4.12 displays simulation results for quantum

yield enhancement computed for a dipole source oriented parallel to the silicon antenna

Numerical simulations of the decay rate constants and the quantum yield enhancements were done
by Dr. Mathieu Mivelle, Université Pierre et Marie Curie, Institut des NanoSciences de Paris.
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FIGURE 4.12: Quantum yield enhancement in silicon nanogap antenna.

Quantum yield enhancement computed for a dipolar source oriented parallel to the sil-

icon antenna main axis. The different values ¢g indicate the initial (intrinsic) quantum

yield of the source. While no quantum yield enhancement is seen with a high efficiency

emitter (¢ > 80%), using emitters with low intrinsic quantum yields maximizes the
quantum yield enhancement.

main axis for both 20 nm (a) and 30 nm (b) gap sizes. In addition to the excitation
intensity enhancement, decreasing the gap size indeed maximizes the contributions of the
radiative rate in the silicon nanogap. Thus using emitter with low intrinsic quantum yield
with narrow gap antennas helps maximizing the quantum yield enhancement to achieve
higher fluorescent enhancement factors. It is important to note here that, as displayed
in Figure 4.12, for low quantum yield emitters (¢p < 20%) the Purcell enhancement of
the radiative rate can compensate the quenching effect of the ohmic losses, leading to a

net enhancement of the apparent quantum yield.

As de-excitation of the molecules to the ground state is expected to be mainly gov-
erned by the increased radiative emission, we now study this phenomenon with TCSPC
measurements. We study the decay rate enhancement in the nanogap between silicon
dimers by recording the fluorescence decay kinetics upon picosecond pulsed excitation.
Figure 4.13a displays typical decay traces for Alexa Fluor 647 with 200 mM methylviolo-
gen on a 20 nm gap silicon antenna. While the decay kinetics are similar for the confocal
reference (green) and the antenna with perpendicular orientation ( blue in Figure 4.13b),
turning the excitation polarization to parallel (red) induces a clear acceleration of the
decay dynamics. While a single exponential model with 350 + 15 ps lifetime accounts
well for the observed decay dynamics in the case of the antenna with the excitation
in perpendicular orientation, we find that a bi-exponential model is needed to describe
the decay in the case of the excitation parallel to the silicon antenna dimer. This bi-

exponential model accounts for the respective contributions of the IN* molecules in the
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gap region (that we assign to the newly appearing short lifetime contribution) and the
Ny molecules in the confocal volume (away from the nanoantenna, which have a 350 ps
lifetime independent of the excitation polarization). Taking into account the convolution
with the instrument response function (IRF), our data indicate a fluorescence lifetime
of 150 + 20 ps in the gap region. This lifetime reduction may seem weak as compared
to the 40x decay acceleration computed in Figure 4.11a. As discussed in Chapter 2 and
Chapter 3, a significant contribution in the experimentally observed decay dynamics
comes from the internal non-radiative rate I',, = 0.67 ns~' of Alexa Fluor 647 and
the quenching rate I'; = 1.9 ns™! set by methylviologen [65]. Thus these contributions

must be subtracted to the observed total decay rate to recover only the contribution

*
rad

from the local density of optical states (LDOS which encompasses both radiative I

*

J,ss transitions set by the photonic environment). This provides a

and non-radiative I'
decay rate of 0.28 ns~! for the confocal reference and 4.1 ns~! for the 20 nm gap silicon
antenna with parallel excitation, leading to an LDOS enhancement of 14.1/0.28 = 15x
which clearly indicates the significant influence of the silicon antenna on the LDOS.
The discrepancy with the predicted values from the numerical simulations (40x) stems
mainly from the spatial and orientation averaging within the gap region that affects the

experimental data, as well as local defects on the fabricated nanodiscs [143].
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FIGURE 4.13: Photokinetic rate enhancement in silicon nanogap antennas
measured by TCSPC. (a) Normalized fluorescence decay traces of Alexa Fluor 647
with 200 mM methylviologen obtained on a 20 nm gap silicon antenna with excitation
light parallel (red) and perpendicular (blue) to the dimer axis. (b) The fluorescence
decay traces of Alexa Fluor 647 are further compared with confocal reference (green).
A single exponential decay with 350 ps lifetime is used to model the decay kinetics for
the confocal reference and the nanoantenna with perpendicular orientation. Black lines
are numerical fits convoluted by the instrument response function (IRF).
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FIGURE 4.14: Fluorescence enhancement factors: Numerical simulation and
experimental data. Numerical simulations of the fluorescence enhancement factor
nr using Equation 4.3 as a function of the initial quantum yield of the emitter (in
homogeneous environment without the antenna) for silicon antennas with 20 nm (red
line) and 30 nm (orange line) gap sizes. The lines represent the evolution predicted
using only the numerical simulations results. They are not a fit to the experimental
data, there is no free parameter. The excitation wavelength is 633 nm and the emission
is averaged over the 650-690 nm region for a dipole with parallel orientation to the dimer
main axis. The dots represent the experimental data, CV stands for the experiments
on Crystal Violet and A647 for the measurements on Alexa Fluor 647 with 200 mM
methylviologen. The vertical error bars represent the extreme values found in the set of
experiments, the horizontal error bars indicate a 20% uncertainty on the fluorescence
quantum yield.

As the fluorescence enhancement is mainly due to: higher local excitation intensity lead-
ing to increased excitation rate and increased radiative emission rate for the dipole
emitter inside the gap. The fluorescence enhancement factor ng can be expressed as
[94]: -

exc rad 1

Iemc Frad 1-— ¢0 + ¢0 (F:ad + szoss)/rrad

/Ieze is the excitation intensity enhancement in the nanogap, I'Y ;/I'yeq is

nrF = (4.3)

*
where I,

the enhancement of the radiative decay rate constants, ¢g = I'yqq/(Fraqg + Tnr) is the

*

intrinsic quantum yield of the fluorescent molecule in homogeneous solution and I'j

is an additional decay rate constant describing the non-radiative energy transfer to the

antenna’s material induced by ohmic losses.

Figure 4.14 summarizes all the fluorescence enhancement results (dots represent the ex-
perimental data and lines being numerical simulations) for Alexa Fluor 647 with 200 mM
methylviologen and CV molecules. The lines are predicted by solely using the numerical

simulation of the fluorescence enhancement factor ng is obtained by using Equation 4.3
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as a function of the initial quantum yield (¢g) of the emitter in homogeneous environ-
ment without the antenna. The excitation rate enhancement % = 22 (for 20 nm gap);
12 (for 30 nm) and the radiative rate enhancement % = 40 (for 20 nm gap); 18 (for
30 nm) are taken from the simulations displayed in Figure 4.2 and Figure 4.11. The ex-
citation wavelength is 633 nm and the emission is averaged over the 650-690 nm region
for a dipole with parallel orientation with 20 nm (red line) and 30 nm (orange line) gap
silicon dimer antennas. These solid lines represent the evolution predicted using only
the numerical simulations results. They are not a fit to the experimental data, there is
no free parameter. The good agreement with the experimental observations for Crystal
Violet and Alexa Fluor 647 and for both gap sizes further supports our approach of

using all-dielectric platform for enhanced single-molecule fluorescence detection.

4.5 Performance comparison with gold nanoantenna

As we already showed with FDTD simulations, plasmonic nanoantennas have higher
near field localization factors when compared to their dielectric counterparts. However,
the ohmic losses and joule heating induced in metallic structures can severely limit the
achievable fluorescence enhancements. In this section, we compare the optical perfor-
mance of all-dielectric nanogap antennas with those acheived with plasmonic structures

in similar experimental conditions.

In Figure 4.15 we compare our results of silicon dimers with the ones achieved with
the gold dimer antennas of similar gap sizes featuring 80 nm diameter gold particles to
have a resonance near the 633 nm excitation and 650-690 nm emission for Alexa 647
[90]. For both silicon and gold case, clear increase on the fluorescence enhancement
(a) and volume reduction (b) is observed as the gap size is reduced. This is consistent
with the electric field confinement in the gap region as we discussed computing the
near field strength using FDTD (Figure 4.2 for silicon and Figure 4.5 for gold). As
the experimental conditions are identical between the experiments (for Si and Au),
the fluorescence enhancement factors and detection volumes can be readily compared.
Remarkably, the silicon antennas have fluorescence enhancement and optical confinement
properties that are very similar to the gold antennas of similar gap sizes. This is a very
positive indication for the field of all-dielectric nanophotonics and a further motivation

to reach sub-10 nm gaps by improving the challenging lithography and etching of silicon.

As the local intensity enhancement with the nanoantennas critically depends on the gap
size, we performed similar FCS experiments with gold dimer and trimer nanoantennas

at similar experimental configurations and following similar FCS analysis procedure as
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FIGURE 4.15: Fluorescence enhancement and detection volume in silicon
nanogap antennas analyzed by fluorescence correlation spectrocopy. Com-
parison of the fluorescence enhancement (a) and detection volume (b) measured in the
nanogap of silicon nanoantennas and gold nanoantennas of similar gap sizes, for which
the excitation electric field polarization set parallel to the dimer axis. The data for gold
nanoantennas is taken from Ref. [90] which uses the same experimental conditions with
Alexa Fluor 647 and 200 mM methylviologen. The gold nanoantennas have a diameter
of 80 nm, a gap size of 20 or 30 nm, a thickness of 50 nm, and are surrounded by a
280 x 140 nm? box aperture in a gold film to further suppress the fluorescence back-
ground. The error bars are deduced from the extreme values found in a set of different
nanoantennas of similar design parameters (8 and 11 antennas respectively for 20 and
30 nm gap sizes).

adopted for silicon dimers. Gold nanoparticles with 80 nm diameter (commercially avail-
able from BBI Solutions) are diluted in pure water and dispersed on a glass coverslip as
in Ref.[16]. We then cover the sample with 15 uM Alexa 647 with 200 mM methylviolo-
gen and perform FCS as before at 10 uW excitation power. Figure 4.16a represents the
schematic of the experimental configuration for the gold dimer nanoantennas. The polar-
ization sensitivity in the dimer configuration allows to selectively probe dimer antennas,
which are further confirmed by SEM imaging. Figure 4.16b shows the SEM images of
dimer, trimer, monomor, and the aggregate of self-assembled gold nanoparticles. Using
numerical modeling and experimentally obtained scattering spectra from the individual
nanoantenna, we estimate nominal dimer antenna gap size as 6 nm [22]. Additionally,
in order to study the gap size influence with gold nanoantenna we use Poly(ethylene
glycol) methyl ether thiol (PEG) as capping agent to the gold nanoparticles. PEG is
know to replace the citrate cover on the gold nanoparticles with thiol agent to bind
on the surface of gold nanoparticles, and eventually provides an additional surface on
gold nanoparticles. As the length of spacer arm of PEG in our case in 6 nm we achieve

gold dimer antenna with 12 nm gap size with PEG treatment. The gap sizes are further
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FIGURE 4.16: Fluorescence enhancement and volume reduction with self-
assembled gold nanoantennas. (a) Schematic of a dimer antenna illuminated by a
diffraction-limited focused laser beam. A solution of fluorescent molecules at micromo-
lar concentration covers the antenna, only a few molecules randomly diffuse in the hot
spot inside the nanoparticles gap, while thousands of molecules are in the diffraction-
limited confocal volume. (b) Representative SEM images (along with the markers) of
the different gold nanoantennas tested. Their color is associated to different configura-
tions and to the presence of an additional PEG layer around the nanoparticles. (c,d)
Average fluorescence enhancement and volume reduction for the different antenna con-
figurations. Error bars indicate the standard deviation, numerical values at the right of
the graphs indicate the average value over the different samples.

validated by an experimentally observed blue shift in the scattering spectra as compared
to the dimers where no PEG is used [22].

Figure 4.16¢,d summarizes the fluorescence experiments achieved for all possible cases:
dimers (no PEG), dimers (with PEG), trimers (no PEG), trimers (with PEG), aggre-
gates and monomors of gold nanoparticles. As expected with 6 nm gap dimers (without
PEG) we get on average 440x fluorescence enhancement together with nearly 6000 x
volume reduction when compared to all other cases of trimer, aggregate or monomer.
With the use of PEG spacer the gap separation is nearly 12 nm, and this directly influ-
ences the optical performance of the nanoantennas: with observed 100-fold fluorescence
enhancement and 780-fold volume reduction when compared to confocal configuration.

The result obtained for 12 nm gap gold nanoantenna is interesting because it gives a
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sense of how efficient the all-silicon nanogap antennas can be for fluorescence experi-
ment. As we demonstrated with slightly larger gap (20 nm), we are still able to achieve
a higher fluorescence enhancement up to 270x together with 3600x volume reduction.
Altogether, these results establish that all-silicon platform is an attractive choice to

enhance the emission from single molecules diffusing across the nanoscale gap region.

4.6 Summary

We demonstrate the first proof-of-principal experiment with all-dielectric nanoantennas
for enhanced single-molecule fluorescence detection and nanoscale volume localization.
Using burst analysis and FCS, we provide clear quantification of enhanced fluorescence
and compare the results with simulations. With 20 nm nominal gap silicon nanoan-
tennas, we report fluorescence enhancement factors up to 270x with single molecule
sensitivity at micromolar concentrations. The excitation polarization dependence, the
gap size influence, the microsecond transit time and the excellent agreement with nu-
merical simulations confirm that the fluorescence signal stems from the electromagnetic
hotspot of the silicon dimer geometry. The low Q-factor of the resonance is compensated
by the ultralow mode volume of A3/1800 to enhance simultaneously both the excitation
intensity and the radiative decay rate by about 20x. In addition, the scattering spectra
of silicon dimer antenna accommodates the full emission spectrum of the fluorescent dye
at room temperature, avoiding the narrow spectral range of operation and the cryogenic
temperatures (usually the case with high Q-factor microcavities). Additionally it should
be noted that these nanogap antennas indicate better optical performance in near IR
region (see scattering spectra in Figure 4.6) and thus room for further improvements. We
further compared the optical performance (both the fluorescence enhancement factors
and the hotspot detection volume) with gold dimers at similar experimental conditions.
Our results show that amorphous silicon is an attractive alternative to plasmonic materi-
als to design optical antennas and use them for single molecule fluorescence experiments.
Compared to gold antennas, the silicon antenna design circumvents the major limitations

of nonradiative quenching and heat losses in the metal.

In contrast to most structures supporting Mie resonances, which have the maximum field
enhancement inside the particles [108, 144], the gap antenna design proposed here, sets
the the maximum field enhancement in the gap region between the silicon nanoparticles,
and thus being attractive for biosensing applications. Further, silicon is very abundant
in nature and thus is cost-effective. Being compatible with CMOS processing, the field

of optically resonant dielectric particles has huge potential technological impact. The
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demonstration that silicon nanogap antennas as efficient platforms to probe single flu-
orescent molecules constitutes an important step forward for the implementation of

molecular sensors with on-chip CMOS-compatible nanophotonic devices.

However, although the all-dielectric platform appears an attractive choice for various
CMOS compatible applications, in absence of a screening layer surrounding the dimer
antennas, it is tricky to quantitatively analyze the hotspot fluorescence from the back-
ground molecules while working at higher molecular concentration. Together with fabri-
cation challenge (currently limited to 20 nm nominal gap), our fluorescence experiments
are thereby limited within the concentration range of 1-6 uM. In addition, this design is
limited to experiments with fluorophore freely diffusing in solution droplets. Extending
antenna enhanced fluorescence experiments for live cell research (to study single molecule
dynamics in plasma membranes) will need further improvement in this antenna design.
In next Chapter 5, we will address this issue and demonstrate large scale gold dimer
nanoantenna with surface hotspot and planar surface topology optimized for single-
molecule experiments at concentrations exceeding 20 uM. We will further discuss the
applicability of these planar nanoantenna design with giant fluorescence enhancement-
factors in the context of (i) single-molecules diffusing in solution, (ii) model lipid bilayers

and (iii) plasma membranes in living cells.



Chapter 5

Surface nanogaps for giant

fluorescence enhancement

The use of nanoantennas for biological applications, such as dynamic sensing and molec-
ular spectroscopy in plasma membranes of cells require large-scale availability of nar-
row accessible gaps. Not only should the nanogaps with sub 20 nm dimensions be re-
producibly fabricated, but also the gap region (electromagnetic hotspot) must remain
accessible to the target molecules. In this chapter, we introduce the concept of surface
nanogaps achieved with a new nanofabrication technique that applies planarization, etch
back and template stripping to expose the excitation hotspot at the top surface of the
nanostructure. We will then discuss the optical performance of these “planar nanoanten-
nas” for enhanced single-molecule fluorescence detection and demonstrate their superior

performance over conventional electron beam lithography methods.

This project was carried out in collaboration with the teams of Prof. Jiirgen Brugger
(EFPL, Switzerland) and Prof. Niek F. van Hulst (Molecular Nanophotonics, ICFO,

Barcelona).

5.1 Nanoantennas with surface nanogaps: Motivation

Optical nanoantenna can efficiently confine light energy into nanoscale dimensions breach-

ing the classical diffraction limit. This leads to enhanced light-matter interactions at

The contents of this chapter have been published in:

Flauraud, V., Regmi, R., Winkler, P.M., Alexander, D.T., Rigneault, H., van Hulst, N.F., Garcia-
Parajo, M.F., Wenger, J. and Brugger, J., 2017. In-plane plasmonic antenna arrays with surface nanogaps
for giant fluorescence enhancement. Nano Letters, 17(3), pp.1703-1710.
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the nanoscale, and thus making nanoantenna a powerful tool for investigating single-
molecule dynamics that requires both high spatial and temporal resolution [10, 11].
However, in most nanoantenna designs, the region of maximum field localization and
enhancement (i.e., electromagnetic hotspot) is not readily accessible to the sample
since it is buried in the nanostructure. For example, solution based single-molecule
measurements at biologically-relevant high micromolar concentrations and investigation
nanoscale membrane architecture in plasma membranes of living cells, requires large
availability of narrow gaps with the smallest gap region (hotspot) at the top of the
nanostructure. Exposing the narrowest region of the gap towards the sample proximity
ensures that probe molecules experience only the “brighter side” of the nanoantenna
while simultaneously providing a near flat substrate favored for live-cell research. De-
spite impressive recent progress using electron beam [145], focused ion beam [146] or
stencil lithographies [147, 148], the challenges of reliable narrow gap fabrication and
hotspot accessibility remain major hurdles limiting the impact and performance of op-

tical nanoantennas.

As the current large-scale fabrication techniques lack reproducible geometrical control
below 20 nm, limiting the applicability of these efficient platforms for bio-inspired ap-
plications, we propose a new nanofabrication technique that applies planarization, etch
back and template stripping resulting a large scale production of surface nanogaps (nor-
mally at the bottom, now at the top of the structure). We demonstrate large scale arrays
of planar nanoantennas (fabricated at EPFL, Switzerland), featuring gaps as small as
10 nm with sharp edges and full surface accessibility of the confined hotspot region for en-
hanced single-molecule fluorescence detection. The novel fabrication approach drastically
improves the optical performance of plasmonic nanoantennas to yield giant fluorescence
enhancement factors, together with zeptoliter range detection volumes. This fabrication
method achieves excellent geometric control in the nanometer range over large areas,
and is fully adaptable to different antenna designs providing direct access to the en-
hanced field at the gap region. As we will demonstrate, this fabrication approach will
significantly improve the effectiveness of plasmonic antennas for various applications,

including ultra-sensitive biosensing and live cell research.

In the next section, we will detail on how the current limitations in fabrication accu-
racy (specially for gaps smaller then 20 nm) and scalability can be addressed using
planarization, etch back and template stripping. The burst analysis, FCS and TCSPC
measurements will be then discussed in detail to demonstrate the superior performance
over conventional electron beam lithography methods. After the discussions on the opti-

cal performance of these in-plane nanoantennas at very high fluorophore concentrations
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for enhanced single-molecule fluorescence detection, in the next Chapter 6, we will ex-
ploit the extreme planarity of these structure to investigate the dynamics of membrane

lipids in living cells.

5.2 Large scale in-plane nanoantennas: Fabrication

The antenna design is based on the “antenna-in-box” platform featuring a nanogap
dimer antenna inside a rectangular box aperture. The central nanogap antenna between
two 80 nm gold half-spheres creates the hotspot for fluorescence experiments and the
cladding 300 x 140 nm? box, essentially screens the background signal by preventing
direct excitation of molecules diffusing away from the hotspot [90, 149]. This design is
tailored for optimal enhanced single molecule analysis in solutions at high M concen-

trations.

Figure 5.1 summarizes the different steps of the nanofabrication procedure. The nanoan-
tenna fabrication is performed on a 100 nm-thick silicon nitride deposited over silicon
wafers (100 mm diameter, prime grade). Negative tone hydrogen-silsesquioxane (HSQ)
resist is spun at 1500 rpm for 240 seconds yielding an approximately 100 nm-thick coat-
ing. The samples are then exposed by electron-beam lithography using a 1 nm grid and
a 2 nA beam (5 nm FWHM) (a). After exposure, the samples are developed at room
temperature in 25% tetramethylammonium hydroxide for 2 minutes, rinsed in deionized
water and isopropanol prior to drying in order to avoid any possible collapse of the nar-
rowest features induced by capillary force. A 50 nm-thick gold film is then evaporated
(10 A/ s) by electron beam heating at a pressure of 8x10~7 mBar on static substrates
(b). The stage temperature is maintained at —50° C to reduce the gold grain size by
approximately a factor of two as compared to room temperature evaporation, allowing

for low edge roughness and improved shape accuracy.

Planarization is then carried out by spinning flowable oxide (Dow Corning FOX-16) at
1000 rpm for 240 seconds (c). This yields 1 pm thick film with a residual topography
above the structures of interest below 10 nm. Broad argon ion beam milling (Veeco
Nexus IBE350) is then performed at —45° sample tilt to etch back the flowable oxide
until the top gold caps were fully removed (d). End point detection is performed by
monitoring the signal from gold on a secondary ion mass spectrometer. A 30 seconds
etching with hydrofluoric acid diluted 1:10 in deionized water is then carried out to clear
out the residual HSQ in the antenna apertures (e). The 100 mm silicon wafer is then

cleaved into individual dies each of which contains nanoantennas with various gap sizes.

Nanofabrication procedure was performed by Dr. Valentin Flauraud (EPFL, Switzerland) at the
Center of Micro/ Nanotechnology (CMI) of EPFL, Switzerland.



Chapter 5. Surface nanogaps for giant fluorescence enhancement 86

Template strip

FIGURE 5.1: Fabrication of planar nanoantenna arrays. The nanoantenna fabri-

cation process flow is performed over a silicon nitride layer deposited in silicon thin-film.

The HSQ resist is patterned by electron-beam lithography (a) followed by a 50 nm thick

gold layer evaporation (b). Flowable oxide is then spun for planarization (c¢) which is

then etched back by Ar ion beam (d) to remove the top metal capping. Wet etching

of the remaining HSQ (e) clears out the antenna geometry and then finally template
stripping is done using UV curable adhesive (f).

As sketched in Figure 5.1e, the gold sidewalls bear a tapering angle due to metal diffu-
sion during the evaporation. Therefore the narrowest gap region lies at the bottom of
the structure close to the substrate interface. This hotspot position is impractical for
biosensing and fluorescence enhancement applications, where the narrowest gap posi-
tion should be on the top surface of the structure in order to maximize the contact with
the probe solution. Thus the template stripping approach is implemented by using UV
curable adhesive (f) in which the gold structures are transferred, and flipped over, onto
a microscope coverslip to facilitate access to the narrowest and brightest region of the

nanogap.

For template stripping procedure, a 150 pm thick microscope coverslip (30 mm diameter)
is cleaned in piranha solution and then surface activated by oxygen plasma treatment
(Tepla Gigabtach 1000 W, 500 SCCM O3). The plasma exposed surface of the coverslip
is then brought in contact with the gold substrates in silicon wafer dice with a drop
of UV curable OrmoComp (microresist technology GMBH) and is cross-linked under
UV and light pressure (ESCO EUN-4200 375 nm, 2.5 mW /cm?) for 3 minutes followed
by separation of the glass from the silicon with a razor blade. It is important to note
that the last template stripping step can be performed just before the final fluorescence
measurements, so the antenna hotspot is protected from surface contaminants during

long term storage.
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3 Open structure

FIGURE 5.2: SEM and AFM images of planar “antenna-in-box” devices.
(a) Tilted SEM view of an opened “antenna-in-box” before template stripping. The
smallest part of the gap (~12 nm in this case) lies at the surface level. A similar
structure is imaged from the top before (b) and after (c) template striping. Dimensions
are preserved and the space surrounding the antenna is filled by the UV curable polymer
as seen in the AFM image (d) and shows less than 5 nm residual topography. Lower
panel in d shows two AFM profiles averaged over 20 line scans before (dashed blue)
and after (red) template stripping of the 50 nm-thick gold structure. All scale bars are
100 nm.

Figure 5.2a shows the tilted SEM view of an open “antenna-in-box” before template
stripping (as sketched in Figure 5.1e). The smallest part of the gap, here 12 nm, lies
at the surface level, closer to the silicon wafer interface. A similar structure is imaged
from the top before (b) and after (c) template striping. This comparison before and after
template stripping, clearly shows that the narrowest gap region emerges on a flat top sur-
face enabling maximum fluorescence enhancement in a minimal near-field probe volume.
Figure 5.2d is a representative AFM image of the template-stripped nanoantenna show-
ing less than 5 nm residual topography. These AFM analysis further confirm that the
dimensions are preserved after template stripping procedure and the space surrounding
the nanoantenna is filled by the UV curable polymer (see lower panel in Figure 5.2d).
As all these fabrication processes are performed on conductive silicon substrates, the
final structures can be easily transferred to microscope coverslips, avoiding the need for

a supplementary adhesion layer that can damp the plasmonic performance [150].

Moreover, we use transmission electron microscopy (TEM) to accurately quantify the
dispersion in the nanoantenna dimensions and to test the accuracy of the production
process. The same fabrication process, excluding template stripping, is carried out on
a 30 nm thick silicon nitride membranes for accurate TEM metrology on prototypical
arrays of nanoantennas. Figure 5.3a shows a representative image of a 5x5 antenna array
with 10 nm nominal gap width used for metrology purposes with no template stripping
performed. Various gap separations (from 10 nm to 45 nm) are achieved with narrow

dispersion and the results are summarized in Figure 5.3b,c. It should be noted that
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although the resist HSQ is patterned at dimensions in the range of 5 nm for the central
nanogap region, the effective gap separation of the gold dimer appears systematically
larger. This effect is due to a combination of metal diffusion and aperture clogging during

evaporation, as well as metal wetting and diffusion onto the substrate.
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FIGURE 5.3: TEM metrology and nominal gap size. (a) TEM image of a 5 X
5 antenna array with a 10 nm nominal gap width used for metrology purposes with no
template stripping performed. The scale bar is 500 nm. The rectangular apertures have
300 x 140 nm? dimensions with each nanosphere being 80 nm in diameter. (b) Measured
gap width of the Au dimers as a function of HSQ structure design width. Average gap
width and associated standard deviation error bars are displayed. (c¢) Corresponding
distribution histogram with 1.5 nm bin width. The gap size variations are due to the
finite grain size in the Au film.

5.3 Near field enhancement and nanoantenna resonance

We perform numerical modeling based on FDTD method using Rsoft Fullwave 6.0 soft-
ware for nanoantenna with 10 nm (Figure 5.4a-c) and 30 nm (Figure 5.4d-f) gap sizes
and access excitation intensity enhancement at 633 nm with polarization along the dimer
axis. The computation considers the mesh size of 0.5 nm for 10 nm gap antenna and 1 nm
for 30 nm gap antenna and uses 214 temporal steps of 8.1x107!? s. The permittivity of
gold is modeled according to the data in Ref. [151].

The intensity recorded at the antenna surface for 10 nm gap (a) shows excitation intensity
enhancement up to 600x, while a 30 nm gap antenna yields nearly 160x near field
enhancement (d). We perform a series of such modeling to study the evolution of the
peak intensity enhancement as a function of the antenna nanogap separation (g), and

then estimate the detection volume for each case (h). The estimation of the detection
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FIGURE 5.4: Numerical simulations of excitation intensity enhancement and
estimation of detection volume. Excitation intensity enhancement at 633 nm are
computed using finite-difference time-domain method for a nanoantenna of 10 nm gap
size (a~c) and 30 nm gap (d-f). FDTD modeling is performed using mesh size 0.5 nm
for (a~c) and 1 nm for (d-f). The intensity is recorded at the antenna surface for (a,d)
and along planes crossing the antenna’s center for (b,c) and (e,f). (g) Evolution of
the peak intensity enhancement at 633 nm computed in the gap region as a function
of the antenna gap size. (h) Evolution of the detection volume as a function of the
nanoantenna gap size.

volumes, considers the product of the typical decay distances along X, Y and Z axis
obtained from the intensity maps. To accurately model the experimental data, for the
X axis we take the gap size plus the nanoparticle radius, while for the Y axis, we take
the full width at 1/e2. For the Z axis, we take the decay length at 1/e2, taking only
into account the zone accessible to the solution sample. As we will discuss later in the
upcoming Section 5.5.1 (FCS to quantify near field detection volume), these empirical
estimation of the detection volumes stand in excellent agreement with those acquired

from fluorescence experimental data.

Figure 5.5 shows the experimental dark-field scattering spectra measured for 10 nm (a)
and 35 nm (b) gap sizes and both polarization configurations of the illumination light.
The polarization sensitivity, and gap size influence is further confirmed by these dark-

field spectra. Figure 5.5¢,d displays the fluorescence spectra of both the dyes (Alexa Fluor
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FIGURE 5.5: Nanoantenna resonance and overlap with the fluorescence

spectra. (a,b) Dark-field scattering spectra for 10 nm (a) and 35 nm (b) gap sizes and

two orientations of the illumination polarization. (c,d) Spectral overlap of the 10 nm

antenna’s response (red lines) with parallel orientation compared to the fluorescence

spectra for Alexa Fluor 647 (c) and Crystal Violet (d). Excitation spectra are shown
with dashed lines, emission spectra with solid shaded lines.

647 and Crystal Violet) indicating the excellent overlap with the spectral response of
10 nm antenna (red lines) excited in parallel configuration. The dashed lines represent
the excitation spectra, while the solid shaded lines being the emission spectra of the

fluorophores.

5.4 Experiment and results: Burst analysis of single-diffusing

fluorophores

The fluorescence experiment setup is based on an inverted confocal microscope with
a high NA water-immersion objective and is the same as used in earlier experiments
(double nanohole and silicon dimers). The details on each optical component is presented
in Chapter 2. Fluorescence burst analysis with these planar “antennna-in-box” devices
are performed using two different dyes: Alexa 647 molecules with 200 mM methylviologen
(8% quantum yield) and Crystal Violet molecules (2% quantum yield), both of which

have similar excitation spectra.
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Fluorescence experiments are performed by covering the nanoantenna substrate with a
solution containing 1 M Alexa Fluor 647 with 200 mM methylviologen in water-glycerol
solution (1:1 ratio). Use of glycerol essentially slows down the diffusion of molecules
through the confined nanoantenna hotspot eventually making the single-molecule events
stand out more prominently on top of a near constant background. The experiments
are carried out for different gap separations (10, 25 and 35 nm gaps), the fluorescence

enhancement factors are then quantified in each case.
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FIGURE 5.6: Fluorescence bursts analysis on Alexa Fluor 647 molecules.
Fluorescence bursts analysis to determine the enhancement factors for Alexa Fluor 647
molecules with 200 mM methylviologen. (a-c) Fluorescence time traces recorded on
nanoantennas with increasing gap sizes using 1 uM Alexa Fluor 647 in water-glycerol
1:1 solution with 2.3 kW/cm? excitation intensity at 633 nm. The binning time is
10 ws. (d-f) Enlarged temporal windows showing discrete bursts that correspond to
individual molecules crossing the antenna detection volume. (g-i) Photon count rate
histograms deduced from the traces in (a-c). The dashed lines are fits by exponentially
decaying probability distributions. A reference of 0.85 counts/ms for Alexa Fluor 647
(with 200 mM methylviologen as chemical quencher) is used to compute the fluorescence
enhancement factors.

Figure 5.6a-c shows the single molecule fluorescence time trace for Alexa Fluor 647
probed with planar “antenna-in-box” devices with increasing gap sizes: 10 nm (a), 25 nm
(b) and 35 nm (c). Enlarged temporal windows (d-f) display discrete bursts that cor-
respond to individual molecules crossing the nanoantenna detection volume. Intense
fluorescence bursts are clearly detected on the fluorescence time traces, with their am-

plitude decreasing as the gap size is enlarged. This feature confirms that the fluorescence
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bursts stem from the confined nanoantenna gap region (hotspot). All the time traces are
recorded with 2.3 kW /cm? excitation intensity at 633 nm, binned at 10 ps and finally
collected in the photon count histograms (g-i). These histograms are then fitted using
exponentially decaying probability distributions represented by the dashed lines. The
recorded maximum peak amplitude is then used to calculate the fluorescence enhance-

ment factors for each gap size.

For a 10 nm gap antenna, we record a peak amplitude with intensity 4.5 kcounts/ms.
Using the reference of 0.85 counts/ms for Alexa Fluor 647 (with 200 mM methylviologen
as chemical quencher), we derived 4.5k/0.85 = 5300x fluorescence enhancement for a
nanoantenna with 10 nm nominal gap. The calculation of 0.85 counts/ms brightness
per molecules in the case of confocal reference is summarized in Figure 5.7. Alexa Fluor
647 molecules fluorescence bursts events recorded with confocal configuration (without
nanoantenna) with very diluted ~ 10 pM fluorophore concentration. This low fluorophore
concentrations ensures that the fluorescence bursts (a,b) stem from individual molecules
crossing the 0.5 fLL confocal detection volume. No methylviologen is used to reach ~30%
quantum yield and the excitation intensity is increased by 4x to reach 9.2 kW /cm?.
Thus to compute the reference count rate per molecule for the experiments in Figure 5.6,
we take the highest intensity in the confocal photon count rate histogram (Figure 5.7c),
correct for the 4x lower excitation intensity and 4 x lower quantum yield in the presence

of methylviologen, to reach a value of 13/(4*4) = 0.85 counts/ms.
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FIGURE 5.7: Reference fluorescence bursts analysis for Alexa Fluor 647. (a)
Fluorescence time trace for Alexa Fluor 647 in confocal setup (detection volume 0.5 fL).
A concentration of 10 pM ensures that the fluorescence bursts stem from individual
molecules (b). No methylviologen is used to reach a quantum yield ~30%. The excitation
intensity is increased here by 4x to reach 9.2 kW/cm?. The binning time is 0.6 ms
to optimize the signal-to-noise ratio. (¢) Photon count rate histogram deduced from
the trace in (a). The dashed line is a fit by an exponentially decaying probability
distribution. To compute the reference count rate per molecule for the experiments in
Figure 5.6, we take the highest intensity, correct for the 4x lower excitation intensity
and 4x lower quantum yield in the presence of methylviologen, to reach a value of
13/(4*4) = 0.85 counts/ms.
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Emitters with low quantum yields allow reaching higher fluorescence enhancement fac-
tors, as the nanoantenna benefits from a larger increase in the emission quantum yield of
the dye [152, 153]. To experimentally demonstrate this effect, we perform similar fluores-
cence burst analysis measurements with Crystal Violet molecules which have a weaker
2% quantum yield as compared to 8% in case of Alexa647 with 200 mM methylviologen.
As in the case of Alexa 647, Crystal Violet fluorophore is set to a concentration of 1 pM
in a water-glycerol 1:1 solution to slow down the diffusion of fluorophore crossing the
nanoantenna hotspot, and thereby allowing direct analysis of the fluorescence bursts for

individual molecules.
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FIGURE 5.8: Fluorescence enhancement on Crystal Violet molecules mea-

sured with fluorescence bursts analysis. (a-c) Fluorescence time traces recorded on

nanoantennas with increasing gap sizes using 1 uM of Crystal Violet in water-glycerol

1:1 solution with 2.3 kW /cm? excitation intensity at 633 nm. The binning time is 1 ms.

(d-f) Photon count rate histograms deduced from the traces in (a-c). The dashed lines
are fits by exponentially decaying probability distributions.

Figure 5.8 summarizes the fluorescence burst analysis for Crystal Violet molecules as
probed by the planar antenna-in-box platforms with increasing gap separations. Intense
fluorescence bursts are detected on the fluorescence time traces (a-c), with their ampli-
tude decreasing as the gap size is enlarged from 10 nm to 35 nm. This feature is consis-
tent with the burst analysis for Alexa647 molecules and confirms that the fluorescence

bursts stem from the confined nanoantenna hotspot region. To measure the fluorescence
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enhancement factors for the case of diffusing CV molecules, we fit the photon count
histograms in Figure 5.8d-f with exponentially decaying probability distributions and
record the maximum peak amplitude in the fitted distribution. The estimation of the
peak fluorescence count per CV molecule for confocal reference is shown in Figure 5.9.
As the CV molecules have a very low ~2% quantum yield, detecting individual burst
and estimating their count rates for confocal reference need extra care. We perform burst
analysis at ~pM concentration with higher excitation powers followed by a confocal FCS

analysis (at ~nM concentration) to accurately estimate the confocal count rates for CV

molecules.
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FIGURE 5.9: Confocal reference data for Crystal Violet molecules. (a) In-
tensity time trace and (b) correlation curve for Crystal Violet molecules diffusing in
confocal volume. The excitation intensity at 633 nm is raised to 6x to 13.8 kW /cm?
to provide enough signal to noise ratio. For the FCS analysis on this experiment, we
take into account the 0.15 counts/ms dark count noise of our APDs to quantify an
average number of 1.3 molecules with 0.36 counts/ms as brightness per molecule. The
concentration is further diluted by 5x to to ensure that the fluorescence bursts stem
from individual molecules (¢,d), and the photon count rate histogram deduced from the
time trace in (c) is displayed in (e). The dashed line is a fit by an exponentially decaying
probability distribution. The excitation intensity is 13.8 kW /cm?, and is 6x higher that
the intensity used for the antenna experiments of Figure 5.8. The binning time is 5 ms.
To compute the reference count rate per molecule for the experiments in Figure 5.8,
we take the highest intensity above the noise level, correct for the 6x lower excitation
intensity and 5 ms binning time to reach a value of 5.5/(6*5) = 0.18 counts/ms.

Figure 5.9 shows the fluorescence time trace (a) of the diluted Crystal Violet molecules
diffusing through the confocal volume and recorded at a higher excitation powers 6Xx
to 13.8 kW/cm? to provide enough signal to noise ratio, and the corresponding cor-
relation curve (b). For FCS analysis on this experiment, we take into account the

0.15 counts/ms dark count noise of our APDs to quantify an average number of 1.3
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molecules with brightness per emitter being 0.36 counts/ms. Now we further dilute the
solution by 5x to visualize single diffusing fluorophore in confocal volume (c,d). Photon
count rate histogram is then deduced from the confocal time trace and is displayed in
(e). The excitation intensity is 13.8 kW /cm? and is 6x higher than the intensity used
for the nanoantenna experiments of Figure 5.8. The dashed line is a fit by an expo-
nentially decaying probability distribution indicating a peak intensity amplitude being
5.5 counts/bin time. Thus using this peak intensity value above the noise level, correct-
ing for the 6x lower excitation intensity and 5 ms binning time, we reach the value of
5.5/(6*5) = 0.18 counts/ms. This value of confocal reference is then used to estimate the
fluorescence enhancement factors for time traces acquired with antenna-in-box devices.
The confocal reference fluorescence counts per CV molecule estimated at 0.18 counts/ms
at 2.30 kW /cm? excitation power is in agreement with values reported independently in
Refs. [17, 18].

From the photon counts histogram for 10 nm gap antenna (Figure 5.8a), the maximum
count is 2750 counts/ms with a background of 100 counts/ms set by the fluorescence
from the CV molecules diffusing away from the hotspot region and the residual photolu-
minescence from the metal. This quantifies to an impressive fluorescence enhancement of
2750/0.18 = 15,000x for CV molecules diffusing through the nanogaps. The same proce-
dure for 25 nm and 35 nm gap separations yields fluorescence enhancement of 4700 x and
1400x respectively. It is worth recalling that the same procedure performed on Alexa
Fluor 647 with 200 mM methylviologen (8% quantum yield) indicated a fluorescence en-
hancement of 5300x for a 10 nm gap antenna. The relative change in the enhancement
factors results from the differences in the quantum yield between CV (2%) and Alexa 647
with 200 mM methylviologen (8%) and further confirms that our measurements are not

influenced by artifacts.

5.5 Optical performance at high molecular concentration

After discussion on the fluorescence burst analysis (experiments performed at 1 pM
concentration), we now elaborate the optical performance of these nanoantennas with
FCS experiments at very high 26 M concentrations of Alexa 647 molecules along with

200 mM methylviologen as the chemical quencher.
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5.5.1 FCS: Planar nanoantennas at 26 M Alexa Fluor concentration

FCS determines the average number of detected molecules from which the fluorescence
brightness per emitter and the detection volume can be deduced. This gives an alter-
native validation to the fluorescence enhancement factors from burst analysis and also
provides an estimation on the antenna’s near field detection volume. Figure 5.10a,b dis-
plays the raw fluorescence intensity time traces and corresponding correlation curves
with excitation polarization parallel (colored dots) and perpendicular (gray dots) to the
antenna dimer axis for two different 10 nm and 35 nm gap separations. Larger fluctua-
tions in fluorescence time trace and higher correlation amplitudes are clearly observed
when the incident electric field is parallel to the dimer axis and when the gap size
is reduced. This directly evidences the presence of an electromagnetic hotspot in the
nanoantenna gap region. In contrast to the parallel excitation, all the relevant observ-
ables, nanoscale volume confinement and fluorescence enhancement disappear when the
laser polarization is oriented perpendicular to the main antenna axis or when the gap
size is increased to 35 nm gap. We performed control experiments with an extra 8 nm
thick silica layer deposited on top of the nanoantennas to prevent the molecules from
accessing the hotspot region. In this case, the FCS signal is lost (see Figure 5.10c,d)

confirming the crucial role of the few nanometer region surrounding the antenna gap.

All the FCS experiments are performed at 26 uM concentration of Alexa Fluor 647, cor-
responding to about 7630 molecules in the 0.5 fL. confocal detection volume. Figure 5.11
shows the confocal FCS analysis for Alexa 647 with 200 mM methylviologen with ex-
perimental condition exactly similar to those for Nanoantenna-FCS measurements dis-
played in Figure 5.10. The correlation amplitude scales as the inverse of the number
of fluorescent molecules in the detection volume, so for the confocal reference without
the nanoantenna, the FCS amplitude is barely detectable at 1.31e~%, which amount to
7630 molecules in the 0.5 fL. confocal volume. The average fluorescence brightness per
molecule is then derived as 1800/7630 = 0.24 counts/ms.

However the correlation amplitudes of 3.9 are detected with the nanoantennas of 10 nm
gap size, representing 0.26 number of molecules on average diffusing through the hotspot
region. This corresponds to Neon f/Nantenna = 30,000 volume reduction than the diffrac-
tion limited confocal volume. Using the known 26 pM fluorophore concentration and the
0.5 fL. confocal volume, the antenna detection volume is then quantified to be 17 zL (1 zL
= 1072! L = 1000 gm3). This represents the smallest antenna detection volume reported
so far for FCS applications on nanoantennas. The reduction of the detection volume is
further confirmed by the shortening of the diffusion time, from 64 s in the diffraction-

limited confocal volume to 0.9 us in the nanoantenna case.
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FIGURE 5.10: Nanoantennas enhance the fluorescence detection of Alexa
Fluor 647 molecules in solution. (a) Fluorescence time traces and (b) corresponding
FCS correlation functions (dots, raw data; lines, numerical fits) for nanoantennas with
10 and 35 nm gap sizes with the excitation polarization set parallel or perpendicular
to the antenna’s main axis. The experimental conditions correspond to 26 uM of Alexa
Fluor 647 with 200 mM of methylviologen as chemical quencher under 2.3 kW /cm?
excitation intensity at 633 nm wavelength. The bottom panel shows the residuals of
the fits for 10 nm and 35 nm gap nanoantennas. (¢) Control experiment with 8 nm
SiOy deposited on top of the nanoantenna. Adding an extra 8 nm layer of silica on
top of the nanoantenna blocks most of the fluorescence by preventing the molecules
from accessing the hot spot region. To enable a direct comparison, the experimental
conditions and figure scales in ¢, d are identical to the ones used in a, b, and confirm

that the nanoscale detection volume is located at the antenna surface.

For our earlier experiments (double nanoholes and silicon dimer antennas), the back-

ground fluorescence from molecules diffusing away from the hotspot had a significant

contribution in the total fluorescence signal, thereby complicating the FCS analysis.

In our earlier chapters, we used a two-species model (incorporating hotspot and back-

ground contribution) for FCS analysis to estimate count rate per molecule only from the

hotspot region. However, in the case of planar antenna-in-box devices, we find that the

signal from the hotspot always largely dominates the background, so that the previously

used corrections are no longer needed. The number of detected molecules is simply the

inverse of the correlation amplitude at zero lag time, and the fluorescence brightness
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FIGURE 5.11: Confocal reference for FCS experiments on Alexa Fluor 647.
(a) Intensity trace and (b) FCS correlation function. The experimental conditions are
identical to the measurements on nanoantennas: the concentration of Alexa Fluor 647
is 26 uM, with 200 mM of methylviologen as chemical quencher. The excitation inten-
sity is 2.3 kW /cm? at 633 nm wavelength. The FCS correlation amplitude is 1.31e™4,
which amount to 7630 molecules in the 0.5 fL. confocal detection volume. The average
fluorescence brightness per molecule is 1800/7630 = 0.24 counts/ms.

per emitter can be computed by normalizing the average fluorescence intensity by this
number of detected molecules. For the antenna with 10 nm gap size, we find a bright-
ness of 370 counts/ms. This value is 1600x higher than the 0.24 counts/ms estimated
for the dye in the confocal reference. The polarization sensitive correlation curves with

amplitudes confirms the occurrence of large fluorescence enhancement in the nanogaps.

It should be noted that the fluorescence enhancement factors for Alexa 647 estimated
from the burst peak intensity (5300x for 10 nm gap antenna as shown in Figure 5.6) is
about 3x higher than the one measured with FCS (1600x for same gap separation as
shown in Figure 5.14). This is expected as the burst analysis favors the best event where

the emitter’s position and orientation lead to the highest fluorescence intensity.

We carried out similar FCS experiments with 10 nm gap nanoantenna (excitation par-
allel to the dimer axis) to study the excitation power dependence on the optical perfor-
mance. Figure 5.12 shows the raw fluorescence trace of 26 uM Alexa647 with 200 mM of
methylviologen as chemical quencher (a), the evolution of the average fluorescence inten-
sity as the function of excitation intensity (b) and the corresponding normalized corre-
lation curves (c). The average fluorescence intensity count rate shows limited saturation
for excitation intensity exceeding 3.4 kW/cm?. As all of our fluorescence experiments
are carried out at 2.3 kW /cm? excitation intensity, our results are not affected by any
photophysical artifacts. Moreover, as the shapes of the correlation curves at short lag
times appear similar with different excitation powers, the influence of triplet blinking is
avoided in the FCS analysis. As a final control experiment, in Figure 5.13 we show that

in the absence of fluorescent molecules, the residual background luminescence from the
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gold nanoantenna (a) remains negligible and thereby exhibiting no temporal correlation

(b).
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FIGURE 5.12: Power dependence study shows limited saturation and no
triplet blinking effects. (a) Fluorescence time trace recorded on a 10 nm gap an-
tenna with increasing illumination intensities. (b) Evolution of the average fluorescence
intensity as function of the excitation intensity showing that the 2.3 kW /cm? used in
this study is well within the linear fluorescence regime. (c) Normalized FCS correlation
functions of the traces in (a) with same color code. The similar shapes at short lag
times reveal a negligible influence of triplet state blinking in the FCS data.
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FIGURE 5.13: Nanoantenna luminescence background in the presence of

200 mM methylviologen and no fluorescent dye. (a) Intensity trace and (b) FCS

correlation function on a 10 nm gap antenna. The 2.3 kW/cm? excitation intensity at
633 nm is similar to all experiments.

For bio-inspired applications of nanoantennas, it is desired to have arrays of structures
having sharp edges with reproducible optical performances. As shown in TEM metrol-
ogy (see Figure 5.3), using the described procedure, mass fabrication of sub 20 nm gap
antenna is possible. To assess the statistical reproducibility of the antenna performance,
we repeat the FCS experiments on a set of more than 80 different antennas and mea-
sure for each antenna its fluorescence enhancement and the near field detection volume.
Scatter plot displayed in Figure 5.14a, clearly indicates a correlation between the fluo-

rescence enhancement and the detection volume following an empirical power law with



Chapter 5. Surface nanogaps for giant fluorescence enhancement 100

-2/3 exponent: the volume scales as cube power of the typical near field size, while the
fluorescence enhancement is dominated by the gain in local excitation intensity which

scales as the square of the typical near-field size.
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FIGURE 5.14: Statistical reproducibility of the nanoantennas measured by

FCS. (a) Scatter plot of the fluorescence enhancement versus the nanoantenna’s de-

tection volume as deduced from FCS analysis on 83 different nanoantennas. The black

line fit follows a power law dependence with a fixed -2/3 exponent. (b) Distribution of

fluorescence enhancement factors deduced from the data in (a) for different gap sizes.
(c) Distribution of the nanoantenna detection volume.

Figure 5.14 shows the histograms of the fluorescence enhancement (b) and detection
volume (c) illustrating the statistical dispersion of the data around the average for each
value of the desired nominal gap size. The variability of the gap sizes as characterized by
TEM (see Figure 5.3), influences this dispersion. This is more prominent for the smaller
gaps where a nanometeric variation in the gap size can have a large influence on the

antenna’s performance and the measured enhancement factor.

We now compare the performance of these planar nanoantennas with the FCS results
achieved previously using focused ion beam milling [90]. Figure 5.15 compares the av-
erage values of fluorescence enhancement (a) and detection volume (b) obtained for
nanoantennas fabricated with conventional FIB milling and template-stripped E-beam
lithography. The nanoantennas are tested under similar conditions for FCS experiments
to ensure a consistent benchmarking. As demonstrated in Figure 5.15, template-stripped
E-beam lithography provides higher fluorescence enhancement factors in smaller detec-
tion volumes. The improvement over FIB milling is especially significant for gap sizes
above 25 nm, where the new fabrication technique can lead to a 10x increase for the

fluorescence enhancement factor together with a 5x reduction for the detection volume.
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FIGURE 5.15: Improved nanoantenna’s performance with template-stripped
electron beam lithography as compared to focused ion beam milling (FIB).
Average values of fluorescence enhancement (a) and detection volume (b) as a func-
tion of the gap size. The data for focused ion beam (FIB) milling is taken from Ref.
[90]. The experimental conditions are similar for both fabrication methods (Alexa 647
fluorophores with 200 mM methylviologen). Error bars correspond to one standard de-
viation. The performance of these new optical nanoantennas significantly outperforms
the values achieved previously using focused ion beam lithography providing higher
fluorescence enhancement factors in smaller detection volumes.

5.5.2 Fluorescence lifetime reduction and LDOS enhancement

The presence of a nanoantenna in the vicinity of the fluorophore accelerates the decay
rates as compared to the free space de-exciation. We now study this increased LDOS
(Purcell effect) in case of planar “antenna-in-box” platforms and discuss different rates
and the evolution with gap sizes. The experimental setup is the same as used in earlier
projects (double nanohole and silicon dimers), and the description of the optical setup

is already presented in Chapter 2.

The TCSPC experiment for planar “antenna-in-box” is carried out with Alexa647 fluo-
rophore with 200 mM methylviologen. The experimental conditions are similar to those
used for FCS (Figure 5.10), with only difference being the pulsed excitation. Figure 5.16a

shows the normalized time-resolved decay traces for three cases: confocal (blue dots),
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35 nm gap (green dots) and 10 nm (red) gap separation for antenna in box with par-
allel excitation. The inset summarizes the fluorescence lifetime for all gap separations
together with confocal and box-only configuration. As expected, the decay kinetics are
comparable for the confocal reference and the box-only geometry. In contrast, excitation
along the gap induces a clear acceleration of the decay dynamics for all gap separations:
fast acceleration with smallest gap size. The fluorescence lifetime is significantly reduced

from 380 4+ 15 ps in confocal illumination to 45 4+ 10 ps for the 10 nm gap antenna.
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FIGURE 5.16: Fluorescence lifetime reduction and LDOS enhancement. (a)
Normalized time-resolved decay traces show Alexa Fluor 647 fluorescence lifetime re-
duction as the gap size is reduced. Black lines are numerical fits convoluted by the
instrument response function (IRF). The inset shows the fluorescence lifetime of Alexa
Fluor 647 in presence of 200 mM of methylviologen as function of the nanoantenna
gap size. (b) Local density of optical states (LDOS) enhancement deduced from the
lifetimes in (a), after correction of the methylviologen quenching rate and Alexa Fluor
647 natural non-radiative decay rate, following the procedure in Chapter 3 and 4.

Figure 5.16b summarizes the evolution of the local density of optical states (LDOS)
enhancement as the function of nanoantenna gap size. LDOS is computed by removing
the internal non-radiative rate contribution I',,, = 0.67 ns~! of Alexa Fluor 647 and the
quenching rate I'; = 1.9 ns™! contribution set by methylviologen from the lifetime data

measured from TCSPC experiments (see inset of Figure 5.16a).

The total decay rate (inverse of fluorescence lifetime) for 10 nm antenna, Iy is 22.22 ns 1.

*
loss

= Dot - Iy - T'g = 19.7 ns~'. The LDOS enhancement is then computed as (T +
I} o) /Traa = 19.7/0.21 = 100x keeping only the rate influenced by the photonic en-

The contribution set only by the photonic environment is estimated to be I'; ;, + I'

vironment. This correction procedure is consistently used throughout the thesis, as the
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internal non-radiative rate of Alexa and the quenching rate from the methylviologen are

not influence by the presence of nanoantenna.

Finally the measured fluorescence enhancement factors is modeled using the equation

[94]:
. I

exc rad 1

F = * *
g Ierc Frad 1-— ¢O + ¢0 (Frad + Floss)/rrad

(5.1)

This equation follows that the fluorescence enhancement np is the consequence of the

excitation intensity enhancement /Ieqc, enhancement of the radiative decay rates

Ix,,
IS .4/ rad, and together with the influence of initial quantum yield ¢g of the fluorescent
molecule modified within the nanogap. The third term in the above Equation 5.1 in-
corporates an additional decay rate I'j . describing the non-radiative energy transfer to
the antenna’s material induced by ohmic losses. For the smallest 10 nm gap and a dipole
emitter located in the gap center, the FDTD simulations estimate the different contribu-
tions to be I,/ Iezc = 600, T, 1 /T raa = 700 and (I, ;417 .s) /Trad = 1100 (see near field
simulations in Figure 5.4). Neglecting the collection efficiency improvement brought by
the nanoantenna, the fluorescence enhancement values can be predicted to be 18,000 x
for Crystal Violet and 4700 for Alexa 647, which come in excellent agreement with the
experimental results. The 1000-fold LDOS enhancement used in numerical estimation
should be compared with the 100-fold LDOS enhancement observed experimentally by
the lifetime measurements. This mismatch can partially be explained because of the

spatial and orientation averaging during the experiments, and also due to the limited

resolution of the TCSPC electronics.

Figure of merit

Using FCS and fluorescence burst analysis, we demonstrated the superior optical perfor-
mance of these planar “antenna-in-box” devices reaching giant fluorescence enhancement
factors up to 104-10° times, together with nanoscale detection volumes in the 20 zL range.
Fluorescence enhancement factors displayed strong dependence in the initial quantum
yield of the dye (2% for Crystal Violet and 8% for Alexa 647 with 200 mM methylviolo-
gen). To avoid this dependence of the fluorescence enhancement on the intrinsic quantum
yield of the fluorescent reporter, the fluorescence enhancement figure of merit is defined
as the product of the enhancement factor by the reference quantum yield of the emitter
in homogeneous medium [61]. Thus, for Crystal Violet and Alexa Fluor 647, the fluores-
cence enhancement figures of merit amount to 300 and 420 respectively, and are among
the highest reported values to date [17, 18, 19, 61, 90].
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5.6 Polymer stability and nanoantenna durability

As described in the fabrication procedure, the semi-spheres gold dimers are embedded
into an optically transparent polymer (ormocer) during the template-stripping step. This
is important in order to bring the narrowest gap region at the top of the structure making
it efficiently accessible to the probe sample. We demonstrated that these new class of
optical antennas hold great interest for ultrasensitive fluorescence bio-sensing, especially
for detecting single molecules at biologically-relevant micromolar concentrations. During
the course of experimental measurements, the microscope coverslip containing these
planar “antenna-in-box” structures is first rinsed with water-ethanol mixture and then
cleaned with UV-Ozone treatment for 2 minutes to remove organic impurities. This
optimized cleaning procedure is carried out once before and after every fluorescence
experiment in order to increase the durability of these antennas. However, exposing the
antenna to the UV-ozone atmosphere for a repeatedly long time can potentially damage

the polymer thereby influencing the dimer position and the desired gap sizes.

FIGURE 5.17: Affect of UV-Ozone cleaning on the durability of nanoanten-
nas. Scanning electron microscope images of a representative structure imaged after
5x cleaning procedure each of them involving 5 minutes of UV exposure followed by
water-ethanol rinsing (a). The same sample with addition 10x cleaning procedure shows
significant damage in the polymer leading to displacement of the dimers within the box
and eventually changing the desire gap dimensions (b,c). The SEM images are acquired
at at 1 kV to prevent further damage to the polymer and thereby the low SNR in the
acquired images.

We repeatedly carried out out this cleaning procedure involving UV-Ozone treatment
and performed successive SEM image analysis to study the effect of the UV-Ozone treat-
ment on the polymer stability. Figure 5.17a shows a representative structure imaged after
5x cleaning procedure (each of them involving 5 mins of UV exposure followed by water-

ethanol rinsing). As seen in the SEM image (a), the 5x cleaning procedure indicates no
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major troubles and the dimers are placed at the center of the box aperture. However
the same coverslip when exposed to 10x cleaning procedure shows significant displace-
ment of the dimers (Figure 5.17b,c). Although the UV-Ozone treatment is important
just before the experiments to renders the gold surface hydrophilic and to remove any
residual dyes after each fluorescence experiment, one should be aware that an excessive
UV-Ozone treatment may eventually lead to significant damage to the polymer in which
the dimers are embedded after template stripping. This etching rate (1-2 nm/min of
UV-exposure), if not paid proper care will lead to displacement of the dimers within
the box changing the desire gap dimensions and thereby misleading observations of the

optical performance.

5.7 Summary

We have described the combination of electron beam lithography and template stripping
as a reliable method to fabricate nanoantennas with direct accessibility of the hotspot
region, large-scale availability, and gap sizes as small as 10 nm with sharp edges. Fluo-
rescence burst analysis on single diffusing fluorophore resulted on impressive 15,000-fold
fluorescence enhancement with micro second transit time in 10 nm gap antennas. More-
over we demonstrated the potential of these devices for single-molecule detection at
very high 26 uM concentrations and realized a 30,000-fold volume reduction (20 zL) as
compared to 0.5 pum? diffraction-limited confocal volume. Moreover using TCSPC ex-
periments, we measured a 100-fold LDOS enhancement for fluorophores diffusing within

these nanometric gaps.

Several additional test experiments confirmed the near-field origin of the fluorescence
signal. First, all the relevant observables, fluorescence enhancement, nanoscale volume
confinement and lifetime reduction disappeared when the excitation laser was oriented
perpendicular to the antenna’s dimer axis or when the gap size was increased. Exper-
iments with an extra 8 nm thick silica layer deposited on top of the antennas showed
neither enhancement in the fluorescence signal and nor any correlation in FCS analy-
sis. This confirmed that the near field volume is confined within a few-nm and with an

addition layer on top, prevents the diffusing molecules from accessing the hotspot region.

Finally, we compared template-stripped electron beam lithography based nanoantenna’s
performance with FIB milled structures. Using fluorescence burst anlaysis, FCS and
TCSPC measurements we demonstrated that the template-stripped E-beam lithogra-
phy provides higher fluorescence enhancement factors in smaller detection volumes. The
fabrication method is fully scalable and adaptable to a broad wide range of antenna de-

signs. We foresee broad applications of these in-plane antenna geometries ranging from
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large-scale ultra-sensitive sensor chips, to microfluidics and live cell membrane investiga-
tions. In next chapter, we will exploit the surface planarity of these devices to investigate

the diffusion dynamics of membranes lipids in living cells.



Chapter 6

Planar optical antenna for

nanospectroscopy in living cells

In this chapter, we investigate the nanoscopic organization of the plasma membrane of
living cells combining FCS with resonant optical nanoantennas. Using planar “antenna-
in-box” devices with gap separation down to 10 nm, we investigate the diffusion dynamics
of phosphoethanolamine (PE) and sphingomyelin (SM) on the membranes of living Chi-
nese hamster ovary (CHO) cells. Together with cholesterol depletion experiments, we
provide compelling evidence of cholesterol-induced nanodomain partitioning in plasma

membranes and discuss the impact of these results in the context of lipid rafts.

This project was carried out in collaboration with the team of Prof. Jiirgen Brugger
(EFPL, Switzerland).

6.1 Plasma membrane structure and FCS diffusion laws

The plasma membrane plays a major role in cell physiology and is thus of fundamental
importance to living systems. The spatial organization and diffusion dynamics of its
constituents (lipids and proteins) occurring at the nanoscale largely influence cellular

processes: from transmembrane signaling, intracellular trafficking to the cell adhesion

The contents of this chapter have been published in:

Regmi, R., Winkler, P.M., Flauraud, V., Borgman, K.J.E., Manzo, C., Brugger, J., Rigneault, H.,
Wenger, J. and Garcia-Parajo, M.F., 2017. Planar optical nanoantennas resolve cholesterol-dependent
nanoscale heterogeneities in the plasma membrane of living cells. Nano Letters, 17 (10), pp.6295-6302.

Winkler, P.M., Regmi, R., Flauraud, V., Brugger, J., Rigneault, H., Wenger, J. and Garcia-Parajo,

M.F., 2017. Transient nanoscopic phase separation in biological lipid membranes resolved by planar
plasmonic antennas. ACS Nano, 11(7), pp.7241-7250.

107



Chapter 6. Planar optical antenna for nanospectroscopy in living cells 108

[154, 155]. Recent advances in cell biology have shown that the plasma membrane is
much more complex than just a continuous fluidic system [156, 157, 158]. It has been
postulated that sphingolipids, cholesterol and certain types of proteins can be enriched
into dynamic nanoscale assemblies or nanodomains, also termed lipid rafts [159, 160].
Lipid rafts have been defined as highly dynamic and fluctuating nanoscale assemblies of
cholesterol and sphingolipids that in the presence of lipid- or protein-mediated activation
events become stabilized to compartmentalize cellular processes [161]. However, the true
nature of these nanodomains remains debated with many conflicting evidences and pred-
icated domain sizes in the broad range of 10-200 nm [162, 163, 164, 165, 166, 167]. This
can be understood as the direct observation of these transient and nanoscopic features

are restricted by the diffraction limit in the convectional optical microscopy techniques.

Early investigations on membrane organization were mostly based on fluorescence re-
covery after photobleaching (FRAP) [168] and single particle tracking (SPT) [156, 169].
Both techniques are limited either in space (with um? probe area in FRAP) or in time
(with millisecond temporal resolution in SPT). In addition, the conventional FCS mea-
surements on the plasma membranes were limited to ~300 nm spatial resolution set by
the diffraction limit [163, 164, 170]. FCS is a widely adopted alternative for studying
dynamics and biomolecular interactions [171] because of its high temporal resolution

and a rather straightforward data analysis procedure [172, 173].

Various illumination strategies combined with FCS have been implemented over the
past decade to achieve high spatial and temporal resolution, but membrane studies
have so far remained above a ~40 nm detection size. Stimulated emission depletion
microscopy (STED) constrains the excitation spot down to ~40 nm [174] and has been
combined with FCS to explore the nanoscale dynamics occurring in lipid membranes on
living cells [175, 176, 177, 178]. An alternative strategy takes advantage of nanophotonic
structures to engineer the light intensity distribution at the nanoscale [8]. As summarized
in Chapter 1, other notable designs include zero-mode waveguides [52, 53, 179, 180,
181, 182], bowtie structures [32, 148, 183], gold nanorods [56] and sub-wavelength tip
based NSOM probes [10, 30]. These various approaches allow to confine the illumination
light in the range of 50 to 100 nm. In recent years, resonant optical nanogap antennas
have shown great potential to further constrain the laser light on a sub-20 nm scale
[11] and greatly enhance the light-matter interactions [19, 61, 90]. However, so far the
applications of such resonant nanogap antennas have been mostly employed to probe

fluorescent molecules in solutions at high micromolar concentration.

In this project, we take advantage of recent advances in the nanofabrication to produce
arrays of nanoantennas with controlled gap sizes, sharp edges and planar hotspots facing

the upper surface of the sample (as introduced in earlier Chapter 5). We carried out
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FIGURE 6.1: Principles of FCS diffusion laws. (a) FCS diffusion laws are con-
structed by measuring the average diffusion time across the increasing observation areas
on a membrane. (b) Different diffusion models depending on the membrane organiza-
tion lead to noticeable changes in the extrapolation of the curves through the y-axis
intercept tg, revealing the nature of the diffusion process. Free diffusion and imper-
meable obstacles are characterized by t; = 0, while a positive t; intercept indicates
the presence of nanodomains transiently trapping the molecular probe. A negative %
intercept relates to a mesh-work of barriers separating adjacent domains.

FCS experiments on nanantennas with different gap sizes (see Figure 6.1a) to record
the evolution of the diffusion time as a function of the illumination probe area. This
essentially allows us to assess the nanoscale heterogeneities in the plasma membranes

that would hinder the diffusion dynamics of the dye.

First introduced by Lenne et al [163, 170], this so called “FCS diffusion law” approach,
allows to determine the nature of the diffusion process and the underlying membrane
organization at scales smaller than the accessible experimental observation areas (see
Figure 6.1b). The slope of the diffusion plot vs probe area essentially represents the
effective diffusion coefficient describing the long-range mobility of the molecule, while
the y-intercept tp on the time axis indicates the underlying membrane organization
principle at small scales. Mathematically, the overall diffusion time (t) for a molecule

passing through the focal spot can be expressed as [170, 184]:
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where % is the offset derived from the FCS diffusion laws, w being the FCS beam waist
that essentially defines the probe area, and D.g being the effective mobility diffusion
constant that depends on the probability of crossing the barriers, and the microscopic
diffusion coefficients. This mobility constant also depends upon the density of domains

in the case of isolated microdomains.

Free diffusion is characterized by a near zero y-intercept (i.e., tp = 0) for vanishing
probe area as the curve crosses the origin. The presence of impermeable obstacles hin-
ders the effective diffusion of the molecules and thus increases the transit time to cross
through a given probe area. The slope of the FCS diffusion curve in such a case is
higher, but still crossing through the origin. In contrast, the dynamic partitioning into
nanodomains is characterized by a deviation of the y-intercept on the time axis from the
origin (i.e., tg > 0), while a trapping into in a molecular mesh-work is revealed by a neg-
ative y-intercept (i.e., top < 0) [173]. Using this approach, spot variation FCS (sv-FCS)
have been demonstrated to study the transient confinement times of mobile tracers in
the plasma membrane with minimum attainable spot size being the diffraction limit of

the excitation light [184].

In this Chapter, we taking advantage of the nanoscale spatial resolution achieved by
the nanogap antenna to establish the FCS diffusion laws with spatial resolution being
as small as 10 nm. Combining FCS with resonant planar nanoantennas, we investigate
the diffusion dynamics of phosphoethanolamine (PE) and sphingomyelin (SM) on the
membranes of living Chinese hamster ovary (CHO) cells. The nanoantenna approach is
straightforward to implement on any confocal microscope equipped with FCS as contrar-
ily to STED, it does not require adding any supplementary illumination beam. Moreover,
the need for high power density laser beams in order to push the minimum resolution
achievable in STED makes it prone to photophysical damage and interfering with the
dynamic biochemical processes in living cells. Using the extreme near field localization
and superior optical performance achieved for fluorescence experiments, we now exploit
the planar “antenna-in-box” devices for investigating plasma membrane organization in

living cells.

Prior to the experiments with living cells, we discuss the FCS calibration experiments
for planar nanoantenna by using a free dye Alexa647 using a 3D model. Nanoantenna
calibration with model lipid bilayers (2D-diffusion) is also discussed, validating the use

of the planar “antenna-in-box” devices for biological systems [63].
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6.2 Diffusion time analysis: Free dye Alexa647 on planar

“antenna-in-box”

In this section, we discuss the FCS calibration experiments with planar “antenna-in-box”
devices by using the Alexa647 molecules with a known diffusion constant. As we will
demonstrate, using a physically relevant model supported by the FDTD simulations, it
is possible to describe the diffusion properties of Alexa647 molecules in the nanogap and

retrieve the diffusion coeflicient.
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FIGURE 6.2: FCS calibration diffusion time vs probe area for 3D diffusion
of Alexa647. (a) FCS correlation functions for three representative gap sizes(from
left: 10 nm, 25 nm and 35 nm gap separation). Dots are the experimental data and
lines being the two-component fit modeled by the Equation 6.1. (b) Normalized ACF’s
showing the evolution in diffusion time scales for Alexa647 molecules with increasing
gap separations. The confocal diffusion (in gray dotted line) is also shown for direct
comparison. (c) FCS diffusion law for Alexa647 molecules shows negligible y-intercept
at the origin, in agreement with unhindered Brownian diffusion. The linear fit retrieves
the confocal diffusion constant D = 337 4+ 16 pum?/s with linear correlation coefficient
of 0.99649 very close to unity. The uncertainty on h? considers a 0.7 nm uncertainty in
the determination of the decay length (the mesh size is 1 nm for gaps 25-45 nm and
0.5 nm for gap 10 nm gap antenna)

Correlation curves from the FCS experiments presented in earlier Chapter 5, are further

analyzed to study the evolution of the diffusion time with different gap antennas. In
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brief, 26 uM concentration of Alexa647 along with 200 mM methyl viologen in PBS
solution are probed with excitation light along the dimer axis. Figure 6.2a shows raw
(dots) and the fit (solid lines) for three different gap sizes (from left: 10 nm, 25 nm
and 35 nm gap separations). The ACFs fitting involves a two-species model to take into

account the tail component appearing at lag times > 10 us:
G(1) = AX Gppp(T) + (1 = A) X G4 (7) (6.1)

where A is the amplitude of the main component, G

Gyp TIRF
for the contribution from the nanogap with exponentially decaying intensity profile. The

TIRF is the TIRF-FCS model and

is the model for Brownian 3D free diffusion. We use the G model as it accounts

second G, component takes into account the residual fluorescence contribution from

the surrounding box region.

G pp considers exponential decaying illumination profile along the z axis and lateral

detection volume confinement with a confocal pinhole. Following the works by Starr

[185] and Hassler [34, 186], G is derived as:

Tirr (7)

- 1—1—(7'/1527') X [(1 —7/27,) X exp(7/47,) X eI‘fC\/T/4TZ + \/T/WTZ} (6.2)

where 7/S, = h?/4D is the vertical diffusion time and S, = d,, /h is the shape parame-
ter. h indicates decay length at 1/e of the illumination intensity profile, D is the diffusion
constant and d, is the lateral half-width at 1/ e? of the illumination intensity profile.

G, (1) is the regular model for Brownian free diffusion:

1 1
= X
L7/ 1—i-SXy2 /T,

Gyp(7)

where 7, = ny2 /4D is the lateral diffusion time, S, = ny2 /W, is the shape parame-
ter. D is the diffusion coefficient and the waist W, is half-width at 1/ e? of the Gaussian

detection volume.

During the ACF fitting procedure as modeled by the Equation 6.1, A is fixed to 0.9.
This means that the amplitude of the 3D component (second component in the same
equation) is at maximum only 10%. The shape parameter S, for TIRF is fixed to S,
= 6 except for the smallest gap (10 nm nominal) which requires S, = 10. These values
derived after empirical optimization of the fits are in correct agreement with the FDTD
profiles (discussed in Chapter 5). The shape parameter for 3D diffusion is kept to the

standard value for confocal Sy, = 0.2 and has negligible influence on the fit result for
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the TIRF component which is the main interest. Hence the remaining free parameters

for optimization are 7, for G and 7, for G-

TIRF

Figure 6.2b displays the raw correlation data (dots) and their corresponding fits (solid
lines) for various gap size nanoantennas. Using the fit model that incorporates the TIRF
component as the dominating factor in the diffusion of Alexa647 molecules in solution
shows a very good fit to the experimental data. The detail fit results for all five different

gap size nanoantennas is summarized in Table 6.1.

Gap size T, S, Ty Sy A h

10 nm 0.05b us 10 10 ps 0.2 0.9 6 nm

25 nm 011pus 6 26pus 0.2 0.9 11.6nm

30 nm 016 us 6 32pus 0.2 0.9 13.7nm

35 nm 019 pus 6 31lpus 02 0.9 15.8nm
6

45 nm 0.32 us NV us 02 09 20nm

TABLE 6.1: FCS calibration results with Alexa647 diffusing in solution probed

with increasing nanoantenna gap size. Fitting of the ACF curves displayed in

Figure 6.2 using Equation 6.1 with Alexa647 molecules probed with increasing gap

sizes. 7, for the G component and 7, for the G, component are the only free
parameters.

TIRF

Finally from the results of the fit, we derive the “FCS diffusion law” representing 7, as a
function of the decay length at 1/e of the illumination intensity profile h. This represents
the main contribution from the nanogap region (TIRF model). It is important to note
that with S, = 6 (or 10), the contribution from the lateral diffusion along x and y (term

, the first term in Equation 6.2 for G has a rather weak contribution,

1
14+(1/S,° 7,) TIRF
exemplified by its lateral diffusion time S,2 7, which is 62 = 36x (or 100x) longer than

the 7,.

Figure 6.2c summarizes the calibration results on Alexa647 using this TIRF model. 7,
(in y-axis) and probe area (h? in x-axis) follow linearity with linear correlation coefficient
being very close to unity (r = 0.99649). The diffusion coefficient D is then determined
from the slope of this “FCS diffusion law” using 7, = h?/4D, with decay length (h) at 1/e
(and not at 1/e?) of the illumination intensity profile [34, 185, 186]. h is deduced from
the FDTD simulations, it’s not a free parameter. The derived diffusion coefficient D =
337 + 16 pm?/s is in excellent agreement with the calibrated value for Alexa647 [187].
The linearity and near-zero intercept gy confirm the nanoantenna is not introducing

artifacts in the diffusion dynamics of the Alexa647 molecules.

It should be noted that for the smallest gap (desired 10 nm gap), the FDTD calculations
are taken with 12 nm gap separations (instead of 10 nm) as this provides a better match

and is consistent with the TEM characterization. In every analysis hereafter (experiments
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with model lipid bilayers and living cells), the area for the smallest gap nanoantennas

will be thereby fixed at 300 nm? (as we will further validate with model membranes).

6.3 Nanoantennas calibration with model lipid membrane

In addition to the experimental calibration of the probe areas by means of individual
Alexa647 dyes diffusing in solution (3D-model), we now study the evolution in the dif-
fusion time scales with increasing probe areas on pure model lipid bilayers (2D-model).
This will independently validate the probe area calibration before the live cell experi-

ments with full biological complexity.
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FIGURE 6.3: Planar nanoantennas for membrane investigations. (a) Schematic

representations of the antenna geometry and cell membrane interface depicted without

(as in conventional FIB) and with template stripping. The planar geometry allows easier

access to the narrow and bright hotspot region and minimizes unwanted membrane

curvature and distortion. (b) Detailed AFM image of a representative planar “antenna-

in-box” with 10 nm nominal gap width and line profile showing a 3 nm total residual
topography.

The fluorescence experiments with model lipid bilayer labeled deposited on top of the
planar nanoantennas are depicted in Figure 6.3a. A highly confined nanometric illumi-
nation hotspot is created on the top surface of the nanogap region, which is in direct
contact with the membrane region. Importantly, the planarization strategy avoids pos-
sible curvature induced effects on the cell membrane providing an ideal platform for live
cell membrane research when compared to those structures obtained wvia FIB milling
[180, 181]. Further, the AFM image in Figure 6.3b indicates a planarity better than

3 nm for the top surface of the nanoantennas.

Lipid bilayers are prepared by mixing unsaturated phospholipid 1,2-dioleoyl-sn-glycerol-
3-phosphocholine (DOPC) dissolved at 1 mg/mL in chloroform:methanol (9:1) together
with 0.01 mol% of the fluorescent dye DiD. The mixture of DOPC and fluorescence
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dye is stored in small glass tubes at 4° C and is deposited on the clean nanoantenna
substrates only prior to the fluorescence experiments. The fluorescently labeled DOPC
is then allowed to dry for an hour in presence of a weak nitrogen flow which is then
stored in vacuum for another additional hour. The samples are finally hydrated in PBS
(pH 7.4), carefully rinsed to remove excess lipids and then immediately probed by FCS
at room temperature. Nanoantennas are excited by focusing the excitation laser light
(A = 640 nm, ~2 kW /cm?) into individual antennas using a water-immersion objective
(NA = 1.2). Excitation along the dimer axis is used to achieve maximum field enhance-

ment and ultra confined electromagnetic hotspot.
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FIGURE 6.4: Planar nanoantennas probe model lipid bilayers. (a) Represen-
tative fluorescence intensity time traces of DiD embedded in a pure DOPC bilayer for
three different antenna gap areas together with enlarged views of representative bursts.
(b) Normalized ACF curves as obtained with different nanoantenna probe areas and
with confocal excitation. (c¢) Diffusion times as extracted from the ACF fitting as a
function of the antenna gap area. Each dot corresponds to an individual ACF measure-
ment in a single antenna. Number of measurements: 13, 8 and 12 for 300 nm?, 1080 nm?
and 2025 nm? antenna probe areas respectively.

Figure 6.4 shows the representative fluorescent intensity time traces (a) and the corre-

sponding normalized ACFs (b) of DiD diffusion in a pure DOPC membrane over three



Chapter 6. Planar optical antenna for nanospectroscopy in living cells 116

15t component 24 component
time amplitude time amplitude
probe area (t1) (p1 in %) (t2) (p2 in %)

300 nm? 6 £1 us 67 £ 3 170 £ 150 ps 33 £8
1080 nm? 25 £ 3 ps 79 £ 8 1.4 + 0.2 ms 21+ 7
2025 nm? 71 £ 25 us (GR==" 1.6 £03ms 25+10

TABLE 6.2: Fitting of the ACF curves on DOPC bilayers for different antenna

gap areas. Fitting of the ACF curves on DOPC bilayers for different antenna gap

areas. The shortest times (1) correspond to the diffusion times of DiD through the

antenna hotspot regions while ¢ corresponds to residual excitation of the dye inside
the box-aperture.

different antenna probe areas. The probe areas are estimated by using the product of the
gap size (as measured with TEM characterization) by the full width at half maximum for
the intensity profile along the direction perpendicular to the nanoantenna major axis.
Thus, the nanoantennas with 10, 30 and 45 nm nominal gap sizes correspond to the
illumination areas of 300 + 50 nm?, 1080 + 80 nm? and 2025 4+ 110 nm?. The estimated

probe areas were also validated by using a free dye Alexa647 molecules.

As shown in Figure 6.4a, the fluorescence burst duration increases with gap area, con-
firming that the detected signal arises from the excitation of the dye diffusing at the
nanometric gap regions. The normalized ACFs in Figure 6.4b shows the evolution of the
diffusion timescale for different gap nanoantennas (colored lines) and compares with the
confocal case (in gray). The characteristic diffusion times for nanoantenna experiments

are derived by fitting the ACF curves following the equation [63]:

W)
G(r) = ; - {L} (6.3)

Taig ()

where 7,..(i) the average residence time of the ith diffusing modality, p(i) denotes the
respective amplitude contribution. As the diffusion in lipid bilayers is 2D, we do not need
to follow the same procedure as used for 3D diffusion of Alexa647 molecules in solution.
The complete derivation of the correlation function for both 3D and 2D diffusion cases

are already discussed in Chapter 2.

Consistence with our earlier experiments with nanoantennas, we adopt two-component
2D Brownian fittings to account for both, direct excitation from the gap region and
residual excitation of DiD diffusing through the box-aperture. Using Equation 6.3, the
main component of the fitted curves displayed in Figure 6.4b, render diffusion time scale
of 6 + 1 ps, 25 £ 3 pus and 71 £ 25 s respectively for 300, 1080 and 2025 nm? and should

be compared with the 3.5 ms diffusion time for confocal excitation (gray circles). The



Chapter 6. Planar optical antenna for nanospectroscopy in living cells 117

detailed results of the fitting procedure and relative contributions of each component

(from the gap and box-aperture excitation) are listed in Table 6.2.

Figure 6.4c shows the diffusion times obtained from multiple measurements on individual
nanoantenna as a function of the probe area. The diffusion times versus probe areas is
well-fitted to a straight line with an intercept close to the zero-origin point, indicating
that THOPC
of the dye in the pure DOPC membrane. It also confirms that the DOPC bilayers are

scales linearly with the probe area, consistent with free Brownian diffusion

homogenous down to the nanoscale and the slope of the fitting rendered a diffusion
coefficient of 6.8 & 0.5 ym?/s compares well to our confocal measurements and values
reported elsewhere [188]. These results on pure DOPC validate the application of planar
plasmonic nanoantennas to record the diffusion of individual molecules in lipid bilayers

with microsecond time resolution.

6.4 Atto647N-labeling and experimental strategy on living

cells

After the calibration experiments with freely diffusing Alexa647 molecules (3D model)
and the validation with a mimetic system (DOPC bilayers as a 2D model), we now
perform live cell experiments with Chinese hamster ovary (CHO) cells. CHO cells are
seeded on a coverslip containing arrays of nanoantennas with two different gaps: 10 nm
and 35 nm (see Figure 6.5). As the experiments on living cells membranes are very time
consuming (for both data recording and subsequent time trace analysis), we decide to
focus our attention on two specific gap sizes and record many different antennas and
cells. All the live cell experiments are complete within the first 30 minutes from the
time of incorporation of fluorescent lipid analogs into the plasma membranes to avoid

artifacts arising from dye internalization in living cells.

Lipid conjugates are separately prepared by labeling 1,2-dipalmitoyl-sn-glycero-3-phosp-
hoethanolamine (PE) and sphingomyelin (SM) with the organic dye Atto647N (from
Invitrogen) following the protocol described in Ref. [175]. The fluorescence spectrum of
Atto647N is displayed in Figure 6.6 along with the nanoantenna resonance measured by
dark field spectroscopy. The excellent spectral overlap is desired to achieve maximize
fluorescence enhancement. The cells are incubated on the nanoantenna substrates at
37° C in a controlled atmosphere with 5% of COs for nearly 48 hours prior to the
experiments to allow them to freely grow and adhere onto the antenna platform (see
Figure 6.7). The planar antenna platform contains multiple gold nanoantenna arrays

with nominal gap sizes of 10 nm and 35 nm on which a circular cell culture well is
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mounted for live CHO cell culturing. Figure 6.7a depicts the strategy chosen for the

fluorescence live cell experiment conducted on the nanoantenna platform.

10 nm gap

35 nm gap

200 nm

FIGURE 6.5: Large-scale antenna arrays and TEM images. From left to right:

macro-photograph of a coverslip with a stripped Au film with large-scale planar an-

tenna arrays; dark field optical micrograph of a small portion of the antenna arrays

showing here 625 antennas with 10 nm nominal gap size; transmission electron micro-
scope (TEM) images of antennas with 10 and 35 nm gap size.
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FIGURE 6.6: Overlap between antenna’s resonance and Atto647N fluores-

cence spectra. Overlap of the dark-field scattering spectrum recorded for a 10 nm

gap antenna (red line, illumination polarization along the nanoantenna dimer major

axis) with the fluorescence spectra for Atto647N (blue lines). The excitation spectrum

is displayed in with a dashed line and the solid shaded line represents the emission
spectrum.

Prior to the fluorescence experiments, separately prepared lipid analogues (either PE
or SM with the organic dye Atto647N are incorporated in the cell membrane during a
3 minute incubation period at room temperature, dissolved in the corresponding medium

for CHO cells (Ham’s F12 nutrient mixture). Stained cell cultures are rinsed to remove
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residual dye molecules before placing the sample coverslip on the piezo-stage of an in-
verted microscope to carry out the measurements as in the case of model lipid mem-
branes. All fluorescence staining are performed at a ~300 nM concentration of Atto647N
and the measurements being completed within 30 minutes after the incorporation of the
fluorescent analogs into the plasma membranes. Due to the incorporation within the
limited 3 minutes time and subsequent washing step, the concentration of fluorescent
lipids in the cell membrane is significantly less. From the number of detected fluores-
cence bursts and the FCS amplitude (as we will show in next section), we estimate that
the density of fluorescent lipids for the nanoantenna experiments is on the order of 20 -
80 probes per um?. Figure 6.7b shows a representative confocal image of the morphol-
ogy of the CHO cells adhered on a glass coverslip taken after the incorporation of the

fluorescent lipid analogs.
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FIGURE 6.7: Planar nanoantennas for investigationg membrane dynamics in
living cells. (a) CHO cells are seeded onto a microscope coverslip containing multiple
planar nanoantennas with 10 and 35 nm gap sizes. The inset shows the cross section
of the “antenna-in-box” stripped and embedded into a polymer, bringing the region
of maximum electromagnetic field intensity onto the surface in direct contact with
the plasma membrane of living cells. (b) Confocal image of CHO cells showing the
morphology after incorporating the fluorescent SM lipid analog labeled with Atto647N.

glass coverslip

6.5 Experiment and results: Membrane dynamics in living

cells

The fluorescence experiments are performed with a commercial MicroTime 200 setup
equipped with an inverted confocal microscope (Olympus 60x, 1.2 NA water-immersion
objective) and a three-axis piezoelectric stage (PhysikInstrumente, Germany) allowing
to select individual nanoantennas. A linearly polarized 640 nm picosecond laser diode
(Pico-Quant LDH-D-C-640) in continuous wave mode is used to resonantly excite indi-
vidual nanoantennas. The emitted fluorescence signal is collected in epi-detection mode

through a dichroic mirror and the signal is finally split into two avalanche photodiodes
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(PicoQuant MPD-50CT). An emission filter and a band pass 650-690 nm filter just be-
fore each detectors eliminate the scattered light by the excitation laser. A 30 pm pinhole
in the detection arm yields a 0.5 fL. confocal detection volume at the sample plane. The
fluorescence time traces are recorded on a fast time-correlated single photon counting
module in the time-tagged time-resolved mode (PicoQuant MPD-50CT). All the fluo-
rescence measurements are performed by illuminating the sample at an excitation power
density of ~2-3 kW /cm?. The measurements are acquired for a typical run time of 50 s
and the correlation amplitudes computed for ~20 s windows with the commercial soft-
ware package SymPhoTime 64. The detailed optical setup for the FCS experiments with
cells (performed at ICFO, Barcelona) is described in Chapter 2.

6.5.1 Burst analysis of PE and SM on living cells

Single-molecule fluorescence time traces are acquired in the Tagged Time-Resolved
(TTTR) mode (recording each event at its arrival time) with 4 ps temporal resolu-
tion. Figure 6.8 shows representative single-molecule fluorescence time traces for PE
and SM in the confocal (a,b) and in the nanoantenna configuration (c,d). The spatial
resolution set by the diffraction limited spot in the confocal scheme (usually 300 nm)
does not allow to resolve heterogeneities that may occur at the nanometric spatial scale.
Hence we observe the indistinguishable time traces for both PE and SM. In contrast, the
highly confined surface hotspot originating from the 10 nm gap antenna clearly reveals
the difference in the characteristic diffusion dynamics of PE and SM (c,d). As shown in
Figure 6.8c, PE displays sharp peaks in the fluorescence time trace as a result of the
sub-diffraction excitation hotspot created by the planar nanogap antenna. Unlike PE,
the signature of SM is discernibly different at the nanoscale: the short bursts (hallmark
of free diffusion in ultra-small detection areas) are accompanied by high intensity bursts
of significantly longer durations. This is a direct indication that the nanoscopic diffusion
of SM on the plasma membrane is deviating from free Brownian diffusion as compared

to larger macroscopic scales.

To provide more quantitative information about the fluorescence time traces, we perform
fluorescence burst analysis to represent the distributions of burst duration versus burst
intensity. Fluorescence bursts analysis is carried out with a likelihood-based algorithm to
test the null hypothesis (no burst, recording compatible with background noise) against
the hypothesis that a single-molecule burst arises as a consequence of a molecule crossing
the excitation area. The background threshold is set to 20-30 counts/ms following an

empirical optimization [148, 189].
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FIGURE 6.8: Single-molecule fluorescence time traces in living CHO cells.
Fluorescence time traces for phosphoethanolamine (PE: a,c) and sphingomyelin (SM:
b,d) labeled with Atto647N recorded with confocal (left) and with a 10 nm gap planar
nanoantenna (right). The binning time is 0.1 ms for all traces. The diffraction-limited
spot in the confocal configuration cannot resolve the nanoscopic and heterogeneous
membrane organization, this results in indistinguishable fluorescence time traces for
both PE and SM (a,b). In contrast, the confined nanoantenna hotspot reveals clear
differences in the diffusion dynamics of PE and SM (c,d).
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FIGURE 6.9: Single-molecule burst analysis for PE and SM. The fluorescence

time traces are analyzed to produce scatter plots showing the distribution of fluores-

cence burst intensity versus burst duration. Single-molecule events (PE in a and SM in

b) in sub-ms time scales are observed with nanoantennas (color dots) as the confined

electromagnetic hotspots allow to probe the dynamics occurring beyond the diffrac-

tion limit. Single-molecule events obtained with confocal illumination are displayed for
comparison (black dots).
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Figure 6.9 shows the results for both PE (a) and SM (b) for the 10 nm nanogap antenna
(colored dots) compared to the confocal configuration (black cross). The scatter plots for
PE and SM in the confocal configuration show no visible differences with burst durations
in the range 5-100 ms and intensities around 20-30 counts/ms. However, in stark contrast,
the distributions obtained on the nanoantennas show clear differences between PE and
SM. Diffusion events in sub-ms time scales are notably observed with the nanoantennas
exhibiting burst durations as short as 10 ps. Such short events are more than two orders
of magnitude faster than in the confocal reference. Regarding the diffusion dynamics for
PE (red dots) probed with the nanogap antennas a general trend can be deduced, namely,
brighter events arise at shorter timescales. These can be understood as the detection of a
“best burst event” directly resulting as a consequence of an individual molecule diffusing
through the hotspot in the optimal position and orientation for maximum enhancement.
The tighter the excitation beam confinement, the higher is the local intensity which leads
to high fluorescence counts with short burst duration. We thus relate the events with
burst durations < 1 ms to the trajectories occurring within the nanogap region [148].
In the case of PE, the bursts with durations above 1 ms feature a lower intensity in the
range of 20-70 counts/ms, which is only slightly increased as compared to the confocal
case (black cross). We assign these longer burst duration events to the residual excitation
of diffusing molecules within the larger 300 x 140 nm? box aperture region where the
electromagnetic field intensity enhancement is negligible and is thus comparable to the

confocal reference.
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FIGURE 6.10: Representative time trace of SM after cholesterol depletion.

(a) Representative single-molecule time trace of Atto647N for SM after cholesterol de-

pletion with 10 nm gap planar “antenna-in-box” platform (binning time 0.1 ms). (b)

The scatter plots showing the distribution of representative bursts (#1587) recorded for

the same is shown alongside. Cholesterol induced hindrance in diffusion of SM molecules
is avoided with incorporation of the MCD in the plasma membranes.

In contrast to PE, SM probed with the nanoantenna arrays shows a significantly broader
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distribution of burst lengths against peak burst intensities (Figure 6.8d). High intensi-
ties are also observed for burst durations above 1 ms. Since these events are not ob-
served for PE, we relate their occurrence to nanoscopic heterogeneities such as transient
molecular complexes on the cell membrane hindering the diffusion of SM. To support
this conclusion, next we perturb the cholesterol composition in the cell membrane with
methyl-5-cyclodextrin (MCD) as cholesterol is expected to play a significant role in the
formation and stability of the lipid nanodomains. For cholesterol depletion, the CHO
cells are incubated in serum free buffer with 10 mM methyl-5-cyclodextrin (MCD) for
30 minutes at 37°C, and the fluorescent labeling is then carried out as described pre-
viously. The result of the burst analysis for SM after MCD treatment (Figure 6.10)
recovers a distribution which closely resembles the one for PE (see Figure 6.9a). In other
words, the intense bursts of duration between 0.1 and 10 ms disappear after cholesterol
depletion, consistent with the loss of nanodomains. Altogether, the results from the flu-
orescence burst analysis demonstrate the benefits of planar nanogap antennas to explore
the nanoscopic organization of lipids in live cell membranes. Clear differences between
PE and SM diffusion dynamics are unveiled that otherwise would remain hidden in the

confocal measurements.

6.5.2 FCS in ultra confined illumination hotspots

To further support the burst analysis results, we performed fluorescence correlation
spectroscopy analysis. We use two different gap sizes (10 and 35 nm) to quantify the
lipid dynamics for increasing detection areas in the plasma membranes of living CHO
cells. The mobility of molecules shows strong dependence on the local environment and
thus in living systems the concept of ideal Brownian diffusion may not always hold true.
Considering possible anomalous diffusion in living cells, the temporal correlation of the

fluorescence intensity F' can be written as [172]:

G(r) = nf % (6.4)
i+ [

Taier(2)

where 7q(i) the average residence time of the " diffusing modality, p(i) denotes the
respective amplitude contribution and «(i) being the anomaly parameter of the same.
We find that the FCS curves recorded with nanoscopic illumination can only be fitted
with a model assuming two different diffusion modalities (i.e., nqig = 2). Two-species
model is important to fit the FCS data in order to account for the fluorescence contribu-
tions stemming from the nanogap and from the residual excitation stemming from the
surrounding box-aperture. A key feature in FCS is that the molecules contribute to the

correlation amplitude in proportion to the square of their fluorescence brightness, hence
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the signal from molecules in the nanogap experiencing maximum enhancement will have

a dominating contribution in the FCS curves [152].
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FIGURE 6.11: Nanoantenna FCS with varying gap sizes on living cell mem-

branes. Normalized fluorescence correlation curves for Atto647N labeled PE (a) and

SM (b) lipid analogs probed with nanoantennas of varying gap size. The color lines

are experimental data and the black curves are numerical fits. The diffraction-limited
confocal measurements are shown in gray for direct comparison.

PE - 10 nm PE - 35 nm
component 15 ond 15¢ ond
time (t) 0.25 +£0.06 ms 8ms 0.75 +0.15ms 16 ms
anomaly () 0.85 1 0.8 1
amplitude (p in %) 53 +4 47+ 5 50 £+ 3 50 £ 5

TABLE 6.3: Fitting parameter results for PE in Figure 6.11a for two different

gap sizes.
SM - 10 nm SM - 35 nm
component 15¢ ond 15 ond
time (t) 0354+ 0.04ms 17ms 14+02ms 45ms
anomaly («) 0.65 1 0.85 1
amplitude (p in %) 80 + 2 20 + 1 55+ 5 45 + 6

TABLE 6.4: Fitting parameter results for SM in Figure 6.11b for two different
gap sizes.

Figure 6.11 shows the normalized correlation curves for PE (a) and SM (b) in case of

the nanoantennas and the confocal reference. Similar to the burst analysis, we find no

significant differences between the FCS curves for PE and SM for the confocal reference,

yielding comparable diffusion times of 25 + 4 ms (PE) and 30 + 4 ms (SM), respectively.

In the case of the nanoantennas, we observe that decreasing the gap size leads to a faster

diffusion, confirming that the fluorescence signal stems from the nanogap region.

The differences between PE and SM diffusion dynamics are highlighted in Figure 6.12a

where a direct comparison of the FCS data for the 10 nm gap antenna is shown for
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FIGURE 6.12: Hindered diffusion in SM as revealed by the nanoantenna-

FCS. (a) Comparison of FCS curves for PE and SM for a 10 nm gap antenna reveals

clear differences between the dynamics of PE and SM at the nanoscale. (b) The confocal

reference however shows no significant differences between the FCS curves for PE and

SM yielding comparable diffusion times of 25 £ 4 ms (PE) and 30 + 4 ms (SM),

respectively. The color circles are experimental data and the lines are numerical fits
described with single species Brownian diffusion.
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FIGURE 6.13: Cholesterol depleted SM indicates loss of nanodomains. (a)
Normalized fluorescence correlation curves for Atto647N labeled SM (blue) and choles-
terol depleted SM (Purple) for a 10 nm gap antenna. After cholesterol depletion, the
SM diffusion dynamics are significantly faster and resemble the PE case (overlay in
gray). (b) The residuals of the fits for each case is displayed alongside.
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10 nm 15 component 2"? component
time anomaly amplitude time anomaly amplitude
(t) (@  (pin%)  ® (@  (pin%)
PE 0.25 + 0.06 ms 0.85 53 +4 8 ms 1 47+ 5
SM 0.35 + 0.04 ms 0.7 59 +4 38 ms 1 41+ 5
MCD-SM  0.19 £ 0.03 ms 0.85 53 +4 10 ms 1 47+ 4

TABLE 6.5: Fitting results for PE, SM and MCD-SM with 10 nm gap antenna
displayed in Figure 6.13
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FIGURE 6.14: Examples of PE-nanoantenna showing excellent reproducibil-
ity. The representative time traces (binning time 0.1 ms), correlation curves and the
scatter plots for three different 10 nm gap antenna is shown. In all cases Atto647N with
PE is recorded with excitation light along the dimer axis. The correlation curves shows
sub-ms diffusion dynamics and the scatter plots (#866 for Nanoantenna-1, #834 for
Nanoantenna-2, #1364 for Nanoantenna-3) further indicate no hindrance.
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both the fluorescent lipid analogs. Contrary to the confocal case (see Figure 6.12b),
the difference in diffusion times between the two lipids becomes more prominent at the
nanoscale, with PE exhibiting diffusion times of 0.2540.06 ms and SM of 0.35+0.04 ms.
The complete results and values for the FCS fits are detailed in Table 6.3 and Table 6.4.
Moreover, after MCD treatment, the diffusion dynamics for cholesterol-depleted SM
closely resembles that of PE with a diffusion time of 0.19+0.03 ms (Figure 6.13, and see
Table 6.5). These FCS results confirm the presence of cholesterol-enriched nanodomains
hindering the diffusion of SM, in agreement with the results found for the fluorescence

burst analysis.

In addition, the anomaly parameter (o in Equation 6.4) retrieved for SM depends on
the probe area, deviating from unity as the illumination area reduced, from a ~0.85
(for the 35 nm gap) to a ~0.65 (for the 10 nm gap), which is again consistent with
hindered diffusion (see Tables 6.3, 6.4, and 6.5). In contrast, the « values are large and
close to unity for both the PE and cholesterol depleted SM cases (« = 0.85), display no

dependency with the probe areas, as one would expect for unhindered diffusion scenario.
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FIGURE 6.15: Correlation curves recorded for PE-nanoantenna on different

cells. The FCS correlation curves for six different 10 nm gap antenna and different cells

is shown. In all cases Atto647N with PE are recorded with excitation light along the
dimer axis and the correlation curves indicate sub-ms diffusion dynamics.

Moreover, these planar nanoantennas show excellent excellent reproducibility in terms
of optical performance. Figure 6.14 shows some additional fluorescent time traces, burst
analysis and the corresponding correlation curves for PE case when probed with 10 nm
gap planar “antenna-in-box” devices. Moreover, Figure 6.15 displays the FCS curves
recorded for PE and overlayed for six different nanoantennas and different cells confirm-

ing sub-ms temporal resolution achieved with 10 nm gap antennas.
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6.5.3 Extending FCS diffusion laws at the nanoscale

To further analyze and exploit the FCS data we take advantage of the large number of
planar nanoantennas with controlled gaps to carry out a FCS analysis over many different
antennas and cells. As discussed earlier for Alexa647 molecules (3D) and DOPC bilayers
(2D), this approach follows the so-called FCS diffusion law, which is a representation of
the diffusion time versus the detection area [53, 170]. Extrapolation of the experimental
curve to the intercept with the time axis provides information on the type of diffusion
exhibited by the molecule, i.e., free diffusion is characterized by a linear curve crossing
the origin (0,0), while hindered diffusion due to the occurrence of nanodomains leads to

a positive intercept on the time axis [53, 170].

Figure 6.16 summarizes the characteristic diffusion times for PE, SM and SM after
cholesterol depletion for two antenna probe areas. From these graphs we derive the
following three values plot in Figure 6.17: the diffusion coefficient (from the slope),
the time axis intercept (by extrapolating the linear fit for vanishing probe area) and
the normalized spread in the data points (defined as the width of upper and lower
quartiles divided by the median value). As the diffusion time proportionally scales with
the detection area, the diffusion coefficient D is retrieved from the slope of the linear fit
matching the measured transient diffusion times obtained from the FCS curves versus

the effective detection areas according to the relation D = probe area/4 x 7qig [172].

a b c
1.5 1.5+ ) _ 1.5
® | PE g SM o) | Cholestrol depleted
E E E (MCD - SM)
o 1.0+ o 1.0 o 1.0
E £ £
c c c
©0.54 9 0.5 92 0.5+
5 3 s
a @) ‘ a
0, T T T T 0 T T T T 0~ T T T T
0 300 1250 0 300 1250 0 300 1250
Probe area (nm?) Probe area (nm?) Probe area (nm?)

FIGURE 6.16: Characteristic diffusion dynamics of membrane lipids probed
with ultra-confined nanoantenna hotspots. The diffusion time measured by FCS
(for 60 different nanoantennas) is plotted as a function of the probe area for PE (a), SM
(b), and SM after MCD treatment(c). The solid lines are linear fits through the median
values. In the case of free diffusion, the origin (0,0) is aligned with the expected line,
while a positive intercept at the y-axis denotes hindered diffusion due to nanodomains.

The diffusion coefficients derived from nanoantenna measurements are Dpg = 0.44 4 0.07
pm? /s, Dgy = 0.38 4 0.19 pm? /s and Dyiop.sm = 0.46 + 0.07 um? /s (Figure 6.17a) and
they are consistent with the confocal measurements and values reported independently
using STED-FCS [175]. It should be noted that these diffusion coefficients represent
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the diffusion time in the lipidic region between the nanodomains, with an additional
contribution from diffusion within the nanodomains. In addition, diffusion of the nan-
odomains and the contributions for the membrane height fluctuations might also have

some contribution in the measured time-scales.

a b _.C

. |mConfocal@Nanoantenna 200 75 =300 nm? @ 1250 nm

£0.6- ) g ]

€ = = 50+ 7

3 = .

= @100 £ ’

0.3 o © 7

8 g £ 257 4

:- Ll T

£ . 5o NN s o ;D U
PE SM  MCD-SM PE SM MCD-SM ¢ PE SM  MCD-SM

FIGURE 6.17: Diffusion laws discussion at the nanoscale. (a) The diffusion co-
efficients computed from the slopes in Figure 6.16 are compared with confocal results.
(b) y-axis intercept deduced from the linear fits in the Figure 6.16a-c. PE and MCD-
treated SM show near-zero y-intercept consistent with free diffusion, while the signifi-
cant y-intercept for SM indicates that the diffusion is constrained by nanodomains. (c)
Normalized spread in diffusion time (width of upper and lower quartiles / median) in
each case. The large dispersion observed is SM is another indication that sphingolipids
are preferentially recruited into transient nanoscopic domains.

Extrapolating the fits in Figure 6.16a-c towards diminishing probe area leads to the
intercepts with the time axis as summarized in Figure 6.17b. The almost zero intercept
hitting the origin observed for PE confirms the expected free Brownian motion diffusion
mode. In contrast, SM features a positive y-intercept of about 100 s, which highlights
a significant deviation from free Brownian diffusion and the occurrence of nanoscopic
domains hindering SM diffusion. Depletion of cholesterol results in SM diffusion with
a close-to-zero time intercept, demonstrating the crucial role of cholesterol establishing
the nanodomains and hindering SM diffusion. Such small nanoscale heterogeneities have
never been detected so far with confocal microscopy, although STED-FCS down to
1000 nm? detection area could indicate clues about their occurrence. Our results are fully
aligned with these previous findings and importantly, we further reduce the detection

areas down to 300 nm? .

Lastly, we take a closer look at the degree of statistical dispersion of the obtained
transient trapping times scattered around the median value for each probe area (Fig-
ure 6.17c). The spread in diffusion times for PE and SM after MCD treatment remains
well under 25% and can be partially explained by variations of the gap size stemming
from the nanofabrication process [63]. However, we observe for SM diffusion a signifi-
cantly higher dispersion of the data (around 50%) which is specific to this lipid analog.

These results are fully consistent with the presence of transient cholesterol-enriched
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nanodomains affecting SM diffusion. To further support these conclusions, we take ad-
vantage of the confocal data to represent a third point (see Figure 6.18) and show nice

alignment with the nanoantenna data.
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FIGURE 6.18: FCS diffusion laws with confocal data. FCS diffusion laws ex-
tended to include the confocal data for PE (a) and SM (b). The nanoantenna data is
identical to Figure 6.16.

Altogether, our results provide compelling evidence for the existence of highly transient
and fluctuating nanoscale assemblies of sterol and sphingolipids in living cell membranes.
These experimental observations stand in excellent agreement with the notion that with-
out stabilizing proteins, lipid rafts can be viewed as intrinsic nanoscale membrane het-
erogeneities that are small and highly transient [155, 159, 160, 162]. We estimate the
characteristic residence time of the fluorescent SM lipid analogs in the nanodomain from
the y-intercept in Figure 6.16b and Figure 6.17b, and find a value ~100 us . The typi-
cal size of the nanodomains could in principle also be deduced from the FCS diffusion
laws which should feature a characteristic transition from confined to normal diffusion
[53, 170]. As we do not observe this characteristic transition in our data, we conclude
that the typical size of the nanodomain is smaller than the nominal gap size of our
nanoantenna, that is 10 nm. Both the typical nanodomain size about 10 nm and the
transient time about 100 us stand in good agreement with the predictions from stochas-
tic models [190], and from the earlier experiments with STED-FCS [175, 176, 177] and
recent high-speed interferometric scattering (iISCAT) measurements on mimetic lipid

bilayers containing cholesterol [165, 191, 192].
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6.6 Summary

We demonstrate the promising approach of exploiting planar optical nanoantennas with
accessible surface nanogaps to investigate the nanoscale architecture of live cell mem-
branes. The key strengths of our approach rely on the 10 nm spatial resolution combined
with a microsecond time resolution on a (nearly) perfectly flat substrate compatible with
live cell culturing. The single-molecule data on nanoantennas reveal striking differences
between PE and SM diffusion dynamics that remain hidden in confocal measurements.
Fluorescence burst and correlation spectroscopy analysis for PE are consistent with a
free Brownian diffusion model. In contrast, the diffusion dynamics of SM at the nanoscale
show heterogeneities in both time and space which are cholesterol dependent. Further,
removal of cholesterol leads to a recovery of free Brownian diffusion for SM, consistent
with the loss of nanodomains. Our results show the existence of dynamic nanodomains
on the plasma membranes of living cells of ~10 nm diameter which is comparable to our
measurement gap size. The corresponding transient trapping times are short of about
~100 ps. We believe that the combination of optical nanoantennas with fluorescence
microscopy is a powerfool tool to investigate the dynamics and interactions of raft asso-
ciated proteins and their recruitment into molecular complexes on the plasma membrane
of living cells. The proposed technique is fully bio-compatible and thus provides ample
opportunities for biophysics and live cell research with single-molecule sensitivity at
nanometric and (sub)microsecond spatiotemporal resolution, far beyond the diffraction

limit of light.






Conclusion and Perspective

In this thesis, we explored various nanoantenna designs to achieve optimum optical per-
formance with single-molecule sensitivity at molecular concentrations exceeding 20 pM.
The enhanced near field intensity, increased quantum yield of the emitter in the vicin-
ity of the nanoantenna together with high Purcell effects collectively result in giant
fluorescence enhancements within very small mode volumes (up to 30k-fold below the
diffraction-limited confocal scheme). The near field confinement of the excitation in-
tensity together with the polarization sensitivity of these nanostructures were then
demonstrated for (i) detecting single-molecules diffusing in solution and (ii) investigating

nanoscale membrane architecture of the plasma membrane in the living cells.

As the fluorescence strongly depends upon the local environment to which an single
emitter is exposed, the emission can be tailored by varying the shapes, dimensions or
even the composition of the nanostructures. In Chapter 3, we explored double nanoholes
antenna design for enhanced single-molecule fluorescence detection. Using fluorescence
correlation spectroscopy, we measured a 70 zL near field apex volume, realizing a volume
reduction of 7000-fold as compared to the diffraction-limited confocal configuration. The
high intensity confinement goes with fluorescence enhancement up to 100-fold, together
with microsecond transit time, 30-fold LDOS enhancement and single molecule sensitiv-
ity at concentrations exceeding 20 uM. The DNH provides an efficient design to reach
nanometeric confinement of light, with a much simpler nanofabrication as compared to
other designs such as “antenna-in-box” or bowtie structures. The DNH spectral reso-
nance occurs in the range 550-700 nm therefore enables a better spectral overlap with
the emission band of most common red fluorescent dyes. We also point out that much
room remains for a thorough optimization of the DNH design. In this regard, we further
demonstrated higher enhancement factors above 300-fold achieved with DNH bearing
sharp apex tips fabricated via stencil lithography. Reaching sub-10 nm apex sizes with
modern fabrication tools (such as He ion source FIB), mass fabrication of DNH struc-
tures with sharp apex tips will significantly upgrade the caliber of DNH structures with

single-molecule sensitivity at much higher molecular concentrations.

Single molecule fluorescence sensors based on plasmonic nanostructures are currently
limited by the nonradiative energy transfer (between emitters and free electron gas),
and by the Joule heating caused by the excitation laser beam. Silicon based all-dielectric
nanoantennas overcome these limitations, and thus are potential cost effective alternative

for realizing molecular sensors with on-chip and CMOS compatibility. In Chapter 4, we

133
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demonstrated the first proof-of-principle all-dielectric nanoantennas with single-molecule
sensitivity and explained the fluorescence enhancement mechanism by a combination
of excitation intensity enhancement and radiative rate enhancement with near similar
strengths. For an all-silicon dimer nanoantenna with 20 nm nominal gap fabricated on
glass substrates, we quantify fluorescence enhancement factors above 200-fold, together
with 3600-fold volume reduction as compared to the diffraction-limited confocal schemes.
At present, the maximum fluorophore concentration to reach single-molecule sensitivity
is limited to around 10 uM, which can be further improved either by reducing the
dimer gap separations, or via introducing a surrounding box-aperture to keep-out the
fluorescence light originating from the background molecules (similar to the “antenna-in-
box” geometry). Since all-dielectric nanoantenna has negligible losses, sub-nm gaps can
be conceived for single-molecule experiments. Moreover, as the scattering spectrum of
the silicon nanoantenna shows higher efficiency in the near-IR, optimized experimental
strategy (with proper dye selection and reduced gap sizes) could significantly improve
the detection of individual molecules at higher molecular concentrations using dielectric

materials only.

Further, meeting the broad expectations of biologically-inspired experiments require
nanoantennas featuring narrow gap sizes, full accessibility to the electromagnetic hotspot
and high fabrication throughput. Our planar “antenna-in-box” design (Chapter 5, 6)
address this concerns with an innovative fabrication approach combining e-beam lithog-
raphy with planarization, etch back and template stripping. We present large sets of
fully flat gold nanoantennas arrays featuring 10 nm nominal gaps with sharp edges and
direct surface accessibility of the hotspots. We demonstrate the superior performance
of these in-plane nanoantennas by probing single fluorescent molecules, and reach fluo-
rescence enhancement factors up to 15,000-fold, outperforming any previous plasmonic
realizations. In excellent agreement with numerical simulations, we relate this perfor-
mance increase to the optimized position of the plasmonic hotspot which are accessible
and exposed directly at the surface. The fabrication approach is scalable with excel-
lent reproducibility, and can be applied to any nanoantenna designs. This provides a
highly efficient platform for biochemical assays analysis with single molecule sensitivity
at physiological conditions. The “antenna-in-box” shows spectral resonance occurring in
the near-infrared regime, thus optimizing the nanoantenna geometry for the excitation
wavelength, can further boost the fluorescence enhancement factors and the nanoantenna

efficiency.

In Chapter 6, we explored planar nanoantennas to investigate the cholesterol-dependent
nanoscale heterogeneities in the plasma membrane of living cells. Combining FCS with
resonant planar nanoantenna with different gap sizes we could assess the dynamic

nanoscale organization of phosphoethanolamine (PE) and sphingomyelin (SM) in the
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living plasma membranes. Our approach takes advantage of the highly confined excita-
tion light provided by dimer nanoantennas together with their outstanding planarity to
investigate membrane regions as small as 10 nm in size with sub-ms temporal resolution.
Fluorescence correlation spectroscopy and burst analysis show free 2D Brownian diffu-
sion for PE (with both confocal and nanoantenna). However the diffusion dynamics of
SM at the nanoscale indicates extremely heterogeneous behavior which were otherwise
hidden in the ensemble averaging. Together with cholesterol depletion experiments, we
demonstrate the existence of dynamic nanodomains (diameter less than 10 nm) with
characteristic trapping times as short as 100 ps. These findings are crucial to under-
stand the spatiotemporal and heterogeneous organization of live cell membranes at the
nanoscale. This planar nanoantenna design with full access of the hotspot opens up
the possibility of exploiting the physical properties of plasmonic antennas for a broad
range of applications, such as biosensing in nano/microfluidic channels, light harvesting,
photocatalysis etc. As an immediate extension, one could possibly think of investigating
the raft-associated GPI anchored protein and their co-localization with SM (and choles-
terol) in the plasma membranes. This could possibly provide complementary insights
into the local organization of the plasma membrane in living cells. The proposed tech-
nique is bio-compatible and thus provides ample opportunities in biophysics and live cell
experiments. To further increase the flexibility of these planar nanoantenna platforms,
designing hybrid nanoantenna for broadband excitation, and time-gated detection for
further reduction in spatial resolution remain as some of the immediate experimental

strategies.

Altogether, using FCS, TCSPC, FDTD modeling and numerical simulations, this the-
sis provides a thorough investigation on different optical nanoantenna designs (double
nanohole, nanogap dimer antennas and planar “antenna-in-box”) along with the dis-
cussion on their respective merits. Probing emitters with different intrinsic quantum
yields (Alexa Fluor 647, CV and Atto647N) we discussed the origin of fluorescence in
the nanoantenna mediated single-molecule experiments. The high optical performance
achieved with the robust designs open up promising perspectives to study complex bio-
chemical dynamics at physiological expression levels. In addition, the nanoantenna ap-
proach is quite straightforward to implement on any confocal setup, as it does not
require supplementary illumination beam (or optics). For now, the race for the higher
enhancement factors should be only secondary to the potential applications of these

nanoantennas in biophysics and live cell research.
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