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Abstract

Optical antennas enhance and confine electric fields at the nanoscale. This

can be exploited in applications that require high signal-to-background and

sub-diffraction illumination volumes, such as for super-resolution microscopy

or in bio-sensing at high physiological concentrations. Furthermore, when in

close proximity to single emitters, photonic antennas can affect their emission

properties. This latter property allows for improving fluorophore characteristics,

such as reduced photobleaching or increased quantum yield. Although there

are already numerous studies on these effects and their possible applications,

some properties are still not fully understood or exploited. This Thesis aims

to study interactions between antennas and emitters in contexts that have not

been deeply studied yet, and to use them for applications where they will allow

us to observe molecular mechanisms that are not accessible with conventional

diffraction-limited optical methods.





Contents

1 Introduction 1
1.1 Principles of single-molecule fluorescence . . . . . . . . . . . . . . . 2

1.2 Photonic antennas and fluorescence . . . . . . . . . . . . . . . . . . 4
1.3 Photonic antennas-on-probe . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Current challenges of photonic antennas . . . . . . . . . . . . . . . . 7

1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Frequency-encoded multicolour fluorescence imaging with single-
photon-counting colour-blind detection 11

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.1 Nanobeads and single-molecule sample preparation . . . . . 14

2.2.2 Cell-imaging sample preparation . . . . . . . . . . . . . . . . . 15

2.2.3 Implementation of the multicolour confocal setup . . . . . . . 18

2.2.4 Image processing and data analysis . . . . . . . . . . . . . . . 21

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.3.1 Frequency-encoded multiplexed wavelength excitation scheme

with colour-blind detection . . . . . . . . . . . . . . . . . . . . 23
2.3.2 Detection sensitivity and multicolour performance . . . . . . 26

2.3.3 Acquisition of simultaneous multidimensional single-molecule
confocal imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.4 Simultaneous multitarget confocal imaging on fixed cells
and spectral unmixing . . . . . . . . . . . . . . . . . . . . . . . 30

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3 Fabrication and characterization of photonic antennas-on-probe 43

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Combined confocal/near-field scanning optical microscopy config-

uration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47



3.3 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3.1 Probe fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.3.2 Antenna-on-probe fabrication . . . . . . . . . . . . . . . . . . 53

3.4 Antenna-on-probe characterization . . . . . . . . . . . . . . . . . . . 56

3.4.1 Numerical simulations . . . . . . . . . . . . . . . . . . . . . . 56
3.4.2 Near-field imaging of fluorescent nanospheres . . . . . . . . 61

3.4.3 Mapping the near-field components of nanoantennas using
single dipole emitters . . . . . . . . . . . . . . . . . . . . . . . 63

3.5 Antenna-based imaging combined with frequency encoded multi-
colour excitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4 Enhancing magnetic light emission with all-dielectric optical nanoan-
tennas 73
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2.1 Synthesis of YVO4 particles doped with Eu3+ . . . . . . . . . 75

4.2.2 Setup description . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.2.3 Simulations of antenna response . . . . . . . . . . . . . . . . 77

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.3.1 Near-field coupling between photonic antennas and mag-

netic emitters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.3.2 Competition between electric and magnetic transitions: the

branching ratios . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3.3 Influence of the LDOS on the relative electric/magnetic emis-
sion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 Nanoscale control of single molecule Förster Resonance Energy Trans-
fer by a scanning photonic nanoantenna 93

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.2.1 Tip fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.2.2 FRET pairs preparation . . . . . . . . . . . . . . . . . . . . . . 97

5.2.3 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2.4 FDTD numerical simulations . . . . . . . . . . . . . . . . . . . 98
5.2.5 FRET efficiency calculation . . . . . . . . . . . . . . . . . . . . 99



5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.3.1 Hybrid antennas for FRET . . . . . . . . . . . . . . . . . . . . 99

5.3.2 Control of the FRET efficiency as a function of antenna po-
sition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.3.3 Photonic antennas affect the competition between donor and
FRET rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6 Nanoscale multicolour fluorescence cross-correlation spectroscopy
on living cell membranes with photonic antennas 115

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.2.1 Cell preparation and labelling . . . . . . . . . . . . . . . . . . 118

6.2.2 Fluorescence Correlation Spectroscopy . . . . . . . . . . . . . 119

6.2.3 Burst analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.2.4 Antenna fabrication . . . . . . . . . . . . . . . . . . . . . . . . 121
6.2.5 FDTD simulations . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.2.6 Optical setup and feedback system . . . . . . . . . . . . . . . 122

6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.3.1 Broadband behaviour of BNAs . . . . . . . . . . . . . . . . . . 123
6.3.2 BNAs allow for FCS measurements in living cells . . . . . . . 128

6.3.3 Broadband BNAs allow for dual-colour FCCS measurements
and for detection of intracluster diffusion . . . . . . . . . . . 131

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7 Conclusions and further perspectives 139

List of publications 147

Acknowledgements 149

Bibliography 151





CHAPTER 1
Introduction

Optical antennas are nanometric structures (metal- or dielectric-based) that in-
crease the interaction between light and single emitters. This offers a wide vari-
ety of applications in the field of fluorescence, ranging from fluorescence enhance-
ment with fluorescence emitters, super-resolution microscopy or molecular rulers
to ultra-sensitive biosensing. In order to fully explore these applications, we first
need to understand better the near-field coupling between optical antenna and
single emitters. Many studies so far have addressed how antennas enhance flu-
orescence signals, increase image resolution, improve fluorophore photostability,
etc. Yet, the degree by which optical antennas influence fluorescence proper-
ties depends crucially on the near-field interaction between the emitter and the
antenna. This requires ultimate control of their relative position and orientation
which has been challenging to achieve in most experimental configurations. Fur-
thermore, extending the study of optical antennas and their interaction with mul-
tiple emitters commands for new antenna designs that are broadband and thus
have the ability of influencing fluorophores with different spectral properties. In
this Chapter, a short overview on the effect of nanoantennas in the field of flu-
orescence is presented, together with routes that are yet to be explored and ap-
plications that can benefit from these studies. In addition, different experimental
schemes needed to address these effects are discussed.
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CHAPTER 1

1.1 Principles of single-molecule fluorescence

Fluorescence is the spontaneous emission of light by a molecule excited to a

higher electronic level (singlet excited states, S) after the absorption of light or

other electromagnetic radiation with appropriate energy. Due to energy losses

(internal conversion, IC), the emitted light has usually a lower energy (Eγ = hν)

than the excitation radiation, what is known as the Stokes shift.

Electrons can also change their spin and decay to the triplet state, T (intersys-

tem crossing, ISC). In these conditions, the relaxation of the molecule to the

ground state does not result in fluorescence emission, but in phosphorescence,

a process that typically occurs at a much longer wavelength and is therefore

filtered out in the detection system of any fluorescence setup. This gives rise

to the blinking phenomenon, making the intensity of a single fluorophore drop

to zero during a few microseconds. This is a reversible process, in contrast to

photobleaching, which causes the fluorophore to be no longer able to emit fluo-

rescence. It mainly occurs in excited states with long lifetimes due to reactions

with molecular oxygen or free radicals in solution generated by it.

All these processes are represented in the Jablonski diagram shown in Fig. 1.1a,

where transitions between electronic and vibronic levels are shown as arrows

and have a rate k. The excitation rate is given by Fermi’s golden rule:

kexc =
4π2

h

∣∣〈m|E · p|n〉∣∣2ρe (1.1)

where 〈m| is the wavefunction of the initial state, |n〉 the one corresponding to

the final one, p the transition dipole moment, E the local electric field and ρe the

density of the excited state (LDOS). This equation means that the probability

of the transition between two states m and n will be more likely to occur for

smaller angles between E and p (the parallel configuration being the optimal)

and for a larger overlap of their wavefunctions, as stated by the Franck-Condon

principle. This principle is sketched in Fig. 1.1b, where the vibronic levels in

each electronic level are represented as horizontal lines with their correspondent

wavefunctions, and the transitions between electronic levels are represented as

vertical arrows, since they occur in time scales that are much shorter than the

ones required for changes in the position of the nuclei to take place (x-axis) [1].
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Therefore, a system in its ground state will be more likely excited to high vi-

bronic levels in the excited electronic state. Then, it will non-radiatively decay

to the vibronic lowest state (internal conversion, IC) and from there to the vi-

bronic level in the electronic ground state that again maximizes the overlap

integral. Finally, it will relax to its vibronic ground state until a new excitation

event occurs.

Figure 1.1: (a) Jablonski diagram showing the possible transitions (vertical
lines) between electronic and vibronic levels (horizontal lines). The vibrational
lowest states are indicated with thick lines, and the higher ones with thin-
ner lines. (b) Potential energy diagrams with vertical transitions that maximize
the overlap between the wavefunctions of the different vibronic levels (Franck-
Condon principle). Diagrams taken from [1].

For most organic molecules, the decay to the ground level occurs typically on a

timescale of nanoseconds, given by the so called fluorescence lifetime, which is

the average time an electron stays in its excited state:

τ =
1

kr + knr
(1.2)

Here, kr is the intrinsic radiative decay rate (probability of an excited system

to emit a photon) and knr represents all the non-radiative decay channels that

compete with fluorescence. As intuitively expected, the higher the probability of

an electron to decay, the shorter its lifetime will be.

Another important quantity in fluorescence measurements is the quantum yield,

defined as the fraction of absorbed electrons that decay radiatively:

3
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Q = krτ =
kr

kr + knr
(1.3)

This quantity along with the excitation rate kexc (given by eq. 1.1) will determine

the measured intensity emitted by a fluorophore:

Iem = ηkexcQ (1.4)

where η corresponds to the collection efficiency of the experimental setup.

1.2 Photonic antennas and fluorescence

Photonic antennas are metallic (or dielectric) nanoscale structures that convert

propagating light into highly confined fields, and vice versa, in analogy to com-

mon radio antennas [2] but on nanometric scales that lead to interaction with

light.

At the excitation wavelength side, the incident light will irradiate the antenna

and its near-field will excite the fluorophore with an increased kexc. This hap-

pens when the incident light couples to the intrinsic oscillation of the free elec-

trons in the surface of the metal, known as localized surface plasmons (LSP).

For this coupling to take place, both the incident light and the LSP need to be

in resonance, whose wavelength can be tuned by changing the material and/or

geometry of the antenna. Once the coupling occurs, there is an enhancement

as well as a confinement of the field that will then excite the emitter. Since

the fluorescence emission Iem is directly proportional to kexc, optical antennas

can influence the fluorescence emission of single emitters. Moreover, the in-

creased field confinement brought up by the antenna (down to few nanometres)

can be exploited for super-resolution imaging [3–5], single-molecule sensing at

ultra-high labelling concentrations [6, 7] or detection of dynamic events at the

nanometre scale [8]. Furthermore, the presence of the antenna reshapes the

excitation field in 3D, allowing for the efficient excitation of all molecule dipole

orientations [9].

At the emission wavelength side, a single molecule behaves as a single dipole

that can also couple to the LSP oscillation of the antenna, hence modifying its
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radiative rate kr and opening new non-radiative channels knr [10]. These rates

can be modified by the choice of material [11, 12], antenna geometry [12] and

relative distance of the antenna to the emitter [13], among many other parame-

ters. This change in decay rates will have an effect on the quantum yield, that

can either be enhanced [14] or quenched [13] depending on the relative increase

of the radiative and non-radiative decay rates. Therefore, the fluorescence emis-

sion is not always enhanced in the presence of a nanoantenna and its value will

depend on the relative changes on both the excitation rate and the quantum

yield.

Applications of these changes in the quantum yield range from improved pre-

cision for localization-based super-resolution techniques [15], increased spatial

resolution when combined with stimulated emission depletion (STED) nanoscopy

[16] or high sensitivity at high concentrations [6, 7]. Furthermore, modification

of the decay rates have a direct effect on the lifetime τ of the molecule, that

will get reduced in the presence of a photonic antenna. This results in in-

creased photostability [15, 17], since the molecule has a lower probability to

photobleach. Furthermore, this lifetime reduction is dependent on the distance

between the metallic structure and the emitter, what makes it particularly use-

ful to measure distances between the two at a nanometric scale that is not

accessible by many other methods [18] and can be used to achieve axial super-

resolution [19].

An additional effect of the coupling between photonic antennas and emitters

is the modification of the spatial profile and directionality of the fluorescence

emission [20–25]. When in resonance, the emitter couples to the nanoantenna

so that the radiation proceeds from the coupled system, giving rise to changes in

the angular emission. Such changes in emission directionality can be tuned by

shifting the antenna resonance and/or by modifying the orientation or the po-

sition of the emitter with respect to the antenna, making it possible to increase

the collection efficiency of the setup.

Therefore, in the presence of a photonic antenna all the three parameters defin-

ing the fluorescence emission in eq. 1.4 can be affected, so that they all have to

be taken into account for an estimation of the enhancement in the fluorescence

of single emitters close to nanoantennas [2, 26–28].
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1.3 Photonic antennas-on-probe

Photonic antennas can be fabricated on planar substrates using either top-

down fabrication approaches such as electron beam lithography (EBL) [29] or

focused ion beam (FIB) [30], or using bottom-up techniques like DNA origami

[13]. Although large arrays of thousands of antennas can be fabricated us-

ing these methods, the main disadvantage of antenna substrates is the lack of

accurate and active control of the location of the emitters with respect to the an-

tenna. For instance, emitters can be immobilized close by to the antennas but

their positions are then fixed and cannot be varied over the experiment. Alter-

natively, emitters can be allowed to diffuse over the antenna so that they explore

different degrees of enhancement and confinement, but the relative distance be-

tween the antenna and the diffusing molecules are not well-defined. Since the

near-field generated by the antenna has a 3D profile in space, the field sensed

by the emitter will be highly position and orientation dependent. Using these

approaches where there is no active control over the position and orientation of

molecules prevents us from accessing the regime of high coupling. Therefore,

accurately controlling the position of the fluorophore close to the nanoantenna

is critical to achieve optimal excitation and coupling between the two.

An alternative way to meet this requirement is by using antennas fabricated

directly on probes. In this case, individual nanoantennas are fabricated at the

apex of tapered optical fibres and mounted on a near-field scanning optical

microscope (NSOM) [31]. The NSOM electronic system allows to control the dis-

tance and orientation of the antenna with respect to the sample under study

with nanometre accuracy in 3D. Indeed, pioneering studies on photonic anten-

nas were performed by means of NSOM by just attaching a metallic nanoparti-

cle at the end of the probe and scanning the sample with respect to the metal

nanoparticle [10, 14, 32, 33]. Within the field of fluorescence, the most conven-

tional approach has been so far the use of subwavelength apertures positioned

at the end of sharp opaque probes. This allows to illuminate directly through

the aperture, and thus minimizes surrounding background. This background

reduction is achieved by coating the probe, usually with aluminium due to its

low penetration depth. Nanoapertures provide a lateral resolution that is basi-

cally determined by their diameter, but since their power throughput decays as

the fourth power of their size [34], this limits the resolution to ∼50-70 nm [35].
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To overcome the light throughput limitation, different antenna designs at the

apex of scanning probes have been fabricated [9, 36–38]. These nanostructures

combine the advantages of field enhancement and high field localization (down

to nanometres), so that effectively higher spatial resolutions, well beyond those

obtained with conventional NSOM nanoapertures, can be achieved. The first

designs consisted on fabricating a monopole antenna next to a nanoaperture

[39, 40]. The subwavelength aperture concentrates the light and drives the

monopole antenna to resonance. Later on, many different aperture designs were

also developed, being aluminium-based bowtie nanoapertures the ones mostly

used in our group due to their superior properties, namely field confinement

and broadband response [41, 42].

Despite the involved fabrication process and the complexity associated to NSOM

operation, its extraordinary position accuracy makes it the best method to study

nanoscale interactions between antennas and single emitters [43]. In this The-

sis we have used a variety of photonic antennas-on-probe to study nanoscale in-

teractions with different types of emitters, including both fluorescent and mag-

netic emitters. Moreover, we have extended the application of these antennas-

on-probe to study interactions between multiple emitters under in-vitro condi-

tions as well as in living cells.

1.4 Current challenges of photonic antennas

Despite all of the applications mentioned until now in the field of fluorescence,

there are still properties of optical antennas that have not been fully addressed

yet. By changing the material and geometry of the antennas, we can influence

these different properties of the antennas and explore new fields of research

and applications.

For example, most antenna designs are aimed to enhance the electric field, ig-

noring the magnetic field contribution. Quantum emitters with forbidden dipole

transitions like trivalent lanthanide ions undergo magnetic spontaneous emis-

sion. As bioprobes, they offer some advantages over common fluorescent emit-

ters, such as large Stokes shift, long lifetime, reduced photobleaching and high

quantum yield [44]. This yields to an improved signal-to-noise ratio and makes

them ideal labels for time-resolved spectroscopy [45] and bioimaging [46]. How-
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ever, the control of emission from optical magnetic dipoles remains largely un-

explored. Several studies have demonstrated the detection and manipulation of

magnetic dipole transitions of lanthanide ions by means of metallic interfaces

in the visible range [47, 48]. A nanoantenna exhibiting magnetic resonances

could enhance both the optical magnetic field and the spontaneous emission

of magnetic dipoles [49], but to date there have been very few experimental

demonstrations of these phenomena. In this Thesis, we use dielectric antennas

to enhance the emission from magnetic dipoles. This opens new opportunities

for bright nanoscale light sources based on magnetic transitions [50, 51]. The

magnetic component of light is also crucial for the field of chiral optics [52,

53], so having antennas that can manipulate the magnetic field combined with

chiral spectroscopy techniques could increase their detection sensitivity.

In a similar way, most commonly used antennas are resonant in a narrow region

of the visible spectrum, so that their applications are restricted to single-colour

imaging and/or biosensing. By designing antennas to be broadband in the vis-

ible regime, we can investigate nanoscale single-molecule interactions between

different molecular species, since such antennas will affect similarly all the flu-

orophores under study. This is interesting from both fundamental and applied

points of view. On the one hand, antennas in resonance with different emitters

at the same time will allow us to study how emitter interactions are affected

by the presence of a nanoantenna. In this Thesis, broadband antennas will be

used in the context of Förster Resonance Energy Transfer (FRET) [54] to ma-

nipulate the interaction between a single donor and a single acceptor emitter

on the nanoscale [55, 56]. On the other hand, the fluorescent enhancement

for multiple wavelengths opens up the possibility of performing multicolour

super-resolution imaging or detecting the interactions between differently la-

belled species on a living cell. In this Thesis, we combine these broadband

antennas with high temporal resolution methods such as Fluorescence Corre-

lation Spectroscopy (FCS) [57] or Fluorescence Cross-Correlation Spectroscopy

(FCCS) to investigate the diffusion and interaction of multiple species on the

membrane of living cells with both high temporal (∼ms) and spatial (∼nm) res-

olution. To achieve this broadband behaviour, we fabricate antennas using

aluminium, guaranteeing a broadband resonance in the visible range [58].

In order to exploit this broadband response in a more efficient way, a technique

that allows for fast and easy multicolour fluorescence recording is necessary.
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Conventional multicolour methods are based on either using multiple detec-

tors, increasing the cost and the complexity of the setup, or on alternating the

different excitation wavelengths in time [59], requiring synchronization between

excitation and detection. In this Thesis, we propose a method for multi-target

imaging that is based on modulation of the different excitation wavelengths, that

will then be easily distinguished in the frequency space. Our technique can be

extended to super-resolution microscopy methods, allowing for simultaneous

multicolour imaging with nanoscale resolution.

1.5 Thesis outline

This Thesis focuses on the investigation of the near-field interaction between

single emitters and photonic antennas. Understanding these interactions with

multiple fluorescent species such as dipole-dipole interactions or biomolecules

in living cells requires a technique that allows for simultaneous multicolour

imaging. In Chapter 2 we describe a method for simultaneous multicolour imag-

ing where wavelength discrimination is based on the excitation spectra of the

fluorescent species, rather than their emission, as it is the case for most com-

mon techniques. This is achieved by working in the frequency domain and by

distinctly modulating the different excitation sources. We demonstrate the ver-

satility of our method by simultaneously imaging up to six different targets on

fixed cells with high discrimination and using a single detector.

Before discussing how tailored antennas can influence different properties of

emitters, in Chapter 3 we describe the fabrication of different antenna-on-probe

geometries and show their characterization. First, antennas are designed and

simulated using finite difference time domain (FDTD) simulations to check and

select for the best material and geometry depending on the desired application.

Second, they are fabricated at the apex of aluminium coated probes by means of

focused ion beam (FIB) milling to match the simulated geometries. Finally, they

are optically characterized using fluorescent nanospheres. These three steps

are described in Chapter 3 for the three antenna designs that will be used in

the following Chapters.

In Chapter 4, we use silicon-based magnetic cylindrical antennas aimed to in-

teract with magnetic emitters. By making use of the positioning control given

9
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by NSOM, we achieved an enhancement of the magnetic emission that is spa-

tially decoupled from the electric component. We were also able to map the

distribution of both magnetic and electric local densities of states (LDOS) with

nanometre resolution. Being able to enhance and manipulate the magnetic

emission opens up applications in the fields of chiral sensing and bioimaging.

A hybrid antenna composed of a monopole and a bowtie aperture is used in

Chapter 5 to investigate Förster resonance energy transfer (FRET) between a

pair of close by emitters. This antenna design is broadband in the visible and

has a very strong field confinement, fulfilling most of the requirements needed

to interact with FRET [55]. Exploiting once more the position accuracy of using

antenna-on-probes, we were able to modulate the FRET efficiency at the single

molecule level with a precision of 2 nm on the antenna position. Furthermore,

this control on the antenna position allowed us to reveal a competition between

FRET and donor-antenna transfer as a function of their relative distance.

Finally, in Chapter 6 we make use of the broadband behaviour of aluminium

bowtie nanoapertures to characterize diffusion and co-diffusion of molecules

in the membrane of living cells. By combining our NSOM approach with fluo-

rescence correlation spectroscopy (FCS) we can achieve multicolour ultra-high

spatiotemporal resolution. This allowed us to record simultaneously the diffu-

sion of dual-colour labelled membrane receptors known to form nanoclusters in

living cells, and showed that they interact within nanometric regions. Further-

more, since the field confinement given by our antennas is smaller than the size

of these nanoclusters, we could distinguish for the first time to our knowledge,

molecular intracluster diffusion from diffusion of the nanoclusters themselves.

In summary, this Thesis aims to extend the application and understanding of

photonic antennas to unexplored fields. By adapting their geometry and mate-

rial we can influence properties of light and/or emitters that are not yet fully un-

derstood. In that sense, we also discuss in this Thesis different antenna designs

and study their response using both numerical and optical methods. Further-

more, manipulation of the emission of a dipole in the near-field requires precise

positioning of the antenna with respect to the emitter. For this purpose, we use

near-field scanning optical microscopy (NSOM) to control and manipulate the

antenna position with nanometre precision [31] and fabricate our antennas-on-

probe [35]. All these together allow us to investigate new properties of photonic

antennas and their interaction with single emitters on the nanometre scale.
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CHAPTER 2
Frequency-encoded multicolour fluorescence

imaging with single-photon-counting

colour-blind detection

A main goal of this thesis is to investigate nanoscale single-molecule interactions,
either between quantum emitters or between cell membrane components, where
fluorescent species with different emission spectra need to be detected simulta-
neously. This calls for a technique that allows for easy, low-cost and fast multi-
colour imaging. Standard fluorescence microscopy relies on filter-based detection
of emitted photons after fluorophore excitation, but implementation of approaches
for simultaneous multicolour fluorescence imaging is commonly challenged by the
large spectral overlap between different fluorophores. In this Chapter, we de-
scribe an alternative method that relies only on the absorption spectra of the
fluorophores instead of their emission, and that is based on multiplexing opti-
cal excitation signals in the frequency domain. This enables the identification
of multiple colour channels in a single measurement with only one colour-blind
detector. We demonstrate simultaneous three-colour imaging of single molecules
and of four-target imaging on cells with excellent discrimination. Moreover, we
implemented a non-negative matrix factorization algorithm for spectral unmixing
that allowed us to resolve six spectrally and spatially overlapping fluorophores on
fixed cells using four excitation wavelengths. The methodology is fully compatible
with cell live imaging and can be extended to super-resolution microscopy, making
simultaneous multicolour imaging more accessible to the biological community.

This work has been partially published in E. T. Garbacik*, M. Sanz-Paz*, K. J. E. Borgman,
F. Campelo, and M. F. Garcia-Parajo. "Frequency-Encoded Multicolor Fluorescence Imaging with
Single-Photon-Counting Color-Blind Detection". In: Biophys. J 115.4.21 (2018). pp 725-736
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2.1 Introduction

Fluorescence microscopy is one of the most powerful tools employed in basic

life sciences because it allows the detection of different molecular components

in fixed and living cells with high specificity and ultimate sensitivity. With the

advent of super-resolution microscopy [60–63] and the rapid development of im-

proved fluorescent probes [64–67], the possibility of visualizing complex cellular

structures at the nanoscale is now within reach [68]. Understanding the struc-

ture and dynamics of macromolecular complexes generally requires labelling

of different biomolecular species with a variety of fluorophores and analysis of

their spatial distributions and temporal behaviours. Single-molecule sensitiv-

ity, short acquisition times, and minimal spectral crosstalk are all critical re-

quirements in quantitative biology to simultaneously visualize multiple labelled

targets at relevant temporal and spatial scales.

The last few years have witnessed remarkable advances towards the implemen-

tation of multicolour fluorescence imaging, aiming to improve spectral discrim-

ination in a wide variety of configurations that seek to address improved spatial

and temporal resolution. Simultaneous excitation and detection of multiple

colours can be performed by a combination of different lasers and detectors

via filter-based isolation of the fluorescence signals. However, in practice, the

large spectral overlap of fluorophores limits simultaneous multicolour imaging

to three or four different targets [69, 70]. To reduce spectral crosstalk, stan-

dard multicolour methods, including most commercial systems, commonly rely

on temporal separation, i.e., different excitation wavelengths are switched on,

one at the time, and the sample is imaged sequentially [71–73]. Unfortunately,

this approach poses restrictions to live-cell-imaging applications because the

total image acquisition time is increased.

To increase the number of target molecules that can be simultaneously im-

aged, more innovative methods take advantage of the photophysical properties

of fluorescent probes, such as their excited-state lifetimes [74] and/or emission

spectra [74–76]. The combination of spectral and lifetime information signifi-

cantly extends the number of targets that can be simultaneously imaged, but

it comes at the expense of a highly complex experimental setup while requiring

precise a priori knowledge of the photophysical properties of each fluorophore as

well as high photon-count rates that are incompatible with single-molecule and
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live-cell imaging [74]. Hyperspectral imaging is another method that overcomes

the challenge of spectral overlap by spectrally dispersing the fluorescence sig-

nal that is sent to a charge-coupled device camera or multichannel detector [77,

78]. Linear unmixing algorithms are then used to retrieve the fluorescence con-

tribution of each fluorophore to a given spatial position on the image [78, 79].

Because the full spectra are recorded at each point of the image, this method

requires long integration times, although individual multicolour images of six

different targets have been recently recorded below 10 s, either under confocal

or lattice light sheet illumination [80].

Within the field of fluorescence-based biosensing and DNA sequencing, several

strategies have been also developed to extend the number of different targets

that can be detected in a cost-efficient manner [81–84]. From these methods,

frequency-encoded multiplexed excitation with colour-blind detection has been

developed and successfully applied for detection of multiple targets, each target

labelled with an individual fluorophore [81–83]. In this implementation, differ-

ent excitation lasers are modulated at distinct frequencies, exciting the fluo-

rophores to varying degrees according to their absorption cross-section at each

given excitation wavelength [82–84]. The total fluorescence emission is collected

simultaneously on a single detector in a colour-blind fashion, and it is then de-

modulated using Fourier analysis to retrieve the magnitude of the individual flu-

orophore signals. Besides the advantage of utilizing fewer optical components

than standard detection systems, the method benefits from an increased sig-

nal/noise ratio because it avoids the use of spectral filters and instead relies on

the inherent filtering during demodulation, as the frequency of interest can be

isolated from other frequencies that might be present in the frequency domain.

However, the discrimination sensitivity of the method requires spatial separa-

tion of the different colour targets, which is achieved by means of capillary

electrophoresis [81, 82]. More recently, the concept of frequency-encoded mul-

ticolour excitation has been extended to fluorescence-lifetime confocal imaging,

albeit incorporating multiple detectors [85]. The methodology significantly im-

proves fluorescence-lifetime spectral multiplexing capability and speed by mod-

ulating multiple laser lines using a fast frequency-sweeping Fourier transform

interferometer [85]. Nevertheless, it requires high laser stability and synchro-

nization electronics as well as the use of multiple detectors, one for each of the

spectral bands to be detected.
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In this Chapter, we report on the implementation of frequency-encoded excita-

tion multiplexing together with colour-blind detection for simultaneous multi-

colour scanning confocal imaging. In contrast to the earlier implementations of

this approach for DNA sequencing and protein detection [81, 82], our method

does not require spatial separation of the target molecules. This enables simul-

taneous multicolour cell imaging of spatially and spectrally overlapping targets.

We demonstrate that our fully colour-blind configuration provides excellent dis-

crimination of different fluorescent targets with single-molecule detection sensi-

tivity using integration times that are comparable to those used for one-colour,

single-molecule imaging. Addition of a second detector provides multidimen-

sional single-molecule data in which spatial coordinates, intensity, polarization,

and spectral discrimination are obtained in a single measurement. Finally, we

describe a non-negative matrix-factorization-based spectral unmixing algorithm

to extend the number of targets that can be discriminated in a single measure-

ment. Using this approach, we demonstrate four-colour imaging on fixed cells

and determine the quantitative distributions of up to six spatially overlapping

organelles in fixed cells simultaneously using only four excitation lasers.

2.2 Materials and Methods

2.2.1 Nanobeads and single-molecule sample preparation

Four colours of 20-nm nanobeads were purchased from Invitrogen (Carlsbad,

CA): yellow-green (F8787), Nile red (F8784), crimson (F8782), and dark red

(F8783). The corresponding absorption spectra are shown in Fig. 2.1a, showing

significant spectral overlap between them. Stock solutions were combined to a

final concentration (0.25 nM per colour) appropriate for confocal imaging. The

final solution was mixed with a polyvinyl alcohol (PVA) solution to obtain a final

PVA concentration of 1% v/v. Samples were prepared by spinning 50 µL of the

nanosphere-PVA solution on a #1 (0.15 mm) cover glass at 6000 rpm for 60 s.

For multicolour single-molecule imaging experiments, we used carbocyanine

dyes purchased from Molecular Probes (Eugene, OR): 3,3’-Dioctadecyloxacar-

bocyanine (DiO) (excitation wavelength λexc = 488 nm), 1,1’-Dioctadecyl-3,3,3’,3’-

Tetramethylindocarbocyanine (DiI) (λexc = 561 nm), and 1,1’-Dioctadecyl-3,3,3’,
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3’-Tetramethylindodicarbocyanine (DiD) (λexc = 640 nm). Corresponding ab-

sorption spectra are shown in Fig. 2.1b. Stock solutions of these fluorophores

were diluted and mixed to prepare a solution with a final concentration (0.3 nM

per colour) suitable for single-molecule confocal imaging. The mixed solution

was combined with a polymethylmethacrylate solution to a final concentration

of 1% v/v polymethylmethacrylate (PMMA), then spin-coated onto cover glasses

using the same procedure as for the nanobead samples. All samples were stored

in the dark and under ambient atmosphere until imaged.

Figure 2.1: Absorption spectra of the different nanobeads (a) and carbocyanine
molecules (b) used in our experiments. Vertical lines correspond to the excita-
tion wavelengths used, from left to right: 470 nm, 514 nm, 561 nm and 640 nm
in (a) and 488 nm, 561 nm and 640 nm in (b).

2.2.2 Cell-imaging sample preparation

The following primary antibodies (final concentration; epitope/reference and

supplier) were used: rabbit anti-Tom20 antibody to label mitochondria (0.4

µg/mL; FL-145 from Santa Cruz, Dallas, TX) and mouse anti-HDAC-1 (histone
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deacetylase) to label the nucleus (1:6400; 102 from Cell Signalling, Danvers,

MA). Fluorescent probes Lysotracker Red DND-99, Alexa Fluor 660 phalloidin,

and BODIPY 500/510 C1, C12 (4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-in

dacene-3-dodecanoic acid) were obtained from Thermo Fisher Scientific (Walt-

ham, MA). Oleic acid (O1383) and fatty-acid-free bovine serum albumin (BSA)

(A8806) were obtained from Sigma-Aldrich (St. Louis, MO). Secondary antibody

Alexa Fluor 647 donkey anti-mouse was obtained from Invitrogen, whereas

Alexa Fluor 532 donkey anti-rabbit and Cy3/Alexa Fluor 647 donkey anti-

mouse were labelled in house. All secondary antibodies were used at 2 µg/mL

final concentrations. The in-house labelling reaction was performed by incu-

bating a mixture containing the secondary antibody (from Jackson ImmunoRe-

search, West Grove, PA), NaHCO3, and the dyes as N-hydroxysuccinimi-deester

derivatives (Alexa Fluor 532/647 carboxylic acid succinimidyl ester, purchased

from Invitrogen; Cy3 monoreactive dye pack, purchased from GE HealthCare,

Chicago, IL) for 40 min at room temperature diluted in dimethyl sulfoxide. Fi-

nally, purification of labelled antibodies was performed using NAP5 Columns

(GE HealthCare). The ratio of dyes per antibody was measured to be 1 for Alexa

Fluor 532 and Alexa Fluor 647-labelled antibodies and 3.4 and 0.8 for Cy3 and

Alexa Fluor 647, respectively, in the doubly labelled antibody. The absorption

spectra of all of the different dyes used are shown in Fig. 2.2.

HeLa cells stably expressing the targeting motif of the Golgi-complex-resident

enzyme mannosidase II fused to enhanced green fluorescent protein (eGFP)

(HeLa-MannII-GFP) were provided by V. Malhotra (Centre for Genomic Regu-

lation, Barcelona, Spain) and described previously [86, 87]. HeLa-MannII-GFP

cells were cultured in complete medium (Dulbecco’s modified Eagle’s medium

(Gibco, Gaithersburg, MD) containing 10% fetal bovine serum (Gibco)) in a hu-

midified incubator at 37◦C and 5% CO2. HeLa-MannII-GFP cells were seeded on

a 35-mm glass-bottomed dish with 20-mm microwell #1 cover (Cellvis, Moun-

tain View, CA) 24 h before fixation. To induce lipid droplet formation, HeLa-

MannII-GFP cells were incubated in complete medium containing 400 µM oleic

acid (complexed with 0.3% BSA) for 4 h in a humidified incubator. These cells

were routinely tested for mycoplasma contamination.

Oleic-acid-treated HeLa-MannII-GFP cells were washed four times with com-

plete medium and incubated with 0.2 µg/mL of BODIPY 500/510 in complete

medium for 10 min, after which the cells were washed four times and incubated
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Figure 2.2: Absorption spectra of the different fluorescent labels used for cell
imaging of four-, five- and six-labelled organelles. Vertical lines correspond to
the excitation wavelengths used, from left to right: 470 nm, 514 nm, 561 nm
and 640 nm.

with 100 nM Lysotracker Red DND-99 in complete medium for 30 min. The cells

were then sequentially fixed with 4% paraformaldehyde in phosphate-buffered

saline (PBS) for 15 min at room temperature, permeabilized with 0.2% Triton

X-100 in PBS for 15 min, and blocked in 4% BSA in PBS for 30 min before

immunostaining. For immunostaining, blocked cells were incubated for 1 h at

room temperature with primary antibodies against HDAC-1 (to label the nu-

cleus) and Tom20 (to label mitochondria) diluted in 1% BSA in PBS. Anti-rabbit
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Alexa 532 (for Tom20) and anti-mouse Alexa 647 or anti-mouse Cy3/Alexa 647

secondary antibodies (for HDAC-1) were diluted in 1% BSA in PBS, and cells

were incubated with this solution for 1 h at room temperature covered from

light. Actin staining was performed by incubating cells with 1 unit/mL of Alexa

Fluor 660 phalloidin for 20 min. The cells were finally washed and kept in PBS.

Immature dendritic cells (iDCs) were derived from peripheral blood samples.

Buffy coats from healthy donors were obtained from Banc de Sang i Teixits

upon written informed consent. In brief, peripheral blood mononuclear cells

(PBMCs) were allowed to adhere to a plastic surface for 2h at 37◦C. Unbound

PBMCs were washed away, and the remaining adherent monocytes were cul-

tured for 2 days in a 37◦C, 95% humidity, 5% CO2 incubator in the pres-

ence of IL-4 (300 U/ml) and GM-CSF (450 U/ml) (both from Miltenyi Biotec)

in X-VIVO 15 (BioWhittaker) medium supplemented with 2% AB human serum

(Sigma-Aldrich). Then, cells were harvested after detachment for 1h at 4◦C,

and redistributed into a FluoroDish (35 mm, World Precision Instruments) at

a concentration of 0.5 million per well. Cells were further allowed to adhere

and transform into iDCs under previously mentioned culturing conditions for

5 days. iDCs were then fixed with 4% paraformaldehyde in PBS for 15 min at

room temperature, and blocked and permeabilized with 0.2% TX-100 and 3%

BSA in PBS for 50 min prior to immunostaining. For immunostaining, cells

were incubated with primary antibodies against TGN46, Tom20, HDAC-1 and

α-tubulin diluted in 3% BSA in PBS for 50 min at room temperature. Anti-sheep

Alexa 488 (for TGN46), anti-rabbit Alexa 532 (for Tom20), anti-mouse Alexa 568

(for HDAC-1) and anti-chicken Alexa 647 (for α-tubulin) secondary antibodies

were diluted in 3% BSA in PBS and cells were incubated with this solution for

40 min at room temperature covered from light. iDCs were finally fixed again

with 4% PFA, directly diluted to 1% with PBS for storage at 4◦C until imaging.

2.2.3 Implementation of the multicolour confocal setup

The experimental setup implemented in our studies is schematically shown in

Fig. 2.3. To provide maximal flexibility for multicolour experiments, we con-

structed an array of lasers spanning the visible spectrum: 2-ps pulsed lasers at

470 and 640 nm operated in continuous wave mode (LDH-D-C-470 and LDH-

D-C-640, respectively; Picoquant, Berlin, Germany); a multiline argon-krypton
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Figure 2.3: Full experimental layout of the setup. The DAQ drives the AOTF
(modulator) and records the data from the SPADs (demodulator), but runs these
two systems asynchronously and independently. Dichroic mirrors DM1-5 are
chosen for the shown laser wavelengths. The linear polariser and the λ/4 plate
are used to generate circularly polarized light at the sample plane.

laser (Model 3060; Spectra-Physics, Santa Clara, CA); a continuous-wave diode-

pumped solid state laser at 532 nm (OZ-2000-532-3.5/125-P-40-3A-3A-1-20,

OZ Optics Ltd.); and a continuous-wave diode-pumped solid-state laser at 561

nm (ventus 561; Laser Quantum, Stockport, United Kingdom). The outputs

of these lasers are combined on appropriate dichroic mirrors and launched

collinearly into an acousto-optic tunable filter (AOTF) (AOTFnC-Vis-TN; AA Op-

toelectronics, Orsay, France). The AOTF driver (MDS4C-B66-22-80.153; AA

Optoelectronics) has four independent channels, each containing a direct dig-

ital synthesizer feeding an analog amplifier that can be used to select a laser

wavelength and control its diffracted power over 30 dB of dynamic range. Both

of these parameters are controlled via a proprietary software interface on a host

computer and sent to the AOTF driver via a universal serial bus connection. In-

tensity modulation of each channel is achieved via high-speed digital blanking

inputs, which are driven separately by a LabVIEW-controlled data-acquisition

card (PCI-6602; National Instruments, Austin, TX) using custom software. We

typically operate the AOTF at modulation frequencies between 10 and 20 kHz.

The AOTF requires linearly polarized input beams, and the first diffracted order
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of the output is likewise linearly polarized. We use an achromatic quarter-

wave plate (AQWP05M-600; Thorlabs, Newton, NJ) to generate circularly polar-

ized light that is directed toward the microscope (Axiovert 135TV; Zeiss, Jena,

Germany), reflected by a dual-band dichroic mirror (FF500/646-Di01-25x36;

Semrock, Rochester, NY), and focused onto the sample with a 60x, 1.45-NA

(numerical aperture) oil-immersion objective (PLAPON 60XOTIRFM; Olympus,

Tokyo, Japan). The sample is mounted on a three-axis translational piezo stage

and is raster-scanned to produce an image.

Fluorescence generated by the sample is collected by the focusing objective,

spatially filtered through a 30-µm confocal pinhole, and directed through a set

of narrow-band notch filters that are specifically selected for the wavelengths

used in each experiment. After the excitation light is rejected by the notch fil-

ters, the remaining fluorescence is focused onto a low-dark-count single-photon

avalanche detector (SPAD) (SPCM-AQR-16; PerkinElmer, Waltham, MA). The

SPAD is operated in photon-counting mode, wherein each detected photon gen-

erates a digital pulse on the SPAD output. These pulses are recorded by a digital

data acquisition (DAQ) card (PCI-6602; National Instruments) in 10-µs bins for

the duration of the pixel dwell time, typically on the order of a few milliseconds.

The time-resolved photon stream is demodulated in custom software (LabVIEW

2011; National Instruments) on a pixel-by-pixel basis, and the amplitudes of

the signals at each modulation frequency are demultiplexed and plotted in real

time. The fast Fourier transform (FFT) yields symmetric signals at positive and

negative frequencies, so we record the doubled amplitude at each positive fre-

quency as an effective photon count rate. The results that are saved by the

acquisition software include one image per modulator. The demodulation is not

phase sensitive, and so only the modulation frequencies are needed; the actual

modulation waveforms do not need to be measured by the demodulation rou-

tine. The indirect synchronization between these two systems greatly simplifies

the acquisition hardware and software. In our system, both the modulation

software and demodulation/scanning software operate on the same LabVIEW-

equipped computer and communicate the modulation frequencies via global

variables, but the demodulation software is blind to the modulation waveforms.

Finally, a second SPAD can be added after spitting the detected fluorescence by

means of a polarizing beam-splitter cube (PBS). This will enable single-molecule

polarization-resolved multicolour measurements with just two detectors.
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2.2.4 Image processing and data analysis

Single-molecule intensity and degree-of-linear-polarization (DOLP) analysis was

performed using a custom-written routine in MATLAB. Single-molecule inten-

sity histograms were obtained by measuring the average number of counts

of each individual fluorescent spot (background subtracted). Single-molecule

DOLP histograms were obtained for each fluorescent spot using the relation

∆P =
IV − IH
IV + IH

(2.1)

where IV and IH correspond to the average number of photon counts per spot

detected on the vertical and horizontal SPAD detectors, respectively.

Data processing of the multicolour confocal images obtained on fixed cells was

performed primarily in custom-written Python software with a graphic interface

[88–90]. Within this software, the user is able to plot the raw data in various

forms, including integrated intensity per pixel, the intensities of the individual

colour channels, and a false-colour overlay of all spectral channels. The spectral

unmixing routine can be accessed through menus.

The raw demodulated images were preprocessed with a narrow band-stop filter,

a shot-noise-background subtraction, and a one-pixel-radius Gaussian mean

filter to reduce noise. Spectral unmixing analysis was performed via a non-

negative matrix factorization (NMF) [91–94]. For this, the 3-dimensional data

set Sl(x, y, λ) is flattened into a 2-dimensional m x n matrix S, containing m

samples (pixels) and n features (lasers). The NMF iteratively attempts to find

two matrices W (m x p) and H (p x n), where p is the number of components

(fluorophores), such that the matrix product WH∼=S. Although NMF implemen-

tations generally attempt to reduce the dimensionality of the problem by choos-

ing p < min(m, n), we found that by slightly modifying the minimization strategy

and selecting p > n, we can effectively unmix an underdetermined data set.

The NMF implementation that we use is based heavily on the Python scikit-learn

nmf package [95]. We modified the NMF to minimize the objective function

‖ S −WHS −WHS −WH ‖22 +αL1,W ‖WWW ‖ +αL1,H ‖HHH ‖ +αL2,W ‖WWW ‖22 +αL2,H ‖HHH ‖22 (2.2)
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via a coordinate descent, where

‖ AAA ‖=
∑
ij

| Aij | (2.3)

is the L1-norm and

‖ AAA ‖22=
1

2

∑
ij

A2
ij (2.4)

is the Frobenius norm. The first term in the objective function represents the

error of the total matrix product, whereas the other four terms consist of regu-

larization terms that influence the degree of sparseness in the resulting spectral

and spatial matrices. The regularization coefficients αN,M are free parameters

that are used to optimize the behaviour of the NMF algorithm, and no set of

coefficients exists that is universally valid. We have empirically determined that

values of αL1,W = 0.002, αL1,H = 0.001, αL2,W = 1.0, and αL2,H = 0.002 are

sufficient to unmix the overwhelming majority of our data sets. Small modifica-

tions of up to a factor of two may be required to optimize the unmixing for the

underdetermined data sets.

Validation of the unmixed data sets was performed as follows. First, we per-

formed normalized cross-correlations of each pair of unmixed spatial matrices

to reveal whether there was significant overlap between the individual com-

ponents (these values are also calculated by the unmixing software). In the

case of the four-target sample in which the number of fluorophores is equal

to the number of lasers (i.e., determined data set), the cross-correlation values

resulted close to zero, indicating successful unmixing. For the undetermined

data set (i.e., for the five- and six-target samples with four excitation lasers), the

cross-correlation values in some of the pairs of spatial matrices were larger than

zero. High cross-correlation values, close to 1, indicated that the unmixing had

erroneously combined multiple different organelles into a pair of components,

which could be visually verified. Therefore, we implemented in the software the

possibility of setting a threshold based on the cross-correlation. This threshold

value depends on the degree of spatial and spectral overlap between the differ-

ent labelled structures. In the most favourable scenario, in which there is no

spatial overlap between the different targets, the cross-correlation values are
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close to zero, and therefore a low threshold can be used. However, in conditions

of severe spatial and spectral overlap, the threshold value can be increased to

tolerate a certain degree of crosstalk and accepting (or not) the results of the

unmixing. Based on our images, we found that a threshold of 0.7 (on a scale

of -1 to +1) would allow unmixing of six colours with an acceptable level of

crosstalk, i.e., identifying at least 60% of the signal in the correct channel. Sec-

ond, we visually compared the results of the unmixing algorithm to those of the

composite overlay images of the raw data from which the distributions of each

organelle were estimated. If both visual inspection and cross-correlations were

satisfactory, the unmixing was judged to be successful.

The confocal images obtained on fixed cells were further processed in ImageJ to

improve contrast by adjusting only the threshold for maximal pixel value. The

low-intensity threshold was not adjusted so that image intensities are scaled

linearly without artificially suppressing background features and/or noise in

the data.

2.3 Results

2.3.1 Frequency-encoded multiplexed wavelength excitation
scheme with colour-blind detection

In contrast to standard fluorescence detection, in which colour discrimination

is achieved based on spectral filtering of the emitted fluorescence, our method

exclusively relies on the absorption properties of the fluorophores. Indeed, we

take advantage of the fact that fluorescence emission is directly proportional to

the absorption cross-section of the fluorophore at a given excitation wavelength

and to the local excitation intensity. Thus, for our implementation, we encoded

wavelength-dependent frequency modulations on the excitation path. The fre-

quency modulations shift the spectroscopic wavelength axis into a frequency-

domain measurement, eliminating the need to filter the corresponding fluores-

cence emissions, so that measurements can be performed in a colour-blind

fashion with the use of a single detector.

The schematic of our excitation and detection configuration is shown in Fig.

2.4a. On the excitation side, the intensities of the excitation lasers are in-
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Figure 2.4: (a) Schematics of the frequency-encoded multicolour confocal flu-
orescence setup with colour-blind detection. (b) The fluorescence incident on
the detector is converted into the frequency domain by performing an FFT on a
pixel-by-pixel. The amplitudes of the signal at each modulation frequency are
plotted as pixel intensities in individual images for each excitation source.

dependently modulated at unique frequencies. We use an AOTF to modulate

up to four lasers simultaneously. The AOTF can provide intensity modulation

frequencies from direct current to ∼200 kHz to each channel with 100% mod-

ulation depth, limited by beam size and the acoustic propagation speed within

the AOTF crystal. The choice and range of the modulation frequencies depend

on the experimental conditions and can be selected by the AOTF. For the experi-

ments described here aiming at single-molecule detection sensitivity, the image

acquisition time is ultimately limited by the photon-emission rate of individ-

ual molecules. To minimize photobleaching, one commonly uses low excitation

powers, which concomitantly require long integration times (i.e., milliseconds).

Therefore, we typically operate at modulation frequencies between 10 and 19

kHz separated by at least 2 kHz to resolve them individually in the frequency

domain without significant crosstalk. These frequencies are lower than the

data-acquisition rate (100 kHz) and higher than the pixel-update rate (between

500 and 1000 Hz, required for single-molecule imaging). For applications for

which single-molecule detection sensitivity is not a requirement, much higher

modulation frequencies can be used -up to 200 kHz- essentially limited by the

AOTF, such that much faster imaging rates can be readily obtained.

The collinear modulated laser beams are launched into a standard scanning

confocal microscope and focused to a diffraction-limited spot using a 1.45-NA
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oil-immersion objective. Fluorophores within the illuminated region will radiate

light proportionally to the product of the local excitation intensity and their ab-

sorption cross-sections at each excitation wavelength. The fluorescence gener-

ated by the sample is collected by the same objective, spatially filtered through

a 30-µm confocal pinhole, and directed through a set of notch filters chosen

specifically to reject the excitation wavelengths; no further spectral filtering was

performed, yielding absolute maximal signal throughput to the detector. The

fluorescence is then directed toward a fast, sensitive detector. We used a low-

noise SPAD to achieve single-molecule sensitivity with pixel-integration times

on the order of a millisecond for confocal measurements. A polarizing beam-

splitter cube can be installed to direct part of the fluorescence to a second

SPAD detector, enabling polarization-resolved multicolour measurements with

an arbitrary number of excitation wavelengths and fluorescent species at the

single-molecule level with a single pair of detectors.

The fluorescence incident on the detector is converted into a digital data stream

as depicted in Fig. 2.4b. An FFT converts the digital time-resolved photon

stream from the SPAD into an analog-frequency domain signal on a pixel-by-

pixel basis. The frequency-domain amplitudes are demultiplexed and plotted

in real time to generate excitation maps for each wavelength as the sample is

raster-scanned across the excitation spot, as shown in Fig. 2.4b. As the FFT

yields symmetric signals at positive and negative frequencies, we record the

doubled amplitude at each positive frequency as an effective photon-count rate.

The phase component of the FFT is not important, and so we run this demod-

ulation independently and asynchronously of the laser modulation, simplifying

the experimental scheme considerably.

To validate our multicolour-excitation multiplexing technique, we first imaged

a sample containing a spin-coated layer of 20-nm polymer beads, each bead la-

belled with one of four different fluorophores: yellow-green, Nile red, crimson, or

dark red, whose correspondent individual absorption spectra are shown in Fig.

2.1a. The concentration of the nanobeads was adjusted so that they could be

individually resolved by our diffraction-limited confocal microscope. The sample

was simultaneously illuminated with four different frequency-modulated wave-

lengths of light. A single imaging measurement (2-ms pixel dwell time) was per-

formed using one SPAD. Each demodulated excitation channel is independently

displayed in Fig. 2.5a-d. The resulting excitation images show significant cross-
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excitation between all four excitation wavelengths resulting from the absorption

spectra overlap of the four fluorophores. Based on the spectral information

contained in each demodulated excitation channel, the composite four-colour

image shown in Fig. 2.5e allows for clear qualitative distinction between the

various species of nanobeads.

Figure 2.5: (a-e) Representative demodulated confocal images of a sample con-
taining four colours of spectrally overlapping fluorescent nanospheres, recorded
at (a) 470 nm, (b) 514 nm, (c) 561 nm, and (d) 640 nm. (e) Composite overlay of
the individual images, with arrows highlighting individual nanospheres of each
colour. Images have maximal values of 72, 60, 119, and 108 photons in a pixel,
respectively. Scale bars: 2 µm.

2.3.2 Detection sensitivity and multicolour performance

To determine the sensitivity limits amid signal/noise ratios, we first employed

Monte Carlo simulations across a variety of experimental parameters, including

modulation frequencies, pixel dwell times, and photon-count expectation val-

ues. Known parameters, such as detector dark counts, were fixed in advance.

For each set of parameters, we performed 1000 independent simulations corre-

sponding to the equivalent of 1000 pixels in an image with identical fluorophore

concentrations.

In the first step of the simulations, we generated a photon data stream for each

colour having a mean expectation value µ and standard deviation σ according to
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Poisson statistics. These data were individually multiplied by square-wave mod-

ulations at four unique frequencies (10-19 kHz, representing our experimental

conditions). The sum of photons detected for each run was histogrammed for

each colour and shown as an example in Fig. 2.6a for one set of simulated

conditions. The first four histograms represent each colour (from left to right),

whereas the rightmost histogram corresponds to the sum of all four colours

The parameters listed for each plot are the mean (µ), fitted standard deviation

(σ), and predicted standard deviation (
√
σ) based on the mean photon num-

ber according to Poisson (for µ < 20) or Gaussian (for µ ≥ 20) statistics. The

equivalence of the predicted and fitted standard deviations indicates that the

simulations are shot-noise limited as expected, with no interaction between the

various colours. Fig. 2.6b shows the results after applying an FFT on each

colour of the raw data stream and extracting the amplitude of the signal at the

modulation frequency assigned to that colour. The strong agreement between

the raw data, in Fig. 2.6a, and demodulated data, in Fig. 2.6b indicates that

the demodulation procedure by itself does not change either the signal or noise

characteristics of the measurement.

We further performed simulations in which all the raw individual photon data

streams are summed with a ’noise’ data stream, converted in the frequency do-

main, and demultiplexed to yield the combined demodulated photon number

per colour, as shown in Fig. 2.6c, which is equivalent to experimental data.

In these conditions, the fitted standard deviation σ is always larger than the

predicted one
√
µ. These σ-values come very close to those obtained for the

summed of the raw, shown in Fig. 2.6a, and the demodulated data, shown in

Fig. 2.6b, indicating that the dominant noise source in these measurements is

shot noise generated by the entire photon stream. This has two major implica-

tions. First, the ability to resolve a signal is determined by the ratio of the am-

plitude of that signal to the shot noise of the ensemble measurement. Although

this slightly decreases the signal/noise ratio as compared to individual detec-

tion (i.e., colours 1-3 in Fig. 2.6), our simulations indicate that ∼20 photons per

colour per pixel are sufficient to resolve multiple colours simultaneously. Using

integration times/pixel between 2 to 5 ms, these values would correspond to 4-

10 kcnts/s, which are characteristic in single-molecule-detection experiments

[96–98], suggesting that our method should have the sensitivity for multicolour

single-molecule imaging. Second, but most critically, a weak signal can be over-
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whelmed by the shot noise generated by a strong signal. This is illustrated in

Fig. 2.6 for colour 4, in which the signal in this channel is lower than the shot

noise of the ensemble and thus cannot be reliably detected.

Figure 2.6: Simulations of signal and noise at the shot-noise detection thresh-
old. (a) Real photon number simulated at each excitation wavelength (λ1-λ4,
from left to right) and total number of photons (sum, rightmost plot). This par-
ticular simulation considers around 20 photons/pixel for excitations at λ1-λ3

and 6 photons at λ4. (b) Individual demodulated data after applying FFT for the
different excitation wavelengths and total number of photons. (c) Combined de-
modulated data for the different excitation wavelengths, containing all the raw
photon data stream plus noise data stream.

2.3.3 Acquisition of simultaneous multidimensional single-
molecule confocal imaging

The simulations described above indicate that our method should have the re-

quired sensitivity to simultaneously detect and resolve multiple colours of sin-
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gle molecules. To demonstrate this capability, we prepared a sample containing

three different lipophilic probes from the carbocyanine family (DiO, DiI, and

DiD) with absorption spectra closely matching our laser wavelengths, as de-

picted in Fig. 2.1b. Fluorescence detection was performed using a single SPAD

detector with an imaging integration time of 5 ms/pixel. A representative mul-

ticolour confocal image of single molecules is shown in Fig. 2.7a. Individual

molecules could be readily distinguished according to their excitation wave-

length, exhibiting blinking and discrete photobleaching as seen in Fig. 2.7a-

d, both characteristics of single-molecule detection. Although the frequency-

multiplexing approach increases the overall shot noise per channel, the lack

of additional band-pass filtering on the detection side effectively increases the

total number of detected photons per channel. As a result, individual molecules

in all three colours are easily discriminated above the background with counts

rates between 1 and 9 kcnts/s per molecule, as shown in Fig. 2.7e-g, whereas

the overall background is below 400 counts/s. Importantly, these images were

obtained in a single measurement using similar integration times as those used

for single-colour, single-molecule confocal imaging [96–98].

As single molecules have discrete dipole moments, we further used a polarizing

beam-splitter cube and a second SPAD in the detection arm of the setup to en-

able simultaneous polarization-resolved, multicolour single-molecule imaging.

Polarization measurements can be used to detect clustering of molecules un-

der study by means of multicolour homo-Förster Resonance Energy Transfer

(homo-FRET) [99] or to reveal the orientation of polarized structures [100]. In

our case, we distinguished individual molecules according to both their excita-

tion wavelength and dipolar in-plane orientation as seen in Fig. 2.8a-b. More-

over, given the relatively low cross-excitation of the different dyes, we could

separate the three colour channels with minimal misidentification and generate

composite single-molecule images containing in-plane orientation information

as observed in Fig. 2.8c-e. The high signal/background ratios obtained for the

three colour sets of individual molecules allowed us to calculate the DOLP for

each molecule using Eq. 2.1 and generate DOLP histograms for each colour,

as shown in Fig. 2.8f-h. As expected from a random spatial distribution of

molecules, the DOLP histograms for each colour show the occurrence of all

possible in-plane orientations with a peak at the centre of each distribution,

mainly resulting from polarization scrambling from the high NA objective and
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Figure 2.7: (a) Multicolour single-molecule image rendered from overlaying the
three individual channels. Arrows highlight discrete photobleaching events on
three spectrally different molecules. (b-d) Individual channels for DiO (b), DiI
(c), and DiD (d). Intensity scales correspond to the number of photons/pixel
detected within 5-ms. Scale bars: 2 µm. (e-g) Histograms of the average
counts/pixel measured for the individual molecules shown in (b-d), respectively.

contribution from out-of-plane-oriented molecules [97, 98, 101]. These results

thus demonstrate the simultaneous acquisition of six different images contain-

ing multidimensional information - spatial, spectral, intensity, and polarization

contrast - at the single-molecule level with modest count rates and acquisition

times similar to single-colour detection by using only two detectors.

2.3.4 Simultaneous multitarget confocal imaging on fixed cells
and spectral unmixing

To further establish the utility of our multicolour multiplex-excitation and colour-

blind detection method for simultaneous multitarget cell imaging, we labelled

different intracellular structures on fixed cells using fluorophores with overlap-

ping absorption spectra (spectra provided in Fig. 2.2). We used a HeLa cell

line stably expressing eGFP-MannII, a Golgi complex protein, and labelled lipid

droplets, mitochondria, and the nucleus with BODIPY 500/510, Alexa 532, and
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Figure 2.8: (a,b) Three-colour, polarization-resolved single-molecule images for
vertical (a) and horizontal (b) detection SPADs. The colours in the images cor-
respond to the different Di molecules in the sample. (c-e) Polarization-resolved
images of DiO (c), DiI (d), and DiD (e) molecules, pseudo-colour-coded according
to the in-plane orientation of the emission dipole, with green being vertical and
magenta horizontal. Images were recorded simultaneously at 488, 561, and
640 nm with a 2-ms pixel dwell time. Scale bars: 5 µm. (f-h) Respective DOLP
histograms for each of the three colours shown in (c-e).

Alexa 647, respectively. Cells were simultaneously illuminated with four lasers

(470, 514, 561, and 640 nm) modulated at frequencies ranging from 10 to 19

kHz and imaged in confocal mode. As anticipated, the raw excitation maps in
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Fig. 2.9a-d and in the composite overlay in Fig.2.9e, display substantial spectral

crosstalk between adjacent colour channels, resulting from the large overlap in

absorption spectra so that only organelles that do not spatially overlap can be

discerned.

To unequivocally determine the spectra and spatial distributions of the differ-

ent fluorescent species from the demodulated raw images, we first performed

excitation-based linear unmixing using a custom algorithm written in Python.

For data that contain L lasers exciting F fluorophores, the (demodulated) fluo-

rescence Sl generated by each laser at a given pixel can be represented by

Sl(x, y, λ) =

F∑
f=1

αlf (λ)Il(x, y, λ)Cf (x, y) (2.5)

where αlf is the excitation cross-section of fluorophore f by laser l, Il is the

local intensity of laser l, and Cf is the local concentration of dye f . The laser

intensity term is written with a spatial dependence to account for variations

in time. The terms αlfIl correspond to the effective excitation spectra of the

individual fluorophores at a given pixel so that

L∑
l=1

αlfIl = 1 (2.6)

To assign the relative spectral contributions at each pixel without the need of

prior reference excitation spectra of individual fluorophores, we further devel-

oped a user-friendly spectral unmixing algorithm that utilizes an NMF [90]. In

brief, this algorithm iteratively optimizes the spectral and spatial matrices H
and W, respectively, whose matrix product WH yields the closest approximation

to the recorded data set S. Crucially, in contrast to earlier spectral unmixing

methods [95–98, 101, 102], our NMF implementation can operate on underde-

termined data sets, in which the number of fluorophores exceeds the number

of independent excitation and detection channels.

Application of the NMF spectral unmixing algorithm to our raw demodulated

data yielded clear distribution maps of each organelle, as seen in Fig. 2.9f-i

and in the corresponding composite overlay in Fig. 2.9j, with intensities that

are proportional to the concentration of the fluorophore at each pixel. Table 2.1
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Figure 2.9: (a-e) Representative excitation-wavelength demodulated raw confo-
cal images of a HeLa cell with Golgi complex labelled with eGFP, lipid droplets
with BODIPY 500/510, mitochondria with Alexa 532, and nucleus with Alexa
647, excited at 470 nm (a), 514 nm (b), 561 nm (c), and 640 nm (d). (e) Overlay
of (a-d). (f-i) Spectrally unmixed images obtained via a modified NMF show the
quantitative distributions of the Golgi complex (f), lipid droplets (g), mitochon-
dria (h), and nucleus (i). (j) Overlay of (f-i). Scale bars: 10 µm. 1 ms-pixel
integration time.

shows the resulting effective excitation spectra αlfIl as retrieved with the NMF

unmixing algorithm for each of the targeted organelles, which can be compared

to the absorption spectra of each fluorophore depicted in Fig. 2.2. In the cases

of the Golgi complex and the nucleus, their identification is unambiguous. The
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unmixing for the other two organelles, i.e., lipid droplets and mitochondria, is

somewhat lower (between 50-60%) and results from differences between the

intensity of one organelle with respect to the others (i.e., weak lipid droplet

signal) or severe spatial overlap (i.e., mitochondria). Despite these constraints,

the different αlfIl values per channel allow clear discrimination between the

different organelles.

470 nm 514 nm 561 nm 640 nm

Golgi 0.89 0.00 0.00 0.11

Lipid droplets 0.10 0.60 0.21 0.11

Mitochondria 0.10 0.18 0.53 0.20

Nucleus 0.05 0.03 0.12 0.81

Table 2.1: Normalized effective excitation spectra retrieved by the unmixing
algorithm, i.e., αlfIl components from unmixing for the four-target sample, at
the four different excitation wavelengths. The sums of the rows corresponding
to each organelle may not exactly equal 1.0 due to rounding.

When implemented in a confocal microscope, we can directly apply our tech-

nique to 3D imaging. For this experiment we labelled human immature den-

dritic cells (iDCs) with four different fluorophores targeting the trans-Golgi net-

work (TGN), mitochondria, nucleus, and microtubules. Cells were imaged with

four lasers, operating at 488 nm, 532 nm, 561 nm, and 640 nm. Images at dif-

ferent z positions separated by about 10 µm , from the basal to the apical side,

were acquired sequentially. Individual slices of a spectrally-unmixed z-stack

are shown in Fig. 2.10. All of the individual subcellular targets are readily

distinguished within each axial slice, including the three-dimensional structure

of the nucleolus. The yellow punctuae in the extranuclear cytosol is likely due

to aspecific labelling of an unknown cellular component. No TGN signal was

recovered from the basal slice. The significant laser noise from the 532-nm and

561-nm lasers, as well as unbalanced signals between the 532- and 640-nm

channels, created problems for the spectral unmixing routine, leading to ex-

cess retrieved signal in TOM20 channel within the nuclear region, and excess

retrieved signal in the TGN46 channel from the mitochondrial regions. Despite

these experimental issues, these data demonstrate that our method is not only

fully compatible with standard sectioning confocal microscopy but also, impor-

tantly, it integrates simultaneous multicolour acquisition performance at each

imaging depth.
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Figure 2.10: Spectrally unmixed depth sections of a human dendritic cell la-
belled with Alexa Fluor 488 for the TGN (TGN46, cyan), Alexa Fluor 532 (Tom20,
green), Alexa Fluor 568 (HDAC-1, yellow), and Alexa Fluor 647 (α-tubulin, ma-
genta) from a confocal stack. The images consist of 512 x 512 pixels with a
1-ms integration time. Scale bars: 10 µm.

To further establish the performance of the technique, we used the four mod-

ulated lasers to image cells labelled with five different fluorophores. We added

Lysotracker Red DND-99, a lysosome-specific reporter, to the existing set of

labels shown in Fig. 2.9. These measurements constituted an underdeter-

mined data set, which is mathematically and computationally difficult to un-
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mix. Despite this challenge, our NMF algorithm determined the locations of all

five organelles with very high fidelity even in regions where multiple organelles

spatially overlap as observed in Fig. 2.11a-g.

Figure 2.11: Simultaneous multicolour excitation-multiplexed microscopy of
five different cellular structures in HeLa cells using four excitation lasers at
470, 514, 561, and 640 nm. (a-g) Spectrally unmixed data from a five-colour
sample, with Golgi complex (a), lipid droplets (b), lysosomes (c), mitochondria
(d), and nucleus (e), with composite overlay (f) and volumetric (g) images. Scale
bars: 10 µm. Images are 512 x 512 pixels, acquired with 1-ms pixel dwell times.
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Finally, to extend the palette of colours and generate a six-target sample, we

replaced the nuclear protein label by combinatorial labelling using two different

fluorophores (4:1 stoichiometric ratio of Cy3 and Alexa 647) and additionally

stained the actin cytoskeleton with Alexa 660 phalloidin. We used the same

four wavelength excitation lasers so that each laser excited all the fluorophores

to varying degrees. This data set represents a near-worst-case scenario: it

is strongly underdetermined, containing two more fluorophores than excita-

tion channels; signal levels across the sample and within each channel are

highly variable; all of the fluorophores have overlapping excitation spectra; and

the variations in sparsity among the labelled organelles are distinctly heteroge-

neous. Strikingly, the unmixing algorithm recovered the distributions of all six

cellular structures observed in Fig. 2.12a-h with high reliability.

The effective excitation spectra αlfIl as retrieved with the NMF unmixing algo-

rithm for each of the targeted organelles on the different images are summarized

in Fig. 2.13. Corresponding absorption spectra of each fluorophore are given in

Fig. 2.2 for each set of samples. For all the labelled organelles, the reliability

to unequivocally identify distinct spatially overlapping organelles is above 60%,

and it can reach up to 100% identification in the most favourable scenario of

spatial separation. These values are remarkably high considering that our NMF

unmixing algorithm makes no assumptions about the spatial location of the flu-

orophores, nor does it rely on prior excitation spectra for calibration. The main

parameter affecting the identification of a given channel is the large intensity

differences between a given organelle with respect to the others, as already dis-

cussed in the simulations shown in Fig. 2.6. This is, for instance, the case for

the lipid droplet channel, which has a much lower intensity as compared to the

mitochondrial channel, as seen for four and six labelled targets in Fig. 2.13.

Obviously, this drawback is alleviated if the two signals are spatially separated,

as it occurs in the case of the five labelled targets, in which identification of the

lipid droplet channel is 100% (see also Fig. 2.11b,d). Overall, these results thus

demonstrate the capability of this method to resolve the distributions of up to

six spectrally and spatially overlapping fluorophores in a single measurement

by the use of four excitation wavelengths and only one colour-blind detector.
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Figure 2.12: Simultaneous multicolour excitation-multiplexed microscopy of six
different cellular structures in HeLa cells using four excitation lasers at 470,
514, 561, and 640 nm. (a-f) Spectrally unmixed data from a six-colour sample,
adding actin (a) to the previous components, are shown: Golgi complex (b), lipid
droplets (c), lysosomes (d), mitochondria (e), and nucleus (f), with composite
overlay (g) and volumetric (h) images. The magenta and red arrows in (c), (d),
and (g) identify distinct lipid droplets and lysosomes, respectively. Scale bars:
10 µm. Images are 512 x 512 pixels, acquired with 1-ms pixel dwell times.
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Figure 2.13: Normalized effective excitation spectra retrieved by the unmixing
algorithm, i.e., αlfIl components from unmixing in Figs. 2.9 and 2.12, for the
four-, five-, or six-colour labelled samples, at the four different excitation wave-
lengths. The different organelles were labelled with the following dyes: Golgi
complex with eGFP, lipid droplets with BODIPY 500/510, mitochondria with
Alexa 532, nucleus with Alexa 647 (for the four- and five-target sample), and
lysosomes with Lysotracker Red DND-99. For the six-colour labelled sample,
the nucleus was labelled with a mixed Cy3/Alexa 647 (4:1), and actin with
Alexa 660 phalloidin. The absorption spectra for all the different dyes and sam-
ples are summarized in Fig. 2.2. Note that the data for the four-colour labelled
sample corresponds to the same data shown in Table 2.1.

2.4 Discussion

In this Chapter, we developed a multicolour fluorescence imaging method that

exclusively relies on the absorption spectra of the fluorophores, rather than us-

ing their emission as in most common multicolour approaches. Furthermore,

we implemented a NFM algorithm for spectral unmixing that allowed us to re-

solve up to six spectrally and spatially overlapping fluorophores on fixed cells

using four excitation wavelengths.

It is important to mention that our NMF unmixing algorithm does not require in-

dividual fluorophore emission spectra as input information or prior information

on the spatial distribution of the labels. Moreover, the algorithm can operate

on underdetermined data sets, in which the number of fluorophores exceeds

the number of independent excitation and detection channels. These added

performances constitute significant improvements over earlier NMF implemen-
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tations for multicolour fluorescence applications [70]. The degree of successful

unmixing will ultimately depend on the intensity differences between the differ-

ent labelled structures and their spatial overlap. We have demonstrated here

unmixing of six spectrally and spatially overlapping colours above 60% using

four wavelength excitations and nearly 100% unmixing in the case of signals

that are spatially separated.

The general requirement for successful spectral unmixing, particularly in sam-

ples containing more targets than excitation lasers, is that the fluorophore exci-

tation spectra are sufficiently distinct, i.e., the dyes can be differentially excited

at each given wavelength (even if there is significant overlap in the absorption

spectra). With samples containing up to four targets, we generally selected fluo-

rophores that closely matched the excitation laser wavelengths, but in principle,

any combination of fluorophores that are differentially excited by all of the laser

wavelengths could be used. For instance, the four-colour sample shown in Fig.

2.9 contains three overlapping blue-green fluorophores, whose spectra are de-

picted in see Fig. 2.2. Despite its similarity to BODIPY 500/510, the Alexa Fluor

532 could be marginally excited by the 561 nm laser and therefore be spectrally

resolved. The challenge of selecting six fluorescent targets for imaging with four

lasers was resolved by selecting four fluorophores with relatively narrow absorp-

tion spectra and peaks close to our excitation laser wavelengths (eGFP, Alexa

532, Lysotracker Red, and Alexa 647) and then adding two more targets (BOD-

IPY 500/510 and Alexa 660) with broad excitation spectra that would label spa-

tially distinct organelles. We empirically determined that Alexa 647 and Alexa

660 could not be readily unmixed despite being on spatially nonoverlapping or-

ganelles, and so we generated a dual-colour secondary antibody containing both

Cy3B and Alexa 647 to be a spectrally distinct target relative to Alexa 660. With

this approach, we created a functional six-target labelling scheme, wherein or-

ganelles with broad absorption spectra (lipid droplets and the nucleus) would be

spatially distinct from overlapping organelles with narrow absorption spectra,

easing the unmixing process.

We note that our experimental configuration has been optimized for achieving

single-molecule detection sensitivity, which necessarily requires long integra-

tion times. Therefore, we implemented our approach under a sample-scanned

confocal microscope and ran the AOTF at relatively low frequency modulations

(10-19 kHz). In applications in which there is a high labelling density and
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single-molecule detection sensitivity is not a requirement, the acquisition rate,

and thus imaging speed, can be increased by using laser-scanning Galvano

mirrors. In these conditions, the modulation frequencies could be increased

up to 200 kHz by means of the AOTF or even higher by replacing the AOTF

with individual acoustic optic modulators in each laser. This opens the door to

simultaneous multicolour live-cell imaging.

The fundamental limit of sensitivity in a given channel is determined by noise,

which in our measurements is shot noise. Although a small amount of shot

noise becomes redistributed through the frequency domain, our simulations

show that for all but the weakest signals, this excess noise is negligible. This mi-

nor drawback is largely compensated for by the colour-blind detection scheme,

in which the full stream of photons is detected without further filtering, which

is a major advantage in the case of multicolour single-molecule applications for

which photon budget becomes the bottleneck. As added value, our implemen-

tation is less technically complex than an equivalent time-domain microscope,

which requires direct synchronization between the modulation and acquisition

modules. With single-molecule sensitivity, inexpensive and widely available op-

tical and electronic components, and direct applicability in multicolour live-cell

imaging, we anticipate that this method will become a workhorse in microscopy

labs.

2.5 Conclusions

In this Chapter, we have presented a technology that enables the simultane-

ous acquisition of multicolour fluorescence images by encoding multiple exci-

tation signals in the frequency domain and performing detection using a single

colour-blind detector. We demonstrate the sensitivity of the technique by detect-

ing individual fluorescent molecules in multiple colours without compromising

integration times or imaging contrast. Further implementation of an unmixing

algorithm allowed us to readily discriminate multiple labelled organelles on fixed

cells with high fidelity regardless of their spatial overlap. We have implemented

our method on a confocal imaging system, but it can be easily extended to other

fluorescent imaging configurations, including super-resolution single-molecule

localization methods [103] or Near-Field Scanning Optical Microscopy (NSOM),

as will be shown in Chapter 3.
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In addition, such modulation capabilities can allow for multiplexed FRET [104],

where all the parameters necessary to evaluate the occurrence and degree of

FRET (i.e., crosstalk, acceptor and donor direct excitation) can be obtained in a

single measurement and without the need for controls, making it faster and eas-

ier. This is potentially useful for sm-FRET applications, and could be combined

with the work done in Chapter 5.

In the following Chapters, different photonic nanoantenna geometries will be in-

troduced for investigating interactions between various single-molecules and/or

with the antenna itself, for which multicolour detection capabilities such as the

ones achieved with this method will be required.
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Fabrication and characterization of photonic

antennas-on-probe

In the experiments presented in this thesis we exploit the unique properties of
photonic antennas in terms of broadband field enhancement and ultra-high con-
finement to manipulate the emission properties of different close by emitters at
the nanoscale. We also apply these devices to effectively reduce the illumination
volume by orders of magnitude below the diffraction limit allowing the investiga-
tion of diffusion processes and dynamic molecular interactions in living cells at
the nanoscale. The investigation of all of these processes requires fabrication of
nanoantennas with desired properties depending on the concrete application. To
do so, we require both computational tools that help us on designing such struc-
tures and clean room technologies that can make the fabrication of these nanos-
tructures reproducible. Once fabricated, the nanoantennas need to be placed in
the close vicinity of the emitters in order to interact with them, and this requires
a technique that allows for full 3D control of the relative position with nanometre
precision. In this chapter, we first elaborate on the experimental setup used in our
experiments. Then, we describe in detail the steps involved in the fabrication pro-
cess for different nanoantenna designs followed by a description of the numerical
calculations. Afterwards, we characterise the different antennas using first immo-
bilized nanospheres, in order to find proper excitation conditions and characterize
their confinement, and then single molecules, to map their near-field. Finally, we
show how this antenna approach can be combined with the method described in
Chapter 2 to record super-resolution multicolour images of single molecules.
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3.1 Introduction

Photonic antennas confine the electromagnetic field in 3D, which will evanes-

cently decay away from them. Therefore, the interaction between a sample and

the antenna occurs in the near-field requiring an accurate control of the sample-

antenna distance (<10 nm). There are several ways to position single emitters in

the vicinity of plasmonic antennas. Some of them consist of immobilizing them

on the same planar substrate containing the antennas, using a monolayer with

emitters [27, 105], depositing them at low concentrations [20, 106] or making

use of DNA, either double-stranded DNA linking the antenna and the emitter

[107] or using more complex structures like DNA origamis [108]. Following this

last approach, it is also possible to build DNA origamis containing both the

emitter and the antenna, instead of having this last one directly fabricated on

the substrate [109–111]. Another option is to perform experiments using dif-

fusing molecules which will explore the antenna field at all possible positions

[30, 112, 113]. However, the main disadvantage of many of these approaches is

that the emitter-antenna arrangement usually remains unknown, i.e., lacking

a full control of both location and orientation of the emitters relative to the an-

tenna. In the case of DNA origamis, they allow for a very accurate control of the

emitter-antenna distance, but this cannot be actively modified, so their relative

position is fixed. Conversely, when working with diffusing molecules they can

be at any location with respect to the antenna, but there is no direct control

over this position.

An alternative way to overcome this challenge is by fabricating self-standing

antennas-on-probes, where one can control their distance and orientation with

respect the sample under study by means of near-field scanning optical mi-

croscopy (NSOM) [31]. Indeed, the first demonstration of plasmonic effects pro-

duced by metallic nanoparticles was achieved by using near-field microscopy

[32]. After that, different adaptations for introducing antennas on NSOM probes

have been reported, spanning from just sharply pointed metal tips [114] or

more complex pointy structures [115] to building dipole antennas [9] or attach-

ing nanoparticles to such tips, either monomers [10, 33, 116], dimers or even

trimers [117]. This nanoparticle attachment can be achieved by different meth-

ods [118], either by making use of capillary forces [119] or just by picking them

up using glue [120] or by relying on some chemical bonds [121]. The develop-
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ment of such pointed probes gave rise to different probe-base techniques such

as Photon Scanning Tunnelling Microscopy (PSTM) [122], where one detects

variations in the tunnelling of photons through a sample to get its topography,

Heat-Assisted Magnetic Recording (HAMR) [123], applied for data storage, or

Tip-Enhanced Raman Scattering (TERS) [124], that provides chemical informa-

tion with sub-diffraction resolution.

Other schemes make use of plasmons propagating on the tip surface, by launch-

ing them away from the tip. To compensate for the possible momentum mis-

match between excitation light and propagating surface plasmons different so-

lutions were proposed. One uses a grating structure present on the tip shaft

[125], whereas another realization utilizes a photonic crystal structure fabri-

cated on the top part of the tip [126] to couple the laser light.

However, for most fluorescent-based applications, conventional NSOM approa-

ches make use of subwavelength apertures at the end of a sharp opaque probe

in such a way that the illumination is performed directly through the tip, min-

imizing strongly the surrounding background. The experimental realization of

this approach yielded the first fluorescence images of single-molecules [127].

The use of aperture-type NSOM probes provides a lateral resolution that is

essentially given by the size of the nanoaperture. Therefore, the smaller the

nanoaperture sizes, the higher the spatial resolution that can be obtained. How-

ever, the power throughput of conventional aperture-type NSOM probes (10−4-

10−6) decays as the fourth power of the aperture size [34] limiting in practice

the effective dimensions of these nanoapertures to ∼50-70 nm [35].

To overcome this limitation, different antenna designs at the apex of scanning

probes can be used. Frey et al. suggested using a metallic tip formed on the

aperture of a conventional fibre probe, providing simultaneously high optical

and topographic resolution [128]. The original design evolved into the use of

resonant nanostructures such as a monopole antenna positioned next to the

aperture [39, 40]. The aperture concentrates the light that then drives the

monopole antenna to resonance. Later it was shown that the antenna reso-

nance could be tuned by changing the monopole length, so that the fabrication

could be adapted to the desired wavelength, and that the effect of the antenna

on the field distribution could be probed in the near field by single fluorescent

molecules [40]. This approach showed promising results for the imaging of bio-

logical membranes, being able to detect individual receptors and nanodomains
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with an optical resolution of 30 nm [3].

Over the last years, different antenna designs have been proposed that provide

both field enhancement and confinement due to excitation of localized surface

plasmons (LSPs) inside them. Geometries range from I-shaped [36] or C-shaped

[37] to campanile [129] and split-wedge nanoantennas [130]. All of these ex-

amples have been engineered on pyramidal tips [115]. The sharp apex of this

pyramid can be driven by the aperture if they are aligned, allowing the efficient

delivery of light via the aperture, while providing a nanometric hotspot deter-

mined by the sharpness of the pyramid itself. This has been achieved using

C-shaped [37] and coaxial apertures [131]. Some other hybrid designs have

been also developed combining antennas and apertures. In one example, com-

bining a rectangular aperture with a plasmonic helix antenna showed potential

applications in the field of chiral optics [38]. In a different publication, man-

ufacturing a C-shaped aperture around a monopole antenna yielded a much

higher field enhancement as compared to the aperture alone [132]. It is also

worth noticing that all of these aperture geometries are polarization-dependent.

Different techniques exist nowadays to fabricate these nanostructures, the main

ones being electrochemical etching and focused ion-beam (FIB) milling [133].

Solid metal tips can be fabricated by electrochemical etching by dipping a metal

wire into an etching solution and applying a voltage between the wire and a

circular counter electrode immersed in the solution [134]. However, with this

technique the cone angle and the exact diameter of the tip cannot be controlled,

leading to strongly varying field enhancement factors from tip to tip. This is

not the case when using metallic nanoparticles at the apex of tips as described

before, since their shape and size are easily controlled. Another way of obtaining

reproducible tips is by template stripping [115]. In this Thesis, we have created

the tip by the "heat and pulling" method and afterwards have fabricated the

nanostructures by FIB milling, a technique that provides high precision and

reproducibility [135].

Our group has focussed on bowtie nanoaperture antennas (BNA) that consist

of two triangles faced tip-to-tip and separated by a small gap [41, 42]. The

properties of BNAs, namely field confinement and broadband response [136],

will be exploited in Chapter 6 to measure co-diffusion of individual receptors

in the cell membrane. However, BNAs have two disadvantages over tip-on-

aperture antennas: 1) they have a large flat surface, making the positioning
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of the antenna more challenging, and 2) the topographic resolution is given by

the diameter of the flat end face, which is around 800 nm, much larger much

larger than the actual optical confinement that is provided by the gap region

(between 30-50 nm). More recently, our group described the fabrication of hy-

brid antenna (HBNA) probes, based on a monopole nanoantenna engineered on

a bowtie nanoaperture [4]. These hybrid antennas combine the advantages of

broadband response provided by aluminium BNAs, together with 400-fold field

enhancement and field localization afforded by the sharp end of the monopole

(better than 20 nm) [4]. These HBNA probes will be used in Chapter 5 to ma-

nipulate the degree of fluorescence resonance energy transfer (FRET) between

two close by dipole emitters.

The measurements shown in Chapters 5 and 6 have been performed on alu-

minium antennas. We chose aluminium due to its superior plasmonic prop-

erties within the visible spectrum [58] and its broadband resonance. Further-

more, aluminium rapidly forms a thin (2-3 nm) layer of oxide on its surface that

protects the underlying metal from further oxidation and degradation [137].

Although most of the work performed on this thesis is based on studying elec-

tric dipole emitters and their coupling with antennas, we also investigated the

response of magnetic dipole emitters in presence of a nanoantenna. For this, we

need to enhance the magnetic field, so we developed a different antenna design

based on a dielectric material, silicon, and a hollow geometry, a cylinder. This

gives rise to very strong magnetic resonances [138] and allows accessibility to

its hotspot [139]. Chapter 4 describes the experiments performed using these

magnetic cylindrical antennas (MCA) that can enhance the emission of magnetic

dipoles and spatially decouple the magnetic from the electric field components.

3.2 Combined confocal/near-field scanning optical

microscopy configuration

In this Thesis, experiments were done using a home-made combined confo-

cal/near-field scanning optical microscope (NSOM). The working principle of

our setup is described in Fig. 3.1, and is based on a modified inverted confocal

microscope (Axiovert 135TV; Zeiss, Jena, Germany). The specific optical compo-

nents (filters, objective, beam splitters...) as well as the lasers used were mod-
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ified according to the specific experiments, but the main components remain

the same. Our setup has six different laser sources available: a He-Ne laser at

633 nm; a 2-ps pulsed lasers at 470 and 640 nm operated in continuous wave

mode (LDH-D-C-470 and LDH-D-C-640, respectively; Picoquant, Berlin, Ger-

many); a multiline argon-krypton laser (Model 3060; Spectra-Physics, Santa

Clara, CA); a continuous-wave diode-pumped solid state laser at 532 nm (OZ-

2000-532-3.5/125-P-40-3A-3A-1-20, OZ Optics Ltd.); and a continuous-wave

diode-pumped solid-state laser at 561 nm (ventus 561; Laser Quantum, Stock-

port, United Kingdom). The outputs of these lasers are combined on appro-

priate dichroic mirrors (DM1-6) and launched collinearly into an acousto-optic

tunable filter (AOTF) (AOTFnC-Vis-TN; AA Optoelectronics, Orsay, France). The

AOTF driver (MDS4C-B66-22-80.153; AA Optoelectronics) has four independent

channels that can be used to select a laser wavelength and control its diffracted

power. Both of these parameters are controlled via a proprietary software inter-

face on a host computer and sent to the AOTF driver via a universal serial bus

connection. The light coming out of the AOTF is linearly polarized.

After that, a flippable mirror allows us to switch between two possible illu-

mination modes: far-field/confocal, when the light passes through a high NA

objective; or near-field, when the light is coupled to the back end of an optical

fibre supporting the antenna (NSOM mode). By selecting a combination of a

linear polariser and different wave-plates, we can control the polarization of the

light in the two excitation arms. For the BNA and HBNA used in this Thesis,

linear polarization is required for resonant antenna excitation, and thus a com-

bination of a linear polariser and a λ/2 wave-plate is used in NSOM mode. The

orientation of the linearly polarized light exciting the antenna can be thus tuned

by just rotating this λ/2 wave-plate. In the case of the MCA, circularly polarized

light is required for optimal excitation, so a combination of a linear polariser

and a λ/4 wave-plate are used.

The sample is mounted on a three-axis translational piezo stage and is raster

scanned to generate an image. Fluorescence generated by the sample is col-

lected by the same focusing objective and directed through a set of narrow-band

notch filters that are specifically selected for the wavelengths used in each ex-

periment. Optionally, before entering the detectors light can spatially filtered

through a 30-µm confocal pinhole, although this was only used in the confocal

experiments in Chapter 2. After the excitation light is rejected by the notch
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filters, the remaining fluorescence is confocally aligned with either the confocal

illumination focus or the nanoantennas onto a pair of low-dark-count single-

photon avalanche detector (SPAD) (SPCM-AQR-16; PerkinElmer, Waltham, MA).

The SPADs are operated in photon-counting mode, wherein each detected pho-

ton generates a digital pulse on the SPAD output. These pulses are recorded by

a digital data acquisition (DAQ) card (PCI-6602; National Instruments) in 10-

µs bins for the duration of the pixel dwell time, typically on the order of a few

milliseconds. The light is split into these two SPADs by different means depend-

ing on the experiment, either a polarization beam splitter (PBS) for polarization

sensitive measurements or a dichroic mirror for detecting different fluorescent

species or different emission bands of the same emitter. Appropriate filters are

used in front of each SPAD to select the bandwidth of the detected light.

The antenna is carved at the apex of an optical single mode fibre [31], and glued

onto a quartz piezo-electric tuning-fork. The probe-tuning fork system has a

resonance frequency of typically ∼32 kHz with a quality factor of 100-1000.

The system is mounted in a tripod that allows manual axial positioning of the

antenna over the sample (up to around 10 µm) and x,y-alignment with respect

to the objective. The tuning fork is mechanically excited by an external dither

piezo with a piezo-electric constant of 0.3 nm/V. During measurements, the

dither piezo is driven with a driving amplitude <1 V, corresponding to about 1

nm lateral displacement of the tip as a result of the system resonance amplifi-

cation. Upon approach of the probe to the sample surface, a phase shift of the

tuning fork oscillation is recorded and sent into a feedback loop [140] in order to

control the tip-sample distance and to ensure that it is kept constant and below

10 nm, with an axial accuracy of <2 nm. The use of this type of tuning-fork

based resonant shear-force feedback has proven to be an easy, cheap, sensitive

and reliable method [141, 142]. The feedback loop controls the axial movement

of a three dimensional piezo driven stage, where the sample is placed. Instead of

the commercial microscope sample stage, a solid Al plate equipped with an x,y,z

scan stage with a range of 40x40x26 µm (NanoCubeTM, Physik Instrumente (PI),

Germany) has been installed. Furthermore, the scanner is linearised and sta-

bilized (drift ∼1 nm/min) using a lateral position feedback loop. The feedback

signal itself can be used to generate a topographic image of the sample simulta-

neously to the optical one, similarly to Atomic Force Microscopy (AFM). This is

recorded simultaneously with fluorescence signals from both SPADs, providing
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Figure 3.1: Schematics of the working principle of a near-field setup with a
shear-force feedback. Illumination with the different lasers available can be
done either through the tip (NSOM) or through the objective (confocal), switch-
ing between them using a flippable mirror. The same objective will be also used
for collecting the emitted fluorescence signal, that is split by different means
into two SPADs after appropriate filtering. The antenna is carved at the apex
of an optical fibre that is glued onto a tuning fork. By detecting the change in
phase between the input oscillation to the tuning fork and the actual one, we
can control the axial distance to the sample.

a combined fluorescence-topographic high resolution image that is unique to

NSOM approaches (an example will be shown in Fig. 3.13b of this Chapter).

Despite the wide application of this shear force feedback for operation in air,

the imaging of soft biological samples in liquid requires the scanning system to

maintain the sensitivity of the feedback system despite the increased viscosity.

This can be achieved by encapsulating the tuning fork in a small glass tube

so that while the piezo-electric element vibrates in air, and has thus a high

resonance, the actual tip is in liquid and in close proximity to the biological

sample, in perfect analogy to a diving bell [143]. In practice, the fibre protrudes
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500-1000 µm from the tuning fork so that the tip end is outside the diving

bell, and the quality factor needs to be >400 to preserve the high sensitivity of

the tuning fork. As such, liquid-NSOM is capable of revealing cell membrane

organization in detail [144], while working in liquid conditions allows for live-cell

experiments [145].

Because of the high field confinement in both lateral and axial direction given by

antennas-on-probe, NSOM provides surface sensitivity, single molecule detec-

tion and nanometric optical resolution [146]. Furthermore, when combined with

high temporal resolution techniques, NSOM can be used to acquire dynamic in-

formation on the diffusion of individual molecules in nanometric regions at the

membrane of living cells [145]. In this thesis, nanoantennas fabricated at the

end of near-field optical fibres have been used in two different configurations:

• Imaging, in which the sample is scanned with respect to the antenna.

The high field localization given by such antennas (∼20 nm) make them

ideal as nano-light-sources for nanoscopic imaging of immobilized single-

molecules with high resolution. Furthermore, the 3D position control given

by NSOM makes it the ideal technique to study the interaction between an-

tennas and emitters as a function of their relative position and orientation.

• Spectroscopy, in which the nanoantenna and the sample are kept station-

ary within each other and changes in the fluorescent signal from diffusing

molecules are recorded in time. By making use of the efficient excitation

of single molecules achieved by our antennas, techniques such as fluores-

cence correlation spectroscopy (FCS) and fluorescence cross-correlation

spectroscopy (FCCS) can be used to acquire dynamic information on the

rapid diffusion and co-diffusion of individual molecules in nanometric re-

gions of the cell membrane.

3.3 Fabrication

3.3.1 Probe fabrication

Antennas were carved at the end face of tapered optical fibres. The tapers

were made by the "heat and pulling" method using a micropipette puller (Sut-
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ter P2000). This device applies a pulling force to a single-mode fibre (SM600,

Fibercore) while heating it with a laser. When a specified pulling velocity is

achieved, the pulling force is increased until breakage. The sharpness of the

pulled uncoated tip determines the minimum obtainable aperture size of the

finished probe and the light throughput, as depicted in Fig. 3.2a,e.

Afterwards, the fibres are brought to an evaporator (Oerlikon Leybold Univex

350), where they get coated with a thin adhesion layer of Titanium (5 nm, evap-

oration rate 1 Å/s) and a 150 nm layer of aluminium (evaporation rate 30 Å/s

[147]) to prevent leakage of the light injected in the fibre during the experiments

(Fig. 3.2b,f). The end part of the coated tip is cut by FIB milling (50 pA, Depth =

1µm) resulting in a flat and well defined aperture of ∼500 nm in the glass that

allows for transmission of the fundamental mode (Fig. 3.2c,g). A second layer

of the desired material (either aluminium or silicon, with a thickness that will

depend on the antenna that will be fabricated afterwards) is then evaporated

(Fig. 3.2d,h), and constitutes the platform in which the antennas of the chosen

geometry will be fabricated.

Figure 3.2: Probe fabrication. (a) A near field tip is created by pulling an optical
fibre. (b) A layer of 150 nm of aluminium is evaporated around the fibre probe to
make it opaque. (c) The end part of the tip is removed by FIB in order to create
a platform that will hold the photonic nanoantennas. (d) A layer of silicon or
aluminium is then evaporated on the flat end of the probe. (e) Bright field image
of a tapered optical fibre. Scale bar: 50 µm. (f-h) Scanning electron microscope
(SEM) images of the probe at each of the fabrication steps mentioned above: (f)
evaporating a 150 nm layer of aluminium, (g) cutting its end face by FIB milling
to have an opening of ∼500 nm and (h) evaporating a second layer of aluminium
(or silicon). Scale bars: 600 nm.
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3.3.2 Antenna-on-probe fabrication

For fabricating our nanoantennas we use the Zeiss Auriga cross-beam focused

ion beam (FIB). The system has a Gallium based ion beam column along with

a SEM column, being 54o the angle between both. The FIB is used to mill

the sample in a controlled manner [148] and the SEM is used to visualize the

sample FIBed. The ions of the gas are accelerated from a beam ion source into

the surface of the substrate in vacuum in order to remove material to some

desired depth. By changing the electric field in which this ions are accelerated,

the beam dimensions are changed. The smaller the beam diameter, the smaller

the resulting structures. A software called nano pattering visualization engine

(NPVE) can be used to design any structure.

Antennas are carved at the flat end of the tapered optical fibres. Before milling

the nanoantenna, several calibrations are performed on a metal coated cover-

slip of the same material and thickness. This is required to find the correct

geometry and dose (amount of charge per unit area) of ions in the beam at a

given beam current to obtain the desired length and width of the nanoantenna.

Most of the nanoantennas used in this thesis are fabricated at a 2 pA beam cur-

rent (7 nm beam diameter) and 1 Repeat (number of times the beam is scanned

over the area).

In this Thesis, we will use three different types of antennas: magnetic cylindrical

antennas (MCA) [149] in Chapter 4, bowtie antennas (BNA) [42] in Chapter 6,

and hybrid antennas (HBNA) that consist of an electric monopole antenna (EMA)

combined with a bowtie [4] in Chapter 5. Each of them differ in the fabrication

steps that come after the milling of the 500 nm aperture.

Magnetic cylindrical antennas (MCAs)

For fabricating the MCA, a layer of 55 nm of silicon is deposited on the flat face

of the 500 nm aperture (Fig. 3.2d,h). Afterwards, we used the NPVE software to

design a donut-shape with a concentric circle and create a silicon hollow cylin-

der in the centre of the flat face, with an outer diameter of 140 nm and an inner

diameter of 50 nm. Fig. 3.3 shows different examples of FIBed MCAs, where

the dimensions very closely match the designed ones with great reproducibility.

More details on the fabrication of MCAs are provided in Chapter 4.
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Figure 3.3: Reproducibility of MCA probe fabrication. These six examples show
the reproducibility of the hollow cylinder dimensions during fabrication.

Bowtie nanoaperture antennas (BNAs)

BNAs are directly milled onto the flat end face created after the second evapo-

ration, which in this case consists of a 120 nm layer of aluminium [42]. The

design for the FIB milling is done using the NPVE software mentioned above,

with dimensions as shown in the top view in Fig. 3.4a. BNAs consist of two

triangles (Dose = 0.15 nC/µm2) and a straight line joining their facing corners

(Dose = 0.7 nC/µm2). With proper handling and optimization of the FIB system,

the achieved dimensions can precisely match the aimed ones. A few examples

are shown in Fig. 3.4b,d. The size of the gap will depend on how accurately we

can control the focus and the astigmatism on the sample. We were able to get

gaps between the metallic arms with values as small as 50 nm. Furthermore,

once the parameters are optimized we can get extreme reproducibility on the

fabrication, as seen in the multiple SEM images of Fig. 3.5.

Figure 3.4: BNA milling. (a) Design for the milling to create the BNA: two tri-
angles and a line. The grey area represents the fibre end face from a top view.
(b-d) SEM images of BNAs after the milling process from a 54o view (b) and a
top view (c,d), showing the accuracy of the design and the reproducibility of the
gap sizes (compare c and d). Scale bars: 200 nm. Images adapted from [42].

54



Fabrication and characterization of photonic antennas-on-probe

Figure 3.5: Reproducibility of BNA probe fabrication. These nine examples have
been fabricated on different days showing the reproducibility of especially the
BNA gap region, which is always ∼50 nm. The success rate is typically 80-90%,
where the 10-20% failure is largely due to adsorption of particles right before
the evaporation processes. Scale bar: 500 nm.

Hybrid antennas (HBNAs)

In case of the HBNAs, a thicker layer of aluminium (200 nm) is evaporated on

the second evaporation step. This gives a flat end face, visualized in Fig. 3.2h

where the antenna will be finally carved with the FIB. This is done using the

NPVE software mentioned above. We first built the monopole by milling two

rectangles (Dose = 0.5 nC/µm2) at the end face of the fibre as illustrated in Fig.

3.6a. This will create a line. Then the same is done after rotating the fibre 90o

(Dose = 0.2 nC/µm2), so that we are left with a small tip on the flat end face as

shown in Fig. 3.6c. Then we mill the BNAs into the remaining metal layer in

close proximity to the monopole. The design of the BNA for the NVPE software
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is shown in Fig. 3.6b, where the aluminium-coated fibre is imaged from above

(grey circle). It consists of two triangles (Dose = 0.15 nC/µm2) and a straight

line joining their facing corners (Dose = 0.7 nC/µm2). An exemplary result of

the hybrid antenna containing the monopole on the BNA is depicted in Fig. 3.6d

Figure 3.6: HBNA milling. (a) Schematic of the shape milled in order to create
the monopole. The grey area represents a side view of the fibre. The rectangles
show the parts to be milled. (b) Design for the milling in order to create the BNA,
i.e. two triangles and a line. The grey area represents the end face fibre from
a top view. (c,d) SEM images of the resulting HBNA after the milling processes
described in (a) and (b), respectively, where first (c) a monopole and then (d) a
BNA are created. Scale bars: 200 nm.

Fabrication of these HBNAs is quite challenging, specially the monopole due to

its small dimensions and 3D geometry, that makes it more delicate than the flat

BNA structure. Slight deviations on the angle when mounting the fibres onto the

FIB holder as well as particles adsorbed onto the tip give raise to some failure

in the monopole fabrication. In some of the cases we get a nice BNA but no

or very small monopole. Furthermore, even in the cases where the fabrication

was successful, we get variations in the monopole dimensions, as seen from the

examples shown in Fig. 3.7. This will have an impact on their optical properties,

both the spectral response and the field enhancement, as discussed in the next

section.

3.4 Antenna-on-probe characterization

3.4.1 Numerical simulations

As mentioned in the Introduction section, by changing the antenna dimensions

we can tune its resonance so that it matches the wavelength we are interested
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Figure 3.7: Reproducibility of HBNA fabrication. These nine examples show
the reproducibility of the BNA dimensions, with a gap that is always ∼30 nm,
and the large variation on the monopole dimensions, both the length and the
diameter. The success rate is typically 70-80%.

in using. In order to optimize the design before fabrication we perform finite-

difference time-domain (FDTD) simulations with the software Lumerical. FDTD

is a numerical analysis technique used for solving Maxwell’s curl equations

for each electric and magnetic field component on discrete grids in space. It

is widely used to computationally model interactions between electromagnetic

fields and photonic structures. In our case, we simulate a nanoantenna that

represents our fabrication parameters, namely the thickness and material of the

coatings and the antenna dimensions after milling, which are measured from

SEM images to make them as accurate as possible.

Magnetic cylindrical antennas (MCAs)

The simulations in this case are performed for an MCA whose cylinder has an

outer diameter of 140 nm and an inner one of 50 nm. Simulations on their mag-

netic and electric responses prove that these antennas can actually enhance

both components of light in a spatially decoupled manner, as observed in the
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excitation profiles shown in Fig. 3.8b,c. Furthermore, having a hollow cylinder

allows us to access the magnetic hotspot. More details about the simulations

and the antenna characteristics are discussed in Chapter 4.

Figure 3.8: Near-field FDTD simulations of the MCA. (a) Spectral response of
the electric (red) and magnetic (green) resonances of the MCA, normalized by
their respective intensities in vacuum, calculated 10 nm below the centre of
each antenna. Normalized (b) electric and (c) magnetic field intensities, in a
transversal plane (x,y) and 10 nm below the MCA. The white circles represent
the transversal outer limits the antenna. Scale bars: 200 nm.

Bowtie nanoaperture antennas (BNAs)

For the simulations for the BNA, the refraction index of the dielectric body of

the probe was chosen to be 1.448, and the aluminium dielectric constant was

measured by ellipsometry. For simplicity, the BNA was simulated on a flat glass

surface, with dimensions of 300 nm x 300 nm and different gap sizes. The

non-uniform grid resolution varies from 25 nm for portions at the periphery

of the simulation to 5 nm for the region in the immediate vicinity of the BNA

(±200 nm). Fig. 3.9 shows the results of the simulations in the xy-plane 10

nm away from the BNA when a linearly polarized Gaussian beam is launched.

Fig.3.9a shows that the resonance of the BNA is independent on the BNA gap

size so that the broadband behaviour of the antenna is always maintained.

Furthermore, it shows that the field enhancement depends strongly on the gap

size, increasing its strength as the gap becomes smaller. Fig. 3.9b corresponds

to the near-field intensity of the electric field 10 nm away from the antenna,

when a BNA with a gap of 30 nm is excited using a polarization longitudinal

and transversal to its metallic arms at a wavelength of 633 nm. In the first case,

the field is not confined to the gap but localized in the two BNA arms, whereas
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in the second one the BNA highly confines the optical signal in the gap with a

higher enhancement. Thus, the confinement given by the BNAs can be tuned

by controlling the excitation polarization, and when optimized it results in a

nanometric spot that has both an intense local field and a broadband response

in the visible [136]. Such aperture design at the apex of optical fibres provides

a 1000-fold enhancement of the light throughput as compared to conventional

NSOM probes of similar confinement area [42]. More detailed simulations on

the enhancement and confinement provided by the BNAs can be found in a

previous work from our group by Mivelle et al. [42].

Figure 3.9: Near-field FDTD simulations of the BNA. (a) Simulated broadband
BNA response in the visible for a gap size of 30, 40, 50, 60 and 70 nm. Changing
the gap size does not affect the spectral response, but the enhancement is larger
as the gap becomes smaller. (b) FDTD simulations of the electric field 10 nm
away from the BNA at 633 nm under the two main orthogonal excitations, for
a BNA with a gap of 30 nm. The field is maximally confined and enhanced for
excitation polarization transversal to the BNA gap. Scale bars: 100 nm.

Hybrid antennas (HBNAs)

For the wide majority of the HBNAs, the external dimensions of the BNA are

300 nm and the gap size is 30 nm, as measured from the SEM images. The

monopole antenna length and diameter are chosen to match as close as pos-

sible the antenna in use at the specific experiment, since there is somewhat

variability in this fabrication step. The refractive index and taper angle of the

dielectric body of the probe were chosen to be 1.448 and 32◦, respectively, and

the aluminium dielectric constant was measured by ellipsometry. The non-

uniform grid resolution varies from 25 nm for portions at the periphery of the

simulation, to 10 nm for the region in the immediate vicinity of the BNA, and to

1 nm for the volume around the monopole.

59



CHAPTER 3

If we launch a Gaussian beam through the antenna, we can simulate how the

near-field intensity profiles of the nanoantenna will be like, as well as how much

the electric field intensity change, i.e. the electric field enhancement. Fig. 3.10

shows the electric field intensity E2
tot from the HBNA in all 3D directions, nor-

malized by the intensity launched in the simulation at the back end of the fibre

E2
0 . These profiles are calculated in a xy-plane 10 nm away from the monopole

end and considering a monopole of 70 nm in length and 30 nm in diameter.

For transversal polarization, the field is confined at the BNA gap region and

efficiently excites the monopole resulting in large field enhancement and con-

finement. The highest intensity enhancement is achieved for the z component

of the electric field due to monopole orientation.

As mentioned above, there is some variability in the monopole dimensions in

the fabrication, and this will have an effect in the antenna response. On one

hand, the monopole length will influence both the spectral response and the

enhancement, as evidenced in the simulations shown in Fig. 3.11a. The reso-

nance is being red-shifted as the monopole length increases, but the behaviour

is fairly broadband for all the cases. Furthermore, there is also a change in the

maximum enhancement achieved, being it optimal for a length of 60-70 nm. It

is worth noticing here that for the simulations of the spectral behaviour we did

a simplification and did not consider the fibre. Instead, we place our antenna in

a flat glass substrate to avoid possible resonances resulting from the fibre itself.

On the other hand, the monopole end diameter does not change the antenna

resonance but it has an effect in both the confinement and the enhancement.

In this case, we simulated the field profile shown in Fig. 3.10a for different

Figure 3.10: Near-field FDTD simulations of the HBNA. Normalized electric field
intensity (E2/E2

0 ) for (a) the total field, and the field components emitted in the
x (b), y (c) and z (d) directions, calculated in a xy-plane 10 nm away from the
monopole tip for transversal excitation polarization of the BNA. Excitation is at
λ = 633 nm. Simulations were performed for a monopole length of 70 nm and a
diameter of 30 nm. Scale bars: 100 nm.
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monopole diameters and varying the axial distance between the monopole end

and the detection plane. For each of the obtained profiles we generated a line

profile through the centre and fitted it to a Gaussian, from which we can ob-

tain the full width at half maximum (FWHM) for every case, which represents

the effective spot size, i.e., the achievable resolution. Fig. 3.11b shows the ef-

fective FWHM as a function of the axial distance to the monopole for different

antenna diameters. The different plots show a linear dependence of the effective

antenna illumination size with axial distance from the antenna, demonstrating

the importance of keeping this distance <10 nm in order to obtain the highest

resolution possible. As for the enhancement, it is higher the smaller the diame-

ter. Fig. 3.11c shows the field enhancement as a function of the tip diameter in

a plane 10 nm away from its end.

Figure 3.11: Near-field FDTD simulations of the HBNA. (a) Normalized electric
field intensity 10 nm below the monopole centre for different monopole lengths.
(b) Dependence of the resolution (given by the FWHM) on the axial distance
between the monopole and the sample plane for different monopole diameters
shown in different colours. The lines represent linear fittings. (c) Dependence
of the field intensity enhancement on the monopole diameter.

3.4.2 Near-field imaging of fluorescent nanospheres

Once fabricated, we can characterize the performance of the antennas by imag-

ing fluorescent nanospheres [4]. In the Thesis, we will use beads with a size

of 20 nm. They are a nice probe since they consist of multiple dyes and pro-

vide thus very stable and high photon counts. This is always the first step that

needs to be performed before doing the actual experiment in order to find the

optimal polarization excitation (the one that gives the highest confinement) and

characterize the spectral and spatial resolution of the antenna in use.
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The MCA is optimally excited with circularly polarized light, but the imaging

of beads is still necessary to verify correct performance and characterize the

resolution.

In the case of the BNAs, it is important to characterize them using nanospheres

to find the optimal polarization direction for resonance and to determine the di-

mensions of the illumination spot. An exemplary image of red beads illuminated

at λ = 633 nm is shown in Fig. 3.12 for the two perpendicular polarizations of

the BNA. As expected from simulations, we obtain single bright spots with a

size of ∼40 nm for the transversal incoming polarization and two-lobed shapes

of ∼50 nm each for longitudinal excitation. The observed spot sizes agree with

the gap size of our BNAs which is always ∼50 nm. Furthermore, we observe a

reduction in the spot intensity when changing polarization from 3.5 counts/ms

to 1.4 counts/ms. From these values we can estimate an enhancement of 2.5

between the two polarization excitations.

Figure 3.12: Near-field images of red beads using the BNA. Excitation is at
λ = 633 nm using two orthogonal polarization directions, assumed to be (a)
transversal and (b) longitudinal to the BNA arms. Both channels are normalized
to the same value. The two images are from the same region in the sample with
a small drift. Scale bars: 200 nm.

Finally, for the HBNA we also use beads to find the optimal polarization excita-

tion and to characterize the confinement given by the particular antenna in use.

An exemplary image is shown in Fig. 3.13 for the two perpendicular polarization

excitations. If we draw a line profile of one of the spots seen for each condition

and fit it to a Gaussian, we see that both the FWHM as well as the height are be-

ing affected. This shows that by changing the polarization direction we change

both the confinement (from 230 to 48 nm) and the field enhancement (2.5-fold

difference between the two), as already expected from simulations.
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Figure 3.13: Near-field images of red beads using the HBNA. Excitation is at
λ = 640 nm using two orthogonal polarization directions, assumed to be (a)
transversal and (c) longitudinal to the BNA arms. (b) Topographic image corre-
sponding to the optical shown in (a). (d) Gaussian fits of the spots shown in the
white squares (corresponding to the same bead) of (a) in top and (c) in bottom,
with their correspondent FWHM. The two images are from the same region in
the sample with a drift. Scale bars: 500 nm.

3.4.3 Mapping the near-field components of nanoantennas
using single dipole emitters

Once we found the optimal polarization from imaging nanospheres, we use sin-

gle molecules to map the near-field components of the antenna. Since each

nanosphere may contain tens of fluorophores, the ensemble response is gener-

ally representative of the most intense near-field component of the plasmonic

system (the z-component in the HBNA case). On the other hand, single molecules

interact with plasmonic systems as isolated dipoles, so they can be used to pre-

cisely map their plasmonic near-field components [150, 151].

In this section we particularly focus on the characterization of HBNAs since

BNAs have been previously and extensively characterized by our group [42]. We

use the molecular dyes terrylene diimide (TDI) as single emitters, given their

high quantum yield and exceptional photostability [152]. Samples were pre-

pared by spin coating TDI molecules on PMMA as described in Chapter 2 and

imaged through a HBNA using λ = 633 nm excitation. Fig. 3.14a-d shows two

exemplary NSOM images of TDI molecules for the two main polarization exci-

tations of the HBNA. As expected, for longitudinal excitation (Fig. 3.14a,b), the

field is delocalized and poorly enhanced resulting in larger and weaker features,

whereas for transversal polarization (Fig. 3.14c,d) the near-field patterns ap-

pear much smaller and the emission count rate from each molecule is larger
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(around 6.2 counts/ms for longitudinal and 15.3 counts/ms for transversal

polarization, respectively). Moreover, the near-field images for transversal exci-

tation polarization show a broad variety of spatial distribution patterns, some of

them expanded in Fig. 3.14i-iv, together with their respective intensity profiles

along the lines shown. The FWHM of the fluorescent patterns are around 15

nm (brightest lobe), demonstrating the impressive field confinement provided by

the HBNA. In addition, one may naively think that the large halos near bright

features result from remaining background from the BNA arms, but in fact,

they contain important information regarding the coupling of the HBNA and the

emitter dipole.

From a conceptual point of view the electric near-field radiates symmetrically

and isotropically from the monopole antenna of the HBNA, and decays approx-

imately evanescently. A dipole can only be excited efficiently by the HBNA if it

is oriented parallel to the electric field lines. We set up the laboratory coordi-

nate system so that the sample lies in the xy-plane, the monopole tip is exactly

aligned on the z-axis, and the short axis of the bowtie gap is along the x-axis.

Molecular orientations are defined according to their angle ϕ in the xy-plane

measured from the x-axis, and the angle θ as their angle out of the xy-plane

(coordinate system shown in Fig. 3.14e).

To determine the orientations of the selected single molecule patterns we per-

formed FDTD simulations of the HBNA and calculated the three orthogonal

field components at a distance of 10 nm from the end of the monopole antenna.

These field components, as well as the total field intensity, are shown in Fig.

3.10. For each orientation of a model dipole we then calculated the excitation

efficiency as a function of the position of the dipole with respect to the tip.

Dipoles that are aligned out-of-plane of the sample will be most efficiently ex-

cited by the antenna, and will appear as bright, radially-symmetric features.

Dipoles that are oriented fully within the plane of the sample will not be excited

by the z-projected component of the excitation field, but only by the x- and/or

y-projected components, which are significantly less intense. As a result, they

will appear to be two-lobed features with a point of zero intensity in the cen-

tre. Dipoles oriented at arbitrary angles between these two limiting cases will

experience excitation from all of the field components of the HBNA, and the to-

tal excitation rate as a function of position is the weighted sum of all of these

interactions.
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Figure 3.14: (a-d) Near-field images of single TDI molecules (λ = 633 nm) for (a,b)
longitudinal and (c,d) transversal polarization excitations. Different near-field
patterns together with line profiles are observed (see zoom-ins (i-iv) at the bot-
tom) and ascribed to different single molecule dipole orientations. Scale bars:
200 nm. Numbers indicated next to the lines profiles correspond to the FWHMs
of the main intensity distribution for the different emitters. (e) Coordinate sys-
tem used in the simulations to define dipole orientation in 3D with respect to
the antenna. The HBNA has the bowtie on the xy-plane and the monopole along
z. (f-i) The experimental distributions are compared to a look-up table of simu-
lations to determine the 3D orientation of each molecule.
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The resulting set of images form a look-up table that we then used to compare

with the experimentally selected patterns; the nearest matches from simula-

tions are shown below their corresponding experimental pattern (Fig. 3.14f-i).

The dipole orientation angles that generate the simulated patterns are given for

each simulation, and represent a diverse set of molecular orientations.

Furthermore, we can quantify the coupling of the HBNA to the differently ori-

ented molecules by making line profiles, shown below each of the spots in Fig.

3.14. These line profiles were generated along the arrows shown and by aver-

aging three consecutive lines to reduce pixel-to-pixel photon fluctuations. The

number of counts obtained from a molecule increases with its out-of-plane com-

ponent, i.e. as θ tends to zero. This trend is maintained in both the experimental

as well as the simulated line profiles. However, the magnitude of this difference

is smaller in the experimental case, probably due to errors in the orientational

assignment of the molecules as well as common variability in single-molecule

emission.

3.5 Antenna-based imaging combined with frequency

encoded multicolour excitation

As shown in Fig. 3.11, our simulations predict a broadband response of the

HBNA, regardless of the monopole length and/or diameter. Therefore, the

electric field distribution near the antenna is nearly identical for all excitation

wavelengths, making multicolour antenna-based imaging realistic. Chromatic

aberrations are completely avoided, and fluorescent sources of different colours

can be simultaneously localized with sub-nanometre precision. To demonstrate

the multicolour performance of our HBNAs, we then exploited the frequency-

multiplexed multicolour excitation scheme described in Chapter 2. A set of four

liquid crystal variable retarders (LCVT) are placed in the setup to control the po-

larization of each of the wavelengths separately, to ensure that all of the lasers

in use excite the HBNA optimally. The rest of the details of the multicolour

setup were described in Chapter 2.

As control experiment, we first performed confocal and HBNA-imaging on 20

nm size nanospheres. The sample is the same as used previously in Chapter

2, containing four spectrally different types of nanospheres, whose excitation
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spectra were shown in Fig. 2.1a. Excitation was performed simultaneously

with wavelengths 470 nm, 514 nm, 561 nm and 640 nm. When a high-density

sample of nanospheres is imaged in a confocal microscope, such as that shown

in Fig. 3.15a, identifying individual features is challenging and classifying them

by colour is nearly impossible. With NSOM, the spatial resolution is increased

by over two orders of magnitude, and individual nanospheres of all four colours

can be readily distinguished, as shown in Fig. 3.15b. Thanks to the shear-

force feedback, we get simultaneously a topographic image of the sample, where

some of the beads are not fully embedded in the polymer and thus visible in the

topography. The large overlap between both optical and topographic images is

Figure 3.15: Four-colour (a) confocal and (b) near-field optical and (c) topo-
graphic images of four spectrally different 20 nm nanospheres. The near-field
images were performed with a HBNA. Scale bars: 1 µm in (a) and 200 nm in
(b,c). (d-g) Line profiles through four isolated nanospheres, showing consistent
spatial resolutions and high spectral contrast between fluorophore species. (h)
Line profile through a pair of nanospheres (F8787 and F8782) located 63 nm
apart. (i) Line profile through a pair of nanospheres (F8787 and F8784) located
65 nm apart. The variation in absolute signal levels between the various line
plots is due in part to a distribution of depths of the nanospheres within the
polymer.

67



CHAPTER 3

clear. Analysis of isolated nanospheres shows the ratio of excitation profiles

that is unique to each species and that can be used to unambiguously identify

them. Figs. 3.15d-g illustrate these ratios from identified spots corresponding

to each type of nanosphere. Each of the observed spots has a resolution of less

than 50 nm, with minimal variations between the different colour channels. The

FWHM denoted in the profiles represent a weighted average of the Gaussian fits

of all colour channels. The relative intensities of each colour per nanosphere

agree well with the expected values, considering their spectra and their effective

excitation by the lasers in use (please refer to the spectra and laser lines shown

in Fig. 2.1a). The minimal differences obtained in the FWHM from different

nanospheres not only validate the power of our multiplexing approach, but they

also demonstrate the broadband response of the HBNA over the visible range.

They also show that the high resolution and signal-to-noise provided by the

HBNA are not compromised by combining them with our multiplexing approach.

Furthermore, we are also able to locate and distinguish two heterogeneous pairs

of nanospheres, illustrated in Fig. 3.15h-i, which are separated by about 65 nm.

To further show the applicability of our combined approach, we used a sample

of densely distributed three-colour single molecules (same as in Chapter 2, re-

fer to the spectra shown in Fig. 2.1b) to analyse the evanescent electric field

around the HBNA tip. In these measurements we excited the sample with three

wavelengths (470 nm, 561 nm, and 640 nm) and relied on polarization-sensitive

detection using two SPADs. Fig. 3.16a shows the spectrally-resolved distribu-

tion of molecules using one detector, where individual molecules of all three

colours can be readily discerned. Fig. 3.16b is a polarization-resolved image

of only the 640-nm-excited DiD molecules. Within this image a wide variety of

spatial distribution patterns are observed as expected from single-molecules,

similar to the results shown in Fig. 3.14. The fact that we are still able to vi-

sualize these patterns even after splitting the signal into two SPADs and while

using our frequency-modulation illumination emphasizes the high degree of en-

hancement and field localization provided by the HBNAs.

3.6 Discussion

In this Chapter we have shown how to design and fabricate nanoantennas with

optical properties that are optimized for specific applications. This is achieved
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Figure 3.16: Three-colour, polarization-resolved near-field imaging of single
molecules. (a) Single-detector three-colour image of single molecules excited
with a HBNA. The three species of dyes in the image are readily identified by
colour to DiO (blue), DiI (yellow), and DiD (red). (b) Polarization-resolved rep-
resentation of the same data shown in (a) for the case of excitation at 640 nm.
Different spatial patterns are observed as expected from single molecules. Scale
bars: 250 nm.

through a combination of numerical simulations and high resolution nanofab-

rication. In order to decide which material and geometry are suitable for the

desired application, i.e. whether we need a broadband behaviour, a very high

confinement or to interact with different properties of the emitter, we used FDTD

numerical simulations to predict the effect that such antennas will have on both

excitation and emission of emitters placed in their near-field. Once this is done,

the optimized design can be fabricated by making use of current high resolu-

tion nanofabrication techniques. In our case, we use Ga-FIB due to its reduced

volume (∼5 nm) and its flexibility for working in non-planar substrates, as it

is the case for our probe-based approach. Better designs with higher degree of

confinement could be achieved by using a He-FIB, whose performance is even

superior to that of Ga-FIB (up to 1 nm) at the cost of longer milling times [129,

153, 154].

We have shown that antennas mounted on NSOM probes can be used for fluo-

rescence imaging of single-molecules with extremely high resolution (∼15 nm).

Furthermore, the 3D reshaping of the electric field provided by the antenna can
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be used to infer the 3D orientation of individual molecules with respect to the

antenna, just by comparing the different observed patterns with simulated exci-

tation profiles. In turn, the emission pattern of individual molecules is modified

by the presence of the antennas, having an effect on a second emitter placed

in close proximity to the first one, as it is the case of fluorescence resonance

energy transfer (FRET). These effects are further discussed in Chapter 5.

By manufacturing antennas at the apex of optical fibres, we can precisely con-

trol the antenna position with respect to the sample. This will allow for:

• Spatially mapping the interaction between antennas and fluorescent emit-

ters in different contexts to study various properties, such as magnetic

dipole emission (Chapter 4) or near-field dipole-dipole interactions (Chap-

ter 5).

• Selecting a region of the sample under study, since the antenna can be

positioned at any desired position. This is useful in the context of cell

imaging, both in fixed and live cell conditions (Chapter 6).

However, our approach has still some disadvantages. First, the antennas are

fabricated one-by-one, which is quite time consuming, as opposed to planar

antennas where arrays of hundreds of them can be fabricated simultaneously.

Second, the complexity of our approach is much higher as compared to antenna

arrays on substrates since the system is very sensitive and the probes have to

be mounted and aligned for every experiment. Nevertheless, given the highly

accurate control on the antenna position with respect to the sample, our ap-

proach brings the benefit of truly probing single emitter interactions with the

near-field gradient emitted by the antennas.

3.7 Conclusions

In this Chapter we have described the fabrication and characterisation steps

of different antenna configurations used in this Thesis. We have shown that

antennas mounted on NSOM probes can be readily used for multicolour super-

resolution imaging of single molecules with similar nanometric resolution in the

different wavelengths. This can be done in an easy way just by implementing

the method described in Chapter 2 in our NSOM setup.
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Furthermore, the 3D reshaping of the near-field provided by the antenna can

be used to infer the 3D orientation of individual emitters with respect to the

antenna. This will be used in Chapter 5, where a second emitter will experience

these differences.
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CHAPTER 4
Enhancing magnetic light emission with

all-dielectric optical nanoantennas

Electric and magnetic optical fields carry the same amount of energy. Never-
theless, the efficiency with which matter interacts with electric optical fields is
commonly accepted to be at least four orders of magnitude higher than with mag-
netic optical fields. In this Chapter, we experimentally demonstrate that properly
designed photonic nanoantennas can selectively manipulate the magnetic versus
electric emission of luminescent nanocrystals. In particular, we show selective en-
hancement of magnetic emission from trivalent europium-doped nanoparticles in
the vicinity of a nanoantenna tailored to exhibit a magnetic resonance. Specif-
ically, by controlling the spatial coupling between emitters and an individual
nanoresonator located at the edge of a near-field optical scanning tip, we record
with nanoscale precision local distributions of both magnetic and electric radiative
local densities of states (LDOS). The map of the radiative LDOS reveals the mod-
ification of both the magnetic and electric quantum environments induced by the
presence of the nanoantenna. This manipulation and enhancement of magnetic
light-matter interaction by means of nanoantennas opens up new possibilities for
the research fields of biomedicine, optoelectronics, chiral optics, non-linear and
nano-optics, spintronics and metamaterials, among others.

This work has been partially published in M. Sanz-Paz, C. Ernandes, J. Uriel Esparza, G. W.
Burr, N. F. van Hulst, A. Maitre, L. Aigouy, T. Gacoin, N. Bonod, M. F. Garcia-Parajo, S. Bidault,
and M. Mivelle. "Enhancing Magnetic Light Emission with All-Dielectric Optical Nanoantennas". In:
Nano Letters 18.6 (2018). pp 3481-3487
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4.1 Introduction

In a landmark paper, Landau postulated that the oscillation of light in the visible

range was too fast to consider the influence of the optical magnetic field on the

electrons [155], justifying the magnetic permeability approximation µ(ω) = µ0

for macroscopic materials. Nevertheless, at the quantum level, the interaction

between light and a quantum emitter is represented by a multipolar expansion

of the interaction Hamiltonian [156]:

Hint = −p ·E(t)−m ·B(t)− [Q∆] ·E(t)− ... (4.1)

where p and m correspond to electric and magnetic dipoles, respectively, E

and B to the electric and magnetic fields, respectively, and Q to the electric

quadrupole. In here, if allowed by the selection rules, the term p·E(t) is orders of

magnitude larger than any other term of eq. 4.1. This is why efforts have been

focussed to mostly control, manipulate, and enhance the emission of electric

dipole sources. This has been achieved by means of interfaces [157], cavities

[158], photonic crystals [159], and more recently by using plasmonic [10, 33]

and dielectric nanoantennas [138, 160–162]. Although the electric interaction

is significantly stronger than its magnetic counterpart, controlling the magnetic

component of light-matter interactions remains little explored and could add a

completely new degree of freedom in photonics and optoelectronics.

Recently, a series of experimental studies have demonstrated the detection

[163–167] and manipulation of magnetic dipole transitions in lanthanide ions

by means of metallic and dielectric interfaces in the visible range [47, 48, 168,

169] and by plasmonic cavities in the near-infrared [170]. In addition, in the

past few years, theoretical studies have predicted the extraordinary properties

of a certain class of photonic nanostructures [171], in particular low-loss dielec-

tric resonators [51, 52, 139, 172–181] and plasmonic nanoantennas [49, 182–

184], to strongly enhance the optical magnetic field together with the sponta-

neous emission of magnetic dipoles [51, 139, 171, 175, 178, 181, 183, 184].

These structures would thus be ideal to open new avenues in the emerging field

of magneto-nanophotonics.

Although several interesting studies have aimed at detecting and studying the
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magnetic component of light [185–188], no experimental demonstration of the

manipulation of magnetic spontaneous emission by means of nanoantennas has

been reported so far at visible wavelengths. In here, we exploit the ability of pho-

tonic nanoantennas to interact with either the magnetic or the electric radiative

local density of states (LDOS), to experimentally manipulate independently the

magnetic and electric emission of luminescent emitters in the visible range. We

demonstrate that coupling to a well-designed optical nanoantenna can increase

either the magnetic or electric emission of trivalent europium-doped nanopar-

ticles, as predicted theoretically [139, 181, 189]. Finally, placing the nanoan-

tenna at the extremity of an optical scanning tip provides full control over near-

field interactions and the ability to record nanoscale maps of the relative electric

and magnetic radiative LDOS (EMLDOS) around resonant nanostructures.

4.2 Materials and Methods

4.2.1 Synthesis of YVO4 particles doped with Eu3+

The nanoparticles used in this Chapter were obtained from a collaboration with

the group of G. Thierry in France. These Europium doped YVO4 nanoparticles

(Eu/Y molar ratio of 20%) were synthesized by coprecipitation following the pro-

cedure reported by Huignard et al [190]. After the reaction, the suspension was

dialysed against deionized water and a colloidal solution of YVO4:Eu nanopar-

ticles in water with a typical concentration of 10 g/L was obtained.

YVO4:Eu nanoparticles are ovoid, with inhomogeneity in sizes and dimensions

centred around 20±5 nm by 40±20 nm. Fig. 4.1 shows an scanning elec-

tron microscopy (SEM) image of an area containing the typical particles and

small clusters analysed optically in confocal microscopy and in NSOM. The ζ

potential of this solution was measured to be +6 mV. Colloidal dispersion of the

particles was ensured through the addition of polyacrylic acid (PAA) in order to

increase the surface charge of the particles and also their steric environment.

Measurement of the ζ potential yields a value of -50 mV attesting for efficient

electrostatic repulsion and good dispersion is attested by the hydrodynamic size

of 70 nm measured by Dynamic light scattering (DLS).

The europium doped nanoparticles were then spin-coated on freshly cleaned
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130 µm thick glass coverslips.

Figure 4.1: SEM image of the Eu3+ doped nanoparticles deposited on a glass
substrate and used in this Chapter. Scale bar: 300 nm.

4.2.2 Setup description

We use a combined confocal/NSOM configuration as described in Chapter 3. A

more detailed sketch of the one used in this Chapter is shown in Fig. 4.2a. In

this case, excitation is done with an argon-krypton laser (Model 3060; Spectra-

Physics, Santa Clara, CA) at 465 nm, and the particle luminescence is collected

through a high numerical aperture objective (1.3 NA, 100x) and sent towards

the detectors. A dichroic mirror (Semrock FF605-Di02-25x36) splits the fluo-

rescence into two separated channels in order to send the magnetic emission

of the particle towards one APD and the electric emission in the second. Filters

(Semrock FF01-589/18-25 and Semrock FF02-615/20-25) in front of each APD

are then used to minimize optical signals other than the ED or MD lumines-

cence, allowing perfect analysis of each transition separately. Fig. 4.2b shows

the spectra of all the different filters used for collection.
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Figure 4.2: Schematics of the experimental setup. (a) The nanostructured tip is
placed on top of a combined confocal/NSOM microscope in order to bring the
photonic antennas in close proximity to the Eu3+ doped nanoparticles. Excita-
tion is performed by a 465 nm laser that can be launched into the fibre tip as
well as through the microscope objective in a confocal configuration. (b) Mea-
sured raw responses of the dichroic mirror (purple) and the band-pass filters
(red and green) used in the experimental setup.

4.2.3 Simulations of antenna response

In this Chapter, we will use to types of nanostructures: a silicon magnetic cylin-

drical antenna (MCA), shown in Fig. 4.3a, and an aluminium electric monopole

antenna (EMA), with a geometry depicted in Fig. 4.3b. The MCA consists of

a hollow cylinder made of silicon with the dimensions described in fig. 4.3c,

whereas the EMA combines a bowtie nanoaperture (BNA) with a monopole with

the sizes shown in Fig. 4.3d.

The antenna dimensions are optimized to provide enhancements of the mag-

netic and electric field intensities, respectively, 10 nm below the centre of the

MCA or 10 nm below the monopole of EMA. The numerical simulations used

to calculate the spectral dependence of the local field intensities are performed

using FDTD codes [184] as introduced in Chapter 3. For simplicity, the anten-

nas are simulated on a glass substrate and positioned in the middle of a FDTD

window spanning ±1 µm in x, y and z. The mesh size inside this window is 5 nm
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in the area of the structures and 25 nm further away. The dielectric constant of

the silicon layer was measured by ellipsometry (SOPRA GES5E) while the one of

the aluminium is taken from Weaver et al [191]. The glass substrate is chosen to

have an optical index of 1.5. Optical excitation of the antennas is performed by

a linearly polarized (in the case of the EMA) or circularly polarized (in the case

of the MCA), Gaussian beam launched from the glass substrate side. The elec-

tric and magnetic intensities are computed 10 nm below the antennas (yellow

stars). The obtained spectral dependent field intensities are then normalized by

the spectrum of the incoming excitation without the resonant nanostructures.

Figure 4.3: Geometry and dimensions of the photonic antennas. SEM images of
(a) the MCA and (b) the EMA, carved at the extremity of a near-field fibre probe.
Scale bars: 200 nm. (c) The MCA is milled in a 55 nm thick silicon layer with an
external diameter of 140 nm and an inner hole diameter of 50 nm. (d) The EMA
is 60 nm long with a tip curvature diameter of 30 nm. It is placed beside the
gap region of a Bowtie Nano Aperture (BNA) to ensure efficient excitation from
the tip [4]. The BNA is carved inside a 120 nm thick layer of aluminium, with a
width of 300 nm and a gap distance of 50 nm between the metallic arms of the
BNA [4].
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Furthermore, we also performed numerical FDTD simulations of the LDOS in

order to compare experimental results with theory, to confirm that the effects

observed for the branching ratios are indeed related to a local control of the

LDOS. For that purpose, isotropic electric and magnetic dipoles, respectively

emitting at 610 nm and 590 nm, are scanned in a transversal plane (xy) along

the MCA and the EMA defined in Fig. 4.3 at a distance of 10 nm below each

antenna. For each position of the dipoles with respect to the nanoantennas,

their radiative decay rates are calculated by integrating the full power emitted

in far-field [184]. The dipoles are scanning the EMA all over the monopole, from

-30 nm to 30 nm with respect to the central position of the EMA (at 0 nm) and

the MCA starting from - 5 nm with respect to the centre (0 nm) towards the edge

of the antenna (80 nm), in order to take into account the asymmetric shape of

the silicon antenna (to be discussed below).

4.3 Results

4.3.1 Near-field coupling between photonic antennas and mag-
netic emitters

Manipulation of the emission of a nanoparticle containing magnetic dipolar (MD)

and electric dipolar (ED) transitions in the near field requires deterministic po-

sitioning of a well-defined magnetic or electric antenna in close proximity to the

emitter. To this end, we combined top down focused-ion beam (FIB) nanos-

tructuring of a thin material (silicon and aluminium) and near-field scanning

optical microscopy (NSOM) for control and manipulation at the nanoscale with

nanometre precision. Here, two types of nanostructures are chosen: a silicon

MCA, shown in Fig. 4.4a and an aluminium EMA with a geometry as shown in

Fig. 4.4b. The silicon MCA is known to enhance the magnetic field [139, 179,

181], while the EMA enhances the electric field [4, 21]. The simulations shown

in 4.4c,d indeed confirm enhancement of magnetic and electric field of the MCA

and the EMA, respectively.

As sketched in Fig.4.4a,b, the presence of the optical nanoantenna in close

proximity to a crystal containing MD and ED transitions (drawn as a purple par-

ticle) modifies the luminescence of the emitter by either enhancing the magnetic
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(green) or electric (red) emission. Experimentally, we use colloidal nanoparticles

(50-70 nm in size) of YVO4 doped with 20% Eu3+. As shown in the partial band

diagram of Fig. 4.4e, trivalent europium ions feature MD (5D0 → 7F1, 590 nm)

and ED (5D0 → 7F2, 610 nm) transitions. Their emission spectrum are shown

in Fig. 4.4f, and can be therefore tailored by manipulating the EMLDOS with

nanostructures. In this study, all other decay channels from 5D0 to the ground

state are considered as losses.

Figure 4.4: Principle of the experiment. Two types of photonic antennas are
carved by FIB at the extremity of a near-field tip. (a) A MCA made of sili-
con and (b) an EMA made of aluminium are brought in close proximity to a
nanocrystal (purple particle) doped with trivalent europium ions featuring both
magnetic and electric dipolar transitions. The magnetic emission is denoted
in green colour and the electric emission in red. (c, d) Numerical simulations
of the normalized magnetic and electric field intensities in a transversal plane
(xy) positioned 10 nm below the MCA and the EMA, respectively (calculated for
a 590 nm excitation in the case of the MCA and 610 nm in the case of the
EMA); the white circles represent the antennas contours. Scale bars: 200 nm.
(e) Partial band diagram of Eu3+ describing the magnetic (5D0 → 7F1, green)
and electric (5D0 → 7F2, red) dipolar transitions; Γm is the magnetic and Γe the
electric radiative transition rates. (f) Theoretical magnetic and electric intensity
spectral responses, normalized by their respective intensities in vacuum, of the
MCA (green continuous and dashed curves) and the EMA (red continuous and
dashed curves), calculated 10 nm below the centre of each antenna. The lumi-
nescence spectrum of the Eu3+-doped nanoparticle is displayed in black. The
purple line is the spectral position of the dichroic mirror that splits the magnetic
and electric luminescence signals while the green and red bands represent the
narrow bandpass filters used for each collection channel.
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Antenna dimensions are set to feature a magnetic dipolar (MCA) and an electric

monopolar (EMA) resonance in the visible range, as depicted in Fig. 4.4f, and

are chosen to differentially cover two different parts of the spectrum so that each

antenna mostly affects one transition: the magnetic resonance of the MCA is set

to overlap with the MD transition and the electric resonance of the EMA with

the ED transition of Eu3+ (black curve in Fig. 4.4f). Although the resonances

appear broad and overlap with both transitions, the magnetic resonance of the

MCA will preferentially interact with the magnetic transition of europium and,

likewise, for the electric resonance of the EMA [175]. Furthermore, Fig. 4.4f pro-

vides the spectral evolution of electric and magnetic field intensities simulated

10 nm below the centre of the MCA and the EMA, respectively (dashed curves):

both field intensities are actually inhibited with respect to vacuum (lower than

1) by the nanoantenna and should therefore inhibit electric and magnetic spon-

taneous emission, respectively, by reciprocity [192].

Fig. 4.3a,b displays the scanning electron microscope (SEM) images of the MCA

and EMA nanofabricated at the end of two different tapered optical fibres. The

fabrication steps are described in detail in Chapter 3. To reveal the ability of

both nanostructures to manipulate the emission of the Eu3+-doped particle,

we performed near-field scans of 50-70 nm colloidal europium-doped particles,

deposited on a glass slide, with both types of antennas.

The sample is excited at 465 nm, and the particle luminescence is sent to two

APDs to collect both the magnetic and the electric emission. This leads to the

images displayed in Fig. 4.5. Fig. 4.5a-d corresponds to the collected signal

when the MCA is scanned over a single nanoparticle, while Fig. 4.5e-h shows

the luminescence measured during the scan of the EMA over a few single par-

ticles and a cluster. Fig. 4.5a,e depicts the total intensity collected, while Fig.

4.5b,f and Fig. 4.5g,c, respectively, provide the signal collected solely in the

magnetic (590 nm) and electric (610 nm) channels. Note that these signals arise

from the same excited state (5D0) and therefore are independent of the excita-

tion channel (i.e., in near or far field), which happen at the transition 7F0 → 5D2

of Eu3+. As observed, the collected signals corresponding to electric and mag-

netic emission are significantly modified when coupling a MCA or EMA to the

luminescent nanoparticles. In fact, while it is possible to distinguish emission

in the case of the MCA in both electric and magnetic channels, in the case of the

EMA, the luminescence intensity in the magnetic channel for single particles is
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negligible. Qualitatively, this can be better appreciated in Fig. 4.5d,h, where

combined pictures are obtained by normalizing the two channels with their re-

spective maxima and by colour-coding the magnetic signal in green and the

electric one in red. The contrast is striking. In Fig. 4.5d, corresponding to the

MCA coupled to the particle, both magnetic and electrical signals are detected

without spatial overlapping, implying that the maxima of the magnetic and elec-

tric radiative LDOS are spatially separated. In contrast, for the particles-EMA

case seen in Fig. 4.5h, the signal is clearly dominated by electric spontaneous

emission.

Figure 4.5: Near-field coupling. Luminescence intensity distributions moni-
tored when scanning isolated Eu3+-doped nanoparticles in the near-field of (a-
d) a MCA, or (e-h) an EMA: (a,e) total collected intensity; (b,f) collected magnetic
emission; (c,g) collected electric emission; and (d,h) combined images obtained
by normalizing each detection channel to their maximum and colour-coding the
magnetic signal in green and the electric counterpart in red. Scale bars: 200
nm.

4.3.2 Competition between electric and magnetic transitions:
the branching ratios

To quantitatively retrieve the influence of each nanoantenna on the magneto-

electric emission of the nanocrystals, we introduce the magnetic and electric

branching ratios, betam and betae, which represent the relative weights of the

two competing magnetic and electric transitions, and are defined by [48]
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βantm =
Ifluom

Ifluototal

=
Γm

Γm + Γe
(4.2)

βante =
Ifluoe

Ifluototal

=
Γe

Γm + Γe
(4.3)

where Ifluom and Ifluoe stand for the luminescence intensity collected through

either the magnetic or electric channel after noise reduction, respectively, and

Ifluototal is the total collected luminescence intensity.

Fig. 4.6a,b displays the spatial distributions of βantm in the case of the MCA and

βante in the case of the EMA, respectively, calculated from Fig. 4.5. As expected

from Fig. 4.5, we observe two different trends: in the case of the MCA a clear

gradient, going from a dominant magnetic to a dominant electric signal, is seen

in the nanoscale variations of βantm , while, in the case of the EMA, a constant

and essentially electric emission is collected. These trends demonstrate two

major effects: First, the EMA is clearly an electric antenna favouring electric

emission only. Second, the MCA has a dual property; it can strongly enhance

the magnetic emission at given spatial positions, but it can also have an effect

on the electric emission when the particle probes other spatial regions of the

antenna.

In addition, it should be mentioned that although the MCA antenna has a cylin-

drical symmetry, this symmetry is not observed in the branching ratio distri-

butions displayed in Fig. 4.6a. This is explained by a shape asymmetry of the

fabricated antenna in the longitudinal direction, at the final rim of the cylin-

der, as observed in Fig. 4.5a: one side of the antenna is lower than the other,

inducing this asymmetry in the measured signal.

To provide further insight on the nanoscale photonic properties of these res-

onators, Fig. 4.6c,d provides experimental and theoretical line scans of βantm

and βante for each antenna (inset of Fig. 4.6a,b), demonstrating a relatively good

agreement. The slight discrepancy in distance between experiments and sim-

ulations is explained by the fact that numerical simulations consider a single

isotropic point source, whereas the luminescent particles have typical dimen-

sions ranging from 50 to 70 nm, convoluting the detected signal. From these

line scans, we estimate a 2x average enhancement of the relative signal ema-
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Figure 4.6: Magnetic and electric branching ratios. (a) Magnetic and (b) electric
branching ratio distributions for the MCA and the EMA, respectively. For bet-
ter visualization, masks have been applied to render black all branching ratios
corresponding to photoluminescence signals lower than 7.8 counts/ms in the
case of the MCA and 9.2 counts/ms in the case of the EMA. Scale bars: 200
nm. (c) Line scans of the branching ratios represented by the black lines seen in
the insets in parts (a) and (b), where green corresponds to the magnetic branch-
ing ratio and red to the electric one. The confocal constant lines represent the
magnetic and electric relative signals detected without the antennas (see also
Fig. 4.7). The dashed and continuous lines stand for the EMA and MCA, re-
spectively. The error bars represent the standard deviations. (d) Numerical
counterpart of (c) where an isotropic MD and ED is scanned over a transverse
plane along the MCA and the EMA at a distance of 10 nm below each antenna.
For each position of the dipoles with respect to the nanoantennas, their radia-
tive decay rates are calculated by integrating the full power emitted in far field.

nating from the MD transition when introducing the MCA and a 1.3x increase

of the relative ED with the EMA with respect to the confocal case, i.e., without

antennas, as shown in Fig. 4.7. These increases correspond to about 4x (MCA)

and 80x (EMA) enhancements of respectively the magnetic (Γm/Γe) and electric

(Γe/Γm) relative radiative decay rate.

To further validate the ability of the MCA to enhance magnetic spontaneous

emission and as a negative control, we performed a complementary experiment

consisting of scanning in its near field, and in the exact same conditions, flu-
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Figure 4.7: Eu3+-doped nanoparticles excited in the far field using confocal mi-
croscopy. (a) Total fluorescence intensity. (b) MD and (c) ED transition signals.
(d) Combined picture from (b,c) after normalisation by their respective maxi-
mum. Green corresponds to the magnetic channel and red to the electric one.
(e) Magnetic and (f) electric branching ratios. Scale bars: 2 mum. (g) Line scans
of a nanoparticle cluster, giving access to the unperturbed (without antenna)
amount of MD signal with respect to ED.

orescent beads (Thermofischer, F8784) that only feature electric dipolar tran-

sitions. The results are shown in Fig. 4.8. This complementary experiment

demonstrates the unaffected behaviour, by any other possible experimental

bias, of the fluorescence emission when electric emitters are coupled to the

MCA, confirming that the results observed in Fig. 4.6a are due to nanoscale

modifications of the magnetic LDOS.

4.3.3 Influence of the LDOS on the relative electric/magnetic
emission

Importantly, since both magnetic and electric transitions are related to the same

excited state, the relative weight of each transition given by the branching ratios

is directly related to the increase (or decrease) of the radiative magnetic and

electric LDOS induced by the antenna [48]:
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Figure 4.8: Electric emitter study. (a) Total, (b) magnetic and (c) electric in-
tensities collected during the near field interaction between the bead (electric
emitter) and the MCA. (d) Combined picture from (b,c) after normalization by
their respective maximum. Green corresponds to the magnetic channel and red
to the electric one. (e) Magnetic and (f) electric branching ratios. Scale bars:
200 nm. (g) Line scan plots from the black lines in (e,f).

βantm =
βconfm · ρm

βconfm · ρm + βconfe · ρe
(4.4)

βante =
βconfe · ρe

βconfm · ρm + βconfe · ρe
(4.5)

where βconfm represents the magnetic and βconfe the electric branching ratios

without the photonic antennas (i.e., far-field excitation) (Fig. 4.6c, and Fig. 4.7),

and ρm and ρe are the magnetic and the electric radiative LDOS, respectively.

Note that here, the strength of each magnetic and electric transition (their rel-

ative weight) is estimated to be equal to the branching ratios in the absence of

the antenna (i.e., βconfm and βconfe ).

From equations 4.4 and 4.5 we therefore introduce the relative radiative mag-

netic ρ̃m and electric ρ̃e LDOS [48] as

ρ̃m =
ρm

ρm + ρe
=

βconfe · βantm

βconfe · βantm + βconfm · βante

(4.6)
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ρ̃e =
ρe

ρm + ρe
=

βconfm · βante

βconfe · βantm + βconfm · βante

(4.7)

which represent the relative influence of the antennas on their electric and mag-

netic quantum environment. Fig. 4.9a,b display the spatial distributions of ρ̃m
and ρ̃e around the MCA. Although Fig. 4.9a,b seem qualitatively similar to Fig.

4.6a, they actually contain additional information. Indeed, while βm and βe de-

scribe the relative strengths of two competing transitions, ρ̃m and ρ̃e quantify

the effect of the environment on MD and ED transitions at a given wavelength,

and independently of the emitter. Fig. 4.9a,b are thus 2D maps of the modifica-

tion of the electric and magnetic quantum environment surrounding the silicon

nanostructured antenna.

As mentioned above, the distribution of magnetic and electric radiative LDOS

does not hold a cylindrical symmetric shape but instead features a gradient

from preferentially magnetic to electric. To understand this behaviour, numer-

Figure 4.9: Relative radiative LDOS mapping. (a) Magnetic and (b) electric rela-
tive radiative LDOS surrounding the MCA. (c) Combined LDOS map from (a,b).
In here, the same mask has been applied as in the case of Fig. 4.6a. Simulations
of the normalized (d) magnetic and (e) electric field intensities in a transversal
plane (xy) 20 nm below an asymmetric MCA. (f) Combined picture of parts d and
e. The circles represent the outside rim of the MCA. Scale bars: 200 nm.
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ical simulations were performed using an asymmetric MCA antenna, based on

the dimensions observed in the SEM image of Fig. 4.3a. Fig. 4.9d,e show

plots of the normalized theoretical magnetic and electric field intensities, re-

spectively, in a transversal plane positioned 20 nm away from the antenna. We

clearly observe an asymmetric behaviour of those intensities, which translates

in a spatial displacement between electric and magnetic signals once comput-

ing a combined map of those intensities, as shown in Fig. 4.9f. This is in good

qualitative agreement with the corresponding experimental combined images

displayed in Fig. 4.5d and 4.9c. The remaining discrepancy is probably due

to the convolution of the spatial magnetic and electric LDOS distributions by

the nonspherical luminescent Eu-doped nanoparticle that is scanned below the

MCA. Moreover, the difference in sizes between the combined spots in Fig. 4.9c,f

can also be explained by the dimensions of the nanoparticles used experimen-

tally (diameters typically ranging 50-70 nm), which contribute to a convolution

effect with the MCA that exhibits a slightly larger diameter (140 nm).

Finally, to fully express the influence of the antennas on their quantum envi-

ronment in terms of the relative modification of the magnetic and electric LDOS,

we define the degree of magnetic emission (DME) as

DME =
ρ̃m − ρ̃e
ρ̃m + ρ̃e

(4.8)

Following Eq. 4.8, Fig. 4.10a,b display the 2D maps of DME for both anten-

nas. Values of DME lower than 0 describe radiative electric LDOS enhancement

(where electric emission is enhanced) and, above 0, magnetic LDOS increase

(where magnetic emission is increased). As expected, the DME in the case of

the EMA depicted in Fig. 4.10b is everywhere close to -1. Interestingly, a large

area of about 90 x 120 nm2 features an increase of magnetic emission for the

case of the MCA, in good agreement with Fig. 4.9f. To better quantify this ef-

fect, Fig. 4.10c,d plot the distribution of DME for each pixel displayed in Fig.

4.10a,b, when the antenna is scanning a single particle. We observe a broad

distribution in the case of the MCA displayed in Fig. 4.10c, in particular with

many antenna positions (number of pixels) giving a positive DME. In contrast,

a very narrow distribution is obtained in the case of the EMA displayed in Fig.

4.10d, with only negative values and mainly shifted toward -1. These results

unambiguously demonstrate an enhancement of magnetic spontaneous emis-
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sion by means of a photonic nanoantenna (i.e., the MCA).

Figure 4.10: Degree of magnetic emission. DME maps in the case of (a) the
MCA and (b) the EMA. The same masks have been applied as in the case of Fig.
4.6a,b. Scale bars: 200 nm. (c, d) DME distribution obtained over every pixel of
(a,b), when a single particle (indicated by an arrow) is scanned by each antenna.

4.4 Discussion

In this Chapter, we experimentally demonstrate for the first time, manipulation,

enhancement, and control of the magnetic and electric dipole transitions of

quantum emitters using photonic nanoantennas. Moreover, we show that our

experimental data are in good agreement with numerical simulations.

First, we show manipulation of the relative magnetic and electric dipole tran-

sitions by allowing the deterministic positioning of a Eu3+-doped nanoparticle

in close proximity to the nanostructures. This allowed us to spatially decouple

the electric and magnetic emission of the same nanoparticle. Second, we ex-

perimentally measure an average enhancement of 2 and 1.3 times the relative

magnetic and electric emission intensities with respect to far-field illumination,

as well as a 4 and 80 times enhancement of the magnetic (or electric) radiative

decay rate over the electric (or magnetic) one. Third, we demonstrate control of
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the magnetic and electric emission of various emitters by designing nanostruc-

tures featuring specifically magnetic or electric resonances. Furthermore, we

mapped the spatial distributions of the magnetic and electric relative radiative

LDOS surrounding these antennas and the degree of magnetic emission, allow-

ing for a unique insight on how the nanostructures influence their environment

at the optical quantum level. We were able to access the magnetic side of light

thanks to the optimized antenna design, achieved with all-dielectric materials

and tailored geometry found with numerical simulations, combined with the

high 3D positioning accuracy provided by NSOM. Our antenna geometry allows

not only for enhancement of the magnetic field, thanks to the dielectric material

in use, but also makes the magnetic hotspot accessible by means of its hollow

geometry.

The next steps for improving the performance of our approach would be to have

the ability of placing nanoparticle inside the antenna (where the magnetic field

is higher). Another improvement would be to use a better antenna design. New

approaches make use a genetic algorithm where the antenna geometry is left

free to evolve until optimal properties are achieved [193]. Using other materials

or combination of materials, like metal-dielectric, could be interesting as well.

Furthermore, the ability of enhancing the magnetic field together as well as

manipulating magnetic dipole emitters can be of use for biological applications.

Magnetic emitters can be used as biomarkers for imaging [46] since they have

some advantages over common electric ones such as reduced photobleaching

and high quantum yield [44]. Therefore, being able to enhance and control their

emission could open up new bioapplications as ii happened to their electric

counterparts.

The field of chiral optics, which is central in modern biochemistry and the evo-

lution of life, could also directly benefit from this emerging research, as the

magnetic component of light is crucial in light- and chiral-matter interactions

[53, 194–196]. Being able to tailor the chirality of an emitter is of utmost impor-

tance in this field, something that is only possible with dielectric antennas due

to their combined excitation of electric and magnetic modes [52]. By combining

this antennas with chiral optical spectroscopy techniques, we could increase the

chiral optical response of the molecule under study and thus get an increased

detection sensitivity.
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4.5 Conclusions

The findings achieved in this Chapter represent a turning point in light-matter

interactions, by demonstrating that magnetic spontaneous emission can be

made dominant over its electric counterpart, thanks to optically resonant nanos-

tructures. In particular, the boost of magnetic light and matter interactions by

magnetic nanoantennas opens new paradigms in various research fields involv-

ing magneto-electric couplings such as spintronics, metamaterials, optoelec-

tronics, chiral science or bioimaging.

The results shown in here, together with the ones further developed in Chapters

5 and 6, prove the many different applications of optical antennas in the field

of biology, some of them still to be fully exploited.
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Nanoscale control of single molecule Förster

Resonance Energy Transfer by a scanning photonic

nanoantenna

Förster Resonance Energy Transfer (FRET) is a widely applied technique in biol-
ogy to accurately measure intra- and inter-molecular interactions at the nanome-
tre scale. FRET is based on near-field energy transfer from an excited donor to a
ground state acceptor emitter. Photonic nanoantennas have been shown to mod-
ify the rate, efficiency and extent of FRET, a process that is highly dependent on
the near-field gradient of the antenna field as felt by the emitters, and thus, on
their relative distance. However, most of the experiments reported to date focus on
fixed antennas where the emitters are either immobilized or diffusing in solution,
so that the distance between the antenna and the emitters cannot be manipu-
lated. In this Chapter, we use scanning photonic nanoantenna probes to directly
modulate the FRET efficiency between individual FRET pairs with an unprece-
dented nanometric lateral precision of 2 nm on the antenna position. We find that
the antenna acts as an independent acceptor element, competing with the FRET
pair acceptor. We directly map the competition between FRET and donor-antenna
transfer as a function of the relative position between the antenna and the FRET
donor-acceptor pair. The experimental data is well-described by FDTD simula-
tions, confirming that the modulation of FRET efficiency is due to the spatially
dependent coupling of the single FRET pair to the photonic antenna.

This work has been accepted for publication in M. Sanz-Paz, J. Wenger, N. van Hulst, M. Mivelle,
and M. F. Garcia-Parajo. "Nanoscale control of single molecule Förster Resonance Energy Transfer
by a scanning photonic nanoantenna". In: Nanophotonics
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5.1 Introduction

Metallic nanostructures, also called photonic nanoantennas, can convert prop-

agating electromagnetic waves into localized fields at the nanometre scale, and

vice versa [2]. Through plasmonic resonances, metallic nanoantennas enhance

and confine electromagnetic fields much below the wavelength of light. This

property has been used for many purposes, ranging from super-resolution mi-

croscopy [197] or biosensing at high concentrations [198] to detection of dy-

namic events at the nanometre scale [8], and, in particular, to enhance the

fluorescence of close by single emitters by manipulating both excitation and

emission processes [2, 26]. Indeed, photonic antennas modify the local density

of states (LDOS) in their vicinity, which in turn affects the total (ktot = kr + knr),

radiative (kr) and non radiative (knr) decay rates of nearby quantum emitters

[10]. This has the effect of reducing the fluorescence lifetime τ of the emit-

ters (τ = k−1
tot ), and modifying their quantum yield φ (φ = kr/ktot). Interestingly,

the latter can either be decreased or increased by the presence of the antenna,

depending on the intrinsic quantum yield of the emitter and the competition

between kr and knr that the antenna generates [14]. Moreover, the fluorescence

intensity I emitted by a single emitter is given by I = kexc · φ, where kexc is the

excitation rate given by the incident field. Thus, the emitted fluorescence can

be also enhanced by the antenna, if the quantum yield and/or the excitation

field are increased by the nanostructure [27].

Over the past decade, all these properties have triggered the application of nano-

antennas towards the manipulation of single molecule fluorescence emission

demonstrating detection of single molecules at ultra-high concentrations [7,

198], fluorescence enhancement [28] or super-resolution imaging [4, 5]. More

recently, it was discovered that antennas can influence, and even improve, the

efficiency of Förster Resonance Energy Transfer (FRET) [199–201]. FRET is the

near-field energy transfer between two emitters, from an excited donor to a

ground state acceptor. The FRET efficiency, EFRET i.e., the probability that the

acceptor will receive the energy once the donor is excited, is given by [54]:

EFRET =
kFRET

kFRET + kd
=

1

1 +

(
R

R0

)6 (5.1)
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where kFRET corresponds to the FRET decay rate, and kd is the donor decay

emission rate (where kd = τ−1
d , being τd the donor lifetime [54]). R is the distance

between donor and acceptor, and R0 is the so-called Förster radius, i.e., the

distance at which EFRET is 50%. R0 depends on the overlap integral of the

donor emission with the absorption spectrum of the acceptor, on the quantum

yield of the donor and on their mutual dipolar orientation κ. Due to the strong

distance dependence between donor and acceptor, FRET is used to accurately

measure the nanometric distance between two fluorescent emitters (typically in

the range of 1-10 nm) and it is widely applied in biology and chemistry [199,

202].

From the excitation point of view, photonic antennas can open new energy

transfer routes due to the strong confinement of the near-field becoming com-

parable to the donor-acceptor distance [203], whereas the modification of the

LDOS can affect both the kFRET and the decay rates of both donor and acceptor

[55, 204]. As a result, the two main parameters used to experimentally charac-

terize FRET, kFRET and EFRET , can be modified by the presence of the antenna

[205–208].

Recent studies on the effect of nanoantennas on the process of FRET show that

they can help overcoming some of the main limitations of conventional FRET:

they can extend the range at which energy transfer occurs [209–211] and they

can mediate the transfer between perpendicularly oriented dipoles [203, 212].

Such advantages make plasmon-assisted FRET a promising strategy for molec-

ular biology. One of the already demonstrated applications uses FRET combined

with silver nanoparticles to detect protein-specific sialylation on the cell surface

by taking advantage of the enhancement of both the FRET fluorescence signal

(having thus a higher contrast) and the FRET efficiency [213]. A second appli-

cation monitors conformational changes of proteins in living cells with higher

sensitivity than with conventional methods thanks to the increased sensitivity

to detect changes in FRET efficiency provided by gold-coated coverslips [212].

An additional effect of the coupling between photonic antennas and emitters

is the modification of the spatial emission and directionality of the fluores-

cence emission [20–22, 24, 25]. When in resonance, the emitter couples to

the nanoantenna so that the radiation proceeds from the coupled system, giv-

ing rise to changes in the angular emission. Such changes in emission direc-

tionality can be tuned by shifting the antenna resonance and/or by modifying
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the orientation or the position of the emitter with respect to the antenna. This

spatial redistribution of the emission also has an impact on FRET as kFRET is

proportional to the field emitted by the donor at the acceptor position [192].

Thus, the FRET rate enhancement can be calculated by computing the ratio

between the donor emission in presence and absence of the antenna. By per-

forming such calculations for different acceptor positions, a spatial mapping of

the FRET rate enhancement can be readily obtained. Using Finite Difference

Time Domain (FDTD) simulations to calculate the donor emission, it has been

shown that such enhancement is a function of both the position [55] and the

orientation [210] of the donor within the antenna field. However, experiments

aimed to validate these simulations have been performed on diffusing emitters,

where there is no control over the position nor orientation of the emitters with

respect to the antenna. This drawback can be partially overcome by making use

of DNA origamis to immobilize the FRET pair at designed positions with respect

to the antenna [25, 56, 204]. Yet, such approach is static, and only one relative

position can be probed on a specific origami construct.

In this Chapter, we demonstrate the use of photonic nanoantennas fabricated

at the apex of near-field scanning optical microscopy (NSOM) probes to accu-

rately control the 3D position of antennas over individual FRET pairs, with 2

nm lateral precision. We experimentally demonstrate modulation of the FRET

efficiency up to 15%, at the level of a single FRET pair. Such modulation de-

pends on the relative distance between the antenna and the FRET donor and

acceptor pair, and on the donor dipole orientation. Our experimental results,

supported by FDTD simulations, directly reveal the competition between FRET

donor-acceptor transfer and the donor-antenna transfer, while scanning and

controlling the donor-antenna distance on the nanometre scale.

5.2 Materials and Methods

5.2.1 Tip fabrication

The hybrid antennas (HBNA) were fabricated according to the detailed proto-

col described in Chapter 3. In brief, they were carved by FIB (Zeiss Auriga

60 FIB-SEM, 1 nm resolution GEMINI scanning electron microscope (SEM),
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equipped with Orsay Optics 2.5 nm-resolution Cobra ion column) at the end

face of aluminium-coated tapered optical fibres. The tapers were created by

heating pulling single mode (SM600, Fibercore) optical fibres. A 150 nm alu-

minium layer was deposited by thermal evaporation (Oerlikon Leybold Univex

350) around the fibres to prevent light leakage from the tapered region. The

end part of the coated probes was then removed by FIB to create a well-defined

glass opening with diameters close to the cutoff region (500-600 nm) such as to

sustain the lowest order mode (TM01). The milled end faces were then coated

with a 200 nm thick aluminium layer. Monopole antennas (60 to 80 nm long)

were first carved into the layer, and BNAs were then milled into the remaining

metal in close proximity to the monopole (with dimensions 300 nm x 300 nm

and a reproducible gap of 30 nm).

5.2.2 FRET pairs preparation

Double-stranded DNA constructs of 51 base pairs length are designed with one

Atto550 donor on the forward strand, and one Atto647N acceptor on the re-

verse strand [55]. The distance between fluorescent labels was set such that

the donor and acceptor are separated by 10 base pairs (corresponding to 3.4

nm separation). As 10.5 base pairs make a complete turn on the DNA dou-

ble strand, the choice of D-A separation as a multiple of 10 base pairs avoids

considering the complex three-dimensional structure of DNA to estimate the

D-A distance. The characteristic Förster radius computed for Atto550 and

Atto647N in pure water is 6.5 nm. Labelled HPLC-purified DNA single strands

are obtained from IBA (Göttingen, Germany), modified with the corresponding

N-hydroxysuccinimidyl ester (NHS) donor and acceptor fluorophore derivatives

of Atto550 and Atto647N. Fluorophores are covalently linked to an amino-C6-

modified thymidine with NHS-chemistry via base labelling The forward strand

sequence is 5’-CCTGAGCGTACTGCAGGATAGCCTATCGCGTGTCATATGCTGTTd
CAGTGCG-3’. The reverse strand sequence is 5’-CGCACTGAACAGCATATaGACA

CGCGATAGGCTATCCTGCAGTACGCTCAGG-3’. The subscripts indicate the ba-

ses where the fluorophores are being attached (a for the acceptor and d for

the donor). The strands are annealed at 10 µM concentration in 40 mM Tris-

Acetate, 1 mM EDTA, 12.5 mM MgCl2 buffer, and by heating to 95◦C for 5 min

followed by slow cooling to room temperature. The double stranded DNA stocks

were diluted in a 10 mM HEPES buffer, pH 7, and stored at -20oC.
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5.2.3 Sample preparation

Glass coverslips where coated with a thin (∼10 nm) layer of PMMA by spin

coating at 6000 rpm. Afterwards, FRET pairs were diluted in HEPES to a con-

centration of 10 nM and spin coated onto these PMMA-coated coverslips at 2000

rpm. This ensures that single pairs will be well separated for imaging and that

the FRET pairs will lie on top of the PMMA layer. Finally, a second thin layer of

PMMA (∼10 nm) was spin coated (6000 rpm) on top to improve immobilization

of the FRET pairs and increase the photostability of the dyes.

5.2.4 FDTD numerical simulations

3D numerical modelling on HBNA probes was based on the finite-difference

time-domain (FDTD) simulations. For the simulations on the field enhance-

ment, the model considers a volume spanning 5 µm in x,y and 8.5 µm in z. The

refraction index and taper angle of the dielectric body of the probe were chosen

to be 1.448 and 24◦, respectively. The aluminium thickness on the side and on

the end face of the tips are 150 and 120 nm, respectively, and the aluminium

dielectric constant was measured by ellipsometry. The external dimensions of

the BNA are 300 nm, and the gap size is 30 nm. The monopole antenna length

and diameter are chosen to be 70 and 30 nm, respectively. A nonuniform grid

resolution varies from 25 nm for portions at the periphery of the simulation,

5 nm for the region in the immediate proximity to the BNA, and to 2 nm for

the volume including the monopole antenna. Excitation at λ = 561 nm was

done by a linearly polarized Gaussian beam launched at 7 µm away from the

tip body and propagating toward the HBNA. The field profiles are measured at

an xy-plane 10 nm away from the monopole end.

For the simulations of the rate enhancements the antennas are simulated on

a glass substrate positioned in the middle of a FDTD window spanning ±1 µm

in x, y and z, in order to reduce the running time. In addition, to be closer to

the experimental conditions (FWHM from beads ∼55 nm), we chose a monopole

diameter of 50 nm. A dipole source is used as a donor, and its position and

orientation with respect to the antenna are changed. The rest of the parameters

are kept the same as mentioned before.
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5.2.5 FRET efficiency calculation

For every pixel in the spots observed we record the number of photons in both

acceptor and donor channels (na and nd, respectively). The background on

each channel is then subtracted from these values. The FRET efficiency is then

computed on every pixel according to the formula EFRET =
na

na + γnd
, where γ

accounts for the different detection efficiencies of donor and acceptor channels

for every optical element in the detection path. Considering the fluorescence

collection efficiencies of the objective and the SPADs at the emission maxima of

the donor an the acceptor, together with the transmission of all of the filters in

use (dichroic and band passes used to split and filter the collected fluorescence

signal) in the emission range of both donor and acceptor dyes, we estimate this

correction factor to be γ = 0.76. Here, we assume that this factor is mostly

unaffected by the antenna. This hypothesis is confirmed by the good agreement

between experiments and simulations.

5.3 Results and discussion

5.3.1 Hybrid antennas for FRET

Fig. 5.1a describes the principle of the experiments described here, where a

photonic nanoantenna laterally scans individual FRET pairs with nanometric

precision. By varying the relative position between the antenna and the pair

during scanning, one obtains a super-resolution map of the antenna-to-FRET-

pair coupling, and its impact on kd, kFRET and resulting FRET efficiency. The

experiments have been performed using a homemade combined confocal/NSOM

setup, as shown in Fig. 5.1b. Excitation of the sample is achieved either in con-

focal mode (not shown in the figure), or by coupling the laser light (λ = 561 nm)

at the back-end of a near-field probe supporting a monopole on a bowtie an-

tenna at its apex. Experiments in confocal mode are performed using circularly

polarized light, while excitation via the antenna is performed by adjusting the

incoming polarized light along the bowtie gap region to drive the gap mode. The

sample is mounted on a piezo stage that can be scanned in 3D with nanome-

tre accuracy. The fluorescence emitted from the sample is collected through a

1.3NA objective and split towards two single-photon counting avalanche pho-
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todiodes (SPADs) to discriminate the light emitted from the acceptor and donor

molecules.

The antenna geometry used in our experiments is the hybrid antenna (HBNA)

Figure 5.1: Experimental configuration. (a) Sketch illustrating the principle of
the experiments. An optical nanoantenna (bowtie with monopole) positioned at
a z distance above the sample scans laterally individual FRET pairs. The cou-
pling of the monopole antenna to the emitters depends on their relative 3D posi-
tion and affects the donor decay rate kd and kFRET , modulating FRET efficiency
and acceptor emission. (b) Schematic of the NSOM setup, with an aluminium-
based optical antenna probe placed in close proximity to the sample, where the
FRET pairs are immobilized, and the subsequent detection scheme. The lower
inset shows a cross-section of the sample, with the FRET pairs immobilized be-
tween two PMMA layers (1 nm thick). The upper inset shows a SEM image of
a representative HBNA probe supporting a monopole with an apex of 30 nm in
diameter. (c) FDTD simulations of the near-field intensity enhancement (ratio of
intensity in presence and absence of the antenna) provided by a HBNA (30 nm
in diameter, 70 nm in length), 10 nm away from the monopole end. Both the
total field as well as the x, y and z components of the near-field are displayed.
Scale bars: 100 nm. (d) Absorption (dashed lines) and emission (solid lines)
spectra of both the donor (green) and acceptor (red) dyes. The broad resonance
spectrum of the HBNA obtained from FDTD simulations is shown in blue.
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described in Chapter 3. Briefly, it consists on a bowtie nanoantenna resonator

that couples the light onto a monopole [4]. A representative image is shown in

the inset of Fig. 5.1b. The antennas are fabricated at the apex of aluminium

coated tapered optical fibres using focussed ion beam (FIB) and mounted on

the NSOM head (Fig. 5.1b). The FRET sample consists of double-stranded DNA

of 51 base pairs total length, labelled with a single Atto550 donor and a single

Atto647N as acceptor, set at specific positions on the DNA double strand to

reach a separation of 10 base pairs. In these conditions, the donor-acceptor

distance is estimated to be around 3.4 nm, which is about twice lower than

the Förster radius of R0 = 6.5 nm, assuming an average orientational factor

κ2 = 2/3 for this set of fluorescent dyes. The FRET pairs are spin coated and

immobilized in a PMMA -coated coverslip (10 nm layer) at low concentrations to

allow for single-pair FRET measurements both in confocal and NSOM modes.

As depicted in Fig. 5.1b, a second thin PMMA layer (∼10 nm) is spin-coated

on top of the FRET pairs to prevent any possible dragging by the antenna and

improve the photophysical stability of the dyes [115].

According to the FDTD simulations shown in Fig. 5.1c, our HBNA design pro-

vides an intensity enhancement of up to 500-fold for an incident polarization

along the gap and a spatial confinement (30-50 nm) that matches the diame-

ter of the monopole [4]. Due to its geometry, the near-field intensities close to

the monopole end exhibit different patterns and degree of enhancement for all

3D orientations (Fig. 5.1c), which in turn will affect how dipoles with different

orientations are excited. Importantly, the selected design and metal used make

these types of antennas broadband over the visible range of the spectrum, dis-

played in Fig. 5.1d, significantly overlapping with the absorption and emission

spectra of both donor and acceptor dyes used in our experiments, as shown in

Fig. 5.1d.

5.3.2 Control of the FRET efficiency as a function of antenna
position

Two representative confocal images of individual FRET pairs are shown in Fig.

5.2a,b. Each spot on the image corresponds to the fluorescence emission of a

single FRET pair, where magenta and green represent the acceptor and donor

channels respectively. As expected, most of the spots are magenta, consistent
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with the short distances involved and the estimated EFRET ∼98%. We attribute

the few green spots observed mostly to the fact that the DNA hybridization is

not 100% efficient and a non-negligible probability that the two emitters are

perpendicular to each other, so that FRET does not occur. Fig. 5.2c,d show two

exemplary near-field images obtained on smaller regions of the sample using a

HBNA. Similar to the confocal case, most of the fluorescence spots are magenta,

indicative of high FRET efficiency. In addition, the fluorescence spots show

characteristic near-field patterns, i.e., a central bright spot having a full-width-

at-half-maximum (FWHM) around 50 nm corresponding to the highly confined

excitation from the monopole, together with a weaker shadow region on a side,

resulting from residual excitation of the BNA arms. Moreover, based on the

FDTD simulations and excitation patterns shown in Fig. 5.1d,e, the near-field

spots obtained in these images should mainly correspond to out-of-plane ori-

ented molecules, which is expected given the larger field enhancement in the z

direction.

The FRET efficiency can be experimentally determined as EFRET =
na

na + nd
,

where na corresponds the number of photons collected in the acceptor channel

(after background subtraction), and nd to the photons collected in the donor

channel (background subtracted and after applying a correction factor that ac-

counts for the difference in fluorescence collection efficiencies between both

channels). Fig. 5.2c shows the histograms of EFRET obtained from the mean

intensities of individual spots over multiple confocal images. The distribution is

strongly shifted towards high FRET efficiencies around 90%. It is worth noticing

that in our case the FRET pairs are immobilized and thus the relative orientation

between the acceptor and the donor is fixed, as opposed to most FRET exper-

iments performed in solution where the dyes are freely rotating. In this latter

case the orientational factor κ2 should be considered 2/3, obtained from aver-

aging all orientations, whereas in our case all possible κ2 values ranging from

0 to 4 should exist. To assess the effect of κ on the experimentally determined

EFRET from confocal images, we generated a histogram from simulated data

considering random orientations between the donor and the acceptor. Both

experimental and simulated histograms agree nicely with each other validat-

ing our experimental approach and detection efficiencies in both channels, as

shown in Fig. 5.2c.

Fig. 5.2f shows the EFRET distribution obtained from multiple antenna-based
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images. For this calculation, we consider the mean intensity of each individual

spot, i.e., monopole excitation, disregarding the shadow contribution from the

BNA arms. Both confocal and antenna-based EFRET plots are quite similar

with a mean EFRET of 0.86 (sd = 0.20) and 0.88 (sd = 0.14) for confocal and

antenna excitations respectively. While averaging over all antenna-FRET sample

positions and orientations, the initial analysis shows therefore no significant

effect of the antenna on the 3.4 nm average FRET efficiency distribution.

To gain further insight on the potential effect of the antenna position with re-

Figure 5.2: 3.4 nm FRET pairs imaged in confocal and in near-field. (a,b) Two
representative confocal images of a sample containing individual 3.4 nm FRET
pairs. Magenta represents signal from the acceptor channel (178 counts/ms)
and green from the donor one (55 counts/ms). Scale bars: 2 µm. Integration
time: 2 ms per pixel. (c) EFRET histogram obtained from the mean intensity
of individual spots from multiple confocal images (blue) together with simu-
lated data considering all possible orientations between donors and acceptors
(grey). (d,e) Two exemplary antenna-based images of the same sample (with 181
counts/ms and 26 counts/ms in acceptor and donor channels respectively).
Scale bar: 500 nm. Integration time: 10 ms per pixel. Insets in (a,d) show
line profiles on two different fluorescence spots illustrating the increased lateral
resolution obtained by the antenna (d) as compared to diffraction-limited confo-
cal (a). (f) Corresponding EFRET histogram obtained from individual spots over
multiple antenna-based images.
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spect to the FRET pairs, we reanalyse each fluorescence spot and generate

EFRET maps on a pixel-to-pixel level. Representative fluorescence and corre-

sponding EFRET maps with a 8 nm lateral resolution (corresponding to pixel

size) are shown in Fig. 5.3a,b and Fig. 5.3c,d, respectively, together with ex-

emplary zoom-in FRET spots displayed in Fig. 5.3e. Interestingly, the FRET

efficiency is not homogenous or constant for each single pair, but instead it

shows variations up to ∼20% as a function of the antenna position with re-

spect to individual FRET pairs. Moreover, distinct spatial patterns are observed

for different pairs. These effects are more clearly visible when increasing the

pixel resolution to 2 nm as in the examples in Fig. 5.4a,b and unequivocally

demonstrate nanoscale FRET modulation as a function of the antenna position.

Figure 5.3: FRET efficiency maps by changing antenna position with 8 nm pre-
cision. (a,b) The two representative antenna-based images of individual FRET
pairs shown in Fig. 5.2(d,e) after renormalizing the signal in the donor channel
to its maximum. The sample is line-scanned along the vertical direction. Scale
bar: 500 nm. (c,d) Corresponding EFRET maps calculated on a pixel-by-pixel
basis after applying a 2x2 pixel gaussian filter to the original images for better
visualization. (e) Zoom-ins of different EFRET spots seen in (c,d) with a lat-
eral resolution of 8 nm (pixel size). Each spot shows a different spatial EFRET

pattern and pixel-to-pixel variations of EFRET are readily observed.
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Figure 5.4: FRET efficiency maps by changing antenna position with 2 nm pre-
cision. (a,b) Individual intensity and EFRET spots respectively, mapped with a
lateral resolution of 2 nm (pixel size). Notice that on the left panel photobleach-
ing of the acceptor occurs during scanning so that the donor signal (green) is
recovered and FRET is lost, further demonstrating that our measurements are
performed at the level of single FRET-pairs. Scale bars: 200 nm. Integration
time: 10 ms per pixel.

To quantify better these FRET variations, we generate normalized donor and

acceptor fluorescence line profiles on several of the FRET spots observed in Fig.

5.3a,b, obtained with a pixel resolution of 8 nm. These are displayed in Fig.

5.5. To exclude the influence of residual excitation from the BNA arms, the line

profiles are generated vertically along the y-scanning direction, and averaged

over three line profiles to reduce the effect of photon statistical fluctuations.

We assign the zero position in the x-axis to the pixel where donor signal is

maximal. We further perform a gaussian fitting of the line profiles from the

two channels, and from there we calculate EFRET as a function of the antenna

position, represented as black lines in Fig. 5.5 (and expanded on the upper

plots) for those pixels where the signal from either of the two channels is at least

20% of its maximum. As observed from the different pairs, the FRET efficiency is

not constant but it rather shows variations as a function of the lateral distance

between the antenna and the FRET pair. The degree of FRET modulation ranges

from 3% up to 15%, depending on the FRET pair. Furthermore, each FRET
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profile exhibits a different pattern: in most cases, the largest FRET reduction

occurs close to centre (i.e., x = 0), as in spots (i), (ii) and (v), while in some

cases like (iii) and (vi), a gradient from lower to higher FRET values is obtained.

This latter effect is observed on those pairs where the spots in acceptor and

green channels are laterally displaced with respect to each other, and occurs

because of a different coupling of the antenna to the donor and acceptor, which

in turn depends on the dipole orientation of the donor/acceptor with respect to

the antenna and the respective donor and acceptor dipolar orientations. There

Figure 5.5: FRET efficiency as a function of the antenna position. Line profiles of
several FRET spots observed in Fig. 5.3a,b as a function of the antenna position
taken along the y-scanning direction. Magenta represents the normalized signal
from the acceptor channel, green from the donor channel and black corresponds
to the FRET efficiency. Top insets are expanded plots of the FRET efficiency
lines profiles. The zero position in the x-axis is defined at the pixel where the
donor signal is maximum. The numbers on the right of each profile correspond
to the respective FWHMs of donor and acceptor, obtained from gaussian fittings
to the experimental data.
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are also some intermediate situations like spot (iv), that is like a combination

between the two previously described examples. Overall, these results show

nanoscale FRET modulation mapped with a spatial resolution of ∼8 nm and at

the single FRET pair level.

5.3.3 Photonic antennas affect the competition between donor
and FRET rates

To understand the influence of the antenna position on the degree of FRET

modulation, we performed FDTD simulations. The FRET efficiency is defined as

a function of both the FRET and donor rates (kFRET , kd). By rewriting eq. 5.1,

we can express EFRET as a function of quantities that can be readily simulated:

EFRET (r) =

kFRET (r)

k0FRET
kFRET (r)

k0FRET
+

kd(r)

k0FRET

=

kFRET (r)

k0FRET
kFRET (r)

k0FRET
+
kd(r)

k0d

k0d
k0FRET

(5.2)

where
kFRET (r)

k0FRET
is the FRET rate enhancement, that can be computed as the

ratio of the field emitted by the donor at the acceptor position in presence and

absence of the antenna [192], and
kd(r)

k0d
is the change in donor rates in presence

and absence of the antenna. Finally,
k0d

k0FRET
can be retrieved from the value of

the FRET efficiency in a homogeneous environment

E0
FRET =

k0FRET
k0FRET + k0d

=
1

1 +
k0d

k0FRET

=
1

1 +

(
R

R0

)6 →
k0d

k0FRET
=

(
R

R0

)6

(5.3)

Therefore, the FRET efficiency at each antenna position is the result of a com-

petition between the antenna induced FRET rate enhancement and donor rate

enhancement [214, 215]. Overall, the condition for enhancement of the FRET

efficiency [214] requires that
kFRET (r)

k0FRET
>
kd(r)

k0d
. Since both parameters depend

on the relative position of the donor with respect to the antenna, we expect a
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modulation of the FRET efficiency while scanning the antenna over the FRET

pairs.

Fig. 5.6 shows the results of the FDTD simulations, considering two different

axial distances from the antenna to the FRET pairs, i.e., z = 10 nm in Fig.

5.6a and z = 30 nm in Fig. 5.6b. The simulations assume that the acceptor is

positioned 3.4 nm away from the donor, and they are performed for all three

possible orientations of both the donor and acceptor, and for an antenna that

scans the donor in the y direction, in analogy to the experimentally obtained

line profiles. Moreover, we particularly focus on the influence of the antenna on

the donor field as it is the one mostly affecting the acceptor.

As observed from the simulations considering FRET pairs with a short separa-

tion of 3.4 nm between donor and acceptor emitters, the donor rate enhance-

ment
kd(r)

k0d
, is always much higher than the FRET rate enhancement

kFRET (r)

k0FRET
,

for any donor orientation. Therefore, as the ratio
k0d

k0FRET
is a constant for this

FRET sample, the variations observed on the FRET efficiency directly repre-

sent the modulation of the donor LDOS as a function of the antenna position.

Furthermore, since
kd(r)

k0d
is independent on the acceptor orientation, the FRET

efficiency modulation by the antenna only depends on the donor orientation.

Moreover, the strength of the FRET efficiency modulation depends on the dipo-

lar orientation of the donor, being more pronounced for z-oriented donors as

they couple more efficiently with the antenna (third row on Fig. 5.6a,b). Since

the near-field excitation provided by the antenna is stronger in the z direction

(Fig. 5.1c), donors aligned along the z direction will be most efficiently excited

and FRET will largely proceed from these pairs. In these conditions, we expect

from our simulations to preferentially measure a FRET efficiency reduction, as

transfer to the antenna competes with FRET transfer to the acceptor, which is

fully consistent with our experimental results. Finally, the strength of FRET

modulation strongly depends on the axial distance separation between the an-

tenna and the donor emitter (simulations at z = 10 nm in Fig. 5.6a and z = 30

nm for Fig. 5.6b). At z = 10 nm the drop in FRET efficiency caused by the donor

enhancement rate is 40% and decreases to ∼10% for an axial separation of 30

nm. Bearing in mind our sample preparation procedure where the FRET pairs

are buried within a thin 10 nm PMMA layer, and that the distance between the

tip and the sample in NSOM experiments is between 5-10 nm depending on the
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Figure 5.6: (a,b) FDTD simulations of FRET rate enhancement (left column),
donor rate enhancement (middle column) and resulting FRET efficiency (right
column) as a function of antenna to donor position. The x-axes correspond to
the lateral distance (nm) of the antenna with respect to the donor, i.e., as the
antenna scans the donor in the y direction. x = 0 corresponds to the position
where the antenna is vertically aligned with the donor. Simulations are shown
for different orientations of the donor (x in the first row, y in the second and z
in the third) and consider the 3D near-field components emitted by the donor
(x-direction in solid blue, y-direction in dashed red and z-direction in dotted
yellow). In the case of the donor rate enhancement, only the donor orientation
plays a role (green lines). The simulations are shown for an axial separation
between the donor and the monopole end of (a) 10 nm and (b) 30 nm.
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feedback loop, we estimate an axial separation of 15-20 nm between the monopole

and the FRET pairs. Thus, our experimentally obtained FRET modulation val-

ues of 3-13% agree well with an axial distance separation between the antenna

and the donor that lies between the two simulated sets (Fig. 5.6a,b).

Interestingly, the experimental data shown in Fig. 5.5 also shows a consistent

narrower profile of the donor signal as compared to the acceptor one. To en-

quire whether this observation is statistically significantly, we analysed over 30

different FRET spots and measured their FWHM. The histogram in Fig. 5.7a

shows a clear narrowing of the FWHM distributions of the donor compared to

the acceptor profiles, with as much as ∼30 nm. To exclude any potential arte-

facts induced by the antenna and/or the experimental set-up we performed

similar measurements on 20 nm-beads (labelled with nile red, same as the ones

used in Chapter 2) deposited on glass coverslips. The corresponding histograms

are displayed in Fig. 5.7b. As expected, the FWHM distributions for both chan-

nels fully overlap with each other, indicating that the FWHM shift between donor

and emission profiles should arise from the coupling of the antenna to the FRET

pairs.

Figure 5.7: Narrowing of the donor. (a) Histogram of the FWHM obtained from
different FRET pairs, where green and magenta correspond to donor and ac-
ceptor emitters, respectively. (b) Corresponding histogram obtained on 20-nm
beads measured using the same antenna and under similar experimental con-
ditions. (c) Schematics of the FRET process, where ka (acceptor emission rate)
depends on the competition between kd and kFRET .

Notice that we assign a narrowing of the donor profile rather than a broadening

of the acceptor FWHM, since the FRET pairs are buried in the PMMA layer and

thus at a larger z distance, as compared to the beads which are much closer

to the antenna. Therefore, the FWHM acceptor broadening is simply the re-

sult of its axial separation with respect to the antenna. In strong contrast, the
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narrowing of the donor profile occurs as a result of FRET and donor coupling

to the antenna. These results can be understood on the basis that EFRET re-

sults from a competition between enhanced kd and kFRET , as sketched in Fig.

5.7c. Based on our simulations in Fig. 5.6, at lateral positions away from the

antenna, kFRET dominates and the donor signal is highly quenched. However,

at lateral positions close to the antenna (within ∼ ±15 nm as inferred from

Fig. 5.6, kd is highly increased and competes with kFRET , leading to donor

emission unquenching. Our experimental data agrees remarkably well with the

simulations, as the donor FWHM profile is ∼30 nm narrower than the accep-

tor emission profile. In summary, by laterally manipulating with nanometric

precision the 3D position of the antenna with respect to the emitters, we are

able to directly map the competition between kd and kFRET and experimentally

measure FRET modulation induced by photonic antennas.

5.4 Discussion

In this Chapter we have used nanoantennas mounted on a near-field optical set-

up to achieve full 3D control of the antenna position with respect to single FRET

pairs. Using this approach, we have directly mapped the FRET efficiency as a

function of the antenna-pair distance, with a unprecedented lateral control of 2

nm. Our experiments confirm that the energy transfer depends on the position

of the antenna with respect to the pair and on the donor dipole orientation, in

agreement with previous works [55, 210].

For a system with high FRET efficiency such as the one studied here (3.4 nm

separation), the donor enhancement rate dominates over the FRET rate result-

ing in an overall decrease of FRET efficiency between 3-15%. Our work consti-

tutes the first experimental spatial mapping of the influence of photonic anten-

nas on the competition between kd and kFRET , controlling the FRET efficiency.

It will be interesting to study in the future similar effects on FRET pairs of larger

separations [55, 210]. Such experiments will be interesting given the broad ap-

plicability of FRET and the prospect that photonic antennas can extend the

range at which FRET can be observed.

This Chapter tries to bring new insights on the effect of photonic antennas on

FRET, since there is some controversy in the field. Some studies have observed
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an enhancement in the FRET efficiency [203, 210, 216], whereas some others

have reported the opposite [55, 56, 205, 217, 218]. However, this discrepancies

can be explained as coming mainly from the intrinsic value of the FRET effi-

ciency, i.e. in absence of the antenna. As we have shown in this Chapter, the

changes in FRET efficiency are due to a competition between the enhancement

in the donor and FRET rates. Therefore, if we start from a situation in which the

FRET rate is very high, the antennas will barely affect the FRET rate but it will

enhance the decay rate of the donor, effectively reducing the FRET efficiency at

the end. That is the reason why an enhancement of the FRET efficiency was

only observed in situations that are unfavourable in absence of the antenna,

like for perpendicularly oriented dipoles [203] or for pairs with distances above

10 nm [210, 216]. In our case, we see always a decrease on the FRET efficiency

as compared to confocal values due to the short distance of the pair (3.4 nm).

Nevertheless, the extent of this quenching changes as a function of position due

to the different changes in donor and FRET rates.

There are also discrepancies on the dependence of the FRET rate with the LDOS,

i.e. the donor emission rate, since some experiments show no dependence [56,

205, 206] while others demonstrate a linear one [55, 201, 209]. These differ-

ent results come from the difficulty to clearly separate the contribution from

the donor rate enhancement and the coupling to the antenna to the actual

FRET rate enhancement, as well as from the fact that some experiments were

performed at the ensemble level. With our approach, we can image individual

FRET pairs while at the same time controlling the distance between the nanoan-

tenna and the FRET pairs, with 2 nm precision accuracy. Our simulations, that

are in agreement with the experimental results in terms of the FRET efficiency

modulation, show that the FRET rate is indeed modulated by the presence of

the antenna in a position dependent manner, suggesting a dependency with

the LDOS. To try to asses this better, having access to fluorescence lifetime

would provide additional information to our experiments. This would allow us

to experimentally evaluate the contribution of the different rates, since we could

directly relate the change on fluorescence lifetime of the donor to its decay rate

and try to decouple it from the FRET rate itself. Since our approach allows for

full control of the antenna position over the emitters, we could observe the evo-

lution of the different parameters controlling FRET as a function of position, i.e.

as the coupling strength of the donor to the antenna changes.
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5.5 Conclusions

The results shown in this Chapter show the great applicability of our HBNAs-on-

probe to map interaction between antennas and emitters due to the high spatial

resolution and high 3D positioning precision. Furthermore, their broadband

behaviour, owned to the geometry and the use of aluminium, is of particular

relevance for the characterization of dipole-dipole interactions. This broadband

resonance is given by the BNA, and will be also used later in Chapter 6 to

investigate interaction of different molecular species in living cell membranes.
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CHAPTER 6
Nanoscale multicolour fluorescence

cross-correlation spectroscopy on living cell

membranes with photonic antennas

Fluorescence correlation spectroscopy (FCS) is a broadly used technique in biol-
ogy to measure the diffusion of individual molecules. The increasing need to study
nanoscale dynamic processes has recently pushed the implementation of FCS on
optical configurations that reduce the illumination volume beyond the diffraction-
limit. However, while its extension to dual-colour fluorescence cross-correlation
spectroscopy (FCCS) using diffraction-limited schemes is relatively straightfor-
ward, implementation of FCCS at the nanoscale has remained challenging. In
this Chapter, we exploit broadband antennas fabricated at the apex of near-field
probes to demonstrate nanoscale multi-colour FCCS on living cell membranes. We
first validate our approach by measuring the diffusion of individual lipids in living
cell membranes within regions ∼50 nm in size. We then extend the application of
broadband antennas to multi-colour and recorded simultaneous fluorescence fluc-
tuations of dual-colour labelled membrane receptors known to form nanoclusters
in living cells, revealing interactions within regions of ∼60 nm. Remarkably, by
reducing the illumination volume below the nanocluster sizes, we resolve for the
first time molecular diffusion within nanoclusters and distinguished it from nan-
ocluster diffusion. As a whole, our work underscores the potential of broadband
photonic antennas to resolve intermolecular interactions and molecular diffusion
in living cell membranes with ultra-high spatiotemporal resolution.

This work has been submitted as T. van Zanten*, M. Sanz-Paz*, C. Manzo, M. Mivelle, and M.
F. Garcia-Parajo. "Nanoscale multicolour fluorescence cross-correlation spectroscopy on living cell
membranes with photonic antennas". In: ACS Nano
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6.1 Introduction

The ability to detect and follow the fate of individual molecules in living cells

is changing the way we nowadays approach biology. In fact, a broad range

of fluorescence-based techniques have been devised over the last twenty years

that allows dynamic studies of individual molecules with ultimate sensitivity

and high temporal resolution [219–223]. Among these, fluorescence correlation

spectroscopy (FCS) and single particle tracking (SPT) stand as the most pow-

erful techniques to record the diffusion of individual molecules in living cells

[57, 224]. In addition, their multi-colour implementation has resulted in flu-

orescence cross-correlation spectroscopy (FCCS) or multi-colour SPT schemes

that allow the monitoring of interactions between different molecules and/or

with their surrounding environment [225, 226]. Unfortunately, because of the

highly crowded molecular environment in living cells and the large illumina-

tion volumes provided by these diffraction-limited approaches, single molecule

studies need to be performed at ultra-diluted labelling conditions [227]. As a

result, only a sub-set of molecules can be simultaneously investigated in a dy-

namic fashion, thus requiring a large set of experiments to derive statistically

relevant information on the processes of interest. Moreover, resolving multi-

molecular interactions within the natural cell environment remains challenging

as they transiently occur within nanoscale regions that are difficult to assess

by diffraction-limited optics.

In recent years, several techniques have been implemented aiming at reducing

the illumination volume set by diffraction, thus enabling single molecule dy-

namic studies at higher labelling conditions in living cells on the nanoscale. For

instance, stimulated emission depletion microscopy (STED) [228] and metallic

nanoapertures [145, 229, 230] can reduce the illumination area down to 50-

200 nm in diameter. However, in the case of STED both the high laser powers

required and the accelerated photobleaching constitute major drawbacks for its

routine application in living cells [231]. Moreover, although dual-colour STED

is nowadays widely used for super-resolution imaging in fixed cells [232], its

extension to living cells for dynamic studies by means of FCCS remains highly

challenging. In the case of subwavelength apertures, there is a compromise

between volume confinement and light throughput, since the effective power

density decays as the fourth power of the aperture size. This severely limits

116



Nanoscale multicolour FCCS on living cell membranes with photonic antennas

their practical use in studies at the nanoscale, since aperture dimensions must

be kept around 150-200 nm to provide sufficient power. Some solutions to this

problem have been proposed, such as combining Zero Mode Waveguides (ZMWs)

with Förster resonance energy transfer (FRET) to maintain single-molecule sen-

sitivity at millimolar labelling concentrations [233]. Nanoapertures and zero-

mode waveguides (ZMW) have been used to perform simultaneous two-colour

FCS and FCCS in solution [234], on supported lipid bilayers and on live cells

[230], but they suffer from the same throughput drawbacks as for the single-

colour approaches. Thus, extension of FCCS to the nanoscale in living cells is

still pending.

Photonic antennas take advantage of electromagnetic resonances to enhance

the optical field at nanometric dimensions [30]. Such an enhanced excitation

hotspot reduces the observation volume to a few zeptoliters, enabling the detec-

tion of single molecules in highly concentrated solutions [6, 30]. These excit-

ing results have prompted the search for photonic antenna geometries allowing

studies on more biologically-relevant conditions, such as mimetic lipid bilayers

or even living cells. For instance, using colloidal lithography and plasma etch-

ing, large arrays of antennas with gap sizes between 20 to 75 nm have been

fabricated and used to recording single protein diffusion on mimetic lipid mem-

branes [235]. More recently, our group reported on the fabrication of bowtie

nanoaperture antennas (BNAs) arrays by means of stencil lithography and mea-

sured the diffusion of individual lipids in living cell membranes on nanoscale

regions of 20 nm in size [236]. Unfortunately, these proof-of-principle experi-

ments showed a large variability in the measured diffusion times due to varia-

tions on the gap sizes as a result of the fabrication process, and to membrane

invaginations into the antenna gap region. To overcome the latter, we developed

planar nanoantennas arrays and quantified lipid diffusion by means of FCS

in both model membranes and living cells [8, 237, 238]. Such measurements

also proved the existence of transient cholesterol-enriched nanodomains in the

membrane of living cells as small as 10 nm in size [237], demonstrating that

photonic antennas hold great potential to measure molecular diffusion and to

unravel nanoscale heterogeneities in intact living cell membranes.

Despite their advantages, there are still several challenges that limit the broad

application of photonic antennas for biological membrane studies. Because of

the strong field gradients of the antenna near-field, the antenna needs to be po-
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sitioned close to the fluorescence molecules (∼10 nm) such that the largest en-

hancement and spatial confinement are reached. This is commonly achieved by

preparing lipid bilayers or seeding the cells on top on the antenna substrate, but

this approach requires careful sample preparation to minimize unwanted inter-

actions of the sample with the underlying substrate that potentially affect the

diffusion of the molecules. In addition, most antenna designs are only resonant

in a narrow wavelength range, restricting experiments to a single colour. In this

Chapter, we address these two limitations by implementing self-standing broad-

band photonic antennas fabricated at the apex of near-field scanning probes.

We show that by maintaining the antenna stationary within 10 nm above in-

tact cell membranes, lipid diffusion can be recorded on regions of ∼50 nm in

size. Moreover, we demonstrate the capability for FCCS at the nanoscale on

living cells. The use of FCCS allowed us to resolve receptor interactions within

nanoclusters and importantly, to discriminate molecular diffusion within nan-

oclusters from nanocluster diffusion in the plasma membrane of living cells.

6.2 Materials and methods

6.2.1 Cell preparation and labelling

Chinese hamster ovary (CHO) cells were cultured in phenol-red free Dulbecco’s

Modified Eagle Medium (DMEM) with nutrient mixture F-12 (1:1) supplemented

with 10% fetal calf serum and Antibiotic Antimycotic Solution (Gibco). For in-

corporation of Atto647N conjugated phosphoethanolamine lipid (PE) in the cell

membrane we followed previously published protocols [145, 228]. Bovine Serum

Albumin (BSA)/PE analogs complexes were prepared by dissolving lipid analogs

in CHCl3/MeOH (3:1). From the stock solution, 100 nmol of lipid analog were

dried under a stream of nitrogen and redissolved in 20 µL of absolute ethanol.

After the addition of 1 mL of defatted BSA (0.2 mM in DMEM), the solution was

vigorously vortexed. Cells spontaneously adhered on a glass coverslip after 48

hours of incubation at 37◦C. For PE analogs incorporation, cells were washed

with DMEM and incubated with BSA/PE analog complexes for 10 min at 25◦C

temperature, washed with DMEM and prepared for observation. Typical con-

centrations of BSA/PE complexes were 100-300 nM.
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For the experiments on DC-SIGN, CHO cell lines stably expressing DC-SIGN

wild type, containing a short C-terminal AU1 tag as already published [239],

were cultured in Ham’s F-12 medium (LabClinics) supplemented with 10% fetal

calf serum and Antibiotic Antimycotic Solution (Gibco). Monovalent single chain

anti-human AU1 antibodies (mAbs) were generated from AU1 Ab (Covance) by

reduction with Dithiothreitol (DTT, Invitrogen) according to manufacturer’s in-

structions. Reduced Abs were then labelled with either Atto520 or Atto647N

according to standard protocols provided by the manufacturer. Glass adhered

CHO cells were incubated for 30 min at room temperature using equimolar

concentrations of Atto520- and Atto647N-conjugated single chain mAbs at sat-

urating conditions to label all DC-SIGN receptors. Before imaging, extensive

washing with serum-free medium was performed to remove non-bound mAbs.

6.2.2 Fluorescence Correlation Spectroscopy

Fluorescence Correlation Spectroscopy (FCS) is a high temporal resolution tech-

nique that is commonly used to record the dynamics of molecules, either in so-

lution or in cells (by making use of fluorescently labelled species). As the name

indicates, FCS analyses the correlation in the fluctuations of the fluorescence

signal recorded in time. The development of sensitive and fast detectors such

as avalanche photodiodes has made this technique realizable, since they can

detect the fluorescence signal coming from individual molecules.

FCS is commonly used in a confocal optical microscopy, where the fluorescence

fluctuations arise from the volume illuminated by the focused spot. Whenever

a fluorescently labelled molecule traverses this confocal volume, a burst will be

observed in the time recorded signal. The intensity of this burst will contain

information on the number of molecules, whereas the dynamics of these fluc-

tuations are related to the diffusive behaviour of the molecule. To be able to

extract this information, two types of complementary analyses are possible:

• Burst analysis, where the intensity and duration of the detected fluores-

cence bursts in the recorded signal are extracted. The first parameter

reflects the number of molecules at that given time, while the second is

related to the diffusion time, i.e. the time that this molecule needs to tra-

verse the illumination volume. The main advantage of this method is that

we get information on the full distribution of individual events.
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• Correlation analysis, where the signal is correlated with itself as a func-

tion of the delay time between the two copies. If there are any repeating

patterns, the Autocorrelation Function (ACF) will have a non-zero ampli-

tude. The parameters that are extracted from here are the ACF amplitude,

related to the concentration of molecules in the confocal volume, and the

diffusion time, usually defined as the time at half the amplitude. More

elaborated analyses can be performed by fitting the ACF to a diffusion

model, but this requires some a priori information on the system under

study. It is important to mention that in this type of ACF analysis the pa-

rameters that we extract are the average behaviour of the molecules under

study, as opposed to the burst analysis that reports on the full distribution

of single molecule events.

Since both analyses are done based on both the magnitude and the amount

of fluorescence fluctuations, there is an optimal regime at the level when indi-

vidual species enter or exit the observation volume. If the bursts coming from

molecules traversing the confocal spot are too sparse in time, one measurement

may take too long. On the other hand, if there are too many molecules con-

tained within the volume at the same time, the fluctuations will be too small

in comparison to the background signal and may not be resolvable. This is the

reason why in conventional confocal FCS the labelling density has to be reduced

compared to physiological levels. One way to overcome this limitation is to re-

duce the illumination volume, so that with a relevant concentration the number

of molecules inside the illumination volume is not too high. Furthermore, re-

ducing the illumination volumes allows not only to work at highly concentrated

conditions, but also to study diffusion in sub-diffraction regions. For randomly

diffusing molecules, this is not so relevant because its diffusion characteristics

can be retrieved anyway. However, as soon as the molecules form transient

nanoclusters or interact with others in nanometric volumes, the size of the ob-

servation volume starts playing an important role. In conventional confocal

FCS, changes in the diffusion at the nanometre scale will get averaged out in

the diffraction-limited volume. One of the most successful techniques used to

reduce the illumination volume is STED-FCS. Stimulated Emission Depletion

(STED) is a super-resolution microscopy technique based on the selective de-

activation of fluorophores and a donut-shaped region around the confocal spot.

This minimizes the effective area of illumination, and thus improves the spatial
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resolution. However, this technique requires very high laser powers which can

be harmful for living cells. The use of photonic antennas overcomes this issue

while still allowing for investigation of nanometric regions [145, 238].

It is also possible to detect the diffusion and interaction between multiple species

by additional laser excitations and detection channels. The florescence fluctua-

tions from each separate species can be spectrally filtered from each other and

the signal in each channel can be correlated as mentioned above. Moreover, the

traces from the different channels can also be cross-correlated relative to each

other. This will generate a cross-correlation function (CCF) if at some point

the two species diffuse together or it will go to zero if they never interact. This

technique is called Fluorescence Cross-Correlation Spectroscopy (FCCS).

6.2.3 Burst analysis

Fluorescence bursts were detected and quantified from unfiltered photon arrival-

time recordings as previously described [240]. In brief, a likelihood-based al-

gorithm was used to sequentially analyse photon recordings to test the null

hypothesis (no burst, recording compatible with background noise) against the

hypothesis that a fluorescence burst arises as a consequence of a fluorophore

crossing the excitation volume. Background level and typical fluorophore inten-

sity were estimated from the trace to be analysed. Probabilities associated to

false positive and missing event errors were both set to 10−3 [236, 237]. From all

detected bursts, intensity and length are measured, as well as the time between

consecutive bursts for the DC-SIGN experiments.

6.2.4 Antenna fabrication

The BNA probes were fabricated as described previously [42] in Chapter 3.

Briefly, a heat-pulled optical fibre was coated with 5 nm Ti and 150 nm Al.

The coated fibre was milled by focussed ion-beam (FIB) to obtain a 500-700 nm

diameter opening. This end-facet was subsequently coated with a high qual-

ity Al layer of about 120 nm. Finally, the BNA was directly milled face-on into

the Al coated end-facet to have dimensions of 300 nm x 300 nm. This fabrica-

tion method allowed for extreme reproducibility of BNA probes with gap regions

around 50 nm (see Fig. 3.5 in Chapter 3).
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6.2.5 FDTD simulations

3D numerical modelling of the antenna was based on finite-difference time-

domain (FDTD) simulations. The simulations consider a volume spanning ±2.6

µm in x and y around the BNA end face. The refraction index and taper angle of

the dielectric body of the probe were chosen to be 1.448 and 32◦, respectively,

and the aluminium dielectric constant is given by the Drude model adapted for

each wavelength considered. The BNA is located at x = y = z = 0. In the z direc-

tion, the simulation extends to 1 µm in air and terminates at 7 µm into the body

of the probe. All six boundaries of the computation volume are terminated with

convolutional-periodic matching layers to avoid parasitic unphysical reflections

around the probe. The nonuniform grid resolution varies from 25 nm for por-

tions at the periphery of the simulation to 5 nm for the region in the immediate

vicinity of the BNA (±200 nm in x and y and -200 to 100 nm in z). Excitation

was done by a linearly polarized Gaussian beam launched at 7 µm away from

the tip body and propagating towards the BNA.

6.2.6 Optical setup and feedback system

For excitation in our combined NSOM/confocal setup we use two lasers: a He-

Ne laser at 633 nm and a argon-krypton laser (Model 3060; Spectra-Physics,

Santa Clara, CA) at 488 nm. Before the light was coupled into the optical fi-

bre containing the BNA, the combination of a polariser and a λ/2 waveplate for

each excitation wavelength ensured control of the incoming polarization to the

antenna. The fluorescence from single molecules diffusing through the excita-

tion volume of the optical antenna was collected by an objective (oil, 1.3NA),

split into two branches using a dichroic mirror (600 LP), individually filtered

from the excitation light, and detected by two spectrally discriminated (Semrock

520/35 and 675/67) single photon counting avalanche photodiodes (APDs) act-

ing as point detectors in confocal mode. A photon-counting unit (NI BCN-800)

was used to record photon arrival time traces that are successively processed

by a software correlator. A shear-force feedback system on the antenna probe

together with piezo electric sample stage guaranteed close and constant axial

distance regulation between the antenna and the cell membrane. The feedback

system is based on a piezo-electric tuning fork that is operated in air while the

end facet of the probe containing the BNA is immersed in liquid using the diving
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bell concept described previously in Chapter 3 [143]. The main components of

our NSOM-FCS setup as well as the diving bell concept are sketched in Fig 6.1.

Figure 6.1: Schematics of the NSOM-FCS setup in living cells using the diving
bell concept. The tuning fork is encapsulated in a glass to keep the dither piezo
in air while having the antenna in liquid. This ensures a good quality factor
of the shear-force feedback even in liquid. A flippable mirror allows to direct
the laser beam either to the probe or to the microscope objective, for NSOM or
confocal FCS excitation, respectively. In both cases, the fluorescence is collected
by the microscope objective, split in two channels using a dichroic and detected
by two Avalanche Photodiodes (APDs). The time traces recorded from the two
spectrally filtered APDs are correlated by software.

6.3 Results and discussion

6.3.1 Broadband behaviour of BNAs

In our experiments we use photonic antennas engineered at the apex of tapered

near-field probes and rely on a near-field scanning optical microscope (NSOM)

for 3D positioning control of the antenna over the living cell membrane, as de-

picted in Fig. 6.2a. Laser light (λ = 488 nm and λ = 633 nm) is coupled to the

back end of the near-field probe and guided towards the antenna. The near-
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field light exiting the antenna excites the sample that is maintained stationary

with respect to the antenna. Fluorescence intensity fluctuations arising from

the passage of molecules diffusing through the antenna illumination volume

are collected using a high-NA objective (NA=1.3), filtered out from the excita-

tion light and sent to two single-photon counting avalanche photodiodes (APD)

arranged for spectral detection (520/35 nm and 675/67 nm). Two photon-

counting units were used to record the fluorescent photon arrival times which

were then processed by a software correlator [241]. As antenna design, we

chose BNAs carved on aluminium coated optical fibres using focussed ion beam

(FIB) [242]. Our fabrication approach allows for extreme reproducibility of BNA

probes with a gap between the metallic arms of ∼50 nm [242]. This configura-

tion prevents a far-field illumination scheme and significantly reduces residual

background arising from molecules excited far away from the BNA and/or from

cell autofluorescence. Moreover, BNAs provide optical throughputs of ∼10−3,

three orders of magnitude larger than circular nanoaperture probes of similar

dimensions [242].

For accurate position control of the antenna over the cell membrane surface,

we rely on a shear-force feedback loop that operates with high sensitivity un-

der liquid conditions [142, 143, 243]. The feedback-loop stably maintains an

antenna-sample distance of about 10 nm with an error of ±1 nm under liquid

conditions, as shown in Fig. 6.2b. This approach has two advantages as com-

pared to antennas fabricated on substrates. First, it minimizes unwanted sticky

interactions between the antenna and the membrane that might alter the diffu-

sion of molecules; and second, diffusing fluorescent molecules will experience

the same degree of near-field excitation, enhancement and confinement by the

antenna, as compared to antenna substrates, which could suffer of differences

due to cell adhesion, sample preparation or membrane fluctuations. Indeed,

in Fig. 6.2b we recorded membrane fluctuations as high as 25 nm over 10 s

that our feedback loop is able to track and compensate for with an accuracy

of ±1 nm. This shows that our overall approach maintains a constant axial

distance between the membrane and the antenna despite potential membrane

fluctuations during the measurements.

To assess the spectral response of the BNAs, we performed FDTD simulations

for different antenna gap sizes, considering an incoming optical field transver-

sally polarized to the antenna gap so that excitation is optimal. Consistent with
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our earlier simulations, the response of the BNA is broadband over the whole

range of the visible spectrum [242, 244] with the largest enhancements obtained

for the smallest gaps. Fig. 6.3a shows that this broadband response should al-

low for multicolour excitation with comparable enhancement and confinement,

opening the possibility for FCCS experiments at the nanoscale.

We further performed FDTD simulations to determine the (x,y) near-field inten-

sity distributions of the BNAs for different wavelength excitations and for optical

fields transversally or longitudinally polarized with respect to the BNA gap, as

shown in Fig. 6.3b. The simulations assume a BNA size of 300x300 nm2 and

a gap of 30 nm. For both ends of the visible spectrum (λ = 488 and λ = 633

nm), the field is highly confined and enhanced in the gap region of the BNA

for a transversally polarized optical field (Fig. 6.3b). For longitudinal polar-

Figure 6.2: Operation of a photonic antenna probe to measure molecular dif-
fusion on living cell membranes. (a) Schematic of the experimental setup. The
BNA is engineered at the apex of an NSOM probe whose 3D position with re-
spect to the sample is controlled with nanometre precision. The antenna is kept
stationary with respect to the cell membrane and illuminates a nanoscopic area
thereof. Fluorescence fluctuations from diffusing molecules are collected via
the objective and sent to detectors for multi-colour detection. Top inset shows
a representative SEM image of a BNA probe (scale bar: 100 nm). Bottom inset
displays as an example, a dual colour confocal image of a living CHO cell at-
tached to the substrate, with molecules labelled with two different fluorophores
(scale bar: 5 µm). (b) Axial fluctuations of the cell membrane as a function of
time as the antenna probe is maintained at a constant distance of 10 nm above
the cell (right vertical axis). The left vertical axis corresponds to the error signal
of the feedback loop used to keep the membrane-antenna distance constant.
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ized excitation and regardless of the wavelength used, the resonance is lost and

the field spatially delocalizes away from the gap (Fig. 6.3b). To experimentally

validate the simulations, we imaged 20 nm beads embedded in a thin polymer

layer using a 50 nm gap BNA probe for the two excitation polarizations and

excitation wavelengths (power and polarization of each wavelength adjusted in-

dependently). Consistent with our simulations, (x,y) fluorescence distributions

Figure 6.3: Assessment of the optical performance of BNA probes. (a) FDTD
simulations of the broadband BNA response in the visible for different gap sizes.
Changing the gap size does not affect the spectral response, but the enhance-
ment increases with decreasing gap size. (b) FDTD simulations of the total
electric field at λ = 488 nm (upper panel set) and λ = 633 nm (lower panel set) ex-
citation together with the experimentally obtained fluorescence intensity maps
from two spectrally different 20 nm beads excited by a BNA under the two main
orthogonal excitations. For both wavelengths, the field is maximally confined
and enhanced for excitation polarization transversal to the BNA gap. Scale bar:
100 nm (c) Experimentally measured fluorescence intensity from 20 nm beads
excited by a 50 nm gap BNA antenna probe as a function of the probe-sample
distance under different wavelength excitations and a polarization longitudinal
or transversal to the BNA. The solid lines represent the mean and the shadowed
areas correspond to the standard deviation from multiple retraction curves.
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obtained from individual beads showed a larger enhancement and confinement

for transversally polarized excitation, as seen in Fig. 6.3b, confirming the res-

onant character of the BNA, regardless of the wavelength used. In addition,

the field enhancement at each excitation wavelength is directly estimated by

calculating the ratio of the field detected for transversal and longitudinal polar-

izations, resulting in a 3.3-fold increase for λ = 633 nm and 1.7-fold increase

for λ = 488 nm. The larger enhancement measured at λ = 633 nm agrees well

with the expected spectral response of our BNA which is about two-fold higher

at λ = 633 nm as compared to λ = 488 nm (see Fig. 6.3a, for a 50 nm gap).

To evaluate the degree of confinement of the electric field in the axial direction

for the two excitation wavelengths, the fluorescent intensity of individual beads

vs. the antenna-sample distance separation was recorded and plotted in Fig.

6.3c. A single exponential fitting of the transversely excited BNA yields a field

axial penetration (1/e) of (66.6±0.6) nm at λ = 633 nm, and of (72.0±1.0) nm

at λ = 488 nm. Importantly, the standard deviation obtained from multiple

approach-retraction experiments is quite small, demonstrating the accurate ax-

ial control of the antenna position. Such measured exponential field decay as

the BNA goes away from the sample agrees with the simulations in Fig. 6.4.

Thus, for both lateral and axial directions, the BNA confines the field similarly

for both excitation wavelengths. Taking the experimentally obtained confine-

ment dimensions, we can estimate the excitation volume of the BNA probe to be

∼5·105 nm3, more than two-orders of magnitude smaller than a typical confocal

Figure 6.4: Theoretical power density decay vs distance. (a, b) Normalized
power density as a function of distance, for excitation polarization parallel (black
curve) and perpendicular (coloured curve) to the BNA metallic arms for excita-
tion at (a) 488 nm and (b) 633 nm. The thicker lines represent the decay from
where the field is emanating, and the thinner ones is a renormalization from 30
nm after, where the field is already outside the tip.
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volume. Overall, these results confirm the broadband response and nanoscale

confinement of BNAs and their suitability for multicolour experiments.

6.3.2 BNAs allow for FCS measurements in living cells

To first demonstrate the feasibility of BNA probes to study the lateral mobil-

ity of lipids in the membrane of living cells, we used an Atto647N conjugated

phosphoethanolamine lipid (PE) [145, 228]. CHO cells were allowed to sponta-

neously adhere for 48 hours to a glass coverslip and PE was incorporated into

the cell membrane (100-300 nM PE/BSA; two-orders of magnitude higher la-

belling concentrations as compared to confocal), as described previously [145,

228]. Fluorescence fluctuations from diffusing PE lipids were recorded using a

BNA probe with a nominal gap size of 50 nm, excited at λ = 633 nm. For longi-

tudinal BNA excitation, intensity bursts below 100 kHz (background ∼30 kHz)

were typically recorded as in the exemplary trace shown in Fig. 6.5a. In strong

contrast, for transversal BNA excitation, intensity bursts of up to 600 kHz were

detected, with an accompanying improvement on the signal-to-background ra-

tio, as seen in Fig. 6.5b. Moreover, burst durations, i.e., passage time of the

lipids through the antenna illumination area, were much shorter for transver-

sal polarized excitation as compared to longitudinal. These two effects confirm

the polarization-dependent enhancement and spatial confinement provided by

BNAs, directly measured on living cells.

Fluorescence time traces of at least 5 seconds in length were autocorrelated

for the different experiments using G(τ) = 〈F (t) · F (t + τ)〉/〈F (t)〉2, where τ is

the delay (lag) time and 〈〉 indicates time averaging. Multiple autocorrelation

functions (ACFs) were averaged, normalised and plotted in Fig. 6.5c for each

excitation condition, i.e. confocal and the two BNA excitations. A clear shift of

the ACF curves towards shorter time-lags is obtained when going from confocal

to BNA transversal excitation. Since PE diffuses randomly within the membrane

[145, 237], the shortening in the diffusion times obtained upon BNA transversal

excitation results from the reduced illumination area provided by the BNA gap.

To statistically confirm these results, we generated ACF curves from individual

fluorescence traces and measured the amplitude of the ACF G(0, 0) and the time

at which the ACF decays to half of its amplitude, τ1/2. G(0, 0) inversely scales

with the apparent number of fluorescing molecules in the illumination area
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N, while τ1/2 reports on the characteristic diffusion time of the lipids through

the illumination area [145, 228]. The distributions of N and τ1/2 values over

multiple ACFs are shown in Fig. 6.5d. For a longitudinally excited BNA, the

mean number of PE lipids and mean average transit time are N = 8.5±1.8 and

τ1/2 = (12±3) ms, respectively. For transversal BNA excitation, the PE diffu-

sion times become much shorter, with a mean average of τ1/2 = (1.8±0.5) ms

(Fig. 6.5d). Moreover, for randomly diffusing molecules such as PE [145, 237],

a reduction in the illumination area should scale linearly with a reduction in

the number of molecules, N. Using the measured transit times to estimated the

change in the illumination area we expect a 12/1.8 = 6.7-fold reduction in the

number of molecules. Nevertheless, the average number of molecules obtained

for transversal excitation is N = 4±2 (Fig. 6.5d), i.e., showing a reduction of

only 2.1. This apparent discrepancy can be well understood by the fact that for

transversal BNA excitation, the antenna is resonant and the field is enhanced,

leading to higher intensity emission from the fluorophores and thus an appar-

ently higher N. The field enhancement can be directly estimated from the ratio

between the expected reduction of N and the experimentally obtained values,

yielding 6.7/2.1 = 3.2-fold enhancement. This value agrees excellently with the

3.3-fold enhancement measured on the beads experiments shown in Fig. 6.3b

and demonstrates that the antenna performance is fully maintained even in

complex environments such as living cell membranes.

With a known PE diffusion coefficient of 0.5 µm2/s [145], defined as D = A/(4τ)

one estimate the effective illumination area provided by the BNA. For transver-

sally polarized excitation, this yields a field confinement of 3600 nm2, e.g., a

diameter of 68 nm assuming a circular illumination profile where A = πr2. This

value agrees well with the size of the gap measured by SEM (50 nm, see inset

in Fig. 6.2a). Similarly, the dimensions of the BNA arms can also be estimated

based on mean transient times obtained upon longitudinal BNA excitation, ren-

dering values of L = 218 nm, also in the order of the ∼300 nm measured with

SEM, assuming a rectangular illumination A = L2/2. The somewhat larger

effective illumination area obtained here as compared to the nominal values de-

termined by SEM mostly result from the divergence of the near-field since the

antenna is positioned at least 10 nm away from the cell membrane.

The large signal-to-background ratio afforded by BNA antennas allowed us to

additionally perform a burst analysis [240, 245] over multiple fluorescence tra-
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jectories. Here, individual bursts likely correspond to the passage of single PE

lipids transiting within the BNA illumination area. For each burst, we deter-

mined its duration, i.e., transit time, and its background-subtracted intensity.

Figure 6.5: Single lipid mobility in living cell membranes at the nanometre scale
recorded with a BNA probe. (a, b) Representative fluorescence time traces (1 ms
bin) of Atto647N-conjugated PE diffusing in a living cell membrane for the two
orthogonal excitation polarization conditions of the BNA at λ = 633 nm. Both
traces were recorded at the same membrane position. The insets display 200 ms
zoom-ins of different representative bursts with a 50 µs bin. Note that the over-
all constant background in both fluorescent time traces is a further indication
of the fixed distance separation between the antenna and the cell membrane
maintained by the feedback loop. (c) Normalized ACFs curves of PE-Atto647N
diffusing on the cell membrane under confocal (black squares), longitudinally
excited BNA (blue triangles) and transversally excited BNA gap (magenta circles)
illumination. The dash lines correspond to the τ1/2 values. (d) Distributions of
the apparent number of molecules N, and characteristic diffusion times ob-
tained from individual traces. (e) 2D plot together with population distributions
of burst duration vs. burst brightness (average background corrected) directly
extracted from multiple fluorescence traces, for longitudinal (blue, over 1488
bursts) and transversal (magenta, over 3643 bursts) excitation to the BNA gap.
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In Fig. 6.5e, two discrete populations with different burst durations and inten-

sities are unambiguously recovered for the two polarization excitation modes

of the BNA. Furthermore, a clear correlation between both parameters is ob-

tained: shorter and brighter bursts for transversal BNA excitation, signatures

of the confinement and field enhancement provided by the BNA. Indeed, a 30-

fold shortening of the burst durations is obtained for transversal (10−2 to 101

ms, peak at 0.7 ms) vs. longitudinal (10−1 to 102 ms, peak at 20 ms) BNA

excitations, as shown in the histograms in Fig. 6.5e. The peak values of the

histograms are within the range of the τ1/2 values derived from the ACFs shown

Fig. 6.5d, although the latter correspond to average diffusion times over indi-

vidual trajectories, whereas the burst duration histograms reveal the full distri-

bution of individually diffusing lipids. The effective confinement area provided

by the antenna-gap can be calculated directly for the recovered transient times,

considering as above the reported diffusion coefficient of PE (0.5 µm2/s) [145,

228]. We obtain a confinement diameter (assuming a circular illumination pro-

file) between 42 nm (taking 0.7 ms from the peak histogram) and 68 nm (taking

1.8 ms as derived from the ACF curves), which is in the range of the 50 nm-gap

size as measured by SEM. Finally, the burst brightness provides a direct mea-

sure of the increased excitation intensity provided by the BNA. The background

corrected burst intensity increases by 10-fold, from 100 kHz to 1100 kHz max-

imum value (Fig. 6.5e), upon changing the BNA excitation from longitudinal

to transversal, similar to earlier reports [42, 136, 246]. In summary, these re-

sults demonstrate the well-maintained optical performance and suitability of

photonic antennas for studies in living cell membranes.

6.3.3 Broadband BNAs allow for dual-colour FCCS measure-
ments and for detection of intracluster diffusion

We further explored the potential of our broadband antennas for multi-colour

FCS and FCCS studies at the nanoscale in living cells. As a proof-of-principle

experiments, we focused on the transmembrane receptor DC-SIGN, a pathogen

recognition C-type lectin that forms nanoclusters ranging from 100-400 on both

dendritic and CHO cells [247]. DC-SIGN nanoclustering has been reported to

play a key role in the capture of a large variety of nanometric sized viruses

including HIV-1 [239, 248, 249]. Although DC-SIGN nanoclustering has been
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studied using a broad range of techniques, including Transmission Electron

Microscopy (TEM) [239, 248], super-resolution microscopy [247], Fluorescence

Recovery after Photobleaching (FRAP) [250] and Single-Particle Tracking (SPT)

[239], it is not yet clear whether these DC-SIGN nanoclusters are stable in time

or assemble/disassemble transiently. It is still an open question whether DC-

SIGN receptors are mobile within a nanocluster or if the measured diffusion of

DC-SIGN is associated to movement of the entire nanocluster as a whole.

To address this, we labelled DC-SIGN stably transfected on CHO cells at sat-

urating conditions, using equimolar concentrations of Atto520 and Atto647N

conjugated to single chain antibodies. Dual-colour FCS and FCCS experiments

at the nanoscale were performed using a BNA probe (50 nm gap size) simulta-

neously excited with λ = 488 nm and λ = 633 nm (transversal polarization for

both excitation wavelengths). Representative fluorescence traces recorded si-

multaneously in the two detection channels are shown in Fig. 6.6a,b. Zoom-ins

of coincident bursts indicate receptor co-diffusion within the same nanometric

illumination area. Multiple single colour ACFs were normalised, averaged and

plotted in Fig. 6.6c. The shape of the ACF curves and the τ1/2 values (17±6

ms and 10±2 ms for Atto647N and Atto520, respectively) are comparable, con-

firming similar confinement area for both excitation wavelengths and consistent

with the broadband response of the BNA. These results by means of FCS fully

confirm the mobility behaviour of DC-SIGN consistent with earlier SPT mea-

surements [239]. Taking into account the transit times and the excitation area

estimated above from the ACF curves for λ = 633 nm excitation (3600 nm2), we

calculate an average diffusion coefficient for DC-SIGN of D = A/(4τ) = 5.3·10−2

µm2/s, which is within the range of our previously published values [239].

We then generated cross-correlation functions (CCFs) (Fig. 6.6d) for the traces

shown in Fig. 6.6a,b. Clear cross-correlations amplitudes Gx are retrieved

for both traces indicating co-diffusion between receptors, and thus nanoscale

interaction. Average transit times of τx,1/2 of 10.2±1.8 ms and 19±8 ms are

obtained for the two curves, indicating heterogeneity in DC-SIGN diffusion, once

more consistent with earlier SPT results [239]. As a control, we also recorded

time traces of DC-SIGN labelled with Atto520 and the Atto647N-conjugated PE

lipid analog. As expected, CCF curves are almost flat and remained close to 0,

consistent with no significant cross correlation between DC-SIGN and the lipid,

thus validating our FCCS measurements at the nanoscale.
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Figure 6.6: Simultaneous dual-colour detection of receptor diffusion and FCCS
at the nanoscale. (a,b) Two representative fluorescent time traces (1 ms bin)
of Atto520 (green) and Atto647N (red) conjugated to single chain antibodies,
bound to DC-SIGN expressed on CHO cells. Trajectories were generated using
transversally polarized excitation of a BNA probe simultaneously excited with
λ = 488 nm and λ = 633 nm. Zoom-ins of some of the coincident bursts are
shown in the insets. The scheme on the left side of (b) shows the labelling
strategy (c) Normalized ACFs corresponding to the fluorescent intensity traces
of dual-labelled DC-SIGN. (d) CCFs of two different dual-colour DC-SIGN traces
(pink and purple diamonds). The flat orange curve corresponds to the cross-
correlation of Atto520-DC-SIGN with Atto647N-PE, and used as a negative con-
trol to show no specific co-diffusion.

Different CCF curves of DC-SIGN obtained from different cells and/or mem-

brane regions are shown in Fig. 6.7a. These CCF curves exhibit a broad popu-

lation of cross-correlation times τx,1/2 and cross-correlation amplitudes Gx rep-

resented in the histograms in Fig. 6.7b,c. For comparison, the amplitude his-

togram for CCF curves from the trace with a lack of cross-correlation is shown in

Fig. 6.7d. The broad range of characteristic times obtained from the CCF curves

can arise from both correlated motion of individual DC-SIGN receptors within

the same nanocluster, or correlated motion between different nanoclusters. In
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Figure 6.7: Statistics on the nanoscale cross-correlation of dual-colour labelled
DC-SIGN. (a) CCF of 17 different dual-colour time traces indicating DC-SIGN
cross-correlation, obtained on different cells and/or regions. (b,c) Histograms
of the co-diffusion times (b) and the cross-correlation amplitudes (c) obtained
from finding the τx,1/2 from the curves in (a). (d) Estimated amplitudes for the
CCF curves where no cross-correlation observed.

either case the broad distribution of τx,1/2 would indicate a range of interaction

strengths of the DC-SIGN receptors with their nanoenvironment that is directly

impinging on their diffusion speed as two receptors or receptor nanoclusters

co-diffuse. In the first case the nanoenvironment would constitute the intra-

cluster milieu whereas for the second case it would constitute the intercluster

surroundings. Moreover, only a small percentage (<30%) of all the recorded tra-

jectories exhibited cross-correlation amplitudes above the background. These

results are at first sight unexpected considering that a large majority of the DC-

SIGN receptors partition in nanoclusters [247] and thus a high level of receptor

co-diffusion was anticipated.

To get more insight into these intriguing results and on the broad range of τx,1/2
values obtained from FCCS curves, we performed burst analysis on individual

DC-SIGN trajectories. We first measured the time duration of individual bursts

and calculated the diffusion coefficient (D) from individual bursts, as depicted

in Fig. 6.8a. A broad range of D values was obtained, as expected for most
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transmembrane receptors [144, 239], and we determined a shift towards higher

D values as compared to earlier results obtained by SPT (peak ∼0.5 µm2/s here

vs. ∼0.1 µm2/s from SPT measurements [239]). Moreover, while the D distri-

bution from SPT measurements showed a long tail towards values <0.1 µm2/s

[239], the D distribution obtained from burst analysis shows a tail towards D

values >0.5 µm2/s. Since our FCS experiments are performed with much higher

temporal resolution (∼3 µs) as compared to SPT (typically 20-50 ms), the D val-

ues reported here most likely correspond to the diffusion of individual DC-SIGN

molecules rather than to nanocluster diffusion. With most DC-SIGN receptors

contained within nanoclusters (∼80%) [247], these results therefore imply that

DC-SIGN is able to diffuse inside nanoclusters. Earlier experiments by Jacob-

son and co-workers indeed suggested that DC-SIGN nanoclusters were not fully

packed and that certain lipids could freely diffuse within these nanoclusters

[249].

To further support these observations, we also measured the distribution of lag

time between the end and the onset of consecutive bursts, τoff . We reasoned

that if DC-SIGN is mostly organized within nanoclusters its relative density

would be much larger inside the nanocluster with respect to outside, which

would in turn be reflected in two inter-burst timescales. In agreement with

this, the histogram of τoff in Fig. 6.8b shows a bimodal distribution with a

population with a peak around ∼5·10−3 s and a second one at ∼2 s, regardless

of the label used. We interpret these results based on the fact that the illumi-

nation area provided by the BNA (∼50 nm) is much smaller than the reported

average cluster size for DC-SIGN (∼180 nm) [145]. Thus, individual molecules

inside nanoclusters will diffuse fast through the BNA gap and with short off-

intervals between them giving rise to small τoff values while a nanocluster is

present below the BNA. On the other hand, the individual nanoclusters have a

lower density and diffuse much slower, so it will take much longer for a new

cluster to arrive, resulting in long τoff values. This is schematically represented

in Fig. 6.8c. The mobility of individual molecules within large nanoclusters also

explains the low occurrence of cross-correlation curves obtained in our mea-

surements. To the best of our knowledge, these experiments resolve for the first

time, molecular diffusion inside receptor nanoclusters and distinguish it from

diffusion of the nanoclusters themselves.
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Figure 6.8: Burst analysis reveals molecular diffusion of receptors inside nan-
oclusters as well as diffusion of nanoclusters. (a) Histogram of the diffusion
coefficients of DC-SIGN calculated from the burst length duration for multiple
Atto520 (green, 454 bursts) and Atto647N (red, 364 burst) trajectories. (b) Dis-
tribution of the τoff for the same trajectories as analysed in (a). (c) Schematic
depiction of the molecular diffusion inside a nanocluster (left) and the diffusion
of a full nanocluster (right) through the BNA illumination spot. τoff1 results
from the time lag between the passage of an individual molecule and the next
one within the nanocluster. τoff2 results from the time lag between the pas-
sage of a nanocluster and the next one. Inside a nanocluster, the local density
of molecules is high and thus τoff1 is short. In the case of nanocluster diffu-
sion, τoff2 times are much longer because of their low density on the membrane.
The grey circle illustrates a nanocluster containing multiple DC-SIGN molecules
(green and red points) that diffuse within the illumination area provided by the
BNA gap (yellow circle). An experimentally obtained trajectory is shown below
(1 ms binning, ∼1 s length), denoting the two different τoff regimes.

6.4 Discussion

In summary, we have demonstrated that probe-based broadband BNA photonic

antennas are highly effective in obtaining fast dynamics of membrane compo-

nents, i.e. lipids and proteins, at the nanoscale. This is both owing to their large

optical throughput and spatial confinement of the excitation field. In addition,

we showed that BNAs provide comparable enhancement and spatial confine-
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ment to dimensions as small as ∼50 nm, for different excitation wavelengths.

Additionally, we experimentally measured an enhancement of the molecular flu-

orescence brightness of 3-fold for optimal excitation of the BNA. In addition, we

have proven the broadband response of BNAs by using fluorescent beads as

sensors of the optical field, obtaining comparable confinements and brightness

in the two wavelengths used, namely 488 and 633 nm.

We demonstrated FCCS at the nanoscale in living cells and exploited the broad-

band behaviour of these photonic antennas to investigate nanoscale co-diffusion

of membrane receptors in living cells. Given the nanometric dimensions of the

BNA gap sizes, we were able to reveal for the first time intermolecular diffu-

sion inside nanoclusters as well as receptor nanocluster diffusion. Altogether,

our work shows that broadband photonic antennas are promising candidates

for quantitative multicolour studies in endogenously crowded living cell mem-

branes with ultra-high spatiotemporal resolution.

If we extend it to the study of multiple membrane molecules we could visual-

ize their interaction at the nanoscale and evaluate whether they belong to the

same cluster or to different ones, or when a protein is recruited to a molecular

complex. Careful analysis on the τ1/2 values could also give us an idea of the

sizes of these clusters. Furthermore, by probing different regions of the cell

membrane we could map membrane heterogeneities at physiologically relevant

length scales. All this together can provide new insights into the fundamental

biophysical processes that happen in the cell membrane at the nanoscale.

6.5 Conclusions

The broadband resonance of the BNAs have allowed us to simultaneously inves-

tigate nanoscale diffusion and co-diffusion of two different fluorescent species

labelling a protein in the cell membrane with similar resolution. Furthermore,

the high field confinement allows for probing both the diffusion of the cluster

as well as of the proteins contained in it. This opens up investigation of a new

regime that has been barely explored until now.
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Conclusions and further perspectives

The aim of this Thesis has been to increase our understanding on the near-field in-
teractions between photonic antennas and different types of single emitters with
an ultimate aim of extending antenna applications to unexplored fields in sci-
ence. By making use of novel plasmonic materials like dielectrics, or by adjusting
the antenna geometry, we can selectively influence different properties of light
and/or emitters that are not yet completely understood. In order to do so, we
first designed our antennas using numerical simulations so that they influence
desired light properties, and studied their response by means of optical methods.
Moreover, we fabricated these antennas on probes and mounted them on a near-
field scanning optical microscope for accurate control of the antenna-to-sample
position. Using this technique we were able to manipulate the emission of dipoles
placed in the near-field of our antennas with nanoscale precision, allowing us
to investigate new properties of photonic antennas and their interaction with dif-
ferent single emitters. In this Chapter, we summarize the main results of this
research and discuss further experiments and approaches worth of pursuing in
the future.
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The use of plasmonic structures in the field of fluorescence has evolved very

rapidly over the last 20 years. This has resulted in an increased understanding

on the interaction between light and single emitters and has led to new appli-

cations in the field of fluorescence. Yet, despite the wealth of existing research

in this field, not every property of nanoantennas are fully understood and/or

exploited yet. In this Thesis, we have used different antenna-on-probe designs

to explore and/or investigate properties of single emitters that have not been

thoroughly characterized until now. By changing the material and/or geometry

of the antennas, we can tune their electromagnetic response to match the prop-

erties we want to investigate. As such, by fabricating antennas on aluminium

coated probes, we can achieve broadband response over the visible range. This

allowed us to have both strong field enhancement and confinement for a wide

range of wavelengths at the same time, opening up the possibility of perform-

ing multicolour experiments at the nanoscale. Furthermore, when using silicon

antennas and tailored geometries, we can influence not only the electric but

also the magnetic component of light. This permits us to interact with magnetic

dipole emitters and use these devices for new applications.

An important aim in this research has been the search for broadband photonic

antenna configurations that could provide similar degree of field confinement

and enhancement in the visible range of the spectrum (between 470-640 nm

approximately). Together with this task, there has been also the accompanying

need for an efficient experimental optical setup that would allow for simultane-

ous excitation and detection of multiple wavelengths in the visible range. Thus,

in order to make simultaneous multicolour imaging easy and fast, in Chapter 2

we developed an approach that allows for imaging multiple fluorescent species

simultaneously. Our method relies exclusively on the excitation spectra of flu-

orescent molecules as opposed to most multicolour methods that are based on

wavelength filtering of the fluorescence emission. The implementation is based

on multiplexing optical excitation signals in the frequency domain, requiring

minimal spectral filtering on detection since the spectral information is fully

encoded during excitation. This enables the simultaneous identification of mul-

tiple colour channels in a single measurement using a single colour-blind detec-

tor. We demonstrated the performance and sensitivity of this new setup using

different samples, including the simultaneous 3-colour imaging of individual

molecules with excellent signal-to-background and minimal spectral cross-talk.
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Moreover, by combining our optical implementation with a non-negative matrix

factorization-based spectral unmixing algorithm, we determined the quantita-

tive distributions of up to six-spatially overlapping targeted organelles in fixed

cells simultaneously using only four excitation sources and a single detector.

We have implemented our method on a confocal/NSOM imaging system, but it

can be easily extended to other fluorescent imaging configurations, including

super-resolution single molecule localization methods. Moreover, given that the

sensitivity of the method is not compromised, low power excitation conditions

could be used, opening the door to simultaneous multicolour live cell imaging.

Despite the great potential and easy optical implementation of our multicolour

method, it requires some careful selection of the fluorophores in terms of their

excitation spectra, i.e., the dyes should be differentially excited at each wave-

length. Moreover, the ability to resolve a signal is determined by the ratio

of the amplitude of that signal to the shot noise of the ensemble measure-

ment. This has essentially two consequences: First: the signal-to-noise ratio

in each channel is somewhat lower as compared to standard single colour ex-

citation/detection, since it depends on the strength of the total shot noise of

the ensemble. Second: a weak signal can be overwhelmed by the shot noise

generated by a strong signal, and thus not detectable. As such, the fundamen-

tal limit of sensitivity in a given channel will be determined by noise, which in

our measurements is shot noise. While a small amount of shot-noise becomes

re-distributed through the frequency domain, our simulations show that for all

but the weakest signals this excess noise is negligible. This minor drawback

is largely compensated by the colour-blind detection scheme, where the full

stream of photons is detected without further filtering, which is a major advan-

tage in case of multicolour single molecule applications where photon budget

becomes the bottleneck.

Another drawback of our current implementation is its speed, being somewhat

slower and requiring integration times in the order of milliseconds to achieve

single-molecule sensitivity. This is not a problem for imaging fixed cells, but for

living cell experiments it would require to go much faster, potentially compro-

mising the sensitivity for single molecule detection because of the lower num-

ber of collected photons resulting from shorter integration times. On the other

hand, in applications where single molecule detection sensitivity is not a re-

quirement, much faster acquisition times can be obtained by exchanging the
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acoustic-optical tunable filter used in our current implementation, for individ-

ual acoustic optical modulators in each laser, and/or adding laser-scanning

galvano mirrors. Although this was not shown in this Thesis, we also demon-

strated that our technique could be extended to three-colour live-cell imaging

when implemented on a wide field microscope.

In Chapter 3, we described how to simulate the behaviour of our antennas by

using FDTD simulations and how to manufacture them to accurately match

the designed parameters. The purpose of performing numerical simulations is

two fold: first, to know what dimensions and materials are the most appropriate

ones for the properties we are aiming for before fabricating them, and second, to

try to rationalize our experimental results. As for the fabrication, the high field

confinement and local confinement we are aiming for requires a very accurate

technique that permits fabrication of structures on the nanoscale. For this, we

use focused ion beam (FIB) since it guarantees high resolution and reproducibil-

ity. We used this methodology to fabricate antennas that are broadband (BNAs

and HBNAs) and antennas that can interact with the magnetic field of light

(MCAs). We characterized these antennas using different calibration samples

and combined them with our frequency encoded multicolour imaging technique

to reach super-resolution microscopy. We imaged up to four species of immobi-

lized 20-nm-nanospheres simultaneously, and demonstrated similar resolution

(∼40 nm) and good spectral discrimination.

A key aspect in this thesis has been the implementation and application of an-

tennas fabricated on scanning probes, in contrast to most antennas which are

fabricated as arrays on substrates. This offers several advantages: first, it pro-

vides full 3D positioning control down to 1 nm of the antenna with respect to the

sample, allowing us to spatially map the interactions between the antenna and

the sample with unprecedented accuracy; second, it reduces artefactual inter-

actions with the sample, something especially relevant when working with living

cells; and third, it allows for positioning of the antenna to any desired position

of the sample to investigate, allowing to probe heterogeneities within the sam-

ple using the same antenna. Nevertheless, the use of antennas-on-probe also

suffers from low throughput in terms of both fabrication, since the antennas

are fabricated one by one, and experimental data, due to high sensitivity of the

setup and the fragility of the antennas. Furthermore, the setup is technically

challenging to manipulate since it requires careful control of both the feedback
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loop, in order to control sample position, and the optical path, to ensure proper

excitation of the antenna in use and optimized detection. Despite these chal-

lenges, the extraordinary position accuracy and control of NSOM makes it the

best method for studies where ultimate positioning 3D-control is required, such

the investigation of nanoscale interactions between antennas and single emit-

ters.

It is also worth mentioning that we fabricated our antennas-on-probe with alu-

minium due to its broadband response over the visible range and its low pene-

tration depth. However, it offers a lower enhancement as compared to gold, the

most common plasmonic material. We overcame this by fabricating the hybrid

antennas, since the presence of the monopole increases the initial enhancement

and confinement provided by the aluminium-based BNA. An alternative way of

increasing the enhancement further could be to surround the antennas within

an additional resonant cavity, as it has been done with the bullseye structure

for enhancing the transmission of circular apertures [251]. Thus, we think fu-

ture approaches should focus on designing antennas that provide a broadband

response without compromising field enhancement and confinement.

Magnetic cylindrical antennas (MCA) were used in Chapter 4 to enhance the

emission of magnetic dipoles and spatially decouple both magnetic and electric

field components. This was possible thanks to a design based on a dielectric

material (silicon) and a hollow cylinder. Furthermore, we were able to map the

competition between magnetic and electric enhancement, and thus the mag-

netic and electric LDOS, thanks to the accurate 3D position control provided by

NSOM. This high interaction with the magnetic components of light opens up

new applications of photonic antennas and magnetic emitters, especially in the

field of chiral detection of molecules.

Most antenna designs utilized for enhancing the magnetic field suffer from the

fact that this enhancement occurs occurs inside the material, making it difficult

to access the hotspot experimentally. This is overcome by our hollow antenna

design, granting access to the magnetic field that would be partially enhanced

in air and not entirely in the dielectric material. However, to further improve

the coupling between our antennas and magnetic emitters we would need to be

able to place the emitter inside the cylinder, where the magnetic field is higher,

something that has never been achieved so far to the best of our knowledge.

Another more realistic option would be to completely change the antenna ma-
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terial and/or geometry, using for example novel genetic algorithms where the

geometry is left to evolve freely until the antenna matches some specified prop-

erties [252]. It was recently demonstrated that such evolutionary algorithms

can produce optical nanostructures behaving far better than conventional pho-

tonic antennas [253]. In this context, it has been already proven that genetic

algorithms are a powerful alternative to design dielectric optical nanostructures

that are able to strongly enhance the optical magnetic field of light at visible

wavelengths and at the same time create a magnetic hotspot at a reachable

spatial position [193]. Furthermore, although the antenna designs obtained

with this approach are quite elaborated, variations on the fine details of the ge-

ometry are not critical for reaching the desired photonic response, making their

fabrication and application feasible.

We also designed two different types of broadband antennas: one with a higher

degree of confinement, the hybrid antenna (HBNA), that was used for mapping

dipole-dipole interactions with extremely high spatial resolution, and second

type that is easier to fabricate and less prone to breaking, the bowtie nanoaper-

ture (BNA), that was used for more complex living cell experiments.

HBNAs were used in Chapter 5 to manipulate the degree of Förster Resonance

Energy Transfer (FRET) between two fluorophores by accurately changing the

antenna position with respect to individual FRET pairs. This allowed us to

directly map the modulation of the FRET efficiency as a function of the an-

tenna position with an unprecedented resolution of 2 nm. We directly mapped

antenna-induced FRET efficiencies modulations between 3-15% for individual

FRET pairs of 3.4 nm (distance between donor and acceptor emitters). Together

with FDTD simulations, we have shown that the changes in FRET efficiency

are due to a competition between the enhancement of the donor and that of

the FRET rates. In our experimental conditions, we determined that the donor

rate enhancement dominated over the FRET rate enhancement due to the cou-

pling to the antenna, and as result an overall decrease in FRET efficiency was

obtained for most FRET pairs measured. We believe that our results can con-

tribute to a better understanding of the coupling of the antenna to the different

parameters involved in FRET.

It would be interesting to perform similar studies on longer FRET pairs (>10 nm)

where we expect a much higher influence of the antenna over the FRET rate,

since we would start from a situation with a low intrinsic FRET rate, and thus a
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potential enhancement of the FRET efficiency could be obtained [55, 210]. This

could shine some light on the effect of antennas over the FRET rate, something

that is not fully understood yet and that has yielded some controversial results.

Finally, implementing the same approach on a microscope setup with fluores-

cence lifetime capabilities would allow us to better discriminate the influence of

the antenna on the different rates involved, adding extra insight to our results.

Finally, we extended our antenna-on-probe approach to the imaging of diffusing

molecules in nanometric regions of living cell membranes. For these particu-

lar experiments, we relied on the broadband response of bowtie nanoaperture

antennas (BNAs). Using these antennas we determined the diffusion of individ-

ual lipids over regions of the cell membrane as small as 50 nm in size. These

nanometric sizes are comparable to those explored by using stimulated emis-

sion depletion (STED) microscopy [228]. However, while STED requires the use

of a second laser beam and extremely high laser intensities to reduce the effec-

tive illumination volume beyond 50 nm, we foresee that with additional control

of the nanofabrication process, smaller gap areas could be easily obtained. In

addition, the range of power intensities used in our experiments by means of

the antennas is orders of magnitude lower than that required by STED, mak-

ing our approach more amenable to living cell experiments in a reproducible

fashion without phototoxic effects to the cells.

Importantly, we also demonstrated, for the first time to our knowledge, the pos-

sibility of performing multi-colour fluorescence cross-correlation spectroscopy

(FCCS) at the nanoscale on intact living cell membranes. We recorded simul-

taneous fluorescence fluctuations of dual-colour labelled membrane receptors

known to form nanoclusters in living cells. FCCS curves revealed interactions

between individual receptors within confinement regions ∼60 nm. Moreover,

the high signal-to-background ratio provided by the antenna illumination al-

lowed us to directly record fluorescent bursts arising from the passage of indi-

vidual receptors over the antenna. Remarkably, by reducing the illumination

volume below the characteristic receptor nanocluster sizes (∼180 nm), we could

resolved for the first time molecular diffusion inside nanoclusters and distin-

guished it from nanoclustering diffusion on the cell membrane. Thus, our work

demonstrates the great potential of broadband photonic antennas to resolve in-

termolecular interactions and molecular diffusion in living cell membranes with

ultra-high spatiotemporal resolution. In the future, one could extend the ap-
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plication of these types of antennas, or even hybrid antennas, to more colours

and evaluate which molecules belong to the same cluster, determining inde-

pendently their diffusion properties and/or even monitor transient interactions

between different molecular components within nanoscale assemblies with mi-

crosecond temporal resolution.

In summary, this Thesis aimed to bring new insights on the interaction between

nanoantennas and single emitters, and extend new applications in the field of

biology to access regimes (spatially and spectrally) that are not accessible with

other methods. Further investigations are still required for full understanding

of all of the parameters involved in these near-field interactions, and as such,

we believe that there is yet plenty of room for investigation and applications in

the field of plasmonics and fluorescence. New antenna designs targeted to affect

specific properties of the electromagnetic field can be developed and adapted,

using for example genetic algorithms to optimise them, paving the way for new

applications.
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