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PREFACE

Behind every thesis lies a story that involves much more people than the mere author
whose name is on the cover. This book is the conclusion of four years of work in the
MoNOS group at the physics institute in Leiden, where I have focused on the study of
single gold nanorod luminescence and its possible applications.

The project was framed within a larger collaboration with three more groups from bio-
physics, biology and chemistry. The aim of the project was utilizing single gold nanorods
as labels in the nucleus of cells, focusing into the study of the glucocorticoid receptor. My
part in the collaboration was the understanding of the mechanisms that give rise to the
luminescence of single gold nanorods, crucial for the imaging and tracking in living cells.
Even if my work was not biophysical, I always kept an eye into the biological applications
of my research.

A Friday afternoon idea, triggered by postdoc Saumyakhanti Khatua evolved into what
now is chapter 2 of this booklet. He asked me if it was possible to monitor the etching
process of gold by cyanide ions in single gold nanoparticles. The first trial showed already
something interesting: single particles on glass were behaving completely different than
in bulk suspension. More importantly, to answer the question it was clear that we needed
better software to control the setup.

Ferry Kruidenberg, a bachelor student at the time, joined the group to help develop
the software even further. He designed the core layout of the program and the first
graphical user interface. Together we learned about version control, instrumentation and
programming patterns. Simultaneously, a master student, Irina Komen, joined the group
to start working on an optical tweezer. Together we managed to obtain photothermal
signals from single nanoparticles that were trapped in water and glycerol. However, the
final objective was to study the fluorescence enhancement of a dye in the vicinity of the
rod while away from any other surface, thus preventing sticking of the molecules to the
coverslip.

Even if the results on the optical tweezer didn't fit into this thesis, while character-
izing the emission from different nanoparticles an interesting phenomenon appeared:
emission at higher energies than the excitation energy, the anti-Stokes emission. This
emission proved to be reasonably efficient, sometimes even comparable to the Stokes-
shifted counterpart. The detection of anti-Stokes luminescence was consistent between
different samples and under different conditions.

Anti-Stokes luminescence opened the door to two different approaches. Firstly it was
possible to exploit the emission at shorter wavelengths to suppress the background when
imaging under biological conditions. Cells are known to fluoresce under laser irradiation
and therefore dim emitters such as small nanoparticles are hard to distinguish from the
background. After discussing with Veer Keizer, a PhD candidate in biology belonging
to the same project, we embarked into the exploitation of the anti-Stokes emission for
imaging. These ideas led to Chapter 3 and its publication in the Biophysical Journal. It

vii
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was very well received by the reviewers, one of them qualified the findings as a “very
important breakthrough”.

However, there was more in the anti-Stokes emission than solely the application to
imaging. If the emission depends on temperature, it can be used as a nano-thermometer.
Photothermal therapy is a fertile subject that relies on locally increasing the temperature
to kill specific cells. This is achieved by shining a laser onto gold nanoparticles inside or in
the vicinity of those cells. However there are so far no ways of controlling the temperature
of the particles. Studying the anti-Stokes emission can be a solution to a long standing
problem in the medical and biological sciences.

To prove the usefulness of the method, the measurements were performed in a tem-
perature variable flow cell. An air spaced objective was needed to avoid altering the
temperature of the observed area, which in turn lowered the collection efficiency. At
higher temperatures (around 60 °C) the setup drifts several micrometers and therefore an
accurate control of temperature and a proper tracking of the particles was needed.

Chapter 4 shows that it is indeed possible to determine the absolute temperature of
single nanoparticles just by measuring their anti-Stokes spectrum. The method does not
require any form of ad-hoc calibration and can be easily implemented in any confocal
microscope coupled with a spectrometer. These findings can have a major impact on
photothermal therapy and in material sciences, where the question of the temperature
reached by the particles has been open for more than 20 years. Testing the method in real
situations is the next logical step but was outside the time frame of the thesis.

With the experience built on the anti-Stokes luminescence, characterizing the scatter-
ing of single gold nanoparticles at different temperatures did not prove to be particularly
challenging. Since the first inception of the computer software until the last version, that
allowed to acquire all the data in Chapter 5, almost 4 years had passed.

This work summarizes a lot of effort by a lot of people. It neglects all the failed experi-
ments and frustrations. It is important to remind that failure is only a relative measure;
while we learn something either of nature or of ourselves, we are being successful.

Aquiles Carattino
Leiden, March 2017
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INTRODUCTION

Gold nanorods are ideal candidates for complementing fluorophores in labelling appli-
cations. The presence of the surface plasmon resonance generates large absorption and
scattering cross sections, thus making the detection of single nanoparticles possible under
a light microscope. In this introduction we will review the current status of light mi-
croscopy, particularly of fluorescence microscopes. We will introduce some properties of
gold nanoparticles including the plasmon resonance and we will focus into the lumines-
cence emission. Finally we will briefly introduce the experimental chapters of this thesis,
that correspond to applications of the luminescence ranging from imaging to temperature
sensing.
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1.1. LIGHT MICROSCOPY

ICROSCOPES have become indispensable tools in material science and biology. The

first microscopes developed by Antoni Van Leeuwenhoek in the XVII century were
aimed at studying fabrics; it didn’t take long however to discover that nature was hiding
amazing details beyond what the bare human eye could see. The first microscope builders
focused into developing better lenses in order to obtain sharper images and therefore
being able to observe even smaller structures.

With the development of the wave theory of light a fundamental limitation for optical
microscopes appeared: the diffraction limit. Abbe realized that no matter how good a
lens is, there will always be a limit to how much it is possible to focus light. This limit is
determined mainly by the wavelength of the employed light beam and by the maximum
acceptance angle of the lens. Shortening the wavelength of the sources is therefore a
possible strategy to increase the resolution of a microscope.

Particles with wavelengths shorter than optical wavelengths, such as electrons, opened
the possibility to investigate much smaller structures[1]. Notably in the field of virology
the electron microscope provided the evidence that researchers were long looking for: the
existence of particles smaller than what optical microscopes were able to resolve. Electron
microscopes are a very powerful tool but they require special sample preparations that
don't allow the study of biological processes in vivo.

With a similar strategy, the resolution of optical microscopes can be increased with
the use of ultraviolet sources. Some biological samples show emission of light at longer
wavelengths when irradiated with UV light, nowadays simply referred to as autofluores-
cence. In 1911 German physicist Oskar Heimstadt used the the emission from bacteria to
build the first fluorescence microscope|2]. The difficulties to focus enough UV light into
the sample and the low efficiency in collecting the emission made him skeptical of the
success of his design. He ended his work stating|[3],

If and to what degree fluorescence microscopy will widen the possibilities of
microscopic imaging only the future will show.

Fluorescence however was not a new phenomenon. It was first observed and charac-
terized during the second half of the 19th century. The pioneering works of Stokes showed
that some materials when irradiated with short wavelengths emit light at longer ones.
Only in the 1930s did the first applications of fluorescent materials start to emerge for
biological applications. Fluorophores were employed to stain biological samples, allowing
to easily detect tissue components or bacteria. Oskar Heimstaddt could rest assured that
his invention was starting to revolutionize biology.

The following decades witnessed a phenomenal increase in technical developments,
including the advancement of epi-illimuniation, the confocal microscope and the im-
provement of filters and light sources. The dichromatic mirror, the final key element of
a fluorescence microscope, was introduced in 1967[4]. The wealth of information that
could be retrieved thanks to fluorescence and its simple implementation were crucial for
the success of the fluorescence microscope and its establishment as a standard tool in
almost any biological or material science laboratory. Fluorescence microscopes however
do not overcome the diffraction limit.
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At the end of the XX century a major breakthrough occurred in the field of optics: the
detection of a single-molecule fluorescence in 1990[5]. Single molecules opened the door
to determine material properties that would have been hidden by ensemble averaging.
The first studies were performed at low temperature (few Kelvins) and gave access to
properties not only of the fluorescence of molecules themselves but also of the hosting
matrices, mainly polymers and crystals. Single molecules are the bridge between the
diffraction limit of far field optics and the atomic scale properties of materials.

Single-molecule microscopy also changed the way imaging can be performed. If
two fluorophores are separated further away than the diffraction limit, their centers can
be determined with a precision that scales as = 1/V'N, with N the number of recorded
photons. The possibility of localizing single molecules beyond Abbe’s limit shows how
useful single-molecule detection could be. For example, tracking of single molecules|6]
could be used to study diffusion with unprecedented spatial and temporal resolutions.

In relevant biological samples, however, the density of fluorophores is such that they
are not further apart than the diffraction limit. In the late 1990s it was found that the
fluorescence of molecules can be switched on and off by irradiating them with specific
wavelengths(7]. This led to the development of a wide variety of techniques that rely on
switching on and off molecules[8], and therefore they can be individually localized[9].
Post processing the information of each fluorescent molecule allows to reconstruct images
with a spatial resolution an order of magnitude higher than the diffraction limit[10].

Molecules, however, show two phenomena known as blinking[11] and bleaching[12].
At room temperature it is impossible to prevent fluorophores from going to dark states,
meaning that their fluorescence signal will disappear. Blinking characterizes the process
by which fluorescence disappears for a comparatively short period of time. If the molecule
undergoes an irreversible transition to a dark state, the process is called bleaching. Blink-
ing and bleaching put a hard limit to the experiments that can be performed with single
molecules, since they cannot be observed for extended periods of time. Tracking is limited
to few seconds, and imaging is limited to few frames.

As single-molecule detection allowed to bridge the length mismatch between visible
light and biologically relevant scales, new agents that can fill the gap between biologi-
cally relevant time scales and fluorophores’ observation times are of utmost importance.
In this direction different approaches were taken, including the use of scattering in-
stead of fluorescence[13], the use of semiconductor quantum dots[14] and of metallic
nanoparticles[15]. The latter are the focus of this thesis and of the next few sections.

1.2. GOLD NANOPARTICLES

Metallic nanoparticles have been utilized for a very long time. In a fortuitous way Romans
dispersed gold salts into oxide mixtures that then they melted to obtain red-coloured glass;
the beautiful Lycurgus cup[16] is the only surviving complete example of an artifact made
out of such glasses. Nanoparticles in the glass have preserved their optical properties
for centuries and can still be admired today. In medieval times the technique was re-
discovered and became common in the fabrication of red-coloured glasses for churches
throughout Europe.

The explanation of the phenomenon however only came one century ago. Gustav Mie
in 1908 calculated the scattering of a plane wave incident on spherical particles[17] by




4 1. INTRODUCTION

fully solving Maxwell’s equations. This solution is known today as Mie scattering. The
original paper compared measured and calculated scattering spectra of gold nanospheres;
both experiments and theory show a peak at around 550nm. The weaker interaction
with light of longer wavelengths explains the reddish color of colloidal gold nanoparticle
suspensions.

The peak observed in the spectra is related to a resonance of the oscillating conduction
electrons on the surface of the metal and is known as plasmon resonance. For particles
much smaller than the incident wavelength, a simplification of the Mie formalism can
be made by considering only the first order electrostatic approximation. In this case the
polarizability of a nanosphere of volume V is given by[18]

B ew)—€em
Qsphere = 3€0 Vm (1.1
where € is the permittivity of vacuum, e(w) is the permittivity of the metal as a function
of the incoming excitation frequency w and €, is the permittivity of the surrounding
medium. The absorption cross section can thus be calculated as o, = kIm(a) and the
scattering as oscay = k*|a|?/(6m).

From equation 1.1 itis possible to see that a resonance will appear when Re(e(w)) = —2€n,.
It is important to note that the energy at which this resonance appears is therefore depen-
dent not only on the particle’s material properties but also on the surrounding medium’s
optical constants. In the case of elongated nanoparticles, some correction factors can be
introduced to the polarizability. Several computer packages[19-21] exist to calculate with
a great precision absorption and extinction cross sections of arbitrary geometries and
therefore it is not worth entering into the specifics of the calculations'.

It is important to point out, however, that while nanospheres have resonances that
slightly change with their radius, elongated particles such as nanorods present a longitu-
dinal resonance that strongly depends on their aspect ratio. The more elongated particles
will have resonances with lower energies. Moreover particles with resonances to the near
infrared region show a narrower resonance[22], making them interesting candidates for
sensing applications. In biological conditions, nanoparticles with resonances towards
longer wavelengths are particularly relevant because cells are typically transparent to
near-infrared wavelengths.

A standard procedure to obtain gold nanoparticles is synthesis through wet chemical
methods[23]. Even in the best of cases there will be a dispersion of shapes in the sample.
The differences between nanoparticles can be observed on electron micrographs, but also
optically. Slightly different particles will show different resonances[24] and this becomes
more significant for elongated particles. Minute changes in shape will lead to different
plasmonic resonances, that can be observed under the microscope. In a sample of such
particles it is unlikely that two of them will have the exact same resonance. Dimers and
clusters will therefore have a characteristic signature since more than one resonance will
be observed in general.

The distribution of resonance energies has another important advantage: studying
properties that depend on the resonance does not require a new synthesis nor changing

1A complete description of how to calculate the plasmon resonance with the ADDA package can be found at:
https://www.aquicarattino.com/science/plasmon-resonance/
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the sample. Once the nanoparticles are immobilized on a substrate it is possible to
characterize them individually, select the ones with particular resonances and perform
the rest of the experiments on them. All the chapters in this thesis show results that were
gathered through the study of different particles in the same sample and under the same
exact conditions: from chemical reactions in chapter 2 to electron phonon coupling in
chapter 5 and anti-Stokes luminescence in chapters 3 and 4.

Besides the geometrical factors, nanoparticles also show a broad distribution of their
quantifiable properties. For example, the quantum yields of nanoparticles that are appar-
ently equivalent (similar in size, same resonance energy) can differ from each other by
almost an order of magnitude[25]. In every chapter of this thesis variations from particle
to particle can be observed. Chapter 2 shows that the etching rates can vary from particle
to particle, in chapter 5 we have observed that the broadening rates when increasing
temperature can differ from particle to particle. It means that particles differ from each
other more than what an optical or scanning electron microscopes can resolve. The only
way of validating the observed results is therefore through accumulating significative
statistics on single-particle measurements.

1.3. LUMINESCENCE FROM GOLD NANOPARTICLES

Light emission from gold and copper was first observed by Mooradian[26] in 1969. In his
work, electrons and holes in the metal were excited with visible light and the emission was
observed at longer wavelengths. Strikingly, the emission quantum yield (i.e. the number
of emitted photons per absorbed photon) that he estimated was in the order of 1071°. In
subsequent years several studies showed that this low number could be increased with
the presence of sharp edges[27] or tips[28], but still it would be much lower than the
typical fluorescence yield of organic dyes, on the order of few percent at least.

When transitioning from bulk gold to nanoparticles, the interaction of light with
metals will be highly influenced by the presence of the plasmon resonance[29]. On
one hand nanoparticles will have large absorption cross sections in specific wavelength
regions, as explained in the previous section. On the other hand the emission spectrum
will also be enhanced for frequencies around the plasmon resonance. Previous work
has already shown a big overlap between the scattering and the emission spectra of gold
nanoparticles[25].

The emission quantum yield of single gold nanoparticles is several orders of mag-
nitude higher than bulk values partly due to the presence of sharp structures such as
edges and tips. Typical quantum yield values are in the order of 10-6[25], several orders
of magnitude lower than those of organic dye molecules, but the absorption cross section
can be in the order of 1072 um?, 6 orders of magnitude higher than those of dye molecules.
The combination of both factors makes it possible to use luminescence to detect single
gold nanoparticles in a standard fluorescence microscope.

The photoluminescence of gold nanoparticles can be excited mainly through two
different approaches. It is possible to use a short wavelength laser, e.g. 532nm, to excite
interband transitions in gold[30], as well as the plasmon resonance of spheres or the
transverse plasmon resonance of rods. The emission from particles can be collected after
placing a notch or long pass filter in the detection path to prevent the excitation light to
reach the detectors. Illuminating with a short wavelength allows one to collect the entire
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plasmonic emission, but doesn't fully exploit the advantage of the larger absorption cross
section that the resonance provides.

The other approach to observe luminescence from nanoparticles is to excite them
close to their resonances. In this way it is possible to benefit from the higher absorption
cross section leading to lower excitation powers. Recent studies have shown that the
emission quantum yield does not change significantly between exciting at the resonance
and exciting with a shorter wavelength around 532nm([31]. However, the photolumines-
cence itself is also coupled to the plasmon; if excited in resonance, the emission will be
concentrated around the excitation wavelength[32]. Detection filters may therefore block
an important part of the emission spectrum.

Throughout this thesis luminescence will refer to all the emission from a nanoparticle
at different wavelengths than the excitation wavelength and that scales linearly with the
excitation power. Luminescence makes it is possible to observe single gold nanoparticles
under a conventional fluorescence microscope. A notch or long pass filter in the detection
path efficiently blocks the excitation light while allowing the luminescence emission to go
through. Moreover it is possible to select nanoparticles with resonances at wavelengths at
which no other sources absorb or emit, effectively lowering the background.

For dye molecules the Stokes shifted fluorescence can be understood as a consequence
of energy conservation: a photon of a given energy excites the electrons of a material that
subsequently relax back by emitting another photon, by transferring energy in the form
of heat to the medium or a combination of both. It is expected therefore that the emitted
photon has a lower energy than the incident one. This is always valid unless the excited
electrons can somehow gain energy from the medium before relaxing back radiatively. If
this happens, the process is called anti-Stokes and the emitted photons possess a higher
energy than the excitation.

When excited at resonance, gold nanoparticles exhibit anti-Stokes luminescence with
intensities that can be compared to the Stokes shifted emission. In brief, the mechanism
proposed for the emission of photons with higher energies is the interaction of electrons
and holes with phonons in the gold lattice before they recombine radiatively. Note that in
this process the interaction with other thermal charge carriers is also possible. Assuming
that the anti-Stokes emission from gold nanoparticles depends only on the population of
phonons, the general shape of the emission is expected to be

- hw -1
I= expm—l . (1.2)

where w is the frequency of the emitted photon, kg is Boltzmann constant and T is the
temperature.

Notably in equation 1.2 the only adjustable parameter is temperature. If properly
characterized, the anti-Stokes emission spectrum should provide a way to estimate the
absolute temperature of the particles without any previous calibration.
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1.4. APPLICATIONS OF GOLD NANOPARTICLES

1.4.1. TUNING THE RESONANCE OF GOLD NANOPARTICLES

The previous two sections highlighted different strategies for detecting single gold nanopar-
ticles such as nanospheres or nanorods. The principal characteristic of the particles is
their localized surface plasmon resonance. The resonance wavelength (or energy) will be
given by the geometry of the particle and by the surrounding medium’s properties, such
as its refractive index. The geometry of the particles is determined during the synthesis
procedure, where the average length and width can be tuned. However, when the particles
are deposited on a substrate, their resonance is already determined.

Chapter 2 focuses into tuning the plasmon resonance in-situ, once they are immo-
bilized on a substrate and optically characterized. Currently two approaches exist for
tuning the plasmon resonance after synthesis: (1) it is possible to tune the refractive
index of the medium using an electric or magnetic field[33]. (2) It is possible to induce
shape modifications of the nanoparticles either through chemical(34-38] or physical
means[25, 39, 40]. In the majority of the reports a blue shift of the plasmon resonance has
been observed.

In the case of chemical etching of the nanoparticles, almost all works have focused
on bulk measurements in suspension. The tips of the particles tend to be more reactive
because they are less protected by the surfactants that prevent aggregation of particles.
This leads to an anisotropic reaction that slowly transforms elongated particles into
spheres and that softens sharp edges or tips, yielding an overall blue-shift of the resonance.

Chapter 2 shows that through well known chemistry between gold and cyanide ions it
is possible to induce a red-shift of the plasmon. This is modelled through an isotropic
etching of the particles, and a good agreement between calculations and experiments
is obtained. The main difference with previous work is the absence of a capping agent
on the particles’ surface. Controllably changing the shape of nanoparticles is of great
importance for experiments where a specific resonance is needed.

1.4.2. IMAGING THROUGH DETECTION OF ANTI-STOKES EMISSION

Gold nanoparticles are ideal candidates for labelling biological samples because they
prove to be innocuous to the cell[41] but also because they can be observed for extended
periods of time[28, 42]. One of the drawbacks of gold nanoparticles is their low quantum
yield. Since the absorption cross section of the particles scales as their volume, detecting
smaller particles in presence of background requires a specific approach.

To overcome these difficulties, several techniques have been developed for imag-
ing gold nanoparticles, including two-photon excited luminescence[43], photothermal
heterodyne detection[44] and interferometric detection[45]. Each of these methods is
useful but their operation requires dedicated setups and a high level of expertise.

Chapter 3 of this thesis shows that it is possible to image gold nanorods in biologically
relevant conditions through detection of their anti-Stokes emission. By placing a short-
pass filter in the detection path the background level is reduced significantly, while
the luminescence signal from the particles remains high. This is valid even for cells
stained with ATTO 647N, a dye with high quantum yield that absorbs light of the same
wavelengths as the rods. In these conditions it is not possible to observe any single
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nanoparticle through conventional Stokes-shifted emission while the anti-Stokes scheme
presents a signal-to-background ratio higher than 10.

The technique presented in chapter 3 can be readily implemented in any conventional
microscope by the addition of the appropriate filters. It does not require any special
operation nor infrastructure. Moreover any data analysis tool for tracking, imaging,
centroid extraction, etc. of single labels can readily be implemented without further
modifications.

1.4.3. GOLD NANOPARTICLES AS NANO-THERMOMETERS

= =
Sw O-b

Number of Papers
S

1
10

1995 2000 2005 2010 2015
Year

Figure 1.1: Number of papers published containing the terms Plasmonic Photo Thermal Therapy since 1995.
Note the logarithmic scale in the y-axis.

During the past two decades there has been an increasing interest in gold nanoparti-
cles as possible agents for medical treatments[46-48]. The strong interaction between
particles and light makes them ideal candidates not only for labelling but also for releasing
heat into very localized environments [46, 47, 49, 50]. This simple approach can be used
for instance to induce death of cancer cells and is normally referred to as Plasmonic Photo
Thermal Therapy (PPTT or PTT depending on the author). Figure 1.1 shows the number
of papers published in this field since 1995. The increase in the number of publications is
more than exponential, and depicts the relevance this technique is gaining over time.

After decades of research there is however almost no information regarding the tem-
peratures that need to be reached by the nanoparticles to induce cell death. Much less
is available at a single-particle/single-cell level. Moreover the field of thermometry at
the nanoscale is subject to a heated debate[51, 52] since some experimental findings[51]
contradict expected values from thermodynamic considerations[53].

Chapter 4 of this thesis focuses into the characterization of the mechanisms that
give rise to anti-Stokes luminescence. Discarding multi-photon processes, photons
with higher energies than the excitation energy require interactions with thermal baths.
In a nanoparticle electrons and holes can interact with phonons before recombining
radiatively, as discussed in section 1.3.

By carefully fitting the luminescence spectra of single gold nanorods and nanospheres
with a function similar to equation 1.2 it is possible to extract the surface temperature of
the particles. The method presented in chapter 4 does not depend on any ad-hoc cali-
bration and can be performed in any confocal microscope with a coupled spectrometer.
The chapter shows the increase in temperature with increasing laser powers and also
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shows the changes that the luminescence spectra undergo when increasing the medium’s
temperature.

The calibration-free procedure is a major improvement over previous techniques in
the field of nano-thermometry. The results from the chapter can have a significant impact
on an emerging community that addresses one of the most pressing health issues of our
time.

1.4.4. PLASMON DAMPING AS A FUNCTION OF TEMPERATURE

Luminescence is not the only method for detecting gold nanorods with an optical mi-
croscope. Gold nanoparticles have a large scattering cross section coinciding with the
plasmon resonance. Exciting nanoparticles with white light allows one to record the
scattering spectra in any confocal microscope coupled to a spectrometer. Since the reso-
nance itself is affected by the surrounding conditions[54, 55], it is possible for example to
use it for studying changes in the refractive index of the medium. However the plasmon
resonance energy is not the only interesting property of the nanoparticles; the plasmon
damping rate can also be used to detect changes in the surrounding conditions.

In principle there are four main mechanisms responsible for damping of the
plasmons[22, 56, 57]: electron-phonon coupling, electron-surface interactions, electron-
electron collisions and radiative damping. Out of those only the coupling with phonons
shows an appreciable dependence on temperature[54, 55]. Therefore studying the depen-
dence of the plasmon width with temperature could lead to an alternative approach to
measure temperature changes.

Chapter 5 focuses on the characterization of the plasmon resonance of single gold
nanorods at various temperatures. In the range of temperatures studied (between 293K
and 350K), the plasmon width increases linearly with temperature. The broadening is
assigned to an increase in the electron-phonon damping rate, and the observations can
be understood through the Debye model of phonons. Measuring the broadening of the
resonance can then be related to changes in temperature of the surrounding medium.

The scattering of gold nanorods is much more efficient than their luminescence, not
only because of their large scattering cross section but also because of the low quantum
yield of their emission. Therefore the powers needed for recording scattering spectra
are much lower than the ones employed when exciting the luminescence of the parti-
cles. These lower powers enable studies of the plasmon resonance without inducing
a significative increase of temperature. However the broad distribution of widths and
broadening rates found in the studies of chapter 5 does not allow to perform an absolute
temperature measurement but only to measure a relative change. This is similar to other
experiments performed with quantum dots[51] and therefore expands the toolbox of
available techniques for thermometry at the nanoscale.

1.5. ONE PROGRAM TO RULE THEM ALL

All modern laboratories rely on computer equipment to perform measurements, ranging
from integrated micro controllers to powerful computers. A micro controller, for example,
is responsible for maintaining a stable temperature of a heating plate; a fast computer on
the other hand can analyze data online in high throughput experiments and take decisions
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on the fly. Experiments performed at CERN and in other particle physics accelerators
heavily rely on computers to discard millions of non-interesting events and save the
relevant ones. However, for the average experimentalist there is a big gap between what is
needed and what is available.

Flexible, open source programs to control experiments are hard to find in the Internet
if they exist at all. The absence of a solution generates a double negative effect: researchers
find themselves reinventing the wheel more often than desired and experiments are based
on what can be done and not on what is desired to be done. For example, a simple home-
built confocal microscope requires a dedicated computer program to run, which can take
months to develop. Commercial software normally lacks the flexibility that new science
needs, limiting the creativity of researchers while planning experiments.

All the chapters of this thesis relied on a flexible computer program that allowed to
plan complex experiments building on software rather than being limited by it. The
program has been made open source and can be found on Github?. It started to be
developed for simplifying repetitive tasks such as refocusing on a particle or triggering
a spectrometer. Later it evolved into a fully functional graphical user interface (GUI)
for performing and visualizing 2D and 3D scans, acquiring fast timetraces, monitoring
an optical tweezer and communicating with serial devices as well as over the network.
The latest developments of the software open the possibility to define an application
programming interface (API) for easy integration with applications on smartphones or
to control several independent setups through the local network or also through the
Internet.

Chapter 2 shows results where several particles were analyzed while being etched
with potassium cyanide. Studying several nanoparticles under the same conditions is
crucial for characterizing the dependence with the plasmon resonance and to discard
any systematic error. Refocusing on the particles by hand is too slow for processes that
happen as fast as the ones shown in the chapter and therefore the experiments wouldn'’t
have been possible without a specialized computer program.

Chapter 3 shows the scanning capabilities of the software for imaging purposes.
Moreover the specific program for acquiring the power dependence plots can be written
in about 20 lines of code. When varying the temperature of the sample as done in chapters
4 and 5, being able to refocus on a reference particle to compensate for the drift of the
setup was of utmost importance.

The software even if developed with an optical microscope in mind, can be easily ex-
tended to other configurations. Choosing Python as the programming language provides
platform independence; it can run without inconvenience on several Windows versions,
Mac OS and Linux. The main objective of the program is to provide a lower level layer on
which to build creative solutions to complex problems.
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In situ TUNING OF GOLD NANOROD
PLASMON THROUGH OXIDATIVE
CYANIDE ETCHING

Single gold nanorods exhibit great opportunities for bio-sensing, enhanced spectroscopies
and photothermal therapy. A key property of these particles is the surface plasmon reso-
nance, that is strongly dependent on their shape. Methods for tuning this resonance after
the synthesis of the particles are of great interest for many applications. In this work we
show that, through very well known chemistry between gold atoms and cyanide ions, it is
possible to tune the surface plasmon of single 25 x 50 nm rods by more than 100 nm towards
longer wavelengths. This is achieved by slowly etching gold atoms from the surface of the
particles, preserving their specific optical properties.

This chapter has been published in Physical Chemistry Chemical Physics 18, 15619-15624 (2016).
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2.1. INTRODUCTION

OLD nanoparticles exhibit large absorption and scattering cross sections with reso-
G nances ranging from the visible to the near-infrared. This property is closely related
to the surface plasmon, a collective oscillation of conduction electrons that depends on
the shape of the particles. For gold nanorods (AuNR) the surface plasmon resonance (SPR)
wavelength depends on the aspect ratio (AR) of the particle and can be found between
540nm for spheres with AR of 1 to beyond 800nm for elongated particles. The SPR of
gold particles can be observed by recording their scattering or luminescence spectrum[1].
Both show a near exact overlap for a large range of wavelengths(2].

The surface plasmon presents great opportunities in (bio-) sensing[3], enhanced spec-
troscopies [4], photothermal therapy(5] and for concentrating light below the diffraction
limit[6]. Success in many of these applications requires precise and in situ control over
the nanoparticles’ plasmon resonance energy. For example, maximum fluorescence[7] or
Raman enhancement[8] is achieved when the nanoparticles’ plasmon resonance is tuned
to the excitation laser wavelength. As another example, efficient photothermal therapy
requires the nanoparticles’ SPR to be tuned to the near-IR to minimize the damage to
healthy cells[9].

Typically the SPR is tuned by carefully manipulating the shapes of nanoparticles
during their synthesis. Particularly useful are the rod-shaped particles, whose resonance
can be found between 600nm and beyond 1000nm, depending on their aspect ratios.
Adjusting the concentrations of gold seeds and silver nitrate during the seed-mediated
growth[10] is the usual way for producing particles with different resonances. Many other
nanoparticle shapes such as nanoprisms, nanorice, nanocubes, nanoshells, etc. have
been synthesized with their plasmon resonances covering the entire spectral range from
visible to near-IR[11]. Wet-chemical synthesis methods, however, generally yield a broad
distribution in nanoparticle sizes and/or shapes, hindering precise and reproducible
experiments that need a particular resonance. Furthermore, these methods do not
provide any in situ adjustment of the SPR, any change of which requires a new synthesis.

For the past decade, single-particle experiments have provided insight into processes
that would have been averaged out in bulk experiments. For instance, pump and probe
experiments on single particles avoid assumptions regarding size distributions of the
sample[12, 13]. Nonlinear processes such as second (or third) harmonic generation can be
studied when the particles’ plasmon is well characterized and single-particle experiments
allow to overcome the inhomogeneous broadening of a sample in suspension[14, 15].
Enhanced spectroscopies normally rely on well defined structures fixed on a substrate[16].
Most of these experiments will benefit from techniques that allow to tune in situ the
plasmon resonance and geometry of specific particles once they are immobilized on a
substrate and optically characterized.

Recently, new methods have been developed to tune nanoparticles’ SPR after their
synthesis. These approaches can be divided into two broad categories: (1) The first group
of methods tune the refractive index of the medium using an electric or magnetic field[17].
The advantage of these methods is that the SPR shift is reproducible and reversible.
However the tuning range is rather limited and continuous tuning within this range is
difficult to achieve. (2) The other set of approaches rely on controllably inducing shape
modifications of the nanoparticles to tune the plasmon resonance through chemical
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Figure 2.1: Experimental setup and examples of observations. a) Simplified schematic of the confocal micro-
scope employed during the measurements. b) A typical 1-photon luminescence raster scan of the sample
immersed in water, before etching and c¢) luminescence spectrum of a single rod.

or physical means. For example, thermal reshaping was induced by illuminating the
nanoparticles with an intense, pulsed [18, 19] or continuous laser[2]. Increasing the
particles’ temperature therefore leads to changes in shape, favoring those conformations
with a lower surface energy (i.e. spheres over rods, etc.). Chemical reshaping is also
possible and was the focus of several studies[20-24]. In those cases, the capping agent
will induce different reactivities on the sides than on the tips of the particles; because of a
higher curvature([25] the tips are normally more susceptible to chemical reactions, leading
to an anisotropic reshaping shortening the long axis or softening any high-curvature
region. Both in the case of laser-induced or chemical-induced reshaping the outcome is
usually a blue-shift of the surface resonance peak.

In this work we present a new approach for precise and in situ tuning of plasmon res-
onances of single gold nanorods isolated and immobilized on a glass surface. A nanorod’s
plasmon resonance is tuned over 130 nm, starting from 650 nm up to 780 nm. Our method
exploits well-known chemistry between gold and cyanide ions (CN™) to controllably etch
gold atoms from the nanoparticle and thereby change its aspect ratio. We note that unlike
many of the previous studies, here we observe a SPR red shift on gold nanorods. We also
verified the resuts from scanning electron microscopy (SEM) images of the particles and
by simulations based on the discrete dipole approximation method. Contrary to previous
works where the etching was preferred at the tips, we attribute the red shift to isotropic
etching of gold nanorods from all sides resulting in an increase of aspect ratio.

2.2. EXPERIMENTAL METHOD

Gold nanorods were synthesized by following standard seeded-growth method[26]. The
average size of nanorods was 50nm x 25nm and their SPR is located at 620nm in water
(refer to the Supplementary Information for SEM images and bulk extinction spectra of
nanorods as synthesized).
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Single-particle measurements were done on a home-built confocal microscope (Fig-
ure 2.1a). A 532nm laser was used for exciting the particles. The excitation power was
300 uW at the back aperture of the objective (Olympus 60x, NA0.9 air). Since the laser
employed is not in resonance with the longitudinal plasmon, the power dissipated by the
particles is not high enough as for showing thermal reshaping. After several minutes of ir-
radiation the plasmon position didn’t show any shift. Typical powers needed for reshaping
are in the range 1 — 5mW]2]. The luminescence signal was filtered with two 532nm notch
filters and was detected by either an avalanche photodiode or a liquid-nitrogen-cooled
CCD-spectrometer (Acton 500i). The images were acquired by scanning the sample across
the tightly focused laser beam using a XYZ piezo scanning stage (PI Nano Cube). Figure
2.1b shows a typical result from a raster scan. Each bright spot corresponds to a single
nanoparticle.

Samples were prepared by spin-casting a suspension of AuNR on clean coverslips.
Afterwards the slides were thoroughly rinsed with Milli-Q water and placed in an ozone
cleaner for one hour to eliminate any trace of the surfactant (cetyltrimethylammonium
bromide, CTAB.) To perform the measurements, the samples were mounted on a flowcell
and the initial spectra were taken with the rods immersed in Milli-Q water. Figure 2.1c
shows an example of the luminescence spectrum of a single particle. Having this initial
characterization allowed us to discard clusters of rods[27] from the study.

Of each sample, approximately 10 different particles were selected. Afterwards a
solution of KCN was flowed into the sample chamber and spectra of each particle were
acquired consecutively after focusing on each one. The time resolution varies according
to the exposure time and number of particles studied; in this work a spectrum of each
particle was taken at least every minute. Concentrations of KCN ranging from 10 uM to
80 uM were employed with different samples.

2.3. RESULTS

Figure 2.1b shows a typical one-photon-excited luminescence image of gold nanorods
isolated on a glass surface and covered with water. Single-particle spectra display a narrow
Lorentzian lineshape([27] while clusters show additional features or a broad spectrum.
Figure 2.1c shows a typical spectrum originating from a single nanoparticle. In the
samples analyzed more than 90% of the diffraction-limited bright spots originate from
single gold nanorods.

Figure 2.2 shows the one-photon luminescence spectra of a gold nanorod immersed
in 20 uM KCN at intervals of 70s. We clearly observe a gradual red shift of the nanorod’s
plasmon resonance by more than 100nm over a time interval of 300s. The left inset of
Fig. 2.2 shows the integrated intensity of the particle as a function of time. It is possible
to observe a decrease of the intensity by a factor 4 during the same interval in which the
shift was observed. Fitting each spectrum with a Lorentzian function allows to extract
the resonance wavelength at each recorded time. A more detailed analysis shows that the
nanorod’s plasmon resonance wavelength varies almost linearly with time as shown in
the right inset of Fig. 2.2a

We note the presence of an additional shoulder peak at 650 nm which is more promi-
nent for the less intense curves. We attribute this shoulder to Raman scattering by the
O-H stretching modes of water, between 3000 cm~! and 3600 cm™!. Excitation at 532nm
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Figure 2.2: One-photon-excited luminescence spectra of gold nanorods immersed in 20 uM KCN. The different
curves show the plasmon shift of a single rod. Each shown spectrum was acquired at 70s intervals. The insets
display the integrated intensity of the peak and the resonance wavelength as functions of time, respectively. b)
Timetrace of the peak wavelength for 10 different particles immersed in 20 uM KCN. The green solid curve is the
average of all the particles.

produces Stokes emission between roughly 630nm and 650nm, as observed directly
on the background spectrum shown in Figure S3. This Raman band is not completely
eliminated upon subtraction of the background spectrum from that of the particle. This
non-additivity of the spectra indicates that water Raman scattering is significantly en-
hanced by the near-field of the nanorod[28].

All the studied nanorods present the same qualitative behavior. Our results are sum-
marized in Fig. 2.3, which shows the shift of plasmon resonance wavelength as a function
of time for ten different rods (dashed lines). Each nanorod shows a red shift of the plas-
mon resonance wavelength which varies almost linearly with time irrespective of the
initial resonance wavelength. The rate of SPR shift, however, varies significantly from
particle to particle. The highest observed rate was 15nm/minute while the lowest one
was 2nm/minute. The green curve in Figure 2.3 is the average of all the shifts; since
spectra of each particle were acquired sequentially, we interpolated the values of the shift
at intermediate times to compute the average.

The reaction between gold and potassium cyanide is well known and is used for gold
mining, electroplating, etc. Gold reacts with aqueous CN™ ions in presence of oxygen to
form Au(CN);, which is soluble in water. The reaction can be written as follows

4Au+8CN™ +03 +2H>0 S 4Au(CN), +40H™

In our experiment the formation of Au(CN); results in gold etching from the nanorods,
as has been reported previously([22].

The etching of gold atoms from a nanorod has two effects: Firstly, the nanorods’
volume will decrease gradually with reaction time. This is consistent with our observation
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Figure 2.3: Timetrace of the peak wavelength for 10 different particles immersed in 20 uM KCN. The green solid
curve is the average of all the particles. The diagram shows the isotropic etching of a nanorod, leading to a
higher aspect ratio.

that the one-photon-excited luminescence intensity decreases with time. Secondly, the
aspect ratio of a nanorod can either decrease or increase depending on the preferred
direction of etching. The Nanorod aspect ratio will decrease with time if the reaction
happens preferably at the tips. This is indeed the case for nanorods protected with CTAB
and dispersed in solution[22]. CTAB binds more weakly to the tips than to the sides and
therefore leaves the tips more susceptible for chemical reactions[29]. The consequent
decrease of aspect ratio yields a blue shift of the plasmon resonance([30]. If etching
happens isotropically from both sides and tips, an overall increase of the nanorod’s aspect
ratio results, as is depicted schematically in Fig. 2.3. This is the more likely scenario in
our experiment as the nanorods’ surface does not have any protective CTAB bilayer.

Numerical simulations based on the discrete dipole approximation were performed
to assess the hypothesis that the red shift of the plasmon resonance is due to isotropic
nanorod etching. The initial dimensions of the particles were fixed at 25 nm x 50 nm which
coincide with the median values of the distribution of sizes of our nanoparticles (see SI).
Simulations are carried out in etching steps of 0.5nm. Figure 2.4 shows the calculated
scattering spectra of the particle at different etching steps. We clearly observe a red-shift
of the plasmon resonance wavelength, in concordance with what was observed in our
experiment. The first inset of the figure shows the decrease of the maximum scattering
cross section spectrum as a function of etched thickness.

Comparing experimental and simulated data can be achieved by fixing the value of
the etching rate. In our case the best approximation to the particle shown in Figure 2.2 is
achieved by setting the etching rate to 1 nm/min. Comparison to simulations for different
nanorods would in principle allow us to check the consistency of the assumption of a
constant etching rate for all rods. Indeed, both volume and aspect ratio of the rod can be
determined by comparison of experimental data to simulations. A new comparison after
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Figure 2.4: Examples of the curves obtained at different simulations steps. The black curves are fits with
Lorentzians. The left inset shows the maximum scattering cross section as function of etching. The right inset
displays the plasmon shift of experimental and simulated data as the relative volume of the particle diminishes.

a given etching time would give the changes in volume and aspect ratio, which should
be consistent with the same etching rate for all rods. In the present work, however, we
did not attempt this analysis. We simply used the relative volume as a scaling factor to
compare simulations and experiments, as is shown in the right inset of Figure 2.4.

The luminescence intensity of gold nanorods is roughly proportional to their volume.
It is possible therefore to calculate the relative volume of a particle by comparing the
total luminescence intensity at a given instant and at a reference time. We employed
the initial intensity as the reference, therefore the SPR shift increases while the relative
volume decreases as depicted by the arrow in the inset of Figure 2.4. The volume of the
simulated particle can be directly computed from the geometrical parameters. The inset
shows a remarkable agreement between the simulations and the experimental data. For
smaller relative volumes (less than 0.1) the recorded spectra are 10 times less intense than
the initial one, giving rise to a less accurate positioning of the resonance peak.

Figure 2.5 shows simulated plasmon shift rates for three different series of nanorods. In
each series particles have the same initial volume, but different initial plasmon resonance,
spanning from 600nm to 780nm. The first series corresponds to 5 particles with a volume
of 6800nm? (red), the second to 7 particles of 20000nm?® (green) and the third to 6 of
25000nm? (blue). The shift rate is defined as the plasmon shift given by etching a thickness
of 0.5nm away from the particle. It can be observed that for larger particles the shift is
slower than for smaller ones at the same initial resonance. On the other hand it is also
possible to observe that red-shifted particles present a larger shift rate.

The results in Fig. 2.5 are easier to understand considering that the plasmon resonance
is closely related to the aspect ratio of the particles (length divided by diameter). Small
particles will exhibit a bigger change in aspect ratio when subjected to the same amount
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to particles with the same initial volume but different initial aspect ratios. As expected from an isotropic etching,
larger particles will present a slower plasmon shift and more elongated particles will have a faster one.

of etching than bigger particles. This explains why smaller particles show a higher shift
rate than more massive ones. On the other hand, volume is not the only factor to take into
account. Particles with a higher initial aspect ratio (longer resonance wavelength) will
show a faster change in aspect ratio when subjected to the same amount of etching. The
interplay between both volume and initial aspect ratio can account for the big variability
observed experimentally. This is also supported by the distribution of particle sizes and
aspect ratios observed in the SEM images (see A.2.)

Figure 2.6 shows the measured FWHM of the plasmon peak for several nanorods
immersed in 20 uM KCN as a function of the resonance shift. Note that the plot shows
the width of the resonance in units of energy and not in units of wavelength. Because of
the nonlinear relation between them, the peak width expressed in wavelength depends
on the peak position rendering difficult the comparison of widths during the shift. At
the beginning of the reaction there is a decrease of the width. Then it stabilizes for shifts
between 75nm and 100nm. After this point, as the volume of the particles is largely
reduced, it is no longer possible to reliably extract information from the spectra. The inset
of Fig. 2.6 shows the FWHM obtained from the simulations for a 25nm x 50nm nanorod.
The simulated spectrum is slightly narrower than the measured one but the trends are
similar.

The initial decrease of the resonance FWHM observed in the experiments may be due
to the elimination of defects from the surface of the particles. However, the simulated
width that doesn’t take into account any surface impurities shows a similar decrease.
This behavior can be explained by the decrease of both the radiative and non-radiative
damping mechanisms during the etching process. The radiation damping scales as the
volume of the particle[31] and therefore will decrease while the cyanide etches gold atoms
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Figure 2.6: Measured plasmon FWHM of different particles immersed in 20 uM KCN as a function of their
plasmon shift. The inset shows the results from the simulations carried out with the ADDA package. b) SPR
Shift as a function of time for particles with the same initial SPR at different KCN concentrations.

from the particle. On the other hand we observe that the energy distance between the
longitudinal plasmon peak and interband transitions in gold increases during the etching
process. Therefore the non-radiative damping mechanisms in the particle may also
become less efficient[1]. Both effects combined can account for the diminishing plasmon
width that is observed.

Figure 2.7 shows the plasmon peak shift as a function of time for various KCN concen-
trations for particles with a plasmon peak at roughly 630 nm. As shown for the simulations
(Figure 2.5), the etching rate depends on the initial SPR, therefore it is important to choose
particles that are similar to each other. The time-traces of the peak position clearly show
that the shift rate is proportional to the concentration of KCN. For every concentration
a shift of at least 100nm was observed. It is important to note that the behavior of the
FWHM in all the cases is similar and it resembles the results shown in Figure 2.7.

Samples of the same nanorods were prepared for scanning electron microscopy (SEM)
imaging by drop-casting the same solution of rods. SEM images were acquired before
the etching, after 2min immersion in KCN and after 4 min. In each case we observed that
when particles are isolated from each other, the rod shape is preserved. In aggregates of
particles this no longer holds and rods start to lose their shape (see Supporting Informa-
tion for SEM images.) Calculating the distribution of sizes of the particles shows a slight
increase in the aspect ratio but this shift is smaller than the width of the distribution.

The simulations also allow us to estimate the volume of gold etched away from a
particle by unit of time. For a typical case as the one depicted in Figure 2.7 it is possible
to obtain an etching rate of 0.5nm/min for the 10 uM timetrace. Assuming an atomic
radius of gold of 144 pm[32] we obtain that the reaction rate can be as low as 700 atoms
per second. From the simulations and these estimates it is possible to approximate
the plasmon shift for every etched atom. In the same conditions as before, it would
be 0.2-1073nm/atom, several orders of magnitude smaller that the sensitivity of our
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Figure 2.7: SPR Shift as a function of time for particles with the same initial SPR at different KCN concentrations.

experiments.

The same experiments performed in solution (see SI) show a different behavior of
the plasmon resonance. As reported by other groups [22, 25] the rods reshape into
spheres. The presence of CTAB can explain this trend: the tips will be more exposed and
therefore react more quickly, yielding a net decrease in aspect ratio. In our single-particle
experiments CTAB was removed both by rinsing the samples with water and by placing
them in an ozone cleaner. However, the glass surface supporting the rods has to be taken
into account. In principle there is a side of the rods in contact with the surface that will
be less, or not, exposed to KCN. Etching in this case wouldn’t be isotropic and would
flatten the rods. Neither the optical nor the SEM images allowed us to assess this question
because there is no information on the axis perpendicular to the surface. The deviation of
the experiments from the simulations for the smaller volumes may be also dependent on
this.

2.4. CONCLUSIONS

In this work we have shown a simple method that allowed us to tune the plasmon peak
position of single gold nanorods with nanometer accuracy and over the range of 100nm
(300meV). More importantly, we show that during the etching process the rod-like shape
is preserved; this was confirmed both by monitoring the FWHM of the resonance peak
and by acquiring SEM images after different reaction times. The experiments allowed us
to record the plasmon peak with a relatively high temporal and spectral accuracy, allowing
us to stop the reaction when the resonance is at the desired value.

Discrete dipole simulations with an isotropic etching model allowed us to estimate
the amount of gold etched from the nanoparticles. The calculations were consistent with
the red-shift of the plasmon and the diminishing intensity of the luminescence signal.
The general trend of the FWHM is also correctly reproduced, but the obtained values
are slightly different. SEM images of the rods confirmed the values obtained from the
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simulations. Combining these results provides a way of predicting the behaviour of the
plasmon peak for different rods.

We observed a broad distribution of the rate at which the plasmon peak shifts for
different particles under the same experimental conditions. This can be attributed to the
initial differences in aspect ratios and volumes of each particle. Sphere-like particles will
show a small shift since the aspect ratio remains constant under isotropic etching. More
elongated particles, on the other hand, will have a much steeper increase in aspect ratio
while being etched. Intrinsic differences between particles can also be present, producing
different shift rates even if particles have the same plasmon resonance. For instance
the faceting of the surface or the prescence of left-over CTAB that was not completely
washed away or oxidized can induce a slightly anisotropic etching. These differences
between particles are impossible to assess by optical means and would require a much
more sensitive approach.

The role of the capping agent has largely been studied and has always been held
responsible for the observations both in chemical etching[25] and for photothermal
reshaping([19]. Avoiding the presence of the passivating layers is impossible in suspension,
since gold nanoparticles would aggregate. Our results provide evidence that supports
previous observations regarding the effect of the curvature and the accessibility of KCN to
the surface of the particle.
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BACKGROUND SUPPRESSION IN
IMAGING GOLD NANORODS
THROUGH DETECTION OF
ANTI-STOKES EMISSION

Metallic nanoparticles have opened the possibility of imaging, tracking and manipulating
biological samples without time limitations. Their low photoluminescence quantum yield
however, makes them hard to detect under high background conditions. In this study we
show that it is possible to image gold nanorods by detecting their anti-Stokes emission
under resonant excitation. We show that even in the membrane of a cell containing the
fluorescent dye ATTO647N, the signal-to-background ratio of the anti-Stokes emission can
be higher than 10, while it is impossible to image the particles with the Stokes emission. The
main advantage of this technique is that it does not require any major change in existing
fluorescence imaging setups, only the addition of an appropriate short-pass filter in the
detection path.

This chapter has been published in Biophysical Journal 111, 2492-2499 (2016).
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3.1. INTRODUCTION

IGH-resolution microscopy has become an indispensable tool for studying biolog-
H ical samples both in vitro and in vivo[1]. Fluorescent organic dyes are commonly
employed to such ends because of their reduced size and high quantum yield[2]. Fluo-
rophores, however, have an inherent constraint in the possible observation time, since
molecules eventually bleach under intense illumination([3]. Even the most photostable
dyes cannot be imaged at saturation for longer than few tens of seconds. Gold nanopar-
ticles on the other hand are almost indefinitely stable[4] and open up many original
applications including photothermal therapy[5] and imaging|6].

As gold nanoparticles do not blink nor bleach[7, 8],they are ideal candidates for
labelling[9], tracking[10] and manipulating[11] biological samples over extended peri-
ods of time. Moreover it has been shown that with the proper size and coating, they
do not interfere with cells’ functioning[12], allowing not only in vitro but also in vivo
studies. Compared to organic dyes, gold nanoparticles are much larger and their emission
quantum yield is much smaller, in the order of 1076[13]. This minute value is compen-
sated by an absorption cross section several orders of magnitude larger than that of
molecules[14], therefore the brightness of gold nanoparticles is comparable to that of
fluorescent molecules under the same illumination intensity.

Since the absorption cross section of the particles scales as their volume, detect-
ing smaller particles in presence of background requires a specific approach. Several
techniques have been proposed, including two-photon excitation[6], photothermal
heterodyne detection[15] and interferometric detection[16]. Each of these methods
is useful but their operation requires dedicated setups and a high level of expertise. A
method that allows to image gold nanoparticles with a high background rejection and that
is readily implementable in current confocal and wide-field microscopes would provide
great benefits.

Gold nanoparticles exhibit a collective oscillation of conduction electrons called
surface plasmon resonance[17]. This resonance strongly depends on the shape of the
particles[18, 19]. Spheres with radius roughly between 5 and 80nm will have a res-
onance between 520nm and 560nm; more elongated particles such as nano-rods or
bipyramids[20] exhibit red-shifted longitudinal resonances that reach wavelengths of
800nm or longer[21]. It is important to note that tuning the shape of the particles
can be easily achieved by synthesis and that relatively narrow size distributions can
be obtained[22].

The plasmon is responsible for enhanced absorption and scattering cross sections[23]
of particles for specific wavelengths but it is also responsible for enhanced photolumines-
cence emission in the spectral region of the plasmon resonance. In this work lumines-
cence is referred to all the emission arising from a nanoparticle at wavelengths different
than the excitation wavelength. Because of the absence of a gap in the excited states
spectrum of gold nanoparticles, their photoluminescence excitation spectra overlaps
their emission spectrum[13], a very different situation from the Stokes-shifted emission of
fluorescent molecules and semiconductor nanocrystals. Upon excitation of gold nanopar-
ticles at their plasmon resonance maximum, most of the emission will be concentrated in
a narrow spectral region around the excitation. A portion of the luminescence emission
will therefore have the same wavelength than the excitation, making it indistinguishable
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Figure 3.1: Luminescence spectra of a single gold nanorod. Green curve: emission upon excitation with a 532 nm
laser. Red curve: Stokes emission upon excitation with a resonant 633 nm HeNe laser. Blue curve: anti-Stokes
emission under the same 633 nm excitation.

from elastic scattering. But this region of the spectrum will be blocked by the filters that,
in fluorescence detection experiments, prevent direct excitation light from reaching the
detectors.

It is also possible to excite the particles off-resonance with a shorter wavelength
laser (for instance through interband transitions with 532 nm) and the emission will be
mostly concentrated around the longitudinal plasmon resonance of nanorods at longer
wavelengths. This is the closest situation to the behavior of a fluorophore, in which
the Stokes-shifted emission can be easily detected by introducing a long-pass filter. The
drawback, however, is that the cross section of particles is much smaller at this wavelength
and can only be compensated by increasing the excitation power.

Figure 3.1 shows typical spectra of a gold nanorod under different excitation wave-
lengths. The green curve is the one-photon-excited luminescence spectrum around the
longitudinal plasmon resonance, observed while irradiating with 532 nm laser; the full
spectrum of the longitudinal plasmon is clearly observable with its resonance at 620 nm.
The particle can also be excited at or close to its resonance, where its absorption cross
section is maximum.

Figure 3.1 shows the emission spectra upon excitation at 633nm, depicted as the
vertical black line. The red curve is the Stokes-shifted emission; the spectral shape of
this emission overlaps with the one observed exciting at 532 nm. Exciting in resonance
is more efficient and therefore the emission is much brighter. The blue curve in fig. 3.1
displays the anti-Stokes emission at shorter wavelengths. In this case the spectral shape
doesn’t resemble that of the plasmon resonance. The exponential-like decay of the anti-
Stokes spectrum can be modelled with Boltzmann statistics[24] of the bath (phonons and
electrons) energy levels that are present in gold nanoparticles at room temperature. In
both cases it is clear from the shape of spectra that the filters block an important part of
the emission close to the plasmon maximum.

This work focuses in the exploitation of the anti-Stokes luminescence[25] for imaging
of gold nanorods in biologically relevant conditions. This scheme benefits from the
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Figure 3.2: Schematic of the anti-Stokes luminescence arising from a single gold nanorod. After excitation with
a photon, a collective oscillation of electrons is generated. Once the coherence is lost, the state can be described
as an electron-hole pair. Three scenarios are possible: electron and hole may recombine radiatively after one of
more interactions with the thermal baths of lattice phonons and charge carrier thermal excitations: i) if the
energy difference between electron and hole states is lower than the initial one after excitation we obtain Stokes
emission upon a radiative recombination; ii) if electron and hole transiently increase their energy difference at
the bath’s expense before recombining radiatively, we observe anti-Stokes emission; iii) if electron and hole
recombine non radiatively, their energy difference is transferred to the baths and no photon is emitted. The
latter process is the most probable one.

enhanced absorption cross section of the particles, their high photo-stability and fairly
narrow emission spectra. When exciting in resonance with the plasmon, a short-pass
filter can be introduced allowing the observation of only the anti-Stokes emission. This
procedure highly reduces the background arising from self-fluorescence and Raman-
scattering from cells, most of it being Stokes-shifted. Reducing the background therefore
opens the possibility of imaging and tracking smaller particles or using lower excitation
powers.

The anti-Stokes emission mechanism([24] is depicted in Figure 3.2 and can be de-
scribed as follows: an absorbed photon generates a collective oscillation of the conduc-
tion electrons. After a fast loss of the coherence[26], the state of the particle can be
described as an electron-hole pair. The hole and/or the electron can interact with thermal
baths, i.e. with phonons of the gold lattice[27] or thermally excited charge carriers[28].
There are three possibilities after the interaction with baths: i) Electron and hole loose
energy to the bath before recombining radiatively, giving rise to Stokes-shifted emission.
ii) The interactions with baths can transiently increase the energy difference between
electron and hole; if then they recombine radiatively, the emitted photon will have higher
energy (shorter wavelength) than the incoming photon[29]. Or iii) electron and hole can
recombine non-radiatively, transferring their whole energy to the lattice.

The probability of a radiative recombination of electrons and holes is low, as
can be experimentally determined by the very low emission quantum yield of the
photoluminescence[13, 20, 26]. Anti-Stokes emission stems from electron-hole recombi-
nation events after the electron-hole pair has transiently gained energy from the lattice,
i.e., before it thermalizes. Even if the anti-Stokes scenario is unlikely, it is frequent enough
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as to observe an intensity in the range of 103 counts per second on an avalanche pho-
todiode with excitation powers around 16kW/cm?. Such relatively high detection rates
require enhancement of the emission probability through the proximity of the plasmon
resonance[30].

The main advantage of the approach presented in this work is the simplicity of its im-
plementation. With any confocal or wide-field setup enabling resonant excitation of gold
nano-particles, one can exploit the anti-Stokes photoluminescence by inserting a proper
short-pass filter in the detection path. As we will see below, single gold nanoparticles
can be detected even in higher background conditions such as a stained cell, or a highly
self-fluorescent sample.

3.2. EXPERIMENTAL METHOD

Images of gold nanorods were recorded by sample scanning employing a XYZ piezo
stage (PI Nano Cube) in a home-built confocal microscope, sketched in Figure B.1a.
The objective employed was an oil-immersion Olympus 60X NA 1.4 that allowed a high
efficiency in both exciting the particles and collecting their emission. The luminescence
arising from the particles was filtered and detected by either an avalanche photodiode
or a liquid-nitrogen-cooled CCD-spectrometer (Acton 500i). An example of an image
can be seen in Figure B.1b. To detect the anti-Stokes luminescence, a 633 nm short-pass
filter (Semrock) was added to the detection path together with a 633 nm notch filter. Both
filters were needed simultaneously since neither of them was able to entirely block the
excitation light from the detectors. The Stokes luminescence was collected replacing the
short-pass filter with a 633 nm long-pass (Semrock).

Gold nanorods were synthesized by following the standard seeded-growth method[22].
The average size of the nanorods was 50nm x 23 nm and their SPR was located at around
650nm in water. Figure B.2 shows the extinction spectrum of a suspension of the nanopar-
ticles after synthesis and Fig. B.4 shows a TEM image of the rods.

Two different laser wavelengths were employed. A CW 532 nm laser (CNI) was used to
excite the transverse plasmon and the full longitudinal plasmon spectrum was collected.
Single nanorods exhibit a narrow Lorentzian-shaped luminescence spectrum as displayed
in Figure B.1c. A second CW laser (Thorlabs HeNe) with a wavelength of 633 nm allowed
us to excite the particles in resonance and collect either the Stokes or the anti-Stokes
emission depending on the analysis filters. Both lasers were focused to a diffraction-
limited spot through the high NA objective.

Figure 3.3 shows a scatter plot of the Stokes and anti-Stokes emission intensities of
75 gold nanorods against their plasmon peak position. The anti-Stokes emission was
calculated by integrating the recorded spectra at wavelengths shorter than the excitation
laser, while the opposite was done for the Stokes. This can also be directly measured by
recording the emission intensity after a short pass or long pass filter. The large dispersion
of the points observed can be attributed to the distribution of sizes of the rods inherent to
the synthesis method[31] (bigger particles will have a bigger cross section) and probably
to different photoluminescence quantum yields for different individual particles. Because
the particles were first deposited on glass directly and because they were excited with
circularly polarized light, their orientation shouldn't influence their photoluminescence
intensity.
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Figure 3.3: Emission intensity of different gold nanorods as a function of their plasmon peak position. The
data are plotted for the anti-Stokes (a) and Stokes (b) sides of the emission; the orange vertical line at 633nm is
the wavelength of the laser. The anti-Stokes intensity was obtained by integrating the emission at wavelengths
shorter than the laser, while the opposite was done for the Stokes. The spread in intensities for similar peak
positions can be attributed to variations in sizes and, possibly, to different quantum yields of the different
individual particles. The maximum emission for the anti-Stokes is obtained when the plasmon is slightly blue
shifted from the excitation laser and viceversa for the Stokes emission.

It is possible to observe that the maximum emission intensity for the anti-Stokes
appears for those particles with their plasmon slightly blue-shifted from the laser wave-
length, while the opposite is observed for the Stokes emission. This means that there
is a trade-off between the excitation efficiency and the collection efficiency: exciting in
perfect resonance is more efficient, but the filters will eliminate most of the luminescence.
Therefore exciting slightly to the blue (red) of the resonance will be beneficial for the
(anti-)Stokes imaging.

Particles with a plasmon resonance slightly to the blue of the laser show an anti-
Stokes emission roughly 10 times weaker than the Stokes emission. This would imply that
the quantum yield of the emission at shorter wavelengths is 10 times smaller than the
emission at longer wavelengths and therefore would be in the order of 107 [13, 20, 32, 33].
The spectral dependence of the anti-Stokes emission however, induces a large under
estimation of the total intensity. The exponential shape seen in fig. 3.1 implies that the
majority of the emission is concentrated close to the laser excitation wavelength and
therefore the filters are blocking it. Careful experiments with narrower filters would allow
a better characterization of the quantum yield of the anti-Stokes emission.

To prove that the technique is well suited for imaging particles in biological sys-
tems, we deposited HeLa cells on top of the nanorod sample. Firstly, nanoparticles were
deposited on clean glass coverslips by spin casting a suspension of gold nanorods as
described elsewhere[31]. This procedure ensures that the analysis is performed on single
nanorods and therefore that the luminescence signals are not arising from clusters of
nanorods. It also allowed us to characterize the nanorod emission both by acquiring
spectra and by studying the dependency with excitation power, avoiding the diffusion
away from the focus.

Secondly, HeLa cells were plated on top of these samples, and grown overnight until
they reached a high confluency. Although the obtained images are not equivalent to
images of gold nanorods residing in the cytoplasm or nucleus of cells, they would resemble
very closely images of rods in cell membranes. This simplified protocol only serves the
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present purpose of optical signal-to-background characterization, and spared us the
labour-intensive bio-compatible particle functionalization that would be needed for
more relevant biological assays. Figure B.5 shows a typical white light transmission image
of the samples. The high confluency ensures that cells uniformly cover the entire observed
area, so the studied nanorods are always localized below a cell. We have also acquired
images of nanoparticles under cells containing the fluorescent dye ATTO 647N. For this
purpose the cells already attached to the coverslips were incubated with 45 pM ATTO 647N
for approximately twenty minutes. This set of experiments allowed us to compare Stokes
and anti-Stokes emissions under high-background conditions.

3.3. RESULTS AND DISCUSSION

The nanoparticle shown in Fig. 3.1 displays comparable count rates for both the Stokes
and anti-Stokes emissions. As explained earlier and shown in Figure 3.3, this is because
the excitation laser is slightly red-shifted from the plasmon resonance, the most favorable
position for enhancing the anti-Stokes part of the spectrum. Both types of emission
are also comparable to the luminescence intensity obtained while exciting at 532 nm.
The main difference is the laser intensity employed; the power density for exciting the
transverse plasmon with the 532 nm laser was set to 80kW/ c¢m?, while for both the anti-
Stokes and Stokes, the 633nm laser was set to 15kW/cm?, 5 times less intense. This
suggests that the enhancement of absorption cross section at resonance more than
compensates the loss of a significant fraction of the luminescence emission in the laser
rejection filter, allowing us to use lower powers.

The three curves in Figure 3.1 also show a very distinctive spectral distribution. The
luminescence that arises from the 532 nm excitation spans almost 150 nm, from the laser
wavelength up to more than 650nm. The Lorentzian shape confirms that the emission
arises from a single nanorod. The long-pass emission (red curve) spans a range of almost
100nm, from the excitation at 633 nm to above 700 nm. Finally, the anti-Stokes emission,
which requires energy extraction from the thermal bath cannot extend much beyond
a few kgT from the excitation energy. This is the narrowest band, extending from the
excitation to about 580nm. The position of the plasmon resonance to the blue of the
excitation laser explains the higher peak intensity of the anti-Stokes spectrum compared
to the Stokes spectrum, whereas the total integrated Stokes emission is higher than the
anti-Stokes’s.

Figure 3.4 shows two raster scans of the same 7.5 x 7.5 um? area of the sample with
HelLa cells on top of gold nanorods. The left image shows the Stokes emission, where a
633nm notch and 633 nm long pass filter were employed. The right image corresponds
to the anti-Stokes emission, where the same notch and a 633 nm short pass filter were
employed; in both cases the irradiation intensity was kept at 30kW/cm? at the sample.
Most particles are observed in both Stokes and anti-Stokes images but with different
intensities. The main difference between the two images is the background count rate.
The Stokes image has an average background count rate around 5k CPS, while the anti-
Stokes is below 100 CPS, close to 70 CPS, the dark counts of the detector. Moreover in the
Stokes image a structured background can be observed; we attribute this emission to
self-fluorescence of the cells. On the other hand, the anti-Stokes image shows a much
flatter background and highly distinguishable single particles. Both images display the
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Figure 3.4: Raster scan of a nanorod sample under HeLa cells using (a) a long pass filter and (b) a short pass filter
for photoluminescence detection. Some rods can be observed in both images, some others only in the Stokes or
anti-Stokes images. Intensities in the Stokes and anti-Stokes emission thus do not necessarily correlate. The
scale bar in both figures is 2 ym in length.

count rate obtained after dark count subtraction.

The circled particles in fig. 3.4 show the different possible situations: Particle 1 is the
brightest both in Stokes and anti-Stokes, which can be explained if this is a bigger particle.
Particles 2 and 3 are barely distinguishable in the Stokes image, while they are clearly
visible in the anti-Stokes. This can be attributed to a higher background level in the Stokes
case and by a plasmon resonance of particles 2 and 3 to the blue of the laser, favoring
the anti-Stokes emission process. Particles 4 and 5 are visible in both, but particle 4 is
brighter than 5 in the Stokes image, while the opposite happens in the anti-Stokes. This
is due to a plasmon position that favors more one or the other type of emission, as also
shown in fig. 3.3. Figure B.6 shows a larger area of the scan, where it is possible to observe
more particles both in the Stokes and anti-Stokes configuration.

The use of the anti-Stokes emission is especially valuable when imaging nanoparticles
in high background conditions. To this end we incubated the cells with a solution of
ATTO647N. The fluorescent labelling of the cell, even if not specific, resulted in a similar
situation to what would be obtained in the case of labelling organelles or the entire cell
membrane. This dye was chosen because its absorption maximum is close to 633nm,
the excitation wavelength we employed in these experiments, but also because of its
photostability and high quantum yield.

Figure 3.5 shows two raster scans of the samples described above. The right panel
shows the anti-Stokes image, in which single particles are clearly distinguishable and
marked with a circle. We made sure that the observed spots were nanorods by monitoring
their intensity under high illumination conditions and checking that they did not bleach.
The left panel shows the Stokes emission, in which no particles can be distinguished
from the background. The average background emission in the anti-Stokes image is
below 500 CPS, but higher than the dark counts of the detector. The Stokes emission, on
the other hand shows an average background intensity around 200kCPS, two orders of
magnitude higher than that observed without the dye.
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Figure 3.5: Raster scan of a nanorod sample covered by HeLa cells containing the fluorescent dye ATTO647N,
again using (a) a long pass filter and (b) a short pass filter for photoluminescence detection. No clear nanorod
signals can be seen in the Stokes images, whereas they are clearly distinguishable in the anti-Stokes image,
proving the advantage of the latter for fluorescence background rejection. The scale bar in both figures is 2 um
in length.

These results indicate that the Stokes image deteriorates much faster than the anti-
Stokes in the presence of emitting molecules both from the cell itself or from added dyes.
The images show regions with higher emission intensities in both configurations, most
probably due to a higher concentration of dye in specific regions of the cell. Figure B.7
shows a larger scan, and the difference in background intensities is more evident. At
much higher concentrations than the ones shown in this work, the anti-Stokes emission
from the dye becomes significant and can overcome the emission rate from individual
particles.

Figure 3.6a shows the dependence of the acquired luminescence and the background
as functions of excitation power for both the Stokes and anti-Stokes emissions of a particle
below a cell without dye. Care was taken in choosing a particle with a resonance close
to the excitation laser, to compare Stokes and anti-Stokes luminescence with similar
resonant enhancements. The Stokes emission (red curves) shows a linear increase in
signal together with a linear increase in background. In this case the signal-to-background
ratio reaches a value of 6. The anti-Stokes emission (blue curves) however shows a much
steeper increase of the signal than the background, reaching a signal-to-background ratio
of 12. Of course, particles with a plasmon resonance to the blue of the laser wavelength
show an even larger ratio of anti-Stokes to Stokes emission.

Figure 3.6b shows the same type of curves as 3.6a, for a different particle under cells
that contained ATTO647N. In this case the background prevented the acquisition of
luminescence spectra; the particle chosen to draw the figure is representative of the
average behavior. We see that in the Stokes case the particle’s signal is barely larger
than the fluorescence background from the dye. On the other hand, the anti-Stokes
luminescence shows an enhanced contrast, reaching a signal-to-background ratio of
more than 20 for this particular nanorod. The background level observed in the Stokes
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Figure 3.6: Emission intensity (solid lines) and background (broken lines) as functions of excitation intensity for
the Stokes (red) and the anti-Stokes (blue) emissions. These data were obtained on two different particles for
the right (unstained cells) and left (stained cells) panels. For the unstained cells, the plasmon was chosen close
to the laser line, so as to avoid favouring one or the other emission by the resonance effect. Arrows indicate the
maximal signal-to-background ratio of each emission in the figure conditions.

image increases much faster with dye content than the anti-Stokes background.

More particles under the same conditions were analyzed and their signal to back-
ground ratios are shown in Figure B.8. In this case the irradiation intensity was kept at
30kW/cm?. The values of the ratio for Stokes and anti-Stokes under non stained cells is
similar and span roughly from 5 to 15. It is however important to note that on average
the anti-Stokes emission is 10 times weaker than the Stokes one. It is remarkable that
staining the cells with ATTO 647N does not alter significatively the values obtained for the
anti-Stokes emission, while the Stokes emission was not separable from the background.

When the cells containing ATTO647N were used, we observed an increase in the
background levels for both Stokes and anti-Stokes emission and these levels also depend
on excitation power. This means that the dye shows both components, as is well known
from fluorescence hot bands and anti-Stokes Raman scattering. The main difference
between nanoparticles and dyes, however, is their quantum yield. While the particles
appear to be relatively bright anti-Stokes emitters, in part due to their large absorption
cross section, in part due to their plasmon resonance, dyes such as the one employed in
this work, are much better Stokes emitters than anti-Stokes. This is the main reason why
rods are drowned by the fluorescence background in the Stokes image.

The signal-to-background ratio of the anti-Stokes emission increases with increasing
laser excitation powers, going from values close to 2 for 3kW/cm? excitation up to values
of 20 for 53kW/cm? as shown in fig 3.6b. However this can’t be extrapolated further than
the results presented here. It is known that gold nanorods reshape under high irradiation
intensities[34]. For high-NA objectives like the one employed in this work, a rule of thumb
to prevent reshaping in scanning confocal images is to keep the excitation intensity lower
than 150 uW at the back aperture of the objective lens (or equivalently a power density of
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53kW/cm? at the object plane.)

In the presence of a fluorescent dye, the signal-to-background obtained is higher than
in the case without dye. This may be a consequence of the selection of particles with a
plasmon more favorable to the anti-Stokes than to the Stokes emission, and couldn’t be
avoided by acquiring luminescence spectra since the background was too high. Although
we checked the correct focusing on the sample plane both by optimizing the reflection on
the glass/water interface and by employing the anti-Stokes signal, it was never possible to
observe single particles under high background conditions in the Stokes configuration.

A major concern for the imaging of nanoparticles in cells is the local increase in
temperature, widely exploited in plasmonic photothermal therapy (PPTT)[35]. To cal-
culate the raise in temperature induced by irradiating gold nanoparticles in resonance,
we calculated the absorption cross section with the ADDA package[36]. A particle with
alength of 50nm and diameter of 23nm (the average dimensions of the ones employed
in this work) has a maximum absorption cross section of 0.0117 um?. At an irradiation
intensity of 20kW/cm? and assuming all the absorbed energy is dissipated into heat gives
a total power of 2.3 uW. This value is between 2 and 4 orders of magnitude lower than the
reported threshold values for inducing cell death[37, 38].

Moreover we can estimate the temperature of the particle in the steady state by solving
the Poisson equation. Assuming a spherical particle of the same volume than the average
rod employed in this work and taking into account that the heat conductivity of the
particle is much higher than that of the surrounding medium, it is possible to see that the
increase in temperature on the surface of the particle follows,

AT(r)= Labs.
4nxr

Where Qs is the absorbed power and « is the heat conductivity of the medium and r
is the radius of the particle. By setting x to 0.45Wm™~! K~ [39], we obtain a temperature
increase on the surface of the particle of 25K at an irradiation intensity of 20kW/ cm?.
Previous studies reported that the threshold temperature for inducing cell destruction
is around a mean value of 74°C[37] or 50°C[40]. In our case the increase in tempera-
ture is concentrated locally around the nanoparticle; 50nm away from the surface the
temperature increase of the medium is expected to be below 5°C.

As a control we also performed a viability test of the cells after the imaging process.
We observed no difference between the cells that were on top of the imaged nanorods and
those which were not, as shown in Figure B.9. The black square depicts the region that
was imaged under the confocal microscope, while the rest was never irradiated with the
laser. The white light transmission image also does not show any distinguishable changes
before and after the imaging process. More rigorous tests of the particles inside cells are
needed in order to confirm the harmlessness of the method.

3.4. CONCLUSIONS

In this work we have demonstrated that anti-Stokes photoluminescence arising from the
excitation in (or close to) the plasmon resonance of a gold nanorod can be exploited to
image them in biologically relevant conditions[25]. The comparison between the Stokes
and anti-Stokes emissions was possible by using particles immobilized on the substrate,
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however the technique can be easily extended to imaging in fixed cells, in vivo or even for
tracking particles in real time[6].

Extending this technique to wide-field should be possible considering the laser powers
employed in this work. EMCCDs provide enough gain[41] to easily detect single nanopar-
ticles, while at the same time the background is sufficiently low to give a high contrast.
This extension of the technique would open the possibility to track at higher frame rates
than achievable by confocal imaging.

The lower count rate of the anti-Stokes compared to the Stokes emission can be a
drawback in such applications as localization[42]. This technique’s accuracy depends
on the number of photons detected, and is given by ~ 1/v/N, where N is the number of
photons collected. The count rates obtained in this work are close to 1.5kCPS, enough in
many applications.

We have shown that the signal-to-background ratio of the anti-Stokes emission is
higher than that of the Stokes emission. In the case of HeLa cells not containing a fluores-
cent dye, typical values can be around 10 and 5 respectively for a particle with a resonance
at the laser wavelength. For Hela cells containing ATTO647N the difference is much
more pronounced, since most of the particles will have a Stokes emission comparable or
lower than the background, while in the anti-Stokes the signal-to-background ratio can
still be higher than 10.

The main advantage of the technique presented in this work is that it can be easily
implemented in any commercial or home-built microscope. It does not require a high
investment in equipment or time, since filters are normally available for common laser
wavelengths and there is no further need of modifying any experimental configuration
already existent. Moreover all the data analysis techniques employed in confocal or
wide-field images for localization, tracking, etc. do not have to be modified.
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GOLD NANORODS AS
NANO-THERMOMETERS

Nano-thermometry is a challenging field that can open the door to very intriguing results
ranging from biology and medicine to material sciences. Gold nanorods are excellent candi-
dates to act as nanoprobes because they are reasonably bright emitters upon excitation with
a monochromatic source. Moreover gold nanoparticles are already used in photothermal
therapy as efficient transducers of electromagnetic radiation into heat. In this work we show
that the spectrum of the anti-Stokes emission from gold nanorods irradiated in resonance
can be used to measure the absolute temperature of the nanoparticles. The procedure does
not require any previous calibration and can be easily implemented in any microscope
capable of acquiring emission spectra. We show that the luminescence spectrum of single
gold nanorods closely follows Bose-Einstein statistics. We model the emission considering
interactions of the electrons and holes created upon absorption of a photon with thermal
excitations in the metal, in particular phonons.
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4.1. INTRODUCTION

OST physical, chemical and biological processes depend on temperature. Together

with the miniaturization of devices and the advent of nanotechnology the need
for measuring temperature with high spatial accuracy started to emerge. Notably in
biology([1, 2] and medicine[3] measuring and controlling temperature at a single cell level
will provide not only insight into intracellular processes but it will also contribute to a
better understanding of the mechanisms involved in proposed new therapies such as
photothermal tumor ablation[4] or controlled drug delivery(5, 6].

Probes with distinctive spectral features are ideal candidates for temperature measure-
ments since they provide high spatial accuracy while far-field optics allow a non-contact
readout. Some of the proposed strategies include structures that undergo a conforma-
tional change upon an increase in temperature(7], thus inducing variations in fluores-
cence intensity of a dye molecule embedded into them. Also cleverly designed fluorescent
probes([8] in which the ratio of particular emission peaks depends on temperature allow a
high accuracy and can be used for intracellular thermometry.

The use of anti-Stokes fluorescence emission from lanthanide ions has been stud-
ied for several years[9] and can be used to determine temperature with high accuracy.
However organic dyes show a very low amount of emitted photons with a higher energy
than the excitation energy, rendering their use in biological conditions very challenging.
Recently Surface Enhanced Raman Spectroscopy (SERS) allowed to measure changes
induced by temperature down to single molecules[10], but a careful calibration of the
measurements is crucial.

At a cellular level measuring temperature has been subject to extensive debate(1, 11].
Many cellular processes may be subject to temperature variations, including heat genera-
tion at mitochondria. However the measured temperature changes[1] are in the order of
10° times higher than the expected values drawn from theoretical models[12]. Moreover
new applications in photothermal therapy require locally increasing the temperature
in order to induce the death of specific cells in a tissue([5, 13]. Many of these methods
employ metallic nanoparticles as heat sources[4, 14] but rely on models[15] or on ad-hoc
calibrations to estimate the temperatures reached[16]. Therefore a method that allows
both to increase the local temperature and to monitor it will be of great interest in a broad
range of fields.

Gold nanoparticles continue to receive a great amount of attention because of their
unique optical properties[17]. The collective oscillation of conduction electrons, also
known as plasmon, shows a resonance in the visible to near infra-red wavelengths. This
resonance can be tuned by changing the shape of the particles[18] and will be responsible
for a large absorption and scattering cross section at the resonance wavelength. It is
therefore simple to detect nanoparticles in a dark field scattering[19] configuration or
via photothermal imaging[20]. Detecting the particles through their luminescence[21]
is also possible; their low quantum yield[22-25], in the order of 10~° is compensated by
the enhanced cross section. Moreover the luminescence signal is stable over time; gold
nanoparticles do not blink nor bleach, therefore are useful labelling agents for processes
that require extended periods of observation[26].

Different metallic nano-objects are being introduced as agents for photothermal
therapy or drug delivery|5, 13, 27]. One of the advantages of gold nanoparticles is the
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possibility of tuning their resonance to the near infra-red range, where the penetration of
light into tissues can be of several centimeters[3-5, 13, 14, 28]. Moreover the particles can
be used not only for treatment, but also for imaging(5, 15]. In this work we propose that
the anti-Stokes luminescence of gold nanorods and nanospheres can be used to measure
their temperature with relatively high accuracy.

Luminescence of metallic nanoparticles has been the object of extensive study in
recent years. Since the first observation of luminescence from bulk gold[29], different
groups have tried to quantitatively describe the observed properties[30, 31], such as the
quantum yield[22-25, 32] and the emission spectrum[33]. The cross section of different
geometries can be calculated employing different computer packages[34-36], obtaining a
vary good agreement between calculations and what is experimentally achievable.

Luminescence from single gold nanoparticles can be observed when irradiating them
with a monochromatic source. Gold nanorods present two distinct resonance energies,
namely the transverse and the longitudinal plasmon resonance. These particles can
therefore be excited efficiently at one of those energies; the transverse resonance corre-
sponds to a wavelength of 532 nm and will give rise to a broad emission with a peak at the
longitudinal plasmon energy. Conversely it is possible to excite the particles with a wave-
length matching the longitudinal plasmon resonance. In this case the excitation benefits
from an enhanced absorption cross section, but the emission that overlaps the plasmon
resonance will be mostly blocked by the filters needed to prevent direct excitation light
from reaching the detectors.

In this work luminescence refers to the emission from nanoparticles observed at
energies different from the excitation energy. Normally it is expected that after absorption
of a photon, the electrons in the particle will relax and the emitted photon will appear at
lower energies than the excitation. If this is the case, the emission is called Stokes-shifted;
however gold nanoparticles when excited in resonance also present a significant emission
at higher energies called anti-Stokes emission[37-39].

The mechanism we propose to explain the luminescence from gold nanoparticles is
based on the radiative recombination of electrons and holes that are created upon the
absorption of an incident photon[29, 32]. The emission will be enhanced by the presence
of the surface plasmon acting as an antenna[30]. At the same time, the probability of
the interaction of the electron or hole with a thermal bath (a phonon or a carrier) before
recombining can give rise to an emitted photon with a higher energy than the excitation
photon’s[40-42].

A monochromatic photon with energy fiwy, incident on the particle will give rise to a
collective oscillation of the gas of conduction electrons called plasmon. The lifetime of
the oscillation can be measured in pulsed experiments or calculated from the inverse of
the linewidth and is in the order of 10fs[43]. The plasmon decays by forming a pair of hot
electron and hole with an internal energy equal to the plasmon energy[44-46].

The hot electron and hole cool down by exchanging energy with the lattice on a
timescale of T = 1 ps[47]. Before this happens, electron and hole have a small probability
of recombining radiatively, i.e. of re-emitting their high electronic energy as a photolumi-
nescence photon. If they have interacted only with static surfaces, their energy will be the
same and therefore the emitted photon will have the same energy as the incoming photon,
and will not contribute to the measured photoluminescence (as it will be blocked by the
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notch filter.) If, on the other hand, they have interacted with a phonon or a thermally
excited electron or hole, they may have lost or acquired energy before recombining.

Electron and hole can interact with baths upon recombination, either by creation or
annihilaton of a phonon. In both cases the energy available upon recombination cannot
much exceed 7iwy, + kg T. It has to be noted that in the hypothesis of a single-photon ab-
sorption at low excitation power, the temperature T is that of the baths before absorption,
i.e. the temperature of the medium surrounding the particle. This is different from pulsed
experiments, in which the electron gas temperature can be orders of magnitude higher
than room temperature[48].

Radiative recombination gives rise to weakly emitting sources spectrally and spatially
distributed throughout the particle over a broad frequency band with an exponential
cutoff at iwy, + kg T. The weak recombination emission can be greatly enhanced by the
surface plasmon resonance, acting as an antenna. With this model the following predic-
tions can be made. Firstly the emission spectrum must follow the plasmon spectrum if
the excitation laser is well above the plasmon resonance as shown in Figure 4.1 in the
results. If the excitation falls within the plasmon resonance, the spectrum is expected to
follow the plasmon spectrum multiplied by a Bose-Einstein statistics factor arising from
phonon population. This factor should be proportional to 7 for anti-Stokes and 72+ 1 for
Stokes processes, where

i = ho 1 o 4.1
n—(expkBT ) . (4.1)

With this model, it can also be predicted that the emission should be polarized; for the
longitudinal plasmon of gold nanorods this polarization coincides with the longitudinal
axis of the particle[37]. Moreover, the lifetime should be determined by the lifetime of
hot electrons and holes and should be significantly shorter than the thermalization time
of the carriers. If this was not the case, some interactions would be enough to reduce
the carriers’ energy and therefore the electron and hole wouldn't have enough energy
to produce an optical photon. Finally, only the presence of hot carriers is required in
the model. As the wavevectors are randomly distributed at all times, the recombination
probability remains constant at all stages of relaxation. Therefore excitation well above the
plasmon resonance should excite the photoluminescence with nearly the same efficiency
as just above the plasmon resonance[25]. Differences in the distribution of electrons and
holes appear if the excitation energy allows interband transitions[44, 49].

In this work we propose to use the anti-Stokes luminescence emission from gold
nanoparticles to determine their temperature. According to the model just described, the
anti-Stokes emission follows the following form,

hi(w—wr) -1
I(w) =Igpr(w) - [exp——— -1 (4.2)
ksT
where [ is the intensity, o is the angular frequency of the photons, wy, is the frequency of
the laser, 7 is Planck’s constant, kg the Boltzmann constant. Igpg is the surface plasmon
resonance that can be obtained by exciting the particle at energies higher than the res-
onance or, ideally, by looking at the scattering spectrum. Even if these two spectra are
not identical, they overlap in the range of wavelengths comprising the maximum of the
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emission and longer[24]; in the results section a lengthier discussion will be given. The
only remaining free parameter is the temperature T (plus a normalization constant not
included in eqn. 4.2.) This means that carefully fitting the emission spectra excited at two
frequencies (v > vgpr and v = vspr) allows us to extract the absolute temperature of the
particles without any previous calibration.

4.2. EXPERIMENTAL METHOD

All the measurements in this work were performed with a home-built confocal microscope
equipped with an APD and a spectrometer (Acton 500i). Samples were mounted in a flow
cell that allowed us to increase the temperature of the medium up to 60 °C and to monitor
it through a Pt100 resistance thermometer placed 1 mm away from the observation area.

Samples were prepared by spin casting a suspension of nanoparticles onto clean
coverslips. Different particles were employed in this work. Nanorods with average di-
mensions of 21 nm x 50nm and a plasmon resonance around 650 nm were synthesized
following the seeded-growth method[50]; spheres with radii between 30nm and 60nm
were purchased from BBI International. We employed a 532nm (CNI) laser for character-
izing the nanorods’ plasmon and for exciting spheres close to resonance. A 633nm HeNe
(Thorlabs) was employed to excite the nanorods in resonance.

Room temperature measurements were performed using a 60X, NA 1.4 oil immersion
objective (Olympus). This provided high excitation and collection efficiency. At higher
temperatures an air-spaced objective, 60X, NA 0.9 (Olympus) was employed to avoid
the presence of a heat sink directly in contact to the observed area. With this objective
both the excitation and collection efficiencies are significantly lower. The lower excitation
efficiency can be compensated increasing the excitation power, the lower collection
however is inherent to the method and can be compensated only by increasing the
exposure time.

To compensate for the drift of the setup while increasing the temperature, we devel-
oped a computer program to continuously track a reference particle. The same program
was responsible for recording the temperature and triggering the spectrometer. In this
way complete data sets were acquired at different temperatures, including spectra while
exciting at 532nm, at 633 nm with different laser intensities and the temperature mea-
sured by the Pt100. A spectrum with 532nm laser excitation was taken after every cycle to
ensure that the particle was not reshaping due to higher excitation powers.

The intensity of the lasers was controlled via the voltage applied to an AOM in the op-
tical path. Several accumulations of the spectra at the same laser intensity were recorded.
This not only allowed us to lower the noise of the measurements because of a longer
exposure time, but also allowed us to remove bright pixels generated by cosmic rays.
Having several accumulations is also useful to monitor changes in the intensity of the
spectra during the acquisition itself. These changes can be due to a drift of the setup while
measuring or to a reshaping of the particle. The reshaping can be confirmed by com-
paring the spectra acquired with the 532nm laser[51]. In case reshaping was observed,
the measurements where rejected. In the case of drift of the setup, the particular data
set was not taken into account. For the purposes of this work the excitation intensity is
crucial for characterizing the method; if the particle is not in focus it would result in an
over estimation of the excitation power.
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Figure 4.1: Luminescence spectra of a single gold nanorod. The green curve is the emission under 532nm
excitation. In red is the fitting by a lorentzian; the dashed part is the region that was not considered for the
fitting. The other curves are the emission of the same particle under 633 nm irradiation at three different powers.
The inset shows the anti-Stokes-to-Stokes ratio as a function of the excitation power, overlapped with a linear fit
in red.

To calculate the heating of the particles the absorption cross section has to be com-
puted. For the case of nanorods, the ADDA package was employed[34]. Spheres’ cross
section can be calculated from Mie theory. Once the dissipated power is known, the
parameters can be either used in a Comsol model or the heat equation can be analytically
solved, approximating the rods by spheres with the same total area.

4.3. RESULTS

The proposed model for the anti-Stokes emission requires to know the plasmon spectrum
(Ispr function in equation 4.2) of the particle in order to fit the emission at shorter wave-
lengths and extract the particle temperature. It has been shown that both scattering and
luminescence spectra roughly overlap over a broad range of wavelengths[24]. Therefore
exciting gold nanorods with 532 nm allows to record the longitudinal plasmon spectra, as
shown in the green solid curve of Figure 4.1. The peak was fitted by a single lorentzian,
shown in red in the Figure; the dashed part of the curve depicts the spectral region that
was not considered for the fitting. It has to be recalled that the luminescence spectrum
is not a perfect lorentzian since there is a broadband contribution to the luminescence
arising between the excitation wavelength and the plasmon peak([52]. This appears as
an asymmetry in the emission spectrum, particularly visible for wavelengths smaller
than 625nm. The results of this fitting will be employed for the Ispg function defined in
equation 4.2.

The other curves in Fig. 4.1 show the luminescence emission of the same nanorod
while irradiating with a 633nm laser at different powers, ranging from 25 yW to 75 yW
at the back aperture of the objective. The vertical black line shows the wavelength of
the laser. The Stokes part of the spectrum at longer wavelengths than the excitation
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Figure 4.2: Ratio of the anti-Stokes to Stokes emission under 633 nm excitation as function of the resonance
wavelength of each particle. The blue circles are experimental results, while the red triangles are the results
of the calculations with equation 1.2. There is a very good agreement between experiment and calculations.
Particles with a resonance to the blue of the laser (vertical red line) have an increased anti-Stokes emission.

shows the same shape as the plasmon emission observed under 532 nm excitation, apart
from a normalization factor. From the figure it can readily be seen that the shape of
the anti-Stokes emission, at shorter wavelengths than excitation, is exponential-like and
doesn'’t follow the lorentzian shape of the Stokes emission. The dip between Stokes and
anti-Stokes is caused by the notch filter that prevents direct excitation light from reaching
the detectors.

The inset of Fig. 4.1 shows the anti-Stokes-to-Stokes ratio of the integrated lumines-
cence for different laser excitation intensities. It is possible to see that even with a linear
behavior, the anti-Stokes intensity increases more rapidly with laser excitation power
than the Stokes emission. We already exploited this phenomenon to image gold nanorods
in high-background conditions[39]. Moreover it shows that the anti-Stokes emission
depends on laser excitation power differently from its Stokes counterpart.

Figure C.2 shows the intensity of the Stokes (red) and anti-Stokes (blue) emission
for several excitation powers. In both cases the linear fit in logarithmic scale has a
slope close to 1, being 0.88 for the Stokes and 1.20 for the anti-Stokes, confirming that
both types of emission are single-photon processes. The behavior is independent of the
plasmon resonance position. It is important to note that the excitation intensity cannot be
increased much beyond what is shown because nanorods would start reshaping towards
a more spherical shape at higher laser powers.

Figure 4.2 shows the ratio of the anti-Stokes to Stokes emission for 90 nanorods
with different plasmon resonances and under 633nm excitation; the blue circles are
experimental data. The horizontal axis of the figure is the surface plasmon resonance
(SPR) of each particle. The vertical red line marks the laser wavelength. The particles
shown in the plot had resonances between 600nm and 690nm; the ones showing the
maximum ratio of anti-Stokes to Stokes are those with a resonance to the blue of the laser.
For these particles the plasmon is enhancing preferably the anti-Stokes emission. For
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Figure 4.3: Anti-Stokes emission at different irradiation powers with the corresponding fits by equation 4.2.
There is an excellent agreement between data and model. The inset shows the extracted temperature at each
power (blue dots) and a linear extrapolation of the data to 0 uW excitation power. The value obtained for room
temperature was 293 K while the measured value was 296 K.

particles with a resonance at the laser wavelength the anti-Stokes and the Stokes emission
have similar enhancement and show a ratio close to 10%.

Figure 4.2 also shows the results of calculations as the red triangles. A very good
overlap between the measured and the calculated data can be observed. The absorption
cross section of several particles was calculated with the ADDA package. Each calcu-
lated absorption spectrum was fitted by a lorentzian and used as Ispg () in eqn. 4.2.
The absorption cross section also allowed us to estimate the temperature of the particle
assuming a diffraction limited laser spot and from this to calculate the anti-Stokes emis-
sion spectrum using the full eqn. 4.2. The Stokes emission was calculated assuming a
lorentzian spectrum overlapping the absorption. Both anti-Stokes and Stokes emissions
are proportional to the excitation power, so that this term cancels out when computing
the ratio. For this calculation no free parameters were assumed and the transmission of
the filters was taken into account.

By fitting the anti-Stokes part of the spectra shown in Fig. 4.1 with equation 4.2 it
is possible to extract the temperature of the particle at each excitation power. Figure
4.3 shows the results of this procedure. The spectra shown were recorded at 4 different
excitation intensities while the full lines are the fits; there is an excellent agreement
between data and model. For every anti-Stokes measurement we have also acquired the
full plasmon spectrum while exciting with a 532nm laser before and after the temperature
extraction. Having the full plasmon spectrum allowed us to calculate the parameters
of Ispg from equation 4.2 and also to verify that the particle didn’t reshape while being
excited at resonance.

The inset in fig. 4.3 shows the temperatures resulting from the fits at different irradia-
tion intensities (blue dots). It is remarkable that the absolute temperatures of the particle
were extracted without any previous calibration. As expected, the temperature of the
nanorod is proportional to the excitation intensity, or equivalently to the absorbed energy.
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From these data it is also possible to calculate the temperature at 0 yW excitation power,
i.e. room temperature, by extrapolating the results of a linear fit. The value we obtained
in this case is 293 + 6K, while room temperature was 296K, a 2% accuracy.

The accuracy of the obtained temperature depends to a great extent on the plasmon
resonance. The first step in the fitting of spectra is the determination of the term Igpg in
equation 4.2. This is achieved by fitting a lorentzian to the emission spectrum obtained
while irradiating with a 532 nm laser. In figure 4.1 it is possible to observe that the emission
spectrum is not perfectly lorentzian and therefore the fitting results will be sensitive to
the portion of the spectrum selected. Depending on the wavelength range selected, the
parameters of the lorentzian fit (its width and peak position) can slightly change and this
will give rise to different temperatures when fitting the anti-Stokes emission spectrum.

Equation 4.2 shows that if the particle plasmon resonance is red shifted with respect
to the 633 nm laser, the term Igpg will have a smaller effect on the temperature extracted.
When the resonance is to the red of the laser, the term Ispg will slowly vary in the region
where the anti-Stokes emission is observed. Therefore small changes in the parameters of
the lorentzian fit will have a small effect on the temperature extracted. However, particles
that are not in resonance with the excitation laser will present a lower emission due to a
smaller absorption cross section and to a lower enhancement of the anti-Stokes emission
(see for example figure 4.2). A balance between the amount of collected light and the
uncertainty produced by the correct determination of the plasmon resonance has to be
reached depending on each application. The error bar in figure 4.3 and in the following
figures is the result of the estimation of the temperature uncertainty because of variations
in the plasmon resonance fit.

As expected from the model, the anti-Stokes emission should depend not only on the
particle’s intrinsic properties but also on the temperature of the surrounding medium[53].
The samples were therefore mounted in a flow cell that allowed us to change the tempera-
ture and to measure it with a Pt100 resistance thermometer. In this set of experiments
we employed a dry objective and therefore the laser powers are higher to compensate
for the lower excitation efficiency. At each temperature several spectra were acquired at
different 633 nm excitation powers and also a spectrum of the plasmon before and after
each measurement in order to monitor any possible reshaping of the particles during the
experiment.

Figure 4.4 shows the extracted temperature of a particle at varying excitation powers
and at different water temperatures. The blue circles are the results of the measurement
at 20°C, while the green crosses are at 40 °C and the yellow squares at 60 °C. The full lines
are the calculated temperatures for a particle with plasmon overlapping the measured
one and assuming a diffraction-limited focus spot. For the dimensions of the particle, the
mean values from TEM images were used and the length was adjusted to obtain the same
resonance. There is a remarkable agreement between the calculation and the measured
values. Moreover it is possible to extrapolate the temperature at zero excitation power for
each case as was explained earlier. The results are shown in the inset of the figure for each
temperature. The red line with slope 1 is a guide to the eye.

Figure 4.4 clearly shows that the extracted temperature varies with the temperature
of the surrounding medium. More strikingly the method does not require any previous
calibration nor adjustment. The values obtained with the extrapolation to 0 yW excitation
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Figure 4.4: Extracted temperatures at different excitation powers and at different flow cell temperatures. The
full lines are the results of the calculated temperatures. The inset shows the extrapolated temperature at zero
excitation power.

power were 299 + 8K, 311 + 3K and 347 + 6K for water temperatures of 293K, 313K and
333K respectively. The very good agreement between the temperatures obtained from
fitting the anti-Stokes emission and the water temperatures measured by the Pt100 ther-
mometer is remarkable. The calibration-free procedure would allow us to perform the
same measurements in any other setup and could act as a reference for calibration of
other nano thermometers.

It is also possible to keep the excitation intensity constant and to vary the temperature
of the surrounding medium. Figure 4.5 shows the extracted temperature from the fitting
with equation 4.2 as a function of the temperature of the medium. The red line is showing
the water temperature and acts as a guide to the eye. The Figure clearly shows an increase
in the extracted temperature while increasing the temperature of the flow cell. The range
of explored temperatures was from 296K to 320K. This range is enough to observe a
change in the anti-Stokes emission spectrum. At higher temperatures the stability of
the setup plays a crucial role in maintaining the particle in focus during the spectra
acquisition time. Longer exposure times and therefore lower excitation intensities can be
employed if particles are actively maintained in focus.

Particles that can withstand higher excitation powers and that have a well-defined
plasmon resonance are of great interest, because they would allow to employ a single
wavelength and also to reduce the exposure times to record the spectra. A well defined
plasmon resonance also lowers the uncertainties associated with the initial lorentzian
fit needed for the term Igpg in equation 4.2. In principle gold nanospheres fulfill these
requirements. They are known to withstand much higher excitation powers without
reshaping nor melting[54]. Moreover the plasmon resonance of spheres shifts only slightly
with radius, therefore it is possible to predict it using Mie theory and to eliminate the
need of a second laser beam. Sphere samples however always show a shape distribution
that cannot be neglected[55] and that induces deviations of the observed resonance from
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Figure 4.5: Temperature of a single nanorod under the same 633nm excitation conditions, but at different
medium temperatures.

Mie’s model.

Figure 4.6 shows the normalized luminescence spectra of three nanospheres of di-
ameters 60nm, 40nm and 30nm under 532nm excitation. As for the nanorods, two
very distinctive parts of the spectrum are distinguishable, the Stokes spectrum at longer
wavelengths and the anti-Stokes spectrum at shorter ones. From Mie theory we would
have expected a blue shift of the resonance whith decreasing radius of the particles; how-
ever the 30nm sphere seems to be the most red-shifted. This is most likely due to small
anisotropies of the particles, giving rise to slightly different plasmon resonances. The
inset in Fig.4.6 shows a detail of the anti-Stokes emission for the three spheres without
any further normalization. It has to be pointed out, however, that the excitation intensi-
ties were 1.2mW, 2.0mW and 3.6 mW to compensate for the lower cross sections of the
smaller particles.

Spheres not only have a smaller cross section than nanorods of the same volume,
but their quantum yield is also one order of magnitude lower than that of rods[24]. The
weaker emission from these particles can be compensated by increasing the excitation
power. The maximum power that can be employed is given by either reaching the melting
temperature of gold or by inducing a phase transition of the surrounding liquid. The first
would induce an irreversible change in shape of the particles[56] the latter would induce
a change in the refractive index of the medium and therefore would induce a shift in the
plasmon resonance[54].

Figure 4.7 shows the extracted temperature of the three particles while increasing the
medium temperature. It is possible to see that the small 30nm diameter sphere is 150K
hotter than both the 40nm and 60nm. The three curves show an increasing trend, but in
this case the variation of medium temperature amounts to less than 5% the temperature
of the particles. The extracted temperature is several tens of degrees above what would be
expected from the heat equation, considering the absorption cross section given by Mie
theory. The reason for the discrepancies between the measured values and the expected
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532nm excitation. The inset shows the detail of the anti-Stokes emission without normalization. The excitation
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values can be accounted for by the computation of the plasmon resonance term Ispg in
eqn. 4.2.

As explained earlier for nanorods, the fitting of the anti-Stokes emission is highly sen-
sitive to the plasmon position relative to the laser employed. In the case of nanospheres,
the resonance is slightly shifted to the red from the 532nm laser. Small errors in the
determination of the plasmon resonance will generate larger errors in the temperature
extracted. The differences between the plasmon observed in fig. 4.6 and the results of
Mie scattering calculations most likely are due to particles that are not spherical. If this
was the case, the calculated cross section and plasmon resonance will not coincide with
the particles under study, leading to larger errors.

The use of spheres would be beneficial for some applications that require higher
excitation powers or smaller particles. The intrinsic heterogeneity of the samples, how-
ever, prevents the use of a single wavelength for the measurements. Ideally, white light
scattering of single gold nanospheres would provide the information on the plasmon
resonance needed for the correct fitting of the anti-Stokes emission.

4.4. CONCLUSIONS

Being able to control and monitor temperature at the nanoscale is of utmost importance
in different fields ranging from photothermal therapy[5] to nano fabrication[57]. In this
work we have shown a simple procedure that allows us to measure the temperature of
single gold nanorods and nanospheres irradiated under a monochromatic continuous
laser and without any previous calibration. The level of accuracy of the temperature
measurement depends on several factors, but for nanorods it can be estimated to be
better than 6K and for nanospheres around 15K.

The model employed for describing the anti-Stokes emission takes into account the
plasmon, responsible for enhancing the emission, as well as Bose-Einstein statistics to
explain the distribution of the excited states of the particles. It has been shown that
the correct characterization of the plasmonic resonance is fundamental for the proper
extraction of temperature, specially in cases where the excitation wavelength is red-
detuned from the resonance.

Particles with a resonance to the red of the excitation wavelength would be more
reliable in the temperature extraction procedure, but would also exhibit a lower emission
towards shorter wavelengths. The trade-off between both effects and the possibility to
fully characterize the plasmon resonance, will determine the specific particles that are
better suited for each application.

In this work we have also explored the possibility of employing gold nanospheres.
Since these particles do not reshape under higher excitation powers it is possible to
compensate their lower cross section by increasing the irradiation intensity. However,
their quantum yield is at least one order of magnitude smaller than that of rods, giving
an overall lower photoluminescence intensity. Samples with a narrow shape distribution
such as bipyramids[58] would be ideal candidates to temperature extraction since their
plasmon can be measured or determined from theory, avoiding the need of a second
excitation source.

We have observed the anti-Stokes emission from particles with three different diam-
eters. It was already possible to see that the heterogeneity in the shape of the particles
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induces plasmon resonances different from the ones predicted from Mie theory. The
variation in the temperature extracted from the anti-Stokes spectra while increasing the
medium’s temperature falls within the experimental error. The obtained temperatures
however are much higher than predicted from the heat equation. The samples normally
have a distribution of sizes and shapes, assuming a perfectly spherical particle leads to an
incorrect determination of the plasmon resonance that propagates into the determination
of the surface temperature.

The main advantage of the proposed method is that it doesn’t require any calibration,
since the only free parameter of the model is the absolute temperature of the nanoparticle
under study. Moreover the recording of the anti-Stokes spectrum is readily achievable in
any confocal microscope with a coupled spectrometer. A 6K accuracy may suffice for sev-
eral applications; it is important to point out that this value can be improved in different
ways: by carefully selecting the particles that show the most favorable plasmon resonance;
by determining the plasmon resonance through white-light scattering, avoiding the un-
certainty in the fit; by increasing the exposure times to increase the signal-to-noise ratio;
finally an ad-hoc calibration of the temperature can be performed.
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PLASMON DAMPING AS A FUNCTION
OF TEMPERATURE

The fundamental property of metallic nanoparticles is the presence of a localized surface
plasmon resonance. This resonance gives rise to very intriguing and useful properties such
as sub-wavelength field confinement, increase in the efficiency of creation of hot carriers,
large absorption and scattering cross sections. In this work we show that the plasmon
resonance width increases linearly with temperature in the range from 293 K to 350 K.
This can be used to measure temperature employing far field optics and can have many
applications in different fields.
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5.1. INTRODUCTION

EASURING temperature at the nanoscale is one of the main open challenges in

biology|[1], specially when focused into the promising fields of photothermal|2, 3]
and photodynamic therapy[4]. The first method normally employs small nanoparticles to
efficiently convert irradiation energy into heat in very localized environments[5], thus
making it possible to address specific cells[3, 6]. The latter employs the nanoparticles as
small antennas, utilizing the enhanced near field to produce singlet oxygen that in turn
will induce cell apoptosis[7] or to induce drug delivery after irradiation[8].

Successfully designing and implementing new therapies requires not only a careful
understanding of the mechanisms involved, but also needs tools to measure and validate
the hypotheses. For instance, little is reported in literature regarding the critical tempera-
tures needed for inducing cell death[2]. Much less is reported regarding the effect of a
single nanoparticle in or in the vicinity of a cell.

Measuring temperature in cells has been recently subject to debate, mainly because
measurements contradict the expected thermodynamic values(1, 9, 10]. Therefore new
techniques that can shine light into these matters are very valuable. Moreover these
techniques should be easy to implement in existing setups and ideally should not interfere
with the environment to be measured.

Biologically relevant questions however are not the only open concerns regarding
temperature at the nanoscale. For instance the temperature of a nanoparticle in an
optical tweezer can be estimated from models[11] or by indirect measurements. Two
different approaches include looking at the rotational diffusion coefficient[12] or by
seeing changes in a lipid bilayer standing in the vicinity[5, 13]. These methods are specific
to some experiments and can’t be easily generalized.

The mentioned therapies are not the only research areas where nanoparticles have
become very promising tools. In particular gold nanoparticles have been successfully
employed as biosensors[14, 15], labels[16, 17], nanoantennas[18, 19] and are currently
under investigation for solar energy conversion[20]. The main property for such broad
range of applications resides in the presence of a localized surface plasmon resonance
(LSPR) that strongly depends on the shape of the particles[21]. Normally this resonance
will lie between 2.34 eV (530nm) for spheres and in the near infrared for more elongated
particles.

The plasmon resonance on one hand is responsible for high electromagnetic field
enhancements near tips or protrusions[22, 23]. Because of this, nanoparticles currently
are employed as nanometer-sized antennas useful both for Raman scattering (SERS)[24]
and also for enhanced fluorescence(25, 26] experiments. On the other hand, the plasmon
resonance energy is highly sensitive to the refractive index[27] of the medium surrounding
the particles. This phenomenon is exploited for instance in nanosensors that rely in
minute changes in the plasmon resonance to detect down to single molecules[14].

The energy (or equivalently the wavelength) of the resonance is not the only useful
parameter for sensing applications. The resonance’s width is also dependent on surround-
ing conditions[28, 29] and therefore can be exploited. In this work we propose the use
of the FWHM of the resonance as a parameter to measure temperature changes of the
immersion medium. In order to achieve a better understanding of the phenomenon it is
important to determine the different parameters that explain the resonance’s linewidth of
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the plasmon.

In literature the main mechanisms involved in the description of the damping of the
plasmon resonance are electron-phonon scattering, electron-surface scattering, radiative
damping and electron-electron scattering[30-32]. Interband damping can be neglected if
the resonance energies are low enough, which is the case for the nanorods we studied.
Each one of the mentioned terms contributes additively to the total plasmon damping;
electron-phonon scattering however is the only one that shows a strong dependence
on temperature([28, 29]. From the Debye model of phonons and a Fermi distribution
of the conduction electrons it is possible to calculate the damping term attributed to
electron-phonon interaction I'e.pp as[33],

T \° r@p/T 4
4 —) f dz] (5.1)
G)D 0 e —1

where 79 = 30fs[28], ®p = 170K[34]. It is important to note that this equation is
valid in the case T < ©p, in which mostly acoustic phonon modes are occupied. For
temperatures T > ©p and by following a simple model for metals it is possible to simplify
eqn. 5.1 into[35]
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where A is a constant depending on the metal, and kg is Boltzmann’s constant. Equations
5.1 and 5.2 are derived in the limit E > fiw > kg T, where E ris the Fermi energy and
hw is the plasmon resonance energy. For gold, Ef = 5.53€V, and at room temperature
kg T = 0.026 eV. For nanoparticles with resonances at around 1.91 eV as the ones employed
in this work, both conditions are satisfied. The coefficient A is assumed to be a constant
of the metal, but it could also be an intrinsic property of each particle.

Previous work done at low temperatures on bulk gold[33], gold nanorods[29] and gold
bipyramids[28] showed a good agreement of the model in equation 5.1 with the exper-
imental results. On average it was found that the electron-phonon damping increases
with a rate of 0.1 meV/ K for temperatures above the Debye temperature, independently
of the geometry. Nanorods or bipyramids normally have plasmon resonances below 2 eV
and therefore interband damping mechanisms can be discarded. [36, 37]

Figure 5.1 shows white light scattering spectra of a single gold nanorod at 293K and
333K with the corresponding lorentzian fits. The plasmonic resonance centered around
1.857¢eV is clearly visible. The FWHM of the fit at 333K is 3.6 meV larger than at 293K; this
increase in width is of about 3% over a 40K temperature change. The inset of the figure
shows a SEM image of a cluster of the typical particles employed in this work.

Measuring the plasmonic resonance of single gold nanorods can be achieved not only
by detecting white light scattering spectra but also by exciting their luminescence[29].
It has to be kept in mind, however, that measuring scattering spectra benefits from the
enhanced cross section at the resonant wavelengths without being affected by the very
low quantum yield of the luminescence([38]. This in turn will allow us to use much lower
excitation powers and shorter acquisition times.
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Figure 5.1: Normalized scattering spectra of a single gold nanorod at 293K and at 333K with corresponding
lorentzian fits. The offset between the curves is for clarity. The FWHM increases by 3.6 meV upon a temperature
change of 40K. The inset shows a SEM image of some nanorods from the same batch. The scale bar is 50 nm.

5.2. EXPERIMENTAL METHOD

The experiments were performed in a home-built confocal microscope. The samples
were mounted on a flow cell that allowed to raise the temperature of the medium up to
60°C. A dry objective (Olympus 60x NA0.9) was employed to avoid the presence of a heat
sink close to the observed area. To acquire white light scattering spectra the particles were
immersed in index matching oil, therefore achieving a dark-field configuration without
changes to the optics. Nanorods with average dimensions 20nm x 50nm, as shown in the
inset of fig. 5.1 were spin coated on top of a clean coverslip. As a result, the number of
dimers or clusters is below 1% of the observed diffraction-limited bright spots.

Spectra were recorded with an Acton 500-i spectrometer. Exposure times were on
average of two seconds. This short time was possible because the collected scattered
intensity is of the order of 10° counts per second with a laser-driven white light source
(Energetiq).

Two different kinds of experiments were performed. Firstly spectra of a single nanorod
were acquired continuously while varying the temperature in cycles, as shown in Figure
5.2. From 19°C the temperature was increased to 60°C and then freely cooled down.
For the first analyzed particle the procedure was repeated three times in order to study
fluctuations in the results given by the higher temperatures. Two more particles were
studied in the same manner, but each was subject to one thermal cycle only. In every
case, after each spectrum a background was recorded in the vicinity of the particle.

Secondly many particles were analyzed to improve the statistics of the results. In
this set of experiments, each particle’s spectrum was acquired consecutively. Also back-
grounds in different regions of the sample were recorded. After the iteration on all particles
was finished, the temperature was changed to a fixed value and the operation was re-
peated. In this way we have recorded the scattering spectrum of more than 200 particles
at 9 different temperatures ranging from 19°C to 58 °C. The first 5 measurements were
done while increasing the temperature, while the last 4 were done when cooling down to
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Figure 5.2: Example of the temperature cycle employed for studying a single gold nanorod. Spectra of the
particle and of the background were acquired in intervals of approximately 10s

room temperature.

In order to compensate for the drift of the setup while changing the temperature, a
special computer program to control the setup was written. In the first set of experiments,
it continuously refocused on the studied particle and triggered the spectrometer. The
same program monitored and recorded the temperature of the flow-cell by measuring
the resistance of a previously calibrated Pt100 thermometer, placed 1 mm away from the
observed area. Only in the first cycle both the warming up and cooling down were done
in steps, as can be seen in the Fig. 5.2, in order to slowly test the procedure.

In the second experiment, a reference particle was used for compensating the drift
while changing temperature; the relative positions of the other particles were calculated
accordingly. In every case an automatic refocusing procedure was applied before trigger-
ing the spectrometer, ensuring the correct positioning of the desired particle in the center
of the beam. With this procedure, approximately 80 particles can be studied at 9 different
temperatures in under 6 hours. Measuring the local temperature in the vicinity of the
particles is important since the PID loop used to control the flow-cell temperature can
have drifts of up to 4°C.

5.3. RESULTS

The particle shown in Figure 5.1 was analyzed while continuously changing the tempera-
ture of the flow cell as described earlier. Figure 5.3 shows the FWHM (full width at half
maximum) of the plasmon resonance as a function of temperature. Each row in the figure
corresponds to every temperature cycle in Fig. 5.2, the first cycle on top and the last
at the bottom. In every plot, the red dots show the part of the cycle with an increasing
temperature. The blue crosses show the results when cooling down to room temperature.

In Fig. 5.3 it is possible to observe that during the first cycle there is a linear relation-
ship between the plasmon resonance’s width and temperature. In this cycle the plasmon
broadens at a rate of 0.34meV/K. During the second cycle the broadening of the res-
onance is slightly less pronounced, at a rate of 0.23 meV/K. During the third cycle the
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Figure 5.3: Plasmon width for one particle at varying temperatures. From top to bottom, each plot represents a
thermal cycle, going from room temperature to 60 °C (red circles) and cooling down afterwards (blue crosses).
It can be seen that after the second cycle the width increases reproducibly with temperature.
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Figure 5.4: Resonance position for one particle at varying temperatures. From top to bottom, each plot
represents a thermal cycle, going from room temperature to 60 °C (red circles) and cooling down afterwards
(blue crosses). It can be seen that after the second cycle there is no variation of the plasmon resonance position,
thus no reshaping of the particle.

broadening of the plasmon shows a rate of 0.15meV/K. The results of the linear fittings
of the FWHM of the plasmon while changing temperature are summarized in table 5.1.
The values correspond to the slope of the line for the increasing and the decreasing part
of the cycle separately. The cooling down part of the third cycle gives a measured rate
of 0.09meV/K. This value is in good agreement with the expected broadening rate of
0.1meV/Kreported earlier[28, 29] and expected from bulk gold measurements.
However the resonance damping rate is not the only parameter changing with tem-
perature. Figure 5.4 shows that the resonance energy also shifts when changing the
temperature of the immersion oil. The resonance goes from 1.869 eV at room temperature
to 1.877eV at 58 °C. More strikingly, when cooling down the resonance energy diminishes
to 1.862eV. The second cycle presents the same behavior but much less pronounced than
during the first one. In the third cycle the resonance does not depend on temperature
and is stable around 1.856 eV, indicating the the rods don’t reshape significantly in our
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Cycle | Bi(meV/K) Bg(meV/K) || Partlcle | Bi(meV/K) | By(meV/K)

1 0.34 0.23 0.27 0.23
2 0.23 0.16 0.08 0.02
3 0.15 0.09

Table 5.1: Summary of the results of the linear fittings for particles 1 (on the left). 2 and 3 (on the right). B; and
B, are the results for the increasing and decreasing part of the temperature cycles.
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Figure 5.5: Plasmon width for two particles, going from room temperature to 60 °C (red circles) and cooling
down afterwards (blue crosses). Both particles show a broadening of the plasmon proportional to temperature,
but the rates are different.

conditions.

Normally plasmon shifts are related to changes in the refractive index of the medium
surrounding the nanoparticles. This phenomenon is used, for instance, in photothermal
imaging[39, 40] or in biosensors[14] as described in the introduction. The fact that in
the first cycle there is a non-reversible plasmon shift suggests that either the medium or
the surface of the particle (or both) changed in a permanent way after reaching higher
temperatures. This can be due to a deterioration of the immersion oil, or to an adsorp-
tion/desorption of molecules from the particle’s surface, effectively changing the refractive
index in the surroundings of the nanorod. Discriminating these two mechanisms would
require further studies that are out of the scope of this work.

Thermal reshaping of the nanoparticles can be ruled out since it would have induced
a blue-shift of the resonance[41, 42], while we observe an overall red-shift. Moreover,
the temperatures reached in this work are much lower than those needed for observing
changes in shape of the nanorods. However, it is important to note that the plasmon
broadening still occurs in the third temperature cycle when no resonance shift is ob-
served. Therefore the broadening is not caused by changes in the medium but by intrinsic
properties of the nanoparticles, as proposed in the introduction.

We performed the same experiment on two more particles. The measurements were
carried on right after the third cycle of particle 1 in order to preserve the same experimen-
tal conditions and to avoid possible changes in the immersion oil as explained earlier.
The surface plasmon resonance of both particles did not shift during their temperature
cycles. This shows that the changes induced either on the surface of the particle or of the
immersion oil at higher temperatures have a persistence of at least few hours.
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Figure 5.6: Plasmon broadening rate as a function of initial resonance position. Main panel shows the results
for 220 different nanorods. Panel (i) is the histogram of the distribution of resonance energies found. Panel (ii)
shows the distribution of broadening rates for all the particles and its fit by a gaussian as a solid red curve. Panel
(iii) shows an example of the fitting for one particle; red squares correspond to increasing temperatures while
blue crosses correspond to the decreasing.

The FWHM of the resonances of these two particles are shown in Figure 5.5. The
slopes of every fit are summarized in table 5.1 on the right columns. Particle 2 shows a
broadening rate higher than particle 1 while particle 3 shows a rate lower than expected.
The heterogeneity in nanorod samples normally accounts for large variations in the
observables. For instance quantum yield measurements[38] or the rate of chemical
etching[43] of the surface of the particles show a broad distribution of values. To further
investigate the differences between particles and to study if there is a relationship between
the broadening rates and the plasmon resonance, we performed the same analysis on 220
different particles.

As described earlier, we acquired the scattering spectrum of several particles at differ-
ent temperatures. The top right panel Figure 5.6 shows the result of the procedure for one
of the particles as en example. The red squares show the FWHM of the plasmon resonance
while increasing the temperature and the blue crosses correspond to the cooling down to
room temperature. The linear fits have slopes of 0.14 meV/K and 0.13meV/ K respectively.
Compared to the results shown in Figs. 5.3 and 5.5, spectra were not acquired continu-
ously but after the temperature was stabilized at a certain value. At each temperature,
spectra of several nanorods were acquired.

From the slopes of the linear fits of all the particles analyzed it is possible to construct
the scatter plot of broadening rates and resonance energies for all the nanoparticles. This
is shown in the bottom left panel of Figure 5.6. The particles analyzed had resonances
varying from 1.6eV to 2eV, and the distribution of energies is shown in the top left
histogram of Fig.5.6. The most frequent resonance is around 1.81 eV. The distribution of
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resonance energies is also an indication of the dispersion of shapes of the samples and is
inherent to wet chemical synthesis methods.

The broadening rates of the 220 studied particles are summarized in the histogram
at the bottom right in fig. 5.6. The gaussian fit of the distribution has the center at
0.08 meV/ K with a standard deviation of 0.3 meV/K. This is in good agreement with the
expected broadening rate of 0.1 meV/ K. The measurements were performed after some
thermal cycles and no change in the plasmon resonance energy was observed while
increasing or decreasing the temperature. This implies that the broadening rates differ
from particle to particle because of inherent properties and not because of differences
generated by the immersion oil used.

From Figure 5.6 it is possible to discard any significant dependence of the plasmon
broadening rate on the plasmon’s resonance position if this is kept below the interband
transition energy. The model proposed in the introduction accounts for the broadening
of the plasmon in terms of the electron-phonon coupling in gold and can account for
the average behavior observed. It is important to note, however, that particles with
resonances to the red normally have narrower plasmons[30]. Therefore the sensitivity of
the broadening will be higher for particles with lower resonance energies.

The distribution of rates shown in Fig. 5.6 also includes particles that show a narrowing
of the plasmon resonance while the temperature increases. Approximately 27% of the
studied nanorods present a negative broadening rate. The model of electron-phonon
coupling proposed in this work does not account for this phenomenon, nor for the
different broadening rates for different particles. It is possible that the uncertainty in the
determination of the plasmon width is responsible in part for this. The expected plasmon
width change with a temperature increase of 40K is of about 4meV, or 4% of the FWHM
of the resonance of the particles.

5.4. CONCLUSIONS

Measuring temperature at the nanoscale is challenging. Available techniques rely on
spectral changes of fluorophores[44] or quantum dots[1, 9]. Here we show that scattering
properties of gold nanoparticles can also be used as temperature sensors. One of the
main advantages is that the scattering cross section of gold nanoparticles is on the order
of 103 nm?, and therefore the powers needed for measuring the spectrum as well as the
integration times can be low.

Electron-phonon coupling in gold is one of the parameters responsible for the broad
plasmonic resonance of nanoparticles. This is also the only parameter that depends
strongly on temperature and can be modeled with a simple linear relation for tempera-
tures in the range that we studied, between 293K and 350K. It is therefore expected that
the plasmon width depends linearly on temperature as was shown in this work.

Particles were studied in detail, acquiring continuously spectra while increasing and
decreasing the immersion medium’s temperature and showed a broadening of their
resonances with various rates. The electron-phonon coupling model does not allow us to
explain this behavior; however we have also observed that the resonance energy changes
with temperature and a persistent red-shift is observed. This is attributed to changes in
the refractive index of the medium surrounding the particles, either due to the immersion
oil changing in a non reversible way or to some modification of the surface chemistry
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of the particles (for instance because of adsorption of molecules present in the oil). The
plasmon shift however disappears after some thermal cycles, but the plasmon broadening
remains.

In the situation when no resonance shift with increasing or decreasing temperature is
observed, we have investigated the differences in the broadening rates from particle to
particle. Spectra of more than 200 nanorods were studied, allowing us to discard a possible
relationship of the rates with the resonance position. It was found that the broadening
rates have a distribution centered around 0.08 meV/ K, while the value expected from bulk
measurements is 0.1 meV/K[33]. The standard deviation of the distribution of rates is
0.3meV/K.

The model proposed in this work cannot account for the distribution of rates observed.
However it has to be noted that when working with gold nanoparticles, the distribution
of values of selected quantities can be of up to one order of magnitude. For example,
quantum yield measurements|38], surface chemistry[43], plasmon induced reactions[45]
are some of the examples of the high variability observed from particle to particle. This
variability also makes single-particle studies important since many of the phenomena
can be hidden in bulk measurements[34].

With the measured average broadening rate, reaching sensitivities of 1 K imply detect-
ing changes in the plasmon width of 0.08 meV, less than 0.1% of the total width. The error
in the fitting of the scattering spectrum is mainly given by the amount of light collected.
Longer exposure times can lead to lower errors and therefore higher sensitivities. On
the other hand, detecting several particles at the same time can lead to increasing the
temperature sensitivity. Without any previous calibration, the broadening of the plasmon
can be used at best to detect temperature changes, but not the absolute temperature of
the sample.
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CONCLUSIONS & OUTLOOK

6.1. GENERAL CONCLUSIONS

T HIS thesis is a collection of heterogeneous results that range from etching of single
gold nanorods to studying their anti-Stokes luminescence. Gold nanoparticles have
been in the spotlight for almost two decades because of their optical properties[1]. They
are ideal candidates for labelling[2] applications and also as biosensors[3]. Many proper-
ties of the nanoparticles have been already characterized but there is still a large number
of them that needs to be addressed; this thesis provides several illustrations of this need.

Wet chemical synthesis of nanorods yields a high degree of heterogeneity between
individual particles[4]. This was already observed in our group when measuring the
quantum yield (QY) of particles with different aspect ratios[5]. The values differ by almost
one order of magnitude between particles that, up to experimental accuracy, should have
been identical. In every chapter of this thesis single-particle results have always been
complemented with statistics.

Chapter 2 shows that the mean behavior of single particles is different from what is
observed in bulk suspension. Chapters 3 and 4 focus on the anti-Stokes luminescence, a
phenomenon greatly overlooked in the past decade. Chapter 5 on plasmon width is again
an example of the heterogeneity observed at single-particle level. Experiments similar to
these need proper statistics to be complete.

The four chapters of this thesis are but a proof that there is still room for investigation
at single-particle level. Many intriguing phenomena can still be left to discover.

6.2. OUTLOOK

Every chapter includes a conclusion regarding the content of the chapter itself. This
section on the other hand aims at pointing out what are the different possibilities that
every chapter opens for future research.
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6.2.1. CYANIDE ETCHING

Chapter 2 shows that is possible to change the shape of gold nanoparticles once immobi-
lized on a glass coverslip. We employed cyanide etching because of its well understood
chemistry with gold but the methodology is not limited to it; other reactions are possible
alternatives. Moreover we have shown that it is possible to monitor the changes of shape
by studying the evolution of the plasmon resonance and therefore the experiments can
be performed under an optical microscope.

Other works have focused into the possibility of using the plasmon resonance shift
as a detector of minute concentrations of cyanide[6]. At a single particle level we can
easily detect uM concentrations and nM should be reachable without changes to the
setup. Lowering the concentrations keeping reasonable measurement times reduces to
improving the detection of the plasmon shift. However gold nanoparticles are completely
etched away after being exposed to cyanide ions for enough time. This would make
samples non reusable.

Another interesting opportunity is the ability to change the spacing between particles
with sub nanometer accuracy(7]. Gold nanorods are becoming promising nano antennas,
and dimers of particles have a much stronger near field. However, controlling the spacing
between particles is a major challenge. The results shown in chapter 2 can be extended
to dimers, where slow etching of the surface of the particles can be used for tuning the
distance between them.

6.2.2. BACKGROUND SUPPRESSION

Chapter 3 shows that it is possible to image gold nanorods in high background condi-
tions by detecting their anti-Stokes emission. The chapter focuses into imaging under
living cells but the technique is not limited to biological applications. High background
conditions can include working with fluorescent molecules in solution, for example to
study enhanced FCS[8]. Background suppression is not the only advantage of anti-Stokes
imaging.

A common problem in colocalization studies is the correction for chromatic aberra-
tions and misalignment of different beams. If one desires to colocalize a gold nanorod
and a fluorescent dye with absorption in the same spectral region, the anti-Stokes emis-
sion provides a way to achieve it with only one excitation laser and one detection path.
Employing a single laser beam rules out the possibility of a misalignment of the excitation
path; the detection of both channels (anti-Stokes for the rods and Stokes for the dye) can
be concentrated over a short spectral range, thus minimizing chromatic aberrations.

Colocalizing gold nanorods and fluorescently labelled proteins can give insight into
the different processes that mediate the uptake of gold nanorods|2]. It can also be useful
for characterizing the targeting of proteins in living cells. A gold nanorod can be function-
alized to bind to specific proteins[9]; the binding efficiency and specificity, however, are
difficult to determine in vivo if there is a high background signal.

Anti-Stokes detection is not limited to imaging. If used as labels, nanorods can be used
for tracking[10] specific proteins for extended periods of time. In living cells, regulatory
mechanisms depend on free diffusion and active transport[11]. Tracking of functionalized
single nanoparticles can provide important insight into mechanisms that are active over
different timescales[12].
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6.2.3. TEMPERATURE SENSING WITH ANTI-STOKES LUMINESCENCE
Chapter 4 shows that anti-Stokes luminescence from single nanoparticles can be used for
nano-thermometry. This novel result opens many possibilities in the fields of photother-
mal therapy[13] and nano fabrication[14]. For over 20 years gold nanoparticles have been
studied as possible candidates for treating cancer[15]. A large community is focused into
using nanoparticles to locally increase the temperature of malignant cells, preserving the
healthy ones.

After decades of research, however, there is little insight into the temperature that the
nanoparticles have to reach to induce cellular death[16]. The conclusions of chapter 4
clearly show that the technique developed is ready to be implemented in biologically rele-
vant conditions. Being able to actively control and monitor the temperature of nanoparti-
cles in or around cells has never been done before and can yield important answers to the
mechanisms that induce cell death.

Moreover the method described in chapter 4 can be used to measure the temper-
ature of nanoparticles in various situations. For instance the characterization of op-
tically trapped nanoparticles normally relies on assumptions of the temperature[17].
Nano bubble generation[18], polymerization at the nanoscale[19], controlled chemical
reactions(20], photothermal detection[21] are some of the fields where actually measuring
the temperature of the nanoparticles instead of estimating it can provide insight into new
phenomena.

An important task for future work should be to characterize different particle geome-
tries. Gold shells[22], bipyramids[23], even spheres of different diameters can be better
suited for temperature sensing. Different plasmon resonances and different quantum
yields can make other particles better anti-Stokes emitters.

Acquiring spectra as was done in chapter 4 is a slow process; it can take several
minutes to obtain a proper signal-to-noise ratio. There is a possibility to shorten the
acquisition times by studying the ratio of anti-Stokes to Stokes emission[24]. In principle
the Stokes emission is constant with temperature and depends only on the laser power;
the anti-Stokes however will be brighter for higher temperatures. Already in figure 4.2 it
is possible to observe that the ratio of both types of emission can be easily reproduced
by numerical calculations. Preliminary calculations show that the ratio of anti-Stokes to
Stokes changes with temperatures, but experimental data is missing.

6.2.4. PLASMON DAMPING

Chapter 5 shows the relation between the plasmon damping rate and the temperature
of the medium surrounding the nanoparticles. The main idea of the chapter was to
explore the possibility of using the broadening of the plasmon resonance as an alternative
thermometry strategy. Anti-Stokes luminescence has the advantage of not needing a
calibration, but the higher laser powers employed induce a temperature rise that can be
much higher than the temperature to be detected.

Chapter 5 shows that, on average, the linear relationship between the plasmon full
width at half maximum and temperature agrees with the expected value from bulk gold.
However there is a big heterogeneity between nanoparticles, not all of them have the same
broadening rate. This explains why the broadening was not observed in bulk suspension
and also sets a limit to the applicability of this method for temperature measurements.
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Since every nanoparticle behaves in slightly a different way when increasing temper-

ature, one needs to build proper statistics to determine how much the temperature of
the sample increased or decreased. The statistics can be built either by studying several
individual nanoparticles, as was done in this thesis, or by placing a bigger number of
particles in the focal spot, as done with quantum dots[25]. The heterogeneity, however,
can pose a limit to the applicability of the method. It is possible that other geometries
such as bipyramids exhibit a more homogeneous behavior.
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A.1. SOLUTION RESULTS
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Figure A.1: Extinction spectra of a bulk suspension of gold nanorods dispersed in 100 uM KCN. The curves are
displayed at 2 minutes intervals. The inset shows the peak position as a function of time. The curves were
normalized to the transverse peak for clarity.

Figure SA.1 shows the behavior of nanorods dispersed in 100 uM KCN. The same
sample than for the single-particle experiments was used. We observe a clear blue shift of
the longitudinal plasmon resonance, towards the transverse peak at around 530nm. As
stated in the main text, we attribute the blue shift of the peak to a shortening of the long
axis of the rods. This is because the CTAB is more efficient in protecting the sides than
the tips of the particles. The blue shift does not seem stabilized for the last spectrum. We
attribute this to a complete consumption of KCN by excess gold metal in our sample. If
more KCN had been added, the blue-shift would probably have continued.

The spectra were acquired in an UV-Vis spectrometer. The first spectrum was acquired
with the rods dispersed in water, before adding KCN into the cuvette. Later a solution such
that the final concentration was 100 uM was added and a set of automatic spectra was
recorded at a fixed interval of time. The peak position was extracted by fitting a double
Lorentzian, one with a fixed central wavelength (the transverse resonance) and a second
one for the longitudinal plasmon.
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Figure A.2: SEM images of the rods a-b) after synthesis, at different magnifications c) after 2 minutes in 20 yuM
KCN. d) after 4 minutes in KCN and e) when they were forming clusters. f-h) Histograms of the aspect ratio (f),
longitudinal(g) and transverse axis(h) before, after 2 and after 4 minutes in KCN. The distribution of values is
too broad to visualize a shift in aspect ratio. Statistics on the values, however, show a slight increase and the
data is summarized in table 1.

A.2. SEM IMAGES

Samples for SEM images were prepared by drop casting a suspension of gold nanorods
into clean silicon wafers. An initial image of several hundreds of rods was acquired before
any etching. The same samples were placed in a solution of KCN for 2 minutes and imaged
again. Finally they were submersed again for 2 minutes in KCN and imaged afterwards. In
this way, even if it was not possible to track the same particles during the etching process,
it was possible to reproduce the conditions in which the reshaping took place on the
optical microscope.

Figure SA.2 shows the SEM images of the rods. In SA.2a,b an example of the rods after
synthesis and before etching at two different magnificatins. Figures SA.2c and d show
the rods after 2 minutes and 4 minutes in 20 uM KCN. Figure SA.2e was acquired after 4
minutes in KCN; the difference on the shape of the particles when they are in contact is
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notable. It has to be reminded however that the clusters of rods were already formed on
the substrate before the etching started. Drop casting a suspension of rods tends to form
conglomerates of particles rather than isolated particles as can be easily achieved by spin
casting and shown in the optical experiments in the main text.

Histograms in Figures SA.2f-h show the analysis of the aspect ratio, the longitudinal
and the transverse axes respectively for each of the cases. Table 1 summarizes the average
values found after analyzing approximately 300 particles. The shift is rather small as
compared to the standard deviation of the distribution of sizes.

L(nm) Sdv(nm) D mm) Sdv(nm)

Omin 51 5 24 3
2min 50 5 23 3
4min 49 5 22 2

Table A.1: Summary of the results obtained for 300 different particles while imaging them with an SEM. L and D
are the length and diameter respectively. Sdv is the standard deviation of the values

A.3. BACKGROUND SPECTRUM
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Figure A.3: Spectra from the background while exciting with a 532nm laser. The peak appearing at 650nm is
attributed to Raman scattering from the O-H stretching modes of water.

Figure SA.3 shows the typical background when exciting with a 532nm laser. The peak
at 650nm is attributed to Raman scattering from water. Normally this background can be
well subtracted from the spectra acquired on particles. For less intense curves however, it
is possible to observe a shoulder appearing at this particular wavelength. This indicates a
non-additive phenomenon that we attributed to enhanced Raman scattering close to the
nanoparticles.
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B.1. SETUP

Wavalength (nm)

Figure B.1: Experimental setup and examples of observations. a) Simplified schematic of the confocal mi-
croscope employed during the measurements. b) A typical 1-photon luminescence raster scan of the sample
immersed in water ¢) luminescence spectrum of a single rod.

Figure B.1 shows the schematic of the confocal microscope employed in the experi-
ments. It is important to note the presence of a 50/50 beamsplitter before the objective.
Exchanging it for an appropriate dichroic mirror would increase the collection efficiency.
In this work we chose not to do it because the beamsplitter allows to collect both the
full emission under 532 nm excitation and the Stokes/anti-Stokes emission under 633nm
without changes in the optical path.
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Figure B.2: Normalized extinction spectrum of a suspension of nanorods after synthesis. The resonance
maximum is located at 630 nm.

Figure B.2 shows the extinction spectrum of the nanorod samples used throughout
this work. Two peaks are clearly distinguishable, one around 630 nm that corresponds
to the longitudinal plasmon resonance (LPR) of particles with sizes 50nm x 23nm and
a second one at around 520nm. This peak also includes contributions of spheres as by-
products of the synthesis of the rods. The transverse plasmon resonance is also located at
the same wavelength but is much weaker than the LPR. In a sample consisting exclusively
of rods, the transverse resonance would be barely observable in a UV-Vis spectrometer.
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B.3. FILTERS
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Figure B.3: Transmission spectrum of two notch filters and a short pass filter (Semrock).

The selection of filters plays a crucial role in the signal acquired. Since the main part of
the anti-Stokes emission is concentrated around the excitation wavelength, it is important
to select filters that have a high transmission close to the laser line. Figure B.3 shows the
normalized absorption spectrum of two notch filters and a short pass. Both notch filters
are branded as NF03 —633E — 25 but show a slightly different absorption spectrum, shifted
roughly 4nm from each other. The shortpass filter (branded as SP01 — 633RU — 25) shows
the transition to transmission even closer to the laser line.

For many fluorescence applications the exact shape of the transmission spectrum of
the filters does not play a crucial role. However for anti-Stokes imaging, since the shape
of the emission is exponential-like, minute changes in the transmission spectrum can
have a great impact on the signal collected. For example, changing from a detection path
with a spectrum like notch 1 to one like shortpass (i.e. shifting in about 7nm the edge of
the filter) increases the collected number of photons by about 50%.

In this work, since only one filter does not provide enough attenuation, care was
taken to always employ the notch with the most favorable transmission spectrum in
combination with either a shortpass or a longpass filter. Ideally, two shortpass filters
would have been the best solution.
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Figure B.4: TEM image of the nanorod sample. The scale bar is 500 um.

Figure B.4 shows an example TEM image of the gold nanorod sample. Analysis on the
dimensions of the particles yield an average length of 50nm and diameter of 23nm. This
is consistent with the plasmon observed in fig. B.2 and at a single-particle level as in fig.
B.1c.

B.5. WHITE LIGHT TRANSMISSION

Figure B.5: White light transmission image of the sample with cells deposited on top of the rods. It is possible
to observe that they cover entirely the observed region without spacing in between them. The scale bar in the
figure is 20 pm in length.

B.6. FULL SCAN WITHOUT DYE

The raster scan shown in Figure B.6 corresponds to a larger area comprising the same
region shown in the main text. The majority of the particles has a much larger contrast in
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Figure B.6: Raster scan of a nanorod sample under HeLa cells using (a) a long pass filter and (b) a short pass
filter for photoluminescence detection. Both scans contain the same region shown in the main text and here
marked with a black square. The scale bar in both figures is 4 um in length.

the anti-Stokes. Moreover it can be noted that the background is flat. In the Stokes image
the nanorods are still visible, but the contrast is obviously lower.

B.7. FULL SCAN WITHOUT DYE
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Figure B.7: Raster scan of a nanorod sample under stained HeLa cells using (a) a long pass filter and (b) a short
pass filter for photoluminescence detection. Both scans contain the same region shown in the main text and
here marked with a black square. The scale bar in both figures is 4 yum in length.

Figure B.7 shows a raster scan of gold nanorods under cells stained with ATTO 647N.
Both images comprise the same region shown in the main text, here marked with a black
square. No particles can be detected in the Stokes image, while several nanorods are
visible in the anti-Stokes image with a high signal-to-background. We note, however, that
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there is some background appearing in the top left part of the anti-Stokes image. This
may be due to an increase of the concentration of ATTO647N. The incubation procedure
does not prevent the accumulation of dye in specific organelles of the cells, and there is
no control on the final dye concentration.

B.8. SIGNAL-TO-BACKGROUND OF SEVERAL PARTICLES
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Figure B.8: Histograms of the signal-to-background of several particles irradiated at 30kW/cm?. a) Stokes
emission under unstained cells, b) same but anti-Stokes emission, c¢) anti-Stokes under cells stained with
ATTOG647N.

Figure B.8 shows the distribution of signal-to-background ratios for several particles.
The data were acquired with an irradiation intensity of 30kW/cm?. Fig. B.8a shows the
distribution for nanoparticles under unstained cells. It is possible to observe a broad
distribution of values between ratios of 5 and 15. Fig. B.8b shows the signal-to-background
distribution for the anti-Stokes emission, concentrated mainly between 5 and 10. Finally
Figure B.8c shows the anti-Stokes signal-to-background ratio of particles under cells
stained with ATTO647N. In this case it is possible to observe a similar distribution of
values. Stokes data under stained cells are not presented because it was impossible to
detect single nanoparticles under those conditions.

B.9. VIABILITY TEST
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Figure B.9: White light transmission image of the cells, a) before being irradiated with the 633 nm laser, b) after
the imaging process and c) viability test. The black square represents the imaged area. The scale bar is 50 um.

To support the claim of the harmlessness of the method proposed in this work, we
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performed a standard viability test of the cells after imaging. Figure B.9 shows white light
transmission images of the cells. The left figure is before the imaging of the nanorods, the
central is after and the rightmost is the result of a viability test with trypan blue. The black
square represents the area that was imaged with the confocal microscope. The cells show
no change between before and after the procedure. Moreover in Fig. B.9c it is possible
to see that the dye did not enter the cells, therefore their membrane was intact after the
imaging process.

More rigorous tests of viability after imaging the nanorods inside the cells are needed,
but they are outside the scope of this work. On one hand there is enough evidence
showing that gold nanoparticles are not toxic for cells[1, 2]. On the other hand two
photon imaging|[3] or photothermal heterodyne detection[4] of particles inside cells did
not destroy them. Continuous wave confocal imaging as presented here however was not
studied in detail in the past mainly because of the poor signal-to-background ratio with
the normal Stokes configuration.
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C.1. COMPARING COMSOLAND A SIMPLE APPROXIMATION FOR
TEMPERATURE CALCULATION
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Figure C.1: Calculated temperature for a 21 nm x 50 nm nanorod under different excitation intensities. The full
line is the result of the simple model while the dots are the calculated values using Comsol. The circles are with
the default heat conductivity and the diamonds are with a constant value.

Throughout the main text the temperature measured with the anti-Stokes emission
is compared to the calculated temperature using a simple heat diffusion equation. For
spheres, assuming a thermal conductivity much higher than the surrounding medium,
the temperature increase is given by

p
AT(P) PR (C.1)
where P is the dissipated power, kyater is the heat conductivity of water and R is the radius
of the particle. The dissipated power can be easily derived from the cross section of the
particle at a given wavelength and the intensity of the focused laser beam. For nanorods
we assumed an equivalent radius such that the total area is preserved.
Figure C.1 shows the difference between the results from the equation (full line) and
a finite element method calculation using Comsol (dots) for a nanorod of length 50nm
and diameter 21 nm. The cross section and dissipated power were kept the same. The
blue circles are the results given by using the built-in material properties of water, i.e. a
thermal conductivity that depends on temperature. The diamonds are the results when
the thermal conductivity is fixed to 0.61W(m- K)~!. The difference is accentuated at
higher temperatures.
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Figure C.2: Stokes and anti-Stokes emission as functions of excitation power. The linear fit in logarithmic scale
has a slope of 0.88 and 1.20 respectively, confirming the 1-photon nature of both kinds of emission.

Figure C.2 shows the power dependence of both the Stokes and anti-Stokes lumines-

cence. The fit in logarithmic scale confirms that both processes are due to one-photon
absorption.







SUMMARY

Gold nanorods are ideal candidates for complementing fluorophores in labelling appli-
cations. The presence of the surface plasmon resonance generates large absorption and
scattering cross sections, thus making the detection of single nanoparticles possible under
a light microscope. The plasmon of gold nanorods depends on the ratio between their
width and length and covers the range between 540 nm for spheres and even above 800 nm
for elongated particles, thus almost the entire visible and near-infrared spectrum. The
surface plasmon presents great opportunities in (bio-)sensing, enhanced spectroscopies,
photothermal therapy and for concentrating light below the diffraction limit.

Chapter 1 of this thesis is a brief overview on fluorescence microscopy and on the basic
properties of gold nanoparticles. Microscopy and specifically fluorescence microscopy is
the result of a long process of technical improvements in optics and light sources, but also
of the labels used to prepare the samples. From simpler molecules to genetically encoded
proteins, the wealth of resources available nowadays is remarkable. In this context, gold
nanoparticles can find their way because of their stability over time.

The resonance wavelength (or energy) of metallic nanoparticles will be given by their
geometry and by the surrounding medium’s properties, such as its refractive index. The
geometry of the particles is determined during the synthesis procedure, where the average
length and width can be tuned. Once the particles are deposited on a substrate, their
resonance is already determined. It is possible, however, to induce shape modification to
the particles through chemical means.

Previous works have focused on bulk measurements in suspension. In this case,
the tips of the particles tend to be more reactive because they are less protected by the
surfactants that prevent aggregation of particles. This leads to an anisotropic reaction
that slowly transforms elongated particles into spheres and that softens sharp edges or
tips, yielding an overall blue-shift of the resonance.

Chapter 2 shows that through well known chemistry between gold and cyanide ions it
is possible to induce a red-shift of the plasmon. This is modelled through an isotropic
etching of the particles, and a good agreement between calculations and experiments
is obtained. The main difference with previous work is the absence of a capping agent
on the particles’ surface. Controllably changing the shape of nanoparticles is of great
importance for experiments where a specific resonance is needed.

When particles are excited by a monochromatic light source, such as a laser, they
will emit light at different wavelengths than the excitation wavelength. This emission is
generally referred to as luminescence and is commonly used for imaging and tracking
nanoparticles under confocal microscopes. When the excitation wavelength coincides
with the plasmon resonance, the emission will happen not only at longer wavelengths,
i.e. lower energies, but also at shorter wavelengths. This emission is called anti-Stokes
emission and possesses intriguing properties.
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Chapter 3 shows that it is possible to image gold nanorods in biologically relevant
conditions through detection of their anti-Stokes emission. By placing a short-pass filter
in the detection path the background level is reduced significantly, while the luminescence
signal from the particles remains high. This is valid even for cells stained with a dye with
high quantum yield that absorbs light of the same wavelengths as the rods. In these
conditions it is not possible to observe any single nanoparticle through conventional
Stokes-shifted emission while the anti-Stokes scheme presents a signal-to-background
ratio higher than 10.

The technique presented in chapter 3 can be readily implemented in any conventional
microscope by the addition of the appropriate filters. It does not require any special
operation nor infrastructure. Moreover any data analysis tool for tracking, imaging,
centroid extraction, etc. of single labels can readily be implemented without further
modifications. The results of chapter 3 can have a major impact in the way nanoparticles
are imaged and detected in biological conditions.

During the past two decades there has been an increasing interest in gold nanoparti-
cles as possible agents for medical treatments. The strong interaction between particles
and light makes them ideal candidates not only for labelling but also for releasing heat
into very localized environments. This simple approach can be used, for instance, to
induce death of cancer cells and is normally referred to as plasmonic photo thermal
therapy.

Chapter 4 focuses on the characterization of the mechanisms that give rise to anti-
Stokes luminescence. Discarding multi-photon processes, photons with higher energies
than the excitation energy require interactions with thermal baths. In a nanoparticle
electrons and holes can interact with phonons before recombining radiatively. The
distribution of phonons in gold follows Bose-Einstein statistics, where the only free
parameter is the temperature. We therefore propose in the chapter that anti-Stokes
emission can be used for sensing temperature at the nanoscale.

By carefully fitting the luminescence spectra of single gold nanorods and nanospheres
it is possible to extract the surface temperature of the particles. The method presented
in chapter 4 does not depend on any ad-hoc calibration and can be performed in any
confocal microscope with a coupled spectrometer. The chapter shows the increase in tem-
perature with increasing laser powers and also shows the changes that the luminescence
spectra undergo when increasing the medium temperature. The calibration-free proce-
dure is a major improvement over previous techniques in the field of nano-thermometry.

Luminescence is not the only method for detecting gold nanorods with an optical
microscope. Gold nanoparticles have a large scattering cross section coinciding with
the plasmon resonance. Exciting nanoparticles with white light allows one to record
the scattering spectra in any confocal microscope coupled to a spectrometer. Since the
plasmon damping rate is affected by the surrounding conditions it can also be used to
detect changes in temperature. From the mechanisms involved to explain the plasmon
damping rate, only electron-phonon coupling is dependent on temperature.

Chapter 5 focuses on the characterization of the plasmon resonance of single gold
nanorods at various temperatures. In the range of temperatures studied (between 293K
and 350K), the plasmon width increases linearly with temperature. The broadening is
assigned to an increase in the electron-phonon damping rate. Measuring the broadening
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of the resonance can then be related to changes in temperature of the surrounding
medium. The powers needed for recording scattering spectra are much lower than the
ones employed when exciting the luminescence of the particles. However the broad
distribution of widths and broadening rates found in the studies of chapter 5 does not
allow to perform an absolute temperature measurement but only to measure a relative
change.






SAMENVATTING

Gouden nanostaafjes zijn ideale kandidaten om fluoroforen te complementeren als labels.
De surface plasmon resonance zorgt voor een grote werkzame doorsnede voor absorptie
en verstrooiing, waardoor zelfs enkelvoudige nanodeeltjes onder een lichtmicroscoop
zichtbaar zijn. Het plasmon van gouden nanostaafjes hangt af van de verhouding tussen
hun lengte en breedte, en beslaat de golflengten tussen 540 nm voor sferische deeltjes,
tot meer dan 800nm voor langwerpige staafjes, oftewel bijne het gehele zichtbare en
nabij-infrarode spectrum. Het oppervlakteplasmon biedt grote mogelijkheden voor (bio-
)sensing, geamplificeerde spectroscopie, fotothermische therapie en voor het concenteren
van licht voorbij de diffractielimiet.

Hoofdstuk 1 van deze thesis biedt een kort overzicht van fluorescentiemicroscopie en
de basiseigenschappen van gouden nanodeeltjes. Microscopie en specifiek fluorescentie-
microscopie zijn resultaten van een lange technische ontwikkeling van de optica en van
lichtbronnen, maar ook van de labels die worden gebruikt om de monsters te prepareren.
Het scala aan tegenwoordig beschikbare middelen is opmerkelijk: van simpele moleculen
tot genetisch geéncodeerde eiwitten. Gouden nanodeeltjes verdienen hun plek tussen
deze gereedschappen vanwege hun lange stabiliteit.

De resonantiefrequentie (of energie) van metallische nanodeeltjes wordt bepaald door
hun geometrische eigenschappen en door de eigenschappen, zoals de brekingsindex, van
het medium waarin ze zich bevinden. De geometrische eigenschappen worden bepaald
tijden het synthetiseren van de deeltjes, wanneer de gemiddelde lengte en breedte kunnen
worden afgestemd. Wanneer de deeltjes op een substraat worden neergelaten, ligt hun
al resonantie vast. Echter, het is mogelijk om de vorm aan te passen via chemische
methoden.

Voorgaand werk heeft zich geconcentreerd op bulkmetingen in suspensie. In dit
geval zijn de uiteinden van de deeltjes vaak meer reactief, omdat ze minder goed worden
beschermd door de surfactanten die het aggregeren van deeltjes voorkomen. Dit leidt
tot een anisotropische reactie die langzaam de langwerpige deeltjes tot sferische deeltjes
zal reduceren, en die scherpe randen en punten zal eroderen, hetgeen leidt tot een
blauwverschuiving van de resonantie.

Hoofdstuk 2 toont aan dat het ook mogelijk is, via welbekende chemische reacties
tussen goud en cyanide-ionen, om een roodverschuiving teweeg te brengen. Dit proces
kan worden gemodelleerd als het isotropisch etsen van de deeltjes, en we vinden een
goede overeenkomst tussen onze berekeningen en experimentele waarnemingen. Het
voornaamste verschil met voorgaand werk is de afwezigheid van een surfactant op het
oppervlak van de deeltjes. Het beheerst aanpassen van de vorm van nanodeeltjes is van
groot belang voor experimenten waar een specifieke resonantie vereist is.

Wanneer deeltjes worden aangeslagen door een monochromatische lichtbron, zoals
een laser, zenden ze in het algemeen licht uit bij een andere golflengte dan die van de
bron. Dit noemen we luminescentie en dit wordt veel gebruikt voor het afbeelden en
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volgen van nanodeeltjes onder confocale microscopen. Wanneer de excitatiegolflengte
gelijk is aan de resonantiefrequentie van het plasmon, vindt de emissie niet alleen plaats
bij langere golflengten, i.e. lagere energieén, maar ook bij kortere golflengten. Dit noemen
we anti-Stokes-emissie en dit proces kent intrigerende eigenschappen.

Hoofdstuk 3 toont aan dat het mogelijk is om gouden nanostaafjes te detecteren in
biologisch relevante omstandigheden via hun anti-Stokes-emissie. Een short-pass filter
in het detectiepad resulteert in een significante onderdrukking van de achtergrondruis,
terwijl het luminescentiesignaal hoog blijft. Dit geldt zelfs voor cellen gekleurd met een
dye met een hoge quantum yield die bij dezelfde golflengte licht absorbeert als de staafjes.
Onder dergelijke omstandigheden is het niet mogelijk om losse nanodeeltjes zichtbaar te
maken via conventionele Stokes-verschoven emissie, terwijl de anti-Stokesmethode een
signaal-ruisverhouding oplevert van meer dan 10.

De techniek gepresenteerd in Hoofdstuk 3 kan eenvoudig worden geimplementeerd
in elke conventionele microscoop door de juiste filters toe te voegen. Er zijn geen speciale
operaties of infrastructuur voor nodig. Bovendien kunnen analyse-tools voor het volgen,
afbeelden, extraheren van zwaartepunten, etc. van enkelvoudige labels worden gebruikt
zonder aanpassingen. De resultaten van Hoofdstuk 3 kunnen een grote impact hebben
op de manier waarop nanodeeltjes worden gedetecteerd en afgebeeld in biologische
omstandigheden.

Gedurende de laatste twee decennia is er een groeiende interesse geweest in gouden
nanodeeltjes als mogelijke middelen in medische behandelingen. De sterke interactie
tussen de deeltjes en licht maakt ze ideaal geschikt niet alleen als labels, maar ook om
zeer gelokaliseerd warmte los te laten. Deze simpele toepassing kan bijvoorbeeld wor-
den gebruikt om de dood van kankercellen te induceren, en wordt over het algemeen
plasmonische fotothermische therapie genoemd.

Hoofdstuk 4 is gericht op het karakteriseren van de mechanismen die anti-Stokes
luminescentie veroorzaken. Behalve in processen waar meerdere fotonen mee gemoeid
zijn, moet het systeem in contact staan met een thermisch reservoir om fotonen met
een hogere energie dan de excitatie-fotonen uit te kunnen zenden. In een nanodeeltjes
kunnen electronen en gaten ook met fononen interacteren, voordat ze recombineren
en licht uitzenden. De distributie van fononen in goud volgt de Bose-Einsteinstatistiek,
waarbij de temperatuur de enige vrije parameter is. We stellen daarom in Hoofdstuk 4 voor
dat anti-Stokes-emissie ook kan worden gebruikt om op de nanoschaal temperaturen te
meten.

Door zorgvuldig de luminescentiespectra van enkelvoudige gouden nanostaafjes en
nanosferen te meten is het mogelijk om de oppervlaktetemperatuur van de deeltjes te
bepalen. Het ad-hoc kalibreren van de methode uit Hoofdstuk 4 is niet nodig, en de
methode kan worden uitgevoerd met elke confocale microscoop met een gekoppelde
spectrometer. In dit hoofdstuk laten we zien hoe de temperatuur toeneemt met toe-
nemend laservermogen, en de veranderingen die de luminescentiespectra ondergaan
wanneer we de temperatuur van het medium verhogen.

Deze kalibratievrije methode is een grote verbetering ten op zichte van voorgaande
technieken in de nanothermometrie. De resultaten uit dit hoofdstuk kunnen een signifi-
cante impact hebben op een opkomende gemeenschap die een van de meest dringende
gezondheidskwesties van onze tijd probeert aan te pakken.
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Luminescentie is niet de enige manier om gouden nanostaafjes te detecteren met
een optische microscoop. Gouden nanodeeltjes hebben een grote verstrooiingsdoor-
snede die samenvalt met de plasmonresonantie. Wanneer we nanodeeltjes aanslaan
met wit licht kunnen we de verstrooiingsspectra meten in elke confocale microscoop
met een gekoppelde spectrometer. Omdat de demping van het plasmon afthangt van de
eigenschappen van het medium, kan ook dit worden aangewend om veranderingen in
temperatuur te meten. Van de mechanismen die een rol spelen in deze demping hang
alleen de koppeling tussen electronen en fononen af van de temperatuur.

Hoofdstuk 5 is gericht op het karakteriseren van de plasmonresonantie van enkel-
voudige gouden nanostaafjes bij verschillende temperaturen. Bij de temperaturen die
we hebben bestudeerd (tussen 293K en 350K) neemt de breedte van de resonantiepiek
lineair toe met de temperatuur. Deze verbreding kennen we toe aan een versterkte
electron-fonondemping. Het meten van deze verbreding kan daarom worden gerelateerd
aan temperatuurveranderingen in het omringende medium. Het meten van verstrooi-
ingsspectra kost veel minder vermogen dan het exciteren van de lumeniscentie van de
deeltjes. Echter, in de studies van Hoofdstuk 5 vinden we dusdanig brede verdelingen van
piekbreedtes, dat het meten van de absolute temperatuur niet mogelijk is, en we deze
methode slechts kunnen aanwenden om veranderingen in temperatuur te meten.
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