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Chapter 1

Introduction

Fluorescence microscopy has been the pillar of modern biological sciences,
due to the high selectivity with which it is able to generate images of specific
elements of the cells. Laser-scanning microscopes, and their major upgrade,
the confocal microscopes [1], were also able to bring the imaging resolution
down to its physical limit and to provide three-dimensional sectioning of
thin tissues and cell cultures, which laid the bases for further developments
in biology and medicine.

Confocal microscopes, though, are limited in their ability to image details
at depth of hundreds of micrometers, which makes them unsuitable for in
vivo imaging. This is a profound shortcoming, since the capability to image
biological dynamics in their own environment gives the possibility to acquire
more realistic informations compared to imaging of cell cultures and tissue
slices. Alternative platforms were then required, with the ability to image
deeper regions of the tissues.

Due to this reason, nonlinear microscopy has been given a lot of attention
in the last two decades. The technique makes use of multiphoton interactions
with matter in order to generate a signal, with an output intensity dependent
on a nonlinear function of the total intensity, hence the name. It provides
several advantages over confocal microscocopy: since they rely on red and
infrared light, which undergoes less scattering and absorption from biological
matter, they can form a strong focal volume even hundreds of micrometers
below the sample surface, allowing for deep tissue imaging.

Infrared light, in particular, displays a lower phototoxicity compared to
visible light, and as it is weakly absorbed by the tissue, it reduces the physical
damage on the sample. As a consequence, nonlinear techniques can be used
to perform live imaging, and that made them a resource for the study of the
brain neuronal structure and dynamics. Additionally, the signal nonlinear
dependency on the incoming intensity gives it a strong axial localization,
which means a sectioning capability on par with confocal microscopy.

Another field that developed at the same time is super-resolution mi-
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6 CHAPTER 1. INTRODUCTION

croscopy, where different strategies enable imaging of fluorescent samples at
resolution that surpass the diffraction limit to which ordinary microscopes
are subjected. Since 1994, when the first method (STED microscopy [2])
was developed, a window has been opened on the inner workings of the cells,
where the cells organelles and structures manage its sustainance and its func-
tional role inside the organisms. At this point in time, techniques exist that
are able to provide super-resolution on both laser-scanning and wide-field
microscopes, and thanks to the continuous developments of the technologies
and of new fluorescent molecules they make use of, the capability to reach
nanometric scales is commercially available.

Our interest lies mainly on STED microscopy, an upgrade of the laser-
scanning systems where the excitation beam that scans the sample is coupled
to a laser beam, that uses stimulated emission to force the excited molecules
back to the ground state without fluorescent emission. Super-resolution is
achieved thanks to a depletion beam with a dark central spot, that sup-
presses fluorescence only in the outer tail of the excited spot, which then
shows a narrower profile that can probe smaller regions of the sample.

It is only natural that, given the advantages of both nonlinear microscopy
and STED technique, a combination of the two was tested. A first two-
photon excitation STED microscope (TPE-STED) was developed in 2009
[3], then only a few groups [4, 5] tried to do the same, due to the high
costs of the laser sources and the electronics needed, and due the severe
scattering of the STED wavelengths in thick tissues. High resolution were
obtained, nonetheless, at greater depths than confocal STED microscopes
(still, < 100pm [4]). To improve the depth imaging capabilities of the tech-
nique, several development are still required, like longer excitation and de-
pletion wavelengths and easily switchable fluorescent molecules in these new
wavelengths regions.

The objective of the Ph.D. work reported in this thesis was the devel-
opment of the first TPE-STED microscope with excitation wavelengths in
the [1000 — 1500] nm range and depletion wavelengths in the [700 — 900] nm
range, capable of surpassing the depth limit of current microscopes.

To reach this objective, the depletion and super-resolution capabilities of
the fluorescent molecules, ATTO 594, ATTO 647N and mGarnet2 [6] were
tested at excitation wavelengths longer than 1000 nm and STED wavelength
in the 800 nm proximity.

The dual-beam nature of the platform, makes it also suitable to provide,
in a different configuration, two-photon excitation with both the beams,
with the addition of a third, “virtual” excitation window at [900 — 1100] nm,
thanks to the two-color two-photon excitation technique [7].

A consistent part of the thesis work was also centered on the fabrica-
tion and characterization of optical elements for the manipulation of light
(in particular, phase masks) required by the STED microscopes. Though
commercial solutions exist and have proved to be affordable and precise, the



available models do not cover the entire range of wavelengths spanned by
the tunable lasers of the setup. As the choice of the depletion wavelength
depends on the specific fluorescent molecule used to label the sample, it is
generally not possibile to anticipate the exact mask model required for the
job. The ability to produce tailored optics in relatively short times and with
comparable quality respect to the commercial options solves this problem,
giving the opportunity to add a degree of freedom for the maximization of
the depletion efficiency of the microscope.
The thesis is divided as follow:

— In Chapter 2, nonlinear microscopy is introduced, together with the
background knowledge needed to follow the work done to test the
capabilities of the main microscope setup

— In Chapter 3, a separate introduction to the super-resolution STED
microscopy is given, where the essential concepts are explained and the
problems that come with coupling two-photon excitation and STED
are explained

— Chapter 4 provides an introduction to how diffractive optical elements,
and specifically phase masks work, and to the fabrication process in-
volved in their production

— The microscope setup, the protocols for the preparation of the cellular
lines and the procedures for the preparation of the imaging samples
are described in Chapter 5

— In Chapter 6, the tests regarding the nonlinear capabilities of the mi-
croscope are presented, and the calibration needed to open the vir-
tual excitation spectral window by means of two-color two-photon mi-
croscopy is described

— Chapter 7 deals with the experimental work done to align and test the
super-resolution STED path on sample tests and on the ATTO 594,
ATTO 647N dyes and the mGarnet2 proteins

— The fabrication of the optical masks and the characterization of the
optical pattern generated are described in Chapter 8.
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Chapter 2

Nonlinear microscopy

2.1 Introduction

The high versatility of fluorescence microscopy and its high target selectiv-
ity, combined with the resolution and sectioning capability of the confocal
platforms, are at the basis of the advances in biology and medicine of the
last sixty years, and still continue to provide vital informations in the most
diverse fields of the natural sciences. The technology, though, suffers from
severe limitations, mainly regarding the damage done on the sample by the
strong laser intensities, and the inability to reach deep regions of the sam-
ples, due to scattering and absorption along the torbid medium of biological
matter. Even though many strides have been made to reduce the photodam-
age risk, mainly by the development of ever brighter fluorescent molecules,
requiring less intensity to provide clear images, the depth limit of confocal
systems depends on the wavelengths used for the imaging. Tissue optical
clearing, that is, the use of high-refractive index agents to reduce the in-
homogeneities due to internal scatterers, allows to increase the depth limit,
but not below the 100pm threshold.

A solution to the depth limit problem was given by the introduction
of nonlinear -also called multiphoton- microscopy [8]. The nonlinear mi-
croscope setup is mostly identical to the typical scanning microscope: the
laser light is focused in a small spot on the sample, where the contrast
mechanism generates a signal that is collected and directed to a single-pixel
detector. The pixel raster scan, which can be provided by scanning the
laser spot over the sample or viceversa, gives the final image. The difference
lies in the contrast mechanism, which requires the interaction of the sample
with multiple photons from the laser sources, with identical (degenerate) or
different (nondegenerate) wavelengths )\;, in a single quantum event. Ex-
amples are the two-photon excitation (TPE) and three-photon excitation
(3PE) microscopes [9, 10, 11], involving degenerate multiphoton absorption,
and the harmonic generation (HG) microscopes, based on degenerate mul-
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tiphoton elastic scattering. Those and other kinds of interactions are shown
in Figure.2.1, by means of their Jablonsky diagrams. As a general simpli-
fication, multiphoton processes can be thought as the almost simultaneous
occurrence of statistically independent single-photon interactions. Each one
of them, given a total amount N of available points of interaction inside
the material, will affect a fraction n;proportional to the density of photons
available at \;, that is, proportional to the respective beams intensity I;.
The fraction that will be involved in the actual multiphoton interaction will
then be approximable to the product of all these single-photon occurrences,
nNL, = [[ni(1;) resulting in a nonlinear dependency on the total light inten-
sities, from which the “nonlinear” denomination was derived. All of these
systems provide an output signal whose frequency is approximately given by
a linear combination of the incoming photons frequencies. This means that
the light sources must operate at wavelengths longer than the one detected.
In practice, nonlinear microscopes operate mostly in the far-red and NIR
spectra, whose wavelenghts undergo less scattering and absorption than the
optical wavelengths.
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Figure 2.1: Diagram of the main nonlinear processes used in microscopy.
Top) Non-parametric processes, involving absorption of the photons and
then incoherent and independent from phase considerations. Bottom)
Parametric processes, which don’t involve transitions between different ex-
cited states, and then coherent and dependent on the relative phase between
the photons involved in the interaction.



11

Scattering and absorption are the main reasons for the limited imag-
ing depth reachable by single-photon excitation (SPE) systems (at best
~ 100um). In biological tissues, we can expect the light power that reaches
the focus of the objective lens at the distance z from the surface, to follow
a Lambert-Beer-like exponential decay [12]:

(2.1)

where [, [, are respectively the scattering and absorption mean free path
(MFP). The natural consequence is that, to reach deeper levels below the
sample surface, one needs to exponentially increase the laser power, up to
a point where a background signal from the surface is generated, gradually
reducing the image resolution. Scattering can be expressed as a combination
of Rayleigh and Mie scattering, the first strongly dependent on the excitation
wavelength (MFPoc A™%), the second only weakly dependent on it, though
with a MFP that still surpasses the 100um limit as one moves from 800 nm
further into the IR spectrum [12]. Increasing the excitation wavelengths
then always reduces the amount of scattering undergone by the incoming
light, letting more power to reach the focus. Absorption due to organic
matter is particularly strong in the UV and visible spectrum, but in the IR
window the main contribution is given by water absorption, which becomes
stronger at longer wavelengths, up to 1450 nm where the MFP reaches a
minimum of about 200 — 300um. The following 1600 — 1800 nm window,
where the absorption MFP returns longer than 1 mm, is the ideal region
where to observe higher multiphoton interactions, like 3PE [13] or third
harmonic generation (THG) [14, 15], and it was used to image detail even
below the 1 mm depth limit.

The drawback related to the use of nonlinear interaction as sources of
signal is given by their low efficiency: being the probability of multipho-
ton absorption -or scattering- approximately the product of each single-
photon interaction probability, we expect to see extremely unlikely events.
As an example, the single-photon absorption cross-section is about o; =
1076 — 107 cm?, meaning that the two-photon absorption cross-section
falls easily 16 orders of magnitude below. This translates into the need
for extremely intense laser sources, with irradiances of about 100 GW /cm?,
that would be impossible to generate with a CW laser source. Pulsed
lasers are then required, which provide high irradiances while keeping low
the total energy administered to the samples. The preferred choices are
femtosecond-pulse lasers, specifically the Ti:Sapphire models, which work
in the 500 — 900 nm range, at 10-to-100 MHz pulse rates. Many models
provide a tunable wavelength, which can be useful to widen the palette of
usable fluorophores.
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SPE TPE

z z

Figure 2.2: Comparison between the SPE and TPE fluorescence generation:
SPE (left) depends linearly on the excitation intensity, so that slow varia-
tions cause similarly slow changes in the number of molecules excited along
the axial direction. TPE, on the contrary (right), depends on the second
power of the excitation intensity, so that even at small distances from the

focus plane the reduction of the incoming light causes a steep fall of the
number of excited molecules.

Even though the low cross-section of multiphoton interactions provides
a significant handicap when compared to the single-photon processes, it also
reduces the amount of unwanted interactions from out-of-focus regions of the
beam. Together with the nonlinear dependency on the total photon density,
which exasperates the effect of any intensity gradient, this means that only
the small focal volume will be involved in the generation of useful signal
(Figure.2.2). Common characteristic of nonlinear microscopes is then an
intrinsic sectioning capability over the axial direction, without the need for
confocal filtering techniques. The absence of out-of-focus interactions is a
strong reason to adopt nonlinear microscopes when working with thick tissue
samples, as the total damage and photobleaching generated by the beams
are greatly reduced. Furthermore, since the entirety of the signal comes
from a confined focal spot, information can be acquired by both ballistic
and scattered photons, increasing the available photons per pixel, which
somewhat reduces the handicap given by the low interaction probability.
Following the nonlinear dependency on the light intensity available on the
sample, the resolution too depends nonlinearly on the beams focal spots on
the focal plane. In the single-photon case, the resolution is proportional to
the width of the focal intensity distribution of the laser, also called the point
spread function (PSF) of the illumination system, which we describe as a
function of its adimensional axial coordinates (v, u):
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hip(v,u) ,  (v,u) =

where (r,z) are the physical cylindrical coordinates originated on the
focal point, NA = nsin « is the numerical aperture of the focusing optics,
the product of the sample refractive medium and the sine of the focused light
cone half-angle. In the nonlinear case, where a signal at A\y; = >, (£)\; !
is generated, with intensity Iny, = [[, I; , the PSF is expressed as:

hni(v,u) = H hip (%v, %u) (2.3)

his results in a nonlinear PSF narrower than the single-photon \; PSFs,
but broader than the single-photon Ay, PSF. Compared with the common
fluorescence an confocal systems, then, the resolution is somewhat at a loss,
which is not a strong handicap, since the main reason for using a nonlinear
platform is to guarantee deep imaging with lower damage on the biological
tissue.

As of now, nonlinear microscopy (in particular multiphoton excitation
(MPE) microscopy) has represented one of the principal tools for the study
of neural networks in brain slices and in whole brain imaging [16]. In this
chapter, we show the main characteristics and advantages of the most non-
linear microscopy techniques used today, providing the needed background
to follow the work done during the thesis years.

2.2 Two-Photon and Three-Photon Excitation Mi-
Croscopy

two-photon excitation (TPE), the simultaneous absorption of two identical
photons by a fluorescent molecule, was first predicted by Maria Goeppert-
Mayer in 1931 [17], but demonstrated only in 1990[9], after the development
of mode-locked lasers.

Since the photons that excite the molecule must be identical, their energy
is typically greater or equal to half the excitation energy, and their wave-
length is shorter or equal to twice the equivalent SPE process wavelength.
To excite molecules in the ultraviolet (UV)-optical window, infrared light in
the 600 — 1200 nm is typically used, with all the advantages we described
above (low scattering and absorption, low damage to the sample). TPE is
mostly used to provide excitation of UV molecules without relying on UV
optics [18], and for deep-tissue and in-vivo imaging with fluorophores and
fluorescent molecules in the visible range [19]. For wavelengths shorter than
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1300 nm, the absorption length of infrared (IR) light is greater than 1 mm,
even by orders of magnitude, so that the attenuation of IR light is caused
only by scattering inside the sample, that typically shows scattering lengths
values between 200um and 400pum. Thanks to these favorable conditions,
commercial and simple custom setups are able to reach depths of about
~ 700pm, while dedicated systems working in the 1200 — 1400 nm window
were able reach and surpass the 1 mm limit [20].

TPE cross-sections are usually measured in Goeppert-Mayer (GM) units,
ranging from a few GM for conventional fluorophores to hundreds of GM
for engineered probes. Research on fluorescent molecules dedicated to TPE
imaging is a strong field, continuously growing. A number of non-organic
probes also exists, like quantum dots (QDs), impurity-vacancy sites in di-
amond nanocrystals (NDs) and other fluorescent nanoparticles. They are
characterized by extremely large cross-sections (easily surpassing the thou-
sand GMs), but they are also rarely used in common imaging scenarios, due
to their size and often due to their toxicity.

In a simplified scenario, we can expect the TPE spectrum to coincide
with the SPE equivalent, just stretched over a wavelength interval twice
as large. Experimental TPE spectra do have such a behaviour, but with
peaks always blue-shifted respect to their expected positions. This has been
attributed to the presence of additional vibrational transitions that couple to
the pure electronic ones, easing the parity requirements that would otherwise
be violated [21, 22]. The different physical nature of single-photon and
two-photon excitation affects also the absorption efficiency: while the SPE
scenario favours direct transitions to the first excited level, meaning the
highest peak is found at the longest wavelength, TPE absorption of higher
levels is strongly enhanced [23]. Many common fluorophores and fluorescent
proteins have then strong absorption peaks in the 700 — 800 nm interval,
corresponding to the secondary SPE peaks at 300 — 400 nm.

First demonstrated in 1996 [10, 11, 8], 3PEM exploits the simulta-
neous absorption of three photons to generate fluorescence. It works at
longer wavelengths than two-photon microscopy, with immediate advantages
regarding background noise, attenuation losses and sectioning capability.
Specifically, the 3PE signal falls as ~ 1/z* with increasing distance from
the focal spot, whereas the TPE signal falls as ~ 1/22. Just as for TPE,
three-photon excitation is mainly used to reach UV excitation windows with
available sources [24], or to reach extremely deep regions inside living or ex-
planted tissues [13]. Currently, its main application is the imaging of the
brain innermost regions (white matter and hippocampus), which is made
possible by imaging in the 1200 — 1300 nm and 1600 — 1800 nm otical win-
dows, where light attenuation is mostly caused by water absorption. Depths
greater than 1.5um were recently demonstrated [13] with specific, low-pulse
repetition sources at 1700 nm.
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2.3 Multicolor Multiphoton Excitation Microscopy

multicolor multiphoton excitation (MCMPE) techniques are non-degenerate
equivalents of the previously described multiphoton excitation (MPE) tech-
niques. Given the need for multiple laser sources at different operating wave-
lenghts, it usually is used only in its two-photon implementation, 2C2PE (in
this thesis ,we will use the equivalent acronym TCTPE).

It was first observed in 1996 [7], when picosecond pulses at 750 nm
and 375nm were used to excite the ultraviolet emission of p-terphenyl at
340 nm. It was initially adopted to push the spectral excitation window
of Ti:Sapphire laser sources into the ultraviolet interval [25, 26, 27, 28],
specifically for the imaging of the tryptophan amino acid, which shows
an absorption peak at 280nm. In 2012, two-color two-photon excitation
(TCTPE) was used to provide excitation in the intermediate spectral win-
dow of a pump+optical parametric oscillator (OPO) system for brain imag-
ing [29]. This extended wavelength range made it possible to observe the
entire palette of “Brainbow” proteins expressed by neurons.

As TCTPE requires the simultaneous absorption of photons from dif-
ferent pulsed laser sources, it is fundamental to achieve a spatial overlap as
high as possible between the beams, together with a precise temporal super-
position of the pulses. This latter requirement can be met either using an a
dedicated synchronization circuitry connecting the laser platforms, or using
pumped laser systems, which provide naturally synchronized pulse trains,
whose relative delay can be simply adjusted with a mechanical delay line
or retroreflector. For pulses with a Gaussian temporal profiles that belong
to beams at different wavelengths, one with power P; and one operating at
P5, the intensity of the signal from the third excitation channel will scale as
PPy exp(—At/rr11c), where At is the temporal delay between the pulses
peaks and 771 is the 1/e? width of the temporal intensity intercorrelation
function (TIIC) between the pulses [29].

The image signal then increases quadratically with the total excitation
power (or intensity), while being proportional to the intensity of each laser.

2.4 Harmonic Generation Microscopy

Harmonic generation shares with TPE and the other nonlinear excitations
the multi-photon nature of the process, but they differ in the fact that no
photon absorption is required. Classically, the concept that lies at the heart
of these phenomena is the polarization of the molecule electron cloud by
means of an external electromagnetic field [30]. Oscillating electromagnetic
fields act on molecules, which can be considered as neutral systems, by gen-
erating a dishomogeneity in its charge distribution. This causes the molecule
to act as a dipole, which can be characterized by a polarization vector os-
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cillating at the same frequency of the incoming light. As the polarization
oscillates, it generates a propagating electromagnetic field, a scattered wave.
We can interpret this phenomenon in a quantum mechanical framework, as
the elastic scattering of single photons with the molecules.

As the strength of the electromagnetic field that interacts with the ma-
terial increases, it reaches a point where the amplitude of the polarization
oscillation stops increasing linearly, resulting in a non-harmonic scattered
wave being emitted. To describe this phenomenon we can think the scat-
tered wave as the sum of multiple waves with wavelengths long an integer
fraction of the one of the incoming light (and that we call “harmonics”).
As the field becomes stronger, the contribution of the n-th harmonics to
the scattered wave increases proportionally to the n-th power of the light
intensity, resulting in a considerable fraction of the energy being converted
to the new wavelength. The quantum mechanical interpretation is that at
some point the number of photons in the proximity of the molecules rises
to a level at which single-photon-molecule interaction starts to be penalized
in favor of multiple-photon-molecule interactions, which return as a product
single photons with n times the energy of the incoming ones.

As no light absorption is required, harmonic generation is a coherent
process. This means that not only the total harmonic signal will depend
nonlinearly on the total irradiation intensity, but it will also depend non-
linearly on the density of the single emitters due to interference between
their individual contribution. When particular conditions (named “phase-
matching” conditions) are met, it is possible to observe significant harmonic
emission from constructive wave interference. These phase-matching condi-
tion cause HG emission to be a highly directional phenomenon, in contrast
with the low anisotropy of the incoherent fluorescence emission.

Symmetry rules also apply to the emission of higher order harmonics,
with different results: second harmonic generation (SHG), as an example,
can take place only when the molecules involved are noncentrosymmetric,
meaning that they don’t posses a central point of symmetry. The symmetry
requirements can also not be caused by the intrisic nature of the process, but
simply by the context of the specific HG process involved. It is known that
third harmonic generation (THG) can take place with any kind of molecule,
but when it is generated by a focused (Gaussian) beam in a bulk material,
the phase inversion inside the focus causes destructive interference between
the two generating regions, so that no signal can be observed. THG from
focused beams can then be observed only when dishomogeneities in the
optical properties of the material are present in the beam focus, that is, in
correspondence of interfaces and discontinuities [31].

When used in the field of microscopy, HG processes give an extraordinary
selectivity to specific structural characteristics of the sample. SHG is now
routinely adoperated to observe ordered noncentrosymmetrical molecules
ensembles (collagen fibers [32, 33, 34|, starches [35, 36], cellulose [37, 38] are
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just a few examples). THG proved to be a precious tool for the observation
of refractive index discontinuities and interfaces (myelin sheats in neurons
[39] and water-lipid interfaces [40], just to name a few). Since harmonic gen-
eration does not involve the absorption of photons, it poses far less damage
risks for the sample than MPE. Additionally, since the processes can happen
at any wavelength where competing excitation process don’t interfere, they
constitute a set of truly label-free tools, which can be used to complement
the MPE techniques with informations regarding the structural elements
of the tissues. Sharing also the deep imaging and sectioning capabilities
of multiphoton excitation platforms, they can work in tandem over similar
depth ranges, with the only limitations given by scattering and absorption
by the sourrounding medium.
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Chapter 3

STED microscopy

3.1 Introduction

The ability of a microscope to image subcellular structures is limited by
a fundamental issue: far-field optics like lenses and mirrors are unable to
focus light in spots smaller than its own wavelength. This limit is a physical
consequence of the wave nature of light, and was given a mathematical
form in 1873 by Ernst Abbe [41]. More specifically, given an arbitrary
optical system, which focuses monocromatic light at a wavelength A, inside
a transparent material with refractive index n, with a convergence semiangle
«, the minimum radius of the spot it can form is given by the following
expression [42]:

A A
A= 5 na ~ 2NA

(3.1)

where NA is the numerical aperture of the optical system. Even ideal sys-
tems with no defects or aberrations are bound to work on a scale that can
at best be reduced to that of the working wavelength, that is way they are
called ”diffraction-limited” systems. In a microscope, any two light sources
separated by a distance smaller than Ar will be imaged as a single entity,
i.e., they won’t be "resolved”, and no detail at lower spatial scales will be
observed. The same can be told about single sources smaller than Ar, that
will be imaged as a light pattern with geometry and extension dependent
only on the optical system (the point spread function, PSF). This behaviour
is shared by wide field microscopes, where the lenses are required to project
an image of the sample onto a CCD or the observer’s eyes, and laser-scanning
microscopes, that generate the image by counting the photons emitted by
a luminous point scanned over the sample plane. In the former case, the
resolution can be quantified by the dimension of the PSF projected on the
CCD when imaging a point source; in the latter, the resolution of the system
can be expressed as the extension of the scanned spot. This chapter gives a
brief description of the techniques developed to surpass the diffraction limit,
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and provides basic concepts and definitions that will be used throughout the
presentation of the stimulated emission depletion (STED) setup in Chapter
5 and the description of the experimental work done in Chapter 7.

3.2 Super-resolution methods

Since the beginning of the 20" century, researchers explored relentlessly
optical imaging system able to surpass these limitations. As the Abbe limit
applies to all of the optical systems working with light in conditions of free-
space propagation, one first method was devised by Pohl in 1991 [43, 44],
based on a near-field approach: an optical fiber with a sub-um tip was
scanned over the sample, both delivering and collecting light at spatial scales
of the orders of tens-to-hundreds of nm. The system limitation lies in the
low penetration of near-field waves, capable of probing only layers a few
nanometers thin, and by the scanning probe architecture, that relies on
piezoelectric actuators, with high resolution (fractions of a nanometer) but
small translation ranges (< 200 x 200um? fields, few pum heights) and slow
throughputs (tens of um/s).

Other strategies were employed to reach higher resolutions while still
using far-field optics. Starting from 1957, phase and amplitude modulation
of the focused beam with complex phase masks was investigated [45, 46].
Using diffraction of multi-ring phase patterns is able to confine the light
better than common optics, but never less than half of the diffraction limit
was achieved. The resolution enhancement provided this way is always the
result of a tradeoff, be it between the beam widths over two orthogonal
directions, or between the overall reduction in the spot size and the total
intensity transmitted on the focus.

Structured illumination microscopy (SIM) is another super-resolution
strategy invented in 1998 by Tony Wilson [47]: the sample is imaged as in
wide-field microscopy, but the illumination is provided by an optical sinu-
soidal pattern, so that the Moiré fringes emitted by the sample are detected.
Once multiple photograms from different configurations of the light grating
are taken, a mathematical algorithm is then employed to reconstruct the
original image. In this way, SIM provides a wide field of view, quicly and
reliably, with twice the resolution of common wide-field microscopes.

PSF modulation and SIM belong to a class of systems that use diffraction
itself to stretch the resolution limits. As the Abbe limit is a natural conse-
quence of diffraction, though, it is simply not possible to achieve arbitrarily
high resolution enhancements. More precisely, as long as the captured signal
depends linearly on the illumination intensity, the achievable improvement
will always be limited to a factor of 2.

Modern super-resolution methods rely on the physics of fluorescent molecules,
more specifically they make use of transitions between distinguishable fluo-
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rophore states in order to discriminate the signal from neighbouring regions
of the sample. Depending on the working principle, super-resolution ap-
proaches separate in two families: coordinate-stochastic - also called single-
molecule localization microscopy (SMLM) - and coordinate-targeted meth-
ods [48].

SMLM methods, that can be applied to any wide-field microscope, are
based on the properties of known stochastic distributions. A single fluo-
rescent molecule can be considered as a point source, and imaging with a
microscope will return a PSF with a Gaussian (or Lorentzian) radial profile.
The image of the molecule will then be blurred, but its position can be deter-
mined fitting the PSF and calculating its centroid. If the molecule emitted
a number N of photons, the maximum precision with which its position r
can be determined is given by:

A

r= 727TNA\/N (3.2)

for any given wavelength A and numerical aperture NA, the localization pre-
cision is set by the number of photons detected from the molecules, limited
only by practical issues, such as the image signal-to-noise ratio (SNR), the
optical pixel size and other specific bias due to the sample and environmental
conditions.

Single fluorophore detection was demonstrated in 1989, for solid crystals
at cryo-temperatures, first by absorption [49] and then by fluorescence [50],
then it was followed by the detection of bursts of fluorescence from single
fluorophore molecules in acqueous solution at room temperature [51, 52].
In 1995 the application of isolating and localizing the fluorophores for re-
solving biological features was introduced by Betzig [53]. Initially spectral
separation was suggested for the fluorophore isolation implemented a few
years later van Oijen et al. [54].

As spectral isolation was inherently difficult, and limited to a finite num-
ber of fluorophores at a time, the method was then discarded in favour of
an approach based on fitting of images before and after each single pho-
tobleaching, with which positions with 5nm precision could be determined
[55]. The last step toward SMLM imaging was made after the advent fo
photoswitchable proteins, by Betzig and co. in 2006, when the sequential
excitation of a subset of fluorophores to spectroscopically distinct states
was used to collect images with spatially separated PSFs, that could be
separately localized. The method was called Photoactivated localization
microscopy (PALM) [56]. PALM was then followed by similar techniques,
namely fluorescence-PALM (fPALM, Hess et al. [57]), STORM (Zhuang and
co. [58]) and its direct-STORM variant (ASTORM [59]). Other methods
are still being developed, with small differences in the implementation of the
PALM principle of operation.
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Coordinate-targeted methods, contrary to SMLM methods, can be ap-
plied to laser-scanning systems, where the width of the scanning spot de-
termines the image detail. The resolution gain is achieved by reducing the
occupation of the molecular state involved in signal emission, everywhere
but for a subdiffraction-sized region. A super-resolved fluorescence spot is
then created, that can be scanned with a shorter step, returning details
on sub-micrometric scales. The reduction of the emissive state population
is achieved by diverting the molecules to other states using reversible sat-
urable optical fluorescence transitions, from which the acronym RESOLFT
has come to be.

The first of the RESOLFT technique to be invented was STimulated
Emission Depletion (STED) microscopy, developed in 1994 by Stefan Hell
[2], that uses stimulated emission to reduce the excited spot diameter. In
1995, Hell and Kroug introduced the concept of ground-state depletion
(GSD), relying on singlet-triplet state transitions [60]. Other methods were
then developed in the first decade of 2000, employing reversible transitions
in photoswitchable fluorescent proteins [61] and organic dyes [62], and able
to work at much lower intensities.

Though both SMLM and RESOLFT use transitions between different
molecular states to achieve super-resolution, their differences makes them
suitable for almost opposite cases, so that it is not incorrect to define them
as complementary techniques.

The clear advantage of SMLM is given by the low requirements on the
setup hardware: given a regular wide-field microscope, it is possible to turn it
into a PALM /stochastic optical reconstruction microscopy (STORM) sys-
tem by adding the light source needed for the isolation of the fluorescent
molecules. The sensibility of the approach is such that one single switching
cycle per molecule would already be sufficient to produce an image, also
implying that all the emitted photons can in theory contribute to the signal
and to the resolution gain.

To achieve these levels of collection efficiency, though, sensitive cameras
are required, and the observation must be done in a configuration with low
SNR, both from the environment and from excitation/isolation light. One
example is total internal reflection fluorescence microscopy (TIRF), where
the excitation beam is directed to the sample with an inclination higher then
the total reflection angle, providing excitation of the fluorophores by means
of the evanescent field on the outside of the reflection surface. This system
has a penetration depth lower than 100 nm, that limit also the penetration
depth reachable by PALM/STORM methods. An additional disadvantage
is given by the tens of thousands of images required to achieve a number of
photons suitable for super-resolution localization of the fluorophores: this
high number can only be provided at the expense of both the temporal
resolution and the processing powers required to process the images.

In RESOLFT approaches, localization is intrinsic to the scanning strat-
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egy, so that only a small number of photons per pixel is required and the
acquisition times are the same of the diffraction-limited technique. The
corresponding disadvantage is given by the fact that most of the switching
cycles a molecule undergoes do not contribute to the detected signal. If high
intensities are required to inhibit the emissive state population (as in the
case of STED microscopy), this implies higher bleaching rates and the risk
of damaging the sample.

As a means of comparison between the different SMLM and RESOLFT
methods, Table.3.1 provides informations about the average specifics of the
most common super-resolution instruments.

Methods Resolution | Acquisition time**
SIM 100 nm ~ 1s

PALM 50 nm > 2s
STORM 50 nm > 2s

STED (confocal) | 40 — 70nm 10 — 100s
RESOLFT* 80 — 100 nm > 500s

Table 3.1: Comparison between the most common super-resolution methods.
Data are taken from [63].

*RESOLFT here refers to super-resolution specifically on photoswitchable
molecules.

**limited to the acquisition of a 50 x 50um field.

3.3 STED microscopy

During stimulated emission, an excited fluorescent molecule is forced back to
its ground state by the interaction with a traveling photon at a wavelength
belonging to its emission spectrum. The de-excited molecule emits a second
photon, identical in wavelength, phase and direction to the travelling one, as
shown in Figure.3.1. Stimulated emission cross sections have similar values
compared to the excitation process, and the rate at which it occurs in an
excited fluorophore population is proportional to the intensity of the light
used. A strong radiation, then, can force molecules to return to the ground
state at a faster rate than spontaneous emission, so that the excited popu-
lation gets depleted to a fraction of its original size before having a chance
to emit its spontaneous fluorescence signal [64] (Figure.3.2). Using detec-
tion filters to discard the stimulated emission signal, the depletion process
appears as a reduction of the fluorescence light.
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Figure 3.1: Jablonsky diagrams of the processes of spontaneous emission
and stimulated emission.

The efficiency of the depletion process can be measured comparing the
residual depleted fuorescence with the unaffected signal: the ratio between
the two quantities follows a nonlinear behaviour, with a quick initial signal
reduction at low intensities, which reaches a tipping point after which small
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Figure 3.2: Temporal representation of the stimulated emission depletion
(STED) process: a population of fluorophores is brought to the excited state
at the instant t=0, and it is then irradiated by a laser pulse (represented by
the bell function at the center of the image) with a wavelength belonging
to the emission spectrum of the molecules. The decaying curves show the
temporal evolution of the excited population for different powers of the
STED pulse: (a) 0, (b) 10, (c) 100, (d) 500, (e) 1000 MW /cm?. Higher
STED powers induce faster decay rates, until the excited state is completely
estinguished (saturation). Adapted from [64]
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additional depletion efficiency must be acquired at the expense of consider-
ably stronger intensities.

This depletion ”saturation” is due to the fact that only a few excited
molecules are left, and the chance of interacting with a photon is low. The
intensity threshold at which the saturation regime starts is called the sat-
uration intensity, Isat, and characterises the depletion efficiency of a spe-
cific molecule, though depending also on the environment parameters (pH,
temperature, bonds with other molecules, electric field, ionic concentra-
tion, and so forth) of the sample. The typical I order of magnitude is
10— 10 MW /cm?, higher than SPE requirements, but easily accessible with
TPE light sources.

STED microscopy is a two-laser technique, where the main laser gen-
erates an excited spot on the sample, and then a second laser with a dark
central point (a “doughnut” beam) is used to deplete the outer tail of the
PSF until saturation (Figure.3.3). The result is a smaller excited spot, that
can be scanned over shorter steps, resulting in a greater resolution.

P The Concept of Superresolution with STED Microscopy
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Figure 3.3: Concept of STED microscope: (a) the excitation pulse is
followed by a stretched depletion pulse with a dougnut-like intenstiy
distribution, (b) As the excited spot is irradiated by the depletion
light, it is selectively de-excited on its outer tail, while its central por-
tion is left unaffected and can be scanned over the sample at smaller
steps. (c-d) The result, is a higher resolution compared with widefield
(or confocal). Adapted from Zeiss Campus STED tutorial: http://zeiss-
campus.magnet.fsu.edu/tutorials/superresolution/stedconcept /indexflash. html
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We can give an approximate guess for the final PSF dimensions by as-
suming the ring intensity to be much higher than the saturation intensity:
fluorescence will be emitted only from the center of the doughnut inten-
sity distribution, that we can approximate with a radial parabolic profile,
Istep(r) =~ alpr?. The area unaffected by the depletion process will be
confined to the region where IsTpp(r) < Isat, that is, 7 < \/Isat/aly. This
inverse square-root dependency on the beam intensity is confirmed by more
rigorous analyses [65], where it appears in the form of a generalized Abbe
principle:

Ar

ATgrpp = Ny (3.3)
STED microscopy is then able to provide a precise control of the image reso-
lution by modulation of the depletion intensity. The size of the excited spot
can be arbitrarily decided, providing in theory limitless resolution. Experi-
mental values show resolutions down to 20 nm [66, 67, 68, 69] (with average
results of 40 — 50 nm), limited only by the photobleaching and phototoxicity
due to the laser intensities required.

Given a specific fluorescent tag, the depletion efficiency depends on the
STED wavelength, Astep: high STED cross-sections can be reached near
the emission peak [70], but due to the overlap with the emission spectrum,
the risk of undesired excitation events from depletion photons increases.
STED wavelengths are then typically chosen far from the emission peak,
with a lower depletion efficiency that must be compensated by the beam
intensity. Pulsed lasers are typically used, both as excitation and depletion
light sources, in order to temporally separate the processes and to provide
higher intensities. In this case, there are requirements that must be met:

— The excitation pulse should be shorter than the molecule’s mean vi-
brational relaxation time 7y, (typically a few picoseconds). As Kasha’s
rule predicts fluorescence emission only from the lowest excited state,
a short excitation interval brings the fluorescent molecules to the ex-
cited state without risk of fluorescence emission. Femtosecond pulses,
as the ones used in TPE microscopy, are typically chosen.

— The depletion pulse should leave the de-excited molecules the time
to relax to their lowest vibrational level, to avoid the occurrence of
re-excitation cycles that would reduce the depletion efficiency. The
power should then be kept low enough to get a stimulated emission
mean time longer than 7,. Since a certain amount of additional on-
off cycle must be always considered, though, it is also important to
provide pulses much longer than 7, typically tens-to-hundreds of
picoseconds, so that the chance for vibrational relaxation increases.
Longer pulses are also preferred due to their lower peak intensities,
that reduce the probability of TPE by the depletion wavelengths.
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— The STED pulse has to closely follow the excitation pulse, so that the
lowest amount of spontaneous fluorescence can be emitted by the spot
before the actual depletion interval. This ideal delay can be found with
a simple check on the residual fluorescence signal left by the pulse.
Figure.3.4 shows the typical fluorescence signal dependence on the
delay time: the correct alignment of the pulses corresponds to position
of the minimum of the curve. For shorter (or negative) delays, there is
a sharp increase in the amount of fluorescence, which means a fraction
of the depletion energy arrives on the sample before the excitation
pulse and is lost. For longer delays, the residual fluorescence increases
at a slower rate, since it follows the spontaneous emission mean time.

STED limitations are due to the requirement of high intensities, that have a
natural limit in the damage and phototoxicity induced on the sample. Even
when safe laser intensities are used, the additional on-off cycles that the
molecules need to withstand increases photobleaching, which means only
a few images can be acquired before the sample loses available fluorescent
molecules.
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Figure 3.4: Dependency of the depletion efficiency on the delay between
excitation and depletion pulses in a STED setup. As the delay brings the
STED pulse immediately after the excitation pulse, the efficiency increases
rapidly, since less depletion photons are lost before the excitation instant.
The longer decaying ramp at longer delays corresponds to the slow build-up
of fluorescence photons emitted by the excited molecules after the excitation
pulse. Adapted from [64].



28 CHAPTER 3. STED MICROSCOPY

Bleaching reduction can be achieved by using low pulse repetition rates
(< 1MHz) [71]: as the triplet states where soon-to-be-bleached molecules
have settled live for times of the order of the us, leaving the sample unaf-
fected for comparable times helps most of the triplet population to return
to the ground state, so that the available excitable fraction is replenished.

3.4 TPE-STED

STED is an upgrade to an already existing laser-scanning imaging system,
and its implementaiton does not depend on the mechanism by which flu-
orescence is generated. Addition to TPE microscopes was then a natural
thought, the first experiments made in 2009 by Moneron and Hell [3], giving
resolutions of 50 nm just below the coverslip surface, and 90 nm at depths of
about 40 — 50um (Figure.3.5, left panel). Other platforms followed, mainly
dedicated to the super-resolution imaging of neural tissues [72, 73, 74, 5, 4],
with comparable resolutions and depth limits.

Thick tissues present an obstacle to STED imaging due to the absorption
and aberrations that the doughnut beam suffers while travelling inside the
sample. Absorption plays the main role, as it reduces the depletion light
reaching the focal spot, following the Lambert-Beer exponential trend shown
in eq.2.1. It is possible to characterize analytically the loss of resolution
by using in eq.3.3 an “effective” saturation intensity, proportional to the
intensity at the sample surface multiplied by an exponential factor €%,
dependent on the imaging depth z and the tissue average absorption length
¢ (Figure.3.5, right panel, plots ¢ and d) [4]. The role of aberrations is linked
to an asymmetric modulation of the intensity profile on the focal plane, that
generates both a reduction of the peak depletion intensity and a deformation
of the beam shape on the focal plane. The latter is particularly dangerous,
as it can divert a fraction of the beam energy on the doughnut center and
cause a dramatic reduction of both the resolution gain and the image SNR.
If compensation mechanisms -e.g. higher laser powers and adaptive optics
[75, 76, 77] - are not provided, the resolution gain will fall in the deeper
regions, reaching usually 3-4 times the performance of a confocal system.
Given lasers in the far-red /NIR regions (~ 800 nm), the expected resolutions
are ~ 100 nm, as demonstrated by the experimental implementations.

TPE-STED at longer wavelengths To reach deeper regions in the sam-
ple, longer wavelengths are required, both for the excitation and the deple-
tion beams. Molecules emitting in the red/NIR window would also prove
useful, given the lower absorption of the emitted signal. We will from now on
refer to this specific implementation as the ”longer wavelength” TPE-STED
(LWTPE-STED) microscope.

The first drawback of the LW strategy is the low absorption probability
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Figure 3.5: [Left] Comparison of TPE and TPE-STED images of 20 nm
NileRed fluorescent beads mounted on a cover glass. (a) and (b) are, re-
spectively, the raw pictures of TPE and TPE-STED. (c¢) and (d) shows
linearly de-convolved enlargements of the areas marked with white squares
in (a) and (b). All scale bars correspond to 500 nm. Normalized line profiles
taken between the arrows in (a) and (b) are plotted in (e) in red and green,
respectively. Adapted from [3]. [Right] Tissue penetration of depletion in
acute brain slices. (a) TPE image of spiny dendrite (left) and fluorescence
collected in linescan mode (right, along the dashed line). Pulsed STED light
was simultaneously applied during the time period indicated (white dashed
box). The vortex phase plate was withdrawn from the pulsed STED path to
deplete the entire excitation volume. (b) Fluorescence averaged across the
dendrite measured in linescan in panel a and normalized to the value before
pulsed STED illumination. (c) Depletion efficiency versus pulsed STED laser
power measured at 20 (red), 70 (yellow), 110 (blue), and 140 (black) pm
deep. Data points were fit to rectangular hyperbolas to determine Pyyy. (d)
Py, versus depth in slice. Data points were fit to an exponential to determine
a surface constant (Psat(0) = 0.55mW) and length constant (¢ = 45um).
Adapted from [4]

of the excitation light: as explained in Chapter 2, TPE is an efficient process
when it involves the excitation of higher excited states, but shows a lower
cross-section when the first excited state is involved, which is the case for
wavelengths > 1um. These low efficiency must be compensated, either
with longer pixel dwell times (us to ms [3, 4, 78]), or with high excitation
intensities. In both cases, the photobleaching or the damage inflicted to
the sample is increased. Lower pulse rates (0.25 MHz)[78] can be used to
increase the amount of recovery and the overall fluorescence yield of the
fluorophores, reducing also the power requirements of the system, but they
also raise the lower limit reachable by the pixel dwell time. In general,
when using ordinary fluorophores, a balance between bleaching/damage and
acquisition speeds must be found. Only highly resistant red dyes can help
surpass these compromises.
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A second problem is given by the depletion beam itself, which increases
the stress on the tissues and makes it necessary to reduce the overall ex-
posure/pixel dwell time on the sample. In the specific case of longer wave-
lengths used to perform depletion, an additional issue must be faced, since
the 700 — 800 nm window brings an increased risk of two-photon excitation,
even at the low intensities compared with the TPE light. near infrared (NIR)
depletion wavelengths open a second excitation channel that can reach or
even surpass the imaging signal level, drastically reducing the SNR, of the
image, and limiting the maximum STED intensity appliable to the sample
(Figure.3.6). This is a known effect [79], which can be solved using longer
stretching the STED pulse duration (hundreds ps): both TPE and depletion
increase proportionally to the exposure time, but while the first follows the
square of the pulse intensity, the second is still proportional to it. As the
pulse is stretched, an increment of the SNR can be achieved without changes
to the STED efficiency.

The ideal system where LWTPE-STED should be performed is then
characterized by a high-power excitation source and/or a long pixel dwell
time scanning head (the faster the scanning head, the stronger the excitation
source). Low pulse repetitions are preferred, together with long (> 100 ps)
pulse durations. This preliminar preparation should also be accompained
by a careful choice of the fluorescent molecules: to achieve proper super-
resolution
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Figure 3.6: Example of interference between TPE and depletion for high
STED intensities. If the TPE cross-section of the depletion beam is not low
enough, raising the intensity brings to the re-excitation of the previously de-
pleted region. This is particularly true for single-wavelength setups, where
part of a femtosecond pulse beam is directed to a stretching and modulation
line in order to provide depletion. The graph shows the calculated fluores-
cence depletion as a function of STED beam intensity in a single wavelength
scheme (solid line). The beginning of the curve was fitted by an exponential
decay (dashed line). Adapted from [79].
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at these longer wavelengths, strong excitation cross-sections at A > 1000 nm
and low cross-sections (both SPE and TPE ) in the 700 —800 nm interval are
required. Higher resistances to photodamage and bleaching are also required
with high pulse rates. At the moment, just a few choices are available with
this properties, e.g. fluorescent proteins mGarnet [80] and mGarnet2 [6],
developed only in the last few years. The expectation is that a larger palette
will become available in the near future, making easier to reach the higher
SNR noises needed for LWTPE-STED.

A final note of warning must be stated: the expected resolution of a
LWTPE-STED system is intrinsically lower than a regular STED (or even a
TPE-STED) setups. This can be inferred by two main arguments, regarding
the depletion wavelengths and the imaging depths. Assuming the same fluo-
rescent tags used in TPE-STED will be used for LWTPE-STED, the longer
depletion wavelengths will be farther from their emission peaks, meaning
that the relative depletion efficiency will be lower and higher saturation in-
tensities will characterize the process. As for the latter argument, given the
current TPE-STED limitations due to absorption and aberrations, we can
expect that, farther from the sample surface, the effective saturation inten-
sity will still rise considerably, and the doughnut core will still be affected
by scattered light. We can then expect a positive LWTPE-STED outcome
at deep regions being marked by lower factors than those of TPE-STED.
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Chapter 4

Spiral Phase Plates

4.1 Introduction

STED microscopy depends on the ability to manipulate the depletion beam
intensity profile in a simple and precise way. Since its invention, the tools
used to meet these requirements have been phase masks, thin optics with
non-trivial surface morphology that change the wavefront shape of a coher-
ent beam and generate the desired output by means of diffraction. As the
phase change required to achieve this effect is usually limited to a few os-
cillation cycles of the incoming light, phase masks can be fabricated with
thickness profiles of the order of a few wavelengths. At this scales, mask
fabrication requires to borrow the tools and knowledge of the micro- and
nano-electronic industry, more specifically the micro- and nanolithography
techniques for resist patterning.

This chapter provides the fundamental concepts needed to understand
how diffractive optics work, and in particular how spiral phase plates are
able to generate doughnut beams, then it introduces the reader to the ba-
sics of micro- and nanofabrication, and to the workings of electron beam
lithography (EBL), the technique used to fabricate the custom spiral phase
masks for our STED microscope.

4.2 Light propagation in collimated beams

Electromagnetic waves are coupled oscillations of the electric and magnetic
field obeying the vectorial wave equations:
2 92 7 2 9273
- n°0°FE -~ n°0°B
V2E - —=——=0 ) V2B—- ———=0 4.1
c2 Ot? c2 Ot? (4.1)
where V? = 53722 + 53—;2 + (5%22 is the Laplacian operator, n is the refractive
index of the medium inside which the waves propagate, and c is the speed
of light. Our interest is to describe the propagation of light in air or in a
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homogeneous, isotropic medium, so that we can describe the wave dynamics
using only one of the two fields (the electric field is usually chosen), and
also we can use only one component of the field vector instead of all three.
We will refer to this component using the notation u(7,t), where 7 indicates
the three-dimensional space coordinates (x,y, z), and we can immediately
express eq.4 in terms of only this variable:

n2 0%u

v - Lo
cz Ot2

=0 (4.2)
A simple solution of eq.4 is given by harmonically oscillating functions, the
monochromatic waves:

u(7, t) = a(r) cos|wt + ¢(7)] (4.3)

where the w parameter (angular frequency) is proportional to the frequency
v of the light (w = 27v), while the phase ¢(7) gives us information of the
relative change of the oscillation evolution at various positions. The surfaces
where the ¢(7) is constant are called the wavefronts. Their gradient 64,0(77)
is parallel to the wavefront’s normal vector at the position 7. The gradient
represents the direction where the phase change happens at the fastest rate.
A convenient strategy is to see eq.4 as the real part of the complex

wavefunction U (T, t):
U(7 t) = U(F)e™" (4.4)

Using this notation, we can separate eq.4 in a spatial and a temporal equa-

tion:
VU4 RU=0 , =i (4.5)
c A
where k is called the wavenumber. The spatial equation is called Helmotz
equation, and it gives a complete description of the spatial behaviour of a
monochromatic wave in a homogeneous and isotropic medium.

When the gradient 6g0(f’) is approximately parallel to the propagation
axis (the optical aris), we say that the wave is parazial. The simplest paraxial
wave is a plane wave, U(7) = Ae **7 where the wavefronts are planes
with constant amplitude, perpendicular to the propagation (optical) axis
indicated by the wavevector k. Paraxial waves can be imagined as plane
waves with a slowly varying complex amplitude A(7):
0A(T)

0z

U(F) = A(F)e™™ < kA(F) (4.6)
where the inequality on the right explains the “slowly varying” requirement:
on a scale comparable to one wavelength, the change in the amplitude must
be much smaller than the amplitude itself. The same inequality stands for



35

the second order derivative 92A4/9z2, and we can use it to find a simpler
approximation to eq.4.5, the parazial Helmotz equation:

0? 0? L 0A

An important family of solutions eq.4.7 is given by the Gaussian beams
(Figure.4.1), which show an axial symmetry and are better expressed in
cylindrical coordinates:

Mooy % o (_w;“(gz)) exp (—z’kz — ik szz) — i ((»1)2)

where

2
w(z) =w /1 + (ZZ is the beam 1/e? radius (4.9)
V 0

2
R(z) ==z [1 + <@> } is the wavefront radius of curvature(4.10)
2

z
¢(2) =tan"? () is called Gouy phase (4.11)
20
)\ZO
=4/= 4.12
wo - (4.12)

wo and zg indicate respectively the minimum radius of the beam, the ” waist”
radius (where the origin of the axial coordinates was set), and the ”Rayleigh
length”, defined as w(zp) = v2wp. As eq.4.12 shows, the Rayleigh length is
longer for broader beams. Eq.4.10 shows also that the wavefronts are planar
on the waist (infinite radius of curvature) and approximately spherical when
z> 2y (R(2) ~ z).

Laser systems generate Gaussian beams. They are particularly well indi-
cated for a diverse variety of applications, mainly due to the fact that their
profile keeps its Gaussian shape along all the beam path, though with an
increasing diameter. This property stands also for Gaussian profiles with
polynomials multipliers, which means that many families of Gaussian beams
are actually available. One family is particularly useful in the context of mi-
croscopy, as it mantains an axial symmetry that suits well the optical system,
are the Laguerre-Gaussian beams (Figure.4.2):

2
X exp <—ikz - zkm —i(|0|+2p + 1)C(z)> exp(—ile) (4.13)
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W(z)

Figure 4.1: Graphical representation of the Gaussian beam. Top) Beam ge-
ometrical profile and Bottom) beam intensity along the direction of prop-
agation. Adapted from [81].

where the generalized Laguerre polynomials Lﬁ are used as multipliers. The
p parameter, which indicates the degree of the polynomial, influences the
radial profile of the beam, which developes (p + 1) lobes separated by p
nodes. The ¢ parameter influences the wavefront geometry, as the phase
(k:z - k#?z) —i([{]4+2p + 1)¢(2) — ng)) has a constant value over helicoidal
surfaces with ¢ lobes, centered on the optical axis. Since all the different
phase wavefronts meet on the optical axis, the phase itself has not a definite
value at r = 0, so that we find a phase singularity, more exactly an optical
vortex. £ refers to the strength - topological charge - of the vortex, and
corresponds to the number of times the phase changes by 27 around the

optical axis.

(a) Intensity (b) Wavefront

Figure 4.2: Representation of (a) the intensity profile and (b) the wavefront
of a Laguerre-Gaussian beam of order ¢ # 0,p = 0. Adapted from [81].
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The lack of a definite phase value is not a physical possibility, as it
contradicts the continuity of the electromagnetic field function, so the op-
tical vortex should not exist. What happens, instead, is that for ¢ # 0
the 7!l term brings the wave amplitude to zero, effectively “hiding” the
singularity in a dark core.

4.3 Spiral Phase Plates

To generate a doughnut profile, a robust strategy is to use optical vortices, in
particular Laguerre-Gaussian beams, since not only their singularity guar-
antees a perfect dark spot inside the beam, their intensity distribution is
also invariant for propagation, except for a scaling factor that can be cor-
rected with focusing optics. Dedicated optical resonators would be required,
though, to provide these modes, so that an easier and more flexible solu-
tion is to use a Gaussian beam and add to the path an optical element for
the generation of the optical vortex, a diffractive optical element (diffractive
optical element (DOE)).

DOEs are optics that change the beam phase-amplitude distribution, so
that upon propagation the desired profile is generated. The concept can be
described in a straightforward manner: given a light beam that, at a starting
plane Xy = {(z,y,2)|z = 0}, can be described by the complex function
A(z,y,0), the light distribution on a parallel plane (z/,y/, ) is given by the
expression:

' —ikr(x,y, 2))
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where 7(z,y,2) = \/(z — /)2 + (y — v/)? + 22. The effect of a DOE on the
beam field can be described by multiplication with a complex transmittance
function, T'(z,y):
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We see from eq.4.15 that the output light field will depending on both the
starting field distribution and on the specific DOE used on the beam.

DOEs appear in many forms, each one with its advantages and its draw-
backs, that make them ideal for different applications. Phase masks (or
phase plates) are the simplest kind of DOE in terms of working principles
and fabrication requirements: they consists of a thin layer of transparent
material with a varying thickness profile. Light that travels through the
mask experiences different optical paths, and emerges at different instants,
and as a consequence its wavefronts are undergo a deformation that mirrors
the surface morphology.
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Given a mask with a thickness H(z,y), perpendicular to the beam axis,
the phase accumulated by the light at the further end of the layer (Hmax)
will be proportional to the local optical path:

nH(l‘v y) + nmedium(Hmax - H(1:7 y))
=2
plz,y) = 2m )

where n and Npedqium are the refractive index of the mask and the surround-
ing medium. Ignoring any constant phase terms, the complex transmittance
of the mask can be expressed as:

T(x.y) = expli(r,y)) = exp (WO i w) ~ e ( LG y))

(4.16)
where An = n — Npedium- Lhe complex function in eq.4.16 has unit norm,
meaning that it DOEs not affect the beam intensity profile. This is a strong
advantage when power transmission and aberration minimization are re-
quired, which is usually the case for imaging systems.

Spiral phase masks, spiral phase plate (SPP)s, generate optical vortices
of strength ¢ by means of their helicoidal thickness profile:

06 A
H($»y)—h0+h% ) h_A_n

which gives the beam a phase proportional to the azimuthal angle. At
¢ = 2m, the helical ramp ends with a vertical step, whose height can be
coupled only with the design wavelength .

Plane wave

... , Spiral-type wave

Spiral phase plate

Figure 4.3: Model of a SPP: the helicoidal profile has a thickness profile
proportional to the azimuthal angle 6 around the center. The step has a
height h = ALn' Adapted from [82].
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Achromatic SPPs can be fabricated, though they require two layers of
materials with different refractive index, which need also to change differ-
ently with the wavelength, so that the preferred strategy is to just provide
sets of plates designed for different wavelengths.

SPPs generate optical vortices, but their output DOEs not follow a
Laguerre-Gaussian intensity profile. The far-field output generated by a
Gaussian beam that meets a SPP on its waist is a Kummer beam, whose
field distribution is proportional to a Kummer’s confluent hypergeometric
function, M(«, 5, x):

r\ 1 12 r2 2
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Where wy = ﬂ%} is the waist parameter of the doughnut. An alternative

analytical expression can be found, in terms of Bessel functions:

r T2 7’2 7“2 .

The profile is shown in Fig.4.4: compared to the LG% modes, where max-
imum intensity is found on a ring with radius rpax wf\€|1/ 2 Kummer
beams have larger rings, with radii following an approximately linear de-
pendecy on the parameter £ (T;}“f R~ 0.47|€|+0.39>. Additionally, while LG

modes possess an exponential tail, Kummer beams follow an asymptotic
inverse square law, so that they confine less their intensity.
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Figure 4.4: Comparison of Kummer (K, continuous lines) and Laguerre-
Gaussian beams (LG, dashed lines) with equal ¢ values. Adapted from [83].
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This is something that must be taken into consideration when focusing
the doughnut with a microscope objective: as the best resolution is achieved
when the back aperture of the lens is completely filled (overfilling), but still
with an small enough beam to direct most of the beam energy inside the
optics, a Kummer beam, whose tail transports a significant fraction of the
total energy, must be smaller than the aperture radius.

4.3 Micro-/Nano-lithography

At the heart of modern electronic fabrication lies the ability to transfer
specific patterns over flat multilayer films. The techniques developed for
this purpose share this characteristic with the old lithographic techniques
used to print journals and magazines, so they inherited the name, though
exploiting entirely different physical principles. The most common micro-
and nano-lithographic techniques can be divided in three main families:

- Optical lithography. Pattern is transferred using the interaction be-
tween the target film and a strong optical radiation (visible, UV or X-ray)
that induces changes in the material composition or molecular arrange-
ment

- Charged particle lithography. A focused beam of charged particles is
used to change the physical and chemical properties of the target film

- Imprint lithography. Mechanical patterning is used, followed by a
curing phase involving high temperatures or strong radiations.

Each of these techniques has a particular advantage over the others, so
that they are all used in different context, with different purposes, depending
on the speed, the resolution, the cost and the throughput required for the
process.

Except for the specific technique used, the lithographic process follows
a remarkably generalizable workflow, mainly regarding the preparation and
the treatment of the material involved in the pattern trasfer. Common
terms and metric were then introduced, and they constitute a widely spread
knowledge around the world.

Resist deposition

The fundamental concept of this common terminology is the resist. This
term encompasses all the materials that, by means of the lithographic
process, change some of their physical/chemical properties in a way that
allows to transfer a pattern on a thin film. Almost all of the resists
consists of polymers made of long chains that, following irradiation with
an energy source, are broken or cross-linked, changing their solubility to
a specific chemical attack (development). A positive resist will become
weaker to development in the interaction sites, and will then be removed
from the pattern path, whereas a negative resist will see its resistance
increased, being removed everywhere except for where the lithographic
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process took place. From now on we will refer explicitly to positive re-
sists, but the same terms and principles apply to the other case as well.
At the beginning of a lithographic process the resist, immersed in a cast-
ing solvent, is coated on a substrate (glass slides, silicon wafers, metallic
or insulating surfaces) by means of spin coating: the resist is deposited
on the substrate, which is then spinned at high speeds. The generated
centrifugal forces disperse the resist radially from the axis of rotation, so
that after the solvent evaporation a thin flat layer is left, with a thickness
depending on the coating surface tension and viscosity. The final thick-
ness (t) can be controlled changing the rotation speed (w, in rotations
per meters, rpm), following the expression:

_ KCP
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where C is the polymer concentration in grams per 100 ml solution, 7
is the intrinsic resist viscosity and the K, a, § and v parameters must
set experimentally with calibration measurements. Given a fixed coating
area, a uniform film can be obtained if the rotation speed is high enough
to let the resist cover the entire surface before solvent evaporation, but
still low enough to avoid vibrations of the rotating support and air tur-
bulence. Coating dishomogeneities can also be caused by low amount of
initial resist, air bubbles not properly removed, or by particles present
on the substrate surface before spinning. Immediately after spinning,
the sample is baked for a short amount of time, in order to remove the
residual solvent, and slowly cooled down to avoid stresses.

Pattern generation

The thin resist layer is then exposed with a radiation pattern, which
changes the material solubility. The most fundamental metric in this
regards is the dose, which quantifies the amount of action imposed on the
resist: light irradiation is measured by the amount of energy absorbed,
expressed typically in pJ, while for charged particle beams the amount
of charge is preferred, expressed in uC. For two-dimensional pattern
transfer, the dose per unit area (in p.J/cm? —uC/cm?) is the standard
metric.

Depending on the writing strategy, we can differentiate lithographic tech-
niques in the serial and parallel categories: the former involve the sequen-
tial exposure of single pattern elements, which makes them too slow for
commercial purposes, but gives them flexibility (the only requirement is
that the pattern can be described in a CAD file), the latter are faster,
requiring only few one-shot exposures, but they depend on pre-patterned
masks that require long fabrication times, falling short in terms of flexi-
bility. Particle beam lithography is a common serial technique, where a
sub-micrometric spot is exposed in a raster scan fashion over the sample;
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a parallel strategy is instead followed by the majority of optical and im-
printing lithography techniques. Similarly to microscopy, the resolution
achieveable by a specific technique or machine can be expressed by means
of a PSF, which expresses the distribution of the energy imparted to the
resist around the desired exposure spot.

Resist development

After exposure, a chemical agent - called developer - is used, which attacks
the resist pattern at a constant rate, dependent on the polymer solubility.
Since the previous exposure step increased the local solubility of the resist
by an amount dependent on the applied dose, the effect is that of a
selective remotion of the layer in the patterned regions. To experimentally
characterize the process, the residual layer thickness for different exposure
doses (the contrast curve) is used, as shown in Figure.4.5.
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Figure 4.5: Representation of different contrast curves: (a) curves for resists
with different sensitivities (A more sensitive than B), (b) curves for resists
with different contrasts (A has higher contrast than B) and for different
tones of the resist (A and B are positive resists, while C is a negative resist).
Adapted from [84]

This simple visualization condenses in a single plot many different pa-
rameters regarding the resist (composition, phase, substrate), the devel-
oper (chemical formula, development time, temperature), the exposure
process, and even the pattern geometry and dimensions. Usually, the
contrast curve is acquired exposing small squares at different doses (dose
metrics) and measuring the corresponding layer thickness. The normal-
ized residual thickness is usually shown, in order to provide general infor-
mations independent on the experimental layer, and the dose are given on
a logarithm scale. The two most important metrics that can be extracted
from the contrast curve of a process are its sensitivity and its contrast.
Sensitivity is expressed as the minimum dose required to completely con-
sume the layer (clearing dose, D1), gives us information on the amount
of energy (or the time) required to pattern the resist. The contrast is
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quantified by the slope of the curve:

1
7 Tog1o(D1/Dy)

where Dy is the minimum dose at which the resist starts to be consumed,
and it gives an indication of how sensitive the process is to changes in
the applied dose. In particular, contrast is linked to the capability of
rendering vertical walls and binary structures from a continuous PSF
slope, making it a necessary - though not sufficient - condition to gener-
ate high resolution patterns. To generate continuous three-dimensional
structures, instead, a low contrast is required, as it gives a greater control
on the resist thickness, also reducing the effects of the dose discretization
imposed by some lithographic instruments.

The wide diffusion of lithography in the electronic industry is due to
its versatility in many different fabrication scenarios: apart from situations
where the aim is exactly the generation of a pattern on a resist film, the
real strength of lithography is shown when the pattern transfered on the
resist is replicated on the substrate or on other materials that would be
difficult - if not impossible - to process in a direct manner. In these cases
the lithographic process itself is a step in the actual fabrication process,
where it is followed by a pattern replication phase that can take advantage of
subtractive (etching) or additive (liftoff) techniques. These processes don’t
apply to three-dimensional fabrication of continuous reliefs, though, and
won’t be described in detail.

4.4 Electron Beam Lithography

Electron beam lithography (EBL) is a serial lithographic technique that uses
a focused beam of highly energetic electrons (1 — 100keV), quickly scanned
over the sample, to change the resist properties. Charged beams have an im-
portant role in nanofabrication because they can be focused into extremely
small probes using sophisticated instuments that, given the analogy with
light focusing, are called charged particle optics. Modern instruments can
focus the particles in a spot only a few nanometers wide, which helps to pro-
vide extremely high resolution patterns. Being a serial technique, where a
single beam is sweeped over the pattern area, the corresponding throughput
is extremely slow, as millimeter-sized fields require hours, if not days, to be
exposed.

In an EBL system, the beam acceleration and the scanning of the focused
spot are performed by a complex apparatus - the optical column (Figure.4.6)
-, which consists of (1) an electron source for the generation of the beam, (2)
a series of electromagnetic lenses to focus the beam on the sample, and (3)
an electromagnetic deflection unit that scans the beam during the exposure.



44 CHAPTER 4. SPIRAL PHASE PLATES

All of these components need to work in high vacuum, at pressures on the
order of 1078 — 10719 Pa, to avoid collisions between the travelling electrons
and the gas atoms.

Electron gun

Condenser lens El _—

Beam blanker [

Selectable aperture

Objective lens E

Substrate s

Figure 4.6: Schematic representation of the optical column of an EBL ma-
chine. Adapted from [85]

(1) Electron sources

Electron sources, or “guns”, generate and accelerate the electron beam to
tens-to-hundreds keV. They extract electrons from a metallic electrode
and accelerate the particles with strong electric fields. Electrons are
confined inside the metals by a potential barrier, which can be overcome
either injecting thermal energy into the system, or reducing the potential
well depth with opposing electric fields. Depending on which of the two
strategies is employed, we distinguish between thermoionic emission and
field emission guns. In the former case, the electrode is traversed by a
high electrical current, which heats it to tempeatures high enough (~
2000K) to expel electrons from the metal. Large electrodes are required
to sustain the heating currents, consequently thermoionic sources are
characterized by large emission areas and stable, high-current (~ 1pA)
beams. As a drawback, they have a wide angular spread, that influences
the minimum size of the focused spot. Field emission sources use strong
electric fields (> 108V /m) applied to a sharp metallic tip, in order to lower
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the energy cost of electron extraction. They provide lower beam currents
(< 1nA), with the advantage of a lower Coulomb repulsion between the
beam electrons, so that a narrower spot can be focused on the resist.
For this reason, they are the standard choice for high-resolution electron
microscopes. They are not used in nanofabrication systems, though, as
they are strongly affected by the absorption of gaseous atoms on the
emission surface, which causes a strong current noise and drift. These
problems were solved with the development of thermal field emission
(Schottky) sources: they consist of a tungsten tip coated with a layer of
zirconium oxide, which is both heated to 1800K and exposed to strong
electric field, in order to provide a stable current over the resist, and a
nanometer-sized spot.

(2) Electron optics

The optical column provides focusing of the electron beam by means of
electromagnetic lenses. Electromagnetic lenses show many analogies with
optical lenses, as it is possible to introduce an electromagnetic “refractive
index” to describe their effect on the electrons. The main difference
in this regard is given by the fact that the electromagnetic refractive
index follows the electric/magnetic field intensity, and cannot display any
discontinuity like the optical analogue. An additional difference is given
by the fact that magnetic lenses provide an additional rotational motion
to the electrons around the beam axis, and that they provide different
focusing to particles of different mass. While this characteristic is an
obstacle to the use of magnetic lenses in ion beam focusing, it DOESs not
constitute a problem for electron beam focusing, so that they are largely
used for the strong magnetic fields they are able to provide. Simple
electron beam systems will still use electric lenses, though, given their
simpler design. The simplest kind is given by round lenses, which provide
symmetrical focusing, but are affected by the common aberrations of
optical analogues (spherical, chromatic, astigmatism). Aberrations can
be corrected either reducing the focusing angle of the beam, or using
quadrupole and multipole lenses, whose higher complexity provides a
greater number of parameters on which to operate. Reducing the beam
divergence is a common strategy, given the fact that both geometrical and
chromatic aberrations increase nonlinearly with the focusing angle. This
strategy finds a limit in the diffraction and Coulomb repulsion, which
provide a significant contribution to the spot diameter on the focal plane
and whose influence is stronger in more collimated beams.

(3) Deflection optics

Aberrations are exasperated by beam offsets respect to the column op-
tical axis. The deflection of the beam, which is provided by electric
deflectors before the objective lens, must then have a limited spanning
range. Common systems never use deflections greater than 1 mm, using
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mechanical translation of the target to provide wider exposure fields. A
common strategy is also the combined use of two deflection systems, one
for wide, slow changes of the beam position, and the other for small, fast
subfield scanning. The advantage is given by the ability to expose only
the regions where the pattern actually covers the field, together with a
smaller positioning error compared to single-deflection systems operating
on the same field width.

Electron-resist interactions and resolution High-energy electrons pen-
etrating into a solid material will collide with atom nuclei and the electrons
surrounding them. Two main scattering processes can happen, depending
on the energy exchanged between the scattering particles: elastic processes,
involving electrons and atoms nuclei and where no transfer of energy, only a
change in the trajectory direction, and inelastic collisions between electrons,
where energy is transferred to the electronic shell of the atoms. The elec-
tronic deflection depends strongly on the atomic number (Z) of the nuclei
involved, as the expression of the cross-section shows:

211
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Where V is the acceleration voltage of the optical column and 6 is the deflec-
tion angle. Even though the vast majority of the collisions results in a small
angle of deflection, as the sin~*proportionality suggests, the probability of
a backscattering event (6 > 90°) increases drastically for heavier elements,
which are usually found on the substrate. While small angle deflections have
a limited effect on the final resolution, providing a simple blurring effect far
below 100 nm, backscattered electrons are able to travel ym away from the
exposure spot, interacting with the resist in a large area and influlencing
the exposure of dense pattern structures (prozimity effect). As the electron
travel in the resist, they collide with shell electrons, stripping them from the
molecules. These secondary electrons are the reason of the resist exposure,
and though they contribute to the PSF blurring by about 10nm [86], they
are unavoidable. The rate at which both primary and secondary electrons
transfer their energy to the resist is expressed by Block’s formula:

dE pZ 1 (166EY [keV

where p is the resist density, A and J are respectively the atomic weight
and the ionization potential of the resist molecules. We see from the E~1
term that more energetic particles transfer less energy to the resist, which
means higher doses are required, when compared with less energetic bams.
The PSF of the resist exposure, which describes the total effect of secondary
electrons and forward-/backward-scattered primary electrons on the expo-
sure resolution, can be approximated by a sum of gaussians with different
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amplitudes and widths: the blur caused by forward-scattered primary elec-
trons and secondary electron can be described with a high, but narrow, peak,
while the backscattered electrons provide a weaker, but broader effect, that
must be modeled with a short wide Gaussian. The best approximations are
expressed as three-term additions:
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where the second term expresses “medium” range interactions concerning
both primary and secondary electrons. The final dose distribution will be
given by the convolution between the nominal dose pattern and the PSF
function, and applying the contrast curve function to this result will give
a prediction of the final pattern geometry. In order to achieve the closest
correspondence between the fabricated and the desired pattern shape, the
effect of electron scattering must be factored before the exposure step: the
nominal doses must be administered in a manner which allows to compensate
the dose dispersion from isolated features and the proximity effect in dense
patterns. This correction step is called proximity effect correction (PEC),
and can be performed by a variety of softwares, which use PSF models
derived from numerical or experimental [87] investigations.

3D-EBL Micro- and nanolithographic techniques were initially developed
for the generation of binary patterns in thin layers, which met the needs
of the microelectronic industry. The process had to be engineered in order
to provide vertical walls and densely packed features, so that resists had to
have low sensitivities to reduce the influence of the proximity effect and high
contrast to sharpen the smooth dose distribution that PEC wasn’t able to
compensate. These requirements don’t translate to the fabrication of three-
dimensional profiles, were the aim is the precise control of the resist residual
thickness. 3D lithographic processes require low-contrast resists, in order to
minimize the effects of dose discretization and exposure variations on the
final layer thickness. High sensitivities are best coupled to wide, continuous
geometries, where lower exposure times are useful and proximity effects help
smoothen out the geometrical pattern of the beam raster scan, while higher
clearing doses provide advantages when steps and thin, vertical features are
requested, since they reduce the influence of the proximity effect.
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Chapter 5

Microscope Setup and
Experimental Methods

5.1 Introduction

The following chapter presents a detailed description of the experimental
setup of the microscope and its configurations, and describes the protocols
used to prepare the samples that were used in calibration tests and biological
studies, and the procedures followed for the analysis of the data acquired.
The optical path of the microscope is presented in paragraph 3.2, while the
protocols and procedure are shown in paragraph 3.3.

5.2 Microscope

The microscope setup, based on a upright design, is described in Figure
5.1.: the objective (Olympus XLPLN25XWMP2, 1.05 NA for in-vivo ex-
periments, LUMFLN60XW, 1.1 NA for high-resolution cell culture imaging
and UPLSAPO100XO, 1.4 NA for STED imaging) and the scanning sys-
tem are mounted on a vertically-translating head, while the sample holder
is mounted on a 2D translation stage. The fluorescence light is collected
by an epi-detection system with four photomultiplicator (PMT) modules
(Hamamatsu, H7422-40), each with its own bandpass filter for channel ac-
quisition (Table 5.1.), whereas the transmitted intensity can be collected
by a condenser lens (Nikon, D-CUO Achr-Apl, 1.4 NA) and directed to a
trans-detection sensor (biased InGaAs photodetector, DET20C, Thorlabs).

The objective-condenser scheme also works as a wide-field imaging sys-
tem, illuminated by two LED lamps (MWWHL4 and M660L3, Thorlabs)
and ending on a trinocular system placed on the microscope head. Sep-
aration between wide-field and scanning mode is provided by the primary
mirror on top of the objective mount, which can be translated back and fort,
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Figure 5.1: Microscope head, stage and detection modules
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Channel A | Channel B | Channel C | Channel D

A/AX (nm/nm) | 395/25 460/50 525/40 625,/90

Table 5.1: Wavelength detection range of the PMT modules. The fluorescent
light is directed on the modules by a dichroic mirror (long-pass, 705nm cutoff
wavelength, Semrock), then divided in different channels by long-pass and
short-pass mirrors (Semrock).

blocking one path at a time.

The two excitation beams are generated by an OPO system (APE, Ger-
many ), pumped by a Ti:Sapphire laser (Chameleon Ultra II, Coherent Inc.,
Santa Clara, CA, USA), which generates a 4W beam with wavelength tun-
able between 700nm and 900nm. The OPO generate a beam with wave-
length tunable between 1000 nm and 1600 nm, and can release a fraction of
the pump intensity as a second independent beam.

The beam pulses have a 140 fs duration, and exit from the OPO already
synchronized, with a 6 ns delay. Such a system was thought to avoid the
use of expensive electronic control circuits between different lasers, in favour
of mechanical delay regulation by means of a cheaper motorized translation
stage.

The beams intensity is regulated by electro-optical devices known as
Pockels cells (models 360-80 and 350-80, Conoptics, Figure 5.2.), made of
crystals that, once immersed in a constant electric field, acquire a voltage-
dependent birefringence; the change in the state of polarization of the trans-
mitted beam is then converted to an intensity modulation by means of an
external polarizer. Such devices allow fast modulation of the transmitted
intensity at frequencies as high as 100 kHz , which allows in-line control of
the pixel intensity. The pump beam transmitted by the Pockels cell passes
through an optical isolator (IO-5-NIR-LP, Thorlabs inc) and a half-wave
plate (AHWP05M-600, Thorlabs), then is directed to a bifurcation, where
a removable mirror can be introduced to lead the light to the stretching line
required in order to achieve STED super-resolution.

Figure 5.2: Pockels cell used to modulate the intensity of the pump (left)
and OPO (right) beam
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Figure 5.3: (Left) Stretching line: glass rod (bottom) and optical fiber (top);
(Right) beam conditioning units: phase masks (bottom) and 3X beam ex-
pander (top).

Depletion requires pulses lasting tens or hundreds of picoseconds, gener-
ated by femtosecond-pulses by means of a 20 cm-long SF6 glass rod (Fuzhou
Solid Photon Inc), which stretches the pulses to a few ps, and a 100m single-
mode polarization-mantaining fiber (PM780-HP,Thorlabs), at the end of
which the pulses exit with widths in the hundreds ps range (Figure.5.3).
An aspheric lens (A280TMB, f = 18.4 mm, NA = 0.15, Thorlabs) couples
the beam to the fiber, which is aligned by a 3-axis stage (MBT613D/M,
Thorlabs) with micrometric precision.

The stretched pulses pass then through a spiral phase mask (VPP-1a,
RPC Photonics Inc), which generates the doughnut intensity distribution,
and a 3X telescope (#59-134, Edmund Optics), used to modify the con-
vergence of the beam. The STED path joins the “femtosecond” path with
a second removable mirror, after which a piezo-driven mirror redirects the
light to the microscope.

In the OPO path, a motorized translator (LTS300/M,Thorlabs, Figure
5.4.), with 300 mm range and 0.1um precision is used to change the relative
delay between the OPO and pump pulses; then a 5X telescope (GBE05-C,
Thorlabs) collimates the beam, which is directed to the microscope by a
mirror-dichroic system that joins the ending tracts of the OPO and pump
paths. Both the beams reach the microscope after passing through a half-
wave plate (AHWPO05M-600/-980, Thorlabs) and a quarter-wave plate each
(AQWP05M-600/-980, Thorlabs), which give complete control over the po-
larization state before the objective.



Figure 5.4: (Top image) Overview of the final parts of the STED and OPO
paths

A short distance before the microscope body, a small fraction of the
beams light is reflected to a fast InGaAs detector (DET08CL, Thorlabs,
Figure 5.5.) connected to an oscilloscope, which allows to check the temporal
separation between the OPO and pump pulses. Both the beams are then
directed to the scanning mirrors (galvo/resonance system, 8kHz) by means
of a periscope, finally meeting the scanning lens system (magnification 3X)
and the objective lens.

The system, relying on the Thorlabs Bergamo series, was controlled
by the native Thorimage LS software for multiphoton imaging. The scan-
ning control was directed by a dedicated electronic control unit, while the
data acquisition was performed by means of an ATS9440 waveform digitizer
(AlazarTech,), with four 14-bit channels.

Figure 5.5: (Left) Fast InGaAs detector for the coarse measurement of the
pulses delay, (Right) Lateral view of the microscope body
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Size Frame Rate Pixel Size Pixel Dwell Time
512 x 512 15 fps 8nm (32X), 16 nm (16X) 321s
512 x 256 30 fps 8nm (32X), 16 nm (16X) 32ns
1024 x 1024 7.5 fps 128 nm (1X), 64 nm (2X), 16 ns
1024 x 256 30 fps 4nm (32X), 8nm (16X) 16 ns
1024 x 128 60 fps 4nm (32X), 8 nm (16X) 16 ns

Table 5.2: Scanning properties of the images captured with the galvo-
resonant mirror system of the microscope. The frame rate refers to the
“one-way” scan option, where only the forward advancing line sweeped by
the scan mirrors is considered to build the image. The pixel size is reported
relative to the scanning magnification (which ranges from 0.6X to 32X of the
backfocal plane aperture dimensions).

Table.5.2 provides a list of the scanning rates and resolutions of the prin-
cipal acquisition modalities used in this thesis. The pulsed electronic syn-
chronization signal from the pump laser, processed with a hand-made low-
pass filter (kind concession from Luca Bacci of the Department of physics),
was used to set the acquisition rate of the digitizer to the required 80 MHz.

5.3 Experimental methods and protocols

Measurements and analysis All the power measurements reported in
the following chapter were measured using a Thorlabs PM100D console
connected to a S305C thermal sensor. Single measurements are given a
0.1 mW uncertainty for measurements concerning the power of the pump
beam, 0.5 mW for the OPO beam. The power values reported in the graphs
of the excitation efficiency tests at different wavelengths, and during the
depletion efficiency tests, are the average values of 50 fast measurements
averaged over 1s each. The reported uncertainty is given by the standard
deviation of the set.

Polarizations were measured using a Schafter4+Kirchhoff SKO10PA-NIR
polarization analyzer. The degree of polarization used in all the experiments
was always higher than 95%. For STED tests, in particular, the degree of
polarization was checked and adjusted with the polarizer before the SPPs,
in order to have values higher than 98% on the objective back aperture.

Test sample preparation The gold beads samples for the assessment of
the doughnut quality and the diamond nanocrystals for STED tests were pre-
pared by mixing the water suspension with the mounting medium (Mowiol-
88), then pouring 5uL of the mix on a glass slide and covering with a cover-
slip. The GATTAquant beads sample was bought ready-to-use. The beads
had a diameter of 20nm and were immersed in polyglicole. The KDP mi-
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croscrystals were mashed in a mortar, placed on a glass slide and covered
with a coverslip without any mounting medium.

Cellular samples We used two cell lines for our samples: HeLa cells and
mouse embryonic fibroblasts (MEF). HeLa cells have the advantage of being
immortalized, and to be able to survive indefinitely outside the human body.
Their main strength lies in the simplicity and rapidity of their preparation,
which takes less than a week to be prepared and has a high margin of success.

MEF cells are often used as a model for studies of staminal growth and
differentiation. They are an ideal test target to observe super-resolution:
the intricate tubular network inside their cytoplasm can be stained both
with immunostaining (like the Alexa and ATTO fluorophore families) and
with fluorescent proteins (in particular molecules that fuse with the RITA
protein[88], that binds to tubulin in the cytoplasm from where it shuttles
the RBP-J/CBF-1 trascription factor to and from the nucleus), and provides
many details at sub-micrometer scales that STED imaging can reveal.

Both cells lines were maintained in Standard Medium (89% DMEM, 10%
FBS, 1% Pen/Strep 100X) in T25 or T75 Corning flasks. At approximately
80% confluence, the culture medium was removed and dead cells and serum
were washed away with PBS 1X. Cells were detached from the flask with the
addition of 1 mL of 0.25% Trypsin in EDTA and a 3-minutes incubation at
37°C. 3mL of Standard Medium were added to block trypsinization, then
the cells were spun at 1250 rpm for 5 minutes and resuspended in 4mL fresh
medium. Cells were seeded on the coverslips at ~ 125 cells/mm? density,
inside a 6-well plate (BD Falcon). A 1:10 dilution was plated in a new flask
for cell line expansion.

Plasmid trasfection Transfection is the process by which specific parts
of genetic material are introduced into the cells. Cell lines trasfection uses
liposomes, lipid vescicles that fuse with the cellular membrane and deliver
the DNA they contain inside the cell.

Before trasfection, a mix of 5uL Lipofectamine2000 (LifeTechnologies)
and 245uL Optimem (LifeTechnologies) and a dilution of 3ug of DNA in
250 L of Optimem were prepared for each cell coverslip and left for 5 minutes
at room temperature, then mixed together and left at room temperature for
20 minutes. The cells were washed with PBS 1X, then 500uL of Optimem
were added, followed by the trasfection dilution, and the plate was left 4
hours in the incubator at 37°C. After incubation, the trasfection dilution
was removed, and Standard Medium was added.

Immunofluorescence staining Before staining, cells were fixed in 3.7%
para-formaldehyde in PBS (v/v, SIGMA-Aldrich) for 30 minutes at 4°C.
The solution was then removed and the coverslip washed 3 times for 10 min-
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utes in PBS 1X. Cells membrane permeabilization was performed applying
a dilution of BSA (1%) and Triton-X (0.1%) in PBS 1X for 5 minutes at
room temperature. After the dilution was removed (washed 3 times with
PBS 1X for 5 minutes), the cells were incubated in a humidified chamber,
with the primary antibody and BSA 1% in PBS 1X, 30 minutes, 37°C. The
same step was applied for incubation with the secondary antibody, followed
by three other washes for 5 minutes and application of the fluorophore fol-
lowing the seller indications. Staining with dyes conjugated with secondary
antibodies skipped secondary antibody incubation. Coverslips were then
mounted with Mowiol-88 over a glass slide.

Heart cryosections Mice were sacrificed by cervical dislocation and hearts
were quickly harvested and cut in two portions in the transverse direction
and processed as described in [89]. Briefly, blood clots were carefully re-
moved and the heart was fixed to maintain structural integrity with 1%
paraformaldehyde in phosphate buffered saline (PBS 1X: 137 NaCl, 2.7 KCl,
10 Nag HPOy, 1.8 KHy POy, in mM) at room temperature for 15 minutes.
After 3 washes of 5 minutes with PBS 1X, hearts were allowed to dehydrate
in sucrose 30% (w/v in distilled water) at 4 °C overnight. The following day,
hearts were embedded in OCT freezing medium (Optimal Cutting Temper-
ature, Kaltec) and carefully frozen in liquid nitrogen vapor. Frozen samples
were maintained at —80°C. Frozen hearts were cut in 10um slices using
a cryostat (Leica CM1850, Leica Microsystems GmbH, Wetzlar, Germany)
and placed on superfrost glass slides (Vetrotecnica) maintained at —80°C
until use.

Gastrocnemius muscle and SDH staining Gastrocnemius muscles were
harvested from mice and immediately frozen in liquid nitrogen. 10 — m
cryosections were obtained with a cryostat (Leica CM1850, Leica Microsys-
tems GmbH, Wetzlar, Germany) and stained for Succinate dehydrogenase
(SDH). Processed cryosections were examined in a fluorescence microscope
(Olympus BX60).

Ex-vivo lungs Mouse was sacrificed by cervical dislocation and lungs
were quickly harvested and carefully washed in ice-cold PBS to avoid blood
clotting. Lungs were then transferred on a petri dish filled with PBS. To
prevent curling and movement, lungs were held down through a homemade
platinum holder. Decellularized bovine pericardium. Bovine pericardia were
collected from the local slaughterhouse and decellularized using a method
based on alternated hypo- and hypertonic solutions, detergents (Triton X-
100 and sodium cholate, Sigma-Aldrich, Saint Louis, MO, USA) and non-
specific endonucleases (Benzonase, Sigma-Aldrich). Following the decellu-
larization procedure, samples of 1cm? were placed into plastic embedding




57

devices (Bio Optica, Milano, Italy) and covered by a thin layer of 4% low
melting agarose solution prepared in PBS (Sigma-Aldrich).

Image processing and statistical analysis Prior to any analysis, the
images were processed using the Matlab software: the environment and sen-
sor background was eliminated subtracting a “dark” image acquired with
both the laser shutters closed, and a gaussian filter with 1 px width was ap-
plied. All the intensity values derived from the samples photos are expressed
in pixel units, and consist of the average of the 5% brighter pixels values of
the image, with the standard deviation set as the correspondent uncertainty.

For correlation analysis, images were processed with Fiji using the ROI
Manager plug-in in order to obtain mean ROI intensity and Area values.
Pearson correlation coefficient was evaluated with OriginPro™ 2016 and
data were fitted with linear regression.
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Chapter 6

Nonlinear Microscopy:
experimental results

6.1 Introduction

Our setup, described in Chapter 5, is a tunable, dual-laser system for si-
multaneous nonlinear imaging, in particular for deep, in vivo imaging. The
basic configuration comprises only the minimal path necessary for the co-
alignment and the insertion of the laser beams in the scanning head of the
microscope body, which make it particularly simple and easy to set up. In
vivo, TPE studies on the ulcer of live mices were performed in order to
understand the influence of diabetes on the healing ability of scar tissue.
This work has been published in a paper from Fadini et al. [90], and it pro-
vides a demonstration of the TPE-SHG imaging capabilities of the 800 nm,
single-beam configuration.

Dual-beam nonlinear imaging was tested on a number of unstained cryosec-
tions cut from mouse heart and lung. The work was published in a paper
from Filippi et al. [91], where the label-free simultaneous autofluorescence
TPE, SHG and THG imaging of nicotinamide adenine dinucleotide (NADH),
collagen, and elastin is demonstrated, both in thin and thick (~ 200um)
samples. This study shows how the dual-beam approach allows for simul-
taneous optimization of the signal from different features, giving brighter
images with distinct, easily recognizable elements. The next paragraph ex-
poses briefly the main results shown in [91], leaving to the reader the option
to read from the original publication in detail.

The third paragraph describes the spatial and temporal alignment pro-
cedures needed to achieve two-color two-photon excitation (TCTPE). This
nondegenerate nonlinear technique provides the ability to excite molecules
in a third spectral window, [900 — 1000] nm, that the dual-beam setup is
not able to reach. Since this “virtual” excitation source intensity can be
tuned independently from the other two, it takes even further the capabili-
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ties of our platform. A demonstration of the broader reach allowed by this
technique is given with the efficient imaging of green molecules outside the
normal excitation scope of the microscope.

6.2 TPE and SHG imaging

In Figure.6.1 an example of TPE/HG imaging is shown, taken from Filippi
et al. (2017) [91]: cardiac cryosections were imaged without prior staining,
using both the pump and the OPO laser, tuned at respectively 800 nm and
1200nm. The top-left panel shows the image taken with the pump beam,
where theSHG signal from the white channels reveals the sarcomeres’ myosin
and collagen deposits sourrounding the coronary vessel. Illumination at
1200 nm (top-center panel) shows a red SHG signal from the same structures.
Magnification of the sarcomeres (bottom-left panel) shows a clear image,
with little to none background compared to the signal. An additional detail
revealed by the images is the elastin protein, both its autofluorescence from
800 nm and its THG signal from 1200 nm.

The dual-laser label-free strategy does not only allow to collect more
signal from the same structures, it also helps to reveal features with which

Figure 6.1: Simultaneous TPE and HG images of cardiac cryosections. (A)
Cardiac cryosection imaged with 800 nm laser wavelength shows TPE auto-
fluorescence (Green, Aem =~ 500nm) and SHG signal (White, Aem =~
400nm). (B) Same field of view imaged with 1200 nm laser wavelength
shows SHG (Red, Aem =~ 600nm) and THG (White, Aeyy =~ 400nm).
(C) Superposition of the same field imaged with 800 nm and 1200 nm; The
SHG produced by the two different laser beams, as well as the elastin aut-
ofluorescence and its THG signal, perfectly superimpose, testifying the ex-
cellent spatial alignment of the lasers. The auto-fluorescence excited with
800 nm also highlight some features that are not visible with an excita-
tion wavelength of 1200 nm, proving the dual-laser imaging approach more
information-rich than the common single-wavelength TPE. Scale bars 50um.
From Filippi et al. [91].
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one of the beams would be unable to interact: a strong TPE signal from
NADH can be seen under 800 nm illumination, while being absent under the
1200 nm light. The fact that the NADH signal gives informations about the
metabolic state of the highlighted cells means that it is possible to differen-
tiate glycolytic and oxidative fibers with the same structural configuration.

This discriminative study was performed on skeletal muscle cryosections,
as shown in Figure.6.2, where three consecutive muscle cryosections were
observed using TPE-SHG (top-left panel), SDH staining (top-right panel)
and Hematoxylin/Eosin staining (bottom-left panel). TPE and SDH signals
show a strong correlation (bottom-right panel): stronger SDH activity is
expected in oxidative fibers, together with a larger number of mithocondria,
that implies a stronger NADH concentration and a stronger TPE auto-
fluorescence.

T T T T T T 1
07 08 09 1,0 11 1.2 13 1.4
TPE Fluorescence (AU)

Figure 6.2: TPE of NADH in muscle cryosections. (A) TPE (Green) and
SHG (White) signals from gastrocnemius muscles cryosection. (B) SDH
staining of the consecutive cryosection from the same muscle. (C) Hema-
toxylin/FEosin staining of the consecutive cryosection from the same muscle.
(D) Correlation analysis of TPE and SDH signal intensity from the same
fiber (N = 4 cryosections, n= 350 fibers). Pearson correlation coefficient
P > 0.75. Yellow (*) and red (#) highlight corresponding fibers, oxidative
and glycolytic respectively. Scale bars 100um. From Filippi et al. [91].
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This trend is confirmed by the experimental observations, that prove the
validity of label-free TPE as a tool for NADH quantification. The collagen
content of the cryosection was also imaged by means of both SHG and
Hematoxylin/Eosin staining, with overlapping results, which validated the
label-free approach to collagen imaging. To assess the in vivo and deep
imaging capabilities of the label-free analysis performed with our setup, we
started with the examination of thick, freshly excised unstained mouse lungs.

Figure 6.3: Simultaneous TPE and SHG images of ex-vivo lung tissue. (A)
TPE and SHG signals imaged with 800 nm wavelength. Alveolar sacs can
be recognized thanks to their TPE auto-fluorescence emission (Green) and
are surrounded by the coarse collagen fibers of the serosa (White). (B) and
(C) are two magnifications of the serosa collagen fibers. Scale bars 20um.
From Filippi et al. [91]
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As can be seen in Figure.6.3, the collagen fibrillary structure of the lungs
appears clearly thanks to the SHG signal in the white channel, while the
alveoli and several nuclei from cels inside the lung tissue were visible in the
green channel. Both collagen features and cell nuclei remained perfectly
visible and crisp even at relatively high zoom level, without any sign of
photo-bleaching or photo-damages, confirming the power of this Label-Free
technique when properly optimized.

A final test was performed to assess the ability to simultaneously opti-
mize the excitation efficiency of different features: a portion of decellular-
ized bovine pericardium was imaged with both the laser sources, in order to
show the SHG of collagen fibrils and the autofluorescence of the elastin (Fig-
ure.6.4). The elastin absorption maximum is observed at 425 nm, requiring
excitation from the 800 nm laser, while the fibrils, which in theory could be
observed at any viable wavelength, were observed using the 1200 nm laser,
avoiding detection of blue photons, which would be absorbed rapidly by the
collagen itself. As te two laser sources were optimized in order to achieve
maximum signal emission from their specific targets, bright images with
clearly distinguishable SHG and autofluorescence signal were acquired, up
to 200pm deep in the sample.

Figure 6.4: Simultaneous TPE and SHG images of decellularized peri-
cardium for scaffold characterization. SHG signal from collagen bundles
imaged with 1200 nm wavelength (Red) and elastin autofluorescence excited
with 800 nm wavelength (Green). Scale bars 50 tm. From Filippi et al [91]
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6.3 Two-color Two-photon imaging

Pulse synchronization control As described in Chapter 2, when nonde-
generate excitation is provided by two different beam pulses, the process effi-
ciency will scale as Py Py exp(—At/711c), where P and P, are the excitation
beam powers, At is the temporal delay between the pulses and 7ppc is the
width of the pulses temporal intensity intercorrelation function (TIIC). As-
suming for both the pulses a Gaussian temporal profiles with width 7 and 7o,
the TIIC will be a Gaussian function too, with 7pc = \/7’% + 7'22. Given
the nominal widths of the laser pulses, 71i.5¢ = 140fs and Topo = 200 fs,
the TIIC width was expected to be 7piic = 244 fs. To span the entire over-
lap region, a 40um delay range must be provided, and to set the maximum
MCMPE efficiency with a tolerance of 5%, the accuracy needed is +27 fs
(+4pm spatially). The choice of the linear stage has to take into consider-
ation these two main requirements. In order to provide overlapping images
without aberrations with both the beams, the two foci were aligned with a
precision of a few tens of nanometers in the focal plane, and to a coarser
degree (< 0.5nm) in the axial direction (Figure.6.5).

The overlap interval was found using the fast photodetector, character-
ized by rise and fall times of about 70 ps, equivalent to a spatial accuracy
of 21 mm. The fine overlap of the pulses was performed using as feedback
the SFG signal emitted by mashed KDP powder illuminated by both the
beams: the high nonlinear suscettivity of the material makes it an ideal
choice to observe strong harmonic generation phenomena, both degenerate
and non-degenerate.

Figure 6.5: Spatial alignment of the beams foci, in the lateral an axial
directions. The square windows show the focal plane distribution, with
pixel size 8 nm/px. The lateral windows show the XZ/YZ projections of
the photograms stacks, with a Z-pixel size of 0.4um/px. Left) Combined
visual of the two beams PSF, the image was obtained visualizing an isolated
quantum dot. The PSF of the 80nm beam is coloured in red, while the
1300 nm PSF is shown in green. Center) 880nm PSF, Right) 1300 nm
PSF. Scale bar: 500 nm.
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The dimensions of the crystals were great enough to provide a strong
backscattered signal, which allowed to observe clear SHG and SFG images
of the grains with the epi-detection architecture. We used wavelengths of
880 nm and 1350 nm, expecting to see signals at 440 nm, 675 nm, and 530 mn.
The choice was made in order to see the different wavelengths with different
detectors.

The results are shown in the left panel of Figure.6.6: in the top and
central rows only one beam was used to illuminate the sample, first the
880nm and then the 1350 nm, in the bottom row both the beams shutters
were left open. Only in the latter case the green channel shows the same
image of the other two, which confirms the SFG nature of the signal. The
average signal strength at different position of the delay line is shown in
the right panel, where the zero is set on the position of maximum efficiency,
where the overlap degree between the pulses is at its highest. Since the SFG
dependency on the pulse delay follows the same expression of the MCMPE;,
the plot gives a precise reconstruction of the TIIC.

Detection channel

460/50 nm 525/40 nm 625/90 nm

1300 nm

TCTP signal (a.u)
o
&
===
Ll

Excitation wavelength
880 nm

800 nm + 1300 nm

Temporal delay (ps)

Figure 6.6: Left) Image of the SHG and SFG signals emitted by the KDP
crystal: each of the squares on a row corresponds to a different wavelength
of the detected light (A for the 425/25nm, B for the 548/40nm, C for the
625/90nm), while each row indicates a different beam configuration. At
the top, the 800 nm wavelength shutter was open and the 1300 nm one was
closed, in the central row, the configuration was inverted, while the row
at the bottom shows the result of both the beams shutter being open. It
is easy to see that only when the two beams are hitting the sample, we
manage to see the signal from the green channel. Right) Plot of the SFG
signal for different positions of the delay line. The process efficiency shows
a profile identical to the TIIC between the two pulses. The zero was set
in correspondence of the TIIC maximum. Data for the errorbar plot was
extracted following the procedure explained in Chapter 5.
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This means that the control of the MCMPE channel intensity can be cali-
brated directly from these results, without using additional fluorescent test
samples. The delay line was swept over a 300um range, with a 4um step,
corresponding to a 2ps interval sampled evey 27 fs. The width of the
TIIC, measured as the 1/e? diameter of the Gaussian fit, turned out to
be (371 £ 5) fs.

Tests on biological samples After the calibration, we tried to observe
TCTPE on biological samples. We used a MEF cells culture, stained with
Alexa633 (Phalloidin), Alexad88 (Tom20) and DAPI. This combination was
chosen in order to use the red and blue TPE fluorescence signal as reference,
while keeping the green channel with the role of TCTPE signal detector. The
different cellular structures highlighted by the fluorophores were needed to
eliminate any ambiguity regarding the source of each signal. Wavelengths
820 nm and 1200 nm were used for the pump and OPO beams, respectively,

Figure 6.7: Images of MEF cells stained with Alexa633 (phalloidin),
Alexad88 (Tom20) and DAPI(cell nuclei). The cells were imaged using
820 nm and 1200 nm wavelengths, which corresponds to 410 nm and 600 nm
TPE and 974nm TCTPE excitation. All the images were processed using
the Fiji software in order to show the same color scale. Top Left) The
merged blue, green and red channels are shown as the sample is excited
only by the pump beam. The strong DAPI signal is visible, while the red
and green fluorophores show only a faint image. Top Center) Image from
the OPO beam illumination. The strength of the 1200 nm beam was kept
low to reduce bleaching. The result is the absence of a visible signal. Top
Right) Image from simultaneous pump+OPO illumination: while the blue
signal does not show appreciable changes, both the red and green channels
become brighter, and the mithocondrial network highlighted by the Alexa
488 fluorophore becomes clearly visible. Bottom) Green channel signals: as
the two beams are simultaneously switched on (Right panel), the DAPI sig-
nal keeps the same level as with only the pump laser excitation (Left panel),
while the mithocondrial structures become brighter, sign of an additional
excitation source working exclusively on Alexa 488.
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so that the corresponding TCTPE virtual wavelength was 974 nm, near the
center of the [900 — 1000] nm window. We can see the cells in Figure.6.7: on
the left panel the cells illuminated only by the pump beam show a clear DAPI
emission from the nuclei, which allows to easily identify each of them, while
the green and red signal are sensibly lower. The dimness of the red channel is
due mainly to the fact that we kept a low pump intensity during acquisition
in order not to bleach the sample. The low brightness of the green channel
is due to the faint signal coming from the DAPI and Alexa 488, instead,
as it can be seen from the images of the left bottom panel, where only the
green channel is shown. The OPO beam image, shown in the top central
panel, didn’t show any useful signal, not only in the blue and green channel,
but also in the red one, where a faint Alexa 633 image should have been
visible. The moderate beam intensity and the low Alexa 633 cross-section
at 1200 nm (which corresponds to the lowest energy level excitation and is
then less efficient in TPE) are to blame. As both the lasers shutters were
opened (bottom and top right panels), AF488 signal increases dramatically,
shadowing the DAPI green tail, which remains almost unperturbed by the
additional light. Alexa 488 is not easily excited by TPE outside the [900 —
1000] nm range, but here we see a strong signal, on par with the regular
fluorescence from the other two fluorophores. This is proof that we were
able to open an intermediate excitation channel by means of nondegenerate
multiphoton absorption.

6.4 Conclusions

These results show how it is possible, with only the moderate expense of an
OPO head and a mechanical delay line, to provide a broad excitation window
extending well beyond the commercial Ti:Sapphire systems. In particular,
the choice of a pumped laser system gave us an in-built synchronization,
without the need of expensive dedicated circuitry. The synchronization,
added with the mechanical delay line, provide the control of the TCTPE
channel, which can cover most of the wavelength range unreacheable by
both the pump and OPO laser platforms. We expect this new system to be
able to expand our in vivo imaging capabilities in the near future.
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Chapter 7

STED Microscopy:
experimental results

7.1 Introduction

As described in Chapter 3, TPE-STED was previously obtained with ex-
citation wavelengths shorter than 800nm [3, 72, 5, 4]. This 700 — 800 nm
window is linked to the excitation of higher energetic levels of the molecules,
which in the SPE regime have low efficiencies due to selection rules, while
in the MPE regime they take advantage of the different requirements. As
longer wavelengths overlap again with the excitation of the lower excited
state, where the MPE regime is disadvantaged respect to SPE, the excita-
tion efficiency is usually lower, and high intensities are required to get a
uniform image without using a high number of frames or a long pixel dwell
time. This in turn has the consequence of increasing the bleaching of the flu-
orophores and the damage on the cellular structures. Additional risks come
from using the [750-850] nm wavelength window to perform STED, due to
the increased probability of unwanted SPE and TPE phenomena. In such a
situation, there is a limit to how much the proper alignment and calibration
of the microscope can provide super-resolution by itself.

Most of the handicaps listed above can only be overcome by a suit-
able choice of fluorescent molecules, with high excitation cross-section in
the [1000-1300] nm range and low excitation efficiency in the [700-900] nm
window, both in the SPE and TPE regime (though the second requirement
is much easier to meet, given the lower intensities of the stretched STED
pulse). To this day, we could not find documentation about any attempt
to achieve TPE-STED at long NIR wavelength. The following chapter de-
scribes the efforts done in order to set up and operate a STED system on the
existing TPE platform, together with the assessment of the LWTPE-STED
usefulness of different dyes and fluorescent proteins.

Given the strict NA requirements of STED microscopy, all the results
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shown in this chapter were obtained using the UPLSAPO100XO objective
(1.4 NA). In order to keep the experimental conditions throughout the imag-
ing sessions as constant as possible, all the images reported in the following
paragraphs were taken scanning an area of width 8.2um with horizontal res-
olution of 512px or 1024px. The vertical height of the images was selected
in order to achieve a strong cumulative averaging between multiple images
in a time interval shorter than a few seconds. From these considerations,
the spatial sampling rate at which the images were acquired is 8 — 16 nm
per pixel, with an average pixel dwell time of 46 — 92 ns.

7.2 Stretching Line Control and Depletion

As described in Chapter 4, the STED configuration of the setup requires
the stretching of the depletion beam pulse from the original 140 fs to a sub-
nanosecond width. The stretching is performed by the glass rod combined
with the single-mode optical fiber. Additionally, the delay line that allows
control of the relative delay between depletion and excitation is positioned
in between the two stretching optics. This way, the small misalignments
of the beam caused by the shift of the mirrors position does not have any
effect on the beam at the output end of the fiber, except for a loss of coupling
efficiency that can be quickly regained by centering the fiber input end back
on the beam waist. We measured the STED pulse width after the optical
fiber using the same procedure described in Chapter 6: a preliminar coarse
overlap of the pulses with the help of the fast photodetector, followed by
a fine correction using the SFG signal from the KDP powder at different
positions of the delay line.
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Figure 7.1: Left) Temporal profile of the STED pulse as measured using the
SFG signal coming from the KDP crystal grains. Right) Graph showing
the depletion efficiency on red fluorescent beads at different delays between
the pulses. The zero position was set at the minimum residual signal point.
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The pulse temporal profile can be extracted in this phase, and we can see
it in Figure.7.1, where it shows a full-width at half maximum (FWHM) of
(181 £9) ps.

Proper STED alignment differs from the simple overlap required by
MCMPE in the fact that the depletion pulse must closely follow the excita-
tion without significant overlap. The observation of SFG requires overlap,
so that only an imprecise alignment of the two pulses can be achieved. The
final phase of the pulses alignment was then performed using the feedback
from the depletion process itself: a uniform ATTO647N distribution (“dye
sea”) was imaged at different positions of the delay line, and the signal was
collected both in the simple excitation case and while performing deple-
tion. The graph in Figure.7.1 shows the typical sharp decrease of the signal
when the depletion pulse arrives with an optimal delay after the excitation
pulse, and the slow increasing ramp, which is visible only in its beginning
section, that corresponds to temporal separations long enough to let some
fluorescence photons be emitted by the excited molecules.

After stretching and temporal alignment, the beam irradiance profile
must be given its doughnut shape. We used the masks described in Chapter
4, assessing the proper alignment with the light reflected by gold beads
dispersed in oil, at the focal plane of the objective lens. Figure.7.2 shows the
STED beam doughnut and its horizontal line profile: the central doughnut
intensity is lower than 10%, which following the indications of [92] should
provide a depletion of the useful signal lower than 50%, then keeping the
SNR sufficiently high for super-resolution imaging. The circular polarization
state of the beam was checked with a polarization analyzer.

The first tests on the super-resolution capabilities of the instrument were
performed on ideal samples: diamond nanocrystals, known for their high
resistance to fluorescence damage and for their high depletion efficiency [93],

—— Experimental profile
~ - Fitted Laguerre profile:

Intensity (px units)

Figure 7.2: Left) Example of doughnut shape, imaged using reflection from
80 nm gold nanospheres dispersed in immersion oil. Right) Doughnut in-
tensity profile along the linear green ROI (continuous line), compared to its
fitted, Laguerre profile (dashed red line). The central intensity is lower than
10% of the maximum average value over the ring.
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and fluorescent beads. The tests were performed at full STED power,
meaning an average 160 mW on the microscope entrance (~ 80mW on the
objective back aperture). Fig.7.3 shows the resolution enhancement ob-
tained on the diamond nanocrystals: from a FWHMsp = (976 + 32) nm to
FWHMsp_gstED = (720£32) nm, the ratio between the widths is 1.36+0.08,
which means a gain in resolution of about 35%. Fig.7.4, similarly, shows the
results on the GATTAquant beads sample: there too, from a FWHMsp =
(370+20) nm obtained from the 1200 nm laser, to FWHMsp_gTEp = (240+
50) nm with STED depletion at 780 nm, the resolution gain appears to be
1.34 £ 0.08. This results can be interpreted as the best performance our
setup is able to provide, both in terms of STED power and in terms of
doughnut quality.

7.3 Fluorophores for LWTPE-STED

LWTPE-STED requires, as said above, high cross-sections relative to TPE
at wavelengths longer than 1000 nm, and extremely low sensibility at wave-
lengths in the [700 — 900] nm. This is usually a difficult requirement to
meet with conventional dyes, as only recently the market started to offer a
number of fluorescent molecules specifically oriented to the excitation and
the emission in the far-red spectral window. Even though this is more an
improvement targeted to the existing confocal setups, LWTPE microscopes
too can take advantage of their use. Just as longer excitation wavelengths
experience less scattering and absorption, and are able to probe deeper tis-
sue regions, longer emission wavelengths provide a reduced loss of signal
from those same heights, furthering the distance from the sample surface at
which imaging is possible.

- 2p
— 2P-STED

X (pm)

Figure 7.3: Diamond nanocrystal illuminated Left) only by the excitation
beam (A = 1200nm) and Center) by both the beams. Right) Intensity
profiles of the two images over the linear ROI shown in the central picture:
from FWHMyp = (976 +32) nm to FWHMsp_g1Ep = (720+32) nm we find
a resolution enhancement factor of 1.36 & 0.08. Scale bar 1um.
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Figure 7.4: Top) GATTAquant beads (90 nm diameter) illuminated only
by the excitation beam. Center) STED image of GATTAbeads. The
resolution is visibly enhanced, in particular elements closely packed are
now clearly separated. Bottom) Normalized intensity profiles of a few
beads (plot lines specified by the white arrows in the central figure. from
FWHMsp = (370 4+ 20) nm to FWHMsp_grEp = (240 + 50) nm, the resolu-
tion gain is 1.34 £ 0.08.

Although an increasing range of molecules is made available for far-red
SPE and TPE imaging, the development of dyes and proteins specifically
intended for TPE excitation at wavelengths longer than 1000 nm is still on
its way. This leaves us with the only option to assess how suited the existing
far-red fluorophores can be for LWTPE-STED.

Molecule Type Exc 1P /2P (nm) Em. (nm)
ATTO 594 dye 607 / 780 - 1140* 626
ATTO 647N dye 644 / 840 - 1225* 667
mGarnet2 FP 640 / < 1050* 670

Table 7.1: List of the dyes and fluorescent proteins tested. All the molecules
emit in the orange/far-red window. The Alexa and ATTO fluorophores are
the most famous dyes currently used for sted. The “ * ” symbol refers to
values that were found experimentally using our setup. They are specific to
the imaging system we used and should NOT be considered as values valid
throughout the other existing platforms.

Table 7.1 shows a list of the dyes and fluorescent proteins we tested for
LWTPE and NIR depletion. The Alexa family is one of the most known
in the field of immunostaining, though affected by fast photobleaching in
typical SPE and TPE setups, their sharp excitation and emission peaks are
suitable for a large variety of multicolor imaging purposes. The ATTO prod-
ucts were engineered as an improvement on the Alexa structure, much more
resistant to bleaching and with a prolonged useful life of several months.
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Repeated use of these dyes in super-resolution makes them the ideal test
sample for STED platforms: the fluorescent beads we used contain it in
pure form, while for depletion tests and regular imaging the conjugated ver-
sion was used (in our case, secondary antibody IgG anti-rabbit), with a
protocol described in section 5.3.

In addition to the exogenous dyes, we tested different red and far-red flu-
orescent proteins (FPs), expressed exogenously by cells through trasfection,
as explained in detail in section 5.3. The protein approach gives several ad-
vantages respect to the immunostaining, such as the general compatibility
with live-cell imaging (no fixation and permeabilization of the membrane
is required to stain the intracellular structures, and no antbody is required
for the attachment of the fluorophore) and the variety of already available
sources. There are still disadvantages linked to using FPs, the main hur-
dle being the low fluorophore density that a cell can provide on its own,
followed by the variable trasfection success rate and efficiency. In general,
using FPs results in lower signals, even providing considerable excitation
powers to the sample. While fluorescent dyes give more signal and a clearer
image, though, FPs have spectra - or absorption efficiencies - that are
much more compatible with our requirements of weak cross-sections in the
[700 — 900] nm, which brings them on par, if not better, with the exogenous
source for LWTPE-STED. The best find in this aspect was the mGarnet2
protein, a modification of the monomeric Garnet molecule, with an excita-
tion wavelength of 640 nm, an emission peak at 670 nm and a large Stokes
shift of 30 nm, which is a considerable advantage for STED applications [6].

All the absorption efficiencies shown in the following graphs are mea-
sured from images of the same feature taken at different wavelengths, with
a grossly constant laser power. Noise smoothing is performed applying a
1 px gaussian blur, signal intensity is extracted averaging the 5% brightest
pixels of the images and dividing by the specific laser power (in mW, for
SPE excitation, or its square, in mW?2, for TPE signals) measured at the
beginning of the data acquisition. To measure the powers directly behind
the objective aperture, the remotion of the objective lens was required, and
any kind of measure at the level of the sample required cumbersome cali-
bration procedures, combined with risks of unwanted drifts due to slipping
of the glass support. As we placed the highest importance in testing the
fluorescent molecules in steady and uniform conditions, we limited ourselves
to measure the powers before the entrance of the microscope. Though the
maximum power achievable by our setup was about 170 mW, we never used
levels higher than 150 mW, due to high STED excitation signals or due to
the damage inflicted to the cell environment.

The data for the depletion curves were acquired from images of the same
features taken at different excitation and depletion powers. The “net” in-
tensity values are extracted subtracting the raw data with “dark” images
acquired with both the lasers shutters closed, following with the abovemen-
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tioned smoothing and signal extraction. To measure the saturation powers
of the molecules, we required the remotion of the STED excitation signal, so
that we subtracted the signal generated under the excitation and depletion
beams with the signal generated only by the depletion beam, finding the
“subtracted signal”.

The graphs relative to the subtracted signals show an approximately
exponential behaviour, but upon different trials with pure, offset and multi-
exponential functions, it turned out impossible to achieve a reliable fit on the
plotted curves, as the fluorescence signal falls slowlier than expected, without
reaching a proper saturation. As our interest lied only in finding the powers
Ps.; at which fluorescent emission was halved, we looked for an ad-hoc func-
tion capable to fit the experimental data. We found a close match with a

square-root exponential: I(Pstrp) = Io + Al exp (— log(2)\/PSTED/Psat>.
The Iy term was introduced only in order to provide minor corrections to
the fit, and its value was bounded to < 1% of the (Psrgp = 0mW) signal.
The “normalized subtracted intensity” values are the ratios between the
values of the subtracted signal curve and the value at Psygp = 0mW.

7.4 Far-red Dyes

ATTO 594 The ATTO 594 molecule behavior at different wavelengths is
shown in Fig.7.5: the molecule shows a moderate amount of fluorescence at
the STED wavelengths, and a faint excitation ratio at the OPO wavelengths,
peaking at 1150 nm. The small ratios observed in the super-tm spectral
range can be easily compensated, though, using moderate-to-high intensities
(~ 100 mW).

This is reflected by the high values of the dye TPE signal shown in the left
panel of Fig.7.6. Despite the considerable brightness of the dye, though, the
depletion efficiency at 795 nm is not very high, even with a correct temporal
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Figure 7.5: Relative emission intensities of the ATTO 594 dye in the spectral
intervals Left) [780,880] nm, and Right) [1040, 1210] nm.
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Figure 7.6: ATTO 594 depletion efficiency for different powers of the ecci-
tation and STED laser beams. [TOP] Left) Fluorescence intensity (in px
units) Right) Net fluorescence upon subtraction of the STED beam contri-
bution. [BOTTOM] Left) Normalized net intensities. Right) Depletion
saturation power vs average excitation power.

alignment: as presented explicitly in the bottom-left panel of Fig.7.6, the
maximum depletion of the signal was found to be 60% of the original value,
with an average saturation power lower than 50 mW.

ATTO 647N In Fig.7.7 it is possible to see the SPE and TPE spectra
of the ATTO 647N molecule used: while the unconjugated molecule inside
the GATTAbeads did not show a stronger absorption than ATTO 594 at
the STED wavelengths, the conjugated version (anti-rabbit IgG, produced
in goat) had a much stronger response in the same window, also reacting
sensibly in the entire sub-um spectral range. The excitation ratio due to the
longer NIR wavelengths, though, appeared to be much higher than ATTO
594, with a peak at 1200 nm, so that we decided to test the depletion
efficiency of the dye.

The bottom-left panel of Fig.7.8 shows that the fluorescence depletion
becomes less efficient at higher powers of the STED beam, declining from
60% to 40%, a trend that is expressed in the bottom-right panel by the
progressive increment of the saturation average power. Even with image
post-processing, this dye proves to be unsuited for LWTPE-STED imaging.
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Figure 7.7: Relative emission intensities of the ATTO647N dye in the spec-
tral intervals Left) [750,880] nm and Right) [1025, 1300] nm.

7.5 Far-red Fluorescent Proteins

Following these results, we discarded the synthetic dyes in favor of the fluo-
rescent proteins. In the last decade, fluorescent proteins have been attract-
ing attention due to their suitability for live imaging, in particular the GFP
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Figure 7.8: ATTO 647N depletion efficiency for different powers of the ecc-
itation and STED laser beams. [TOP] Left) Fluorescence intensity (in px
units) Right) Net fluorescence upon subtraction of the STED beam contri-
bution. [BOTTOM] Left) Normalized net intensities. Right) Depletion
saturation power vs average excitation power.
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family. Far-red emitters, in particular, have been the target of most of the
genetic engineering efforts to produce new color, due to the advantages of
longer-wavelength excitation in live samples. Trasfection protocols used for
the expression of the fluorescent proteins inside human cells are described in
section 5.3. Between the various poteins we tested, the mGarnet2 (plasmid
kindly gifted by prof. Nienhaus [6]) turned out to be the only one capable
of both a strong fluorescence emission and a relevant fluorescence quenching
at the desired working conditions.

mGarnet2 The emission properties of mGarnet2, as measured in our
setup, are shown in Fig.7.9: the signal coming from the STED laser is still
fairly low at wavelengths shorter than 800 nm, meaning that we can freely
choose the depletion wavelength without compromising on the SNR ratio of
the image. Regarding the excitation at super-um wavelengths, it is clear
that a strong peak exists in the [900-1000]nm, which still shows its influence
up to 1100 nm. This broad “excitation spot” characteristic can be exploited
to avoid autofluorescence peaks residing below the 1050 nm threshold.

Normalized Intensity (px units/mW)
Normalized Intensity (px units/mW?2)

@

g et
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Figure 7.9: Relative emission intensities of the mGarnet2 protein (RITA) in
the spectral intervals Left) [750, 880] nm and Right) [1020, 1210] nm

The depletion curves of mGarnet2 are shown in Fig.7.10: from the top
left panel we see that the fluorescence induced by the depletion beam is
negligible even at intermediate values of the excitation beam power. Image
post-processing in this case is not a primary concern anymore, given the high
similarity between raw and net fluorescence value in the two top panels. This
is a significant advantage respect to the ATTO molecules tested above. The
depletion ratios showed in the bottom left panel are not much different from
the ones we saw before, except for the slow slope of the curves, which hints
at the possibility of depleting a greater fraction of the fluorescence signal,
either further raising the STED beam power, or using shorter depletion
wavelengths. The slow depletion increment is confirmed by the saturation
powers shown in the bottom right panel, twice as high respect to the values
previously derived for the ATTO dyes.
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Figure 7.10: mGarnet2 depletion efficiency for different powers of the ecci-
tation and STED laser beams. [TOP] Left) Fluorescence intensity (in px
units) Right) Net fluorescence upon subtraction of the STED beam contri-

bution. [BOTTOM] Left) Normalized net intensities. Right) Depletion
saturation power vs average excitation power.

7.6 Conclusions

We tested the ATTO 594, ATTO 647N and mGarnet2 molecules for de-
pletion at 795nm, after excitation, respectively, at 1150 nm, 1200 nm and
1050 nm. The results show that a tradeoff must be made when choosing
between one of the two dyes and the fluorescent protein: immunostaining
probes show a stronger signal overall compared to mGarnet2, together with
a relatively low saturation intensity, that our setup is able to reach and sur-
pass routinely, but at the same time they are easily excited by the STED
wavelengths, so that not only image processing is always needed to remove
excitation background, but any super-resolved structure that might have
been revealed also ends up hidden by the strong doughnut signal. mGar-
net2, on the contrary, shows a much lower - if not absent - signal when
irradiated by the depletion light, this time at the expense of the TPE sig-
nal from the 1050 nm laser and with the consequence of a higher saturation
intensity, which lowers the depletion efficiency.

To solve this stalemate between noise and performance, different strate-
gies would be available: the dyes could be depleted at longer wavelengths,
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where the emitted signal would be lower, but this would mean moving be-
yond the 820 nm threshold, where the depletion efficiency is lower and the
power available from the Ti:Sapphire resonator starts to drop. The oppo-
site solution could also be tried, splitting a fraction of the depletion beam
power before the stretching line and use it as a shorter wavelength exci-
tation light source. This single-wavelength TPE-STED approach has been
tried by different groups with good results [79, 94], it takes advantage of the
high cross-section that many fluorophores show at 700 — 800 nm to raise the
density of excited molecules and reduce the risk of excitation background
from the depleting beam.

For mGarnet2 and other FPs, this solution would not give advantages,
given the already low short-wavelength cross-section: if anything, the total
signal would be reduced, and the SNR would decrease as well. The only
option in this regard would be to increase the available STED power, which
would require the introduction of a dedicated laser beam, independent from
the pump. At this point, we have the informations that we need in order
to choose the next step to reach the required conditions for organic samples
super-resolution imaging. The choice will be weighted in the near future.



Chapter 8

Fabrication and
characterization of spiral
phase plates for
super-resolution applications

8.1 Introduction

As stated in Chapter 3, STED microscopy requires the generation of doughnut-
like intensity distributions on the sample, a process that can be done with
a common Gaussian beam coupled with a SPP, as explained in Chapter 4.
With a careful control of the beam alignment and polarization, the doughnut
profile is preserved on the sample, with a dark central intensity. Commer-
cial SPPs provide plenty of the precision needed for the generation of such
doughnut beams, but the solutions are usually thought for a specific set
of wavelengths, with customs solutions that are expensive and with a long
turnover time. As research on different dyes and proteins for LWTPE-STED
implies the need to test different STED wavelengths depending on the flu-
orescent molecules, either a dynamic DOE mimicking the SPP profile at
different wavelengths or a fast and relatively cheap way to fabricate tailored
SPPs must be adopted.

In this chapter, we show the results of the latter approach, that is, the
fabrication of tailored spiral phase plates for different wavelengths. A paper
describing the work done was published [82], which is reported in the follow-
ing paragraph. The characterization of the doughnut quality for microscopy
applications is given in the next paragraphs.
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8.2 ARTICLE: Fabrication and characterization of
high-quality spiral phase plates for optical applica-
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The discovery that light beams with a helical phase front carry orbital angular momentum (OAM) has enabled
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tron beam lithography was finely tuned in order to realize high-quality spiral phase plates (SPPs) for the generation
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1. INTRODUCTION

Since 1992 [1] it is known that particular light beams charac-
terized by helicoidal phase fronts can possess a well-defined
orbital angular momentum (OAM). Unlike spin angular
momentum (SAM), which is associated with the polarization
of light, orbital angular momentum is linked to the spatial dis-
tribution of the intensity and phase of an optical field—even
down to the single photon limit [2]. Such a property represents
a fundamentally new optical degree of freedom. The fact that
individual photons can carry OAM offers the most amazing
practical possibilities for using OAM in the quantum domain.
In contrast to SAM, which can assume only two possible states,
OAM can span over an infinite range of integer values and
therefore has the potential to extraordinarily increase the capac-
ity of communication systems [3]. This opens the fascinating
possibility to use OAM states either for encoding information
or for multiplexing, exploiting OAM-carrying light beams to
increase the capacity and the security of optical-fiber-based
communications [4,5].

Nowadays, light beams carrying OAM can find applications
in a number of different fields, ranging from biology to micros-
copy, astronomy, and radio communications. In biology, for
instance, they can be used as optical tweezers to manipulate
micrometer-sized particles and even living cells [6,7]. In
phase contrast microscopy, the conversion of phase shifts to

1559-128X/15/134077-07$15/0$15.00 © 2015 Optical Society of America

brightness Changes of the image allows strong contrast enhance-
ment and improved resolution to many cellular structures, oth-
erwise not visible with traditional bright field microscopy
techniques [8]. In astronomy, optical vortex coronagraphy
can allow for direct detection of extrasolar planets with too
low of a contrast ratio to their parent to be observed with other
techniques [9-12]. In radio communications, twisted radio
beams have recently been considered for an increment of
the radio spectral efficiency by using the infinite number of
OAM states accessible [13,14]. Finally, in quantum informa-
tion processing the infinite number of quantum states available
for the OAM-carrying optical field could allow for faster data
manipulation with higher security [15,16].

Different techniques have been presented in the literature in
order to tailor the orbital angular momentum of optical beams.
A first method for OAM beams generation was demonstrated
by Allen ez al. with the conversion of Hermite—Gaussian into
Laguerre—Gaussian beams by means of a couple of astigmatic
cylindrical lenses [1]. Intensive interest in the field has required
the development of more simple and reliable methods for
the generation of helical wavefront beams from conventional
Gaussian beams. One of the most widespread approaches is
based on the use of the so-called fork-holograms [17],
holographic structures encoding the interference pattern of
the considered OAM beam with the generating reference wave,
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e.g., a plane wave or a Gaussian beam. The interference pattern
PrCSCntS [he strucrure Of a grating Wlth one or Sﬁvfral CCn[rﬂl
dislocations corresponding to the amount of topological charge
and can be realized by lithographic techniques or implemented
with computer-controlled spatial light modulators. A more re-
cent method is based on particular anisotropic devices, the
q-plates [18], particular birefringent liquid crystal plates having
an azimuthal distribution of the local optical axis in the trans-
verse plane, with a topological charge ¢ at its center defect. In
this work we focus on a refractive method for OAM generation
based on transmission spiral phase plates (SPPs), phase optical
clements looking like spiral staircases that shape the wavefront
of the incident beam into a helicoidal profile [19]. The first
demonstration of a spiral phase plate converting a TEMy,
Gaussian beam into a Laguerre—Gaussian (LG) beam was pro-
posed by Beijersbergen er al. [20]. With respect to the other
techniques, spiral phase plates provide a stable, efficient, and
compact method for OAM beam generation from common
13551’ bea_[ns.

2. THEORY

Light beams carrying OAM always embed an oprical vortex
(OV) along the beam axis. From a mathematical point of view,
OVs are wavefront dislocations, with peculiar topological prop-
erties, that arise due to phase singularities in the optical field.
Light beams with an embedded OV are universally character-
ized by a dark central region—a consequence of destructive
interference phenomena that gives the beam the typical
doughnut-shaped intensity distribution [21].

In the paraxial regime, OAM beams can be described as a
superposition of Laguerre—Gaussian modes characterized by
the two indices # and p. In cylindrical coordinates, in a plane
orthogonal to the beam propagation direction and passing
through the beam waist, the amplitude of the LG modes is
given by [12]

V2 (22 ” .
) (r,9) (T—) Llpﬂ (;%) exp (— w—é) exp(-i£9), (1)

@y

where @, is the beam waist radius, L/‘,ﬁ is the associated
Laguerre polynomial and the term exp(-i'9) expresses the
linear variation of the phase with the azimuthal angle 9.
The azimuthal index #, also called topological charge since
it corresponds to the strength of the central singularity, indi-
cates the number of twists of the helical wavefront within a
Waveleng[h and [eprfsﬂnts the amount Of Ol’bi[a.l angular
momentum, in units of #, carried by each single photon.
The index p is related to the number of radial nodes on a plane
perpendicular to the direction of propagation: the intensity
pattern exhibits p + 1 concentric rings around the central dark
zone of phase singularity.

A spiral phase plate (SPP) is a helicoidal transmission
element imposing an azimuthally dependent phase delay on
an incident optical wavefront, while preserving the direction
of the optical axis. It is a transparent plate, looking like a spiral
staircase, in which the thickness increases around the central
axis of the plate (see Fig. 1).
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Fig. 1. On-axis working principle (top) of an ideal SPP device (bot-
tom). A spiral phase plate is a transparent element whose thickness
increases around the central axis of the plate. It operates imposing
an azimuthally dependent phase delay on an incident optical wave-
front, while preserving the direction of the optical axis.

The total phase gap in air
2
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is built, after a complete rotation of the azimuthal angle #,
through a finite number of equispaced levels [Fig. 2(a)], each
one introducing a constant phase variation with 4 being the
height of the spiral, ngp the refractive index of the SPP
material, and A the impinging wavelength. The quality of
the output beam increases with the number of phase steps.

SPPs are built for a specific wavelength 4 at which the maxi-
mum fainting along the optical axis is obtained. Therefore, the
height of the spiral needs to be precisely engineered to produce
the desired topological charge from the incident wavelength. A
nanofabrication process to produce this kind of structure will
need to precisely control the spiral geometry in order to accu-
rately fulfill the design requirements of the optical device. In
particular, the optical quality of the fabricated SPP mask de-
pends on a good shape definition of the spiral, on the smooth-
ness of the mask, and on the resolution of central singularity
and phase step.

Electron beam lithography (EBL) represents a powerful tool
to generate this kind of structure, due to the possibility to real-
ize continuous surface profiles, high flexibility in the elements
design, and good optical quality of the fabricated reliefs [12,
22-24]. In a recent paper [24] we presented a fabrication tech-
nique to obtain millimeter-sized SPPs by means of EBL work-
ing at 100 keV in high-speed writing mode, using high currents
(tens of nA) and large beam diameters (tens of nm). In the
present work we suggest a novel process realized in high reso-
lution, where careful inspection of exposure parameters along
with accurate proximity effect correction and optimization of
developing conditions, allows for obtaining SPPs of superior
optical quality.

3. MATERIALS AND METHODS

Spiral masks can be realized by shaping a disk of transparent
material, with refraction index 7, imposing a direct proportion-
ality between the thickness of the material and the azimuthal
position. 3D profiles can be generated modulating the local
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Ideal Spiral Phase Plate

y (um)

s0 1000

o
X (um)

Fig.2. (a) Designed pattern for the fabrication of a spiral phase plate
with radial index =0, made up of a finite number of cquispaccd
wedges. (b) 3D proximity effect correction calculated with the
GenlSys Layout Beamer software for fabrication of the element by
electron beam lithography: different colors correspond to different
doses to apply. In the represented case of a SPP with azimuthal index
¢ = 2 illuminated by a beam of wavelength 4 = 632.8 nm, doses go
from 125 to 375 pC/cm?, with a difference of less than 1 pC/cm?
between subsequent colors.

dose distribution, inducing different dissolution rates in the ex-
posed polymer, giving rise to different resist thicknesses after
the development process. A dose correction for the compensa-
tion of proximity effects is required both to match layout depth
with the fabricated relief and to obtain a good shape definition,
especially at the phase steps and at the central anomaly of the
spiral phase mask [Fig. 2(b)].

In this work, 3D-spiral phase mask profiles have been writ-
ten on a polymethylmethacrylate (PMMA) resist layer. The
choice of ITO-coated soda lime float glass as a substrate has
the purpose both to attain the needed transparency of the
device and to assure a beam discharging during the exposure.
For the considered wavelength of the laser beam used
(A = 632.8 nm), PMMA refractive index results » = 1.489
from spectroscopic ellipsometry analysis, therefore, according
to Eq. (2), the total height of the fabricated spirals as a function
of the topological charge is # = ¢ - 1294.1 nm.

A JEOL JBX-6300FS EBL machine, working at 100 keV,
has been used to fabricate the SPPs. It is equipped with a
2-stage objective lens system for cither high-speed or ultrafine
writing mode. It operates dividing the exposure pattern into an
array of fields which is then written using a combination of
electron beam vector-scan and step-and-repeat stage move-
ments. Due to the presence of errors in beam repositioning dur-
ing the writing process, stitching mismatch can occur at field
boundaries. This represents a serious problem in 3D fabrication
since, due to the logarithmic character of the contrast curve,
even small stitching overlaps can produce deep, wide grooves
during the development process, heavily deteriorating the op-
tical quality of the mask. In our previous work [22] we over-
came the problem using the so-called “multi-field shift overlap
writing mode,” which operates by dividing the pattern into
overlapping portions of the same field size and writing each
one at a reduced dose, with the overall effect of substantially
reducing the amount of field stitching.

Nevertheless, at an in-depth level, a further problem comes
up with the appearance at a submicron level of dots or lines of

Fig. 3. Partally exposed plain pattern written at 100 keV in high-
speed writing mode: the surface appears pitted with a series of holes
and lines of extra-dose.

extra-exposure within the pattern, in particular at the 2 pm sub-
field boundaries. The effect can be clearly seen in Fig. 3, which
shows a partially exposed plain pattern written at 100 keV, with
a 2 nA current, in high-speed writing mode: the surface appears
as though it were pitted with a series of holes and lines of
extra-dose.

Many tests have been made to eliminate what looks like a
subficld stitching problem, by applying a suitable bias to the
subfield size. Unfortunately, the issue appears difficult to re-
move with this strategy due to the lack of uniformity in the
extra-dose distribution, especially at higher doses. Moreover,
the required bias appears to be dependent on the dose and
on the thickness of the resist layer (sce Fig. 4). In addition,
a kind of roughness is present even inside the subfields, espe-
cially at higher doses, due to a number of extra-dose lines which
cannot be eliminated by just biasing the subfields. Further tests
have been made at different acceleration voltages (25 and
50 keV) as well, still without substantial improvements.

We have then evaluated the chance to operate in high res-
olution (ultrafine writing mode, with a beam diameter down to
2 nm), in order to take advantage of the smaller subfield size
with respect to the high-speed writing mode (0.5 versus 2 jim)
and to reduce the resist beam charging by the use of a lower
current (100 pA versus 2 nA). Coating the resist with a thin
layer of gold has allowed us to both further reduce the beam
charging and make use of the white light height detection sys-
tem, unavailable for transparent samples. By measuring a height

resist thickness
a7pm

resist thickness.
4.7 ym

Fig.4. Parrially exposed plain pattern at different doses (from left to
right: 500, 650, and 800 pC/cm?) for the same PMMA resist thick-
ness and for different resist thicknesses (from left to righ[: 0.49, 1.7,
and 3.7 pm) at the same dose. Same development time and solution
have been used for all the samples. Striping of the surface is clearly
visible, which gets worse with the increase of the dose and the thick-
ness Of thC resist layCl'A
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map of the surface, this system offers advantages both in stitch-
ing removal and in pattern resolution, thanks to a more precise
setting of the beam focus. Finally, the choice of a long develop-
ment time (600 s in a solution of deionized water:IPA 3:7) has
allowed us to shorten the exposure time (allowing for low-dos-
age exposure) and improve the overall roughness of the surface.
To compensate the proximity effect, we have worked in col-
laboration with GenISys GmbH, exploiting the Layout
BEAMER PEC (Proximity Effect Correction) software.

4. RESULTS AND DISCUSSION

Careful inspection of exposure parameters, along with accurate
proximity effect correction and optimization of developing
conditions, has allowed for obtaining SPPs with superior opti-
cal quality [scanning electron microscopy (SEM) images of the
fabricated masks can be shown in Figs. 5 and 6].

So far, though azimuthally high- and radially low-order LG
beams have been extensively studied, only a few groups de-
scribed the generation of radially high-order LG beams with
nonzero radial index, obtained using spatial light modulators
[25] or fabricated fork-holograms [26,27]. Spiral phase plates,
however, are much more preferred, especially in applications
such as spiral phase contrast microscopy (8], stimulated emis-
sion depletion (STED) microscopy [28], and optical coronag-
raphy [12], since they do not alter the direction of propagation
and show a higher efficiency.

In this work we have been able to realize high-quality multi-
step SPPs with high values of the radial index p. A number of
selected SPPs, with radial index Y between 1 and 6 and topo-
logical charge # = 1, is shown in Fig. 6.

All the spiral phase plates presented in the paper have been
fabricated starting from a layout consisting of 256 equally
spaced wedges. This number has been chosen considering
the minimum number of wedges theoretically calculated to ob-
serve an optical vortex using a spiral phase p]ate [2,&} and the
reported number to obtain a continuous profile for a fabricated
SPP [23]. The quality of the fabricated masks has been assessed
using SEM and atomic force microscopy (AFM) techniques. In
Fig. 5 the SEM micrograph of a fabricated SPP with radial
index p = 0 and rtopological charge # = 2, whose layout is
displayed in Fig. @, is shown. The fabrication qua_liry of
the mask can be inferred from the good shape definition of

Fig. 5. SEM images (top and tilted) of a PMMA spiral phase plate
with radial index » = 0 and rtopological charge # = 2, written at
100 keV in high-precision writing mode. An accurate 3D proximity
effect correction and a thorough optimization of the process param-
eters have allowed us to obtain SPPs with smooth surfaces and highly
defined steps and singularities (shown in detail in Fig. 7).
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Fig. 6. SEM images of multi-step SPPs, with radial index p from 1
to 6 and topological charge # = 1, fabricated with high-resolution
electron beam lithography.

Fig. 7. Detail of the center of the spiral phase plate shown in Fig. 5.
The tilted SEM image highlights the remarkable definition of the step
and the singularity. The Rpys surface roughness has been measured to
be lower than 2 nm.

the spiral, the smoothness of the mask, the sharp spiral phase
step, and the high definition of the central singularity (shown in
detail in Fig. 7). Moreover, the fabricated element has been
characterized by AFM, with which we have measured a very
low roughness, Rpys < 2 nm (average RMS on a surface area
of 10 pm x 10 pm).

The fabricated SPPs were also optically characterized with
the optical setup displayed in Fig. 8. A Gaussian beam
(A =632.8 nm, beam waist @y = 240 pm, power P =
0.8 mW), emitted by a He—Ne laser (Thorlabs HNLO0SL)
source, is focused by a lens L; of focal length | = 750 mm
onto the SPP. The lens is mounted on a slit to adjust the z-
position, thus determining the focus position, the Gaussian
spot size, and the wavefront curvature. Note that this step
of the optical path is crucial to guarantee a flat wavefront illu-
mination of the SPP, which would otherwise produce a far-field
pattern substantially different from the analytical prediction.
Finally, a far-field imaging system is created by means of a lens
L, and a CCD in an usual f—f configuration.

In Fig. 9 we show a first result of the optical characterization
of a SPP having radial index p = 0 and topological charge
¢ = 2 (same device observed in Figs. 5 and 7). The figure
presents the doughnut-shaped far-field intensity pattern
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Fig. 8. Optical setup for the generation of Laguerre-Gaussian
beams. The Gaussian beam, emitted by a Helium—Neon laser (4 =
632.8 nm, @, = 240 pm, P = 0.8 mW) is focused on a SPP, con-
verted into an OAM-carrying optical vortex beam and detected by a
CCD camera (pixel size: 3.4 pm x 3.4 pm, 3 x 12-bit RGB color
depth) placed in the Fourier plane of the SPP.
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Fig. 9. Oprical characterization of the SPP of radial index p = 0
and topological charge # = 2 observed in Figs. 5 and 7, along with
the azimuthally averaged intensity profile taken on a plane
perpendicular to the optical axis.

recorded by the CCD, toge[her with the respective azimu[hally
averaged intensity profile.

Figure 10 shows the results of the characterization process
for the SPPs of radial indexes p = 1, p = 2, p = 3 and topo-
logical charge £ = 1 observed in Fig. 6. For the phase pattern
of the op[ic:d elements depicted in Fig. 10(a), the far-field after
Gaussian illumination was obtained by implementing a custom
code in MATLAB environment based on a commercial algo-
rithm for fast Fourier transform (FFT) calculation. The result is
reported in Fig. 10(b) in a false-color scale, where the bright-
ness indicates the intensity of the field and the color exhibits
its phase. The intensity pattern measured on the camera
[Fig. 10(c)] reproduces the simulated intensity distribution.

Even if an antireflection coating was not present on the surface
of the analyzed SPPs, the far-field intensity pattern appears not
to be affected by an azimuthal modulation due to multiple in-
ternal reflections, as predicted and described in recent literature
[31-34]. On the other hand, this effect could have been hidden
by the noise due to signal fluctuation and further analyses could
be required in order to unveil this phenomenon [33].

A theoretical survey of the uptica] response of these phase
clements, along with an in-depth investigation of the purity of
the experimental beams in terms of Laguerre—Gaussian mode
contributions, has been recently published by our research
group [35]. A clarification is worthwhile. The output generated
by a Gaussian beam impinging on a spiral phase plate or a
fork-hologram is, in the far-field, a confluent hypergeometric
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Fig. 10. Generation of LG}, LG}, and LG; beams. (a) Phase pat-
tern of the corresponding spiral phase plates. (b) Simulation of the far-
field. Brightness and colors refer, respectively, to intensity and phase of
the field. (c) Experimental far-field intensity pattern.

Gaussian beam (also called a “Kummer beam” [36]). As dem-
onstrated in [35], OAM beams generated by our spiral phase
plates, or by multi-ringed fork-holograms as well, do not
present an analytical expression as simple Kummer beams,
since they are a convolution of Kummer beams with a finite
sum of Bessel functions. However, since these modes can be
decomposed in the complete set of Laguerre—Gaussian beams
with the same azimurhal index, and moreover in this sum more
than 80% of the total energy is carried by a single Laguerre—
Gaussian beam with the prcscribed /J—index, we assumed we can
talk about Laguerre-Gaussian beams gencration anyway. This
is clear in Fig. 11, where the experimental cross section,
measured on a plane perpendicular to the propagation direction

— Simulation
— Reference
+ Experimental

n
O =LA L0

Intensity
-

mm

Fig. 11.  Comparison between a cross section of the experimental
far-field intensity (blue dots), numerical computation of the far-field
intensity (blue solid line), and reference profile of a linear superposi-
tion of LG}, beams (red solid line), with weigh[s shown in the inset
bar plot: 7(11 = 8.48¢ - 3, )/} = 4.75¢ -6, yl, = 85.5¢-2, y_'; =
612e-2, yl =3.85¢-2, yl =1.85¢-2, 7l =6.54e-3, ¥} =
9.59% -3, r{ = 4.22¢ -5, and 7§ = 1.21e - 4.



4082 Vol. &

No. 13 / May 1 2015 / Applied Optics

and crossing the central singularity, is compared with the far-
field numerical simulation and with a linear superposition of
Laguerre—Gaussian contributions with # =1, and p in the
range 0-9. Experimental data exhibit a perfect accordance with
numerical results. The efficiency in the generation of the
dominant LG% is around 85.5%, with minor contributions
from closer terms, in particular LGl (6.1%), LGL'; (3.8%),
and LG} (1.9%) (cf. inset bar plot). All other terms contribute
with less than 1% for an overall value lower than 3%.

5. CONCLUSIONS

In conclusion, a novel 3D fabrication process for high-optical-
quality SPPs has been presented. It makes use of high-
resolution electron beam lithography, based on accurate
proximity effect correction and thorough optimization of
process parameters, to obtain smooth surfaces and high reso-
lution, especially in correspondence of critical features such
as phase steps and singularities.

Single- and multi-step SPPs, with several radial indices and
topological cha_rges for the generation of different high-urder
Laguerre—Gaussian beams have been designed, realized, and
optically investigated. The quality of the masks is highlighted
by the remarkable accordance between simulated and experi-
mental far-field intensity distributions. These optical elements
can find applications in wide range of different fields, such as
biophysics [6], micromechanics [37], or microfluidics [38] and
might also be used in optical data storage [39], for imaging and
metrology (8,11,40], or in free-space communications [3].

Last, we quote here that a high-quality SPP mask with radial
index p = 0 and topological charge ¢ = 2, realized by means of
the novel fabrication process described, has recently been inte-
grated in Agueye Plus [41], a fast photometer with an optical vor-
tex coronagraph for astronomical and industrial applications.

We gratefully acknowledge the companies JEOL Lid. and
GenlSys GmbH for their cooperation and support, and
Project SECARS—CARIPLO 2012 based at the Department
of Physics and Astronomy of Padua University.
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8.3 Characterization of phase masks for STED super-
resolution

To characterize the performance of our custom SPPs, we fabricated a mask
designed to operate at the STED wavelength used in Chapter 7, AgTep =
795nm, then we compared the generated intensity distribution, examined
on the focal plane of the objective, with the one found using the commer-
cial SPP. As a measure of fitness we evaluated the darkness of the central
region, on which depends the super-resolution capability of the microscope,
as explained in Chapter 3.

*  Experimental profile
—— Expected Laguerre profile

Normalized Intensity
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Figure 8.1: Comparison between the doughnut beams generated by the tai-
lored and commercial SPPs on the sample plane (NA = 1.4). The pho-
tograms were taken imaging an isolated quantum dot. [TOP] Left) Dough-
nut from a tailored mask; Right) average radial intensity profile of the in-
tensity distribution: the experimental points (blue dots) were fitted with
the sum of a LG(I) Laguerre-Gaussian profile and a central Gaussian func-
tion (continuous line). [BOTTOM] Left) Doughnut from the commercial
mask; Right) average radial intensity profile of the intensity distribution.
Scale bars: 250 nm.
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The evaluation was performed fitting the average radial intensity pro-
file of the doughnut with a suitable function (the sum of a LG% Laguerre-
Gaussian profile and a Gaussian function), and then computing the ratio
between the fitted central intensity and the maximum intensity of the dis-
tribution. The reason why we chose to use the fitted instead of the average
central intensity is due to the fact that even with high image resolution (8
nm/px, referring to the scaning step size), the central region always occupies
a portion of a few tens of pixel, and the average intensities measured in that
spot become sensitive to the local noise. To reduce this effect, we relied on
the fit of the intensity profile.

Figure.1 shows the doughnut-shaped focal spots (left panels), observed
imaging the same isolated quantum dot, and the relative average radial in-
tensity profiles (right panels). The result are two qualitatively equal beams,
with strong central intensities, even with a perfectly circular polarization
at the back aperture of the objective. Upon consecutive measurements, we
saw that independently on the mask we used, the average central intensity
reached ~20% of the maximum value found on the ring (Figure.l shows a
10% and 30% central intensity for custom and commercial SPP). Further
investigations showed that this high central intensity was an artefact due to
the imaging of a quantum dot sample.

Other fluorescent sources showed a similar effect, so that we decided to
switch to the observation of the light reflected by gold beads. The new
measurements showed for the commercial masks an average (fitted) central
intensity amounting to ~5% of the maximum ring intensity. An example is
given by Figure.2 of Chapter 7, that we report in Figure.2 for convenience.

—— Experimental profile
- - Fitted Laguerre profile

Intensity (pX units)

Figure 8.2: Left) Example of doughnut shape, imaged using reflection from
80 nm gold nanospheres dispersed in immersion oil. Right) Doughnut in-
tensity profile along the linear green ROI (continuous line), compared to
its fitted, Laguerre profile (dashed red line). The central intensity is lower
than 10% of the maximum average value over the ring. The asymmetry on
the right side of the profile is due to a small source of scattered light in the
proximity of a doughnut.
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The amount of central intensity for the custom masks was not measured,
though we can expect a similar result, that will be measured in the near
future.

8.4 Conclusions

We developed a protocol for the fabrication of custom SPPs using a high-
resolution EBL process, based on a subfield size smaller than 1um, low
exposure currents to reduce the charging effect on the resist, a conductive
and reflective coating to further reduce charging and enable the local adjust-
ment of the beam focus height, plus a low-contrast development process to
minimize the surface roughness and to allow for faster, low-dose exposure.

The result is the faithful reproduction of the SPP design geometry, with
a surface root mean squared (RMS) smaller than 2nm. The optical perfor-
mance of the SPP was measured in the paraxial regime, where the ability
to reproduce Laguerre-Gauss beams with p > 0 with high fidelity (> 80%
of the energy on a single p-mode) was demonstrated.

We finally characterized the generated doughnut quality of £ = 1 masks
on the focal plane of our microscope. Regarding the symmetry of the dough-
nut intensity distribution, we saw similar results compared with the com-
mercial masks. We now have to test the doughnut central darkness to verify
the capability to provide central intensities lower than 10% of the maximum
average ring intensity.
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Chapter 9

Conclusions

The current state-of-the-art in TPE-STED has been proved to work up to
depth no greater than 100um, due to scattering, absorption and deformation
of the wavefronts of the STED beam [4]. The aim of the work described in
this thesis was the development of a first-of-a-kind STED microscope for
in vivo applications, that surpassed the limitations of the current TPE-
STED microscopes, working at longer excitation wavelengths and longer
depletion wavelengths. An additional element of the microscope design was
a configuration dedicated to two-photon excitation over the entire [700 —
1500] nm spectrum, obtained from the combination of wavelength emitted
by the pump+OPO system, and the virtual wavelengths of two-color two-
photon excitation.

We also wanted to develop a fabrication process for tailored phase masks,
aimed at the generation of doughnut beams at arbitrary depletion wave-
lengths.We obtained positive results testing the overall nonlinear imaging
capabilities of the system with in vivo imaging in mice [95, 90], and with
combined TPE autofluorescence/HG from murine heart and lung tissue [91].
We could also verify the ability to span the entire [700—1500] nm wavelength
range with the contribution of two-color excitation. On a separate note,
these combined results are in agreement with previous tests of the validity
of pump+OPO system as cheaper alternatives to synchronized dual-laser
systems in nonlinear platforms [29].

As for the STED capabilities, we observed a resolution increment on flu-
orescent nanodiamonds and fluorescent beads, with a 34% reduction of the
measured FWHM. We went on with preliminary tests on the ATTO dyes
and the mGarnet2 fluorescent protein, which returned unsatisfactory re-
sults regarding the level of depletion reached by the molecules. ATTO 594
and ATTO 647N demonstrated low excitation efficiencies at wavelengths
longer than 1pm, so that many molecules left unaffected by the excita-
tion pulse were excited, covering the super-resolution image with excitation
background.
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The tests on mGarnet2, which showed a low excitation cross-section
at the depletion range, showed also a low depletion efficiency that could
only be compensated by higher STED intensities beyond the reach of the
pump+OPO system. As of now, we don’t know of available fluorescent
molecules with higher cross-section at the excitation wavelengths. As ex-
plained in the previous chapter, a tested solution suitable for the ATTO
and other similar dyes is to use a fraction of the unstretched pump beam
power to provide excitation, which would generate a higher density of ex-
cited fluorophores, and provide higher signals with lower unwanted excita-
tion background.

The alternative of using longer STED wavelengths (> 820nm) would
require a different laser source, capable of higher intensities to compensate
the lower depletion efficiency, and while this expense could be avoided for the
dyes, it would be the only option available for mGarnet2 and other similar
fluorescent proteins.

We successfully tested the fabrication of tailored phase masks with an
EBL platform, obtaining optical surfaces that faithfully reproduce the design
geometry and that show surface roughness at the nanometer level. Optical
tests in the paraxial regime confirmed the ability to reproduce LGﬁ modes
with p > 0 with high fidelity [82], while tests of £ = 1,p = 0 masks in the
optical path of the microscope show symmetric doughnut distribution in the
focal plane of the objective. Final tests will be performed to assess the level
of darkness at the center of the doughnut.

The development of a fabrication process for custom three-dimensional
surfaces has a value that goes beyond the customization of the microscopy
setup with tailored spiral phase plates, as it can be extended to the genera-
tion of more complex spiral patterns, or even entirely different masks designs,
like flat metasurfaces or holograms. The ability to freely design and fabricate
custom optics opens also the possibility to develop multi-element optical de-
vices for achromatic generation of doughnut beams (like in [96]). Although
typically more difficult to install and align, multi-element achromatic optics
would render the microscope able to work efficiently regardless of the de-
pletion wavelength, which in turn would avoid the need for major changes
in the setup configuration, thereby reducing the routine manteinance efforts
required.
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3.1

3.2

Diagram of the main nonlinear processes used in microscopy.
Top) Non-parametric processes, involving absorption of the
photons and then incoherent and independent from phase
considerations. Bottom) Parametric processes, which don’t
involve transitions between different excited states, and then
coherent and dependent on the relative phase between the
photons involved in the interaction. . . . ... ... ... ..

Comparison between the SPE and TPE fluorescence genera-
tion: SPE (left) depends linearly on the excitation intensity,
so that slow variations cause similarly slow changes in the
number of molecules excited along the axial direction. TPE,
on the contrary (right), depends on the second power of the
excitation intensity, so that even at small distances from the
focus plane the reduction of the incoming light causes a steep
fall of the number of excited molecules. . . . . .. ... ...

Jablonsky diagrams of the processes of spontaneous emission
and stimulated emission. . . . . . ... o L0

Temporal representation of the stimulated emission depletion
(STED) process: a population of fluorophores is brought to
the excited state at the instant t=0, and it is then irradiated
by a laser pulse (represented by the bell function at the cen-
ter of the image) with a wavelength belonging to the emis-
sion spectrum of the molecules. The decaying curves show
the temporal evolution of the excited population for different
powers of the STED pulse: (a) 0, (b) 10, (c) 100, (d) 500,
(e) 1000 MW /cm?. Higher STED powers induce faster de-
cay rates, until the excited state is completely estinguished
(saturation). Adapted from [64] . . .. ... ... ... ...
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3.3 Concept of STED microscope: (a) the excitation pulse is
followed by a stretched depletion pulse with a dougnut-like
intenstiy distribution, (b) As the excited spot is irradiated
by the depletion light, it is selectively de-excited on its outer
tail, while its central portion is left unaffected and can be
scanned over the sample at smaller steps. (c-d) The result,
is a higher resolution compared with widefield (or confocal).
Adapted from Zeiss Campus STED tutorial: http://zeiss-
campus.magnet.fsu.edu/tutorials /superresolution /stedconcept /indexflash.html 23

3.4 Dependency of the depletion efficiency on the delay between
excitation and depletion pulses in a STED setup. As the delay
brings the STED pulse immediately after the excitation pulse,
the efficiency increases rapidly, since less depletion photons
are lost before the excitation instant. The longer decaying
ramp at longer delays corresponds to the slow build-up of
fluorescence photons emitted by the excited molecules after
the excitation pulse. Adapted from [64]. . . . . ... ... .. 25

3.5 [Left] Comparison of TPE and TPE-STED images of 20 nm
NileRed fluorescent beads mounted on a cover glass. (a)
and (b) are, respectively, the raw pictures of TPE and TPE-
STED. (c) and (d) shows linearly de-convolved enlargements
of the areas marked with white squares in (a) and (b). All
scale bars correspond to 500 nm. Normalized line profiles
taken between the arrows in (a) and (b) are plotted in (e) in
red and green, respectively. Adapted from [3]. [Right] Tissue
penetration of depletion in acute brain slices. (a) TPE image
of spiny dendrite (left) and fluorescence collected in lines-
can mode (right, along the dashed line). Pulsed STED light
was simultaneously applied during the time period indicated
(white dashed box). The vortex phase plate was withdrawn
from the pulsed STED path to deplete the entire excitation
volume. (b) Fluorescence averaged across the dendrite mea-
sured in linescan in panel a and normalized to the value before
pulsed STED illumination. (c) Depletion efficiency versus
pulsed STED laser power measured at 20 (red), 70 (yellow),
110 (blue), and 140 (black) pum deep. Data points were fit
to rectangular hyperbolas to determine Pyy. (d) Psay versus
depth in slice. Data points were fit to an exponential to de-
termine a surface constant (Psat(0) = 0.55mW) and length
constant (¢ = 45um). Adapted from [4] . .. ... ... ... 27
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3.6

4.1

4.2

4.3

4.4

4.5

4.6

5.1
5.2

9.3

5.4

9.5

Example of interference between TPE and depletion for high
STED intensities. If the TPE cross-section of the depletion
beam is not low enough, raising the intensity brings to the
re-excitation of the previously depleted region. This is par-
ticularly true for single-wavelength setups, where part of a
femtosecond pulse beam is directed to a stretching and mod-
ulation line in order to provide depletion. The graph shows
the calculated fluorescence depletion as a function of STED
beam intensity in a single wavelength scheme (solid line). The
beginning of the curve was fitted by an exponential decay
(dashed line). Adapted from [79]. . . . . . ... ... ... .. 28

Graphical representation of the Gaussian beam. Top) Beam
geometrical profile and Bottom) beam intensity along the
direction of propagation. Adapted from [81]. . . .. ... .. 34
Representation of (a) the intensity profile and (b) the wave-

front of a Laguerre-Gaussian beam of order ¢ # 0,p = 0.
Adapted from [81]. . . . .. ... 34
Model of a SPP: the helicoidal profile has a thickness profile
proportional to the azimuthal angle # around the center. The

step has a height h = ﬁ. Adapted from [82]. . . . . ... .. 36
Comparison of Kummer (K, continuous lines) and Laguerre-
Gaussian beams (LG, dashed lines) with equal £ values. Adapted
from [83]. . . . ... 37
Representation of different contrast curves: (a) curves for
resists with different sensitivities (A more sensitive than B),

(b) curves for resists with different contrasts (A has higher
contrast than B) and for different tones of the resist (A and

B are positive resists, while C is a negative resist). Adapted

from [84] . . . . ... 40
Schematic representation of the optical column of an EBL

machine. Adapted from [85] . . . . ... ... 42
Microscope head, stage and detection modules . . . . . . .. 48

Pockels cell used to modulate the intensity of the pump (left)
and OPO (right) beam . . . .. ... ... ... ....... 49

(Left) Stretching line: glass rod (bottom) and optical fiber
(top); (Right) beam conditioning units: phase masks (bot-

tom) and 3X beam expander (top). . . .. ... ... .. .. 50
(Top image) Overview of the final parts of the STED and
OPOvpaths . .. . ... . 51

(Left) Fast InGaAs detector for the coarse measurement of
the pulses delay, (Right) Lateral view of the microscope body 51
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Simultaneous TPE and HG images of cardiac cryosections.
(A) Cardiac cryosection imaged with 800 nm laser wavelength
shows TPE auto-fluorescence (Green, Aeyy =~ 500nm) and
SHG signal (White, Aeyy =~ 400nm). (B) Same field of
view imaged with 1200 nm laser wavelength shows SHG (Red,
Aem =~ 600nm) and THG (White, Aem =~ 400nm). (C)
Superposition of the same field imaged with 800 nm and 1200 nm;
The SHG produced by the two different laser beams, as well

as the elastin autofluorescence and its THG signal, perfectly
superimpose, testifying the excellent spatial alignment of the
lasers. The auto-fluorescence excited with 800 nm also high-
light some features that are not visible with an excitation
wavelength of 1200 nm, proving the dual-laser imaging ap-
proach more information-rich than the common single-wavelength
TPE. Scale bars 50pum. From Filippi et al. [91]. . . . . . .. 58

TPE of NADH in muscle cryosections. (A) TPE (Green) and
SHG (White) signals from gastrocnemius muscles cryosection.
(B) SDH staining of the consecutive cryosection from the
same muscle. (C) Hematoxylin/Eosin staining of the con-
secutive cryosection from the same muscle. (D) Correlation
analysis of TPE and SDH signal intensity from the same fiber
(N = 4 cryosections, n= 350 fibers). Pearson correlation co-
efficient P > 0.75. Yellow (*) and red (#) highlight corre-
sponding fibers, oxidative and glycolytic respectively. Scale
bars 100pm. From Filippi et al. [91). . . . . . ... ... ... 59

Simultaneous TPE and SHG images of ex-vivo lung tissue.

(A) TPE and SHG signals imaged with 800 nm wavelength.
Alveolar sacs can be recognized thanks to their TPE auto-
fluorescence emission (Green) and are surrounded by the coarse
collagen fibers of the serosa (White). (B) and (C) are two
magnifications of the serosa collagen fibers. Scale bars 20um.
From Filippi et al. [91] . . . . . .. .. ..o 60

Simultaneous TPE and SHG images of decellularized peri-
cardium for scaffold characterization. SHG signal from col-
lagen bundles imaged with 1200nm wavelength (Red) and
elastin autofluorescence excited with 800 nm wavelength (Green).
Scale bars 50 tm. From Filippi et al [91] . . . . . . . .. ... 61
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6.5

6.6

Spatial alignment of the beams foci, in the lateral an axial
directions. The square windows show the focal plane distri-
bution, with pixel size 8 nm/px. The lateral windows show
the XZ/YZ projections of the photograms stacks, with a Z-
pixel size of 0.4um/px. Left) Combined visual of the two
beams PSF, the image was obtained visualizing an isolated
quantum dot. The PSF of the 880 nm beam is coloured in red,
while the 1300 nm PSF is shown in green. Center) 880 nm
PSF, Right) 1300 nm PSF. Scale bar: 500 nm. . . . ... ..

Left) Image of the SHG and SFG signals emitted by the KDP
crystal: each of the squares on a row corresponds to a differ-
ent wavelength of the detected light (A for the 425/25nm, B
for the 548/40nm, C for the 625/90 nm), while each row indi-
cates a different beam configuration. At the top, the 800 nm
wavelength shutter was open and the 1300 nm one was closed,
in the central row, the configuration was inverted, while the
row at the bottom shows the result of both the beams shutter
being open. It is easy to see that only when the two beams
are hitting the sample, we manage to see the signal from the
green channel. Right) Plot of the SFG signal for different
positions of the delay line. The process efficiency shows a
profile identical to the TIIC between the two pulses. The
zero was set in correspondence of the TIIC maximum. Data
for the errorbar plot was extracted following the procedure
explained in Chapter 5. . . . . . .. .. ... ... ...
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6.7 Images of MEF cells stained with Alexa633 (phalloidin), Alexa488

7.1

7.2

7.3

(Tom20) and DAPI(cell nuclei). The cells were imaged us-
ing 820nm and 1200 nm wavelengths, which corresponds to
410nm and 600nm TPE and 974nm TCTPE excitation. All
the images were processed using the Fiji software in order
to show the same color scale. Top Left) The merged blue,
green and red channels are shown as the sample is excited
only by the pump beam. The strong DAPI signal is visible,
while the red and green fluorophores show only a faint im-
age. Top Center) Image from the OPO beam illumination.
The strength of the 1200nm beam was kept low to reduce
bleaching. The result is the absence of a visible signal. Top
Right) Image from simultaneous pump+OPO illumination:
while the blue signal does not show appreciable changes, both
the red and green channels become brighter, and the mitho-
condrial network highlighted by the Alexa 488 fluorophore
becomes clearly visible. Bottom) Green channel signals: as
the two beams are simultaneously switched on (Right panel),
the DAPI signal keeps the same level as with only the pump
laser excitation (Left panel), while the mithocondrial struc-
tures become brighter, sign of an additional excitation source
working exclusively on Alexa 488. . . . .. ... ... ....

Left) Temporal profile of the STED pulse as measured us-
ing the SFG signal coming from the KDP crystal grains.
Right) Graph showing the depletion efficiency on red flu-
orescent beads at different delays between the pulses. The
zero position was set at the minimum residual signal point.

Left) Example of doughnut shape, imaged using reflection
from 80 nm gold nanospheres dispersed in immersion oil.
Right) Doughnut intensity profile along the linear green ROI
(continuous line), compared to its fitted, Laguerre profile
(dashed red line). The central intensity is lower than 10%
of the maximum average value over the ring. . .. ... ...

Diamond nanocrystal illuminated Left) only by the excita-
tion beam (A = 1200nm) and Center) by both the beams.
Right) Intensity profiles of the two images over the linear
ROI shown in the central picture: from FWHMsp = (976 £
32)nm to FWHMsp_gTEp = (720 £ 32) nm we find a resolu-
tion enhancement factor of 1.36 & 0.08. Scale bar 1um.. . . .

68
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7.4 Top) GATTAquant beads (90 nm diameter) illuminated only

by the excitation beam. Center) STED image of GAT-

TAbeads. The resolution is visibly enhanced, in particular

elements closely packed are now clearly separated. Bot-

tom) Normalized intensity profiles of a few beads (plot lines

specified by the white arrows in the central figure. from

FWHMsyp = (370 + 20) nm to FWHMsp_grEp = (240 +

50) nm, the resolution gain is 1.34 £0.08. . . . . . ... ... 71
7.5 Relative emission intensities of the ATTO 594 dye in the spec-

tral intervals Left) [780,880] nm, and Right) [1040, 1210] nm. 73
7.6 ATTO 594 depletion efficiency for different powers of the

eccitation and STED laser beams. [TOP] Left) Fluores-

cence intensity (in px units) Right) Net fluorescence upon

subtraction of the STED beam contribution. [BOTTOM]

Left) Normalized net intensities. Right) Depletion satura-

tion power vs average excitation power. . . . . . ... .. .. 74
7.7 Relative emission intensities of the ATTO647N dye in the

spectral intervals Left) [750, 880] nm and Right) [1025, 1300] nm. 75
7.8 ATTO 647N depletion efficiency for different powers of the

eccitation and STED laser beams. [TOP] Left) Fluores-

cence intensity (in px units) Right) Net fluorescence upon

subtraction of the STED beam contribution. [BOTTOM]

Left) Normalized net intensities. Right) Depletion satura-

tion power vs average excitation power. . . . . . .. ... .. 75
7.9 Relative emission intensities of the mGarnet2 protein (RITA)

in the spectral intervals Left) [750, 830] nm and Right) [1020, 1210 nm 76
7.10 mGarnet2 depletion efficiency for different powers of the ec-

citation and STED laser beams. [TOP] Left) Fluorescence

intensity (in px units) Right) Net fluorescence upon subtrac-

tion of the STED beam contribution. [BOTTOM] Left)

Normalized net intensities. Right) Depletion saturation power

VS average excitation power. . . . . . ... ..o 77

8.1 Comparison between the doughnut beams generated by the
tailored and commercial SPPs on the sample plane (NA =
1.4). The photograms were taken imaging an isolated quan-
tum dot. [TOP] Left) Doughnut from a tailored mask;
Right) average radial intensity profile of the intensity dis-
tribution: the experimental points (blue dots) were fitted
with the sum of a LG(l) Laguerre-Gaussian profile and a cen-
tral Gaussian function (continuous line). [BOTTOM)] Left)
Doughnut from the commercial mask; Right) average ra-
dial intensity profile of the intensity distribution. Scale bars:
250nm. ..o 87
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8.2 Left) Example of doughnut shape, imaged using reflection
from 80 nm gold nanospheres dispersed in immersion oil.
Right) Doughnut intensity profile along the linear green ROI
(continuous line), compared to its fitted, Laguerre profile
(dashed red line). The central intensity is lower than 10%
of the maximum average value over the ring. The asymme-
try on the right side of the profile is due to a small source of
scattered light in the proximity of a doughnut. . . ... . .. 88



List of Tables

3.1

5.1

5.2

7.1

Comparison between the most common super-resolution meth-
ods. Data are taken from [63].

*RESOLFT here refers to super-resolution specifically on pho-

toswitchable molecules.

**limited to the acquisition of a 50 x 50um field. . . . . . ..

Wavelength detection range of the PMT modules. The flu-
orescent light is directed on the modules by a dichroic mir-
ror (long-pass, 705nm cutoff wavelength, Semrock), then di-
vided in different channels by long-pass and short-pass mir-
rors (Semrock). . . . ...
Scanning properties of the images captured with the galvo-
resonant mirror system of the microscope. The frame rate
refers to the “one-way” scan option, where only the forward
advancing line sweeped by the scan mirrors is considered to
build the image. The pixel size is reported relative to the
scanning magnification (which ranges from 0.6X to 32X of the
backfocal plane aperture dimensions). . . ... ... ... ..

List of the dyes and fluorescent proteins tested. All the
molecules emit in the orange/far-red window. The Alexa and
ATTO fluorophores are the most famous dyes currently used
for sted. The “ * ” symbol refers to values that were found
experimentally using our setup. They are specific to the imag-
ing system we used and should NOT be considered as values
valid throughout the other existing platforms. . . . . . . . ..

113

21



	Introduction
	Nonlinear microscopy
	STED microscopy
	Spiral Phase Plates
	Microscope Setup and Experimental Methods
	Nonlinear Microscopy: experimental results
	STED Microscopy: experimental results
	Fabrication and characterization of spiral phase plates for super-resolution applications
	Conclusions

