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Abstract

In the quest for better and faster images of cellular and subcellular structures,
biology-oriented optical microscopes have advanced significantly in the last few
decades. Novel microscopy techniques such as non-linear microscopy (NLM),
including two-photon excited fluorescence (TPEF) and second harmonic generation
(SHG) microscopy, and light-sheet fluorescence microscopy (LSFM) are emerging
as alternatives that overcome some the intrinsic limitations of standard microscopy
systems. In this thesis I aimed to advance such techniques even more, and combine
them with other photonic technologies to provide novel tools that would help to
address complex biological questions. This thesis is organized in two main parts. The
first part is dedicated to applications involving femtosecond lasers that are employed
for precise microsurgery. For that, damage assessment methodologies based on NLM
were developed and tested in relevant biomedical models. In the second part,
wavefront engineering methods were employed to enhance the imaging capabilities
of light-sheet microscopy systems. These novel methodologies were tested as well in

relevant biological applications. This thesis is, therefore, organized as follows:

In chapter 1, a brief and comprehensive review of the basic microscopy techniques
employed in this thesis is presented, together with the challenges and achievements

of this thesis in sequential order.

In chapter 2, a multimodal imaging methodology for the assessment of laser induced
collateral damage is presented. This was specifically developed for the control of the
damage in femtosecond-laser dissection of single axons within a living
Caenorhabditis elegans (C. elegans). Here, it is shown that collateral damages at the
level of the myosin structure of the muscles adjacent to the axon, can be readily

detected.

In chapter 3, the optimized multimodal methodology developed in the chapter 2 was
employed for minimally invasive dissection of axons of D-type motoneurons in C

elegans.

Here, a microfluidic chip for C elegans immobilization and a detailed protocol was
employed to evaluate the axon regeneration of such neurons. The potential of such

platform for testing drugs with regeneration-enhancing capabilities is also presented.



In chapter 4, a novel use of TPEF microscopy is presented to characterize and fine

tune the laser for photodisruption of excised human crystalline lens samples.

In chapter 5, a thorough description of the implementation of a multimodal Digital
Scanned Light-Sheet Microscope (DSLM) able to work in the linear and nonlinear
regimes under either Gaussian or Bessel beam excitation schemes, is presented. The
enhanced capabilities of the developed system is evaluated using in vivo C. elegans

samples and multicellular tumor spheroids

In chapter 6, the development of a completely new concept in light sheet-based
imaging is presented. This is based on the extension of the depth-of-field of the lens
in the emission path of the microscope by using wavefront coding (WFC) techniques.
Furthermore, I demonstrate the application of the developed methodology for fast

volumetric imaging of living biological specimens and 3D particle tracking.



Chapter 1: Introduction

Major advancements in biological research have been possible by the developing of
novel techniques and instrumentation in the fields of optics and photonics. This
imposes an enormous challenge that certainly pushes the limits of the optical
sciences. Laser development and optical microscopy may have not been the same
without the fruitful interaction with biological sciences. Since their introduction in
the second half of the twentieth century, lasers have been proven to be versatile and
effective tools to non-invasive examination and sub-cellular manipulation of
biological samples. The use of lasers to obtain high resolution images of cellular
structures is now a daily practice in many biological laboratories around the world.
Of special interest for biology is the development of techniques based on the
observation of selected fluorescent structures inside the samples. These structures are
usually labelled with vital dyes or have attached genetically-encoded proteins that
make them fluorescent (in some specimens this is an intrinsic characteristic). In the
typical fluorescence (wide-field) microscope the specimen is illuminated with laser
light of a specific wavelength which is absorbed by this fluorescent elements, or
fluorophores, causing them to emit light of longer wavelengths. This light is then
collected using a CCD camera. The main drawback of this configuration is that
planes at different depths inside the specimen are excited at the same time. The
resulting detected fluorescence includes a large unfocused background component.
To eliminate the out-of-focus signals, a confocal configuration is used. A confocal
microscope normally uses a high numerical aperture (NA) for creating a diffraction-
limited illumination point and uses a pinhole, located in an optically conjugated
plane in front of the detector, to eliminate out-of-focus signal. In this way, only the
light produced very close to the focal plane can be detected and, in consequence,
optical sectioning is achieved. In confocal microscopy the focused laser beam,
usually in the visible wavelength range, is raster-scanned across the sample to
produce an optical section from the selected field of view, this is why this technique
is usually termed Confocal Laser Scanning Microscopy (CLSM) [1]. This technique
has emerged as a very powerful tool for biological imaging. Its ability to provide
high transversal and axial resolution, collect three-dimensional images of relatively

thick specimens, together with the user friendliness and versatility of modern



commercial confocal microscopes, has made it the biologist’s preferred imaging tool.
However, the use of short wavelengths for exciting the fluorescence makes it suffer
from fundamental penalties such as phototoxicity/photodamage and low penetration
depth due to the strong dependence of scattering coefficients with the wavelength.
On the other hand, Nonlinear microscopy (NLM) techniques [2,3], such as two-
photon excited fluorescence (TPEF), second harmonic generation (SHG) and third
harmonic generation (THG)have resulted in an interesting alternative to CLSM.
NLM relies in the use of ultrashort-pulsed lasers which normally emit in the near
infrared (NIR) spectral region. The nonlinear contrast is based on second and third-
order nonlinear light-matter interactions. Since these nonlinear optical effects are
proportional to the second or third power of the fundamental light intensity, they are
induced only at the focus of a high numerical aperture (NA) microscope objective.
This fact results in the intrinsic elimination of the out-of-focus contributions and
results in the intrinsic optical sectioning inherent to nonlinear imaging techniques.
Therefore, it is a straightforward task to generate a sharp, three-dimensional image.
The excitation beam is simply raster scanned across the focal plane, and the signal
generated as a result of the nonlinear excitation is measured and correlated to the
beam position in a similar way as CLSM. Imaging using NLM possess several
advantages over conventional CLSM: 1) it possess intrinsic optical sectioning without
the need of any pinhole (and thus all the generated light is used), i1) nonlinear
excitation is done normally in the NIR and, as a consequence, larger penetration
depths can be achieved, iii) there is a reduced photobleaching as the interaction
occurs only at the focal point and iv) NML is amenable for label-free imaging, that is
the case of SHG and THG, among others. Nonlinear microscopes provide immense
possibilities in biological investigation, but the possibility of counting also with

complementary linear imaging techniques is, in many cases, desirable.

Optical microscopes, as any other optical instrument, are limited by a fundamental
maximum of resolution determined by the diffraction. This is called the diffraction
limit of resolution. High-end objectives employed for any of the afore-mentioned
microscopy techniques are designed to have very high imaging performance close to
the diffraction limit of resolution. However, this is only true when ideal conditions

are met, e. g. the sample under observation is thin and transparent. Therefore,
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resolution of these microscopes is often compromised by the optical properties of the
specimen itself. Spatial variations in the refractive index of the specimen introduce
optical aberrations that hinder image quality. This is a particular problem when
imaging deep into thick biological specimens. Ultimately, the aberrations restrict the
amount of specimen that can be observed by the microscope. This is a serious
limitation if one wants to observe cells and their processes in their usual
environment, rather than in the unnatural surroundings of a microscope slide. To
ameliorate such problems Adaptive Optics (AO) may be used. AO has been broadly
applied in astronomy to reduce the effects of changing atmospheric conditions which
produce aberrations and deteriorate the image quality of stars and satellites. By
employing wavefront sensors (WFS) and deformable mirrors (DM), the distortions
produced when distant light sources travel through the turbulent atmosphere can be
corrected. This concept can be extrapolated to the problem of aberration
compensation in microscopy [4]. There are several approaches to measure and
correct sample related wavefront aberrations in fluorescence microscopy. For NLM,
correction of the excitation beam will ensure a better focussing and therefore, a more
efficient nonlinear process. In practice, measuring and correcting fundamental beam
aberrations of microscopes is a difficult task. However, this can be done by finding a
well-defined, localized and bright enough source for measuring the aberrations. This
i1s known in AO community as guide star. Strategies have been proposed to guide
star-like analogous by introducing artificial guide stars (fluorescent micron-sized
beads) into the sample [5]. However, this interferes with the sample being an
invasive technique. Other alternatives are not based on guide stars and correct the
aberrations by optimizing a figure-of-merit defined on the captured images. Both
solutions have limited applications and may compromise the viability of

delicate/living biological specimens.

My PhD started in this point by trying to find a solution to the challenge of defining a
reliable protocol to measure and correct aberrations in the excitation beam of NLM.
For this, we presented a novel method taking advantage of the fact that nonlinear
excitation (particularly TPEF) occurs only in a highly localized and confined region
of the sample. This can in fact be considered a natural reference source which we

called nonlinear guide star. Using this concept we demonstrated, for the first time,
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the use of intrinsically generated guide stars for the purposes of wavefront
measurement and correction in AO microscopy. This principle has been
demonstrated with both, moderate and increased scattering samples. In both cases we

found a TPEF signal improvement.

This work shows an initial example of the use wavefront engineering methods, in

this case AO, to attack problems encountered in biological microscopy.

At this point, I realized the big potential that such kind of technology would have to

other applications, particularly to laser-based surgery.

Ultrashort-pulsed lasers used for NLM can be employed as well to perform
dissections on selected targets on a variety of biological samples. The most
significant advantage of using these lasers is the confinement of induced effects to
the focal volume owing to the involvement of nonlinear absorption mechanisms.
Some of the many applications of femtosecond laser surgery in bio -medical
applications are: neuronal axotomy in C. elegans [6], wound response of Drosophila
melanogaster embryos during dorsal closure [7], subcellular nanosurgery in cell
cytoskeleton [8], and human eye corneal surgery [9], among others. The physical
mechanisms involved in laser ablation of transparent dielectric materials with
femtosecond lasers are well known [10]. When ultrashort pulses of NIR light are
focused to a tight spot through high NA microscope objective, high peak intensities
are achieved at the sample plane with relatively low pulse energies. This generates
nonlinear photon (multiphoton) absorption in an otherwise transparent medium and
electron ionization within the focal volume. Then, free-electron density increases
exponentially due to a process termed as cascade ionization. At a critical density, the
resulting free-electron plasma causes optical breakdown and physical disruption of
the material. Pulse width and the focusing strength determine the intensity threshold
to produce optical breakdown. This suggests that laser parameters can be finely tuned
to control the effects of the generated plasma and the subsequent optical breakdown

into the irradiated volume.

Following this route, I was devoted to build and optimize a microscopy system
capable of high-precision surgery that would be applied to relevant biological and

biomedical problems, such as neuron regeneration and crystalline lens softening.

12



On the other hand, the visualization and quantification of biological processes in
difficult samples such as living organisms and tissue models require microscopy
methods that can provide 3-dimensional data with high spatial and temporal
resolutions over a large field of view. Nevertheless, microscopy methods employed
for such difficult tasks should also minimize the phototoxic effects of laser
irradiation. For example, In CLSM, every time an optical section is captured,
fluorescence in many other axial planes is excited and rejected by the confocal
pinhole. This led to an accumulative phototoxicity/photodamage when volumetric
imaging is required. Light-sheet fluorescence microscopy (LSFM), also known as
selective plane illumination microscopy (SPIM)[11], has been proven to be an
interesting alternative to CSLM. In LSFM a thin laminar sheet illuminate sample
form the side, thus exciting only a two-dimensional section of the sample. The
emitted fluorescence is imaged along an optical axis perpendicular to the
illumination plane. This atypical configuration provides intrinsic optical sectioning,
with no energy deposition outside the optical section; large fields of view imaging,
and enables isotropic resolution [12]. In spite of all this, LSFM still carries the
problem of using lasers in the visible wavelengths for excitation, and then is prone to

scattering.

Thinking on this, I became aware of the potential of another wavefront engineering
technology to modify the point spread function (PSF) of a system but this time to
produce thin, long “needles” of light. This “needles”, known as Bessel beams [13],
have shown to have interesting properties that make them to keep well formed when
propagate inside highly scattering samples. Therefore, I explored the potential of
such beams to build a multimodal LSFM, which in combination with femtosecond
lasers in the excitation arm, provided a system with high resolution, enhanced

contrast and large field-of-view imaging.

Finally, having a 3D microscopy technique that would allow the observation of fast
events with high resolutions in a large field of view is of extreme importance for
biological applications. Such a technique would allow for a better understanding of
complex dynamic processes in living cells, tissues and organisms. Calcium waves of
heart and brain cellular cultures, the embryonic zebrafish beating heart and the red

blood cells in the developing cardio-vascular are a few of the most challenging

13



biological processes calling for faster microscopy techniques [14]. LSFM with its
many advantages have shown important improvements in terms of speed as
compared with regular CLSM. Nevertheless, the need to mechanically scan the
sample to retrieve the optical sections sets the limit of the volumetric imaging speed

that can be achieved by LSFM.

To deal with this, I have explored the use of a similar wavefront engineering
approach applied to the collection path of the previously developed light-sheet
microscope. For this, an optical setup inspired in the principles of AO that can
effectively provide the system capable to overcome the intrinsic speed limit present
in regular LSFM. I will show how this allowed us to obtain fast volumetric imaging

of living animals and fast 3D particle tracking.
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Chapter 2: Femtosecond laser axotomy in
Caenorhabditis elegans and collateral damage
assessment using a combination of linear and
nonlinear imaging techniques

2.1 Abstract

In this work, highly localized femtosecond laser ablation is used to dissect single
axons within a living Caenorhabditis elegans (C. elegans). We present a multimodal
imaging methodology for the assessment of the collateral damage induced by the
laser. This relies on the observation of the tissues surrounding the targeted region
using a combination of different high resolution microscopy modalities. We present
the use of Second Harmonic Generation (SHG) and Polarization Sensitive SHG
(PSHG) to determine damage in the neighbor muscle cells. All the above is done
using a single instrument: the multimodal microscopy setup that allows simultaneous

imaging in the linear and non-linear regimes, and femtosecond-laser ablation.

2.2 Introduction

Nowadays lasers are one of the most powerful and versatile tools in the biomedical
field. Apart from their use in macro-and microscopic imaging techniques, their
application in the non-invasive modification of biological samples is of particular
importance. For these purposes, ultrashort pulsed lasers employing near infrared
wavelengths have been shown to be the ideal tool when a very controlled and precise
modification i1s required. These lasers have the ability to induce nonlinear
photoionization and thereby to confine interaction to the focal volume (<1 femtoliter)
of a tightly focused beam[1]. This enables controlled incisions with submicrometer
precision can be induced. In addition to this, the use of near infra-red (NIR) light
provides much higher tissue penetration due to a reduced (linear) absorption and
scattering of the sample. This is opening up a whole new window for laser
nanosurgery as a non-invasive powerful surgery technique that can be applied in a

vast range of biomedical areas.

Although the precision of the femtosecond laser scalpel in biological samples is

widely accepted to be superior to other surgical techniques, the complex nature of the
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interaction calls for stringent tests on how precise this tool is. A logical way to
perform these tests is to observe how much damage is sustained in the structures
surrounding the target of surgery and, specially, in a specific biological sample.
Assessment of this collateral damage is not just important to validate the precision of
the surgical tool but it would also help to understand how a specific biosample
responds to the surgery (chemically, structurally and behaviorally). Such
determination of collateral damage is not trivial when the surgery is performed at the
microscopic or submicroscopic level. Ordinary transmission light microscopes are
not optimal for a detailed characterization of the resultant low-contrast subcellular
modifications. For this reason, researchers have opted for the use of contrast
enhancing microscopy techniques to observe and characterize the effects of laser
irradiation. Among them, fluorescence microscopy has been particularly useful to
monitor the laser induced damage to the cells, either by using a fluorescent reporter
of the chemical species leading to cell degradation (e.g. reactive oxygen species
ROSJ2]) or by following the rise in auto fluorescence signal in the surroundings of

the dissected area [3][4].

A very interesting case of the use of femtosecond lasers for subcellular surgery is the
dissection of axons, or axotomy, of the nematode Caenorhabditis elegans (C.
elegans). Single C. elegans neurons were first used as targets for laser surgery in a
report by Yanik ef al.[5]. In this study spontaneous axon regeneration was observed
for the first time in this model organism. Moreover, individual axons of C. elegans
were precisely cut with a focused femtosecond laser beam inducing an anomalous
behavioral response that was restored to normal once the regeneration was
completed. This technique allowed not only the study of the response of the
organism to a single axon dissection but also a much more exhaustive study at

different levels of neuronal interconnections and their particular regeneration

properties[6][7] [8][9].
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Microscopt

Cuticle
Axon

Muscle

Figure 2.1: TEM illustration of the anatomical region of C. elegans where
the laser axotomy is performed.

Body wall muscles are shown in green, axons in purple and cuticle in gray. Blue
ellipsoid is the estimated full-width-at-half-maximum of the beam's point spread
function. White line represents the limit of the maximum plasma density
generated at the focal spot. Scale bar 300 nm

C. elegans D-type motoneurons are particularly attractive for the study of collateral
damage induced during a femtosecond laser axotomy due to several reasons. First,
these neurons extend axons that are extremely thin (few hundred nanometers) and
reside in a complex environment surrounded by cuticle (above) and muscle (below)
as can be seen in Figure 2.1. (background figure adapted from Wormatlas [10]). This
means that even a very tiny mis-targeting or inaccuracy in the use of the laser surgery
tool would show up as a collateral damage in the surrounding structures. Secondly,
they provide an effective method towards the understanding of the triggered
responses after axotomy that lead to axon regeneration [5][6][7][8][9]. Therefore,
having a system that produces very precise cuts and has the capability to readily
detect any unwanted/collateral damage is very important in the understanding of the

mechanisms of neuronal regeneration.

So far, evaluation of collateral damage resulting from axotomy has been done by
employing widefield fluorescence microscopy to measure the separation of the axon
ending tips as well as the size of the damage in the muscle cell in close proximity to
the axons. Both axons and muscles were labeled by green fluorescent protein (GFP)
[11] [12]. While this can provide an approximate indication of the size of the
damaged areas, there is still the need for methods that would provide more detailed

information about the extent and the nature of the collateral damage, as well as the
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many processes that could take place during the surgery. In a previous work, we
showed how the combination of confocal fluorescence microscopy simultaneously
with laser-scanned transmitted light microscopy (LT) provides a powerful tool not
only for the real-time observation of the surgery with high resolution but also for the
study of the different dynamical processes happening during the procedure [4].
Nevertheless, these linear microscopy techniques do not fully take advantage of the
endogenous sources of contrast present in the region surrounding the operated axon.
Particularly, the muscular structures of the C. elegans nematode have been shown to
be sources of Second Harmonic Generation (SHG), a nonlinear optical effect that can

be excited with ultrashort pulsed lasers [13].

In contrast to confocal and two-photon excited fluorescence (TPEF), which rely on
photon absorption, SHG is a nonlinear scattering process and hence, in principle, it
deposits no energy to the matter with which light interacts. The energy conservation
and label-free characteristics enable minimally invasive imaging, which is highly
desirable especially for in vivo studies. The most widely studied biological structures
in tissues that produce endogenous SHG signal are based on collagen, muscle, and
microtubules elementary structures. Furthermore, these elementary SHG scatterers,
when excited with different incoming linear polarizations, provide a SHG response
that is characteristic of the local scatterer orientation. This polarization dependent
SHG (PSHG) technique has been used to interpret images taken from C. elegans
muscles [14]. Furthermore, using PSHG imaging it is possible to determine the
orientation, fsyg, and degree of organization, 46, of the SHG elementary source (i.e.

the hyperpolarizable molecule) inside the muscular tissue.

In this study we cut axons of C. elegans D-Type motoneurons using femtosecond
unamplified MHz pulses and provide a new approach for a rigorous, detailed and
more precise assessment of the collateral damage induced to the surrounding tissues.
We present the use of a combination of linear and nonlinear high-resolution imaging
techniques, all of them integrated in a single multimodal optical workstation to
monitor any change induced to the tissues around the operated axon [15]. Damage to
the cuticle produced with the femtosecond laser can be readily observed with
transmitted light. At the same time, confocal microscopy is used to reveal minute

collateral tissue damage that generates autofluorescence or produces any change in
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the original fluorescence of the structures. Finally, previous laser axotomy works
were relying on genetically modified worms expressing muscle fluorescence to
assess the caused damage in this tissue [11]. In this paper we exploit the advantages
offered by SHG to extract information of unlabeled muscular tissue. Furthermore, we
present PSHG as a novel high-resolution contrast mechanism able to reveal laser

axotomy inflicted molecular damage in the muscle of this model organism.

2.3 Materials and methods
2.3.1 The multimodal microscope

A multiphoton microscope was built around a commercial confocal (Nikon C1-Si)
inverted microscope (Nikon Eclipse Ti-E [14], Nikon Inc., Japan) using a Kerr-lens
mode-locked Ti:Sapphire oscillator (Coherent MIRA 900f) producing 150 fs
(FWHM) pulses at a repetition rate of 76MHz. This microscope incorporate two
independent pairs of galvanometric mirrors, one for continuous-wave visible laser
(within scan head of Nikon C1-Si) and the other (placed externally) for the ultrashort
pulsed laser. Both laser sources were coupled through 2 different input ports in such
a way that both the confocal and multiphoton sections could work independently and
simultaneously. This multimodal unit could, therefore, be used in the linear and
nonlinear regime with a variety of different techniques working in a simultaneous
way. In particular, the nonlinear input could be used for performing the axotomy
while the confocal unit could be used to visualize axotomy and the collateral damage
at the same time. For more details on the full capabilities of this set-up please see

Mathew et al. [15].

2.3.2 Worm mounting

C. elegans were grown on nematode growth medium (NGM) agar plates using
standard procedures [16]. To visualize the axons and to perform most of our axotomy
studies we employed the transgenic strain juls76 [unc-25::gfp] II that express GFP in
D-type motoneurons. To confirm that SHG gives an equivalent/superior muscle
damage information, when compared to fluorescence based methods, we employed
the transgenic strain RPI1: trlsl0 [myo-3p::MB::YFP+myo-2p::YFP+ceh-
23::HcRed+unc-25::DsRed+unc-129nsp::CFP. This strain expresses YFP (membrane

anchored) in muscle cells. In both cases, the worm cultures were synchronized and
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single L4 larvae were mounted on 2% agar pads with 0,8 pul of 10mM Levamisole
(Dr. Ehrenstorfer) between two 170 pm glass slides. These were sealed with melted

paraffin for sample stabilization.

In both cases, the worm cultures were synchronized and single L4 larvae were

mounted on 2% agar pads with 0,8 pl of 10mM Levamisole (Dr. Ehrenstorfer)

2.3.3 Axotomy

Axotomies were performed on the commissures of the D-type motoneurons, on the
most ventral/dorsal part of the axon just after its association with the cords (~1-5um
away). The position of the precise focal plane for cutting was found based on
simultaneous TPEF and SHG imaging of the axon and the body wall muscles,
respectively. This provided us with the anatomical references to finely adjust the
position of the laser beam precisely at the axial center of the axon (see Figure 2.1). A
different number of axotomies per worm (in different axons) were performed
resulting in a total of sixty-one surgeries. Axotomies were performed by parking the
tightly focused laser beam on the target point while controlling the irradiation time
with an electronic shutter. For this work, the laser central wavelength was set to
868nm in order to optimize the imaging performance the system, without
compromising the available laser power required for ablation. We employed an oil
immersion 60x 1.4NA microscope objective that focuses the beam to a point spread
function (PSF) of full-width-at-half-maximum (FWHM) dimensions of 0.45 pum
transversal and 1.2 pm axial [17]. To find the appropriate laser power for cutting, the
exposure time was set to 200 ms and the laser power was increased up to the value
that led to an effective disruption of axons. This methodology yielded an optimal
average power of 90mW (energy per pulse of 1.2nJ) which corresponds to a peak
intensity of approximately 3x10'*W/cm’at the sample plane. The same power was

used throughout the experiments.

2.3.4 Multimodal imaging for collateral damage assessment
It is important to determine if the axons are indeed severed and not simply
photobleached and appear as a cut at the point of laser interaction (point of surgery).

The following cues helped in determination of successful axotomy: a) retraction of
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the axon; b) sealing and/or formation of bumps at the point of laser surgery and c)
spilling of axoplasm [4][12]. Moreover, in order to confirm complete severing, we
performed several axotomies on GFP labeled ASJ neurons followed by Dil staining

(data not shown) [18].

A

BEFORE

AFTER

Figure 2.2: Damage assessment using linear imaging techniques.

a) Confocal, b) transmitted light and c) combined images of the region
surrounding the axon before the laser dissection. d—f) show the same region after
the surgery. Damage is evidenced by increased autofluorescence in the confocal
image and a dark spot in the transmitted light image. Both damage structures
colocalize at the combined image. Excitation of the GFP labeled neurons was
done at 488 nm. Arrows point to the place of the laser axotomy. Scale bar 10
pum.

Our collateral damage assessment methodology relies on the visualization of the
tissues surrounding the dissected axon. The following collateral damage scenarios
can be detected: a) Damage to the cuticle is easily observable form the laser-scanned
transmitted light microscopy images; b) Any collateral tissue damage, both in the
cuticle or in the muscle can potentially be detected by looking out for localized
increase in autofluorescence around the point of laser interaction using the confocal
microscopy images; c¢) to have an even better determination of the collateral damage
to muscle, SHG microscopy of the muscle tissues could be employed. It may be
noted that all the three imaging modalities (laser transmitted , confocal and SHG) is

done using the same instrument that performs the laser surgery.

In the following description we present the detailed depiction of the methodology

used for the damage assessment. First, the area surrounding the point of surgery was
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imaged pre-surgically using TPEF and SHG microscopy. The axotomy was then
performed using custom-made software that allows us to select the point on the axon
to be dissected using the TPEF image. The surgical procedure was recorded while
being performed using confocal and transmitted light microscopy to help observe the
effective dissection of the axon as well as any dynamical effect that provide
information about collateral damage. Immediately after the surgical procedure, a
second set of nonlinear (TPEF and SHG) images were taken, at several focal planes
around the point of surgery, to correct for any changes in the focal plane over the
tissue relaxation time. Finally, worms presenting axotomies that do not show clear
collateral damage were selected to be imaged with PSHG microscopy [19]. In this
case if there is any change in the myosin structure caused by the laser tissue

interaction the PSHG technique could potentially reveal it.

In order to characterize the level of damage that can be reported with the PSHG
technique, a series of experiments using worms expressing YFP in the body wall
muscles were used (9 worms). This enabled to observation of fluorescence, SHG and

PSHG images from the same axotomized region of interest (ROI).

2.4 Results

Sixty-one axons were laser cut and simultaneously imaged using confocal
microscopy, 56 of the 61 operated commissures were successfully severed. The
inflicted collateral damage was determined using different imaging techniques using
our multimodal optical workstation. Figure 2.2 shows the typical example of a laser
axotomy and the high resolution imaging approach for the visualization of collateral
damage. Figure 2.2 (a-c) and (d-f) show confocal and transmitted light images before
and after the axotomy, respectively. The post-surgical confocal image, Figure 2.2(d),
reveals a circular pattern of autofluorescence that is generated around the point of
surgery, which indicates that some collateral damage is induced to the close-by
tissue. In addition this damage is also evidenced by a clear retraction of the axon tips
in the laser axotomy region [4]. Moreover, the dark spot evidenced in the post-
surgical transmitted light image (in Figure 2.2(e)) clearly indicates that the damage
was induced in the cuticle. As expected, both observed damage patterns colocalize

over the same region as can be seen in Figure 2.2(f).
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BEFORE

AFTER

BEFORE

AFTER

Figure 2.3: Collateral damage assessment using linear and nonlinear
imaging techniques.

Linear: a) confocal, b) transmitted light and c¢) combined images of the region
surrounding the axon before the laser dissection; d—f) show the same region after
the surgery. Nonlinear: g) TPEF, h) SHG and i) combined images before the
laser dissection; j—1) show the same region after the surgery. No collateral
damage was observed in CFM while damage in muscle is evidenced with SHG
microscopy. Arrows point to the place of the laser axotomy. Scale bar 20 pm.
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AFTER

Figure 2.4: Laser-induced changes induced to the muscle visible with SHG
imaging.

a) TPEF, b) SHG, and ¢) combined images before the dissection; d—f) show the
same region after the surgery. Arrows point to the place of the laser axotomy.
Scale bar 10 um.

Post-surgical nonlinear imaging using combined simultaneous TPEF and SHG
microscopy further aided in determination of collateral damage. Figure 2.3 shows a
complete multimodal imaging performed at the region closer to the axotomy. Figure
2.3 (a-c) and (g-1) show the multimodal images taken before axotomy, whereas
Figure 2.3 (d-f) and (j-1) are the resulting images after the procedure. In this case, no
collateral damage is observed either in the confocal image, Figure 2.3(d), or in the
TPEF image, Figure 2.3(j). Minimum collateral cuticle damage is observed in the
laser transmitted image, Figure 2.3(e). The surgical tool has made an efficient cut in
the axon, with minimum damage to the cuticle, however, changes have been induced
to the muscle as can be observed in the Figure 2.3(k): reduction of the SHG signal in
a small region around the dissection point and transition from Single-Band to
Double-Band (SB to DB) signal structure of the muscle sarcomeres. This clearly
illustrates the power of multimodal imaging (Confocal+ Laser-transmitted

+TPEF+SHGQG) in making a thorough assessment of collateral damage.

There were a number of cases where no apparent collateral damage is observed using
the linear and nonlinear fluorescent techniques. However, a slight “distortion” of
muscle (not actual damage) could be observed in the SHG images of muscle. These

distortions were in the form of either a slight reduction in the SHG signal from the
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muscles surrounding the region of surgery or a wavy-like appearance in the muscles.
Such a case is shown in Figure 2.4 where, after axotomy, the muscle below exhibits

wavy appearance without any actual loss of SHG signal in the muscle.

Control Axotomy

Figure 2.5: PSHG microscopy for the damage assessment after the axotomy.
a) TPEF reveals a successfully cut axon. b) SHG signal from body wall muscle
do not change after the surgery; c) Post-surgical pixel-resolution mapping of
myosin sy at the muscle obtained from PSHG (color bar in degrees); d) Osyg
(mean=+1 standard deviation) for the muscles in the region surrounding the cut
and in the control region (red squares). The control region was selected in the
intact adjacent muscular cell far away from the axotomy. Unpaired two tailed t-
test (n = 200 pixels for both sets) yields p>0.05 meaning that fsyg mean is not
significantly different between the two regions. Arrows point to the place of the
laser axotomy. Scale bar 10 pm.

When the femtosecond laser tool is properly tuned and perfectly focused at the center
of the axon, incisions can be induced without any collateral damage. One such case
(out of 12) is shown in Figure 2.5(a-b). TPEF evidenced that the axon is effectively
severed whereas SHG image and PSHG analysis suggests that no damage was
induced to the muscle. In these particular cases, where no damage was observed
(with any of the above mentioned linear- and nonlinear imaging techniques), PSHG
was performed to display the orientation of the hyperpolarizable molecule in myosin
Osug. This was performed at a pixel level, as can be seen in the Figure 2.5(c).

Unpaired two tailed #- test on these data shows that there are no significant
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differences in the mean value of sy between the area surrounding the axotomy and
the intact muscle well apart from the axotomy, Figure 2.5(d). This means that no

damage could be detected even at the level of the myosin structure of the muscles.

Figure 2.6: Comparison between SHG and fluorescence for the muscle
damage assessment after the axotomy, large collateral damage.

Before the axotomy: a) TPEF images of YFP marked muscles and axons; b)
SHG signal of the same muscles; and ¢) merge of TPEF and SHG images for
comparison. Post-surgical images: d) TPEF and ¢) SHG images showing the
laser damage hat is evident over a larger region. ¢) Shows a merged TPEF and
SHG images for comparison. Arrows point to the place of the laser axotomy.
Scale bar 10 um.

The characterization of the damage that can be reported with the SHG technique was
compared with a series of experiments using worms expressing YFP in the body wall
muscles. To be able to properly target the neurons with the laser, the worms were
also expressing CFP in the axons. In all these cases fluorescence, SHG and PSHG
were addressed in the same axotomized region of interest (ROI). Firstly, a large
collateral damage, evidenced by a fracture of a thick filament fiber was produced.
Here, as expected, the lack of fluorescence and/or SHG signal are enough to reveal
damage (see Figure 2.6). Notice that, as shown before [11], other strains with

different muscle labelling strategies could be equally used for this same purpose.
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Control Axotomy

Figure 2.7: Comparison between PSHG and fluorescence for the muscle
damage assessment after the axotomy, medium collateral damage.

Before the axotomy: a) TPEF image of YFP marked muscles and axons; b) SHG
image of the muscles in the same region. After the axotomy: ¢) TPEF reveals a
successfully cut axon showing a gap that interrupts the continuity of the axon.
No other damage is apparent; d) SHG image of the body wall muscle shows the
change from SB to DB structure of the sarcomeres. PSHG analysis: ¢) Post-
surgical pixel-resolution mapping of fsyg at the muscle (color bar in degrees); d)
Osng (meant1 standard deviation) for the muscles in the region surrounding the
cut and in the control region (white squares). The control region was selected in
the adjacent muscular cell far away from the axotomy. Unpaired two tailed ¢- test
(n = 200 pixels for both sets) yields p<0.001 (****) meaning that Os;g mean is
significantly different between the two regions. Arrows point to the place of the
laser axotomy. Scale bar 10 pm.

Then, a reduced collateral damage in which no evident muscle fiber is broken was
selected. In this case, TPEF from the axons (CFP labeled) reveals a successfully cut
showing a gap that interrupts the continuity of the axon. However, fluorescence from
the muscle (YFP labeled) structure does not reveal any collateral damage. In
contrast, SHG imaging shows, as in Figure 2.3, the appearance of Double-Band

structure in each of the thick filaments around the axotomized region (see Figure

2.7).
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Control Axotomy

Figure 2.8: Comparison between PSHG and fluorescence for the muscle
damage assessment of after the axotomy, minimum collateral damage.
Before the axotomy: a) TPEF image of YFP marked muscles and axons; b) SHG
image of the muscles in the same region. After the axotomy: c) TPEF reveals a
successfully cut axon, in the shape of a gap that interrupts the continuity of the
axon, but no other damage is apparent; d) SHG image of the body wall muscle
shows a small signal decrease at the targeted point on the axon. No other change
or structural transformation is evident. PSHG analysis: ¢) Post-surgical pixel-
resolution mapping of myosin fsyg at the muscle (color bar in degrees); d) fsyg
(mean=+l standard deviation) for the muscles in the region surrounding the cut
and in the control region(white squares). The control region was selected in the
adjacent muscular cell far away from the axotomy. Unpaired two tailed t- test (n
= 200 pixels for both sets) yields p>0.05 meaning that fsyg mean is not
significantly different between the two regions. Arrows point to the place of the
laser axotomy. Scale bar 10 pm.

Upon analysis with the PSHG technique (unpaired two tailed z- test (n=200 pixels for
both sets)) we found that the region around the axotomy revealed significant
differences (p<0.001 (****)) when compared to an intact sarcomere region. Finally,
we proceed to analyze a region where TPEF from the axons (GFP labeled) reveals a
successfully cut axon, in the shape of a gap that interrupts the continuity of the axon,
but no other damage is apparent. Here a highly confined (within a few pixels)
decrease of SHG signal near the axotomized neuron was observed (see Figure 2.8).
In this case, there was no Double-Band structure being produced and our PSHG
analysis (unpaired two tailed #- test (n=200 pixels for both sets)) did not find any
significant difference (p>0.05) with intact tissue. This suggests that no damage has
been produced or that this has been propagated in a negligible way after the axotomy

procedure, as it is the case of Figure 2.5.
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Table 2.1: Successful axotomies and associated damage assessment

techniques.
PSHG: revealed NO Myosin
NO . ‘
modification
apparent
3
damage : __
PSHG: Revealed myosin modification
12
9
. Successtul Confocal, TPEF: damage is revealed
Experiments )
axotomies through autofluorescence
33
61
56 Damaged | Transmitted light: observation of long
lasting bubbles in the cuticule
44 4
SHG: lack of the characteristic SHG
signal in muscle due to fiber disruption
44

Table 2.1 summarizes the total number of successful axotomy experiments and the
techniques used for the damage assessment. The potential structural damage on the
muscle cells in the “NO apparent damage” set of results could only be done with
PSHG imaging. This means that the 9 experiments that show disruption of the SHG
signal, and potential damage in the muscular nano-organisation, would have been

overseen without the use of this technique.

2.5 Discussion

In this study we employed a MHz femtosecond laser oscillator to precisely sever
axons of C. elegans D-type motoneurons. The axotomies were recorded in real-time
(i.e. during the axotomy process) using a set of linear and nonlinear imaging
techniques implemented in a multimodal microscopy workstation. Pre- and post-
surgical high resolution images were used to further assess the collateral damage

caused to the surrounding tissues. TPEF and SHG provided the anatomical
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references to precisely locate the laser spot on the target axon. SHG and PSHG
microscopy were used a posteriori to determine the collateral damage inflicted to the

muscle whereas laser transmitted was used for the damage assessment of the cuticle.

Laser axotomy and multimodal imaging were performed on 61 different axons. Of
these, 56 resulted in a successful cut, with or without some degree of collateral
damage. As we set the power of the laser close to the threshold for axon cutting,
smaller and more confined collateral damage was produced. The typical sizes of
collateral damage ranged between 1 and 3 microns if fluorescence was used for the
assessment (with some exceptions as the one in the Figure 2.6 that extended over 10
microns). SHG images reported damages from small punctures sizing less than a
micron up to 10 microns when the sarcomere fibers were cut (see Figure 2.6). In both
cases the lower limit of detection is given by the resolution limit of the employed

methods (close to 0.5 microns in confocal, TPEF and SHG).

The variation in induced damage is inherent to the fact that the technique is applied
to a biological sample. Each worm used in the experiments, although carefully
selected and synchronized, is different and can be positioned in different ways,
causing, therefore, different types of errors and different degrees of efficiency of the

cut (and induced damage).

This is also why an efficient and versatile tool for collateral damage detection is
needed. By the use of our multimodal imaging tool we were able to identify that in
~20% of the cases (12 neurons) no collateral damage whatsoever could be detected.
It is interesting to note that by using only increased autofluorescence (widely
accepted metric) as an indicator of damage, this number would have been ~54% (33
neurons). In such a case, this would not account for the minute damage produced
along the axial extension of the focused beam and, therefore, its effects in the cuticle

and/or the body wall muscles that do not show up as autofluorescence.

Previous collateral damage studies have been done based on: 1) axonal regeneration
speed and efficiency [5][12], ii) distance between the sealed axon endings and
monitoring of the muscle damage using a fluorescence reporter [11] and iii) the
behavioural mechanism associated with a certain kind of neurons [20]. Methods that

rely only on the generation or the suppression of the fluorescence do not discriminate
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between different tissues and can be affected by other fluorescent phenomena
associated to the axotomy, such as axoplasm spilling and autofluorescence generated
by stimulation of the cells [4]. The other methods, however, do not provide a direct
visualization, do not detect minute collateral damage caused to the surrounding
tissues nor are strong and robust indicators of the induced cut (such is the case of the
distance between sealed axons as this varies with natural retraction of the axon tips

during surgery).

Likewise, in regeneration studies, the effectiveness of functional reconnection of
both axon endings could also be biased by having damage in the surroundings of the
axons and possibly interfering with media guidance cues. On the other hand, the
methodology here described results in a precise way for assessing this damage that is
independent from any post-surgical factors. It includes a stringent quantitative
criteria based on observation of the several indicative factors of collateral damage
such as 1) induced autofluorescence in the borders of the target area or in neighboring
tissues, ii) cuticle damage, iii) muscle modification and iv) cavitation bubbles. This
could be used in a wide range of biological applications in which in vivo damage
assessment after laser nano-surgery is required, including neuronal regeneration

studies.

Furthermore, in this work we have introduced, for the first time, the SHG imaging
technique for determining collateral muscle damage after axon surgery. SHG/PSHG
allows inferring the muscular structures at the molecular level (myosin) [21][22] and
has, therefore, the potential to reveal minute collateral damages to the muscle.
Although the relevance of these minute damages is not obvious for the axon
regeneration process, this study presents a quantitative method that would allow a

proper assessment of such influences.

In our experiment we have observed several different changes induced to the
muscles: punctures in the muscle, reduction in SHG signal and change of the
muscular fibre structure. Punctures are the result of direct collateral damage induced
to the muscle mediated by the same physical mechanisms responsible of the axon
dissection. In the case of a reduction of the SHG signal with no transition from SB to

DB, our PSHG analysis revealed that there is no damage of the muscle at the myosin
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level (as this is the molecule generating the SHG signal). On other hand, when SB to
DB conversion happens, this can be easily quantified with the PSHG technique. This
suggests that there is an important impact on the myosin structure due to the

axotomy.

Finally, structural changes such as a wave-like pattern appearance and SB to DB
conversion have been seen to also occur together with a strong stretch/contraction of
the muscle [4]. Previous studies have related the change from SB to DB pattern to
chemical degradation of ex vivo samples [23] and laser induced photo-damage [24].
In this work, we employed living C. elegans, indicating that this conversion is not
related to fixation chemicals. Also, the laser powers employed for non-linear imaging
were set to the level considered safe [25]. Therefore, both simultaneous SB to DB
conversion and wave-like pattern formation can be seen as a side effect of the

localized high-power laser irradiation employed to cut the axons.

Our results show that femtosecond pulses from our mode-locked laser oscillator can
be effectively used to perform high precision neuron surgery in vivo with controlled
collateral damage. The beam had an average power of 90mW (an energy per pulse of
1.2nJ) which are focused with an objective lens of 1.4 NA. This corresponds to a
peak intensity of approximately 3x10'*W/cm?. Under these conditions, the ablation is
mediated by dissociative effects of the generated low plasma density, in conjunction
with photochemical effects into the irradiated volume. It was shown that in this
regime, smooth nanometer-scale dissections can be obtained [1][26][27]. Moreover,
we can assume that the maximum damage is confined to the volume where the
plasma is created. In our case, considering the theoretical estimations of the PSF of
the focused beam with our experimental parameters we obtained a plasma
distribution with dimensions 222 nm transversal and 613 nm axial. Therefore, even if
the laser is perfectly focused at the axial center of the axon, damage in either cuticle
or body wall muscles is expected, as can be seen in Figure 2.1. Furthermore, a small
mistake on the axial positioning of the laser scalpel will be revealed as an increased
damage whether in the muscle or in the cuticle. Fortunately, our method is capable to
detect and account for any of these effects by using the proposed multimodal damage

assessment technique.
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2.6 Conclusion

This study shows that femtosecond pulses from a mode-locked laser oscillator can be
effectively used to perform high precision nanosurgery and provides an alternative
approach for a practical and comprehensive damage assessment. This method has the
potential to be used in most neuronal structures in C. elegans since there are many
cases where different neuronal processes (not only axons but also dendrites) have
neighboring muscles and cuticle. Most head neurons in C.elegans such as the sensory
neurons, for instance, that make up a high percentage of the neurons in this model
organism that are thoroughly used for behavior studies, are highly attractive
candidates due to their strategic position around the pharynx, a big muscular
structure that can be easily visualized using SHG microscopy. The application of the
above mentioned techniques can be extended to other biosamples containing
different endogenous sources of SHG (myosin, collagen, microtubules, etc.). The use
of combined imaging techniques in one imaging set-up is an unconventional
approach to in vivo studies of different structures and tissues that can prove to be an

extremely valuable tool to the examination of induced damage by laser surgery tools.

Experiments from Figure 2.2 to Figure 2.4 were carried out by Manoj Mathew and

are included here for completeness.
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Chapter 3: Towards a reliable and simple device
for axon regeneration screening for
applications in drug testing: preliminary results
on Citicoline

3.1 Introduction

In the last chapter, a method to obtain highly localized femtosecond laser ablation
that can be used to dissect single nerve fibers within the body of a C elegans was
presented. When properly optimized (using multimodal microscopy) this method
induce minimum damage to the tissues surrounding the cut axon. Particularly, when
cutting D-type motoneurons it was shown that damage can be controlled even at the
level of the molecular structure of the myosin of the muscle cells adjacent to
axon [1]. Yanik et al. were the first to demonstrate femtosecond laser surgery in C.
elegans dissecting axons within the body of the worm [2]. They have found that by
dissecting the entire set of the D-type motorneurons worms lose the ability to move
backwards. Chung et al. performed experiments snipping thermosensory neurons
[24]. They found that cutting the dendritic branch of these neurons was equivalent to
killing the entire neuron, confirming that the thermosensory apparatus is localized in
the dendritic tip. In the same experiment, they showed also, that cutting individual
nerve fibers within the dendritic bundle apparently do not affect the adjacent
processes close as 500 nm away. Detailed analysis of neuron interaction such as the
above example, demonstrates the power of single cell femtosecond laser dissection
within the simple neural system of C. elegans. Most importantly, Yanik et al. found
that after some time, some of the severed neurons were able to regrow the cut axons
and restore the nerve function [2]. These seminal findings opened up a new range of
possibilities for exhaustive genetic and molecular studies of in vivo neuronal
regeneration. Some of these studies are based on the use of mutant worms lacking
their normal neuronal regenerative ability. This has resulted in the identification of
the role of several genes in regeneration [3,4]. In spite of all this, the essential
question of this biological model is if it is relevant as compared to human biology. A
direct comparison between the different mechanisms leading to axon regeneration in
C. elegans and those in vertebrate models is still not possible because these

mechanisms are not well understood. Fortunately, some factors that regulate axon
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regeneration in C. elegans have been found to play similar roles in vertebrate
neurons [5]. Then, this model organism would become an important tool to identify
the conserved mechanisms of axon regeneration. Among the multiple applications of
this model, chemical screening for drug testing and is one of the most promising.
Particularly, the screening of molecules that can enhance axon regeneration in C.
elegans could be the first step in the development of new therapies for the treatment

of brain injury and degenerative diseases in humans.

Citicoline, or, cytidine diphosphate-choline (CDP-Choline) is a small molecule that
is an essential intermediate in the biosynthesis of structural phospholipids of cell
membranes [6]. Different studies have shown its many benefits for medical uses.
Beneficial effects have been reported in various central nervous system injury
models and neurodegenerative diseases [7]. Other studies have reported the
neuroprotective effects of Citicoline such as the prevention of neuronal
degeneration [8], the prevention of memory impairment [9] and the enhancement of
the cognitive performance of healthy subjects [10]. In contrast, recent studies pointed
out that Citicoline is not efficacious in the treatment of moderate-to-severe acute
ischemia in humans [11]. Despite these many studies, the exact mechanisms through
which Citicoline operates are not fully understood. In order to better understand the
effects of this drug at a cellular level, but still in a living, fully functional organism,
we present the use of a very simple model of neuronal injury. This is done by
performing laser axotomy in C. elegans. This will enable to study the effects of this

small molecule in the process of axonal regeneration in the worm.

C. elegans is an organism model that is ideal for pharmaceutical testing. It is a
sophisticated multicellular animal with many different organs and tissues: muscle,
hypodermis, intestine, reproductive system, glands, and a nervous system. Also there
is a large collection of mutants and large-scale high-throughput screening of many
chemical species is enabled thanks to its prolific progeny yield. Besides, several
studies revealed a strong conservation in molecular and cellular pathways between
worms and mammals. Actually, comparison of the human and C. elegans genomes
confirmed that the majority of human disease genes and disease pathways are present
in C. elegans [12]. Nevertheless, C. elegans model has some important limitations.

First, some molecular pathways are divergent between worms and humans, and
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therefore cannot be studied. Secondly, these models do not recreate the complete
physiology of the human cellular structures, limiting the reach of the obtained
results [13]. Despite of these limitations, C elegans are the ideal tool to bridge the
gap between in vitro and preclinical (mice) assays, providing a tool for fast and cost-

effective high-throughput technologies.

In this work, we have built a device and developed a protocol to score the effects of
Citicoline in the process of spontaneous axon regeneration of D-type motoneurons in
C elegans. To our knowledge this is the first time Citicoline has been tested for

neuroprotective effects in invertebrate animal models.

3.2 The microfluidic-based worm immobilization
setup

Microfluidic device Custom-made
holder

Qutlet

Figure 3.1: Design of the microfluidic-based immobilization setup.
Figure a) shows the original design in Corel Draw, and b) show the final
microfluidic setup mounted on the microscope.

The high mobility of animals like C. elegans requires their immobilization for
imaging and manipulation of cellular and sub-cellular features required for the
different studies. This is normally done by combining mechanical pressure and the
use of anaesthetics during the sample preparation [14]. In this approach, worms are
picked form growth plates and put on a thin freshly prepared agar pad that is further
enclosed and sealed between two cover glasses. Agar helps to distribute the pressure
uniformly along the worm body and keeps the sample hydrated. Usually the
movements of the worm are highly restricted just by making this preparation, but
anaesthetics are employed if full immobilization is required. The problem of this
preparation for repetitive, sequential or long-time measurements is that worms have
to be removed from the preparation and mounted again for the next step, or for

recovery stages. In this process worms are easily lost or injured during the sample
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disassembly [15]. Additional problems may arise by the use of chemical anaesthetics
such as sodium azide (NaNj3), levamisole and tricaine/tetrimisole. Side-effects of
these products on are unknown, detrimental or uncharacterized [16,17]. Mainly due
to these reasons, other approaches to restrain the movement of the worms were
suggested. Immobilization by freezing or heating the worms [18,19], and using
microbeads [20] are some of the more recent ideas. Other options available include
various microfluidic lab-on-a-chip possibilities like compressing worms by air or
CO2 [21,22]. These approaches made possible numerous applications for high-
throughput screening using a variety of small animal models [23]. Microfluidic
approach is very interesting as it permits to customize the design to the particular
needs of each experiment. Here we produced a simple microfluidic device using soft
lithography, to immobilize C. elegans in order to perform studies on axon

regeneration.

3.2.1 Fabrication

Microfluidic devices were fabricated in polydimethylsiloxane PDMS (Sylgard 184,
Down Corning) using soft-lithography techniques. The device was designed in Corel
Draw™; chrome masks were prepared by Leicrom(Barcelona, Spain). Masters were
fabricated on silicon wafers using SU8-25 (MicroChem) photoresist with 41, 56 and
68 um tall features and treated with chlorotrimethylsilane. Masters were molded into
PDMS with the ratio of polymer to cross-linker of 10:1. The devices were bonded to

170um glass cover slips via plasma bonding.

3.2.2 Design

The device has two inlets two for loading/unloading animals, and one outlet to empty
the loading chamber (flushing outlet). The channel was chosen to decrease its width
uniformly in width starting from 100 pm to 10 um at the narrowest part. This will
keep the nematode static before reaching the flushing outlet. The total length of the
channel was set to Smm. This design was inspired in an array of traps previously
reported for parallel imaging and manipulation of C. elegans [24]. A custom-made
device holder was fabricated in order to fit the microfluidic device to the multimodal
microscope. This also helps to prevent the detachment of the PDMS form the glass

while manipulating the device.
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All inlets and outlets were cut with calibrated punchers. Fluids are delivered and
withdrawn via Tygon tubing connected to the device with metal pins (Elveflow,
Paris, France). Fluid manipulation is done using manual syringes. To keep/release
the pressure on the channel, inlets and outlet can be manually open/close by using

two way valves attached to the tygon tubing.

e \

Figure 3.2: Sequence of immobilization of a worm within the microfluidic
chip.

Several time frames showing how a worm gets immobilized within the designed
microfluidic chip. Inset show a detail of head of the worm, that are free to move
thanks to the stepped shape of the PDMS channel. Arrows show the position of
the worm at every step. Scalebar : Imm.

3.2.2.1 Operation of the chip

A solution containing young adult worms is prepared and loaded into a 100ml
Eppendorf tube. Immobilization is performed in following steps. First, microfluidic
device is loaded on to the microscope and the micro channel is brought to focus. This
is done by using white light illumination and a camera attached to one of the
microscope imaging ports. Then, M9 buffer is injected trough the outlet to pressurize
and clean the channel for debris and air bubbles. When the channel is clean and free
of bubbles some worms are loaded form the tube to a syringe and injected trough an
inlet port. Pressure is carefully applied until a worm is observed within the field of
view of the microscope. Once the worm reaches the narrower part of the trap the
pressure is continuously decreased until a full immobilization is achieved. This
normally happens when the channel is totally blocked and no more pressure can be

applied with the syringe. If worm is still moving, negative pressure can be applied
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form the outlet using a separate syringe. Finally, valves of inlets and outlet are closed
to preserve the pressures inside the channel. Figure 3.2 show several frames of a
sequence of worm immobilization using the aforementioned procedure. This figure
also illustrates that the width of the channels decrease in discrete steps rather than
continuously. This is because the resolution of the chrome masks employed to
produce the SU-8 mold was not enough to reproduce the continuous ramp originally

designed (Figure 3.1(a)).

Axon imaging and/or axotomy can be now performed if the worm is lying on the side
where most of the axons are located, otherwise, imaging is affected by scattering and
neurons could not be well visualized. In such case, the nematode is loaded back to
the inlet tubing and discarded. Later, when the imaging /surgery is finished worm is
carefully sucked out of the chamber using same syringe by following the worm with
the camera. When the worm is already in the plastic tubing attached to the syringe,
the metal pin is detached from the chamber and the worm is released to a plate of

NGM for recovery.

3.2.3 Characterization of the device
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Figure 3.3: Characterization of the microfluidic immobilization device.

a) Frequency vs Duration of the time intervals where the worms remain still
after being immobilized for three devices with different heights. Five worms
were scored for movements during two minutes for each of the three devices. In
b), lifespans of microfluidically-immobilized and control populations is shown.
The mean lifespan of the immobilized population was 12.6+ 4.6 days, and the
mean lifespan of the control population was 14.6+4.0 days. The number of
worms employed for both immobilized and control populations is 30.

Worms are immobilized in our trap by restraining their movements using a wedge-

shaped channel. Besides, the observation of axon regeneration requires that worms
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remain healthy after being immobilized. First, to assess the “trapping” capability of
our microfluidic we measured the time intervals in which the worms remain still
inside the channel during a total interval of two minutes. This is a time interval much
longer than the required for axotomy, then we can evaluate the trapping capability in
a wide window . We did this for devices with different channel heights to find the
optimum value. Results are shown in Figure 3.3(a). As the average time required to
perform the surgery is about 15s, according to the figure devices with of 53um and
39um height are suitable for our experiments, as they present movement-free
intervals equal-or-longer than the required for axotomy. Nevertheless, we have
observed that within the shorter channel worms look a bit over-squeezed even when
they are in the wider 100um section. Therefore, we kept the device with a channel of

53um height for our experiments.

Second, we perform an experiment in order to evaluate the effects of the proposed
immobilization in the lifespan of the worms. The results are shown in Figure 3.3(b).
We found a slight decrease on the lifespan of the worms subjected to microfluidic
inmobilization compared to the control, from 14.6 to 12.6 days. This would be
related to the increased roughness of our devices that may affect the cuticle of some
of them in their transit trough the narrower part of the channel. Small wounds to the
cuticle has been reported before to reduce slightly (10%) the statistics of the lifespan
of C elegans [25]. Besides of this, we consider that this minor reduction is negligible
as compared to the potential damage to the animals and the high rate of incidental

loss of animals related to the use of standard agar-anesthesia preparation.
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3.2.4 Citicoline toxicity
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Figure 3.4: Citicoline toxicity assay on C elegans.

Lifespans of worms exposed to a high dose of Citicoline(200mg/ml) and control
worms. The mean lifespan of the Citicoline-exposed population was 12.1+ 4.6
days, and the mean lifespan of the control population was 13.0+5.8 days. The
number of worms employed for both immobilized and control populations is 52.

Citicoline has been shown to have very low toxicity as well as very minor side
effects in animals and humans [26]. On the other hand, to our knowledge, there are
no studies of the effects of Citicoline in invertebrate models, particularly C. elegans.
Besides, it is well known that the mode of penetration in these animals is a variable
combination of limited diffusion through the cuticle and ingestion. C. elegans are
surrounded by a thick cuticle that is a physical barrier to the penetration of
molecules, and, therefore, to optimize the delivery of the drug to the target neurons
high concentrations of have to be employed. In order to see if this drug is toxic at
high concentrations we performed an experiment where the worms were exposed to
50, 100, and 200mg/ml of Citicoline. Results for the higher employed concentration,
200mg/ml, are shown in Figure 3.4. We found that the lifespan of the worms exposed
to Citicoline as compared to the control population have almost the same lifespan,
12.1 and 13.0 days, respectively, and therefore the drug present no toxicity at the
concentrations employed. We therefore chose to use 200mg/ml as the concentration
of Citicoline for our experiments as it do not harm the worms and it would maximize

the drug intake.

46



3.2.5 Results 2: Laser microsurgery and imaging: axon
cutting and regeneration

3.2.5.1 The multimodal microscope

For this project we use the same multimodal microscopy setup employed for the
chapter related to damage assessment of axotomy . Basically, it is a multiphoton
microscope that was built around a commercial confocal inverted microscope using
Ti:Sapphire femtosecond laser. Both laser sources were coupled through 2 different
input ports in such a way that both the confocal and multiphoton sections could work
independently and simultaneously. This multimodal setup can be used in the linear
and nonlinear regime with a variety of different techniques working in a
simultaneous way. In particular, the nonlinear input could be used for performing the
axotomy while the confocal unit could be used to visualize axotomy and the
collateral damage at the same time. Besides, white light illumination can be
employed to follow the worm inside the microfluidic chip by using a camera attached

to a side port.

3.2.5.2 Worms sample preparation

C. elegans were grown on nematode growth medium (NGM) agar plates using
standard procedures [27]. To visualize the axons used for these studies, we
employed the transgenic strain juls76 [unc-25::gfp] II that express GFP in D-type
motoneurons. When required, and just before the experiments, preparations of worms
in liquid media (M9 saline buffer) were prepared by picking the worms from the
NGM plates to a drop of M9 buffer for cleaning. Then, 10 to 20 worms were
transferred from the drop to a 100ml Eppendorf tubes full of M9 buffer. The

solutions of worms were kept a 20°C until their use.

3.2.5.3 Worms recovery after axotomy

For control worms recovery was made in regular 5 cm diameter NGM bacteria-
seeded agar plates. For the drug testing experiments, Citicoline were dissolved in M9
saline buffer to a concentration of 200mg/ml and vortexed for Imin at maximum
speed. Worms to be recovered are put on regular 5 cm diameter NGM plates. Just
after this, 100ul of the Citicoline solution are spread uniformly over the bacterial
lawn. This preparation results in a drug load per area of 1.6mg/cm’. All plates were

kept a 20°C until their use.
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3.2.5.4 Lifespan experiments

To monitoring survival in C. elegans we prepared populations of synchronous worms
as described in the literature [28]. Test and control populations were transferred to
the bacteria seeded NGM plates. Lifespans of the worms were monitored by
observing each day whether or not the animals moved in response to being touched
with a platinum wire. Worms that did not move were scored as dead. Worms were
removed from the analysis of lifespans if they were lost during incubation. During
the first week following removal of the worms from the device, we transferred the

worms to fresh plates every day in order to separate the worms from their progeny.

3.2.5.5 Axotomy

Axotomies were performed on the commissures of the D-type motoneurons, close to
the ventral cord (~5-10um away). The position of the focal plane for cutting was
found based on simultaneous TPEF imaging of the axon. Axotomies were performed
by parking the tightly focused laser beam on the target point while controlling the
irradiation time with an electronic shutter. For this work, the laser central wavelength
was set to 868nm. We employed a water immersion 25x 1.05NA microscope
objective that focuses the beam to a point spread function (PSF) of full-width-at-half-
maximum (FWHM) dimensions of 0.7 um transversal and 1.5 um axial. The laser
power for cutting was adjusted to fit the optimal encountered with the multimodal
approach described in the last chapter (3x10"*W/cm®. This resulted in an optimal
average power of 130mW (energy per pulse of 1.75nJ). The exposure time for

axotomy was set to 200 ms.
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3.2.5.6 Axon regeneration

Figure 3.5: Patterns of axon regeneration — full reconnection.

A couple of adjacent D-type neuronal axons a) before and b) after laser cutting.
Arrows point to the place of axotomy for axons 1 and 2. Both neurons
regenerated axons, but only axon 2 succedded to fully reconnect to the dorsal
cord.

As explained before we chose the D-type motor neurons in young adult worms as
targets for axotomy. D-type motoneurons receive and provide input on both the
ventral and dorsal side of the body. Their cell bodies are located in the ventral cord,
and they extend circumferential axons towards the dorsal side where they form
synapses to body muscles. This fact makes these axons ideal for our experiments as
they are well isolated and can be identified and recorded using any type of

fluorescence microscopy.

The experiments reported in this section were carried out as follows. A solution
containing synchronized worms was prepared in a 100ml tube. Then, worms were
loaded one-by-one into the microfluidic device for immobilization. Laser axotomy

was performed once the worm was loaded and stabilized into the channel and no
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major movements were detected. Among 3 to 5 axons were then cut per worm. For
this, TPEF microscopy was used to find the commissure of interest and select the
targeted point on the axon. By doing so, a cut efficiency of 100% was obtained.
Worms were then taken off from the microfluidic device and recovered in NGM
plates. The whole procedure of immobilization, imaging and unloading lasted not
longer than 2 minutes per worm (axotomy itself lasted less than 10s per point).
Control and test worm populations were put on regular NGM plates. Test population
was treated in situ with a solution of 200mg/ml of Citicoline that was spread on the
bacterial lawn. After 24h of recovery both sets of worms were loaded again to the
microfluidic device to check for the regeneration using confocal fluorescence

microscopy.

Different patterns of regeneration were observed and scored in both populations.
Regenerating axons either emerge from the cell body or as a continuation of the
proximal end of the severed axon. Figure 3.5(a) show two adjacent axons before the
surgery and Figure 3.5(b) show the axons after the surgery, where arrows indicate the
place where the axotomy was performed. Axon 1 in in Figure 3.5(b) regenerated de

novo from the adjacent cell body, as can be seen in Figure 3.5(c).
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Figure 3.6: Patterns of axon regeneration — long branches

A couple of adjacent D-type neuronal axons a) before and b) after laser cutting.
Arrows point to the place of axotomy. c¢) Both neurons regenerated axons, but
none of them reconnect to the dorsal cord after 24h. Instead, they grew long
axonal processes along worm’s body.

Here some axonal branches can be seen sprouting close by the adjacent cell body. It
is clear also from Figure 3.5(c) that axon 1 did not reconnect to the distal end or to
the dorsal cord. In contrast, axon 2 appear fully reconnected to the dorsal cord by a
thin branch that is connected to the ventral cord appears thinner as compared with
normal distal ends (compare with the distal end of axon 1.). Similarly, another
regeneration pattern was observed where no functional reconnection was achieved.
An example of such pattern is shown in Figure 3.6. In this case two operated neurons
seem to regenerate from their proximal ends and extend long axonal processes along
the nematode body. None of them get to reconnect to the dorsal cord within the set
evaluation interval of 24h. It is apparent, though, that axon 2 is very close to reach a

functional reconnection with either its distal end or the dorsal. It is interesting to note
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that axon 1 show two branches where one of them seem to be directed in the right

direction toward the ventral cord.

Finally, in some cases we observed what is known as “aberrant connection” where
the axon result in a reconnection after the axotomy but the point of connection is
erroneous. Usually this happens when the axon reconnects back to the ventral cord or

to a proximal end of other operated axon.

Figure 3.7: Patterns of axon regeneration — aberrant connections

D-type neuronal axon a) before and b) after laser cutting. Arrow point to the
place of axotomy. c) Neuron regenerated an axon, but made an aberrant
reconnection to the ventral cord.

Figure 3.7 illustrate one of such cases where an axonal branch is generated at one
side of the cell body. The axon extended parallel to the ventral cord of the nematode

and got finally connected to it at some point on the other side of the originating cell

body.

The aforementioned regeneration patterns were observed in both control and
Citicoline-treated worms. Basically most of the cut axons regenerate: 27 axons (90%,

n=30) from the control and, 20 axons (95%, n=21) from the Citicoline treated
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population. We have found also that, complete regeneration was achieved in 7 axons
(26% of the regenerated) from control and, 7 axons (33% of the regenerated) from
the Citicoline-treated population. Finally, the occurrences of aberrant connections
were low in both populations examined. Just one axon per population showed such
behavior, corresponding to 4% and 5% of the regenerated axons for control and test

populations, respectively. As summary of these results is shown in Table 3.1

Table 3.1. Summary of the axon regeneration experiments.

Axotomies | Succesful | Regeneration | Complete Aberrated
Summary
performed | cuts efficiency regeneration | regeneration
30
Control | 30 27 (90%) 7 (26%) 1 (4%)
(100%)
21
Citicoline | 21 20 (95%) 7 (33%) 1 (5%)
(100%)

3.2.6 Discussion and concluding remarks

The first important task of this work was to design, build and characterize a
microfluidic-based immobilization system. We have developed a protocol for
handling the worms in order to deliver and recover the individuals form the
implemented device for axon regeneration experiments. The reliability and viability
of the microfluidic-device were demonstrated as it is able to maintain the worms still
enough as to perform the surgery and to take pre- and post-operation confocal
images, affecting minimally the lifespan of the worms (see Figure 3.3). The second
relevant result of this work was the evaluation of the toxicity of Citicoline on C
elegans. Several different concentrations of Citicoline were employed to evaluate a
dose that resulted toxic to these animals. High doses up to 200mg/ml (approx.

400mM) do not produce any toxic effects as treated worms present normal lifespan
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as compared with control population, Figure 3.4. In order to maximize the drug
intake for the regeneration experiments, the maximum characterized concentration,
200mg/ml, was employed. Previous studies on the effects of small molecules on C
elegans axon regeneration have used concentration of the order of 2-4 mM, where
the worms were treated within a liquid solution [30]. In contrast, for this work, the
drug solution was applied to the bacterial lawn of regular NGM plates that may
require much bigger concentration of the test chemical to be effectively delivered to
the worms [31,32]. The third relevant result of this work is that both the microfluidic
device and the protocol enable to observe and characterize the different patterns of
regeneration that, although reported previously in several communications [4,33],
remained elusive in our experiments due to the low throughput and inefficacy of the
normal sample preparation. In addition, 100% cut efficacy was achieved thanks to
the previous optimization based on multimodal imaging. Several regeneration
patterns were observed without qualitative distinction between control and
Citicoline-treated populations. After axotomy, neurons respond either: regenerating
new axons from either the cell body or the proximal stump, Figure 3.5; growing long
axonal branches, Figure 3.6; and making aberrant connections, Figure 3.7. The
regeneration efficiency was very high for both control and treated populations,
reaching 90% and 95% of the total number of worms, respectively. From these, full
reconnection was observed only in the 26% of the control and in the 33% of the
treated worms. The rest of the regenerated axons did not reach the dorsal cord within
24h post-axotomy, and a minority made aberrant connections. A qualitative analysis
of the results points to a better performance of the axon regeneration in the
population treated with Citicoline. Nevertheless, the results are not conclusive due to
the impossibility to perform a statistical test on the presented data to evaluate level of
significance of the regeneration enhancement produced by Citicoline. In spite of this,
the proposed methodology opens up a wide range of possible experiments that would
help to reliable assess the performance of Citicoline in in vivo invertebrate animal
models. Measurement of the many different parameters like area of the growth cone,
length of the axonal branches and time lapse experiments at different time
resolutions would help to better evaluate the effect of the drug to axon regeneration.

Additional elements and compartments would be added to the design of the
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microfluidic chip in order to allow the recovery in situ. This would increase the
reliability of the procedure for dynamic studies of axon regeneration as the many
cycles of load-in take-out required for imaging can be avoided. Finally, different
ways to supplement the drug would help to better understand the molecular
mechanism leading to an enhanced regeneration. Treating the worms with the drug
before, after and before-after the operation can result in a way to discern if the drug

works better as a neuro-protective or as a neuro-repairing agent.
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Chapter 4: Laser photodisruption and of two-
photon excitation fluorescence microscopy in
human crystalline lenses

4.1 Abstract

A Ti:Sapphire femtosecond (fs) laser source was used to produce photodisruption on
a number of excised human crystalline lens samples. A high numerical aperture
(NA=1.05) microscope objective having a large working distance (2.0mm) was used
to focus the light onto excised crystalline lens samples. Under these circumstances,
the modification generated on the crystalline lens was highly localized and almost
transparent. However, the damaged region showed autofluorescence that could be
visualized by means of two-photon excitation microscopy using the same laser

source

4.2 Introduction

Presbyopia is an age related condition in which the lens of the eye loses the
capability of accommodation, which is achieved by the action of the cilliary muscle
on the zonular fibers attached to the crystalline lens. It is usually accepted that when
the cilliary muscle relaxes its diameter increases, pulling from the zonular fibers and
reducing the power of the crystalline lens by making it flatter. On the contrary, when
contracting, the inner diameter of the cilliary muscle becomes smaller, releasing
tension from the zonular fibers allowing the lens to change to a thicker, rounder

shape [1].

It is also most widely accepted that presbyopia appears due to a process of sclerosis
of the crystalline lens. This process is continuous and steady through life, and can be
detected in the early years of childhood. In adulthood, sclerosis translates into loss of
flexibility of the crystalline lens and, as a consequence, the subject cannot focus on
near distance objects. By age 60, virtually 100% of the population is affected by
presbyopia [2].

Many different options for treatments of presbyopia have been suggested to date. The
most common approach consists on the use of optical elements that allow the subject
to focus on multiple distances, such as bifocal, multifocal and progressive addition

lenses and multifocal contact lenses. A wide range of surgical solutions have been
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suggested to minimize the effects of presbyopia [3], such as crystalline lens
replacement by multifocal intraocular lenses, intracorneal inlays and anterior ciliary
sclerotomy [4—7]. Also, great advance has been reported on laser surgery for
multifocal correction of the cornea [8—10]. Another approach to minimize the impact
of presbyopia on the subject’s day to day life is monovision. Under this approach one
eye is corrected to focus on short distances and the other on the farther ones. This
correction can be achieved either using contact lenses or laser surgery. Monovision
relays on the brain capabilities to ignore the image of the eye that is blurred in favor
of that on focus according to the needs of the patient. In this option there is a clear

impact on depth perception since binocularity is lost [11,12].

All the treatments described above focus on minimizing the effects of presbyopia on
the patient, but do not provide a cure for it. None of them can restore the flexibility

of the crystalline lens that is lost over time.

A novel approach that aims at restoring flexibility lost with age in the crystalline lens
has been reported. This treatment is referred to as laser lentotomy, since a laser beam
is used to modify the internal structure of the crystalline lens producing controlled
and localized photodisruption on the tissue. This allows more relative motion of the
internal structure of the lens increasing its flexibility [13]. Studies have been
published on the safety of the technique on animal models showing no evidence of
cataract, changes in overall transmittance of the lens or other safety issues related to
the treatment [14]. The studies also characterized the damage generated in the tissue
describing a structure of intraocular bubbles on the areas where the laser beam was
focused. These bubbles coalesced unless the damage of the laser was spaced enough
and a certain pulse energy threshold was not reached. These effects of the treatment
may compromise the optical quality of the lens affecting the image of an object on
the retina. Further studies have extended this work to excised human crystalline
samples, reporting changes on their flexibility [15,16]. Finally, in vivo experiments

have been performed on animal models [17].

Fs laser oscillators are widely in photodisruption since they can help minimize
thermal damage. Under high NA focusing conditions, their high pulse intensity

allows for high localization of damaged volumes, while keeping the mean power
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low [18,19]. In addition, their short pulse duration (low energy) avoid thermal build
up reducing the effects on the tissue due to photodisruption [20]. The use of these

laser sources improves efficiency, accuracy and safety of the procedure.

Photodisruption has been used before to modify different types of biological tissue,
e.g. skin, sclera, cornea and retina, to name a few, and the use of a range of different
infrared (IR) pulsed laser sources in the field of ophthalmology is very wide. They
are used in photocoagulation for the treatment of diabetic retinopathy [21-24],
corneal flap generation for refractive laser surgery [25-27], intrastromal laser
surgery [10], and capsulotomy [28,29]. Also, other research applications are being
developed, such as chicken cornea ablation [30], and modification of excised cat

cornea and lens [31-33].

It has been observed that subproducts that are generated as a result of
photodisruption in different kinds of biological tissue can modify two photon
excitation fluorescence (TPEF) signal [34]. An increase on the auto fluorescence
signal has been observed in different kinds of biological tissue that have been treated

using photo ablation [35-38].

In the work presented here, we extend the application of photodisruption using fs
lasers to studies on human crystalline lens samples, by adapting the parameters of the
delivered fs pulses in order to minimize the volume of damaged tissue. The main
objective behind this approach is to optimize photoablation parameters, minimizing
any effects that cavitation bubbles could have on the visual performance of the
patient. Advances in this direction could have a great impact in a future
implementation of lentotomy for the treatment of presbyopia. Since small effects of
photoablation can be difficult to observe on the human crystalline lens, this work
also shows the capability to use two-photon excitation fluorescence (TPEF)
microscopy to visualize with improved contrast the effect of photodisruption on the

samples [39].
4.3 Methods

A Kerr lens modelocked Ti:Sapphire femtosecond laser source (Coherent Inc., USA)
was used in these experiments. The source generated a beam with a repetition rate of

76 MHz, 800nm wavelength, and pulse width below 150fs.
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The fs laser beam was coupled into a modified Eclipse Ti-E microscope (Nikon
Corp., Japan), equipped with a water immersion, high numerical aperture (NA=1.05)
and long working distance (2.0mm) microscope objective (Olympus Corp., Japan),
which is optimized for infrared light. Coupling of the beam to the microscope was
performed through a set of two scanning mirrors, that allowed to sweep the focused
beam on the sample to generate the images [40]. This workstation is capable of
different simultaneous high-resolution linear (confocal, DIC, laser scanned
transmitted light and wide-field, fluorescence, etc) and non-linear (TPEF, second and
third harmonic generation), imaging techniques, but it is also capable to modify the
sample by means of photoablation or photodisruption, depending on the exposure

parameters and the sample itself.

In order to generate photodisruption, the average power delivered to the sample was
240-280mW, which corresponds to a pulse energy of ~3.5nJ. For imaging purposes,
a motorized neutral density filter was placed in the path of the beam so that the
average power was reduced to ~24mW on the sample plane. This configuration
allowed changing from imaging to ablating configuration with ease, by just removing
the motorized ND filter. Thus, the procedure for data acquisition consisted on
imaging the sample to determine the region to be treated, changing to ablating
configuration by removing the motorized ND filter, performing photodisruption after
choosing the desired geometry, and finally going back to imaging configuration to
obtain images of the treated area for characterization purposes by repositioning the
motorized ND filter on the beam path. This whole procedure was performed in less

than a second.

In order to control the geometry of the photodisruption pattern on the sample, two
different scanning configurations were available. On the first one, the two
galvanometric mirrors used to scan the beam and generate the images, were
controlled to sweep the fs laser beam over the sample following a chosen geometry,
usually a straight line. The speed at which the laser beam was scanned over the
sample could be changed very precisely so that the amount of energy transferred to
the tissue could be controlled. Sweeping the beam slowly allowed for more laser
pulses to hit a particular point in the sample, building up the energy delivered on that

point. On the other hand, sweeping the beam at faster speed reduced the number of
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pulses and energy delivered. This method limited the size of the ablation pattern to
the field of view of the system. An additional scanning system used a translation
stage to move the sample around, which allowed for generation of much larger
photodisruption patterns, comparable to the size of the whole crystalline lens

itself [41].

Sample preparation and manipulation was performed in two different ways. In a first
approach, the crystalline lens was completely removed from the ocular globe, and
placed on a glass bottom petri dish suitable for microscopy. The petri dish was filled
with balanced salt solution (BSS) to keep the sample hydrated. There was no fixation
of the lens other than the pressure of the weight of the lens itself on the petri dish.
This first approach was mainly intended to minimize complications related to the
manipulation of the whole ocular globe, and to determine the most appropriate

parameters for both, image acquisition and photodisruption.

On a second stage, and once these parameters had been determined, the crystalline
samples were treated when still inside the ocular globe. To ensure that the working
distance of the microscope objective was enough to treat the sample, the cornea was
removed before the experiment, along with the rest of the anterior chamber,
including the iris, leaving the crystalline lens exposed. The remaining ocular globe
was then placed on the petri dish and secured using a plastic ring that minimized
motion. BSS was also poured on the petri dish to keep the exposed area of the lens

hydrated.

We studied lens samples from 6 donors with a mean age of 81 years (range 71 -

88).The samples were treated within 3 to 5 days post mortem.

4.3.1 Ethical issues

As already stated, excised human crystalline lens samples were used on this study.
Samples were provided by the Eye Bank for the Treatment of Blindness of the
Centro de Oftalmologia Barraquer, in Barcelona. Samples were obtained fulfilling
the European Commission Directive 2006/17/CE concerning donation, procurement
and control of the tissues and cells of human origin, as well as good clinical
practices. Also, European legislation on Informed Consent 2001/20/CE was

considered when obtaining these samples.
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4.4 Results

Bright field, transmitted light and TPEF microscopy images of several human
crystalline lens samples were generated using the system described in the previous
section. Images of tissue at depths of up to 1.5mm where generated before and after

photodisruption.

Figure 4.1:TPEF images of the epithelium of a human crystalline lens
sample.

TPEF of samples obtained before (left) and after (right) performing laser
ablation. Images are 125x125 pm

Figure 4.1 shows two TPEF images of the same area of the epithelium of a human
crystalline lens sample before and right after photodisruption was performed on
them. Before photodisruption, the image shows autofluorescence signal detected
from the tissue itself, allowing for the identification of epithelial cells. After
photodisruption, strong autofluorescence signal is detected on the surroundings of the
volume exposed to the high power fs laser beam. From the images, a two fold
increase in the signal to noise ratio (SNR) of autofluorescence from damaged tissue
was calculated compared to that from epithelial cells. These images show that TPEF
microscopy is a suitable technique to determine with high contrast the volumes of the

tissue that had been affected by photodisruption.

These changes in autofluorescence generated by photodisruption and detected by
means of TPEF microscopy were studied at different depths and on different samples
in order to characterize them. Also other imaging techniques (namely bright field and
transmitted light) were used to generate images of the same areas of the tissue, for

comparison purposes.
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b. Transmitted Light
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Figure 4.2: Images of the same crystalline lens sample obtained by means of
different imaging techniques at different depths

Each column shows images from different depths: (i) surface of the crystalline
lens (epithelium), (ii) 300pm, (iii) 500um deep, and (iv) 1000pm deep. Each row
shows images obtained by means of the same technique: (a) bright field images,
(b) transmitted light, and (c) TPEF. All images are 125x125um in size.

Figure 4.2 shows some images obtained from a particular sample of human
crystalline lens tissue by means of different techniques and at different depths. On
the surface of the crystalline lens, epithelial cells are clearly visible on bright field
and transmitted light images. Autofluorescence signal is also generated in epithelial
cells, as it can be observed on the TPEF image, however tissue affected by
photodisruption shows a two fold increase of autofluorescence signal compared to

autofluorescence from epithelial cells.

In images of planes at 300 um deep, the structure of the lens fiber cells is visible in
the bright field and transmitted light images, and may not be straight forward to
discriminate from the damage generated by photodisruption. In TPEF images at this
depth, untreated fiber cells did not generate any autofluorescence, and therefore the
background of the image appears dark. However, damaged tissue did generate

autofluorescence, and can be easily identified.
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Tissue affected by photodisruption is difficult to identify on bright field and
transmitted light images at 500pm, since it is very much localized. In the case of
TPEF images for 500pum depth, tissue surrounding photodisruption volume appears

bright over a dark background, making it easy to identify.

Figure 4.3: TPEF image of photodisruption treatment performed on a
human lens tissue sample at 300pm depth.

Photodisruption geometry consisted on two vertical lines using different light
beam energies. Left vertical line was performed at 0.0008J/um, and shows small
cavitation due to heat transfer. The width of the cavitation is ~7um. Right line
was performed at 0.0004J/um, and shows no cavitation. The width of the lesion
in this case is under 1pum. Scale bar is 50um.

For depths at around 1mm, the structure of the lens fiber cells is less apparent on
bright field and transmitted light images, probably due to scattering and absorption of
light in the tissue. For TPEF images (row c) at Imm depth (iv) it is interesting to see
that the tissue that has been exposed to the fs laser beam appears darker than the
surrounding volume, as opposed to brighter signal from damaged tissue over a darker
background that can be observed on TPEF images from shallower planes. This effect
has been consistently observed on the different samples studied. However, the
combination of this increase on the background signal and a decrease in the signal
from treated volumes for the TPEF images, translates once again on an increase on
the contrast between treated and untreated tissue. Therefore, TPEF images prove
appropriate to identify the volumes of the sample that have been treated by means of
photodisruption. In order to reduce to a minimum the volume of tissue affected by
photodisruption the speed at which the beam was swept over the sample was
carefully chosen between values ranging from 0.0005um/s to 0.05pum/s depending on

the depth and the sample itself. Figure 4.3 shows the effect of changing the speed at
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which the laser beam is swept over the sample. Slow scanning generated cavitation
bubbles, extending photodisruption damage to larger volumes. At higher sweep
speeds, fewer pulses were delivered at each point, and the damage was localized on a
smaller volume. TPEF images like the ones shown in Figure 4.3 were used to
determine for each sample and depth the threshold value of light energy for which
photodisruption effects were observed on the sample, but no cavitation bubbles were
generated. This threshold value will be referred to from now on as the heat transfer

threshold.
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Figure 4.4: Value of the heat transfer threshold at different depths for six
different samples.

The value on the y axis corresponds to the minimum energy value applied to the
sample during photodisruption at a particular depth for which bubbles were
observed. Data corresponding to the same sample are connected by a solid line

Figure 4.4 shows the values of the observed heat transfer threshold for several
samples and depths. Great variability has been observed amongst the values of heat
transfer threshold for different samples. This may be related to variability in lens
transparency, cortical cataract and protein presence amongst the different samples
studied, however, no correlation of the heat transfer threshold values with age was

observed.

Despite this variability amongst samples, Figure 4.4 shows a tendency to higher

values of the heat transfer threshold for deeper layers. In the surface, values as low as
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0.0001 J/um were enough to generate cavitation bubbles in the sample, while at 1.0-
1.5mm deep energy had to be increased up to 0.03J/um. Lens transparency is related
to scattering and absorption. These effects may be responsible for lower efficiency in
focusing light into a tight volume, and consequently for increasing heat transfer
thresholds at deeper layers. Other effects, such as optical aberrations introduced by
the lens sample itself, may also affect the performance of the microscope increasing

the value of the heat transfer threshold for deeper layers.

Figure 4.5: Frames of a video that shows the process of photodisruption
performed on a human crystalline lens sample at a depth of 300pm.
Photodisruption was performed by focusing a fs laser beam onto the sample,
while it was moved to different points by means of the translation stage of the
microscope. At a certain point, no more damage is performed on the sample, and
instead some sort of scintillation patterns can be observed. Frame size is
233x186um.

Figure 4.5 shows a video depicting the process of photodisruption performed on a
human crystalline lens sample at a depth of 300um in real time. Photodisruption was
performed by focusing a fs laser beam onto the sample, while it was moved by

means of the translation stage on which the sample was placed, as detailed before.
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The stage moved to different points, and stayed on each of them for 2sec. This time
is long enough to ensure photodisruption on the tissue at that depth, and in fact
formation of cavitation bubbles is observed in between the visible tissue structure,
which is compatible with lens fiber cells. In second 13 of the video, the laser is
focused over a volume of the sample where no photodisruption is generated, and
instead some sort of scintillation patterns can be observed, that may indicate that the
volume is filled with liquid that changes its refractive index due to temperature. This
behavior was observed in a number of samples, at depths from 0 to 300um, and
therefore was considered relevant for this work. These volumes did not show any
regularity in terms of geometrical distribution in the sample, nor did they present an

identifiable shape.

4.5 Discussion and conclusions

The results detailed in the previous section show that laser ablation parameters can
be carefully adjusted in order to minimize the volume of the tissue affected by
photodisruption on human crystalline lens samples, avoiding the generation of
cavitation bubbles. Results also show that TPEF is a very appropriate technique to
study the effect of photodisruption in these samples, since the volumes of the tissue
that have been affected by photodisruption can be easily identified using this

technique.

According to Vogel et al. [20], the pulse energy delivered in the sample plane for the
setup described in this work is not enough to achieve optical breakdown. Although
usually laser ablation is linked to plasma formation due to optical breakdown, other
mechanisms have been reported to modify the structure of the tissue even when only
low density plasmas are generated. These mechanisms are mainly chemical effects
and temperature build-up related to low density plasmas. If this is the case, in the
experiments described above, by changing the speed at which the laser beam is swept
over the sample, the temperature build up would be controlled, subsequently
avoiding the formation of cavitation bubbles in the tissue, and reducing the volume

of tissue affected by photodisruption.

It has also been observed that at depths from 0 to 300um, some volumes were

identified were no autofluorescence linked to photodisruption was observed. These
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volumes seemed to be filled with liquid and did not present any regularity that
allowed predicting their position. These observations may be compatible with the
presence of swollen tissue, which may have appeared due to the process of removal
of the anterior part of the eye, and also to the time that passed from donor’s death

until the experiment was held.

If these liquid filled volumes are not considered, two different regimes have been
observed, with very different results in terms of autofluorescence signal observed
from tissue damaged by photodisruption. The first regime would be that for tissue at
depths from 0 to 500 um, where an increase in the autofluorescence signal has been
observed on tissue damaged by photodisruption. It has been described in the
literature that photodisruption on different types of biological tissue can lead to an
increase in the TPEF signal due to generation of photoproducts, most likely tyrosine
dimerization [30,34,36,42]. These reports are compatible with the results obtained
for laser ablation on layers up to 500um deep. A second regime has been identified at
deeper planes depths from 1000 to 1500 pm, in which a background
autofluorescence signal has been observed, and a decrease on this signal
characterizes the volumes where photodisruption has been performed. It is known
that lens aging is related to accumulation of protein aggregates that absorb and
scatter light. This leads to the characteristic discoloration of aged crystalline lenses,
cataract formation and also the appearance of a number of fluorescent chemical
compounds, mainly due to the interaction of UV light with the lens [43,44].
Researchers have suggested the use of this fluorescence as an indicator for cataracts
that may help on their early identification [45]. Since the human lens samples used in
these experiments come from aged donors, the high background TPEF signal
observed is compatible with the presence of these fluorescent materials. Furthermore,
photolysis of these chemical products by means of a fs second laser source has been
proposed as a method to rejuvenate crystalline lens tissue [43]. Direct
photobleaching as well as multiphoton-ionization of these fluorescent species (e.g.
free electrons released from tryptophan residues) have been described as the physical
mechanisms leading to the chemical deconstruction of these products [46]. These
reports would be compatible with the phenomenon observed in these human

crystalline lens samples for higher depths.
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In conclusion, the use of a fs laser source to efficiently generate precise
photodisruption patterns at different depths of up to 1.5mm inside human crystalline
lenses has been presented. It has also been shown how the parameters of the laser
system can be adjusted to produce either clean micron-sized or broader (bubble
mediated) cuts at each particular depth. Also, TPEF microscopy was presented as an
appropriate tool for the observation of the resulting photodisruption pattern that
allows for a direct high-contrast post-surgical assessment of the procedure, all this
employing the same fs laser source. The work described in this paper could help
develop laser lentotomy by performing photodisruption in a more localized and

controlled manner, as well as using TPEF to assess this damage.
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Chapter 5: Image formation by linear and
nonlinear digital scanned light-sheet
fluorescence microscopy with Gaussian and
Bessel beam profiles

5.1 Abstract

We present the implementation of a combined Digital Scanned Light-Sheet
Microscope (DSLM) able to work in the linear and nonlinear regimes under either
Gaussian or Bessel beam excitation schemes. A complete characterization of the
setup is performed and a comparison of the performance of each DSLM imaging
modality is presented using in vivo C. elegans samples and multicellular tumor

spheroids.

5.2 Introduction

Traditional wide-field optical fluorescence microscopes are proven invaluable tools
that accomplish the most diverse imaging tasks at the cellular and sub-cellular level.
Nevertheless, when the systems (organisms or tissues) containing the fluorescent
structures grow in size and complexity, traditional microscopy methods become
limited or unusable. The main reason for this is that wide-field microscopes detect
both the desired in-focus and undesired out-of-focus light. In a thick sample the high-
resolution information from the focal plane can become “buried” in the blurred light
from the surrounding tissue. The problem is more evident when the task involves
following fast dynamical processes over time, with a limited amount of photons.
That is why having an alternative technique that would allow the observation of fast
events with high spatial resolutions over a large field of view (FOV) is extremely
important. To overcome the problem of out-of-focus light, techniques referred as
Laser point Scanning Microscopy (LSM), such as confocal and multi-photon
microscopies, have been introduced [1]. LSM techniques generate images only from
in-focus light providing intrinsic optical sectioning. Then, by digitally combining a
stack of these images a three dimensional representation of the fluorescent sample
can be obtained. In addition to out-of-focus light, another important issue to take into
consideration when imaging biological samples is the photodamage (photobleaching

and phototoxicity). In LSM techniques, as excitation and collection occurs along the
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same axis, the entire sample is repeatedly irradiated when taking an image stack. As

a consequence, cumulative photodamage is induced within the sample [2].

To overcome such problems, Selective Plane Illumination Microscopy (SPIM) was
proposed [3]. In SPIM, a static sheet of excitation light is produced onto the sample
plane using a cylindrical lens. Then, the fluorescence light emerging from this plane
is collected through a microscope objective (MO) placed along the axis orthogonal to
the excitation sheet. This uncoupling between the excitation and collection branches
provides SPIM with: 1) 2D optical sectioning capability in large fields of view that
does not require point-scanning, and ii) decoupled resolution in the transversal and
axial directions, determined by the collection numerical aperture (NA) and light-
sheet thickness, respectively. Perhaps the most valuable benefit of this technique is
the reduction of the photodamage to the sample, due to the restriction of the
irradiation to the plane under observation [4]. Since it also can provide rapid
acquisition speed, SPIM has emerged as a powerful tool for in vivo time lapse
studies, from single cells to whole organisms and tissues [5]. Even though SPIM has
proven to be a good alternative to conventional fluorescence microscopy methods, it
still holds some drawbacks: 1) a broadening of the light sheet deep inside the sample
caused by scattering and aberrations, ii) the formation of stripe artifacts induced by
absorption and scattering along the illumination axis, and iii) inhomogeneity of the
sheet due to diffraction generated by the limiting diaphragm. Moreover, for having
large FOVs, the depth of field in the cylindrical lens should be increased. This is
achieved by using low NA lenses. However, this also reduces the optical sectioning
capability of SPIM as the thickness (waist) of the generated cylindrical beam is
increased. The balancing between both parameters has to be chosen carefully for the

specimen of interest.

Recently Two-Photon Excited fluorescence Single Plane Illumination Microscopy
(2p-SPIM) was demonstrated for imaging the pharynx of cameleon labelled C.
elegans [6]. The use of two-photon excitation allows better out-of-focus light
rejection, improving the quality of the optical sections and reducing the
photodamage. These improvements rely on: 1) the use of NIR excitation wavelength
matching the optical window of biological samples and therefore allowing less

sensitivity to scattering, better penetration depth, and reduced linear absorption; and
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i1) the nonlinear nature of the absorption in TPEF virtually eliminates the conversion
of the scattered excitation into fluorescence [7]. However, compared to two-photon
LSM, in 2p-SPIM the total intensity of the nonlinear excitation beam is reduced as
the beam is distributed over a plane as opposed to a single point. This drastically

reduces the efficiency of fluorescence excitation.

Another interesting alternative implementation of SPIM (in which the beam is static)
relies on the generation of the light sheet by scanning in one direction a focused
Gaussian beam. This is termed as Digital Scanned (Laser) Light Sheet Microscopy
(DSLM) [8,9]. There are several advantages to this implementation over widefield
SPIM: 1) The full power of the excitation light is concentrated into the single scanned
line providing better illumination efficiency and lower exposure times, ii) Each line
in the specimen is illuminated with the same intensity generating a homogenous
light-sheet, where the height can be easily controlled with the amplitude of the
scanning. Nevertheless the degrading effects of excitation scattering present in SPIM
are inherited by DSLM. Further improvements were reported (Keller et al. [10]) by
combining DLSM (and SPIM) with Structured Illumination (SI), with the aim to
mitigate the blurring effects of the out-of-focus scattered light. In this approach the
sheet is modulated to create sinusoidal patterns over the sample. Digital post-
processing of the obtained images allows for the rejection of fluorescence generated
by scattered excitation light, resulting in an enhanced optical sectioning and
increased contrast. Multidirectional selective plane illumination microscopy
(mSPIM) [11] has also been proposed to reduce absorption and scattering artifacts. In
mSPIM the light sheet is 1) rapidly tilted about the detection axes, and ii) sequentially
directed onto the sample from two opposing directions, providing an evenly
illuminated focal plane. The two images obtained are further combined by digital
image fusion techniques[12]. Notwithstanding, for large and highly scattering
samples, and due to the short excitation wavelength, some of the aforementioned
problems remain: undesired intensity modulations, loss of resolution and limited

penetration depth.

Recently, Truong et al. [13] reported on the use of a scanned light sheet microscope
using TPEF (2p-DSLM) for live imaging of fruit fly and zebra fish embryos. They
show the advantages of using 2p-DSLM for imaging large highly scattering samples
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over the conventional 2p-LSM and 1p-DSLM. Basically, the use of TPEF increases
the penetration depth, improves background rejection and reduces phototoxic effects.
In addition, the line scanning configuration improves the excitation efficiency and
increase the tolerance to aberrations. These advantages allow deep, fast, non-
phototoxic imaging of living organisms. Another improvement that has been
implemented in order to alleviate the deleterious effect of scattering on scanned sheet
microscopy is the use of Bessel beams (BB)[14]. Self-healing properties of these
beams allowed imaging 50% deeper inside human skin when compared with
Gaussian beams. However, as side lobes of the BB normally introduce a certain
amount of background signal to the images acquired, the use of confocal-line
detection should be implemented. Another alternative is the use of high NA objective
lenses to combine BB with both TPEF and SI. This technique was reported in terms
of achieving enhanced isotropic 3D resolutions and was compared to other super-
resolution techniques for imaging intracellular features in single cells in a small field

of view [15].

In this paper we will show how 2p-DSLM combined with advanced spatial shaping
of the beam, by using BB, can be used to improve the optical sectioning, the
resolution and the intensity distribution uniformity of the light sheet in large fields of
view and for moderately large specimens. This is compared with Gaussian beams in
the nonlinear regime and with both Gaussian and BB in the linear regime. We
present results on the system characterization and on imaging living C. elegans. To
the best of our knowledge, this is the first time that 2p-DSLM has been combined
with BB excitation to image multi-cellular organisms. The results are put in to
context (and for reference purposes only), by producing an image stack using a well
demonstrated and optimized SPIM imaging system [16] (in this case working at the
excitation wavelength of 488 nm and having a standard GFP band-pass filter (GFP:
526/39) in the collection path).

5.3 Experimental setup
The optical setup we have implemented is shown in Figure 5.1 The xy plane is
defined as the image plane (plane of interest) of the collection lens, and the z axis as

the direction orthogonal to that plane along the direction where the fluorescence is

81



collected (see the inset of Figure 5.1). In our DSLM system, the excitation beam
propagates along the x axis and the light sheet is generated in the xy sample plane by
scanning the beam along the y direction using a galvo mirror GM. A telescopic
system, composed of a scanning lens SL as well as a tube lens TLE, placed after the
GM is such that 1) the EO back focal plane and the GM axis plane are conjugates and
i1) the effective numerical aperture of the lens EO (10%, NA= 0.3, WD = 16 mm,
Nikon, Japan) is reduced to half its value, i.e., NA=0.15. This last condition is set to
adapt the size of the Gaussian excitation beams to that given by the BB spectral ring.
The collection objective lens CO (10x, NA= 0.45, WD =4 mm) is placed with its
axis orthogonal to the sample plane, along the z direction. A regular tube lens TLC,
providing the objective “design” magnification is used to form an image of the
fluorescent structures onto the CCD sensor (Orca R2, 6.45 um pixel size, 1344x1024
pixels, Hamamatsu). The system can be configured to work in one of the following
four modalities: 1) linear DSLM with Gaussian beams (DSLM-Gauss), i1) nonlinear
DLSM with Gaussian beams (2p-DSLM-Gauss), iii) linear DSLM with BB (DSLM-
Bessel), and iv) nonlinear DLSM with BB (2p-DSLM-Bessel). The main excitation
source for our DSLM system is a Kerr lens mode-locked Ti:sapphire laser (MIRA
900f, Coherent, France), emitting pulses of 160 fs duration, 76 MHz repetition rate

and working at the central wavelength of 860nm.

For the nonlinear modalities the femtosecond laser beam is directly used for
excitation. In these cases, the laser light is injected into the system through a couple
of mirrors mounted on a translation stage S1. For the linear modalities S1 is set aside
allowing the femtosecond-laser beam to enter an alternative optical path where a lens
L1 focus the beam on a BBO Second Harmonic Generation (SHG) crystal (cut at
29.2°, 800 nm). A lens L2 is used to collimate the frequency doubled light (at
430nm) emerging from the crystal. For the modalities employing Gaussian beams,
both the linear and nonlinear excitation beams reach the DSLM system without any
further modification. Otherwise, for the modalities employing BB, an axicon (UVFS
glass, apex angle 176°) and a lens L3 are inserted into the optical path by moving the
translation stage S2. This combination is such that it produces the Fourier transform
of the BB at the GM. This ensures that the BB is formed at the sample plane. To

remove the interference of the lower spatial frequency components generated by the
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round-tip defect of the axicon prism, a circular (opaque) stop is used [17,18]. This is

placed at the back focal plane of the EO and coinciding with the BB Fourier plane

given by L3. Filter F1 (BG-39) is used to cut the fundamental beam form the
generated SHG light from the BBO crystal and F2 is a band-pass filter (CFP: 479/40)

used to cut the excitation light from the fluorescence images. The specimen under

observation is mounted on a holder with six degrees of freedom that allows for a fine

adjustment of position and tilt with respect to the excitation sheet. The holder is

mounted upon a computer-controlled linear translational stage (M-505.6DG, Physik

Instrumente GmbH & Co. KG, Karlsruhe, Germany) that scans the sample along z

direction.
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Figure 5.1: Schematic diagram of our DLSM setup.

The translation stage S1 allows switching between linear DSLM, where the
beam pass through the SHG crystal and lenses L1 and L2, and 2p-DLSM where
the femtosecond-laser beam pass unmodified. Gaussian or Bessel beams are
selected by moving the translation stage S2 that contains an axicon and the
Fourier transforming lens L3. A galvo mirror GM, a scan lens (SL), a tube lens
(TLE) and an excitation objective lens (EO) are used to create the light sheet
with the desired properties at the sample plane. The fluorescence generated in the
sample is collected at 90 degrees by a collection objective lens (CO) and a
regular tube lens (TLC) that forms image onto the CCD sensor with the designed
magnification. Filters F1 and F2 are used to cut off the excitation light from the
fluorescence images collected. The inset (top-right) shows the excitation-
collection geometry that defines the notation of the axes used in this work
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5.4 Results 1: in vivo C elegans imaging

5.4.1 Samples prepararation

5.4.1.1 Coumarin/fluorescent beads

For characterization of the system two different samples were employed: 1) A quartz
cuvette filled with a solution of Coumarin 540 dissolved in methanol to a
concentration of 0.5 mmol and ii) a solid agar sample containing 0.5 um diameter
green fluorescent beads (G500, solution 1% solids Duke Scientific Corp., USA). For
the latter, a 1:10 bead-water solution was created. This was then mixed 1:100 with
melted 2% agarose. Then, a 200ul drop of the bead-agar solution was cooled to room
temperature on a glass slide for 10 minutes. Once the agar was solidified, a 90°
corner was cut. The coverslip with the cut agar was mounted on the holder with one
of its face pointing towards the excitation lens and the other towards the collection
lens. This configuration allows that all excitation and imaging to be performed using

air objectives.

5.4.1.2 Worm samples

To test the system for biological applications, samples containing one or more
Caenorhabditis elegans (C. elegans) nematodes were prepared. At the beginning,
adult hermaphrodite worms were immobilized into a Syl drop of sodium azide
(NaNj3, 25 mM) for 10 minutes. The worms were then picked and mounted on top of
a Smm thick agar (at 2%) bench to preserve them properly hydrated. As in the case
of the fluorescent beads, this configuration allowed us to image the worms using air
objectives. We employed a genetically modified strain of C. elegans expressing the
fluorescent protein “cameleon” in the pharynx. This protein is normally used as
calcium indicator for imaging calcium transients in intact C. elegans[19]. It is
composed of four domains, cyan fluorescent protein (CFP), calmodulin, M13 (a
calmodulin binding domain), and yellow fluorescent protein (YFP). In our
experiment, only CFP fluorescence was excited as this is convenient to visualize the
whole pharynx. Furthermore, since the worms were anesthetized no calcium

transients were expected.
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5.4.2 System characterization
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Figure 5.2: Normalized fluorescence images and intensity profiles along x
and y for the different excitation beams.

a-c) DSLM with Gaussian beams, d-f) 2p-DSLM with Gaussian beams, g-i)
DSLM with BB and j-1) 2p-DSLM with BB. The FWHM widths are indicated
between arrows for each modality and their corresponding values Ax and Ay are
included. These values are also summarized in Table 5.1. Profiles were taken
along x and y directions with the point of maximum intensity located at the
origin of coordinates, see the reference axes in Figure 5.1(a). Scale bar: 50 um, a
pixel of the image corresponds to 0.44 pm in the sample.

We performed two sets of experiments to characterize the four modalities available
in our system i) measurement of the dimensions of the fluorescent line excited by the
light beam and 1ii) determining the resolution of our system by measuring the
transversal and axial dimensions of the point spread function (PSF) of each modality
of the system. For this work, we use the full-width-at-half-maximum (FWHM) of the

normalized intensity profiles along the axis of interest and centred at the point of
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maximum intensity to characterize the dimensions of the different intensity

distributions.

The first set of experiments was performed by using a Coumarin solution sample as
described in section 3.1. For this, the GM was set to be static and the fluorescent line
generated into the sample was imaged on the CCD camera. The images of the
excitation lines and the extracted profiles along x and y axes are presented in the
Figure 5.2 for each modality: a-c) DSLM-Gauss, d-f) 2p-DSLM-Gauss, g-i) DSLM-
Bessel and j-1) 2p-DSLM-Bessel. The FWHM widths Ax and Ay obtained from the
profiles are shown over each plot and are summarized in Table 5.1. From Figure 5.2
it is possible to see that when using Gaussian beams in the nonlinear regime (2p-
DSLM), an important decrease of the length of the usable FOV occur (down to 0.25%
compared with linear DSLM). Nonetheless, for the linear case a considerable amount
of background is added from the fluorescence excited outside the Rayleigh range of
the beam (see Figure 5.2(a)). Then, a hard aperture is required to exclude the “tails”
by either matching the Rayleigh range of the beam to the CCD sensor or by direct
clipping of the usable FOV with a custom made limiting pupil.

On other hand, the modalities using BB show an increased FOV evidenced by the
increment of the width along x dimension (see Figure 5.2(h) and Figure 5.2(k)).
Interestingly, the line width Ay shows little variation among all modalities, except for
the case of linear excitation with BB where it becomes more than 2x ticker when
compared with the case using Gaussian beams, as shown in Figure 5.2(i). In addition,
Figure 5.2(g) shows that for the linear case the blurring of the tails outside the usable
FOV get worst when using BB. This would be solved by the use of a hard clipping
procedure as described before for the case of Gaussian beams. This is in contrast
with the two photon based modalities, Figure 5.2(d) and Figure 5.2(j), where the tails
are naturally non existing by the confined nature of the nonlinear excitation. Also, it
is worth noting that by using BB the intensity profile along the x direction is
asymmetric for both linear and nonlinear modalities as can be appreciated in Figure
5.2(h) and Figure 5.2(k). This effect has been observed before for ideal refractive
axicons where a slower decay rate is expected for the points farther from the axicon

tip (see for example Akturk et al.[17]). In addition to this, the 2p-DSLM-Bessel
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image shows some irregularities within the FWHM. Such imperfections in the axial
profile are attributed to the mask to remove the low spatial frequency components
generated by the imperfect tip at the Fourier spectrum of the BB [17,18]. This mask
was chosen in order to give the best trade-off between optical transmission and beam
homogeneity in the 2p-DSLM-Bessel configuration. Therefore the small defect
observed in Figure 5.2(k) can be attributed to undesired angular frequencies that

remain after filtering.
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Figure 5.3: Example of the PSFs obtained for the system using a sample of
fluorescent beads in agar.

The experimental intensity profiles (black dots) and Gaussian fits (red lines) for
both transversal (dr) and axial (Jz) dimensions are shown for the different
modalities: a, b) DSLM with Gaussian beams, ¢, d) 2p-DSLM with Gaussian
beams, e, f) DSLM with BB and g, h) 2p-DSLM with Bessel beams. The FWHM
widths calculated from the Gaussian fit are shown over each graph. The average
values of the PSF widths for 5 beads are reported in the Table 5.1.

Table 5.1: Summary of the FWHM widths measured for the light lines
(Figure 5.2) and for the PSFs of the system (Figure 5.3).

An error of one pixel was assumed on the light lines. The mean value and
statistical error in the PSFs was obtained over 30 measurements.

PSF
Dimensions of the fluorescent light line from fluorescent
beads

Modality AX (um) Ay (um) Ar (um) | Az (um)

DSLM-Gauss 173 3.8+0.4 1.2£0.2 | 2.6+0.5

2p-DLSM-Gauss 41 3.1£0.4 1.5£0.2 | 2.3+0.1

DSLM-Bessel 278 8.9+0.4 1.3£0.1 | 10.7+£0.9

2p-DSLM-Bessel 246 2.8+0.4 1.4+0.2 | 3.2+0.3
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This defect was not observed in the DSLM-Bessel image (Figure 5.2(i)) due to: 1)
small differences of the spatial frequency spectra at the filtering plane, that make the
BB generated with the SHG and femtosecond-laser beams to be slightly different,
and ii) the background generated by the BB side lobes that masks any perturbation
induced in its axial intensity profile. A second set of experiments was performed in
order to measure the size of the transversal (Jor) and axial (0z) PSFs of the four
DSLM modalities. For this, we employed a sample of beads immersed in agar as
described in section 3.1. For each modality, a stack of images was recorded by
moving the sample in steps of 0.2 um along the z direction, capturing one image per
step. For each image stack, several (~30) beads in the centre of the FOV were
selected and cropped to isolate their individual volumetric intensity distributions. In
all cases, the brightest voxels of the intensity distributions were found and the
intensity profiles were selected along the three reference axes of maximum intensity.
The intensity distributions were fit to a Gaussian function and the FWHM values
were calculated. Some examples of the intensity profiles and the Gaussian fits
obtained for each modality are shown in Figure 5.3. The results are summarized in
the Table 5.1. To obtain the transversal PSF width Jr, we used both x and y
measurements as or= 0.5(ox+ dy). It has been shown that the transversal resolution
of a SPIM system depends exclusively on the optical properties of the collection
lens, whereas the axial resolution is determined by both detection lens and the light-
sheet thickness [20]. Therefore, we expect to have a similar transversal resolution for
all the modalities and a diversity of axial resolutions dependent on the thickness as
well on quality of the light-sheet for each modality. This is precisely what we have
found in our experiments: As can be seen from the Table 5.1, although the
transversal resolution is slightly better in both linear DSLM modalities, they are all
very similar. This is not the case for the axial resolution, which is found to be
different for each of the modalities and smaller in the nonlinear regimes. Also, as
expected, there is a clear correlation between the light-sheet thickening and the axial
resolution degradation, as is revealed by comparing Figure 5.2 (¢), (f), (i), and (1)
with Figure 5.3(b), (d), (f), and (h), Table 5.1 columns Ay and 6z. All these indicate

that when imaging we should expect better axial resolution when DSLM in the
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nonlinear regime is performed. This should also be the case when imaging biological
samples, a hypothesis that we verify in a series of experiments using fluorescently

labelled C. elegans pharynxes.

Table 5.2: Summary of the experimental parameters employed to collect the
data supporting Figure 5.4 .

Parameters
Objectives Wavelength | Avg. power | Integration z
Modality . step
Excitation Collection (nm) (mW) Time (ms)
(nm)
Air, Leica Water, Leica
SPIM 5%/0.12 NA 10x/0.3 488 <1 500 2
Plan Epi HCX APO
DSLM-Gauss Air, Nikon o 430 2 180 2
10x/0.15NA, | Air, Nikon
Plan Fluor | 10%/0.45NA,
2p-DLSM-Gauss (nominal Plan Apo 860 58 220 2
NA=0.3)

5.4.3 C. elegans imaging

We started by imaging the pharyngeal muscle of C. elegans expressing the Cameleon
fluorescence protein in a conventional SPIM setup, where the light sheet is formed
via a cylindrical lens. This conventional SPIM technique [16] has proven to be useful
for a number of samples including chick and mouse tissue and organs, Drosophila
embryos and for imaging zebrafish development [21] and C. elegans. The results
obtained with C. elegans are used as a reference for our different DSLM images
obtained using Gaussian beams (DSLM-Gauss and 2p-DSLM-Gauss). The different
experimental conditions are listed in the following Table 5.2 and Figure 5.4 shows

the results of such comparison.
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Figure 5.4: Images of a CFP-fluorescent pharynx of a C. elegans.

Figures (a-c) are maximum intensity projections (MIP) of z stacks taken with a)
the reference state-of-the-art SPIM system, b) DSLM-Gauss and c¢) 2p-DSLM-
Gauss . Figures d) to f) show some individual sections of the z stacks obtained
with SPIM , DSLM and 2p-DSLM modalities using Gaussian beams,
respectively. All z-stacks are composed of 54 images taken in steps of 2 pm.
Scale bars: 20 pm.

Figure 5.4(a-c) show the maximum intensity projection (MIP) and optical sections
obtained from the pharynx region of the nematode using the standard SPIM, DSLM-
Gauss and 2p-DSLM-Gauss techniques, respectively. By comparing these figures it
is possible to see that similar results are obtained for both SPIM and DSLM
techniques. However, by directly comparing, Figure 5.4(d-f), it is appreciated that in
the two-photon images the pharynx appears less blurry and some details are better

discriminated.

with 1p-DSLM using Gaussian beams with lower integration time and using very

low (<ImW) excitation power.
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Pixel number

Figure 5.5: Example of the contrast enhancement obtained by using 2p-
DSLM.

Regions of interest (ROI) taken from single optical sections (yellow squares on
Figure 5.4) for a) DSLM and b) 2p-DSLM. c) Plot of the intensity profiles along
the selected lines for both modalities. Intensity values of the plots have been
normalized to the maximum of each distribution

To quantify the results obtained with our DSLM system, we provide a plot of the
intensity profiles along a line on the fluorescent structures. This has been done for
the same worm (and therefore, the same pharynx) as well as for the same optical
sections for both modalities, see yellow marked ROIs in Figure 5.4 (e) and (f) that
correspond to Figure 5.5(a) and (b), respectively. In this way, a proper quantification
of the local intensity and the background signal is obtained. The results can be seen
in Figure 5.5. By looking at Figure 5.5(c), it is possible to see that the 2p-DSLM
presents a reduced background. In addition, some structures show higher

modulations, indicating higher contrasts.

We then proceed to test the use of BB to explore their impact on the length of the
FOV. For this we prepared a sample of several worms, all in the same plane and
aligned in a row along the direction of incidence (x) of the excitation beam (Figure
5.6(a)). For the four cases the beam was scanned to the amplitude that generates a
light sheet that fills the entire FOV in the y direction. The experimental parameters
employed to obtain the images of the Figure 5.6 are outlined in Table 5.3. It shows
that the longest CCD integration time, and the highest excitation power levels

correspond to 2p-DSLM with BB, whereas the same signal level can be obtained
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Figure 5.6: Multimodal images of a row of C. elegans aligned along the x
direction.

Figure a) shows the sample configuration as a reference (image taken using
oblique illumination). Figures (b-e¢) are maximum intensity projections of z
stacks taken with the four modalities available in our setup: b) DSLM-Gauss, ¢)
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2p-DSLM-Gauss, d) DSLM-Bessel and e) 2p-DSLM-Bessel. The insets below
each image indicate the position and extension of the excitation focal lines of
Figure 5.2. All z-stacks are composed of 50 images taken in steps of 2 um. Scale
bars: 50 pm.

The results are shown in Figure 5.6(b-¢), where maximum-intensity-projections of
the z stacks are shown for all of our DSLM configurations. Also, the previously
obtained excitation focal lines (see Figure 5.2) were included below each figure as an
indication of the expected effective FOV. From Figure 5.6 it is possible to see the
increase of the FOV in the x direction by using BB, in both linear and nonlinear
modalities. Note that this is remarkably extended in the nonlinear regime (compare
Figure 5.6(c) and (e)). Now, in terms of image homogeneity the DSLM-Bessel gives
better results when compared to any other modality, as seen in Figure 5.6(d).
However, the generated image is more blurry due to the side lobes characteristic of
the BB. This is in agreement with our characterization results presented in Figure
5.2(1) and Figure 5.3(f). Finally, both DSLM-Gauss and DSLM-Bessel images
require hard clipping in the collection path to eliminate the signal from the extremes
of the generated beams. This can be clearly seen in the first and last worms in Figure
5.6(b) and (d). This is not the case for the nonlinear techniques in which the image at

the effective FOV is in focus showing sharper details (Figure 5.6(c) and (¢)).

Table 5.3: Summary of the experimental parameters employed to collect the
data supporting Figure 5.6.

Parameters
Modality Wavelength | Avg. power | Int. time | z step
(nm) (mW) (ms) | (um)
DSLM-Gauss 430 <1 2000 2
DSLM-Bessel 430 <1 2000 2
2p-DLSM-Gauss 860 72 2000 2
2p-DLSM-Bessel 860 290 3000 2

To quantify these results, optical sections were selected from the stack of images for
each image modality at the ROIs marked in Figure 5.6, as it is shown in Figure 5.7(a-
d). A plot of the intensity profiles along the lines drawn in the optical sections is
provided in Figure 5.7(e). From this figure it is possible to see that the DSLM-Bessel
case produces the largest generated fluorescence intensity. However, the optical

sectioning is badly affected by the side lobes of the BB, causing a complete blurring

93



of the details. In addition (and similarly to Figure 5.5), we also found that both 2p-
DSLM modalities allows for better contrast of the different sample structure, as well

as a reduced background.

DSLM-Gauss
== == 2p-DSLM-Gauss
e = DS M-Bessel

0 10 20 30 40 50 60 70 80 90 100 110
Pixel number

Figure 5.7: Normalized profiles along a selected line taken from
approximately the same optical section for all the DSLM modalities.

Optical sections showing the same ROI and the selected line in yellow for a)
DSLM with Gaussian beams, b) 2p-DSLM with Gaussian beams, ¢c) DSLM with
Bessel beams, and d) 2p-DSLM with Bessel beams. Plots of the intensity profiles
along the selected lines are shown in e). Intensity of each plot has been
normalized to its respective maximum value.

5.5 .Results 2: Multimodal DSLM with large FOV for
thick samples 3D imaging

In the last section we have shown that 2p-DSLM-Bessel is an effective way to
increase the FOV of a light-sheet microscope without giving up resolution and
increasing the effective contrast of the optical sections captured. For this proof-of-
principle demonstration we employed C. elegans that helped us to show that the
proposed method allows in vivo imaging. From an optical point of view these
samples can be considered thin and transparent, despite the last experiment shows a
row of worms aligned in a row that resembles a thick sample for the excitation beam.
On the other hand, the light-sheet microscope we have built was scaled to deal with
medium to large sized samples (a few hundreds of microns) that are considered thick
for optical microscopy. Thus, in order to show the full potential of the developed

optical system more appropriate samples were utilized.
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Figure 5.8:Morphology of MCTS.

a) White light image of a MCTS. b) Proliferation, hypoxia and nutrients gradient
within a spheroid. P, Q and N stand for Proliferative, Quiescent and Necrotic
zones respectively. Scale bars 50 pm.

MCTS are aggregates of cells with spherical symmetry that are analogous to tissues,
see Figure 5.8(a). They are constructed without any external scaffolds, taking
advantage of the natural tendency of many cell types to aggregate. MCTS are built
making adhesive forces between cells greater than the adhesive attraction to the
substrate on which the cells are plated [22]. Compared to conventional monolayer
cultures, MCTS mimic tumors in vivo in many ways, such as the expression of
antigens, oxygen gradients within its microenvironment, penetration rate of growth
factors and distribution of proliferating/quiescent cells within the spheroid (Figure
5.8(b)). MCTS have important applications for bioenginnering of tissues [23], high-
throughput drug testing [24] , and the modelling of cell dynamic processes inside

tumors [25], among others.

In contrast to the many studies that are reported on cell cycle and cell proliferation,
spatio-temporal dynamics of tumor cell proliferation in complex 3D systems such as
spheroids is a young field that is still in development. The challenges for retrieving
relevant biological information in MCTS involve getting an imaging system capable
of an excellent signal-to-noise ratio, optical sectioning capability, large field of view,
good spatial resolution, a fast image stack recording rate and an extremely low
sample fluorophore excitation level is required [26]. Although modern fluorescence
microscopy, particularly SPIM with its different variants, has the potential to fill in

all these, optical imaging inside large spheroids remains technically very
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challenging. MCTS can grow to diameters of several hundred micrometers and the
optical interrogation of internal structures will be degraded by aberrations and
scattering. In SPIM, some works have reported sharper and more contrasted images
by implementing adaptive optics in the emission path, either by using a wavefront
sensor [27], an optimization algorithm [28] or a model-based correction [29].
Scattering degrade the usability of SPIM microscopes by reducing the penetration
depth of the excitation light and by degrading the image quality on the emission path.
The DSLM system we have built is very promising as it has the potential to partially
mitigate (in the excitation path) the effects of scattering as combine two-photon
excitation and Bessel beams. NIR laser beams utilized for two-photon excitation are
less sensitive to scattering. Bessel beams have self-healing properties that enables a
more robust propagation through samples with strong refractive index
heterogeneities, as is the case of MCTS. In the following, the performance of the
different DSLM modalities will be tested by using biologically-relevant
fluorescently-labelled MCTS.

5.5.2 MCTS samples

Colorectal cancer cells line HCT116 were cultured in DMEM+GlutaMAX
(Dulbecco's Modified Eagle Medium; Gibco) supplemented with 10% fetal bovine
serum and 1% penicillin—streptomycin (Pen Strep; Gibco), and maintained at 37°C
and 5% CO; in an incubator. MCTS were prepared in 96-well plates that were coated
with 20 mg/ml polyHEMA (Sigma). Cells were plated at a density of 600 cells/well
in 100 pl cell culture medium per well then centrifuged to allow spheroid formation.
After 4-5 days growth, MCTS of 400-600 um diameter were collected, washed three
times with PBS and then fixed with 10% neutral buffered formalin (Sigma—Aldrich)
at room temperature for 4 hours. MCTS in formalin were washed three times and

stored in PBS.

For this work we have employed two kinds of MCTS: i) Sulfo-rhodamine B (SRB)
stained, non-specific, that provides a sample with uniform fluorescence, and, ii)

MCherry-H2B expression, that allows to visualize the chromosomal architecture.
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5.5.3 Modification of the multimodal DSLM optical setup

In order to have a system more suitable for experimenting with thicker and more
challenging samples we have modified the original setup as follows: i) the SHG
crystal was removed as a source of 1p excitation in order to enhance the versatility of
the system, as are three new visible lasers at 405, 488 and 532nm; ii) we have also
included an additional 2p excitation line at 1044nm (Time-Bandwidth SESAM,
1040nm, 250fs) to allow imaging samples that are red fluorescent; iii) the immersion
chamber was redesigned to accommodate a water dipping collection objective
(Leica/HCX apo L20X, 0.5NA) that increased the resolution of the system, the
magnification was set 25x using the appropriate tube lens; iv) the sample holder was
modified to include a custom made capillary holder attached to a motorized rotation
stage and a three axis motorized stage (Thorlabs 3-axis NanoMax, Physik
instrumente M-116.2SH) allowing full computerized control of the experiments; v)
the CCD sensor was replace for a last-generation CMOS sensor (Hamamatsu ORCA-

Flash 4.0 ) that allows for increased sensitivity, larger FOVs and faster detection.

5.5.4 System characterization
Table 5.4: Summary of the characterization of the system for MCTS

imaging.
Dimensions of the fluorescent light line PSF
Modality Ax (pm) Ay** (um) Ar (um) Az (um)
DSLM-Gauss 260 4.1 1.0 3.5
2p-DLSM-Gauss 220 4.9 1.0 3.0
DSLM-Bessel 480* 1.5 1.0 5.0
2p-DSLM-Bessel 480%* 3.1 0.9 2.5

*Full FOV covering was assumed. **FWHM of the beam profiles.

The optical setup was optimized to get large FOVs for the four modalities available
in order to fit the size of the MCTS employed. The system was characterized using
the same methodology employed in the first section of this chapter. In order to
estimate the usable FOV and the light sheet thickness we employed an agar cylinder
stained with Sulfo-Rhodamine B. The PSF sizes were measured using 1pum red
fluorescent microbeads inside MCTS, the minimum value encountered was used as a
reference. The summary of the results can be found in Table 5.4. As it can be

appreciated in this table some values have changed as compared with Table 5.1. This
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is expected as we changed the collection objective and the length of the light beam:s,

as mentioned in the last section.

5.5.5 Propagation of the excitation beams inside the MCTS

Figure 5.9: Propagation of the beams inside a MCTS.

Figures show the normalized intensity of the SRB fluorescence signal excited by
parking the excitation beam at the center of the MCTS for a)lp-DSLM-Gauss, b)
1p-DSLM-Bessel, c¢) 1p-DSLM-Gauss, and, d) 2p-DSLM-Bessel, respectively.
For comparison, the original profile of the excitation beam is shown in the upper
part of each image. Beams propagate from right to left in the images.
Background is a white light image of the MCTS employed for this
demonstration. Solid yellow line in d) indicates one of the lines used for the fits
employed to plot the profiles in Figure 5.10(b-c). As an example, to obtain the
profile 2p-DSLM-Bessel, all vertical lines between the dotted white lines have to
be fitted with the functions mentioned in the text.

To test the behavior inside the MCTS, we imaged the fluorescence excited by the
different beams propagating through the same MCTS measuring 400um and stained
with the Sulfo- Rhodamine B. The MCTS was positioned in such way that the
different beams enter the spheroid approximately at the same position, centered in

the z axis so that the emitted fluorescence travels about 200 um inside the MCTS.
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Figure 5.9 shows the results obtained for the different beams. By comparing the

original reference beams that are show on top of each image one can observe that the

beams are affected to some degree by scattering when they propagate through the

MCTS. In order to get a quantitative comparison between the different modalities we

have employed an approach consisting on fitting line-by-line (see for example yellow

line in Figure 5.9(d)) the intensity images of each beam intensity distribution profile

to obtain the changes both in the intensity and the width of the excitation. For the

case of Gaussian beams the fit was done to a biased Gaussian function. For the

Bessel modalities we employed a function that is a biased Gaussian term plus a sinc?

term. In the Bessel modalities, the Gaussian term accounts for the broadening and

averaging of the beam while propagates trough the MCTS while the sinc” term

accounts for the non-diffracting component of the beam during propagation. The

results are shown in Figure 5.10.
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Figure 5.10: Analysis of the propagation of the DSLM excitation beams.

a) Intensity profiles of the four beams (intensities of 2p modalities were scaled
4x for better visualization). b) FWHM width of the Gaussian component of the
fit of the four beams(see main text for further explanation). The evolution of the
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sinc’ fitting component of c¢)lp-DSLM-Bessel and d) 2p-DSLM-Bessel,
respectively.

Figure 5.10(a) shows the intensity profiles of the different beams upon propagation
inside the MCTS. All of them present a characteristic exponential decay as expected
from Beer’s law, except the beam corresponding to the 2p-DSLM-Gauss modality
that follows up to some point the original intensity distribution (compare green line
in Figure 5.10(a) and Figure 5.9(a) up). The maximum intensity shows a substantial
decrease when using two photon modalities, as expected. Figure 5.10(b) shows the
Gaussian component of the line-to-line fit to the profiles. All of them show a
monotonically increasing width of the Gaussian component upon propagation, except
again by the beam corresponding to the 2p-DSLM-Gauss modality, that remains
constant. Figure 5.10(c) and (d) show images of the sinc® components of both Bessel
modalities. It is clear from the images that Bessel component of 1p modality is
broader and extinguish much faster than its 2p counterpart that remain practically
invariant along the full FOV. This can be interpreted as the combined effect of less
sensitivity to scattering provided by the use of NIR wavelengths and the self-

reconstructing properties of Bessel beams.

5.5.6 Imaging of biologically relevant MCTS

Once we have characterized our modified multimodal DSLM system with uniformly
stained MCTS, we perform some imaging experiment in order to produce high
resolution 3D images of fluorescent MCTS. MCTS with H2B-MCherry expression
generated from cancer cells are interesting models to study the influence of
malignant cell-interactions on cellular proliferation, differentiation, apoptosis and
gene expression. H2B-MCherry allows the observation of both mitotic chromosomes
and interphase chromatin revealing various chromatin condensation states of the cells

within the MCTS.

100



Figure 5.11: 3D imaging of MCTS expressing H2B-mCherry with Gaussian
modalities.

Images are maximum intensity projections obtained on the given planes from z
stacks taken with (a-b) DSLM-Gauss, and, (c-d) 2p-DSLM-Gauss. All z-stacks
are composed of 50 images taken in steps of 2 um. Scale bars: 100 pum.

Figure 5.11 shows the images obtained from H2B-MCherry MCTS with the

Gaussian modalities. Although, both of them offer permit a clear observation of the

relevant features of the chromatin structures(Figure 5.11(a,c)), it is apparent that the

z-sections are of better quality and appeared more contrasted in the 2p case (compare

Figure 5.11 (b) and (c)).
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Figure 5.12: 3D imaging of MCTS expressing H2B-mCherry with Bessel
modalities.

Images are maximum intensity projections obtained on the given planes from z
stacks taken with (a-b) DSLM-Bessel, and, (c-d) 2p-DSLM-Bessel. All z-stacks
are composed of 200 images taken in steps of 2 um. Scale bars: 100 um.

Figure 5.12 shows the images obtained from H2B-MCherry MCTS with the Bessel
modalities. Here it is evident that 1p-DSLM-Bessel introduces an important amount
on background noise in the images, as can be observed in the xy projection Figure
5.12(a). Besides, the axial resolution and the optical sectioning worsen as is evident
in the yz projection image that appears smeared along the z axis, see Figure 5.12(b).
On the other hand, 2p-DSLM-Bessel images, Figure 5.12(c-d), are remarkably clear
and well contrasted as compared with the rest of the modalities, particularly in the
axial zone corresponding to the deeper structures that are located farther from the

collection objective (dotted square Figure 5.12 (d) ).
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Table 5.5: Summary of the experimental parameters employed to collect the
data supporting Figure 5.11 and Figure 5.12.

Parameters
Modality Wavelength | Avg. power | Int. time | z step
(nm) (mW) (ms) | (um)
DSLM-Gauss 532 <1 200 2
DSLM-Bessel 532 <l 500 2
2p-DLSM-Gauss 1044 300 1000 2
2p-DLSM-Bessel 1044 450 2000 2

5.6 Discussion and concluding remarks

We have built a very versatile DSLM system that allows changing between different
modalities without affecting significantly the light-sheet’s properties (position and
tilt). Thanks to this, a fair comparison between the different modalities can be done

up to the level of a single optical section.

To start off with our comparative analysis, we can see, from Figure 5.4 and Figure
5.11, that 2p-DSLM offers a slightly better image quality than DSLM in terms of a
higher contrast and a reduced background noise. However, the reduced FOV
observed in Figure 5.4 can become a limiting factor in applications requiring
visualizations of large samples. To ameliorate this, we have presented an alternative
configuration that enables larger FOVs, still using Gaussian beams, at the cost of
increasing the power requirements of the employed femtosecond-laser. Besides, this
configuration presented an outstanding penetration depth as shown in Figure 5.9(c)
and Figure 5.10(a,b), and moderately good axial resolution, as it can be seen Table
5.4. Other alternatives such as bidirectional illumination can be used [11]. This could
effectively double the usable FOV in 2p-DLSM [13]. Furthermore, thanks to the
localized nature of two photon excitation it would allow for the superposition of the
two counter-propagating excitation beams with minimal mutually induced
background. Nevertheless, for highly refracting samples, or even for asymmetric
preparations, the light path coming from the opposite sides can be severely degraded
and tilted. This would lead to a poor overlap of the beams, affecting the axial
resolution and the contrast. 2p-DSLM-Bessel would play an important role in

preserving image quality, i.e., when resolution and contrast are the priority. This
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would also give an imaging system with enhanced penetration depths as well as with
high axial resolution across the FOV. This indicates that BBs are good alternative if a
nonlinear technique is to be used and large FOV is required. Also, it is interesting to
note that the FOV can be increased in size up to 4x when compared with the use of
Gaussian beams, without compromising the axial resolution (see also Table 5.1).
Figure 5.6(¢) shows this fact clearly: the image quality is equivalent to the 2p-DSLM
image using Gaussian beams (Figure 5.6(c)) but more pharynxes are now evident in
the extended FOV. When the FOV is kept constant, then BBs excel the rest of the
modalities in terms of axial resolution, see Table 5.4. These results can be
understood in the context of the non-diffractive character of BBs illustrated in Figure
5.10(d) and the localized nature of two-photon excitation that add together to

produce an outstanding performance.

This is not the same for the linear case (DSLM-Bessel), as the image resolution is
degraded due to the side lobes that generate fluorescence that broadens the axial PSF
up to the level of the depth-of-field of the collection objective (see Table 5.1 and
Table 5.4). As a consequence, its imaging capabilities are severely degraded in terms
of contrast and background reduction as can be seen in Figure 5.6(d), Figure 5.7(e),
Figure 5.9(b) and Figure 5.12(a,b). This calls for the use of more advanced detection
methods such as line confocal approaches that enable the filtering of the undesired
fluorescence and help to recover the contrast of the images acquired [30]. However, if
for a given application resolution is not important, the use of DSLM-Bessel would
give larger FOV and will produce, in a very efficient way (i.e. with small excitation

powers producing high fluorescent signals), very homogenous images.

In terms of fluorescence yield, the modalities using linear excitation seem to be much
more efficient, as can be appreciated in Table 5.2, Table 5.3 and Table 5.5. The
excitation powers needed to obtain the same fluorescence signal are less than 1mW
in the linear cases, compared to tens or hundreds of mW for the nonlinear cases. In
particular, the DSLM-Gauss modality shows a good trade-off between fluorescence
generation, resolution and FOV coverage. This could be very useful for imaging
applications of samples that do not tolerate large excitation powers or when dealing

with faint or moderate fluorescing samples.
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Finally, regarding the laser power levels employed for our experiments as reported in
Table 5.2 and Table 5.3, it is important to stress that for the maximum power level
employed, which corresponds to 2p-DSLM-Bessel modality, the peak intensity at the
sample plane was about 100 GW/ cm?. This is below the 200 GW/cm? threshold for
avoiding phototoxicity in long term imaging experiments [31]. In fact for the in vivo
experiments reported here, all the worms recovered approximately 30 minutes after
being anesthetized, and all of them showed again good activity on the agar bench. On
the other hand, average power employed for 2p modalities in the experiments with
MCTS are closer to the upper limit set by the recommended threshold. This fact has
to be taken in consideration if 2p modalities want to be employed for living MCTS.
For these experiments, the restriction of the FOV to the region of interest could help
to decrease the average power, as the case of the first experiment reported in this
chapter. Finally, the use of femtosecond lasers with shorter pulses [32] that can
increase the 2p excitation efficiency at moderate average powers would be advisable

for power sensitive samples and experiments

5.7 Summary

We have demonstrated two configurations of a multimodal DSLM that can be
employed effectively for a variety of samples and experiments, going from living,
thin and transparent nematodes to thick highly scattering tumor spheroids. Switching
between linecar and non-linear, or between Gaussian and BB can be done in a
practical and reliable way. This has enabled us to perform a complete
characterization and comparison of the performance for imaging of the different
modalities. For practical purposes having available several DSLM modalities allows
us to adapt the system to the particular requirements of each experiment. In fact,
DSLM with Gaussian beams can be used when dealing with dim fluorescence
samples and where there is more value in gathering many photons than having
superior performance in terms of optical sectioning and contrast. 2p-DSLM with
Gaussian beams will be appropriate to image localized structures inside highly
scattering samples with high resolution and high fluorescence yield. The use of BB
together with DSLM, although giving a large and homogeneous field of view, it can
impose some restrictions in the axial resolution and the overall contrast of the images

due to the fluorescence excited by the side lobes. This indicates that, to effectively
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use it for real microscopy applications, a light rejection strategy, such as line
confocal detection, has to be implemented. Finally, the use of BB combined with 2p-
DSLM results in a system with and improved image contrast, providing an ideal
technique for deep, high resolution imaging over moderately large FOVs, but
employing two orders of magnitude higher average powers which may not be

advisable for light-sensitive or non-perturbing experiments.
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Chapter 6: Fast 3D light-sheet imaging
6.1 Abstract

In light-sheet microscopy techniques the specimen under investigation is illuminated
with a thin sheet of laser light and the fluorescence emitted from this thin volume is
recorded orthogonally with an array detector. The sample is then scanned
orthogonally to the light sheet to obtain optical sections of the object at different
depths. The optical sections are digitally combined then to obtain a high resolution

3D representation of the object.

The medium to high numerical aperture lenses needed to produce high resolution
images in the detection arm determine the effective depth-of-field (DoF) of the
imaging system to a few microns. The light sheet is restricted then to be within the
DoF of the collection lens in order to produce in-focus images, the light sheet is
usually placed in the middle of the DoF. As the light sheet is static, the object is
scanned across the light sheet to obtain the optical sections. In light-sheet microscopy
samples attached to a supporting structure (glass/plastic capillaries, agarose
cylinders, metallic hooks) are usually placed within an immersion chamber that
preserves certain properties of the sample (hydration, osmotic pressure, optical
clearing). Mechanical movement of the sample imposes limitations on the maximum
scan speed achievable with such systems, limited by the time of relaxation of the
sample and the maximum step response of the device. Fluxes within the chamber can
be also driven by the movement of the sample and the supporting structure attached
to it introducing mechanical as well as optical disturbances in to the system. These
limitations call for an alternative way to scan the sample within a light sheet

microscope that would allow for faster scan rates and less movement related artifacts.

Here we present a new light sheet-based imaging system that contains a wavefront
encoding system that extends the DoF in the collection path. This allows capturing
3D stacks of wavefront encoded images without any movement of the sample or
imaging objective. This system allows, by moving the light sheet, fast 3D imaging at
speeds only limited by the maximum frame rate available in the detector. To obtain

the final 3D decoded image, a deconvolution algorithm is used.
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6.2 Introduction
6.2.1 Fast 3D Microscopy

Faster imaging speeds, with increased sensitivity acquisition and higher resolutions
are the demands of current fluorescence microscopy for biological applications. For
instance, 3D volumetric images acquired in a few milliseconds are required to follow
intrinsic biological phenomena [1]. Calcium waves of heart and brain cellular
cultures, the embryonic zebrafish beating heart and the red blood cells in the
developing cardio-vascular are a few of the most challenging biological processes
calling for faster optical microscopy. Spinning-disk microscopy [2] or confocal laser
scanning using resonant scanners [3] are the commercial fastest devices that have
pushed the technological limits reaching up to 30 frames per second with reasonable
signal [4]. In these techniques the signal-to-noise ratio is compromised at higher
speeds due to the intrinsic limitation of the photon budget. Under such conditions the
amount of generated photons per voxel per second becomes importantly reduced.
This might be overcome by an increased excitation power. However, this also may
cause unwanted photobleaching followed by photodamage on the sample. This
limitation is importantly reduced when using Light Sheet Fluorescence Microscopy
(LSFM) as it efficiently achieves optical sectioning by only illuminating the imaged
plane in the sample [5]. This technique allows higher illumination intensities with
minimum photobleaching/photodamage and naturally sets the acquisition speed limit
to the acquisition time of the camera[6] without giving up photon

excitation/collection efficiency.

LSFM is a dynamic field that is constantly advancing. In the past few years
important  contributions have led to enhanced spatial [7][8][9] and
temporal [6] [10] resolution as well as breakthroughs in the conceptual design and
complexity of live imaging experiments [11] [12] [13] [14]. A particularly interesting
implementation of LSFM relies in sequential multiview imaging, in which the
sample is rotated and image stacks are sequentially acquired from multiple view
angles [7]. Recently, at least two implementations of simultaneous multiview light-
sheet microscopy, where two light sheets and two collection paths are employed to
capture 4 simultaneous views of the sample, were proposed [12][13]. In these

approaches 2 cameras, placed each side of the sample were used to capture two
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sequences of two high resolution images that cover the entire sample volume in four
views while the sample is scanned only once. With these approaches authors claim
improving the imaging speed more than 20-fold over sequential multiview light-
sheet microscopy, reaching a rate of 0.3-0.2 volumes per second to follow in toto
Drosophila embryo development. Recently, an optimized version of this multiview
approach has been reported to record the neuronal activity of Zebra fish
embryos [14]. Genetically encoded calcium indicator from the entire volume of the

brain of the larval zebrafish was recorded in vivo at 0.8 Hz.

Figure 6.1: Scheme of the different scanning paradigms in LSFM.

Figures a) and b) illustrate the scanning methods of the most standard LSFM
implementations. Sample is a) axially scanned, and/or, b) rotated to obtain the
optical sections required for a tomographic reconstruction. Figures c¢) and d)
show other LSFM variants where the sample is kept static. In ¢) the collection
objective is moving synchronized to the light sheet to capture the axial optical
sections, whereas in d) the focal distance of the collection arm is changed
synchronized to the light sheet to capture the optical sections. Note that in all the
four configurations the primary requirement is to keep the light-sheet within the
DoF of the collection lens for each step of the scanning.

All these conventional implementations of LSFM are promising alternatives for fast
3D imaging but they have an intrinsic limitation. As the sample has to be
mechanically scanned to obtain the volumetric data the capture speed may be limited

by: 1) mechanical perturbations in the environment, that increases the stabilization
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time preceding the capture, and, i1) high frequency oscillations on the biological the
sample, that may cause negative side effects on living samples [15]. Schemes of

mechanically sample scanned are illustrated in Figure 6.1(a-b).

Alternative implementations based on the synchronized movement of the light sheet
and the collection objective, keeping the sample static, have been proposed (see
scheme on Figure 6.1(c)). Objective-Coupled Planar Illumination Microscopy where
the light sheet is produced with an optical fiber coupled mechanically to the detection
objective was implemented to measure calcium transients on sensory neurons of
mouse vomeronasal organ [6]. The movement of both light sheet and collection
objective is realized through a piezo-controlled stage obtaining volumetric images
as fast as 20 planes per second or 2 volumes per second. A similar configuration,
termed as iSPIM, uses a modified inverted microscope with an additional mechanical
housing for two objectives, one for light sheet illumination and the other one for
fluorescence collection [10]. By rapidly translating the light sheet synchronized with
the collection objective (driven by a piezo stage) through the sample, the module
enables rapid volumetric image collection without requiring specimen movement.
They reported volumetric captures as fast as 0.5-0.3 volumes per second at the

maximum speed of 20 frames per second (integration time of 50ms).

These alternative implementations effectively help to reach higher capture rates.
Nevertheless, there are some remaining limitations: 1) it is prone to motion artifacts
by the movement of the objective, ii) it requires the sample to be covered between
two cover glasses which prevent rotating the sample to perform multiview imaging,
and 1i1) the objectives for producing and collecting the light sheet fluorescence have
to be implemented in a 45 degree configuration that fixes the attack angle of the light
sheet to a very limited range, reducing even more the flexibility typical of

conventional SPIM configurations.

Recently, a cleverer alternative to avoid moving parts around the sample was
proposed. By actively modifying the focal distance of the collecting objective (using
deformable liquid lenses) and moving the light sheet in a synchronised way, imaging
speed up to ~30 volumes per second (510 fps) have been reported [16]. Please refer

to Figure 6.1(d) for an scheme of this configuration. However, modulation of the at
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those high speeds can only be achieved using sinusoidal scanning patterns. This is
due to the nonlinear response of the liquid lenses at such high frequencies that reduce
the usable axial scanning range of the system and increase the complexity of the

synchronization scheme.

There are other novel alternatives, not based on LSFM, that are capable of fast 3D
imaging, such as multifocus microscopy. There, an entire 3D focal stack is recorded
in a single exposure of the camera, by multiplexing different axial object planes to
different positions in the same image plane. Recently, a multifocus microscope
having a diffractive grating (MFG) that generates nine simultaneous axially spaced
images has been reported [17]. In this case, the MFG splits the fluorescence light
emitted from the sample into separate paths, forming an array of 3x3 images on a
CCD camera. Using this technique, volumetric images of C. elegans embryos were
recorded at 9 volumes per second. Although this is an interesting technique that
provides an alternative for 3D imaging, it possesses some limitations: 1) poor of
optical sectioning (equivalent to the one of a widefield microscope), ii) poor optical
efficiency of the gratings employed (67%) (that would affect the final SNR) and, iii)

reduction of the FOV as the entire 3D image stack should fit in one single frame.

Therefore, a method capable of fast, unperturbed and full optical sectioning imaging

would be a breakthrough in the field 4D imaging at high speeds.

In this work we present a LSFM in which only the light sheet is scanned through the
sample and any other element remains static. To be able to image the whole sample
during the scanning, the depth of field (DOF) of the collecting objective is passively
extended by the use of a wavefront coding mask. By doing so, the generated 2D
fluorescence image for every position of the scanning light sheet is efficiently
collected and recorded by the camera. This results in a stack of 2D images that is
used to reconstruct the final 3D image. Furthermore, as only the light sheet is moved,
fast 3D imaging can be achieved without any synchronization between the camera
and the light sheet. Since typical light scanning devices can run at KHz rates, 3D
acquisition speeds are only limited by the reading speed of the camera. This is a
completely new paradigm of volumetric scanning in LSFM that allows non-

disturbing, fast 3D imaging.
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6.2.2 Extended depth of field imaging
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Figure 6.2: Principles of extended DoF imaging.

In a) conventional optical systems objects located at different axial positions
cannot be focused at the same image plane, whereas in b) EDoF systems objects
can be focused at the same plane using an optical-digital approach.

There are several ways to extend the depth of field of an optical system. The depth of
field (DoF) of a microscopic imaging system is given by:

Aemit n ne
NAZ M NA

DoF =

Where A is the excitation wavelength, n is the refractive index of the medium
between the sample and the objective lens , and NA is the objective numerical
aperture. The variable e is the smallest distance that can be resolved by a detector
that is placed in the image plane of the microscope objective, whose lateral
magnification is M. In regular microscopy systems, the second term of the equation
can be neglected as M >> e. Then the easier way to increase the DoF is by reducing
the NA. However, lateral resolution of the system would be reduced as it is directly
proportional to NA. An additional side effect of reducing the NA is a drastic decrease
of the light throughput of the optical system that scales inversely as the square of
NA. Thus an ideal extended DoF optical system should be optimized to maximize
the light gathering power, to achieve the maximum lateral resolution, and yet have a
large DoF [18]. A number of methods have been proposed to work around these
limitations and to produce an extended DoF microscope. Potuluri et al. [19] have

demonstrated the use of rotational shear interferometry with a conventional widefield
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transmission microscope obtaining a system with infinite DoF. However, this comes
at the expenses of a change in magnification with depth and the rapid drop in image
contrast away from the imaging lens focal plane, besides being complex and severely
reducing signal-to—noise ratio (SNR). Another approach is based in the so called
wavefront coding (WFC) technique [20]. Here, the pupil of the lens is modified in
such a way that the information along the axial direction is encoded into the pupil’s
optical wavefront. The resulting image at the detector plane contains information of
an extended range of axial positions as compared with a regular lens with the same
NA. A further digital restoration step is required to fully recover the features of the
imaged 3D objects [21]. A scheme of these extended DoF systems is shown in Figure
6.2. This digital-optical system capable of extended DoF imaging does not have an
optical-only equivalent. In general, WFC techniques use pupil masks that are some
complex function of amplitude and phase. This function can be smoothly varying and
therefore usable over a range of wavelengths, or it can have discontinuities in step
sizes that depend on the wavelength, such as a binary phase mask [22]. Other
approaches rely on the use of amplitude pupil masks [23]. These can be effective at
increasing the depth of field, but they do tend to reduce the light throughput of the
pupil. This poses a major problem for low light fluorescence microscopy. Hybrid
approaches have also being designed by combining an annulus with a binary phase
mask [24]. This allows a large boost in light throughput while giving, at the same
time, a ten times increase in depth of field. However, these masks are wavelength

dependent imposing serious restrictions for their use in microscopy.

The cubic phase mask (CPM) was one of the first generation wavefront encoding
systems, designed for general extended DoF imaging [20] [25]. These masks can
give a ten times increase in the DoF without loss of transverse resolution. Converting
a standard widefield microscope to a wavefront coding system is, in principle,
straightforward. The phase mask is placed in the back pupil of the microscope
objective. Once a phase mask is chosen to match a lens and application, an
appropriate digital inverse filter can be designed by measuring the PSF. The digital
restoration can be a simple single-step Weiner deconvolution [26]. Other iterative
deconvolution approaches can be employed to increase the fidelity of the restored

images [27]. In this case the processing time increases proportionally to the number
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of iterations required for the convergence of the employed algorithms [28]. The main
trade off of such systems is between the DoF achieved and the resulting sensitivity to
the noise for a given mask [20]. The cubic PM also introduces some slight lateral
shift when imaging the specimen features away from best focus position [29]. This is
in addition to a perspective projection due to the imaging geometry, since an
extended DoF image is obtained from a lens at a single position on the optical axis.
High numerical aperture imaging can be also benefited from WFC approaches and
has the potential to produce high lateral resolution, but it requires more complex

theory to be modelled accurately [18] [30].

Axicons are conical lenses that can be also used to achieve EDoF of a microscope.
The axicon, was first introduced by McLeod in 1954 and it can produce an extended
focal segment [31] [32]. Due to this peculiar ability, axicons have been incorporated
in numerous applications [33—36]. In the DSLM variant of LSFM axicons have been
used to create a Bessel beam that is scanned in one direction to increase the FOV of
the excitation light sheet [37-39] as was explained in last chapter. Interestingly,
axicons can behave as image forming elements that can be combined with spherical
lenses to design imaging systems with EDoF [34,40]. As it is customary in wavefront
coding methods, the images obtained with these systems exhibited overall reduced

contrast, and digital deconvolution processing has to be performed.

Finally, and importantly, in standard implementations of wavefront coding
technologies, the extension of the depth of field is strictly related to the invariance of
the effective PSF of the collection system over a determined range of defocus values.
This means that these systems tend to maximize the extension of the axial PSF of the
imaging lens. This is incompatible with the concept of optical sectioning and results

in a system incapable of depth discrimination.
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6.3 Description of the method: combining LSFM and
WFC techniques
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Figure 6.3: Description of the WFC-LSFM approach.

Figures describe the principles of the implementation of WFC on a light-sheet
microscope. Figure a) is the scheme of the proposed optical setup. Inset shows
the shape of a generic cubic phase mask of unitary amplitude that is inserted at
the back aperture of the collection objective. Figure b) illustrates the new light-
sheet scanning paradigm that results from the extended DoF given by the cubic
phase mask. Figures ¢) and d) explain the PSF formation mechanisms in a
standard LSFM and in the proposed WFC-LSFM, respectively. Upper images
show the shape of the light-sheets at different positions during an axial scanning
(blue) and the PSF of the collection system (red). Lower images show the
effective PSFs of the system for the same configuration.

Extending the DOF of an imaging system can be done, in a passive way, by the use
of WFC techniques. These work by modifying the Optical Transfer Function (OTF)
of the imaging system, while minimally impacting on its resolution and optical
throughput. This is normally done by simply placing a cubic phase mask at the exit
pupil of an objective lens. In the particular case of LSFM, the WFC mask should be
inserted just at the back aperture of the collection objective, see Figure 6.3 (a). By
doing this, the light-sheet is now free to move axially within a range 4z determined
by the amount of DoF created by the cubic mask. The light sheet can be scanned at
the sample plane by changing the tilt of the incident excitation beam al the back

aperture of the excitation objective. This is done by using a galvometric mirror

119



conjugated to the exit pupil of the objective. Figure 6.3(b) show different positions of
the light-sheet within the DoF to illustrate how an axial scan can be performed to
retrieve the optical sections of the biological sample. This light-sheet axial scanning
cannot be performed in a regular LSFM microscope as the effective imaging point-
spread function (PSF), that results from the multiplication of the excitation light-
sheet and the PSF of the collection objective, degrades rapidly as the light-sheet
diverges form the in focus position just at the center of the DoF, see Figure 6.3(c). In
contrast, when the same argument is applied to a WFC powered LSFM microscope,
it can be seen form Figure 6.3(d) that the effective PSF remains practically invariant

for the same light-sheet axial displacement, Figure 6.3 (d).

6.4 Practical implementation of a WFC-LSFM
To practically implement a WFC-LSFM system, we use a deformable mirror (DM)

lying in a conjugated plane with the exit pupil of the objective lens (see Materials
and methods section). The use of the DM allows the generation of different phase
masks that can achieve different extensions of the DOF. A Shack-Hartmann sensor,
connected to the DM in a closed-loop approach, is used to ensure proper shaping of
the mirror. Note that this set up has the advantage that it can also be used to
compensate sample aberrations. The targeted wavefronts on the DM were set to be
the traditional cubic phase masks, Ae=k-PV-(u,’ +uy3), where u, and u, are the
normalised spatial coordinates at the pupil, k is the wavenumber and PV is the peak-
to-valley amplitude of the wavefront. Three different cubic phase masks having 10,
20, and 30 um PV were used. For the experiments presented in this chapter our
sCMOS camera was set with an active area of 2048 x 512, 2048x256 and 2048x128
pixels®. Under these conditions, the maximum reading speeds of the sSCMOS are 400,

800 and 1600 fps, respectively.
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6.4.1 Materials and methods
6.4.1.1 Optical setup

N

Detector  prpyymimymm

Figure 6.4. Schematic of the optical setup employed.
Detailed description can be found in the text. List of parts according to the
nomenclature employed in this figure can be found in Table 6.1.

The basic design of the WFC-LSFM employed in this work is shown in Figure 6.4
and it is based on the LSFM optical setup described in the previous chapter. The

complete list of components is shown in Table 6.1.

For the purposes of this work we employed SPIM and one-photon DSLM with
Gaussian beams with a power at the sample plane below P=0.3mW. The set-up
contains an excitation arm with a lasers (A=488nm) that is directed to a pair (two
axis) galvanometric scanning mirror assembly (GM). In the SPIM mode, a
cylindrical lens is placed at a distance equal to its focal length to the galvo mirrors,
which remain static. In the DSLM mode, the fast GM is used to scan the beam in the
y direction generating an x-y plane (not shown). In both cases, the relay lenses, L1
and L2, and the excitation objective, EO, generate the light sheet on the sample
plane. These lenses are also used to adjust the beam size according to the required

axial resolution and Field of View (FoV). The slow GM is used to scan the light
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sheet in the z direction but remains static for conventional SPIM and DSLM. The
generated fluorescence is collected with a water dipping infinity-corrected objective
(CO), located in the collection arm of the LSFM. In order to image the illuminated
plane, the distance between the front lens of the CO and the light sheet is set to be

equal to the working distance of the objective.

Table 6.1. List of parts of the WFC-LSFM.

ltem Manufacturer/model Notes
Laser Cobolt MLD/ 0488-06-010060- 488nm, 150mW
100
Galvo Mirrosr/GM Thorlabs/GVS002 2 axis.
L1 Thorlabs/LA1027-A F=35mm
L2 Thorlabs/LA1433-A F=150mm

Excitation objective/EO

Nikon/Plan Fluor 10x

NA=0.3, WD=16mm

Sample holder/SH

Thorlabs/3-axis NanoMax,
Physik instrumentel M-116.2SH

Stepper motors for xyz

translation and ¢

rotation.
Collection objective CO Leica/HCX apo L20X NA=0.5
L3 Thorlabs/AC254-200-A F=200mm
L4 Thorlabs/AC254-250-A F=250mm
DM-Deformable Mirror Imagine optic/Mirao52e
L5 Thorlabs/AC508-250-A F=250mm
L6 Thorlabs/AC254-060-A F=60mm
WFS Imagine optic/Haso 3 32
Detector Hamamatsu/ ORCA-Flash 4.0

C11440-22C

National instruments/PCle-6353

Synchronization/Control

An optical system, composed by a couple of steering mirrors, Mg; and M, and a
couple of relay lenses, L3 and L4, is used to conjugate the exit pupil of the CO (Pco)
to the surface of a deformable mirror (DM). The DM (mirao52e, Imagine Optic)
generates the wavefront required for extending the depth of field of the CO. To set
the shape of mirror, a Shack-Hartmann a wavefront sensor (HASO v3, Imagine
Optic), placed at a conjugated plane to the DM (and therefore to the exit pupil to the
CO), was employed. For this, a couple of relay lenses, L5 and L6, and two additional
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steering mirrors, Mg, and Mp3, were used. Once the DM produces the target phase,
Mg; is removed from the optical path. Finally, lens LS5 is effectively employed as a
tube lens that focuses the captured fluorescent light on the SCMOS detector. Note
also that mirrors, Mg;, Mg, can be moved to enable/disable the wavefront coding

optical path, allowing the optical setup to be used as a regular LSFM.

6.4.1.2 Cubic mask generation/Adaptive optics loop
The cubic phase masks employed in this work were generated using the principles of
adaptive optics as described in Jorand et al. [41]. This is done in two steps briefly

described as follows:

6.4.1.2.1 Pupil conjugation

Basically, the pupil of the objective, P, the surface of the deformable mirror (DM)
and the microlens array of the wavefront sensor (WFS), should be all placed at a
conjugated plane to each other. To ensure that, a uniform light sheet generated using
a dyed (FITC-dextran) agar sample was imaged using the standard DSLM
configuration (mirrors Mp;, Mg, and Mg; are removed). Once this is done, mirrors
Mg, and Mp; are enabled and the shape of the DM is set to the factory pre-callibrated
flat configuration and its position is adjusted to be in a conjugated plane with the
pupil of the objective. Finally the wavefront sensor (WFS) is enabled (by re-
introducing mirror Mg3) and its position is adjusted so that the microlens array is at a

conjugated with the pupil of the objective.

6.4.1.2.2 Phase mask generation

To produce the required cubic phase masks we designed three wavefronts with peak-
to-valley amplitudes: PV=10, 20 and 30 um. Wavefront measurements were done
using, as guiding stars, 1 pm fluorescent beads in agar. A closed-loop approach was
employed to set the shape of the DM according to the specified wavefront targets for
the different PV amplitude values, including the reference PV=0 were the target is a
flat wavefront. Once that the DM have produced the target phase, its shape (pattern
of voltages) was recorded for future use. The final mirror shapes were recorded after
the closed-loop converges to a solution within 30nm RMS wavefront error. The
mirror shapes corresponding to each designed phase mask were then employed for

the experiments.
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6.4.1.3 Deconvolution, MTF, and particle tracking

Deconvolution was perfomed using an implementation of the Richardson-Lucy
algorithm that is included in the plugin “Deconvolution lab” of imagel [42]. The
PSFs for each case were obtained from beads immersed in agar as explained in
methods. Single PSFs were cropped, background-corrected, resized and centered
before loading them to the deconvolution routine. Deconvolutions were performed
plane-by-plane. This allowed decoding only the effects of the wavefront encoding
process leaving the z-component of the PSF intact as they only depend on the
properties of the illuminating light sheet. The number of iterations was set to 20 as
these value showed to be enough to guarantee the convergence of the algorithm for
all the experiments performed in this work. Enhanced or more specific deconvolution

algorithms can be equally used [27,28,43].

MTFs were calculated as the modulus of the Fourier transform of the PSFs obtained
using a sample of fluorescent microspheres [44], for the different conditions
mentioned in the text. Fourier transforms were computed using the Fast fouruier

Transform library implemented in the Scipy library of Python [45].

Particle tracking was done manually using the ImageJ plugin MTrack]. Z positions
were recalculated using a Gaussian fitting to increase the precision of the

localization.

6.4.1.4 Control software — synchronization

A custom made Labview interface was developed to operate and synchronize the
acquisition of the microscope images with the GM scanning system. Two acquisition
modes were used: 1) External controlled mode (synchronous) and ii) free running

mode (asynchronous).

In the synchronous mode, the GMs are driven by a triangle and saw-tooth voltage
signals for fast (y axis) and slow (z axis) mirrors, respectively. A step function trigger
signal controls the data acquisition of the camera and ensures that every image is
taken when the galvos are static. All these voltage signals were generated by a NI
USB-6353 data acquisition and generation card device (DAQ) from National
Instruments (National Instruments Corp., Austin, TX, USA). The labview program

was made in such a way that the frequency of the fast scanning signal is an integer

124



multiple of the slow scanning signal in order to avoid introducing incomplete frames
within the integration time of the camera. The z-scanned signal was generated in
steps. For each z position, a trigger signal is fired just after the galvo reaches the
programmed value and an image is captured. The exposure time was set to a value
slightly lower than the step interval. The maximum frame rate practically achievable
with this synchronous configuration is 250Hz as this corresponded to an integration
time of just over 1 ms, the minimum allowed by the sCMOS in the actual

configuration.

In the free running mode the GM are also driven by a triangle and saw-tooth voltage
as before but in this case, there is no triggering signal controlling the acquisition of
the camera. In this mode, the camera continuously acquires an image according with
the specified frame rate. This allows taking advantage of the maximum integration

time of the camera for the modes faster than 1001ps.

6.4.2 Sample preparation and mounting

The samples are held by a custom made capillary sample holder (SH) that is attached
to a three axis motorized stage (x, y and z) and a rotation stage that controls the angle
0. The SH 1is located into a custom-made immersion chamber that is filled with a
physiological fluid (PBS) that keeps the samples in osmotic equilibrium. Chamber is
made from a cube of Teflon optically accessible from three glass windows made with
coverslips (N= 1.5, 170 um thickness). The objective lens enters the chamber from a
hole machined at one face of the cube, the objective is held with the chamber with an

o-ring that prevents any fluid leaking.
Fluorescent microspheres/ FITC-dextran

We employed green fluorescent microspheres of 0.2 and 1 um (Duke scientific,
G200 and G0100, 2% solids) for the experiments reported in this work. To obtain a
sample of microspheres sparsely distributed over the imaging volume we prepared a
dilution 1:1000 in ultrapure water (type 1, Milli-Q,). Different aliquotas of this stock
solution were stored in 1.5 ml conical tubes. The stock solution were vortex for 30 s
before preparing the sample for imaging to obtain a disperse distribution. We added
10 ul of the stock solution to 0.1-ml of 1% low-melting agarose (LMA) at 45°C in

another 1.5-ml conical tube and vortex gently. Agarose-microbead solution were
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drawn directly to a glass capillary (Hirschmann Z611263, 100 pl) with a
micropippete. Samples were incubated at 4% for 5 min for stabilization and then
mounted into a custom made LSFM sample holder. A custom-made plunger was
used to force the agar cylinder out of the capillary in front of the detection objective.
For the particle tracking experiments, a sample 0.2 wm microspheres was prepared
and loaded, just before the experiment the agar cylinder were forced to get into the
glass capillary again leaving some microspheres floating into the PBS. Experiment

started off within 20 s after releasing the microspheres.

For the case of FITC-dextran samples, a stock solution of 100mM was prepared
dissolving 0.7mg of FITC-Dextran (Sigma, FD70-100MG) in 1ml of ultrapure water
and stored in a 1.5-ml conical tube. Just before the experiment, 10ul of the stock
solution (vortexed by 10s) were mixed with 1ml of LMA at 45°C. The prepared
solution was injected into a capillary and mounted in the same way as explained

before for the samples of beads.
C. elegans strains

C. elegans were grown on nematode growth medium agar plates using standard
procedures [46]. We employed two transgenic strains for this work, first; the
ljIs1[myo2::YC2.1] line showing expression of yellow cameleon2.1 (YC2.1)
throughout the pharynx and, second, juls76[unc25::GFP] line expressing GFP in a
subset of D-type moto-neurons. Adult hermaphrodite worms were immobilized into a
5 ul drop of sodium azide (NaN3, 25 mM) for 10 minutes. A few worms were then
picked and transferred to a 5 ul drop of PBS. Then, a micropipette tip (0.1 ml) was
loaded with 50 pl of LMA (1%, 45°C) keeping the plunger temporarily depressed in
order to drawn up the drop containing the worms by a slow releasing of the plunger.
Immediately after, the agar-worm solution was drawn directly from the tip into a
glass capillary using the micropippeter. This transfer has to be done slowly to keep
the worms evenly distributed in the agar cylinder. Samples were incubated at 4% for
5 min for stabilization and then mounted into a custom made LSFM sample holder.
A custom-made plunger was used to force the agar cylinder out of the capillary in

front of the detection objective.
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6.5 Results 1: Proof-of-principle and characterization

Figure 6.5: Experimental demonstration of WFC-LSFM.

Figures a-d) show xz maximum intensity projections of a stack of images of a
sample of 1um microspheres suspended in agar. First, the DM was set to
PV=0um, standard LSFM mode, and a stack of images were acquired by a)
scanning the sample, and, b) scanning the light sheet. Then the DM was set to a
cubic phase mask with PV=10um, WFC-LSFM mode, and a stack of images
were acquired by c) scanning the light sheet. Figure d) show the results after
deconvolving the stack of images captured in c). Figure e) show the xy shape of
the PSF and its variation along the DoF. Scalebars: a-d) 50um, e) 20um.

We started by comparing standard LSFM and our WFC-LSFM system by imaging

fluorescent beads suspended in agar.

We first set, as a reference, the DM to PV=0 pum (flat DM) for standard LSFM. A
stack of images of 170 pm in depth was then obtained by moving the sample in the z-
direction, Figure 6.5(b). To illustrate the effect of the WFC technique, the sample
was slowly (2Hz) scanned with the light sheet. As one can expect with the DM still
flat, the resulting image is restricted to the limited objective DOF (Figure 6.5(a)).
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However, by setting the DM to a PV=10 um, the DOF is extended and the whole
volume can be imaged, as can be seen in Figure 6.5(c). This figure also shows the
need for a deconvolution process, as the image of the beads is deformed due to the
modification of the PSF introduced by the cubic mask. The image after
deconvolution (Figure 6.5(d)) is similar to that obtained with standard LSFM (Figure
6.5(b)). Notice that the deconvolution have been performed to the entire stack of

images and not just to the projection image.
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Figure 6.6: PSF size and resolution along the DoF.

Figure a) shows the relative variation of the PSF for the three cubic phase masks
employed in this work. The change in the between the resolution along the DoF
is assessed by analyzing the MTFs of the three cubic phase mask employed, b)
PV=10 pm, ¢) PV=20 pum, d) PV=30 um.

Note that, despite that WFC is employed to produce PSF invariance to defocus, the
PSF is not perfectly invariant along the z-axis, as shown in Figure 6.5(e). The
relative size variation, regarding to the minimum at center of the DoF, for the three
cubic masks employed along the DoF explored (170um) is shown in Figure 6.6(a).
This has two important implications. Firstly, the deconvolution cannot be performed

using a single PSF for all the planes, and has to be performed using a plane-by-plane
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strategy (see methods). While this can be easily done in our system (as the PSF can
be measured at each plane), this is not possible in standard WFC. In addition, the
lateral shift along the DOF of the PSF can be calibrated and corrected (see methods).
These are important advantages of WFC-LSFM in front of standard WFC
techniques. Secondly, due to PSF variance, the x-y resolution of the system is not
constant along the z axis. To assess this change in resolution, the MTF of the system
was characterized keeping the same conditions and having the standard LSFM (flat
DM) as a reference. For the DM set to PV=10, 20 and 30 um, the cut off frequency
(resolution) dropped by 3%, 20% and 27% at the central plane and by 35%, 25% and
27% at the edge of the imaged volume, see Figure 6.6(b-d). Note that higher values
of PV result in a smaller variation in the x-y resolution along the z axis. This shows
that, for the imaged volume, the PSF can be considered invariant when large PV
values are used. Nevertheless, higher PV increase the sensitivity to noise that would

detriment the quality of the image after deconvolution.
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Figure 6.7: WFC-LSFM performance for different scanning rates.
MTFs at the center of the DoF for different scanning rates.

We then proceed to assess the performance of WFC-LSFM at different scanning
rates going from 2 fps (integration time, At=440ms) and up to the maximum speed of
400fps (A1=2.2ms) As expected, at fast imaging speeds the resolution is masked by
the signal to noise ratio, which decreases in a 75% due to the low integration times,

see Figure 6.7. Therefore, to recover the masked frequencies (and recover the
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resolution), higher excitations intensities or brighter samples would be required. In
addition, note that larger/smaller active areas can be equally used having
slower/faster readings, e.g. 2048x 128 pixels” at 1600 fps, (see supplementary table 2

for sSCMOS camera specifications).

6.6 Results 2: Applications for in vivo imaging and
particle tracking

a)

Figure 6.8: WFC-LSFM for fast 4D imaging of C. elegans pharyngeal
structures.

Maximum intensity projections xy projections of a fluorescent C. elegans
pharynx obtained with a) standard LSFM and b) WFC-LSFM using a cubic
phase mask of PV=20 um. Insets in a) and b) show selected xz sections along the
dotted lines. Fast volumetric imaging enabled by WFC-LSFM was employed for
capturing the movement of a worm recovering from anaesthesia. A set of
consecutive frames (At=42ms) of this 4D experiment is shown in c), 3D iso-
surface rendering is shown in c) bottom-left. Scalebars: a-b) 20um, c¢) 50um.

To show the capabilities of the proposed system for in vivo applications we started
off by using genetically modified C. elegans worms expressing yellow-Cameleon
protein in the pharynx region (see methods). Figure 6.8(a) illustrates the results
obtained by regular LSFM and Figure 6.8(b) those obtained in WFC-LSFM with the

cubic mask with PV=20 um after the deconvolution. As it can be seen from the xy
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projection and the different xz sections that the main features of the pharynx [47],

including the buccal cavity, the metacorpus lumen and the grinder, can be recovered.

We then tested the fast capabilities of our WFC-LSFM for in vivo imaging . In the
first case, the whole pharynx of a moving worm was imaged at a speed up to 573
planes/s or 24 volumes/s. This was enough to reconstruct the 4D (3D+time) pharynx
movements of the worm recovering from anaesthesia, see Figure 6.8(c). An iso-
surface rendering is also shown at a selected time point to further illustrate the 3D

nature of the data retrieved and to visualize better the pharynx boundaries.
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Figure 6.9: WFC-LSFM for fast volumetric structure/particle tracking.
Fluorescent neuron cell-bodies of larvae moving inside C elegans worm in a
“bagging” state were imaged using WFC-LSFM. Figure a) show four 3D
consecutive time frames (At=100ms) of the deconvolved data. Color indicates
depth according to the color bar in the bottom. A couple of cell bodies were
tracked and their trajectories were plotted in b). The iso-surface represents the
cavity of the host worm where the larvae move, for reference. Color along
trajectories indicates the local speed of the larva, according to the colorbar in the
bottom. Microspheres floating in PBS were imaged using WFC-LSFM. Figure c)
show three 3D consecutive time frames (At=13ms) of the original data. Color
indicates depth according to the color bar in the bottom. Particles were tracked
and their trajectories were plotted in d). Scalebar 10um

WEFC-LSFM enables also the capability of performing fast volumetric tracking of

structures and particles. To demonstrate this, we tracked the rapid movements of C
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elegans larvae inside the body of a worm undergoing in a “bagging” state or
endotokia matricida [48,49]. In such case, larvae transiting along the host worm
resulted in a complex dynamic scenario that can be studied at high speed with the
presented method. For this we imaged at a speed of 100 planes/s or 10 volumes/s.
Figure 6.9(a) show four consecutive frames (At=100ms) color-coded 3D images after
the deconvolution process. We then manually tracked the GFP labelled cell bodies of
two different larvae. Figure 6.9(b) shows their 3D trajectories and velocity vectors
showing the dynamics of this particular biological process. In this case, dynamic

speeds up to 180 um/s could be measured in 4D.

To further show the potential of the developed system for single-particle tracking and
particle image velocimetry, we imaged microspheres of 0.2 um freely floating into
the chamber’s saline buffer. In this case we set the camera at the maximum speed
recommended by the manufacturer, i.e., 1600 planes/s with an effective volumetric
imaging speed of 73 volumes/s. Figure 6.9(c) show three consecutive frames
(At=13ms) color-coded 3D images of the raw data obtained for this sample. In this
case we simply recorded the 3D centroid of the main lobe of the PSFs (white arrow
in Figure 6.9(c)). The resulting 3D tracks for some microspheres are shown in Figure
6.9(d). A subsequent analysis of the trajectories resulted in a speed of the particles of
32.8 um/s and diffusion coefficient D=2.4+0.4um%/s , which is in good agreement
with the expected value D¢ =2.10 pm?/s for the same conditions [50].To our
knowledge, these two experiments constituted the fastest 3D imaging and tracking

performed up to date.

6.7 Conclusion

To sum up, the technology we present integrates LSFM and WFC techniques in a
unified system. This provides an unprecedented capability that can be used for
obtaining a holistic view of fast biological dynamics in their own environment at

video-rate speed, covering the needs for fast 3D imaging and tracking.

In addition, the limitations of the standard WFC technique disappear by combining it
with LSFM, opening the door to the development of more suitable WFC masks and
artifact-free deconvolution methods. In closing, the proposed technology is a

breakthrough in both LSFM and WFC fields.
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Chapter 7: Conclusions and future perspectives
In this thesis, I have explored several ideas to find new photonic applications to solve
problems in biological microscopy. Adaptive optics had been used to correct the
aberrations in the optical path of a TPEF microscope to enhance the signal retrieved
from different tick samples at different depths. The concept of using an intrinsically
generated nonlinear guide star was demonstrated for the first time and applied using
biologically relevant samples. In the quest for additional applications of adaptive
optics for laser micro-surgery, I have built a new multimodal microscopy work
station based on a previous proof-of-principle optical setup. To enhance the
reliability of the system the optical setup was completely redesigned and the software
was importantly updated. Using this new optical setup, I have developed new
techniques based on the use of PSHG microscopy to assess the damage induced by a
femtosecond laser when it is employed for laser axotomy of soil worms. Thanks to
this, fine adjustment of the power of the femtosecond laser for the dissection of C
elegans axons in conditions of minimum damage was achieved. This was done even
at the level of the structural arrangement of the myosin structure within the muscles
adjacent to the axon. Using this know-how, I have developed a complete application
for testing axon regeneration enhancing agents employing a custom-made
microfluidic chip for immobilization. This development was employed to make the
first studies on the effects of the drug Citicoline in the neuron regeneration of
invertebrate animal models. Further application of the multimodal microscope for the
evaluation of the effects of femtosecond-laser photodisruption in human crystalline
lenses was demonstrated. Here, I have presented, for the first time, the use of TPEF
for the evaluation of the damage induced by the laser at different depths within the
lens. Besides, conditions for changing between low-plasma-density ablation and
bubble-mediated photodisruption were characterized. Another path I have followed
during my PhD thesis was the use of wavefront engineering methods applied to light-
sheet microscopy. Here, | have designed and built a very versatile multimodal LSFM
based on a DSLM scheme. Using this system I have proven for the first time the use
of femtosecond Bessel beams to excite two-photon fluorescence of living
multicellular organisms. I have shown that this modality exploits the full potential of

both, self-reconstructing properties, in one side, providing high resolutions over a
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larger FOV and nonlinear microscopy, in the other, further enhancing the optical
sectioning capabilities of LSFM. In addition to this, I have performed a modification
of the original optical setup in order to demonstrate the capabilities of the multimodal
LSFM for imaging large, highly-scattering cancer tumor models. Here, it was shown
that both modalities 2p- Gaussian and Bessel, employing femtosecond laser beams
permit retrieving optical sections with enhanced contrast in biologically relevant
MCTS. Besides, the enhanced self-reconstructing properties of femtosecond Bessel
beams were demonstrated experimentally by using uniformly stained MCTS. In a
similar way, the final application included in this thesis was about the use of
wavefront engineering methods to break the scanning paradigms of LSFM. Here |
have applied AO principles to extend the DOF of a LSFM collection arm. I have
demonstrated how this simple modification release the constraint imposed by the
DOF in the excitation sheet, enabling a wide range of new applications. I have
presented three relevant applications of this new technology. First, fast imaging of a
living specimen at unprecedented volumetric rates was achieved. Second, fast three-
dimensional particle tracking and particle velocimetry of cellular structures in a
living organism was demonstrated. And third, three-dimensional particle tracking
and particle velocimetry of microspheres in solution, were the state-of-the-art
detector employed were pushed to its velocity limits. To my knowledge this is the

fastest light-sheet microscopy volumetric image ever done.

From the technological development point-of-view this thesis left two fully
functional microscopes: the multimodal microscopy workstation and the multimodal
LSFM. Both of them are available at the Super Resolution Light microscopy and
Nanoscopy facility of ICFO, and are employed by users of the facility in a daily
basis. Besides, as we have identified the excellent potential of the device for fast

LSFM using and extended DOF a patent was filed on its implementation.

7.1.1 Future perspectives
The future prospects of the technological advancements and applications presented in
this thesis are numerous. Firstly, the implementation of AO in the microsurgery with

femtosecond lasers is a must. I see two immediate applications that can benefit in the
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future from the developed technology, 1) the aberration correction for femtosecond
microsurgery inside transparent multi-layered structures, such as many microfluidic
chips, as long as the target is a fluorescent structure, and, ii) photo-disruption of
transparent tissues, such as the crystalline lens, where the autofluorescence generated
by with the femtosecond may be employed as nonlinear guide star. In both cases, AO
to correct the sample induced aberrations would enhance the efficiency of the energy
deposition on the sample, either by reducing the required laser power or by reducing

the dissected volume.

Second, axon regeneration studies that were carried out in this thesis demonstrate the
potential of this basic model of neuron injury, multimodal imaging and
immobilization device, for multiple experiments that would help to understand
spontaneous axon regeneration and the evaluation of the effects of some small
molecules and drugs on this process. Ideally the developed devices would be
combined with novel molecular and genetic tools, to properly address these
fundamental questions. Particularly, Citicoline effects on axon regeneration would be
amenable to be revisited exploring more extensively the space of parameters: worms
ages, distance from the axotomy to ventral cord, spatial and time scales of axon

regrowth, frequency and density of branching, etc.

Other interesting prospect that comes from the study on damage assessment is the
possibility to use SHG/PSHG to study the mechanism of damage by laser irradiation
on muscular structures at the cellular level. The reason why the thick filaments
undergo in a change of phase from SB to DB, when a medium to large damage is

inflicted with the laser is still controversial, and deserves further investigation.

LSFM implementing TPEF and Bessel beams was shown to be very promising for
increasing the excited FOV as well as for imaging thickly scattering samples with
high contrast. Nevertheless, the required powers for excitation and imaging MCTSs
with this modality are close to the limit considered harmful for biological samples.
To alleviate this, changing to fluorescent proteins that have a bigger two-photon
action cross-section (than MCherry in our case) would be of great benefit. Also,

finely adjusting the Bessel beam length to produce a shorter but still reasonable
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FOV, may help to reduce the beam axial spreading and therefore the total average

power employed.

Finally, the LSFM system developed for fast, unperturbed imaging would provide an
ideal environment for fast/volumetric localization-based super-resolution microscopy
(STORM/PALM) or single particle/molecule techniques. In fact, initial calculations
showed that using WFC-LSFM would result in a system able to increase up-to 20

times the actual volumes covered by standard localization-based microscopes.

Fast volumetric imaging of 3D Calcium dynamics in neuron cultures can be also
benefited with this novel technology. The required frame rate required to image
calcium waves in 2D is usually of 100Hz. This indicates that, for a volumetric
calcium wave image, every plane should be recorded at such speed. To do that, the
full potential of the employed camera can be exploited by running at 1600Hz and
acquiring 16 planes of calcium data instead of just one. This would be a

breakthrough in the field.
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