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Abstract

Light-sheet fluorescence microscopy (LSFM) has established itself as an irreplaceable imag-
ing technique in developmental biology over the past two decades. With its emergence, the
extended recording of in toto datasets of developing organisms across scales became possible.
Remarkably, LSFM opened the door to new spatio-temporal domains in biology, offering cellu-
lar resolution on the one hand, and temporal resolution on the order of seconds on the other hand.
As in any fluorescence microscopy technique, LSFM is also affected by image degradation at
greater tissue depths. Thus far, this has been addressed by the suppression of scattered light,
use of fluorophores emitting in the far red spectrum, multi-view detection and fusion, adaptive
optics, as well as different illumination schemes. In this work, I investigate for the first time in
vivo optical aberration reduction via refractive index matching in LSFM. Examples are shown
on common model organisms as Arabidopsis thalina, Oryzias latipes, Mus musculus, as well as
Drosophila. Additionally, I present a novel open-top light-sheet microscope, tailored for high-
throughput imaging of mammalian samples, such as early stage mouse embryos. It is based on a
three objective geometry, encompassing two opposing detection objective lenses with high light
collection efficiency, and an invertedly mounted illumination lens. It bridges the spatial scale
between samples by employing an extendible light-sheet illumination via a tunable acoustic gra-
dient index lens. Both parts of this work improve the image quality across the 3D volume of

specimens, paving the way for more quantitative recordings at greater tissue depths.



Zusammenfassung

Lichtblatt-Fluoreszenzmikrosopie (LSFM, vom Englischen) hat sich in den letzten beiden Jahr-
zehnten als essentielle Technik zur Bildgebung in der Entwicklungsbiologie etabliert. Mit ihrer
Existenz sind ausgedehnte, sowie Skalen iiberbriickende in foto Aufnahmen von sich entwick-
elnden Organismen moglich geworden. Bemerkenswerterweise hat LSFM die Tiir fiir eine
neue raum-zeitliche Doméne in der Biologie geoftnet, indem sie einerseits zelluldre Auflo-
sung, und andererseits zeitliche Auflosung im Sekundenbereich bietet. So wie jede Fluoreszenz-
mikroskopie-Technik, ist auch LSFM von einer Bildverschlechterung in gréf3eren Gewebstiefen
betroffen. Bisher wurde dies durch Unterdriicken von Streulicht, Verwendung von Fluorophoren,
die im nahinfraroten Spektrum emittieren, Detektion von verschiedenen Seiten und anschliefen-
der Daten-Fusion, adaptiver Optik und verschiedenen Beleuchtungsstrategien adressiert. In
dieser Arbeit, untersuche ich zum ersten Mal die in vivo Verringerung von optischen Aberra-
tionen mittels Brechungsindex-Anpassung in LSFM. Es werden Beispiele an iiblichen Modellor-
ganismen wie Arabidopsis thaliana, Oryzias latipes, Mus musculus, sowie Drosophila melanogaster
gezeigt. Zusitzlich présentiere ich ein neuartiges, nach oben gedftnetes Lichtblatt-Mikroskop,
das speziell fiir Hochdurchsatz-Aufnahmen von Siugetier-Proben, wie z.B. frithen Mausembry-
onen, zugeschnitten ist. Es basiert auf der Geometrie dreier zueinander angeordneter Objektive,
bestehend aus zwei gegeniiberliegenden Detektions-Objektiven mit einer hohen Lichtaufnah-
me-Effizienz, sowie einer invertiert montierten Beleuchtungslinse. Das Mikroskop iiberbriickt
die raumliche Skala zwischen unterschiedlichen Proben, indem es eine ausdehnbare Lichtblatt-
Beleuchtung mittels einer steuerbaren akustischen Gradientenindex-Linse verwendet. Beide
Teile dieser Arbeit verbessern die Bildqualitit in den aufgenommenen 3D Volumen der Proben,

und ebnen damit den Weg zu quantitativeren Aufnahmen in grofleren Gewebstiefen.
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List of Abbreviations

In most instances abbreviations are introduced where they first appear in this work, but to aid

the reader a short list of the most important abbreviations is presented here.

2D two dimensional

3D three dimensional

BFP back focal plane

BPM beam propagation method

CCD charge coupled device

CLSM confocal laser scanning microscopy
CMOS complementary metal oxide semiconductor
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DSLM digitally scanned light-sheet microscopy
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FN field number
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FPGA field programmable gate array
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scientific CMOS
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signal to noise ratio

single plane illumination microscope
stimulated Emission Depletion
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1 Introduction

Who has not spent some time during a clear night, staring at the night sky, stargazing and sim-
ply wondering? Modern humans and likely our ancestors have been doing so for hundreds of
thousands of years before us. Nature itself made this possible by equipping us with a powerful
optical system: our pair of eyes. Of course our fascination with the universe never stopped, and
from observing planets, suns, and galaxies with our naked eye, we humans went on to operate
telescopes in space and even sent drones and vehicles to other planets. Somewhat in the shadow,
on the dark side of the moon so to speak, a different curiosity of humans started to rise: the
interest in the small things in life. Beyond what our eyes can naturally detect, a full micro-
cosmos was hidden from us. Today, starting with single cells, their organelles, viruses, proteins,
molecules, and even atoms, we have managed to observe and record the whole repertoire of
life’s building blocks. This achievement rests on the shoulders of the telescope’s smaller cousin:
the microscope, and all if its recent developments. With the current advancements in technology
we are reaching an age, where in parallel to the opening question, we may ask: Who has not
spent some time looking at life under the microscope, ’cellgazing’?

The microscope’s journey in enriching our knowledge about the micro-cosmos started in the
17t century with Robert Hooke who identified cells [1], and Antoni van Leeuwenhoek who for
the first time observed bacteria [2]. This time marked the dawn of microbiology and enabled
studies of previously unseen life processes. Apart from technical limitations, the diffractive
nature of electro-magnetic waves, such as visible light, presented a clear boundary to the mi-
croscopes’ resolution limit. This fundamental limitation to approximately half the wavelength
of the detected light was first formulated by Ernst Abbe in 1873 [3]. Thus, ever shorter wave-
lengths found their application in microscopy, leading to ultraviolet [4] and X-ray microscopy
[5]. But not only photons were used to interact with biological samples in the hunt for higher
resolution. Electron microscopy, developed in 1931 [6], became a prominent tool that lead us to
resolve structures down to the Angstrdm level.

However, despite reaching ever higher spatial resolution, advances in the resolution of biol-
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ogy’s temporal domain were lagging. This is either due to the needed sample preparation in
electron microscopy, e.g. coating for scanning electron microscopy, the required vacuum, or
simply the high power electro-magnetic waves which deposit lethal energy dosages in the sam-
ple. Therefore, light-microscopy remained the method of choice to study dynamic processes in
cells and organisms.

Light-microscopy however, remained mostly two dimensional due to a lack of optical section-
ing capabilities. Nonetheless, it profited from a number of technological advancements, starting
with improved manufacturing techniques, the invention of the laser - a coherent light source [7],
the discovery of fluorescent proteins [8], and the ever growing palette of genetic tools, e.g. the
CRISPR-Cas9 gene editing [9][10], as well as the advancement in camera technology backed
by a consumer market. These and other developments propelled the capabilities of modern mi-
croscopes and possibilities to study biological samples to a new level. An important milestone
belongs to the invention of the confocal scanning microscope, a point scanning system including
a pinhole for out of focus light discrimination [11]. It enabled researchers to finally record op-
tically sectioned 3D data sets near Abbe’s resolution limit. Around the turn of the millennium,
another milestone was reached, when two different fluorescence light-microscopy techniques
surpassed Abbe’s limit with the use of special photo-convertible dyes [12][13]. Primarily these
techniques are applied to single fixed cells, and help to study structures and protein-protein inter-
actions, as well as identify protein locations within the cell’s subvolume with precisions below
10 nm.

A third milestone was reached in 2004, with the introduction of selective plane illumination
microscopy (SPIM) to biology [14]. For the first time, a microscopy technique was used to
record extended 3D datasets of developing organism with previously unknown spatio-temporal
resolution. While other microscopy techniques were focussing on spatial resolution improve-
ments throughout the years, SPIM closed the gap on the temporal scale. In this microscopy
technique, the authors applied a previously reported [15] orthogonal illumination scheme with a
thin sheet of light. Such a light-sheet optically sections the live sample, only illuminating it in
one plane. Modern light-sheet fluorescence microscopy (LSFM), an alternative name for SPIM,
found its application in developmental biology [16][17] and soon after into classical cell biology
[18][19], and now spans across a multitude of studies [20][21][22]. Its main advantages over
scanning microscopes is the far superior speed and higher photon efficiency: Due to the quasi-
instantaneous illumination of an entire plane and its simultaneous detection, the rather slow

scanning process is omitted. Further, the otherwise necessary light-cone, entering and exiting
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the sample near the focus of the scanned focus, does not exist in light-sheet microscopy. This
reduces the light-dosage for standard samples, such as developing embryos, 100 to 1000-fold
[16]. Despite the many advantages, light-sheet microscopy also harbours its own challenges,
many stemming from the fact that the samples are comparatively large (> 100 um) and their
optical properties can vary in space and time.

To this day, only a handful of studies around LSFM addressed the optical properties of the
samples, and their refractive index distribution which causes optical aberrations on the illumina-
tion, but also on the detection side. The negative influence on contrast and resolution can inhibit
quantitative readouts as the optically aberrated signal needs to be carefully compared to the less
aberrated, e.g. on the surface of the sample.

A promising solution is presented by adaptive optics (AO), originally developed for telescopes
in astronomy [23][24]. In this technique an adaptive optical element corrects for irregularities
of the light, after interacting with the sample, to re-establish a diffraction limited focus. This
approach is rather complicated in microscopy, requires a large budget and is not implementable
on many commercial systems. An alternative and not mutually exclusive approach to reduce
aberrations, is given by refractive index matching, usually applied for fixed samples. It can
however, with limitations, also be applied for live microscopy [25] and reduce imaging artefacts.

Additionally, the concept of multi-view imaging [26][27][28] in light-sheet microscopy is
a possible approach to compensate for signal deterioration at larger depths. In this approach
the sample is recorded from multiple directions, either simultaneously by at least two detection
objective lenses, or via sample rotation and recording from a different angle. Computational

post-processing then generates a more isotropically resolved dataset.
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This work

This thesis presents a first study of live refractive index matching in light-sheet microscopy to
reduce optical aberrations and restore image contrast at greater tissue depths. Further, a novel
light-sheet microscope for mammalian multi-sample imaging, based on a thus far unexplored
objective arrangement in high throughput light-sheet microscopy, will be presented. The de
novo imaging system employs a second detection lens, therefore doubling the light collection
efficiency. The second detection lens is also used to compensate the opposing objective’s signal
loss and image quality degradation at larger imaging depths. The system also offers flexibility
around the sample size, which is supported by a rearrangable dual-color detection path, as well
as a tunable light-sheet profile.

These two topics share a common aim, which is to advance live light-sheet microscopy to greater

depths, in the spatial and quantitative context.

Structure

This work is structures as follows:

Chapter 1 introduces the reader to the context of this work and outlines its aims.

Fluorescence microscopy will be introduced in the 2" chapter, where I highlight its important
concepts as well as different imaging approaches. The second half of this chapter focusses on
light-sheet fluorescence microscopy and lays the basis for the subsequent chapters.

Chapter 3 will discuss the concept of refractive index matching in SPIM, show theoretical
predictions which are backed up by experiments with phantom samples, as well as recordings
in Drosophila melanogaster, Arabidopsis thaliana, Oryzias latipes, and Mus musculus. The 4%
chapter presents the novel high-throughput light-sheet fluorescence microscope for mammalian
samples. It discusses the creation and theoretical advantages of flexible, extended 'pushed’ light-
sheets. Simulations and experimental results around the light-sheets are presented. Further the

advantage of the dual detection scheme for mammalian samples, is exemplified.



2 Fluorescence Microscopy

Today, fluorescence microscopy is a well established tool in the field of life sciences, benefiting
from our capabilities to label specific proteins of interest. Its foundations were laid in beginning
of the 20th century, before specific labeling with dyes and fluorophores was available, when
between 1908 and 1911 August Kohler, Henry Wilhelm Siedentopf, Heinrich Lehmann, and
Otto Heimstédt developed the first fluorescence microscopes based on UV-excitation [29][30].
Immunofluorescene, discovered in the early 1940s by Albert Coons [31], allowed scientist to
perform targeted fluorescent labelling. Another milestone was reached in the 1960s when Osamu
Shimomura isolated the Green Fluorescent Protein (GFP) [8]. A few decades later biologists
where able to express GFP in other organisms [32][33], therefore opening the door for specific

labelling.

The process of fluorescence itself can be best described with the particle view of photons.

Light of wavelength A consists of photons with energy
E=hy=h< 2.1
=Nny =n— .
pl

Here, h is the Planck constant, v is the light’s frequency, and c¢ the speed of light. Before dyes,
fluorophores or other materials can emit fluorescence, energy needs to be provided extrinsically,
e.g. via the excitation by a light source. In this case, excitation photons with energy E are
absorbed by an electron, usually in its ground state. It is lifted to a excited state at which it only
resides for a matter of ns before it releases its surplus in energy and falls back to its ground state.
This surplus of energy E’ is transported off by an emitted photon of wavelength 2’ = hc/E’.
These photons make up the detectable fluorescence. Typically, the materials’ emitted wavelength
range is shifted to the red (less energy) compared to the excitation light. This so-called Stokes
shift lies in the range of at least a few nm (c¢f. Fig. 2.1). Apart from the transition from ground
to excited state and vice versa, there can additionally be vibrational states present. Because

of their existence, excitation can occur with wavelengths below and above the ideal excitation
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Figure 2.1: Fluorescence Spectra of mCherry. A typical absorption (yellow) and emission (red) spectrum is plotted
for the fluorescent protein mCherry. Its absorption peak lies at 587 nm whereas the emission peak is shifted to
610nm. The distance labeled as §sA between the two peaks is the so-called Stokes Shift. The spectra were accessed
from FPbase [35], originally published by Shaner et al. [36].

wavelength. Emitted photons then typically exhibit higher wavelengths, or lower energy. These
processes around the electronic states of an atom or molecule can be summarized in a so-called
Jablonski diagram [34]. The excitation and emission wavelengths of a fluorescent molecule
are typically described via a spectrum, and the molecule’s excitation and emission peaks are
determined. These spectra are known as the absorption spectrum and the emission spectrum of
a dye or fluorophore.

The existence of the Stokes shift allows for the use of fluorescence filter, which block or reflect
light used for excitation while transmitting or reflecting light from the emitting fluorophores.

Ideally, a fluorophore cycles back and forth between an excited state and the ground state by
emitting photons which make up the total fluorescence. An excited electron in the fluorophore
has however the possibility to also change its spin. Should this occur, the probability or relax-
ation to the original ground state is strongly decreased. This results in a longer life-time in the
excited state (> us compared to ns). In this excited orbit, the electron has a higher probability of
being excited into even higher states by absorbing other photons. Photochemical reactions be-
come more likely in which bleaching or phototoxicity can be the end result [37]. Such processes
are to be avoided in live imaging as they can destroy the fluorophore, and harm the sample. This
effectively means, that with a finite amount of fluorophores or dyes present in a live sample,

an excitation photon budget exists. Upon surpassing of this budget, damage in the sample and
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signal degradation due to bleaching are the consequence.

2.1 Widefield Microscopy

The simplest fluorescence microscope, a widefield microscope, also known as an epifluorescence
microscope, uses one objective lens to illuminate the specimen and to collect emitted light at the
same time (cf. Fig. 2.2). Normally, a wavelength band of the excitation light, from a laser or
a light source with a broad spectrum, is selected for spectrally with the help of a filter. The
light of selected spectrum is then reflected by a dichroic mirror! towards the objective. For a
homogeneous illumination of the sample, the light is focussed into the back focal plane of the
objective. Photons emitted after fluorescent excitation are collected by the objective lens and
pass the dichroic mirror. A tube lens in combination with a detector are used to generate an
image.

The optical properties of such a microscope depend mostly on the opening angle of the de-
tection objective lens (2a, ¢f. Fig. 2.2) and the light’s vacuum wavelength (dg). As a rule of
thumb one can say that the lateral resolving power of such a microscope lies in the range of the
used wavelength (¢f. Ch. 2.2). Next to the opening angle, the refractive index of the immer-
sion medium n contributes to the light collection efficiency and ergo, can affect the resolution as
well. A helpful measure to describe an objective’s optical properties is therefore the numerical

aperture:
NA =nsina 2.2)

Higher numerical apertures allow to collect light from larger angles and therefore more light
in total. The magnification of the system is given by the proportion of the focal lengths of the

objective lens and the used tube lens:

_ S

M =
JSobj

As the entire FOV is flooded with excitation light, widefield microscopy best performs for

thinner samples, as less signal from volumes away from the focal plane contribute to the overall

'Essentially, a dichroic mirror can also be seen as a filter, characterized by the wavelengths it reflects rather than
the ones it lets pass.
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Figure 2.2: Sketch of a widefield fluorescence microscope. In epifluorescence microscopy the sample can be
excited with different light-sources (LiS), e.g. a broadband gas-arc lamp. The excitation light is typically expanded
and collimated (not shown) before it is focused via a lens (L) onto the back focal plane (BFP) of the objective (O). An
excitation Filter (F1) is used to select the desired illumination spectrum. The dichroic mirror (DiM) reflects the light
towards the objective where it is focused into the specimen (S). The fluorescence emitted from the sample is collected
by the objective with a maximum detection angle of 2« (¢f. inset zoom on the right). In the form of a detection beam,
the fluorescence passes the DiM and an additional detection filter (F2) before it becomes focussed onto the area
detector, e.g. CMOS camera, where the image is formed (image plane). Note that only one point was selected to
illustrate the image formation. As the illumination is homogeneous across the field of view, one needs to imagine a
great number of such cones being collected by the objective simultaneously, from the plane of the objective’s focus,
from above and from bellow. Further, the here shown BFP outside of the objective housing is only an illustration as
in many objectives it is found inside the housing. Adapted in parts from [38].

detected fluorescence. Therefore, no meaningful optical sectioning is performed with the wide-
field microscope, and 3D reconstructions of the imaged volume will appear blurred out in the
z-dimension. The fast readout of the area detector and the simultenously fully illuminated FOV

allow for rapid recordings on the other hand.

The following section will introduce the concept of resolution before discussing a microscope

system which in contrast excels at providing optically sectioned 3D volumes.
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2.2 Point Spread Function and Optical Resolution

When observing a point like object, e.g. a light emitting flourophore or a distant star, with an
optical system as our eyes, a microscope or a telescope, that system will generate a blurred,
spread out image of this object. This is due to the diffraction of light propagating through an
opening such as an iris or lens. This spread is called point spread function (PSF) and defines
the optical performance of an imaging system. The intensity distribution /(r) of an object with
coordinate r detected by the observer can be described mathematically through a convolution
with the PSF H(r):

I(r) = O(r) « H(r) 2.3)

Note that the PSF can vary across different coordinates and therefore the dependence on 7 is
included above. The PSF’s shape and extent further define the optical resolution as will be
illustrated below. It is therefore important to understand the limitations of the PSF as it defines
what can be observed with a microscope. Following the scalar diffraction theory (polarization
ignored) as summarized by Born and Wolf [39, p. 484 ff.] of a point being imaged by a lens, the
lens generates the following intensity PSF at magnification M = 1 (cf. also [40, p. 23 f])

2

1
1
H(u,v) = Cy f Jo(vp) exp (—Eiupz) pdp (2.4)
0
with the dimensionless optical coordinates
8
u= Sonzsin’ (5) 25)
and
2
y= Tﬂnp sin @ (2.6)

Here, Cy is a normalization factor for unity, Jy is the zero order Bessel function, p is the radial
coordinate with p = +/x2 + y2. With the 3D intensity distribution around the focus, it is now

possible to investigate the cross-sectional profiles along the radial coordinate and along z. In the



2.2 PoiNT SPREAD FuNncTiON AND OPTICAL RESOLUTION

2J1(p)

1.0 1
— |

’2
2/)2

—=- exp(—%

)

0.8 1

0.6

0.4 4

I(p) [arb.units]

0.2 4

0.0 pmrm—mem— NSee==e=s

T T T
~0.6 —0.4 ~0.2 0.0 0.2 0.4 0.6
p [pm]

Figure 2.3: Radial Airy pattern. An example Airy disk as described by Eq. 2.8 is plotted here for 4y = 510 nm,
NA = 1.1 (solid line). Note the minor rise in the function beyond the first minimum. This results in a low intensity
ring in the image plane. Additionally, a Gaussian approximation is plotted (dotted line). The approximation was
made by letting both function intersect at 1/e~? intensity. with wy = 0.19 um.

image plane (z = u = 0) the intensity PSF becomes

2

Hu=0,v)=Cy 2.7

1
fo Jo(vp)p dp

2
s (” ‘V(V)) 2.8)

with J; being the 1st order Bessel function and Iy = H(0, 0) is the intensity at the geometrical

focus.

The intensity distribution follows one main central peak with concentric side rings of ever
lower intensities at larger radii. It is known as the Airy pattern or Airy disk, first described by

Airy in 1835 [41]. Its first minimum occurs at v = 3.83. Solving Eq. 2.6 for p and using

10
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NA = nsina, we get

3.83

— - 2.9

p H(0,3.83) 2 NA 9
Ao

= 0.61m = Oy, Rayleigh (2.10)

Analogously, we can proceed to calculate the axial extent to the intensity PSF by setting v = 0
(cf- [39,4901]:

. 2
smu/4) .11

Hu,v=0)= IO( w4

This PSF function is proportional to (sin(x)/ x)? and has its first zero for u/4 = +r at (using Eq.
2.6 & sin(a/2) ~ 1/2 sin(@) for small angles)

22
z =0 (2.12)
H=4m.0) psin’(a)
2Aon
= iNﬁz =: 8, Rayleigh 2.13)

A set of different measures exists throughout the literature on how to define resolution. But
generally it is the ability to distinguish two points in close proximity to each from each other. In
Eqgs. 2.10 and 2.13 the definitions for the lateral and axial resolutions according to the Rayleigh
criterion [42] have already been indicated. The definitions state that two points with intensity
spreads following the above described intensity distributions can be distinguished from one an-
other, if the intensity peak of one point is at least as far away the second point’s first intensity
minimum. Interestingly, Ernst Abbe was the first to report on the resolution limit achievable
with light microscopy in 1873 [3], but without having followed the here presented mathematical
derivations. He found that the minimum distance at which two points can be distinguished from

one another follows:

A
n-sina

Oxy, Abbe = (2.14)

Apart from a prefactor, this equals Eq. 2.10. Throughout this work, as more commonly used
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Figure 2.4: Rayleigh Resolution Criterion. The graph shows two Airy disks as in Fig. 2.3, with one pattern being
displaced by the distance of the first minimum (04 min) from the central peak. This results in the peak of one function
overlapping with the first minimum of the other pattern. As the two peaks can be well distinguished from one another,
this is a usefull definition of resolution 6., and is known as the Rayleigh criterion (cf. Eq. 2.10 & Eq. 2.15).

today, the resolution limit as defined with Rayleigh criterion will be used. We will refer to the
lateral resolution 0, and the axial resolution ¢, of an optical system, e.g. an objective lens, with
the help of

Ao
Oxy = 0.61N—A (2.15)
n/lo

As can be seen from Eqgs. 2.15 & 2.16, the lateral and axial resolution depend differently on
the numerical aperture, and therefore on the angle a. Their behaviour for smaller and larger
NAs, as well as the changing ratio between them is shown in Fig. 2.5 (a) & (b).

The axial resolution is always lower than the lateral resolution, typically by a factor of ~ 4-9
for detection objectives used in this work. Especially for objectives of lower numerical aperture,
these formulas provide a good estimate. A more precise treatment of the resolution for high angle
objective lenses, based on the uncertainty principle of electromagnetic waves, can be found in
[43].
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Figure 2.5: Optical resolution of a widefield microscope. Plot (a) shows the lateral (¢,,) and the axial (J) resolu-
tions defined by Eqgs. 2.15 & 2.16 for a widefield microscope in dependence of the numerical aperture NA = n sin(e).
The axial resolution is always worse than the lateral resolution. Higher numerical apertures improve the axial res-
olution stronger than the lateral resolution which is illustrated by the ratio between the two (6./d.,) in (b). For
calculations, a wavelength of 4y = 510 nm and a refractive index n = 1.33 were chosen.

Above, we have assumed an emitting point being imaged by a perfect thin lens to find the best
possible performance of a microscope. For fluorescence microscopy however, the illumination
and detection PSFs (Hj; & Hger) can be different, e.g. because of different wavelengths or
because of different NAs. The probability to detect a photon from the illuminated point in the
sample, depends on the probability of an illumination photon reaching the point as well as the
probability of an emitted photon from that point to reach the detector. Therefore the system’s

intensity PSF (Hgys) can analogously be expressed as a multiplication of the two intensity PSFs:
Hsys = Hin - Hget (2.17)

Reducing one of the two PSFs will result in a reduction in the total PSF, which in turn im-
proves the resolution. The following section will introduce one such concept based on one
objective alone before moving on to the concept of decoupled illumination and detection in
light-sheet microscopy. The choice of optical components, their possible misalignment as well
as sample and medium induced aberrations all can negatively impact the PSF and therefore re-
duce the resolution capabilities of a microscope. More information about optical aberrations and

their minimization can be found in Ch. 3.
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2.3 Confocal Microscopy

In the above described widefield microscope setup, the desired FOV is illuminated approxi-
mately evenly by a collimated beam with the help of the objective. Fluorophores are excited
along the entire three dimensional illumination profile and therefore fluorescence is detected
from planes above and below the focal plane of the objective, leading to blur and background
signal in the detected image. One effective way to suppress photons from the out-of-focus planes
to reach the detector, is the use of a pinhole at the focus of the tube lens. Photons that were emit-
ted below or above the focal plane pass the objective under different angles and reach the image
plane at different positions where they are then blocked by the pinhole aperture. A detected spot
of higher contrast is the result. However, as the fluorophores from the proximity of the detected
spot are also affected by the aperture, widefield illumination is not further feasible. Instead a
point like illumination is more efficient. To then generate an image the sample requires scan-
ning by such an excitation spot. Theoretically this can be done mechanically by displacing the
sample, but a faster and more efficient way to limit the mechanical movement to the direction
of the optical axis, is to instead scan the spot with optical elements, such as galvanometric scan
mirrors (GSMs) in the focal plane. Further, an area detector is no longer required and instead a
photo-multiplier is used. Finally, to ensure positional stability in the image plane and optimal
usage of the pinhole, the emitted fluorescence is descanned with the same scanning elements
that are employed in the illumination, e.g. a pair of GSMs. The result is an optically sectioned
image from a single plane spanning the axial extent of the PSF. For 3D acquisitions the sample
is displaced in z, the optical axis of the objective lens. This sort of setup is called a confocal
laser scanning microscope (CLSM) (c¢f. Fig. 2.6). To increase imaging speed, spinning-disk
microscopes use an array of pinholes that move at high speed while the image is recorded on an

area detector, allowing the recording of several points simultaneously.

In terms of resolution, the confocal microscope benefits from the fact that both, the illumi-
nation and detection PSFs need to be considered for the system’s effective PSF and therefore
its resolution (c¢f. Eq. 2.17). The pinhole further increases the contrast and gives the confo-
cal microscope the capability to perform optical sectioning in 3D specimens. Following [44]
and approximating the individual intensity PSF extents as Gaussian functions, both axially and

laterally, the system’s total PSF size can be approximated by
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Figure 2.6: Sketch of a confocal fluorescence microscope. Light from the light-source (LiS), typically a laser, is
expanded (not shown), spectrally selected via filter F1 and then reflected by the dichroic mirror (DiM). The beam is
then coupled into the scan unit (SU) which allows for xy movement of the focus. This can be achieved by conjugating
two galvanometric mirrors to the BFP of the objective lens (O). The rotation of the scan mirrors is then translated
into a focus displacement in the focal plane. The emitted fluorescence is captured by the objective at full NA, then
descanned inside the SU, transmitted by the DiM and spectrally filtered via filter F2. The tube lens (TL) focusses the
fluorescence beam onto the image plane where a pinhole (P) is located. Scattered light, light from above or below
the focus as well as most other photons, that are not originating from the focus of the objective, are not passing the
pinhole and therefore do not reach the detector (D). The signal of the point detector is then mapped upon the position
the position of the focus inside the sample (S). By movement of the specimen along the z-axis a 3D dataset can be
recorded. Adapted from [38].

L1
=t (2.18)
Osys Tl Yget

Here, oy represents the illumination intensity PSF’s extent while o 4e; represents the detection
intensity PSF’s extent. Both can be calculated as before (cf. Egs. 2.15 & 2.16). With the refrac-
tive index and the focussing angle assumed as constant, the system’s PSF extent becomes solely
dependent on the illumination and detection wavelengths Ajj; and Age. As for most fluorophores

the Stokes shift introduces only a change of few percent between Ay and Aqe, it is justified to
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approximate o] & 04er and use an average wavelength A= (Ainn + Aget)/2. This leads to:

Toys = Tdedd) (2.19)

V2

Hence, under ideal conditions, confocal microscopy offers a reduced detected spot size with

a factor of 1/ V2. It directly translates to an equal improvement in resolution:

A 1
0 =0.61 ~ 04— 2.20
xy, conf \/ENA NA ( )
ni ni
6z,conf = ZW ~ 14@ (221)

Albeit improving axial and lateral resolution at the same time, confocal microscopy does not
change the undesirable ratio between the two (c¢f. Fig. 2.5). To improve the axial resolution
the illumination path can be decoupled from the detection path, e.g. by arranging the two per-
pendicular to each other. Such a confocal 6-fluorescence microscope provides a more isotropic
point spread function since both PSFs, detection and illumination, are elongated perpendicularly
to one another. While enhancing each other in the center their intensities cancel each other out
off-center?. Illustrations and a precise description of the confocal #-fluorescence microscope can
be found in [45].

2See also Fig. 4.9 as an example of possible axial PSF extent decrease.
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2.4 Super-Resolution Techniques

The two thus far introduced fluorescence microscopy methods share resolutions in the range
of Abbe’s resolution limit (¢f Eqgs. 2.15 & 2.16). Within the last two decades a number of
techniques surpassed Abbe’s limit by a factor of 10 or greater. These so-called super-resolution
microscopes rely on special fluorophores with photo-convertible properties and can broadly be
categorized into two families, the point-scanning or PSF engineering family, and the single emit-
ter localization family. The first group is based on the RESOLFT (REversible Saturable OpticalL
Fluorescence Transitions) concept with its best known representative, STED (Stimulated Emis-
sion Depletion) microscopy [12][46]. In this concept, comparatively high input powers are used
to selectively suppress fluorophores in the vicinity of the focus, effectively reducing the volume
from which detectable photons are emitted. In the localization family, with their representatives
PALM (Photoactivated Localization Microscopy) [13] and STORM (Stochastic Optical Recon-
struction Microscopy) [47], the stochastic emission properties of the fluorophores and dyes are
utilized. In these methods blinking single molecules or probes are detected over the period of ac-
quisition such that a super-resolution image can be reconstructed mathematically. The advances
in the field of super-resolution microscopy were particularly pushed by Eric Betzig, W.E. Mo-
erner and Stefan Hell who together have been honoured the Nobel Prize in Chemistry in 2014
[48]. Super-resolution brings great benefits into the investigation of small samples, like protein
complexes in single cell volumes. However, for studies of multi-cellular dynamics, e.g. embry-
onic development of animals, these techniques are hardly suited due to the comparatively long
recording time, the specially needed chemical treatment of the specimens, and the high energy

deposited into the sample.
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2.5 Light-Sheet Fluorescence Microscopy

Light-sheet fluorescent microscopy (LSFM), also known as Selective Plane Illumination Mi-
croscopy with its commonly used acronym SPIM, dates back more than a century when Zsig-
mondy and Siedentopf used sunlight to create a microscopic corridor of light to illuminate
nanometer sized gold particles [15]. Voie ef al. used a cylindrical lens to create a light-sheet
and an orthogonal detection to image the inner ear cochlea of guinea pig [49]. Similarly, Jan
Huisken in the group of Ernst Stelzer at the EMBL Heidelberg, used a cylindrical lens to illumi-
nate live developing embryos across selected planes for the first time and showed that SPIM is

an exceptional tool to study embryology across species [14][50].

For 3D recordings, a single or selected plane of the sample, orthogonal to the direction of de-
tection, is illuminated and then displaced until the desired volume has been scanned and recorded
plane-wise. Today, for this purpose, typically at least two objectives are placed orthogonally to
each other. Illumination is usually performed via a low NA objective while the illuminated plane
is imaged with a higher NA objective. An example setup of a classic SPIM based on the use of

a cylindrical lens is illustrated in Fig. 2.7.

For efficient optical sectioning, the light-sheet needs to be aligned to the focal plane of the
detection objective. This way only fluorophores from and nearby the focal plane are excited.
The spatially confined excitation results in an image of high contrast, especially when compared
to a widefield microscope as signal from fluorophores away from the excitation plane do not
contribute to blur or unwanted background intensity. Particularly, the axial resolution is better
than that of a widefield microscope and can be in the range of a confocal microscope. For in-
formation on how this is achieved, see Ch. 2.5.3. Another important attribute of SPIM stems
from the conventional widefield detection: An entire illuminated plane can be recorded simul-
taneously and is only limited by the camera speed and the fluorescence intensity. As a result,
high imaging speeds with up to ~ 100 frames per second (fps) and more are possible. The fact
that recording speeds are so high and only one plane at a time is illuminated, leads to another
important advantage of light-sheet microscopy: It is a gentle imaging technique, meaning that
the specimen is exposed to less light and thus less energy. A vast reduction in bleaching and
phototoxicity are the result, laying the foundation for recordings of several hours or even days

without significantly interfering with the specimen [14][16][51].
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2.5.1 Components and Design in SPIM
In a standard implementation of a LSFM, the following components are used:

o light source (typically a laser)

e cylindrical lens or a galvanometric scan mirror for light-sheet generation
e illumination objective lens

e sealed specimen chamber for immersion medium

e movable specimen mount

e detection objective lens

o fluorescence filter

e tube lens

e area detector (e.g. SCMOS/CCD camera)

e hardware and software control devices

A possible arrangement of the optical components is depicted in Fig. 2.7 and matches the con-
ventional SPIM configuration.

Numerous custom microscope setups based on light-sheet illumination have been realized
over the last two decades and while it is beyond the scope of this chapter to cover them all, I
want to give a brief overview over some of the design concepts, as well as the more often found
configurations. Generally speaking, the design, and with it the geometrical arrangement of the
objectives, of a LSFM regularly stems from the biological requirements. One example could be
the imaging of plant embryos where regular stimulation by an extra light-source as well as cor-
rect orientation along the gravitational pull is desired [52]. At later stages, the leaves should also
be able to reside outside of any liquid medium which is in contrast to the roots of the plant, which
should be submerged. Conventional microscopes oftentimes cannot provide such experimental
conditions and custom adaptations are required, if at all possible. With a microscope being built
from the ground up, revolving around a certain biological model organism so to say, unorthodox
solutions tend to arise. Fig. 2.8 summarizes commonly found objective lens arrangements in
light-sheet microscopy.

Historically, light-sheet (fluorescence) microscopy began with one illumination and one detec-
tion objective lens as seen in Fig. 2.8 [15][49][65][14]. As scattering, absorption and aberration
effects have a negative impact on the sampling and image quality of the recording, a first step

was to ensure a more homogeneous illumination through multiple illumination directions [53].

19



2.5 LiGHT-SHEET FLUORESCENCE MICROSCOPY

D

TL

Figure 2.7: Basic SPIM setup with a cylindrical lens. The sketch depicts a basic light-sheet fluorescence micro-
scope based on a cylindrical lens (CL) and an illumination objective (I0) to generate a light-sheet in the focal plane
of the detection objective (DO). See also Fig. 2.9 for a more detailed light-sheet description. The fluorescence is
collected by the detection objective (DO), spectrally separated from the excitation light with a filter (F) and finally
focused by the tube lens (TL) onto the area detector (D). Note that the detection arm is essentially the same as in a
epifluorescence setup (cf. Fig. 2.2). It is common to define the detection axis as the z-axis of the system, leaving the
x-axis as the propagation axis of the illumination beam. For 3D acquisition the sample (S) can be moved along the
z-axis. Alternatively, the light-sheet can be scanned along z in combination with refocussing on the detection arm.
Adapted from [38].

The addition of a second detection objective lens (cf. Fig. 2.8 d) & e)) which allowed for faster
recordings and shorter exposure times, was then realized multiple times for different embryolog-
ical recordings across species, e.g. Drosophila melanogaster [55][56], Danio rerio [66], and mus
musculus [67]. These four lens geometries benefit from sophisticated 3D-fusion algorithms with
which a more isotropic recording of the sample is achieved. Typically, these geometries are
based on a cylindrical mounting environment (cf. Ch. 3), such as plastic tubing or gel protruding
out of a capillary, to allow for optical access from different angles. In essence, such multi-view
setups are the favoured platform for quantitative live recordings of singular comparatively large
specimens that can be mounted in a cylindrical and transparent environments. Specimens that
are optically either less challenging, e.g. single cells [18][68], or demand special mounting

conditions [60], or where out of simplicity a glass coverslip is preferred [18][17][68], fall back
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Figure 2.8: Realized SPIM geometries. Some of the more prominent light-sheet microscope geometries are pre-
sented here. The beginning of LSFM was marked by a single illumination and a single detection axis as shown in a)
[14][16]. A second illumination objective can reduce scattering and absorption artefacts, shown in b) [53][54]. The
configuration based on two detection objectives and one illumination objective, as found in c), will be discussed in
chapter 4. The setups in d) [55][56] and e) [57] have an additional objective that allows for simultaneous dual or
even quadruple detection. The triple objective configuration as shown in f) improves the angular sampling and with
the right fusion approach the effective resolution [58][59]. The inverted geometry in g) offers an open-top design for
easier sample handling. Additionally, this configuration is typically used for higher through-put imaging [60][61].
When the sample can be imaged on a coverslip or on a similarly easy to mount substrate, a configuration as in h),
with one illumination and one detection arm [18][17] or by dual-illumination & dual detection through two objectives
[62] can be a feasible solution. Finally, the single objective configuration in i) belongs to the family of the oblique
light-sheet illumination microscopes, e.g. [63] & [64], where a tilted light-sheet is created via a high NA lens and
swept through the sample. The sheared 3D volume is later "unsheared" in the detection path. Note that only the
light-sheets are sketched in this overview schematic while the detection cones are omitted. Blue arrows indicate the
illumination direction and green arrows show the direction of detection. Expanded upon [38].
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onto a dual objective configuration. Also other geometries have been explored, e.g. using three
lenses for better angular sampling [58][59], where the orthogonal orientation of the objectives
is no longer present. A currently trending approach is the use of a single illumination objective
paired with a oblique light-sheet illumination, as introduced by [63] and [64]. Regular coverslip
mounting is easily possible with such configurations and long established culturing methods,
e.g. for single cells, do not need to be adapted for new geometries and materials. In the single
objective light-sheet configuration however, the 3D volumes are recorded under a sheared view
which in the following detection path needs to be sheared back to the reference frame of the
detection objective lens. Depending on this method and the objective lens, a percentage of the
original detection signal is lost, and resolution anisotropies can arise. Thus far mostly the reso-
lution and isotropic sampling has been the theme of this overview. One more important aspect
to consider in the light-sheet microscope design, is the number of samples to be recorded and
the means of mounting them.

The developmental time of a mouse embryo, until it reaches its 64 cell stage for example, takes
~ 3days. As not every embryo develops representatively or even successfully, neither in vivo
nor in vitro, it is not ideal to record single embryos per imaging session. Rather a multi-sample
mounting approach is needed. This has been realized by Strnad et al. [60] and successfully used
for acini studies by Alladin et al. [69]. Another take on an an open-top microscope for more
regular mounting has been explored by [70][71][61]. A novel approach of an open-top system
for high-throughput imaging under multi-view detection as depicted in Fig. 2.8 c), is described

in chapter 4.

22



2.5 LicHT-SHEET FLUORESCENCE MICROSCOPY

2.5.2 The Light-Sheet

The name giving mode of illumination in SPIM is the light-sheet with which only a single plane
is illuminated during the exposure time. There are two classic ways to create a sheet of light
which are depicted in Fig. 2.9. The most straightforward method to generate an illumination
pattern that is confined in one dimension but extended in the other, is the use of a cylindrical
lens [14]. Upon illumination with a radially symmetric Gaussian beam, it breaks that symmetry
and creates an elliptical Gaussian beam. The thinner profile is then attributed to the light-sheet
thickness, while the more extended part of the ellipse is defining the light-sheet height. The
other classic approach is the scanning of a beam along the plane of detection during the camera
exposure, creating a digitally scanned light-sheet (DSLS). As the scanning is controlled via a
signal,e.g. voltage, supplied to the scan mirror, this illumination method offers more flexibility,
easier alignment, and can be combined with other beam profiles. Also, less energy is lost in the
creation of the beam. as usually a part of the elliptical beam profile gets clipped at the objective

housing for an evenly distributed energy profile across the FOV.

The light-sheet dimensions are further defined by the beam profile of the light-source, e.g. of
the laser. The standard beam profile from commercially available lasers is the Gaussian beam
profile. In the following paragraphs the characteristics of such beams, their key parameters, and
the resulting properties of Gaussian beam based light-sheets will be introduced. I mostly follow
here the summary provided by B. E. A. Saleh and M. C. Teich [72, p. 77 ff:]. Note that for
the description of the beams, the axis of propagation is along z. In the light-sheet microscope
depicted in Fig. 2.7 that axis would be along x. Mathematically, a Gaussian beam can be

described by its electric field amplitude which is a solution of the paraxial Helmholtz equation

2
Ur) = Ay —> . exp (—p—)  exp (~igp (p, 2)) (2.22)
w(z2) w2 (2)
with
_ kp?
¢ (p,2) = kz+ RO {(2) (2.23)

Ay is the field amplitude, wy = w(0) is the beam’s smallest waist size, p = +/x2 + y? is the
radial position from the beam axis while z is the coordinate on the propagation axis. The beam

radius along the propagation axis is a function w(z) of the axial position. The phase function is
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Figure 2.9: Static and scanned light-sheet concepts. The illustration depicts the two methods typically used to cre-
ate light-sheets. The method employing a cylindrical lens (CL) to create a static light-sheet (LS) after the illumination
objective (I0) is shown in (a). While the cylindrical lens behaves like a piece of glass in the xz-plane, it focusses the
incoming beam in the yz-plane. As the focus of the CL lies at the BFP of the 10, analogously to the widefield micro-
scope, the intensity is evenly distributed in a collimated fashion after the objective. In the other dimension, similarly
as in the fully illuminated BFP of the confocal microscope, the beam gets focussed by the illumination objective.
The result is a beam with an elliptical intensity profile in the xy-plane, propagating along z. This profile is abstractly
illustrated in (b). To create a digitally scanned light-sheet (DSLS) [16][51], first a scan lens (SL) is used to translate
the galvanometric scan mirror’s (GMS’s) rotation into a scanning motion in y. This is done in the intermediate image
plane (IIP) which in turn is then demagnified via the tube lens (TL) and illumination objective (I0). The final result is
a DSLS in the image plane, abstractly sketched in (d), with the color gradient and the arrow indicating the movement
of the beam. The concept in (c) is following [16]. Adapted from [38].

summarized by ¢(p, z). During the detection of such a beam, only the beam intensity /(x, y,z) =
|U(x,y,2)|* can be seen by the observer. The phase vanishes under complex multiplication and
does not have to be considered for the following calculations. The beam intensity is then given
by

2 2
I(p,z) = Aol (W_Z)) 'eXP(—W2 (Z)) (2.24)

An important trait of Gaussian beams is the parabolic relation between the beam waist w(z) and

24



2.5 LicHT-SHEET FLUORESCENCE MICROSCOPY

10.0 A

7.5

5.0 \

2.5 1 Wo

\'7Wg

0.0

w(2) (um)

—2.54

~5.0 1

—7.54

—10.0 1

—200 -100 0 100 200
z (um)

Figure 2.10: Gaussian beam profile along its propagation axis z. The plot displays a Gaussian beam with a
Rayleigh range of 100 um and a minimum beam waist size wy of ~ 4 um. Both, the beam length 2z and the smallest
waist wy are indicated by arrows. The refractive index of the medium in which the beam propagates was setton = 1
and the wavelength used, is Ay = 488 nm. The beam has diverged to V2w after 100 um, indicated by an arrow. The
gray asymptotes passing through (0, 0) indicate the divergence of the beam for large z. For z > zg one can express
w(z) =~ wy fR

the propagation distance z:

2
w@) = wo|1 + (i) (2.25)
ZR

A useful measure to describe the axial dimension of a Gaussian beam is the so called Rayleigh
range. It is the distance from the smallest waist wg to a position where the Gaussian beam has

diverged to V2wy. The Rayleigh range is therefore given by

I’lﬂ'W%
R = (2.26)
Ao

Small minimum waist sizes will inevitably lead to a small Rayleigh ranges. From the upper
relation follows that focussing a beam to a small diameter, introduces a strong beam divergence.

It can be expressed as:

Ao
nawg

a =

2.27)
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Figure 2.11: Radial intensity profile of a Gaussian beam. The plot depicts the key parameters of the radial intensity
profile I(p, z = 0) of the same beam as shown in Fig. 2.10. At the minimum waist size p = wy ~ 4 um the intensity
I(p,z) of the beam has dropped to I/e*. This radius wy = p.2 is the typical radius to describe the beam size.
Alternatively, the full width at half maximum (FWHM), which measures the entire width of the beam at half its
intensity, can be used.

The beam divergence is given by the angle (in radians) between the propagation axis z and the
waist size w(z) for z > zg. Note that these definitions are paraxial approximations and do not
hold true when wy is in the range of the light’s wavelength A. The beam waist w(z) as well as
the here described key parameters are illustrated in Fig. 2.10. Using Eq. 2.24, we further find

for the intensity at p = wy:
I(wo,0) = e21(0,0) =~ 0.135 (0, 0) (2.28)

This means that the beam carries 86 % of its total power within the diameter 2p.,,> which
corresponds to the definition of w(z) [72, p. 79]. As this definition of the radius accounts for
the vast majority of the beam’s power, it is commonly used across the literature. Alternatively,
the full width at half maximum (FWHM) is commonly used as well. Fig. 2.11 illustrates both

measures.

The fundamental divergent nature of Gaussian beams has to be borne in mind when applying
them for illumination. Other laser beams with different intensity profiles, axially and radially,

exist and therefore Gaussian beams are not the only type of illumination profiles used in light-
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sheet microscopy. More information on beam shaping and other illumination patterns can be
found in Ch. 4.3.

2.5.3 Light-Sheet Design and Resolution

In light-sheet microscopy the extent of the sample or the desired FOV dictates the dimensions
of the light-sheet. To assure homogeneous illumination, the light-sheet length (2 zr) should
be chosen to match the specimen’s dimensions. As this oftentimes corresponds to the imaged
FOV, we restrict ourselves to only refer to the FOV in the following. Across the here described
microscopes only scanned light-sheets were used. 1 will therefore not discuss the choice of
cylindrical lenses in depth here, but refer to the appendix (¢f. Ch. 7.1). In the case of scanned
light-sheets, the vertical extent of the light-sheet can be controlled via the GSM. The laser beam
is rotated by the GSM and then imaged by the combination of a scan lens, a tube lens and the
illumination objective. Rotation in the back focal plane of the illumination objective leads to a
translation in the specimen chamber and in the focal plane of the detection objective. The rapidly
translated Gaussian beam thus makes up the DSLS. Fig. 2.9 (¢ & d) illustrates the creation of
such a scanned light-sheet. Additionally to the flexibility gained from the DSLS, the advantage
of the rolling shutter feature of modern sCMOS cameras, such as the Hamamarsu Orca Flash4.0
V2 or the pco.panda 4.2 bi, can be exploited. The rolling shutter enables software controlled
confocal line detection, synchronized to the movement of the laser beam. Only a line of few
pixels in height is read out on the sensor in parallel to the scanned beam. Light that reaches
the sensor and does not match the beam’s temporal position is therefore rejected. This feature
helps to reduce background light and strongly scattered light. The rejected photons have been
scattered, therefore carry only limited information and would rather blur the image if detected.
The final result is an image of better contrast and less noise. Technical details and a set of
examples can be found in [73].

As mentioned above, best imaging properties are achieved when the light-sheet length matches
the desired extent of the FOV. In Ch. 2.3 we saw that an illumination PSF of similar size as the
detection PSF can improve the system’s effective PSF. This is due to the multiplication of the
two intensity PSFs. In light-sheet microscopy, like in theta confocal microscopy, the perpen-
dicular illumination PSF can affect the system’s resolution 9, sppv positively. This is typically
the case as long as the light-sheet thickness [wo; \/iwo] is on the order of the axial extent of

the widefield detection PSF o, g¢¢ of the detection arm. The lateral resolution oy, spiv is not
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affected by the light-sheet thickness. Therefore, analogously to the confocal microscope, the

system’s resolution can be estimated via [28]:

6xy, SPIM = 5xy, det (229)

1
0z, SPIM = ————— (2.30)

V 1/6§, ill + 1/6?, det
The axial resolution of illumination o j corresponds to the radial extent of the light-beam
coming from the illumination objective®. Ultimately the used NA of the illumination objective
lens defines the beam thickness. The wider the illumination beam in the BFP of the illumination
objective, the more of the possible NA is used. This equals a more confined focus or in other
words, a thinner but shorter light-sheet. For low NAs the angle of the light-cone is well described
by the divergence of the Gaussian beam (@ o« 1/wy, see Eq. 2.27). Beginning with a desired

FOV of size fov, - fovy, the light-sheet length is given by
2zr = fovy (2.31)

Using Eq. 2.26, the beam diameter b = 2w and the beam’s waist wq can be calculated via

wo = 4/ 7—fov, (2.32)

Assuming the field number (FN) of the detection objective and the installed magnification
M = foi/fr, match the camera sensor size, the maximum FOV is determined by the sensor
size (FOV am) with

FOV
FOV = FOVeun (2.33)
M

An example of the here presented parameter estimations can be found in Ch. 4.3. In the end, best
imaging results will be achieved with light-sheet lengths tailored specifically to the biological
question present. Apart from the choice of objectives, and light-sheet parameters, the optical
performance inside the specimens will affect the final image quality and resolution. Highly

light-absorbing, scattering or aberrating samples, but also photo-inefficient fluorophores and

3In respect to the previously described light-sheet coordinates (cf. Fig. 2.9 or the Gaussian beam, the x and z axes
need to be swapped.)
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dyes have a strong impact on the achievable contrast and resolution across the 3D volume. The
following two chapters will focus on approaches how to mitigate aberration effects (¢f. Ch. 3)
and on how to increase contrast and resolution in a high-throughput system via dual-detection
and usage of extended 'pushed’ light-sheets (cf. Ch. 4).
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3 Refractive Index Matching in Live

Light-Sheet Microscopy

Throughout the two decades during which light-sheet microscopy has been used to study bio-
logical samples, only few studies addressed a common problem in microscopy, which is optical
aberrations. It is, next to light-scattering absorption, and auto-fluorescence, one of the main
reasons for resolution and signal loss, as well as a reduction in contrast or image quality. While
well characterized theoretically, commonly dealt with in astronomy and in other microscopy
methods via adaptive optics, light-sheet microscopy has yet to see feasible implementations and
methods that allow for long-term aberration correction across scales. An important contribution
to the field has recently been achieved by Liu ef al. who implemented adaptive optics to correct
for aberrations [74]. The authors’ system however is of limited reproducibility, due to its size,
complexity, and costs. Another drawback is given by the comparatively small FOV that the au-
thors were able to correct per acquisition. The work nonetheless highlighted the usefulness and
need for aberration correction in tissues, as not only single cells, but intracellular events were
observable in deep tissue layers. The field of microscopy, especially the light-sheet community,
would greatly benefit from resolution and image quality improvements across temporal and spa-
tial domains. There is after all, the need for a pragmatic, cost efficient, and reproducible method
to improve resolution and image quality. Piercing optically into greater depths and having more
confidence in the signal readout would be the outcome.

This chapter deals with a novel approach for light-sheet microscopy, based on refractive in-
dex (RI) matching on live samples, which enabled me to minimize aberrations and restore the
resolution and image quality across scales. First, I will introduce the concept of aberrations and
their link to the sample’s RI closer. With the concept at hand, I will show possible effects of
RI mismatch based on simulations of small volumes. Next, the microscope setup used for in
vivo refractive index matching is presented and an application example based on gel samples is

shown. From there I will show five examples across four different model organisms on which



3.1 OpTICAL ABERRATIONS

RI adjustments were performed. The adjustments success is evaluated by a custom pipeline

revolving around spectral analysis of the image content.

3.1 Optical Aberrations

In short, aberrations in optics mean that an optical system deviates from its ideal optical perfor-
mance, e.g. the theoretically calculated PSF is not reached. A multitude of reasons can cause
such suboptimal performance, often times going back to the misalignment of parts of the micro-
scope, low quality or damaged optical components, but also to the sample and its surroundings.

If one considers the sample as an optical element itself, through which light propagates, it
is obvious that an imperfect sample will affect the light propagation negatively. Extending this
thought, an asymmetrical specimen, or an inhomogeneous distribution of refractive indices (RIs)
inside of it, can introduce light-path differences, ultimately leading to aberrations. For best op-
tical performance and the most quantitative imaging however, it is crucial to be aware of the
mechanisms behind sample induced aberrations and how to minimize or correct them. There-
fore, I want to shed some light onto the sources of aberrations and how to possibly minimize
them by considering the refractive index.

In microscopy, we can broadly categorize optical aberrations, which are based on refractive

effects, according to their origin:
1. sample (internal)
2. sample to media (interface)
3. media to detection lens (interface)
4. optical system

Present aberrations in the optical system, translate into optical path length differences between
light-rays. If the phase of the propagating light-waves is considered, aberrations manifest them-
selves in wavefront distortions, e.g. non-spherical wavefronts arriving at the objective, or non-
plane waves in the pupil plane. Figure 3.1 illustrates the idea of rays exhibiting path length
differences in a) and wavefront distortions induced by refractive index mismatch and inhomo-
geneity in b). Note that the two descriptive approaches to aberrations, based on rays or waves,

are complementary to one another.
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i) ii) iii) iv)

Figure 3.1: Conceptual sketch of sample induced aberrations. The sketch in a) depicts a perfect imaging system
in i) and an aberrated system in ii). In both cases the sample (S) has a point-like fluorescent emitter (FE) which
is imaged by an objective lens (O) and a tube lens (TL). In the idealized scenario shown in i), no aberrations are
present, and the point-like fluorescence is perfectly relayed into the focus (F) of the TL. In the case of a refractive
index change between sample and medium, the light-rays and wavefronts do not follow their original path any longer.
This is shown in ii), where these aberrations lead to a blurred focus, illustrated by non-spherical wavefronts and by
rays which intersect before the focus. In b) four possible domains of hypothetical biological specimens are sketched.
The ideal scenario, where the sample’s refractive index ny = ny,, introduces no aberrations to the wavefront as it
remains spherical upon passing the sample-to-medium interface. With minor differences between ng ~ ny, shown
in ii), a small gain in curvature can be observed in the now aberrated wavefront (AWF). A heterogeneous refractive
index distribution, depicted by n,(r;) in iii), causes the wavefront to accumulate aberrations before it reaches the
sample-to-medium interface. There it gains additional curvature, further adding to the amount of total aberration
present. Finally in iv), if the light accumulated significant amounts of aberration before reaching the surface of the
sample, e.g. because of a highly heterogeneous distribution of refractive indices within the sample, the difference at
the sample-to-medium interface will appear insignificant.

Microscopes are ideally designed such, that they can under ideal conditions, perform diffrac-
tion limited from the point of the objective lens back to the light-source or the detector. There-
fore, I will not address the category of the optical system itself regarding aberrations. Equally,
the sample itself is in live microscopy barely accessible, and therefore its properties are usually
given. The interface between the mounting medium and the objective lens is geometrically de-
fined by the lens design. Correcting for different immersion liquids is possible, and usually is

performed via a correction collar. The category of sample to medium interface however, is a
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degree of freedom that can be manipulated via medium exchange.

The amplitude of wavefront distortion and ergo aberration varies with the tissue, the depth,
and the light’s directionality, i.e. angle of incidence. Should the light’s, e.g. emitted fluores-
cence, accumulated aberrations from within the sample outweigh the sample-to-interface aber-
rations, no significant improvement in signal or image quality is to be expected. This case is
depicted in Fig. 3.1 b) iv). For small to medium internal aberration accumulations (case ii)
& iii)), an adjustment of the medium’s RI is expected to lead to resolution and image quality
improvements.

In light-sheet microscopy, aberrations are present on both, the illumination and detection side,
and it is important to understand which contributions the two different arms can play for the
resulting image quality. After all, the usually low NA illumination is expected to show different
results than the high NA detection.

With the aim of reducing present aberrations on the sample-to-medium interface laid out, mea-
suring present aberrations in a system, and their possible reduction, is not necessarily straight-
forward. This is especially the case when imaging a volume or an area comprised of multiple
light-sources, e.g. multiple emitting fluorophores across a FOV. This is inherently the case when
line-scanning illumination and widefield detection is at the core of the microscope system. In
the case of a present point-source, as the sketched fluorescent emitter in Fig. 3.1, it is possible to
readout the wavefront after the infinity-corrected detection objective, and before the focussing
tube lens.

A common tool to measure the wavefront is the so-called Shack-Hartmann sensor' [75]. In
essence, it uses an array of micro-lenses to create an array of images on a camera from which
the wavefront can be estimated. In this approach it is crucial to have a point-like emitter that
generates a strong signal that can be recorded via an area detector. This is not always possible
in live samples, and different solutions have been suggested. For example, the introduction of
a multi-photon excitation source to limit the excitation and therefore fluorescence emission to
a confined volume, has recently been shown in light-sheet microscopy [74]. Instead of going
the complicated route of introducing single point-like sources in live samples, implementing an
extra sensor, and installing a special light-source for the point-like excitation, we decided to
investigate image quality or contrast® across the recorded 3D volumes instead. No readout of

the wavefront is performed this way, but a corrected wavefront, i.e of more spherical shape after

'Ideally, a 4f relay system images the pupil plane of the detection objective onto the Shack-Hartmann sensor.
*Image quality and contrast are used interchangeably throughout this work.
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exiting the specimen (cf. Fig. 3.1), will lead to an improved focus on the camera sensor. This
equals an improved PSF at the detected subvolume. Therefore, if aberrations are corrected by
any means, and other effects as e.g. scattering do not dominate the present image degradation,
an improvement in image quality can be detected.

A regular practice when comparing image quality and contrast is a showcasing of intensity
line plots across a feature of interest, e.g. a cell membrane. Ideally, the intensities differ and
a better quality can be claimed. While this can be a useful assessment tool, if specific regions
and areas are of interest, it is not suited to give a general overview of a recorded 3D volume.
Possible alternatives are given by spectral image analysis in which the image is transformed into
its frequency components, e.g. via a Fourier transformation. In the frequency domain it is then
possible to interpret the highest sampling frequencies in the image, which are related via the
optical transfer function to the microscope’s PSF.

An in-depth introduction and discussion of image quality metrics goes beyond the scope of
this chapter and I therefore refer to the Appendix (c¢f. App. 7.2) for more detailed information.
In short, I chose to implement such a frequency domain based analysis approach based on the
discrete cosine transform (DCT). Similar metrics have recently also been applied by Truong et
al. [76], Royer et al. [66] and Preusser et al. [77] to evaluate the best possible focus and image
quality in light-sheet microscopy. The biggest difference to the publications mentioned here, is
the normalization of the measured spectral metric to that of a given image, ideally a background
image with no fluorescence signal, e.g. the camera’s noise image. I therefore will refer to the
metric as background normalized DCT (BGN-DCT) metric.

A few final comments about the role of the biological sample itself for the here described pic-
ture of sample induced aberrations: Every biological sample exhibits a unique refractive index
distribution across its 3D volume. Considering that young organisms, as developing embryos,
consist mostly of water, proteins, nucleic acids, lipids, and carbohydrates, the average refractive
index 7 is greater than 1.33, the refractive index of water. Depending on the chemical com-
position of the organism and its cellular heterogeneity, subregions of varying size of similar
refractive index distributions exist. Organelles for example are typically dense structures with
a high content of dry mass and ergo exhibit on average a higher refractive index than the cyto-
plasm [78]. The nucleus in contrast, has been found to have a lower refractive index in multiple
cell lines [79]. Many observed samples in light-sheet microscopy belong to the category of early
developing embryos, whose cells only begin to differentiate after multiple rounds of division.

In terms of RI distribution this means that it is rather homogeneous among the cells and can
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be a beneficial trait for imaging. Further, the sample’s geometry can factor into the type and
amplitude of aberrations as it affects the refraction on the sample-to-medium interface. Light
propagating into or out of the observed specimen, therefore has to travel through regions of
varying refractive indices. The longer the path length through the imaged tissue, the more aber-
rations will be accumulated and eventually, for large enough depths, the wavefront is distorted
so strongly, that no meaningful image or focus can be achieved any longer.

Extrapolating the above described RI dependencies of light-propagation in live developing
embryos or homogeneous tissues, I propose that adjusting the refractive index of the mounting
medium to the sample’s average refractive index (near the surface), will result in a reduction of

aberrations which will show in image quality improvements.

3.2 Simulations of Refractive Index Mismatch in Light-Sheet

Microscopy

As hinted upon above, aberrations can be modelled via ray optics and/or wave optics [80]. In the
ray approximation, the cause of aberrations is linked to different path length differences of the
travelled light. For example, imagine two rays originating from the same point, passing through
an otherwise geometrically symmetric path, but with a different refractive index distributions,
after which they are focused by an ideal lens. As the two rays will exhibit different levels of
refraction before they reach the lens, they will not meet in the same focal spot any longer. The
otherwise ideal focal spot will appear smeared and depending on the location of the intersection,
can lead to a misinterpretation of the light rays’ origin.

In terms of wave optics, one can consider the wavefront of the illumination or detection light.
It is accessible in the pupil plane of an objective relayed out via a 4f system?. Under ideal
conditions, the pupil plane is homogeneously illuminated and light reaching it, holds the shape
of a plane wave. This light can then be focused by the lens to generate an image of the sample.
This is the scenario depicted in Ch. 2.2, where I described the origin of the point spread function.
However, if the wavefront is not spherical, the intensity distribution in the focus of the lens will
not follow the previously described Airy pattern (¢f. Fig. 2.3) any longer, and lead to a wider
intensity distribution. If this is the case, aberrations are present in the system and it is no longer

diffraction limited. As we saw, the resolution is directly linked to the shape of the PSF, and

3The pupil plane is typically located inside the objective housing and therefore physically not accessible.
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therefore an optical system suffering from optical aberrations, does not reach its theoretical
resolution limit.

Thus far, aberrations have been discussed from the perspective of detection, but they exist also
on the illumination side, following the same rules and ideas. Take a laser beam, being focussed
into a biological tissue, as an example: An approximately spherical wavefront travels from the
lens to the sample, possibly through a mounting medium of refractive index ny,, which does not
match the sample’s refractive index n;. According to Snell’s law, the rays spanning the beam,
will diffract and change their angle. In terms of wavefront, this means, that it will no longer be
spherical. The focus inside the sample will therefore be of larger size and possibly shifted.

As touched upon earlier, light propagation can be described and modelled with rays, the so-
called ray tracing, and/or with waves. Generally speaking, ray tracing is used best, when the
diffractive behaviour of the modelled light beams is not of the highest importance [81][80, p.
16ff]. Otherwise the calculation of the Huygens-Fresnel integral can be used to gain insight into
the diffractive component of the modelled light [80, p. 16]. In the past, ray tracing has been suc-
cessfully used to model sample induced aberrations for scanning microscopes [82]. Light-sheet
microscopy, with its decoupled illumination and detection beam paths, poses an additional com-
plexity layer for modelling. If only the approximate refraction of a beam propagating through
otherwise homogeneous refractive index distributions needs to be estimated, an implementation
of Snell’s law can be sufficient. Examples for light-sheet refractions on cylindrical or round sur-
faces can be found in [66], [74] (described in the SI). If however, the light’s diffractive properties
want to be taken into account, ray tracing will not suffice.

A commonly used approach to incorporate the diffractive behaviour of light, is found in the
so-called beam propagation methods (BPMs) [83] and has been brought into the field of light-
sheet microscopy by the group of Alexander Rohrbach, e.g. [84]. In these methods a virtual 3D
refractive index distribution is generated, in which light is propagated one increment at a time.
This is computationally rather demanding and also limited to the (near) paraxial regime, where
only (near) parallel beams are simulated, e.g. an ideal Bessel beam. A recent improvement in this
computational limitation, also directly applied in the simulation of light-sheet microscopy, has
been addressed by a software package called BioBeam [85]. While still limited to lower angles,
it can simulate beams and PSFs up to NA =~ 0.5 in parallel. To fulfil this task, the software
relies on powerful graphics computational units (GPUs). The performance improvement due
to the parallelization, allows for simulations of smaller digital structures in the time range of

seconds. The authors have shown, that the software can be used to model beam propagation
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through refractive index distributions mimicking embryos.

To be able to interpret the later shown experimental results, I chose to use BIOBEAM to first
simulate the effects of a cylinder of a different refractive index than its surrounding medium.
However, this is not done to quantitatively extract single PSFs from the 3D model, but rather find
areas where strong image quality degradation is to be expected and be able to relate back to its
causes. Equally, it is possible to identify in which regions the image quality, represented by the
simulated PSFs, remains acceptable. The simulations will showcase how severely a refractive
index mismatch can affect the PSF inside the otherwise homogeneous sample.

A technical note on the computational limitations of these simulations: The simulations were
all performed on a NVIDIA Titan X GPU with 12 Gb of RAM*. To be able to use the parallel
computational power of the GPU, the simulated volumes cannot exceed the GPU’s memory size.
For acceptable precision, the simulations should be performed at least in float32. The voxel size
should ideally be isotropic and at sub-micron resolution, e.g. 1 voxel = 0.25 um, or ideally even
smaller. This results in limitations of the total simulation volume. Simulating a voxel of 1 ym?
physical size at the resolution of 0.25 um, results in 64 voxels of 32 bits each, or 256 bytes total.
Considering a volume of a Drosophila embryo of ~ 200 x 500 x 200 um? at the given resolution,

would require ~ 5 Gb of memory.

Simulations of the Illumination

Biological samples frequently resemble spherical or cylindrical geometries. A Drosophila em-
bryo for example can roughly be represented by a cylinder of 200 um width, and 500 um height.
I used fly embryo’s diameter to generate a geometry which I assigned a RI of ng = 1.38 to.
The electrical field and from it the intensity distribution of an approximate Gaussian beam was
calculated for a full z-scan of the sample at 2 um step-size. Snell’s law predicts that the highest
levels of refraction are to be found at the highest angles of the incidence beam to the sample’s
surface normal. For a round or spherical object this coincides with the beginning and the end
of the stack, assuming the cylinder is oriented with its long axis along y. An example of three
Gaussian-like beams propagating through a cylindrical geometry is found in Fig. 3.2.

The simulation shows that at the beginning and the end of the stack (z = =80 um), the il-

lumination beams and therefore the light-sheets are clearly refracted away from the original

4Random Access Memory - the temporary memory of the GPU. Due to its direct connection to the GPU, the
achievable bandwidths are significantly higher than for the shared RAM of the computer which is used by the
CPU.
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Figure 3.2: Simulated Gaussian beams are refracted at cylinder. Three Gaussian beams were simulated, prop-
agating along the x-axis (from left to right). The cylinder (grey) has a RI difference to the surrounding medium of
0.05. Its diameter is D,; = 200um. The beams with NA = 0.08 are launched at the center depth (z = 0), and
at z = +80um respectively. Upon refraction at the cylinder’s surface, the beam direction of propagation changes
towards the middle. At the center of the cylinder (x = 0) their intensity profile is ~ 4 um shifted from their original
axis of propagation. At the point of exit from the cylinder, this shift is close to 8um. Further, for all three beams, the
beams’ foci shift towards their launching direction marginally. For all three beams, the average intensity is displayed.
The simulation volume was set to [X,y,z] = [2048, 256, 1024] voxel at 0.25 um/px resolution. Scale bar: 50 um.

propagation axis. A displacement of ~ 4 um at the center of the geometry (x = 0), to ~ 8 um
at the beams’ exits (x = 80um). As a result the detection plane and illumination plane are no
longer coinciding and the light-sheet microscope is not performing ideally. For a real sample
this would mean, that fluorophores away from the detection objective’s focal plane are excited
and detected. A possible solution could be the matching of the immersion medium’s RI to the
sample’s RI or pre-tilting the incoming light-sheet for each z-position of the sample as done in
[66].

Simulations of the Detection PSF

As shown above, the effects of RI mismatch between mounting medium and sample, lead mostly
to a change of propagation direction on the illumination side. While light-sheets typically have
a low effective NA, the detection is performed with much higher NA. To understand how the
detection PSF is affected by the RI mismatch, we simulated the PSFs as in the section above for
a cylindrical geometry with a diameter 200 um, roughly corresponding to the size of Drosophila
melanogaster embryo. We chose to use a NA of 0.5 as it corresponds to our available hardware
and is still within the limits of BioBEAM’s simulation capabilities.

The effects of the RI mismatch grow with depth and towards the edges of the cylindrical
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Figure 3.3: Simulated detection PSFs inside a cylindrical geometry. The simulation of the PSFs was performed
on the same cylinder as in Fig. 3.2. For a better view the cylinder is omitted. The top image shows an array of
maximum intenstiy projections in the xy-plane of simulated PSFs at different depths. On the left, the depth inside the
cylinder is marked in gm with O representing the center of the volume. The deformation of the PSFs towards greater
depth and towards the egdges of the refracting volume are striking. At a depth of 180 um (+80-mark), the PSFs show
a cross-like pattern and become smeared out on the edges at x ~ —90um. Note the displacement of the PSFs in
x. This distortion lets the imaged volume appear larger than it is in reality. The bottom image shows the maximum
intensity projections of the same PSFs in the xz-plane (same view as in Fig. 3.2). Again the PSFs’ shapes become
deteriorated at greater depths and towards the edges of the cylinder. Also note the curvature and displacement of the
PSFs with increasing depth. The simulation volume was set to [X,y,z] = [1600, 256, 1024] at 0.25 um/px resolution.
Scale bar: 50 ym.

volume. Fig. 3.3 illustrates the shape, positional, and intensity changes of the detection PSF in
an array of PSFs at different positions. Especially at greater depths, e.g. 180 um as shown in the
mentioned figure, the PSFs grow in size, loose their symmetry, and move out of their original
position. This already significantly affects the resolution capabilities of the imaging system and
is only worsened if we consider the direction of the refracted beam in Fig. 3.2: While the beam
is refracted inwards at the mentioned imaging depths, the PSFs are shifted further towards a
positive z, decreasing their overlap. We therefore expect to see improvements in samples where
the medium’s RI approaches the sample’s average RI.

The following sections will introduce the experimental approach to refractive index matching
and compare imaging results in media of different refractive indices. The simulations let us
expect to see the strongest effects on the edges of the sample’s geometry, as well as at larger
depths.
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3.3 Microscope Setup and Experimental Procedure

Recently, Boothe ef al. showed that the RI can be tuned linearly via a chemical called iodixanol,
commercially available in the form of OpTiPreP [25]. It can be administered to the mounting
medium without harming the live sample® [25]. OptiPrep consists of 60 % liquid iodixanol and
40 % water, and has an RI of ngp = 1.429. By mixing it with an aqueous solutions the RI can be
tuned linearly and one can determine the required concentration of OptiPrep cop via the wanted

RI 7yantea With

_ Nwanted — 1.333

OP = 7000096 G.D

The authors showed that resolution, signal, and image quality could partially be restored upon
the addition of OptiPrep. However, their use of objective lenses without a correction collar for
RI changes, made for a mounting medium of higher RI than water, does not allow to conclude
how large the effect on the sample to medium interface is.

Instead, we chose to use a detection lens that would allow us to adapt to the medium inside
the sample chamber via a correction collar. Further, we used the flexible nature of our homebuilt
MuVi-SPIM [55][73][86] to exchange the sample unit located above the precision stages with a
unit suited for refractive index matching. The rest of the microscope remained unchanged.

As this study focuses on the optical effects of RI matching on living organisms, only one
detection objective (10x, 0.5 NA, 5.5 mm WD, Nikon MRD71120), was installed (c¢f. Fig. 3.4).
The illumination was performed via two air objective lenses (4x, 0.1 NA, 18.5 mm WD, Orympus
N1215700). A thin (0.13 — 0.16 mm thickness) coverglass was used as an optical window into
the chamber for the illumination.

Upon RI change inside the sample chamber, the illumination beams undergo a focus shift
which can be corrected via the lens mounts. For this purpose, threaded rings can be turned
to move the objectives with yum-precision along the illumination axis. The detection objective
on the other hand is attached to the sample chamber via a thread, directly after the front lens
element. Refocussing is performed via the correction collar only. The chamber holds ~ 6.5 ml

of fluid and allows the user to access the sample as well as exchange the medium from the top.

SNot every sample tolerates any given concentration of iodixanol.

41



3.3 MicrRoSCOPE SETUP AND EXPERIMENTAL PROCEDURE

a) b)
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Figure 3.4: Microscope configuration for refractive index matching. The core of the optical setup is the homebuilt
MuVi-SPIM platform as described in [55] and [73]. The sole relevant change is the sample unit, also called Octagon,
which holds the sample chamber (SCh), the two illumination objectives (I0s), as well as the single detection objective
(DO). A filter wheel (FW), the tube lens (TL), and camera (CAM) complete the dual-illumination, single detection
light-sheet microscope. The core layout is shown in a). The detection objective used, is a multi-immersion lens and
therefore mounted directly into the sample chamber as illustrated in b). It is flanked by two air objectives which
are used for light-sheet generation. The illumination light passes a thin glass plate before it reaches the sample (S),
which is held in place by the sample holder (SH). The two IOs can be moved along their optical axes with the help of
two threaded adjustment rings (not shown). This is important to correct for axial focus displacement upon refractive
index change. On the contrary, the DO is fixed in position and only the correction color is used to compensate for
refractive index change.

3.3.1 Sample Preparation and Mounting

Many commonly used mounting methods for light-sheet microscopy, especially in the geometry
used in our light-sheet microscope, rely on embedding the sample in gel or a viscous medium
constrained by a thin plastic tubing. In these cases, the interface between sample and mounting
medium is not accessible after mounting. This means the refractive index of the medium at
the interface cannot be changed without removing and remounting the sample. As we aimed to
compare the effects of matching the refractive index at the interface of the sample to the medium,
it was crucial to find ways of mounting the sample such, that it was held in space and yet the

medium around it could be changed easily.

Here, I summarize in brief the strategies I used to ensure close to constant sample position
under medium (ex)change. For further details, please refer to the individual sections of the here
presented model organisms. In all cases we made use of our sample holder which is designed
to hold capillaries of a diameter of ~ 1.75 mm. Note that the here presented mounting methods

are not all compatible with long-term in vivo recordings, but were necessary to test for refractive
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i) ii) iif)

Figure 3.5: Sample mounting in RI matching experiments. This figure illustrates the mounted samples for re-
fractive index matching experiments. The Arabidopsis thaliana seedling i) as well as the Drosophila melanogaster
embryo ii) were attached to an FEP tubing coated with heptane glue. The Drosophila melanogaster pupa iii) was
glued to an FEP tube which was priorly cut in half along its long axis. The Oryzias latipes larva iv) is shown after
careful removing of agarose surrounding its head and upper body region. Note the varying scales between images.
The glass capillary with a diameter of ~ 1.75 mm, found at the bottom of each image, can serve as a reference.

index matching effects. Once a helpful refractive index range is determined, a suitable mounting

method can be adjusted, e.g. with the help of gel preparation of a suitable refractive index.

3.3.2 Experimental Procedure

The goal of the RI matching experiments is to study the possible effect of RI adjustment around
the specimen of choice, and in case of image quality improvement, identify the ideal RI for the
specific sample. Therefore, the experiments were performed as a set of recordings under differ-
ent refractive index conditions. Data inspection by eye as well as with a the BGN-DCT metric
(cf. 7.2) identified RIs which offered the overall highest image contrast. The data presented here,
mostly shows a direct comparison between the regular condition and the RI of highest contrast.

I began each experiment with a careful alignment of the microscope, ensuring optimal image
quality under regular imaging conditions at n = 1.33. First, the refractive index correction collar
of the detection objective was readjusted to the zero position (n = 1.33). The light-sheet focus
from both illumination sides was brought as close to the center of the FOV as possible. We
then proceeded with sample mounting. Once the sample has been mounted successfully (see
above for details), we checked the focus of the detection objective at the surface of the sample
by minimally moving its adjustment collar and refocused the light-sheets if necessary. Usually

this is not required, but rather serves as a control for proper initial focus. I then proceeded to
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record the sample under regular imaging conditions with one excitation light-sheet at a time,
using the second light-sheet as a backup and to check reproducibility. Subsequently, light-sheet
profiles were recorded for later analysis and to ensure that focussing and positioning has been
performed correctly. For the latter procedure the sample was moved out of the illumination and
detection paths via the available precision stages.

Next, I exchanged a subvolume with OptiPrep such that the resulting mixture had the de-
sired refractive index. Careful stirring with a plastic pipette ensured a homogeneous spread of
iodixanol inside the chamber. Before the next recording, I changed the correction collar to the
theoretical position, refocussing onto the now axially displaced light-sheets. The illumination
beams remain parallel to the detection plane, but their focal position is shifted along the axis
of illumination upon refractive index change. They are subsequently moved back to the cen-
ter. Minor refocussing can again be performed at the surface of the sample and mostly serves
as a control. Once a stack of the sample has been recorded under the new refractive index,
we again imaged the light-sheet profile. We then repeated this process until the image quality
clearly degraded compared to the first recording or until the sample reached its tolerable amount
of iodixanol. Please note that iodixanol tends to form clearly visible schlieren (streaks) at con-
centrations of approx. 40 % and more. These moving refractive index distributions inside the
medium can degrade image quality if they are in the detection path and can lead to light-sheet
refractions. After a waiting period of ~ 10 min the schlieren have usually settled and a more
homogeneous gradient is present. With sample movement however, new inhomogeneities can
arise. Therefore, I recommend to treat results above a refractive index of n = 1.38 with caution:
A degrading image quality in this refractive index realm is not necessarily due to a mismatch,

but can possibly be attributed to the mediums inhomogeneous refractive index distribution.
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3.4 Refractive Index Matching on Phantom Samples

In Ch. 3.2, I demonstrated that it is possible to simulate the beam propagations and PSFs in
comparatively simple and ideal geometries, such as cylinders. However, due to computational
limitations, only small volumes can be simulated at sufficient precision. Further, the fact that
BIOBEAM performs best for NAs < (.5, can be a limiting factor for studies. Therefore I set out
to address these limitations with a well controllable refractive index matching experiment on
phantom samples. Hydrogels can be shaped into different geometries, for example by filling
a cavity while they are liquid. Upon solidification, the shape is maintained and can serve for
mounting support or as a phantom sample with controllable propoerties, such as the refractive
index. To expand upon larger cylindrical geometries, I chose to examine the PSF behaviour in
cylinders of * 1 mm in diameter and of different refractive indices, e.g. n = 1.33 & n = 1.37.
Additionally, I designed the experiment in a way, that PSF evaluation could also be performed
upon refractive index matching with the here presented setup. To estimate the PSF, fluorescent
beads of 0.5 um were mixed into the gel, such that the PSF behaviour over the full FOV could
be observed. For this I prepared three gel cylinders, containing fluorescent beads under the

following conditions:

¢ i) Gel and mounting medium share the same refractive index: ng = ny = 1.33
¢ ii) Gel has a higher refractive index: ng =~ 1.37 & ny, = 1.33

e iii) Refractive index of the mounting medium gets matched to the refractive index of the

gel: ng = ny ~ 1.37

The recording of the 3D volume of each cylinder, consists of 2000 recorded planes per exper-
iment, i.e. images per volume. Such a recorded volume is commonly referred to as an ’stack’.
The sampling took place at 0.4 um z-spacing, effectively spanning a z-range of 800 um. Those
stacks were ’concatenated’, i.e. added to one another in sequential z-order, for one large volume.
Afterwards, they were 'resliced’, meaning a change of the 3D orientation took place digitally, to
show the xz-orientation of the imaged volume. The results are summarized Fig. 3.6 for the three
cases as maximum intensity projections in the xz-plane.

For the used 0.5 NA objective and a wavelength of 1y = 700 nm, the ideal extent of the PSF
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i)

Figure 3.6: RI Matching on Phantom Samples. The panel shows three stitched maximum intensity projections in
the xz-plane of recorded 260 nm beads with the refractive index matching setup as described in Ch. 3.3. The beads
are imaged at a magnification of M = 15. The projections in the xz-plane show the computationally resliced stacks of
the fluorescent beads inside a cylindrical gel of ~ 1000 um diameter. In this experiment the light-sheet illumination
is performed from the left side of the stack only, while the detection was performed from the bottom side of the
images. Note the difference between i) and ii), the regular imaging at n,, = n, ~ 1.33 and the mismatched case with
nm = 1.33 & ny = 1.37. As in the simulated case, the PSF is strongly affected at greater depths and in areas where
the illumination beam is refracted away from the detection plane. Particularly in the bottom right corner and the top
left corner in ii), only a low amount of signal is detected. Note also the PSF shape and intensity changes. While a
relatively homogeneous xz-profile can be found in i), only the bottom right quadrant in ii) has PSFs of similar size
and intensity. After adjusting the refractive index of the medium to n,, = 1.37, the PSF shape and intensity is in large
parts restored and signal at greater depths can be detected again. The intensity scaling is the same for all three images.
The detection settings were also kept constant across the experiments. The excitation wavelength was 685 nm. Scale
bar: 100 um

is (approximated by a Gaussian profile as shown in Fig. 2.3):

Sxy % 0y = 0.854 um (3.2)
FWHM,, = V2In2 - 6,, = 1.01 um (3.3)
5. ~ o, = 7.448 um (3.4)

(3.5)

To quantify the PSF extent in xy requires oversampling of the PSF by at least a factor of 2 ac-
cording to the Shannon-Nyquist criterion [87]. At the used 15x magnification, a pixel resolution
of 0.433 um/px is achieved. This is right at the limit of fulfilling the Schannon-Nyquist criterion.
Therefore the following PSF dimensions could be extracted with confidence. From the maxi-
mum intensity projections of 10 beads in the central region within the first 100 um, I measured a

FWHM in x of ~ 1.3 um. The z-extent was below the predicted theoretical limit based on solely
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the detection PSF. The light-sheet of approx. 5um FWHM, reduced the PSF intensity in z to
FWHM, =~ 4.5 um. This matches the prediction of the effective PSF with Eq. 2.30 well. These
PSF dimensions shall serve as a reference for the dimensions observed in 3.6.

As expected, the PSFs in case i) are homogeneous in their size and especially near the focus of
the light-sheet, are maintaining their profile for greater depths in z. In the case of a refractive in-
dex mismatch, the PSFs are only maintained towards the first quadrant on the side of light-sheet
illumination. As the light-sheet is refracted away from the detection plane, and the detection
plane is also deformed, the combined effects lead to the pattern shown for case ii). Not only the
shape of the PSF is strongly affected for different locations in the gel, but also the signal inten-
sity is greatly reduced for greater depths. At closer inspection, some beads around the central
region at z > 500 um exhibit a resolvable double peaked profile (not explicitly shown). This can
potentially lead to the detection of doubled signals in real samples, e.g. double membranes, and
therefore complicate data analysis or mislead the biological interpretation. Once the mounting
medium is adjusted with the right concentration of Optiprep / iodixanol and the illumination and
detection arms are adjusted accordingly, the PSF profiles resemble the first, aqueous case again.

These recordings on the one hand are a first proof of principle of the refractive index matching
with our microscope design as well as experimental procedure, and on the other hand highlight
the extent of aberrations at greater depth in real samples. Typically, the recorded signals in
biological tissue are not distributed as sparsely as the here presented beads, and examining the
spatially varying PSFs is not possible. This experiment on phantom samples can help to interpret
why in real biological samples certain volumes can only be recorded with poor image quality and
low resolution. Generally, the combination of simulations for smaller volumes, which cannot
easily be realized experimentally, and experimental investigation of larger volumes, which in
turn are hard to simulate with current technological limitations, are an effective approach to

estimate present aberrations in real samples.

Sample Preparation

In total, three specimens out of gel of two different refractive indices are required. To capture
the spatially varying PSFs across the FOV, I chose to use 260 nm beads which were mixed
into the liquid gelrite of 1.1 % concentration. Critical for the sample preparation is to account
for the physical separation of gel containing iodixanol from the aqueous mounting medium, as

otherwise diffusion and a partial adjustment of the refractive index could take place. To prevent
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this, first a thin FEP tube (1.05x1.15 um) is inserted into the glass capillaries which are typically
used in MuVi-SPIM imaging. The tubing has a refractive index of nggp =~ 1.33 and due to its
thinness is assumed to not affect the imaging noticeably. The tubing extrudes beyond the water
level inside the sample chamber and therefore prohibits the diffusion of iodixanol and water
between the gel and the water in the sample chamber. To maintain the same dimensions for
the gels of cases 1) & iii), the tubing was cut near the surface of the glass capillary, and the gel

extruded beyond this height.

48



3.5 REerrAcTIVE INDEX MATCHING ON Arabidopsis thaliana

3.5 Refractive Index Matching on Arabidopsis thaliana

A common representative model organism in the field of plant science, is the vascular plant
Arabidopsis thaliana, especially due to its relation to common vegetables, as cauliflower or
cabbages [88]. Further, it has established itself as a model for genetic studies almost 8 decades
ago [89]. Remarkably, the plant consists of only single-layered tissues in the root, making it an
interesting candidate for cell fate studies and in vivo imaging [90][88]. During the embryo’s and
seedling’s development, cells from a stem cell niche almost at the very tip of the root divide and
give rise to different cell types.

While the root cap and meristem are well studied and their core processes understood, only
recent advances in light-sheet microscopy enabled the long-term recordings of high resolution
3D datasets of the Arabidopsis development over extended periods of time [52]. Importantly,
the upright orientation, the near physiological mounting conditions, and the low light-exposure
of light-sheet microscopy, enabled the authors to record high resolution in vivodatasets. Despite
the rather small diameter of approx. 100 um of the meristem, the in foto imaging of the root
remains optically challenging. One of the reasons is the refractive index difference between the
aqueous media and the root itself, but also absorption and scattering contribute to the challeng-
ing conditions. Nonetheless, the root presents a comparatively transparent sample, especially
when compared to the Drosophila melanogaster embryo. As seen in the simulations (¢f. Ch.
3.2), the difference in refractive indices between tissue and mounting medium, leads to aber-
rations, especially in greater depths. Therefore, I expect similar effects to be present in the
meristem, where vacuoles have not developed yet. These appear higher up in the root, in the
so-called elongation zone where water is taken up by the cells [91]. Together with Dr. Marion
Louveaux, who managed the sample preparation and evaluated possible toxicity effects of Ara-
bidopsis seedlings upon exposure to OptiPrep, I recorded 3D image data for multiple refractive
indices of the mounting medium. We found that we could restore contrast and resolution in
deeper tissue layers by adjusting the refractive index to n ~ 1.37. The improvements become
particularly evident in the resliced stacks where an improvement in z-resolution and contrast can
be observed. Fig. 3.7 summarizes the findings.

I further applied a set of image quality assessments, based on background normalized spectral
analysis of the images (cf. App. 7.2 for more details), to validate the already visible differences.
Fig. 3.8 presents the local metric scores for the same slices presented above. Particularly at the

very tip of the root cap, as well as at depths beyond 20 um, the data from the refractive index
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Figure 3.7: Refractive Index Matching of Arabidopsis thaliana root. 1 recorded the root cap and the meristem of
an Arabidopsis seedling, expressing mCherry in the cell walls, with surrounding media of two different refractive
indices (fmeq1 = 1.333, fimeaz, = 1.374). Adapting the refractive index of the immersion medium closer to that of the
Arabidopsis root, leads to visible image contrast enhancements. An example slice at ~ 30 um depth of the recorded
3D stack is displayed in a). Note the improved contrast on the cell walls. A direct comparison of two regions (marked
with white squares) is presented in b). A view through the resliced stack, shown in c), further displays the contrast
enhancements in the xz-plane, highlighting the PSF improvements in z-direction. A close-up comparison of the upper
right quadrant is shown in d). The light-sheets used for the recording, including a fitted profile (white dotted lines)
and arrows indicating the location of the smallest waist wy, are presented in e). The light-sheet illumination occurred
from the left hand side with a laser of 594 nm wavelength. Due to a wide spectrum in the intensity distribution and
for better visualization of the differences, the logarithmic intensity of the original images is presented here. Scale bar
in ¢) for a), ¢) & e): 50 um, scale bar in d) for b) & d): 25 um. Data produced jointly with Dr. Marion Louveaux.

adjusted imaging, scores constantly higher than the regular imaging condition. Interestingly,
the intensity for n = 1.374 is on average lower than for n = 1.333. One possible reason is a
small amount of bleaching from the course of the experiments: before the recording of the here
presented dataset, four more datasets where recorded for lower refractive indices.

While RI-matching leads to image contrast improvements in the root tip, matured tissues
from the elongation zone and further up the stem, do not show positive results This is due to the
changing refractive index distribution in the plant, which begins to vary stronger between water
(n ~ 1.33) and cell wall (n > 1.4) [92].
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Figure 3.8: Image Quality Assessment of Arabidopsis thaliana Seedling for Two Different RIs The images in a)
in b) display image metric quality scores on tiles based on the slices in Fig. 3.7. The metric scores confirm the visible
differences in image contrast between imaging under n = 1.333 and n = 1.374. In the xy-plane (a)), the largest
detectable difference lies at the bottom of the image or at the tip of the root. Higher scores can also be found around
the central region. The differences are more pronounced in the xz-plane, where almost everywhere higher scores are
achieved. Next to the tile-wise metric calculations, a whole-image metric was calculated for each recorded z-position
of the entire stack. The results are shown in c). The quality of both recorded stacks is very similar for the first
z-positions, but from ~ 20 um of depth onwards, the stack recorded under n = 1.374 shows a higher image metric
score. That difference is maintained until the end of the stack, therefore over the 3D volume. Next to the BGN-DCT
metric, the intensity throughout the stack has been calculated plane by plane. The square root of it over the z-extent
is shown in d). Both 3D volumes show similar intensities overall, with the regular imaging condition at n = 1.333
offering a small percentage of additional signal. Support radius for noise filtering used: r, = 1.34 um=!. Tile sizes
used (in px): [x,y] = [15,16], [x,z] = [11, 16].

Sample Preparation

The plants where grown according to standard protocols on gel dishes by my collaborator. The
seedling is a delicate and flexible sample. Therefore, finding a mounting approach that keeps
the seedling fixed in space upon liquid exchange and also offers a direct surface contact to the
medium, proofed to be challenging. We chose to glue the Arabidopsis seedlings to a 50 um thick
FEP tube, attached to a glass capillary. For this purpose we coated the FEP tubing with heptane

glue prior to mounting. We then carefully transferred the seedling onto the FEP tube where it
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attached to the sticky surface and was therefore held in place, even upon medium exchange.
Note that this is not suitable for extended imaging as heptane has toxic effects on the plant. For

the course of the RI matching experiment, this is however a feasible mounting option (< 1 h).
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3.6 Refractive Index Matching on Oryzias latipes

Medaka (Oryzias latipes) similar to zebrafish (Danio rerio), has emerged as popular model or-
ganism in developmental biology due to its natural transparency, manageable size, and especially
due to the available and ever expanding set of genetic tools. As a vertebrate with regenerative
capabilities (cite), it further draws attention for medical and pharmaceutical related studies [93].
Together with the Drosophila embryo, Medaka appeared as a prime example of SPIM-imaging
at the very beginning [14] of light-sheet microscopy. Nonetheless, zebrafish is often the organ-
ism of choice when showcasing the capabilities of new optical systems. Possible reasons are the
already established transgenic lines, the smaller body size and a stiller early embryo develop-
ment®. Recent developments however, make studies based on 4D image acquisition in Medaka
more attractive [94]. The authors addressed possible body movements, pigmentation, and tested
for optimal fluorescence among a set of commonly used fluorophores. We chose to built upon
these improved conditions and further push imaging quality in deeper tissues using our refractive
index matching approach.

In this endeavour, I collaborated with Dr. Colin Lischik and Leonie Adelmann, who managed
the Medaka sample preparation, tested the in vivo capabilities of Medaka in a solution containing
OptiPrep, and who assisted me in sample mounting.

We found that indeed, refractive index matching can improve image contrast and remove
imaging artefacts. Fig. 3.9 summarizes the results and shows examples of the found improve-
ments in an in vivo medaka larva.

As the Medaka larva has already various differentiated cell types, the distribution of regions
of differing RlIs is to be expected. This in turn means, that the image quality in different regions
will be affected differently. One key observation is the suppression of fluorescence ’ghost signal’
when increasing the refractive index. This can be seen in Fig. 3.9 c). In the reslice of the
stack, a clear line is observable for the regular imaging condition at the bottom of the image.
I hypothesize that it stems from the refraction of the light-sheet at the beginning of the stack
recording: While the sample is moved through the light-sheet, its tilting leads to the excitation
of fluorophores outside the image plane of the detection objective (c¢f. Fig. 3.3 ii)). Detected
signal from out of focus planes replaces the content of the actual recorded plane. This leads to

misinterpretation of the sample’s volume and makes high-resolution recordings of the surface

6Medaka embryos show rhythmic blastoderm movements during their early development. Any imaging modality
has to be able to cope, i.e. record much faster than those movements.
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Figure 3.9: Refractive Index Matching of Oryzias latipes larva. A dorsal view of onto the head region of a Medaka
larva expressing GFP in its membranes is shown here for two different refractive indices. Adapting the refractive
index of the immersion medium closer to that of the Medaka larva, improves the overall contrast visibly. An example
slice at ~ 130« depth of a 3D recording under n = 1.334 and under n = 1.363 is displayed in a). A direct comparison
of two regions (marked with white squares) is presented in b). A cross-sectional view of the stack, shown in ¢), further
displays the contrast enhancements in the xz-plane, highlighting the PSF improvements in z-direction. A close-up
comparison of lower central region is shown in d). The light-sheets of ~ 200 um length, used for the recording, are
presented in ). Arrows indicate the location of the smallest waist wy. The light-sheet illumination occurred from the
right hand side with a laser of 488 nm. The z-step size was 1 yum. Due to a wide spectrum in the intensity distribution
and for better visualization of the differences, I am presenting the logarithm of the original images. The colour map
of the images is left in grey values as the differences are better visible than in the dual-colour alternatives. Scale bar
in ¢) for a), ¢) & e): 100 um. Scale bar in d) for b) & d): 50 um. Data produced jointly with Leonie Adelmann.

impossible. Contrary to that, adjustments of the RI expose a visible curvature at the bottom
of the resliced image shown in c¢) and d). Without adapting the refractive index it is otherwise
undetectable. Instead a line extends well beyond the actual geometry of the Medaka larva.
Analysing the image quality with the help of the BGN-DCT metric showed the sensitivity of it
to different noise levels. The metric correctly identifies areas of high contrast and bright content,
but also assigns values between 0 and ~ 0.5 to areas of high noise and low contrast. This can
in parts be addressed by reducing the support radius in the spectral domain but will affect also
the highest detectable frequency, or in terms of resolution, filter out the well resolved portions
of the image. Therefore, I conclude that the here used metric needs to be carefully applied to
datasets of high noise levels, such as the Medaka larva, particularly if the fluorescence is based

on mRNA injections at early stages. Additionally, bleaching occurred during the time frame of
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Figure 3.10: Image quality assessment of Oryzias latipes larva for two different RIs. The images in a) in b)
display image metric quality scores on tiles based on the slices in Fig. 3.9 for two different refractive indices (n =
1.334 and n = 1.363). The metric scores highlight the regions with higher spectral content. The present image noise
for both refractive indices, influences the final score. In the xy-plane (a)), smaller regional differences can be found
between the two conditions. The metric values in the xz-plane are interesting, as the artefact signal on the bottom
left corner counts towards the metric. Next to the tile-wise metric calculations, a whole-image metric was calculated
for each recorded z-position of the entire stack. The results are shown in ¢). The quality of both recorded stacks is
very similar for the first z-positions, but from ~ 60 um of depth onwards, the stack recorded under n = 1.363 shows
a higher or similar image metric score. Several large strongly fluorescing cells (e.g.cf. Fig. 3.9 a), top left & bottom
right) contribute strongly to the metric score, and move over the course of the experiment. Therefore, differences
between the two metric curves can be the result. Next to the BGN-DCT metric, the intensity throughout the stack
has been calculated plane by plane. The square root of it over the z-extent is shown in d). Both 3D volumes show
a similar behaviour overall, with the regular imaging condition at n = 1.333 having a higher signal throughout the
stack, presumably due to bleaching. Support radius for noise filtering used: r, = 1.34 um™'. Tile sizes used (in px):
[x,y] = [25,25], [x,z] = [20,25].
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the experiment, which is confirmed by the intensity profile in Fig. 3.10 d). This stems from
the different recorded conditions in this experiment (multiple stacks, with multiple RIs) and can
have an additional negative impact on the metric score.

In summary, the image contrast could in parts be improved upon RI adjustment to the Medaka
larva, despite its differentiated cell types and its comparatively large size. Additional exper-
iments, ideally in the red-shifted fluorescence spectrum where noise and autofluorescence is
reduced, can help identify to which extent RI matching can truely benefit the recording of such
large specimens. Apart from the image quality assessment, the clear reduction of imaging arte-
facts, arising from light-sheet refraction at the beginning of the stack, i.e the surface of the larva,

was successfully demonstrated.

Sample Preparation

The Medaka embryos were collected according to standard protocols by my collaborators. For
fluorescent protein expression and immobilization via a-Bungarotoxin, the embryos were in-
jected with mRNA at the single cell stage as in [94]. The larva were imaged at 5 dpf. We used
liquid 2 % low melt agarose to initially pull the larva into a glass capillary. Once the agarose
solidified, we extruded the gel gently out of the capillary until the head of the larva and a small
portion of its upper body was accessible. The extruded Medaka inside the gel cylinder was trans-
ferred into a petri dish with E3 medium. There we used forceps to gently remove the agarose
around the larva’s head. We then transferred the larva into the sample chamber of the micro-
scope. This mounting method ensured a direct sample to medium interface at the head region

while keeping the larva overall at the same position.
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3.7 Refractive Index Matching on Mus musculus

The most prominent mammalian model organism’, Mus musculus plays an important role in
developmental biology and with the emergence of light-sheet microscopy can now be recorded
with high spatio-temporal resolution in its first developmental stages [60][95][67]. As the em-
bryo develops, its size increases from ~ 100 um to ~ 1000 um within the first week. Gastru-
lation, a key event in the development of any organism, begins with the implantation of the
embryo into the uterine tissue. While the peri-implantation phase is still poorly accessible for
culture and imaging, post-implantation embryos can be cultured and recorded for multiple days
[96][67]. However, due to its size and multi-layered tissue, imaging remains challenging. Espe-
cially deeper tissue layers during early organogenesis cannot be resolved at a single cell level.
However, matching the refractive index of the mounting medium to the tissue of the embryo
should, similarly to the samples presented above, increase the contrast and resolution. We there-
fore performed refractive index matching experiments on post-implantation embryos to study
possible image quality improvements on our custom microscope.

For these experiments I received help from Dr. Henning Falk and Takehito Tomita with the
mouse samples. In particular, the mounting and evaluation of negative effects of OptiPrep on the
mouse embryos’ development were performed by my collaborators.

Of important note for the experimental procedure regarding the imaging, is the fact that the
here used light-sheet microscope does not offer the possibility for controlled gas exchange, nor
a precise enough temperature unit. Therefore, the here performed experiments were decoupled
from any survival testing with OptiPrep. In a first round of experiments, we recorded mouse
embryos at E7.5 in direct contact with a medium mixture of PBS and OptiPrep. In this set of
experiments we found strong improvements in image quality across the entire sample volume.
However, possibly due to toxic or osmotic effects, the cavity of the embryo showed shrinking
and therefore a quantitative comparison will not be made here. I included example images of
the dataset in the Appendix (cf. App. 7.3).

As we tested the viability of mouse embryos with different concentrations of OptiPrep, it
became evident that even percentages as low as 10 % have detrimental effects on the embryo
development. In conclusion, our approach of establishing a direct sample to medium interface
required an alternative. In this case, the culturing medium of embryos in the post-implantation

phase itself, is a medium of higher refractive index than water. It is based on a variable percent-

7cell cultures excluded
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age of rat serum and DMEM and can reach a refractive index of up to nyeq = 1.350 8. For the
normally used water-dipping objectives in light-sheet microscopy, the difference in refractive
index will lead to significant aberrations, especially at higher numerical apertures. Filling the
entire sample chamber with the medium mixture however, is not a practical approach, as it would
require > 6 ml of serum, a costly resource collected from live rats with lethal consequences, per
experiment. Instead, we aimed at minimizing the amount of serum required by using a plastic
tubing made out of PTFE of similar refractive index, and instead match the medium between
the objective and the tubing to the culture medium. Together with the tubing, we were able
to compare imaging conditions with a refractive index mismatch and match at the plastic to
chamber-liquid interface, corresponding to regular imaging conditions with water dipping ob-
jectives, and refractive index adjusted objectives. Again, we found improvements in the image
quality in the case of refractive index adjustment, especially in the axial dimension. The results
are summarized for an example embryo at E7.5 in Fig. 3.11.

Overall, matching the refractive index to the regular mounting medium of Mus musculus
post-implantation embryos leads to improved image quality. The differences however, are not
as striking as in the Arabidopsis seedling’s meristem. This is in parts due to the not optimal
refractive index, which is still relatively low, compared to the tissue. Further, the PTFE tubing,
as well as the native mounting medium can, under even small refractive index mismatches, both
still lead to aberrations and light-sheet refractions. Despite these facts, our mounting method
paired with the refractive index matching approach is a viable option for mouse embryo imaging

and can be a rat serum saving alternative.

8Small variabilities (Anpeq = +0.03) were found, depending on the filtration method of the rat serum.
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Figure 3.11: Refractive Index Matching of Mus musculus Post-Implantation Embryo. We recorded an E7.5
mouse embryo expressing iRFP713 in the nuclear membrane. It was mounted as described in the main text. An
example slice at ~ 150 um depth of a 3D recording under n = 1.334 and under n = 1.351, between the objective
lens and the PTFE tubing, is shown in a). Adapting the refractive index of the immersion medium to that of the
culture medium n¢ye ~ 1.35 results in image quality improvements across different parts of the embryo. Close-up
images of three regions (marked with yellow squares in a)) are displayed in b). A cross-sectional view (xz-plane) of
the stack can be found in c¢). Resolution improvements in the lower right quarter of the image can be observed in the
form of more confined nuclear membrane signal. A zoom-in comparison of the lower right region from the xz-plane
is shown in d). The light-sheets of ~ 200 um length, used for the recording, are presented in e). Arrows indicate
the location of the smallest waist wy. The light-sheet illumination occurred from the right hand side with a laser of
685 nm wavelength. Imaging took place at 15 x magnification. The z-step size was 1.5 um. Scale bar in c) for a), c)
& e): 100 um. Scale bar in d) for b) & d): 50 um. Data produced jointly with Takehito Tomita.
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Figure 3.12: Image quality assessment of Mus musculus embryo for two different RIs. The images in a) in b)
display image metric quality scores on tiles based on the slices in Fig. 3.11 for the two refractive indices n = 1.334
and n = 1.363. In the xy-plane (a)), smaller regional differences can be found between the two conditions, particularly
at the top and bottom righ edges of the embryo shape. The metric values in the xz-plane are highest for the outer most
cells for n = 1.351, but overall the metric score distribution is very similar. Next to the tile-wise metric calculations,
a whole-image metric was calculated for each recorded z-position of the entire stack. The results are shown in
¢). The quality of both recorded stacks is very similar. Between z ~ 100 um and z ~ 250 um the stack recorded
under n = 1.351 shows a higher image metric score. The noise in the images increases with greater z and therefore
the metric approaches a similar value. Next to the BGN-DCT metric, the intensity throughout the stack has been
calculated plane by plane. The square root of it over the z-extent is shown in d). Both 3D volumes show a similar
behaviour overall, and between z ~ 180 um and z ~ 400 um a small difference is detectable, with the 3D volume
recorded under n = 1.351 scoring higher. Support radius for noise filtering used: r,, = 1.15um™"'. Tile sizes used (in
px): [x,y] = [24,25], [x,z] = [17,25].
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Sample Preparation

The mouse embryos were extracted along standard protocols by my collaborator. The mounting
was performed similarly to the mounting method for Medaka. First, the embryo was pulled up
into a glass capillary with the help of liquid 2 % agarose. Upon solidification, the embryo was
extruded together with the gel and freed from the surrounding agarose with the use of forceps,
until only the already formed ectoplacental cone remained embedded in the agarose. This way
the rest of the embryo is accessible to excitation light and possible obstructions resulting from
the gel are excluded. Subsequently, the embryo can be retracted back into the glass capillary,
together with mounting medium, and the PTFE tubing can be added to the outside of the glass
capillary. Once attached, it is filled with the mounting medium and the embryo is pushed back
out of the glass cavity into the space of the plastic tubing. At this point the specimen can be
inserted into the mount inside the sample chamber. The tubing should be long enough to reach
above the liquid’s level inside the sample chamber as otherwise medium exchange is possible.

A thin layer of silicon grease can be used at the lower end of the tubing to ensure insulation.
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3.8 Refractive Index Matching on Drosophila melanogaster

The famous and widely studied model organism Drosophila melanogaster has been successfully
imaged on various microscope types over the past decades, including electron microscopy [97]
and fluorescence microscopy [98]. Still, this animal poses many unanswered questions, in parts
stemming from the fact, that is an optically challenging sample due to its autofluorescent yolk,
the large amount of lipid droplets in its early stages, and the rapid development [99]. Beyond its
biological relevance in the field, the fruit fly embryo is also historically connected to light-sheet
microscopy, as it is one of the first organisms to have been recorded by light-sheet fluorescence

microscopy [14].

3.8.1 Drosophila melanogaster Embryos

The fast, non-invasive recordings which became possible with light-sheet microscopy allowed
for detailed studies of early Drosophila gastrulation events, such as the ventral furrow formation
[100][101]. With the appearance of the furrow, cells are invaginated and form the mesoderm
from which later the fly’s organs are formed. As the furrow formation is a tissue-wide process,
the study of cells from different regions of the embryo can give insight on the forces and in-
teractions which drive the internalisation of the tissue. Despite the advances in microscopy, it
remains challenging to resolve the invaginating cells during ventral furrow formation and follow
their dynamics after internalisation. As this event happens on the order of seconds [55], rapid
3D imaging is essential, yet the available photon-budget is limited. Acquisitions on the scale of
~ 30s at high signal-to-noise levels and sufficient z-sampling quickly leads to bleaching, there-
fore phototoxicity and signal loss (unpublished data from [101]). The subsequently beginning
organogenisis can therefore also not be studied at the same spatio-temporal scale as the surface
of the embryo. True in toto recording with single cell resolution has only been achieved at the
surface layers at best, but is crucial for a single cell level understanding of the development of
the Drosophila embryo. We therefore investigated, whether RI adjustments of the mounting me-
dia could have a positive effect on the image contrast and resolution in deeper tissue layers in the
Drosophila embryo. Example cross-sections under different imaging conditions are presented
in Fig. 3.13.

Under the three different refractive indices of 1.335, 1.355, and 1.372, no significant image

quality change could be detected, neither in the xy-, nore in the xz-plane. The only visible
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Figure 3.13: Refractive Index Matching of Drosophila melanogaster embryo. The images in a) show a cross-
sectional view, approx. 80um in depth, of a Drosophila melanogaster embryo, expressing a Gap43-mCardinal
marker which labels the organism’s cell membranes. Increasing the refractive index of the immersion medium has
little to no visible effect on the image quality. The three conditions shown here, with n = 1.335, n = 1.355, and
n = 1.372 are also shown in a resliced view in the xz-plane of the 3D volume in b). Also here, no significant changes
are observable. The light-sheets of ~ 300 um length, used for the recording, are presented in e). Arrows indicate the
location of the smallest waist wy. The light-sheet illumination occurred from the left hand side with a laser of 594 nm
wavelength. The z-step size was 1.0 um. Scale bar: 50 um.

difference is the accumulation of fluorophores in the head region of the embryo in the first two
imaging conditions.

With the pipeline for BGN-DCT image quality assessment, I performed an analysis across the
3D-volumes in a plane- and tile-wise manner, and confirmed the unaffected image quality. The
findings and a tile-wise assessment are summarized in Fig. 3.14. Note that the algorithm also

picks up the fluorophore accumulation in the image quality metric, visible in c).
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Figure 3.14: Image Quality Assessment of Drosophila melanogaster Embryo under Different RlIs. The images
in a) in b) display image metric quality scores on tiles based on the images in Fig. 3.13. No outstanding differences
are detectable, apart from the top area of the images in a), where a increase in intensity, frequency, and ergo a higher
metric can be found for a small amount of tiles for RIs 1.335 and 1.355. Next to the tile-wise metric calculations,
a whole-image metric was calculated for each recorded z-position of the entire stack. The results are shown in c).
Again, no striking difference is detectable, apart from the two peaks at ~ 80 um for the RIs 1.335 and 1.355, stemming
from the fluorescence accumulation seen in the top part of the embryo (cf. Fig. 3.13). Next to the BGN-DCT metric,
the intensity throughout the stack has been calculated plane by plane. The square root of it over the z-extent is
shown in d). Support radius for noise filtering used: r, = 1.34 um~'. Tile sizes used (in px): [x,y] = [32,32],
[x,z] = [32,20].

Sample Preparation

The Drosophila melanogaster embryos were collected on agar plates and dechorionated with a
50 % bleach solution for ~ 1 min and washed immediately after. Next, they were picked up with
a brush and attached to a FEP tube coated with heptane glue. This tube in turn was inserted into
a glass capillary (cf. Fig. 3.5), which was then mounted in the microscope’s sample holder. The
fast development of the embryo poses a challenge on the RI matching method, as every stepwise
change of Rl in the sample chamber requires a minimum of 5 to 10 min. To be able to compare
similar structures or ideally the same cells under different conditions, I cooled the entire sample
unit and media to < 15 °C. At this temperature the embryo’s development is significantly slowed

down and side by side comparisons as shown in Fig. 3.13 become possible.
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Further, I wanted to minimise the effects of scattering and autofluorescence as much as possi-
ble, as these effects limit the imaging depth and affect image contrast severely in the Drosophila
embryo. For this, I chose a fly line which expresses the fluorophore mCardinal [102], tagged to
Gap43, effectively labelling the animals membranes’. The fluorophore’s excitation peak lies at
604 nm while its excitation peak is shifted to 659 nm. I used a 594 nm excitation wavelength and
594LP filters for detection.

3.8.2 Drosophila melanogaster Pupa

After its larval stage, Drosophila melanogaster begins metamorphosis, a process stretching over
several days, during which a transformation from larva/pupa to the adult fly (imagino) takes
place. Despite our curiosity beyond the science community, high resolution recordings of the
fly’s metamorphosis are lagging in comparison to its embryonic stage. This is partially due to the
complexity of the system, the time scales at hand, but certainly also because of its size and poor
accessibility to light-based imaging techniques. Additionally, the pupal case or cuticle posts
an extra tissue layer around the organism that cannot be removed in the early pupal stages but
hinders imaging as it becomes less and less transparent over time. Yet, it is of great interest to
unravel the processes during metamorphosis as they are still not well understood, especially not
on an individual cell level. The wing-disc, a popular model for organogenesis studies, is mostly
imaged ex vivo, under special culture conditions [103]. In vivo it is however in contact with the
pupal epidermis and attached to the pupal body. High resolution in vivo recordings of the wing
disc’s development would be a helpful addition to the field, e.g. verify the processes observed in
culture.

Pupae further undergo a remarkable process, the head eversion. During embryogenesis the
head of the embryo is internalized during a process called head involution. The head then re-
mains internalized until metamorphosis when it is pushed out again from the body. This process
takes place remarkably fast, within few minutes, compared to the ~ 4 day metamorphosis. The
study of both, the wing disc development and the head eversion, would greatly benefit from high
spatial and temporal resolution of in vivo imaging. A recent study used tomography to capture
the head eversion at high temporal resolution ([104]), however no cellular resolution is achieved.
Other studies have used confocal microscopy to study an array of events during metamorphosis

[105] and optical projection tomography [106] to record the full pupa, however both studies

Courtesy of the Leptin group, EMBL. The line was also used in [101]
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Figure 3.15: Refractive Index Matching of Drosophila melanogaster white pupa. The images show parts of the
upper body of a white Drosophila melanogaster pupa expressing a Gap43-mCherry marker, labelling the organism’s
cell membranes. Adapting the refractive index of the immersion medium to that of the white pupa results in image
quality improvements at different regions in the pupa. An example slice at ~ 90 um depth of the 3D recording under
n = 1.337 and under n = 1.371, is shown in a). Close-up images of three regions (marked with white squares in a))
are displayed in b). A cross-sectional view (xz-plane) of the stack can be found in c). Resolution improvements in
the central left marked area can be observed. A zoom-in comparison of this region is shown in d). The light-sheet of
~ 200 um length, used for the recording, are presented in e). Arrows indicate the location of the smallest waist wy.
The light-sheet illumination occurred from the left hand side with a laser of 594 nm wavelength. The z-step size was
2.0 um. Scale bar in c) for a), c) & e): 100 um. Scale bar in d) for b) & d): 50 um

recorded at mostly ’organ-resolution’.

Here, I tested whether refractive index matching in light-sheet microscopy could help to
bridge the gap between high temporal and spatial resolution of such a large sample, and pos-
sibly enable insights into the pupas complex mechanisms at single cell scale. Fig. 3.15 shows
example slices of a white pupa under two refractive indices.

Indeed, image contrast could be recovered across various parts of the membrane labelled
pupa. Membranes and organs appeared visibly clearer. At greater imaging depths of > 100 um

however, image quality in general was affected by an increase in noise and membranes could
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not be resolved any longer. Multi-view recordings with dual sided illumination, paired with the
electronic confocal slit detection of the cameras, improved the quality further (data not shown).
The possibility of in toto recordings at the cellular scale are still a number of steps away, but
with the here presented approach in vivo recordings of the Drosophila pupa, are brought one

step closer in light-sheet microscopy.

Sample Preparation

During metamorphosis, the cuticle of the fruit fly pupa hardens and slowly becomes optically
less accessible. I therefore chose to primarily look at the onset of metamorphosis, when the cu-
ticle is still soft, attached to the white pupa, and optically rather transparent. For this, I carefully
extracted 3rd instar larvae showing decreased motility, or directly young pupae from the culture
tubes with a wet brush into a petri dish. Once the larvae have transitioned into the white pupa
stage, I washed the pupa with a brush in a dish containing PBS. For mounting, a 1.05x1.15 mm
FEP tube was pushed inside a glass capillary, such that approximately 2 -3 mm of the tubing was
accessible outside the glass. Then the tube was cut in half along its long axis. After drying the
pupa with precision paper, it was placed onto the cut FEP tube and fixed with plant glue, which
hardens at contact with water. An alternative fixation solution is two-components silicone glue.
Note that during later pupal stages, it is possible to remove the upper part of the pupal case and
proceed with the here described mounting method analogously. Different from the other pre-
sented samples, pupae require oxygen exchange with the surrounding air during metamorphosis
and therefore long-term recordings or survival tests in aqueous solution are deemed to fail. For
this reason, I did not perform detailed survival tests including different OptiPrep concentrations,
but I nonetheless observed parts of the metamorphosis over the period of multiple hours. Crucial
events as head eversion, disc development, as well as the appearance of the gas bubble described

by Bainbridge et al. [107] were observed repeatedly.

Concluding Remarks on RI matching on Drosophila melanogaster

The heterogeneous refractive index distribution and scattering properties of the Drosophila em-
bryo obscured possible image quality improvements in the here presented experiments. To
broadly categorize the embryo according to the earlier presented scheme in Fig. 3.1, it falls
into category iv), where aberrations inside the sample’s volume are so high, that a reduction on

the sample to medium interface, has no visible effect. That does not exclude a possible reduc-
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tion of aberrations via RI matching however. A possible analysis to gain more insight into the
aberrative properties of Drosophila embryos might entail direct wavefront measurements after
RI adjustment or recording of injected fluorescent beads.

Contrary to its embryonic stage, RI matching on the Drosophila pupa, leads to visible im-
provements in image contrast for the first ~ 100 um of depth, after which the image quality
drops rapidly, likely due to a combination of absorption, scattering, autofluorescence signal, and

growing aberrations.
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3.9 Materials and Methods used for Refractive Index Matching

The most important aspects regarding sample mounting and the experimental procedures of
the individual sample types are described in the end of the respective section of this chapter.

Overlapping procedures and strategies shall be summarized here.

Refractive Index Change and Measurement

Most experiments comprised a series of recordings to generate data under multiple refractive
indices. I first imaged the sample individually with both light-sheets, under different angles,
generating at least two 3D volumes for the given RI. Then, a pre-calculated amount of liquid
was slowly extracted from the sample chamber and aliquoted for later RI measurement. Subse-
quently, and once again with caution, OptiPrep was added to the sample chamber, effectively re-
placing the extracted amount. Careful stirring was performed to avoid local RI gradients. These
steps were repeated until a dataset with the desired maximum RI has been generated. From those
experiments, I selected the dataset with the clearest image quality improvements, if present. I
confirmed my selection by the stack-wise image quality assessment with the BGN-DCT metric
(cf. 7.2).

The extracted aliquots during the experimental series were all measure with a refractometer.

For this as much as ~ 5 — 10 ul were enough.

RI Matching Evaluation

All recorded data was screened, pre-processed (cropping, stitching, reslicing, etc.) and visu-
alized in FIJI [108]. The downstream analysis with the BGN-DCT metric was performed with
self-written code in PYTHON (PyTHON SoFTWARE Founpartion). There I used functions and pack-
ages from numpy [109] and SciPy [110].

A typical data processing workflow from one of the refractive index matching experiments

follows these steps:

1. Screen recorded data, create maximum intenstiy projections for overview.

2. Select ROI of sample and crop the 3D dataset. Propagate the crop to datasets from record-
ings under other RIs. Here a minor adjustment in 3D might be required as the sample can
move by few um upon RI change. Save the ROIs for later selection of the light-sheet area

used for illumination and for possible revisiting of data.
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3. Save slices of interest, including a representative background image, create resliced datasets
for inspection.

4. Switch to Image Quality Assessment in PYTHON, provide relevant imaging metadata,
e.g. wavelength, voxel size, magnification, NA.

5. Load preprocessed data, generate spectral mask (to filter out noise beyond the resolution
limit), generate spectra, multiply spectra with the spectral mask, and perform the rest of
the calculation as outlined in Ch. 7.2.

6. Save the resulting datasets, create graphs, preview images, and save the used properties.

7. Switch back to FIJI to visualize tiled image quality stacks, apply the same lookup tables

and provide intensity calibration bars.
The processing was performed on a workstation running Windows 10 Pro, equipped with:

e 2 processors: Intel(R) Xeon(R) CPU E5-2620 v4 @ 2.10 GHz
e Memory (RAM): 192 GB
e GPU: GeForce GTX TITAN X (NVIDIA CoRPORATION)

Refraction Simulations

The aberration simulations in Ch. 3.2 were performed on a workstation running LiNux, equipped
with a GeForce GTX TITAN X GPU (NVIDIA Corproration). I used the package BioBeam [85]
which is based in PYTHON. I created different 3D refractive index geometries/distributions
and various operations, as reslicing, projecting, and other volume-related tasks in PYTHON as
well. Stacks of the simulated beam and PSF intensities was saved in separate datasets. Final

visualization occurred in FIJI.
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Materials

o Low-melt agarose (StarLaB GMBH, gelling temperature: 24 — 28° C)

e Gelrite / Gelzan CM (Sigma-ALDRrIcH # G1910)

e Fluorescent beads of 0.26 um size (SPHERO™ Fluorescent Sky Blue, SPHEROTECH INC.)

o Plant glue (PlantFix liquid (DupLA)

e Two component silicone glue (PICODENT twinsil)

e Methylene blue (Sima-ALpricH CHEMIE GMBH, CAS Number: 122965-43-9)

e Refractometer (Model TAbbeB, TEC++ DR. VOLKER SCHMIDT GMBH)

e FEP tubing of 1.05 mm inner diameter and 50 um wall thickness, (KARL Scaupp AG)

o PTFE (ApTEcH PoLYMER ENGINEERING LTD):
1.76mm ID x 0.2mm Wall +/-0.05mm, Adtech part number: STW14

o Glass capillaries (BLAUBRAND, intraMark glass cuvettes # 708744):

e OptiPrep / iodixanol (STEmcELL TEcHNOLOGIES, Catalog # 07820)

e PBS

e Lasers: 488 nm & 594 nm (OmicrON-LASERAGE LASERPRODUKTE GMBH), 685 nm (Obis, Co-
HERENT, INC)

o Fluorescent filters: 488 nm LP EdgeBasic, 594 nm LP EdgeBasic, 692 LP (all SEMRoCK,
IDEX Hearra & Science, LLC and ET700 LP (CHrROMA)

e Camera: ORCA-Flash4.0 V2, HAMAMATSU
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3.10 Concluding Remarks

In this chapter, I have introduced the concept of optical aberrations induced by refractive index
mismatch in biological specimens and shown how they can impair imaging at different depths
and scales. Further, I have shown an experimental approach, tailored to in vivo light-sheet
microscopy, on how to reduce aberrations in 4 different model organisms. The results are further
backed up by a image quality measures based on spectral analysis. I therefore conclude, that in
vivo refractive index matching is a useful approach to reduce aberrations, restore resolution, and
minimize imaging artefacts for in vivo recordings across scales.

The approach shown here is not mutually exclusive with other image contrast enhancing tech-
niques, such as the commonly used electronic confocal slit detection in light-sheet microscopy
[73]. In fact, correcting the excitation beam’s position across the FOV will have positive effects
on the confocal line readout. Restoring the PSF shapes across the recorded 3D volume will also
improve deconvolution approaches, as they are typically based on theoretical PSF models, or
PSFs extracted from ideal imaging conditions. And most importantly, I expect refractive index
matching to support adaptive optics approaches in the future. Reducing the aberrations arising
from the sample geometry via RI matching, also reduces the low order aberrations typically cor-
rected with deformable mirrors in adaptive optics. Therefore, the aberration correction with the
adaptive optical element does not require to cover as high of a dynamic range any longer, and
instead can be used for the correction of higher order aberrations with better precision.

Ideally, other compounds for RI matching will emerge in the future, which are also biocom-
patible and will allow for RI changes in the culture medium of mammalian samples, such as the
mouse embryo. Further, a larger selection of objectives with multi-immersion capabilities, also
covering the higher NA range, would be beneficial for fluorescent microscopy. As a last point,
I would like to mention the link to the simulation approaches introduced in this chapter: With
the growing computational power of modern GPUs, more precise simulations will become pos-
sible, as well as simulations on larger volumes. A 3D segmentations with subsequent aberration
estimation for an average RI of the sample, will be a good starting point for addressing possible
artefacts or resolution limitations. Even an initial guess for the wavefront correction in adaptive
optics could results form such an approach. All together, I expect the interplay of simulations,
RI matching and adaptive optics, to push light-sheet microscopy to greater depths, in the spatial,

but also in the quantitative context.
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4 Dual-View Light-Sheet Microscope for

Mammalian Samples

When light-sheet microscopy opened the vault for embryological studies in 2004 [14], it also
brought science closer to understanding our own developmental origins. One decade after
successfully demonstrating that high spatio-temporal 3D-recordings of developing Drosophila
melanogaster embryos and Medaka larvae were possible [14], the first light-sheet microscope
devoted to study pre-implantation mammalian embryos, more precisely Mus musculus embryos
was realized at the EMBL [60]. The microscope is capable of recording high resolution data
up until day 3 of the embryonic development, corresponding to the 64 cell stage of the embryo.
With single cell tracking and statistical analysis, the authors were able to show that cell fate
determination occurs for the first time around the 16 cell stage. In the following years, a num-
ber of studies have been successfully completed, focussing on intra-embryonic events, e.g. on
chromosome segregation during the first cell divisions [95]. The microscope’s open-top config-
uration, the multi-sample imaging capabilities, as well as the incubation enabled studies on other
mammalian samples such as mammary acini [69] and bovine embryos [111]. In recent years,
similar microscope configurations were adapted to study Drosophila embryos in a microfluidics
environment [70], pathological samples [112]. Additionally, the configuration was adapted and
commercialized by Luxenpo GmBH in 2016 [113].

The shared open-top configuration of the mentioned systems offers the advantage of easy
sample access and mounting, as well as quantitative high-throughput imaging along the per-
pendicular axis of the objective configuration plane. As any SPIM configuration with a single
illumination and single detection lens, this type of microscope setup suffers from unwanted
light-tissue interactions. Resulting shadowing effects and inhomogeneous illumination profiles
can make quantitative analysis difficult. Further, the effective imaging depth in the sample can
be limited. Especially scattering and aberrations can lead to low signal to background ratios

in few tenths of micrometers depth, ergo inhibiting in foto recordings. A possible inexpensive
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improvement is the addition of a second illumination objective as originally demonstrated by
Huisken and Stainier [53]. An open-top setup offering dual-illumination was realized to study
intestinal organoids [114], and has been commercialized by Luxexpo, BRUKER Corp [54] and
VIvENTIS Microscopy SARL [115]. As organoids of few 100 um in size are an optically challeng-
ing sample, the addition of a second illumination direction visibly improves the overall sampling
and imaging quality [114].

In the standard upright SPIM configuration [14][16][55] the samples are usually mounted
with the help of a cylindrical support, e.g. a glass capillary and/or fluorinated ethylene propy-
lene (FEP) tubing as well as hydrogel. Sample rotation is then realized along the long axis
of this cylindrical geometry with a rotation stage. Views from multiple angles can then be
combined to a more isotropic three-dimensional dataset. A possible further improvement in res-
olution and contrast can be gained via multi-view deconvolution [116][117][118]. For in toto
recordings across spatio-temporal scales, e.g. cell divisions and tissue folding during Drosophila
melanogaster development, multi-view light-sheet microscopy based on dual detection and dual
illumination objectives has become the go-to technique in recent years [55][56][57][67]. The
simultaneous detection from two opposing sides enables the dual-sided 3D recording of the vol-
ume of interest at no extra expense of the photon budget. If scattering can be suppressed, the
detected planes can be added mathematically instead of going through a more complex image
fusion process [73][118]. The resulting 3D volume typically exhibits a higher overall signal to
noise level, a more homogeneous resolution, and in optically challenging samples as Drosophila
melanogaster and organoids of larger size, is the preferred mode of imaging. This is particularly
due to the simultaneous detection where biological events on the ~second time scale could oth-
erwise not be synchronized between views, and where light-sensitive samples demand a careful
usage of the available photon budget.

In summary, the currently available open-top light-sheet microscopes offer flexibility and easy
sample access through their geometry, making them ideal high-throughput platforms for quan-
titative mammalian studies in 3D. However, these systems struggle to accommodate for image
quality degradation at greater depths. At the same time, resolving intra-cellular processes is of
great interest for our understanding of the early mouse embryo’s development. Events as cell di-
vision, chromosome segregation or intra-cellular protein localization require quantitative studies
at the highest possible spatio-temporal resolution in vivo imaging can offer.

I addressed this limitation by implementing a second high NA detection objective lens in

a new open-top geometry. There, the two detection objectives are opposed to one another in
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the horizontal plane, while the illumination is performed from below. This system effectively
doubles the amount of detected light and enables multi-view fusion to compensate for image
quality loss at larger depths. At the same time, the high-throughput character is upheld by a
redesign of the sample mount. To bridge the gaps between different mammalian samples, I
introduce a flexible illumination scheme, based on extended or pushed light-sheets which can
be controlled in length adaptively. Further, I show a readjustable detection arm which can be
modified to either offer simultaneous dual colour detection or sequential channel detection at
larger FOVs. In the following sections I will describe the optical and mechanical design of the
inverted pushed light-sheet selective plane illumination microscope, short: InPuLS-SPIM. A
rendering of the full system can be seen in Fig. 4.2. It serves as a primary overview of the
system and its layout before the following sections will detail the different units.

It should be noted that this microscope was initially conceptualized by Jan Ellenberg, Lars
Hufnagel, and Yu Lin (Ellenberg group), and subsequently redesigned from ground up, built,
characterized, and brought to operation by me. The precision stages, filter wheels, software, and
the necessary hardware control unit based on an FPGA (field programmable gate array) were

purchased from Luxenpo, BRuker Core. and tailored in collaboration to our needs. Here, I
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Figure 4.1: InVi-, MuVi, and InPuLS-SPIM configurations. The open-top configuration of the InVi-SPIM in
a), offers flexible sample (S) access and high-throughput imaging along the x-axis. In its original design and in
other follow-up configurations (see main text), only one illumination objective (IO) and one detection objective
(DO) are used for imaging. The MuVi-SPIM configuration, shown in b), on the other hand offers dual illumination,
dual detection, and sample rotation around the y-axis. A more isotropic sampling and higher quality recordings are
therefore possible. Contrary to the InVi-SPIM, multi-sample mounting is limited and has be be performed along the
y-axis, effectively stacking the specimens on top of each other. The novel InPuLS-SPIM introduces a second detection
objective to the inverted configuration of the InVi-SPIM as shown in c) and uses a high NA illumination objective for
extended light-sheets (see main text). High-throughput imaging is again possible along the x-axis with access from
the top. Further, the recordings benefit from the simultaneous dual-view detection with high NA objectives. The
illumination directions are indicated with blue arrows, while the detection directions are marked by green arrows.
Small spheres are used to visualize the direction of the multi-sample mounting axes.
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DU “DU2

Figure 4.2: 3D rendering of the InPuLS-SPIM. The system consists of four main units which will be discussed in
more detail in the following sections. In the center the sample unit (SU) is found, elevated on aluminium legs that
allow the mounting of an objective, and illumination from below. It is flanked by two likewise elevated detection
units (DU1 & DU2) which are symmetric to one another and entail the same components. The fourth unit is the
illumination unit (IU), occupying approximately half of the optical table, in parts underneath the detection and sample
unit. The electronic control box (Luxenpo, BRuker Corp) and the laser combiner (OMICRON-LASERAGE LLASERPRODUKTE
GumBH) are located on the left side of the optical table, partially underneath the left detection unit.

received valuable support from Dr. Bilint Baldzs. The software design or control will therefore
not be part of this chapter. However, a similar software design and hardware control strategy is
described in [118]. This microscope and its custom sample mount have been filed as a European
patent under the number EP 21191351.2.
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4.1 Sample Unit

The core of the microscope, the sample unit, is designed around the sample chamber with two
detection objectives (NA = 1.1) and one illumination objective (NA = 0.6). As the illumination
is performed from below, the illumination objective positioning and the required mirror demand
an elevation of the sample unit. For better access and flexibility, I chose the optical plane of
detection be be at a height of 250 mm.

The size and geometry of the three objectives further defines the dimensions and movement
ranges of the sample holder. As a high-throughput during image acquisition is desired, a large
travel range in the x-dimension, similar to the InVi-SPIM [60], is required. Therefore, the com-
bination of precision rails and piezo motors found in the TRuLIvVE system1 [54] served as a basis
for the sample unit. The TRUELIVE’s design encompasses one motor for the long axis translation
in x, two motors for y-axis, as well as two motors for z-axis movement. The two yz-translation
units are located in front and behind the sample chamber, spanning across two long flanking
precision rails. They are connected via two stainless steal rods and the sample mount holder

with each other. The design allows for movements of the sample mount of

[Ax, Ay, Az] = [50.0 mm, 10.0 mm, 0.6 mm]

The full sample unit without the cover and without the incubation add-on is shown in Fig. 4.3.

! Also referred to as the TRULIVE3D IMAGER
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DO2 DO2

a) b)

Figure 4.3: InPuLS-SPIM - sample unit. The elevated sample unit is designed and built around the sample chamber
and the objective arrangement. It is presented in full in a). The rails for x-translation flank the sample chamber, while
the other precision rails and motors can be found on two units in front and behind the sample chamber. The grey
trapezium indicates the location of the cross-section, which is presented in b). Here, the two detection objectives
(DO1 & DO2) and the illumination objective (I0) are shown in their arrangement in relation to the sample holder
(SH) as well as the sample chamber (SCh).

Sample Mount

In the past, thin plastic foils made out of FEP with a refractive index close to water proved
efficient for mouse embryo [60] and acinii imaging [69] at the EMBL. I therefore chose to use a
similar system, adapted to the new geometry of the InPuLS-SPIM. A sample holder made out of
polyether ether ketone (PEEK), together with a shaped FEP foil make up the sample mount. The
geometrical constraints due to the objective lens assembly requires a change of the otherwise
comparatively flat V-shaped sample mount. For good optical access, the protrusion of the FEP
foil was extended, following a U-shape, such that the sample is located 4 mm below the sample
holder (c¢f. Fig. 4.4). To shape the foil accordingly, I designed two moulds that can be used in
combination. While one presents the outer boundary of the U-shape, the other mould pushes
the FEP foil through the opening into the sample holder. A shallow longitudinal cavity in the
outer mould, paired with fine extensions on the inner mould, can be used to generate pockets

in the FEP foil. This can be of help for samples such as pre-implantation mouse embryos.
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FM2

a) b) c)

Figure 4.4: Sample mount of the InPuLLS-SPIM and its assembly. The sample mount, shown in a), is comprised
of the sample holder (SH) and the FEP foil (F), connected by bio-compatible glue. The specimens (S) are located at
the bottom of the U-shaped foil, ~ 4 mm from the PEEK sample holder, in indentations in the foil. A cross-section
of the sample mount is shown in b). For the assembly process, two foil moulds (FM1 & FM2) are used. An exploded
view is shown in c).

Alternatively, a capillary with a round tip, or similar objects, can be used to manually indent the

foil after sample mount assembly.
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4.2 Detection Unit

As the primary goal with this system is to record light-sensitive mammalian samples in the
range of 20 um to 200 um, with a focus on preimplantation mouse embryos of < 100 um size, it
is important to be as light-efficient as possible on the detection side. We chose to use two 60x,
1.1 NA detection objectives from Orympus (LUMFLN60XW) as they offer a maximum field
of view of ~ 300um at a working distance of 1.5mm?. In the existing InVi-SPIM setup [60]
simultaneous dual colour detection was implemented via a double dichroic mirror configuration
with which two different channels could be recorded with the same camera sensor. However,
FOVs on the camera were displaced diagonally from each other. In this instance, the diagonal
displacement on the sensor prevented the implementation of the electronic confocal slit detection
(eCSD) [73] as the light-sheet position needs to be synchronized to the camera readout. Under
diagonal channel displacement, this effectively means the presence of two light-sheets for the
camera, preventing the readout synchronisation. Camera readout with the eCSD, ensures that
only light from the current position of the light-sheet is collected. Only pixels that match the
light-beam’s position while it is being scanned, are read out by the sensor. This means that light
which reaches other parts of the sensor is likely scattered light and does not contribute positively
to the overall image quality. As eCSD is a contrast enhancing feature from which specifically
multi-view microscopy benefits, my aim was to enable simultaneous dual colour detection on
one camera sensor while using the eCSD and maximizing the overall usable detection area. This
can be achieved by splitting the two colours with a single dichroic mirror, and later recombining
the two colours on the chip via a prism mirror (cf. Fig. 4.5). Please note that in this scenario,
it is advantageous to recombine the two detection paths as close to the sensor as possible, such
that colour crossovers on the chip can be avoided. This configuration further allows to treat the
two colours completely separately before recombination, e.g. different magnifications or focus
corrections can be applied. Small offsets of the FOVs can also be corrected by changing the

mirror positions and angles.

The detection objectives have a field number of 26.5 mm, divided by the magnification, resulting in ~ 442 ym. If
one then takes the square shape of the detector into account and divides further by V2, it becomes evident that a
square sensor can at best record an area of ~ 300 x 300 um?.
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The simultaneous dual colour detection path per detection side encompasses the following

optical components:

60x, 1.1 NA detection objective with 1.5 mm working distance and a effective focal length
of 3 mm (Orympus, LUMFLN60XW)

Tube lens, f = 180 mm (TuorLaBs, TTL180-A)
Dichroic mirror, separation edge at 560 nm (SEmrock, FF560-FDi02-t3-25x36)

Three custom relay lenses f ~ 150 mm, each made out of 2 X 300 mm lenses (EpmMuND
Orrics, #49-378)

Set of fluorescence filters in a filter wheel (filter wheel provided by Luxenpo, BRUKER
Corp: 488 LP Edge Basic Longpass (AHF, F76-490), 525/45 BrightLine HC (AHF, F37-
521), 550/49 BrightLine HC (AHF, F37-551), 561 LP Edge Basic Longpass Filter (AHF,
F76-561), 594 LP Edge Basic Longpass (AHF, F76-594), 700 LP ET Longpass-Filter
(AHF, F47-070)

Multiple elliptical mirrors (THorLABS, BBE1-E02)
Dove prism (THorLABS, PS995M)
Knife edge prism (THorLABS, MRAK25-P01)

Back illuminated sSCMOS camera with 95 % peak quantum efficiency, with 2048 x 2048
pixels, and a pixel size of 6.5 X 6.5 um? (PCO, pco.panda 4.2 bi)

A layout sketch of the right detection arm can be found in Fig. 4.5 while a more detailed 3D

rendering is shown in Fig. 4.6.
At M = 60, the effective FOV on the camera sensor is 2048 X 6.5 um/60 = 222 um, leav-

ing ~ 100 um for each colour, including a small region of overlap. The detection unit can be

transformed to standard light-sheet (widefield) detection path, offering a larger field of view and

higher quantum efficiency as any unnecessary optical components are omitted. To achieve this

configuration a filter wheel and the camera need to be moved onto the precision rail (¢f. Fig.

4.5 & Fig. 4.6). Simultaneous colour detection is then replaced by sequential colour detection

through filter change between stack recordings. This configuration is also particularly useful for

troubleshooting and alignment of the system as less possible sources of error are present. Both
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a)

DO FW TL C

Figure 4.5: InPuLLS-SPIM - Sketch of the detection path. The two possible detection modes are shown. In a) the
dual colour detection scheme is presented. Here, the combined light from the detection objective (DO) is relayed
through the tube lens (TL) and lens L1 towards the colour-splitting unit. An Iris (I) in the intermediate image plane
can be used to define the size of the FOV. After being reflected at mirror M1, the light is separated the the dichroic
mirror (DiM). Light of a wavelength below ~ 560 nm is reflected towards mirror M2 where it passes through a
fluorescence filter in filter wheel FW1. Light of longer wavelengths, e.g. > 560 nm, passes through the dichroic
mirror and a fluorescent filter in filter wheel FW2. Please note that two extra mirrors have been omitted for simplicity.
Following the fluorescence separation and filtering, the two separate detection light beams are focussed via lenses
L2 and L1 respectively. Another pair of mirrors M3 & M4 together with the knife edge prism P eventually guide
the light onto the camera C and its sensor. Two separate images on the sensor are the result. The detection path is
mirrored for the left detection unit. In b) a standard light-sheet (widefield) detection path is shown. Colours can be
recorded sequentially in this arrangement. One can obtain this configuration by moving a filter wheel and the camera
to the indicated positions. This allows to image a larger FOV and collect more photons.

82



4.2 DetecTiON UNIT

cameras are positioned on fixed precision rails and the detection objectives are mounted in a
way that only allows for marginal movement along the optical axis. This is advantageous for
initial alignment and long-term stability, but can lead to two offset FOVs among the two detec-
tion arms. To address this possibility, I designed two camera mounts which are compatible with
the Owis precision rail system. While one mount is designed to compensate for a vertical offset,
the other compensates for possible horizontal displacements. Both axes offer a translation range
of +£5 mm, which corresponds to ~ 80 um or ~ 40 % of the FOV at magnification of 60 (cf. Fig.
4.7). Different magnifications are also easily achieved via exchange of the tube lens, e.g. with a

tube lens of 300 mm focal length frp:
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Figure 4.6: InPuLS-SPIM - 3D model of the dual colour detection unit. A 3D rendering of the right detection
arm starting with the tube lens is shown here. The arm is elevated above the optical table by four aluminium legs
and allows for access below the breadboard. Apart from two extra mirrors after the dichroic beamsplitter, the layout
corresponds to the sketch in Fig. 4.5. In a) a cross section through the breadboard is displayed to showcase the
vertical mounting of the camera and knife edge prism. This orientation is necessary to rotate the image such that
the light-sheet moves from the top of the camera sensor to its bottom. To flip one of the images by 180°, a dove
prism (not shown) can be attached to the mirror mounts. Otherwise the simultaneous dual-channel eCSD readout of
the sensor is not possible. The knife edge prism is mounted on a precision stage and can be adjusted in height and
distance to the camera. A top view of the full detection arm is presented in b). The left detection arm is mirrored and
consists of the same components.

Figure 4.7: InPuLLS-SPIM - 3D model of the camera mounts. The two different camera mounts for single channel
detection are displayed here. In both cases, the camera can be transferred with its original precision stage and mount
(cf. Fig. 4.6 a)) to the here shown single channel mounts and vice versa. As the the mounts are built around
Owis’ rail system, the riders allow for movement along the rail for course focussing. The precision stage (THORLABS,
XRN25P/M) then enables fine focussing. The assembly in a) shows the camera mount on the left detection arm,
where movement along the horizontal axis is possible. The construction in b) allows for movement in the vertical
axis. Together these movements ensure a well overlapping FOV on both camera sensors. Stability and precision are
maintained via the guidance through four stainless steel pins and two screws for fixation.
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4.3 Illumination Unit

Recent studies in mammalian organisms [60][95] and in fish [74] have highlighted the impor-
tance of being able to image at subcellular resolution in a multi-cellular or organismal context.
For such studies a high spatio-temporal resolution is of essence and the high NA detection optics
additionally profits from thin light-sheet illumination, enhancing contrast and axial resolution.
With this microscope we therefore aimed to not only improve the detection efficiency via a
second detection lens, but also to design a system capable of bridging the scales from single
to multi-cell imaging via adaptable light-sheet illumination. For this purpose regular Gaussian
beam based illumination has its limitations, especially because of non-uniform intensity distri-
bution along the axis of illumination, but also because of its changing width.

Soon after light-sheet microscopy found its regular application in biological imaging, a num-
ber of studies investigated potential effects on the image quality when non-Gaussian illumination
profiles were used. Among the non-Gaussian illumination profiles, Bessel beams® were among
the first successfully used profiles [84][18] as they offer a thin core over longer lengths than a
regular Gaussian beam. This comes at the cost of exceeding intensity in the outer rings of this
illumination profile, potentially leading to increased photodamage and background intensity in
the image. In an effort to suppress the outer ring structure of the Bessel beam profile, Chen et
al. introduced the lattice light-sheet [68] which in its essence can be seen as the addition of
several Bessel beams along one axis, such that the side lobes are reduced due to destructive in-
terference. Other illumination profiles encompass the so-called Airy beam [119], a profile which
exhibits a curvature away from the axis of illumination. Alternatively, one can also tile regular
Gaussian light-sheets and effectively generate extended illumination profiles [120][121]. In this
latter illumination approach, recording and stitching of several image tiles around the focus of
the light-sheet, results in a dataset of higher image quality. If tiling is not desired, e.g. when
imaging speed is important, a rapid shifting or 'pushing’ of the illumination beam’s focus can
generate an extended illumination profile with similar characteristics to a Bessel beam [122].

This type of illumination can be realized with a tunable acoustic gradient (TAG) lens. TAG
lenses belong to category of so called gradient index (GRIN) lenses and use a refractive index

gradient distribution to refract light, rather than different substrate thicknesses. In the case of the

3Please note, that true Bessel beams are impossible to generate as they would require infinitely large apertures and
optics. In microscopy one can only generate Bessel beams of finite length in which the properties are a mixture
between Gaussian and Bessel beams. Therefore, they are often called finite Bessel beams or Bessel-Gaussian
beams. For the sake of simplicity they will be referred to as Bessel beams throughout this work.
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TAG lens, a liquid is used to generate radial refractive index gradients via acoustic drivers. The
change in refractive index happens in the range of several kHz and is therefore a multitude faster
than the typical camera exposure times in light-sheet microscopy, e.g. < 100 ms. The rapid re-
and defocussing capability of such a lens has found application in microscopy on the detection
side [123][124], where an extended depth of field is advantageous, but also on the illumination
side, e.g. in light-sheet microscopy [122][125][126] where an extended thin illumination profile
has been implemented. In fact, the TAG lens can be driven in such a way that it will generate
Bessel beams if desired [127][128]. Based on previously reported successful illumination ap-
proaches with the TAG lens for single cell imaging [122] as well larger organisms, e.g. zebrafish
[126], we chose to implement a similar illumination scheme. To generate the thinnest core pos-
sible in the illumination profile, a high NA illumination objective is required. The choice of high
NA illumination objectives with a long working distance is limited however, as the objective
needs to fit in between the two detection objective lenses. For the here presented geometry, I
chose to use a 20x, 0.6 NA illumination objective with 5.5 mm working distance (TL20X-MPL,

THorLABs). The arrangement of the three objectives can be seen in Fig. 4.1 c).

4.3.1 The Pushed Light-Sheet

As touched upon in chapter 2.2, the resolution in light-sheet microscopy can be improved along
the detection axis z in comparison to regular widefield detection if a thin sheet is used in illu-
mination (cf. 2.30). Here, I want to illuminate this concept in greater depth and illustrate that
for certain ranges, a gain in resolution as well as a more homogeneously illuminated specimen
can be achieved. For this purpose, I simulated possible extended light-sheets and effective point
spread functions across scales to understand whether resolution improvements can be achieved
(cf. Ch. 4.3.2). The profile of a 0.6 NA Gaussian beam, corresponding to a fully illuminated
back aperture of the objective lens, is displayed in Fig. 4.8, next to a regular Gaussian beam of
100 um length. To estimate the dimensions of the Gaussian beam formed by a 0.6 NA objective
lens and a laser with a wavelength of 488 nm, the 1/e?-width of the Airy disc was taken as a

reference for the beam waist:

P
Wo ~ 0.41% —333.5nm 4.1
FWHM = V21In2 wp = 392.7 nm (4.2)
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1.0

0.0

Figure 4.8: Regular vs. pushed light-sheet simulation. The sum along the z-axis of three simulated light-sheet
profiles generated with different NAs and methods are presented here. For consistency with the coordinate system
on the detection side, x is the axis of propagation, while z corresponds to the optical axis of the detection objective.
The right column shows the beam cross sections in the center of the beams (yz-profile). In a) a regular light-sheet
of 100 um length is shown, while b) displays a short light-sheet generated at 0.6 NA illumination. In c) a simulated
profile of a pushed beam with a 100 um length, including its central cross section, is shown. For this simulation the
short light-sheet shown in b) was translated from left to right until the desired length was reached. All intensities
were normalized to 1.0 (¢f. intensity scaling on the far right in [arb. unit]). The wavelength was set to 488 nm. The
pixel size corresponds to 50 nm and the total simulation volume was [x, y, z] = 4401 x 257 x 257 voxel. The full FOV
presented here corresponds to 110 um X 12.8 um, and 12.8 yum X 12.8 um for the right column respectively.

By using Eq. 2.26 one can estimate the axial extent or length of the light-sheet:

ni W2

R = —2 =952.3nm (4.3)
Ao

As the TAG lens can shift the focus along the illumination axis with a variable extent around
the zero position, it is possible to cover the length of the reference beam and compare the beam
profiles. In the simulation of the pushed light-sheet, a repetitive pixel-wise displacement and
summation of the high NA focussed beam was used to simulate the final intensity profile. As an
example, a pushed light-sheet of the same length as the reference beam is displayed in Fig. 4.8.

One note to make here regarding the simulations of the pushed Gaussian beams, is the non-
linear behaviour the TAG-lens shows in reality. While the simulations here uses a linear focus
displacement, the de- and refocussing with a liquid lens result in extra time spent on the edges
of the chosen focal range. This sinusoidal movement of the focus results in additional intensity
at the beam ends, with a dip at the center of the beam (cf. Figs. 4.13 & 4.14). This has been re-
ported before [122] and can in principle be addressed via rapid patterned laser modulation [126]

or an ultra fast Pockels cell which can control the intensity directly [125]. In this work however,
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the profiles are simulated with a linear translation and without additional laser modulation.

4.3.2 Effect of Pushed Light-Sheet on System PSF

While the two long light-sheets in Fig 4.8 are well suited to illuminate samples of ~ 100 um
size, the bridge to samples of smaller scale is of particular interest, e.g. single cells or smaller
regions inside a developing mammalian embryo. With decreasing light-sheet length also the
beam diameter decreases in size. As mentioned in Chapter 2.2, the z-resolution of a light-
sheet microscope can be increased once the light-sheet thickness reaches the axial extent of the
detection PSF. One extreme case can be seen in Fig. 4.9 where the light-sheet had a width
of wy = 330nm. Such thin light-sheets are also of short lengths, with a Rayleigh range of
Zr < 1um, and therefore of no particular use for live imaging. Nonetheless, the extent of the
system’s effective PSF is reduced by 50 % and can be regarded as a theoretical lower boundary
for the here presented setup.

To understand how the pushed light-sheet profile affects the system’s effective PSF in compar-
ison to regular Gaussian light-sheet illumination, I simulated and compared the PSFs across the
two different light-sheet profiles for the three different imaging scales referred to earlier: 20 um,
50 um, and 100 um. Of particular interest is not only the PSF at the center of the light-sheet,
but also at the ends of its length. The detection PSFs were modelled using a modified imple-
mentation of the Gibson-Lanni model [129] while the system’s effective PSFs are the product
of the detection PSF and the light-sheet profile (¢f. Eq. 2.17). Note that the coordinate system
used for the simulations corresponds to the camera coordinates of the microscope system, with
z denoting the optical axis of the detection objective*. The results for a Gaussian and a pushed
beam with 49 = 594 nm and a length of 50 um are summarized in Fig. 4.10.

The simulations predict, that for extended beams as presented here, an increase in resolution
can be achieved across different scales (¢f. App. ?? for the 100 um and 20 um regimes). Fur-
ther, the more even intensity distribution along the illumination axis allows for homogeneous

excitation and fluorescence detection in the sample of interest.

4The Rayleigh length will nonetheless be defined as zx for consistency.
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Figure 4.9: Regular 1.1 NA PSF vs. combined PSF with 0.6 NA LS illumination. The effect on the axial extent of
the system’s effective PSF under illumination with a thin light-sheet is shown here. The left row displays maximum
intensity projections of a regular PSF simulated with the Gibson-Lanni model for an NA = 1.1 and A = 510 nm. The
dimensions are FWHM,, ~ 0.25um and FWHM, =~ 0.75 um. The cross-sectional intensity profiles, all normalized
to 1 arbitrary unit in amplitude are shown with dotted lines inside the graphs. The right column shows the system’s
effective PSF after multiplication with the illumination profile of a thin light-sheet as shown in Fig. 4.9 (b). While
the xy-profile, apart from a minor suppression of the Airy pattern’s side lobes, is mostly unaffected, the extent in
z is clearly noticeable. The dimensions of the combined PSF are FWHM,, ~ 0.25um and FWHM, ~ 0.37 um,
effectively reducing the extent in z by 50 %. All intensities were normalized to 1 arbitrary unit. The simulation
volume was [x,y,z] = 513 x 513 x 513 voxel with a voxel size of 25 nm?.
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Figure 4.10: Regular Gaussian beam vs. pushed light-sheet - effects on system’s PSF. Both simulated beams of
50 um length are shown as sums along the z-axis in a). The dotted lines in the regular Gaussian beam (upper image)
and the pushed beam (lower image) indicate the volume used for the downstream PSF simulations. The central
region is located exactly at x = 0 while the second region is located around the Rayleigh length x = 0.9zz. The
system’s effective PSF at the center of the respective region is calculated via a multiplication of the light-sheet and
detection PSF volumes as done in Fig. 4.9. Maximum intensity projections of the effective PSF for the center of
the illumination beam are shown in b). The z-extent of the detection PSF is reduced from FWHMgeo s = 0.9 um
to FWHMp, s = 0.6 um. The cross-sectional intensity profiles are plotted in ¢). Maximum intensity projections
of the PSF at x = 0.9z is displayed in d). The Gaussian beam’s intensity drop-off results in a clear reduction of
the PSF’s intensity. The pushed beam’s intensity reduced by ~ 10 % and the axial extent of effective PSF reaches
FWHMp, s = 0.6 um. All intensities were normalized to 1.0 arb unit at the center of the beam profiles. The PSF
simulation volume was [x, v, z] = 513 x 513 x 513 voxel with a voxel size of 25 nm°.
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4.3.3 TAG Lens Optics and Illumination Unit Design

With the theoretical advantages and limitations of light-sheet illumination based on the use of
liquid lenses discussed above alongside simulated results, I will focus on the optical and me-
chanical design of the illumination unit in this section.

The first component of any light-sheet illumination unit, is the laser. We chose to use the
LightHub from OmicroN-LasERAGE LASERPRODUKTE GMBH with the following diode lasers (peak

wavelength +5 nm & power after fibre output):

e 488nm, 41.8 mW
e 561 nm, 41.0mW
e 594 nm, 44.0 mW
e 685nm, 33.0mW

A single mode optical fibre in combination with a collimator produced a Gaussian beam of
~ 3 mm thickness. The aforementioned 20x illumination objective (TL20X-MPL) offers a NA =
0.6 and is designed for the use of tube lenses with a focal length of fri, = 200mm. Ergo, the

effective focal length of the illumination objective is

2
fio = % = og(r)nm — 10mm . (4.4)

The aperture size &1o of the illumination objective can further be estimated via
210 = 2NAfio = 12mm . 4.5

For an optimal focus spot, it is desirable to completely fill or better overfill the back aperture
of the illumination objective lens. In our case this means that the initial beam originating from
the optical fiber needs to be magnified at least 4x before it reaches the illumination objective
lens. At the same time, the TAG lens (TAG LENS 2.5 BETA) has a physical aperture of its
own, which is listed at 16 mm. The effective apertures vary with driving signal and amplitude
and peak at 11 mm for comparatively low optical powers’. At larger optical powers the effective
aperture falls to 4 mm or even 2.3 mm at higher frequencies. It is therefore useful to be able

to controllably fill the aperture of the TAG lens, depending on the required optical power. I

SThe optical power is the inverse of the focal length: P = 1/f. Its unit is m~" or one dioptre and is the choice of
unit in the specification sheet of the TAG lens.
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found that this can be achieved well with an iris right before the TAG lens. However, one can
estimate the needed optical power by considering the maximally needed focal shift in the sample
space. For the large FOV under sequential multi-colour detection, the maximum needed extent
amounts to ~ 200 um. The possible scan range A, inside the sample chamber can be estimated
via [130][122][126]°

2
n- fio

A, =2 —-
JTAG - MTAG—>IO

(4.6)

Here, n denotes the refractive index of the immersion medium, fio the focal length of the illu-
mination objective (cf. Eq. 4.4), frac the focal length of the working TAG lens and Mtag-10
summarizes the combined magnification from the TAG lens to the back aperture of the illumina-
tion objective. Please note, that frag can be positive and negative as the lens de- and refocusses
the beam. Further, it can be seen that a large intermediate magnification from the TAG lens to the
illumination objective, reduces the scan range inside the sample chamber. At the same time our
aim is to fill or overfill the back aperture of the illumination objective to generate the smallest
possible spot size. To estimate the needed optical power or focal length of the TAG lens for a
~ 200 um FOV, we solve Eq. 4.6 for frag

2
" fio

Ay - M>

| fragl = 2 .
TAG—IO

(4.7)

Now considering the needed magnification from the TAG lens to the back aperture of the illumi-
nation objective, we can calculate the maximally required focal length of the TAG lens at 11 mm

aperture. In this instance the intermediate magnification becomes

12 mm N

MTAGS10, max 2 ~
11 mm

Contrary to the low optical power regime, higher optical powers, e.g. P = 20m™', can be
achieved at higher frequencies, resulting in smaller effective apertures of the TAG lens. For the
smallest mentioned effective aperture in the specification sheet of 2.3 mm, we find

12 mm

MTAG=10, min = ~5
2.3 mm

®The relationship is described in the supplementary information of the cited work.
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while at intermediate driving frequencies of 190 kHz and an effective aperture of 4 mm we get

12 mm

~
~

MT1AG=10, med 2
4 mm

With these results it is now possible to estimate the required focal lengths of the TAG lens for

these three aperture regimes, including the corresponding optical powers:

| fraG, max| ~ 1300 mm =P, ~075m" @8)
|fTAG,med| ~ 150 mm = Pmed ~ 6.67 m—l (49)
/a6, min] 50 mm = Pyin ~20.00m”" (4.10)

These focal lengths are all based on approximately filling the back aperture of the illumination
objective. If one chooses to overfill the back aperture, e.g. by a factor of V2, the focal lengths
due to the inverse quadratic relationship to the magnification would shorten by a factor of 2. In
turn, the optical powers would double. It becomes then evident, that the driving signal frequency
in the lower range (~ 70 kHz, larger effective apertures) is on the very edge of producing usable
extended beams. A promising frequency range on the other hand is found at ~ 190kHz (4 mm
aperture).

One more constraint on the design of the illumination unit is the galvanometric scan mirror
(GSM) and its size. For optimal scanning along the y-axis at the specimen location, the GSM
needs to be conjugated to the back focal plane of the illumination objective. In turn, the TAG
lens should also be conjugated to the same plane. It can therefore be relayed to the position of
the GSM. For additional alignment and to have translational degrees of freedom at the focus,
an extra relay lens pair and a mirror in between the GSM and the TAG lens can be used. In
sum, this means there are three conjugate planes to the BFP distributed across the illumination
unit. We chose to use a scan mirror from ScaNLAB (dynAXIS 3 T) with a 8.5 mm aperture. This
allows a beam magnification of ~ 1.5 between the TAG lens and the GSM without significant
beam clipping’ From the GSM to the back aperture of the objective, an additional factor of at
least 2 is necessary. To ensure the usage of the full NA, we magnify by a factor of 3.

In addition to the TAG lens illumination, an extra arm for regular scanned Gaussian light-sheet

illumination is included. Depending on the chosen demagnification of the initial beam, different

"The beam diameter is specified through the 1/e2-diameter and accounts for 86 % of the power. To transmit ~ 99 %
of the beam’s power, one should calculate with an additional factor of ~ 1.5.

93



4.3 IrLumiNatioN UNIT

beam lengths and widths can be realized. The two arms need to be recombined before the GSM
via a beamsplitter or a removable, e.g. magnetically mounted, mirror. The estimation of the
needed parameters for the Gaussian beam are straightforward. As an example, we solve for the
necessary parameters of a reference Gaussian beam with a length of 2zg = 100 um. Using Eq.
2.26, the required beam width inside the sample chamber is

AoZr

WO,reg = ? . (411)

With the vacuum wavelength 1o = 488 nm, a desired Rayleigh length of zg = 50 um and the re-
fractive index of the immersion medium n = 1.33, we get wo,reg ~ 2.4 um (FWHM ~ 3.28 um).

The angle of divergence follows (cf. Eq. 2.27)
Ao

Qreg = ~2.77°. 4.12)
AW reg

From here, the effective numerical aperture of the beam can be calculated using
NAreg = n8in ey ~ 0.064 . (4.13)

Using geometric relationship between the focal length of the illumination objective f;j, the input

beam diameter bz, and the divergence angle a@eg, we find for the input beam diameter
breg = 2nsinareg - fin = 2NA - f ~ 1.29 mm. (4.14)

As we have a 3x magnification after GSM, the beam size of the reference beam before the GSM
should be ~ 0.43 mm in diameter. Later, a beam of ~ 50 um length will be shown. It is realized
by a ~ 0.6 um beam diameter before the GSM and by a demagnification of 4.

With the above presented constraints and parameters, the optical layout of the illumination
unit can be arranged as shown in the sketch in Fig. 4.11.

For the construction on the optical table, OWIS precision rail system was used. With it, the
optical height is fixed at 65 mm and lens positioning can be achieved with ~ 0.1 mm precision.
For long-term stability, constrained movement along optical axes, as well as fast exchange of
components, such systems are beneficial as the number of degrees of freedom is greatly reduced.

The 3D rendering from the SoLipWorks model of the illumination unit is displayed in Fig. 4.12.
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Figure 4.11: InPuLS-SPIM: Beam path of the illumination unit. The sketch shows the two beam paths for regular
light-sheet illumination and pushed light-sheet illumination. The emitted light from the laser (La) is guided to a
beam splitter (BS1), where the two different paths begin. The upper path is defined by mirrors M3 to M5 and a
demagnifying beam expander (BE1). The lower path consists mainly of a 3x beam expander (BE2), an Iris to clip
the beam if desired, the TAG lens (TAG), and a relay optics. Lens L1 and L2 conjugate the TAG lens onto mirror
M12 and expand it by factor 1.5. L3 and L4 in turn conjugate M12 onto the galvanometric mirror (GSM) at a 1:1
ratio. The GSM is also conjugated to the BFP of the illumination objective (I0) via LS and L6. These lenses expand
the beam by another factor of 3 to overfill the BFP of the illumination objective. After the the objective, a regular
light-sheet (LS) from the upper beam path is generated, or a focal spot from the TAG lens path. Mirror M22 reflects
the beam up, away from the optical table as the illumination in the sample chamber is inverted and comes from below.
Most mirrors are helpful for alignment and are not discussed individually. Apart from M12, which can be used for
translation in the image plane, M 14 is at a useful position as it allows for tip/tilt movements of the beam in the image
plane. Further, M18 to M21 are used to fold the beam once. M19 and M20 are located on a precision rail and can
further be used for beam displacement along the illumination axis.
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Figure 4.12: InPuLS-SPIM: 3D rendering of the illumination unit. A 3D model of the illumination unit is pre-
sented here. Relevant optical components corresponding to the sketch in Fig. 4.11 have been indicated for better
overview.
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4.4 Optical Alignment and Operation

In the following paragraphs, I will introduce the alignment procedure of the system, which
degrees of freedom are essential, as well as the different modes of imaging. Please refer to Fig.

4.11 for better understanding.

Alignment of Illumination Unit

For best light-sheet de- and refocussing, the TAG lens should be conjugated to the back focal
plane of the illumination objective. The same is true for the GVS. Further, an additional conju-
gated plane can be used for light-sheet translation in the image plane. Therefore, the first steps in
the assembly and the alignment, is to place the relay optics and necessary mirrors at the theoret-
ical positions. Then, beginning from the light-source, the collimated output from a single mode
fibre, the first two mirrors (M1 & M2) are used to ensure the laser beam follows the rail system
at a 65 mm height. This is done with the help of two irises. By tilting two displaced mirrors
along two axes each, in total four degrees of freedom can be addressed: Vertical displacement
& tilt, and horizontal displacement & tilt. The now aligned beam gets separated in two at the
beamsplitter cube BS1.

The regular or reference light-sheet path begins with mirror M3. Together with mirror M4 the
beam can be aligned to pass through beam expander BE1 (e.g. Mpg; = 1/4) on-axis. Mirror M5
is then used for light-sheet tilt in the image plane. Rotation of the GVS is used for light-sheet
scanning and an additional flexure on the GVS mount enables displacement of the illumination
plane.

The light-path used to generate the pushed light-sheet, begins with mirror M6 which together
with mirror M7 is used to stir the beam on-axis through beam expander BE2 (Mg, = 3). An
iris can be used to control the final beam diameter before the light reaches the TAG lens or
right after. Another mirror pair (M7 & MBS) is used to pass through the TAG lens on-axis. For
fine adjustments, the TAG lens itself can also be moved vertically and horizontally with the
help of a translation mount (THorLABS ST1XY-S(/M)). Lens L1 (fL; = 100 mm) and lens L2
(fiz = 150 mm) are used to relay the TAG lens plane onto mirror M12. Mirrors M9, M10 &
M11 are used for on-axis alignment. Lenses L3 & L4 (fi3 = fi4 = 150 mm) relay the Tag
lens further onto the GSM. Mirrors M13, M14 & M15 are used for on-axis alignment before the
two light-paths are recombined at beam splitter BS2. Note, that mirror M14 lies in the focus

of lenses L3 & L4. Therefore, tilting of M 14 introduced translation on the GVS and rotation in
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the image plane. Together with the tilt of mirror M12, these two mirrors provide the necessary
four degrees of freedom in the image plane. Apart from mirror pair M19 & M20, which can be
translated on a precision stage parallel to the optical axis, all mirrors are fixed. The translation
of this mirror pair can be used for minor axial displacements of the focus position. As we want
to take full advantage of the full 0.6 NA of the illumination objective lens, it is crucial to have
precise alignment and aberration free beam expansion across the system. To achieve this, I use
shear plate interferometers (THorLABs SI100 & SI254) to minimize possible aberrations in be-
tween the various relays. As most commercial lenses have an error tolerance of at least 1 — 2 %,
minor corrections on the lens positions need to be performed iteratively from lenses L6 and L5,
back to L2 and L1, with possible mirror displacements. This is rather straight forward and due
to the rail system and achieved in few minutes time. One final degree of freedom is given by
the illumination objective itself as it is mounted in a custom tubing. It is held in place by a
combination of a spring loaded disk and a threaded adjustment ring that can be used to move the

objective along its optical axis.

Alignment of Detection Unit

Depending on the mode of operation, the detection unit can be adjusted to mimic a simple
widefield detection unit, consisting only of a filterwheel, a tube lens and the camera. This has
previously been referred to as the single channel detection mode (c¢f. Fig. 4.5 b)). Here, each
detection arm has the option to move the tube lens for focussing, as well as the precision stage,
the camera is mounted upon. The custom camera mounts shown in Fig. 4.7 further allow to
either displace the cameras vertically or horizontally for better overlap of the two FOVs. The
alignment needed in this configuration is minimal and straightforward.

In the case of simultaneous dual channel detection (cf. Fig. 4.5 a), the cameras are mounted on
a vertical breadboard, pointing down to the main breadboard. Following the detection light path
after the detection objective, the tube lens generates an intermediate image at the beginning of the
detection arm. This image is then relayed via the lenses L1 and L2/L.3, respectively. After lens
L1 the detection beam is redirected via a mirror M1 towards the dichroic mirror DiM where it is
spectrally separated. Adjusting mirror M1 therefore affects both arms. As it is located closely to
L1, the image rotation is minimized. After passing the filter wheels, the detection beam becomes
focussed by lenses L2 & L3. It is redirected by mirrors M3 & M4 towards the upward pointing

knife edge prism P. As the two lenses are once again located closely to the adjustable mirrors
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M3 & M4, rotation of the mirrors mostly translates the image on the sensor, and introduces little
rotation. This is crucial as otherwise a rotated image plane will appear aberrated. Note, that L2
& L3 do not have to be in a 4f-configuration with L1, but can have longer or shorter distances
from it. Theoretically, different magnifications between the two channels are possible. The
knife edge prism should ideally be located as close as possible to the camera C, as the overlap
of the two channels on the sensor is then minimized. Adjusting the height of the prism via the
precision stage it is mounted on (THorLABs DTS25/M), allows to bring the two channels into
closer proximity of one another or to separate them further. Altogether, the adjustments and
the alignment needed is kept at a minimum, as it improves long-term stability or the accidental
introduction of imaging artefacts. For initial on-axis alignment, a miniature laser can be placed
before the tube lens TL and co-aligned with the optical axis with the help of two irises.

Note that the orientation of the downwards pointing cameras in the simultaneous detection
arrangement needs to be combined with a dove prism (THORLABS PS995M, not shown) in one
of the two colour paths for for simultaneous use of the confocal line scanning mode in both
channels. Otherwise, the images will appear flipped by 180° on the camera sensor. Therefore,
the excitation beams will appear to move in opposite directions and the confocal line scanning

readout can only be performed for one of the channels.
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4.5 Optical Performance and Example Applications

After construction of the microscope, the first aim was to validate that the TAG lens can be used
to generate light-sheets of various lengths at the predicted driving frequencies of ~ 190 kHz
and ~ 300kHz. Further, their intensity profiles were investigated as a thin core region is at the
essence of possible resolution improvements in the z-axis.

Next, fluorescent microspheres of 0.1 um size, below the diffraction limit, are imaged to quan-
tify the optical performance.

Finally, the correct mechanical precision and alignment can be validated by comparing the
overlap of the two FOVs from both detection objectives. This goes hand in hand with example
recordings of fluorescent mouse embryos where we expect the fusion of both stacks to lead to a

dataset of higher image quality than the individual stacks.

4.5.1 TAG Lens Generated Extended Light-Sheets

After the assembly and alignment of the microscope, I proceeded to investigate the performance
of the TAG lens and its limitations. From the simulations under ideal conditions (c¢f. Ch. 4.3.1),
we expect to achieve illumination profiles with a thin core over the entire FOV. With growing
length, the thickness and background intensity is expected to increase. For sufficient detection
signal, I used a low concentration methylene blue solution in the sample chamber and excited it
with the laser of 594 nm. Example profiles as detected at M = 60, are presented in Fig. 4.13. As
a reference profile, a Gaussian beam of ~ 50 um length is displayed, as well as the full NA focal
spot.

Already visible by eye, is the inhomogeneous intensity distribution along the core of the
beams. This is due to the sinusoidal driving of the TAG lens and has been reported by others
[122][126]. The FWHM along the illumination-axis are lowest at the ends of the beam profiles
which corresponds the to location of maximum intensities. At the center of the beam, the inten-
sity shows a dip of ~ 10 % and an increase in width. This can be explained by the residing times
of the focus, which are averaged out during the camera readout. As the focus resides longer
at the ends of the pushed light-sheet, the average profile in these regions is more confined. In
contrast, the focus is swept across the central region linearly. Additionally, while the focus is
near the ends of the beam, the wide tails of the focus are contributing to the intensity profile in

the central region. The result is a lower and broader intensity profile in the center, as seen in Fig.
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Figure 4.13: InPuLL.S-SPIM: Recorded light-sheet profiles. A number of possible light-sheets is presented here. In
a), a regular light-sheet of approx. 50 um length is shown above the focal spot resulting from the fully used 0.6 NA.
The pushed light-sheets below were generated by driving the TAG lens at ~ 190kHz and the given amplitudes
specified on the right-hand side. Driving the TAG lens at ~ 300kHz and lower amplitudes, results in the three
example profiles shown in b). All images were normalized to an intensity of 1.0 arbunit. The displayed intensity
range corresponds to 0.1 to 0.9 arb unit. Scale bars: 20 um.

101



4.5 Opt1icAL PERFORMANCE AND EXAMPLE APPLICATIONS

4.14b),c) & d).

A direct comparison with the shown Gaussian beam is challenging and should be performed
with caution. The previously shown simulations were based on ideal intensity profiles where
model parameters could be extracted easily. Gaussian beams of different lengths and widths
were shown, but under experimental conditions, or after alignment of the system, only a single
length of a regular Gaussian beam is available. We chose to explore the regime of the 50 um
beam as it spans across the core of a mouse embryo, offering best resolution in the center, while
still giving a good overview of the entire embryo. It is shown at the top of Fig. 4.13. Noise,
aberrations, and the uneven intensity distribution, render the extraction of length and width of
the TAG lens generated beams challenging. I therefore define the usable length of a pushed
light-sheet not by its width, but by its intensity profile along its propagation axis. Different from
the regular Gaussian beam, the intensity drop-off is rather steep and therefore we define the point
in the illumination profile where the intensity drops below 70 % as the end of the beam (cf. Fig.
4.14b)).

A beam of similar length is then also used in Ch. 4.5.3 to image a fixed mouse embryo. The
here performed characterization serves as a reference for the TAG lens generated light-sheets in

the following section.
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Figure 4.14: Recorded Gaussian vs. pushed beam. A Gaussian beam of length 49.4+1.5 um is compared with a
pushed beam of 55.7+1.5 um length. Both beams are shown as average intensity profiles in a). Dashed lines indicate
the beginning i), the center ii), and the end iii) of the light-sheets. The two differing intensity profiles of the beams are
illustrated in b). Note the dip in intensity of the pushed beam and the two peaks at the beam’s start and end regions.
The FWHMs along the propagation axis are plotted in c). Similar to the intensity, the widths actually increase in the
center and decrease at the start and end regions of the pushed beam. The Gaussian beam follows a typical Gaussian
behaviour. The intensity cross-sections of the three marked regions in a) are plotted in d). At the starting point i)
the two beams exhibit FWHMs of 3.9+0.2 um (Gauss) and 3.1+0.2 um (pushed). The end of the beams iii) displays
similar widths with a FWHM of 4.0+0.2 um for the Gaussian beam and 3.0+0.2 um. The central region holds the
Gaussian beam’s smallest FWHM of 2.4+0.2 ym while the pushed beam has a FWHM of 4.6+0.2 um. Both beams

were normalized to 1.0 arb unit intensity. The length of the pushed beam was defined as the point were the detected
intensity dropped below 70 %.
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4.5.2 Optical Performance Based on Fluorescent Bead Imaging

After validating the performance of the extended light-sheet, I characterized the PSF of the
system under both modes of detection. For this I transformed the left detection arm into the
dual channel configuration shown and described in 4.2. The right detection arm remained in
the single channel configuration. This way a validation of the relay optic and colour splitting in
the dual channel detection arm is possible. I used 0.1 nm sized fluorescent beads (FluoSpheres),
with an absorption peak at 580 nm and an emission peak at 605 nm, mixed in gel (Gelrite) of
0.8 % concentration. To avoid possible aberrations from the FEP foil of the sample mount, I
used a glass capillary filled with the mixture of gel and beads, to pierce through the membrane
and extruded the gel 1 mm down below the sample mount. To avoid unwanted movements, |

stabilized the glass capillary in the sample mount’s cavity with additional gel.

The spectral separation under the simultaneous dual-colour detection arrangement (left view),
lead efficiently to a half sided detection of the light-sheet (19 = 594 nm) and fluorescent beads
on the sensor. The left sensor half, which is designated for signals in the spectrum below 4 =
561 nm displayed no significant signal. The FOV of ~ 100 um was illuminated by the pushed
light-sheet with the TAG lens driven at 190 kHz and an amplitude of 50 %. The results of the

PSF extraction are shown in Fig. 4.15.

To estimate the average PSF over the FOV, I selected 16 beads for each camera with the FLJI
plugin PSF Tool 3D (Mosaic tool box, based on work by [131]) from which via centroid fitting,
an average 3D profile is generated. That profile is displayed on the right hand side next to the
respective full FOVs in Fig. 4.15 a) & b). For optimum quality, I imaged fluorescent beads
within the first 100 um of the extruded gel cylinder for each view individually, i.e. the two
presented bead volumes do not match. Otherwise aberrations caused by the gel would affect
one of the views. The extracted PSF profiles were then used to fit Gaussian profiles within the
built-in function of FIJI. The resulting fit-parameters include the Gaussian standard deviation
which needs to be multiplied by 2 /21n(2) to reach the here shown FWHM.

The PSF estimate for the left view (simultaneous dual channel detection arrangement, index
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[) and for the right view (single channel detection arrangement, index r) results in:

FWHM,,,; = 361.2nm (4.15)
FWHM; ; = 1598.4nm (4.16)
FWHM,,, , = 417.3nm 4.17)
FWHM; , = 1354.0 nm (4.18)

In the lateral, as well as the axial extent, the PSFs extracted from the bead recordings, are
larger than the predicted theoretical PSFs (cf. Fig. 4.10), where the Gibson-Lanni model pre-
dicted a lateral extent of FWHM,, ; = 270nm and an axial extent of FWHM_; = 900 nm.
Present aberrations are the likely cause of the larger measured PSFs. A possibility, not explored
in this experiment, is the correction with the collar on the detection objectives. As it is designed
to correct aberrations, e.g. introduced by ’brain sample index mismatch’®, it can potentially
be used to compensate for the here seen effects. I decided to keep it at constant position for
the aqueous solution and hydrogel, as it can also introduce unwanted aberrations if adjusted to
the wrong position for the respective imaging medium. In the future, a thorough evaluation at

different positions can be helpful.

8from the manufacturer’s website description
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Figure 4.15: PSF measurement with fluorescent beads. PSF measurements under the dual channel detection (left
view) and the single channel detection (right view) are presented here. Two maximum intensity projections of the
cropped FOV’s are presented in a) and b), with the corresponding extracted averaged PSFs from 16 beads on the right
hand side. The lateral fit of the PSF with a Gaussian profile results in a FWHM,, ; = 361.2 nm for the left view and
FWHM,,, , = 417.3 nm for the right view. The axial extent of the PSF is characterized via a Gaussian fit as well, and
results in FWHM, ; = 1598.4 nm for the left view, and FWHM, , = 1354.0 nm for the right view. The z-stepsize was
0.1 um. Scale bar for bead distribution overviews, found in a): 20 um (applies also for b)), Scale bar of the extracted
PSFs, found in a): 0.5 um (applies also for b)).
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4.5.3 Fixed Mouse Embryo Imaging

In addition to the characterization of the illumination profiles and optical performance on flu-
orescent bead samples, the assessment of the imaging capabilities of biological samples is a
priority. I therefore chose to record fixed mouse embryos in the 16 cell stage, immunoflures-
cently stained with Alexa Fluor 488 against anti-Lamin B, which localizes predominantly at the
nuclear lamina. Here, I received help from Dr. Isabell Schneider, who kindly provided me with
the mouse embryos and helped with the sample mount preparation.

For best optical quality and highest quantum efficiency, 1 performed the recordings in the
single channel configuration where the cameras and filter wheels are positioned directly after
the respective detection objective (¢f. Ch. 4.2). The mounting was performed with our custom
sample mount, based on a thin U-shaped FEP foil as described earlier (¢f Ch. 4.1). The
imaging results are summarized in Fig. 4.16. The nuclear envelope of the mouse embryo is
clearly resolved and allows for nuclear identification by eye. Substructures inside the nuclei,
most likely folds or protrusions of the nuclear envelope, can be observed in the central regions.

Of particular interest is the performance of the tandem detection from two sides. The 3D
volume was obtained by moving the z-stages from the left objective towards the right objective
with a step size of 0.5 um. This means, that the right detection arm begins to record the surface
of the mouse embryo closest to the right detection objective. As the light has to travel through
the least amount of biological tissue here, the imaging contrast and resolution are highest at the
beginning of the 3D volume, as detected by the right hand detection arm. The opposite holds
true for the left detection arm, where the surface closest to the left detection objective is recorded
towards the end of the 3D volume. Ergo, the image quality and contrast improve throughout the
stack until the best quality and resolution are reached in the final segment of the embryo.

With these two simultaneously acquired 3D stacks at hand, a combined 3D volume, exhibit-
ing better image quality and resolution throughout the entirety of the recorded volume can be
achieved via multi-view fusion. This approach has been successfully implemented numerous
times on other types of microscopes as well as samples [26][27][55][73], and is supported by
our customized software provided by Luxenpo, BRUKER CORP.

The recorded 3D volumes clearly display the advantage of the dual detection approach as the
two views compliment each other. Especially, at greater imaging depths, e.g. > 50 um, the con-
trast and intensity of the opposing view becomes higher, therefore ensuring a more homogeneous

and quantitative sampling.
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O
N

right view

left view

Figure 4.16: InPuLLS-SPIM: Recorded stained mouse embryo. A fixed mouse embryo was recorded with a pushed
light-sheet on the InPuLS-SPIM and the two resulting datasets are summarized here. A maximum intensity projection
of the right view is shown in a). Two maximum intensity projections of the resliced dataset, providing a view on the
xz-plane, is presented in b). Three regions of 30 um thickness are marked and correspond to the beginning i), the
centre ii) and the end of the recorded stack. As the imaging depth increases for the right detection side, the intensity
and image quality decreases, while on the left detection side the opposite is the case. Maximum intensity projections
of the three regions from the two different views showcase the quality difference in c). Magnification: 60. z-step
size: 0.5 um. Tag lens amplitude: 40 % at ~ 190 kHz resonant frequency. Confocal line thickness: 50 px. Scale bar:
20 ym.
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4.6 Materials and Methods

Microscope Design

The microscope was fully designed in the computer-aided design (CAD) software SolidWorks
(Dassaurt SystEMES SoLIDWoRKS CORPORATION). For optical performance and requirement esti-
mations, I also simulated the optical paths with OpticStudio (ZEmax LLC, a ray tracing software

for the design of optical systems.

Data Processing

All recorded data was pre-processed (cropping, stitching, reslicing, etc.) and visualized in FLJI
[108]. Light-sheet and PSF simulations (based on Gibson-Lanni model implemented by [129])
were performed with self-written code in PYTHON (PytHoN SorTWARE Founpartion). There 1
used functions and packages from Numpy [109] and SciPy [110].

The code was executed on a workstation running Windows 10 Pro, equipped with:

e 2 processors: Intel(R) Xeon(R) CPU E5-2620 v4 @ 2.10 GHz
e Memory (RAM): 192 GB
e GPU: GeForce GTX TITAN X (NVIDIA CORPORATION)

Materials

e Gelrite / Gelzan CM (SigMma-ALDRICH # G1910)

e Fluorescent beads of 0.1 um size (FluoSpheres Carboxylate-Modified Microspheres, red
fluorescent (580/605), 2% solids, THERMO FisHER Scientiric Inc., # F8801)

e Two component silicone glue (PICODENT twinsil)

e Methylene blue (Sima-AvLpricH CHEMIE GMBH, CAS Number: 122965-43-9)

e 25 um thick fluorinated ethylene propylene foil (FEP) for sample mount assembly (LoHMANN,
RD-FEP100A-610)

o Glass capillaries for bead measurement (DrRuMMOND ScienTIFIC CoMPANY, # 9-000-1061):

e PBS

e Lasers: 488 nm & 594 nm (OmICRON-LASERAGE LASERPRODUKTE GMBH)

e Fluorescent filters: 488 nm LP EdgeBasic, 594 nm LP EdgeBasic (both SEmrock, IDEX
Hearra & Sciencg, LLC
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e Cameras: pco.panda 4.2 bi, PCO AG
e precision stages, filter wheels, electronic control board, microscope software (LUXENDO,

BRUKER CORPORATION)

4.7 Concluding Remarks

In this chapter, I have introduced the concept of a novel high-throughput fluorescence light-sheet
microscope based on a flexible dual-detection approach for multi-scale imaging and supported
this work with simulation and experimental data. For optimal results across the different spatial
scales, we chose to implement an alternative illumination approach designed around extended or
so-called pushed light-sheets which can be generated with resonantly driven liquid lenses, such
as the here presented TAG lens. I have shown that in the ideal theoretical model, resolution gains
in the axial domain are possible with the use of pushed beams. The experimental conditions
did not reach the theoretical predictions for several possible reasons, such as the non-linear
excitation profile of the TAG lens, optical aberrations in the illumination path, and the indirect
measurement of the illumination profile based on fluorescence excitation of methylene blue.
Nonetheless, the TAG lens allows for quick and uncomplicated changes of the light-sheet length
which can be of benefit when recording samples of different sizes or when focussing on a smaller
region of interest. The regular Gaussian light-sheet is always available as a standard illumination
option to fall back on, if desired, as both illumination schemes have their benefits.

Further, the optical layout and mechanical design of the three main units were presented here,
and the different modes of operation were explained, e.g. sequential vs. simultaneous channel
detection. The novel sample mount including its assembly has been introduced. A final picture
of the assembled microscope can be found in Fig. 4.17.

Finally, the performance of the entire microscope has been evaluated on samples including
fluorescent microspheres and on an immunofluorescently labelled mouse embryo. Here, the
advantages of the dual-detection could be clearly demonstrated.

The next steps before the microscope will be able to record extended movies of developing
mammalian embryos, is the addition of a incubation system. It is essential for the proper devel-
opment and any mammalian sample.

Further, an update to the TAG lens illumination scheme is already planned and will allow
laser modulation in synchrony to the focal position of the TAG lens. This approach has been

demonstrated successfully by Power et al. [126] and will improve the axial confinement of the
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illumination beam, and decrease the effective exposure time with out of focus light on the sam-
ple. A more thorough investigation of the effective profile would be beneficial as the indirect
measurement with the help of a fluorescent medium shows its limitations at small beam widths.
A possible approach has been demonstrated by Dean et al. [122] in which the authors used a
collinear detection arm to sample the illumination arm stepwise in the propagation direction. Al-
ternatively, a special mirror, attached to a custom sample holder could be positioned at the focus
of the illumination and detection objective at 45°. The beam can then be sampled by movement
of the detection objective or illumination objective. Either way, the movement has to be precise
as the the beam extent ranges between 20 and 200 um. With the incubation system operational
in the near future, and possible illumination profile improvements, I expect this microscope to
become a useful tool for the in-house mammalian research. Not only is it an additional system in
the SPIM family at the EMBL, but it offers unique experimental flexibility on the illumination
and detection sides and produces data of superior imaging quality in comparison to its single

detection objective based relatives, such as the InVi-SPIM.
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Figure 4.17: InPuLS-SPIM: Completed microscope setup. A wideangle picture of the full optical table (150 x 110 cm?) with the assembled microscope
is displayed here. For illustration purposes, I configured the left detection unit for simultaneous dual-colour detection (¢f. Ch. 4.2), while the right arm is
seen in its sequential channel detection configuration.
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5 Conclusion and Outlook

In this work, I have presented two independent approaches which nevertheless share one com-
mon theme: the strive for improved image contrast and resolution across the recorded 3D vol-
umes of the sample of interest.

The aim of the first project was to investigate possible image quality improvements upon
refractive index adjustments on live sample in light-sheet microscopy. For this study, I chose a
representative set of widely used model organisms in developmental biology to examine possible
changes in contrast upon refractive index change of the surrounding mounting medium. Addi-
tionally, I performed simulations on the illumination and detection light for small volumes, and
expanded those predictions via experiments on phantom samples containing fluorescent beads.
The results paint a clear picture: aberrations arising from the sample-to-medium interface play
a crucial role towards the final recorded image quality. Increasing the mounting medium’s re-
fractive index to the refractive index range of the sample, restores image quality across the 3D
volume. The magnitude of contrast improvement depends on the sample’s optical properties. For
example, inhomogeneous refractive index distribution, absorbing tissue parts, scattering struc-
tures, autofluorescent proteins, and the sample size itself are all factors to consider. Here, I
presented samples of different properties, discussed suitable mounting strategies for short-term
refractive index matching experiments and for potentially long-term in vivo recordings under
adjusted mounting medium.

The second project’s goal was to design a novel high-throughput light-sheet microscope for
mammalian samples, which combines the most prominent advantages of two available in-house
light-sheet systems: the MuVi-SPIM [55] and the InVi-SPIM [60]. Additionally, to bridge the
spatial scales among mammalian samples as single cells, early mouse embryos, or organoids,
the InPuLS-SPIM employs a tunable acoustic gradient index lens with which extended or so-
called ’pushed’ light-sheets of different lengths can be realized. Here, I describe the optical
design, the microscope’s capability of simultaneous-dual color detection, characterize the gen-

erated pushed beams, and discuss possible resolution improvements tied to the thin core of the
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extended light-beams. Further, the optical performance is explored with a PSF estimation based
on fluorescent beads of size below the diffraction limit. A fixed mouse embryo is recorded
with the help of dual sided detection. The clear advantages of the second detection lens are
visible and a dataset of overall higher contrast, and of more isotropic signal is the result. In
summary, compared to existing high-throughput light-sheet based systems for live mammalian
sample imaging, the InPuL.S-SPIM offers twice the photon collection efficiency due to its dual-
detection scheme, allows to image samples of various sizes from ~ 20 um to ~ 200 um while
retaining the high-throughput capability of the first multi-sample light-sheet microscope dedi-

cated to early mammalian sample imaging [60].

In future work, I look forward to seeing the experimental flexibility of the InPuL.S-SPIM fully
taken advantage of for mammalian and other complex organisms, e.g. by combining it with
RI matching approaches and adaptive optics to achieve unprecedented resolution in in foto and

deep-tissue imaging.

With two here presented contributions to the field of light-sheet fluorescence microscopy, and
more broadly light based microscopy, I hope to have pushed the door open a few um further to
record life’s processes in true in toto fashion: with single cell resolution down to the core of the

organism and insight into intracellular events.
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7 Appendix

7.1 Elliptical Gaussian Beams

When using a cylindrical lens for light-sheet generation instead of a galvanometric scan mirror

for a digitally scanned light-sheet, it is feasible to treat the light-sheet as an elliptical Gaussian

beam:
_ ) Wx,O Wy.0 _ y2 ) .
Ux,y,z) = Ag @ ,/W} @ ( z(z)) XP( wﬁ(z)) exp (—ig (x,y,2)  (7.1)
2 2
/ AR a0 Wyo (_ 2x ) (_ 2y ) 5
(X, Y, Z) | OI W, (Z) Wy (Z) €xXp WJZC (Z) exXp W)z/ (Z) (7 )

The difference to the previously introduced Gaussian beam (cf. Eq. 2.22) comes from the now
uncoupled x- and y-waists. Both can be treated independently of each other, so that two separate

Rayleigh ranges and beam waists can be defined:
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Typically the height of the FOV (dimension of y-axis) then defines the waist wy(z) and with it
the focal length of the cylindrical lens.
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7.2 Image Quality Metric Analysis with BGN-DCT

Image quality or contrast! is a broadly used term, often times referring to the signal-to-noise
ratios found within an image and the information stored in it. Typically such measures are
used to find the best focus with an optical system. They are for example, found in regular
consumer cameras and help the user with the "autofocus’. A variety of metrics exist, rang-
ing from intensity-based definitions to spectral ones, where the image is transformed into its
frequency space first. With varying image properties, the performance of individual metrics typ-
ically changes as well. Therefore, the application usually defines the metric that is being used.
A helpful summary and comparison of a great number of metrics, applied to light-sheet mi-
croscopy images, has been done by ([66], SI). The authors of the mentioned work found that for
their light-sheet microscopy data, spectral metrics performed the best, with minor differences in
precision and performance among them. Other publications falling back onto the spectral anal-
ysis for light-sheet data include Truong et al. [76] and Preusser et al. [77]. Beyond light-sheet
microscopy, similar approaches have been established in the past and reviewed for different data
[132]. An extended review in the field of image quality assessment is provided by Damon M.
Chandler [133].

As discussed in Ch. 3, the goal is to find areas of the 3D volume that are of higher contrast
and contain more information than other areas. Of importance in this task, is the direct com-
parison between images of one 3D dataset, e.g. slices at the beginning of the stack and at the
end. Further, a comparison within one image is beneficial, as the image content and quality
varies spatially in the image. I therefore chose to apply a spectral metric based on the discrete
cosine transform to evaluate the acquired datasets. To make the metric comparable for different
images, I included a normalization step, in which the metric can be normalized against an image
of choice. Throughout this work, I always used the cameras background image, where no or

2

insignificantly little light reaches the camera sensor”. Any fluorescent signal detected by the

camera, will then give a metric value, higher than that of the background.
The algorithm to find the image quality metric of an image follows the following steps (IM:
image, BG: background image, DCT': discrete cosine transform (operation), SP: DCT spectrum

of image, SPBG: spectrum of background image, MA: spectral mask to remove high frequencies

lin this work used interchangeably
2If a large enough stack is recorded, where in the first slices the sample is not yet excited by the light-sheet, the first
image(s) can serve as a reference background.
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below the resolution limit - uses support radius r,, = 6;}! = #‘2%, similar as in [66], BGN-DCT-

M: background normalized discrete cosine transform metric, the final number used to describe

the found image content/frequencies.)
1. M=IM-IM
2. SP = DCT(IM)
3. BG=BG-BG
4. SPBG = DCT(BG)
5. SP=SP-MA

6. SPBG = SPBG - MA

7. BGN-DCT-M = ‘1 -3 5ok

With this metric measure at hand, I performed two types of analysis on the recorded 3D data:

o Full stack analysis: Here, I computed a metric for each recorded plane (image) and com-
pared the metric curves throughout the stack with curves of stacks recorded under different

refractive indices.

o Tiled image analysis: In this case, I divided a given image into tiles of few pixels in
size, e.g. tiles of 16 by 16 pixels. The metric calculation was then normalized with a
background value extracted from a representative background tile of the same size. As a
result, tiles with frequencies in the range of the background, score low metric numbers,
while tiles that carry a larger number of frequencies, score higher metric numbers. The
final result is a tiled image with different metric scores assigned to the respective tiles.
Areas of with more frequencies, e.g. more content at higher resolution, score higher

values than areas of with less content or content of lower frequencies.

In all metric calculations a low pass filter based on the detection objectives theoretical resolution
is applied first. Any frequency higher than the resolution limit is therefore treated as noise and
does not contribute to the metric score. However, scattered light and autofluorescence can affect
the metric as they can generate signal of higher and medium frequency, reducing the signal-to-

noise level in an image but also overlapping with the frequencies of the desired signal. Reducing
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the support radius and filtering out more high frequencies can counteract such trends. I have
chosen not to do this arbitrarily throughout this work, as I wanted a consistent basis throughout
the analysis of different data. In Ch. 3, it becomes evident, that the metric can identify regions of
higher (quality) content throughout different datasets with changing signal types. It best predicts
quality differences in the Arabidopsis root and the Mus musculus which match observations by

eye and intensity profile measurements. It also

7.3 RI Matching of Mus musculus in direct contact with OptiPrep

As mentioned in the main text, we also assessed possible image quality improvements in post-
implantation mouse embryos for a direct contact of OptiPrep solutions of different concentra-
tions with the embryo. Such an example can be seen in Fig. 7.1. A clear improvement in contrast
is visible, almost over the entire embryo. However, the positive imaging quality results should
be interpreted with caution: Our imaging conditions were not providing the necessary incuba-
tion for long-term survival of mammalian specimens in our sample chamber. Further, we found
that OptiPrep has lethal effects on the mouse embryo at concentrations as low as 15 %, and leads
to severe misdevelopments at 10 %. Between recordings of different refractive indices, lies a
time window of approx. 10 to 15 min. During this time frame a clear shrinking of the embryo’s

volume can be observed.

120



7 APPENDIX

Figure 7.1: Refractive Index Matching of Mus musculus Post-Implantation Embryo. Adapting the refractive
index of the immersion medium to that of the mouse embryo results in clearly visible image quality improvements
across the embryo. We recorded an E7.5 mouse embryo expressing IRFP in the nucleus. It was mounted as described
in the main text (¢f. Ch. 3.7). Example slices near the center of the embryo (~ 200 um depth of the 3D recordings
under different refractive indices are shown in a) and c). The corresponding cross-sectional views (xz-plane) are
displayed in b) and d). We used dual sided illumination with a laser of 685 nm wavelength. The light-sheets had a
length of ~ 200 um for these experiments. We additionally used the confocal line scanning mode of the cameras with
a 40 px readout width. The z-step size was 2.0 um. Scale bar: 100 um. Data produced jointly with Dr. Henning Falk.

7.4 Toxicity Assessment on Arabidopsis Seedlings

While OptiProp has been reported to be non-toxic and compatible for different developing spec-
imens [25], we decided to assess whether it has possible effects on the development of our
samples. For the assessment of the Arabidopsis seedlings, Marion Louveaux kindly performed
the experiments. We chose three conditions in which the plants were let to grow for approx.
3 days. We designed specific mounts which can fit a beaker and hold mounted seedlings in

the medium, similar to the mounting conditions of our MuVi-SPIM setup. Otherwise standard
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—
—

beaker B1 ! beaker B2

Figure 7.2: Toxicity assessment of Arabidopsis thaliana seedlings. Arabidopsis thaliana seedlings tolerated Op-
tiPrep and developed only slightly slower than under control conditions. The two pictures in a) show the seedlings
from the top before the beginning of the experiment (day 1) and after (day 3 for the three conditions (beaker 1: con-
trol, beaker 2: 25 % OptiPrep), beaker 3: 50 % OptiPrep)). The picutures in b) show the root tips under a differential
interference contrast microscope. [Images kindly provided by Marion Louveaux.]

conditions for growing the plants were used.
e control, no OptiPrep: 0.086 g MS, 4 ml MES, 36 ml water
e 25 % OptiPrep: 0.086 g MS, 4 ml MES, 26 ml water, 10 ml OptiPrep
o 50 % OptiPrep: 0.086 g MS, 4 ml MES, 16 ml water, 20 ml OptiPrep

The seedlings showed near normal growth over the course of three days. Pictures of the root
tips with a differential interference contrast microscope did not show any negative effects on the
plant’s development under OptiPrep addition to the media of up to 50 %. See Fig. 7.2 for images

of the seedlings under the different growth conditions.

7.5 Toxicity Assessment on Oryzias latipes

The assessment of toxicity under exposure to OptiPrep of Medaka larvae was kindly performed
by Colin Lischik. For these experiments the fish were dechorionated with hatching enzyme at

stage 30 and subjected to different concentrations of OptiPrep. Dead and swimming larva were
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Figure 7.3: Toxicity assessment of Oryzias latipes larvae. Medaka larvae from 3 dpf tolerated OptiPrep up to a
period of two days and up to a percentage of 50 % without lethal effects. Prolonged exposure to OptiPrep on the
other hand affected development and lead to lethal effects in correlation with the percentage of OptiPrep in the
media. This is illustrated in the graph in a). The four images in b) show larvae in the control group (upper row) and
in the group that was exposed to an OptiPrep concentration of 25 % (lower row). Please note that the images in b) are
from a separate experiment. No images were acquired from the experiment shown in a). [Graph and images kindly
provided by Colin Lischik.]

noted. The data is presented in the graph in Fig. 7.3 a). Longer exposures to OptiPrep has
an unmistakable negative effect on the Medaka’s development and can lead to lethal effects.
Shorter exposures to percentages up to 50 % however, are tolerated by the larvae, as well as
lower concentrations over longer periods of time, e.g. 25 % over a period of 3-4 days. In terms

of refractive indices, this corresponds to nsgg op = 1.37 and ny59,0p ~ 1.35.

7.6 Effects on System’s PSF for Beams of Different Lengths

In chapter 4.3.2 I showed simulations for a beam length of 50 um. Here, I want to present the
same simulations performed for beams of 100 um and 20 um length respectively. The results are
overall similar between the length scales. Interestingly, at 20 um beam length, the system’s PSF

is also positively affected by the regular Gaussian beam.
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Figure 7.4: Regular Gaussian beam vs. pushed beam of 100 um length - effects on system’s PSF. Both simulated
beams of 100 um length are shown as sums along the z-axis in a). The dotted lines in the regular Gaussian beam (upper
image) and the pushed beam (lower image) indicate the volume used for the downstream PSF simulations. The central
region is located exactly at x = 0 while the second region is located around the Rayleigh length x = 0.9z = 45 um.
The system’s effective PSF at the center of the respective region is calculated via a multiplication of the light-sheet
and detection PSF volumes as done in Fig. 4.9. Maximum intensity projections of the effective PSF for the center
of the illumination beam is shown in b). The z-extent of the detection PSF is reduced from FWHMgegr s = 0.9 um to
FWHMp, s = 0.6 um. The cross-sectional intensity profiles are plotted in ¢). Maximum intensity projections of the
PSF at x = 0.9zg = 45 um are displayed in d). The Gaussian beam’s intensity drop-off results in a clear reduction
of the PSF’s intensity. The pushed beam’s intensity reduced by ~ 10 % and the axial extent of effective PSF remains
FWHMp, s = 0.6 um. All intensities were normalized to 1.0 arb unit at the center of the beam profiles. The PSF
simulation volume was [x, v, z] = 513 x 513 x 513 voxel with a voxel size of 25 nm®.
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Figure 7.5: Regular Gaussian beam vs. pushed beam of 20 um length - effects on system’s PSF. Both simulated
beams of 20 um length are shown as sums along the z-axis in a). The dotted lines in the regular Gaussian beam
(upper image) and the pushed beam (lower image) indicate the volume used for the downstream PSF simulations.
The central region is located exactly at x = 0 (not marked) while the second region is located around the Rayleigh
length x = 0.9zzg = 9um. The system’s effective PSF at the center of the respective region is calculated via a
multiplication of the light-sheet and detection PSF volumes as done in Fig. 4.9. Maximum intensity projections
of the effective PSF for the center of the illumination beam is shown in b). The z-extent of the detection PSF is
reduced from FWHMg,1 s = 0.8 um to FWHMp, s ~ 0.5 um. The cross-sectional intensity profiles are plotted in c).
Maximum intensity projections of the PSF at x = 0.9zg = 9 um are displayed in d). The Gaussian beam’s intensity
drop-off results in a clear reduction of the PSF’s intensity. The pushed beam’s intensity reduced by ~ 20 % and the
axial extent of effective PSF remains FWHMp, s ~ 0.5um. All intensities were normalized to 1.0 arb unit at the
center of the beam profiles. The PSF simulation volume was [x,y,z] = 513 X 513 x 513 voxel with a voxel size of
25nm’.
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