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1. Abstract

Light-sheet fluorescence microscopy (LSFM) represents a crucial
advancement in the field of optical imaging, enabling high-resolution and
fast imaging with minimal photodamage. This doctoral research focuses
on the development and characterization of a novel quad-SPIM (Selective
Plane Illumination Microscopy) system, which demonstrates significant
enhancements in imaging speed, resolution, and multicolor capabilities.
The quad-SPIM system achieves a 12-fold increase in imaging speed
compared to previous dual-SPIM systems, allowing for volumetric
imaging of human brain tissue at a rate of 2.1 cm®h in four different
fluorescence channels. This improved speed is crucial for large-scale
studies of human brain tissue, facilitating comprehensive neural circuit
mapping and accelerating research into neurodegenerative diseases.

The system’s capacity for simultaneous multicolor imaging, with lateral
and axial resolutions in the range of 2.6 um to 3.9 um, further enhances its
utility in detecting multiple biomarkers within complex biological
samples. Applications of this system include the study of fiber dispersion
in brain tissues, tracing neuronal pathways, and understanding cellular
interactions. This research not only addresses the current challenges in
high-throughput imaging but also opens the way for future innovations in
large-scale biological studies.



2. Introduction

Light-sheet fluorescence microscopy (LSFM), also known as selective
plane illumination microscopy (SPIM), represents one of the most
significant advancements in optical imaging of the last two decades.
Differently from traditional microscopy techniques, LSFM illuminates the
specimen with a thin sheet of light, recording images one plane at a time,
drastically reducing photodamage and photobleaching while providing
high-resolution and high signal-to-background images. This innovative
approach allows scientists to study living organisms over time with
minimal impact on their biological processes. The development of this
technique and its increasing customization, have revolutionized the fields
of developmental biology, neurobiology, and various other disciplines
where the dynamics of living systems are studied at cellular and
subcellular levels.

The origin of LSFM dates back to the early 20th century, when Siedentopf
and Zsigmondy (1903) introduced their “Ultramicroscope” (Figure 1), but
it was only in the early 2000s that the technique was adopted for broad
biological application. The first major breakthrough came with the
development of a method that combined thin light sheets with digital
microscopy, allowing for high-resolution imaging of live zebrafish
embryos (Huisken et al. 2004). Since then, advances in optical
technologies, digital SCMOS sensors, and fluorescent probes have further
increased the capabilities of LSFM. Modern implementations, such as
digitally scanned light sheets (Keller et al. 2008) and dual-objective
configurations (Tomer et al. 2012), have enhanced the resolution, contrast



and speed, enabling complex, volumetric imaging of fixed samples or
biological processes in real-time.

Figure 1. Siedentopf and Zsigmondy’s Ultramicroscope.

While confocal microscopy has been the state-of-the-art technique for
decades, LSFM offers several advantages that make it preferable for
specific scientific studies. Firstly, LSFM minimizes light exposure outside
the focal plane, making it optimal for live imaging, where temporal
resolution and low photobleaching are crucial. In fact, light sheet
microscopy provides both rapid imaging and volumetric data acquisition,
making it particularly well-suited for capturing dynamic biological
processes. In addition, the orthogonal illumination approach of LSFM
enables deeper tissue penetration with lower light scattering, making it
ideal for reconstructing large volumes of thick specimens (Santi 2011,
Power and Huisken 2017).
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Recent innovations in LSFM technology include the development of
miniaturized and automated systems that expand its usability in diverse
research settings, from large-scale bioimaging facilities to smaller
laboratory environments. The introduction of adaptive optics, like liquid
lenses, in LSFM setups has addressed issues of optical aberration caused
by heterogeneous tissue composition, significantly improving image
quality in deeper tissue layers (Hampson et al. 2021). Additionally,
advancements in computational methods for image reconstruction and
real-time processing, especially with the advent of machine learning and
neural networks, have allowed researchers to handle typically large
datasets of LSFM with greater efficiency (Keller et al. 2008).

The application of LSFM had a deep impact on studies requiring the
observation of living cells and tissues over time. Its ability to image
samples with minimal photodamage is essential for prolonged studies of
developmental biology, such as embryogenesis and organogenesis.
Moreover, LSFM revealed to be decisive in neuroscience, where it
allowed the detailed mapping of neural circuitry and brain activity in live
animals and fixed samples (Chen et al. 2014; Power and Huisken 2017) as
well as brain vasculature (Spangenberg et al. 2023). In addition, animal
and human cleared brain tissue can be studied at sub-micron resolution,
revealing new insights into our knowledge of the brain and critical
diseases affecting the nervous system (Di Meo et al. 2024a; Pawtowska,
Legutko, and Stefaniuk 2017; Corsetti, Gunn-Moore, and Dholakia 2019).

As LSFM continues to evolve, efforts are concentrated on increasing the
imaging depth and resolution, expanding the range of detectable
fluorophores, and therefore its applicability. One of the main challenges
remains ability to image very large or densely packed specimens, where
light scattering and absorption can degrade image quality. The use of
multi-photon excitation and non-linear optics may hold the key to
overcoming these obstacles (Reynaud et al. 2008). In addition, the
integration of LSFM with other imaging modalities, such as magnetic
resonance imaging (MRI) and positron emission tomography (PET),
offers a multimodal approach to the study of biological structures and
functions (Johnson et al. 2023).

This work will report the development of an innovative light-sheet
microscope which is able to image large human brain cleared tissue with
different wavelengths simultaneously, thus allowing to investigate various
various structural characteristics of the sample under examination with
micrometer resolution and very high throughput.
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2.1 Light-sheet fluorescence microscopy. Setup examples
and state-of-the-art

2.1.1 Light-sheet fluorescence microscopy: an overview

Since its invention in 1903, when Siedentopf and Zsigmondy introduced
the technique for the first time in their study "Uber Sichtbarmachung und
GroRenbestimmung ultramikroskopischer Teilchen, mit besonderer
Anwendung auf Goldrubinglaser.”, light sheet microscopy has undergone
significant advancements, turning into a powerful tool for biological
imaging.

LSFM revealed as a very versatile imaging technique, which can be
implemented implemented in already-existing systems or custom-made
setups and may be employed in a multitude of studiesto fit specific
research requirements.

In a basic setup, the primary light source in a light-sheet microscope is
usually a laser beam. The laser light passes through a cylindrical lens,
which shapes the beam into a thin sheet, which is usually about a few
micrometers thick and illuminates the sample orthogonally to the direction
of observation. This orthogonal arrangement is a peculiar characteristic of
light-sheet microscopy and is crucial to achieve high-contrast images with
reduced background noise, as only the plane of interest is illuminated, and
the emitted fluorescence is collected from this plane only (Figure 2).

After the light sheet is generated, it is directed towards the sample via an
objective lens, which focuses the light onto the specimen. The sample is
usually embedded in a medium that matches its refractive index, reducing
light scattering and aberrations that could otherwise degrade image
quality. The sample is typically mounted on a motorized stage that can
move linearly and/or rotate, allowing for the sequential illumination of
multiple planes as the sample moves through the stationary light sheet.
This sequential imaging of successive planes allows the reconstruction of
a three-dimensional image of the specimen.

The detection pathway in a light-sheet microscope is positioned at a right

angle with respect to the illumination plane, typically involving a second
objective lens that collects the fluorescence emitted from the illuminated

12



plane. The collected fluorescence is then directed to a sensitive camera,
often a charge-coupled device (CCD) or a scientific complementary
metal-oxide-semiconductor (SCMQOS) camera, which captures the image.
The use of such high-sensitivity cameras is crucial, as they enable the
detection of weak fluorescence signals while maintaining the frame speed
necessary for capturing dynamic biological processes.

Cylindrical lens )
Sample rotation

Detection

Illumination objective

objective Camera

Sample scanning

Figure 2. Basic setup of a light-sheet microscope. (Olarte et al. 2018)

The setup of a light-sheet microscope also typically includes several
components, like adaptive optics, designed to precisely control the light
sheet and the stage. In addition, dedicated software is used to control the
movement of the stage, synchronizing it with the light sheet and camera
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trigger, and to process the images to reconstruct the 3D volume of the
specimen.

2.1.2 Hlumination and detection paths

When focusing a Gaussian beam in the illumination path through the
cylindrical lens-objective system, the axial resolution of the LSFM can be
related to its beam waist (2wo), so that the resulting axial resolution can be
defined as:

2 2
Rill-axial = 200 = 2# = Zﬁ (1.1)

Where 2w represents the beam waist, A is the wavelength of light, f is the
focal length of the illumination lens, D is the beam diameter before the
lens, NA is the numerical aperture of the lens and n is the refractive index
of the medium.

In a focused Gaussian beam propagating in its fundamental transversal
mode (TEMoo), the Rayleigh range Zr is defined as the distance along the
propagation axis from the beam waist (the location of the smaller beam
diameter) to the point cross-sectional area of the beam has increased by a
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factor of +/2 and can be related to the real FOV of the imaging system by
defining the Rayleigh range Zr and the confocal parameter b = 2 Zr:

FOV =b=2Zq=272% (1.2)

which also corresponds to the full width at half-maximum (FWHM) of the
intensity profile of a Gaussian beam along its propagation axis (Figure 3).

Excitation

Figure 3. Schematic illustration of a focused Gaussian beam profile used as
illumination beam in a LSFM. (Olarte et al. 2018)
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The lateral resolution of the system is defined by the characteristics of the
detection objective lens and can be defined by the Rayleigh criterion as:

0.61 Agm
NAget

(1.3)

Rdet-lateral =

Where NAget is the numerical aperture of the detection objective.

The axial resolution of the detection objective is defined as:

Rdet-axial = 1.78 Nhem (1.4)

2
NAdet

According to the above considerations, the resulting axial resolution of the
system must be a convolution of the axial resolution (PSF) of the
illumination focused beam defined by (1.1) and the detection objective
axial resolution defined by (1.4). As a result, the final resolution of the
system is improved when the illumination lateral resolution exceeds the
detection objective axial resolution.

In addition, it has to be noted that the illumination beam waist (and
consequently the axial resolution) and the FOV, represented by the
confocal parameter b, are inversely proportional according to (1.2) and
depend on the incident beam diameter D on the back focal plane of the
illumination optics. As a consequence, optimizing the system FOV and
axial resolution remains a challenging task.

2.1.3 Resolution optimization in LSFM.

In a LSFM setup, matching the lateral resolution with the axial resolution
represents an optimal imaging condition. However, shaping a focused
Gaussian beam into a light-sheet thin enough to match the lateral
resolution of the microscope, comes at the cost of a field of view
reduction. This is especially evident when the detection objective’s NA is
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much higher than the one of the illumination objective. Conversely, when
the detection objective’s NA is smaller than the illumination one, it is
impossible to generate an illumination beam which could fill the entire
FOV of the detection objective.

objective lens

PSF = PSF,, x PSF,

cylinder lens NA,,

PSF,

PSF,, \ fluorescent particle .
in focus i’ y

X

Figure 4. LSFM point spread function resulting from the convolution of of the illumination
PSF and detection PSF. (Becker et al. 2019)

Figure 4. shows how the PSF of the microscope is the result of the
interaction of the PSF of the illumination objective and the PSF of the
detection objective. As a consequence of (1.1) and (1.2), obtaining a 2mo
of the same thickness as the lateral resolution of the detection objective
extending for its entire FOV = 2z, is a complex task, in particular when
using Gaussian beams and linear excitation. This is especially true when
dealing with the objectives’ physical encumbrance and working distance.
All of these factors imply the usage of high NA, long working distance
objectives with correction collars for refractive index mismatch correction
within the desired range, according to the immersion medium surrounding
the sample. All these characteristics are unlikely to be found in
commercially available objectives designed for other imaging techniques
such as two photon microscopy or super resolution microscopy. This leads
researchers to contact suppliers of expensive custom optics or to buy out-
of-the box commercial systems. Only in recent years, the major companies
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have started to offer turn-key systems and dedicated objectives
specifically engineered for high-performance LSFM.

However, using non-diffractive beams like Bessel beams or multiphoton
excitation are very effective ways to reach isotropic resolution and large
FOV in LSFM at the expense of a major system complexity and higher
costs (Truong et al. 2011).

2.1.4 Refractive index (RI) matching

The main advantage of LSFM consists of its ability to image large
samples. In order to eliminate spherical aberrations and its detrimental
effects on image quality, the optical path between the objectives and the
sample requires a continuity in refractive index (RI). This implies that all
the elements in the optical path must match the refractive index of the
sample and the objectives must be designed to perform at that specific
refractive index, and eventually provided with a correction collar to match
a range of RI values. Therefore, the refractive index of the immersion
media in the specimen chamber and/or holder, as well as the materials of
the specimen holders, also need to follow this principle. Thus, the choice
of the objectives and all the elements in the imaging optical path is a
consequence of the refractive index matching medium the sample is
immersed in as a result of the tissue clearing technique (Rocha et al. 2019;
Di Meo et al. 2024; Boothe et al. 2017; Machacova et al. 2021).

In a common LSFM design, the illumination and detection objectives are
suited for immersion in different media within a specific range of RI
values and are sealed in the imaging chamber with leak-proof gaskets.

The sample is directly immersed in the imaging medium and is held in the
chamber of the medium or, more commonly, in a transparent cuvette or
thin capillary tube containing the Rl matching medium used in the clearing
process. The type of glass, quartz, or other transparent material the
specimen holder is made of, must also match the RI of the surrounding
media (Russell and Rees 2020; Desmaison et al. 2013; Laroche et al.
2019). In most scenarios, imaging chambers and specimen holders, as well
as tissue clearing techniques and immersion media involved, are custom

18



optimized to match the type of tissue and research being performed
(Figure 5).

Top view Side view
CAMERA

i

Detect.’
L/ Detect

\ / IN
m lllum Ji % { flum. e lllum ‘i 3 1 llium
7 N Y N
Liquid 2—" m*'>

medium

Figure 5. Schematic of a dual-illumination setup LSFM for imaging living plant seedlings
(Berthet and Maizel 2016).

A mismatch of the RI value in the optical path would arise as serious
spherical aberrations as its entity, causing a deterioration in image quality
and eventually the impossibility to correctly focus the specimen, in
particular as moving further in depth into the specimen, where the effects
of spherical aberrations sum to the effects of light scattering by the
specimen itself (Hedde et al. 2017).

2.1.5 LSFM setups’ examples and variations

In recent times, researchers have been developing a large variety of light-
sheet microscopes setups and variations from the basic configuration
described in 2.1.1 to fit their research requirements. Most of the solutions
aim to increase the resolution, in particular axial resolution, while
maintaining a large field of view. As described above, axial resolution in
LSFM is strictly dependent on light-sheet thickness. Consequently, the use
of non-gaussian beams like Bessel beams, two-photon excitation, lattice
light-sheets or axial scanning have been implemented to improve axial
resolution and obtain, in an ideal scenario, isotropic resolution
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(Takanezawa, Saitou, and Imamura 2021; Fahrbach et al. 2013). In
addition, multi-view and/or multi-illumination imaging (Figure 6) and
deconvolution can also be used, and eventually mixed with the
aforementioned techniques. Digitally-scanned light-sheets are also
commonly used, in combination with modern sSCMOS cameras featuring
a rolling shutter, to improve image contrast in the so called “confocal slit
configuration”.

A

1-sided

1-sided 1-sided
illumination

2-sided 1-sided
illumination | detection

2-sided 2-sided
illumination | detection

illumination | detection
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Figure 6. Multi-view light-sheet microscopy solutions. (A) Lateral illumination of the sample.
(B) Basic one-sided illumination and one sided detection. (C) Two-sided illumination is a
convenient way of reducing striping artifacts caused by the presence of more dense objects in
the sample. (D) Two-sided illumination/detection reduces the image deterioration due to light
scattering in thick samples by acquiring half of the sample from each detection objective.
(E,F,G) Rotating the sample on its y axis generates a multi-view fused image with increased
resolution. (Dyer et al. 2022)

Imaging speed is also a big concern when a large number of samples need
to be acquired or when the size of the samples is particularly big (eg.
samples processed with expansion protocols, Pesce et al. 2024; Daetwyler
and Fiolka 2023). Therefore, multicolor simultaneous imaging plays an
important role in speeding up the acquisition process.

When imaging small samples like live cells, and a very thin light-sheet is

required, many custom solutions have been developed which include the
use of two high NA objectives, one for generating the light-sheet and the
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other for the detection, or a single objective which generates the sheet and
detects fluorescence at the same time (Figure 7).

Fluorescence Excitation (in) Orthogonal dusk-objective
(out) (line profile) (0DO)
90° crossing
angle

Limited +
imaging ¥
depth

Focused

Sample light sheet
fluorescence Depth
Axis (z')
—— ~~ Scan Decoupled
Lateral Axis (x) paths
Axis (y)

Figure 7. (Left) lllumination and detection with one single objective and (right) two objectives
in an open-top configuration. (‘3D Imaging at the Speed of Life with SCAPE Microscopy |
Coherent’, n.d.; A. Glaser et al. 2020)

Digitally scanned LSFM.
Above all, digitally scanned lateral light sheets, have been one of the major

innovations which have hugely spread in laboratories and can be
considered the state-of-the-art of LSFM. In such setups, the light sheet is

21



formed by scanning a thin beam across the whole FOV of the detection
objective in synchronous with the rolling shutter of the camera (Figure 8).

Active

Rejected
arca

scattered
fluorescence

Figure 8. LSFM confocal slit: camera exposes one or few rows of
pixels synchronised with a swept beam. (Marcos-Vidal and Ripoll
2020)

As a result, only the fluorescence from the thinnest and highest intensity
illumination region is recorded by the camera, eliminating the detrimental
contribution of out-of-focus and scattered light coming from the outer
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regions of the illumination beam, thus increasing image contrast (Marcos-
Vidal and Ripoll 2020).

Figure 9. Imaging agarose-embedded fluorescent beads. Comparison between

global shutter (top) and respective confocal slit recording, showing increased

signal-to-background (bottom). Scale bar: 50 um. (Baumgart and Kubitscheck
2012)

Axially scanned LSFM.

Axially swept light-sheets can also be used to obtain a slit-scanning setup
and increase the signal-to-background. One possible approach is the use
of electronically tunable lens (ETLs) to sweep the beam waist of a
cylindrical lens generated light-sheet synchronously with the camera
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rolling shutter (Figure 10). However, tunable lens are prone to spherical
aberrations due to surface deformation and when their optical axis is not
oriented parallel to gravity force and are much slower (around 1kHz) than
galvanometric mirrors, which results in lower flexibility and slower
acquisition frame rates (Dean et al. 2022).

Axial Light-Sheet
Scan

Focal Plane

Sweep of
Active Pixels

Figure 10. ETL axially swept light-sheet in a confocal slit setup. (Dean et al. 2022)

A very practical way to turn around the drawbacks of using an ETL, is to
convert the lateral scanning performed by a galvanometric mirror into an
axial scanning, thus creating another kind of digitally scanned LSFM
(Chakraborty et al. 2020). Such a setup, shown in Figure 11, includes two
perpendicular arms, each equipped with a 4F telescope and an objective
lens. The remote-focusing arm includes a galvanometric scanning mirror
(GSM) and an air objective lens (Figure 11, OBJ1), while the illumination
arm is equipped with a pupil-matched water immersion objective (Figure
11, OBJ2). Both arms are aligned so that the GSM is conjugated with the
back focal plane of both objectives. The laser foci at various axial
positions generated by OBJ2 are monitored by two imaging systems: one
for direct transmission measurements and the other for detecting
fluorescence in a perpendicular direction. Each imaging system comprises
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water immersion objectives, tube lenses, a camera, and suitable optical
filters.

A collimated laser beam is reflected by a polarizing beam splitter into the
remote-focusing arm, where the GSM scans the beam, inducing lateral
movement of the laser focus produced by OBJ1. For discrete axial re-
focusing, a step mirror is positioned in the focal plane of OBJ1 (Figure 11,
b). When the laser hits a step exactly at the focal plane, the back-reflected
beam becomes collimated, creating a laser spot at the nominal focal plane
of OBJ2. Notably, as the GSM de-scans the returning beam, no lateral
motion is transferred to the focus created by OBJ2, resulting in pure
axially scanned motion. If the laser beam is directed to a point out of the
nominal focal plane, the resulting focus shifts away from the focal plane
(Figure 11, b). The beam in infinity space will then either converge or
diverge, leading to axial refocusing of the beam by OBJ2. By accurately
matching the pupils of the two objectives and demagnifying the spot of
OBIJ1 by a factor of 1.33 into OBJ2’s focal plane, aberration-free remote
focusing is achieved.

For continuous axial re-focusing, the step mirror is replaced with a slightly
tilted planar mirror (Figure 11, c). The incoming laser focus is also tilted
to be perpendicular to the mirror surface. This tilt is accomplished by
slightly shifting OBJL1 relative to the incoming beam. When the laser focus
is formed on the mirror surface, a collimated beam is created in infinity
space, producing a laser spot at the nominal focal plane of OBJ2 (Figure
11, c¢). Scanning the beam laterally generates a focus away from the mirror
plane, causing the beam in infinity space to converge or diverge, resulting
in an axially shifted focus formed by OBJ2. Numerical and experimental
results show that with small tilt angles, spherical aberrations are avoided.
For this continuous z-scanning method, OBJ1 must have a larger angular
aperture than OBJ2 to enable tilting of the laser focus without
compromising OBJ2's numerical aperture. The range of axial scanning is
approximately proportional to OBJ1’s field of view multiplied by the
tangent of the mirror’s tilt angle, making the technique advantageous
when using objectives and scanning systems with a large field of view.
Conversely, the step mirror allows for arbitrarily large axial
displacements, though larger steps are needed for greater defocus, which
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imposes practical limits on the number of steps that can be utilized within
a given field of view for the remote objective.

GSM @
/ - - H PR 28
PBS =

____________________________

____________________________

Figure 11. (a) Axially scanned LSFM optical path scheme. (b) Discrete axial translation with a
step mirror or (c) continuous refocusing with a tilted planar mirror. (Chakraborty et al. 2020)

Light-sheet theta microscopy (LSTM) and dual-illumination SPIM.

As a very versatile technique, LSFM has recently developed into a large
variety of custom, open-source and out-of-the-box solutions to fit new and
unique research needs. Recent light-sheet fluorescence microscopy
designs that enable laterally unconstrained imaging include dual-inverted
selective-plane illumination microscopy (diSPIM, Figure 14) and light-
sheet theta microscopy (LSTM). In LSTM (Figure 12), the collection
objective is oriented vertically into a liquid reservoir, while a pair of
longer working distance objectives, angled at 60° relative to the vertical
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axis, generates the light sheet (Hu, Bolus, and Brown 2018; Migliori et al.
2018).
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Figure 12. LSTM optical paths in a confocal slit design. (Migliori et al. 2018)

In diSPIM, the illumination and collection objectives are positioned at a
45° angle relative to the vertical axis and immersed in a liquid reservoir
containing a cleared specimen (Sparks et al. 2020).Another convenient
option for imaging large slabs of tissue is the inverted Dual-SPIM
configuration, where the system features two symmetrical arms, each
holding a multi-immersion objective with correction collars designed to
match a range of refractive index values of various immersion media. The
optical axes of the two objectives are perpendicular to each other, with
their fields of view orthogonally aligned and overlapping at the center.
Additionally, the objectives are tilted to 45 °C relative to the horizontal
specimen chamber, allowing to fit large samples (Figure 14). A camera is
placed at the end of each detection path for image acquisition. In this
configuration, each objective alternatively excites the sample and collects
the emitted signal, thus enabling a simultaneous two channels excitation
and acquisition (Marcos-Vidal and Ripoll 2020). Moreover, it is possible
to acquire the same channel from both sides and, after performing
deconvolution and fusion processes of the two views, this results in an
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increase in the axial resolution of the system and to potentially obtain
isotropic resolution, the only drawback being an increase in the time
needed for imaging and data processing (Kumar et al. 2014; Swoger et al.
2007; Wu et al. 2013).

Inverted SPIM
¢ (ISPIM)

Figure 13. Dual inverted-SPIM (diSPIM) configuration. Each objective acts both as
illumination and detection objective. (Marcos-Vidal and Ripoll 2020)

Open-top LSFM.

Although both diSPIM and LSTM allow for laterally unconstrained
imaging, they have several limitations: i) cleared tissues often reach a
density similar to the surrounding medium when fully immersed, causing
them to float and drift; ii) specimens are usually placed in a large
immersion media reservoir, leading to cross-contamination and reagent
dilution; iii) immersion objectives may be incompatible with certain
corrosive organic solvents used in tissue-clearing protocols; 4) imaging
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specimens from above complicates the application of gravity or gentle
pressure to flatten their top surfaces, if needed.

When imaging large, cleared samples is required, an open-top layout is
often preferred as it allows easy access to the sample holder and
manipulation of large specimens. To enhance the usability and throughput
of LSFM, open-top light-sheet (OTLS) microscopes have been developed.
In OTLS, the illumination and collection objectives are also angled at 45°
relative to the vertical axis but are positioned below the cleared specimen,
rather than above it (Figure 13). This open-top configuration resembles a
flatbed scanner, allowing multiple specimens to be placed on a transparent
holder without full immersion. Gravity and surface tension help in
stabilizing the specimens, and gentle pressure can also be applied from
above to flatten their surface if required. This setup addresses many of the
problems associated with diSPIM and LSTM, while also providing
flexibility for adding accessory devices on the specimen stage or above
the specimens, like micromanipulators or injection systems. However, a
drawback of the OTLS configuration, similarly to diSPIM, is that the
oblique orientation of the objectives reduces their effective working
distance, thereby limiting the imaging depth, unlike in LSTM, where the
full working distance of the collection objective is utilized (Figure 13).

Despite its versatility, the OTLS architecture introduces some optical
challenges. The off-axis illumination beams and detection arms that must
be carefully index-matched at the media interfaces to avoid aberrations.
To assure aberration-free imaging, a water prism or solid-immersion lens
(SIL) has been proposed as an interface for the beams transitioning from
air to a higher-index medium. The water prism provides a normal interface
to reduce off-axis aberrations, while the SIL offers a wavefront-matched
interface to prevent both off-axis and spherical aberrations. However,
these solutions limit specimen scanning to 2D, as specimens cannot be
lowered without colliding with the water prism or SIL. Additionally, these
methods are less adaptable to varying refractive indices, as the specimen
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must match the refractive index of the water prism or SIL material
precisely (A. K. Glaser et al. 2019; 2022).
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Figure 14. Open-top LSFM design with a solid immersion lens (SIL). (A. K. Glaser et al. 2019)

Open-source LSFM projects.

In recent years, as an alternative to systems offered by companies or
custom-made solutions, which require specialized expertise, open-source
LSFM projects started to spread among researchers due to their versatility,
relatively low cost and little expertise required to set them up. One of these
open-source setups, which was the first one to be released in 2007, is the
OpenSPIM project (Greger, Swoger, and Stelzer 2007) that can be found
at https://openspim.org/ . The website of the projects contains the parts list
and a detailed description of the assembling process, making it possible
for any personnel with minimal expertise to build their own setup. In
addition, the operating software (uOpenSPIM) was developed as a
MicroManager plugin (https://micro-manager.org/) and is characterized
by a user-friendly interface. The microscope has a very compact design
and can be fit in a case, allowing for easy transportation (Figure 15).
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Figure 15. OpenSPIM LSFM. Left: optical setup. Right: OpenSPIM in a handcase.

Expansions and upgrades to the basic setup are also available, like the
addition of bright-field illumination, a chamber for imaging mice and rat
brains, extended FOV and the implementation of a second illumination
arm to limit shadowing artifacts through a more homogeneous
illumination. Additional open-source projects are currently available, like
the MesoSPIM, for large FOV, isotropic resolution imaging
(https://mesospim.org/ , Chhetri etal. 2015) including its recently released
benchtop version (Vladimirov et al. 2024), and the IsoView LSFM
(Chhetri et al. 2015).

The availability of open-source solutions significantly contributed to the
spread of LSFM in research, allowing even smaller groups with limited
budget and expertise to access this leading microscopy technique.

2.2 Application of LSFM in neuroscience

Light-sheet microscopy has increasingly spread in recent years among
research groups as a very versatile and valuable tool for imaging large
samples in high resolution, allowing scientists to gain deeper knowledge
of complex biological processes and structures. Its ability to capture
complex dynamic processes in real-time and in 3D has been critical in
enhancing our understanding of various biological systems. Additionally,
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LSFM has been adopted for clinical diagnostics and cancer research. The
applications of LSFM in modern research span numerous disciplines, from
developmental biology and neuroanatomy to pathology and immunology.

LSFM has been spreading critically in the past decades in neuroscience as
a fundamental tool for investigating the structure and functions of the brain
and neurons at cellular level.

The nervous system, made up of a complex network of neurons and
supporting cells, is challenging to image, especially when trying to see
large areas in 3D. Traditional methods like electron microscopy offer high
detail but are limited to small regions of the brain. LSFM allows imaging
of entire brain regions or even whole brains in 3D, providing a powerful
tool for studying neural circuits and brain structure.

One main use of LSFM in neuroscience is mapping neural circuits.
Neurons form complex networks that underlie all brain functions, from
sensing to movement and thinking. Understanding how these circuits are
built and how they communicate is key to unraveling brain function.
LSFM lets researchers image whole neural circuits in model organisms
like zebrafish and mice with fine detail. This has greatly advanced our
understanding of how different brain regions connect and how these
connections support behavior (Hillman et al. 2019).

For example, LSFM has been used to study the visual system of zebrafish,
a common model for neuroscience research. By imaging the entire brain
of zebrafish larvae, scientists have mapped the neural circuits involved in
processing visual information and linked specific brain areas to behaviors.
This large-scale imaging is crucial for understanding how the brain
integrates and processes sensory information, which would be difficult
with traditional microscopy methods (Vladimirov et al. 2014; Kugler et al.
2020; de Vito et al. 2022).

LSFM has also been used to investigate changes in the brain during
neurodegenerative diseases. In Alzheimer's disease, for instance, the
buildup of harmful proteins like amyloid plaques and tau tangles leads to
the breakdown of neural circuits and cognitive decline. Using LSFM,
researchers have visualized the spread of these proteins throughout the
brain in 3D, offering new insights into how they contribute to disease

32



progression. This ability is invaluable for finding therapeutic targets and
developing treatments to stop or slow down neurodegeneration
(Kirschenbaum et al. 2023; Linsley, Reisine, and Finkbeiner 2024).

2.2.1 Imaging brain tissue with light-sheet microscopy

Recent developments in brain imaging have had a huge impact on
neuroscience, giving us new insights into how the brain is built and how
it works. Traditional imaging methods like magnetic resonance imaging
(MRI) and positron emission tomography (PET) have been essential for
studying large-scale structures and brain activity. However, these
techniques can't see details at the cellular level, so they can't fully map
complex neural circuits or detect structural issues related to developmental
or degenerative brain diseases. Light-sheet microscopy offers a powerful
solution by providing high-resolution, three-dimensional (3D) imaging of
large brain tissues with minimal damage, fast data collection, and a wide
field of view.

Tissue clearing methods like CLARITY, CUBIC, and iDISCO (Tian,
Yang, and Li 2021; Vieites-Prado and Renier 2021) are used alongside
light-sheet microscopy to make large human brain volumes transparent,
enabling the visualization of deep brain structures without cutting the
tissue. This approach is crucial for mapping how different parts of the
brain connect, understanding developmental and degenerative brain
diseases, and conducting large-scale projects like the Human Brain Project
(HBP).

The speed of light-sheet microscopy is vital for studying large, optically
cleared human brain samples, greatly reducing the time needed to collect
images (Zhang et al. 2021; Mazzamuto et al. 2023). This fast imaging is
essential for capturing detailed 3D reconstructions of complex neural
networks in large brain volumes or organoids.

With its its high spatial resolution, light-sheet microscopy is ideal to
visualize tiny structures like axons, dendrites, and synapses within large
brain volumes (Fiolka 2021; Colombo, Norton, and Cocucci 2021;
Remacha et al. 2020). By using specific fluorescent markers, it can
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precisely locate proteins, neurons, and glial cells, contributing to our
understanding of the brain's structural organization (Hillman et al. 2019).

Studying the human connectome, the complex network of neural
connections in the brain, is crucial for understanding cognition, behavior,
and neurological disorders. While diffusion MRI is commonly used to
map large-scale brain networks, it doesn't have enough resolution to see
the fine details of synaptic connections. Light-sheet microscopy offers a
way to visualize the brain's microcircuits in unprecedented detail, bridging
the gap between large-scale and small-scale mapping of brain connections
(Costantini et al. 2024).

One of the most promising uses of light-sheet microscopy is in studying
neurodegenerative  diseases like Alzheimer's, Parkinson's, and
amyotrophic lateral sclerosis (ALS). These diseases involve the gradual
loss of neurons and the buildup of harmful aggregates, such as amyloid-
plaques and tau tangles in Alzheimer's disease. Light-sheet microscopy
has been used to image these pathological structures in large sections of
human brain tissue, allowing researchers to study their distribution and
interaction with surrounding cells (Béchet et al. 2020; Liebmann et al.
2016). Imaging entire 3D brain regions affected by the disease, revealed
patterns of amyloid accumulation and its relationship with neuron loss and
glial cell activation.

Another significant contribution of light-sheet microscopy is in studying
brain development and neurodevelopmental disorders. Human brain
organoids have become valuable models for studying human brain
development in the lab. Light-sheet microscopy allows researchers to
image these organoids at high resolution, observing how neural progenitor
cells differentiate, cortical layers form, and synapses develop (Shnaider
and Pristyazhnyuk 2021; Jain et al. 2023). It has been fundamental in
investigating disorders like autism spectrum disorder (ASD) and
schizophrenia. By imaging brain organoids derived from patients with
these conditions, researchers have identified structural abnormalities in
neural circuit formation and synaptic organization that may explain the
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cognitive and behavioral issues observed (Soumier, Lio, and Demily
2024).

Despite these advances, several challenges remain. One major limitation
of light-sheet microscopy is its limited penetration depth, which can make
it difficult to image deep brain structures in large human samples.
Researchers are exploring improvements like multi-photon excitation and
adaptive optics to overcome this limitation and extend the imaging
capabilities of light-sheet microscopy (Vito et al. 2022; Truong et al.
2011). Another challenge is the massive amount of data generated,
especially in whole-brain imaging studies. Processing, storing, and
analyzing these large datasets require advanced computational tools and
machine learning algorithms. Efforts are being made to develop automated
image analysis pipelines to handle the complexity of the data and extract
meaningful biological information (Gibbs et al. 2021; Amat et al. 2015).

2.3 Optical clearing of brain samples

Biological tissues, like the brain, are opaque due to the presence of
different molecules like proteins, lipids and pigments, which limit the
depth that conventional optical imaging methods like confocal and two-
photon microscopy can reach because of light absorption and scattering.
To overcome this, researchers have developed tissue clearing techniques
that make tissues transparent, allowing deep imaging of cellular structures
without needing to physically cut the tissue.

Tissue clearing has evolved into several categories, each differing in
chemical composition, methods, and specific applications to certain
tissues. The main categories are based on organic solvents, aqueous or
hyper-hydrating techniques, and hydrogel-embedding strategies (Ueda,
Ertirk, et al. 2020).

The development of tissue clearing methods is driven by the need to
reduce light scattering caused by different refractive indices within
biological tissues. These methods aim to make tissues transparent while
preserving their molecular and structural integrity, especially for antibody
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binding sites (epitopes) needed for fluorescent labeling and imaging. A
critical aspect is obtaining an optimal refractive index (RI) matching: a
homogenization of the tissue's refractive index with that of the clearing
medium. Proper RI matching minimizes light bending and scattering
allowing it to pass through the tissue, leading to enhanced transparency.

One of the main challenges in adapting optical clearing techniques to
human brain samples is the increased size, density, and myelination
compared to rodent brains (‘Author Spotlight: Advancing 3D
Cytoarchitecture Analysis - Rapid Volumetric Reconstruction of the
Human Brain’, n.d.). Future developments will need to focus on
improving the speed and depth of clearing, as well as enhancing
compatibility with the unique properties of human brain tissue. Moreover,
integrating tissue clearing with advanced imaging methods like light-sheet
microscopy and single-cell RNA sequencing will further expand research
possibilities, enabling more comprehensive analyses of brain function and
pathology (Jiang, Gong, and Yuan 2023).

2.3.1 Refractive index matching in tissue optical clearing

When biological tissues and the imaging medium have different refractive
indices, light scattering and optical aberrations occur, which greatly
reduce imaging resolution and depth. This problem is especially critical in
light-sheet microscopy because it requires light to travel uniformly
through samples to achieve high-resolution, distortion-free 3D images of
cleared tissues.

To understand why matching refractive indices is important in tissue
clearing, we need to look at how light interacts with biological tissues.
These tissues are not uniform; they consist of components like cell
membranes, extracellular matrix, and organelles, each with their own
refractive index. As light moves through tissue, it scatters when it hits
these structures. The amount of scattering depends on the size, shape, and
refractive index of each biological component. Generally, biological
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tissues have refractive indices between 1.33 and 1.50, while common
clearing media range from 1.44 to 1.56 (Richardson and Lichtman 2015).

A large difference in refractive index between tissue components and the
surrounding medium causes light to bend as a consequence of refraction.
This bending reduces how deep light can penetrate and leads to image
distortions and lower spatial resolution. For example, areas rich in lipids
within tissues have a higher refractive index than water-based solutions,
causing more light scattering and poor image quality (Tainaka et al.,
2014). Matching the refractive index helps minimize these issues by
making the tissue's optical properties more uniform.

Effective tissue clearing methods aim to equalize the refractive index
across the sample by removing or altering components that cause
mismatches. Clearing agents like organic solvents, water-based solutions,
and hyper-hydrating methods replace or modify the tissue's internal parts
to match the refractive index of the surrounding medium. This process
reduces light scattering and improves optical transparency (Ke et al.,
2013).

2.3.2 Organic solvent-based clearing methods

Organic solvent-based clearing methods are among the most used
techniques. They typically involve dehydrating the tissue and then
immersing it in an organic solvent with a high refractive index that
matches the tissue components, making the tissue transparent. One
pioneering method is 3DISCO, widely used for clearing various tissues,
including the brain. This technique uses a series of dehydration steps in
organic solvents like tetrahydrofuran (THF), followed by clearing in a
refractive index-matching solvent such as dibenzyl ether (DBE) (Ertirk et
al. 2012).

The iDISCO protocol is an improvement over 3DISCO, incorporating
immunolabeling steps to visualize specific molecular markers within the
cleared tissue (Renier et al., 2014). iDISCO has been extensively used in
neuroanatomical studies and disease models, including Alzheimer's
disease. For example, it has been applied to study amyloid plaques and tau
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tangles in AD mouse models, offering new insights into disease
progression and plaque distribution (Liebmann et al. 2016).

Another solvent-based approach is the BABB (Benzyl Alcohol/Benzyl
Benzoate) clearing method. It uses a mixture of benzyl alcohol and benzyl
benzoate to dehydrate the tissue and enhance transparency, similar to
3DISCO. BABB is particularly effective for clearing embryos and small
organs but is less commonly used for large adult brain samples due to
tissue shrinkage and distortion (Azaripour et al. 2018).

Despite their effectiveness, organic solvent-based clearing methods have
limitations. They often cause tissue shrinkage and deformation because of
the harsh solvents used, which can affect the accuracy of structural and
quantitative analyses. Additionally, preserving fluorescent proteins is
challenging with these methods, requiring alternative labeling strategies
(Baatsen et al. 2021; Li et al. 2018).

2.3.3 Agueous-based clearing methods

Aqgueous-based clearing techniques have emerged as gentler alternatives
to organic solvent methods. These techniques use water-soluble chemicals
to reduce refractive index mismatches within tissues, making them
transparent without dehydration or the use of organic solvents. One
popular method is Scale, developed by Hama et al. (Hama et al. 2015). It
uses urea-based solutions to make the tissue transparent by breaking down
lipid bilayers while preserving protein fluorescence.

The CUBIC method, developed by Susaki et al. 2014, uses a combination
of aminoalcohols and detergents to remove lipids while maintaining
protein fluorescence. This method is advantageous for large-scale 3D
imaging, especially for tissues that require fluorescent markers to be
preserved. CUBIC has been widely applied to mouse brain clearing and is
compatible with light-sheet microscopy (Tainaka et al. 2014). Its
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effectiveness and scalability make it a valuable method for clearing large
tissues.

Another aqueous clearing process is SeeDB, developed by Ke et al. 2013.
It's a fructose-based method designed to preserve tissue structure and
protein fluorescence. SeeDB is relatively gentle and works well with
multiple rounds of immunolabeling. However, its high viscosity can make
the clearing process slow and uneven, especially in larger tissues, and it
may not achieve the same level of transparency as methods like CUBIC
or 3DISCO (Ke et al., 2013).

2.3.4 Hydrogel-based clearing methods

CLARITY clearing method.

Hydrogel-based clearing methods offer a unique approach by combining
tissue clearing with structural preservation. A significant breakthrough in
this area is CLARITY (Clear Lipid-exchanged Acrylamide-hybridized
Rigid Imaging/Immunostaining/In situ-hybridization-compatible Tissue
hYdrogel). This method embeds the tissue in a hydrogel matrix, which
crosslinks proteins and other biomolecules, while lipids are removed using
a detergent solution (Chung et al. 2013; Costantini et al. 2015). The
hydrogel provides structural support, preserving the tissue architecture and
allowing for molecular labeling even after clearing.

CLARITY is particularly suitable for immunolabeling, permitting
multiple rounds of antibody staining without damaging the tissue.
However, the method is time-consuming and requires specialized
equipment like electrophoretic clearing systems (H. Lee et al. 2014).
Another challenge is the incomplete removal of lipids in large tissues,
which may limit transparency and reduce imaging depth.

This approach has inspired several derivative protocols, such as the
Passive Clarity Technique (PACT) and Fast Free-of-Acrylamide Clearing
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Tissue (FACT), which have shown better efficiency and tissue
preservation compared to CLARITY (Neckel et al. 2016; Xu et al. 2017).

SWITCH clearing method.

The SWITCH (System-Wide Control of Interaction Time and Kinetics of
Chemicals) protocol was developed to offer a more controllable method
for both clearing and labeling tissues. It relies on precise control of
chemical interactions by adjusting pH, temperature, and time during the
clearing process. This method is highly customizable and suitable for
various tissues, including the brain (Murray et al. 2015). By changing
reaction conditions, SWITCH ensures uniform distribution of clearing
agents and molecular probes, allowing large and complex tissues to be
cleared evenly without the need for electrophoresis.

One main advantage of SWITCH is its ability to perform clearing and
molecular labeling at the same time. This reduces the overall preparation
time and allows for more consistent labeling across the tissue. The
protocol has been successfully applied to human and mouse brains to map
whole-brain neural circuits at high resolution (Murray et al., 2015).
However, its complexity and the need for precise control can be
challenging for less experienced laboratories.

SHORT clearing method.

The SHORT (Systematic Hydrogel Optimization for Rapid Tissue-
Clearing) protocol is a newer innovation designed especially for human
brain tissue that combines the SWITCH tissue transformation method with
the TDE aqueous clearing. SHORT lowers the tissue autofluorescence and
enhances the accessibility of epitopes in combination with clearing and
staining processes while preserving the biological structure. It combines
hydrogel embedding with bleaching and antigen retrieval steps enabling
successful clearing and staining of human brain tissues. SHORT improves
upon CLARITY's and SWITCH’s limitations leading to more uniform
embedding and better structural preservation (Pesce et al. 2022).
Additionally, SHORT retains the benefits of hydrogel-embedding
methods, including compatibility with immunostaining and LSFM.
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However, like other hydrogel-based techniques, it requires specialized
equipment and reagents, which may limit its accessibility.

2.4 LSFM high-throughput and data management

Despite its significant advantages, LSFM presents challenges, particularly
in managing the massive amounts of data it generates. The high temporal
and spatial resolution, combined with multi-channel capabilities and the
large pixel density of modern camera sensors, can produce terabytes to
petabytes of data in a single experiment (Li et al., 2017). Effective
management, storage, and analysis of these large image datasets are
crucial for a smooth research workflow.

LSFM captures data in 3D and often in multiple channels for different
fluorescent markers, and even 4D data when performing live imaging.
Each voxel represents a 3D pixel of information, and modern LSFM
systems can capture millions to billions of these voxels at each time point
(Wu et al., 2013). This complexity increases data size exponentially
compared to traditional 2D imaging methods. As a result, handling these
large datasets can become unmanageable using conventional systems
(Zhou et al., 2018).

Another challenge is the need for standardization in LSFM data formats
and analysis pipelines. The variety of imaging systems and data formats
used in LSFM makes it hard to develop universal tools for data
management and analysis (Bock et al., 2020). Efforts are underway to
standardize data formats, like the Open Microscopy Environment (OME)
format, but more work is needed to ensure that LSFM data can be easily
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shared and analyzed across different platforms and institutions, improving
repeatability.

2.4.1 Large data storage

Given the size of LSFM data, efficient storage solutions are essential.
Standard hard drives or consumer-level storage options can't handle multi-
terabyte datasets effectively. To address this, researchers have developed
high-performance storage systems. Parallel file systems like Lustre and
GPFS (General Parallel File System) are often used for large-scale image
data storage. These systems allow multiple nodes to read and write data
simultaneously, greatly improving data throughput. For example, Lustre
is commonly used in high-performance computing environments for
storing large scientific datasets due to its scalability and fault tolerance
(Behnel et al., 2013).

Hierarchical Storage Management (HSM) systems have also been
implemented to automatically move data between high-speed, high-cost
storage (like SSDs) and high-capacity, lower-cost storage (such as
magnetic tapes or cloud storage) based on how often the data is accessed.
This approach keeps frequently used data on faster storage while archiving
less frequently accessed data on slower, more cost-effective hardware
(Rueden et al., 2017).

Another solution for managing large data is data compression. Lossless
compression techniques, like using the HDF5 file format (Hierarchical
Data Format), are increasingly employed in LSFM to reduce storage
requirements while maintaining data quality. HDF5 supports storing
multidimensional datasets and is widely used in scientific fields because
it efficiently handles large amounts of data. This format is increasingly
supported by specific data processing software, enhancing computational
speed and throughput in image analysis (Mangalam et al., 2021).

Since raw data, processed results, and experimental metadata need to be
preserved and accessible for future studies and reproducibility, research
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facilities often set up custom servers and workstations dedicated to LSFM
data storage and analysis (Breda et al., 2018).

2.4.2 Processing and analysis of large datasets

LSFM datasets require substantial computational power for processing,
including 3D/4D data reconstruction (reslicing, stitching), segmentation,
counting, tracking, and visualization. Without proper data management
workflows, computational bottlenecks negatively impact researchers'
ability to analyze their data efficiently (Peng et al., 2021). Real-time
analysis remains a significant challenge when working with large LSFM
datasets, requiring the installation of dedicated servers which can handle
large tasks (Roy et al., 2019).

Processing LSFM datasets requires high-performance computational
resources. One of the most promising solutions is the use of Graphics
Processing Units (GPUs) for image processing tasks. GPUs represent the
faster solution for parallel processing, making them well-suited for
handling the intensive tasks involved in LSFM data analysis (Wagner et
al., 2020). Libraries like CUDA and OpenCL provide researchers with the
tools to develop GPU-accelerated workflows, which can significantly
reduce the time required to process large datasets. By leveraging the power
of GPUs, researchers can perform complex analyses in a fraction of the
time it would take using central processing units (CPUs) of their
workstations.

Another approach for processing large LSFM datasets is the use of
distributed computing frameworks, such as Apache Hadoop and Apache
Spark, which allow researchers to process LSFM data across multiple
computing nodes, providing the scalability needed to handle multi-
terabyte datasets. These systems break down large datasets into smaller
chunks that can be processed in parallel, significantly reducing processing
time (Bigas et al., 2016). Distributed computing is particularly useful for
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tasks that require the analysis of large numbers of individual images or for
high-throughput experiments.

In addition to hardware-based solutions, machine learning has emerged as
a powerful tool for managing LSFM data. Machine learning algorithms,
particularly deep learning models such as convolutional neural networks
(CNNSs), have been successfully applied to tasks like image segmentation,
feature extraction, and pattern recognition in biological imaging (Caicedo
etal., 2019, Checcucci et al. 2024). CNNs, for example, can be trained to
automatically identify and segment cells, tissues, or other structures within
LSFM datasets, saving researchers significant time and effort. Training
these models on large datasets can be computationally expensive but, once
trained, they provide a highly efficient way to analyze new data.

Cloud computing is another area where significant progress has been made
in managing LSFM data. Cloud platforms such as Amazon Web Services
(AWS), Google Cloud, and Microsoft Azure offer scalable storage and
computational resources that can be accessed remotely. These platforms
provide nearly unlimited storage capacity, allowing researchers to store
their LSFM data without the need for expensive local infrastructure. Cloud
services also facilitate collaboration by making it easier to share data with
colleagues and collaborators around the world (Schindelin et al., 2015).
Moreover, many cloud platforms integrate with machine learning
capabilities, allowing researchers to develop and perform analysis
pipelines that can handle large LSFM data (Stringer et al., 2021). Indeed,
international projects create specific platforms, such as EBRAINS or
DANDI, for brain data to collect in the same space data related to this
subject facilitating the networking of the neuroscience community
(https://www.ebrains.eu/ , https://dandiarchive.org/).

Cloud computing also supports interactive exploration and visualization
of large datasets. Tools like Jupyter Notebooks or Google Neuroglancer,
enable researchers to interactively visualize their data and eventually run
analysis pipelines in real-time. These tools can be run in cloud
environments, allowing researchers to take advantage of powerful
computational resources without needing expensive local hardware
(Sofroniew et al., 2022). This combination of cloud computing and
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interactive data exploration is very useful for researchers who need to
quickly visualize and analyze large LSFM datasets.

2.5 Aims of the project

2.5.1 Research requirements and proposed solutions

Studying the human brain, due to its large size and complexity, is a
challenging task for researchers and dedicated tools are necessary for
investigating its structure and functionality. The necessity to visualize
neuronal circuits and fibers in centimeter-size brain volumes and,
virtually, in the entire human brain, results in the exigence of specific
instrumentation to achieve fast volume imaging at cellular or sub-cellular
resolution. When high resolution imaging of large human brain samples is
required, light-sheet fluorescence microscopy represents the optimal
choice.

The “Large Volumetric Mapping with light-sheet microscopy” group, led
by Prof. Francesco Saverio Pavone at LENS Department, University of
Florence, aims to push forward our knowledge of human and mice brain
structure and functionality as well as to a better understanding of
neurodegenerative diseases through cutting-edge technologies and thanks
to the cooperation between Italian and international partners. In recent
years, our group took part in many relevant projects, such as the Human
Brain Project, and developed new imaging solutions for high-resolution
imaging of brain tissues, new tools for image analysis as well as
developing the SHORT clearing protocol for human brain tissue. Among
many other systems, a dual-inverted light-sheet microscope was custom-
built by the group to image human brain slabs up to 4x4cm in size and
500-700 pum thickness (Figure 14). This system is capable of imaging
samples in four colors at a volumetric speed of 0.17 cm®h with an
isotropic resolution of 3.64 um after image post-processing, resulting in
an imaging time of 5 to 6 hours per sample, depending on slabs size (Pesce
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et al. 2022, Di Meo et al. 2024). The setup has been used to image slices
derived from blocks of 4x4x2 cm® of human Broca’s area, whole human
hippocampus and brain stem in the context of numerous projects.

Considering the large number of slices obtained from sectioning whole
human brain areas, imaging speed becomes crucial for limiting the time
required for obtaining useful data, especially when respecting projects
strict deadlines is fundamental. Additionally, increasing the capacity of
placing bigger sized samples in the specimen holder, would reduce the
number of slices to be cut for each sample and the handling, clearing and
staining processes by the operators, speeding up the research and gaining
time to work on additional projects, thus increasing the productivity of the
group. A final goal would be the capacity of imaging sections of entire
human brain hemispheres or transverse sections of whole brain.

This PhD project focused on the realization of a custom-made light-sheet
microscope to fulfill these research requirements. The project was
financed by Ente Cassa di Risparmio di Firenze within the Human Brain
Optical Mapping project.

An inverted confocal slit design, including one excitation arm and one
detection arm, was chosen as the ideal solution. Four excitation lasers are
used to illuminate the samples with four digitally scanned light-sheets at
the same time, each synchronized with the rolling shutter of one of the
four cameras on the detection side, allowing to record images in four
colors with a single light-sheet sweep. This peculiar characteristic, in
addition to the large field-of-view of the detection objective, allows to
speed up the imaging process of one order of magnitude compared to the
inverted LSFM mentioned above.

2.5.2 Project overview

As increasing the imaging speed was the main goal of the project, the setup
has been designed to achieve this requirement in all of its elements.

46



Firstly, increasing the objective field-of-view represents an effective way
to reduce the imaging time, as a wider captured area per frame cuts down
the number of frames required to image the sample. Secondly, a very
convenient way for imaging in four colors simultaneously was adopted.

The setup has been placed on a 230x120 cm optical bench on self-
levelling, vibration isolators. The optical bench is surrounded by a steel
cage which allows protective curtains to be placed around the whole setup
to isolate it from environmental light during the operation and to shield
the users from potentially hazardous laser radiation. Two 120x90x6 cm
breadboards (B90120A, Thorlabs) have been placed aligned with the
opposite short edges of the optical bench and elevated by pillars in such a
way that the longest side of the breadboards results aligned with the
shortest side of the optical bench. This positioning results in a “free” space
on the optical bench, between the two breadboards, of 30 cm. The left
breadboard, with respect to the operator position, hosts the illumination
part of the system, including the four laser diodes, the beam combining
optics, an acousto-optical tunable filter (AOTF), a diffraction prism, a
galvanometric mirror, a scan lens and the tube lens of the illumination
objective. The right breadboard is dedicated to the detection objective tube
lens, three dichroic beamsplitters and the four cameras with the respective
bandpass filters. In between these elevated side breadboards, a large three-
axis motorized stage was placed at the center of the optical bench and a
45x30x2.5 cm (PBG3045A, Thorlabs) breadboard was secured on top of
the two breadboards vertically. The illumination and detection objectives,
mounted on XY stages, have been placed on this vertical breadboard, wich
are respectively fixed on a manual and a piezoelectric stage for fine focus
adjustment. A large sample holder on top of the three-axis stage is free to
move beneath the two elevated breadboards. Figure 16 shows a
preliminary study of the setup design.
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Figure 16. Preliminary scheme of the setup design. The two lifted, lateral breadboards hold
the vertical breadbord where the two objectives are located. A large specimen holder is
mounted on top of the three-axis motorized stage.

3. Materials and Methods

In this chapter, the realization of a custom light-sheet microscope for the
fast imaging of human brain tissue in four colors will be discussed (quad-
SPIM), as well as its software and data processing. The sample optical
clearing and antibody labeling will also be discussed.

3.1 Excitation path design

3.1.1 Laser sources and beams combining

Four excitation laser wavelengths have been chosen to excite the
fluorescent dyes in the sample. In particular, 488 nm, 561 nm, 594 nm and
647 nm wavelength laser lines were chosen to excite Alexa fluor 488, 561,
594 and 647 secondary antibodies (Thermo Fisher Scientific) used in
conjunction with primary antibodies targeting specific neuron epitopes.
The lasers used in the setup are four high performance, low noise, diode
pumped solid state lasers (DPSS): the maximum power outputs consist in
100 mW for the 488 nm line (Cobolt 06-MLD 488nm), 100 mW for the
561 nm line (Cobolt 06-DPL 561 nm), 50 mW for the 594 nm line (Cobolt
594 nm 04 series) and 130 mW for the 647 nm line (Cobolt 06-MLD 647
nm). The beam diameter of the lasers is 0.7+0.05 mm.
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The four laser beams are combined into a single collimated beam before
entering the AOTF (AOTFnC-400.650-TN, AA Opto-Electronic), used
for line selection and beam blanking. The beams are combined by three
44x32 mm long-pass dichroic filters: a 552 nm cut-off frequency (F552-
Di02-32x44-FX, Semrock), a 596 nm cut-off frequency (FF596-Di01-
32x44-FX, Semrock) and a 649 nm cut-off frequency (FF649-Di01-
32x44, Semrock). Two silver mirrors with VIS anti-reflection coating
(PF10-03-P01, Thorlabs) have been placed in front of each laser at an
angle of 45° in respect to the optical axis and at a distance of 15 cm from
each other to ensure two degrees of freedom for precise alignment of the
beams. After the second mirror, the beam is directed towards the
respective dichroic filter. The three dichroic filters are positioned at an
angle of 45° with respect to the optical axis and to the beam reflected by
the second mirror of the respective laser line. Two iris diaphragms (iris 1
and 2, Figure 17) positioned before the AOTF entrance at a distance of 30
cm from each other are used as a reference for fine alignment of the four
beams before their entrance in the AOTF.

A half-waveplate on a rotation mount was placed in front of each laser to
finely adjust the beam polarization plane at the entrance of the AOTF to
maximize the power output of the first-order diffracted beam exiting the
AOTF, which is then directed towards the diffraction prism.

A schematic of the excitation path is shown in Figure 17.
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Figure 17. Excitation path schematic. For simplicity, only the 488 nm beam is shown.
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3.1.2 Acousto-optical tunable filter (AOTF)

An acousto-optical tunable filter (AOTF) is a device used to control and
filter light based on the interaction between light and sound waves in a
crystal. AOTFs are widely used in optical systems because they allow for
quick tuning of wavelengths without any moving parts, which makes them
faster and more reliable than mechanical filters (Figure 18).

When an acoustic wave is passed through the crystal, it causes the crystal
to vibrate and a pattern with alternating high and low-density areas is
created as a consequence. These variations result in a change of the
refractive index of the crystal, allowing certain wavelengths of light to be
diffracted while others can pass through without changing according to
Bragg’s diffraction law. In practice, the crystal is now acting like a
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selective diffraction grating. The desired wavelengths of light which are
then diffracted, can be selected by adjusting the frequency of the acoustic
wave applied to the crystal. In addition, the output power can be tuned by
adjusting the amplitude of the acoustic wave passing through the crystal.
As the only diffracted beam remaining at a constant angle at the crystal
exit is the first order extraordinary diffracted beam, only this beam is
allowed into the optical system. A practical way to filter out the three
remaining beams, is to apply two polarizing filters, the first before the
entrance of the crystal, and the second one at the exit.

(a) _~ First order (o)
O Zeroth order (0)
Incident - = Zeroth order (e)
wave S
i * First order (e)
Acoustic wave
(b) | ~ First order (o)
R 1+ Zeroth order (o)
Incident e “*Zeroth order (e)
wave * First order (e)

Acoustic wave

Figure 18. Effect of Bragg diffraction in an AOTF. (a) When a RF wave is
applied to the crystal -arrow- the incident beam is diffracted into four
beams: an ordinary zeroth and first order beam and an extraordinary
zeroth and first order beam. The only beam that remains at a constant angle
at the exit of the crystal is the first order extraordinary diffracted beam. (b)
When two linear polarizers are added at the entrance and at the exit of the
crystal, the polarizer at the entrance removes the ordinary exit beams and
the second polarizer removes the zeroth order extraordinary beam. As a
result, only the first order extraordinary beam is maintained (Elash et al.
2015).

In the setup, no polarizers were used to filter out the unnecessary diffracted
beams, which are blocked by a beam stopper instead. The half waveplates
in front of each laser can be rotated to finely adjust and maximize the
power of the output first order extraordinary diffracted beam, which is
then directed towards the diffraction prism by two mirrors.
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3.1.3 Diffraction prism and beam separation

The key element of the illumination path is the diffraction prism (60°
angles, GK7 glass, Thorlabs), located after the AOTF in the optical path
and just before the galvanometric mirror. Its role is to diffract the four
beams and separate them by an angle before entering the scan lens. As
these beams are directed on the back focal plane of the illumination
objective by the galvo, four spatially separated digitally scanned light
sheets can be projected onto the sample at each galvo movement
(Paragraph 2.1.5).

After the four combined beams pass through the prism, they undergo
angular separation for the effect of refraction. Refraction happens when a
wave travels through the interface between two media with different
refractive index. A portion of the light will be reflected, while another
portion will be refracted. The portion of reflected and refracted light can
be approximately predicted by Fresnel equations.

In general, the deviation angle of the exit wave depends on the angle of
the incident beam and on the ratio between the RI of the two media, as
described by Snell’s law:

sin 6 n v
—2 =2z (3.1)
sinf, nq vy

Where 8;and 6, are the beam incident angle and exit angle with respect
to the normal to the interface surface passing through the point of
incidence; N1, N2 correspond to the refractive index of the two media; V1,
V2 is the velocity of the wave respectively in medium 1 and 2 (Figure 19).
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interface

Figure 19. Graphical representation of Snell's law.

The refractive index of a medium is defined as:

(3.2)

S Ia

Where C is the speed of light in vacuum and v is the velocity in the
medium.

Since C is a constant, this implies that the velocity of a wave through a
medium is inversely proportional to its RI, n:

1
vocs (3.3)

A crucial phenomenon occurring when light passes through a medium is
dispersion, which causes its refractive index to change with the
wavelength. The relationship between the wavelength and a medium RI
can be empirically approximated by the Cauchy’s transmission equation:
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n() =A+5+5+ (3.4)

Where A, B, C,... , are material-dependent coefficients. From the
equation, it follows that the RI of a medium is inversely proportional to
the wavelength. As a consequence, lower wavelength light, like blue light,
is refracted by a larger angle than red light.

In the setup, this property was used to split the beam obtained by
combining the four laser beams into its fundamental components. By
doing this, the four beams reach the galvanometric mirror in four slightly
separated points on the y plane of the optical path.

Exciting the sample with four spatially separated light-sheets is
fundamental to avoid channels cross-talk and to allow for four color
imaging at high speed.

3.1.4 Scan system

A galvanometric mirror (Cambridge Instruments) is used to move the
beams on the back focal plane of the illumination objective. The mirror is
placed at 200 mm from a 50 mm diameter achromatic doublet (F=200 mm)
with VIS AR coating (Thorlabs), used as scan lens, thus matching its focal
length. Another F=200 mm achromatic doublet was used as tube lens and
aligned on the optical axis at a 400 mm distance from the scan lens (Figure
17). The 1:1 ratio of the scan lens and tube lens ensures that no
magnification or demagnification is applied to the 0.7 mm laser beams.
Two diaphragm irises (iris 3 and 4, Figure 17) are placed respectively in
front of the scan and tube lens for beam alignment.

The refracted beams coming from the diffraction prism are then projected
onto the galvanometric mirror by a series of three mirrors, which are used
to finely adjust the beam alignment on iris 3 and 4. The beam path length
between the prism and the galvanometric mirror has been adjusted by
varying the distance of these three mirrors to obtain the ideal spatial
separation of the four beams on the galvanometric mirror.
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The mirror is controlled by an analog signal generated by an input/output
board from National Instruments (Paragraph 3.7). The signal is a
triangular wave where the ascending portion, with smaller slope, generates
the light-sheet by sweeping the beams onto the sample, while the
descending ramp, with steeper slope, repositions the mirror to the starting
position.

3.2 Objectives

The illumination and detection objectives have been placed on a
45x30x2.5 cm vertical breadboard, mounted on adjustable mounts with 6
mm travel range in the xy plane of the optical path (ST1XY-S, Thorlabs).
The vertical breadboard (PBG3045A, Thorlabs) is secured to the lateral
elevated breadboards by two angular brackets (VB01/M, Thorlabs). A
super apochromat 2x/0.10 NA objective (TL2X-SAP, Thorlabs) with 56.3
mm working distance was chosen as illumination objective. A Leica HC
PL Fluotar 5x/0.15 NA immersion DLS objective with a free working
distance of 4.8 mm and a field number of 25 was chosen as detection
objective. The latter was selected as it was the only 5x, large FOV,
objective designed for glycerol immersion available on the market. A
higher NA and higher working distance custom solution could be
considered in the future for higher resolution and smaller space constraint.
The illumination and detection objectives have been set respectively on a
25 mm travel range manual stage (XNR25P/M, Thorlabs) and a 26 mm
travel range piezoelectric stage (Q-545.240, Pysik Instrumente). The
stages are respectively used to adjust the light-sheet position and the
focusing of the detection objective. The vertical breadboard hosting the
objectives is lowered downwards between the two horizontal breadboards
to allow the objectives to exceed toward the specimen holder by 6 cm.
This guarantees the free movement of the objectives within the specimen
holder.

Two pairs of 50 mm diameter silver mirrors (PF20-03-P01, Thorlabs)
mounted on the vertical breadboard between the objectives and their
respective tube lens are used to finely adjust the alignment of the beam
entering the illumination objective and the fluorescence light coming out
from the detection objective to the detection path.
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As a consequence of the relatively low free working distance of the Leica
detection objective, physical space constraints resulted in the need for a
lower angle of incidence of the light-sheet with respect to the sample xy
plane compared to standard dual inverted-SPIM configuration, where the
objectives are tilted 45° (Paragraph 2.1.5). By calculating the physical
constraints of the objectives and the light-sheet confocal parameter b=2Zr
(equation 1.2, Paragraph 2.1.2), an angle of 20° resulted to be the ideal
configuration (Figure 20).

Figure 20. Schematic of the illumination and detection objective layout. The optical axis of the
illumination objective is tilted 20° in respect with the optical bench. The optical axes of the two
objectives are normal to each other.

As exploiting the large FOV of the illumination objective is of primary
importance for maximizing the imaging speed, the confocal parameter b
of the light-sheet beam needs to equal the FOV of the detection objective.
The field of view of the detection objective on the camera sensor can be
calculated by multiplying the camera pixel size by the number of pixels in
the shortest dimension of the camera sensor. The cameras, four SCMOS
Hamamatsu Orca Flash 4 v.3, provide a high-dynamic range, low-noise
16-bit sensor counting 2048x2048 6.5 um pixels. The FOVim can then be
calculated as:
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6.5 um
FOVim = l’L

+ 2048 = 2662 pm

Considering the 0.7 mm incident beam diameter entering the back focal
aperture of the illumination objective, the confocal parameter can be
calculated by substituting (1.1) into (1.2):

2 2 2
Twg _ o Af* _ - 0.561:56300 _
2 - 2mpz s 2 31a70pz MM =2311um

Where A2 = 0.561 pum.

The resulting 2311 um confocal parameter is then compatible with the
2662 pm FOV of the illumination objective.

The 2x/0.10 illumination objective is not suited for immersion. A custom
PVC cap with a 0.2mm thick quartz cover glass (Rl = 1.46) glued at the
end of the cap was designed to minimize the refractive index mismatch
aberrations when the beam passes from air (n = 1) to 1.46 Rl medium
(quartz cover glass, 91% v/v glycerol/water of immersion medium, Figure

21). The effect is minimized as the incidence angle between the beam and
the media interface is very close to 0°. According to Snell’s law:

nq sin 91 = nzsin 92 with n{, n, #0 =
= nysin 0° = n,sin 6, =

= n,sinfB, =0 =
= sinf, =0 =

= 0, =arcsin 0 =0°
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When the angle of incidence at the interface is 0°, the refraction angle is
0° as well and no refraction occurs.

Coverglass

NILIORIPABS
TL2X-SAP

2/0.10 / 350-700 nm
« [ WD 56.3 mm

Figure 21. Custom cap to isolate the illumination objective from the immersion medium and
minimize the refraction at air/medium interface. Two plastic screws in the body are used to secure
the cap to the objective.

3.3 Detection path

The detection path comprises the detection objective tube lens, three
dichroic long-pass mirrors which split the fluorescence signal into four
channels, and four sSCMOS Hamamatsu Orca Flash 4 v.3 cameras. All
these components are mounted on the right elevated breadboard of the
setup (Figure 23).

A 75 mm diameter, F=200 mm achromatic doublet (Edmund Optics) was
used as the detection objective tube lens and it was aligned with the
detection optical path.

Three 25.2x35.6x1 mm dichroic mirrors with cut-off frequencies of 520

nm, 581 nm and 604 nm (Alluxa) split the image into four channels. Figure
22 shows the transmission curves of the dichroic mirrors.
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Figure 22. Transmission curves of the dichroic mirrors used in the detection path.

A 50 mm diameter band-pass filter was positioned in front of each camera
to avoid cross-talking between the four channels. The specifics of the
filters are as follows: (i) 520 nm CWL, 36 nm Bandwidth, (ii) OD 6 (67-
044, Chroma), (iii) 578 nm CWL, 16 nm Bandwidth, (iv) OD 6 (87-766,
Chroma), 623 nm CWL, 50 mm Dia, OD 6 (87-768, Chroma) and 692 nm

CWL, 50 mm Dia, OD 6 (67-052, Chroma).

Each camera is mounted on a three-axis manual stage (PT3/M, Thorlabs)
for precise positioning and focusing. The importance of fine adjustment
of the cameras along the y axis for correct synchronization of their rolling
shutter with the scanned light-sheets will be discussed in Paragraph 3.9).
All cameras are positioned at the focal plane of the imaging tube lens, at a

distance of 200 mm from it.
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Figure 23. Schematic of the detection path of the apparatus.

3.4 Stage and specimen holder

The setup is intended to accommodate and image up to eight 60x60 mm?
slides containing brain slices or for hosting whole brain sections. To this
purpose, a large assembly of two precision linear stages (M-531.PD,
Physik Instrumente) with a travel range of 300 mm were used for x and y
movement of the specimen. A heavy-duty vertical precision stage with 26
mm travel range (L-310, Physik Instrumente) was assembled on top of the
xy assembly for the vertical movement of the specimen chamber.

A custom specimen holder has been designed and machined from a bulk
block of black PVVC by the LENS Department mechanical workshop. The
holder was entirely grooved to a depth of 20 mm, leaving a 20 mm edge
to create a chamber for the immersion liquid. Eight 62x62 mm? slots were
carved in the bottom of the chamber to allocate 60x60 mm? slides
containing the samples. The resulting volume of immersion liquid that can
be contained in the chamber is 2 liters.

Figure 24 displays a schematic of the final design of the setup.
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Figure 24. Schematic of the setup.

3.5 Computer and electronics

Two identical workstations have been installed to control the apparatus,
one operating as master workstation with the control software installed,
while the second works as a slave computer for the sole data acquisition
from two of the four cameras. The two computers communicate via
internal LAN connection. This configuration was required as one
computer can only operate a maximum of two cameras. The operating
system (OS) installed on both systems is Ubuntu v24.04.1.

The computers are server workstations based on two 8-core 4309Y
2.8GHz, 12M Cache Xenon processors (Intel) and 128Gb of 3200 MHz
DDR4 RAM. A National Instruments 6738 PCle DAQ card was installed
on the master system to provide the required analog and digital outputs for
controlling the system. Digital outputs are used to generate the AOTF
blanking signal and the four camera triggers. One analog output is used to
generate the triangular waveform for the galvanometric mirror.

The four laser drivers are connected to the workstation via USB ports, as
well as the AOTF RF generator and the four stage driver units.

All the power supplies have been secured onto the optical bench and the
bench was grounded for safety.
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3.6 Control software

A custom control software, previously jointly developed by LENS and
CNR-INO Departments and already in use on two light-sheet setups of
LENS Department, was adapted to control the new apparatus. The
software, named  “SPIMLab” is  freely  available at:
https://github.com/lens-biophotonics/SPIMIlab in its original version
intended for controlling the dual-inverted SPIM of the group (Mazzamuto
et al. 2023).

The software was developed in C++ language and specific libraries
(QtLab) were used to generate the GUI and to allow the communication
with the lasers, stages, AOTF and the National Instruments DAQ card.
The software GUI was designed for user-friendly operation.

The main frame includes two cameras views, a top menu for selecting
secondary controls, and, at the bottom the stage movement controls, galvo
mirror and acquisition parameters controls. The stages controls allow to
set the single step movement size and velocity. By clicking on the arrows,
or by manually setting the position, the operator can move the stages. The
galvo controls allow to set the amplitude, delay and offset of the galvo
ramp. The fraction parameter sets the time duration of the ascending ramp
as a percentage of the total time duration of the triangular wave.

The acquisition section of the main window allows to set the scan
coordinates on the xy axes for an acquisition, as well as the file name and
path, exposure time and binning of the camera sensor.

Figure 25 shows the main frame of SPIMLab.

The top menu opens secondary windows for lasers and AOTF control,
stages secondary settings and general settings of signal I/O ports for
digital/analog signals on the National Instruments DAQ card, including
analog output port for the galvo ramp, camera triggers and x stage start
trigger. The number of cameras (channels) to be acquired can be selected
from the settings sub-window. The AOTF settings, which allow to select
the active laser lines, can be accessed by the filters sub-window.

A message log can be consulted for following operational status of the
system and possible debug.
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SPIMLab has two running modalities. In free run, the system displays
real-time images of the selected channels (maximum 2 per computer) on
the main window and can be used to optimize acquisition parameters and
to find the edges of the sample. These edges positions can be used as
absolute coordinates for the acquisition in acquisition tab (x,y from ... to
...). The acquisition button starts an acquisition of the selected channels.
A typical acquisition starts acquiring data from the top left corner of the
sample. The sample is then moved by the stages in a linear pattern from
top to left on the x axis and top to bottom on the y axis. The x position of
the stage is reset to the starting point after each line acquisition terminates.
The movement speed and, thus, the sampling on the x/z direction, can be
set by changing the step value of the x axis in the acquisition tab. Similarly,
the overlap between two adjacent x lines can be set by changing the step
value of the y axis in the acquisition tab. A 10% overlap between two x
lines is recommended for correct post-processing alignment of the images.
The system shown in Figure 24 has a 1 mm field of view. The y step has
been set to 0.9 mm, resulting in a 10% overlap of two successive x lines.

The software automatically calculates the number of frames along the x
axis and the number of iterations of an horizontal line along the y axis
based on the acquisitions coordinates set by the user.

The x stage moves at a constant speed during the acquisition, resulting in
a small skewing of the image pixel frames from the top to bottom of the
image. In practice, as the sample is constantly moving, the light-sheet
illuminates a slightly displaced portion of the sample while the frame is
recorded. However, considering the slow-moving speed compared to the
frame rate (45-46 Hz), and the 0.5-1 ms exposure time, this effect remains
neglectable.

The software on the slave computer was modified to only display the

frames of camera 2 and 3 during free-run operation, and to save the
respective data when an acquisition is started from the master side.
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Figure 25. SPIMLab GUI showing the two camera frames during an acquisition of a cleared
human brain 500 um thick slab on an inverted-dual-SPIM setup.

3.7 Image reconstruction

The raw data is saved during each acquisition in the folder selected by the
user in the acquisition tab. Every horizontal scan is saved into a new multi-
tiff file for each camera and its name contains the stage xyz coordinates.
A second file containing the scan metadata is saved in .mhd format for
each multi-tiff raw file. This file contains the necessary data for correct
image reconstruction by the dedicated software (Figure 26).
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Figure 26. Files saved during an acquisition from one camera. Each horizontal
scan line is represented by a file. Note that the starting x coordinate does not
change in the file name, as the starting point on the x axis is unchanged.
Oppositely, the y coordinate changes of the user-set value, corresponding to the
y displacement for each new line (2.4 mm over a 2.66 mm FOV).

Multi-tiff raw data contains a large number of frames which represent the
light-sheet illumination plane captured by the detection objective in a
single horizontal line. However, these images cannot be used for image
reconstruction before undergoing a deskewing process. Those images are
oriented on the detection objective focal plane, which is 20° tilted in
respect to the sample holder and specimen plane. In order to be stitched
and obtain a real 3D image of the sample, every horizontal multi-tiff file
from an acquisition requires to be retrieved from the illumination plane to
the specimen plane through a pixel position re-assignment process by
affine transformation and rotation (deskewing). A Python script developed
by LENS department, named DualSPIM-reslice, has been used for this
operation (https://github.com/lens-
biophotonics/biolabtools/tree/master/biolabtools).  In  addition to
deskewing, the script is also capable of performing a scaling of voxel size
to achieve an isotropic value. As the axial resolution in a microscope is
generally lower than lateral as an effect of diffraction, the script is
designed to undersample the lateral voxel size and match it to the axial
voxel size (Mazzamuto et al. 2023).

After the deskewing process, image stitching is performed by a custom
software developed by LENS department, ZetaStitcher (Mazzamuto et al.
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2023). The software was entirely developed in Python and is available at
https://github.com/lens-biophotonics/ZetaStitcher. The software has
already been used to process the data obtained from the inverted-dual-
SPIM previously mentioned (Costantini et al. 2023) and it is capable of
stitching files counting up to 10'? voxels. ZetaStitcher operates the
stitching of every horizontal scan line overlapping each other by 10%
along the y axis by pixel averaging. The resulting file is a multi-page tiff
z-stack where all the frames are aligned with the sample plane (Figure 27).
These operations are repeated for each channel.

Figure 27. Single z-slice after reslicing and stitching process.
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3.8 System alignment

An accurate alignment of the optical paths is a key requirement for
obtaining quality data and evaluating the performance of an imaging
apparatus. In particular, the correct alignment of the illumination laser
beams is crucial in this system, as a slight misalignment could deny the
beams to reach the back focal aperture of the objective in a sub-optimal
position. This would lead to uneven illumination, a mismatch of the
position of the light-sheets with the detection objective focal plane and
make the camera rolling shutter synchronization with the digitally scanned
sheets impossible.

3.8.1 Illumination path alignment

As mentioned in Paragraph 3.1.1, the four laser beams are aligned and
combined with the help of iris 1 and 2 (Figure 17) in order to enter the
AOTF in the same spot and with the same angle. This alignment is
achieved by turning the two mirrors positioned right after each laser
output. However, this alignment is not the most crucial in the illumination
path. A crucial condition for correct alignment of the four beams onto the
galvanometric mirror, consists in the four beams to be perfectly aligned
and overlapping when entering the refraction prism. To achieve this, the
effect of refraction of light when passing through the AOTF has to be
considered. In fact, as discussed in Paragraph 3.1.2 and 3.2.3, an AOTF
acts as a diffraction grating, thus imposing a different exit angle to
different wavelength beams. This causes the four combined incident
beams to be refracted at different angles at the exit of the AOTF, leading
to a misalignment onto the entrance spot on the diffraction prism. This
misalignment can be addressed with the help of iris 3 and 4 and the two
mirrors in front of each laser. The operation causes the beams to enter the
AOTF at slightly different angles, but they can be adjusted to result
overlapped and aligned at the entrance spot of the diffraction prism. In
practice, iris 1 and 2 are only used for coarse alignment of the beams onto
the AOTF entrance.
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The diffracted beams leaving the diffraction prism are projected onto the
galvanometric mirror through a system of three silver mirrors which are
used to align the beams between iris 5 and 6, respectively in front of the
scan lens and in front of the illumination objective tube lens. The two lens
can be removed when performing alignment. Galvanometric mirror is set
to home position during the operation and only the first (647 nm) beam
entering the illumination objective FOV is used. The camera O trigger (far
red channel) is synchronized with the start of the galvanometric mirror
ramp and corresponds to the home position of the 647 nm laser beam on
the sample and, thus, on camera 0 sensor.

A mirror can be inserted after the galvanometric mirror to deviate the
beams onto a wall of the room to check the correct alignment of the four
beams. In optimal condition, the beams are aligned on the same plane,
corresponding to the y plane of the illumination optical path (Figure 28).
When not showing perfectly aligned, the beams can be finely adjusted by
using the two mirrors in front of each laser.

Figure 28. Projection of the four beams on a cardboard placed 4 meters
away from the galvo mirror, showing correct alignment of the beams
on the illumination y plane.
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3.8.2 Detection path alignment

Camera 0, (far-red channel) was chosen as a reference for the alignment
of the detection path as light travels straight from the detection tube lens
to the camera sensor, with no reflections involved. Only the two dichroic
mirrors between the camera and tube lens add a slight deviation from the
original axis, which can be corrected by a slight lateral displacement of
the camera on x axis.

During the detection path alignment with a test sample, the system was set
on free run mode and the images from cameras were displayed on the
monitors. Each computer of the system is equipped with one monitor
where the two respective camera images are being displayed on SPIMLab.

Placing the camera on the exact focal plane of the tube lens is critical to
ensure that the detection objective focal distance is exactly 4.8 mm.

For a precise positioning of the camera, an object placed 4 meters away in
front of the tube lens was imaged on the camera sensor. The camera was
moved on the z axis of the optical path by adjusting the manual stage until
optimal focus was reached in the displayed image. If an object at infinite
is focused by a lens on a sensor, the focal distance between the lens and
the camera is then optimal.

Once correctly aligned, the z position of camera 0 should not be moved to
correct image focus. Conversely, the detection objective should be moved
along the z axis by actioning the piezo stage from the software.
Afterwards, the alignment of camera 1, 2 and 3 has been completed by
adjusting the z manual stage of each camera.

Next, camera height (image y position) and lateral displacement (image x
position) were adjusted by actioning the respective camera manual stage.

69



3.8.3 Objectives alignment

Correct alignment of the objectives is achieved by acting on the manual z
stage of the illumination objective and their respective xy manual stages.
The two 50 mm round mirrors between the objectives and their respective
tube lens, mounted on the vertical breadboard, are used to align the
incident beam on the back focal aperture of the illumination objective with
the help of a removable iris screwed on the back of the objective.
Similarly, the two silver mirrors behind the detection objective, are used
to center the fluorescent light entering the tube lens. Figure 29 shows a
view of the objectives’ assembly.

Centering the light-sheet waist in the detection objective FOV is crucial
for achieving the best illumination condition, namely the highest axial
resolution. As the axial resolution of the system is strictly dependent on
the light-sheet thickness, having the illumination beam waist at the center
of the detection objective FOV is fundamental. To obtain this, the
galvanometric mirror was set to a still position in such a way that the beam
waist (647 nm laser line) resulted in the middle of the FOV in the image.
Afterwards, the position of the waist z stage of the illumination objective
was adjusted to the optimal position by acting on the manual z stage of the
objective. The beam waist focus can be adjusted by either tuning the y
knob of the xy stage of the illumination objective, or adjusting the focus
of the detection objective by moving the piezo stage.

The image is centered on the camera sensor by adjusting the two mirrors
between the detection objective and its tube lens while looking at a test
sample on camera 0 (reference camera) in free run mode. After achieving
the ideal positioning of the image on the far-red camera, the optimal
position of the remaining cameras can be achieved by tuning their xy
position by moving the respective manual stages while looking at the
sample in free run.
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Figure 2928. Close-up view of the objectives’ assembly. Eight samples have been
placed in the imaging chamber.

3.9 Synchronization of beams with camera shutters

Synchronization of each of the four excitation beams with the respective
channel camera rolling shutter is a key feature of the system.

This was achieved by adding a small temporal delay between the camera
triggers, which can be set from SPIMLab main window. This feature was
specifically added to the SPIMLab version dedicated to the system (Figure
30).
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Galvo Ramp Camera Delay
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Cam 0 0.430 ms
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Figure 30. A "Camera Delay" tab in the main window of SPIMLab allows
to set the camera trigger delays.

The diffraction prism imposes different exit angles to different wavelength
beams. As a consequence, the angular distance between each following
beam reaching the back focal aperture of the illumination objective, is
different. The three delays between the beams result different and need to
be adjusted carefully to obtain the optimal synchronization with the
shutters.

The value of each delay was found for each channel by trial-and-error for
each camera while imaging a test sample in free run mode. The 647 nm
beam is the first entering the detection objective FOV and the camera 0
trigger goes high simultaneously with the ascending ramp of the
galvanometric mirror, starting the registration of the far-red channel
image. After the 647 nm channel trigger, the successive three start by the
delay set on the software. As each beam enters the FOV of the camera, its
trigger goes high and the respective camera starts recording an image.

The galvanometric mirror ramp time and slope are calculated by SPIMLab

taking into account the exposure time and the sweeping angle (delta V)
specified in the settings (Figure 31).
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Figure 31. Graphical representation of galvanometric mirror ramp and camera trigger
generation. The far-red camera trigger starts at the same time of the ramp as it represents
the first beam illumination the sample. Successively, the other channels camera triggers go
high at the set delay and start the acquisition of a frame.

Four digitally scanned light-sheets are generated onto the samples, slightly
separated by a temporal and spatial delay to avoid cross-talk between the
channels. This peculiar design allows to record four channels at the same
time for each sweep of the galvanometric mirror.

3.10 Sample preparation

Human brain tissue slices have been optically cleared with the SHORT
protocol (Paragraph 2.3.4) and mounted between a 60x60x1 mm? optical
glass slide and a 60x60x0.1 mm? quartz slide (R1 = 1.46) before imaging.

Human brain tissue slices, previously fixed in formaldehyde, have been

cut with a vibratome and optically cleared and stained with the SHORT
protocol as follows (Figure 32).
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Figure 32. Schematic of the SHORT protocol phases (‘Author Spotlight: Advancing 3D
Cytoarchitecture Analysis - Rapid Volumetric Reconstruction of the Human Brain’, n.d.).

Cutting process

Samples were embedded into a 4% w/v agarose in PBS pH 7.4 and stored
at 4 °C for 24h before cutting. The agarose blocks are then glued to the
vibratome support and cut into 500 um thick slices.

After cutting, the slabs were placed into a PBS 1X pH 7.4 and 0.01% wi/v
Sodium Azide (NaNs) preserving solution and stored at 4°C.

Fixation and inactivation

For homogeneous tissue clearing, the samples need to be transformed into
a heat- and chemical-resistant hybrid. For this purpose, a SWITCH-OFF
solution is used to firstly disperse the inactivate fixative and a SWITCH-
ON is then used to start the fixation process. This relies on the pH
sensitivity of glutaraldehyde.

The SWITCH-OFF solution is made in 50% PBS titrated to pH 3.0 with
HCI, 25% 0.1M HCI, 25% potassium hydrogen phthalate (KHP) and 4%
glutaraldehyde (from 50% stock solution in water). The SWITCH-ON
solution consists of PBX 1x pH 7.4 and 1% glutaraldehyde. These
solutions need to be fresh prepared under fume hood on ice due to
glutaraldehyde toxicity and in dark environment due to its light-
sensitivity.

Samples are incubated in the SWITCH-OFF solution at 4 °C for 24h in
dark with gentle shaking. Afterwards, samples are incubated in the
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SWITCH-ON solution at 4 °C for 24h with gentle shaking in new
containers.

To stop the fixation process, an inactivation solution is used. The
inactivation solution is prepared with PBS 1X pH 7.4, 4% w/v acetamide,
4% w/v glycine and titrated to pH 9.0 with sodium hydroxide (NaOH) 1M;
stock solution can be stored at 4°.

After the SWITCH-ON process, the samples are washed 3 times for 2
hours in PBS 1X pH 7.4 at RT with gentle shaking.

Samples are then incubated in the inactivation solution overnight at 37 °C
in a water bath.

After the inactivation, the slabs are washed 3 times for 2 hours in PBS 1X
pH 7.4 at RT with gentle shaking.

Delipidation

For the delipidation process, samples are incubated in a clearing solution
at 55 °C for 6 days. The solution is composed of 200 mM SDS, 20 mM
sodium sulfite (Na2SO3) and 20 mM boric acid (H3sBOs) titrated to pH 9.0
with NaOH 1M. During the incubation period, the solution must be
changed every two days. Stock solution can be stored at RT.

Immunostaining

After the clearing process, samples need to be washed from SDS and
qguenched to limit tissue autofluorescence. Antigens also need to be
retrieved before antibody staining.

Samples are washed three times during the day at 37 °C with shaking in
pre-warmed PBST solution (PBS 1X and 0.1% v/v Triton X-100). The last
wash is extended overnight.

For quenching the tissue autofluorescence, the day after, hydrogen
peroxide (H202) 30% w/w is added to the sample and kept shaking for
45°.

Three 10” washes in PBS 1X pH 7.4 at RT follow this step.
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For antigen retrieval, a stock solution is prepared: 10mM Tris base, 1mM
EDTA and 0.05% v/v Tween 20, titrated to pH 9 with NaOH 1M. The
solution is pre-warmed at 95 °C in tubes inserted in a water bath.
Samples are transferred into the antigen retrieval solution and left at 95 °C
in a water bath for 10°.

The tubes containing the samples are then removed from the bath and let
cool to RT with gentle shaking. The samples are then equilibrated in PBS
at 4 °C before immunostaining.

The antibody solution is prepared in PBST with the addition of NaNs
0.01% w/v. Samples are incubated at 37 °C for a week in the primary
antibodies’ solution.

After a week, samples are washed in pre-warmed 37 °C PBST 3 times for
two hours with gentle shaking.

Secondary antibodies are added to PBST with NaN3 0.01% w/v. Slabs are
then incubated for six days in secondary antibodies, protected from light,
at 37 °C.

After staining, samples are washed in pre-warmed 37 °C PBST three times
during the day with gentle shaking. The slabs can be left in the last was
solution.

Refractive index matching

Before sample mounting and imaging, the refractive index must be
matched to the RI of the cover glass and immersion liquid (1.46). This
allows to minimize the effect of refraction during the imaging, improving
light penetration and thus imaging depth and quality.

A 30% v/v 2,2'-thiodiethanol (TDE) with PBS 1X solution is prepared and
samples are transferred there and incubated for 4 hours at RT.

Samples are then moved in a 68% v/v TDE solution in PBS 1X (RI = 1.46)
and left there at RT for the weekend. Slices can be stored for a long time
in this solution at RT and protected from light.

Sample mounting

The slabs are mounted between a 60x60x1 mm glass slide and a 60x60x0.5
mm quartz coverslip, separated by a 56x56x0.5 mm stainless steel spacer.
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The two slides are glued with a double component glue in a 1:1 ratio and
the inner cavity, containing the sample, is filled with 68% v/v TDE
solution in PBS 1X.

The refractive index of the sample, sample mounting medium, coverslip
and immersion medium in the imaging chamber are matched and equal to
1.46. This represents the optimal imaging condition.

The mounted samples are now ready to be imaged and can be stored in
darkness at RT for a long period (Figure 33).

......
------

Figure 33. A human brain Broca's area slice before (left) and after clearing with SHORT
(right). The right image shows the slice mounted between the glass slide and quartz slide.
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4. Results and discussion

Following the assembling and alignment processes, the system was
characterized and its performance evaluated on test samples. A view of
the setup is shown in Figure 36.

ELLES GRIOT |

Figure 36. Panoramic of the quad-SPIM setup.

4.1 System characterization

Evaluating the performance in terms of resolution and speed of an imaging
apparatus is crucial for defining its possible applications. As previously
mentioned, the aim of this project is to achieve a significant improvement
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in acquisition speed in comparison with the state-of-the-art dual-inverted
SPIM already in use at LENS Department. For the purpose, the light-sheet
properties have been calculated and the resolution of the system was
measured.

4.1.2 Light-sheet thickness

While the lateral resolution of a LSFM is strictly dependent on the
detection objective’s NA according to the Rayleigh criterion (equation
1.3), its axial resolution is defined by the light-sheet thickness (Figure 4)
when the latter is smaller than the theoretical axial resolution calculated
by equation (1.4).

The theoretical light-sheet waist thickness can be calculated by (1.1) as

follows:

0.488 - 56300 um
3.14 - 700 pum

Rillaxial = 200 = 2= 2 = 2540.1 pm
nD

For an excitation wavelength corresponding to 488 nm. As the beam waist
thickness of a focused beam is dependent on wavelength of light, this
results ina 33.1+0.1 um waist when focusing a 647 nm wavelength light
through the illumination objective. As a consequence, the light-sheet waist
of the system ranges from 25+0.1 um to 33.1+0.1 um depending on the
laser line.

The theoretical axial resolution of the detection objective, can be
calculated according to (1.4):

Aem 46 - 05
Raet-axial = 1.78 Nlem _ 1.78 M

NAZ . 0.152 = 60+0.1 pm

Calculated for an emission wavelength of 520 nm (green channel).
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Analogously, we can calculate the theoretical axial resolution in the far
red channel (692 nm central wavelength emission):

A 1.46 - 0.692
Rdet-axial = 1.78 n% =1.78 AL =79.94+0.1 pum
N det 152

The theoretical calculations demonstrate that the beam waist generated by
a 0.7 laser beam focused by the illumination objective range from 25+0.1
um to 33.1+0.1 um, demonstrating an improvement in axial resolution by
a 2.4 factor compared to the detection objective theoretical axial
resolution.

In order to achieve homogeneous axial resolution, the confocal parameter
of the light-sheet needs to cover the 2.66 mm FOV of the detection
objective.

The confocal parameter of the light-sheet for a 488 nm wavelength
excitation beam can be calculated according to (1.2):

2 . 2
b= ZZR =9 Twy _ 2 3.14 - (25 um)
A 0.488 um

=201040.1 um

For an excitation wavelength corresponding to 647 nm we can find a
confocal parameter value of 2665+0.1 um, which equals the detection

objective’s FOV.

As expected, the confocal parameter results smaller at shorter
wavelengths. However, despite resulting 0.65 mm lower than the detection
objective’s FOV, a confocal parameter of 2.01+0.01 mm is adequate for
homogeneous illumination.

The maximum sample thickness which can be imaged by the system is a
function of the detection objective’s FOV and the light-sheet incidence
angle in respect of the sample holder (Figure 37). This can be calculated

by:
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h = FOVge - SIN20° = 2.66 mm - sin20° = 0.91+0.1 mm

When imaging with lower wavelength excitation light, the confocal
parameter is smaller than the detection objective’s FOV. However, the
system was designed to image 500 um thick slices of brain tissue. As a
consequence, according to the above calculations, the resulting confocal
parameter is compatible with the samples’ thickness.

"**...  detection FOV

h: 3 sample

Figure 37. Representation of the relation between the detection
objective's FOV and maximum sample thickness h.
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4.1.3 Experimental evaluation of the point spread function of the
system

The point spread function (PSF) is a function that describes how an
imaging system responds to a point light source or point object, effectively
serving as the system's impulse response (Sheppard & Choudhury, 1977).
It represents the distribution of light from a single point emitter as it
propagates through the optical system and forms an image, which is not
represented by an ideal point but, conversely, a blurred spot which
assumes a peculiar intensity profile, the Airy disk (Figure 38, top).

Diffraction plays a central role in shaping the PSF and, consequently,
affects the resolution of an optical system. The sum of the effects of
diffraction and imaging conditions which lead to the formation of the PSF,
are referred to as convolution. This spreading effect limits the ability of
the optical system to distinguish between two closely spaced points, a
concept known as the diffraction limit (Abbe, 1873) and lately defined by
Rayleigh through equations (1.3) and (1.4).
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Figure 38. Top view and intensity profile of an ideal PSF of a point light
source affected by diffraction (‘How to Measure Resolution? Part Two!’,
n.d.).

Theoretical calculations provide an important overview of the most
important features of an imaging system, like its resolution and speed.
However, the experimental measurements of such parameters can
significantly diverge from the theoretical results as a consequence of a
variety of hard-to-evaluate variables. In addition to diffraction, spherical
and chromatic aberrations caused by imperfections in optics, slight
misalignments in the optical paths and the variability of the structure of
the samples and imaging physical conditions, are just a few of the possible
factors which can affect the resolution of an optical instrument.

The experimental measurement of the point spread function (PSF)

represents the gold standard procedure to evaluate the actual resolution of
a system under routine imaging conditions. By doing so, the measured PSF
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will be the result of the effects of diffraction and other unpredictable
factors affecting the convolution of the image through the optical system.

For a correct measurement, sub-diffraction sized fluorescent beads have
been used as point light sources. For a comparison, two different sized
beads have been used: 500 nm and 1000 nm fluorescent spheres
(TetraSpeck, Invitrogen) have been diluted to a 1:10000 v/v concentration
in the specimen chamber immersion medium (91% glycerol v/v, RI=1.46).
The solutions containing the dissolved beads have been mounted between
a square 60x60 mm? slide and a 60x60 mm? fused quartz coverslip as
described in Paragraph 3.10.

The samples have been excited with each laser line and imaged in four
channels for an accurate measurement of the PSF for each emission
wavelength. The beads have been sampled with a 730 nm increment along
the sample x axis, corresponding to a step size of 250 nm along the optical
axis of the detection objective and a 686 nm displacement along the
detection objective’s X axis. As a consequence, the voxel size in the images
corresponds to 1.3 um in the xy axis and 0.25 um on z. No binning was
used on the camera sensors, resulting in a pixel size in the final image of
1.3 um (Paragraph 3.3), thus representing a sub-optimal sampling
according to the Nyquist criterion.

After the deskewing process (Paragraph 3.7), the intensity profile was
projected on three lines drawn along the three axes of a bead and then
measured with Fiji (https://imagej.net). Afterwards, a gaussian fit was
performed on the intensity profile and the corresponding full width at half
maximum (FWHM), which can be considered as the PSF, was measured
for each axis of the bead. The measurement was performed over a total of
100 beads for each emission channel and each axis on both the 500 nm
and 1000 nm diameter beads. The measurements resulting from each
channel/axis were averaged to obtain the final value. The results are
reported in Table 4.1.
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1000 nm beads

488 nm 561 nm 594 nm 647 nm

X Y z X Y z X Y z X Y z

3.940.25 | 2.6+0.31 | 8.7£0.58 | 3+0.17 3+0.11 6+0.36 | 3.5+0.15 | 2.9+0.17 | 7.4£0.54 | 3.4+£0.2 | 2.940.19 | 7.4£0.44

500 nm beads

488 nm 561 nm 594 nm 647 nm

X Y z X Y z X Y z X Y z

2.840.15 | 2.54£0.17 | 5.940.25 | 2.940.23 | 2.940.26 | 5.640.27 | 3.64£0.25 | 2.940.27 | 7.6+£0.38 | 3.54£0.22 | 3.240.21 | 7.74£0.38

Table 4.1. Average velues of the PSF measurements over three axes and in four channels.
Values expressed in microns. Measurements error: +STD.

The measurements show an anisotropic shape of the PSF of the system. In
particular, an anisotropic value of the FWHM in the xy plane was
registered. The most relevant discrepancy between the x and the y
directions corresponds to 0.7 pm, in 1000 um beads imaged in the green
channel (488 nm excitation) and in 500 um beads imaged in the orange
channel (594 nm excitation).

This anisotropy could be a consequence of the presence of astigmatism in
the detection path.

The axial resolution of the setup revealed to significantly exceed the
theoretical estimate of light-sheet waist calculation (25-33.1 pm),
resulting in values ranging from 8.7+0.58 um when imaging 1000 um
beads to 5.940.25 pum when imaging 500 um beads in the green channel.
The 8.740.58 um axial resolution in the green channel represents an
unexpected result, as it revealed lower than the other channels
measurements. This is in contrast with the expected better resolution at
lower wavelengths.

The smallest PSF in the three dimensions was registered in the green
channel (2.8+0.15 pum along x, 2.5+0.17 pum along y axis and
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5.940.25 um along the z axis) when imaging 500 um beads, in line with
expectations.

The expected theoretical lateral resolution, calculated according to (1.3),
is 2.140.1 um, 2.3+0.1 um, 2.5+0.1 um and 2.840.1 um respectively
for the 520 nm, 578 nm, 623 nm and 692 nm emission wavelengths.

Figure 39 shows a projection on the xz plane of a 500 nm diameter bead

imaged in the green channel and its intensity distribution along the yellow
line.
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Figure 39. Top: PSF image of a 500 nm bead imaged in the green channel,
projection on xz plane. Bottom: Gaussian curve fitted to the intensity profile
of the bead along the yellow line. Note: pixel size in the top picture is
anisotropic as the image has only been deskewed, but not rotated in the
sample plane.

The discrepancy between the theoretical resolution calculations and the
experimental results can be explained by the non-optimal sampling due to
a 1.3 um pixel size. In fact, according to the Nyquist criterion, a correct
sampling of a signal or, as in this case, in an image, requires a sampling
frequency at least twice as high as the highest frequency in the sampled
signal. As a consequence, a more appropriate pixel size should not exceed
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1.05 um, corresponding to half the theoretical resolution value calculated
for an emission wavelength of 520 nm. In addition, the presence of optical
aberrations in the detection optical path can also negatively affect the
result.

4.1.4 Signal-to-background calculation

The signal-to-background ratio (SBR) is a fundamental parameter that
quantifies the ability to distinguish the desired signal from the background
noise within an image. This ratio is crucial for assessing image quality and
optimizing imaging conditions, as it directly impacts the visibility and
quantification of microscopic structures or molecules of interest. The SBR
is defined as the ratio between the mean intensity of the signal region and
the mean intensity of the background region. It can be expressed as:

SBR = —_signal__ (4.1)

Ibackground

where I,; 4,4, represents the average intensity of pixels within the region
of interest (ROI) containing the specific signal, and I,ckgrouna 1S the
average intensity of pixels in an adjacent area devoid of the signal,
including the inherent background noise. To calculate the SBR, a ROI
must be accurately delineated by selecting pixels that correspond
exclusively to the signal. Similarly, the background region should be
chosen carefully to ensure it is representative of the noise characteristics
without contamination from the signal. High SBR values show a clear
distinction between the signal and background, indicating the reliability of
quantitative analyses and the detection of fine features within the image.
It is important to note that in fluorescence microscopy, the SBR is largely
influenced by the staining quantum yield, its specificity for the target and
background autofluorescence of the tissue. A low-specificity causes the
fluorescent probe to stain unwanted structures in the tissue, resulting in a
higher background signal and a lower SBR. Similarly, tissue
autofluorescence negatively affects SBR.
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SBR was calculated on a 40x40 mm?2, 0.500 mm thick human brain
Broca’s area slab stained with NeuN primary antibody and AlexaFluor
647 secondary antibody. NeuN binds to a specific antigen in neuronal
nuclei and perikarya. Data was acquired in 23’ from the far-red channel
with no binning on camera sensor. Figure 40 displays a MIP of the 3D
volume after image reconstruction as described in Paragraph 3.7.

—_—
1000 pm

Figure 40. Maximum intensity projection (MIP) of a human brain Broca's area slab stained
with NeuN.

To calculate the mean intensity signal value, 100 ROIs (e.g. ROl 1, Figure
41) were signal from neurons was present and the resulting mean was
averaged to obtain the final value. For background mean intensity value,
10 ROIs (e.g. ROI 2, Figure 41) were selected where no signal from
marked neurons occurred and their mean value was averaged to obtain the
final value. The average mean value of signal resulted in 2312+1 au and
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the average calculated mean value of the background was 1360+1 au. As
a result, the SBR in the image revealed to be 1.74+0.0015.

4.1.5 Signal-to-noise evaluation

The signal-to-noise ratio (SNR) in a signal or image is used to evaluate the
clarity and quality of an image by comparing the level of the desired signal
to the level of background noise. A high SNR indicates that the signal
stands out distinctly from the noise, which is essential for accurate
visualization and analysis of fine structures. The SNR can be defined as:

SNR = Usignal— Kbackground (42)

Obackground

Where pig;gnq IS the mean intensity of the signal region, upqckgrouna 1S
the mean intensity of the background region, and opqckgrouna 1S the

standard deviation of the background intensity, representing the noise
level.

The SNR was measured on the same ROIs used for SBR calculation.
Standard deviation of the pixel values in the ROIs selected for background
signal measurement in Paragraph 4.1.4 were averaged, corresponding to a
final value of 83+1 au.

According to (4.2), SNR equals to:

SNR = 2312au—1360aU _ 19 474014

83 au
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Figure 41 shows a ROI selected from the Broca’s area sample used for
SBR and SNR evaluation. Sub-ROIs 1 and 2 represent respectively an area
where signal from a stained neuron was recorded and a background area,
where no signal was present. All measurements have been performed in

similar selected areas.

Figure 41. Region of interest showing neurons labelled with NeuN primary antibody and
AlexaFluor 647 secondary antibody.
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4.1.6 Evaluation of imaging speed

The imaging speed of the apparatus was evaluated and compared to the
dual-SPIM by imaging a 40x40 mm?, 0.5 mm thick human brain Broca’s
area cleared with the SHORT protocol and stained with NeuN, Calretinin
and Somatostatin primary antibodies. The three primary antibodies were
conjugated respectively with AlexaFluor 647, AlexaFluor 561 and
AlexaFluor 488 secondary antibodies.

The sample was imaged with the two setups for a comparison of imaging
speed.

The dual-SPIM at LENS was able to image the sample in three colors in a
total of 4 hours and 35’ in two subsequence two-channels acquisitions.
The quad-SPIM performance resulted in a 12-fold improvement in speed
by acquiring the data in 23’ with four channels simultaneously.

In terms of volumetric acquisition speed, the quad-SPIM performed a 2.1
cm?®h imaging speed in four colors in contrast to the 0.17 cm®h of the
dual-SPIM previously used by our group at LENS.

The results confirm a critical improvement in imaging speed.

92



Figure 42. Three colors MIPs of a human brain Broca’s area stained with Calretinin (top
left), Somatostatin (top right) and NeuN (bottom left) primary antibodies. Bottom right:
three-channels fused image. Vertical stripes represent bleached areas in the sample.
Horizontal artifacts have been caused by non-optimal stitching parameters.

4.2 Evaluating fibers dispersion in brain stem tissue with
Foa3D

A 500 pum thick slab of brain stem tissue was cleared with the SHORT
protocol and stained with DiD (Invitrogen). DiD is a lipophilic dye which
stains fiber bundles in brain tissue (Rosario, Howell, and Bhattacharya
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2022). The sample was imaged in the far-red channel and, after image
reconstruction, the dispersion of fibers was evaluated with Foa3D.

Foa3D is a tool developed by LENS Department, which can measure the
fibers dispersion in three dimensions. Dispersion represents the grade of
divergence of fibers in a volume.

The same specimen was imaged with the dual-inverted SPIM of the group
for a comparison of the results. Figure 43 reports a MIP of the sample
imaged through the two systems.

Fiber orientation dispersion {scale: 50.0 pm) Fiber ocrientation dispersion (scale: 50.0 pm)

B Median: 0.571 (IQR: 0.027) B Median: 0.592 (IQR: 0.050)

Probability Density
Probability Density

0.60

0.60 0.62
[a.u.] [a.u.]

Figure 43. (Top) MIPs of human brain stem slab imaged through the new apparatus (left)
and with the dual-inverted SPIM (right). Below, fiber dispersion values distribution
histograms calculated from above images.

Foa3D analyzes a 3D volume and outputs a volume z-stack where the
sampling voxel size in the original image is set by the user beforehand. A
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sampling voxel size of 50 um® was chosen for the analysis. With the
processing, the software evaluates the dispersion in 50 pm® voxels and
outputs a normalized voxel intensity value (between 0 and 1) inversely
proportional to dispersion (Figure 45).

The resulting datasets were analyzed with the SciPy libraries
(https://scipy.org/) by a custom Python script and their respective
dispersion values distribution histograms were extracted (Figure 43,
bottom). A normality test was performed to investigate the type of
distribution of dispersion values. The result of a p-value lower than 0.001
(5.69eY" and 4.46¢™® for the dual-SPIM and quad-SPIM data) revealed that
the distribution is not normal.
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Figure 44. (Top) Fibers ODFs in a sampling voxel size corresponding to 50
um? for the quad-SPIM data (Figure 43, top left). (Bottom) fibers dispersion
color map calculated for each voxel of the image.
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Figure 44 shows orientation distribution functions (ODF) calculated for
50 um?® voxels in the brain stem slice 3D volume. Multiple lobes appear
in voxels presenting overlapping bundles (Sorelli et al. 2023).

For a comparative study between the two datasets, a Wilcoxon-Mann-
Whitney test was performed (Fay and Proschan 2010).

The Wilcoxon-Mann-Whitney is a non-parametric statistical method
employed to determine whether two independent samples originate from
the same distribution. Unlike parametric tests (e.g. t-test), that require
assumptions about the underlying population, the Wilcoxon-Mann-
Whitney test operates on the ranks of the data rather than their raw values,
making it suitable for ordinal or non-normally distributed data. The test
assesses the null hypothesis that the probability of an observation from
one population exceeding an observation from the other population is
equal to 0.5. This is obtained by ranking all observations from both groups
and then comparing the sum of the ranks between the groups. The resulting
U statistic, derived from these rank sums, can be used to determine
statistical significance through reference to the sampling distribution of U
under the null hypothesis.

The determined U-value, from a “two-sided” hypothesis, was 3.75¢"%
assessing that the distributions are not equal. However, the Wilcoxon-
Mann-Whitney test does not quantitatively evaluate the distance of two
distributions. To quantify the grade of diversity of the two distributions, a
Hellinger distance (Hellinger 1909) has been calculated. The possible
output values can range between 0 and 1, where 0 represents identical
distributions and 1 represents complete dissimilarity.

The resulting Hellinger distance was 0.32+0.016, indicating a low grade
of similarity. This result could be attributed to the presence of striping
artifacts due to non-optimal image stitching which can interfere with
Foa3D calculations of dispersion values from the dual-SPIM data.
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Figure 45. Orientation Dispersion Index (ODI) representation calculated for a sampling voxel
size corresponding to 50 um?®for the quad-SPIM data. Pixel values range from 0 to 1, where 0
indicates the maximum dispersion. The indicated ROIs were used to evaluate dispersion
difference in areas with qualitatively assessed low (ROI 1) and high (ROI 2) divergence.

At a second time, two ROIs (Figure 45) have been selected from the quad-
SPIM ODI data to quantitatively evaluate the dispersion in two areas
respectively characterized by a high (Figure 45, ROI 2) and low (Figure
45, ROI 1) fibers divergence. The ROIs have been chosen by a qualitative
assessment of the data as shown in Figure 43.

The dispersion distribution p-value in ROI 1 was 4.37e® and 4.82¢® in
ROI 2, indicating a non-normal distribution. Consequently, a Wilcoxon-
Mann-Whitney test was performed on distributions from the two ROIs,
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resulting in a U-value of 1.55¢® from a “two-sided” hypothesis, indicating
that distributions are highly dissimilar.

The resulting Hellinger distance between the two ROIs resulted in a value
0f 0.3+0.021, assessing a low similarity. This result is in accordance with
the dissimilarity expected in a comparison between regions characterized
respectively by low and high dispersion.

4.3 Final considerations

The reported results show a significant advancement in imaging
performance of LSFM, particularly in terms of speed.

The lateral resolution of the system, ranging from 2.6+0.31 um to
3.940.25 pum, allows to image neurons at single cell scale. Axial
resolution represents the main limitation of the system when imaging
samples as thick as 0.91 mm. As discussed in Paragraph 4.1.2, fitting the
illumination confocal parameter with the full FOV of the system, limits
the light-sheet thickness. However, when imaging samples with a
thickness lower than 0.91 mm, it would be possible to reduce the light-
sheet thickness by enlarging the beam diameter entering the back focal
aperture of the illumination objective, at the cost of a lower confocal
parameter and FOV. This can be achieved by mounting a beam expander
of the desired ratio in front of the lasers.

The SBR and SNR calculated values are suitable for performing solid
image analysis to extrapolate relevant biological data from the images.
Though, obtaining a high SBR remains a challenging task when imaging
tissues showing high autofluorescence or when low specificity and low
quantum yield markers are used. Sample preparation methods should
always be optimized to limit these effects for optimal imaging conditions.
The evaluation of fibers’ dispersion and its outstanding multicolor
imaging speed showed the applicability of the system in investigating
crucial biological questions about human brain structure and functionality
in large tissue volumes.

Future improvements could take into consideration the addition of further
excitation laser lines and the replacement of the illumination and detection
objectives with custom high FOV and high NA ones to increase the
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resolution of the system, according to research needs. However,
employing higher NA objectives would limit the light-sheet confocal
parameter and sample thickness.

5. Alignment and optimization of a dual-inverted
SPIM

The Doctoral Programme in Atomic and Molecular Photonics includes a
period of three months to be spent in a foreign institution. The period was
spent at the Computational Brain Connectivity lab (CBClab,
https://www.cbclab.org/) led by Professor Alard Roebroeck at the Faculty
of Psychology and Neuroscience of Maastricht University, Netherlands.
The group focuses on human and mice brain studies, involving the
imaging of cleared brain tissue. A dual-inverted SPIM for cleared tissue
from ASI (Figure 46) is used for 3D multicolor imaging by the group.
During the permanence, the microscope was disassembled and moved to
a different room, thus requiring re-assembling and re-aligning.
Afterwards, imaging parameters and modalities have been optimized for
multicolor imaging and confocal slit scanning was implemented. In
addition, the stability and suitability of a multi-wavelength laser engine
(CellX, Coherent) and a supercontinuum laser (SuperK, NKT Photonics)
were measured and evaluated.

The ct-dSPIM microscope (Figure 46) is a modular light-sheet microscope
developed by Applied Scientific Instrumentation (ASI) for high-resolution
imaging of cleared tissue. This dual selective plane illumination
microscopy system is designed to capture large biological samples, such
as whole mouse brains or tissue slices, providing dual-view imaging.
Utilizing ASI’s modular components, including motorized stages and 2D
micro-electro-mechanical mirror (MEMS), the ct-dSPIM enables the
shaping and movement of a light sheet, which allows sub-micron
resolution in 3D.

One of the peculiar features of the ct-dSPIM system is its flexibility due
to is modular design. Two simultaneous colors can be imaged, light-sheet
thickness can be adjusted with optional optics and the confocal-slit
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modality can be used to enhance image contrast. It can achieve deep tissue
imaging, up to 5 mm into flat samples. It is compatible with various
refractive index media, ranging from aqueous to organic, thanks to the
availability of custom objectives, which can fit the system specific
imaging requirements. Excitation light is delivered to the system through
optical fibers, allowing the use of ideally any external laser source. An
electrically-tunable lens (ETL) at the exit of the fiber collimator, permits
to finely correct the beam divergence and collimation when changing
excitation wavelength. The microscope operates in either single-sided or
dual-sided mode, where in the dual-sided configuration, images are
collected from two perpendicular views, which can be computationally
merged to generate a high-quality 3D dataset with isotropic resolution.
Two ORCA-Flash4.0 v.3 sSCMOS cameras (Hamamatsu) are mounted at
the end of each detection path. These cameras are ideal for LSFM, where
speed, low noise and rolling shutter capability are key features to obtain
high quality images.

The ct-dSPIM’s modularity and open system architecture, which supports
both proprietary and open-source software like Micro-Manager, make it a
very versatile tool for researchers when 3D imaging of large samples and
high resolution are required.

Figure 46. The ct-dSPIM light-sheet microscope in use at CBClab.
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During the period spent at the CBClab, the system was re-assembled and
re-aligned. Human brain samples were used to optimize the image while
adjusting the alignment optical components.

CellX multi-wavelength laser and SuperK supercontinuum lasers were
investigated for stability and power output. The measurements were
performed with a PM100USB power meter (Thorlabs) connected to a
S120C power sensor (Thorlabs). The optical fiber output was secured to
the power sensor. The power output stability was monitored and recorded
over a 3 hours period for all laser lines at their maximum and minimum
power values. The SuperK was tested for the same laser lines included in
the CellX.

All lasers, including the supercontinuum, resulted stable, with an average
fluctuation within 2%. However, the maximum power output of the
SuperK laser, 15mW for the 638 nm wavelength, resulted sub-ideal for
imaging specimens stained with low quantum yield fluorophores. The
other laser lines of the SuperK could output a maximum power of only
smW.

The CellX revealed to be a suitable choice for imaging due to its stability
and high power output (up to 70mWw).

The ct-dSPIM is capable of imaging in confocal slit modality, but that has
never been tested in the past. The camera shutter has been set to global in
previous imaging sessions. Consequently, enabling imaging in confocal-
slit modality significantly improved image quality in terms of SBR. The
system management software, a Micro-Manager plugin, was designed to
adjust the synchronization of the camera and the light-sheet beam to
achieve a digitally-scanned light-sheet.

A comparison of the two modalities, global shutter and confocal slit,
showed a relevant improvement of SBR when imaging human brain tissue
stained with Neutral Red marking neurons (Figure 47).
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Figure 47. A frame acquired in global shutter modality (left) and a frame of the same area acquired
in confocal-slit mode (right), showing a significative improvement in SBR.

The experience at CBClab has been fundamental to improve the
understanding of LSFM, and to gain fundamental practical knowledge of
aligning methods and laser parameters measurement which have been of
great importance in the realization of this project.

6. Conclusions

This doctoral project has successfully introduced a novel quad-SPIM
microscope, which represents a significant advancement in light-sheet
fluorescence microscopy technology. The quad-SPIM system has
demonstrated remarkable improvements in imaging speed, resolution, and
multicolor capabilities, making it an essential tool for large-scale studies
of human brain samples at cellular resolution.

The primary performance enhancement of the quad-SPIM system is its 12-
fold increase in imaging speed compared to the dual-SPIM setup
previously used by the Department. This speed boost enables volumetric
imaging at a rate of 2.1 cm%h in four colors, vastly outperforming the
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previous rate of 0.17 cm?/h. This rapid acquisition is especially critical for
imaging large and complex brain samples, reducing the time needed for
data collection while maintaining the system's high spatial resolution. This
efficiency opens up new opportunities for large-scale studies in
neuroscience, particularly those involving mapping neural circuits and
investigating neurodegenerative diseases.

Another key feature of the quad-SPIM system is its ability to image in four
colors simultaneously in an innovative way. This capability significantly
enhances the system's versatility in studying multiple biomarkers within
the same sample, facilitating complex biological studies such as tracing
neuronal pathways or assessing the interactions between different cell
types in brain tissues. Additionally, the system's lateral resolution ranging
from 2.6+0.31 um to 3.940.25 um, combined with its axial resolution,
ranging from 5.940.25 um to 8.7+0.58 um, allows for single-cell
imaging even in relatively thick samples, providing critical insights into
brain architecture at both cellular and subcellular levels.

Compared to the dual-SPIM of LENS Department, the quad-SPIM
provides a relevant improvement in acquisition speed, at the cost of a
lower resolution, representing an ideal choice for structural or
cytoarchitectural studies in large volumes of human brain. In fact, the
dual-SPIM setup offers a higher resolution of 1.3 0.2 um and an axial
resolution of 7.7 0.2 um, calculated for 561 nm excitation laser line.

A drawback of the single sided illumination-detection design is the
impossibility of performing a fusion of the views from two sides to obtain
isotropic resolution. The 45° dual-view design of the dual-SPIM allows
this process, representing, jointly with its superior lateral resolution, an
optimal imaging apparatus for more critical applications, where structures
of interest are densely packed and maximum resolution is required to
precisely resolve them.

The quad-SPIM microscope has proven to be effective in specific
biological applications, such as analyzing fiber dispersion in brain tissue
using tools like Foa3D. These applications highlight the system's potential
to contribute to crucial research questions in brain structure and function.
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Looking forward, the quad-SPIM system holds immense potential for
future applications in both fundamental and translational research. Its
enhanced speed and multicolor imaging capabilities make it a powerful
tool for large-scale mapping projects, such as constructing cellular-
resolution atlases of entire brain regions, which are critical for
understanding brain connectivity and function. The system's ability to
quickly image large samples also makes it suitable for studying
neurodevelopmental processes and neurodegenerative diseases in detail,
aiding in the development of new therapeutic approaches.

In addition, the system could be further enhanced by integrating additional
laser lines and optimizing the light-sheet and detection objectives to
achieve even higher resolution. Such advancements would allow
researchers to probe deeper into brain tissues and study smaller structures,
pushing the boundaries of what is possible in brain imaging. Moreover, by
improving sample preparation methods and optimizing data processing
pipelines, the quad-SPIM could become an indispensable tool for a wide
range of disciplines, including oncology, developmental biology, and
regenerative medicine.

In conclusion, the quad-SPIM microscope not only meets the current
demands of large-scale, high-resolution imaging but also sets the stage for
future innovations in brain research and beyond. Its ability to address
complex biological questions in a fast and efficient manner will enhance
our understanding of human brain structure and function, providing new
insights that could have profound implications for neuroscience and
related fields.
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