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Author’s note

As a child, I was always curious about how everything was made. As a
consequence, there were many broken toys, ripped teddy bears and a patience
from my parents, grandparents and everyone around.

In elementary school, I became fascinated by the perfectly structured cells of an
onion. [ asked my parents for a microscope and my uncle gladly gave me his own
single-ocular light microscope. Since then, I have never left microscopy behind.

Later, during medical school, I worked in the departments of histology, pathology
and forensic medicine. Eventually, moved to Sweden with very limited research
experience, first joining Zaza Kokaia’s lab and then Darcy Wagner’s lab as a
research assistant. It quickly became clear that I had to learn fast and catch up with
scientific advances. At the same time, I realized that, unconsciously, I was always
interested about the rationale behind how everything works, that’s what led me to
pursue a PhD.

This thesis is a summary of years of work. I was very fortunate that my PhD
projects were highly interdisciplinary and I am deeply grateful for that. It pushed
me to learn across a broad spectrum of fields, ranging from physics to drug
discovery. Most importantly, however, it taught me the value of collaboration and
interaction with scientists from different disciplines. I have never regretted my
choices, in fact, I would make the same ones again.

Looking back, life has not been linear. There have been many ups and downs,
sometimes even hurricane and turbulence, but there has always been hope! Hope
for a better future!

While writing this thesis, I realized that I am still the same person, only with a
little more knowledge, but still with millions of unanswered questions.

14



Popular science summary

Traditional histopathological assessment of tissue has generated enormous
breakthroughs in both biomedical research and clinical diagnostics. For more than
a century, thin tissue sections stained and examined under the microscope have
formed the foundation of how we understand tissue architecture, development,
classify pathological changes and identify disease. Yet, despite their enormous
value, traditional histological methods usually look at tissue as a series of 2D
sections. However, given the three-dimensional nature of organisms, studying and
understanding biological systems requires approaches that preserves their native
spatial organization. This is especially important when studying developmental
processes, heterogeneous diseases, tissue remodelling and repair.

In recent years, multimodal tissue analysis has emerged as a powerful strategy to
extract the maximum possible information from a single biological sample. Instead
of using one specimen for one method, the same sample can be studied with several
complementary technologies. This approach is particularly valuable when sample
material is limited, when spatial registration between modalities is essential, or
when structural, molecular and chemical information must be obtained and
integrated to understand complex biological phenomena.

However, the rapid development of new imaging and tissue analytical techniques
also creates an important challenge, each method must be carefully validated for
compatibility with tissue or other methods.

This thesis explores new ways to study biological samples using advanced light-
based imaging and analytical methods from both the visible and infrared regions of
the electromagnetic spectrum. The overall goal is to analyze tissues and organisms
as close as possible to their native state, while preserving their three-dimensional
structure, molecular information and compatibility with additional imaging or
downstream analysis methods. By combining complementary approaches, this work
contributes to a broader shift in biomedical research, by moving beyond 2D flat
tissue slides, single-method tissue analysis toward integrated, multidimensional
investigation of intact biological samples.
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Populédrvetenskapling sammanfattning

Traditionell histopatologisk bedomning av védvnad har lett till enorma genombrott
inom béade biomedicinsk forskning och klinisk diagnostik. I mer &n ett sekel har
tunna véavnadssnitt, fairgade och undersokta i mikroskop, utgjort grunden for hur vi
forstar vavnadsarkitektur och utveckling, klassificerar patologiska fordndringar och
identifierar sjukdomar. Trots deras stora betydelse betraktar traditionella
histologiska metoder vanligtvis vivnad som en serie tvddimensionella snitt.

Organismer &r emellertid i grunden tredimensionella. Darfor kriaver en heltidckande
forstaelse av komplexa biologiska systemanalys av organ, eller till och med hela
kroppar, i ett tredimensionellt ssmmanhang och i deras naturliga tillstand. Detta &ar
sarskilt viktigt vid studier av utvecklingsprocesser, heterogena sjukdomar samt
vévnadsremodellering och reparation.

Under de senaste aren har multimodal vévnadsanalys vuxit fram som en kraftfull
strategi for att extrahera storsta mojliga mangd information frén ett enda biologiskt
prov. I stéllet for att anvénda ett prov for en enda metod kan samma prov studeras
med flera kompletterande teknologier. Detta tillvigagingssétt dr sarskilt vardefullt
nér provmaterialet dr begrénsat, nér spatial registrering mellan olika modaliteter &r
avgorande, eller ndr strukturell, molekylér och kemisk information maste erhallas
och integreras for att forsta komplexa biologiska fenomen.

Den snabba utvecklingen av nya avbildnings- och vévnadsanalytiska tekniker
skapar dock ocksé en viktig utmaning: varje metod maste noggrant valideras for
kompatibilitet med vivnaden och med andra metoder.

Denna avhandling utforskar nya sétt att studera biologiska prover med hjélp av
avancerade ljusbaserade avbildnings- och analysmetoder fran bade de synliga och
infrardda delarna av det elektromagnetiska spektrumet. Det dvergripande maélet ar
att analysera vdvnader och organismer sé nira deras naturliga tillstdnd som mojligt,
samtidigt som deras tredimensionella struktur, molekyldra information och
kompatibilitet med ytterligare avbildnings- eller efterfoljande analysmetoder
bevaras. Genom att kombinera kompletterande tillvigagangssitt bidrar detta arbete
till en bredare fordndring inom biomedicinsk forskning: att gd bortom platta
tvadimensionella vivnadssnitt och enskilda analysmetoder, mot en integrerad och
multidimensionell undersokning av intakta biologiska prover.
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Abstract

Biological tissues are complex, dynamic and inherently three-dimensional systems
whose physiological and anatomical organization is shaped by their native structural
and molecular context. Recent advances in three-dimensional and label-free imaging are
transforming our ability to interrogate complex biological specimens across molecular,
cellular, and organ scales. However, many conventional imaging workflows can disrupt
native tissue architecture and obscure transient or physiologically relevant molecular
states.

In this thesis, we first explored novel optical photothermal infrared spectroscopy (O-
PTIR) as a label-free chemical imaging platform for the analysis of biological specimens
under native conditions. We found that O-PTIR enables submicrometer infrared
spectroscopic imaging of freshly isolated, fully hydrated biopsies from diverse organs
which can be chemically analyzed while preserving their native state. We further found
that O-PTIR can distinguish between healthy and amyloid plaque regions in fully
hydrated brain slices from APP/PS1 mice. Moreover, O-PTIR enabled molecular
imaging of living small vertebrate organisms without compromising their subsequent
development, highlighting its potential for non-destructive, in situ chemical imaging of
living biological systems.

Further in this thesis, to address key limitations of solvent-based tissue clearing
techniques, we developed PROTEUS, a novel solvent-based forward and reverse optical
clearing methodology which enables transitioning whole organs in and out of light sheet
fluorescence microscopy (LSFM) refractive index matching solutions to enable their
use with other standard and state of the art imaging modalities. We demonstrate that
PROTEUS preserves endogenous fluorescent proteins, known to be challenging with
organic solvent-based clearing, as well as other diverse fluorescent molecular probes.
This is exemplified in murine brains, transplanted blood vessels and developing murine
and chick embryos.

Together, the work presented in this thesis advances two complementary strategies for
interrogating biological systems in their native three-dimensional context. O-PTIR
provides label-free, submicrometer chemical imaging of hydrated living tissues and
organisms, while PROTEUS enables reversible optical clearing of intact organs and
embryos for three-dimensional fluorescence imaging followed by downstream
multimodal analysis. Collectively, these approaches expand the capacity to extract
structural, spatial and chemical information from complex biological specimens and
provide a foundation for more integrated and physiologically relevant analysis of tissues
in development, homeostasis and disease.
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Introduction

Histology: The Architecture of Life and the Baseline for
Disease

Before we can understand how disease alters a tissue, we must first know how it is
built under normal circumstances. Morphology covers the study of tissue across
multiple spatial scales, from macroscopical and gross anatomical architecture to the
microscopical, intricate cellular and subcellular level. This is the realm of histology,
the microscopic study of normal tissue architecture, development and function.

The formal term of "histology" was established by Karl Meyer in 1819, combining
the Greek roots histos -tissue and logia-study. However, the conceptual foundation
of the discipline was built a century prior when the Italian physician and scientist
Marcello Malpighi visualized pulmonary capillaries in frog lungs under a
microscope in 1661, validating William Harvey’s theory of blood circulation(1).
The architectural understanding of the body was then advanced by Marie Frangois
Xavier Bichat, who managed to categorize twenty-one distinct tissue types through
macroscopic dissection alone in the late 18th century (2). However, later in 1857
Franz Leydig categorized the four fundamental tissue types (epithelial, connective,
muscle and nervous), which is still widely accepted (3).

The evolution of histology is inextricably linked to technological advances in
science, ranging from the development of tissue staining techniques to major
innovations in microscopy and now computational analysis. Traditionally, the
baseline for any histological examination relies on the preparation of thin sections
of fixed, paraffin-embedded (FFPE) tissue which are then examined under a light
microscope. Although these techniques are now routine in clinical and research
settings, every step is built on rigorous experimental evidence and prior
optimisation, such as the specific fixation times required for different tissue
densities (discussed below). Historically, the field advanced through the
development of distinct chemical dyes and staining methods e.g. Hematoxylin and
Eosin (H&E)(4-6) and Masson’s trichrome (7). While often referred to as "basic"
stains, they remain the bedrock of clinical diagnosis and pre-clinical research. This
morphological foundation was ultimately revolutionized in the latter half of the 20th
century by the advent of Immunohistochemistry (IHC) (8-11). By utilizing highly
specific antibodies to visualize molecular targets directly within the tissue
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architecture, IHC successfully bridged gross morphology with molecular
biochemistry.

To demonstrate how perfectly our bodies are built at the microscopic level, with
specific niches structurally designed for distinct cell types, the normal histology of
the respiratory system will be detailed below as a primary example and I humbly
dedicate to the memory of Professor Ewald R. Weibel (12).

Histology of the lower respiratory system

Although the primary role of the respiratory system is gas exchange, it is also a
highly dynamic organ network that supports numerous life-sustaining physiological
(13, 14), metabolic (15), immunological processes (16-18) and contributes to the
maintenance of homeostasis (19). Anatomically, the respiratory system is classically
divided into the upper and the lower respiratory tract (Figure 1). The upper
respiratory tract consists of the nose, nasal cavity, paranasal sinuses, pharynx, and
larynx, while the lower respiratory - the trachea, bronchi, bronchioles and the
alveolar regions of the lungs.(20, 21). The upper airways play an essential role in
conditioning inspired air by warming, humidifying and filtering it before it reaches
the distal lung. This region also contains important olfactory sensory neurons,
together with ciliated epithelial cells, goblet cells, basal cells and resident immune
cells that contribute to first line defence and environmental sensing (21). Recent
technological developments, such as single cell sequencing and spatial
transcriptomics, have expanded our understanding of the lung as a complex organ
made up of more than 40 cell types, which are distributed across distinct anatomical
locations and perform specialized functions (22). This thesis focuses primarily on
the lower respiratory tract as it is the region of the lung most affected in chronic and
acute lung diseases.

After air passes through the larynx, it enters the trachea, which serves as the primary
conducting airway of the lungs. At the level of the carina, located approximately at
the sternal angle (angle of Louis) and corresponding to the level of the T4-T5
vertebrae, the trachea bifurcates into the right and left main bronchi, which conduct
air into the lungs (21, 23). In humans, the lungs are divided into five lobes, with
three lobes in the right lung and two lobes in the left lung (24). In order to maintain
effective airflow under normal physiological conditions, both the trachea and
bronchi must remain open. For this reason, their walls contain cartilage (rings or
cartilage plates) that provide structural support and preventing collapse as well as
smooth muscle which regulates airway diameter (21).

The trachea and bronchi are lined by a pseudostratified epithelium that forms the
first cellular barrier against the external environment. This epithelial layer consists
a heterogeneous cellular populations , predominantly of basal cells, secretory cells,
goblet and ciliated cells, along with smaller population of specialized cell types such
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as tuft cells (brush cells), pulmonary neuroendocrine cells and ionocytes (25, 26).
Basal cells are located in the basal layer of the epithelium and serve as resident
progenitor cells that maintain and repair the bronchial epithelial lining (27, 28).
Secretory cells, including club cells and goblet cells, produce protective factors such
as secretoglobins and mucus, which help defend the lung from inhaled particles,
pathogens and oxidative stress (29, 30). Ciliated cells are columnar epithelial cells
characterized by a dense apical border of microscopic hair-like motile structures
projecting into the airway lumen, with highly coordinated, metachronal manner
beating at frequency of 10-20 Hz, generating the force required for mucociliary
clearance (31). Pulmonary neuroendocrine cells and tuft cells contribute to sensory
and immune signalling, whereas ionocytes, which express high levels of ion
channels including CFTR, are thought to participate in epithelial ion transport (32-
34).

Sction thiough
wallof bronchi -+ -

Figure 1. Schematic and representative histological images of major anatomical regions and cell
types in lower respiratory tract. Image taken with permission. Figure reproduced from (Carlson et al.
2019) with permission.

As they extend into the lung parenchyma, the bronchi divide repeatedly into smaller
conducting airways - bronchioles. Approximately 23 generations of branching
airways form an extensive and highly organized network in humans to rapidly
distribute the air throughout the lungs. Unlike the trachea and bronchi, bronchioles
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lack cartilage, which makes their walls more flexible. However, they retain a smooth
muscle layer, which becomes particularly important for keeping these airways open
in the absence of cartilage. Histologically, the epithelium in the bronchioles is
simpler than that of the larger airways and is typically cuboidal, consisting
predominantly of secretory cells and ciliated cells. In the human lung, bronchioles
can be broadly classified into 1) conducting bronchioles- which primarily serve to
transport air and 2) respiratory bronchioles- which represents the transition between
the conducting airways and the gas-exchanging regions of the lung (35, 36). The
terminal portion of the respiratory system begins where respiratory bronchioles
transition into alveolar ducts, which ultimately lead to alveolar sacs. These sacs have
a grape-like appearance and contain numerous alveoli (approximately 480 million
alveoli in human lungs (37)), which are small (in human 200-300 um and in mouse
40-80 pm), thin-walled, balloon-like structures closely associated with dense
capillary networks (35, 36). The alveoli are the primary sites of gas exchange,
allowing oxygen to enter the blood and carbon dioxide to be removed from the
circulation.

The alveolar epithelium differs markedly from that of the conducting airways and
is composed primarily of alveolar epithelial type I cells (AEC1) and alveolar type
II cells (AEC2). AECI are simple squamous epithelial cells that form most of the
alveolar surface and passively facilitate gas exchange due to how thin they are,
whereas AEC2 have a simple cuboidal shape and secrete surfactants, which reduces
surface tension and helps prevent alveolar collapse during breathing (38, 39). In
addition, AEC2s function as progenitor cells of the alveolar epithelium by self-
renewing and giving rise to AEC1 during homeostasis and following injury. The
alveolar spaces also contain alveolar macrophages, which serve a critical role in
immune defense by clearing inhaled particles and modulating local inflammatory
responses (40, 41).

In addition to the airway tree and alveolar compartments, the lungs contain an
extensive vascular and lymphatic network which are essential for pulmonary
homeostasis (42). While the blood vasculature supports efficient gas exchange, the
lymphatic system plays a critical role in maintaining tissue fluid balance, removing
excess interstitial fluid and contributing to immune surveillance within the lung (43-
45).

Finally, the lungs are surrounded by the pleura, a bilayered serous membrane that
encloses them and helps maintain their position within the thoracic cavity. The
pleura is lined primarily by mesothelial cells which reside on an underlying
connective tissue layer containing fibroblasts, blood vessels, lymphatics and
immune cells (46). The pleura consists of two continuous layers: the visceral pleura,
which closely covers the surface of the lungs, and the parietal pleura, which lines
the inner chest wall, diaphragm, and mediastinum (46). The narrow space between
these layers, known as the pleural cavity, contains a thin layer of pleural fluid that
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reduces friction during breathing and allows smooth movement of the lungs (46).
Surface tension generated by the pleural fluid also helps maintain close apposition
between the lungs and the thoracic wall, contributing to lung expansion during
inhalation and helping prevent lung collapse (atelectasis) under normal
physiological conditions (47).

Pathology - the story of disease

Cells may, for a variety of intrinsic and extrinsic reasons, temporarily or
permanently lose their normal function. Such dysfunction can compromise tissue
integrity and organ performance, ultimately contributing to the development of
disease, as observed in the majority of clinical conditions. Pathology is the discipline
that examines the structural, cellular, and molecular alterations underlying abnormal
tissue and organ function. It is one of the most important fields in diagnostic
medicine because many diseases display characteristic morphological features that
can be readily recognized in tissue sections. Histopathological evaluation of biopsy
or surgical resection specimens often provides the definitive diagnosis for a wide
range of disease such as cancer and fibrosis but also inflammatory, infectious, and
degenerative disorders. Beyond establishing a diagnosis, pathology also plays a
central role in determining prognosis and guiding treatment by providing
information on features such as tumour grade, disease stage, resection margin status,
and the expression of clinically relevant molecular biomarkers. Moreover, the
integration of high-throughput molecular data with traditional morphological
assessment is increasingly central to the advancement of personalized medicine, as
it enables treatment strategies to be tailored to the specific molecular alterations
identified in a patient’s tissue and further reinforces the central role of the
pathologist in modern disease classification and management. However, this thesis
will focus on Idiopathic pulmonary fibrosis (IPF) and Alzheimer’s disease (AD).
Although these diseases arise in different organs and have distinct clinical
manifestations, both are driven by tissue remodelling following unknown injuries
which result in alterations in extracellular matrix (ECM), spatio-molecular changes
and excessive cell death.

Idiopathic Pulmonary Fibrosis (IPF)

Idiopathic pulmonary fibrosis (IPF) is one of the most devastating and progressive
forms of interstitial lung disease (ILD). It is characterized by excessive extracellular
matrix (ECM) deposition, architectural distortion and remodelling of distal lung
parenchyma with progressive loss of respiratory function (48). As the term
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idiopathic says, the exact cause of IPF remains unclear. However, several risk
factors have been associated with disease development such as genetic
predisposition, age, cigarette smoking, environmental or occupational exposures,
gastroesophageal reflux and repeated viral or micro-injuries to the alveolar
epithelium. Clinically, IPF has a poor prognosis, with median survival often
estimated at only 2-3 years after diagnosis.

Patients with IPF typically present with progressive exertional dyspnea, persistent
non-productive cough, fatigue and weight loss (in some cases) with unknown origin.
On physical examination, fine bibasal inspiratory crackles are frequently detected,
and digital clubbing may also be present due to chronic hypoxemia. Importantly,
IPF is a clinical diagnosis that requires integration of clinical history, radiological
findings and when necessary histopathological evaluation.

Radiologically and histologically, IPF is associated with usual interstitial
pneumonia (UIP)(49). However, it is important to know that IPF and UIP are not
always synonymous terms. Usual interstitial pneumonia was first introduced as a
histological term in the 1960-s as a histopathological pattern observed across
multiple lung diseases which was differentiated from desquamative interstitial
pneumonia, bronchiolitis obliterans interstitial pneumonia, lymphoid interstitial
pneumonia, or giant cell interstitial pneumonia. UIP can be seen not only in IPF, but
also in several secondary conditions, including chronic hypersensitivity
pneumonitis, drug-induced lung toxicity, asbestosis, and genetic disorders such as
Hermansky—Pudlak syndrome. Therefore, distinguishing IPF, sometimes referred to
as “idiopathic UIP,” from secondary UIP-like diseases is essential. In 2011, 2018
and 2022 the American Thoracic Society/European Respiratory Society/Japanese
Respiratory Society/Latin American Thoracic Association (ATS/ERS/JRS/ALAT)
adopted new guidelines to better differentiate UIP and encourage radiologist and
pathologies to link UIP more with IPF; they also highlighted the need to look for
differential diagnosis (50, 51).

Histopathologically, usual interstitial pneumonia (UIP) is characterized by a
combination of morphological features such as 1) patchy interstitial fibrosis 2)
spatial and temporal heterogeneity 3) architectural distortion 4) a predominantly
subpleural and paraseptal distribution and 5) the absence of histological features
suggesting an alternative diagnosis, such as granulomas, prominent organizing
pneumonia, or marked interstitial inflammation away from fibrotic areas.

At low magnification, fibrotic areas often neighbour regions with relatively
preserved and normal looking lung parenchyma, creating a heterogeneous “patchy”
appearance (Figure 2B). This spatial heterogeneity is one of the most important
diagnostic features at lower magnification, because fibrosis in UIP is not diffuse or
uniform, but instead affects the lung in an irregular pattern, usually predominantly
subpleural and paraseptal regions. The fibrotic process is usually most pronounced
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in the subpleural and paraseptal regions, although it may extend deeper into the lung
parenchyma as the disease progresses.

However, temporal heterogeneity is present, meaning that fibrotic lesions at
different stages of development coexist within the same tissue sample, even in
fibrotic regions at lower magnification. Areas of established, “old fibrosis”,
composed predominantly of dense, relatively acellular collagen and scar tissue, are
found alongside areas of active fibrogenesis known as fibroblastic foci (Figure 2C).
Histologically, fibroblastic foci appear as small, convex or dome-shaped
subepithelial aggregates of spindle-shaped fibroblasts and myofibroblasts
embedded within a loose, myxoid extracellular matrix. As fibrotic remodeling
progresses, the normal alveolar architecture becomes increasingly distorted. Dense
scarring, collapse of alveolar structures, and remodeling of the interstitium lead to
progressive destruction of the normal lung parenchyma, leading to microscopical
honeycomb change (Figure 2D).Histologically, honeycombing consists of
enlarged, cystically dilated airspaces embedded within dense fibrotic tissue. The air
spaces are typically lined by metaplastic bronchiolar-type epithelium, including
ciliated epithelial cells and mucus-producing cells, reflecting bronchiolization and
aberrant epithelial repair. Their lumina may contain mucin, macrophages, cellular
debris, and variable inflammatory cells. However, the inflammatory component in
UIP is usually mild and is generally mostly within fibrotic and honeycombed areas
In addition, smooth muscle metaplasia or hyperplasia is frequently present within
fibrotic and honeycombed regions and contributes further to the distorted
architecture of the lung.

Figure 2. Macroscopic and histopathological features of idiopathic pulmonary fibrosis (IPF) with a
usual interstitial pneumonia (UIP) pattern. A) Macroscopic image of an IPF patient lungB) Low-
magnification hematoxylin and eosin (H&E) staining of UIP lung tissue demonstrating marked spatial
heterogeneity, with patchy fibrosis adjacent to relatively preserved normal parenchyma.C) Higher-
magnification view highlighting fibroblastic foci, representing areas of active fibrogenesis.D)
Advanced honeycomb changes, characterized by cystic, fibrotic airspaces lined by bronchiolar
epithelium, reflecting end-stage architectural remodelling. Figure reproduced from (Lagstein et al.
2018) with permission.
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As discussed above, mesenchymal cells play a critical role in the pathogenesis of
UIP/IPF. However, increasing evidence indicates that epithelial cells are also central
to disease initiation and progression. A growing hypothesis suggests that the initial
site of injury in IPF may be within the distal alveolar epithelium, involving alveolar
type I and alveolar type II cells. As discussed above these cells normally function
as progenitor cells for the alveolar epithelium and are responsible for epithelial
repair after injury. Repeated or persistent damage to the alveolus can impair normal
regeneration and lead to exhaustion of alveolar type II cells or altered cell states
(e.g. senescence or acquisition of intermediate cell types). These alterations have
been shown to promote epithelial dysfunction which leads to the release of
profibrotic mediators that activate surrounding mesenchymal cells (52-54).

Recent studies demonstrated that distal lung epithelial re-programming (also termed
aberrant differentiation) is a prevalent feature of IPF. These cells express non-
epithelia (e.g. mesenchymal) markers, so called epithelial-to-mesenchymal
transition (EMT)(55-57). Several signalling pathways have been shown to
contribute to this epithelial plasticity, including TGF-B (58), Wnt (59, 60) and
YAP/TAZ (Paper 1, papers not included in this thesis) (54).The reactivation of these
developmental and mechanotransductive pathways in the adult lung may initially
represent an attempt to restore epithelial integrity after injury. However, in the
context of persistent damage and a profibrotic microenvironment, these pathways
can become dysregulated, driving epithelial dysfunction, aberrant differentiation,
senescence and pathological EMT.

Recent single-cell RNA-seq studies have further substantiated this concept by
identifying distinct subpopulations of epithelial cells with aberrant transitional
phenotypes in IPF lungs with simultaneously expressing basal epithelial-associated
keratins KRT17 and 8, mesenchymal and/or apoptotic and senescence-related
markers (55, 56, 61). This supports the idea that the IPF epithelium does not simply
lose epithelial identity, but rather becomes trapped in abnormal intermediate states
that may interfere with effective alveolar repair.

However, these aberrant epithelial populations represent only a relatively small sub-
population of the total lung cells and the origin of this cell is still unclear, which
introduces important methodological and conceptual challenges. First, because
these cells are rare, conventional 2D histological approaches may fail to detect them.
Second, the lung is an inherently three-dimensional organ, with complex spatial
organization across airways, alveoli, vasculature and lymphatic systems. Therefore,
understanding these aberrant epithelial states requires more than identifying their
molecular signature. It is essential to determine where they are located within the
tissue, how their spatial distribution changes over time and whether they
preferentially emerge in specific microenvironments and how they interact with it.
Further if these epithelial populations are distributed across different regions of the
lung, an important unanswered question is whether they act as isolated local
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phenomena or whether they participate in broader tissue-level communication. They
may form spatially separated but functionally related niches that collectively sustain
disease progression. Thus, their contribution to IPF pathogenesis cannot be fully
understood without resolving their spatiotemporal relationships with surrounding
cell populations. Therefore, there is a need of experimental and analytical
approaches that preserves the three-dimensional architecture of the lung allowing
the study of this sub-population of cells in their native state.

Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and
characterized by memory loss, with further worsening of cognitive abilities with
disease progression.

The disease is named after Alois Alzheimer, the German psychiatrist and
neuropathologist who first described its characteristic brain pathology in 1907 (62).
While examining the brain of his patient Auguste Deter after her death, he observed
unusual changes both outside and inside nerve cells. He referred to these
abnormalities as cortical miliary foci and intracellular neurofibrillary alterations
(63). Today, these changes are known as amyloid plaques and neurofibrillary
tangles, which are considered the main pathological hallmarks of AD (Figure 3).
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Figure 3. Representative MRI images of a healthy brain and an Alzheimer's disease brain, illustrating
neurodegeneration characterized by progressive brain atrophy, including reduced brain volume and
enlarged ventricles. The schematic compares healthy neurons with neurons affected by Alzheimer's
disease, highlighting the extracellular accumulation of amyloid-f plaques and the intracellular
formation of neurofibrillary tangles. Created in BioRender.com
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Amyloid plaques consist primarily of amyloid-beta (AB) peptides that accumulate
extracellularly.(64). AP is produced from the sequential cleavage of amyloid
precursor protein (APP) (64-66). They occur in different forms, with dense-core
plaques and diffuse plaques being the most commonly described (67). Dense-core
plaques have a compact fibrillar center surrounded by a less organized halo of AP
and are typically associated with later stages of the disease (66). Some dense-core
plaques are classified as neuritic plaques, meaning that they are surrounded by
damaged neuronal processes called dystrophic neurites (67). These abnormal
neurites often contain altered tau protein, amyloid precursor protein (APP) or both
(68). Plaques are often accompanied by activated microglia and reactive astrocytes,
highlighting the strong inflammatory component of Alzheimer’s disease (69). Loss
of synapses is also commonly seen around these plaques (67, 69, 70).

The other major pathological feature of Alzheimer’s disease is the neurofibrillary
tangle, an intracellular structure composed mainly of abnormal tau protein. These
tangles develop gradually through several stages (71, 72). They first appear as pre-
tangles, then mature into fully formed tangles that interfere with normal neuronal
function and eventually contribute to their death. Following neuronal death, residual
neurofibrillary tangle can remain in the extracellular space, known as a ghost tangles
(73). Another tau-related lesion seen in Alzheimer’s disease is the neuropil thread,
a thread-like accumulation of filamentous tau found throughout affected brain
regions (73).

Under normal conditions, tau helps stabilize microtubules and supports axonal
transport within neurons (74). In Alzheimer’s disease, tau becomes abnormally
hyperphosphorylated, which causes it to detach from microtubules and misfold (75).
These misfolded tau molecules then aggregate into paired helical filaments, which
later form neurofibrillary tangles and neuropil threads. This process contributes
significantly to neuronal dysfunction and degeneration (74).

One of the most widely discussed explanations for the development of Alzheimer’s
disease is the amyloid cascade hypothesis (76). According to this model, the
abnormal accumulation of Af is an early event that triggers a chain of pathological
changes, including tau hyperphosphorylation, tangle formation, neuroinflammation
and eventually neurodegeneration (77). These processes are thought to drive the
clinical symptoms of the disease.

However, the pathophysiology of AD remains incompletely understood. While
extracellular AP plaques and intracellular neurofibrillary tangles composed of
hyperphosphorylated tau are the defining pathological hallmarks of the disease, the
precise mechanisms that initiate and drive AD is under investigation and events
associated with disease onset remain unknown. For example, amyloid is known to
be able to accumulate decades before symptom onset in some patients and
substantial plaque burdens can be observed in cognitively normal individuals. How
exactly do amyloid plaques form in real time? Why are certain brain areas such as
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the hippocampus and entorhinal cortex affected early, while other regions remain
relatively resistant? These are major unanswered questions in the field and new
techniques are needed to better understand disease onset and progression, including
those which enable the study of living tissue.

Organotypic tissue slices

Organotypic slice culture was first described in 1906 as a method to observe axonal
growth during embryonic development (92). In these pioneering experiments,
fragments of medullary tube or ectoderm from frog embryos were manually
dissected and cultured in lymph fluid. The tissues remained viable for up to four
weeks, enabling light microscopic observation of active cilia, muscle contraction
and axonal projections. the term “organotypic” was introduced for the first time by
the histologist Alexandr Maximow in 1925 in "Maximow double-coverslip
assembly" (a modified, sealed hanging-drop culture). This allowed for the long-term
cultivation and high-resolution microscopic observation of living tissue explants.
Then in 1951, Dame Honor B. Fell described organotypic as “the tissue largely
retains its characteristic architecture, remains functional and if derived from
undifferentiated material, it may develop in culture in a surprisingly normal
way”’(78).

Today, organotypic cultures can be generated from a wide range of organs, species
and developmental stages. Early methodologies, often referred to as explant
cultures, relied on manual cutting to generate tissue pieces typically around 1 mm
thick (93-95). However, manual sectioning can introduce human bias and produce
uneven slices, both of which may affect experimental reproducibility and
interpretation. Furthermore, tissue thickness can be a critical determinant of culture
viability, as oxygen and nutrients must defuse from culture medium into the tissue.
However, diffusion is limited to around 300-500 um depending on the tissue type
(i.e. how dense and metabolically active it is). Therefore, thick slices are prone to
develop hypoxic or necrotic core. The development of vibratome-based sectioning
therefore represented a major technical advance, enabling the production of thinner,
more uniform, robust, precise tissue slices. This thesis utilized slices from diverse
organs but mainly utilized organotypic slices derived from brain and lung for in
depth analysis.

Brain tissue slices

Brain is one of the most complex and heterogeneous organs in the human body. The
adult human brain contains approximately 80 billion neurons and 4050 billion glial
cells, organized into distinct anatomical and functional regions.
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2D cell cultures are among the most widely used model systems in cellular and
molecular biology and have contributed immensely to our understanding of
physiology, cell signaling, development, and disease mechanisms. However,
conventional 2D cultures only partially reproduce the in vivo environment. Isolated
cells are removed from their native cytoarchitecture and often lack interactions with
other cell types, extracellular matrix, blood vessels and neuronal networks.

To overcome some of these limitations, brain tissue slices are increasingly used as
ex vivo models. Brain slices preserve many features of the native tissue, including
cytoarchitecture, regional organization, resident neural and glial populations, ECM
and vasculature. Moreover, brain tissue slices provide a unique experimental
platform that enables the direct visualization of molecular and cellular processes in
real time while preserving much of the native tissue architecture and cellular
microenvironment, which is otherwise is very challenging. Therefore, they
represent an intermediate model between simplified in vitro cultures and complex
in vivo animal or human studies.

Broadly, brain tissue slices can be divided into two major categories: acute brain
slices and organotypic brain slice cultures (79). Acute brain slices are prepared
immediately after brain extraction and vibratome sectioning. They are commonly
used for electrophysiological recordings, calcium imaging, synaptic transmission
studies, pharmacological assays and short-term functional experiments. However,
acute brain slices require continuous maintenance in artificial cerebrospinal fluid-
like medium, typically with high oxygenation, controlled temperature and balanced
ionic composition to closely mimic physiological conditions. Their viability is
limited, often 9-10 hours, after which tissue integrity and physiological activity
progressively decline and they needs to be converted to organotypic brain slice
culture (79). This process involves replacing the serum-, antibiotic/antimycotic -and
growth factor-free, highly oxygenated, glucose and physiological salts artificial
cerebrospinal fluid (aCSF) with a conventional tissue culture medium e.g. Minimum
Essential Medium (MEM), supplemented with serum, usually HEPES bulffer,
antibiotics/antimycotics, glutamine and additional (80, 81). This culture
modification supports the long-term viability of brain slices. Organotypic slices
have been shown to retain tissue architecture and multicellular interactions for days
to weeks, making them suitable for longitudinal studies, disease modelling, viral
transduction, live imaging and drug testing (82).

Brain tissue slices can be generated from both rodent and human tissue (Figure 4).
Rodent brain slices are commonly prepared from wild-type animals, genetically
modified models or disease models, allowing controlled investigation of specific
molecular pathways (83). Human brain slices, on the other hand, are typically
obtained from neurosurgical resections, including epilepsy surgery, tumor removal,
intracerebral hemorrhage-related surgery or tissue collected during ventricular shunt
placement (84). In some cases, postmortem human tissue can also be adapted for
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organotypic culture, allowing investigation of age- and disease-related mechanisms
in human-derived brain tissue.
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Figure 4. Overview of the generation of brain slices and their application in modelling
neurodevelopment, diseases and the therapeutic strategies. Created in BioRender.com by NG

Brain tissue slices are also used for modeling neurological and neurodegenerative
diseases. Transgenic mouse models have been widely used to generate slices that
reproduce features of Alzheimer’s disease. Recently organotypic slices were used
for studying amyloid-f accumulation, tau pathology, plaque formation, synaptic
dysfunction and neuroinflammation (85).

Importantly, patient-derived postmortem human brain tissue has been explored as a
platform for disease modeling. Recent work has demonstrated that postmortem adult
human brain explants can retain functional properties in organotypic culture,
including responses to electrical stimulation and forms of synaptic plasticity (86).

Overall, brain tissue slice cultures provide a powerful ex vivo platform that bridges
the gap between simplified in vitro models and in vivo systems. By preserving native
tissue architecture, multicellular interactions, and regional brain organization, they
allow more physiologically relevant studies of brain. Although challenges remain,
including tissue viability, limited access to human material, culture-induced changes
and ethical considerations

Precision-Cut Lung Slices (PCLS)

Lung diseases are among the leading causes of death worldwide and are associated
with poor prognoses across diverse patient populations. Although animal models of
pulmonary disease have historically contributed to our understanding of lung
development, aging and adult disease, there is now strong motivation to develop
alternative methodologies. This shift toward alternative models is driven both by
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societal efforts to reduce animal experimentation and by the scientific need for ex
vivo systems composed entirely of human cells and ECM that more faithfully
reproduce human lung anatomy and physiology, features that cannot be fully
modelled in animals. On the other hand, the use of isolated human cells,
monocultures or even co-cultures have been extensively used, but these systems fail
to fully recapitulate the complexity of the organ, particularly its multicellular
interactions and ECM).
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Figure 5. Overview of the generation of lung slices and their application in modelling development,
diseases and the therapeutic strategies. Created in BioRender.com by NG

In this context, organotypic cultures of lung tissue represents one of the most
attractive alternatives. By preserving native cell types in their spatial locations and
maintaining the cell-ECM interactions, organotypic models provide a robust
physiological baseline.

The preparation of PCLS (Figure 5) is technically challenging (especially from
human). Because the lung is highly elastic and lacks structural stability in its
deflated state for reproducible sectioning, it is common that the airways are instilled
with a supportive hydrogel that makes cutting easier (e.g. with low-melting agarose
prior to slicing). Agarose provides the necessary support for precision cutting (a
well-inflated lung is much easier to section) under cytocompatible conditions at
4°C, however, its use also introduces potential limitations that must be considered
in downstream analyses (for example during RNA isolation) (87).

Importantly, the choice between explant culture and PCLS should always be guided
by the specific experimental question (Table 1). Explants remain a powerful and
rapid model for addressing fundamental developmental questions. In contrast,
studies requiring rigorous paired comparisons, pharmacological screening or
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minimization of hypoxia-induced cell death in thicker tissue benefit from the
uniform thickness and reproducibility of PCLS.

Table 1. Comparison of lung explants and PCLS highlighting key differences.

Explant Culture Precision-Cut Lung Slices
(PCLS)

Generation | Manual dissection Vibratome
Method
Typical > 1 mm (variable) 50-500 pm (highly uniform)
Thickness
Preparation | Rapid (no inflation required) | Slower (requires  agarose
Time infiltration)
Major High risk of core hypoxia Specialized equipment and
Limitation expertise

The potential applications of PCLS, together with the downstream analytical
methods used to investigate them, will be discussed in detail in this thesis.

Use of PCLS to study lung development

Lung development is a tightly regulated process that occurs primarily during
gestation but continues postnatally in most mammalian species, including humans.
Consequently, both explant cultures and PCLS can be generated from prenatal or
postnatal lungs, depending on the species and the specific experimental question
(88, 89). Interestingly, lung tissue from both rodents and humans appears to retain
the biological cues required to support branching morphogenesis and alveolarization
ex vivo from at least the pseudoglandular stage (89, 90), although some differences
compared with in utero development have been reported, such as the absence of
elastin deposition ex vivo(91). Explant cultures, which are typically derived from
earlier developmental stages and PCLS, which are generally generated from later
stages when more tissue is available, have therefore both been used to study lung
morphogenesis in animals and humans across different stages of development (92,
93).

A major advantage of foetal explant cultures and PCLS is that they enable the
investigation of key developmental events at the molecular level. For example, the
use of PCLS allows live imaging of alveolar septation during alveologenesis, which
is currently not feasible to study with cellular resolution in vivo (88). Murine PCLS
have also been used to examine the effects of hyperoxia on lung development,
including its possible role in the onset of bronchopulmonary dysplasia and to
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evaluate pharmacological and biological interventions in the same experimental
setting (94). In addition, explant cultures and PCLS offer a more controlled platform
for studying the relationship between lung development and the intrauterine
environment, which remains difficult to investigate in vivo.

Recent studies using ex vivo murine fetal explant cultures demonstrated that
amniotic fluid from pre-eclamptic mice was sufficient to disrupt fetal lung
development in explants derived from healthy mice (95). The same model has also
been used to evaluate a novel biological therapy aimed at preventing lung
developmental abnormalities associated with pre-eclampsia, namely extracellular
vesicles derived from mesenchymal stromal cells (95). Furthermore, PCLS can be
used to study the development of murine lungs derived from genetically modified
mice to study lung specific versus systemic effects. A recent study (Paper 2, papers
not included in the thesis) used PCLS derived from E18.5 mouse embryos to help
determine the role of laminin y1 chain in Tagln positive cells (found in smooth
muscle cells and alveolar myofibroblasts). These mice died shortly after birth and
were born cyanotic. We used PCLS ex vivo culture to evaluate the capacity of the
mutant lungs to continue development. We found that loss of laminin y1 chain in
Tagln positive cells resulted in incomplete lung development, including
compromised basement membrane development and impaired alveolarization (96).

Use of PCLS to study existing and potential therapies

Since many PCLS replicates can be generated from a single lung, in both rodent and
human tissues, this model enables multi-modal analyses under a single experimental
condition. Furthermore, PCLS retain patient-specific characteristics and their
potential for drug screening, including target identification and validation, has
already been demonstrated in several studies (97). PCLS derived from both animal
and human tissue have been used to model a wide range of diseases, including acute
and chronic lung disorders such as chronic obstructive pulmonary disease (COPD),
IPF, asthma, and lung cancer. Both healthy and diseased tissue can be used to
generate PCLS, and the choice depends on tissue availability as well as the specific
research question being addressed.

However, the generation of PCLS from diseased human tissue remains challenging.
In addition, most diseased human samples represent end-stage disease, which is not
ideal from a therapeutic perspective, as treatments are preferably administered
during earlier stages of disease progression. To address this limitation, several
studies have demonstrated the feasibility of inducing lung injury in healthy lung
tissue or in histologically and macroscopically normal regions of surgical resections,
through exposure to infectious agents, cytokines, enzymes, or other injurious stimuli
in order to model disease onset. The suitability of PCLS for drug screening,
including evaluation of next generation therapies such as DNA or RNA therapies
(98-100), has also been evaluated in multiple studies by assessing whether this
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model can generate disease-specific readouts in response to compounds approved
for respiratory diseases.

Substantial efforts have furthermore been devoted to extending the viability of these
cultures from a few days to several weeks, thereby broadening the experimental
window for longitudinal investigations and drug-testing applications. Despite these
advancements, significant methodological variability persists in the field. No
universally accepted culture protocol exists and experimental procedures differ in
critical aspects between laboratories such as agarose type and percentage, culture
media formulation and inclusion of a pre-experimental resting period. For example,
some protocols recommend overnight recovery following slice generation before
initiating experiments, whereas others begin experiments immediately after
sectioning. Such differences may influence cellular responses and experimental
outcomes. Therefore, standard solutions/strategies are needed to enable comparison
between studies which will ultimately save time, resources and make PCLS
experiments more reproducible. Alternatively, standard reporting criteria can help
make interlab differences more clear. This is especially critical given recent
government initiatives to enable the use of PCLS and other ex vivo model systems
(i.e. New Advanced Methodologies (NAMs) to replace animals in demonstrating
efficacy prior to initial human clinical trials.

Moreover, it is important to recognize a fundamental limitation common to all tissue
slice models that they are separated from systemic circulation. Consequently, they
lack physiological blood flow, immune-cell recruitment from the periphery,
endocrine regulation, and normal nutrient and oxygen delivery dynamics. This
renders the tissue intrinsically more vulnerable to injury, metabolic stress and
progressive cellular degeneration during ex vivo culture. Consequently, cell death
becomes an unavoidable component of tissue slices. This may complicate
evaluation of cytotoxicity or even other molecular events when evaluating potential
therapies. Therefore, a comprehensive understanding of the molecular mechanisms
governing cell death is critical for the accurate interpretation of tissue slice studies
and for distinguishing between treatment effect from culture-induced artifacts.

Cell Death

Historically, human beings have been fascinated by death because it was a constant
and visible part of our life (101). Beyond this observable reality, however death also
occurs as a fundamental process at the cellular level (102). Microscopically, cell
death is far more than simple cessation of cellular function; it is a highly regulated
and essential biological mechanism that plays a central role in development as well
as in maintaining tissue homeostasis (103). In the adult human body, approximately
50 billion cells are eliminated each day, which corresponds roughly to the total body
weight yearly (104). Physiological cell death is a fundamental biological process
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required for proper development, tissue renewal and repair. However, when
triggered by excessive stress, injury or disease, cell death can become detrimental,
shifting from a homeostatic process to pathological (105). Insufficient cell death
may contribute to hyperproliferative disorders, for example cancer (106, 107);
excessive cell death can also lead to degenerative diseases, including the nervous
system.

Traditionally, cell death has been divided into two broad categories: necrosis and
programmed cell death (PCD)(108). Necrosis was classically regarded as an
uncontrolled and “accidental” form of cellular collapse caused by acute injury,
whereas programmed cell death was understood as an orderly, genetically regulated
process driven by developmental or physiological signals (108). However, the
identification of RIPK1, RIPK3 and MLKL as central regulators of necroptosis
demonstrated that necrosis can also be a regulated form of cell death. According to
the Nomenclature Committee on Cell Death (NCCD) recommendations published
in 2018 and revised in the 2023 NCCD, cell death can be broadly classified into two
umbrella categories: accidental cell death (ACD) which is non-programmed and
regulated cell death (RCD) which is driven by defined molecular mechanisms.
Further, PCD is generally considered a physiological subset of RCD (Figure 6)
(109).
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Figure 6. A and B Schematic of different cell death mechanisms according to the Nomenclature
Committee on Cell Death (NCCD) recommendations. Created in BioRender.com by NG

As a result, a broad range of additional RCD subtypes have been identified:
lysosomal cell death (110), autophagic (111), mitoptosis (112), paraptosis (113),
pyroptosis (114), parthanatos (115), NETosis (116), necroptosis (117),
immunogenic cell death (118), entosis (119), methuosis (120), ferroptosis (121),
autosis (122), alkaliptosis (123), oxeiptosis (124), cuproptosis (125) and erebosis
(126). The existence of these diverse pathways reflects the evolutionary
development of multiple mechanisms that protect the organism and preserve
physiological balance.

41



Nevertheless, this thesis will focus specifically on apoptosis and how it relates to
conditions which may be encountered in ex vivo models.

Apoptosis
Extrinsic pathway

Extrinsic apoptosis is initiated when extracellular death ligands, including tumor
necrosis factor (TNF)-0, Fas ligand (FasL) and TNF-related apoptosis-inducing
ligand (TRAIL), bind to corresponding death receptors at the plasma membrane-
TNFR1, Fas/CD95, and TRAIL receptors (127-129) (Figure 7). In the Fas pathway,
receptor ligation promotes recruitment of the adaptor protein Fas-associated death
domain (FADD) together with procaspase-8, resulting in formation of the death-
inducing signalling complex (DISC) (127, 128). Within the DISC, procaspase-8 is
activated, whereas cellular FLICE-like inhibitory proteins (c-FLIP isoforms) can
bind caspase-8 and modulate its activation, thereby influencing whether signalling
proceeds toward apoptosis. Activated caspase-8 subsequently initiates the
downstream caspase cascade by cleaving and activating executioner caspases,
particularly caspase-3, caspase-6, and caspase-7, which mediate the degradative
phase of apoptosis (127-129). TNFR1-mediated apoptosis is mechanistically more
complex than Fas signalling. Following TNF binding, TNFR1 first assembles a
membrane-associated signalling complex, termed complex I, which contains
TRADD, RIPK1, TRAF2/5, and cIAP1/2 and generally promotes pro-survival and
pro-inflammatory signalling through NF-xB. When these survival checkpoints are
impaired, or when RIPK1 ubiquitination and phosphorylation are dysregulated,
TNFR1 signalling can shift toward formation of a cytosolic death complex
containing FADD and caspase-8, thereby promoting apoptosis (129).

Intrinsic pathway

The intrinsic pathway, also known as the mitochondrial pathway, is activated by
intracellular stress signals such as DNA damage, oxidative stress, mitochondrial
injury, or in some cases detachment from the extracellular matrix (anoikis). This
pathway is tightly controlled by the BCL-2 family of proteins, which includes anti-
apoptotic members such as BCL-2, BCL-xL, MCL-1 and BCL-W, as well as pro-
apoptotic effectors such as BAX and BAK and BH3-only proteins including BIM,
BID, BAD, NOXA, and PUMA (127, 129, 130) (Figure 7). In response to apoptotic
stress, BH3-only proteins neutralize anti-apoptotic BCL-2 family members and
promote activation of BAX and BAK, which oligomerize in the outer mitochondrial
membrane and induce mitochondrial outer membrane permeabilization (MOMP).
MOMP results in the release of cytochrome ¢ and second mitochondria-derived
activator of caspases (SMAC/DIABLO) from the mitochondrial intermembrane
space into the cytosol(127, 130). Cytosolic cytochrome c then binds apoptotic
protease activating factor-1 (Apaf-1) and procaspase-9 to form the apoptosome, a
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multimeric complex that activates caspase-9. Activated caspase-9 subsequently
cleaves and activates downstream executioner caspases cascade, caspase-3,
caspase-6 and caspase-7 (127). Because mitochondrial damage and caspase
activation can amplify one another, intrinsic apoptosis is increasingly viewed as a
self-reinforcing network rather than a strictly linear signalling cascade.
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Figure 7. Schematic of extrinsic and intrinsic pathways of apoptosis. Created in BioRender.com by
NG

Execution phase of apoptosis

Although the extrinsic and intrinsic pathways are initiated by distinct upstream
signals, both converge on a common execution phase mediated by the activation of
executioner caspases, such as caspase-3, caspase-6, and caspase-7, and caspase-10.
Executioner caspases are structurally distinct, possessing short pro-domains, and
their activation commits the cell irreversibly to apoptosis (127). These executioner
caspases orchestrate the demolition phase by cleaving a broad spectrum of target
proteins. Crucially, they activate a cytoplasmic endonuclease, the caspase-activated
DNase (CAD), which degrades chromosomal DNA within the nucleus and drives
chromatin condensation. Caspase-3, the most prominent of the executioner caspases
and activatable by any initiator caspase, is the explicit activator of CAD (127, 130).
Beyond DNA fragmentation, executioner caspases cleave proteases that dismantle
nuclear lamins and cytoskeletal proteins, leading to the collapse of the nuclear
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structures and the cytoskeleton. This coordinated proteolysis produces the
characteristic morphology of apoptosis: chromatin condensation, nuclear shrinkage
with further fragmentation (karyorrhexis), cytoplasmic blebbing and the packaging
of cellular contents into discrete, membrane-bound apoptotic bodies (127, 130).

Escape from Apoptosis

The mechanisms described above of apoptotic cell death represent the canonical
pathways of programmed cell death, activated in response to a wide range of
intracellular and extracellular stressors. However, cells do not always fully commit
to apoptosis and therefore can escape it maintaining cell viability despite pro-death
signals. The most known example of this pathological survival is cancer (131).
Cancer cells show multiple or overlapping, mechanisms that enable escape from
apoptosis. These include genetic alterations in key regulators of cell death, such as
overexpression of anti-apoptotic BCL-2 (132), loss or mutation of tumour
suppressor p53 (133), dysregulation or inactivation of caspases (134) and death
receptors (DRS).

Importantly, pathological escape from apoptosis is not restricted to cancer. Non-
malignant diseases can also exhibit aberrant survival of specific cell populations.
For example, in idiopathic pulmonary fibrosis (IPF), myofibroblasts display
resistance to apoptosis, leading to their persistence within fibrotic lesions (135,
136). Similarly, certain populations of alveolar epithelial type II (AECII) cells can
exhibit dysregulated apoptotic responses, contributing to impaired tissue repair and
disease progression (137, 138). These findings highlight that defective apoptotic
regulation is a broader pathological feature, extending beyond oncogenesis to
fibrotic and degenerative disorders. Therefore, careful evaluation of apoptotic cells
in ex vivo systems is critical to correctly interpreting disease-specific versus model-
specific or stimuli-specific effects.

Anastasis — living beyond the death

Activation of executioner caspases, particularly caspase-3 and caspase-7 has
traditionally been called as the “point of no return”. Canonically, once a cell enters
the execution phase of apoptosis, death is considered inevitable. However, this
concept has been increasingly challenged by evidence showing that “point of no
return” is not always an irreversible process. Under certain conditions, cells that
have already passed this point can recover and survive if the death-inducing stimulus
is removed. This phenomenon is known as anastasis, meaning “rising from death”.
Recent studies have shown that apoptosis can be reversed even after activation of
executioner caspases, both in cultured cells and in vivo. For example, ethanol-
induced apoptosis has been shown to be reversible after removal of ethanol and
replacement with fresh medium in several cell types, including primary liver and
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heart cells, NIH 3T3 embryonic fibroblasts and human cervical cancer HeLa cells.
Live-cell imaging of HeLa cells carrying a caspase-3 biosensor showed caspase-3
reporter activation during apoptosis, followed by signal reduction upon washing
with fresh medium (139).

At the molecular level, this is particularly interesting because late-stage apoptosis is
associated with severe intracellular damage, DNA and nuclear fragmentation.
Nevertheless, anastasis has been observed even after these advanced molecular
events. Mouse primary hepatocytes and non-cancerous NIH 3T3 fibroblasts
exposed to ethanol displayed classical markers of apoptosis DNA strand breaks and
nuclear fragmentation. Despite this, after withdrawal of the apoptotic stimulus and
restoration of normal culture conditions, a fraction of these cells were able to reverse
the death process and survive (140).

However, survival through anastasis may come with important biological
consequences. Cells that recover from apoptosis may not return to a completely
normal state. Instead, they can retain unresolved or incorrectly repaired DNA
damage. Surviving cells have been reported to acquire chromosomal abnormalities,
increased micronuclei formation and other signs of genomic instability. In this
sense, anastasis may act as a double-edged mechanism: on one hand, it may allow
the preservation of cells after transient or sublethal injury and on the other hand, it
may permit damaged cells to survive, potentially contributing to malignancy(139) .

Thus, anastasis introduces an important layer of complexity into our understanding
of apoptotic cell death. Rather than being a strictly linear and irreversible process,
apoptosis may contain a window of reversibility during which cells can either
continue toward death or activate recovery. The molecular determinants of this
decision remain incompletely understood and it is not known whether anastasis
occurs frequently under physiological or pathological conditions in vivo or ex vivo.

Tissue analysis with light-based techniques

The previous sections of this thesis described the molecular pathways of idiopathic
pulmonary fibrosis (IPF) and Alzheimer’s disease (AD), mechanisms of cell death
and the application of organotypic tissue slices as experimental models. However,
the subsequent downstream analysis of these tissues is a crucial step, as it enables
the extraction of structural, molecular, biochemical and spatial information that is
essential for understanding disease mechanisms and treatment responses. Further,
to perform and interpret tissue-based experiments accurately, it is important to
understand the methodological principles underlying tissue processing and analysis,
as well as the advantages and limitations of each technique.
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Therefore, the following sections will discuss the bases of major methodological
approaches used in this thesis, including tissue fixation and processing, labelling
methods and light-based analytical techniques such as microscopy and
spectroscopy.

Light-based microscopy

We interact with light every day, often without appreciating how fundamental it is
to both life and society. Sunlight provides the energy that sustains nearly all
ecosystems on Earth, further it enables our vision allowing us to navigate the world
around us. The studies and manipulation of light led to breakthroughs in fields
ranging from astronomy, medicine, engineering, telecommunications and other. But
what is this mysterious phenomenon? Light is an electromagnetic radiation (Figure
8) that exhibits both wave-like and particle-like properties (141, 142). Simply, it is
energy that travels through space at the highest possible speed, behaving both as a
wave and as a stream of particles called photons. This is known as the dual nature
of light (143).

In this thesis, however, the focus is on how light interacts with matter through
processes such as absorption, scattering, reflection and fluorescence. These
interactions form the basis of the different imaging modalities used in this thesis,
enabling the visualization and characterization of matter across multiple spatial
scales.

Light Spectrum

Gamma X-Rays Ultraviolet Infrared
rays rays rays
' '

Radar FM TV  Shortwave =AM

* Energy |
* Frequency |
* Wavelength T

e Energy T
* Frequency T
* Wavelength !

' ' ' ' ' ' ' '
1x10™  1x10™ 1x10% 1x10* 1x10% 1x10% 1x10*

Visible light

Wavelength (m)

Figure 8. Spectrum of light. Created in BioRender.com
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Light Microscopy

Microscopy has long been a fundamental and widely used tool for exploring the
microscopic world, revealing structures and processes that cannot be seen with the
naked eye. However, microscopy should not be viewed merely as an imaging tool.
It is also a scientific challenge that requires careful planning and methodological
precision. Successful microscopy depends not only on the instrument itself, but also
on the quality of sample preparation and the experimental objectives. Before
imaging begins, it is essential to consider how the tissue will be handled, processed,
stained and mounted, as well as which structures or cellular features are intended to
be visualized. As discussed throughout this thesis, negligence in any of these
preparatory steps can result in insufficient tissue quality, poor staining or imaging
artefacts. Such issues can compromise the reliability of the data and jeopardize
entire experiments, often at considerable cost in terms of time, effort and resources.
Therefore, careful experimental design and thoughtful planning before each
microscopy-based experiment are critical.

Among the different types of microscopy, the light microscope has held a
particularly important because of its relative simplicity, versatility, accessibility
Early pioneers such as Robert Hooke and Antonie van Leeuwenhoek used the first
light microscopes in the 17th to observe cells and microorganisms (144). What
began as basic brightfield microscopy has developed into a wide range of advanced
imaging techniques, including phase-contrast, fluorescence, confocal and light-
sheet microscopy, each offering improved specificity, contrast and spatial resolution
(145). A light microscope operates by using a light source and optical lenses to
generate magnified images with high clarity and resolution. In this thesis the main
focus will be fluorescence-based microscopes (145-147). Therefore, it is important
to understand what fluorescence is, how images are generated and resolution limits
of the microscopes.

The development of diverse fluorescent probes, together with the introduction of
genetically-engineered encoded fluorescent proteins (which will be discussed
separately), has expanded the possibilities for highly specific labelling of different
biological structures within tissues (148, 149). These advances have established
fluorescence microscopy as a central tool in bio-medical research, enabling detailed
investigation of complex tissue organization both in live and fixed samples.

Fluorescence

Fluorescence refers to the capacity of certain molecules to absorb light at a specific
wavelength and then emit it at a longer wavelength (150). This phenomenon arises
from transitions between electronic states of the fluorophore, commonly represented
in a Jablonski diagram (151). When excitation light is absorbed, the molecule is
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promoted to an excited singlet state, which can relax through fluorescence emission,
non-radiative dissipation or intersystem crossing to the triplet state. However,
owning instability of the excited electronic state, the fluorophore eventually returns
to a lower-energy state by emitting a lower-energy photon at a longer wavelength.
The wavelength difference between excitation and emission, known as the Stokes
shift (152) and is essential for separating excitation light from emitted fluorescence
using optical filters and dichroic mirrors (153, 154). (Figure 19). A complete
fluorescence cycle therefore consists of photon absorption followed by fluorescence
emission.

DAPI Stokes Shift
—

Figure 9. Excitation and emission spectra of DAPI nuclear staining. The dotted line represents the
excitation spectrum, while the solid line/shaded curve represents the emission spectrum.

However, an important limitation or to say more precisely, side effects of
fluorescence imaging are photobleaching and phototoxicity. Photobleaching is the
irreversible loss of fluorescence resulting from excessive light exposure and photo-
induced chemical damage to the fluorophore which can happen in both live and
fixed sample (155). It increases with excitation intensity and generally follows an
exponential decay (156). Once bleached, the molecule can no longer emit
fluorescence, which is a major limitation in long-term live imaging. The number of
fluorescence cycles a fluorophore can undergo before bleaching depends on factors
such as temperature, oxygen concentration and the local chemical environment.

Phototoxicity, is actually light-induced damage of specimen and most importantly
can occur only in live cells or tissue. There are two types of phototoxicity. One is
due to direct absorption of light, particularly high-energy photons and from the
ultraviolet (UV) or short-wavelength blue region. These photons carry more energy
and can directly damage DNA, proteins, and membranes (157). Therefore, longer-
wavelength and lower-energy light is preferred for live imaging. The second one is
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indirect: through fluorophore excitation and production of reactive oxygen species
(ROS). When ROS levels exceed the cells’ antioxidant capacity, oxidative stress
develops and progressively compromises cellular integrity leading to DNA lesions,
protein dysfunction and lipid peroxidation. Moreover, mitochondria are especially
affected, as they are both a source and target of ROS. Oxidative damage to
mitochondrial membranes can promote release of cytochrome ¢ and triggering
intrinsic apoptosis and leading to programed cell death. Therefore, careful control
of light during live imaging experiments is critical to minimize its effect while
maximizing its utility as a means to monitor molecular changes.

Fluorescent imaging

After sample preparation and fluorescent labelling, the culmination is image
generation, where fluorescent signals are converted into spatial information. Simply
put, fluorescence microscopy images are formed by detecting photons emitted from
fluorescent dyes or probes that are bound to or inherent to specific structures of
interest within the sample (158).

Fluorescence image formation involves three main steps. First, excitation occurs
when fluorophores absorb photons delivered through the microscope objective,
promoting them to an excited electronic state. Second, during emission,
fluorophores relax and emit lower-energy photons at a longer wavelength, named
as Stokes shift. Third, these emitted photons are collected and detected by the
objective and producing a digital image composed of pixels (150).

Each pixel contains an intensity value proportional to the number of detected
photons from a corresponding region of the sample. Therefore, the image represents
a spatial map of fluorophore distribution (150). However, in most cases, the
generated image is not a perfect representation of the real object. During image
formation, the true fluorophore distribution is degraded by several physical and
technical factors, mainly optical blur, convolution and noise.

Resolution

However, it is also important to consider the resolution of the microscope, as this
determines how much structural detail can be reliably distinguished in the final
image. Simply, resolution is the minimum distance at which two closely spaced
objects can still be visualized as separate structures (159).

In conventional optical microscopy, spatial resolution is mainly limited by
diffraction, which arises because light behaves as a wave and spreads when passing
through the objective aperture (160). As a result, a point object is not imaged as an
infinitely small point, but as a broadened diffraction pattern, limiting the ability of
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the microscope to distinguish very closely spaced structures. This fundamental limit
is described by the Abbe diffraction limit:

2
" 2NA

where d is the minimum resolvable distance, A is the wavelength of light and NA is
the numerical aperture of the objective lens (160-162).

Endogenous fluorescent proteins

Endogenous fluorescent proteins are naturally occurring fluorophores that can be
genetically encoded and expressed in living cells. They absorb light at specific
wavelengths and re-emit it at longer wavelengths, enabling non-invasive
visualization of biological processes in real time without the need for exogenous
dyes or labels. The field began with the isolation of green fluorescent protein (GFP)
from the jellyfish Aequorea victoria in 1962 by Osamu Shimomura(163, 164). In
the 1990s, Martin Chalfie demonstrated that GFP could be expressed in
heterologous systems such as Escherichia coli and Caenorhabditis elegans(165),
while Roger Tsien clarified the basis of GFP fluorescence and engineered variants
with altered spectral properties (166). These contributions led to the 2008 Nobel
Prize in Chemistry being awarded jointly.

Following the discovery of GFP, many additional fluorescent proteins were
discovered or engineered from marine organisms (Table 2). These include cyan
fluorescent protein (CFP) and yellow fluorescent protein (YFP), which are spectral
variants of GFP(167, 168). However, red fluorescent proteins such as DsRed are
derived from Discosoma species (169). Subsequent engineering efforts produced
improved monomeric variants including mCherry and mKate. In addition,
mNeonGreen was developed as a bright monomeric yellow-green fluorescent
protein derived from a fluorescent protein of the cephalochordate Branchiostoma
lanceolatum (170). However, this area is constantly developing, with more stable,
brighter proteins. Together, these proteins span much of the visible spectrum and
enable multiplex imaging of several targets simultaneously.

Fluorescent proteins are widely used as genetic reporters by placing their genes
under specific promoters or by fusing them to proteins of interest. However,
fluorescent proteins are not without limitations. Their fluorescence can be sensitive
to environmental conditions such as pH, temperature, and the physicochemical
properties of the surrounding cellular compartment, which may alter signal
intensity, folding, or chromophore maturation. In particular, many fluorescent
proteins lose signal in acidic environments, and some may perform poorly after
fixation or under suboptimal conditions. Consequently, in certain tissue-staining
applications, endogenous fluorescence may be insufficiently preserved or too weak
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to detect reliably, making antibody-based amplification or immunostaining against
the fluorescent protein necessary.

Table 2 Overview of commonly used endogenous fluorescent proteins spanning the blue to far-red
spectral range. The table summarizes the excitation and emission peaks of each fluorescent protein,
distinguishes naturally from their engineered variants and their evolutionary lineage and relationships
among major fluorescent protein.

; Excitationmax | o Natural or 3 q
Spectral class| Protein max N Lineage / source organism
(nm) (o) engineered
Blue mTagBFP2 399 454Engineered eqFP578 lineage (Entacmaea quadricolor)
Cyan mTurquoise2 434 474Engineered CFP lineage (Aequorea victoria)
Green wtGFP 395/ 475 509Natural Aequorea victoria
Green EGFP 488 507Engineered WEGFP lineage (Aequorea victoria)
Yellow EYFP 513-514 527Engineered GFP lineage (Aequorea victoria)
Yellow mVenus 515 528Engineered EYFP lineage (Aequorea victoria)
Yellow Citrine 516 529Engineered EYFP lineage (Aequorea victoria)
Yellow YPet 517 530Engineered Venus lineage (Aequorea victoria)
Orange/Red tdTomato 554 581Engineered DsRed lineage (Discosoma sp.)
Orange/Red eqFP578 552 578Natural Entacmaea quadricolor
Red DsRed 558 583Natural Discosoma sp.
Red TagRFP 555 584Engineered eqFP578 lineage (Entacmaea quadricolor)
Red mRFP1 584 607 Engineered DsRed lineage (Discosoma sp.)
Red mCherry 587 610Engineered DsRed lineage (Discosoma sp.)
Far-red mKate 588 635Engineered eqFP578 lineage (Entacmaea quadricolor)
Near-IR iRFP670 643 670Engineered Bacterial phytochrome lineage (Rhodopseudomonas palustris)

Microscope Selection

Widefield

Widefield microscopy is a conventional and widely used imaging approach in light
microscopy in which the entire specimen, or the entire field of view, is illuminated
at once. (Figure 10). In transmitted-light widefield imaging, such as brightfield
microscopy, visible light passes through the specimen and is collected by the
objective lens to form an image. Because thick specimens reduce image clarity and
increase overlap of structures, samples are typically prepared as thin sections to
improve light transmission and contrast; in routine histology, sections are often
around 3—5 um thick, although thicker sections may also be used depending on the
application. Widefield microscopy is particularly useful for rapid imaging of general
morphology, histological organization, and microorganism distribution, especially
in fixed samples, and it can also be applied to fluorescence imaging of labelled
structures. Its major advantages include simplicity, relatively low cost, ease of use,
and fast image acquisition. However, widefield microscopy has important
limitations, including relatively poor axial resolution and substantial out-of-focus
background when imaging thicker specimens. In widefield fluorescence
microscopy, illumination of the whole specimen can also increase photobleaching
in both fixed and live samples.
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Confocal

Confocal microscopes provide massive improvement in resolution over
conventional widefield microscopes, but their real advantage lies in producing high-
contrast images via optical sectioning. By blocking out-of-focus light, a confocal
microscope delivers a sharp image derived solely from the focal plane. The key
component common to all confocal systems is one or more placed pinhole apertures,
developed by Marvin Minsky in 1957 (171) (Figure 10). This pinhole ensures that
only fluorescence originating from the focal point reaches the detector, light emitted
from above or below the focal plane is blocked. In Confocal laser scanning
microscopy (CLSM), image is generated pixel by pixel and fluorescence is detected
and collected from one focal point at a time (172). In addition, optical sections can
be acquired from multiple focal planes along the z-axis. These sequentially captured
images can subsequently be reconstructed into a 3D representation of the specimen.
However, the confocal microscope has its own drawbacks (172). These include
limited imaging speed due to point-by-point scanning, increased photobleaching
and phototoxicity (from repeated or intense laser exposure), higher system
complexity and cost compared to widefield microscopy. Moreover, confocal
microscopy is typically limited to imaging depths of about 50-300 um (depending
on tissue), making it less suitable for thick tissues or whole-mount specimens
without specialized clearing techniques.

Light-sheet fluorescence microscopy (LSFM)

Over the past three decades, microscopy development has increasingly focused on
overcoming the limitations of conventional widefield and confocal systems while
preserving their main advantages, such as the rapid image acquisition of widefield
microscopy and the optical sectioning capability of confocal microscopy. This effort
led to the development of light-sheet fluorescence microscopy (LSFM), also known
as selective or single-plane illumination microscopy (SPIM), which separates the
illumination and detection paths and thereby enables selective excitation of a single
optical plane (Figure 10).

The conceptual basis of light-sheet microscopy dates back to 1903, when Richard
Zsigmondy and Henry Siedentopf, introduced the Ultramicroscope, a slit-
illumination system that used a thin sheet of light for observation (173). Although
this principle was not widely adopted at the time, it was revived in 1993 by Voie
and colleagues, who introduced orthogonal-plane fluorescence optical sectioning
(OPFOS) for imaging large biological specimens (174). Broader interest in the
method emerged after 2004, when Ernst Stelzer and co-workers refined the concept
and introduced SPIM as a practical tool for fluorescence imaging of living embryos
(175). Both OPFOS and early SPIM implementations commonly used a cylindrical
lens to form the excitation sheet, which substantially improved the quality of plane-
selective illumination.
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The central goal of light-sheet microscopy is to image large specimens rapidly and
over extended periods while minimizing photodamage. In this approach, only the
plane that coincides with the focal plane of the detection objective is illuminated
and the emitted fluorescence is collected by decoupled detection lens. This geometry
combines two major advantages: 1) an entire plane can be captured in a single
camera exposure, providing the acquisition speed typical of widefield systems and
2) excitation of just the imaging plane reduces autofocus fluorescence and improves
the signal-to-noise ratio, similar to the z-sectioning benefit of confocal microscopy.

In most light-sheet microscopes, the optical components remain stationary during
acquisition and three-dimensional imaging is achieved by translating the specimen
through the light sheet. This is commonly performed using a motorized sample stage
with translational axes and in many systems, an additional rotation axis that enables
multi-view imaging from different angles. The resulting datasets can then be
stitched computationally, which is particularly useful for large specimen.

A major advantage of LSFM is its speed as mentioned before; volumetric datasets
that may require minutes to hours on a confocal microscope can often be acquired
in seconds to minutes with light-sheet systems.

However, light-sheet microscopy has its own limitations. First, the cost can be
substantial, e.g. whole organ antibody labelling and microscope equipment. Second,
the data generated by light-sheet microscopy is massive in size, necessitating future
and sustainable solutions for data storage, management and analysis. Third,
biological samples must be transparent. Due to the inherent opacity of tissues to
visible light, consequently, they require processing through a set of techniques
known as tissue clearing, which will be discussed below.
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Figure 10. Schematic representation of widefield, confocal and light-sheet microscopes. Created in
BioRender.com by NG
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As a conclusion, microscopy can be performed on both live and fixed tissues using
a wide range of imaging techniques. However, due to the technical challenges
associated with live imaging, including specialized instrumentation requirements,
maintenance of physiological conditions, phototoxicity and overall sample stability
imaging of fixed and thin sections of tissues remains the dominant approach in
biomedical research. Therefore, understanding of how fixation and tissue processing
affect biological samples helps minimize experimental artifacts and improves the
reproducibility and reliability of results. Moreover, careful selection of the
appropriate fixative and processing is critical not only to preserve tissue morphology
and molecular integrity, but also to ensure compatibility with downstream analyses.

Tissue Fixation

Tissue fixation is a critical first step in preparing any biological sample for
downstream analysis. Its primary goal is to preserve molecular architecture and
prevent autolysis. Most clinical and research laboratories rely heavily on aldehyde-
based fixatives, mainly formalin, paraformaldehyde (PFA) and glutaraldehyde
(GA), which preserve tissue by forming covalent cross-links, primarily targeting the
primary amine groups of proteins. However, the mechanism of cross-linking differs
among aldehyde groups.

Formaldehyde is the active ingredient in both commercial formalin (which usually
contains methanol as a stabilizer) and freshly prepared PFA. Fixation occurs
through the release of formaldehyde, which reacts primarily with nucleophilic
groups on biomolecules. The major targets are lysine g-amino groups (-NH-),
although arginine guanidino groups, histidine imidazole, cysteine thiols and tyrosine
and tryptophan residues can also participate in the reaction (176). Formaldehyde
additionally reacts with protein N-termini and amino groups present on nucleic
acids. Following initial hydroxymethyl adduct formation, formaldehyde promotes
the generation of covalent methylene bridges (-CH:-) between neighboring
molecules. These crosslinks are most commonly formed between lysine residues on
neighboring proteins but can also occur between proteins and DNA or RNA. The
crosslinked three-dimensional network stabilizes cellular and tissue architecture by
restricting molecular mobility and preserving biomolecular interactions present at
the time of fixation (176, 177). In contrast, glutaraldehyde (GA) has two aldehyde
groups separated by a sequence of the three methylene groups. Because it is
bifunctional, it has the potential to covalently cross-link proteins and stabilize
clustered states over variable distances through irreversible cross-linking (177-179).

These chemical differences directly affect how quickly the fixative can penetrate
tissue. Formaldehyde penetrates at approximately 1 mm per hour, whereas
glutaraldehyde is even slower, often moving at about half that speed (180, 181). To
ensure that the core of a sample is fully fixed, tissue blocks must be of adequate size
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in relation to the amount of fixative used, with the standard rule of thumb using a
fixative-to-tissue volume ratio of at least 20:1.

Recently, there has been growing interest in greener alternatives, particularly
formalin-free, alcohol-based (coagulant) fixatives due to their rapid fixation times
and their low toxicity. Instead of forming covalent cross-links, alcohols preserve
tissue by rapidly dehydrating it and coagulating proteins, essentially locking them
in a near-native state (182).

In related work outside the main scope of this thesis, we compared standard
aldehyde-based fixatives with alcohol-based fixatives across a variety of mouse
organs (Figure 11, Paper 5, papers not included in the thesis). When examining
standard H&E-stained sections, we observed no discernible differences in
morphology between the two methods. However, when we applied these fixatives
to sodium alginate-based bioengineered materials (which are known to be
challenging to fix with buffered aldehydes) the alcohol-based fixative showed
superior performance (182). The ability of alcohol-based fixatives to be used with
both native and bioengineered tissues is an important finding as it enables tissue
engineered structures developed with alginate to be studied in situ.

NBF FF PFA Glut

Figure 11. Microscopical images of hematoxylin and eosin (H&E) stained murine organs fixed using
neutral buffered formalin (NBF), formalin (FF), paraformaldehyde (PFA) and glutaraldehyde (Glut).
Figure reproduced from (Silva et al. 2023) with permission

Ultimately, even fixation, which we use routinely on an everyday basis, is not a
single universal method. Rather, the choice of fixative must be made based on the
specific experimental requirements (183, 184).
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Tissue processing

Further preparation of thick, fixed tissues for standard microscopic examination
involves tissue processing, which can generally be divided into two main
approaches: cryo- and paraffin embedding.

In cryo-, tissue is processed shortly after extraction, sometimes even without prior
fixation. The sample is placed in a supporting medium, such as optimal cutting
temperature (OCT) and directly frozen for subsequent cryo-sectioning. This method
offers several advantages. It is considerably faster than paraffin embedding and
allows preservation of certain molecules (e.g lipid), that may be lost or altered
during the dehydration steps of paraffin processing. However, cryoembedding also
has several disadvantages. Frozen tissue is generally more difficult to section,
sections often show higher background and lower morphological quality due to the
lack of a dedicated tissue clearing step (i.e. delipidation) and long-term storage can
be challenging, as samples usually need to be kept at =80 °C. However, in this thesis,
paraffin-embedded tissue was used in most experiments.

The main aim of paraffin embedding is to allow paraffin to penetrate the tissue
evenly in order to preserve its architecture and enable sectioning for microscopic
analysis. Because paraffin is hydrophobic and immiscible with water, the tissue
must first be dehydrated. Dehydration removes intracellular and extracellular fluid
and is typically performed using a graded series of increasing alcohol (e.g ethanol)
concentrations.(185)

Following dehydration, tissues are cleared by replacing ethanol with an intermediate
solvent, most commonly xylene. Because ethanol is not miscible with paraffin, the
clearing agent serves as a transitional medium compatible with both ethanol and
paraffin, thereby preparing the tissue for the uniform paraffin infiltration.

The final stage is paraffin infiltration, in which the tissue is immersed in warm
paraffin for fully infiltration. Once infiltration is complete, the tissue is embedded
in paraffin in a defined orientation, depending on how the sample should be
visualized microscopically. The duration and conditions of dehydration, clearing
and paraffin infiltration must always be adjusted according to tissue type. For
example, some bioengineered materials cannot tolerate the standard paraffin
temperature of approximately +65°C and therefore require the use of low-melting-
point paraffin.

In addition, in studies Paper 4, 5, 6, 7 not included in this thesis, we developed and
used a green tissue processing approach in which xylene was replaced with 2-
propanol (otherwise referred to as isopropanol). Xylene is a toxic solvent associated
with health risks and according to Swedish regulations, requires specific ventilation
systems during use. In contrast, 2-propanol is a secondary alcohol with solvent-like
properties that can serve as a safer alternative. We validated this greener processing
approach in multiple tissue types, organs, embryos, and bioengineered materials,
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including samples from human, porcine, rat, chick, and mouse origin. Importantly
and similar to traditional histological processing, the duration of each processing
step requires optimization depending on the specific tissue type and size of the
tissue.

Imaging Thick Tissue

As previously discussed in this thesis, most studies of tissues have traditionally been
performed using thin, 2D sections. However, organs are not 2D structures. Even the
smallest cells in our body exist in three dimensions and these cells collectively form
tissues and organ systems composed of multiple cell types, each with specific
physiological functions. This becomes particularly important during disease, where
small subpopulations of abnormal cells may be key drivers of the disease, however
because of heterogeneity of disease may be difficult to detect using conventional
histology alone. Further embryonic development takes place in three dimensions,
and therefore embryos would benefit from being studied in their proper 3D context.

This raises a natural question: how can such three-dimensional information be
obtained? One possible approach is to section an entire organ, carefully preserve the
correct order of all sections and then reconstruct the sample from these serial
sections. However, this method is technically challenging. Sections may be lost or
damaged, alignment may be imperfect and the overall process is highly labour-
intensive. Nevertheless, when performed successfully, serial sectioning historically
generated highly valuable maps and atlases with precise spatial information. More
recently, advances in synchrotron facilities and X-ray-based microimaging have
enabled three-dimensional imaging of formalin-fixed paraffin-embedded (FFPE)
samples from a range of organs. However, these facilities remain limited in
availability and specialized training is required to obtain high-quality images,
especially from biological specimens.

Despite the advances made in microscopy techniques such as confocal, imaging
thick biological samples remains challenging because light propagation through
tissue is progressively altered by two dominant processes: absorption and scattering.
All tissues also show some degree of autofluorescence. In most cases, this is viewed
as background “noise” and its signal arises from naturally fluorescent molecules
such as collagen, tyrosine, NAD(P)H etc. This background fluorescence, especially
in thick samples, reduces image quality by lowering the SNR.

Moreover, most of the tissues have some pigmentation, which contributes strongly
to light absorption in tissues. Important absorbing molecules include hemoglobin
(in the RBC except crocodile icefish), myoglobin (muscle) and melanin (skin and
hair), contributing to tissue colour. To overcome these limitations several
decolorization methods have been developed, for example bleaching with hydrogen
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peroxide. However, hydrogen peroxide has to be used with caution to avoid damage
of tissue structure and can negatively affect fluorescent protein emission. Opacity
of tissue to visible light is also a limitation, which will be discussed next.

Tissue opacity to visible light is often explained as a consequence of refractive index
mismatch within the sample. Although this explanation is mostly correct, it’s not a
full picture. A more complete understanding requires asking why does tissue scatter
light? As discussed previously, light exhibits both particle-like and wave-like
behaviour. However, for understanding scattering, the wave model is the most
useful. In the broadest sense, scattering can be defined as the random deviation of a
directed flow (for example light waves) from its straight-line propagation.

When light propagates through a material, its oscillating electric field interacts with
electrons in atoms and molecules. In most cases, the incoming photon does not have
enough energy to induce a real electronic transition or ionization (186). Instead, the
electric field transiently displaces the electron cloud, inducing a temporary dipole.
The electron cloud then oscillates and re-radiates light (186). Because there is no
net loss of photon energy, this process is known as elastic scattering. The scattered
light therefore has the same wavelength as the incident light, but its direction may
change. This interaction also causes a very small delay in the movement of light
through the material (Figure 12A). Although each delay is extremely short, many
such interactions occur as light travels through different medium (Snell's Law)
(Figure 12B). This slowing gives rise to the refractive index of a medium.
Therefore, refractive index reflects not only molecular density, but also how easily
the electrons within a material can be polarized by an electromagnetic field. For
example, although water is denser than the lipid-rich cell membrane, the membrane
has a higher refractive index because its electrons are more easily polarized.

Scattering is often described as occurring only at interfaces where two materials
have different refractive indexes. However, light is actually scattered wherever there
are molecules. The important factor is not simply the existence of molecules, but
whether the material is optically homogeneous or heterogeneous at the scale
relevant to the wavelength of light. In optically uniform materials such as air, water
or clean glass, molecules also scatter light. However, because the scatterers are
distributed very uniformly, the secondary waves emitted by individual molecules
interfere destructively in lateral directions. As a result, very little light is scattered
sideways. In the forward direction, however, these waves interfere constructively,
allowing light to propagate through the material with minimal loss of directionality.
This is why such materials appear transparent.

Biological tissues are fundamentally different because they are not optically
uniform. They contain many different components including intracellular and
extracellular fluids (RI 1.33) membranes (RI 1.46-1.48), proteins (RI 1.50-1.58),
collagen (RI 1.53), each with distinct optical properties (187) (Figure 11C). When
light travels through thick tissue it scattered many times (188). As a result, the tissue
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behaves as if it contains many small light sources that emit light in all directions.
This process, known as multiple scattering, gives tissue its typical whitish or cloudy
appearance. The size of these inhomogeneous structures also affects how light is
scattered. Very small particles, much smaller than the wavelength of visible light,
scatter shorter wavelengths more strongly than longer wavelengths. This
phenomenon is known as Rayleigh scattering (186). Therefore, longer wavelengths,
such as the infrared light used, are scattered less and can penetrate deeper into thick
samples. In contrast, larger structures, such as organelles or large proteins, scatter
light in a different way, with much weaker dependence on wavelength (Mie
scattering). Returning to the original question of why tissue is opaque to visible
light, the most accurate explanation is that differences in scattering between
different regions of biological material are what produce the diffuse scattering and
milky appearance of tissue.

However, the above-described limitations can be overcome using tissue clearing
methods (187). Tissue clearing is not intended to prevent scattering completely (this
is possible just in vacuum), instead it homogenizes the refractive index throughout
the tissue by removing or reducing light-absorbing molecules. (Figure 12). As a
result, refractive index mismatch is minimized, scattering is reduced, and light can
pass more uniformly through the tissue (Figure 12D).
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Figure 12. A) Schematic of the speed of light in different media. B) Tllustration of Snell’s law,
showing refraction of light at the interface between two media with different refractive indexes. C)
Schematic of light propagation through biological tissue. Schematics created in BioRender.com by NG
D) Mouse brain before and after refractive index matching, demonstrating how tissue clearing
increases optical transparency and improves light penetration through the sample
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Tissue clearing

To reduce light scattering and matching refractive index in biological tissues, a
range of clearing methods have been developed. In a very broad sense, a similar
effect can also be observed in nature, for example in insects preserved in amber.
However, the first tissue clearing method was developed more than a century ago
by the anatomist Werner Spalteholz (189). At the beginning of the twentieth century,
Spalteholz used a mixture of methyl salicylate and benzyl benzoate to render human
organs transparent. Later, modified versions of the Spalteholz method were adopted
by embryologists, who replaced methyl salicylate with benzyl alcohol (190).

Over the past two decades, the field of tissue clearing has expanded rapidly, driven
by major advances in light microscopy - confocal, 2-photon, particularly light-sheet
microscopy and further increasing demand for three-dimensional imaging of intact
biological specimens. Modern tissue-clearing methods make it possible to analyse
organs and large tissue volumes in their native three-dimensional context with high
spatial resolution. By preserving tissue architecture during imaging, these methods
reveal structural and cellular relationships that are often lost in conventional 2D
sectioning. For example, 3D bone marrow images demonstrated that non-dividing
haematopoietic stem cells are located predominantly in perisinusoidal niches(191).
In another study, SARS-CoV-2 infection showed a localized, clustered pattern in
the ferret upper airways (191). Whereas many earlier studies focused on individual
rodent organs, more recent protocols have extended tissue clearing to whole-mouse
imaging and are increasingly being adapted for large-animal and human specimens.
For instance, recent study on human and whole-mouse samples have shown
persistent accumulation of SARS-CoV-2 spike protein along the skull-meninges—
brain axis, including the meninges and skull bone marrow, long after infection,
suggesting a potential link to chronic inflammation and long-term neurological
disease (192). Importantly, this new development has required more than simply
prolonging incubation times by development of new strategies for clearing (even
combining different clearing methods), labelling and image acquisition in large and
structurally complex tissues. Despite these advances, important limitations remain.
The size of specimens that can be imaged is still limited, in other words, we cannot
fit, for example, an entire human lung into even the largest light-sheet microscope
chamber. In addition, large-scale volumetric imaging produces huge datasets, often
ranging from a few GB to several TB per sample. This creates major challenges for
data storage, management, processing, and quantitative analysis.

Light-sheet microscopy can be used to image living organisms, but this requires
thick specimens or tissue to be transparent, or semi-transparent. The majority of
tissue clearing methods have been developed for fixed samples. Fixation is a crucial
step in many clearing protocols, because the tissue must remain structurally stable
during the subsequent removal of lipids. A recent study reported tissue clearing for
live animals using tartrazine, a yellow-to-orange, water-soluble monoazo dye
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commonly used as a synthetic food colorant, to induce transient and reversible
optical transparency in living rodents (193). Another recent study introduced
SeeDB-Live, a tissue-clearing method for live imaging that uses high concentrations
of bovine serum albumin (BSA) to reduce refractive-index mismatches while
maintaining near-physiological osmolarity and tissue viability (194).

However, this thesis focuses on tissue-clearing methods for fixed specimens. More
broadly tissue-clearing protocols can be generally classified into 3 different
categories: 1) Solvent-based (hydrophobic) 2) Aqueous-based (hydrophilic) 3)
Hydrogel-embedding. All the protocols have their pros and cons as shown in the
table however in this thesis, solvent based protocols will be discussed in more detail.

Solvent-based tissue clearing

Solvent-based tissue clearing is one of the most widely used clearing approaches
because it produces high tissue transparency within a relatively short time. These
protocols generally consist of three main steps: dehydration with partial lipid
removal, further delipidation, and refractive index matching. Various dehydration
agents have been used, but methanol and tetrahydrofuran (THF) are the most
common (Table 3). In addition to removing water, these solvents also extract lipids.
However, further lipid removal is often necessary and is commonly achieved using
dichloromethane (DCM). Following dehydration and delipidation, the tissue is
reduced to a dense matrix composed mainly of dehydrated proteins, with a refractive
index of approximately 1.5. The final step is refractive index matching, for which
several solutions have been employed, including benzyl alcohol/benzyl benzoate
(BABB), dibenzyl ether (DBE), and ethyl cinnamate. Among these, ethyl cinnamate
is considered the least toxic alternative. Nevertheless, although relatively non-toxic,
it may dissolve glue and certain other materials. In addition, some tissues require
pretreatment before clearing, such as decolorization or bleaching.

As shown in the table below, different solvent-based tissue clearing methods have
been developed. However, organic solvent approaches suffer from notable
drawbacks, including tissue shrinkage caused by extensive dehydration as well as
quenching of endogenous fluorescent proteins (e.g.GFP). GFP and other
endogenous fluorescent proteins are known to have reduced fluorescence in
methanol-based dehydration and optical clearing protocols (e.g., iDISCO(195)) due
to both denaturation and losses in quantum yield. Samples prepared using these
types of optical clearing approaches thus require antibody labelling for detection of
proteins of interests, which increases both experimental cost and time. To overcome
this, alternative strategies have been developed, including the use of longer-chain or
branched alcohols as well as heterocyclic compounds for dehydration under
controlled pH conditions. For instance, fDISCO utilizes tetrahydrofuran (THF) at
+4°C and alkaline pH 9 (196), while 2Eci, another solvent-based clearing method,
employs 1-propanol under similar environmental conditions. uDISCO (197) uses
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tert-butanol for dehydration and vitamin E as an additive to refractive index
matching solution to preserve fluorescence.

Table 3 Solvent based tissue clearing. Overview of commonly used solvent-based tissue-clearing
protocols. The table summarizes the fixation methods, dehydration and delipidation solvents employed
in each protocol and indicates whether pH control was applied during the clearing process.

BABB PFA Tert-butanol: DCM - (198)
ethanol

3DISCO PFA THF DCM: THF - (199)
iDISCO PFA THF DCM: THF - (195)
iDISCO+  PFA Methanol DCM - (200)
iDISCO PFA Acetone DCM - (199)
ace

uDISCO PFA Tert-butanol DCM - (197)
a-uDISCO PFA Tert-butanol DCM Triethylamine (201)
Sikin- PFA THF - - (202)
DISCO

fDISCO PFA Tert-butanol - Triethylamine (196)
vDISCO PFA Tert-butanol DCM - (203)
Ethanol- PFA Ethanol - - (204)
ECi

2ECi PFA 1-Propanol Ethanol Triethylamine (205)
PEGASOS PFA Tert-butanol DCM: Tert- Triethanolamine (206)

PEG butanol
SHANEL  PFA Ethanol DCM - (207)
Spectroscopy

As discussed above, light exhibits a wave—particle duality, meaning that it can
behave both as a wave and as a particle. As a particle, light consists of photons, each
carrying a discrete amount of energy. The energy of a photon is given by Plank’s
relation, meaning that photon energy increases with increasing frequency and
decreasing wavelength. Further the interaction between electromagnetic radiation
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and matter can be measured through processes such as absorption, emission,
diffraction, resonance and scattering. The study of these interactions is known as
spectroscopy.

In this thesis, the primary focus will be on ultraviolet—visible (UV—-Vis) and infrared
(IR) based spectroscopy.

Ultraviolet—Visible (UV—-Vis) Spectroscopy

UV-Vis spectroscopy is a fundamental, non-destructive and label free technique
that measures how a sample absorbs or transmits light across the ultraviolet (~190—
400 nm) and visible (~400—800 nm) spectrums. At the molecular level, this process
is driven by electronic transitions. Functional groups known as chromophores
absorb incoming photons, promoting their valence electrons to higher energy states.

While it can be used qualitatively, UV—Vis is predominantly relied upon for
quantitative analysis, governed by the Beer-Lambert law. This law describes a linear
relationship in which absorbance depends on the concentration of the absorbing
molecule and the length of the light path through the sample. In biomedical research,
UV-Vis is frequently used due to its speed, low cost and high reproducibility. This
method is routinely used for the quantification of nucleic acids and proteins. DNA
and RNA exhibit strong absorbance at 260 nm because of the aromatic purine and
pyrimidine bases within their structures, whereas protein concentration is
commonly assessed at 280 nm, mainly due to absorbance by aromatic amino acids
such as tryptophan and tyrosine (208). The A260/A280 absorbance ratio is therefore
widely used as a rapid indicator of nucleic acid sample purity. Beyond direct
measurement, the technique is the backbone of colorimetric assays. Molecules that
lack strong natural absorbance can react with specific dyes or reagents to form
coloured complexes, allowing for spectrophotometric readouts in assays evaluating
WST-1, LDH release or Bicinchoninic acid assay (BCA).

Recent innovations have also expanded its utility into advanced quality control. For
instance, coupling UV-Vis spectroscopy with machine-learning algorithms has
enabled the rapid, non-invasive detection of microbial contamination in cell
therapies, providing faster sterility assurance (209). Additionally, as explored in
Paper 5 not included in this thesis, we successfully utilized UV-Vis to quantitatively
monitor the kinetics of hydrogel crosslinking during the chemical fixation of sodium
alginate-based bioengineered materials using different chemical fixatives and
buffers (Figure 13).
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Figure 13. Uv-Vis spectroscopy absorption spectra and AUC analysis of alginate samples following
fixation. Uv-Vis absorption spectra were measured across all experimental conditions and fixation time
points for neutral buffered formalin (NBF), formalin-free fixative (FF), paraformaldehyde (PFA), and
glutaraldehyde (Glut). Spectra are shown for sodium alginate (gray), calcium alginate (red), 1 h
fixation (green), 24 h fixation (blue), and pure fixative solution (black). The area under the curve
(AUC) was calculated for each condition using the same color coding as in the corresponding UV—Vis
spectra. Figure reproduced from (Silva et al. 2023) with permission

Despite its versatility, UV-Vis spectroscopy carries several limitations, largely due
to its nature as a bulk analytical technique and lacking spatially resolved chemical
or structural information. Furthermore, these optical readouts are highly vulnerable
to light scattering, especially from biological samples.

Infrared (IR) spectroscopy

Infrared (IR) spectroscopy is a non-destructive and label free analytical technique
utilized to study the molecular structure and chemical composition of a sample. The
foundational discovery of infrared light is attributed to Sir William Herschel in
1800, who first detected these wavelengths by measuring temperature escalations
beyond the visible red spectrum (210). In contrast to UV-Vis spectroscopy, which
probes the electronic transitions of a molecule, IR spectroscopy is vibrational. When
infrared radiation interacts with a sample, the energy is partially absorbed, exciting
the molecule into a higher vibrational state (211). However, for IR absorption to
occur, two strict quantum mechanical and physical conditions must be met: the
molecular vibration must result in a net change in the permanent dipole moment,
and the energy of the incident IR photon must exactly match the energy gap between
the molecule's ground vibrational state and its excited state (AE=hv) (211). For
example, heteronuclear molecules like carbon dioxide or water exhibit changing
dipole moments during stretching or bending and are therefore "IR active," whereas
homonuclear diatomic molecules like nitrogen or oxygen possess perfectly
symmetrical charge distributions that render them "IR inactive."

Because nearly all complex molecules possess distinct, dynamic dipole moments
and unique atomic masses, the resulting IR absorption spectrum serves as a highly
specific molecular fingerprint. This exceptional specificity allows for the rapid,
definitive identification of unknown substances and it is used in diverse applications
such as forensics and airport screening.
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Historically, early IR instruments were highly inefficient, measuring spectra by
individual wavenumbers. This limitation was overcome by the development of the
IR interferometer, which captures all infrared frequencies simultaneously to
produce a complex optical signal known as an interferogram. To translate this raw,
complex signal into a decipherable spectrum, the data undergoes a mathematical
transaction known as a Fourier Transform, which converts the signal from the
spatial domain into the frequency domain (211). A natural analogue of this
mathematical process occurs in the human auditory system. When the ear receives
a complex, overlapping mixture of sounds, the mechanical structure of the cochlea
functions like a biological Fourier transformer, separating the incoming waveform
into its constituent frequencies. This enables the brain to distinguish specific sounds
within the mixture. As a result, we can perceive individual voices even within
complex music: for example, in Thomas Tallis’s Spem in alium, where 8 choirs sing
simultaneously, yet we are still able to focus on and follow individual vocal lines if
needed. The integration of this mathematics gave rise to Fourier-Transform Infrared
(FTIR) spectroscopy, dramatically revolutionizing chemical analysis by enhancing
both signal-to-noise ratios and data acquisition speeds (212).

While FTIR initially was used in pure chemistry, its application in biomedicine has
expanded exponentially in the last few years due to its exceptional sensitivity to the
biochemical makeup of tissues. The technique is capable of identifying and
distinguishing the distinct vibrational signatures of proteins, lipids, carbohydrates
and nucleic acids (Table 4), making it an potential tool for detecting subtle
pathological changes at the molecular level (212). For instance, recent studies
evaluating FFPE lung sections from bleomycin-induced pulmonary fibrosis models
demonstrated that Principal Component Analysis (PCA) of FTIR spectra can
successfully cluster tissues based on the duration of disease progression (213).
Similarly, in Paper 1 not included in this thesis evaluating therapeutic interventions
on bleomycin-induced fibrotic lungs, we used FTIR (Figure 14) to assess collagen
deposition across groups. This label-free approach enabled quantitative evaluation
of fibrosis and treatment-associated changes in extracellular matrix composition.
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Figure 14. FTIR spectra and peak quantification from lung tissue sections of one cohort from PBS
or Bleomycin-treated animals who received VP or DMSO controls. n=5 for PBS, n=3 for BLEO-
DMSO and n=5 for BLEO-VP. Figure reproduced from (Wagner et al. 2025) with permission.
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Table 4 Main FTIR peaks in biological tissue

3600-3200  ~3400 O-H Water, Broad;  hydrogen
stretching carbohydrates  bonding

3080-3015  ~3070 =C-H Unsaturated Olefinic groups
stretching lipids

1745-1735  ~1742 C=0 Lipids Phospholipids,
stretching triglycerides
(ester)

1695-1600  ~1650 Amide I Proteins Secondary structure
(C=0 stretch)

1660-1650 ~1654 a-helix Proteins Dominant
(Amide I) component

1640-1625  ~1635 B-sheet Proteins Strong H-bonding
(Amide I)

1400-1390 ~1395 COO~ Amino acids, Ionization-sensitive
symmetric fatty acids
stretch

1380-1370  ~1375 CHs Lipids, Methyl groups
symmetric proteins
bending

1335-1315  ~1320 Amide 111 Proteins Structure-sensitive

1245-1230  ~1240 PO2~ Nucleic acids, DNA/RNA
asymmetric phospholipids  backbone
stretch

1090-1080  ~1085 PO.~ Nucleic acids ~ DNA/RNA marker
symmetric
stretch

1035-1020  ~1030 C-O/C-O-C Carbohydrates Fingerprint region

Despite these analytical strengths, standard FTIR is a “bulk” analysis technique and
therefore lacks spatial context. Over the past two decades, this limitation drove the
coupling of IR spectrometers with optical microscopes to create IR
microspectroscopy. This union allows for the generation of hyperspectral images,
where each pixel in the spatial field contains a complete, spatially resolved IR
absorption spectrum. However, traditional FTIR and IR microspectroscopy suffer
from critical limitations when applied to biological tissues, most notably the strong
absorption of water. The bending vibrational mode of liquid water near 1640 cm™
directly overlaps with the Amide I band of proteins, entirely masking crucial
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secondary structural data (214). Consequently, biological samples cannot be easily
analyzed in their native, fully hydrated states. Tissues must undergo standard
histological processing, including rigorous chemical fixation, dehydration and
delipidation (as above in Figure 14), which alters their native architecture and
volumetric dimensions. Furthermore, the spatial resolution of traditional IR
microspectroscopy is strictly governed by the Abbe diffraction limit, restricting
resolution to roughly 3—20 um depending on the wavelength. Highly heterogeneous
biological samples also frequently suffer from pronounced Mie scattering artifacts.
Ultimately, while FTIR is a formidable analytical tool, simultaneous interrogation
of diverse biological molecules in their fully hydrated, native state with high spatial
resolution remains impossible utilizing traditional IR spectroscopy alone.

O-PTIR

To overcome the above-mentioned limitations of infrared based techniques, optical
photothermal infrared microscopy (referred as OPTIR, O-PTIR or Mid-infrared
Photothermal Microscopy - MIP) has recently been developed. The basic principle
of O-PTIR can be understood as a pump—probe microscopy approach, in which two
co-linear laser beams are used: a tuneable mid-infrared beam (pump), and a shorter-
wavelength visible beam (probe) (Figure 15A) (215). The infrared pump provides
photothermal expansion, whereas the visible probe detects the physical changes
induced by infrared absorption. Because detection is performed with visible light,
the spatial resolution is no longer limited by the long wavelength of IR.
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Figurel5. A) Schematic of major mechanism of OPTIR work B,C) schematic of O-PTIR
microscopy on biological sample

However, it is important to understand how exactly O-PTIR operates. After the
sample is illuminated with mid-infrared radiation, molecules absorb light and cause
vibration using the same principle as other IR based techniques. After excitation,
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the absorbed energy is predominantly dissipated through nonradiative relaxation,
converting vibrational energy into heat (216). This produces a localized temperature
increase in the irradiated and absorbing/vibrating region. Therefore, the infrared-
absorbing/vibrating structure itself becomes the source of the photothermal signal.
This localized temperature rise induces several physical changes in the sample.
These include thermal expansion, photomechanical pressure (Griineisen parameter)
and refractive index changes (217) (Figure 15 A-C). Among these effects, thermal
expansion and refractive-index changes are particularly important for O-PTIR
detection because both directly influence the scattering of the visible probe beam
(217). As the local temperature increases, the absorber undergoes a small expansion,
accompanied by changes in density and polarization (218). These changes are often
approximately proportional to the temperature increase, allowing the visible
scattering response to be used as an indirect measure of infrared absorption(215).
Thus, when the infrared pump is absorbed by the sample, the resulting photothermal
expansion and refractive-index modulation alter the scattering of the visible probe
beam, producing a detectable signal that reflects the local infrared absorption(215,
218). Therefore, O-PTIR, the visible probe beam does not directly detect infrared
light. Instead, it senses the transient optophysical changes caused by infrared.
Further the O-PTIR signal is commonly obtained by measuring the difference in
visible scattering intensity between the IR-on and IR-off states (218). Thus, the
contrast generated in O-PTIR reflects both vibrational absorption by molecular
bonds and the surrounding microenvironmental properties

O-PTIR was first adopted in materials science for the chemical characterization of
polymers, composites and coatings as a label-free chemical mapping with high
molecular specificity with submicrometer spatial resolution overcoming FTIR
microscopy. However, its application was expanded into life science, O-PTIR has
been successfully used to analyze hydrated living cells from pancreatic and breast
cancer 2D cell cultures distinguishing between different parts of the cell as well as
they were able to distinguish amide I band from living cells in aqueous solution,
which with FTIR microscopy is not possible (219). In addition, another study
showed that O-PTIR measurements were possible in C. elegans and could even
distinguish between different parts of the nemotid (215). However, both 2D cell
cultures and C. elegans are semi-transparent, whereas the majority of tissues are not
transparent, raising the question of whether tissue opacity interferes with spectral
acquisition. Furthermore, both of these experiments were terminal endpoint
analyses; therefore, the extent of cellular or tissue-level damage following O-PTIR
imaging remained unknown. OPTIR thus holds potential in assessing biological
samples but the limitations previously listed and other open questions regarding
complex biological samples are important to understand prior to this approach being
used in biomedical research.
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Research Aims of the thesis

Multimodal tissue analysis is increasingly recognized as a strategy to maximize
extracted data from biological samples, enabling use of the same sample across
different modalities. However, the rapid development of novel methodologies
necessitates careful validation of their compatibility, both with one another and with
established workflows as well as within specific disease contexts, to ensure
preservation of tissue integrity, signal fidelity and interpretability across modalities.
Therefore this thesis aims to leverage and evaluate recent advances in multimodal
tissue analysis for use in diagnostic pathology (paper I and III) as well as in
therapeutic evaluation (paper II). It covers the use of both live (paper I and II) and
fixed (paper III) tissues and organisms

Paper |l and Il Paper lll
Live tissue ) Fixed tissue
Multimodal
Normal vs pathological tissue Tissue Mouse brain
Pwaltl Analyses Mouse skin
Acute brain slices . Human brain
Precision cut lung slices Chick and Mouse embryo

Human fetus
Precision cut lung slices

e Evaluate the capabilities of O-PTIR on fully hydrated, non- fixed and-
processed normal and diseased tissue biopsies (Paper I)

e Characterize the extent of photothermal-induced damage following thermal
expansion in living tissue after O-PTIR imaging (Paper I)

e Determine the optimal post-vibratome sectioning recovery timeline for
PCLS (Paper I and II)

e Develop a novel organic solvent-based tissue clearing method that
preserves endogenous fluorescence protein signals in large tissue constructs
(Paper I1I)

e Establish feasibility for multimodal downstream analysis after forward and
reverse optical clearing of large tissue samples (Paper I1I)
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Methodology

This section will provide key methods used in this thesis. However for more details
please refer to the papers amended to this thesis.

Animal Models

Paper 1
Mouse

To compare healthy and diseased brain tissue regions, we utilized the APP/PS1
transgenic mouse model, one of the most widely used models of Alzheimer's
disease. This model is characterized by progressive amyloid-f plaque deposition,
primarily in the cerebral cortex and hippocampus, recapitulating key pathological
features of the human disease. Amyloid plaques begin to appear at 3 month post
gestation ages and increase in abundance with disease progression. The timeline of
amyloid pathology development in the APP/PS1 mouse model is shown in Figure
16. APP/PS1 mice (hAPPswe, PSEN 1dE985Dbo/Mmjax) were obtained from
Jackson Laboratories, USA, and all mice were screened for the presence of the
human APP695 transgene by PCR. All mouse experiments were compliant with the
requirements of the Ethical Committee of Lund University (M11908—19).
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Figure 16. Timeline of APP/PS1 mouse model
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Pleurodeles walt!

To monitor potential damage induced by O-PTIR imaging, we utilized wild-type
Pleurodeles waltl embryos. Embryos at developmental stage 34 (11 days post-
fertilization, dpf) were obtained from the colony maintained at Lund University.
According to Swedish regulations (Jordbruksverkets foreskrift L150, §5),
experiments involving vertebrate embryos prior to the onset of independent feeding
do not require Institutional Animal Care and Use Committee approval. The selected
developmental stage precedes independent feeding.

Embryos were reared in conditioned tap water at +20-22°C (55 g Tetra Marine Salt,
15 g Ektozon salt, and 2.5 mL Prime water dechlorinator per 100 L water). For
imaging, embryos were manually removed from their protective jelly coat using
fine-tip forceps at 10 days post fertilization (dpf). At 11 dpf (stage 34), embryos
were anesthetized in 0.025% tricaine prepared in conditioned tap water (pH 7.0).
Once fully anesthetized, embryos were transferred to a microscope slide and
subjected to O-PTIR imaging. Following imaging, embryos were returned to
conditioned tap water (pH 7.0) and allowed to continue developing into larvae.
Subsequent monitoring of larval development and morphology was performed to
assess any imaging-induced damage.

Paper 2

Lung tissue was obtained from healthy C57BL/6J mice (n = 4). In line with the 4-R
principles, we utilized excess tissue from animals scheduled for euthanasia for tissue
harvest in other studies. Mice were anesthetized via an intraperitoneal injection of
sodium pentobarbital (40—50 mg/kg) prior to organ harvest. Specific preparation of
mouse lung tissue (e.g. agarose instillation for PCLS or whole organ fixation) are
described below for each specific experimental section.

Paper 3

Mouse
LepR-Cre x tdTomato Mouse

All animal procedures were carried out in accordance with the recommendations of
the Canadian Council on Animal Care (CCAC) and have been approved by the local
McGill University Animal Care Committee. LepR-Cre (220) mice were crossed
with tdTomato (Ai9-1sl-tdTomato) reporter mice to generate mice expressing
tdTomato in LepR neurons (LepR-Cre x tdTomato) (221).
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Lectin and Dextran labelling

Adult male, C57BL/6 mice (10-12 wks. old, The Jackson Laboratory) were used for
vascular labeling and permeability assessment. To evaluate permeability, mice
received a tail vein injection of tetramethylrhodamine conjugated dextran, (10k Da,
lysine fixable, catalog number: D1817, Invitrogen/Thermofisher) at 150ul per
mouse (20mg/mL in sterile PBS). The following day (approximately 20 hours later)
mice received a tail vein injection of fluorescently conjugated Lycopersicon
Esculentum (Tomato) Lectin (DyLight® 649, 1 mg, catalog number: DL-1178, MJS
Biolynx) at 100ul per mouse (1mg/mL, as supplied by manufacturer) to label
vasculature. Fifteen minutes following lectin administration, mice were
anesthetized with a ketamine (50mg/kg) and xylazine (5 mg/kg) cocktail and
transcardially perfused with 0.9% NacCl followed by 10% formalin 30 min post
lectin administration. Brains were post-fixed overnight at +4°C in the same fixative,
shielded from light and with gentle agitation. The next day, brains were transferred
to sterile PBS and stored at +4°C until whole brain clearing. Mice were deeply
anesthetized with a ketamine (100mg/kg)/xylazine (10 mg/kg) cocktail and
transcardially perfused with 0.9% NacCl followed by 10% formalin. All procedures
were in accordance with the Canadian Council on Animal Care (CCAC) and
approved by the McGill University Animal Care Committee (AUP # MUHC-5703).

Microvessel isolation and transplantation

Microvessels (MVs) were isolated from epididymal adipose tissue of male GFP rats
(SD-Tg(UBC-EGFP)2BalRrrc;RRRC).  Adipose tissue was mechanically
dissociated by mincing and further digested with 2 mg/ml collagenase type I
(Worthington, LS004197) in DPBS containing 0.1% BSA (A9418, Sigma-Aldrich)
and 1 mg/ml DNase-1 (DN25, Sigma-Aldrich) at +37°C under agitation for 6.5
minutes. Digested tissues underwent size-selective sieving as previously described
in (222) to separate MV fragments from large tissue debris and single cells. After
centrifugation at 210 g for 5 min, MVs were resuspended in 3mg/mL rat tail type 1
telocollagen gel (354249, Corning) at a density of 20,000 MVs/mL. MV collagen
constructs were polymerized by incubation at +37°C for 30 min. MV construct
implantation was adapted from a previous publication (223). Briefly, MV constructs
were implanted into the dorsal skin fold of male B6.129S7-Ragltm1Mom/J (Ragl-
/-) mice fitted with a titanium window chamber (SM100, APJ trading). One day
prior to implantation, clippers and Nair cream were used for hair removal of the
dorsal skin. The explantation timepoint was determined using serial intravital
imaging of the construct within the window chamber using a Zeiss AxioZoom.V16
upright macroscope. Imaging was performed until the first day implanted
microvessels became perfused with host blood. The construct shown was implanted
for 7 days. To harvest the constructs and underlying host skin, mice were euthanized
and the titanium window chamber was removed. Collagen hydrogel with underlying
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skin was excised and fixed in 4% PFA (28908, PierceTM) on an orbital shaker
overnight at 4°C. After 3 PBS washes for 1 hour at RT, samples were permeabilized
in 2% Triton-X 100 (X100, Sigma-Aldrich) in PBS (Sigma-Aldrich, P3813) for 24
hours at RT. Next, grafts and skin tissue were blocked with 10% normal donkey
serum (S30-M, Sigma Aldrich), 1% Triton-X 100, 2.5% DMSO (D136, Fisher
Chemical) for 2 days at 4°C. Primary antibodies (Paper III, Supplemental Table 3)
against rat and mouse CD31 (AF3628, R&D Systems) were diluted in 1% normal
donkey serum, 0.2% Triton-X 100, 2.5% DMSO in PBS and incubation was done
for 4 days at 4°C. Samples were then rinsed with washing buffer (3% NaCl and
0.2% Triton-X 100 in PBS) 3 times for 1 hour at RT and then overnight at 4°C.
Secondary antibodies (A-21447, Invitrogen) were then diluted in 1% normal donkey
serum, 0.2% Triton-X 100, 2.5% DMSO and incubated with the graft and skin for
2 days at 4°C. Samples were rinsed with washing buffer for 1 hour 3 times at RT
and overnight at +4°C and then PBS 3 times for 15 min. Following washes, samples
were incubated with DAPI (CST) 1:1000 dilution (0.1 mg/mL) for 1 hour at room
temperature and then were rinsed with PBS 3 times for 1 hour. Finally, samples
were embedded in 1.5% low-melting-point agarose (A9414, Sigma- Aldrich, USA)
to facilitate handling and ensure stable positioning during mounting on the light-
sheet microscope arm.

Murine embryos

Murine embryos from both McGill University and Lund University were used.
Pregnant female WT mice were sacrificed by cervical dislocation. Embryos were
dissected at day 10 and day 15 of gestation and directly placed in 10% NBF(Sigma-
Aldrich, catalog number: HT501128-4L) for 48h at +4°C for fixation. Experiments
were approved by the Malmé/Lund (Sweden) Ethical Committee for Animal
Research (ethical permit numbers M173-19 and M2780-24), in accordance with
guidelines from the Swedish Board of Agriculture. All experiments were performed
in line with the laws and regulations issued by the Swedish Board of Agriculture.

C57Bl/6 male and female mice were mated overnight, and the plug was checked the
next morning. Appearance of the plug is considered as 0.5 days post coitum
(embryonic day 0.5 (E 0.5). The pregnant dams were sacrificed at E15.5. The
embryos were dissected out, washed in cold PBS and fixed in 10%NBF solution for
48h hours at 4°C.All animal work was conducted according to the Canadian Animal
Care Guidance with approval by the Animal Care Committee of McGill University
Health Center Research Institute, ACC protocol 7606.
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Chicken embryos

Chick embryos were acquired from commercially purchased fertilized eggs and
incubated at +37.5°C until embryonic days E3 and E5. Work on chick embryos
followed the guidelines set by the Malmo-Lund Ethics Committee for the use of
laboratory animals and were conducted in accordance with the European Union
directive on the subject of animal rights (ethical approval nr. 5.8.18-00878/2025).

Human tissue

Human fetal tissue was obtained from elective abortions at Skane University
Hospital, Sweden (ethical approval Dnr 6.1.8-2887/2017).

Human embryos were collected in a custom-made hibernation medium (Life
Technologies). Embryonic/fetal stages were determined by ultrasonography.
Embryos were dissected for the selected tissue (trunk part of the embryonic body),
transferred to 4% PFA and fixed at +4°C overnight. Following fixation, fetus tissue
was permeabilized in Triton X-100 for 1 h at room temperature. Samples were then
incubated with primary antibodies diluted in a blocking solution consisting of 15
mL phosphate-buffered saline (PBS), 1 mL dimethyl sulfoxide (DMSO) and 4 mL
fetal bovine serum (FBS). Mouse anti-HNK-1 antibody (DSHB, clone 3HS) at a
dilution of 1:10 was used as a primary antibody. Primary antibody incubation was
performed for 7 days at room temperature with continuous agitation.

Following primary antibody incubation, samples were washed five times for 30 min
each in PBS containing Tween-20 (PBS-T), followed by three 30-min washes in
PBS. Samples were subsequently incubated with goat anti-mouse Alexa Fluor 568
secondary antibody (Thermo Fisher Scientific, A11004; 1:1000 dilution) for 72 h at
room temperature with continuous agitation. All primary and secondary antibodies
were diluted in the same blocking solution.

After secondary antibody incubation, samples were washed three times for 15 min
in PBS . Prior to tissue clearing, human fetal samples were bleached in 3% hydrogen
peroxide for 24 h at +4°C with continuous agitation. After bleaching, samples were
processed for PROTEUS tissue clearing described below.

PCLS Generation

Since our initial goal was to monitor temporal changes in specific airways and their
surrounding alveolar spaces for Paper LILIII and Paper 2 not included in the thesis,
it was essential to maintain these structures in an open state to reliably identify the
same region during live imaging. To preserve alveolar architecture and facilitate
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tissue slicing, 1.5% low-melting-point agarose (A9414, Sigma- Aldrich, USA) was
used. Precision-cut lung slices (PCLS) of 300 um thickness were prepared using a
vibratome (Campden Instruments, 7000smz-2).

Slices were cultured as previously described (59) in DMEM-F12 medium
supplemented with 1% penicillin/streptomycin and 0.1% fetal bovine serum and
maintained in a standard humidified incubator (37 °C, 5% COz). A 4-mm biopsy
punch was used to generate slices of uniform size, which were cultured individually
in 100 pL of complete medium in 96-well plates, with daily medium replacement
(one 4 mm diameter slice per well).

NucView® 488 & RedDot™ 2 Staining

Due to the preservation of native lung architecture and resident cell populations,
PCLS offer a powerful tool for visualizing and studying cell types and their native
microenvironment using a range of microscopy-based techniques. Moreover,
because PCLS can be maintained ex vivo for extended periods and lung in particular
has higher transparency than other internal organs, they provide an excellent
platform for live-cell imaging.

A recent study (88) monitored early apoptotic activity during alveologenesis in
PCLS by qualitatively assessing caspase-3 activity using NucView™ 488 (Biotium;
Cat. No. 30029-T). However, in the present work, our aim was to simultaneously
monitor early apoptosis as well as membrane-compromised (late apoptotic/necrotic)
cells over time in living PCLS. To achieve this, we employed the NucView® 488
& RedDot™ 2 Apoptosis & Necrosis Kit (Biotium; Cat. No. 30072).

The NucView™ 488 Caspase-3 substrate is a fluorogenic probe that enables real-
time detection of caspase-3/7 activity in intact cells. This substrate consists of a
DNA-binding dye coupled to the DEVD peptide sequence; DEVD is a synthetic
four-amino-acid peptide sequence (Asp-Glu-Val-Asp) that acts as the highly
specific, preferred cleavage site for activated caspase-3/7. In its intact form, the dye
is non-fluorescent and unable to bind DNA. Upon entering the cell, active caspase-
3/7 cleaves the DEVD peptide, releasing the dye, which then translocates to the
nucleus and emits bright green fluorescence upon DNA binding. This allows
simultaneous detection of caspase activity and visualization of nuclear morphology
in apoptotic cells. Unlike FLICA-based assays, which rely on irreversible caspase
inhibitors, NucView 488 does not interfere with enzyme activity, enabling
continuous, real-time monitoring.

To identify membrane-compromised cells, RedDot™ 2 was used. This far-red
fluorescent dye is impermeable to intact cell membranes and selectively stains
nuclei of dead or late apoptotic cells. Its emission at ~695 nm (Cy®5 channel) is
spectrally well separated from NucView 488, allowing multiplexed imaging.
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For staining, RedDot™ 2 (200X stock) was first diluted to 20X by mixing 1 uL of
stock solution with 9 pL of DMEM-F12 medium. For each 200 puL of staining
solution, 5 pL. of NucView 488 substrate and 5 pL of the diluted RedDot™ 2 were
added, resulting in final concentrations of 5 uM NucView 488 and 0.5X RedDot™
2. The staining solution was applied to PCLS and incubated at room temperature for
30 minutes. Subsequently, samples were washed three times with fresh DMEM-F12
medium (5 minutes per wash) to remove excess dye prior to imaging.
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Figure 17. Schematic of NucView® 488 & RedDot™ 2 Staining. Created in BioRender.com by NG

Live imaging

The majority of tissue imaging is done on fixed samples, which are non-viable and
therefore don't fully show dynamic cellular processes. However, capturing cellular
dynamics in real time remains of hight interest. As discussed in this thesis, imaging
of fixed tissues presents several technical challenges. Live cell/tissue imaging
introduces additional layers of complexity, requiring careful experimental design
and optimization prior and during imaging.

The main goal of live cell/tissue imaging is to image tissue without compromising
viability, causing minimal damage, and maintaining conditions as close as possible
to the in vivo scenario. Therefore, several considerations must be taken into account.
First is the choice of labeling methods compatible with live imaging, preferably
using longer wavelength excitation. Second is the selection of the microscope,
ideally equipped with a live imaging chamber to control CO- and temperature during
imaging.
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Third is reducing phototoxicity during image acquisition; therefore, the lowest
possible laser intensities and shortest exposure times should be used. However, in
some cases, increasing the gain is essential to improve the signal-to-noise ratio.

In our experiments on PCLS live imaging, we used a Leica STELLARIS 5 confocal
microscope (Leica, Germany). Prior to imaging, the live imaging chamber was
turned on and allowed to reach +37°C and 5% CO.. The PCLS were then placed on
a 35 mm glass-bottom imaging dish (Ibidi) containing DMEM-F12 medium
supplemented with 1% penicillin/streptomycin and 0.1% fetal bovine serum.

For laser setup, unstained control samples were used to avoid saturation in stained
samples. FITC and Cy5 laser settings were set to 15% and 6% excitation intensity,
with gains of 107 and 29 and an exposure time of 10 ms. Identical laser settings
were used for all experiments and across all time points with a 10x dry objective
(NA = 0.4). Z-stacks of approximately 140 pum total thickness were acquired with a
z-step of 5 um. The Z-stack size, along with exposure time and laser settings, were
carefully optimized to minimize tissue toxicity as much as possible. All images
From Paper I and II are deposited online in Biolmage Archive (224) accession
number : S-BIAD1284.

Quantification of Apoptosis and Cellular Membrane
Damage

Confocal image analysis was performed in Imagel] using the in-built Analyze
Particles function. Threshold values were defined separately for each fluorescence
channel and subsequently applied consistently across all images and experimental
conditions. To restrict quantification to regions with optimal image quality, an
approximately 50 pm-thick volume was manually selected from the interior of each
PCLS, avoiding poorly focused or peripheral tissue regions. Within this volume,
every second z-plane was analysed to avoid double counting of individual cells,
given our 5 pm z-step interval. For each condition, particles with cross-sectional
areas between 25 and 85 pum? were quantified. This range corresponds
approximately to nuclear diameters of 4.5-10.5 pm, covering to be approximately
6-7 pm nuclear size range in distal murine lung tissue (225). In addition to particle
counts, other parameters such as cross-sectional area, circularity and solidity were
extracted and evaluated.

Water-Soluble Tetrazolium Salt Assay

Tissue viability was evaluated by measuring metabolic activity using the water-
soluble tetrazolium salt WST-1, a cell-permeable reagent which is reduced on the
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membrane of mitochondria in living cells (226). Following intracellular cleavage of
WST-1 by cellular mitochondrial dehydrogenases into formazan, which is released
into the surrounding culture medium and can be quantified colorimetrically using a
standard UV-visible plate reader (227). Because formazan production reflects
mitochondrial enzymatic activity, absorbance values are generally proportional to
the number and metabolic activity of viable cells. For the assay, 1.5 mm biopsy
punches of murine organs were incubated in a mixture containing 90 pL of culture
medium of DMEM-F12 and 10 pL of WST-1 reagent (Roche, Sigma-Aldrich,
USA). Samples were maintained for 1 h at +37°C in a humidified incubator with
5% CO: (227). Following incubation, optical density of the supernatant was
measured at 440 nm and 650 nm using an Epoch plate reader (BioTeck, USA).
Absorbance at 440 nm was used to quantify WST-1 conversion by metabolically
active cells, whereas the 650 nm measurement served as a reference wavelength to
correct for nonspecific background absorbance. Cell culture medium of DMEM-
F12 with WST-1 and without tissue was included as a negative control.

Lactate Dehydrogenase Release

LDH is a soluble cytosolic enzyme that is released extracellularly when the plasma
membrane is compromised, making it a widely used indicator of cell membrane
damage and cytotoxicity (228). Therefore, increased LDH levels in the culture
medium reflect reduced cellular integrity and can be used to assess tissue injury.
The release of lactate dehydrogenase (LDH) was assessed according to the
manufacturer’s protocol using the Cytotoxicity Detection Kit (Roche, Germany)
Briefly, 10 pL of supernatant culture media from 4 mm PCLS was collected 30 min
after slicing and prior to O-PTIR imaging (“0 h”) and after 24 and 48 h and then
stored at —20°C until analysis. For analysis, 2 pL of collected supernatant or fresh
cell culture media, used as a background control, was gently mixed with 98 pL of
LDH reaction gently mixture while avoiding bubble formation. The mixture was
incubated for 1 h at room temperature, protected from direct light. Subsequently,
the optical density was measured at 492 nm with a reference wavelength of 650 nm
using a multiwall plate reader (Epoch, BioTek, USA).

O-PTIR

Optical Photothermal Infrared Spectroscopy of E15.5 mouse embryo

For O-PTIR microspectroscopy, 10 um tissue sections were mounted on standard
histological glass substrates, deparaffinized and washed with double de-ionized
water. Measurements were performed using a mIRage system (Photothermal
Spectroscopy Corp., Santa Barbara, CA, USA) at MJOLNIR — the MAX IV Joint
Offline Lab for Nano Infrared Spectro-Microscopy (MAX IV Laboratory, Lund,
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Sweden). The system employs a pulsed, tunable quantum cascade laser (QCL)
operating at a 100 kHz repetition rate as the infrared source, inducing localized
photothermal expansion in the sample. This expansion is detected by a co-aligned
532 nm probe laser, enabling quantitative absorption measurements. O-PTIR
images were acquired at 1540, 1740 and 1656 cm-1. O-PTIR spectra were collected
in the range of 1450—1780 cm™ using an avalanche photodiode (APD) detector. The
IR and probe laser powers were set to 22% and 0.5%, respectively, following
optimization described in Paper I. Each spectrum represents the average of six scans
to improve the signal-to-noise ratio. Background spectra were collected from an
inbuilt internal reference. Further methodological details are provided in the cited
references. The acquired spectra were analysed using Quasar-M data mining
software. A linear baseline correction was applied to remove systematic offsets,
followed by vector normalization to account for variations in overall signal
intensity. To enhance discriminative spectral features, Savitzky—Golay smoothing
was applied using a 13-point window and a second-order polynomial.

eGFP tissue phantom dehydration

A 3% low-melting point agarose (A9414,
Sigma-Aldrich, USA) solution was prepared by

dissolving the powder in deionized water and

heating via microwaving until it was visually

' clear. The solution was then cooled to
A4 approximately +40°C before recombinant
Agarose * IGFP 1XPBS wash Green Fluorescent Protein (RayBiotech) was

T
Il Fixation
10% NBF

—_—

l

Dehydration Series:
A Methanol
[ 1-Propanol
| - 2-Propanol
|
Conditions:
Temperature: RT or +4°C
pH:7or9

Absorption/
Fluorescence spectra

Figure 18. Schematic of eGFP tissue
phantom dehydration experimental
overview. Created in BioRender.com
by NG

gently mixed by manual swirling into the liquid
agarose to ensure homogeneous distribution.
The rGFP-agarose mixture was immediately
pipetted into a 96-well polystyrene microplate
(833924, Sarstedt) and subsequently placed at
+4°C for 30 minutes. Following complete
solidification, the rGFP-agarose gels were
chemically fixed by 10% Neutral Buffered
Formalin (HT501128-4L, Sigma-Aldrich) for 1
hour at room temperature. The fixed gels were
then washed three times with a 1x Phosphate-
Buffered Saline (18912-014, Gibco) solution (5

minutes per wash). The initial fluorescence intensity of the fixed, hydrated gels was
measured immediately after the final PBS wash using a Cytation5 multimodal plate
reader (Biotek, Winooski, Vermont) with excitation of 395nm and emission range
of 488-700nm with a 10nm step size. Next, a gradual dehydration series was
performed by replacing the PBS with increasing concentrations of organic solvents.
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Three different alcohols methanol (67-56-1, Fisher Scientific), 1-propanol (71-23-
8, Thermo Scientific), and 2-propanol (67-63-0, Fisher Scientific) were tested. Gels
were incubated in concentrations of 20%, 40%, 60%, 80% and 100% for 1 h and
100% overnight at room temperature or +4°C at each, covered and wrapped with
parafilm for overnight incubations. All alcohol solutions used in the dehydration
series were adjusted at each concentration to pH values of 7 or 9 using 1M NaOH
using a pH meter (Fisher Scientific). Fluorescence intensity was quantified after
each dehydration step using a Cytation5 plate reader as previously described.

PROTEUS tissue clearing

The PROTEUS tissue clearing protocol was performed using freshly prepared
solutions comprised of molecular biology grade 2-propanol (Fisher Bioreagents),
deionized water, 1M sodium hydroxide (NaOH), dichloromethane (DCM) (Sigma-
Aldrich), and ECi (Sigma-Aldrich). The pH of a graded series of 2-propanol
solutions (20%, 40%, 60%, 80%, and 100%) was adjusted to ~9.0 using 1M NaOH.
The tissue dehydration series was then carried out at +4°C under light-protected
conditions with constant rolling with 50 rpm. Tissues were immersed sequentially
in 20%, 40%, 60%, 80%, and 100% 2-propanol for one hour each, followed by an
overnight incubation in 100% 2-propanol. The delipidation process began by
transferring tissues to a 2:1 (v/v) mixture of DCM and 2-propanol for an overnight
incubation, the duration of which was adjusted based on the tissue's lipid content.
This was followed by two 15-minute washes in 100% DCM. For final clearing and
RI matching, tissues were transferred to ECi and incubated until optical
transparency was achieved (typically overnight) with gentle rolling at 5 rpm. From
our experience gentle rolling reduces intratissue bubble formation.

Light-sheet Fluorescence Microscopy

Two light sheet fluorescence microscopy (LSFM) systems were used in the current
study, UltraMicroscope Blaze (Miltenyi Biotec) and Aurora (M Squared Lasers).
The UltraMicroscope Blaze system, utilizing a Gaussian beam-based static planar
light sheet, was equipped with a 4.2 MP sCMOS camera (PCO) with a resolution of
2048x2048 pixels and multi-immersion planar objectives with dipping caps (with
correction for imaging in RI of 1.56. For all samples, double-sided illumination and
dynamic focusing was employed. The detection objective used is specified in the
figure legend of each image.

The Aurora MSquared system, utilizing an Airy beam-based digitally scanned light
sheet, was equipped with Hamamatsu Orca Flash4 4.2 MP sCMOS camera, with a
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resolution of 2048x2048 pixels and two Navitar Special Optics multi-immersion
objectives for imaging in RI 1.33-1.56 (one for illumination and one for detection).

All samples were imaged in ECi regardless of LSFM system used. For mounting
the samples in the UltraMicroscope Blaze, silicone-based glue was used to fix the
samples on top of the provided microscope sample holder and for the Aurora system
a magnetic silicone clamp was used to hold the samples in place in the imaging
chamber.

Gaussian

Airy

Figure 19. Schematic of Gaussian and Airy light sheet. Figure reproduced from (Qi et al. 2025) with
permission.

Three-dimensional (3D) volume rendering

Three-dimensional (3D) volume rendering was performed on light-sheet
fluorescence microscopy (LSFM) image datasets using Arivis Vision4D (Zeiss) and
Imaris (Oxford Instruments) software platforms. Raw image stacks acquired from
LSFM were imported into the respective software platforms in their original format
without prior modification. Following import, individual channels were assigned
pseudocolors using the built-in LUT of each software package. Display ranges were
manually adjusted for each channel to optimize signal visualization and ensure that
the majority of the fluorescence signal was represented.

Deconvolution

Deconvolution is a computational method used to recover image that were altered
during acquisition. Although it was first developed for astronomical imaging, it was
introduced into microscopy in the 1980s and has since become an important image-
processing technique for biological imaging. In microscopy, image quality is
affected by optical blurring caused by diffraction during image formation, as well
as by noise. Deconvolution seeks to computationally improve, or to say more
precisely, restore spatial resolution and reveal finer image details. For images

81



acquired using the Aurora microscope system, image stacks were subjected to
deconvolution prior to 3D reconstruction. Deconvolution was performed using the
manufacturer-recommended algorithm and factory calibrated point spread function
(PSF), depending on acquisition settings. Iterative deconvolution (Richardson—
Lucy algorithm) was applied to improve axial resolution, enhance signal-to-noise
ratio and reduce optical blurring inherent to light-sheet imaging. The number of
iterations and regularization parameters were kept constant across samples within
each experimental group.

‘Before deconvolution After deconvolution

Figure 20. Representative images of the same single plain LSFM image of mouse brain vasculature
labelled with lectin fluorescence dyes before and after deconvolution.

PCLS generation for Assessment of Archival Formalin
Fixed and Paraffin Embedded Samples

300 uM thick PCLS were prepared using a vibratome (Campden Instruments,
7000smz-2). Lungs were filled with 1.5% low melting agarose (Sigma 9414) and
let to solidify at +4°C for 1 hour prior to vibratome sectioning. PCLS were then
punched using a 4mm biopsy punch and fixed using NBF for 60 minutes followed
by tissue processing as we have previously described but with modifications
optimized for PCLS with shortening dehydration steps to 20 min each. Samples
were then embedded in paraffin and stored for at least 7 days. In order to remove
paraffin prior to performing tissue clearing, FFPE PCLS blocks were incubated at
~65°C in an oven (Binder ED56) for 1 h to ensure complete paraffin removal.
Following bulk paraffin removal, 4 mm PCLS punches were transferred to xylene
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(Fisher scientific) or Histo-Clear (National diagnostics, USA) and rotated at 25 rpm
at room temperature for 2 h. The solution was refreshed every hour by transferring
the PCLS into fresh xylene or Histo-Clear II. Following paraffin removal from
PCLS, samples were then gradually rehydrated to 100% PBS. The samples were
subsequently prepared for whole mount immunofluorescence (IF) staining
alongside fresh control PCLS samples (non—tissue-processed and non—paraffin-
embedded). Prior to staining, samples were transferred into 12-well plates
(Sarstedt). PCLS samples were first permeabilized using 0.1% Triton X-100
(Sigma-Aldrich) at room temperature for 1 hour with agitation at 25 rpm, followed
by two washes with 1% BSA (Saveen Werner AB) in PBS. Samples were then
blocked for 2 hours in 5% BSA. After blocking, the samples were incubated with
the primary antibody (a-tubulin antibody) (Paper II1, Supplemental Table 3) diluted
in 1% BSA solution for 48 hours at +4°C with gentle agitation (10 rpm) while
protected from direct light. After primary antibody incubation, the PCLS samples
were washed three times with 1% BSA and then incubated with the secondary
antibody, Alexa Fluor 647 goat anti-rabbit, overnight at +4°C with agitation at 10

rpm.

The following day, samples were washed again 3 times with 1% BSA and embedded
in 2% low-melting agarose (Sigma, A9414) for 1 hour at +4°C until the agarose
solidified. Embedded samples were then transferred into 50 mL tubes and cleared
using the PROTEUS clearing protocol described above, while protecting the
samples from light. Briefly, samples were gradually dehydrated in 2-propanol,
followed by delipidation with DCM under constant rolling at 50 rpm. ECi was
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murine lungs slices embedding Removing Permeabilization-1h Rt
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Vibratome
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Histo-Clear II)

l W 2% agarose
__ 2 Tissue embedding
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Figure 21. Schematic of PCLS paraffin removal and following fluorescence staining and tissue
clearing. Created in BioRender.com by NG
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subsequently used as the RI matching solution with slow rolling at 5 rpm. Cleared
tissue was imaged using Ultramicroscope Blaze. Laser power was determined by
ensuring there was no fluorescence signal detected in cleared PCLS which were
incubated with secondary antibody but without primary antibodies.

Reverse optical clearing

Two mouse lungs were used after CO2 chamber euthanasia. One lung was used for
optical and reverse clearing and the other as a control for comparison. All lungs
were inflated with 1% low melting agarose via the trachea to prevent structural
collapse. Lungs were fixed in 10% NBF for 15 min using gravitational fixation
through the trachea and submerged for 24 hours. Samples were cleared using
iDISCO (195) and imaged in ECi. Next, the lung was sectioned in 6 pieces using a
scalpel and transferred to individual 5 mL polypropylene tubes containing an ECi
soluble solvent to facilitate its removal from the tissue. These solvents were ethanol,
methanol, 2-propanol, acetone, ethyl acetate and DCM. The tubes were then placed
inside 50 mL Falcon tubes and incubated on a roller at 50 rpm for 3 hours, with the
solvent refreshed every hour.

Agarose/gelatin tissue phantoms for reverse optical
clearing and FTIR measurement

Tissue phantoms were generated using 3% low melting agarose (Sigma-Aldrich,
A9414) gel containing 5 mg/mL gelatin type A was prepared in 1x PBS, poured into
Petri dishes, and incubated at +4°C for 1 h until solidification. After solidification,
8 mm diameter discs were generated using a biopsy punch. The tissue phantoms
were immediately transferred to 10% neutral buffered formalin (NBF) and fixed for
24h at +4°C under rolling agitation (50 rpm). After fixation, the tissue phantoms
were washed and stored in PBS. For dehydration, individual tissue phantoms were
placed in 50 mL tubes containing 20 mL solution and gradually dehydrated in 2-
propanol (20%, 40%, 60%, 80%, and 100%), with 1h incubation at each step,
followed by overnight incubation in 100% 2-propanol. After overnight incubation,
3 samples were retained in 2-propanol as control samples, while the remaining
samples were subjected to PROTEUS forward tissue clearing procedure using
DCM/2-propanol (2:1) incubation for 24h, followed by two 15min washes in 100%
DCM. All steps were performed with rolling agitation at 50 rpm. Following DCM
treatment, the tissue phantoms were transferred to ECi and incubated under rolling
agitation (5 rpm) for 24h until complete transparency was achieved. After this
incubation, 3 samples were retained in ECi as ECi control samples. Thereafter,
cleared transparent tissue phantoms were then subjected to reverse optical clearing
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using 100% 2-propanol. Samples were individually transferred into 50 mL tubes
and incubated in 2-propanol for 1, 2, or 3 h, with the 2-propanol replaced after each
hour (n = 3 for each timepoint). At each time point (1 h, 2 h, and 3 h), FTIR spectra
were collected in transmission mode using a diamond ATR accessory on a Cary 630
FTIR spectrometer with KBr optics (Agilent). Spectra were acquired over a
wavenumber range of 4000—-650 cm™ at a spectral resolution of 2 cm™, with 8 scans
collected as background and 8 scans per sample, and the spectra were averaged for
analysis. Control samples maintained in 2-propanol and Eci served as controls. The
ATR crystal was thoroughly cleaned with three sequential washes of 2-propanol
between each measurement and new background was collected prior to each sample.

FTIR spectral datasets were imported into the Quasar software. For each
experimental group, n = 3 spectra were included in the analysis. Analysis was
restricted to the fingerprint region and spectral data matrix (wavenumber vs.
absorbance) was then subjected to PCA using the built-in Quasar multivariate
analysis module. The first two principal components (PC1 and PC2), which
explained the majority of the variance, were used to generate score plots to visualize
clustering and separation between experimental groups.

Fixation Tissue Reverse
10%NBF clearing clearing

FTIR
spectroscopy
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Figure 22. Schematic of reverse clearing and FTIR measurements of agarose/gelatine tissue
phantoms. Created in BioRender.com by NG

MERFISH

Once the internal quality control was performed using RNAscope to confirm
transcript presence, ROC and control paraffin-embedded embryos in separate
blocks were sectioned into Spm sections in an RNase free environment. Blocks were
rehydrated in UltraPureTM Distilled water (Invitrogen, 10977015) at +4°C. A new
blade (Fisher Scientific, 360992334) and UltraPure™ Distilled water were used to
cut and extend the samples on a +45°C bath. The MERSCOPE Large Slides
(Vizgen, 10500131), which have a dimension of approximately 3cm? of imageable
area, were taken out of -20°C 15 min before placing the freshly cut sections within
the labeled imaging window. The two embryos were laid in a distinguishable
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manner, to enable subsequent annotation of each of the conditions. Samples were
imaged using the MERSCOPETM Ultra (Vizgen) and a ~900 predesigned
embryology gene panel (Paper III, Supplemental Table 4). MERFISH single-cell
spatial transcriptomics data was loaded from an .h5ad object and partitioned into
control and ROC groups based on the spatial coordinate centre ‘y’. Cells with a low
transcript count were filtered out following standard quality control criteria. Gene
expression values were standardized, and dimensionality reduction was performed
using PCA. A k-nearest neighbours’ graph was constructed, and cell clusters were
identified using the Leiden algorithm (resolution=1.0, chosen following manual
expert assessment). Cell types were identified for each cluster following manual,
expert assessment of genes which were differentially expressed and present in the
majority of cells within each cluster. UMAPs were used for the visualization of the
cellular manifold. The number of transcripts per cell was extracted separately for
each cluster for control and ROC embryos. Plots were generated independently for
each embryo to enable direct comparison of transcriptional activity across clusters.

Statistical analysis
Paper [

Differences in -sheet signal intensity between living and fixed tissues were
assessed using one-way ANOVA followed by Tukey’s post hoc multiple-
comparison test. LDH release measurements were analyzed using one-way
ANOVA with Sidak’s correction for multiple comparisons.

Paper 11

Differences in NucView 488 and RedDot2 staining in PCLS were quantified using
one-way ANOVA with Sidak's correction for multiple comparisons.

Paper 111

We used Mann—Whitney U test or one-way ANOVA with Brown-Farsythe and
Welch multiple comparisons test, as appropriate and based on the underlying
distribution of the data and the number of comparisons performed as indicated in
the corresponding figure legend. All analyses were performed using GraphPad
Prism v11.

Use of Al in this thesis

ChatGPT and Microsoft Copilot PRO were used as generative artificial intelligence
(Al tools to support English language editing and grammar correction during the
writing of this thesis. Google Gemini was used under the supervision to create the
schematic illustration shown in Figure 50A. The author retains full responsibility
for the content, interpretation and accuracy of the work presented in this thesis.
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Key Results and Discussion

Spatiotemporal alterations in the chemical composition and structural organization
of biomolecules are fundamental determinants to distinguish normal from
pathological processes in tissue. However, every pathological process begins with
submicron-level alterations before any visible morphological or clinical
manifestations can be detected, e.g. by histological of immunohistochemical
staining. Therefore, studying very early transformation phases and processes is vital
to understand disease pathophysiology, for developing targeted therapy as well as
early diagnosis, which may ultimately improve treatment outcomes.

Therefore, alternative techniques such as infrared imaging have attracted increasing
attention. Specifically, infrared microspectroscopy (uIR) has been increasingly used
in biomedicine and clinical diagnostics. As discussed in the introduction, infrared
microspectroscopy is a label-free, non-destructive and highly sensitive technique
that simultaneously provides information about diverse biomolecules (e.g. Proteins,
DNA, RNA as well as their structural organization. However, uIR has significant
drawbacks when applied to biological tissues, since water strongly absorbs infrared
light and masks signals from protein vibrations. In addition, light scattering prevents
the use of thick samples. Therefore, tissue must be thinly sliced prior to analysis.
Consequently, biological tissues must typically be chemically fixed and dehydrated
before being sectioned. Thus, studying fresh tissue biopsies using conventional IR
alone is not feasible.

However, the recent development of O-PTIR has overcome several limitations of
conventional pIR by employing two simultaneous lasers. O-PTIR uses a visible
probe beam (532 nm) to detect photothermal responses induced by infrared
absorption. As mentioned above O-PTIR was used on relatively transparent
biological samples, such as 2D cell cultures and C. Elegans; these studies did not
address the potential impact of tissue opacity on spectral acquisition. In addition,
because these experiments were limited to endpoint measurements, the effects of O-
PTIR imaging on subsequent tissue viability and integrity was not assessed.
Accordingly, our primary questions for Paper [ were:

1. Can we obtain interpretable, high-quality spectra from fully hydrated,
unprocessed tissue biopsies?

2. Does the thermal expansion that occurs during O-PTIR imaging damage the
tissue?
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O-PTIR can be used in hydrated tissue biopsies and the
spectra obtained differs between tissues

To investigate the use of O-PTIR imaging on fully hydrated, unprocessed samples,
we extracted different mouse internal organs (lung, heart, liver, kidney, salivary
glands) and skin (the entire mouse tail (Figure 23A). First, we had to optimize the
acquisition settings. In Paper I, we observed that both IR laser power and
acquisition speed affected spectral quality in hydrated samples. Moreover, IR laser
energy higher than 22% led to spectral artifacts, such as alterations in the amide I1-
to-amide I ratio. However, we showed that at 22% IR laser intensity, together with
a high scan rate (1000 cm™'/s), it was possible to obtain spectra with a low signal-
to-noise ra;c\io from all hydrated tissues mentioned above.
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Figure 23. A) Experimental overview (created with BioRender.com). B) and C Livet
tissue.Normalized and averaged O-PTIR spectra (black line) and second-derivative (red line) with
representative bright-field images of the samples. The gray error bars represent s.d.; N = 3—10 areas
from 3—4 tissue biopsies per organ. Red crosses indicate representative spectrum acquisition points,
randomly selected for analysis. Peaks identified with second derivative spectroscopy are listed in Table
1. The blue-colored spectrum trace was acquired at the location indicated and revealed a signal increase
at 1740 cm—1, which corresponds to elevated ester levels. Figure reproduced from (Gvazava et al.
2023) with permission.
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Furthermore, we used second-derivative analysis to identify the expected major
peaks corresponding to amide I (1656 cm™), amide II (1546 cm™), nucleic acids
(1396 cm™), collagen (1340 cm™), and amide III (1306 cm™) in all organs (Figure
23B,C). Moreover, we could also detect lipids, including ester groups (1740 cm™)
and the cholesterol esters (1464 cm™)(229, 230). Detection of lipids is particularly
challenging in biological samples using other IR-based imaging methods because,
as mentioned above, samples must typically be dehydrated with alcohols and
xylenes (or other nonpolar solvents to enable paraffin embedding), which removes
the majority of lipids. However, in diseases such as non-alcoholic fatty liver
steatosis, altered lipid metabolism plays a key role in pathogenesis (230). In
addition, we observed organ-specific and sub-tissue-specific spectra. For example,
in liver biopsies, we could distinguish regions with elevated intensity at 1740 cm™
in certain areas. We also noted a significant increase in the peak area centered at
1452—-1396 cm™, previously described as arising from methylene groups of proteins
and lipids and shown to be important for salivary gland characterization (231)
(Figure 23C). We also recorded O-PTIR spectra directly from mouse tail skin,
allowing detection of spectral bands corresponding to amide II (1500-1590 cm™),
amide [ (1600-1700 cm™), and a prominent peak at 1515 cm™.

Therefore, we showed that O-PTIR can be used to acquire highly specific spectra
for label-free assessment of fresh, non-processed, and hydrated biopsies
immediately after sampling.

O-PTIR can distinguish between normal and diseased
tissue

All tissue biopsies described above were obtained from wild-type (WT) animals,
therefore, these tissues did not exhibit significant pathological alterations. However,
it was also important to determine whether O-PTIR could distinguish between
healthy and diseased regions within the same tissue sample. Once the O-PTIR
measurement parameters for living tissue had been established, we used brain slices
from the APP/PS1 Alzheimer’s disease mouse model. In this model, mouse/human
amyloid precursor protein (APP) and mutant human presenilin 1 (PS1) are co-
expressed, leading to amyloid-f3 aggregation in the brain parenchyma(232). We used
freshly extracted brains from 12-month-old APP/PS1 mice and prepared 275 pum-
thick brain slices. To preserve tissue viability, the slices were maintained in
oxygenated buffer at room temperature (Figure 24A). Cortical tissue was examined,
as this region consistently contains 3-sheet-rich amyloid plaques at this age. Plaques
were located using rapid hyperspectral array scanning over an extended area.
Amyloid plaques were identified from the surrounding tissue by a spectral shoulder
between 1640 and 1620 cm™' (Figure 24B,C), previously assigned to [(-sheet
structure (233).
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Following label-free O-PTIR spectroscopy, these slices were further processed to
visualize amyloids using the highly specific probe AmytrackerR (Figure24D).
Taken together, these results provide evidence that O-PTIR imaging can
successfully detect amyloid plaques in freshly prepared, hydrated brain tissue slices.
Furthermore, these results show that O-PTIR can be used to distinguish pathological
from normal tissue, highlighting its clinical potential, for example, for rapid surgical
diagnosis during tissue resection. Interestingly, we also observed differences
between fixed and fresh samples, which raises the important question of how
fixation alters tissue structure and composition.
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Figure 24. A) Acute brain slices section with vibratome into 275 pm thick sections, followed by
incubation in a custom imaging chamber containing oxygenated artificial cerebrospinal fluid (aCSF,
“brain media”) at room temperature. The tissue was imaged in this custom-built chamber using O-
PTIR under low (15%) and high (60x) magnification objectives. B) Brightfield images show
representative brain plaque regions, with boxed areas indicating locations selected for spectral
acquisition. C)Normalized O-PTIR spectra were collected from the positions indicated in panel .The
arrow highlights the ~1630 cm™ shoulder, characteristic of amyloid fibrils. Spectra shown in red
correspond to positions marked by red squares. D)Post—O-PTIR imaging, the same tissue section was
stained with Amytracker™520R to visualize amyloid plaques (red signal). Tissue autofluorescence
was acquired using a DAPI filter on a Cytation 5 multimode imager (4x objective). E) Higher
magnification imaging of the same plaques, including 20x imaging on the Cytation5 and F) confocal
microscopy image of the same amyloid plaque. Figure reproduced from ( Gvazava et al. 2023) with
permission.
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Interestingly, we observed fixation-induced alterations in protein secondary
structure when comparing fresh and 4% PFA-fixed tissue. In particular, an increase
in B-sheet content was observed following fixation, accompanied by a shift in the
amide I band from 1630 to 1634 cm™, indicative of changes in protein
conformational organization (Figure 25A). Further, we quantiatively confirmed a
significant increase in B-sheet signal intensity in fixed tissue relative to living
samples (Figure 25B). This suggest that amyloid structure may undergo structural
alteration during the fixation, therefore highlighting the additional need of
evaluating amyloid structures in their native state for example during different anti-
amyloid therapies.
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Figure 25. A) Normalized and averaged O-PTIR spectra of fresh and tissue fixed in 4% PFA. Arrows
indicate an increase in the intensity of B-sheet (up) and changes in structural content; band position
shift from 1630 cm—1 to 1634 cm—1. Error bars are s.d. B) B-sheet signal intensity in living and fixed
tissue. Tukey’s post-hoc test; N = 8—10 spots. Data are the mean + s.d. C) Second derivatives of IR
absorbance spectra. Arrows indicate changes in bandwidth. Figure reproduced from ( Gvazava et al.
2023) with permission.

Local tissue level damage in biopsy punches following
O-PTIR imaging

Next, we investigated whether thermal expansion caused by IR laser during O-PTIR
imaging induces tissue-level damage. Cell viability in 1.5 mm tissue biopsies from
O-PTIR irradiated and non-irraqdiated controls were assesed using the colometric
Water-soluble tetrazolium salt-1 (WST-1) assay (Figure 26A,B). While we
observed metabolic activity after OPTIR imaging, biopsy size and tissue heterogeity
differences may contributed to the differences observed in the groups. Moreover,
WST-1 asseses metabolic activity in all tissue, therefore it is chellenging to
distinguish between OPTIR irradiation and other factors contributing to cell
viability.

Therefore, in an attempt to evaluate potential structural alterations, the same tissues
were subsequently fixed in 10% neural buffered formalin (NBF), tissue processed
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and paraffin-embedded prior to subsequent sectioning and Hematoxylin and eosin
(H&E) staining (Figure 26A,B). Histological examination did not reveal any
noticeable morphological differences between O-PTIR imaged and control tissue.
However, O-PTIR imaging was perfomed on an approximatly 0.5um?* area, which
is challenging to follow without specific markers over the time especially after tissue
processing. Tissue processing dehydrates tissue resulting in shrinkage, while
parrafin embedded is challenging to maintain exact orientations prior to generating
thin sections; as a consequence, precise correlation between the original O-PTIR
imaging site and the corresponding H&E-stained section is challenging.

Nevrertheless, these resuls however demonstrate the ability of downstream analyses
(e.g. H&E staining) after OPTIR imaging , which again highlights potential use of
this technique in histopathology. The ability to perform label-free chemical imaging
prior to standard tissue processing and staining supports the potential use of O-PTIR
as a complementary technique in histopathology, where molecular information
could be obtained from fresh or minimally processed tissue before subsequent
morphological evaluation.
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Figure 26. WST-1 assay (water-soluble tetrazolium salt) performed on 1.5 mm liver (A) and lung(B)
biopsy punches, comparing unexposed controls and O-PTIR—exposed samples, with representative
H&E staining of the same tissues. Figure reproduced from ( Gvazava et al. 2023) with permission.
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Tracking cellular damage after O-PTIR imaging in acute
brain slices

To assess tissue level damage in a more robust manner, we utilized 275 um thick
acute brain slices (Figure 27A) because we could image and follow the same
anatomical region of the brain. In addition, organotypical slices of different organs
is incresingly used in drug testing, tissue remodeling and other applications. We
therefore focused on the retrosplenial cortex (RSC), a small dorsomedial cortical
region that can be reliably identified across imaging platforms (234). The RSC is
also functionally well characterized and contains distinct populations of pyramidal
neurons. Using a custom-made sample holder with N-methyl-d-glucamine (NMDGQG)
artificial cerebrospinal fluid (aCSF) media formulation, acute brain slices were
imaged in aqueous conditions. Single-frequency O-PTIR maps were acquired in the
RSC at 1656 cm™, corresponding to the strongest O-PTIR signal in brain spectra.
Maps covering 250 % 400 um were collected using identical O-PTIR settings and a
500 nm step size(Figure 27B). Following O-PTIR imaging, pyramidal neurons
within the irradiated area retained elector-physiologically active and firing
properties (Figure 26 C), demonstrating that functionally active cells remained
present after OPTIR imaging.
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Figure 27. A) Experimental overview B) Bright-field image showing the location of a single energy
map acquired at 1656 cm—1 in the retrosplenial cortex (RSC). C) Differential interface contrast (DIC)
images showing the position of the electrode during the electrophysiological recording in RSC of acute
(living) tissue slices exposed to O-PTIR. Voltage responses to current injection of two different
pyramidal neurons recorded in current clamp mode after O-PTIR measurements. Late-spiking (LS)
and non-late spiking pyramidal cell (non-LS). Figure reproduced from (Gvazava et al. 2023) with
permission.
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Further we evaluated potential tissue damage at the molecular and cellular level.
OPTIR irradiated acute brain slices were fixed and immuno stained. Neuronal
morphology was assessed using microtubule-associated protein 2 (Map2), a
dendritic marker used to evaluate dendritic integrity. In parallel, apoptosis-
associated changes were examined wusing AnnexinV, which binds
phosphatidylserine residues which is translocated at the plasma membrane during
early apoptotic processes (235). No substantial loss of neurons or disruption of
Map2 staining was observed in regions exposed to O-PTIR. Similarly, Annexin V
staining did not show a noticeable increase in the irradiated areas (Figure 28).

However, a drawback of acute brain slices is that it is a short-term model (~hours)
and needs to be converted to organotypic tissue culture, with further medium and
culturing formulation changes, which induces its own morphological, cellular
adaptations and tissue remodeling over time. Furthermore, post-mitotic neurons are
considered relatively resistant to apoptosis compared to other more proliferative cell
types, as part of evolutionary defence mechanisms (236, 237).

Non-irradiated side Irradiated side

40 um

Figure 28. Confocal images showing MAP2-positive neurons retaining their morphology after the
spectroscopic measurements compared to the unexposed tissue. High-resolution images of AnnexinV
(red dots) in tissue after spectroscopy and unexposed tissue. Figure reproduced from ( Gvazava et al.
2023) with permission.
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In Vivo O-PTIR Imaging of Pleurodeles waltl Embryo

To further investigate the potential of O-PTIR spectroscopy as a non-destructive, in
vivo imaging modality we chose to use a developing embryo model of the vertebrate
Pleurodeles waltl. This model is increasingly used in developmental and
regenerative biology and characterized by a two-week embryonic phase followed
by a ten-week larval stage prior to metamorphosis. We specifically selected stage
34 embryos (approximately 11-13 days post-fertilization) for this study(238). At
this developmental stage, major organ systems are formed, but still they are under a
developmentally fragile stage. We therefore hypothesized that tissue level
alterations caused by O-PTIR may cause developmental abnormalities.

Embryos were placed on the histological glass slide and in the O-PTIR microscopes.
We microscopically observed droplet-like structures on the skin surface of the
embryos (Figure 29). To determine their structural components, OPTIR spectra
were measured from those droplets. We observed a strong peak at 1748 cm-1,
indicating a high amount of esters (—C=0, -C=0O0H), characteristic of lipids
(Figure 30 B). Further we acquired hyperspectral maps of 1748, 1656, 1640, and
1470 cm—1 and reconstructed chemical maps of the dorsal side of the embryo,
showing that both lipids and proteins were identified (Figure 30C, D).
Demonstrating the ability of label-free in vivo O-PTIR imaging of embryos.

Detection of lipid-rich structures are particularly important. Lipids are a well known
energy source and it showed critical role in amphibian metamorphosis and survival
(239). Therefore, any alteration may compromise their development.

Figure 29. Bright-field mosaic of the P. waltl embryo. Asterisks indicate the O-PTIR spectrum
acquisition points. Red rectangle indicates the O-PTIR map position and the embryonic tail showing
lipid droplets on the skin. Figure reproduced from ( Gvazava et al. 2023) with permission.
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Figure 30. Normalized O-PTIR spectra acquired at different locations are shown in A) Bright-field
image B) Black traces, spectra acquired from spots outside lipid droplets; error bars, s.d. for black-
trace spectra; N = 6 animals. Colored traces are spectra acquired from the lipid droplets. C) Single-
frequency IR maps were acquired at the same spot at two energy levels corresponding to proteins (1656
cm—1 and 1640 cm—1). D Single-frequency IR maps acquired at the same spot at two energy levels
corresponding to R-CO-OR groups (1750 cm—1 and 1470 cm-—1), showing the distribution of lipids.

Figure reproduced from ( Gvazava et al. 2023) with permission.

In order to, to investigate whether OPTIR imaging compromised Pleurodeles waltl
development, embryos were maintained for an additional 14 days after imaging and
compared with non-exposed control embryos. Foremost, all embryos survived O-
PTIR imaging (n = 6) and developed similarly to controls not exposed to the O-
PTIR (n = 6) with no obvious defects in gross morphology or developmental
progression. These findings indicate that, under the imaging conditions used here,
O-PTIR did not overtly compromise P. walt! development (Figure 31).
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However, P.walts are recognized for their cellular plasticity and highly regenerative
ability, which raises the possibility that minor localized alterations could be
compensated. In addition, embryos continuously grow and undergo morphological
remodeling, while the skin is subject to constant renewal. Consequently, it becomes
difficult to precisely locate and evaluate the exact region that was previously
exposed to O-PTIR.

Further studies using more standardized, spatially traceable and less regenerative
models will be required to assess potential local tissue effects with higher precision.

Control (no O-PTIR) 14 days post O-PTIR imaging

Figure 31. Representative images of P.waltl after 14 days of O-PTIR imaging, alongside non-
irradiated control samples. Figure reproduced from ( Gvazava et al. 2023) with permission.

Cellular damage after vibratome sectioning of PCLS

To further characterize the local damage induced by O-PTIR, we decided to use
agarose-inflated lung tissue to generate precision-cut lung slices (PCLS) with a
defined thickness of 300 pm (Figure 32). The use of agarose-inflated lung tissue
offers several important advantages for our experimental aim. First, published
protocols already exist for the extended ex vivo culture of PCLS, allowing lung
tissue to remain viable and functional for several days. This provides a substantially
longer observation window compared with acute brain slices. Second, inflated lung
tissue retains distinct and recognizable morphological features, e.g. shape of the
airways or alveolar regions (Figure 32). These visible morphological features make
it possible to identify the same spot and follow it over time, thereby overcoming
limitations encountered in both acute brain slices and P. walt/ embryo models.

However, before using PCLS to O-PTIR damage assessment, it was necessary to
identify live-imaging compatible stains (or markers) that are sufficiently sensitive
and capable of distinguishing different levels of cellular damage. Recent studies
have used activated caspase-3 as an early apoptotic marker to monitor cell death
during lung development (88). However, caspase-3 activation represents only an
early phase of apoptosis, but we aimed to distinguish between different stages and
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severities of cellular damage. For this purpose, we selected a dual-staining RedDot2
and NucView 488 staining kit . RedDot2 is a membrane-impermeant far-red nuclear
dye that selectively labels cells with compromised plasma membrane integrity. In
contrast, NucView 488 is a cell-permeable however in its intact form, the dye is
non-fluorescent and unable to bind DNA. NucView 488 consists of a DNA-binding
dye coupled to the DEVD peptide sequence. After entering the cell, active caspase-
3/7 cleaves the DEVD peptide, releasing the dye, which then translocates to the
nucleus and emits bright green fluorescence upon DNA binding. Together, these
markers provide complementary information: RedDot2 - loss of membrane
integrity, whereas NucView 488- early apoptotic marker.

1.5mm biopsy 300um PCLS

Figure 32. Brightfield images comparing lung tissue biopsies (1.5 mm) and precision-cut lung slices
(PCLS) of 300 um

However, because this staining kit was originally developed for cell-based assays,
its applicability to organotypic tissue cultures, such as PCLS, had to be validated.
Therefore, we performed staining immediately after vibratome sectioning; PCLS
were punched using a 4 mm biopsy punch, stained and subsequently live imaged
with a confocal microscope. As described in Paper II, the laser settings for the FITC
and Cy5 channels were adjusted using subsequently cultured unstained control
PCLS, without detectable background signal (same settings were used in Paper I).

In the stained PCLS, we first confirmed that the tissue slices could be stained and
live-imaged using this kit. We observed that some cells (particularly at the edges of
the PCLS) were predominantly positive for RedDot2. Overall, freshly sectioned
PCLS showed increased plasma membrane permeability, as assessed by RedDot2
nuclear staining, together with activation of caspase-3/7, detected by NucView 488
(Figure 33).
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Membrane damage Cleaved caspase 3/7

1h after vibratome sectionin&

24h after vibratome sectioning

Figure 33. Maximum intensity projection (MIP) of live confocal imaging of PCLS stained
immediately after sectioning and after 24 hours in culture. Membrane damage is visualized using
RedDot™2 nuclear staining (pseudocolored cyan), while apoptosis is detected by cleaved caspase-3/7
activity using NucView®488 (pseudocolored magenta). Relanalyzed for this thesis

However, when the same PCLS samples were re-imaged after 24 h of incubation,
the signal from both markers was reduced (Figure 34B). Moreover, the NucView
488 signal was significantly decreased (Figure 34C). This observation supports the
widely accepted practice in the PCLS field of including a post-sectioning “resting
period.” Most studies using cultured PCLS describe an overnight or 24 h recovery
period, allowing the slices to recover from the mechanical stress induced by tissue
sectioning (240). Our findings indicate that slicing itself induces some cellular
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damage, including increased membrane permeability. This is an important
consideration when designing experiments using PCLS, particularly in studies
assessing tissue injury or the efficiency of delivery agents as it shown in Paper I and
I, where slicing-induced damage may interfere with the interpretation of
experimental outcomes. To further assess this effect, we stained PCLS that had been
allowed to rest for 24 h before staining(Figure 34B). In these rested samples, both
RedDot2 and NucView 488 signals were reduced compared with freshly sectioned
slices (Figure 34C).
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Figure 34. A) Experimental overview and B)Single, representative z-plane acquired with confocal
microscopy and stained live immediately or 24 h after vibratome slicing; unstained controls;
pseudocolored with a multicolor LUT to represent pixel intensity (n = 2 male mice with 2—5 PCLS per
condition). B: quantification of objects corresponding to murine nuclei to assess membrane damage
(RedDot2 nuclear stain) and cleaved caspase 3/7 staining (NucView 488 nuclear stain) immediately or
24 h after vibratome sectioning; P value < 0.05 considered significant; one-way ANOVA with Sidak
correction for multiple comparisons. Figure reproduced from (Nowakoska et al. 2024) with
permission.
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We interpret this reduction as evidence of the recovery capacity of PCLS during ex
vivo culture. Although PCLS are disconnected from the circulation, they remain
viable tissue cultures that preserve the native extracellular matrix, lung architecture,
and multiple resident cell types. These features may support tissue recovery and
partial self-repair following sectioning-induced damage. Therefore, based on these
observations, we recommend including a resting period before staining, imaging, or
performing downstream experiments with PCLS based on experimental needs.

To verify that the reduction in fluorescence observed in the previous experiments,
particularly for NucView 488, was not caused by confocal microscope induced
photobleaching or dye instability, we performed additional control experiments
using hydrogen peroxide to trigger cellular damage. PCLS were treated with 150
UM hydrogen peroxide immediately after slicing. Following the staining 24 h after
slicing (Day 2) without any additional staining at later time points. The slices were
imaged immediately after staining and then re-imaged 24 h later, therefore 48 h after
slicing and hydrogen peroxide treatment.

We observed that in hydrogen peroxide-treated PCLS, fluorescence was maintained
over time (Figure 35B). Moreover NucView 488 staining increased, while RedDot2
staining remained (Figure 35C). These findings suggest that both dyes were stable
under the experimental and imaging conditions used. Therefore, the reduction in
fluorescence observed in previous experiments is unlikely to be explained by
photobleaching or dye instability, but instead most likely reflects recovery of the
PCLS after slicing induced damage.
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Figure 35. A) Experimental overview; PCLS were treated with 150uM of hydrogen peroxide for 24h
followed by live cell staining and confocal imaging at 24h and 48h after slicing. B) Representative
single plane images pseudo colored with a multicolor scale to represent pixel intensity. All images
were collected with identical laser settings and look up tables (LUTs) as those in Figure 1. C)
Quantification of the number of nuclei in a representative 50um thick volume of PCLS; z-planes every
10 pm were quantified. Figure reproduced from ( Nowakoska et al. 2024) with permission.
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Furthermore, we extended the analysis of nuclear signal beyond object
quantification by measuring several morphological parameters, including- area,
circularity and solidity (Figure 36). Area reflects the size of each detected particle,
in our case the labelled nucleus, and can indicate whether the detected objects fall
within the expected size range for cell nuclei. Circularity describes how closely the
shape of an object resembles a perfect circle, with values approaching 1- highly
circular object and lower - more elongated, irregular or fragmented. Solidity
measures how compact or structurally regular an object is by comparing its area to
the area of its convex hull. A solidity value close to 1- smooth and compact object,
reduced solidity suggests membrane irregularity, nuclear deformation, or other
shape abnormalities. Taken together, these complementary analyses help to further
interpret our data.

Following this analysis, we observed that the size distribution of the quantified
particles remained consistent across individual PCLS and time points. This suggests
that the image segmentation approach reliably identified nuclear-sized structures in
analyzed images. In addition, the measured particle sizes were in agreement with
previously reported nuclear dimensions in murine lung tissue (241).

Despite this stable size distribution, both circularity and solidity size distributions
decreased after 24 h of culture in nuclei labelled with either NucView 488 or
RedDot2, independent of whether staining was performed immediately after slicing
or following the resting period. This indicates that, although the overall nuclear size
remained relatively unchanged, nuclear morphology became progressively less
regular during culture. Reduced circularity and solidity are consistent with
previously described apoptotic nuclear changes, including nuclear condensation,
deformation and fragmentation. These observations are also in line with previous
histological findings in PCLS, where increasing culture time was associated with
progressive alterations in nuclear morphology (59).

Taken together, these findings support the specificity and stability of the staining
strategy under the applied culture and imaging conditions. The preserved particle
size distribution confirms consistent detection of nuclear structures, while the
reductions in circularity and solidity indicate biologically relevant changes in
nuclear morphology. Overall, these results suggest that vibratome sectioning
induces cellular stress, including increased membrane permeability and activation
of apoptotic cell death.
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Figure 36. Parameter analysis was performed across PCLS samples and time points for
NucView®488 and RedDot™?2 staining. The area range was predefined based on previously published
stereological analyses of murine lung nuclei and was subsequently validated by post hoc analysis as
appropriate for identifying nuclei labeled with both dyes.In addition to size, particle shape descriptors
including circularity and solidity were quantified. Figure reproduced from (Nowakowska et al. 2024)

with permission.
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Live tracking of cellular damage in precision-cut lung
slices (PCLS) following O-PTIR imaging

After confirming that the NucView 488 or RedDot2 kit was stable and suitable for
detecting different levels of cellular damage over time in organotypic PCLS cultures
in Paper II, we next applied this approach to assess potential O-PTIR induced
damage In Paper I. Immediately after generating 4 mm PCLS punches, distinct
airways were selected in each slice for OPTIR imaging, to allow us to irradiate and
subsequently follow the same spot over time (Figure 37A). These airway regions
were then exposed to O-PTIR imaging using either 22% or 48% IR power. A single-
wavenumber hyperspectral map was acquired at 1656 cm™, corresponding to the
amide I region (Figure 37B).
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Figure 37. A) Experimental overview (created with BioRender.com) B) Bright-field overview of 4

mm PCLS punch with insets indicating airways subjected to hyperspectral imaging at 1656 cm—1 with
different laser intensities. Figure reproduced from (Gvazava et al. 2023) with permission.
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Following O-PTIR imaging, the PCLS were allowed to rest for 24 h before staining
with the NucView 488 or RedDot2 kit. The same samples were then live-imaged by
confocal microscopy at 24 h and 48 h after irradiation (Figure 38A).We did not
observe differences in membrane damage between control and O-PTIR-irradiated
groups, as assessed by RedDot2 nuclear staining. However, a subjective increase in
caspase-3/7 activity, detected by NucView 488, was observed in the irradiated
groups (Figure 38B). This may indicate that O-PTIR exposure induced a mild or
localized apoptotic response without progressing to extensive loss of membrane
integrity within the analysed time window. However, it is important to consider that
live confocal fluorescence imaging was involved. Although confocal microscopy is
widely used for live-cell and live-tissue imaging, it can introduce additional
phototoxic stress, particularly compared with widefield microscopy. This is
especially relevant in the present experiment, as the assessment relied on excitation
of fluorescent dyes which repeated excitation of these probes from the same airway
region may generate phototoxic effects. Another important consideration is that the
same airway regions were imaged repeatedly over time. Especially for airway
regions in PCLS, where the ciliated epithelium forms a relatively thin, monolayer-
like structure lining the airway lumen. In such regions, cells are directly exposed to
the imaging beam and may be more sensitive to local changes. Therefore, even mild
imaging-induced stress could be more readily detected in airway epithelial cells than
in thicker tissue regions.

To further evaluate tissue viability after O-PTIR imaging, we used additional
complementary methods. First, ciliary beating was monitored in irradiated airways
using phase-contrast widefield microscopy. Ciliated epithelial cells line the
conducting airways and play an essential role in mucociliary clearance by
generating highly coordinated beating movements. As shown in the supplementary
video in Paper I, ciliary beating was still detectable in irradiated airways even 48 h
after O-PTIR exposure, indicating that the airway epithelium remained functionally
viable after imaging. However, quantitative assessment was not possible of ciliary
beating with available equipment.

In addition, lactate dehydrogenase release was measured in the culture supernatant
as a biochemical indicator of cellular damage. We observed a significant increase
in LDH release at 48 h in the irradiated groups compared with the same samples
after sectioning at 0 h. However, it is important to note that LDH release is a time-
dependent process and this likely explains the relatively low LDH levels observed
at 0 h (Figure 38C). Similar to WST-1, LDH measurements provide a bulk, tissue-
level measurements rather than single-cell or spatially resolved information.
Therefore, increased LDH levels cannot precisely identify which specific cell types
or tissue regions were affected, nor can they distinguish whether the damage
originated directly from O-PTIR irradiation, repeated live imaging, or a
combination of these factors.
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Figure 38. A) Representative single z-plane images acquired with live confocal microscopy and
pseudocolored with a multicolor LUT to represent pixel intensity of O-PTIR irradiated and non
irradiated (CTR) PCLS. B: quantification of objects corresponding to murine nuclei to assess
membrane damage (RedDot2 nuclear stain) and cleaved caspase 3/7 staining (NucView 488 nuclear
stain) 24h and 48h of culture. C) Lactate dehydronase release in supernatants for 48h of PCLS
culture. A) and B) reanalyzed for this thesis C) reproduced from (Gvazava et al. 2023) with
permission
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Taken together, these findings suggest that O-PTIR imaging of airway regions in
PCLS may induce mild local cellular stress, reflected by increased caspase-3/7
activity and elevated LDH release over time. Nevertheless, the lack of pronounced
membrane permeability changes and the maintenance of ciliary beating demonstrate
that the tissue remains viable under the applied imaging conditions.

However, live O-PTIR imaging still represents a form of live-tissue imaging and
therefore the general requirements associated with maintaining tissue viability
during microscopy remains. As discussed previously, live imaging requires careful
control of several experimental parameters, including tissue hydration, temperature,
CO: levels and other environmental conditions as well as duration and intensity of
illumination during imaging. If these conditions are not sufficiently optimized, the
tissue may undergo drying, mechanical stress and phototoxicity during the imaging
process.

Therefore, further implementation of live O-PTIR imaging requires not only
optimization of imaging parameters but also appropriate adaptation of the sample-
support system. As discussed earlier, the brain slice experiments were performed
using a specialized environmental chamber specifically designed to maintain tissue
viability. This chamber provided stable physiological conditions throughout
imaging and was instrumental in preserving tissue health. In contrast, an
equivalent specialized live-imaging chamber was not available during the lung
tissue experiments. The PCLS were therefore imaged using standard histological
slides that provided less control over the local microenvironment. Although the
viability assessments presented above demonstrate that the tissue remained viable
under these conditions, the use of a dedicated environmental chamber for future
live lung O-PTIR studies could further improve tissue preservation.
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Forward and Reverse Optical Clearing of Large Samples for
LSFM Imaging

Optical tissue clearing is a groundbreaking technique that has transformed our
ability to image large, complex tissues and whole organs with subcellular resolution
in 3D using advanced microscopes such as light sheet fluorescence microscopy
(LSFM). As discussed in the introduction of this thesis tissue clearing methods can
be broadly categorized into one of three categories:

1) Hydrophilic (e.g., CUBIC(242) , SHIELD(243))

2) Hydrophobic (e.g., Solvent-based tissue clearing (3DISCO(199) ,
iDISCO(195), uDISCO(197))

3) Hydrogel-based.

While hydrophilic techniques such as CLARITY(244) and SeeDB(245) are
relatively easy to implement in standard laboratory settings, they often require
prolonged incubation times ranging from days to weeks (depending on tissue size).
In contrast, organic solvent-based methods have gained widespread application due
to their ability to rapidly achieve superior levels of transparency. However, organic
solvent approaches suffer from notable drawbacks, including tissue shrinkage
caused by extensive dehydration as well as quenching of endogenous fluorescent
proteins (e.g., green fluorescent protein (GFP))(246). Therefore, they require
antibody labelling which increases both experimental cost and time. To overcome
this, alternative strategies have been developed, including the use of longer-chain or
branched alcohols as well as heterocyclic compounds for dehydration under
controlled pH conditions. For instance, fDISCO(196) utilizes tetrahydrofuran
(THF) at +4°C and alkaline pH 9, while 2Eci(205), another solvent-based clearing
method, employs 1-propanol under similar environmental conditions. Despite their
effectiveness, these methods rely on toxic and costly solvents and have thus far
remained limited to endpoint imaging with no possibility for further molecular
analyses on the same tissue.

Therefore, there is a growing need for newer organic solvent based optical clearing
protocols which preserve endogenous fluorescence, can be more readily
implemented in laboratories setup for biomedical science and can be reverted after
three-dimensional imaging to support additional molecular analyses. In paper I1I we
present PROTEUS, a novel isopropanol-based tissue clearing approach enabling
forward and reverse optical tissue-clearing to increase the usability of samples.
PROTEUS: a new low shrinkage and endogenous fluorescence preserving tissue
clearing method

Previously published protocols aiming to preserve endogenous fluorescence
proteins utilized branched alcohols, heterocyclic compounds or prolonged
incubation in the primary alcohol 1-propanol followed by refractive index matching
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in hydrophobic imaging solutions such as ethyl cinnamate. However, we noted that
despite known differences in lipid extraction efficiency between 1 and 2-propanol,
and thus presumed improvement in tissue transparency, there has been no previous
assessment of 2-propanol for optical tissue clearing. Therefore, we hypothesized
that 2-propanol (commonly referred as Isopropanol) may offer distinct advantages
over the other protocols since it is a secondary alcohol and has lower polarity.
Further, as mentioned above, organic solvent-based clearing protocols are known to
induce substantial volumetric attrition (tissue shrinkage) during dehydration, which
can distort anatomical spatial relationships.

We first sought to compare the clearing efficiency of each of the previously
published fluorescent-retaining clearing protocols such as uDISCO(197),
fDISCO(196) and 2Eci(205) and most commonly used tissue clearing protocols
iDISCO, with 2-propanol-based clearing (PROTEUS). For this, we chose 8 mm in
diameter bovine liver tissue sliced to a consistent thickness of 1 mm due to the fact
that liver is known to be challenging for tissue clearing, due to its dense structure
preventing sufficient lipid removal. Further its high levels of pigmentation and
hemoglobin contribute to strong light absorption, further hindering optical clearing
and large-volume imaging.

Subjectively, all tissue clearing protocols achieved sufficient transparency for
LSFM, as evidenced by the ability to visualize grid paper underneath through the
samples after incubation in the refractive index matching solution (Figure 39A).
However, assessment of dimensional changes following tissue clearing showed that
uDISCO, fDISCO and 2ECi induced more than 50% shrinkage relative to the initial
tissue size, whereas iDISCO and PROTEUS resulted in less than 50% shrinkage on
average. Furthermore, iDISCO and PROTEUS protocols caused significantly less
tissue shrinkage compared to uDISCO and fDISCO (Figure 39B).
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Figure 39. A) Representative images of optically cleared bovine liver. Images were acquired while
samples were immersed in the refractive index matching solution, ethyl cinnamate (ECi), after the
following tissue clearing protocols were performed a) uDISCO; b) 2Eci; c¢) fDISCO; d) PROTEUS
(described in this paper); e) iDISCO. B) Degree of shrinkage quantification after tissue clearing
protocols (n=4 technical replicates). Mean + s.d. *p < 0.05 assessed by one-way ANOVA with Brown-
Farsythe and Welch multiple comparisons test. Figure reproduced from (Gvazava et al. Manuscript)
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Initially all liver biopsies were randomly selected across experimental groups.
Notably in our experimental groups of n=4 PROTEUS resulted in more
homogeneous (uniform) shrinkage across samples. A certain degree of shrinkage is
expected in solvent-based clearing methods since all such protocols include a
dehydration step that leads to volume reduction.

Dimensional changes can be viewed from both negative and positive perspectives.
On the one hand, shrinkage may be considered a drawback, as it alters the native
size and potentially the spatial relationships within the tissue. On the other hand,
this reduction in tissue size can be advantageous, particularly for larger species of
organs. Simply these samples can fit in the microscopes and imaging within the field
of view of light-sheet fluorescence microscopy (LSFM) consequently reducing
imaging time and data volume.

Importantly, the primary goal of tissue clearing is to achieve refractive index
homogenization, thereby reducing light scattering and achieving optical
transparency after reflective index matching. Therefore, clearing methods that
balance effective transparency with limited shrinkage represent a significant
advantage.

To quantitatively assess clearing efficiency across all protocols, we performed UV—
Vis spectroscopy (Figure 40A). To complement the UV-Vis, we quantified total
absorbance using area under the curve (AUC) analysis. As an integrated measure of
light absorption across the full spectral range, AUC serves as a robust proxy for
overall optical clarity. Among all protocols, PROTEUS exhibited the lowest AUC,
reflecting reduction in total absorbance and the highest degree of optical
transparency (Figure 40B).

To further resolve differences between groups, we applied principal component
analysis (PCA) to the spectral data. PCA clearly separated non-cleared from cleared
tissues into two distinct clusters, confirming that optical clearing induces a
measurable and systematic shift in tissue optical properties. Notably, iDISCO, 2ECi,
and PROTEUS were positioned furthest from the non-cleared cluster, indicating that
these protocols produced the greater spectral deviation from the native (uncleared)
state(Figure 40C). This is consistent with more efficient removal of absorbing and
scattering components and more complete refractive index homogenization.
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Figure 40. A) Relative absorption spectra (i.e. background corrected for RI matching solution)
measured from bovine liver discs after tissue clearing; non-cleared tissue served as a control
(wavelength range = 300nm-700nm; 5Snm step size). A decrease in overall absorption is observed in
samples cleared using the PROTEUS protocol (n=4) B) Area under the curve (AUC) calculated from
absorption spectra. Samples cleared using the PROTEUS protocol exhibited the lowest AUC values,
indicating a greater overall reduction in light absorption compared with the other clearing methods.
Mean + s.d. *p < 0.05 assessed by one-way ANOVA with Brown-Farsythe and Welch multiple
comparisons test. C) PCA D) Extracted 415nm absorption peak (haemoglobin) showing a reduction
during PROTEUS tissue clearing. Mean = s.d. *p < 0.05 assessed by one-way ANOVA with Brown-
Farsythe and Welch multiple comparisons test. Figure reproduced from (Gvazava et al. Manuscript)

Interestingly, we observed a marked reduction in the UV-Vis absorbance peak at
415 nm with PROTEUS (Figure 40D), which is associated with heme groups
present in hemoglobin(247). This reduction in heme may be due to the prolonged
contact in 2-propanol used in PROTEUS. 2-propanol is a mild chaotropic agent and
has been previously suggested to be useful in removing heme groups from
hemoproteins (248). Whether this effect generalizes across organs with distinct
biochemical composition will require further study.

For our initial screening approach, we utilized bovine tissue liver from a butcher
which contains a high amount of coagulated blood. This mimics research situations
where residual, coagulated blood is known to be problematic for optical clearing
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and imaging (e.g. post-mortem clinical tissue collection or non-heparinized animals)
since it induces significant optical scattering and is highly autofluorescent. In many
other optical clearing protocols, bleaching approaches are utilized to minimize the
impact of residual blood, including hydrogen peroxide treatment. However,
prolonged exposure to such reagents has been shown to damage tissue integrity as
well as cause oxidative damage to biological molecules, making them challenging
to detect using either label-dependent or independent approaches.

As discussed above, experiments were performed on liver tissue slices. However,
most tissue clearing are performed on whole organs, where tissue volume can
influence the extent of shrinkage during dehydration. To further address this
question, we applied iDISCO and PROTEUS, causing less shrinkage in liver slices,
to whole mouse brains (one of the most commonly used in tissue clearing) and we
monitored volumetric changes throughout both the dehydration and refractive index
matching steps(Figure 41A).

We observed that after PROTEUS tissue clearing, ~75% of the initial brain volume
was preserved after dehydration with 2-propanol, with no further substantial
changes observed following refractive index matching. In contrast, iDISCO-cleared
brains exhibited a reduction to ~65% of their initial volume after dehydration with
methanol, followed by partial expansion to ~75% upon refractive index matching
(Figure 41B). This suggests that, in the case of iDISCO, additional structural
changes occur between dehydration and refractive index matching, likely reflecting
tissue relaxation effects. However, it is important to note that these experiments
were conducted with a limited sample size and will require replication to confirm
the observed trends.

To further assess long-term stability, the same clear brains were stored under
identical conditions in ethyl cinnamate (ECi) at room temperature. Interestingly,
after approximately two years of storage, iDISCO-cleared samples developed a
milky appearance (Figure 41C). While extended shelf life of cleared tissues has
been reported, many protocols favor alternative refractive index matching solutions
over ECi for long-term storage. The observed milky appearance may result from a
presently uknown chemical reaction between residual tissue chemical components
and ethyl cinnamate, or from gradual oxidation. However, additional analyses are
required to determine the precise reasons.
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Figure 41. Shrinkage and qualitative assessment of optical tissue clearing of mouse brain using
iDISCO and PROTEUS tissue clearing. A) Representative images taken at key intermediate stages
using a DinoLite Camera on 5 mm grid paper during the tissue clearing process of mouse brain using
iDISCO and PROTEUS protocols. B) Quantification of dimensional changes in percentage during
dehydration and after Ethyl cinnamate (Eci) compared to original organ size in PBS. C) Tissue
transparency changes after 2 years in ECi . A) and B) reproduced from (Gvazava et al. Manuscript) C)
for this thesis

As mentioned above, a major limitation of solvent-based tissue clearing is the rapid
quenching of endogenous fluorescent proteins. While techniques such as uDISCO
and fDISCO have been developed to better preserve GFP and other endogenous
fluorescent proteins, each has distinct limitations. uDISCO is unable to preserve
tdTomato fluorescence and fDISCO samples must be imaged within hours after
completion of optical tissue clearing due to generation of peroxides in the RI
matching solution at room temperature. Therefore, imaging on different LSFMs on
different days or transporting samples is not feasible. Furthermore, chemicals used
in both protocols require specialized handling due to their high volatility as well as
temperature requirements. We also observed that samples treated using the f{DISCO
protocol (THF) were more fragile, leading to sample loss during routine handling.
Owing to these limitations, we did not utilize uDISCO or fDISCO further.
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Further, 1-propanol (2Eci) has been previously used for clearing and preservation
of endogenous fluorescent proteins in organoids and model organisms(205).
Therefore, we sought to compare the ability of 2-propanol and 1-propanol to
preserve endogenous fluorescence. We chose to use native GFP due to the fact that
it is still widely used in transgenic models and is known to be more prone to
denaturation as compared to more stable variants used in previous studies (e.g.
EGFP). Methanol (i.e. (iDISCO) was used as a negative control due to the fact that
it has been previously reported to quench fluorescence in endogenous fluorescent
proteins. We also varied pH and temperature during dehydration as this has been
previously shown to play a role in retaining fluorescence for 1-propanol based
optical clearing. Recombinant GFP was embedded in agarose hydrogels via
chemical fixation with 10% neural buffered formalin (NBF) and gels were thereafter
subjected to gradual dehydration in each of the alcohols at pH=7 and pH=9 at room
temperature or +4°C. As previously reported, dehydration with methanol resulted in
a complete loss of the well-known 508nm GFP emission peak (Ax=395nm) (Figure
42). On the other hand, both 1- and 2-propanol demonstrated retention of the 508nm
emission peak at comparable fluorescence levels. Similar to other recent studies
aiming to retain fluorescence during optical clearing dehydration at +4°C and
alkaline pH of 9 showed the highest preservation of GFP fluorescence in both 1-
propanol and 2-propanol. This confirms that alkaline pH and lower temperature, in
combination with longer chain alcohols, are both critical for retaining GFP
fluorescence.
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Figure 42. Emission spectra of dehydrated rGFP agarose gels after overnight incubation at room
temperature or 4°C, at pH 7 and pH 9, in the respective alcohol solutions (n = 2 technical replicates).
Figure reproduced from (Gvazava et al. Manuscript)

To further understand the kinetics of fluorescence quenching and at which
percentages of alcohol this occurred, we repeated this same experiment but
performed fluorescence readings between each dehydration step. Based on our
previous results for these experiments, all dehydration steps were conducted at +4°C
and at pH 9. All alcohols demonstrated an initial loss of fluorescent signal in as little
as 20% alcohol, but methanol continued to decrease thereafter with increased
alcohol concentrations while 1- and 2-propanol were fluorescence were mentioned
(Figure 43A,B). After the dehydration protocol overnight, there was almost no
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detectable fluorescent signal in methanol but 1- and 2-propanol retained around 60%
of their baseline fluorescence (Figure 44A-C). Based on its lower toxicity, cost and
reactivity when compared and improved overall optical transparency compared to
1-propanol, we proceeded to test the effects of 2-propanol in tissue samples
containing endogenous fluorescent proteins.
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Figure 43, Effect of different linear alcohols used for dehydration during organic solvent-based
tissue clearing on the fluorescence emission properties of recombinant green fluorescence protein
(rGFP) immobilised in 2% agarose: methanol (MeOH), 1-propanol (1-Prop) and 2-propanol (2-prop).
A) Relative fluorescence intensity spectra of tGFP during dehydration with Methano, 1-Propanol and
2-Propanol (dashed line indicates the highest fluorescence emission peak at 508 nm (n = 11 technical
replicates) B) Comparison of peak fluorescence emission values at 508 nm during the dehydration
process. Statistical significance was assessed using a one-way ANOVA followed by Brown-Farsythe
and Welch multiple comparisons test. (n=11 technical replicates per condition). Figure reproduced
from (Gvazava et al. Manuscript)
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Figure 44. Changes in relative fluorescence intensity during dehydration are shown as percentage
loss relative to the same cells in PBS (set as 100%). Figure reproduced from (Gvazava et al.
Manuscript)

As tdTomato has been shown to be particularly sensitive to optical tissue clearing
protocols. We decided to use a transgenic mouse brain model where tdTomato is
expressed under the control of the promoter region for the leptin receptor (LepR).
This model has been previously shown to label a small population of LepR+ cells
located predominantly in the median eminence, a subregion of the hypothalamic
area. Due to the location of the median eminence and its small size, this is an
otherwise challenging region of the brain to image and is therefore well-suited for
whole organ LSFM imaging. We performed optical clearing in whole-brains using
the original iDISCO clearing method as well as our protocol containing 2-propanol
as the dehydration agent (later referred to as PROTEUS). ECi was used as RI
matching solution for both tissue clearing protocols. Next, we imaged whole LepR-
TdTomato murine brains which were optically cleared with PROTEUS or iDISCO
using a dual illumination and single objective LSFM with identical laser settings
(i.e., Miltenyi UltraMicroscope Blaze). We saw that tdTomato was both readily
visualized using the PROTEUS protocol and was specific to the previously reported
hypothalamic region (Figure 45, Figure 46). In contrast, we could not detect any
tdTomato signal in brains cleared using the iDISCO protocol.
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Figure 45. Schematic of the hypothalamic region of interest (red circles) and corresponding light
sheet fluorescence microscopy images of the same regions. Representative single plain light sheet
fluorescence imaging of the median eminence of a LepR-TdTomato mouse using iDISCO and
PROTEUS. Imaging was performed on a UltraMicroscope Blaze with a 4x objective with dual sided
illumination and dynamic focusing and laser power of A568=10%. All images were visualized and
pseudocolored using Imaris software. Figure reproduced from (Gvazava et al. Manuscript)
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Figure 46. Representative light sheet fluorescence imaging of the median eminence of a LepR-
TdTomato mouse using PROTEUS. A) Maximum intensity projections (MIPs) of ventral and saggital
views generated in Arivis. Figure reproduced from (Gvazava et al. Manuscript)

Importantly, we imaged the same brain 63 days after optical clearing when stored
in the dark at room temperature (Figure 47). While we observed some qualitative
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decreases in fluorescence intensity over time, similar structures remain visible when
similar planes were visualized within the median eminence.

2 days after clearing 63 days after clearing

100um
||

Figure 47. MIP views of a similar field of view 2 and 63 days after PROTEUS clearing showing
retention of detectable TdTomato. General loss of fluorescence can still be observed (subjectively
assessed based on the number and pattern of fluorescence). Schematics in subpanel A generated using
Biorender. Imaging was performed on a Miltenyi Blaze with a 4x objective with dual sided
illumination and dynamic focusing. Figure reproduced from (Gvazava et al. Manuscript)

However, it is important to remember that the stability of fluorescent proteins is
widely dependent on the surrounding environment. For example tissue-clearing
methods such as SHIELD incorporate an additional post-fixation crosslinking step
to enhance stabilization, “shielding” fluorescent proteins against chemical and
structural degradation. In the case of 2-propanol, the secondary position of the
hydroxyl group increases steric hindrance around the functional group, which
reduces hydrogen bond accessibility, which may contribute to the stabilization of
endogenous fluorescent molecules during the dehydration process. However,
following treatment with DCM and RI matching with ECi , 2-propanol is largely
“washed out” of the tissue. Additionally, ECi itself can undergo oxidation over time,
which may further influence the stability and long-term preservation of
fluorescence. Therefore, for stabilization of EFPs additives in ECi may be beneficial
for maintaining fluorescence over extended periods.

Imaging complex and intricate tissue structures can be
achieved using PROTEUS

While comparing diverse tissue clearing protocols, we observed that superior tissue
transperency following tissue clearing by PROTEUS. Therefore, we sought to
further test the capability of PROTEUS to be used to visualize anatomical structures
which are known to be challenging to visualize due to light scattering caused by
imperfect tissue transparency. In particular, high-resolution visualization of
ubiquitous and fine tissue structures (e.g. vasculature network or neuronal circuits)
is known to be challenging to image at high resolution due to their dense physical
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and intertwining nature. Because these structures are present in high amounts and
distributed evenly, their signals can overlap with one another, making it difficult to
distinguish individual components. Their structural density also results in light
scattering as light passes through these regions, resulting in decreased spatial
resolution and diminished signal to noise ratio. Combined with inherent tissue
autofluorescence, visualization of these structures is challenging. However, it is
crucial to study their changes with high spatial resolution and within intact 3D
volumes to better understand their physiological function or pathological
progression.

Neuronal activity critically depends on an extensive vascular network that delivers
oxygen and nutrients. Moreover, malformations in cerebral blood vessels contribute
to the pathogenesis of various neurological disorders, such as stroke and epilepsy.
The blood-brain barrier (BBB), primarily composed of endothelial tight junctions,
maintains the chemical composition of the neuronal environment by preventing the
entry of blood-derived substances into the brain. Dysfunction of the BBB leads to
the diffusion of these substances into the brain parenchyma, resulting in neuronal
damage.

The brain regions located around the ventricles, termed circumventricular organs
(CVOs), are often referred to as the “windows of the brain”. These regions are
characterized by relatively large perivascular spaces, specialized ependymal cells
and fenestrated capillaries(249). CVOs allow direct sensing of blood-derived
signals and the secretion of hypothalamic neuropeptides via their permeable
capillaries. Accumulating evidence highlights the crucial roles of CVOs in various
physiological regulatory pathways, including the homeostasis of osmolarity, sodium
balance, body temperature, energy metabolism, chemoreception of blood-derived
substances, and neuroinflammatory responses (249).

To visualize both continuous and fenestrated capillaries, we administered
fluorescent dyes (Dextran-568 and Lectin- lectin-647) into the mouse tail vein and
allowed the dyes to circulate prior to euthanasia and extraction of the brain. Lectin
dyes are able to cross the BBB after systemic injection and are known to selectively
bind to endothelial cells (Figure 48). Dextran was administered in order to more
readily confirm fenestrated capillaries as these dyes would selectively leak out and
be located within regions containing fenestrated capillaries. For these samples, we
choose to image in two complementary light-sheet microscopes. First, whole brains
were imaged using a Blaze light-sheet microscope to obtain a three-dimensional
overview of the entire organ. Subsequently, the median eminence was dissected and
imaged using a selective plane illumination microscope (SPIM) equipped with an
Airy beam (MSquared Aurora) (Figure 49). Owing to its non-diffracting and self-
healing properties, this beam is particularly well suited for imaging highly scattering
tissues. Using this workflow in combination with PROTEUS-cleared samples, we
successfully visualized the vasculature down to the level of single capillaries and
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reconstructed these structures in 3D, demonstrating the capability for high-
resolution imaging following PROTEUS tissue clearing.

Figure 48. Representative single plane LSFM images of the mouse median eminence demonstrating
the ability to detect the vascular network using lectin administered in vivo prior to sacrificing the
animal and extracting the brain tissue for LSFM. Lectin labels all endothelial cells while 10kDa-
dextran was administered to visualize capillary leakage. Figure reproduced from (Gvazava et al.
Manuscript)

Figure 49. 3D rendering of a mouse brain and highly vascularized region of the median eminence.
Cyan (lectin) and magenta (Dextran) signals distinguish the transition zone between continuous
capillaries (CC) and fenestrated capillaries (FC). Imaging was performed using 2 light-sheet
microscopes A, B) Blaze-Ultramicroscope and C) M-Squared Aurora and pseudocolored using Imaris
software. Figure reproduced from (Gvazava et al. Manuscript)
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Next, we aimed to visualize another ubiquitously present and structurally complex
element in the brain, the fine myelinated network of the human brain which is
approximately three to four times more densely myelinated than that of the mouse.
Myelin lipid-rich sheath that wraps around axons, for rapid saltatory conduction of
action potentials, overall neural circuit efficiency and metabolic support of axons.

Human cortical tissue samples were obtained from epileptic zone resection surgeries
and immediately sectioned into 300 pum-thick vibratome slices. After fixation with
paraformaldehyde, slices were immunostained with primary antibodies against
Myelin Basic Protein (MBP) to label myelinated fibers and Neuronal Nuclei (NeuN)
to label neuronal cell bodies (Figure 50). Further this tissue was cleared with
PROTEUS and imaged using dual-sided illumination and single-objective detection
in the Blaze microscope. We were able to visualize both MBP and NeuN with
expected spatial distributions consistent with the selected anatomical regions.
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Figure 50. PROTEUS enables visualization of human cortical tissue containing dense neurons. A)
Schematic diagram illustrating the methodology for the generation of acute brain slices from human
cortical tissue. B) Representative single plane light sheet microscopy images of human cortical tissue.
Myelin Basic Protein (MBP) is labeled in gray (to identify myelin/white matter tracts) and Neuron-
specific Nuclear Protein (NeuN) is labeled in magenta (to identify neuronal nuclei). The merged image
shows the spatial relationship between myelinated structures and neuronal bodies. Imaging was
performed on an Ultramicroscope Blaze light sheet microscope with an 12x objective, with dual sided
illumination. Figure reproduced from (Gvazava et al. Manuscript)

After confirming retention of EFP’s and ability to image complex and intricate
tissue structures using PROTEUS, we sought to confirm if our protocol could
simultaneously visualize intricate vascular networks in samples which contained
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both antibody labelling as well as endogenous fluorescent proteins in mouse skin
samples. The skin, comprising epidermis, dermis and subcutaneous adipose tissue
and its dense hair follicles and intense hair pigmentation and lipid-rich composition,
represents a particularly challenging tissue for optical clearing. We employed a
xenotransplantation model in which eGFP-expressing rat microvessels were
transplanted subcutaneously under the skin of a immunocompromised mouse model
(Rag1-/-) and placed within an optical window for visualization of anastomosis with
the host using intravital microscopy. Vessels which successfully anastomosed after
7 days were harvested and fixed and immunolabeled for CD31 to visualize the
vascular endothelium (Figure S1A). Prior to the onset of optical clearing, mouse
hair was chemically removed to eliminate optical interference during LSFM
imaging. We found that PROTEUS achieved effective transparency across all skin
layers enabling visualization of both endogenous fluorescent proteins as well as
antibody-labeled CD31 vessels. The retention of endogenous GFP from the donor
vessels readily enabled us to distinguish transplanted microvessels from those which
were host-derived (Figure 51B). These results demonstrate that PROTEUS enables
efficient optical clearing of highly pigmented and lipid-dense tissues while
preserving both endogenous and antibody-derived fluorescence.
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Figure 51. A) Schematic of 3D reconstruction of blood vessels showing endogenous eGFP
transplanted micro-vessels (MVs). Schematic created in using Google Gemini under supervision. B)
wavelength range that spanned from 300nm to 700nm using a step size of Snm. Volumetric rendering
of explanted skin grafts from RAG1- mouse transplanted with eGFP MVs construct. Imaging was
performed on the UltraMicroscope Blaze using 12x magnification, CD31-Red and eGFP-green. All
images were visualized and pseudocolored using Imaris software. Figure reproduced from (Gvazava
et al. Manuscript)
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PROTEUS clearing of tissue heterogeneous Early-stage
embryos can be achieved

Given the natural transparency of pre-embryonic development, direct visualization
has allowed extensive studies for centuries of fertilization, zygotic activity, cleavage
and gastrulation. However as the embryo develops, increasing lipid content,
deposition of ECM, pigment accumulation and organogenesis progressively
increase opacity and consequently limits the visualization of mid- to late- stage
processes in whole specimens without subsequent sectioning. Therefore, tissue
clearing combined with 3D imaging provides complex spatial and temporal
dynamics underlying development biology. Moreover, developing embryos
encompass all tissue types and their relatively small size particularly well suited for
light sheet microscopy. However, embryonic tissue is still immature (e.g. ECM
maturation, cell differentiation) they are especially vulnerable to damage during
tissue clearing. We selected embryos from two species commonly used for studying
development: chick and mouse. We found that PROTEUS clearing enabled imaging
of entire chick embryos at embryonic day 3 and day 5 and that all major, expected
anatomical structures could be visualized using tissue autofluorescence throughout
the entire thickness of the embryo (Figure 52). Next, we chose to clear and image
E10 murine embryos due to the fact that this timepoint marks the critical transition
from simple germ layers to organogenesis where major anatomical structures such
as the brain, heart and limbs first become visible. For this, we chose to excise entire
murine placentas to enable visualization of embryonic development in the spatial
context of the placenta. We found that PROTEUS resulted in subjectively well
cleared E10 embryos and that we were able to visualize all major anatomical
features at this time point (Figure 52), including visualization of major organs at
E15.5, a developmental timepoint where most major organogenesis has occurred
with the exception of calcification (Figure 52).
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Figure 52. 3D and representative plane LSFM images of cleared chick and mouse embryos and
human fetus. Imaging was performed on the UltraMicroscope Blaze with the 1x and 4x objectives. All
images were visualized and pseudocolored using Imaris software. Figure reproduced from (Gvazava
et al. Manuscript)
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Taken together, our ability to clear diverse embryos across multiple developmental
stages, combined with the immunolabeling compatibility of the PROTEUS pipeline,
we thought extend out tissue clearing protocol to human fetal tissue, specifically
gestational week 12 samples (Figure 53). At this stage, all major organs are
developed, however extensive cellular migration, differentiation and maturation are
still ongoing. Importantly, the tissue remains largely non-calcified, making it highly
suitable for optical clearing. This developmental window is therefore of
considerable interest from both a biological and methodological perspectives. Given
the limited availability and high value of human fetal tissue, analyzing samples in
their intact three-dimensional context provides critical insight into human
developmental processes that cannot be fully recapitulated in 2D.
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Figure 53. Representative single plane LSFM images of 12week human fetus. HNK-1 umuno
staining in cyan, showing neuronal-crest cells. Imaging was performed on the UltraMicroscope Blaze
with the 1x and 4x objectives. All images were visualized and pseudocolored using Imaris software.
Figure made for this thesis

Our interest was neuronal crest cells, a transient and multipotent stem cell
population that originates from the neuroectoderm at the dorsal margins of the
neural tube following neurulation (250). Initially epithelial, these cells undergo
epithelial-to-mesenchymal transition (EMT), enabling them to migrate extensively
throughout the embryo. As they migrate giving rise to a broad range of derivatives
across multiple tissue types, including peripheral neurons and glial cells,
melanocytes, craniofacial cartilage and bone, as well as endocrine chromaffin cells
of the adrenal medulla (250).

To visualize neural crest-derived populations within the human fetal tissue, we
performed immunostaining using an HNK1 antibody, followed by PROTEUS tissue
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clearing. After clearing and LSFM imaging, we observed prominent HNK 1-positive
cell populations distributed along the dorsal axis (Figure 53) of the fetus, consistent
with migratory streams of neural crest cells adjacent to the neural tube. Additionally,
strong signal was detected within the adrenal gland region, specifically in the
developing adrenal medulla (Figure 53), which is composed of densely packed
neural crest—derived chromaffin progenitors. This spatial distribution aligns with the
established migratory pathways and differentiation trajectories of neural crest cells
at this developmental stage, reflecting their ongoing dispersal and integration into
multiple organ systems.

PROTEUS is compatible with archival formalin fixed
and paraffin embedded tissues

Pathologists routinely evaluate stained tissue sections with bright-field microscopy
to assess malignancy, inflammation, fibrosis, tumor invasion, resection margins,
and but this conventional approach is limited to planar 2D images and representative
sampling of large specimens. Attempts to overcome these limitations through serial
sectioning and 3D reconstruction, first explored in the 1960s—70s, have enabled
visualization of tumor volume and architecture in biopsy specimens. However, this
approach remains discontinuous, labor-intensive, and costly, as it requires
processing hundreds of glass slides. In diagnostic pathology and preclinical
research, excised tissues from patients or experimental animals are routinely fixed
in formaldehyde and macroscopically examined to identify representative
pathological regions for further analysis. This process is inherently subjective, and
subtle or early pathological alterations e.g. breast ductal carcinoma in situ, may not
be detected at this stage. Selected regions are subsequently paraffin-embedded,
sectioned and stained, generating tissue blocks that are archived in pathology
departments and tissue banks worldwide. Expanding the applicability of tissue-
clearing and 3D-imaging technologies to these paraffin-embedded specimens would
allow retrospective and large-scale histopathological studies. However, complete
paraffin removal is needed, as paraffin is incompatible with ethyl cinnamate and
significantly impedes light penetration.

To assess the feasibility of applying PROTEUS tissue clearing to FFPE samples,
we first generated PCLS biopsies of identical size using a vibratome and a 4 mm
biopsy punch . We chose to use agarose inflated lung tissue since it is easy to
macroscopically identify highly similar regions (i.e., regions with or without
airways) and their low tissue refractive index allows imaging of nearly full thickness
slices without optical clearing. After identifying samples with similar tissue
morphology, biopsies were divided into two groups: one underwent standard tissue
processing and paraffin embedding, while the other was kept in PBS without
processing. Paraffin was subsequently removed from the embedded samples using
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one of two different methods: xylene or Histo-clear II. Both deparaffinized and
unprocessed biopsies were then immunostained with a-tubulin, a marker of ciliated
cells in airways and subjected to PROTEUS clearing followed by LSFM imaging
using dual illumination and single objective imaging in the Blaze microscope. First
we observe that all PCLS samples achieved sufficient tissue transparency (Figure
54A), as demonstrated by the ability to visualize underlying grid paper after
incubation in the refractive index (RI) matching solution with minimal shrinkage
differences (Figure 54B). Autofluorescence imaging using a 488 laser was initially
employed to qualitatively assess the uniformity of paraffin removal, since
incomplete deparaffinization or insufficient clearing would result in reduced signal-
to-noise ratios, we did not noticed differences in autofluorescence between groups
(Figure 54C), indicating removal of paraffin.

The development of effective deparaffinization and following tissue-clearing
techniques opens ability for high-resolution 3D imaging of archival tissue
specimens, expanding opportunities for retrospective studies and spatial tissue
analysis in higly preciouse biological materials.
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Figure 54. Representative images were captured with a DinoLite camera on 5 mm grid paper
following refractive index (RI) matching with ethyl cinnamate (ECi). Comparisons include fresh
(unprocessed) samples versus paraffin-removed samples treated with either Xylene or Histo-Clear I1.
C) Shrinkage assessment of optical tissue clearing of PCLS disks, initial size of all discs was 300um
thick and 4 mm in diameter (n=2). C) Representative 3D rendering using light-sheet fluorescence
microscopy (LSFM) showing autofluorescence of PCLS with laser power of A 488 nm - 7%. Figure
reproduced from (Gvazava et al. Manuscript)
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Furthermore, distinct and airway specific a-tubulin labelling was observed in all
fluorescently stained sample (Figure 55) demonstrating preserved antigen epitopes
following deparaffinization and confirming that deparaffinized tissues can
subsequently be cleared using PROTEUS and imaged using LSFM.

Histoclear Il

Fresh Xylene

Figure 55. 3D rendering of fluorescently labeled PCLS. Airway ciliated cells are labeled with a-
tubulin (red) and merged with autofluorescence images (gray,). Imaging was performed on the
UltraMlicroscope Blaze with the 1x and 4x objectives. All images were visualized and pseudocolored
using Imaris software. Figure reproduced from (Gvazava et al. Manuscript)
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Reverse optical clearing preserves chemical, protein and
RNA composition for detection

Currently, tissues cleared using organic solvent based methods are often discarded
after imaging with LSFM due to the fact that they are imaged in highly hydrophobic
solutions for refractive index matching (RI matching). Ethyl cinnamate (ECi) is one
of the most widely used RI matching solutions because it is compatible with many
solvent-based clearing protocols and macroscope objectives, enables good tissue
transparency with almost all tissues and is non-toxic. However, it is highly
hydrophobic making downstream aqueous, water-based chemistries (e.g.
immunofluorescent staining, in situ RNA hybridisation, etc.) impossible to perform.
Therefore in paper Il we aimed to develop an efficient and easy to implement ECi
removal protocol that would enable subsequent molecular analysis, referred to here
as reverse optical clearing (ROC). As we show in the paper III, we performed an
initial screening of 7 solvents of reverse clearing candidate chemicals on tissue
phantoms of 3% agarose and 5 mg/mL gelatin. We found that all solvents enable
transitioning ECi containing phantoms into paraffin blocks which could be
sectioned, stained and imaged.

Next, to extend the testing of ROC to native tissues, we utilized WT mouse lungs
that were initially cleared and imaged using LSFM. Following LSFM imaging,
individual lobes were dissected and subjected to ROC with different solvents
similarly to tissue phantoms and subsequently paraffin embedded, sectioned and
stained with standard histological techniques such as H&E and Masson’s trichrome
applied to both ROC and non-cleared controls. Furthermore, we established scoring
criteria and asked three independent experts with more than five years of experience
in lung histopathology to perform the scoring. Soring revealed that protic solvents
(methanol, ethanol, and 2-propanol), which have a hydrogen atom bonded to a
highly electronegative atom and therefore can donate protons, consistently
outperformed aprotic ROC solvents, which do not have acidic hydrogens and cannot
donate protons, in preserving histological architecture and staining quality. This
suggests that, because aprotic solvents lack hydrogen-bond donating ability, they
may be more reactive and therefore cause greater tissue damage during the
incubation periods required for effective ECi removal. We further investigated the
preservation of antigen—epitope integrity following ROC by performing
immunohistochemical staining for common markers of the respiratory epithelium,
including pro—surfactant protein C (pro-SPC) for alveolar type II cells and
aquaporin 5 (AQPS5) for alveolar type I cells, columnar epithelial cells, and
submucosal gland acinar cells. While immunofluorescence signals for both AQPS5
and Pro-SPC were detected in all samples the staining quality and predominant
location of the staining varied according to the solvent used in the ROC protocol.
Notably, samples which underwent ROC in ethanol and 2-propanol had IF staining
patterns consistent with control while methanol-treated samples exhibited

128



nonspecific labelling of Pro-SPC staining within the airway epithelium, despite its
expected restriction to type II pneumocytes. This observation is likely attributable
to methanol-induced protein dehydration, which can disrupt tertiary structure and
alter epitope accessibility. Such denaturation processes may expose linear epitopes
that are normally concealed within the folded protein, thereby producing false-
positive signals for Pro-SPC.

Further in paper 111, to test for RNA integrity in tissue samples after ROC on mouse
lung samples. We used in situ hybridization employing the RNAscope technology
was performed as it allows quantification of individual RNA molecules (i.e. one dot
is equivalent to one RNA molecule). Both control and ROC tissue was stained using
three probes commonly used for quality control for RNA detection in tissues due to
the fact that they are ubiquitously expressed and represent different levels of
expression: Ppib, Polr2a and Ubc . For the negative control, probes complementary
to bacterial RNA were used (dapB). We detected similar levels of RNA molecules
per cell for the three positive control probes in both control and ROC tissue, as well
as no significant staining in the negative control, indicating specific binding and
detection. Thus, ROC using 2-propanol enables downstream analysis of both RNA
and protein molecules in tissue sections from samples which were imaged with
LSFM.

As the main goal of ROC is to take samples which have been imaged using LSFM
and embed them in paraffin to enable downstream and complimentary analyses, the
choice of solvent used in this process is critical. Considering the favorable solvent
properties of 2-propanol, its excellent reverse clearing capacity without
compromising tissue integrity and its compatibility with downstream paraffin
embedding, we selected 2-propanol as the solvent for ROC.

To further understand the temporal kinetics of ECi removal from tissues using 2-
propanol, we again used tissue phantoms comprised of agarose and gelatin and
measured chemical composition using ATR-FTIR spectra to assess ECi removal
(Figure 56A). Tissue phantoms which had been dehydrated and cleared in ECi
exhibited prominent bands equivalent to ester C=O stretching (1707 cm™),
C=C/aromatic modes (1636 cm ™) and C—O stretching (1162 cm™) in comparison to
samples dehydrated in 2-propanol. We used these peaks to assess ECi removal
during ROC in 2-propanol and found that the intensities of these ECi—associated
peaks declined over incubation time with 2-propanol, with a statistically significant
reduction observed as soon as 1 h with respect to the ECi immersed tissue phantom
controls, with further reductions after 2 h. After 3 h in 2-propanol, we observed
minimal ECi-associated peaks and no statistically significant difference in
comparison to tissue phantoms which were in 100% 2-propanol (Figure 56 B,C).
Unsupervised principal component analysis (PCA) of the FTIR spectra in the
fingerprint region further confirmed these findings and we were able to readily
distinguish samples by solvent and time with 96% of the variance explained by PC1
and PC2. Tissue phantoms dehydrated and immersed in ECi clustered distinctly
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from 100% 2-propanol immersed samples as expected. In line with our single peak
analysis, the 1 h, 2 h, and 3 h reverse-cleared specimens progressed along the first
two principal components and were highly similar to the 100% 2-propanol controls
after 2-3 hours for all samples (Figure 56D). This trajectory indicates a progressive
spectral convergence from ECi-dominated to 2-propanol-dominated profiles as
reverse clearing proceeds
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Figure 56. A) Experimental overview of agarose/gelatin disks ROC and FTIR measurements. B)
FTIR spectra of agarose/gelatin gels during reverse clearing taking at 1, 2 and 3 hours (n=3). C) Main
ECi peaks extracted from FTIR, corresponding to 1707 cm-1, 1636 cm-1, 1162 cm-1. Peaks show a
significant decrease of ECi in the gels after 3h of ROC. Mean + s.d. *p < 0.05 assessed by one-way
ANOVA with Brown-Farsythe and Welch multiple comparisons test D) Principal component analysis
(PCA) of FTIR spectra, showing gradual removal of ethyl cinnamate (ECi) during ROC. Figure
reproduced from (Gvazava et al. Manuscript)
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Multimodal imaging and spectroscopic analysis of
mouse ROC-treated embryos is possible.

The previous work on reverse clearing was done in tissue phantom or lung samples
and we aimed to extend our results to other tissues. To evaluate the impact of reverse
clearing on different tissue integrity and biochemical composition, day 15 (E15.5)
mouse embryos were analyzed. At this stage, major organs, including liver, lung,
heart, kidneys and central nervous system, are established but remain
developmentally immature, making them sensitive to experimental processing.
Moreover, embryonic tissue is well suited for both LSFM and downstream
evaluation, as intact embryos can be readily placed on standard microscopy slides.

Embryos were fixed overnight in 10% neutral buffered formalin (NBF) and
bleached with 3% hydrogen peroxide to reduce pigmentation which we previously
observed to be associated with high hematopoietic activity in the fetal liver at this
developmental stage . Samples were then tissue cleared with PROTEUS and imaged
with Blaze LSFM microscope (Figure 57A).

To assess the potential impact of ROC across mouse embryonic organs, whole
embryos were processed either with the forward clearing and ROC protocol
followed by paraffin embedding or directly paraffin-embedded after fixation (i.e.
without clearing control). Maintenance of tissue types and general architecture after
ROC was then assessed via hematoxylin and eosin (H&E) staining (Figure 57B).
No differences were qualitatively identified between ROC and control tissues with
respect to tissue architecture, nuclear detail (basophilia) or cytoplasmic
eosinophilia. In addition, staining intensity and contrast were comparable and no
clearing-related artefacts were observed. This indicated preserved morphology
following ROC of developing mouse embryo and match our previous findings in
adult murine lungs.

To assess potential biochemical alterations, ATR-FTIR spectroscopy was
performed on paraffin embedded embryo sections. We were able to detect similar
spectra at the bulk ATR-FTIR level between ROC and control tissues, with no
evidence of residual ECi or 2-propanol in ROC samples (Figure 57C). For spatially
resolved analysis, infrared quantum cascade laser (QCL)-based imaging was
conducted on 10 um sections mounted on CaF- substrates. Whole-section imaging
demonstrated that PROTEUS processing is compatible with IR microspectroscopy
and preserves the spatial distribution of key vibrational bands (~1656 cm™, amide
I; ~1740 cm™, lipid ester C=0). Quantitative analysis of integrated absorbance at
these bands revealed no significant differences between ROC and control groups.
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Figure 57. A) Experimental overview of multimodal tissue analysis of E15.5 mouse embryo. B)
H&E-staining of paraffin section of a control (non-cleared) embryo compared with an embryo
subjected to reverse optical clearing (ROC). C) FTIR full spectra analysis of S5um paraftin sections (n
= 6 technical replicates) from control and ROC embryos. 1740cm-1 (ester stretch) and 1656cm-1
(Amide I) peak extraction and quantification (n=6 technical replicates) . Mean + s.d. *p <0.05 assessed
by Mann—Whitney U test. Figure reproduced from (Gvazava et al. Manuscript)

However, as discussed previously only IR-based techniques are inherently
diffraction-limited, limiting their achievable spatial resolution. Therefore, to
achieve sub-micron spatial resolution we employed OPTIR imaging (Figure 58A).
Hyperspectral imaging of individual regions as well as single energy maps at 1656
cm' (corresponding to Amide I) showed no qualitative regional differences in IR
spectra or signal intensity between ROC and control embryos in corresponding
anatomical regions (Figure58B). However, we did note significant reductions in the
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brain, lungs and skin after ROC. Interestingly, we observed a significant increase in
ROC liver tissue in comparison to control, which might be attributed to removal of
lipids in PROTEUS cleared tissues which increases the respective contribution of
Amide I in OPTIR. Taken together, this indicates that ROC generally retains
multiple classes of biological molecules and enables subsequent analysis at high
spatial resolution.
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Figure 58. Images of control and ROC whole-embryo O-PTIR at single energy wave (1656 cm™,
Amide 1). E) Representative organ-specific images of O-PTIR single energy wave at 1656 cm™
(Amide 1) from E15.5 mouse embryo. Figure reproduced from (Gvazava et al. Manuscript)

Similar to our analysis of lung samples, we employed RNAscope to assess RNA
integrity following ROC in E15.5 mouse embryos. In contrast to the relatively
homogeneous structure of the lung, the mouse embryo contains multiple organs and
tissue types. Therefore, it was important to evaluate whether RNA integrity was
preserved across different embryonic organs. RNAscope signal was detected in all
organs examined on the slide, indicating broad preservation of RNA after ROC. In
paper III, we highlight the skin and liver as representative tissues. The skin, as the
outermost layer of the embryo, is exposed to the solvents for a longer duration,
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whereas the liver is located deeper within the embryo. RNAscope signal was
observed in both tissues, indicating that RNA integrity was preserved in both
superficial and deeper embryonic regions after ROC. Importantly, no obvious
subjective differences in RNA detection were observed when compared with
uncleared control tissue. This suggests that ROC does not visibly compromise RNA
integrity, regardless of tissue depth or duration of exposure to the solvents.

Spatial omics have advanced in recent years to provide cellular and subcellular
spatial resolution of RNA transcripts within tissue sections. The spatial context
provided by these techniques has provided novel insights into understanding disease
development, progression and tissue-level responses to treatment. However, one of
the biggest limitations of spatial omics approaches is that they rely on thin tissue
sections, omitting potentially valuable spatial information that could be located
above or below the section extracted. While in situ RNA detection has been
performed in whole-mount samples the number of transcripts detected is limited as
of now due to the lasers and filters present in microscopes used for this type of
analysis. We reasoned that optical clearing and volumetric imaging with LSFM,
followed by ROC using PROTEUS and spatial transcriptomics could be a useful
approach to help minimize this issue.

In situ imaging-based approaches such as merFISH utilize cyclical staining to label
short RNA sequences during multiple hybridisation rounds to generate a binary
barcode which can be subsequently decoded to enable identification of individual
RNA molecules. Because merFISH does not rely on the use of individual probes
assigned to each RNA molecules, this barcoding approach enables the simultaneous
detection of hundreds of RNA molecules with subcellular resolution. Owing to the
fact that our previous molecular analyses indicated that ROC using PROTEUS
enabled detection of individual RNA molecules, we sought to determine whether
spatial omics analyses could still be performed following ROC sample treatment.
While ROC indicated retention of RNA molecules at comparable levels to control
tissues, in situ imaging approaches require multiple hybridisation rounds.
Suboptimal tissue processing or extensive exposure to solvents may make ROC
tissue more susceptible to degradation during these multiple rounds of hybridisation.

To investigate this, two embryos, a control embryo directly embedded in paraffin
and an ROC-treated E15.5 murine embryo, were subjected to a 900-gene panel
covering major genes and transcription factors previously curated for organogenesis
during murine embryonic development. While the embryos were tissue processed
individually, they were placed onto a single Vizgen slide to ensure that we limited
inter-slide/run effects between samples. Embryos were manually segmented for
imaging using the DAPI channel within the imaging window. Standard analysis
pipelines for quality control and cell segmentation were performed using the in-built
Vizgen software for the ROC and control embryo sections. Cell clustering was
subsequently performed using a combination of cluster level metrics and anatomical
location. Qualitatively, and despite the anatomical cuts not being from identical
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sagittal planes, the ROC and control embryo sections contained a similar number of
cells for almost all clusters identified (Figure 59). However, and in line with our
previous data there was a significant reduction in the median number of transcripts
per cell in the ROC as compared to the control embryo indicating that the ROC
procedure reduces the number of transcripts which can be detected at similar
confidence levels. Despite this reduction in transcripts per cell, the markers
distinguishing clusters were well conserved between conditions, indicating
comparable coverage of the major markers used to determine the transcriptional
landscape in the two sections.

At the whole embryo level, we identified 25 clusters which identified all major
organs and tissue types expected to be present at this developmental stage (brain,
cardiac, lung, olfactory, smooth muscle, skeletal muscle, liver, intestine skin,
interstitial fibroblasts, hepatocytes, lymphoid cells, osteoblast precursors, etc).
Comprable numbers of cells were detected for nearly all clusters, including clusters
with a low number of cells (e.g. Lymphoid, Choroid Plexus Base Cells, and
Adipocytes). While a global reduction in transcripts per cell was observed in nearly
all clusters for the ROC sample, we noted that cluster 7 (erythroid) and cluster 21
(hepatocytes) had more cells within them as well as more transcripts per cell in the
ROC as compared to control sections. These clusters anatomically corresponded to
the liver which we had previously observed similar differences for in our OPTIR
analysis. Therefore, we re-examined the raw images for presence of DAPI to
determine if our sections, by chance, had different cell densities in them. Upon
manual evaluation, we saw that the number of cells in the liver of the control tissue
was comparable to that of the ROC liver but we subjectively noticed a lower signal
to noise ratio in the control liver as compared to the ROC Altogether, PROTEUS
enables in situ spatial transcriptomics following optical clearing, LSFM imaging
and reverse-clearing; furthermore, it enables the detection of low-abundance
transcripts as well as rare cellular populations.
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Conclusions and Future perspectives

Multimodal tissue analysis is increasingly utilized in biomedical research to
maximize the amount of data extracted from limited biological samples. In this
doctoral thesis, spatiotemporal imaging of development, disease, and regeneration
was investigated using advanced light-based techniques.

In Paper I, we demonstrated that O-PTIR spectra can be acquired from fully
hydrated tissue biopsies using optimized laser parameters. Importantly, the tissue
samples were not destroyed during imaging and could subsequently undergo
standard histopathological examination. Furthermore, lipids were more readily
detected in unprocessed, hydrated samples than in samples prepared using standard
histological processing, where dehydration and delipidation reduce lipid-related
signals.

We further show that O-PTIR can distinguish between normal and pathological
tissue states in fully hydrated samples. In brain tissue, O-PTIR enabled
discrimination between amyloid plaques and surrounding non-plaque tissue,
supporting its potential for label-free identification of disease-associated
biochemical changes. Further, we show fixation-induced alterations in protein
secondary structure when comparing fresh and 4% PFA-fixed tissue. In particular,
an increase in P-sheet content was observed following fixation, accompanied by a
shift in the amide I band from 1630 to 1634 cm™, indicative of changes in protein
organization.

The application of O-PTIR was then extended to P.walt/ embryos, where we
investigated whether photothermal imaging affected embryonic development. Our
results demonstrated that embryonic development was not impaired following O-
PTIR imaging, indicating that optimized imaging conditions are compatible with
sensitive developmental models.

To further evaluate potential tissue damage caused by thermal expansion, we
investigated two different organotypic tissue models. In acute brain slices, neuronal
firing patterns were assessed using patch-clamp recordings after O-PTIR imaging.
We did not observe impaired neuronal activity or increased Annexin V staining,
indicating no clear induction of apoptosis under the applied imaging conditions. In
PCLS, tissue viability and damage were assessed using live confocal imaging, with
monitoring of cleaved caspase-3/7 activity and membrane integrity respectively
with NucView488 and RedDot2 staining (Figure 60). Although increased cleaved
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caspase-3/7 staining and LDH release were observed, particularly after 48 hours,
ciliary beating was retained, suggesting preservation of functional tissue.

Taken together, the results obtained from P. waltl embryos, acute brain slices, and
precision-cut lung slices indicate that O-PTIR induces minimal tissue damage when
optimized imaging parameters are used, while preserving tissue morphology and
functional properties. These findings support the broader application of O-PTIR as
a non-destructive, label-free technique for chemical tissue imaging.

Widefield O-PTIR 24h after O-PTIR 48h after O-PTIR

Single energy map
Amide |

Figure 60. Bright-field image indicating airways subjected to O-PTIR hyperspectral imaging at 1656
cm-1, following the same spot by live confocal imaging represented maximum intensity projection
(MIP) images of membrane damage (RedDot2) in cyan and Cleaved caspase 3/7 (NucView488) in
magenta.

Overall, this work opens new possibilities for the use of O-PTIR in both research
and clinical settings. In the future, O-PTIR may contribute to rapid diagnostic, for
example during surgical decision-making, where distinguishing between normal
and malignant tissue or defining resection margins is essential. Furthermore, the
label-free and nondestructive nature of O-PTIR has potential applications in drug
testing and pharmacological screening, where limited sample material and
preservation of tissue viability are often major challenges. Another promising area
is the analysis of advanced three-dimensional in vitro models, such as organoids,
assembloids and organs-on-a-chip. These systems are increasingly used to model
human development, disease, regeneration and treatment. However, their small size
and limited sample availability make non-destructive and chemical imageability of
O-PTIR especially useful. In addition, the compatibility of O-PTIR with hydrated
samples may expand to bioengineering and characterization of biomaterials. For
example, the technique could be used to evaluate cell-material interactions,
extracellular matrix deposition, tissue integration, scaffold degradation, and
biochemical remodeling in engineered constructs.

Taken together, this thesis demonstrates that O-PTIR is a promising, minimally
invasive, label-free, nondestructive imaging technique with broad applicability
across basic research, translational medicine, and future clinical diagnostics.
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However, for O-PTIR microscopy live-sample imaging, further technical and
methodological optimization will be required. While it can label-free molecular
imaging of hydrated biological tissues, live imaging introduces additional
considerations compared with fixed samples. As discussed above, viability of living
cells and tissues depends on the maintenance of a stable and physiologically relevant
microenvironment during image acquisition. Therefore, future O-PTIR systems
intended for live imaging should incorporate essential live-microscopy features,
including an environmental chamber, temperature control, CO- regulation, humidity
stabilization and if needed controlled perfusion or medium exchange. Additionally,
imaging parameters such as laser power, pulse duration, acquisition speed and total
imaging time must be carefully optimized to ensure compatibility with living sample

In Paper II, we characterized the extent of membrane damage and caspase-3/7
activation immediately after vibratome sectioning of PCLS which is important for
evaluating cell damage or death due to experimental perturbations (e.g. in Paper I
or as exemplified in Paper II for screening RNA nanoparticles). To assess this, we
used a confocal live imaging and staining setup combining RedDot2, a cell
membrane-impermeant nuclear dye that labels cells with compromised plasma
membrane integrity and NucView 488, a caspase-3/7-sensitive nuclear dye.

Immediately after vibratome sectioning, PCLS showed double positive staining of
RedDot2 and NucView 488 nuclear signal, indicating that the slicing procedure
induced acute membrane damage and caspase-3/7 activation. However, after 24 h
of incubation or when slices were allowed to rest for 24 h before staining, both
injury-associated signals were reduced. Moreover, NucView 488 staining
significantly decreasing between day 1 and day 2 indicating a reduction in ongoing
apoptosis simply due to ex vivo culture (Figure 61).

Based on these findings, we concluded that an initial resting period after vibratome
sectioning is essential for PCLS experiments. Without such a resting period, injury
caused by the sectioning procedure itself may act as a major confounding factor,
particularly in studies evaluating cellular uptake, delivery efficiency, drug testing
and toxicity. Therefore, compromised membrane integrity caused by slicing could
alter both delivery efficiency or cellular responses independently of the treatment.
More broadly, with the increasing use of organotypic tissue slices as translational
ex vivo models, defining an appropriate experimental time window after vibratome
sectioning is critical as vibratome-induced tissue damage can influence subsequent
experiments related to cell viability, inflammation, permeability and treatment
response/response. Establishing a standardized post-sectioning recovery period is
therefore important to improve reproducibility, reduce technical artifacts and ensure
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that observed experimental effects reflect the biological intervention rather than the
mechanical trauma introduced during slice preparation.

1h after vibratome sectioning 24h after vibratome sectioning

NucView488
RedDot2 -

Figure 61. Maximum intensity projection (MIP) of live confocal imaging of PCLS stained
immediately after sectioning and after 24 hours in culture.

To overcome limitations associated with solvent based tissue clearing methods, in
Paper 111, we developed a novel 2-propanol-based tissue clearing method, named
PROTEUS. We found that compared to existing tissue clearing protocols,
PROTEUS caused less shrinkage while also improving overall optical transparency.
Further we observed a marked reduction in the UV-Vis absorbance peak at 415 nm
with PROTEUS, which is associated with heme groups present in hemoglobin.

As mentioned above, a major practical limitation of the majority of solvent-based
tissue clearing methods is loss of EFPs. PROTEUS preserved fluorescence under
alkaline pH9 , low-temperature conditions of +4°C in experiments utilizing rGFP
tissue phantoms as well as tdTomato signal in cleared brains for at least two months
during storage in ECi at room temperature in the dark. Furthermore, tdTomato
structures could still be observed for at least 63 days. This is particularly relevant
given the known difficulty of preserving tdTomato during solvent-based clearing
(196). Although quantitative signal decay was evident over time, the prolonged
retention of usable fluorescence substantially expands experimental flexibility over
current protocols by enabling delayed imaging, repeat acquisition on different
instruments and sample transport without immediate loss of signal.
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Many studies utilizing EFPs are biologically complex and combine endogenous
fluorescence with fluorophore-based antibody labeling. In a xenotransplantation
model containing eGFP-positive rat microvessels transplanted subcutaneously
under the backs of murine animals, PROTEUS preserved EFPs and immunolabeled
fluorescence while allowing visualization of fine vascular architecture due to its
excellent optical clearing abilities. As the explanted tissue contained the skin and
subcutaneous region, these findings indicate that the method is applicable to
heterogeneous, pigmented and lipid-rich tissues in which optical scattering and
fluorescence instability often compromise imaging quality. More broadly, this
suggests that PROTEUS is compatible with multimodal labelling approaches within
the same sample.

Improved transparency of PROTEUS was particularly evident in applications
requiring visualization of highly dense, overlapping structures. In the mouse brain,
we resolved vascular networks down to the single-capillary level and reconstructed
in 3D. Similarly, in human cortical tissue, we were able to visualize intricate MBP-
positive myelinated fibers together with NeuN-labeled neurons, despite the high
myelin content and scattering properties of human brain tissue. Furthermore, we
extended the PROTEUS tissue-clearing protocol to chick and mouse embryos at
different developmental stages, as well as to human fetal tissues.

In addition to fresh tissues, for forward optical clearing, we also developed a
protocol for paraffin removal from archived formalin-fixed paraffin-embedded
(FFPE) samples. We show that FFPE samples can be deparaffinized,
immunostained, cleared and imaged by LSFM, opening the door to three-
dimensional analysis of stored clinical and experimental samples.

Further we established and show that reverse optical clearing (ROC) preserved
tissue architecture, as well as protein epitopes and RNA integrity for sufficient
downstream analyses using imaging based approaches. Further, ROC tissue was
also compatible with label-free and highly sensitive infrared based chemical
imaging and analysis, which demonstrates the gentle and highly-selective nature of
chemical removal using PROTEUS. The compatibility of reverse-cleared samples
with highly multiplexed approaches, such as in situ spatial transcriptomics, further
highlights the potential of PROTEUS for multimodal tissue profiling. Using
MERFISH in mouse embryos, we found that reverse-cleared samples supported
transcript detection across major developmental cell populations and appeared to
improve segmentation and transcript recovery in dense and optically challenging
regions such as liver and heart.

In conclusion, this study establishes PROTEUS as a new 2-propanol-based forward
and reverse tissue-clearing approach, for multimodal analysis on diverse tissues,
organs and embryos (Figure 62).
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Figure 62. Tmages of E15.5 mouse embryo during different stages of forward clearing for LSFM
imaging and reverse optical clearing (ROC) and following downstream multimodal imaging.

However, several important challenges remain to be addressed in future work in
regard of PROTEUS tissue clearing. Although PROTEUS demonstrated
compatibility with endogenous fluorescence preservation, further optimization is
required to improve signal stability over extended storage time. This is particularly
important because cleared tissues are commonly stored for prolonged durations in
refractive index-matching media e.g. ethyl cinnamate. Since the tissue remains
immersed in ethyl cinnamate after clearing, the long-term chemical environment
may influence fluorescence protein stability and overall signal retention. Therefore,
future studies should systematically evaluate the addition of protective compounds
in reflective index-matching solutions, e.g. vitamin E or other antioxidant additives.
Such additives may help reduce oxidative damage or fluorescence quenching and
further improve the preservation of endogenous fluorescent proteins during long-
term storage and repeated imaging.

Further, important direction concerns the safety and sustainability of solvent-based
tissue clearing protocols. The majority of organic solvent-based clearing methods
rely on dichloromethane (DCM), primarily because of its strong delipidating
capacity. However, DCM is highly toxic, volatile and hazardous to handle, requiring
strict safety precautions, appropriate ventilation and specialized waste management.
Therefore, future work identifying and validating less hazardous alternatives to
DCM are needed.

Further reconstructing and integrating acquired multimodal datasets in paper III
back into the original 3D context remains a challenge. Especially when datasets are
generated using different microscopes or analytical platforms, as differences in
orientation, sectioning plane and tissue deformation complicate accurate spatial
registration. Addressing these challenges will require more systematic
computational strategies for cross-platform alignment. In this regard, recent
advances in deep learning and artificial intelligence may offer powerful tools.
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I would like to conclude my thesis with an Australian Aboriginal Proverb:

“We are all visitors to this time, this place. We are just passing through.
Our purpose here is to observe, to learn, to grow, to love...

[

and then we return home
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