Anne Beghin 
  
Jean-Baptiste Sibarita 
  
Virgile Viasnoff 
  
IMAGERIE 3D HAUT-DÉBIT DU DÉVELOPPEMENT D'ORGANOÏDES PAR IMAGERIE SOSPIM

Keywords: Microscopie à feuille de lumière, Cultures cellulaires 3D, Criblage haut débit, Imagerie 3D en direct, Déconvolution, Imagerie Multi-vues 3D Light sheet microscopy, 3D cell cultures, High-Content Screening, 3D live imaging, Deconvolution, Multiview Imaging LEXIQUE

Au cours des dernières décennies, les cultures cellulaires 3D sont devenues une référence pour les essais de médicaments et la mesure de toxicité. Elles ont la capacité de répliquer plus fidèlement les états sains et pathologiques observables in vivo que leurs homologues en 2D, permettant d'obtenir des résultats physiologiquement plus justes. Les cultures cellulaires 3D englobent un large éventail d'échantillons allant des sphéroïdes dérivés d'une seule lignée cellulaire aux organoïdes formés à partir de cellules souches qui se développent en structures multicellulaires semblables à des organes, reproduisant toute ou partie de la morphologie et des fonctions des organes humains. Cependant, le criblage à haut débit, basé sur l'imagerie de ces cultures cellulaires 3D, pose de nombreux défis en termes de culture, de qualité d'imagerie et d'analyse quantitative. En effet, il est nécessaire de standardiser et paralléliser la culture des échantillons 3D, tout en minimisant leurs manipulations entre la culture et les supports d'imagerie. Il est également nécessaire d'utiliser une méthode de microscopie 3D qui soit rapide avec une faible photo-toxicité, afin de suivre leur évolution dans le temps et étudier leur morphologie complexe en 3D, tout en préservant leur intégrité biologique. La méthode d'imagerie doit aussi être compatible avec les protocoles de criblage haut débit afin de pouvoir rapidement générer suffisamment de données statistiques pour en extraire les informations pertinentes. Des outils dédiés sont nécessaires pour l'analyse de ces grands ensembles de données d'imagerie 3D.

Pour atteindre ces objectifs, notre équipe a développé un système de microscopie à feuille de lumière à objectif unique (soSPIM). Cette méthode d'imagerie repose sur des dispositifs micro-fabriqués composés de miroirs orientés à 45°pour créer une feuille de lumière. Cette architecture supprime les contraintes mécaniques des microscopes à feuille de lumière standards, permettant de convertir n'importe quel microscope inversé en un système à feuille de lumière rapide et peu photo-toxique. Récemment, l'équipe a conçu de nouveaux dispositifs, arrangés en grille de microcavités, de forme pyramidale tronquée, compatibles avec l'imagerie soSPIM, appelés JeWells. Cette combinaison unique des JeWells et de la technologie soSPIM permet de paralléliser et de standardiser la culture de centaines d'échantillons 3D dans un seul dispositif et d'en effectuer une étude au niveau moléculaire, cellulaire et biomécanique de leur développement.

Mon projet de thèse s'inscrit dans le développement d'une plateforme innovante pour le criblage à haut débit de cultures cellulaires 3D vivantes en utilisant la technologie soSPIM. J'ai implémenté des outils et protocoles pour automatiser le processus d'acquisition mais aussi pour faciliter sa prise en main par les utilisateurs. J'ai développé un logiciel de repositionnement, compatible avec l'architecture soSPIM, pour stabiliser et paralléliser le criblage d'échantillons vivants sur plusieurs jours. Notre équipe développe en parallèle des outils basés sur des approches « deep learning » pour analyser les données générées et réaliser des études statistiques du développement des échantillons. La seconde partie de mon projet visait à mettre en place des modalités d'amélioration des images soSPIM, telles que l'imagerie multi-vues et la déconvolution, pour optimiser la qualité des images que nous pouvons obtenir et aider les algorithmes de quantification.
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Introduction 1.3D cell culture

A significant part of biological research aims at understanding how the human body works and the mechanisms of diseases to find their cures. Such studies are generally easier to start using simple biological models and slowly build up to more complex systems, such as animals. Animals present close similarities with humans which helps studying diseases, however animal experimentation is time consuming, follows rigorous protocols and ethical charts, which limits its use for exploratory studies. Cells are the foundation of any biological model and refer to the smallest units which can live independently. A cell is a complete organism by itself, and includes a multitude of organelles, such as the nuclei, Golgi apparatus or mitochondria, which are contained within the cytoplasm [Figure 1.1]. The cell membrane acts as a selective barrier, allowing nutrients to enter and waste to leave the cell. Groups of specialized cells form tissues and organs in bigger organisms such as plants and animals. How the cells interact with each other, with their environment and respond to biophysical stimuli, depends on the complexity of the biological model studied and generally requires to address many challenges. 

2D cell cultures

In 1885, Wilhelm Roux created the first 2D cell culture which consists in ablating cells from an animal or a plant, and their subsequent growth in a favorable artificial environment. Biologists have then developed these cultures since early 1900s, but it only got spread and accepted in the 1940s-1950s. Nowadays, these 2D systems are used in routine as in vitro models to study cellular responses to stimulations from biophysical and biochemical signals. A primary culture is created right after the cells are isolated from the tissue and left to proliferate under the appropriate conditions. After some time, the cells will occupy all the available space on the substrate and reach confluence, to keep the cells from dying, they are sub-cultured to form a cell line. Three main categories of cell lines exist: primary cells, immortalized cells and stem cells. Primary cells are are cells isolated from an individual tissue, human or other animal, presenting characteristics close from their origins. Using a primary cell line requires a continuous supply of stocks since cells only have a finite number of divisions. On the other hand, immortalized cells are cancerous cells and can divide indefinitely; they present an altered proliferation rate, making them grow and divide faster. Finally, stem cells encompass the cells (embryonic stem cells or induced pluripotent stem cells) which can differentiate into another cell type and are the foundation of organoid cultures. All these cell lines can be cultured together to form co-cultures, which are widely used in many research fields such as in neurosciences. For example, neurons are particular since they cell lines are primary cells that can't divide but can survive for several weeks and create connections in vitro. They can be combined with others neural cell types, such as glial cells (e.g. astrocytes and microglia), to replicate the interactions found in vivo [START_REF] Beaudoin | Culturing pyramidal neurons from the early postnatal mouse hippocampus and cortex[END_REF].

The culture conditions may vary for each cell type, but several parameters remain the same. The cells are maintained in conditions close to the living, meaning that they are kept in a setup to reproduce the host's temperature (37°for human and mammalian cell lines) and CO2 levels (generally between 5 and 7% in air). The culture media generally consist in suitable vessels containing: a media that supplies essential nutrients, growth factors, hormones, gases and a regulated physico-chemical environment (i.e. temperature, pH, osmotic pressure, oxygen and dioxygen tension). Conventional 2D cell cultures rely on adherence to a flat surface (glass or polystyrene petri dishes, or flasks) to provide mechanical support for the cells. The cells grow in a 2D monolayer, which allows all the cells to access a similar amount of nutrient and growth factors, present in the medium, resulting in homogenous growth and proliferation [START_REF] Edmondson | Three-Dimensional Cell Culture Systems and Their Applications in Drug Discovery and Cell-Based Biosensors[END_REF] which differs from their microenvironment in vivo. The main advantages of these 2D systems come from their simplicity to handle and cost effectiveness, which thus provides robust reproduction of the experiments performed.

However, 2D cell cultures demonstrate altered cell shape, which determines the biophysical cues affecting cell activity in vivo. To overcome this limitation, several methods emerged to control and customize the shape of the cells in 2D using micro-patterned substrates such as: micro-contact printing [START_REF] Théry | The extracellular matrix guides the orientation of the cell division axis[END_REF], cell-adhesive islands [START_REF] Dupont | Role of YAP/TAZ in mechanotransduction[END_REF], microwells [START_REF] Xu | Controlling Major Cellular Processes of Human Mesenchymal Stem Cells using Microwell Structures[END_REF], and micropillars [START_REF] Fu | Mechanical regulation of cell function with geometrically modulated elastomeric substrates[END_REF]. These models induce an apical-basal polarity which is unnatural in vivo, and can alter the native functions of the cells (spreading, migrating, and sensing soluble factors). The sandwich culture protocol, which consists in placing the cells between two layers of extracellular matrix, can mitigate this polarization effect [START_REF] Bi | Use of Cryopreserved Human Hepatocytes in Sandwich Culture to Measure Hepatobiliary Transport[END_REF][START_REF] Dunn | Hepatocytes in collagen sandwich: evidence for transcriptional and translational regulation[END_REF][START_REF] Ezzell | Effect of Collagen Gel Configuration on the Cytoskeleton in Cultured Rat Hepatocytes[END_REF][START_REF] Lecluyse | Formation of extensive canalicular networks by rat hepatocytes cultured in collagen-sandwich configuration[END_REF].

2D cell cultures are indispensable tools in cell biology to understand mechanisms of diseases, drug action and protein production [START_REF] Kapałczy Ńska | 2D and 3D cell cultures -a comparison of different types of cancer cell cultures[END_REF]. They offer well-established low-cost models, and are easy to monitor and measure by microscopy. They are used in many fields, such as cancer research, drug discovery or gene function studies. However, 2D systems can result in cell bioactivities significantly deviating from those observed in vivo. For example, important characteristics of cancer cells, such as morphology genetic profile or tumoral heterogeneity, cannot be appropriately modeled using 2D cultures [START_REF] Hoarau-Véchot | Halfway between 2D and Animal Models: Are 3D Cultures the Ideal Tool to Study Cancer-Microenvironment Interactions[END_REF].

Animal models

On the other side of the biological model scale, there is the very complex organisms such as animals. The study of human anatomy and physiology through animals, dates back from the early ages of humanity and has provided a significant contribution to modern medical knowledge [START_REF] Barré-Sinoussi | Animal models are essential to biological research: issues and perspectives[END_REF]Montagutelli, 2015, Robinson et al., 2019). The anatomical and physiological similarities between humans and animals lead researchers to investigate new therapies on animals, gradually increasing the complexity of the model, with monkeys being the ultimate step before human testing. Biomedical research has mostly focused on a handful of species through the centuries, with the mouse as the standard model [Figure 1.2]. The already most popular established models, such as mice, fruit flies or yeast, possess a substantial literature on their development and physiology, making them attractive for researchers. Animals share diseases with human (cancer, epilepsy, hypertension, diabetes, etc.). Indeed, about 90% of the drugs developed to treat animals are identical, or very similar, to those used to treat humans. However, concordance between animal models and clinical trials still remains low, reaching for example only 8% for cancer treatment [START_REF] Mak | Lost in translation: animal models and clinical trials in cancer treatment[END_REF]. While in vitro models might allow to hypothesis and model processes, the exploration of physiological functions or interaction between organs still requires in vivo models.

However, while being more physiologically relevant, some articles question the validity and applicability of the studies on animals, pointing out several methodological issues [START_REF] Robinson | The current state of animal models in research: A review[END_REF]. More generally, nowadays, animal experimentation raises important ethical questions, particularly on the right to use animals to benefit human purposes, and harm being inflicted to the subjects [START_REF] Barré-Sinoussi | Animal models are essential to biological research: issues and perspectives[END_REF][START_REF] Robinson | The current state of animal models in research: A review[END_REF][START_REF] Ferdowsian | The Ethical Challenges of Animal Research: Honoring Henry Beecher's Approach to Moral Problems[END_REF]. In 2010, the European Parliament described a regulation for animal research, known as the "three Rs" standing for: "replacement, reduction and refinement". It follows 3 main principles formulated by William Russell and Rex Burch in the 60s. First, when non-animal models are available to provide similar relevance and reliability, researchers must avoid to use animals. Second, researchers have to adjust to the minimum the number of animals required to reach to a conclusion. Third, researchers must take all the necessary measures to minimize the pain, suffering or distress research animals might experience. This regulatory framework aims to stimulate research on alternatives models and methodologies, such as the growing field of 3D cell cultures and organoids.

3D cell cultures

Most of the cell-based knowledge comes from studies on 2D cell cultures. However, cells in organs respond to stimulations from a highly complex 3D microenvironment, in which cells cannot attach to any surface. The cells thus attach to each others, forming a layered structure of cells with cell-cell contacts. It creates a gradient of the density of the cells, leading to a gradual decrease of nutrient supply for the cells at the core [START_REF] Burdick | Engineered Microenvironments for Controlled Stem Cell Differentiation[END_REF][START_REF] Scadden | The stem-cell niche as an entity of action[END_REF][START_REF] Underhill | High-throughput analysis of signals regulating stem cell fate and function[END_REF]. The addition of a third dimension influences the spatial organization of the cell's surface receptors and induces physical constraints to the cells [START_REF] Edmondson | Three-Dimensional Cell Culture Systems and Their Applications in Drug Discovery and Cell-Based Biosensors[END_REF]. In 2D cell cultures, the absence of cell-cell and cell-environment interactions therefore implies the loss of key mechanisms to understand the processes responsible for differentiation, proliferation, gene expression or even mechanotransduction, which describes the various molecular mechanisms converting mechanical stimuli to a biological response [START_REF] Huh | From Three-Dimensional Cell Culture to Organs-on-Chips[END_REF].

Simian and Bissel published an article reviewing the history of 3D cell cultures [START_REF] Simian | Organoids: A historical perspective of thinking in three dimensions[END_REF]. They reported that the first papers doing 3D cell cultures appear in the 1960s but the number of publications only started increasing at the beginning of the 2000s. 3d cell cultures did not only started with the more complex and fancier ways of culturing the cells but also with all the biological tools and protocols implemented since the early 1900s. The goal still remains the same as decades ago which is to understand the cues leading to the formation and the stability of differentiated states inducing the morphogenesis in cultures. In 1997, Mina Bissell showed how cells grown in 3D develop behaviors deviating from classical studies on 2D cell cultures [START_REF] Weaver | Reversion of the Malignant Phenotype of Human Breast Cells in Three-Dimensional Culture and In Vivo by Integrin Blocking Antibodies[END_REF]. Many other studies further showed the similarities between the morphology and behavior of tumor cells and 3D models [START_REF] Kapałczy Ńska | 2D and 3D cell cultures -a comparison of different types of cancer cell cultures[END_REF][START_REF] Hoarau-Véchot | Halfway between 2D and Animal Models: Are 3D Cultures the Ideal Tool to Study Cancer-Microenvironment Interactions[END_REF]. However, compared to their 2D counterparts, 3D cell cultures are more expensive, more time-consuming and face challenges such as the standardization of the cultures, the nutrition supply or their investigation by microscopy. Many different methods have been developed to produce these samples, all with their advantages and disadvantages [START_REF] Jensen | Is It Time to Start Transitioning From 2D to 3D Cell Culture[END_REF]Teng, 2020, Katt et al., 2016). They can be divided into five main categories such as: (i) hanging drop methods [START_REF] Jørgensen | Hanging drop cultures of human testis and testis cancer samples: a model used to investigate activin treatment effects in a preserved niche[END_REF][START_REF] Kelm | Method for generation of homogeneous multicellular tumor spheroids applicable to a wide variety of cell types[END_REF], (ii) non-adherent surface methods [START_REF] Kelm | Method for generation of homogeneous multicellular tumor spheroids applicable to a wide variety of cell types[END_REF][START_REF] Sutherland | Growth of multicell spheroids in tissue culture as a model of nodular carcinomas[END_REF][START_REF] Ivascu | Rapid Generation of Single-Tumor Spheroids for High-Throughput Cell Function and Toxicity Analysis[END_REF], (iii) suspension culture methods [START_REF] Lin | Recent advances in three-dimensional multicellular spheroid culture for biomedical research[END_REF][START_REF] Kim | Three-dimensional tissue culture models in cancer biology[END_REF][START_REF] Schwarz | Cell culture for three-dimensional modeling in rotating-wall vessels: an application of simulated microgravity[END_REF], (iv) micro-fluidics and micro-patterning methods (Bhatia andIngber, 2014, Pasturel et al., 2020), (v) scaffold-based methods [START_REF] Alessandri | Cellular capsules as a tool for multicellular spheroid production and for investigating the mechanics of tumor progression in vitro[END_REF][START_REF] Kleinman | Matrigel: Basement membrane matrix with biological activity[END_REF][START_REF] Caliari | A practical guide to hydrogels for cell culture[END_REF], (vi) magnetic levitation methods (Souza et al., 2010, Nath and[START_REF] Nath | Three-Dimensional Culture Systems in Cancer Research: Focus on Tumor Spheroid Model[END_REF] and (vii) bio-printing [START_REF] Shafiee | Printing Technologies for Medical Applications[END_REF][START_REF] Murphy | 3D bioprinting of tissues and organs[END_REF], Huang et al., 2017) [ Figure 1.3]. In magnetic culture, magnetic particles are added to the culture. A magnetic force brings the cells together. E. Scaffold-based method, in which cells are seeded inside or on top of a gel. F. Matrix encapsulation, in which a microfluidic system is used to create gel capsules trapping cells inside. G. Bio-printing approach, consisting in pilling layers of biopaper gel loaded with spheroid to fuse them together and create bigger 3D structures. H. The micro-patternning approach aims at creating traps for the cells using a photosensitive resine.. Various 3D models have been developed, including tissue explants, spheroids and the recently expanding field of organoids [START_REF] Scadden | The stem-cell niche as an entity of action[END_REF][START_REF] Figallo | Micro-bioreactor array for controlling cellular microenvironments[END_REF][START_REF] Muzzarelli | Stimulatory effect on bone formation exerted by a modified chitosan[END_REF]. Many definitions of spheroids and organoids exist in the literature, generally depending on the research field studied. In this manuscript we will define spheroids as a spherical-shaped aggregates generated from either single-cell or multicellular immortalized cell lines. Spheroids reproduce accurately the core characteristics of human tumors, by forming various cells layers, and can help to develop anti-cancer treatment. Organoids are defined as organized 3D cellular structures derived from stem cells (either from embryonic or adult stem cells). Organoids share similar morphological characteristics and functions with in vivo organs. Organoids are more complex, difficult to generate, time consuming and expensive than spheroids.

Inversely to 2D cell cultures, the cell layers of a 3D culture create a gradient of nutrient access and waste buildup closer to what happens in vivo. The surface of the aggregated spheroids has the highest levels of proliferation, whereas the interior of the 3D cell body, with a lower oxygen input, mostly remains inactive and shows the highest number of quiescent or necrotic cells [START_REF] Edmondson | Three-Dimensional Cell Culture Systems and Their Applications in Drug Discovery and Cell-Based Biosensors[END_REF]. The difference of the extracellular matrix (ECM) between 2D and 3D significantly impact cell proliferation, differentiation, mechanotransduction and cell fate [START_REF] Baker | Deconstructing the third dimension -how 3D culture microenvironments alter cellular cues[END_REF][START_REF] Bonnier | Cell viability assessment using the Alamar blue assay: A comparison of 2D and 3D cell culture models[END_REF][START_REF] Gauvin | Microfabrication of complex porous tissue engineering scaffolds using 3D projection stereolithography[END_REF]. The junctions created between the cells not only allow cell-cell communication, but also interfere with the cell migration, causing alteration in cell motility [START_REF] Grinnell | Fibroblast biology in three-dimensional collagen matrices[END_REF][START_REF] Yoshii | The use of nanoimprinted scaffolds as 3D culture models to facilitate spontaneous tumor cell migration and well-regulated spheroid formation[END_REF]. 3D cell cultures bridge the gap between 2D cell cultures and in vivo models [ Figure 1.4]. The field of in vitro 3D models is expanding at a really fast pace with the promise of more physiologically relevant and flexible models. Indeed, 3D models can be generated directly from the patients' stem cells, which is particularly interesting for personalized and regenerative medicine applications. Even if animal models can replicate diseased state, they still don't share the same genetic heritage as humans, which can lead to misleading results. Methods and protocols to generate samples demonstrating in vivo behaviors are proliferating as well very rapidly, easing the development of the models in the laboratories. However, 3D cell cultures come with many challenges with respect to the standardization of the culturing protocols, mass production of the sample, as well as for their close investigation; Indeed, shape and size variability are still observed within a same batch, making the experiments less replicable. Finally, monitoring 3D cultures development is not an easy task and is way more complicated than for 2D cultures. It usually requires advanced imaging methodologies, followed by dedicated image analysis, which are both challenging in 3D. Overcoming these limits would be a major boost for 3D cell cultures and their applications, and is a major goal of this PhD project. This PhD thesis is focused on developing an integrated solution for culturing and high content 3D live imaging using the soSPIM imaging technique. It will find direct applications in drug screening.

3D microscopy methods

While a single image captures enough information for 2D cell cultures, a single plane taken from 3D objects can only recover a fraction of the object's information. Moreover, to perform a dynamic quantitative of living samples, the imaging method requires good optical sectioning, high spatial resolution, large field of view, fast imaging speed and low photo-bleaching. This section aims at giving an overview of the currently available methods to perform 3D imaging.

Fluorescence microscopy

Light microscopy allows scientists to observe various biological systems, ranging from small animals, down to isolated cells with sub-micrometer resolution. However, the living being mainly composed of water, most of the biological samples are transparent to light. This limits the contrast of the images that can be acquired using a bright-field microscope illuminating a sample using visible light. Over the past decades, chemists have designed fluorescent probes, allowing the specific labeling of almost any biological structure within the cells. Over the years, fluorescence microscopy has imposed itself to be the mainstay of biology research, enabling the study of complex protein organization in living samples, and leading to many great discoveries in cell biology, developmental biology and neuroscience.

Principle of fluorescence

Fluorescence is a property from certain molecules to absorb photons at a given wavelength, and re-emit photons with a higher wavelength. The interactions between the different electronic states of a fluorescent molecule are the foundations of fluorescence; the Jablonski diagram [Figure 1.5] illustrates the possible interactions of the molecule with light. The absorption process only occurs if the incoming photons possess an energy equal or higher than the difference between the excited level and the fundamental level. The excited state is unstable, which means that after a certain amount of time, the probe will emit a photon with lower energy. The photon's energy is a function of its wavelength, and is given by:

E = h⌫ = hc (1.1)
with h the Planck's constant (h = 6.63 ⇥ 10 34 J.s), ⌫ the light frequency and c the light speed in vacuum (c = 3 ⇥ 10 8 m.s 1 ).

The Stokes shift defines the wavelength difference between the absorbed and emitted photons of a given fluorescent molecule. This shift allows to efficiently optically separating the excitation light from the emission light in fluorescent microscopy using filters and dichroic mirrors. Depending on the relaxation time, different properties will occur: nanoseconds relaxation will translate to a fluorescent photon, milliseconds relaxation will lead to a phosphorescent photon. To produce a fluorescence signal, an excitation light is sent on a fluorophore. The fluorescent molecule absorbs the photon energy and reaches the excited singlet state. After a certain amount of time, the singlet state will get depopulated via three effects: fluorescence emission, non-radiative dissipation and intersystem crossing to the triplet state. The addition of these three processes forms the decay of the fluorophore that has a rate k specific to the fluorophore. A fluorescence cycle is achieved when the fluorochrome absorbs a photon and fluoresces. Photo-bleaching is the irreversible effect of a too high light absorption by a fluorescent dye. This usually unwanted process involves the photo-induced chemical destruction of the fluorescent molecules, which lose their ability to fluoresce. Photo-bleaching is proportional to the excitation intensity of the laser and follow an exponential decay law [Figure 1.6]:

I(t) = A exp kt (1.2)
where k is the decay rate of the fluorophore and A its initial intensity. A bleached molecule can no longer participate in the fluorescence cycle, which is particularly important to consider when performing live imaging over long period of time. Each fluorophore only has a limited amount of fluorescence cycles before photo-bleaching; various factors influence it such as the temperature, the presence of oxygen in the sample or the chemical microenvironment in which the dye is immersed [START_REF] Song | Photobleaching kinetics of fluorescein in quantitative fluorescence microscopy[END_REF]. The photon-budget refers to the amount of photons a fluorophore can emit before photo-bleaching; it is an important parameter to consider when performing fluorescence imaging. Prolonged illumination of the sample can also induce photo-toxicity which damages directly the organisms and can cause the death of the sample. Adjusting the laser power and acquisition frequency are crucial to ensure an optimal image quality over long periods of time 1. The excitation of the fluorophores at a given wavelength through a microscope objective. 2. The emission of photons by the fluorophore at a shifted wavelength of lower energy. 3. The detection of the photons collected by an objective to a detector to form an image made of pixels.

Image formation

Each pixel codes with a signal proportional to the number of detected photons per pixel area. Images are formed using a microscope objective, which aims at magnifying the image of the biological object of investigation, in order to reveal small details that the human eye cannot see. However, even using a perfect microscope objective, several physical limits contribute to the degradation of the recorded images, corrupting the information and its potential interpretation. The most important are the optical blur and the noise, which cumulatively degrade the output signal, and prevent the precise observation of the sample and its interpretation by image analysis. 

Resolution

Spatial resolution is a fundamental characteristic in microscopy, which describes the capacity of an optical system to resolve objects' details. The image of a point source through an objective is a diffraction pattern, also called Airy pattern or Point Spread Function (PSF). The diffraction, described by Huygens and Fresnel as the reconstruction pattern of light waves through a finite aperture, is the main phenomenon limiting the resolution. In 1873, Ernst Abbe published the analytical formulation of the resolution of a microscope objective [START_REF] Abbe | Ueber einen neuen Beleuchtungsapparat am Mikroskop[END_REF] as:

r = 2NA (1.3)
With the emission wavelength, and NA the numerical aperture of the objective, defined as:

NA = nsin# (1.4)
with # the collection angle, and n the refractive index of the immersion medium.

Other definitions are used for the resolution. The most popular is the Rayleigh criterion [Figure 1.8], which stipulates that two intensity peaks are distinguishable if the maximum of one peak is positioned on the minimum of the other peak. It defines the lateral resolution as:

rxy = 0.61 NA (1.5)
Similarly, axial resolution is defined by:

rz = 2n NA 2 (1.6)
These equations show that: i) spatial resolution is not isotropic, and ii) axial resolution diverges much faster than the lateral resolution when lowering the numerical aperture.

Examples of objective's spatial resolutions are listed in the Table 1.1. The spatial resolution of the system can also be measured experimentally from the full with at half maximum (FWHM) of the PSF [Figure 1.8].

Convolution

The image formation in microscopy can be mathematically described by a convolution. The 3D convolution between two functions f (x, y, z) and g(x, y, z) defined in R, is defined as:

f (x, y, z) ⇤ g(x, y, z) = Z 1 1 Z 1 1 Z 1 1 f (x 0 , y 0 , z 0 ).g(x x 0 , y y 0 , z z 0 )dx 0 dy 0 dz 0 (1.7)
The convolution has the following mathematical properties: Commutative:

f ⇤ g = g ⇤ f Distributive: f ⇤ (g + g 0 ) = f ⇤ g + f ⇤ g0 Bilinear: f ⇤ (g + h) = (f ⇤ g) + (f ⇤ h).
The formation of an image i(x, y, z) through a microscope objective can be mathematically described as the convolution between the 3D distribution of intensities o(x, y, z), e.g., the positions of the fluorescent dyes in the sample, and the PSF h(x, y, z) of the optical system: i(x, y, z) = h(x, y, z) ⇤ o(x, y, z) (1.8) where i is the acquired image, o the object and h the PSF. This equation mathematically describes how the object is blurred by the PSF during the image formation process. Its discrete formulation is:

im = X k h k m o k (1.9)
At the image plane, the pixel im of the acquired image is equal to the sum of local contributions of the object o in the surrounding pixels defined by the PSF h.

Noise

Noise is another source of image degradation. It refers to random fluctuations of data that can hinders the perception of a signal. In fluorescence microscopy, it produces "grain" on the images, more especially when the signal is weak. Noise is random, independent for each pixel, dependent of the signal, and can be described by statistical distributions.

In microscopy, noise is described by Poisson and Gaussian distributions, each having two main origins:

1. The quantum nature of light results in the photon noise which follows a Poisson distribution.

2. Electronic noise of photon detectors follows a Gaussian distribution.

The readout noise is supposedly signal independent, meaning that it does not vary with the number of detected photons and has his standard deviation constant. The noise level of an image is usually assessed by the Signal-to-Noise Ratio (SNR), which can be estimated from the image as:

SN R =

Signal amplitude Standard deviation of the signal (1.10) The more photons, the better is the SNR. In the case of Poisson noise, the noise is proportional to p n, n being the number photons. Then the SNR is given by:

SN R = n p n = p n (1.11)
In general, the discrete mathematical formulation of the image formation can be written as:

im = N X k h k m o k (1.12)
With N the noise operator corresponding to the additional statistical contributions of the photon and read-out noise. The noise contributions can be taken into account mathematically as a statistical fluctuation of the signal. When the SNR is high, the Poisson noise becomes similar to the Gaussian noise, making it easier to remove mathematically by classical low pass filtering. On the contrary, very low SNR can strongly impact the signal and significantly reduce the deconvolution efficiency and image segmentation.

Other degradations of the signal are more difficult to assess and to correct. This is the case of scattering and optical aberrations.

In-depth loss of signal and aberrations

In this chapter about image formation and deconvolution, we only considered the ideal image formation formalism, where the PSF is shift-invariant, meaning that it is the same regardless of its position in space, and has axial and radial symmetry. There are however some optical phenomena that can further corrupt the signal, and limit its interpretation, or reduce the deconvolution efficiency.

Scattering is responsible of the re-emission of light in many directions when it strokes particles of different sizes. The distribution of the diffused light depends on its wavelength and the particle size. When scattering occurs multiple times, it becomes impossible to theoretically describe it. In microscopy, light scattering happens within the sample and cannot be solved. It is highly dependent upon the specimen thickness and its optical properties.

PSF shape can significantly deviate from perfect symmetry due to irregularities or misalignments of the optical components of the microscope. These deviations are commonly referred as optical aberrations. The most common aberrations encountered in microscopy are: astigmatism, coma and spherical aberration. The latter induces an axial asymmetry of the PSF and the spreading of its intensity laterally. The main origin of spherical aberrations comes from the index mismatch between the objective's immersion medium and the mounting medium of the sample. Modern objectives correct partially the spherical aberration but only for several micrometers above the coverslip, making in-depth imaging of complex samples generally challenging.

3D microscopy 1.2.2.1 Optical sectioning

Two main factors govern fluorescence microscopy abilities to image in depth within 3D samples: the spatial resolution, and the optical aberrations induced by the sample itself. We here won't talk about the noise degradations, as it has been introduced previously. As we have seen in the previous chapter, images are 2D collections of light at the focal plane indiscriminately of its origin (in or out-of-focus). Strategies have been developed to effectively minimize or remove the out-of-focus contributions. These methods, usually referred as optical sectioning, form the foundations of 3D microscopy. Optical sectioning can be optimized at different levels of the acquisition process, such as the excitation (2-photons microscopy, light-sheet fluorescent microscopy), the detection (confocal microscopy), or by post-processing (deconvolution). The sample is acquired sequentially, one plane at a time, along the objective optical axis to create a complete and clear 3D representation [Figure 1.9]. Several algorithms exist to reconstruct the 3D object afterward. The 3D acquisition of a sample requires successive illuminations and signal collections, therefore limiting the imaging speed and possibly inducing deleterious photo-toxic effect to the sample in the case of living organisms. Moreover, the optical aberrations and light scattering occurring in depth and represent an important challenge for 3D microscopy techniques. The following of this chapter is dedicated to the presentation of the most popular 3D microscopy architectures.

Confocal microscopy

Confocal Laser Scanning Microscopy (CLSM) is certainly the most popular 3D imaging technique due to its impressive optical sectioning capacity and simplicity of use. It's in the early 50's that Marvin Minsky introduced the concept of confocal detection, but the technique knew its real success starting from the 80's with the advent of reliable and accessible laser sources, sensitive detectors and the development of commercial solutions [START_REF] Wilson | Theory and practice of scanning optical microscopy[END_REF].

In CLSM, a laser is focused through the objective and the out-of-focus signal generated is filtered out by a pinhole, inserted at the image plane in front of the detector. Only the light originating from the objective's focal plane contributes to the image formation, improving the optical sectioning [Figure 1.10]. However, the pinhole can only be used when a single point is excited and detected at a time. To build a 2D image, an excitation light spot is scanned throughout the sample using a scanning unit (generally composed of a pair of galvanometric mirrors). The fluorescence signal passes back through the scanning unit, it is de-scanned, before being focused onto the pinhole and detected by a single point detector (photodiode, photomultiplier tube, avalanche photodiode) [Figure 1.10]. By moving the objective along the optical axis, the previous steps are repeated to collect several planes and reconstruct a 3D image of the sample. In comparison, in standard widefield microscopy, the camera collects both in-focus and out-of-focus light leading to poorer contrast when imaging 3D objects.

In CLSM the product of the excitation and the detection PSFs defines the confocal volume contributing to the image formation, and whose size determines the spatial resolution [Figure 10]. In practice, there is a trade-off between the pinhole size, affecting the resolution and sectioning capacity, and the number of collected photons. The pinhole generally matches the size of the first annulus of the Airy pattern corresponding to the objective's NA (i.e. 1 Airy Unit) due to the limited sample's brightness. The pixel size also needs to be considered, namely the spacing in between two signal measurements, which is defined by the scanning speed and detection frequency. Larger sampling can degrade the overall resolution, whereas finer sampling can lead to oversampling and excessive illumination dose toward the sample. It is recommended to sample the acquisition at Nyquist frequency [START_REF] Shannon | Communication in the Presence of Noise[END_REF]. Indeed, only the small confocal volume contributes to the image, as compared to widefield detection for which the whole volume of the sample contributes, leading to very sharp and contrasted images of 2D sections even inside highly fluorescent 3D samples (Conchello andLichtman, 2005, Wilson, 2011). Therefore, confocal microscopy outperforms most of the imaging techniques when it comes to samples in the range of 5 to 100µm; then, absorption and scattering will affect the achievable signal to noise ratio, and ultimately limit the penetration depth.

Spinning Disk Confocal Microscopy

A key limitation of CLSM is its imaging speed since a single excitation spot is scanned throughout the whole sample to build a 3D volume; it generally requires seconds to acquire a full-frame image (512x512 pixels and above) reducing the temporal resolution achievable and restricting the achievable imaging throughput. The scanning speed can be increased using resonant galvanometric mirrors, faster acousto-optic deflectors, or even confocal lines detection approaches. Nevertheless, with these approaches, another limitation appears, coming from the time spent per pixel, the dwell time. By scanning faster, the dwell time is decreased and thus the amount of signal that can be excited and collected per pixel. It either limits the signal to noise ratio of the image or requires to increase the laser intensity, which could lead to faster photo-bleaching of the sample [START_REF] Conchello | Optical sectioning microscopy[END_REF].

Spinning Disk Confocal Microscopy (SDCM) provides an alternative method to increase CLSM speed, up to video rate, while largely preserving its optical sectioning capabilities. It builds on the so-called Nipkow disk, proposed in 1885 by Paul Gottlied Nipkow for mechanical image decomposition, which contains equally spaced and identical circular holes arranged along spirals of constant pitch. It provides hundreds of simultaneous excitation foci that scan across the sample building up an image when the disk is spun [Figure 1.11]. SDCM parallelizes the excitation foci, decreasing the acquisition time without compromising the pixel dwell time. Combined to a high speed and sensitive camera for signal detection, SDCM acquires images at rate up to hundreds of frames per seconds making it suitable to monitor fast dynamics within living samples. The improved acquisition speed comes with a slight trade-off in spatial resolution and sectioning capacity due to the fixed size of the pinholes and the signal crosstalk between the many pinholes of the Nipkow disk.

CLSM and SDCM are undoubtedly the most widely used 3D imaging systems due to their high sectioning capacity, ease of use, and availability with many commercial setups. Yet, confocal microscopy still suffers from several limitations when it comes to image living and light-sensitive samples, and to image more than the first tens to hundreds of micrometers into a sample. It arises first from the non-optimal use of the excitation light occurring all along the laser path, but only the signal originating from the focal plane is collected. Confocal imaging induces important photo-induced damaging effects as well as fast photo-bleaching of the fluorophores, both in and out of the imaged plane, drastically limiting its performances for live imaging. Second, only ballistic photons (i.e., photons that have not been scattered or absorbed on their path), both in excitation and detection, effectively contribute to the signal, while scattered photons either decrease the excitation intensity or are filtered out in detection. It leads to an increase of the excitation intensity to compensate the scattering effect further increasing the photo-damages to the sample, particularly in non-fully transparent samples.

Multiphoton microscopy

Single photon-based absorption process, commonly used in widefield and confocal imaging, is directly proportional to the illumination intensity. The absorption occurs along the whole laser path through the sample, generating in and out-of-focus fluorescence signal, that need to be filtered-out to improve optical sectioning for 3D imaging [Figure 1.7 Figure 1.10]. Nonlinear absorption processes, involving more than one photon, provide intrinsic 3D confinement of the excitation that can be used for in-depth 3D imaging. Multiphoton absorption occurs when at least two photons arrive "simultaneously" at a fluorescent molecule and combine their energies to induce a molecular transition to an excited electronic state [Figure 1.12], which then proceeds along the normal fluorescenceemission pathway [Figure 1.13]. In practice, the time window for the simultaneous absorption of two-photons by a fluorophore is less than a femtosecond, which is almost impossible under normal continuous illumination as it requires to concentrate the excitation light both in space and in time. Maria Göppert-Mayer predicted in 1931 the possibility of this interaction (Göppert-Mayer, 1931), but it is only in the 90's with the development of pulsed laser with a pulse duration below 1ps and high repetition rates (⇡ 100 MHz) that effective Laser Scanning Multiphoton microscopy (MPM) could be achieved. These pulsed lasers combined with high NA objective allow to obtain high photon densities within the focal spot of the laser to induce enough multi-photon absorption events for fluorescence imaging (Denk et al., 1990, Helmchen and[START_REF] Helmchen | Deep tissue two-photon microscopy[END_REF]. In multiphoton microscopy (MPM), the signal I F luo generated depends non-linearly with the photon density, restricting the detectable fluorescence signal to the laser focal volume where the photon density is high enough to induce enough multiphoton absorption events. I F luo / P n Laser (1.13) With n being the number of photons involved in the process and PLaser the laser intensity. It leads to an intrinsic confinement of the excitation process, and therefore to efficient optical sectioning, and do not necessitate to spatially filter out-of-focus signal [Figure 1.13]. All the collected photons, even the scattered ones, are collected to contribute to the image formation without impairing the optical sectioning capacity but rather enhancing the sensitivity. It makes MPM more robust against scattering properties of the sample and thus more suited for deep imaging (> 100s µm) as compared to single-photon-based imaging.

As an example, it allowed to image more than 1 mm in depth within opaque samples such as intact mouse brains [START_REF] Horton | In vivo three-photon microscopy of subcortical structures within an intact mouse brain[END_REF][START_REF] Ouzounov | In vivo threephoton imaging of activity of GCaMP6-labeled neurons deep in intact mouse brain[END_REF]. In MPM, the excitation light has a wavelength n-times longer than the corresponding excitation wavelength for a one-photon absorption process. For commonly used markers, excitation occurs in the near-infrared spectral range (700 -1300nm), in which light undergoes less absorption and scattering due to a lower absorption of light by water and hemoglobin, two main constituents of biological tissues, and scattering dependency on 4 (Rayleigh scattering). This spectral region is commonly called the biological optical window allowing deeper imaging into biological tissues than in the visible range [Figure 1.14]. In addition, excitation photons in MPM interact much less with the sample throughout their propagation, decreasing the photo-toxicity and making it more suitable for long-term live imaging. Nevertheless, photo-bleaching and photo-toxicity still occur in the focal volume with an even greater impact than in single photon excitation (Patterson andPiston, 2000, Kalies et al., 2011). This high-order photo-bleaching limits the effectiveness of the method to image thinner samples (<10µm). Pigmented samples, such as melanin, can limit tissue imaging by causing thermal damage, such as DNA damaging or plasma formation [START_REF] Icha | Phototoxicity in live fluorescence microscopy, and how to avoid it[END_REF] during the imaging. MPM is a tool of choice for in vivo imaging experiments, and is typically used for in vivo functional brain imaging. However, most of MPM architectures rely on a point scanning approach, similarly to CLSM, limiting the temporal resolution.

Widefield Multiphoton microscopy by temporal focusing

Even though Laser Scanning MPM approach has proven to be extremely powerful for in-depth 3D live imaging, it remains a scanning method with limited temporal resolution. Imaging speed can be improved using fast resonant scanners or acousto-optics deflectors, but their temporal resolution remains ultimately limited by the minimum pixel dwell time allowing to collect enough photons. In 2005, the first demonstration of a widefield scanless Temporal Focusing (TF) approach demonstrated the possibility to overcome this limitation by exciting an entire depth-resolved plane using two-photon absorption process [START_REF] Oron | Scanningless depth-resolved microscopy[END_REF][Figure 1.15]. The proposed solution relies on focusing the photons in time, and not in space anymore, by reflecting an incoming high intensity pulsed laser onto a grating. It stretches the pulse in time by spatially dispersing its spectral components; the objective can then be used lens to compress it back in time and create a high photon density at the objective's focal plane with a rapidly decreasing photons density at out-of-focus planes [Figure 1.15]. It results in an axially confined excitation process, leading to an optical sectioning similar to point scanning MPM methods but over a large 2D area. [START_REF] Papagiakoumou | Scanless two-photon excitation with temporal focusing[END_REF]. The improved temporal resolution of TF over conventional scanning point MPM makes this approach particularly suited for fast in-vivo functional imaging requiring simultaneous signal recording of several (up to hundreds) cells [START_REF] Prevedel | Fast volumetric calcium imaging across multiple cortical layers using sculpted light[END_REF][START_REF] Schrödel | Brain-wide 3D imaging of neuronal activity in Caenorhabditis elegans with sculpted light[END_REF]. However, optimal TF imaging faces significant challenges to preserve the photon density at the focal plane despite its spreading onto a larger excitation area, and the imaging penetration depth which is affected by light scattering as compared to traditional pointscanning MPM approaches. It is usually preferred to optimize the photon density and limit the scattering effect on the image contrast by illuminating smaller areas than MPM. It is also important to consider the cost and complexity of these systems: pulsed laser requires sophisticated systems to work properly and are difficult to setup and maintain. MPM still represent the best contender to perform studies within thick samples in vivo compared to confocal microscopy.

Light-sheet microscopy

Both confocal and multiphoton-based imaging rely on scanning a single, or multiple lasers focused throughout the sample to build up 2D depth-resolved optical sections. They gather numerous advantages for 3D imaging in term of sectioning, but remain limited in their temporal resolution, field of view, and photo-toxicity. 3D imaging would greatly benefit from faster and gentler illumination. For about fifteen years, Light-Sheet Fluorescence Microscopy (LSFM) has proposed new solutions toward these goals, pushing the limits of 3D imaging for biology.

In 1902, Siedentropf and Zsigmondy conceptualized the first light-sheet system as a new type of dark-field microscope to investigate colloids in solution [START_REF] Siedentopf | Uber Sichtbarmachung und Größenbestimmung ultramikoskopischer Teilchen, mit besonderer Anwendung auf Goldrubingläser[END_REF]. But it was only in 2004, that Huisken et al. proposed the first modern architecture of LSFM dedicated to biological samples imaging, with the implementation of the so-called Single Plane Illumination Microscope (SPIM) (?, ?). The main concept of LSFM is to dissociate the excitation and the detection paths, in order to perform intrinsic optical sectioning while leveraging on the efficient and highly parallelized widefield excitation and detection schemes. Two optical paths with 2 objectives are therefore necessary: i) one to create a sheet of light in order to excite a thin section of the sample from the side; ii) one, perpendicular to the light-sheet, to collect the emitted fluorescence and create the image [Figure 1.16]. The focal plane of the second objective needs to be superposed with the light-sheet for optimal sectioning. To perform 3D imaging, 2D sections are sequentially acquired by either moving the LS and detection plane or the sample itself along the axial direction of the detection's objective. As opposed to widefield fluorescence microscopy, CLSM and MPM, this dissociated configuration enables to considerably optimize the use of the excitation light by only exciting the images plane. Such illumination scheme leads to several advantages for 3D imaging of living samples. First, it provides an intrinsic optical sectioning defined by the thickness of the LS. Second, the confinement of the excitation light to the imaged plane drastically reduces any unwanted photo-induced effects such as photo-bleaching and photo-toxicity. It makes LSFM one of the most efficient techniques for long-term 3D live fluorescent imaging with reduced phototoxicity. Third, widefield excitation and detection of a whole plane at once enables very fast and sensitive imaging, allowing to monitor rapid biological events in 3D. However, light-sheet architectures possess important physical constraints due to the use of two objectives. It limits the available space for the sample mounting and forces to adapt the system geometry to the sample of interest. Fortunately, the dissociation of the excitation and the detection paths provides endless possibilities for customizing the microscope arrangements [Figure 1.16]. LSFM lateral resolution is the same as any standard widefield microscope [Figure 1.17]. However, its axial resolution varies with the LS thickness !LS [Figure 1.18], and can be improved by reducing the LS thickness. Two main approaches exist to create a light-sheet: the SPIM architecture initially proposed by Huisken et al. [START_REF] Huisken | Optical Sectioning Deep Inside Live Embryos by Selective Plane Illumination Microscopy[END_REF]) focalizes a laser beam using a cylindrical lens, while the Digitally Scanned Light-sheet Microscopy (DSLM) scans a focalized laser beam perpendicularly to the detection objective to create a virtual LS (Keller et al., 2008)[Figure 1.16]. SPIM-based illumination provides better averaging of illumination intensity over the field of view and higher frame rate, compared to DSLM approaches, which, like any scanning method, scan a intensities beam, inducing potentially higher photo-damages. However, SPIM is more prone to stripping artifacts arising when the excitation light encounters obstacles that scatter or absorb light along its propagation path into the sample. Slightly rotating the LS around the detection objective's optical axis helps reducing those stripping artifacts as proposed in the mSPIM system [START_REF] Huisken | Even fluorescence excitation by multidirectional selective plane illumination microscopy (mSPIM)[END_REF]. Diffraction laws make that a focused Gaussian beam rapidly diverges leading to a strong compromise in between the achievable LS thickness (! LS ) and length (l LS ). An alternative to that trade-off is to use non-diffracting beams, such as Bessel beams, whose profile remains invariant along its propagation direction over much longer distances.. Most of LSFM use a Gaussian shaped laser beam to create the LS, which shape is dictated by diffraction of light. Such a beam necessitates trade-offs between the LS thickness and length. The length of a LS (z ls ) is usually considered as being the region for which the beam thickness is below p 2 times its minimum thickness (! ls ) (i.e. at the waist of the laser) [Figure 17].

zLS = 2 ⇡NA 2 (1.14) !LS = ⇡NA (1.15)
As a consequence, reducing the LS thickness induces a shortening of the LS, and a reduction of the Field-of-View (FoV). Similarly, increasing the LS length will expand the FoV, but at the expense of its thickness and thus its optical sectioning capability. To bypass this trade-off and preserve the axial resolution over a wide FoV, two main approaches have emerged [Figure 1.18].

A first simple method consists in rapidly sweeping a thin and short Gaussian LS along the axial direction of the excitation objective. Then, tilling the portion of the sample illuminating with the thinnest part of the LS enables to create a virtually long and thin LS [START_REF] Gao | Extend the field of view of selective plan illumination microscopy by tiling the excitation light sheet[END_REF]; it offers the capacity to image very long FoVs, up to centimeter scale, with quasi-isotropic and sub-cellular resolutions, but reduces the acquisition speed and increases sample photobleaching due to repeated exposure [START_REF] Voigt | The mesoSPIM initiative: open-source light-sheet microscopes for imaging cleared tissue[END_REF]. Another method consists in implementing non-diffracting beams, such as Bessel [START_REF] Planchon | Rapid three-dimensional isotropic imaging of living cells using Bessel beam plane illumination[END_REF] or Airy [START_REF] Vettenburg | Light-sheet microscopy using an Airy beam[END_REF] beams, which present invariant profiles over much larger distances than Gaussian beams of comparable thickness [Figure 1. [START_REF] Voleti | Real-time volumetric microscopy of in vivo dynamics and large-scale samples with SCAPE 2.0[END_REF]. Their self-reconstructing properties, after encountering an obstacle, also reduces the stripe artefacts. However, they usually come with important side lobes that degrade their sectioning ability and thus the imaging contrast. By using multiple Bessel beams in parallel, it is possible to create an array of these beams that may interfere destructively with each other, thus killing the ring artifact and producing an optical lattice. This led to the development of lattice light-sheet microscopy (LLSM), which is able to perform light-sheet imaging with an improved optical sectioning over larger FoV than previous Bessel beams implementations [START_REF] Chen | Lattice light-sheet microscopy: Imaging molecules to embryos at high spatiotemporal resolution[END_REF]. However, a well-defined lattice is required to perform imaging and this technology is therefore particularly sensitive to degradation of the light-sheet, which limits its penetration depth.

Custom designs

As introduced before, light-sheet microscopy appears as an important contender for fast 3D live imaging over long duration. Non-diffracting beams and swept Gaussian light-sheet increases the FoV of the light-sheet to answer the trade-off between length and thickness; architectures such as multi-objectives systems also allow to virtually expand the light-sheet waist without affecting the optical sectioning. These systems specialize at imaging in the range of few hundreds of micrometers encompassing a large variety of 3D cell cultures (spheroids, oncospheres, organoids, . . . ) or small transparent organisms (drosophila, C. elegans worms, zebrafishes).

Those architectures greatly benefit of multi-view imaging approaches, which consist in imaging a same sample from different angles and to computationally, or optically, fuse them to reconstruct the entire sample's volume with the highest spatial resolution. A first solution is to physically rotate the sample between each image [START_REF] Swoger | Multi-view image fusion improves resolution in three-dimensional microscopy[END_REF], but at the expense of drastic reduction of the acquisition speed and complex fusion algorithms usually requiring fiduciary markers embedded around the sample [START_REF] Preibisch | Software for beadbased registration of selective plane illumination microscopy data[END_REF]. Another solution is to use a three-(resp. four) objectives configuration, two for excitation and one (resp. two) for detection, which allows multiplying the imaged volume without impairing the temporal resolution and the computational cost (Krzic et al., 2012)[Figure 1.19]. A fourobjectives architecture can use each objective both for excitation and detection to further speed-up the acquisition process and achieve isotropic resolution [START_REF] Chhetri | Whole-animal functional and developmental imaging with isotropic spatial resolution[END_REF]. If those implementations can provide impressive FoV and resolution, they are expensive and complex to set-up. All the aforementioned architectures use several objectives perpendicularly arranged the ones from the others. This enables many implementations, but also comes with several mechanical constraints issues. First, it complexifies the mounting of the sample in between the objectives positioned very close to each other, limiting the possibility to explore large areas, and restricting the overall throughput, i.e. the capacity to monitor several samples during the same experiment. Second, it prevents the use of high NA objectives, which are bulkier with smaller working distances, and can't fit into the perpendicular arrangement, limiting the achievable sensitivity and spatial resolution.

Several developments circumvent this mechanical limitation by using a unique objective to both create the LS and collect the fluorescence signal. One strategy for single-objective LSFM architecture is to create a tilted LS through the detection objective, and then project the excited plane onto a 2D camera using two objectives forming an angle in the detection path (Dunsby, 2008) [Figure 1.19]. Such architectures offer very high imaging speed over wide FoV [START_REF] Voleti | Real-time volumetric microscopy of in-vivo dynamics and large-scale samples with SCAPE 2.0[END_REF] and are compatible with any standard support such as coverslip and multi-well plates [START_REF] Yang | Epi-illumination SPIM for Volumetric Imaging with High Spatial-temporal Resolution[END_REF]. It opens new opportunities to increase LSFM throughput and screening assay on 3D samples [START_REF] Maioli | Time-lapse 3-D measurements of a glucose biosensor in multicellular spheroids by light sheet fluorescence microscopy in commercial 96-well plates[END_REF], Yang et al., 2019), and can also allow in depth Single Molecule Localization Microscopy (SMLM) imaging [START_REF] Kim | Oblique-plane single-molecule localization microscopy for tissues and small intact animals[END_REF]. However, it comes with a slight loss of detection NA, which can be mitigated by an adequate choice of the different objectives used [START_REF] Yang | Epi-illumination SPIM for Volumetric Imaging with High Spatial-temporal Resolution[END_REF]. This specific need of using two objectives on the detection path adds complexity to the system and limits its versatility regarding the objectives that can be used to acquire the images. Another solution is to use 45°reflective surfaces to deflect an incoming laser beam in order to create a LS perpendicular to the detection objective optical axis, either using two oppositely positioned objectives [START_REF] Gebhardt | Single Molecule Imaging of Transcription Factor Binding to DNA in Live Mammalian Cells[END_REF] or using a single objective [START_REF] Galland | 3D high-and super-resolution imaging using single-objective SPIM[END_REF] [ Figure 1.19]. It permits the use of High NA objective, opening the possibility to perform SMLM tens of microns deep as compared to standard SMLM approaches, which are limited to the first micrometers above the coverslip. This last architecture is the core of my PhD project and will be developed in the following chapter.

single objective single plane illumination microscopy (soSPIM)

The single objective selective plane illumination microscopy (soSPIM) is a light-sheet architecture developed within the team, in close collaboration with the lab of Virgile Viasnoff at the Mechanobiology Institute (MBI) in Singapore. It relies on micro-fabricated devices embedding 45°mirrors to create a light-sheet perpendicular to the objective, allowing to use a unique objective for both the excitation and the detection of fluorescence. It removes the mechanical constraints of classical multi-objective approaches, allowing the use of high numerical aperture objectives and standard cell culture supports (e.g. coverslip and multi well plates).

The soSPIM technology revolves around 3 main components: (i) the micro-fabricated devices containing the 45°mirrors to create the light-sheet and host the biological sample, (ii) the beam steering unit to control the light-sheet position and laser intensities, and (iii) a control software, for synchronizing the light-sheet movements along the mirrors with the objective's focal plane.

Optical design

The beam steering unit is an optical device located at the back of any inverted microscope, allowing to control the light-sheet properties. It contains several key elements: two galvanometric mirrors (XG, YG), a focus-tunable lens (TL), a motorized diaphragm (MD) and a Fourier mirror (FM) [Figure 1.20]. By convention, x is the propagation direction of the light-sheet after reflection on the mirror, y is the scanning direction of the laser beam onto the mirrors to create the light-sheet, and z is the objective's optical axis.

The motorized diaphragm, located at the exit of the optical fiber, allows controlling the laser beam diameter. Its role is to adjust the light-sheet length and thickness [Figure 1.20]. The two galvanometric mirrors control the laser beam's position inside the field of view, and allow scanning the laser beam onto the mirror to create the light-sheet perpendicular to the objective's optical axis. Moving the laser beam along the x-axis displace the light-sheet in the axial direction. The tunable lens (TL) allows shifting the beam waist position, which would otherwise be located on the mirror, leading to a fast divergence of the light-sheet and to a loss of optical sectioning. The TL is a divergent lens coupled with a dynamic element (a liquid contained between two flexible membranes) that can be controlled using an electric signal. It enables compensating the displacement of the waist when moving the objective's focal plane, to ensure its optimal position [Figure 1.20]. The system requires the galvanometric mirrors and the tunable lens to be aligned and conjugated to the back focal plane of the objective to ensure that the light-sheet is perpendicular to the optical axis of the objective after reflection onto the 45°mirror, regardless of its reflection position. However, although the mirrors are exactly at 45°by fabrication, it still happens that the angle with the optical axis of the objective is not perfect due to the tip-tilt of the stage or of the sample holder. The Fourier mirror, conjugated to the objective's focal plane, allows to correct these angles without displacing the laser beam laterally [Figure 1.20].

Control software

To perform high quality images with the soSPIM, the focal plane of the objective needs to be precisely superposed with the excitation plane of the light-sheet all along the acquisition. For 3D imaging, any movement of the objective in the z direction requires a translation of the light-sheet in the x direction [Figure 1.21]. Similarly, the waist also needs to be translated to remain at the optimal position. The 45°geometry make this relation very simple and linear.

The soSPIM software allows calibrating the light-sheet to ensure that during 3D movements of the objective, the light-sheet remains precisely aligned with the focal plane (Appendix Protocols). Once calibrated, a dedicated analog controller allows synchronizing the different hardware of the beam steering unit and the CCD camera, to ensure optimal fast 3D imaging. The software also allows defining the light-sheet parameters such as its width, angle, lateral and axial position, but also its scanning speed. It works directly as a plugin of the acquisition software MetaMorph (Molecular Devices), which allows controlling the motorized microscope and the camera, and steer the overall acquisitions pipeline. irror to create the light-sheet. To always perform the best imaging, a calibration links the movement of the light-sheet with the objective. When the objective moves axially ( 1), the light-sheet is displaced along the x-axis, also changing its position in depth [START_REF] Kratochvil | Engineered materials for organoid systems[END_REF]. The objective's movement also induces a lateral shift of the waist; the tunable lens compensates it to ensure a homogeneous position of the waist during the imaging..

JeWells

The soSPIM architecture enables the imaging of a large panel of samples, with different sizes and shapes, by adapting the size of the 45°mirrors. Several chips have been designed to suit certain categories of samples. The "standard" micro-fabricated devices incorporate lines of 45°mirrors, each facing multiple wells containing the samples. The micro-mirrors are 40µm high and the wells can be adapted from 20x20µmm to 60x300µmm. These devices are ideal for small samples such as single cells but cannot contain bigger samples such as 3D cell cultures. Therefore, another design of chips, compatible with bigger samples, have been developed. These devices contain arrays of micro-cavities shaped as truncated pyramids called "JeWells". Each face of a JeWell is a 45°gold coated surface compatible with soSPIM imaging modality [ Figure 1.22]. Both the fabrication of the standard chips and the JeWells rely on the replication of a master mold using lithography approaches on PDMS and photo-curable polymers. Only the fabrication of the JeWells will be developed in this manuscript which is presented on the Figure 1.22.

The primary mold is replicated using PDMS and Norland Optical adhesive (NOA), a photo-curable resin. The mold is flipped and placed on a flat cut of PDMS, NOA is poured inside by capillarity action. When entirely filled, the NOA is cured by UV light exposure. The mold is then peeled, only leaving the cured resin as a handling substrate. A thin layer of gold is coated by sputter-coating to create the reflective surfaces, necessary to create the light-sheet. The gold-coated substrate is flipped and pressed on a coverslip coated with NOA, partially cured to be solid but still adhesive. UV exposure is used to finish the curing of the adhesive layer and then peeled of the flat PDMS substrate to only leave the JeWells structure with the top of the pyramid open. The surface density of JeWells can reach 150 JeWells/15mm 2 , with each JeWell having a top opening comprised between 70 and 400µmm and a mirrors' height from 100 to 150µm. Different shapes of JeWells have been designed to create specific biological structures [Figure 1.22]. The truncated pyramidal shape provides a trapping effect of the samples (same principle as the pear in the bottle), which avoids any material loss during medium exchanges. These chips allow the parallelized and reproducible development and imaging of 3D cell cultures such as spheroids and organoids. 

Imaging performances

With its unique objective, the soSPIM architecture removes the mechanical constraints inherent to classical multi-objectives light-sheet implementation. The soSPIM can be attached to any inverted microscope, and is suitable for the imaging of a broad range of biological samples (from isolated single cells to small entire organisms) as long as a 45°mirror is present in the field of view. This configuration brings versatility to the light-sheet architecture, allowing one to perform multi-modal imaging (phase contrast, differential interference contrast, widefield, spinning disk, single-molecule localization microscopy, etc. . . ), but also use different magnifications without the need of any realignment. ( 10-50µm) in depth. In the middle, the JeWells allowing the parallelized and standardized culture of 3D samples ( 100-300µm) as well as their imaging. On the right, we can produce millimetric mirrors to image small animals ( 0.5-1mm).. Its low photo-toxicity, combined with its high imaging speed, makes it possible to investigate living samples with sub-cellular spatial resolution and high temporal frequency. The use of high NA objective allows single molecule localization microscopy in depth. The JeWell technology further expands the capacity of soSPIM to monitor organotypic 3D cultures, such as spheroids and organoids [Figure 1.23], with high content screening capability. However, soSPIM initially lacked automatization acquisition modalities and user-friendly tools to make it suitable for high content screening experiments. It is in this context that I started my PhD project, which aimed to increment the soSPIM system with high-content capabilities and image enhancement method, taking advantage of its original architecture.

High-content screening, High-throughput screening 1.3.1 Definitions and principle

High throughput screening (HTS) and high content screening (HCS) are two related analytical methods with many definitions depending on the research field considered. In this manuscript, we will therefore give our definitions, which are by no means universal. High Throughput Screening (HTS) is a process generally defined by the very large number of compounds (thousands) interrogated in parallel. HTS relies on robotic-assisted assays in microtiter plates (96, 384, or 1536 well formats), extensive automation of data acquisition and analysis. Each well of a microtiter plate is an entire experimental group with its specific condition for the samples. Its main objective is to measure the average signal over all cells inside the plate wells; it can be the expression of a reporter gene or levels of small molecules. This method generally only extracts a single parameter per well for each assay, disregarding the differences that might originates from individual cell responses. It leads to relatively poor readout in terms of clinical efficacy or physiological relevance.

Nowadays, one of the most powerful techniques to study spatiotemporal events in biological systems is fluorescence microscopy. High-content screening (HCS) combines the high throughput modalities with the ability to perform cellular multicolor imaging to collect quantitative data from complex biological systems [START_REF] Kriston-Vizi | Getting the whole picture: High content screening using three-dimensional cellular model systems and whole animal assays[END_REF]. In contrast to traditional HTS, HCS is generally performed on fewer samples (hundreds) but provide measurements of many features at the level of the individual cell or organism instead of a population. It gives HCS way more information, more content, that can be used to evaluate cellular responses that are not accessible through HTS such as the cell morphology or the location and movement of proteins within a cell.

The potential applications of this method are broad; with its ability to conduct several independent measurements on a single selected cell-of-interest [START_REF] Haney | High-content screening moves to the front of the line[END_REF], HCS greatly facilitates the study of complex systems such as stem cell biology [START_REF] Xu | A chemical approach to stem-cell biology and regenerative medicine[END_REF] and also serves in industrial developments in pharmaceutical field for drug assays for example.

Applications of HCS for biological studies -Pharmacological research

One of the most important application of HCS is drug research. The ability to screen several drugs on an organism is key at the preclinical phase, to quickly discriminate the potentially good candidates from the failing compounds. It can be used to identify or validate drug's effects but also to analyze clinical data [START_REF] Haney | High-content screening moves to the front of the line[END_REF][START_REF] Zanella | High content screening: seeing is believing[END_REF][START_REF] Buchser | Assay Development Guidelines for Image-Based High Content Screening, High Content Analysis and High Content Imaging[END_REF]. It has been used to assess small molecules, antibody drug discovery, cell biology studies, cell behavior, differentiation, molecular function and toxicology [START_REF] Bullen | Microscopic imaging techniques for drug discovery[END_REF].

The standard procedure in drug research starts by 2D cell culture screening, followed by tests on animal models and ends with clinical trials. Most HCS experiments are thus performed early in the drug discovery pipeline, and involve either suspension of cells or 2D cell cultures of a given cell type. As already discussed in chapter 1, 2D cell cultures fail to capture critical properties associated with drug effects. Around 90% of the drugs tested fail during the clinical trials, especially during the phase III which is the most expensive phase [START_REF] Edmondson | Three-Dimensional Cell Culture Systems and Their Applications in Drug Discovery and Cell-Based Biosensors[END_REF]. Some of these failures are attributed to the studies on 2D cell cultures, in which the response to drug is altered. One dominant artifact comes from the stretched shape of the cells when grown on a rigid surface, changing the behavior of the cell and response to chemical compounds [START_REF] Gurski | 3D Matrices for Anti-Cancer Drug Testing and Development[END_REF][START_REF] Jensen | Is It Time to Start Transitioning From 2D to 3D Cell Culture[END_REF][START_REF] Duval | Modeling Physiological Events in 2D vs. 3D Cell Culture[END_REF].

Moreover, phenotypic screening assays generally use a single endpoint measurement, such as cell viability or cell proliferation, which only gives a narrow view of the cellular response to the condition or drug used [START_REF] Booij | 3D Cell-Based Assays for Drug Screens: Challenges in Imaging, Image Analysis, and High-Content Analysis[END_REF]. Automated microscopy enables capturing multiple spatio-temporal features, to more adequately assess the full response to drug treatments. Commercially available systems generally include wide-field, spinning disk or phase contrast microscopy methods for their ease of use and imaging speed. These integrated systems provide a stable environment for living cells, image acquisition and analysis but also robotic modalities for drug dispensing and cell manipulation. While currently used extensively for 2D cell cultures, high-content screening would greatly benefit from 3D cell-based assays, but it needs to answer challenges.

High-content screening in 3D 1.3.3.1 Challenges

3D cell cultures provide more physiologically relevant behavior for drug screening (see Chapter 1). Indeed, the addition of a third dimension leads to a different spatial organization of cells, with physical constraints applied between the cells, but also of the receptors engaged in the interactions with their environment. However, high-content screening with 3D samples still remains challenging in terms of sample handling, 3D imaging, image analysis, computation, data storage and data visualization. 3D cell culture is usually performed in specific microenvironments that provide mechanical interactions to the cells. The handling of these cultures still requires automation and control over the initial conditions of the culture, which represents a bottleneck for the repeatability of the experiments.

In the case of 2D cell cultures, phenotypic analysis can be performed on thousands to millions of cells with a single-cell resolution. On the contrary, 3D cell cultures only provide a handful of objects (when generated using the hanging drop or low attachment plate methods) to a hundred of objects per well (when embedded in gel), drastically reducing the achievable throughput. The low object number, linked with the cell seeding and growth heterogeneity, can lead to an important variability in the results, particularly when measuring a single endpoint such as cell viability or cell proliferation.

As said in chapter 1.2, in order to perform a dynamic quantitative of living samples, the imaging method requires good optical sectioning, high spatial resolution, large field of view, fast imaging speed and low photo-bleaching. Moreover, generating 3D samples generally implies dedicated culturing supports, which may be incompatible with high resolution microscopy. As an example, low attachment plates are available with flat-bottom surface (in which the object is not centered) or with round-bottom surface (object centered) which induce some optical defects. Wide-field and confocal microscopy are the imaging method of choice for 2D HCS of fixed cultures. However, while wide-field microscopy lacks optical sectioning, confocal microscopy is limited in speed and photo-bleaching, and are therefore not optimal for HCS in 3D. Alternative 3D techniques, such as multi-photon or Light-Sheet are either too slow, too low throughput, or not compatible with the mechanical constrains of culturing devices.

In a typical HCS experiment, thousands of cells per well are analyzed using hundreds of extracted features. A single HCS experiment on 3D cell cultures can thus represent terabytes of data that needs to be further processed and analyzed in 3D. The analysis required for 2D and 3D cell cultures differs significantly. The addition of a third dimension increases the computation burden to extract quantitative information about the number, intensity, size, morphology, texture or spatial distribution of the objects of interest. Moreover, axial blur and cell proximity, significantly complexify the analysis task compared to 2D cultures. Extending the investigations to 3D live-cell assays with multiple conditions would provide valuable information on the morpho-dynamics information, but brings the computation to other extents. It would be expected that the computation time increases linearly with the number of images in the stack, which is not the case in reality. As an example, a convolution between a 2D image (1024x1024 pixels) and a 2D kernel (8x8) computes in 0.1 second, whereas the convolution between a 3D stack (1024x1024x40) and a 3D kernel (8x8x8) computes in 19.4 seconds, increasing almost 200 times the computation time instead of 40.

Carragher et al., made a SWOT (strengths, weaknesses, opportunities and threats) analysis for 3D high-content screening that summarizes the challenges raised by switching from 2D to 3D [START_REF] Carragher | Concerns, challenges and promises of high-content analysis of 3D cellular models[END_REF] [Figure 1.24]. 

State of the art: methods for 3D high content screening

The choice of the imaging modality is usually dictated by the biological question. HCS experiments are achievable using conventional motorized microscopes, but commercial automated platforms offer a more user-friendly experience, with different imaging modalities allowing more flexibility. These setups mainly rely on confocal and wide-field illumination. Major technological advances allowed the expansion of automated screening. The improvement of several microscopy hardware, including auto-focusing and sample positioning, have led to the development of fast, automated microscopes [START_REF] Li | High-throughput imaging: Focusing in on drug discovery in 3D[END_REF]. Many instrumentation providers of 3D HTS/HCS hardware systems, also offer commercial packages including 3D imaging software (Volocity by PerkinElmer, IN Cell Investigator by GE Healthcare Life Sciences or Metamorph by Molecular Devices). Open source software, such as Fiji/ImageJ [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]), Icy (de Chaumont et al., 2012), Napari [START_REF] Sofroniew | napari: a multi-dimensional image viewer for Python[END_REF], also provide 3D image processing capabilities, and are compatible with many operating systems. These software participate to spread and democratize the analysis pipelines for 3D cell cultures. They contain features to precisely measure shapes, volumes, and distances of 3D objects but these analysis pipelines are generally only suitable for low-throughput analysis and would require days or even weeks to compute an entire HCS experiment. There is nowadays an unmet need for user-friendly tools that enable to rapidly interpret large and complex image data sets.

Several projects have used commercial high content screening platform to study 3D samples. For example, Kochanek et al demonstrated that multicellular tumor spheroids better model the in vivo response of tumor using an ImageXpress platform based on widefield illumination [START_REF] Kochanek | High Content Screening Characterization of Head and Neck Squamous Cell Carcinoma Multicellular Tumor Spheroid Cultures Generated in 384-Well Ultra-Low Attachment Plates to Screen for Better Cancer Drug Leads[END_REF]. Czerniecki et al. used an In Cell Analyser to study kidney organoids differentiation [START_REF] Czerniecki | High-Throughput Screening Enhances Kidney Organoid Differentiation from Human Pluripotent Stem Cells and Enables Automated Multidimensional Phenotyping[END_REF]. These 2 systems include a confocal microscopy modality to capture the information in 3D.

However, as explained before, confocal microscopy has limited throughput and penetration depth, and is not fully suited for live imaging due to photo-toxicity. Recently, light-sheet architectures start to appear for high-content screening assays thanks to their high imaging speed, good penetration depth and low photo-toxicity. However, the two-objectives architecture of traditional SPIM leaves limited available space to fit a microplate and can limit the achievable throughput of the method. Eismann et al. presented an imaging platform relying on a dual-illumination SPIM to study the development of 3D cell culture [START_REF] Eismann | Automated 3D light-sheet screening with high spatiotemporal resolution reveals mitotic phenotypes[END_REF].

The soSPIM architecture overcomes the mechanical constraints of conventional twoobjectives SPIM, offering an interesting solution for HCS experiments.

Thesis objectives

The advent of in vitro organoid development has opened new opportunities in understanding the biology of human organ development, showing great promises in drug discovery and personalized medicine. Compared to their 2D counterparts, they accurately mimic physiological and diseased states by reproducing the morphology and function of human organs. Moreover, they represent a good alternative to animal experiments. However, despite the extensive evolution of microscopy over the last decades, 3D live high content screening of organoids is still very challenging.

The soSPIM architecture coupled with the JeWells devices allow the parallelization and standardization of the culture and imaging of 3D samples with different sizes and shapes. The low photo-bleaching rate, fast acquisition speed and one-objective architecture of the soSPIM bring the method as a good candidate for high-content screening experiments. This work is part of a collaborative project, between the team of Jean-Batiste Sibarita in Bordeaux and the group of Virgile Viasnoff in Singapore. It aims to develop an innovative platform for 3D high-content screening of live organoids, grown within the JeWells and imaged using soSPIM, with the aim to provide molecular, cellular and biomechanical insight of the organoid development [Figure 1.25]. More specifically, it consists in incrementing the soSPIM microscopy technique with high-content screening capabilities including automation of the acquisition but also machine-learning-based image analysis tools to extract quantitative data of the organoid growth process with large statistics. The main goal of my PhD project was to upgrade the soSPIM technique with highcontent screening modalities and protocols to enhance imaging capabilities. My project is divided into two main parts: i) soSPIM imaging quality enhancement and ii) automation of the acquisition process for high content imaging.

More particularly, I investigated and implemented methods to optimize soSPIM image quality with the goal to improve the quantitative analysis workflow. For instance, the Gaussian blur, present when performing light-sheet microscopy, can be mitigated by taking advantage of soSPIM architecture to perform multiview imaging. I developed protocols and algorithms to acquire and fuse different views of a same to improve its resolution over the whole field of view. In addition, deconvolution algorithms and structured illumination microscopy can digitally remove the out-of-focus signal. Deconvolution is a mathematical approach that uses the microscope's PSF in order to reassign the out-of-focus photons to their original positions. Structured illumination microscopy uses intensity modulation of the illumination to create a pattern that can be used to reconstruct an image with improved resolution.

In the second part of my thesis, I developed user-friendly tools to perform efficient high-content imaging using the soSPIM system. I implemented a semi-automatic pipeline to help users to quickly investigate and select the 3D cell culture of interest. Another crucial aspect to perform high-content screening is to automatize the acquisition process. soSPIM architecture implies a close link between the lateral position of the mirrors and the axial position of the light-sheet. To automatize the acquisition, I developed an algorithm to accurately measure and correct lateral drift occurring during the acquisition process, to ensure a stable 3D imaging over time at different positions.
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Improving soSPIM imaging performances soSPIM, as any standard light-sheet architecture creates the optical sectioning using a Gaussian beams. However, the light diffraction limits the quality of the raw images we can obtain, which can be detrimental particularly when coupled with image analysis pipelines that need the best resolution possible. In this chapter, I adapted several existing image enhancing methods to soSPIM. Some methods can help improving the resolution of the light-sheet images either by reconstructing images following some specific protocols or by post-processing. soSPIM architecture raises many challenges due to the use of 45°oriented mirrors, but this specificity can also be turned as advantages.

Multiview imaging

Conventional light-sheet architectures rely on Gaussian illumination, which requires a tradeoff between the thickness and the length of the light-sheet [Figure 2.1]. As a consequence, a thin light-sheet, which provides good optical sectioning, diverges quickly and creates blur in some parts of the image. As a consequence, a single acquisition might not be sufficient to accurately observe the entire specimen with optimal optical sectioning. 

Principle

Multiview imaging relies on the acquisition of multiple data sets of the same sample, using different illumination directions, in order to reconstruct an image of the whole sample with the best possible resolution. In this chapter, only the resolution improvement will be studied, however the illumination from one side also induces shadowing effects on SPIM images which is reduced by multiview imaging. It can also produce 3D data with homogeneous resolution [START_REF] Swoger | Multiple imaging axis microscopy improves resolution for thick-sample applications[END_REF], Verveer et al., 2007).

Multiview imaging can be performed by mechanically rotating the sample (around the axial direction) between each acquisition [START_REF] Swoger | Multi-view image fusion improves resolution in three-dimensional microscopy[END_REF]. However, this method suffers from the lack of precision of the rotation system leading to misalignments of the different views. Image registration algorithms can correct this issue, but they are generally computationally intensive and require fiduciaries within the sample. Other problems come with the mounting system being slower than the imaging speed, limiting the throughput of the method and its capability to observe fast dynamics. A different approach consists in using additional objectives and detectors [Figure 2.2]. The multidirectional SPIM (mSPIM) was the first architecture to incorporate a second objective to sequentially acquire another view of the sample [START_REF] Huisken | Even fluorescence excitation by multidirectional selective plane illumination microscopy (mSPIM)[END_REF]. Therefore, half of the FoV is illuminated with a thin light-sheet without compromising the resolution of the final image. Adding a second objective virtually increases the light-sheet's waist length without altering its thickness. It only doubles the illumination and acquisition time, and slightly increases the photo-bleaching inflicted to the sample. To perform a full coverage of the sample, this method still requires to perform at least one rotation of the specimen to acquire the second half [Figure 2.2]. In the multiview SPIM (MuVi-SPIM), developed by Krzic et al., a second detection path was added to the system [START_REF] Krzic | Multiview light-sheet microscope for rapid in toto imaging[END_REF]. It is therefore possible to reconstruct the entire sample without rotation, by sequentially acquiring and fusing the 4 different views [Figure 2.2]. In this last configuration, reconstructions are less computationally intensive than the rotation-based methods. However, increasing the number of objectives drastically complexifies the alignment of all the optical paths and reduces the available space around the sample. Several other multiview implementations have been developed [START_REF] Tomer | Quantitative high-speed imaging of entire developing embryos with simultaneous multiview light-sheet microscopy[END_REF][START_REF] Schmid | High-speed panoramic light-sheet microscopy reveals global endodermal cell dynamics[END_REF][START_REF] Pitrone | OpenSPIM: an open-access light-sheet microscopy platform[END_REF], combining different illumination modalities, such as confocal or two-photons [START_REF] Medeiros | Confocal multiview light-sheet microscopy[END_REF][START_REF] Truong | Deep and fast live imaging with two-photon scanned light-sheet microscopy[END_REF], with the goal to further improve the sectioning capability.

soSPIM-based multiview imaging using JeWells

One part of my thesis project was to implement tools and protocols to perform multiview imaging using the combination of the soSPIM architecture and the JeWells geometry. With their pyramidal shape, the JeWells provide a native access to four different illumination directions [START_REF] Co%3b2-O. Vermeulen | Out-of-focus background subtraction for fast structured illumination superresolution microscopy of optically thick samples[END_REF]90,180,270) of the sample trapped into the well [Figure 2.3]. Each mirror acts as an independent virtual excitation objective. Compared to other multiview methods introduced earlier, this configuration only uses one objective, and doesn't require any registration algorithm, making it much simpler, and facilitating the access to the sample. 

JeWells alignment

To make the multiview imaging straightforward, it is important that all the four mirrors are exactly at 45°from the optical axis of the objective. The stage and coverslip tilts (when glued onto the petri dish) but also the JeWells are all sources of tilt which can lead to important issues for multiview imaging. If the angle between the mirrors and the objective's optical axis is not exactly 45°, the illumination plane will not be co-planar with the objective's imaging plane [Figure 2.4]. In the case of single view imaging, this tilt can be compensated optically by adjusting the Fourier mirror to recover an orthogonal illumination [Figure 2.4]. However, this is no longer possible in the case of multiview imaging, as the Fourier mirror is not motorized and cannot correct the angle for both mirrors at the same time [Figure 2.4]. Motorizing the Fourier mirror would solve this issue, but at the expense of a painful calibration procedure. To overcome this limit, I implemented a simple method to correct the tilt of the coverslip to guaranty all the four mirrors to be at the same height and at 45°angle with the optical axis. It is based on the interesting property of imaging the JeWells in bright field imaging. They display specific cross patterns with a sharp contrast inversion, formed by the edges of the pyramid in the focal plane [Figure 2.5]. These patterns are moving with the imaging depth, informing both on the position of the focal plane and the angle between the JeWells and the optical axis. A simple way to adjust the angle of the coverslip with the optical axis of the microscope is by directly tilting the stage. As the precision to determine and correct the angle from a single JeWell is limited, the angle is determined on a longer distance by performing a quick scan-slide in transmission mode over the whole JeWell device [Figure 2.5]. The tilt of the stage is simply performed using screws, located at each corner of the microscope's stage, acting as levers. One corner position is left untouched and serves as a reference for the alignment protocol. The position of the cross pattern is retrieved on the other corners by adjusting their screws. At the end of the protocol, the same pattern is observed over the whole device, indicating that the tilt has been corrected.

Multiview acquisition

Once the JeWells are perfectly aligned with the microscope's optical axis, each light-sheet of the multiview needs to be calibrated to be co-planar with the imaging plane. First the Fourier mirror is adjusted for one of the mirrors to ensure that the illumination is orthogonal with the optical axis. By using the fluorescence signal of the sample, each light-sheet, corresponding to each mirror, is calibrated to illuminate the same plane for a given axial position. A comparison of the nuclei segmentation of two opposing views have been performed to demonstrate the co-planarity of the system after the protocol of the stage alignment [Figure 2.6]. The segmentation shows a 98% of similarity between the two sides, when the waists are at the middle of the sample. To perform multiview imaging, the waist of each light-sheet is positioned and adjusted in such a way that the whole sample is optimally covered. Multiview imaging is then performed sequentially. To avoid potential drifts between each side illumination, we acquired all the views for each plane before moving to the next plane. We could typically perform a 4 views acquisition of 2048x2048 pixels images with 50 planes (100ms of exposure time per plane) in around 160 seconds. This is slow compared to the single side illumination (about 5 seconds for 100ms exposure time), as it still does not operate in streaming mode. We expect in the future to collect the 4 views in about seconds for 100ms exposure time. After the multiview acquisition, the 4 different 3D stacks are fused to reconstruct a sharp volume of the sample on the whole field of view. I developed a dedicated 2-steps reconstruction algorithm, including an intensity normalization followed by data fusion [Figure 2.7].

Multiview reconstruction

Intensity normalization

Before fusion, the intensities of each image need to be normalized. Indeed, it sometimes happens that the mirrors don't have the same reflection quality, or the laser is being clipped through the optical path of the soSPIM, reducing the excitation signal from one side to another. Normalizing the intensity of all the views is therefore a crucial step before fusion. Normalization if performed by computing the following ratio ↵ i for each view:

↵ i = I i max I i min Max(I j max I j min ) (2.1)
where I i max and I i min are the max and min intensities of the image I i respectively, and (I i max I i min ) is the contrast of the image I i . The image with the highest contrast has ↵ i = 1. Then, each view is corrected using the following normalization:

I i corr = ↵i.(I i I i min ) (2.2)
This normalization brings the intensity curves close to each other, ensuring an optimal reconstruction [Figure 2.8]. 

Data fusion

After the normalization step, multiview images are fused. The combination of JeWells and soSPIM architectures precludes the need of a registration step.

The multiview images cannot simply be averaged, as sharp and blurry parts will have the same weight. For optimal reconstruction, we therefore need to keep only the parts of the images with the sharpest contribution. We configured the system to ensure that the light-sheet issued from each mirror covers the same area of the sample, with the sharp area located in the first half of the image [Figure 2.9]. In the center of the image, we can consider that each view contributes about 25% of the total intensity. Data fusion is achieved using the following 1D sigmoid function:

f (x) = A. 1 1.e µx (2.3)
With x the position of the pixel along the light path, A the magnitude of the sigmoid (fixed at A = 1), and µ the slope parameter [Figure 2.9]. Applying this sigmoid function to all the pixels along the light path, creates a gradient of intensity mimicking the contribution of each view [Figure 2.9]. I experimentally adjusted the slope and magnitude of the function in order to keep a quarter of the initial image intensity at the center. After applying the sigmoid to each view, all the images are summed to obtain the final reconstruction.

This reconstruction algorithm can be used for N = 2 views (left-right or top-bottom illuminations), or for N = 4 views experiments. The Figure 2.10 shows an example of a multiview reconstruction performed on human embryonic stem cells (hESCs) pre-encapsulated in alginate capsules to form coreless cysts, provided by TreeFrog Therapeutics. The encapsulated cells were grown outside the JeWells and the capsules were seeded in JeWells with large top openings (215µm). After reconstruction, we can see the improved resolution over the whole field of view. In the two-view reconstruction, we can still observe a remaining blurry part in the center of the image, while the four-view reconstruction is sharp on the whole field of view. The Figure 2.10 shows the intensity profiles of the following different images: single view-right illumination, left-right fusion, top-bottom fusion and 4-view fusion. As expected, the Top-Bottom reconstruction gives worse results compared to the Left-Right reconstruction. However, we can also observe that the 4-views reconstruction shows a less sharp reconstruction compared to the left-right reconstruction. This is due to the orthogonal view's blurry contributions (here Top-Bottom), illustrating the 1D sigmoid is not optimal for 4 views reconstruction. With the 1D sigmoid we can observe a remaining halo around the sample coming from the contribution of the orthogonal views of the light-sheet direction. We see the effect of this contribution on the reduced intensity of the 4 views reconstruction compared to 2 views. This issue is corrected when using 2D sigmoid for the reconstruction..

We then optimized the reconstruction algorithm for the four views imaging by using the following 2D sigmoid function: x+y) .

f (x, y) = A. 1 1 + e µ(
1 1 + e µ(x y) (2.4)
The triangular shaped gradient of the 2D sigmoid function [Figure 2.9] removes the blurry contributions of the orthogonal views [Figure 2.10], allowing optimal four-views reconstruction.

Automation and optimization

Automation I automatize the multiview acquisition pipeline in order to perform the reconstruction during the acquisition process. Once all the 2 or 4 views acquired, they are reconstructed "on the fly" before moving to the next JeWell. I optimized the processing time by multi-threading the sigmoid processing of each view, increasing the acquisition time by 50% [Figure 2.11]. 

Deconvolution

Deconvolution is an computerized method for restoring the information corrupted during the image formation process. Initially developed for astronomy applications, it has spread in microscopy during the 80s, and has since become a key image processing tool the visualization of bio-images. In microscopy, the image is corrupted by optical blur occurring during the image formation due to diffraction, as well as noise. Deconvolution aims at digitally increase the spatial resolution and enhance the image details, in order to facilitate the segmentation and quantitative analysis [START_REF] Sibarita | Deconvolution Microscopy[END_REF]. In this chapter, I will present the challenges for implementing deconvolution into the soSPIM image processing pipeline, and more especially the crucial step of experimental characterization of the point spread function. I will illustrate this work with some preliminary results. In microscopy, the degradation process of an image can be modeled as convolution operator, which acts with the noise N to produce a distorted image i from an ideal image o. The knowledge of the noise N is generally limited to its statistical nature; as seen in chapter 1.2, it follows a Poisson distribution, but can be approximated as a Gaussian additive distribution. The image formation of an image can be mathematically described as a 3D convolution, corrupted by noise:

i(x, y, z) = N (h(x, y, z) ⇤ o(x, y, z)) (2.5)
where i is the acquired image, o the object observed, h the PSF and N the noise operator. This equation describes how the observed object is blurred by the PSF and degraded by the noise during the image formation process. As seen in the chapter 1.2, the convolution between two functions in the spatial domain is the product of their respective Fourier transforms in the frequency domain.

F{h(x, y, z) ⇤ o(x, y, z)} = H(u, v, w).O(u, v, w) (2.6)
with H and O are the Fourier transform of h and o respectively. In absence of noise, an obvious way to reverse the convolution equation to recover O given I and H, would be to simply divide I by H.

b o = F 1 ⇢ I H (2.7)
However, in practice this inversion leads to divisions by small values, amplifying the noise and thus creating artifacts in the restored image. Wiener filtering is another direct inversion approach to deconvolve an image, adding a damping factor to the previous equation:

b o = F 1 ⇢ |H| 2 |H| 2 + 1 SNR . I H (2.8)
where SNR is an estimate of the image signal-to-noise ratio. In the absence of noise, the SNR becomes infinitely high, and Wiener filtering becomes equivalent to the equation 2.7. This restoration method has the advantage to require low computational power, but is really sensitive to the PSF accuracy. Any problem on the PSF estimation can be source of artifacts, mainly coming from the lack of constraints in the method. This results in practice that a unique solution of the object cannot be directly recovered, and iterative algorithms are usually preferred an perform better. Deconvolution is an ill-posed invert problem, with multiple solutions; the output of deconvolution is usually an estimate of the object b o, closer to the observed object o than the acquired image i.

The Richardson-Lucy (RL) deconvolution [START_REF] Richardson | Bayesian-Based Iterative Method of Image Restoration*[END_REF][START_REF] Lucy | An iterative technique for the rectification of observed distributions[END_REF] is one of the most popular restoration algorithm in microscopy. It uses the previous estimated image as well as the PSF, to further infer a new estimate, until it reaches convergence to an ideal solution. It is defined by:

b o k+1 = b o k .  h ⇤ i h ⇤ b o k (2.9)
The non-negativity of the results is naturally ensured by the algorithm without adding any constraint. However, RL algorithm converges slowly and requires high computational resources, as it necessitates two 3D convolutions per each iteration. Moreover, in the case of low SNR images, the algorithm is known to amplify the noise along the iterations, and generate artefactual texture (Boutet de [START_REF] Boutet De Monvel | Image Restoration for Confocal Microscopy: Improving the Limits of Deconvolution, with Application to the Visualization of the Mammalian Hearing Organ[END_REF].

To overcome these issues, other methods added regularization terms to RLD to counterbalance the noise amplification and increase its converging speed. This is the case of the Tihkonov-Miller regularization algorithms (Tikhonov, 1963, van Kempen and[START_REF] Van Kempen | Mean and variance of ratio estimators used in fluorescence ratio imaging[END_REF], the Richardson-Lucy with total-variation regularization [START_REF] Dey | Richardson-Lucy algorithm with total variation regularization for 3D confocal microscope deconvolution[END_REF], or the maximum-entropy regularization (Boutet de [START_REF] Boutet De Monvel | Image Restoration for Confocal Microscopy: Improving the Limits of Deconvolution, with Application to the Visualization of the Mammalian Hearing Organ[END_REF]. Deconvolution algorithms usually require the precise estimate of the PSF to infer the object. However, as we will see below, experimental PSF is not always easy to extract experimentally or analytically. Blind deconvolution algorithms have been developed to overcome this issue (Conchello andYu, 1996, Fish et al., 1995). They allow to both estimate the object o and the PSF h from the data alone, starting from an initial PSF model, usually theoretical. These methods are generally more time consuming than the standard approaches, but can still produce better results than deconvolution algorithms with incorrect PSF models. They are particularly useful when the PSF information is unknown, or for non-specialists, but will always perform less efficiently than models with known PSF. This is not a recommended solution in microscopy, since PSF measurement, beside the deconvolution, is highly informative about the image quality and potential optical aberrations. PSF should systematically be measured to assess if the microscope's performance is optimal.

Point Spread Function extraction

The most important information for deconvolution is the PSF. It describes the microscope's blurring function, and it is, with the blurred image, the known function in the convolution equation of image formation [2.5] and the deconvolution algorithms [2.9]. An accurate PSF estimation is mandatory to perform deconvolution, and an incorrect estimation of the PSF can lead to important artifacts in the restored image.

The PSF can either be calculated theoretically, measured experimentally, or extracted analytically from experimental data.

Theoretical models have two main advantages: they avoid experimental PSF extraction, generally time consuming, and produce noise-free results. Software such as PSFGenerator (available on Fiji, Icy and Matlab) give access to several models to accurately calculate the 3D PSF at several depths away from the coverslip [START_REF] Kirshner | 3-D PSF fitting for fluorescence microscopy: implementation and localization application: 3-D PSF FITTING FOR FLUORESCENCE MICROSCOPY[END_REF]. They generally need precise knowledge of optical setup parameters such as: the numerical aperture, the emission wavelength, the objective to object distance, the coverslip thickness, the refractive indexes of the immersion and sample media. However, they only apply to perfect lenses and well defined and calibrated optical paths, which is rarely the case experimentally. Even in ideal conditions, experimental PSF can differ from the theoretical model, which can result in artifacts during the deconvolution process. The theoretical PSF describes the ideal PSF, but cannot substitute the experimental measurement, unless they are very similar [Figure 2.14]. Experimentally, there are many sources of optical aberrations that can degrade the PSF, such as refractive index mismatch, objective imperfections or changes of temperatures (room temperature or 37°C for live experiments). PSF can be extracted experimentally by acquiring high SNR images of sub-resolution fluorescent beads, acting as point sources. To accurately measure experimental PSF for deconvolution, it is necessary to prepare and acquire the beads under the same conditions as the sample (mounting medium and sampling). Signal to noise must be as high as possible to avoid noise artefacts. The solution of beads is diluted to statistically ensure that PSF are well separated from each others, avoiding any overlap. 3D sampling (i.e. voxel size) needs to be similar to the acquisitions, and verify the Nyquist sampling theorem:

xy  rxy 2 and z  rz 2 (2.10)
with the sampling for a given resolution r [START_REF] Shannon | Communication in the Presence of Noise[END_REF]. Ideally, as deconvolution aims at improving the resolution in the range of 2x, a minimum of 2x oversampling is recommended, at least in the axial direction, as the pixel size cannot always be modulated depending on the magnification. Also, the excitation power and exposure time need to be adjusted to maximize the dynamics and minimize the noise with respect to the signal, without saturating it. It is also recommended to perform several acquisitions of the same or different beads, and average them together in order to increase the SNR. Experimental PSFs are more accurate than theoretical ones, but require rigorous preparation and experimental handling. Beside its requirement for deconvolution, experimental PSF is highly recommended to check for any potential optical issue of the instrument [Figure 2.15]. An optimal solution is to make the best use of both approaches by fitting an analytical model to the experimental PSF. This approach allows to get precise information on potential aberrations and get rid of the noise.

Challenges for deconvolution of LSFM data

As any standard light-sheet microscope, soSPIM relies on a Gaussian illumination beam to perform the optical sectioning. As seen in the chapter 1.2, the PSF of a LSFM is given by the product between the excitation beam profile and the detection objective PSFs. This means that the PSF may vary axially across the field of view with the excitation light-sheet profile [Figure 2.16]. Standard deconvolution algorithms, as described earlier, rely on space invariant PSF across the whole volume. Space-varying deconvolution raises important challenges:

1. It requires the precise determination of the PSF at any place of the volume to deconvolve, which is not easy experimentally and time consuming. 2. Fast deconvolution algorithms relying on FFT cannot be used anymore to process the whole volume in a single block. The use of block deconvolution with local PSF followed by data fusion is still possible but more complex and time consuming. 3. Even when using a good local PSF model, deconvolution will still perform poorly in areas where the blur is stronger, compared with areas with good sectioning, making the final reconstructed image non isotropic.

Several approaches of deconvolution algorithms with space varying PSF have been developed. Some rely on the computational variation of the PSF, either by representing the depth-varying optical aberrations to reconstruct the PSF at specific depth [START_REF] Arigovindan | A Parallel Product-Convolution approach for representing the depth varying Point Spread Functions in 3D widefield microscopy based on principal component analysis[END_REF][START_REF] Patwary | Image restoration for three-dimensional fluorescence microscopy using an orthonormal basis for efficient representation of depth-variant point-spread functions[END_REF][START_REF] Maalouf | Fluorescence microscopy threedimensional depth variant point spread function interpolation using Zernike moments[END_REF], or by using varying blind deconvolution algorithms to locally calculate both the PSF and the deconvolved image (Ben Hadj et al., 2014, Kim and[START_REF] Kim | Blind Depth-variant Deconvolution of 3D Data in Wide-field Fluorescence Microscopy[END_REF]. These approaches are generally slow and computationally intensive. More recently, deep learning-based deconvolution algorithms have started to appear to propose similar results but with faster algorithm [START_REF] Sureau | Deep learning for a space-variant deconvolution in galaxy surveys[END_REF][START_REF] Khan | Unsupervised Deconvolution Neural Network for High Quality Ultrasound Imaging[END_REF][START_REF] Yanny | Deep learning for fast spatially varying deconvolution[END_REF]. However, most of these algorithms only apply to variations along the z-axis, which is insufficient in the case of light-sheet data. Some of the previous approaches are getting adapted to light-sheet images. For example, Becker et al., presented a deconvolution algorithm suited for low magnification objectives (from 1x to 20x) , which models the PSF, and remove the need to experimentally measure it [START_REF] Becker | Deconvolution of light sheet microscopy recordings[END_REF]. However, the main straightforward way to perform deconvolution to light-sheet microscopy data remains by decomposing the 3D images in spatially invariant blocks and use a local PSF [START_REF] Ancora | Beyond multi view deconvolution for inherently aligned fluorescence tomography[END_REF][START_REF] Furieri | Aberration measurement and correction on a large field of view in fluorescence microscopy[END_REF]. Another solution to ensure a spatially invariant PSF, is to combine classical PSF invariant deconvolution with multiview acquisition [Figure 2.16]. Images are divided into blocks corresponding to the different views, registered, fused and finally deconvolved in a single volume [START_REF] Hüpfel | Two plus one is almost three: a fast approximation for multi-view deconvolution[END_REF][START_REF] Rubio-Guivernau | Wavelet-based image fusion in multi-view three-dimensional microscopy[END_REF][START_REF] Guo | Rapid image deconvolution and multiview fusion for optical microscopy[END_REF][START_REF] Preibisch | Efficient Bayesian-based multiview deconvolution[END_REF].

Another problem of light-sheet-based deconvolution is the precise determination of the experimental PSF in depth. This is important in order to take into account the optical aberrations away from the coverslip. In the case of soSPIM, the beads need to be embedded in a gel, with the same refractive index as the sample, inside the JeWells to fix their positions within the volume and image them in 3D. Both the sample preparation and the imaging are challenging: First, gels being viscous media, it makes them difficult to enter inside the JeWells with tiny apertures. Indeed, too high density of beads makes the PSF extraction impossible due to the PSF overlapping, and the beads to aggregate to each other's; too low concentration makes it difficult to find beads in the volume. The acquisition of the PSF is also particularly demanding with the soSPIM, as any tilt of the light-sheet or shift in its calibration will impact the shape of the PSF. This is however also the case for the sample acquisition to perform soSPIM images with optimal native resolution.

A part of my work aimed at simplifying the PSF extraction by developing specific protocols for soSPIM. I tested 2 different methods for generating the PSFs: the first one using the standard approach with beads embedded in a gel, and the second one generating a soSPIM PSF model, based on an experimental PSF acquired at the coverslip.

Experimental PSF extraction

The standard protocol to prepare beads samples (TetraSpeck microspheres, 0.1µm, ref: T7279) in the JeWells starts by immersing the JeWells in distilled water and vacuum to remove the air inside. The beads are embedded in a 3% agarose gel formed by mixing 30mg of agar in 1mL of distilled water. To ensure enough beads in the JeWells, 5µL of bead's solution is mixed in 200µL of the agarose solution. The water on top of the JeWells is partly removed and replaced by the agarose solution, making sure that no bubble is forming inside the gel. The solution jellifies after 5min at room temperature. The light-sheet is carefully calibrated and orthogonal to the optical axis by adjusting the Fourier mirror. Image stacks of beads are acquired with 0.5µm z-steps for a total thickness of 40µm. Each stack is acquired 10 times, with a high SNR, for averaging and noise reduction.

Another solution, to simplify the sample preparation protocol and ensure that the agarose gel enters in the JeWells without bubbles formation, is to use JeWells that are not already glued to the glass coverslip, and use the gel to fix the device. The gel solution with the beads prepared in the previous protocol is put on the coverslip first. Then, the JeWell device is put on top of the gel and pushed down to the coverslip using tweezers. The JeWells will stay glued to the glass coverslip after jellification of the solution. That way, the solution can fill the JeWells from the bottom instead of the top, preventing the creation of bubbles.

Using the bead samples prepared using this last protocol, I could acquire several PSFs that I used for system characterization and deconvolution. The Figure 2.17 illustrates the effect of the soSPIM optical sectioning on the PSF compared to wide-field, with strong reduction of the out-of-focus rings contributing to the axial blur.

Estimation of soSPIM PSF model

As already mentioned earlier, light-sheet microscopy PSF is the product of the excitation beam profile with the objective PSF. We used this property to try simplifying the sample preparation and the acquisition protocols for PSF extraction, which can be fastidious as described before. We first characterized the widefield PSF at the glass coverslip. Indeed, it is much easier to prepare and measure the widefield PSF at the coverslip, compared to in depth by soSPIM. Then, we measured the experimental soSPIM excitation beam profile by imaging the excitation beam in a fluorescent solution. The light-sheet thickness can then be measured all along the field of view as the full width at half maximum (FWHM) of the intensity profiles in the perpendicular direction of the beam [Figure 2.18]. By combining the PSF extracted at the coverslip, with the light-sheet profiles, it is possible to extract the soSPIM PSF as it would be at the glass coverslip, all along the field of view. In order to obtain a noise-free PSF model from an experimental PSF, we used ZOLA-3D, a Fiji plugin developed by Aristov et al. [START_REF] Aristov | ZOLA-3D allows flexible 3D localization microscopy over an adjustable axial range[END_REF]. This plugin allows modelling the PSF from an experimental stack of images of fluorescent beads, and additional experimental information about the acquisition (e.g. objective's NA, magnification, sampling. . . ). Our setup uses a sCMOS camera for the image acquisition, which requires a specific calibration to be used with ZOLA-3D (see Appendix protocols). The modelling takes few seconds on a GPU, and usually performs well with widefield PSFs located at the coverslip [Figure 2.19]. Here, we compare an experimental soSPIM PSF acquired in depth with a semi-analytical PSF at the coverslip. We can measure slight differences in shape between the two. The experimental PSF is 12% and 6% larger than the semi-analytical PSF laterally and axially respectively. These differences are coming from the aberrations not accounted. A realistic model of the PSF accounts for optical aberrations of the system, which are depth-dependent. To reconstruct the PSF, ZOLA relies on a phase retrieval method based on the measurement of the Zernike polynomials, a mathematical description of the optical wavefront propagating through a circular pupil [START_REF] Lakshminarayanan | Zernike polynomials: a guide[END_REF]. This model allows recovering the magnitude of each optical aberration independently and is used in ZOLA to reconstruct the phase of a given experimental PSF [START_REF] Aristov | ZOLA-3D allows flexible 3D localization microscopy over an adjustable axial range[END_REF]. Therefore, the plugin is particularly interesting to reconstruct a PSF in depth from a measurement at the coverslip. However, we are currently investigating issues encountered when reconstructing PSF in depth with ZOLA. We expect to observe an evolution of the aberration regarding the depth of the generated PSF (mainly coming from the spherical aberration contribution). However, the generated PSF demonstrate an identical phase at the coverslip and at 50µm. We still wanted to study the improvement obtained by applying deconvolution to our images with both PSF (experimental and semi-analytical).

Deconvolution using soSPIM

Beads sample

As a first experiment to assess the potential gain of deconvolution, we deconvolved a 3D stack of beads in gels acquired with the soSPIM using the experimental and semi-analytical PSFs [Figure 2.21]. [START_REF] Sage | DeconvolutionLab2: An open-source software for deconvolution microscopy[END_REF]. A 3D stacks of beads with high SNR was deconvolved [Figure 2.21]. soSPIM PSF was extracted using the protocols previously described above. The semi-analytical PSF was generated, from a widefield PSF averaged 10 times, using ZOLA-3D with 28 Zernike coefficients and 30 iterations. Deconvolution was applied on the same stack using the 2 different PSF models, and lateral and axial resolutions (i.e. FWHM on bead profiles), before and after deconvolution, was computed on isolated beads (N = 100) using Gaussian fitting. Axial resolutions were performed on xz cross-sections. On this ideal bead sample, we can see that the deconvolution significantly improves the lateral resolution of the images by ⇠40%, and the axial resolution by ⇠60% [Table 2.1]. We can notice very similar improvements using both PSF models, illustrating the robustness of the Richardson-Lucy algorithms with the PSF model. Finally, we can however also notice some important variability of the axial resolution (⇠20%), before and after deconvolution, which are certainly due to the non-homogeneity of the light-sheet thickness along the FOV, leading to a poorer deconvolution quality in the more blurry part of the image using a PSF extracted in the waist of the light-sheet.

We then performed deconvolution on real biological samples. We used preencapsulated organoid provided by TreeFrog that were fixed, and stained by DAPI and Phalloidin to reveal the nuclei (at 405nm) and the subcortical actin network (at 640nm) respectively. The sample was acquired and reconstructed in multiview (4 views) using a 20x 0.75NA objective. Only one view of the sample was first deconvolved, using the standard Richardson-Lucy algorithm using 50 iterations, with both PSF models [Figure 2.22]. As expected, we can quickly observe that only the sharp part of the image (left) has been improved, whereas the blurry part stays the same. Thus, the reconstructed multiview image got deconvolve with the same parameters and some highlighted areas [Figure 2.22]. These first deconvolutions on the nuclei images illustrate a clear improvement of the image contrast compared to the initial image, using both PSFs. However, we can notice that the deconvolution using the semi-analytical PSF shows more artifacts on the images. This can be explained by the use of a PSF model that doesn't take into account properly the optical aberrations and the noise explosion. The deconvolution on the actin network structures provided better results, revealing thinner structures [Figure 2.23]. Similarly, and for the same reasons, the deconvolution using the experimental PSF provided better results compared to the semi-analytic PSF. The first deconvolution results obtained on the soSPIM images are encouraging. We are still working on the PSF reconstruction, as we are still not able to account for the indepth optical aberrations yet in the semi-analytical PSF. Ultimately, this method will offer the advantage of being versatile, as it will be able to predict the PSF at any place on the sample in 3D, just by characterizing the widefield PSF at the glass coverslip and measuring the excitation profile for a given experiment, ensuring an optimal deconvolution. However, the model we are developing also has its limits, since it only takes into account the aberrations induced by the diffraction of light. The diffusion of light is another degradation effect, occurring when the samples . More especially in the 3D cell cultures, where the density of cells is not homogeneous and generate local degradation of the PSF, which cannot be modeled experimentally or theoretically.

Solutions exist to reduce the contribution of the aberrations. Adaptive optics is an hardwarebased method which aims at actively measure and compensate the aberrations on the images [START_REF] Bourgenot | 3d adaptive optics in a light sheet microscope[END_REF][START_REF] Hubert | Adaptive optics light-sheet microscopy based on direct wavefront sensing without any guide star[END_REF][START_REF] Jorand | Deep and clear optical imaging of thick inhomogeneous samples[END_REF]. It requires to adapt the optical path of the system which can be difficult to setup. Other methods consist in homogenizing the refractive indexes of the sample, which is called optical clearing [START_REF] Costa | Optical clearing methods: An overview of the techniques used for the imaging of 3d spheroids[END_REF][START_REF] Masson | High-resolution in-depth imaging of optically cleared thick samples using an adaptive spim[END_REF]. Many protocols exist but its important toxicity limits their application to fixed samples. Still, we are currently investigating some of them to reduce the diffusion contribution in our images.

Structured illumination microscopy (SIM)

We investigated an alternative method to improve the sectioning capability by structured illumination.

Structured illumination microscopy (SIM)

Structured illumination microscopy (SIM) is a method based on Moiré effect to improve spatial resolution (SR-SIM) [START_REF] Heintzmann | Laterally modulated excitation microscopy: improvement of resolution by using a diffraction grating[END_REF][START_REF] Gustafsson | Surpassing the lateral resolution limit by a factor of two using structured illumination microscopy[END_REF][START_REF] Gustafsson | Three-Dimensional Resolution Doubling in Wide-Field Fluorescence Microscopy by Structured Illumination[END_REF] and optical sectioning (OS-SIM) (Neil et al., 1997, Heintzmann and[START_REF] Heintzmann | High-resolution image reconstruction in fluorescence microscopy with patterned excitation[END_REF]. Basically, Moiré fringes are the result of superposition of two fine patterns ; If one of the patterns is known, the Moiré fringes provide information about the other pattern. In structured illumination microscopy, the unknown pattern represents the fluorescent object, whereas the known pattern is a well-defined periodic structured light modulation. The observed image is the product of the two patterns in the form of Moiré fringes. Other methods, such as HiLo [START_REF] Lim | Optically sectioned in vivo imaging with speckle illumination HiLo microscopy[END_REF], acquire a standard widefield image and a second image with an unknown pattern (generally laser speckle illumination). From this, it is possible to only extract the in-focus information out-of the widefield image [START_REF] Lim | Optically sectioned in vivo imaging with speckle illumination HiLo microscopy[END_REF]. The sample is illuminated with a periodic pattern with a known frequency [Figure 2.24] ( Wu andShroff, 2018, Gong et al., 2021). The pattern can be generated with different methods, the most basic implementations use diffraction grating [START_REF] Heintzmann | Laterally modulated excitation microscopy: improvement of resolution by using a diffraction grating[END_REF][START_REF] Gustafsson | Surpassing the lateral resolution limit by a factor of two using structured illumination microscopy[END_REF][START_REF] Gustafsson | Three-Dimensional Resolution Doubling in Wide-Field Fluorescence Microscopy by Structured Illumination[END_REF], but are generally slow [START_REF] Shao | Super-resolution 3d microscopy of live whole cells using structured illumination[END_REF]. Faster implementations use spatial light modulators (SLM) [START_REF] Fiolka | Structured illumination in total internal reflection fluorescence microscopy using a spatial light modulator[END_REF][START_REF] Förster | Simple structured illumination microscope setup with high acquisition speed by using a spatial light modulator[END_REF][START_REF] Chang | Isotropic image in structured illumination microscopy patterned with a spatial light modulator[END_REF], interferometric systems [START_REF] Best | Structured illumination microscopy of autofluorescent aggregations in human tissue[END_REF][START_REF] Liu | Threedimensional super-resolution imaging of live whole cells using galvanometer-based structured illumination microscopy[END_REF][START_REF] Hinsdale | High-speed multicolor structured illumination microscopy using a hexagonal single mode fiber array[END_REF] or more recently digital micromirror devices (DMD) [START_REF] Brown | Multicolor structured illumination microscopy and quantitative control of polychromatic coherent light with a digital micromirror device[END_REF][START_REF] Sandmeyer | DMD-based super-resolution structured illumination microscopy visualizes live cell dynamics at high speed and low cost[END_REF]. The modulation of the pattern is key to reconstruct an optimal image: it needs to be highly contrasted with a precise phase. In the simplest configuration for 3D sectioning, a sequence of images is acquired by shifting the grid pattern in the lateral direction to homogeneously cover the sample. A demodulation algorithm allows reconstructing the image of the object, removing the out-of-focus information.

SIM has the advantage to be flexible on the sample preparation, as it only requires a fluorophore resistant to photo-bleaching, and is compatible with live cell imaging. One difficulty of SIM comes with the number of images that needs to be acquired, which limits the temporal frequency of the method [START_REF] Kner | Superresolution video microscopy of live cells by structured illumination[END_REF]. At least 3 images (with phase shifts of 0, 2⇡/3 and 4⇡/3) are required to improve the resolution in one dimension, and 9 for a 2D image [Figure 2.24]. Further rotations of the pattern are also required to perform super-resolution SIM (SR-SIM), allowing to improve the lateral resolution up to two times. This can be detrimental particularly for fast live imaging applications, as objects movement during the multiple image acquisition process can lead to reconstruction artefacts. 3D SIM requires even more experimental dedication, as the illumination modulation also needs to be applied axially [START_REF] Gustafsson | Three-Dimensional Resolution Doubling in Wide-Field Fluorescence Microscopy by Structured Illumination[END_REF][START_REF] Co%3b2-O. Vermeulen | Out-of-focus background subtraction for fast structured illumination superresolution microscopy of optically thick samples[END_REF], further increasing the number of images required to reconstruct an image, increasing the acquisition time and the photo-bleaching. More recent methods have been implemented to accelerate the acquisition process by reducing the number of images [START_REF] Wu | Faster, sharper, and deeper: structured illumination microscopy for biological imaging[END_REF][START_REF] Meiniel | Reducing data acquisition for fast Structured Illumination Microscopy using Compressed Sensing[END_REF][START_REF] Co%3b2-O. Vermeulen | Out-of-focus background subtraction for fast structured illumination superresolution microscopy of optically thick samples[END_REF]. 3D-SIM is sensitive to optical aberrations, as they can degrade the illumination pattern. Some solutions have been developed either by using adaptive optics [START_REF] Pedrazzani | Sensorless adaptive optics implementation in widefield optical sectioning microscopy inside in vivo Drosophila brain[END_REF][START_REF] Arigovindan | Effect of depth dependent spherical aberrations in 3D structured illumination microscopy[END_REF] or applying post-processing [START_REF] Co%3b2-O. Vermeulen | Out-of-focus background subtraction for fast structured illumination superresolution microscopy of optically thick samples[END_REF]. SIM was initially developed for widefield microscopes, but they have been used with other illuminations, especially light-sheet microscopes. Light-sheet-based SIM have been used with Gaussian beam illumination, but also with non-diffractive Bessel beams and lattice pattern [START_REF] Keller | Fast high-contrast imaging of animal development with scanned light sheet-based structured illumination microscopy[END_REF][START_REF] Planchon | Rapid three-dimensional isotropic imaging of living cells using Bessel beam plane illumination[END_REF][START_REF] Zhao | Cellular imaging of deep organ using two-photon Bessel light-sheet nonlinear structured illumination microscopy[END_REF][START_REF] Chen | Lattice light-sheet microscopy: Imaging molecules to embryos at high spatiotemporal resolution[END_REF], providing thinner and longer optical sectioning. Digital Laser Scanning Light Sheet (DSLM) are generally preferred since they provide more flexibility to generate illumination patterns [START_REF] Keller | Fast high-contrast imaging of animal development with scanned light sheet-based structured illumination microscopy[END_REF].

soSPIM-based SIM

We initiated a proof-of-concept experiment in collaboration with Rainer Heintzmann (Jena, Germany) to investigate the combination of SIM and soSPIM to remove the out-of-focus signal. The periodic illumination patterns were generated by modulating the laser intensities with a specific periodic pattern during the scanning process [Figure 2.25]. I explored the optimal experimental modulation parameters to perform soSPIM-based SIM using the JeWells as reflecting devices. The periodicity of the pattern and the number of phase shifts needed to be carefully determined in order to maximize the optical sectioning and minimize the potential reconstruction artifacts. It follows specific requirements [Figure 2.25]:

• The phase steps should be 2⇡n N , with N 2 N ⇤ the total number of phases shifts and n = 0 . . . N 1.

• The illumination lines need to be spaced enough in order not to overlap with each other and to provide the highest possible contrast. • The total number of lines needs to be minimal to reduce the required number of images. SIM reconstruction is generally split in two steps: the determination of the illumination pattern properties (period, orientation and phase), and the collection of the information contained in the raw data with the reconstruction algorithms. I first investigated the best parameters to perform optimal sectioning by imaging the illumination patterns in a fluorescent solution. I first created a 1000 pixels-large light-sheet (160µm for a 40x 1.25 objective) with an illumination spacing of 80 pixels (12.8µm) and 40 phase shifts. I oversampled the number of phases on purpose, the goal being first to demonstrate the capabilities of SIM reconstruction coupled with soSPIM, and identify the best reconstruction method for our imaging setup. From this, we will later assess the minimum number of images needed to achieve an optimal reconstruction, with reduced photo-bleaching and acquisition time. We tested several reconstruction algorithms provided by Rainer Heintzmann:

• Mean: Average of all the images (widefield reconstruction).

• Max-min: Maximum intensity projection minus the minimum intensity projection.

• Max+Min-2Mean: Maximum intensity projection plus minimum intensity projection minus 2 times the mean of the images. • Ftmod: The absolute value of the Fourier transform along the first modulation order [START_REF] Heintzmann | High-resolution image reconstruction in fluorescence microscopy with patterned excitation[END_REF]). • Moment: The value of a central moment mi of order i 3 of the light intensity distribution, in particular i = 3 (Benedetti, 2012). The mean reconstruction should correspond to a standard soSPIM image and acts as a reference image for the following part.

Preliminary results

As a first proof of concept, 0.1µm fluorescent beads (TetraSpeck microspheres, 0.1µm, ref: T7279) embedded in a gel were imaged using our soSPIM-SIM technique. Only one plane was acquired in order to assess the sectioning capability. The images were acquired with a 40x 1.25NA, with a 160µm long light-sheet and an illumination spacing of 12.8µm and 40 phases. The Figure 2.26 shows the results obtained with the different reconstruction methods. As expected, mean and min-max reconstructions don't show any out-of-focus removal. We can also observe that the right side of the images are completely black due to the broadening of the Gaussian illumination. If we look at the lateral intensity profiles [Figure 2.26], we can observe a contrast improvement for the ftmod, max+min-2mean and moment, which removed an important part of the out-of-focus signal. The max+min-2mean and moment give really close results, and still show some "grain" on the images compared to the ftmod. We next performed similar experiments on fixed HEP3B spheroids already transfected with GFP (at 488nm), [Figure 2.27], and performed SIM reconstructions using the mean, ftmod and moment methods. As observed with the beads experiment, compared to ftmod, the moment reconstruction shows a better improvement of the optical sectioning capabilities, clearly visible on the dividing cell and touching objects. We could also notice that some areas of the image were less well reconstructed than others, showing horizontal dark lines artefacts. We further investigated the reasons for these reconstruction artefacts. Looking at the max-min constructions of the light-sheet, we suspected an effect of the mirror quality. We developed a quality control protocol, which consists in acquiring a SIM sequence of the illumination patterns in a fluorescent solution, followed by a max-min reconstruction to analyze the homogeneity of the illumination patterns. This characterization indeed pointed out possible underlying problems on the JeWells' mirror quality. Indeed, these reconstructions revealed fluctuations of the waist position along the scanning direction, which is expected to be homogeneous [Figure 2.28]. We performed several profile characterizations on different JeWell devices using this quality control protocol, which revealed abnormal surface irregularities of some batches, compared to others. These surface irregularities, revealed by our quality control method, can explain the reconstruction errors visible in some parts of the image. Further investigations and images reconstructions in Femtoprint devices should be performed to validate this hypothesis. To conclude, these first preliminary results illustrate the feasibility and the limits of soSPIM-SIM to improve the contrast of soSPIM images without modification of the instrument. The optical sectioning improvement and optimal parameters still need to be quantitatively assessed, and applied to 3D stacks. We can also expect these irregularities to negatively impact deconvolution, as they certainly affect locally the PSF. More investigations are therefore needed on deconvolution and soSPIM-SIM to implement them in routine.

soSPIM-based High-content screening (soSPIM-HCS)

In this second part of my PhD project, I will present the developments I achieved to perform soSPIM-based high content screening. I developed a plugin that integrates several tools to allow automatizing several processes of the acquisition pipeline inside MetaMorph software (Appendix Software).

Protocol for high content screening

High content screening (HCS) experiments aim at studying a large number of samples and conditions within a single acquisition workflow. Coupled with MetaMorph software and the soSPIM optical device, the JeWells chips offer the possibility to cultivate and image hundreds of spheroids inside a single petri dish. At the beginning of my work, positions of interests to image by soSPIM were manually defined one by one in MetaMorph, by moving the stage to the coordinates of interest and recording their position. To avoid any misalignment between the light-sheet and the imaging plane, one needed to position the stage with high precision, which was very time consuming and not precise enough. My first contribution was to develop a protocol to quickly and easily define the positions to acquire.

The starting point of the screening is a MetaMorph scan-slide, which allows to automatically stitch images to create a large field of view bright-field image containing the JeWells to acquire. I then implemented an algorithm to automatically detect the position of each JeWell present on the scan slide. This algorithm, directly implemented using MetaMorph macro language, includes:

1. A band-pass filter to smooth and remove the high frequency details of the image, only leaving the global structure of the wells.

2. A semi-automatic threshold-based segmentation allows the robust detection of the JeWells.

3. The positioning of regions of interest (ROI) centered on each object's center of mass.

As the scan-slide image is calibrated, the ROI coordinates can be converted to absolute stage coordinates [Figure 3.1]. The overall protocol takes less than ten minutes for 96 positions, compared to about an hour manually, the most time-consuming part being the scan-slide acquisition. In addition to be much faster, it is fully automatic and offers a more precise positioning of the light-sheet, which is important to guaranty optimal image quality.

Limiting factor of soSPIM architecture for HCS

Spatial drifts are inherent to any microscopy setups, and hinder the system ability to maintain a selected position over extended periods of time. They take their origins from a number of factors, but mainly comes from thermal fluctuations and mechanical vibration. Indeed, each microscope element has its own thermal expansion coefficient, implying that any temperature variation, even small, can produce a drift of the coverslip with respect to the imaging plane. Vibrations arise from many elements, associated with the microscope (automatic stage, shutters, electromechanical motions etc..) or external (foot traffic, air handling systems, heavy equipment motion near the imaging setup). Solutions exist to attenuate the drifts such as cages for the thermal drift and isolation tables for vibrations. However, these drifts occur even in optimized conditions over time [START_REF] Nahidiazar | Optimizing imaging conditions for demanding multi-color super resolution localization microscopy[END_REF] and can have a detrimental impact on the imaging process. For example, super-resolution methods achieve near-nanometer resolution and require a special attention to correct these drifts, ether during the acquisition of by post processing the data. In the case of high-resolution methods, the drift only becomes a problem when studying living samples over a long period of time.

The soSPIM technology relies on 45°mirrors to generate a light-sheet, creating a dependency between the mirror's position and the axial position of the light-sheet, making soSPIM's architecture particularly sensitive to lateral drifts. Indeed, any lateral movement of the mirror in the (x) direction induces an axial displacement (z) of the light-sheet of the same amplitude [Figure 3.3]. In order to fully automatize the soSPIM-HCS acquisition process, I developed a drift correction solution that respects the following requirements: it needs to run during the acquisition and needs to be robust against the changes that can occur inside the JeWells. It also has to be as fast as possible in order not to slow down the acquisition process and impact the temporal resolution of the system.

Drift correction

Hardware-based solutions have been implemented by microscope constructors to address focal drift occurring during the acquisition. The general approach taken by commercially available systems is to detect the upper external coverslip surface (or bottom for dry objectives). The reflection of a weak near-infrared laser is detected and used to estimate the axial position of the coverslip surface over time. Nikon microscopes embed this correcting system called Perfect Focus System (PFS). However, this approach only applies for axial drift but not for the lateral ones. Many analytical methods have also been developed to get rid of both type of drifts occurring during the acquisition. The most common methods rely on introducing fixed isolated small objects known as fiduciaries (e.g. fluorescent beads, quantum dots, luminescent gold beads. . . ) or pattern as reference points [START_REF] Betzig | Imaging Intracellular Fluorescent Proteins at Nanometer Resolution[END_REF][START_REF] Rust | Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM)[END_REF][START_REF] Van De Linde | Direct stochastic optical reconstruction microscopy with standard fluorescent probes[END_REF], Lee et al., 2012). Other methods propose to extract image features, and match them to deduce the drift [START_REF] Qiu | Drift correction for fluorescence live cell imaging through correlated motion identification[END_REF][START_REF] Marturi | Fast image drift compensation in scanning electron microscope using image registration[END_REF][START_REF] Lancaster | Cerebral organoids model human brain development and microcephaly[END_REF][START_REF] Yothers | Real-space post-processing correction of thermal drift and piezoelectric actuator nonlinearities in scanning tunneling microscope images[END_REF].

Active registration methods aim at continuously correcting the drift by sending feedbacks to the stage position. As described in chapter 1.2, in the case of soSPIM, lateral drift induces axial drift of the light-sheet, leading to image degradations. As fiduciary markers cannot easily be introduced within the JeWells, I developed an active method based on a crosscorrelation algorithm using bright-field images of JeWells as proxy.

Cross-correlation

The cross-correlation is a mathematical function allowing to measure the similarities between two signals, such as images. By sliding one image over the other it is possible to measure the similarities and determine the coordinates where they are the most similar. The crosscorrelation of two finite discrete signals f and g is defined by:

(f ? g)[n] , N 1 X m=0 f [m].g[m + n] (3.1) With f [m] the complex conjugate of f [m].
The cross-correlation of f (t) and g(t) is equivalent to the convolution of f ( t) and g(t):

f (t) ? g(t)](t) = [f ( t) ⇤ gt(t)](t) (3.2)
One property of the cross-correlation is that is follows the convolution property of the Fourier transforms. In one dimension, the Fourier transform (FT) is a mathematical function that decomposes a signal function of time into the frequency domain. Any signal can be written as a sum of sinusoid functions. The Fourier transform of a function g(t) is defined by:

F{g(t)} = G(f ) = Z 1 1 g(t) exp 2i⇡ft dt (3.3)
The result becomes a function of frequencies f . It is possible to come back to the original function g(t) from G(f ) by applying the inverse Fourier transform (IFT):

F 1 {G(f )} = g(t) = Z 1 1 G(f ) exp 2i⇡ft df (3.4)
The convolution of two functions in time is defined by:

f (t) ⇤ (t) = Z 1 1 f (t)g(t ⌧ )d⌧ (3.5)
In the frequency domain, the convolution of two signals is a pointwise product of their Fourier transforms:

F{f (t) ⇤ g(t)} = F (f ).G(f ) (3.6)
This is one key property of the Fourier transform, which allows to considerably improve the computation speed of convolutions of large dataset, and is widely used in a lot of algorithms. This property applies to cross-correlation by:

F{f ? g} = F [f ].F [g] (3.7)
since F {f ( t)} = F{f }. In our case, the inputs, microscopy images, have finite dimensions and can be converted to the frequency domain using discrete Fourier transforms (DFT):

G(f ) = N 1 X t=0 x(t) exp 2i⇡ft N (3.8)
With N the size of the signal. The DFT calculation needs to perform N multiplications times N additions which corresponds to a complexity of O(N 2 ).

The fast Fourier transform (FFT) is an efficient implementation of the DFT, with a complexity of O(Nlog 2 N ). As the size N of the input increases, the FFT will become more interesting to use compared to the DFT. As an illustration, if a computer requires 1 microsecond to perform one operation, an input with a size of N = 10 6 would require around 2 weeks to be computed using DFT on a CPU, against only 30 seconds using FFT on a CPU [START_REF] Winkler | Numerical recipes in C: The art of scientific computing, second edition[END_REF].

Images are 2D signals and require 2D DFT and FFT algorithms. 2D DFT is defined by:

G(x, y) = 1 MN M 1 X m=0 N 1 X n=0 g(x, y) exp 2i⇡( mx M + ny N ) (3.9)
2D DFT can be obtained by applying a 1D DFT independently to each row of the image, and then taking the result and apply a 1D DFT independently to each column. I have used 2D FFT in my development for fast image cross-correlation.

Implementation

I developed a cross-correlation algorithm in C# to actively measure and correct the drift during the acquisition, using bright-filed images of the JeWells as reference. The program uses two images of the same field of view to determine the drift between them: a reference image, where the light-sheet is well positioned on the mirrors, and an image that potentially needs to be corrected. My program is coded as a MetaMorph plugin to allow calling the cross-correlation-based registration during the acquisition process. I used a C# wrapper based on the awarded FFTW ("Fastest Fourier Transform in the West") library, which is a popular C library that provides a really efficient FFT implementation [START_REF] Frigo | The design and implementation of FFTW3[END_REF]. The 2D cross-correlation algorithm's principle can be seen in figure 3.4. First, the pixel to stage distance ratio needs to be precisely calibrated in order to be able to send orders to the stage from the image pixel coordinates. Then, the user defines a bright-field image of reference centered on one JeWell on which the light-sheet is well positioned. Then, the cross-correlation algorithm is executed after the acquisition of a new bright-field image of JeWell. In more detail, FFT are applied to both images to calculate the cross-correlation matrix in the frequency domain. The matrix is transformed-back into the spatial domain by iFFT, in order to determine the coordinates of the maximum value. The 2D drift is calculated as the distance between the coordinates of the maximum intensity with the center of the correlation matrix, converted into stage coordinates. Finally, these coordinates are applied to the stage, allowing to compensate for the drift. This drift-correction procedure is optionally applied either after each stage movement, or at specific time points.

Drift correction benchmark

We evaluated the performance of our cross-correlation-based drift correction algorithm, both in term of precision and execution time. Computationally speaking, the algorithm needs to perform 2 FFT and 1 IFFT as well as calculate the cross-correlation matrix maximum intensity coordinates to determine the drift. The whole algorithm takes 2.5 sec for 2048x2048 images, including 100ms for a single FFT to be performed, and around a second to calculate the 2048x2048 cross-correlation matrix. The remaining computation time is shared between the matrix manipulation to find the maxima and the communication with MetaMorph. I improved the algorithm's speed by binning the size of the inputs, and implementing sub-pixel cross-correlation. Image binning aims to reduce the size of an image by averaging adjacent pixels together to reduce the computation burden of the program. For example, a binning of 4x4 reduces by 16 the size of the images [Figure 3.5], allowing to drastically reduce the cross-correlation matrix, and the overall computation time of the algorithm from 2.5 sec down to 360ms. However, binning the image increases the pixel size, and therefore reduces the crosscorrelation precision [Figure 3.5]. To overcome this limit, I implemented a sub-pixel crosscorrelation method to compensate the resolution loss due to image binning. I developed a centroid detection of the cross-correlation matrix to precisely measure its maxima by interpolating the result.

I first evaluated the cross-correlation precision as a function of the binning using images acquired without any movement of the stage. To do so, I collected hundreds of frames of the same well in absence of drift, binned them (1, 2, 4 and 8), and cross-correlated them. The cross-correlation precision for the different binning values and their corresponding computation speeds are displayed in Figure 3.5. The binning 1, 2 and 4 are centered around a perfect repositioning but has their standard deviation widening with the pixel size. The binning 8 however is slightly shifted by 10nm compared to the ideal position. The computation time of the algorithm decreases logarithmically with the binning, and the gain thus becomes less interesting as the binning value increases. The binning 4 crosscorrelation is 3nm less precise but also 7 times faster compared to the 2048x2048 original image, demonstrating the capabilities of the sub-pixel cross-correlation algorithm compared to the initial implementation, which should be four times less precise when using binned 4 images. For the experiments onward, we choose a binning of 4 as a good compromise between time efficiency and accuracy. I then measured the overall precision of the drift correction routine, including the stage movements, for 2 different stages. First for the Nikon Ti Eclipse (Nikon Ti-E) stage, which can only perform movements larger than 100nm. I applied a random drift to the stage (between -3 and 3 µm with a 0.1µm precision) and corrected it using the cross-correlation-based drift correction algorithm. I measured a correction precision of 45nm, with two clear populations, centered around 0 and 100nm [Figure 3.6], corresponding to the stage accuracy. I performed the same experiments using the Mad City Lab (MCL) nanometric stage (Mad City Lab Nano-LPS200), which has a sub-nanometric precision according to the manufacturer. I measured a correction precision of 15nm, with a homogenous distribution, in the range of the cross-correlation precision.

The soSPIM-HCS setup used for this work doesn't possess a MCL stage. However, as a lateral drift of 50nm induces a 50nm axial drift, such a drift only represents less than 10% of the light-sheet thickness, comprised between 1.5-2.5µm. This can be considered as negligible for our application of 3D cell cultures imaging. The cross-correlation-based drift correction method corrects only for the lateral drifts. The axial stability of the acquisition system is ensured by the integrated Nikon's Perfect Focus System (PFS), which operates by reflecting an infrared laser beam onto the coverslip. However, the PFS sometimes interacts with the 45°mirrors of the JeWells, inducing a drift instead of correcting it. Alternative approaches, based on the bright-field image intensity were investigated, but none of them were accurate enough to stabilize the focal plane's position.

High-content screening with soSPIM system

Parallelized cell culture using JeWells

In order to form spheroids inside JeWells, cells must not adhere to the surfaces of the JeWells. The first step of the protocol therefore consists in passivating the device using a solution of Lipidiure at 0.5% (w/v) in pure ethanol. JeWells are immersed in the solution (around 1mL) and out-gassed during 5 to 10min in a vacuum jar evacuated to 5-10mbar. This last step is important to i) break the bubbles created at the top of the JeWells when immersed for the first time, and ii) let the liquid enter inside the JeWells. The solution is left during 3 hours to evaporate under a sterile hood. Finally, the JeWells are immersed in PBS or culture medium and out-gassed again prior performing the cell seeding (Appendix Protocols). The seeding procedure consists of pipetting a drop of cells on top of the JeWells, the buoyancy difference leads cells to sink at the bottom of the JeWells after tens of minutes of incubation. Carefully determining the cell density at the beginning of the seeding procedure is important to control the initial number of cells in each JeWell.

Cells are left for days to aggregate and protocols specific to the investigated 3D cell culture are applied. After a system dependent time, cells start to aggregate and to form spheroids in the span of days to weeks of culture [Figure 3.7]. Standard protocols of spheroid/organoid culture can be used with the JeWells without biological material loss, thanks to the trapping effect of the JeWells. A JeWell chip can contain several hundreds of spheroids, making it suitable for high throughput experiments.

During my PhD, I used two different biological systems: i) spheroids of HEP3B-GFP cancer cell line (transfected with Green fluorescent protein, GFP), provided by Frederic Saltel (Bariton lab in Bordeaux) directly formed inside the JeWells, and ii) organoids grown outside the JeWell chips using the encapsulation technique of TreeFrog Therapeutics, positioned inside the JeWell chips.

soSPIM-HCS acquisition pipeline

I developed a five-step pipeline to perform soSPIM-based high content screening experiments [Figure 3.8], which incorporates all the tools presented previously:

1. Mosaic bright-field acquisition of the entire JeWell chip to preview and later select the positions of interest to monitor by HCS. 2. Automatic detection and user-define selection of the positions of interest to acquire. 3. Calibration of the light-sheet and initialization of the cross-correlation by saving the position of the JeWell of reference.

4. Initialization of the HCS parameters: time-lapse, volume, wavelengths, exposure time, etc.

5. Screening of the selected positions using the multi-dimension-acquisition (MDA) tool of MetaMorph.

For each time point, MetaMorph acquires a 3D stack for each position using the selected wavelength. Every N timepoints, or for each position, a journal (macro in MetaMorph) is launch to correct the drift before the acquisition. In order to overcome the potential focal drift issue introduced earlier, I implemented a step in the correction protocol to stabilize the PFS. During the first time point, all the drift corrections values, of each position acquired, are saved in the cross-correlation algorithm. Before the activation of the PFS, the position's corresponding drift value is applied to the stage in order to have the current JeWell at an optimal position for the PFS. Once the focal plane is retrieved, the cross-correlation algorithm is launched to correct the lateral drift. 

soSPIM-HCS acquisition

I conducted several experiments to validate the HCS-soSPIM pipeline with fixed and live biological samples, and performed several benchmarking to assess the acquisition efficiency.

The first experiment aimed to benchmark the acquisition time of a standard multiposition, 4-colors 3D acquisition. I cultivated HEP3B-GFP spheroids for 3 days, fixed and labelled them with DAPI, Phalloidin, Lamin and Tom20. The scan-slide acquisition of the JeWell chip took 15min for approximatively a hundred of JeWells, and 30sec to detect all the positions. 96 positions were kept to mimic a 96-well plate experiment. The samples were acquired using four excitation wavelengths (405nm, 488nm, 561nm, 640nm), 60 planes (spaced by 1µm) per volume, with 100ms of exposure time per image. It took 1h to perform the entire screen with an average of 40sec per position [Figure 3.9]. One bottleneck of the HCS-soSPIM system comes from the important amount of data generated when performing these experiments. Indeed, the 63h-long screening experiment represented around 1.5Tb of data which needs to be stored and processed afterward. First, the data are transferred out of the acquisition computer and are currently stored on a server, which can take several hours. For this experiment, the data were processed using Fiji and it took around 4h to only perform depth color-coded maximum intensity projections of the 21 positions. Real processing of the samples, to extract the number and shape of nuclei for example, would drastically increase the processing time up to days or even weeks. Solution are being investigated for data management and live processing to perform acquisition and analysis simultaneously and thus optimize the time.

Discussion and perspectives

With the advent of organotypic 3D cell cultures as a standard for medical studies, the development of imaging methods, able to monitor their evolution over time, becomes more and more crucial. High-content screening methods able to screen efficiently such a 3D models are slowly emerging. During my PhD thesis, I implemented tools and protocols to upgrade the soSPIM acquisition with HCS capabilities, and explore image quality improvement taking advantage of the soSPIM architecture and JeWells geometry. In particular, I automatized the detection, selection and acquisition of a high number of positions, and implemented live registration during the acquisition process to enable long-term screening of a large collection of 3D samples in JeWells. These developments have been published in Beghin et al, Nature Methods, 2022[START_REF] Beghin | Automated high-speed 3D imaging of organoid cultures with multi-scale phenotypic quantification[END_REF]. I also implemented the multiview acquisition, and investigated the capability to perform deconvolution and structure illumination, with the goal to digitally improve the axial resolution.

However, the soSPIM-HCS platform would still benefit from some optimizations to make it even more efficient and user-friendly. For example, the bright-field image of the JeWells, used to detect the JeWells of interest and perform the automatic registration, could be even more exploited. Indeed, their detection still requires the user to adjust a threshold to detect their positions, manually select all the positions of interest containing a sample, or discard the positions where the JeWells have defects. These steps could benefit from deep learning, the JeWells being a fantastic proxy. An additional pre-screen, in fluorescence, could also be interesting to provide an insight of the samples present in the JeWells and help for the automatic sorting of the samples before the screening process. The detection of organoids presence in the JeWells, but also their shape and size, directly from the bright-field images would also be a major improvement, as bright-field is not toxic and complementary to fluorescence.

The system still needs a dedicated solution to actively correct for the axial drift. The Nikon Perfect Focus System has shown some instabilities due to presence of the 45°mirrors, and is used as a temporary solution. Again, bright-field images of the JeWells could be used to help in this task, as they contain specific signatures of their 3D positioning. More generally, it could be interesting to modify the optical setup to allow performing bright-field imaging in parallel with the acquisition, and use these images to feedback-loop on the microscope. This would require the integration of dedicated deep learning algorithms into the acquisition pipeline, a challenging task currently under development in the team by Johannes Roos.

In the continuity of performing drug assays, it will be crucial to develop soSPIM HCS experiments with multi-conditions, and therefore upgrade it with drug dispensing. Indeed, even if the JeWells already provide a high density of cell cultures, they are not compatible with multi-conditions at the moment. Multi-JeWell plates in 96-well plate format are under development, and a custom drug delivery system to independently control the concentration, timing and duration of delivery of chemical compounds in each well will have to be developed as well.

The JeWells are still fabricated manually, and are thus subject to imperfections, especially the introduction of an angle between the devices in two different wells. The current repositioning algorithm only corrects for the lateral displacement (x,y) of the stage, and cannot detect rotations, while this is important to guaranty the perfect repositioning of the Light-sheet on the mirrors and the screening from well to well. Cross-correlation can also measure the rotation and scaling between two images by using for example the Fourier-Mellin transform, which is a change of coordinates system within the Fourier space.

Sample dynamics and death can occur all along the acquisition process. Being able to adapt the acquisition parameters, by accelerating the imaging rate during an interesting cellular event, or stop a position when a sample dies, will help saving storage space, would be a huge benefit to follow the live evolution of the samples over long period of time. Our team is implementing deep learning-based segmentation algorithm to extract morphodynamics information at the organoids and cellular levels. We are already able to segment efficiently nuclei using StarDist algorithm [START_REF] Weigert | Star-convex polyhedra for 3d object detection and segmentation in microscopy[END_REF] as well as to detect specific cellular events (e.g. mitosis, apoptosis and senescence) using YOLO convolutional neuronal network. Incorporating these quantitative features during the acquisition, and providing users and the microscope a real time feedback would bring our soSPIM-HCS platform to another level. To orchestrate the acquisition and live visualization and analysis, including computationally demanding deep learning algorithms, Johannes Roos, PhD student in the team, started to develop Arkitekt, a "middleman" server that connects to bio-images applications, located on different computers, and is able to call their functionality and provide them with data. We aim to integrate this technology to our soSPIM-HCS, all in a unified user-friendly interface.

Extracting quantitative features from 3D stacks, as required for HCS applications, necessitates images with the best possible quality. Even if the soSPIM technique offers good native optical sectioning, it remains limited due to its Gaussian illumination, producing inhomogeneous data. To overcome this limit and digitally improve the optical sectioning, I explored several methods such as multiview imaging, deconvolution and structured illumination.

The registration-free multiview imaging, which takes advantage of the four mirrors of the JeWells to illuminate the sample, is fully functional and compatible with the screening mode. It has, however, room for optimizations to run in routine. First, the calibration of the stage planarity, key for multiview illumination, is still manual and not straightforward to achieve, and it could be motorized for more precision and automation. Moreover, the visual criteria used to assess the planarity of the stage could be optimized by using bright-field image as 3D proxy as discussed earlier. Finally, in the current implementation, the multiview imaging acquisition Nis time consuming, since each Nview is acquired sequentially, plane by plane. It is in the current form not compatible with streaming, which strongly limits the acquisition speed compared to single view (more than double the time per view). Implementing a multiview streaming, similar to multicolor streaming, would drastically improve the acquisition speed by at least a factor of two. The reconstruction algorithm could also be optimized. In macro mode, MetaMorph is synchronous, meaning that each task will be executed sequentially one after the other, while, for example, reconstructions could be performed in parallel with the acquisition.

The deconvolution and structured illumination methods are still in their early phases of development. The deconvolution of soSPIM images is a challenging task, both for the PSF extraction and the space-varying of the blur. Multiview allows compensating for the space-varying issue, and the semi-analytical method, for PSF extraction, is encouraging but requires more development. Deconvolution were performed using DeconvolutionLab2, which contains a really basic and slow implementation of the Richardson-Lucy algorithm. Optimized algorithms will be explored, including the deep-learning-based algorithms, such as CARE or Noise2Void [START_REF] Weigert | Content-aware image restoration: pushing the limits of fluorescence microscopy[END_REF][START_REF] Krull | Noise2void -learning denoising from single noisy images[END_REF], which we started to investigate in order to improve the noise and the contrast of the soSPIM images.

More experiments and characterizations will need to be performed on the structured illumination experiments, more especially on the new Femtoprint devices which have shown smoother surfaces. The results obtained with a single plane were already promising, and showed a clear improvement of the sectioning capabilities. The next step is to perform a 3D acquisition on an entire sample to quantitatively assess the axial resolution improvement. In the current work, we have on purpose oversampled the sampling, at the expense of a strong reduction of the acquisition speed. We will investigate the optimal structuration parameters and their effect on the sectioning quality. This PhD project is at the heart of a more global project aiming to build a high content screening platform dedicated to 3D cultures, based on the soSPIM technology developed in the lab. My contribution was the development of a functional and user-friendly screening engine to allow stable long-term acquisitions of a large number of samples in parallel. In the longer term, this platform will be able to generate fully annotated 3D+t data sets using dedicated analysis methods, and will be used to allow phenotypic analysis by machine learning.

My developments are used in routine in our lab and in our partner lab in Singapore (V. Viasnoff lab), and they have been published in Nature Methods [START_REF] Beghin | Automated high-speed 3D imaging of organoid cultures with multi-scale phenotypic quantification[END_REF]. They also have been recently deployed in Marseilles (P.F. Lenne lab), where a soSPIM microscope has been installed.

Several collaborative studies have just started in the team that will benefit from my work: A Cifre PhD thesis has recently started (May 2022(May -2025) ) to study the hepatoxicity induced by drugs on 3D hepatic models, and an ANR aiming to extend the capacities of the soSPIM-HCS platform with miniaturized 3D cell-culture holders, drug dispensing for multi-conditions assays, and AI-based quantitative phenotypic analysis. We expect these pilot studies to help maturing and demonstrate the capabilities of our technique.

Step 4

[Time required : min]

Reconstruction of the soSPIM PSF using Fiji macro

• Average the beads stacks to reduce the noise contribution of the PSF.

• Crop and center the PSF on the image.

• Generate a modelled PSF using ZOLA-3D.

• Re-center the PSF, since ZOLA-3D shifts the PSF.

• Up-scale the image 10 times.

• Shift the stack to the center.

• Down-scale the image 10 times to come back to the centered PSF.

• Measure the laser thickness using a gaussian t and apply it to the z-direction of the PSF to mimic the optical sectioning

SOSPIM CHIPS PASSIVATION Preparation of the devices before seeding

Created by Tom on January 27, 2020

Last eddit October 16, 2022 Protocol purpose:

This protocol describes the steps to passivate the surface of soSPIM chips with lipidure treatment. This process aim to add a layer of lipidure at the surface of the device to help forming spheroids by avoiding cell adhesion.

EQUIPMENT

Holed petri dish JeWells coverslip UV lamp Hood Plasma cleaner

Vacuum

CHEMICALS

Lipidure -CM5206(1g) Pure Ethanol

NOA

PROTECTIVE GEAR

Laboratory Coat Gloves

WARNINGS Chemical

Be careful when manipulating the lipidure powder

NOTES

• Manipulations are executed in white room

• Vary the illumination to determine the presence of NOA at the surface of the coverslip

• Plasma cleaner step is needed to activate the surfaces and let the lipidure adhere

PEOPLE TO CONTACT

Miguel for soSPIM chips, Tom or Rémi for protocol details

PROTOCOL

Step 1

[Time required 5 min]

Coverslip preparation

• Choose the coverslip with JeWells mirrors with the least visible NOA at the bottom

• Glue the coverslip in a holed petri dish with NOA

• Pass the petri dish under the UV lamp for 2min

Step 2

[Time required 5 min] Lipidure solution preparation (0.5%)

• Weigh 50mg of lipidure powder

• Add the lipidure into 10mL of pure ethanol

• Homogenize the solution

Step 3

[Time required 20 min] Passivation of soSPIM chips with lipidure

• Plasma treated coversplip during 5min (check the pink ash light when turning it on)

• Pour lipidure to fully recover coverslip (1-2mL)

• Degas for 5-15min

• Let the coverslip dry under the hood at room temperature during the night

DEVICE SEEDING PROTOCOL Spheroid formation in soSPIM chips

Created by Tom on January 27, 2020

Last edit October 16, 2022 Protocol purpose:

This protocol aims to synthetize the di erent steps to seed the wells of soSPIM chips (JeWells architecture) using HEK cell line (protocol can vary a bit for other cell lines). The goal is to obtain spheroids within a day or two after seeding.

EQUIPMENT

Prepared soSPIM chip UV lamp Vacuum Hood

CHEMICALS

PBS DMEM++ Trypsine

PROTECTIVE GEAR

Laboratory Coat Gloves

WARNINGS Safe

No particular warning

NOTES

• Heat the DMEM and PBS at 37 C 30min before manipulations

• Check the wells after each step when seeding to verify cell presence

PEOPLE TO CONTACT

Tom or Rémi for protocol details

PROTOCOL

Step 1

[Time required : 45 min]

Device preparation

• After the lipidiure passivation (cf corresponding protocol), add 2mL water in the device and degas for 10min

• Put the chip under UV illumination (room 250) for 30min-1h to sterilize

• Be careful to close the petri dish well with some para lm • Wash the device with PBS (3 times) and DMEM (3 times)

Step 2

[Time required : 20 min]

Cells preparation

• Gently wash the ask 2-3 times with PBS

• Add 1 mL Trypsine

• Let it 5min at 37 C

• Add 4mL DMEM, take care to wash the corners of the ask and transfer the solution in a falcon

• Pass the cells if needed

• Count the cells in one column (nbCells = result ⇤ 10000 ⇤ 5mL), aim for 200 000 cells/mL (optionnal)

• Centrifugate 5min at 1000 turns/min

Step 3

[Time required : 15 min]

Seeding

• Remove DMEM medium from the device (let the coverslip submerged to avoid bubbles inside the wells)

• Put 3-4 drops of cells solution and wait 10min that they fall in the wells

• Check the wells to have at least 50 cells/well

• Gently add 2mL of DMEM on the device and put it at 37 C

Step 4

[Time required : min]

Spheroid formation

• Spheroids will begin to form after one night/day
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If you encounter any issue with the program you can contact me. Add the details of the problem in your message. Contact : tom.delaire@u-bordeaux.fr

OVERVIEW

OrgaScreen is a toolbox developed to automatise the acquisition process for multiposition experiments. This instruction manual aims at providing a quick insight of the di erent tools of the program used with the soSPIM system to perform multiposition acquisitions.

OrgaScreen tabs

OrgaScreen is organized in 3 tabs :

• One for the repositionning of the wells.

• One for the detection and selection of the positions available.

• One for the multiview reconstruction process.

REPOSITIONNING

Tab Repositionning

Repositionning

• Binning Value : Change the size of the image sent to the program. Increasing the binning will reduce the size of the image and thus increase the calculation speed but reduce the accuracy of repositionning.

• Reference Position :

• Set Ref : Will use the current active image as the reference.

• Display Ref : Will display the current image used as a reference.

• Reset Settings : Will reset all the repositionning parameters (reference, binning, calibration).

• Correct Position : Correct the drift of the image according to the reference image.

Calibration Settings

The calibration part is needed for the repositionning tool to perform. It will give the program the right equivalence between the image and the stage.

• Calibration : Open the Calibration window.

Calibration Window

• Start : Will launch a calibration process. In order to complete the calibration, a live needs to be ongoing. ROI will appear sequentially at each corner of the image, the user needs to position an object inside the ROI by moving the stage. At the end, the user can verify and validate the calibration done.

• Load : Load a calibration text le.

• Save : Save a calibration text le.

• Load : Load a calibration text le.

Region of Imaging Settings

Before launching an experiment, picking a region of interest on the image can help to reduce the amount of data generated. The program needs to save the parameters of the ROI to keep it during the experiment.

• Use selected ROI : Before activating this option, a ROI needs to be selected on the image. It will save the position and size of the ROI. During the acquisition, the program will crop the image according to this ROI.

• Update ROI : If a new ROI is drawn or modi ed, the user can update the ROI parameters used during the acquisition by pressing this option.

• Set ROI Settings : The user can de ne the size (Width and Height) of the ROI. After modi cation of these parameters, it is required to press Update ROI to save the changes. If one of the box is at 0, the corresponding parameter value of the ROI will remain the same.

It sometimes happens that the automatic detection doesn't work properly. The "manual grid" window allows de ning a grid of ROI de ned by the user with the parameters below.The user needs to draw a rst ROI on the scan slide (at the top left of the device) and check the "manual grid" checkbox to generate a rst grid. The "space" parameter xes the space between two ROIs and takes the rotation of the image into account. • View 4 -> Bottom view Multiple les can be chosen at once and will ll the other elds. The "reconstruct image" launch the reconstruction algorithm. Advanced parameters

MULTIVIEW

• Delete Raw Data : When checked, it deletes the original data used to perform the multiview. It can be used when performing live multiview to save storage space.

• 2D sigmoid : When checked, it applies a 2D sigmoid to the images. It automatically switches on & o when changing the Multiview Parameters.

• Sigmoid Parameters : The user can adapt the slope parameter of the sigmoid. It is set at 10 by default.

• Display Sigmoid : Displays the sigmoid applied to each view taking the previous parameters into account.
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Mechanobiology Institute, National University of Singapore, Singapore, Singapore. 2 Immunology Translational Research Programme, Yong Loo Lin School of Medicine, National University of Singapore, Singapore, Singapore. 3 Department of Microbiology and Immunology, National University of Singapore, Singapore, Singapore. 4 Biomedical Engineering Department, National University of Singapore, Singapore, Singapore. 5 University of Bordeaux, CNRS, Interdisciplinary Institute for Neuroscience, IINS, UMR 5297, Bordeaux, France. 6 QuantaCell, Pessac, France. 7 University Bordeaux, CNRS, INSERM, Bordeaux Imaging Center, BIC, UAR 3420, US 4, Bordeaux, France. 8 Department of Biological Sciences, National University of Singapore, Singapore, Singapore. 9 IRL 3639 CNRS, Singapore, Singapore. ✉ e-mail: mbianne@nus.edu.sg; jean-baptiste.sibarita@u-bordeaux.fr; dbsvvnr@nus.edu.sg I n organotypic three-dimensional (3D) cell cultures, referred to hereafter as organoids, stem cells differentiate and self-organize into spatial structures that share strong morphological and functional similarities with real organs. Organoids offer valuable models to study human biology and development outside the body 1-3 An increasing number of organoids are being developed to mimic intestines, liver, brain, kidney, lung and many other organs 2,4,5 . Organoid differentiation is directed by exposure to a precise sequence of soluble growth factors and extracellular matrix during their development. However, in marked contrast to organs, the morphologies of organoids could be heterogeneous. In organs, phenotypic alterations can be used as a proxy to diagnose a diseased state while organoids differentiate in minimally reproducible micro-environments resulting in a large variability of their development path and morphology at the individual organoid level.

This has resulted in several technological roadblocks 6,7 that demand new approaches such as fast, automated multi-scale imaging to quantify and control organoid diversity. In a recent study 8 , quantitative imaging of intestine organoid shape coupled to genetic marker assessment helped unravel the phenotypic development landscapes of intestinal organoids. The different organization paths that the organoids spontaneously adopted were quantified and causally linked to the biological programs orchestrating the spatial induction of different cell fates. However, such studies 8,9 required innovative methodological and technological approaches (https://bioengineeringcommunity.nature.com/posts/ intestinal-regeneration-lessons-from-organoids) that involved the use a multi-well plate for organoid growth, and a commercially available high-content imaging techniques performed on fixed organoids at specific time point during their growth. Arguably, the ability to relate the diversity of genomic expression in organoids to their phenotypic behavior is a major step to guide the establishment of optimal culture conditions 10 as well as to provide a system-biology view of developmental pathways. Therefore, such efforts demand the development of dedicated high-content 3D imaging methods to characterize organoids on subcellular, multicellular and whole organoid scales, both in 3D (ref. 10 ) and during their growth 11,12 .

The next generation of high-content screening platforms for organoids would certainly benefit from the unsurpassed performance of light-sheet microscopy 13 compared to confocal or multiphoton laser scanning, as implemented in the current commercially available instruments (for example, PerkinElmer's Opera or Molecular Devices' ImageXpress). Indeed, light-sheet fluorescence microscopy (LSFM), also called selective plane illumination microscopy (SPIM), has proved to be the most appropriate imaging technique to visualize fine cellular details at the whole tissue level, with maximal speed and minimal phototoxicity and photobleaching 14,15 . LSFM has thus been favored for the study of live organoids, as it allows long-term monitoring in physiological conditions 16 .

However, since LSFM traditionally involves several objectives and has cumbersome sample mounting requirements, it results in low imaging throughput despite its superior imaging performances. Recent studies using dual objective SPIM have tried to engineer solutions to improve the throughput 17 using a liquid handling robot and complex dedicated imaging hardware. However, these solutions do not permit long-term sterile culture, as a periodic medium or extracellular matrix exchange is mandatory for organoid development and differentiation. To overcome these important limits, Automated high-speed 3D imaging of organoid cultures with multi-scale phenotypic quantification Anne Beghin 1,2,3 ✉ , Gianluca Grenci 1,4 , Geetika Sahni 1 , Su Guo 1 , Harini Rajendiran 1 , Tom Delaire 5 , Saburnisha Binte Mohamad Raffi 1 , Damien Blanc 6 , Richard de Mets 1 , Hui Ting Ong 1 , Xareni Galindo 5 , Anais Monet 1 , Vidhyalakshmi Acharya 1 , Victor Racine 6 , Florian Levet 5,7 , Remi Galland 5 , Jean-Baptiste Sibarita 5 ✉ and Virgile Viasnoff 1,8,9 ✉ Current imaging approaches limit the ability to perform multi-scale characterization of three-dimensional (3D) organotypic cultures (organoids) in large numbers. Here, we present an automated multi-scale 3D imaging platform synergizing high-density organoid cultures with rapid and live 3D single-objective light-sheet imaging. It is composed of disposable microfabricated organoid culture chips, termed JeWells, with embedded optical components and a laser beam-steering unit coupled to a commercial inverted microscope. It permits streamlining organoid culture and high-content 3D imaging on a single user-friendly instrument with minimal manipulations and a throughput of 300 organoids per hour. We demonstrate that the large number of 3D stacks that can be collected via our platform allows training deep learning-based algorithms to quantify morphogenetic organizations of organoids at multi-scales, ranging from the subcellular scale to the whole organoid level. We validated the versatility and robustness of our approach on intestine, hepatic, neuroectoderm organoids and oncospheres. 
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several approaches have been developed to perform LSFM with a single objective. High speed, high-content SCAPE 18 was used to obtain ultra-fast images of in vivo processes in individual Caenorhabditis elegans and Danio rerio. Alleviating the multi-objective constraint, other approaches have enabled imaging multiple samples. Epi-illumination SPIM (ssOPM) enabled parallel 3D volume acquisition of a single cell at the single molecule level in 96-well plates 19 . It also allowed the imaging of living oncospheres in 3D seeded in agarose to detect glucose uptake 20 , but only during a short period of time (3 hours). Moreover, the random positioning of the spheroids in the agarose limited the study to 42 oncospheres.

It follows that existing technological solutions still have room for improvement to allow 3D high-content imaging of live and fixed organoids.

In this context, we developed an imaging platform capable of streamlining organoid culture with fast light-sheet 3D imaging. It integrates new miniaturized 3D cell culture devices, called JeWell chips, which are compatible with organoids up to 300 m in diameter. They comprise thousands of well-arrayed microwells with pyramidal shapes flanked with 45° mirrors (JeWells) to enable single-objective SPIM (soSPIM) 21 . Compatible with standard commercial inverted microscopes after simple addition of a dedicated beam-steering unit and control software, our system can perform 3D imaging of up to 300 organoids in 1 hour with subcellular resolution. We tested our platform on various organoids and tumoroids (hepatocytes, neuroectoderm, intestinal, HCT116), and performed high-content quantitative analysis by training public-domain convolutional neural networks (CNN) to extract and correlate relevant biological features at different scales (subcellular, cellular, multicellular and whole organoid). We demonstrate how our technique enabled correlative imaging between the live development and the fixed immunolabeled endpoint imaging of organoids.

Results

Working principles. JeWells are disposable microfabricated chips used to create high-density arrays of organotypic cell aggregates for automated high-content 3D soSPIM imaging (Fig. 1a, Extended Data Fig. 1a and Methods). They are truncated pyramidal microcavities molded in a photocurable resin (NOA73) with 45° gold-coated faces. The JeWell microcavities are arrayed at a typical surface density of 10 JeWells per mm 2 , depending on individual JeWell dimensions. It corresponds to the equivalent of 96 organoids in a single well of a standard 384-well plate. This ensures an optimal scanning distance between JeWells for high speed 3D soSPIM imaging of multiple organoids.

We devised JeWell chips in format of single Petri dishes, six-well format or 96-well plates (Extended Data Fig. 1b) with JeWells of various sizes and shapes (Extended Data Fig. 2a-c). Coating with Lipidure provided an enduring antifouling treatment to prevent any cell adhesion over months allowing long-term cultures (detailed protocol in Methods). Single cells or small-cell aggregates seeded homogeneously over the chips sedimented to the bottom of the JeWells (Fig. 1b). The partial reflectivity (roughly 70%) of the JeWell mirrors allows phase-contrast imaging of the cell aggregates. The initial cell concentration and the seeding time allow the control of the number of cells per JeWell (for example, 0.5 ◊ 10 6 cells per ml leads to 221 ± 67 s.d. cells per JeWell (n = 775 JeWells)).

We then devised an automated cell counting scheme (Extended Data Fig. 3a,b and Methods) to create a heat map of the initial number of individual stem cells in each JeWell over the entire chip (n = 775 JeWells) (Extended Data Fig. 3c). The deliberate inhomogeneous seeding of cells allowed to simultaneously test several initial cell densities. The histogram of initial number of cells per well illustrates that, for any average cell number between 150 and 300 cells per JeWell, the chip contains at least 96 JeWells with a maximum spread of ±15 cells. If needed, a more homogeneous distribution per JeWell could be achieved with stirring during the seeding phase.

We then monitored the projected area of the cell aggregates formed during the first few hours postseeding (Extended Data Fig. 3d and Methods). The variability of the size of the aggregates after 6 hours was less than 10% between our three tested batches (Supplementary Fig. 3d). After 10 days, we obtained a 25% dispersion of aggregate sizes within each batch (n = 100 organoids) (Extended Data Fig. 3e). This procedure proved to be robust for all cell types we tested. In the rest of the paper, cells are subsequently differentiated and grown in the JeWell cavities, except when specified otherwise.

Light-sheet imaging was performed on a commercial inverted microscope (Nikon Eclipse) equipped for soSPIM as described in Galland et al. 21 (Methods and Extended Data Fig. 4a). It is composed of: (1) interchangeable lenses (◊20 air (numerical aperture (NA) = 0.75), ◊40 WI (NA = 1.15) and ◊60 WI (NA = 1.27) used here but not limited to), ( 2) a custom laser scanning unit and (3) an acquisition module operating inside MetaMorph commercial software (Fig. 1c). In brief, the 45° gold-coated micromirrors of the JeWells reflect a laser beam (Fig. 1d and Extended Data Fig. 4b) focused on the sample by the same objective used for imaging. Scanning the laser beam along the mirror axis (y direction) creates a light-sheet perpendicular to the optical axis of the objective. Synchronizing the light-sheet position with the focal plane of the objective ensures optimal 3D optical sectioning. The integration of the optical components inside the chips eliminates the steric and alignment constraints of traditional multi-objective light-sheet microscopes. A tunable diaphragm allows adjustment of the laser beam diameter of the light-sheet thickness between 2 and 3.7 m, and its length between 12 and 60 µm, respectively, using a ◊60 magnification. A light sheet 5.7 m thick and 135 µm long was obtained with a ◊20 magnification objective (Extended Data Fig. 4c).

For high-content imaging, we devised an automatic acquisition pipeline that integrates (1) the automated identification and user-assisted selection of the JeWells containing organoids to image, and (2) the precise automatic positioning of the JeWell mirrors for reproducible light-sheet positioning (Methods and Extended Data Fig. 5a,b). It allows rapid automatic setup of the sequential 3D multi-color imaging of hundreds of organoids in a single acquisition workflow, with minimal user interaction (Extended Data Fig. 5c). We used the JeWells as proxies to automatically align and calibrate the light sheet and to correct for drifts. Performing the calibration steps and setting the acquisition parameters (including the localization of 96 organoids) took typically 10 min. Using a ◊60 1.27 NA objective, we could acquire images with a lateral resolution of around 300 nm (Supplementary Fig. 5d).

This new integrated high-content imaging platform provides an efficient way to perform long-term automatic 3D imaging of various organoids with high throughput and limited manipulation. Figure 1e illustrates a collection of 96 neuroectoderm organoids differentiated from hESCs, fixed at day 8 and immunostained for nuclei (405 nm), Sox2 (488 nm) and N-cadherin (647 nm) inside a JeWells chip (Methods). Each 3D stack acquisition took about 7 s per wavelength for 70 optical sections using one side light-sheet illumination. The time between two adjacent JeWells acquisitions was 1.5 s, and the light-sheet repositioning accuracy below 50 nm. With these settings, we could acquire 96 organoids with three wavelengths in 1 h. It represented 173 GB of raw data using a 2,048 ◊ 2,048 sCMOS camera.

Testing different cell types. We then tested the versatility of the approach by culturing and imaging a variety of organotypic systems in JeWells. We adjusted the dimensions of the JeWells to the final size and shape of the targeted organoids (Fig. 2a). 

NATURE METHODS

ARTICLES

NATURE METHODS

Figure 2 shows the compatibility of the platform for culturing primary rat hepatocytes, human embryonic stem cells (hESCs) and cancer cell lines. The protocol for each cell type involved different culture times from 2 to 20 days, different extracellular matrix concentrations (Matrigel) and culture medium with specified mix of soluble growth factors to induce differentiation or to maintain cell cultures (Methods). For example, the seeding protocol involved single cells dissociation for primary cells, hESCs and cell lines (Fig. 2b-d) but for intestine organoids (Fig. 2f), the hESCs were first differentiated to mid/hindgut and further dissociated into larger cell clumps (50-75 m in diameter) before seeding.

This resulted in development of expected morphological traits for each organoid type: bile canaliculi formation for hepatocytes revealed by MRP2 (ref. 22 ) (bile transporter) staining (Fig. 2b and Supplementary Video 1), rosettes for neuroectoderm differentiation revealed by actin and N-cadherin staining 23 (Fig. 2c), hypoxic cores for HCT116 colon tumorospheres (Fig. 2d), cysts for hESCs (Fig. 2e) and polarized elongated lumens in intestinal organoids (Fig. 2f) revealed by the gradual localization of vilin 24 on the membrane of cells facing the lumen. In addition, the intestinal organic culture shows that the elongated JeWells can provide a scaffold to grow long nonspherical organoids and image them at different magnifications (◊60, ◊20).

In all cases, the soSPIM image quality met the expectations of state-of-the-art single side Gaussian light-sheet imaging. We observed an enhance penetration of the imaging depth compared to a spinning disc (Extended Data Fig. 6a), a higher photon capture efficiency (Extended Data Fig. 6b) and low photobleaching (Extended Data Fig. 6c). A gradient of optical sectioning was also observed along the direction of propagation of the light sheet as expected for single side illumination (Extended Data Fig. 6a). Taken together, these data demonstrate the adaptability of the JeWells approach to a variety of standardized protocols and its suitability for an extended panel of cell types known for their strong sensitivity to the culture environment.

3D multi-scale analysis of organoid morphologies. We then tested whether the single side illumination we implemented could prove a good compromise between acquisition speed and phototoxicity. It showed that it provided sufficient image quality to implement automated multi-scale quantitative analyses using the various CNNs summarized in Extended Data Fig. 7. To demonstrate the feasibility of a multi-scale analysis using our platform, we performed several quantifications from different organoid models.

We first acquired and analyzed HCT116 aggregates (human colon cells) grown in the JeWell chips, which we fixed and stained for nuclei [START_REF] Rossi | Progress and potential in organoid research[END_REF]DAPI) and proliferation status (Ki67, Alexa647). We trained the StarDist CNN 25 using 471 DAPI images containing 5,274 nuclei manually annotated in 3D. We compared the predictions with the ground truths in 3D on ten organoids, assessing a detection accuracy superior to 85% (Supplementary Video 2). Figure 3a,b illustrates the quality of the 3D segmentation where the nuclei contours are properly detected. We then trained the YOLOv5 CNN on the Ki67 channel to detect and classify dividing cells 26 into three proliferation phases: G1/S/G2 (large dense clusters of Ki67), mitosis (condensed chromatid marked by Ki67) and early G1 (nuclei with scattered Ki67 aggregates), with an accuracy of 90% (Fig. 3c,d and Supplementary Video 3). G0 cells were Ki67 negative. Combining both analysis schemes, we could assign a given proliferation state to each detected nucleus (Fig. 3e). We checked that the number of nuclei scaled linearly with the volume of the organoids (Fig. 3f). However, the fraction of Ki67 positive nuclei decreased with the total number of nuclei per organoids (Fig. 3g), indicative of a reduced proliferation rate with an increase in organoid size. Further analysis showed that cells were arrested more specifically at the G0 phase as the organoids grew. Indeed, among the proliferative cells, the proportion of cells in the early G1 and mitosis phases was insensitive to organoid volume (Fig. 3h), indicating that the division cycle time was independent of the organoid size with no arrest at any proliferation check point.

We then applied the automated classification of the proliferation events to another type of organoid (neuroectoderm organoids at day 8). We reached a classification accuracy of 89% (4% false positive, 7% false negative, benchmarked on 20 test organoids by a trained human) with YOLOv5 trained on 28 annotated organoids using the DAPI channel only. Figure 4a shows the 3D organization of the mitotic and cell death events. They appeared homogeneously distributed within the organoid volume, as expected for healthy proliferating organoids. This spatial homogeneity was confirmed by the equal average density of mitotic and cell death computed in 3D regions of interest located in the central versus peripheral regions of the organoids (Fig. 4b and Methods). The batch-to-batch variability of the cell number, mitotic index and cell death is detailed in Extended Data Fig. 8a.

Beyond nuclei segmentation and proliferation analysis, we characterized the spatial distribution of cells expressing differentiation markers. Neuroectoderm organoids organized locally in multicellular rosettes (Fig. 4c) characterized by layers of aligned cells surrounding a central streak that develops into a lumen 23,27-30 . We used the 3D StarDist CNN to segment individual nuclei from the DAPI channel and computed the average expression of Sox2 in each segmented nucleus. The distribution of expression levels proved to be bimodal (Fig. 4d). We thus binarized the distribution between Sox2 positive and Sox2 negative cells by setting a threshold value at the bimodal intersection point (680 a.u.). We hence built a 3D map of the Sox2 expressing cells in each organoid (Fig. 4e), clearly revealing the rosette organization with Sox2 positive cells surrounding the central streak. We checked the homogeneity of detection of the nuclei across the organoid volume (Extended Data Fig. 8b). We also compared the quality nuclei segmentation for the single-sided versus two-sided illumination by sequentially illuminating the opposing mirrors on 30 organoids. Extended Data Fig. 8c,d shows the consistency of the nuclei detection: we observed 98% similarity We then endeavored to segment the rosettes based on actin organization: actin is a commonly used marker in live cell imaging. To this end we trained a 3D U-Net CNN 31 (Methods) to segment the rosettes in 3D (Fig. 4f and Supplementary Videos 4 and 5), from 
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which we could quantify the number of rosettes per organoids as well as their morphological features for further classification (Supplementary Table 1 and Extended Data Fig. 9) (n = 415 streaks longer than two cells (20 µm)).

Finally, we assessed the neuroectoderm variability of the organoid whole shapes using the DenseNet121 (ref. 32 ) shape recognition CNN (Methods) to classify automatically the organoids in two morpho-classes: bean shaped (B-shaped) or spherical (O-shaped) (Fig. 4g) with 99% accuracy. We observed that B-shaped organoids systematically displayed fewer nuclei and internal rosettes than O-shaped ones.

Altogether, we demonstrated the capability of our platform to perform multi-scale analysis on the same organoid, from the single cell level, up to the whole organoid level.

Rare events detection by multi-magnification imaging. We leveraged the architecture of the platform to sequentially image the organoids at different magnifications. This facilitates the localization of rare cellular clusters composed of a few cells expressing specific markers. We used early-stage intestinal organoids that were grown and differentiated for 8 days (Fig. 5). We fixed and stained them for nuclei (DAPI), actin, CDX2 (a major regulator of intestine-specific genes) and E-cadherin (E-cad). As expected 24 , at these early stages of differentiation, only a fraction of the cells were CDX2 positive. We used JeWells array to perform correlative multi-magnification 3D imaging.

First, we performed organoid localization in brightfield at ◊4 magnification (Fig. 5a), and then rapidly scanned 100 organoids in 3D (10 min for 100 organoids) at ◊20 magnification (air objective, ten Z planes, 7 m Z steps) for two channels (CDX2 and actin) (Fig. 5b). The CDX2 channel was then analyzed in ImageJ using the simple thresholding scheme described in Methods. We identified the CDX2 positive organoids (CDX2 + ) using a basic segmentation routine detailed in the Methods. CDX2 + organoids represented 20% of the whole library. We next performed a second scanning only of the CDX2 + organoids for the two other channels (E-cad and DAPI) to screen the E-cad expression profile at this early stage, still at low magnification (◊20) but with higher axial sampling (Fig. 5c, 50 planes, 1-m Z steps, 10 min for 20 organoids). An automated segmentation (Methods) of the E-cad channel (Fig. 5c) allowed identification of E-cad expressing cell clusters (E-cad + ) in 25% of the CDX2 + organoids (5% of the whole library of 100 organoids). Finally, a third round of 3D acquisitions at high resolution using a ◊60 WI 1.27 NA magnification objective was performed to exclusively image the E-cad + regions (four channels, 50 Z planes, 1 m Z steps, Fig. 5d, upper panel). The high-resolution 3D images enabled us to reconstruct the E-cad + junctions of CDX2 positive cells in 3D, which was not possible at ◊20 magnification (Fig. 5d, lower panel).

Figure 5e (lower panel) displays one representative example of 3D reconstruction of E-cad + cellular cluster, where one central cell was surrounded and linked to four cells (only five E-cad + cells among thousands constituting one single organoid). These five cells, localized at the border of the lumen, also showed a very high level of CDX2 compared to the adjacent cells, confirming the link between CDX2 and E-cad expression profiles (Fig. 5e, upper panel). Altogether, this acquisition and the analysis took less than 1 h. In conclusion, finding rare cellular clusters within the organoids population was greatly facilitated by the capability of multi-magnification imaging of the soSPIM imaging system.

Live imaging modalities. We finally tested how our approach can perform correlative imaging between the morphology of live developing organoids and the endpoint analysis of their transcription profiles. We followed the live 3D development of neuroectoderm organoids. We first stained the intercellular clefts in the organoids (Fig. 6a) with extracellular dyes (Calcein, Alexa Fluor 647). Extended Data Fig. 10a demonstrates that the dyes infiltrated the entire organoid intercellular volume within 15 minutes. It demonstrated that small soluble compound or electrolytes can swiftly diffuse in the organoid. It also allowed us to monitor the development of rosettes and streaks in 3D (Supplementary Video 6). To establish the maturation stage of the cells around the rosettes, we fixed the organoids at day 7 and stained them for Sox2 (early development marker) and Pax6 (later development marker) 27 . The high-quality automatic repositioning of individual JeWells enabled us to overlap the last images of the live sequence with the immunostained images of the same organoid after fixation (Fig. 6b) by a simple registration in Z. It revealed the presence of Pax6 in some rosettes and Sox2 in others. We then used the 3D time lapse to back track the rosette formation process (Fig. 6a), which revealed that the Sox2 + /Pax6 + rosettes (white arrow) appeared 3 days before the Sox2 + /Pax6 -rosettes. However, immunostaining only provided access to the spatial distribution of a limited number of transcription factors or proteins of interest.

To identify the expression level of a higher number of expression factors and proteins of interest, we performed quantitative reverse transcription PCR (RT-qPCR) on libraries of organoids after imaging. We first tracked the development of neuroectoderm organoids using stem cells expressing lifeact green fluorescent protein (GFP) and Histone 2B-mCherry 33 (Supplementary Video 7). We monitored 25 organoids, capturing one z stack of 70 optical planes every 15 minutes for 8 days, representing a total of 500 image stacks per organoid acquired in 125 h (Methods). Backtracking the rosettes from day 8, we could follow the time course of the first development steps based on local cell arrangements (Fig. 6c and Supplementary Video 8). It revealed that rosette-like structures started to appear in the organoids after 4-5 days, consistent with the data from Fig. 6a. During these 8 days, we did not notice any effect of photodamage on cell mitosis and proliferation.

We then collected the live organoids at day 8 by peeling off the JeWell membrane from the glass slide with a sterilized tweezer (Fig. 6d), and subsequently performed RT-qPCR on 11 specific markers (Fig. 6e). Results unambiguously demonstrated the differentiation into neuroectoderm lineage after 8 days of culture in the JeWells relative to day 2 (undifferentiated stem cell aggregates), characterized by a tenfold reduction in E-cad and NANOG and 500-fold increase in Pax6, for example. This demonstrates that organoids cultured in JeWell chips may be collected for further omics analysis or also be reseeded in other devices or even injected in vivo as the sterility and viability has been conserved.

Our comparative test for neuroectoderm cultured in JeWells or in U-Bottom dishes show only a difference on neuroectoderm markers for a few genes by RT-qPCR (Extended Data Fig. 10b). 
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This is likely due to the difference in observed size and growth rate. Nonetheless, organoids grown in JeWells displayed the expected gene expression profile.

Finally, we confirmed the similarity of rosette development comparing their morphologies in organoids that were live imaged then fixed in JeWells versus fixed organoids grown in U-bottom dishes (Extended Data Fig. 10c).

Altogether, these data establish the suitability of the approach for live imaging of organoid development.

Discussion

The performance of our imaging platform is dependent on the capability to grow organoids in the vicinity of micromirrors that are used to perform single-objective light-sheet illumination. The JeWell geometry offers the advantage that only one single organoid grows in each well (no organoid fusions). The spatial registrations of the images during live or correlative imaging are also greatly eased by the geometry. However, the JeWell architecture imposes some constraints on the organoid. From a biological standpoint, the physical 
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confinement of the organoid can appear as an impediment to its development. When we pooled 100 of them for the RT-qPCR, the gene expression profile of the neuroectoderm was correct, although it differed for certain genes from the batches grown in U-bottom dishes. At present, we cannot retrieve single organoids and we needed to pool them. On one hand, we lost the singular expression levels for each organoid; on the other, had we still had some measured batch-to batch variability since 100 organoids do not cover the total range of development diversity within the batch. Hence direct comparison of RT-qPCR from batch to batch or with culture in U-bottom dishes is not straightforward. Our data prove, however, that within a large limit, the inverted pyramid geometry offers a proper access to the culture medium above. The development of the organoids we tested appeared normal in terms of morphology and of the localization of the markers we used.

From an imaging standpoint, the dimension of the JeWell is a key, tunable parameter that has to be carefully optimized. The depth of the Jewell we present here is limited to 200 m. Using another fabrication technique, we could fabricate deeper prototypic wells (500 m) the production of which will soon be scaled up, alleviating the height constraints of the technique. The lateral dimensions of JeWells can vary easily from 100 m to close to a millimeter. They can be tuned to the desired size of the organoids. However, the imaging protocol requires the sample and the mirror to fit together in the field of view of the objective. This restriction is mitigated by the possibility to (1) stich the images along the direction of the mirror and ( 2) change the objective magnification. A ◊60 magnification limits the imaging region to 200 m, whereas a ◊20 magnification increases it to 600 m. The constraints in JeWell size as for presented here therefore restrict our technique to 'small' organoids or cell aggregates, and so it is not suited for organoids with a mm 3 volume range. However, it still covers a very large range of reported organoid types such as cancer pancreatic 34 , 100 m; intestinal 24 , 50-200 m; gastruloids 35 , 100 m in diameter and 400 m long; liver 22 , 300 m; micro-kidney 36 , 150-200 m and cancer spheroids 37 , 250-750 m. Note that for each new system a systematic check of the proper organoid development will still be necessary.

Another salient feature of the technique is the single side illumination that proved a good compromise between speed and quantitative analysis. The CNNs we used to detect, classify and segment the 3D images were relatively insensitive to the gradient of optical sectioning along the direction of the light sheet. To achieve this result, we took great care of training the different network with ground truth images of nuclei, rosettes and mitosis evenly spread over the light-sheet sectioning gradient. The lack of clear bias in the final analysis allows us to use single-sided illumination for fast, although quantitative, illumination. However, there are several ways to improve the quality of the images, such as deconvolution and multi-side illumination 14 . Multi-side illumination is straightforward using the four different mirrors composing the JeWell cavities, but it comes with a cost of instrumentation complexity, acquisition time, photobleaching and processing time Finally, a natural extension of our method is the development of a high-content screening platform allowing multi-condition assays. With the current acquisition sped, the 3D imaging of 9,216 organoids grown in the 96-well plates described in the first result section would take 1.3 days (respectively 4 days) to be images in one (respectively, three) color(s). It would result in 0.6 TB (respectively, 1.7 TB) of data. The typical analysis time per organoid for the longest CNN we used was 40 s per organoid on a standard workstation equipped with graphical processing units (GPUs). This suggests that the analysis of the full 96-well plate could be done in about 4 days, and could hence be performed almost in parallel with the acquisition, using a proper workflow. Integrating all the process in a single workflow requires ongoing developments in computer science, bioinformatics, microfabrication and robotization.
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Statistics and reproducibility. e sample sizes were determined to be larger than 96 organoids, a reference number for high number imaging (comparable to a 96-well plate). e precisions of neural network outcome were assessed by multiple (>2) investigators independently leading to a consensus value for quality. e experiments were not randomized. e investigators were not blinded to allocation during experiments and outcome assessments. No data were excluded from the analysis. All experiments have been reproduced independently with similar results at least three times if not stated in the main text or captions.

Fabrication methods for the JeWell chips. JeWell pyramidal microwells were produced by casting a textured polymeric thin film using capillarity filling. The textured film was then coated with metal to enhance the reflectivity of the 45° slanted surfaces, flipped and finally glued to a coverslip to form the final JeWell chips. The detailed fabrication procedure was as follows. First, a silicon primary mold featuring array of 45° truncated pyramidal microwells was made with an optimized process based on the protocol previously published in Galland et al. 21 . The JeWell design required at least double the previously achieved etch depth, while keeping the same optical finishing. To achieve this, we revised and modified the overall procedure to: (1) reduce the number of steps required to minimize the introduction of defects during handling of the wafer, (2) increase the thickness of the oxide layer used to 500 nm, which allowed for longer etching times before the deformation or breaking of the masking layer could introduce defects and (3) modify the lithographic process and the Reactive Ion Etching (RIE) pattern transfer to comply with the higher thickness of the oxide. The fabrication of the JeWell devices also required modification of the fabrication process previously published. First, the silicon primary mold was replicated in polydimethylsiloxane (PDMS) (Extended Data Fig. 1a). PDMS Sylgard 184 (Dow Corning) base resin and reticulation agents were mixed in 10:1 ratio and out-gassed (20-30 min in a vacuum jar evacuated to 5-10 mbar). The liquid PDMS was poured on the silicon mold and further out-gassed to ensure filling of the cavities (vacuum jar at 5-10 mbar for 10 min). After thermal curing (2 h at 75 °C on a hot plate), the PDMS mold was peeled off and cut in to 1 ◊ 1 cm 2 pieces. Each 1 ◊ 1 cm 2 cut could then be used multiple times to produce JeWell devices.

The PDMS mold features then had to be reproduced onto a glass coverslip. To do so, a PDMS 1 ◊ 1 cm 2 piece was first flipped face-down on a flat PDMS substrate (Extended Data Fig. 1a), then a small amount of liquid ultraviolet-(UV-)curable optical resin (NOA73, Norland Optics) was dropped at one edge of the mold. Note that, different from the soSPIM devices, use of an index matched polymer was not required, since the laser sheet was never going to pass through the textured film along its path to reach the organoids inside the pyramidal wells. Thus, cheaper and biocompatible curable resins can be used, such as NOA73. Driven by capillarity, the liquid filled the cavity between the PDMS mold and the flat substrate. Once the whole structured cavity was filled, the NOA was cured by flood exposure to UV light (UV LED KUB2, Kloe France, 365 nm with a power density of 25 mW cm 2 , 1 min exposure). Then, the PDMS mold was peeled off leaving the cured NOA featuring inverted JeWells on the flat PDMS substrate that had to be flipped 180° around onto a coverslip to end with correctly oriented pyramidal wells. Excess material was trimmed on all four edges and a film of Au was deposited by sputter-coating (Jeol Auto fine-coater, Jeol). A sputtering process of 45 s with a setting at 20 mA was repeated four times to achieve a final thickness of the coating at about 40 nm, with 1 min of waiting between each step to allow for sample cooling. Meanwhile, a glass coverslip (such as no. 1.5H) was prepared as a final substrate for the JeWell device by coating it with a thin layer of NOA73. A layer of NOA of about 20-30 µm thick was deposited on the coverslip by spin-coating and precured under UV light (30 s in the same UV LED KUB2), so as to become solid but still retaining adhesive properties. The Au-coated NOA structured film (still on the flat PDMS substrate) was flipped and placed in contact with the NOA-coated coverslip and gently pressed to ensure good contact. The NOA adhesive layer was then fully cured with a final step of UV flood exposure (1 min in the same UV LED KUB2 as previously) and the flat PDMS substrate could finally be peeled off, removing the portion of the metal film that was not coated on the NOA73 film at the same time.

Long-term passivation of JeWells chips. This step is mandatory to avoid any adhesion of cells to the chips for the duration of the experiments (>25 d) and to allow 3D culture of the cells. A solution of Lipidure (CM5206, NOF America) at 0.5% (w/v) in pure ethanol is poured to completely cover the JeWell chips. Optionally, a O 2 plasma cleaning of the coverslip (5 min) is done beforehand. The JeWell chips covered with Lipidure solution are out-gassed (5-10 min in a vacuum jar evacuated to 5-10 mbar). Then, the ethanol-Lipidure solution is allowed to completely be evaporated under a sterile hood (>2 h) to form a coating with the same molecular structure as the polar group of phospholipids. Before cell seeding, JeWell chips are rinsed with PBS, out-gassed as before and finally filled with cell culture medium.

Stem cell lines and their maintenance. The human embryonic stem cell lines (hESCs) used for the experiments were H1 (WiCell Research institute, Inc.) and K21 (lifeact GFP, H2B-mCherry) (a gift from O. Reiner's laboratory, Weizmann Institute, Israel). Both cell lines used were on an early passage number and confirmed to be contamination free.

We used hPSC-qualified Matrigel (354277, BD Biosciences) as the basement membrane matrix to culture and maintain the cells in the maintenance medium mTeSR1 medium (05850, StemCell Technologies) for H1 and RSeT medium for K21 (05978, StemCell Technologies). The 80% confluent H1 cultures were passaged using Dispase (07923, StemCell Technologies). We used TrypLE Express Enzyme (12605028, ThermoFisher Scientific) for K21 cultures. Gentle mechanical scrapping detached the cells. We resuspended them in fresh medium before they were replated on Matrigel-coated wells.

Embryoid body formation in JeWells. For formation of embryoid bodies in JeWells, we dissociated the hESCs (H1 Wicell Research institute) into single-cell suspension by enzymatic with ReLeSR (05872, StemCell Technologies) for about 9 min. The hPSC cells were suspended at a concentration of 0.5 million cells per ml in embryoid body formation medium supplied in STEMdiff Cerebral Organoid Kit (08570, StemCell Technologies) supplemented with 10 M Y27632 (72304, Calbiochem, Merck Millipore) and seeded onto the JeWells. The cells were incubated for 10 min to allow an adequate number of cells to enter per JeWell. Then we washed the chips with DMEM/F12 medium to remove excess cells. We incubated this in embryoid body formation medium supplemented with 10 M Y27632 for 24 h. The neuroectoderm differentiation of embryoid bodies in JeWells was then initiated after 24 h of cell seeding and/or when the embryoid bodies were 120 µm in size.

Induction of neuroectoderm from hESCs in JeWells. To induce neuroectoderm differentiation, the embryoid bodies were cultured in STEMdiff Cerebral Organoid Kit (08570, StemCell Technologies) according to the manufacturer's instructions with slight modifications: when the embryoid bodies in JeWells reached 120 µm in size we induced them to neuroectoderm using the induction medium from Cerebral Organoid Kit for 4 d. On day 5, the induction medium was removed and the induced embryoid bodies were embedded in 100% hPSC-qualified Matrigel (354277, BD Biosciences) for 30 min. They were then allowed to undergo neural expansion using expansion medium from Cerebral Organoid Kit for 3 d.

Formation and growth of intestinal organoids in JeWells. The hESCs H1 cell line (Wilcell research institute) was used to generate intestinal organoids. The induction of cells was done using STEMdiff Intestinal Organoid Kit (05140, StemCell Technologies) according to the manufacturer's instructions with slight modifications: H1 cells were seeded as cell aggregates of >200 µm on Matrigel coated 24-well plate and allowed to reach roughly 90% confluence. At confluence, the cells were induced to definite endoderm for 3 d followed by mid/hindgut differentiation for the next 6 d. Once the mid/hindgut differentiation was achieved the cells were dissociated as clumps of around 50-75 µm by physical pipetting and seeded at a high-density to cover all the JeWells. The aggregates were incubated for 15 min to allow adequate number of aggregates to enter the JeWells. Then the JeWells were washed with DMEM/F12 medium to remove excess cells and coated with Corning Matrigel Growth Factor Reduced Basement Membrane Matrix, Phenol Red-Free (356231, Corning) for 30 min. Once the Matrigel has solidified, the cell aggregates were supplied with intestinal organoid growth medium to generate intestinal organoids for 8-9 d. The medium was changed every other day to keep the culture healthy.

For long-term culture of intestinal organoids in JeWells (20 d), preformed intestinal organoids in conventional culture system were passaged and broken into small clumps and seeded into JeWells in a similar way as described above. The JeWells were supplemented with fresh intestinal organoid growth every other day until required.

Primary rat hepatocytes isolation and seeding in JeWells. Hepatocytes were kind gifts from H. Yu's laboratory. They were collected from male Wistar rats by the two-step collagenase perfusion method as described by Seglen et al. 38 . Animals were handled according to the protocol established and approved by the Institutional Animal Care and Use Committee of the National University of Singapore. Each isolation yielded >108 cells, with the viability ranging from 75-90% as tested by Trypan Blue exclusion assay. 0.15 ◊ 10 6 cells per ml suspended in cold hepatocytes William's E culture media (A1217601, ThermoFisher Scientific) supplemented with 1 mg ml 1 BSA (A7906, Sigma-Aldrich), 100 nM Dexamethasone (D4902,Sigma-Aldrich), 2 mM -glutamine (25030081, ThermoFisher Scientific), 0.3 g ml 1 of insulin (I9278, Sigma-Aldrich), 50 g ml 1 linoleic acid (L1376, Sigma-Aldrich), 100 units per ml penicillin and 100 g ml 1 streptomycin (15140122, ThermoFisher Scientific) were seeded as previously described per JeWell chip and the chips placed in the incubator for 5-10 min to allow for the cells to settle. The dishes were then swirled, and the supernatant was collected to remove the floating cells. Next, 1 ml of fresh hepatocytes culture medium were added to the JeWell chip and left to incubate over 2-4 d before fixation and immunostaining.

Cancer cell lines seeding in JeWells and formation of spheroids. HCT116 cells (Sigma-Aldrich), colorectal cancer cells, were maintained in RPMI 1640 media NATURE METHODS | www.nature.com/naturemethods ARTICLES NATURE METHODS (Invitrogen, 11875093) supplemented with 10% FBS (10082147, Invitrogen), 100 U ml 1 penicillin-streptomycin (15070063, Invitrogen) and 10 mM ml of HEPES (15630080, Invitrogen) at 37 °C and 5% CO 2 . After trypsinization, the cells were suspended in complete 20% FBS DMEM (11965092, Invitrogen) media and the cell suspension were adjusted to 0.5 ◊ 10 6 cells per ml. Next, 1 ml of cell suspension was placed in 35-mm JeWell plates for 10 min to get approximately 80 cells per JeWell. The cell suspension was removed, washed once with DPBS (14190250, Invitrogen) and 2 ml of complete 20% FCS DMEM media was added to the plate. The media was changed on day 3 and day 6. The cells were fixed at day 10 for immunostaining.

Encapsulated cysts of stem cells culture and seeding in JeWells. Encapsulated cysts of hiPSC line IMAGINEi004 stem cells, were produced according to the protocol described in ref. 39 . They were kindly provided by TreeFrog Therapeutics https://treefrog.fr/ in alginate capsules produced according to the system described in ref. 40 . The cell-matrix suspension was entrapped inside a closed and permeable micro-sphere. This was cultured in mTeSR1 culture medium within T-flasks and maintained in a cell culture incubator at 37 °C at 5% CO 2 . The medium (mTeSR1) was supplemented with 10 µM Y-27632 for rho-kinase inhibition during the first 24 h of cultures. Medium culture was changed every day until day 6. The encapsulated cysts were provided fixed in PBS. The capsules were removed by incubating them in EDTA solution for 2 min (1 µM) and then stored in PBS + 0.1 tween20 before staining according to the protocol detailed below and seeding into JeWell chips. The stained cysts were seeded in square JeWells with 250 m of top opening at 1,000 cysts per ml.

Organoids immunofluorescence staining for imaging (all organoids). Organoids or spheroids in JeWell chips were fixed for 20 min in 4% paraformaldehyde (28906, ThermoFisher Scientific) at room temperature. Then the 3D cultures were permeabilized for 24 h in 1% Triton-X-100 (T9284, Sigma-Aldrich) solution in sterile PBS at 4 °C on an orbital shaker, followed by 24 h of incubation in blocking buffer (2% bovine serum albumin BSA (37525, ThermoFisher Scientific) and 1% Triton-X-100 in sterile PBS) at 4 °C on an orbital shaker. Samples were then incubated with primary antibodies (Supplementary Table 3 for references and dilutions) diluted in antibody dilution buffer (2% BSA, 0.2% Triton-X 100 in sterile PBS) at 4 °C for 48 h. The samples were then rinsed three times with washing buffer on an orbital shaker (3% NaCl and 0.2% Triton-X 100 in sterile PBS) and incubated with secondary antibodies, donkey anti-mouse IgG-Alexa Fluor 488 (A21202, Invitrogen, 1:500), donkey anti-goat IgG-Alexa Fluor 633 (A21245, Invitrogen, 1:500), 0.5 g ml 1 DAPI (62248, ThermoFisher Scientific) and Alexa Fluor 488 phalloidin (A12379, ThermoFisher Scientific, 1:200) at 4 °C for 24 h on an orbital shaker followed by five rinsing steps with washing buffer. The samples were finally washed following similar washing steps to after primary antibody incubation and mounted using RapiClear 1.52 (RC 152001, Sunjin laboratory) and prewarmed at 37 °C. Automated cell counting in JeWells after seeding. We imaged the JeWell chip in transmitted brightfield mode using the MetaMorph ScanSlide module at ◊20 magnification just after the seeding and rinsing steps. The positions of the individual wells were automatically identified on the stitched image. We then cropped the stitched image into subimages containing a single well by threshold detection of the bright top aperture of each well. All the detection was performed using OpenCV-Python. We then trained a CNN for biomedical image segmentation published by the computer science department of the University of Freiburg U-Net using 200 raw images that we manually annotated. The training dataset was artificially augmented (three times) applying transformations to the original images. We then estimated the area Ac per cells by using a linear regression between the segmented area predicted by the U-Net per well and the ground truth number cell in the training set. We computed the number of cells per well dividing the total predicted segmentation area by Ac. We found an error of around 6% compared to the ground truth (Extended Data Fig. 10) (n = 200 wells). Once trained, the cell counting process by the U-Net network was almost immediate. Automated acquisition process. The microscope, the motorized stages and the multi-dimensional acquisition process were controlled by MetaMorph software (Molecular Device). A dedicated home-made plugin (Visual basic) integrated into MetaMorph allowed control of the soSPIM beam-steering unit and therefore the sample illumination. It especially enabled to synchronize the 3D position of the light sheet (after reflection onto the 45° mirror) with the objective's axial movement and the acquisition process to ensure a proper superposition of the excited and imaged plane for optimal 3D imaging as described in Galland et al. 21 . Light-sheet calibration and repositioning during multi-position acquisition are performed using brightfield images of the JeWells. The calibration is performed semi-automatically, simply by the user drawing a line in the direction of the mirror, at the in-focus position, which is clearly visible from a brightfield image of a JeWell. Repeating this process for two different Z positions (for example, at the top and at the bottom of the JeWell), allows calibration of the position of the light sheet on the mirror with respect to the Z position and guarantees a perfect alignment of the light sheet with the focal plane of the objective. The precise arrayed structure of the JeWells ensures the mirrors orientations to remain the same for all the JeWells contained in a JeWell chip, facilitating multi-position acquisition as long as JeWells are repositioned exactly at the same position in the camera field of view. Indeed, the soSPIM architecture couple the lateral (xy) JeWell position with the axial (Z) position of the light sheet (Extended Data Fig. 5a). To control the exact positioning of the JeWell in the camera field of view for both automatic multi-position acquisition and drift correction during time-lapse acquisition, we developed a fully automatic positioning tool. It relied on the cross-correlation of the JeWells high-contrasted brightfield images in between a reference position on which the soSPIM imaging synchronization has been performed and the JeWell that will be imaged at a subpixel resolution (Extended Data Fig. 5b). The positioning accuracy was estimated to be less than 45.8 nm for a computational time of 188 ± 13 ms (with an image binning factor of four) ensuring optimal 3D soSPIM imaging of all positions (and time point) defined with a neglectable affect on the acquisition duration. To ease and fasten multi-dimensional acquisition leveraging the arrayed structures of JeWells, we developed a four-step process as described in Extended Data Fig. 5c. It relies on (step 1) the acquisition of a brightfield preview of the whole JeWell chip, (step 2) the automatic JeWells positions detection and (step 3) the interactive selection of the positions to be imaged, before (step 4) the screen of those positions according to the acquisition's parameters preliminary defined (frequency, excitation wavelengths, Z series, and so on). The integration of the repositioning tool within this acquisition pipeline ensures optimal 3D soSPIM imaging of all the positions and time-points of the screen. Overall, it took 25 min to set up a screen on 321 positions (steps 1-3) including 20 min for the chip acquisition preview.

Nuclei segmentation by StarDist. The 3D segmentation of nuclei was performed using StarDist 25 CNN. All the image stacks were resized from 2,048 ◊ 2,048 to 614 ◊ 614, keeping the number of planes constant, to allow StarDist training on a standard desktop computer equipped with a Geforce RTX 2080 Ti NVIDIA GPU with 11 GB of graphical memory. We manually annotated seven organoids using Napari 41 , corresponding to 471 frames and 5,274 3D nuclei. After resizing, the median size of our annotated nuclei was 28 ◊ 27 ◊ 7 voxels. We used a patch size of 96 ◊ 96 ◊ 24 voxels to guarantee that the network's field of view encapsulates at least one nucleus. Data augmentation was performed with random flips, rotations and intensity modifications, and we used 85% of the dataset for training and 15% for validation of the network predictions. Training used 400 epochs and required approximately 4 h. Prediction of a complete 3D stack required 40 s (4 s for resizing and 36 ± 21 s for the StarDist prediction Supplementary Video 2). Segmentation applied to 96 organoids resulted in 55,976 nuclei and has been used to measure intensities of transcription factors for all organoids. Distributions of the nuclei volume were computed using the MorphoLibJ 42 plugin.

Detection of Ki67 classes, mitosis and apoptosis in 3D by

YOLOv5. The detection of Ki67 classes 26 (Early G1, G1/S/G2, Mitosis) and apoptosis and mitosis (DAPI) events was performed using the YOLOv5 CNN published by ZeroCostDL4Mic, run on our GPU resources (NVIDIA Quadro RTX6000 24GB) (Extended Data Fig. 10a). For the Ki67 classes, a custom-made image analysis algorithm based on local thresholding and morphology mathematics has been implemented under ImageJ to help for the detection of the Ki67 positive region (surrounding boxes, Supplementary Video 3) following by a manual step of classification. This has been done on 13 image stacks of 71 z planes of the Ki67 signal only. For the mitosis/apoptosis detection on DAPI signal, 28 image stacks of 71 z planes were manually annotated by selecting 30 ◊ 30 pixels bounding boxes around the central plane of the apoptosis and 50 ◊ 50 pixels bounding boxes around the central plane of the mitosis using ImageJ. For both types of detection, these annotated stacks constituted the ground truth of the training dataset, representing a total of 35,000 positive regions in two dimensions for Ki67 signal, and for DAPI signal a total of 344 mitosis and 1,123 apoptosis two-dimensional (2D) regions. For mitosis/apoptosis only, an additional data augmentation was performed using image flipping and rotation, representing 4,128 2D regions of mitosis and 13,476 apoptosis. We used 90% of the dataset for training and 10% for validation of the network prediction. After training, the prediction of a single plan image took 20 ms and around 1 s for a full 3D stack. The artificial intelligence network identified bounding boxes around individual events in each plan independently (2D). 3D detection was achieved using a custom MATLAB routine identifying and fusing the same event detected in consecutive planes. The center coordinates of each 3D box were plotted as a localization map. We measured the confusion matrix by comparing the overlap between the predicted bounding box with the ground truth (Extended Data Fig. 9). 
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 11 Figure 1.1. Structural Schematic structural organization of a cell (adapted from 2010 Nature Education All rights reserved).
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 12 Figure 1.2. Common animal research models (created in BioRender).
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 13 Figure 1.3. Main methods for 3D cell cultures. A. Hanging Drop method. The cells aggregate together at the bottom of a hanging drop. B.Cells are seeded in a low attachment plate, which prevents them from adhering. C. Rotation flask keep the cells in suspension by rotation. D.In magnetic culture, magnetic particles are added to the culture. A magnetic force brings the cells together. E. Scaffold-based method, in which cells are seeded inside or on top of a gel. F. Matrix encapsulation, in which a microfluidic system is used to create gel capsules trapping cells inside. G. Bio-printing approach, consisting in pilling layers of biopaper gel loaded with spheroid to fuse them together and create bigger 3D structures. H. The micro-patternning approach aims at creating traps for the cells using a photosensitive resine..
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 14 Figure 1.4. Biological model scales.
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 15 Figure 1.5. Principle of fluorescence. A. Jablonski diagram representing the energetic interactions between the different electronic levels B. Fluorescence spectra of different dyes, showing the excitation range (dotted line) and the emission range (solid line). The Stokes shift represents the energy loss due to vibrational relaxation increasing the wavelength difference between the excitation and emission peaks.
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 16 Figure 1.6. Photo-bleaching principle. This curve shows the effect of photo-bleaching on the intensity over longer period of time..

Fluorescence

  microscopy images are formed by detecting the photons emitted by the fluorescent dyes attached to the structures of interest. The most basic implementation of a fluorescence microscope is called epi-fluorescence microscopy (sometimes referred as widefield fluorescence microscopy) [Figure 1.7]. The whole sample is exposed to a light source of a specific wavelength to excite the fluorescent dyes. The image formation process relies upon three main different steps [Figure 1.7]:
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 17 Figure 1.7. Widefield fluorescence microscopy. The whole specimen volume is illuminated by a light source of a given wavelength, and the fluorescence signal is collected through the same objective and send to a camera..
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 18 Figure 1.8. Resolution limit in fluorescence microscopy. A The numerical aperture of the objective determines the ability of the system to collect photons through the collection angle . The Point Spread Function (PSF) defines the Airy pattern created by a point source imaged through the objective. B. The Rayleigh criterion defines the achievable resolution of an optical system by the ability to separate two close point sources..
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 19 Figure 1.9. Optical sectioning principle. A. The Depth of Field (DoF) defines the section over which the microscope will produce a sharp image. B. To perform 3D imaging, we sequentially acquire 2D optically sectioned planes and fuse them together..
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 110 Figure 1.10. Confocal laser scanning microscopy. A. Standard CLSM optical setup. B. The spatial filtering principle through a pinhole enables to provide 3D optical sectioning and lead to possibly better spatial resolutions..
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 111 Figure 1.11. Spinning disk confocal microscopy. SDCM principle: two Nipkow discs enable to create several excitation foci onto the sample and to spatially filter out the collected signal before being projected onto a 2D camera. A confocal image is built up when the disks are spun during an integration time of the camera..
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 112 Figure 1.12. Multiphoton microscopy principle. Jablonsky diagram representing different absorption processes that can be used for biological imaging (1Ph: one photon; MP: multi-photons; SHG: Second Harmonic Generation; THG: Third Harmonic Generation)..
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 113 Figure 1.13. Multiphoton microscopy system. A. MPM standard optical set-up. B. The optical sectioning principle arises from the photon density required to effectively induce absorption..
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 114 Figure 1.14. Biological optical window defined as the spectral range for which the absorption and scattering of biological tissues are the lowest and therefore the imaging penetration depth the highest..
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 115 Figure 1.15. Widefield Multiphoton microscopy principle. A. Temporal focusing principle. Classically photons concentrated within short pulses are focused spatially by a high NA objective to achieve a sufficiently high photons density at the focal plane (top). In temporal focusing each laser pulses are stretch in time and temporally focused by the objective lens leading to an increased photons density at the focal plane. B. Temporal focusing optical set-up. The incident laser beam is temporally dispersed by a grating before being focused again through the objective lens..
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 116 Figure 1.16. LSFM standard architecture. B. Representation of the two possible approaches to create a LS: a static through focalization by a cylindrical lens, or a virtually scanned one..
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 117 Figure 1.17. The overall PSF of a LSFM is given by the product of the excitation and detection PSFs..
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 118 Figure 1.18. Types of light-sheet illumination.Diffraction laws make that a focused Gaussian beam rapidly diverges leading to a strong compromise in between the achievable LS thickness (! LS ) and length (l LS ). An alternative to that trade-off is to use non-diffracting beams, such as Bessel beams, whose profile remains invariant along its propagation direction over much longer distances..
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 119 Figure 1.19. Overview of LSFM implementations. A. Multi-objective architecture illuminating the sample from different angles to reconstruct high resolution images over the whole field of view B. Oblique plane microscopy removing the mechanical constraints by tilting the light-sheet. C. single objective SPIM also removing the mechanical constraints by scanning a laser onto a 45°mirror to create a light-sheet..
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 1 Figure 1.20. soSPIM optical setup. A motorized diaphragm (MD) adjusts the length and thickness of the waist of the laser beam. Longer the waist is, thicker it will be and inversely (A). The tunable lens (TL) controls the lateral position of the waist (B). The galvanometric mirrors (XG, YG) control the position of the laser beam on the field of view and scan the it on the 45°mirror to create the light-sheet. The Fourier mirror (FM) adjusts the incident angle of the laser beam on the mirror, allowing to compensate any angle defect (C)..
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 121 Figure 1.21. Creation and calibration of the light-sheet. We scan the laser beam along the y-axis onto the 45°mirror to create the light-sheet. To always perform the best imaging, a calibration links the movement of the light-sheet with the objective. When the objective moves axially (1), the light-sheet is displaced along the x-axis, also changing its position in depth[START_REF] Kratochvil | Engineered materials for organoid systems[END_REF]. The objective's movement also induces a lateral shift of the waist; the tunable lens compensates it to ensure a homogeneous position of the waist during the imaging..
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 122 Figure 1.22. JeWells microfabrication process. A. Visual fabrication protocol of the JeWells. B. Examples of JeWells geometries. C. Scan slide of a JeWells device and zoom of one position. (Adapted from Beghin et al. (2022)).
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 1 Figure 1.23. soSPIM imaging capabilities. A. We can adapt the soSPIM devices and the mirrors to the sample we study, from single cells to small embryos. On the left, the classical devices and examples of super-resolution imaging of single cells( 10-50µm) in depth. In the middle, the JeWells allowing the parallelized and standardized culture of 3D samples ( 100-300µm) as well as their imaging. On the right, we can produce millimetric mirrors to image small animals( 0.5-1mm)..
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 124 Figure 1.24. SWOT analysis of the four major steps in high-content screening using 3D cellular systems (Taken from Carragher et al., 2018).
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 1 Figure 1.25. soSPIM HCS platform project overview..
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 21 Figure 2.1. Effect of the trade-off in SPIM microscopy. A. A thin light-sheet have a shorter waist a diverges faster than a thicker light-sheet. B. Using a thin light-sheet to perform the imaging leads inhomogeneous imaging with a really sharp image at the waist position but important Gaussian blur when going further. A longer light-sheet will give a less resolved image but more homogeneous over the whole sample..
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 22 Figure 2.2. Principles of the different multiview systems and data fusion. A. Rotating the sample with a standard SPIM system allows acquiring multiview data, but limits the speed. B. Multidirectional SPIM adds a second excitation path to reduce the number of rotations needed to cover the whole sample. One rotation of the sample is still needed in order to retrieve the signal not covered by the detection objective. C. Multiview SPIM adds a second detection objective to cover the whole sample. D. When movement of the sample is involved, the fusion algorithm of the images requires a registration step to ensure that the views cover the same objects. The views can then be fused together to reconstruct a homogeneous high-resolution image. .
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 23 Figure 2.3. Schematic of the light coverage of the sample when using the soSPIM system. A. With only one view B. With four views..
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 24 Figure 2.4. Effect of tilt to soSPIM imaging. A. Ideal case without any tilt, the JeWell's mirror is at 45°and create a light-sheet orthogonal with the optical axis. B. In the case of tilt, the light-sheet is not orthogonal with the optical axis and illuminates several axial positions, leading to out-of-focus signal. C. The Fourier mirror allows adjusting the illumination angle to retrieve an orthogonal light-sheet. D. When performing multiview imaging, the tilt induces different angles of the illumination for each view. It results that two opposite light-sheets are not illuminating the same planes of the sample which would lead to artifacts after the reconstruction process. E. Using the Fourier mirror to adjust one side worsen the other side and would require motorization to be used properly. A simpler solution is to correct the sample tilt to ensure the proper alignment of the light-sheets..

Figure 2 . 5 .

 25 Figure 2.5. Influence of the stage tilt on soSPIM bright-field images. A. Bright-field images of an empty JeWell at different axial position showing a cross pattern given by the corners of the pyramid. The focal position is given by the intersection of the dark and white parts. B-left. Scan slide of a tilted device showing different cross patterns over the field of view. B-right. Zoom of the two opposing well of the JeWell device when tilted and corrected..

Figure 2 . 6 .

 26 Figure 2.6. 3D segmentation comparison between left-side and right-side illumination images. Left: Single plane intensity overlay between left-side (cyan) and right-side (magenta) illumination. Middle: Cross-sections overlays of 3D nuclei segmentation computed from left-side (cyan) and right-side (magenta) illumination data. Objects are the maximum intensity projections of the nuclei intersecting the cross-sections in (x,y), (x,z) and (y,z) directions. Right: Quantification of the difference between the absolute number of detected nuclei in the two illumination directions (green, N = 32), and of the number of nuclei that overlaps (orange, N = 64). Box plots indicate the mean (bar) and Std. The butterfly represents the distribution over all the organoids in each condition. (from Beghin et al., 2022).

Figure 2 . 7 .

 27 Figure 2.7. Multiview acquisition pipeline. Each plane is acquired with all the views before passing to the next one. Data are gathered in different stacks of images forming the multiview dataset. The intensity of the stacks is normalized to avoid reconstruction artefacts. A sigmoid function is applied to remove the unnecessary information of the images which are then fused together to retrieve a high-resolution stack of the sample..

Figure 2 . 8 .

 28 Figure 2.8. Intensity curves of each view before and after normalization. The view 1 is used as a reference and the coefficient ↵i corresponding to each view are calculated to correct the images..

Figure 2 . 9 .

 29 Figure 2.9. Sigmoid function for data fusion. A. Schematic of the illumination coverage by a two-view imaging with the waist positioned to cover half of the sample. B-left. Shape of the sigmoid function (1D and 2D) applied to the images to remove their blurry part. B-right. Effect of the slope parameter of the sigmoid function, for our reconstruction, the slope is fixed at 10..

Figure 2 . 10 .

 210 Figure 2.10. Comparison between 1D and 2D sigmoid reconstruction for four-views datasets.With the 1D sigmoid we can observe a remaining halo around the sample coming from the contribution of the orthogonal views of the light-sheet direction. We see the effect of this contribution on the reduced intensity of the 4 views reconstruction compared to 2 views. This issue is corrected when using 2D sigmoid for the reconstruction..

Figure 2 . 11 .

 211 Figure 2.11. Multiview reconstruction algorithms using single and multi-threading. Multi-threading allows to parallelize operations on the CPU to optimize time efficiency. Using multi-threading helped reducing the processing time of the algorithm by a factor 4..

Figure 2 . 12 .

 212 Figure 2.12. Multiview acquisition of a multi JeWell device containing pre-encapsulated organoids..

Figure 2 . 13 .

 213 Figure 2.13. Schematic principle of the deconvolution in microscopy (Taken from Sage et al. (2017)).

Figure 2 . 14 .

 214 Figure 2.14. Comparison between a theoretical widefield PSF and a soSPIM PSF for a 20x 0.75 at 640nm emission wavelength. A. Theoretical PSF xy, and xz planes. B. Same with an experimentally soSPIM PSF, showing the lack of Airy rings due to the optical sectioning. A gamma of 0.7 was applied to the xz images of both PSFs. C. Left: Intensity profiles of the xy plane. Right: Intensity profiles of the xz plane. The table summarizes the characteristics of each PSF showing the differences between theoretical and experimental PSFs..

Figure 2 . 15 .

 215 Figure 2.15. Visual comparison between a theoretical widefield PSF (A) with an experimentally acquired widefield PSF (B) with a 20x 0.75 at 640nm. A gamma of 0.7 was applied to the xz images..

Figure 2 . 16 .

 216 Figure 2.16. Space varying PSF in the case of Gaussian beam illumination. A. The Gaussian illumination leads to varying PSF along the illumination path. B. Using multiview imaging, the PSF can be homogenized across the field of view..

Figure 2 . 17 .

 217 Figure 2.17. Comparison between an experimental widefield PSF (A) and an experimental soSPIM PSF (B), both acquired with a 20x 0.75 with a wavelength of 640nm. The soSPIM PSF was acquired in depth at 50µm above the coverslip..

Figure 2 . 18 .

 218 Figure 2.18. Evolution of the light-sheet profile along the propagation direction. A. Laser profiles obtained in a fluorescent solution after reflection on the 45°mirror. The intensity profile of the light-sheet can be Gaussian fitted to retrieve its size. B. Intensity profiles, and their FWHM at different x positions along the laser beam propagation with a 20x 0.75NA objective. The position 2 being the waist which thus demonstrates a smaller FWHM..

Figure 2 .

 2 Figure 2.19. Widefield PSF and ZOLA analytical model PSF. A. ZOLA generally reconstructs accurately the PSF without noise. B. Errors in the model can still occur, integrating artifacts such as holes or inaccuracies in the PSF..

Figure 2 . 20 .

 220 Figure 2.20. Comparison between experimental and semi analytical PSFs. A. Averaged experimental PSFs acquired using the soSPIM setup. B. Comparison of the intensity profiles of the PSFs in the lateral and axial directions. The slight visible differences may originate from in-depth optical aberrations, not accounted in the model.

Figure 2 . 21 .

 221 Figure 2.21. Deconvolution of beads images. A. Initial image of the beads acquired with soSPIM at high SNR (500ms per plane). B. Zoom of the initial stack in the waist area showing the xy and xz planes. C. Deconvolution of the beads images using an experimental and semi-analytical PSF. D. Intensity profiles of the 3 previous images, showing that both PSFs give similar contrast improvement ..

Table 2 . 1 .

 21 Measure of the FWHM in x, y, z for N = 100 beads over the whole FoV..

Figure 2 . 22 .

 222 Figure 2.22. Comparison of the deconvolution performances between an experimental and a semi-experimental PSF on multiview images of TreeFrog pluripotent cysts acquired with a 20x 0.75, for a single view and a multiview reconstructed images. A. Whole plane of the initial and deconvolved images for single view. B. Whole plane of the initial and deconvolved images for multiview reconstruction.C.Zoom on a area in the blurry part of the image. D. Zooms on 2 different areas of the plane highlighting the image improvement. E. Intensity profile of the two areas demonstrating the deconvolution gain. .

Figure 2 . 23 .

 223 Figure 2.23. Comparison of the deconvolution performances between an experimental and a semi-analytical PSF on multiview images of TreeFrog organoid acquired with a 20x 0.75. A. Whole plane of the initial and deconvolved images. B-C. Zooms on a specific area of the plane highlighting the image improvement. C. Intensity profile of the area demonstrating the deconvolution gain. .

Figure 2 .

 2 Figure 2.24. SIM experimental principle. A. Combination of a standard widefield microscopy setup with a translating grid to perform structured illumination. B. Effect of the SIM reconstruction on the optical sectioning.

Figure 2 .

 2 Figure 2.25. soSPIM-based SIM illumination principle. A. The laser is scanned onto the 45°mirror with a periodic modulation of the intensity. The illumination pattern is shifted several times (4 in this example) until the whole FoV have been homogeneously illuminated B. Top. Superposition of the different illumination phases. Bottom. Averaging the illumination patterns gives a homogeneous illumination. .

Figure 2 . 26 .

 226 Figure 2.26. SIM reconstruction of beads images using different reconstruction algorithms. A. Whole FoV of the beads images of the different reconstruction, showing the contrast improvement compared to the widefield reconstruction. B. Zoom on a specific area of the image, with a small cluster of beads. C. Lateral intensity profile of two beads close to each other's for the different reconstruction algorithms. .

Figure 2 . 27 .

 227 Figure 2.27. SIM single plane reconstructions (mean, ftmod and moment) of a spheroid with zoom in. The reconstructed images show nice sectioning improvement (green ROI), as well as dark lines artefacts (red ROI)..

Figure 2 .

 2 Figure 2.28. soSPIM device quality assessment. A. SIM pattern showing clear shifts of the waist. B. Max-Min reconstruction of SIM patterns, revealing the surface quality. Reconstruction on Femtoprint molds, even if not perfect, are much smoother, suggesting a flatter surface..

Figure 3 . 1 .

 31 Figure 3.1. Automatic detection of the JeWells' positions. A. Graphical user interface (GUI) used to perform the automatic detection and selection of the JeWells of interest. B. Calculation of the JeWells' position in absolute stage coordinates..

Figure 3 . 2 .

 32 Figure 3.2. User-assisted selection of the JeWell positions. A. GUI for the selection of the positions which allows the user to select/unselect or remove ROIs present on the scan slide image. It displays the number of positions selected to ease the setup of the experiments. It also allows the user to save and load the ROIs positions. B. Example of a scan slide with the selected (green) and unselected (red) positions..

Figure 3 . 3 .

 33 Figure 3.3. Impact of the spatial drift on the light-sheet position in soSPIM. Lateral drift in the x direction induces an axial shift of the light-sheet position, which is not superposed with the focal plane anymore..

Figure 3 . 4 .

 34 Figure 3.4. Cross-correlation algorithm principle. A. The program requires two images: a reference, which defines the position of the well to recover and an image to calculate the current drift. B. The cross-correlation matrix is computed and the drift value is calculated by comparing the position of the similarity maxima to the center of the image..

Figure 3 . 5 .

 35 Figure 3.5. Benchmark of the cross-correlation algorithm as a function of the binning. A. Image binning principle. A binning of n averages n 2 adjacent pixels together. B. Evolution of the computation time and pixel size as a function of the image binning value. C. Sub-pixel cross-correlation precision as a function of the binning. The binning of 4 gives the best compromise in terms of precision and time efficiency. D. Summary of the time efficiency and precision of the sub-pixel cross-correlation algorithm..

Figure 3 . 6 .

 36 Figure 3.6. Precision of the cross-correlation-based drift correction method using two different motorized stages. Left: Distribution of correction error of the Nikon Ti Eclipse stage measured for 300 random movements comprised between -3µm and 3µm. Two populations appear on the histogram at 0 and 100nm, in agreement with the precision of the stage. Right: Same experiment performed with a Mad City Lab nano-positioning stage, showing a stage precision below the 15nm accuracy of the cross-correlation..

Figure 3 . 7 .

 37 Figure 3.7. Schematic of the cell seeding procedure to form 3D cultures using the JeWells..

Figure 3 . 8 .

 38 Figure 3.8. Acquisition pipeline to perform soSPIM-based high content screening experiments. The flowchart shows the different steps to perform, either using MetaMorph software (purple) or home-made plugins (yellow). A bright-field scan slide is acquired by MetaMorph displaying all the JeWells. The positions are automatically detected and manually refined by the user. All the calibrations for soSPIM imaging (Appendix protocols) and the repositioning process need to be done before starting the acquisition with the multi-dimensional acquisition (MDA) module of MetaMorph. MDA calls for journals at specific timings allowing the accurate repositioning during the acquisition. The acquisition process ends once all the positions have been acquired at every time points..

Figure 3 .

 3 Figure 3.9. 4 colors, multi-position3D acquisition of fixed spheroids. Spheroids were fixed and stained with DAPI, Phalloidin, Lamin and Tom20. It took 15min to perform the scan slide and select 96 positions, and around 1h to perform the 3D acquisition (60 planes, 100ms exposure time per plane) with four wavelengths..

Figure 3 .

 3 Figure 3.10. Time-lapse, multi-position acquisition of living spheroids. Gallery of depth color-coded maximum intensity projection of selected time points of a time-lapse soSPIM acquisition performed on 4 different HEP3B spheroids stably expressing H2B-GFP. 3D stacks of 70 planes (every 1 µm) were acquired every 90sec for 721 time-points, corresponding to a 18h-long acquisition. .

Finally

  , I monitored the development of living HEP3B-GFP spheroids for 63h (>3 days) after the second day of culture. I acquired 21 positions every 20min with 60 planes (spaced by 1µm) per volume, and 50ms exposure time per plane. Cell divisions occurred during the whole acquisition, illustrating the limited photo-toxicity of the soSPIM-HCS system, and its capacity to perform several days-long experiments[Figure 3.11] .

Figure 3 .

 3 Figure 3.11. 63h-timelapse acquisition of HEP3B-GFP spheroids development. Depth color-coded maximum intensity projection of selected time point of 2 different HEP3B spheroids stably expressing H2B-GFP. 3D stacks of 60 planes (every 1µm) were acquired every 20min for 190 time-points (3760min) for 21 positions. Zooms displays cell divisions occurring along the timelapse showing that the samples were still alive after 63h of experiments..

  This last tab of the OrgaScreen user interface allows the user to reconstruct any multiview soSPIM image, both 2-views and 4-views. Multiview parameters This part of the GUI indicates which reconstruction algorithm to use, either one of the 2-views or the 4-views. It requires at least 2 stacks of images and follows a protocol for the reconstruction: • View 1 -> Left view • View 2 -> Right view • View 3 -> Top view
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 2 Fig. 2 | Matching JeWell chips to different types of organoid. a, Examples of JeWell cavities dimensioned to fit the size of the organoids (scale bars, 500 µm). b, Representative examples of 3D stacks (◊60, WI) and 3D reconstruction of primary rat hepatocyte aggregates stained for actin (gray) and MRP2 (canaliculi marker) (gold) after 4 days of culture (n = 96). Scale bar, 20 m. c, Representative median plane images (◊60, WI) of hESCs derived neuroectoderm organoids (8 days old) immunolabeled for various transcription factors (as indicated) and for N-cadherin enriched in the rosette core (n = 400). Scale bar 100 m (left) and 20 m and 500 m (right). d, Typical images (◊20) of oncospheres (HCt116) (roughly 200 µm in diameter) grown in normoxic and hypoxic conditions. Images of nuclei in various proliferation stages (G0, G1, S, mitosis) labeled with Ki67 staining (n = 400). Scale bars are 100 m unless otherwise noted. e, Representative 3D stack (◊20) and 3D reconstructions of hESCs cells pre-encapsulated in alginate capsules. The encapsulated cells were grown outside the JeWells and the capsules were seeded in pyramids with large top openings (215 m). Scale bars, 100 m (left) and 30 m (right). f, Representative median plane (◊20) of intestinal organoids derived from hESCs at day 8 (left) and day 20 (right) grown in rectangle grooves and stained (CDX2, vilin, actin and nuclei) at an early stage (D08) and a later stage (D20) (n = 96). All images in the figure are raw images from soSPIM setup without any postprocessing. Scale bars, 100 m. NATURE METHODS | VOL 19 | JULY 2022 | 881-892 | www.nature.com/naturemethods

  cysts of stem cells grown in capsules and imaged in chip Neuroectoderm organoids derived from hESCs grown and imaged in chip A Oncospheres of colorectal cancer cells grown and imaged in chip METHODS | VOL 19 | JULY 2022 | 881-892 | www.nature.com/naturemethods

Fig. 4 |

 4 Fig. 4 | Multi-scale analysis of neuroectoderm organoids. a, Detection of mitosis and cell death based on DAPI signal using YoloV5 CNN (left panel). 3D localization of mitosis and cell death events within one full organoid. White, all nuclei (n = 680) (detected by StarDist); blue, cell death (n = 36) and red, mitosis (n = 12). Scale bar, 20 m. b, Averaged density of mitosis (red) and dead cells (blue) in subvolumes (dots) (2 ◊ 10 4 µm 3 ) sampled in periphery (hatched) or central (plain) regions (n = 96 organoids, 1,360 mitosis, 3,575 dead cells). The chart bars the average over the three zones ± s.d. c, 3D segmentation of the nuclei in neuroectoderm organoid using 3D StarDist CNN on DAPI signal, left panel. Sox2 cells (red contours), Sox2 + cells (white contours). Scale bar, 20 m. d, Bimodal distribution of the average intensity levels of Sox2 signals within each nucleus. e, 3D representation of the Sox2 - (cyan) and Sox2 + (purple) nuclei based on the cut-off derived from the histogram. f, Different views of the 3D U-Net CNN based segmentation in 3D of a streak regions for the rosettes (actin staining). Scale bar, 20 m. g, DenseNet121 CNN classification of the neuroectoderm organoid morphologies in two classes: B-shape or O-shape (n = 96). NATURE METHODS | VOL 19 | JULY 2022 | 881-892 | www.nature.com/naturemethods

  No. C10 No. C11 No. C12 No. D09 No. D10 No. D11 No. D12 Density of events in 2 × 10 4 NATURE METHODS | VOL 19 | JULY 2022 | 881-892 | www.nature.com/naturemethods
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 56 Fig. 5 | Efficient rare events detection by multi-magnification imaging pipeline. a, A representative brightfield image using a ◊4 objective of a rectangular JeWell chip with intestinal organoids (day 8). b, A collection of 100 intestine organoids with registered positions were imaged in less than 10 min using a ◊20 objective (air) in soSPIM (seven planes per organoid, step size of 10 m, two channels: CDX2 and actin). We automatically selected the CDX2 positive organoids (roughly 20% of the whole batch, n = 100). Scale bar, 70 m. c, Rare clusters of E-cad + cells (pink contour) were automatically detected by a second round of imaging of the selected CDX2 + organoids (◊20 with a higher Z resolution of 1 m, 50 planes, 10 min) (25% of the CDX2 + organoids and 5% of the whole batch). FOV, field of view. Scale bar, 30 m. d, Optical zoom using a ◊60 WI, 1.27 NA objective on the selected fields of view containing E-cad + /CDX2 positive clusters. Scale bar, 30 m. e, 2D and 3D reconstruction of the cropped E-cad + /CDX2 + region. Scale bar, 10 m.

  Classification of organoid shapes by DenseNet121. Raw images of global organization of organoids based exclusively on the actin (Phalloidin) and nuclei (DAPI) staining were analyzed using deep learning algorithms developed for image classification. We manually distinguished two classes of organoids: O-shaped organoids displaying a spherical global shape, and B-shaped ones for which an external streak surrounding by two cellular lobes tending to join can be clearly distinguished. We analyzed 132 (2,048 ◊ 2,048 ◊ 64 planes) 3D images NATURE METHODS | www.nature.com/naturemethods

  

  

  

  

Table 1 .1. Example

 1 

of spatial resolutions for different objectives at 550nm emission wavelength..

  NATURE METHODS| VOL 19 | JULY 2022 | 881-892 | www.nature.com/naturemethods 

Table 2

 2 

. Mean, s.d. and whole distributions are shown for each replicate of each batch. NATURE METHODS | VOL 19 | JULY 2022 | 881-892 | www.nature.com/naturemethods

• To decrease the processing time of the modelling, CUDA can also be installed : https://developer.nvidia.com/cuda-toolkit-archive
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OVERVIEW

To perform soSPIM imaging, two calibration are required. This rst step of calibration aims at linking the space of the galvanometric mirrors with the camera's. It helps de ning the working area of the galvanometric mirrors as the eld of view of the microscope. To do so, a petri dish with a uorescent layer is used to observe the laser position.

Tab Repositionning

To ensure that the tunable lens is well centered on the optical path, the laser is put at a xed position on the FoV. A sinusoidal signal is sent to the tunable lens to make the laser increase and decrease in size repeatedly.

Tab Repositionning

The center of the laser beam needs to stay stable at the same position. In the gure x, the laser is slightly shifted on the left which have important e ects on optical path and the quality of the light-sheet.

Tab Repositionning

The galvanometric mirrors are set to draw a rectangle which is adapted to the FoV by the users. After that the soSPIM software sends order to the mirrors to accurately calibrate them. It then allows the user to accurately de ne scan directions of the laser by drawing a line on the eld of view. Which is necessary to position the light-sheet on the 45°m irrors.

Tab Repositionning

Once the optical path and the galvanometric mirrors are well calibrated, the sample is put on the microscope and the JeWells are visible on the FoV. The second calibration starts by drawing a line on the FoV, as performed before, to de ne the light-sheet orientation and position.

Tab Repositionning

The next steps of the calibration are then performed using the uorescence signal. To better observe the waist, the size of the light-sheet is set at a really low value. The focus is adapted to superpose the focal and illumination plane.

Starting from here, the user needs to calibrate the components of the beam steering unit with the axial displacement of the stage. The piezo-electric stage is sequentially positioned at a both extremes. At the rst one, the waist is optimized and positioned at the wanted place on the Fov.

Tab Repositionning

When going into the second extreme of the piezo-electric stage, the waist of the laser will be slightly shifted, which is corrected using the tunable lens.

Tab Repositionning Tab Repositionning

The second position being de ned, the program interpolates the hardware parameters for each position z of the piezo-electric stage and is thus able to maintain focal and illumination plane superposed. When synchronized with the camera, it also allows to perform 3D acquisition at the camera's frame rate speed.

Code availability

All the Neural networks used in this paper are publicly available and have been used without any modifications.

Appendix: Protocols

SOSPIM CALIBRATION PROTOCOL Protocol

Fait par Tom Delaire -contact : tom.delaire@u-bordeaux.fr le July 2021

Last eddit October 17, 2022 Foreword:

If you encounter any issue with the program you can contact me. Add the details of the problem in your message. Contact : tom.delaire@u-bordeaux.fr

SOSPIM PSF RECONSTRUCTION

How to acquire and reconstruct soSPIM PSF Last edit October 16, 2022 Protocol purpose:

This protocol aims to synthetize the di erent steps generate PSF of a setup, from the preparation of the samples to the analysis of the PSF.

EQUIPMENT

Coverslip

Ludin chamber UV lamp Vacuum Hood

CHEMICALS

Distilled water Tetraspeck

PROTECTIVE GEAR

Gloves

WARNINGS Safe

No particular warning

NOTES PEOPLE TO CONTACT

Tom for protocol details

PROTOCOL

Step 1

[Time required : 45 min]

Sample preparation

• Prepare a solution of beads (TetraSpeck) at 1/500.

• Sonicate the solution to break the aggregates.

• Put beads on the coverslip, two di erent approaches possible:

1. Put a drop of solution on a piece of para lm and the coverslip on top.

2. Put a drop of solution on the coverslip and spread it to create an even distribution of microspheres on the glass.

• Wait for 20min until the drop dries.

• Place the coverslip in the ludin chamber and add some water on top of the coverslip.

Step 2

[Time required : 60 min]

PSF acquisition

• Open MetaMorph, and the MDA plugin setup to acquire "Timelapse, multi-wavelength, z stacks and stream".

• Park the laser at the center of the eld of view.

• With the soSPIM interface, put the "waist" value to 0 to enlarge the laser.

• Acquire the PSF using multiple wavelengths with a high exposure time (from 100 to 300ms).

• Acquire the stacks with a z-step de ned by the sample acquisition parameters.

Step 3

[Time required : min]

ZOLA 3D setup

• Download the last version of Zola plugin : https://github.com/imodpasteur/ZOLA-3D

• Complete the calibration step of Zola, if the camera of the system is a EMCCD, just open "Zola / camera setup / EMCCD" and ll the parameters corresponding to the camera. 1. If the camera is a sCMOS, start by acquiring a hundred of images of non-moving beads.

2. Open "Zola / Con gure" and add "Photon count estimation".

3. Open the stack of beads in Fiji and use "Zola / camera setup / photon count estimation" with a gain of 1.

4. This step will consider the camera as a EMCCD instead of a sCMOS.

POSITION Tab Position

Wells Detection

Before detecting the position available for imaging, a large view of the device is needed. The MetaMorph app ScanSlide can be used to perform this kind of image.

• Detect Wells : Apply a process of well detection to the activated image. The user will have to adapt the threshold step to ensure a better detection of the wells.

Position Selection

After the detection, the user can select, unselect or remove position that will be acquired during an Multi Dimensionnal Acquisition. Selected position will be in green, unselected one in red.

• Select Positions : This will open the selection window and a MetaMorph process. To close properly this window, it is required to select the MetaMorph process window and click on "escape".

Selection window

• Selection Parameters :

• Select : Select the position when clicking on it.

• Unselect : Unselect the position when clicking on it.

• Remove : Remove the position when clicking on it.

• Select All : Select or unselect all the positions at once.

• Selection Properties :

• Save Pos : Save the positions and their states in a text le.

• Load Pos : Load the positions and their states from a text le.

• Save Pos : Save the positions and their states in a text le.

• Load Pos : Load the positions and their states from a text le.

Position Settings

After selection of the positions on the ScanSlide image, the program is able to communicate with the Multi Dimensional Acquisition window to send the selected position and update their parameters if needed.

• Send Positions to MDA : Send the selected positions (green) to the Stage tab of MDA window.

• Update x-y : Apply a correction on the x and y values on all the selected positions based on the last repositionning result.

• Update Z : Apply a update to the value Z on all the selected position based on the current z position. 

Appendix: Publications
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NATURE METHODS

using DenseNet121 (ref. 32 ) CNN for classify the 3D images into those two classes (Supplementary Fig. 10b). To accommodate the memory constraint of the graphics card (Geforce RTX 2080 Ti NVIDIA GPU with 11 GB of graphical memory), we resized the whole dataset to 128 ◊ 128 ◊ 64, a size where the structures were still roughly distinguishable. A fivefold cross-validation was performed with a 60/20/20 split for training, validation and test set definition. Each fold was launched with a DenseNet121 implementation with the Adam optimizer 43 . To counterbalance large imbalance between the two classes, each training iteration was launched with a batch consisting of as many O-as B-shaped. After training, the prediction of the classes among a set of 130 organoids took less than 1 s in total, with 99% of accuracy. Subsequently, each O-shaped organoid was analyzed for internal streak segmentation.

Segmentation of internal streaks by 3D U-Net. Classified O-shaped organoids proceeded to the segmentation of internal streaks based only on morphological staining (DAPI and Phalloidin) to permit the detection of morphological patterns independently of gene expression level (Extended Data Fig. 10c). The 3D dataset was first resized to 1,024 ◊ 1,024 ◊ 71, and each image plane was manually segmented using 3D Slicer software 44 , giving a ground truth mask. The original image and corresponding masks were again resized to 256 ◊ 256 ◊ 71 for faster testing of deep learning algorithms. The same fivefold cross-validation procedures described previously were applied using 3D U-Net 31 CNN. The prediction produced probability maps of size 256 ◊ 256 ◊ 71 for each image. An arbitrary threshold of 0.5 was applied to each map, resulting in a binary streak segmentation mask. Once the network was trained, the streak detection with the generation of the corresponding mask took approximatively 5 s for each organoid. A 3D connected components algorithm was used to label each voxel of the binary masks.

Most segmented objects seemed relevant for internal streaks, as shown in Fig. 4 and Extended Data Fig. 7.

Image analysis of intestinal organoids for CDX2 and E-cad signals.

We used a custom-made ImageJ routine to select the organoid images presenting both the CDH2 and E-cad signal. We acquired 100 image stacks at ◊20 magnification.

For each stack we first performed a maximum intensity projection of the CDX2 channel. We then thresholded the images with a manual threshold. We used a combination of closure/opening/erosion/dilatation filters to remove the spurious noise and conserve only the nuclear areas. We selected as positive (CDX2 + ) the stacks that presented a total segmented projected area above 2,000 m 2 (corresponding to around 30 cells). In a second round of acquisition, we imaged the E-cad signal exclusively on the CDX2 + organoids. We performed a similar analysis to establish the E-cad + clusters. We launched the analysis just after each round of imaging. The processing took less than 10 min. Finally, we imaged the double positive organoids at a higher magnification (◊60 WI, NA 1.27) only on the regions focused on the CDX2 + /E-cad + clusters.

JeWells peeling and real-time PCR.

Organoids were released from the JeWells by peeling off the top layer. Organoids were then flushed twice with DMEM/F-12 1:1 (Gibco) and collected within a microcentrifuge tube. Total RNA was extracted from these organoids using RNeasy Plus Micro Kit (74034, QIAGEN) according to the manufacturer's protocol. Here, 450 ng of total RNA was used to form the complementary DNA using the cDNA synthesis kit (SensiFAST, BIO-65054, Bioline). qPCR was performed using FastStart Universal SYBR Green Master (ROX) mix on a CFX96 Touch Real-Time PCR detection system (Bio-Rad). Primers sequences for the 12 genes tested are listed on the Supplementary Table 4.

GAPDH was used as a housekeeping gene.

Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.

Data availability

Due to the size of the dataset, the raw images of the organoids acquired in this study as well as the training datasets for the CNNs will be available upon request. We will also provide free access to JeWell chips for testing by a Material Transfer Agreement. Source data are provided with this paper. 
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The authors declare no competing interests. b. Examples of chips with JeWells of different sizes and shapes. c. Si wet etching produces cavities in the bulk of the wafer accordingly to the geometry of the opening in the masking/protecting layer and constrained by the crystal planes orientation. The latter constrain is an effect of the dependence of etching velocity from the directions in the Si crystal structure. 45° mirrors can emerge only along edges aligned to {110} crystal family planes when a Si wafer with its surface aligned to a (100) plane is used. For edges aligned in different directions, planes with higher miller indexes are exposed and etched with faster rates than those in the principal direction, that is (100), ( 110) or ( 111). The planes that result from edges not aligned with the latter have inclinations comprised between 45° and 54.7° (this last is the angle between ( 111) and (100) planes). As a consequence, squared or rectangular etching windows with their edges aligned to the (110) directions will be etched down along the {110} planes and preserve their original geometries, other than for the inclined translation, which results in a restriction of the initial dimension. The color codes of the bar match the heat map of the JeWells. The radial gradient in cell numbers reflects the localization of the addition of cells with the pipette. Since the initial density of cells can be monitored in each well this experiment shows that the influence of the initial number of cells can be performed in 1 chip. Right: The initial number of cells depends on the cell seeding density and sedimentation time (N=100 JeWells). The histogram shows that the chip contains at least 96 wells for any average cell number between 150 and 300 cells per well with a maximum spread of ± 15 cells. More homogeneous distribution in the chip could be achieved with stirring during the seeding phase. The evolution of cells in JeWells with time was performed on N=15 JeWells for each time point. d. Cells are left to aggregate for 6 hours and the size of each aggregate is assessed by its projected area in bright field trans-illumination mode (20x). We repeatedly obtained a reproducible distribution of aggregate sizes within 6 hours using the same cell seeding density (0.5M/ml) (N=3 batches, 96 organoids measured for each). Bars show the average value and whiskers the min max of the distribution. e. The Neuroectoderm organoids grew inside the JeWells over days (here 10 days) and their growth rate was monitored. The JeWell occupancy was typically around 90% (N=221 JeWells). Reference marks were made by onsite laser engraving, using the soSPIM excitation beam-steering device. It permits the repositioning of the plate on different acquisition systems or after manipulations of the plate outside the platform (medium exchange, ECM addition…).
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A specific ID is attributed to each organoid for correlative microscopy. All scale bars represent 50 µm (N=100 JeWells for the panels c and d). In absence of correction, a spatial displacement of the device perpendicular to the 45° mirror axis (X-axis on the schema) leads to an equivalent displacement of the light-sheet along the Z-axis, whereas the imaged plane remains at the same position, corrupting the image quality. Therefore, precise repositioning of the JeWells as well as lateral drifts need to be corrected to ensure optimal 3D imaging during long-term and HCS-like multi-position acquisitions. b. Principle of the cross-correlation-based repositioning system. Left: Comparison between a reference position and a translated position to correct, and the overlay before (Magenta) and after (Cyan) correction. Middle: Cross-correlation matrix between the two brightfield images represented on the left panel before correction. The computation of the cross-correlation maximum position using a center of mass approach with a sub-pixel accuracy returns the drift vector to be corrected to ensure a proper JeWell positioning, and therefore 3D soSPIM imaging, according to the reference position. Right: Repositioning accuracy obtained from the computation of the drift between consecutive 3D acquisitions, before and after a random displacement of the stage. The acquired images were binned to evaluate the effect of the image size reduction in the repositioning error and on the computational time. It resulted in a repositioning error of 45 nm and a computation time of 188 ± 13 ms for a binning of 4, compared to 30. [START_REF] Rossi | Progress and potential in organoid research[END_REF]128 mitosis and 13,476 apoptosis (See Methods). We used 90% of this dataset for the training and 10% for validation of the network. The AI detection results (Prediction) showed an accuracy of 89% as compared to the ground truth. The prediction was obtained by processing each z image plane independently, and post-processed to obtain the 3D assignment of all events (See Methods). b. Illustration of the CNN architecture used for the whole organoid shape classification, corresponding to a 3D adaptation of the Densenet121 model 2 . It resulted in a 99% accuracy as compared to the ground truth for the classification of organoids in 'B-shape' and 'O-shape' (representative images). c. Illustration of Features Pyramid Network (FPN) architecture with successive Resblocks in the backbone (C0-C5) of the bottom-up pathway (blue). The remaining features maps (P0-P5) were generated by a combination of convolution operation applied to the feature maps of the bottom up pathway and up-sampling transformation applied on each level of the pyramid (green). The probability score and segmentation output (streaks outline) was given by applying softmax layer on P0. 
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