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Firstly, I would like to present

bilayer nanofiber scaffolds as well as ultrathin artificial basement membrane will be described in detail. Next, the scaffold integration microfluidic device and the automatic cell culture and differentiation systems used in this work will be presented. Finally, two commonly used methods for neuronal activity monitoring, i.e., calcium imaging and extracellular potential recording with microelectrode array (MEA), will be outlined in the end of this chapter.

In Chapter 3, I firstly present a study of neuronal network formation on three types of culture substrates (glass, gelatin nanofiber covered glass, and membrane type substrate). We then discuss the advantage of the membrane type substrate in terms of scaffold biocompatibility, engineering flexibility and modeling extensibility. Next, I present our efforts on an automatic culture system and its validation for long-term maturation of differentiating neural networks.

In Chapter 4, I report on the results of hiPSC differentiation and the formation of 3D neurospheroids on a bilayer nanofiber scaffold. I firstly describe the differentiation protocol and the cultivation method of our approach. Secondly, I show the main features of the generated neurospheroids, including 3D distribution of the neuronal cells and their expressions of specific proteins as well as the neuronal activities. Finally, preliminary results of an electrophysical measurement by using needle-like microelectrodes are discussed.

In Chapter 5, I present preliminary assays and results towards NVUs modeling. I firstly describe the motivation of our efforts. I then present the fabrication protocol of a new type of scaffold involving ABM processing and the protocols of 3D neuronal network formation and coculture of 3D neurons with endothelial cells. By analyzing the spatial distribution of cells and in particular the polarity of astrocytes, I clarify the effects of the endothelium. Furthermore, I report on the results of iPSCs differentiation towards brain vascular endothelial cells. Finally, I show the feasibility of cell culture in one side while nutrients are delivered from the other side of the ABM.

Overall, this thesis work aims at NVU modeling. Although not fully complete, the proof-ofconcept experiments confirmed our development strategy in many aspects. The main results and the future directions of this work are discussed in Conclusion and Perspectives.

In Appendix, I present additional studies performed in this work, including i) Generation of hiPSC-derived cerebral organoids on non-adherent nanofibers, ii) Generation of hiPSCs-derived vessel organoids, iii) Formation of 3D vessels in a microfluidic device, and iv) Mass production of Outline hiPSCs-derived megakaryocytes and platelets.

The ENS laboratory for microfluidics has been involved in i) Two European projects for the neuroscaffolds development, "Nanoscales" and "Neuroscaffolds", both coordinated with Prof. Vincent Torres at the Scuola Internazionale Superiore di Studi Avanzati, Trieste.

ii) A ten-year collaboration program (2007-2018) at the Japanese World Primary Initiative (WPI) Institute for Integrated Cell-Material Science (iCeMS) of Kyoto University.

iii) The creation of high-tech spin-off (Mesobiotech Ltd) in the framework of PSLvalorization of the University Paris Sciences & Lettres.

These allowed us to push forward the importance of the utility of the devices, the versatility of the methods, and the rationality of the approach.

Chapter1 Introduction

In this chapter, I first introduce the basic concepts of cells, including stem cells, induced pluripotent stem cells, and cortical cells. In particular, the main cortical cells, including neurons, glial cells and endothelial cells, and cell-cell interactions are discussed. Next, I describe the human brain cellular microenvironment, human cortex, and cortical neurogenesis. Then, I overview the state-of-the-art development of in vitro neuronal culture and neural models. Finally, I outline the objectives of this thesis work.

Cells, stem cells, and cortical cells 1.Cells

The human body is a complex organism made up of trillions of cells, each with its own structure and functions. Typically, a cell is composed of plasma membrane, cytoskeleton, cytoplasm, endoplasmic reticulum, Golgi Body, lysosomes, mitochondria, ribosomes, nucleus, and centrioles.

Plasma membranes are built up with two-dimensional, which separate the interior of cells from the outside and regulate the transmembrane movement of substances. A large variety of cellular processes are also related to the cell signaling at the plasma membrane. The cytoskeleton is made of filamentous proteins in form of microtubules, microfilaments, and intermediate filaments, which determine the cell shape and varies during cell migration, differentiation, division and apoptosis.

The cytoplasm is all of the material enclosed by the cell membrane, except the cell nucleus. The endoplasmic reticulum (ER) is a network of membrane, which can fold and transport the proteins.

The mitochondria are a double membrane-bound organelle which can supply chemical energy for cells. The Golgi apparatus is made up of a series of compartments and is a collection of fused, flattened membrane-enclosed disk. Proteins in vesicles from ERs will be fused into the Golgi body, then be modified, packaged, and transported to the destination. Lysosomes are also a membranebound organelle, can break up many biomolecules by hydrolytic enzymes. The centrioles have a cylindrical structure, can produce the spindle and aster during cell division, and cilia during interphase. Ribosomes contain RNA and associated proteins, can synthesis biological proteins.

Nucleus enclosed by the nucleus envelop, isolated from the cytoplasm, contains genome. The nucleus not only regulates gene expression, but also mediates the replication of DNA. Thus, the nucleus enables to control cell activities and become the control center of cells. Figure 1.1 shows a eukaryotic cell with organelles. 

Stem cells

Stem cells

Stem cells are the cells that can be self-renewed and differentiated into any cell of an organism.

During early embryonic development, about 50-150 cells have the pluripotent properties, and eventually differentiate into all kinds of cells in the human body [1]. These cells are isolated and cultured in vitro, known as embryonic stem cells (ESCs). To start the differentiation, ESCs firstly differentiate into three primary germ layers: ectoderm, endoderm, and mesoderm. The ectoderm can further differentiate into neuronal and partial epithelial tissues. And the endoderm generates the gut tube and its derivative organs, including the intestine, stomach, thymus, liver, cecum, pancreas, lungs, thyroid, and prostate. Numbers of crucial structures and functional organs differentiated from mesoderm. Lateral plater mesoderm, intermediate mesoderm, and paraxial mesoderm are the three main components of the mesoderm. The heart, blood, vessels, lymph, smooth muscle, adipose, limb, and spleen can derive from the lateral plate mesoderm. And the paraxial mesoderm has the potential to develop the bone, skeletal muscle, tendon, and dermis. In addition, kidneys and gonads differentiate from the intermediate mesoderm, which is between the lateral plate and paraxial mesoderm. Figure 1.2 shows the generation and differentiation of ESCs and somatic stem cells in a human body.

Figure 1. 2 The overview of the generation and differentiation of the embryonic and somatic stem cells in human and differentiation in vitro [2]. Copyright 2006 by Nat Rev Genet.

Comparing to ESCs, somatic stem cells lost their pluripotency. Although they are still capable of self-renewing and differentiation, their commitments are limited to particular cell types.

Hematopoietic stem cells (HSCs), for example, are somatic stem cells that can give rise to various blood cells, including myeloid (macrophages, monocytes, megakaryocytes, neutrophils, basophils, eosinophils, and erythrocytes) and lymphoid (T and B cells) cells [3]. Neural stem cells (NSCs) are another example of somatic stem-cells that can generate neurons and glial cells in the nerve system.

The symmetric or asymmetric cell division of neural stem cells can lead to divergent interspecies of neuron progenitor cells, which can then finally generate different neural cells. Other stomatic stem cells such as interstitial stem cells, endothelial stem cells, mesenchymal stem cells, all have the ability to differentiate the specialized cell lineages.

Both embryonic stem cells and somatic stem cells hold a therapeutic potential for clinical uses.

By now, hematopoietic stem cell transplantation is a widely used for a therapy where hematopoietic stem cells are taken from bone marrow of a donner, then transplanted to a patient who has leukemia [4] or lymphoma [5]. It is also expected that neural stem cells can also be used to cure neurodegenerative diseases.

Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCS) are generated by reprogramming somatic cells such as skin fibroblasts and blood cells. Compared to ESCs, iPSCs have the similar pluripotency but a much-increased accessibility so that they hold an extremely high potential for tissue engineering and regenerative medicine. For this reason, Shinya Yamanaka and John Gurdon were co-recipients of the Nobel Prize for Physiology or Medicine in 2012. Initially, four transcription factors (Myc, Oct3/4, Sox2 and Klf4) were used to reprogram somatic cells into iPSCs [6]. Since then, a tremendous progress has been made on cell reprogramming, iPSC proliferation and iPSC differentiation. Noticeably, gene editing techniques were also applied to iPSCs [7,8,9]. Many applications such as disease modeling, drug development, and personalized regenerative medicine are now widely and intensively explored worldwide (Figure 1.3).

Differentiation of iPSC generally begins with generation of ectoderm, endoderm, or mesoderm, accordingly to the category of the targeting cells. Then, the cells are driven for directed differentiation and organoid types differentiation by using different growth and inhibition factors, followed by an extended period of maturation. By now, numerous protocols have been demonstrated

for converting iPSCs into different cell types but there are still concerns on heterogeneity, tumorigenicity, and gene instability of the iPSC derived cells [7].

Figure 1.3. Schematic of the generation and applications of the induced pluripotent stem cells (iPSCs) [8]. Copyright 2014 by Korean J Intern Med.

Cortical cells

Human cerebral cortex is made of 16 billion neurons and 61 billion non-neuronal cells, organized into more than 100 distinct regions [9,10]. The principal neurons are pyramidal cells, stellate cells, martinotti cells, Fusiform cells and horizontal cells of Cajal. Pyramidal cells, which make up 65 % of neurons, can send signals from the local area to other brain regions. Stellate cells made up another 20 % of total population of neurons in cerebral cortex. Based on the effect of signal transmissions, these neurons can be divided into excitatory and inhibitory neurons. Further, more specialized subtypes can be classified. 24 types of excitatory neuron (the main signal-generating cells in the brain) and 45 types of inhibitory neuron (which suppress neural activity) were reported by Hodege [11]. Non-neuronal cells are mainly composed of glia cells, endothelial cells, pericytes, immune cells, and blood cells. Among those cells in the cerebral cortex, neurons and glia cells are two main classes in the cortex. Figure 1.4 shows a spatial overview of the cortical cells in the 1 mm 3 volume of the temporal lobe of a human cerebral cortex. Glia outnumber neurons are 2:1 in the 1 mm 3 volume of the temporal lobe of the cerebral cortex [12]. [12].

Figure 1.4 Distribution of cells, blood vessels and myelin in the 1 mm 3 volume of temporal lobe of a human cerebral cortex analyzed by heavy metal staining and a high-speed multibeam scanning electron microscope imaging. White lines in all panels indicate defined layer boundaries

Copyright 2021.

Neurons

A typical neuron has four morphologically defined regions: (1) dendrites, (2) cell body, (3) axon, and (4) presynaptic terminal. Each region has a distinct role in communicating with other nerve cells. Figure 1.5 shows the anatomy of a representative multipolar neurons. The cell body or soma is the metabolic center of the neuron. It contains the nucleus, which contains the genes of the cell, and many organelles such as mitochondrion, Golgi apparatus, and Nissil bodies which are composed largely of rough endoplasmic reticulum and free polyribosomes.

The cell body usually gives rise to two kinds of processes: several short dendrites and one long, tubular axon.

• Dendrites

Dendrites branch out in tree-like fashion and are the main apparatus for receiving incoming electrochemical signals from another neuron to cell body. Multipolar neurons like pyramidal cells have many dendritic trees, and bipolar neurons just have one dendritic tree. The dendrites in unipolar neurons are separated by a stalk which extended from the cell body. Many dendrite spines extend from dendritic trees and they have three types of morphologies including thin, stubby and mushroom-shaped. Smooth endoplasmic reticulum inside the dendrite spine is connected to the smooth endoplasmic reticulum of dendritic tree, where store lots of calcium ion are stored. Calcium ions release when dendrites are stimulated. The structure and branching of neural dendrites determine the function of the electrical impulses, which propagates from the other neurons.

Electrochemical signals utilize intermembrane voltage-gated ion channels to transport sodium ions, potassium ions and calcium ions. The plasticity in dendrite morphology, in formation of spines and synapses are thought to be highly correlated with learning and memory formation [13,14].

Extracellular and intracellular molecules can also modulate the development of dendrites including signaling pathways, cytoskeletal elements, transcription factors, etc [15].

• Axon

The Axon which extends from a cell body (or soma), is mainly composed of an axon hillock, an initial segment, a long and narrow projection, which connect to the axon telodendria, and axon terminals as its extremity. The Axon hillock that connects to the cell body (or soma), always appear in cone-shape. The initial segment, which is formed latter than the axon hillock, plays a crucial role in creating cell polarity that enables the propagation of electric signal, which is formed latter than axon hillock and helps to the initial action potential transmission. As a structurally and functionally separate microdomain of the axon, the initial segment is highly specialized for the fast conduction of nerve impulses. Although some of the neurons are unmyelinated, most of the neurons have an axon covered with the myelin sheaths, which serve as a fatty insulating substance. Most axons in the central nervous system are very thin (between 0.2 μm and 20 μm in diameter), compared with the diameter of the cell body (50 μm or larger). The main function of the axon in the cerebral cortex is to transmit nerve impulse to different neurons. The Action potential is a main form to conduct signals along the axon, which travels rapidly from the cell body to the axon terminal in contact with the target cells. The speed of the action potential ranges from 1 m•s -1 to over 100 m•s -1 , and, in general, increases with the increase of axonal diameter. Axonal development is mainly achieved by a complex process, which guided by intracellular signaling, extracellular signaling and cytoskeletal dynamics.

• Synapses

Synapses are the essential region for a neuron to pass signal to another target cells. This region formed at axon terminal is very narrow about 30-50 nm in size. In generally, synapses can be classified into two types, chemical and electrical synapse (Figure 1.6). The electrical synapses are the simplest form for transporting information between neurons. A gap junction between presynaptic and postsynaptic sties can pass the electric current in the form of ions and signaling molecules straightforward through connexin pores to transmit electrical impulses. The structure of the chemical synapses can be divided into three parts, synaptic cleft, presynaptic and postsynaptic structures. Inside the presynaptic structure, neurotransmitters wrapped inside the synaptic vesicles will release and bind to their receptors, which are located in the postsynaptic membrane, upon a calcium ion influx through voltage-gated calcium ion channels evoked by an action potential in the presynaptic neuron. Based on the type of neurotransmitters released, the chemical synapses can be mainly classified into GABAergic, glutamatergic, cholinergic and adrenergic. The width of the synaptic cleft is about 20-50 nm and there exists amounts of proteins and carbohydrates, etc.

Adhesion molecules inside the synaptic cleft form a tight junction of the synapse and maintain the stability. Stimulation on postsynaptic membrane by the electrical impulse or the secondary messenger may have an either excitatory or inhibitory effect. And the different thickness of the postsynaptic density, which attached to the postsynaptic membrane, is used to classified the synapses into the asymmetric and symmetric synapses. In generally, most of the asymmetric synapses are excitatory synapses and symmetric synapses are inhibitory synapses. Synaptogenesis is the formation of synapses, which is a complex development process. The general process can be described as contact, induction, differentiation, maturation and maintenance or plasticity changes.

Figure 1.6. The two main modalities of synaptic transmission [16]. Copyright 2014 by Nat Rev Neurosci.

Glial cells

There are heterogeneous glial cells in brain. Glial cells made up of the most of the cells in the cerebral cortex have three principal subtypes: astrocytes, oligodendrocytes, and microglia cells.

Glial cells are vital for the survival and functions of the neurons. Compared with the neurons, glial cells have different morphologies, do not have same membrane properties, and don not produce action potential. Early, it is believed that glial cells have only a supporting role for the neurons.

Nowadays, depending on the categories of the glial cells, more functions were discovered.

• Astrocytes

In human brain, there are about 20 % of astrocyte, which are the main class of cells in the cerebral cortex and have roughly star-shaped, irregular cell bodies. Like oligodendrocytes, astrocytes can insulate neuronal groups and synaptic connections from each other by separating cells. Astrocytes tightly ensheath the neuronal dendrites, cell soma, axons, and synapses. They control the synapses formation and maturation. Tripartite synapse structure, composed of presynaptic membrane, postsynaptic membrane, and surrounding astrocytes, can be formed. It allows the astrocytes to contribute to the activity of chemical synapses. Astrocytic end-feet can be ideally position at synapses to regulate and monitor synaptic activities by combining the extent of synapse coverage, the expression level of ion channels and neurotransmitter transporters [17]. In addition, the end-feet in contact with brain endothelial cells and pericytes, can upregulate the tight junctions of the a blood-brain-barrier and blood flow [18]. Besides, astrocytes provide a metabolic support for neurons. Some process precursor molecules can be relayed or processed and delivered to neurons. For example, astrocytes are in enriched in the lipid synthesis and glycolytic pathways, can provide the lipids and lactate to neurons [19,20]. Moreover, astrocytes play a role in clearance of neurotransmitters. Astrocytic membranes have numerous glutamate and gamma-aminobutyric acid (GABA) transporters that can positive uptake glutamate and GABA from extracellular space [21]. Besides, astrocytes with plenty of potassium channels have a high potassium permeability and can thus regulate the potassium ions excess in neurons during the signal conduction [22]. Figure 1.7

shows the location of the four types of astrocytes in human cortex (A) and the morphology of the protoplasmic astrocytes (B).

Figure 1.7 Human astrocytes. (A) Four types of human astrocytes locate at different layers of the cortex. (B)

A representative image of human cortical protoplasmic astrocyte [23]. Copyright 2017 by Brain Struct Funct.

• Oligodendrocytes

Oligodendrocytes are the largest cell types in the brain, including cerebral cortex, and can form the myelin sheath that insulates an axon by tightly enveloping the axon with their membranous processes around the axon in a spiral manner. Depending on the axonal diameter, each oligodendrocyte can wrap 1 to 30 axonal segments. Due to their insulation, the myelin sheaths can speed up the nerve impulse conduction. Recently, a role of oligodendrocytes in the information propagation was showed [24]. An additional function of oligodendrocytes is the metabolic support of the myelinated axons, most important when the axonal spikes occur at a high frequency [25].

• Microglia

Microglia have about 0.5-16.6 % of proportion of all cells in human brain [26]. Being the immune cells, the resident macrophages in human brain, microglia have various functions such as innate immunity and neuroprotection [27], synaptic pruning [28], and the phagocytosis of cellular debris [29].

Endothelial cells

Blood vessels in human cerebral cortex are composed of large arteries and veins, and small capillaries which are about 7 μm in diameter (Figure 1.8). Brain endothelial cells are the main component of the brain vessels. Compared with the endothelial cells in other tissues, brain endothelial cells have a similar function to control the substrates in and out of the surrounding tissues. However, brain endothelial cells form a non-fenestrated and continuous endothelium, which has highly adherent and tight junctions, and small perivascular spaces. Low permeability and high trans-endothelial electrical resistances (more than 1000 ohm.cm 2 ) are the two main features of this brain endothelium, which has a low non-specific transcytosis and paracellular diffusion of hydrophilic compounds. Brain endothelial cells can regulate and maintain blood-brain-barrier. A wide spectrum expression of transporters and receptors in the brain endothelium enables efficient delivery of nutrients and metabolites in human brain [30]. [31]. (B) Transmission electron microscopy images of a rat brain neurovascular unit which mainly comprises with an endothelial cell, a pericyte, astrocytes and neurons [32].

Figure 1.8 The Overview of cerebral blood vessel. (A) Endothelial cells are surrounded with smooth muscle cells at arteriole and venule, and with pericytes at capillary

Brain cellular microenvironment 1.2.1 Extracellular matrix

The extracellular matrix (ECM) is made of proteins and glycosaminoglycans secreted by the resident cells and plays a crucial role in cell adhesion, proliferation, migration, polarity, apoptosis, and differentiation [33]. Each organ has its own ECMs, which distinct from the ECMs of the other tissues in terms of the components and organization [34]. In each organ, ECMs in different regions can be further classified. The main components and functions of brain ECMs are listed in table 1.

Table 1. Components of the brain extracellular matrix [35] Copyright 2019 by Israel J of Chem.

There are three major regions that consist with the brain extracellular matrix: the basal lamina (the basement membrane), which surrounding cerebral vessels; the perineural net, which surrounding cell bodies and dendrites; and the neural interstitial matrix, which situated between parenchyma [36] (Figure 1.9). The perineural net is composed of hyaluronan, proteoglycans, and link proteins, and have a central role in maintaining synapse plasticity. The interstitial matrix is composed of hyaluronan, proteoglycans, tenascins, link and fibrous proteins (e.g. collagens and elastin) and glycoproteins (fibronectin and laminin), and it is involved in providing tissue hydration and in crosslinking the matrix to enhance its integrity [37].

Figure 1.9. Schemetic of extracellular matrix in brain [38] and the molecular structure of a basement membrane [39]. In general, the basement membrane which is 40-100 nm thick, is composed of collagen IV, laminin, nidogen, fibronectin, and heparan sulfate proteoglycans such as agrin, perlecan, and dystroglycan [40]. The molecular structure of the basement membrane is illustrated in Figure 1.9 (right. The chain of the collagen IV consists of a triple helical collagenous domain flanker by an Nterminal 7S domain and a C-terminal NC1 domain. In the basement membrane, collagen IV can self-assemble into a chicken-wire networks by the connection of its N-terminal 7S domain and Cterminal NC1 domain. The lateral and end-to-end association finally form the suprastructure of the collagen IV networks. Laminin is trimeric, consisting of ", $ and % chains. " chain has three globular domains at its N-terminus, C-terminus and G domains. $ and % chains both have Nterminus, but lack of C-and G-termini. The N-terminals of ", $ and % chains of the laminin can interact and form the tripartite complex of the network. The nidogen is composed of one C-terminus (G1) and two N-terminal globules (G2 and G3). The G1-terminus can bind to the % chains of the laminin, while the G2-terminus can bind to the collagen IV and perlecan [41]. Cell surface receptors, including integrin, sulfated glycolipids, heparan sulfates and dystroglycan, can interact with the long-arm of laminin G domain [42]. Thus, the basement membrane properties significantly affect the organization of the cell cytoskeleton.

The basement membrane layer contributes to the blood-barrier formation [43]. It has been shown that the basement membrane plays an essential role in cellular behaviors of neurons, glia, and endothelial cells [44].

Cell-ECM interaction

ECMs are able to activate the signaling receptors and thus regulate cellular functions. The cell-ECM interaction highly depends on the ECM receptors on the cell membrane, such as integrins, syndecans, agrin, lipoproteins, and tetraspanins [45]. Among them, integrins have a large family.

Integrins are composed of heterodimers of α and β subunits, can bind tenascin, reelin and laminin.

The β subunits bind to the cytoplasmic signaling proteins and the α subunits bind to and confer ligands specificity. In the neuron, integrins enrich at synaptic membranes and localize to the postsynaptic density of dendritic spines, and play a role in both structural synaptic plasticity and functional synaptic plasticity [45]. Integrins can mediate the bidirectional signaling that regulate the gene expression and ultimately growth and differentiation [46,47]. The chemical composition, structural organization of the ECMs, and mechanical properties of ECMs govern the Cell-ECM interactions [48].

Cell-cell interactions

There are four major categories of cell-cell junctions: tight junctions, adherens junctions, desmosome, and gap junctions. Tight junctions mainly made up by three transmembrane proteins, which are claudin, occlude, and junctional adhesion molecules, can prevent the passage of molecules and ions through the space between plasma membranes of adjacent cells. Adherens junction is defined as closely apposed plasma membrane domains reinforced by a dense cytoplasmic plaque to which microfilament attach [49]. Two basic adhesive units, the classical cadherin-catenin complex and the nectin-afadin complex, compose the adherens junction. Desmosomes are highly organized cell-cell junction with intermediate filaments anchored to the sites of strong adhesion [50]. Desmosomes are calcium-dependent junctions. The major desmosomal components consist of three main protein families: transmembrane cadherins (desmocollins and desmogleins), armadillo proteins (plakoglobin and plakophilins) and plakin proteins (mainly desmoplakin) [51]. Gap junctions are an intercellular connection between cells, and have a distance of 2-4 nm. There are clusters of regulated gates between two cells, and ions, second messengers, small metabolites and electrical impulses can be directly exchanged through gap junctions. Two unrelated protein families, the pannexins and connexins, form the gap junctions [52]. Here I will mainly describe the interactions among neurons, glial cells, and endothelium, which are three core cells in human cerebral cortex.

Neuron-neuron interactions

The interaction between neurons carries up the electrochemical signal transmissions in the brain. Electrical transmission allows the rapid and synchronous firing of the interconnected cells.

The synapses are displayed as the specialized sites for the neuronal communication as described above. In electrical synapses, neuronal gap junctions can contribute to sharpen neuronal activities.

A gap-junction channel consists of a pair of hemichannels, or connexons, one in the presynaptic and the other in the postsynaptic cell membrane. Each hemichannel or connexon is composed of six connexins. Excitatory input, inhibitory input and gap junction coupling are essential for the induction of rhythmic and synchronous oscillations. The absence of the gap junctions will reduce the synchronous oscillatory activity [53].

Glial networks

Like the gap junctions between neurons, gap junctions form between glial cells. Gap junctions between glial cells regulate their intracellular and intercellular communications. Astrocytes are enriched in gap junctions composed of connexins. These gap junctions are highly sensitive to intracellular calcium levels, pH changes, redox-related variations, and phosphorylation/ dephosphorylation pathways [54]. Astrocytic intercellular diffusion of calcium ions, glutamate, cyclic AMP and lactate metabolites have been reported [55,56].

Glia-neuron interactions

Glia-neuron interactions are one of the key elements for brain function conduction. Glial cells normally surrounding with neurons, provide a structure and metabolic support for neurons (Figure 1.10A). The interaction between glial cells and neurons is dynamic, and have great impacts on neuronal function processing. Oligodendrocytes interact with neurons, and produce growth factors such as BDNF, GDNF, and IGF-1, for neurons. Astrocyte-neuron interaction is another common cell-cell interaction, which plays a key role in homeostatic brain function. Astrocytes can release gliotransmitters such as glutamate, ATP, GABA, adenosine, D-serine, tumor necrosis factor-alpha (TNF-" ), to control synaptic activity and plasticity. In turn, astrocytes can respond to most neurotransmitters. Many of these responses are via G protein-coupled receptors associated with intracellular signaling cascades that converge on intracellular calcium ion (Ca 2+ ) signaling [57]. In the tripartite synapses, astrocytes can undergo gliotransmissions and regulate the neuronal activity via ion channels (gap junction hemichannel, volume regulated anion channel, and bestrophin-1), receptors (for neurotransmitters and cytokines), or transporters (GLT-1, GLAST, and GATs) that are expressed on glial cell membranes [58] (Figure 1.10B).

Figure 1.10 The overview of the glia-neuron interactions and the tripartite synapses structure [59].

Astrocytes-endothelium interactions

Astrocytes-endothelium interactions closely mediate many features of the blood-brain barrier and regulate the substrate transport across the blood-brain-barrier. Brain endothelial cells can enhance the growth and differentiation of interacting astrocytes [60]. In turn, it has been reported that astrocytes impact physical transport, and metabolic barriers of adjacent endothelial cells via upregulating the tight junctions, polarized localization of transporters such as GLUT1 and Pgp, and via specialized enzyme systems [61]. The perivascular end-feet of astrocytes, which closely contact with the endothelium, show a particular role in ionic, amino acid, neurotransmitters and water homeostasis regulation. These perivascular end-feet have several specialized features for this interaction, including a high density of orthogonal arrays of particles (OAPs) containing the water channel aquaporin 4 (AQP4) and potassium channel. The high density of AQP4 water channels in the perivascular astrocytic end-feet facilitate redistribution of the water. And the high density of potassium channel on perivascular astrocytic end-feet deposits the potassium ions in the perivascular space that acts as a spatial buffering. Moreover, astrocytes secrete a range of chemical agents such as GDNF, TGFβ, bFGF and Angiopotin 1, which can induce the phenotype of BBB of endothelium [START_REF] Patabendige | Astrocyte Activation in Neurovascular Damage and Repair Following Ischaemic Stroke[END_REF] (Figure 1.11).

Figure 1.11 Schematic of the astrocyte-endothelial cells interaction at blood-brain barrier. (A)

Blood-brain barrier formed by capillary endothelial cells and surrounding astrocytes. Pericytes, microglial cells and neurons are also shown here. (B) The main routes for molecular traffic across the barrier to astrocytes [61].

Endothelium-endothelium interactions

In [32,[START_REF] Dias | Structure and Junctional Complexes of Endothelial, Epithelial and Glial Brain Barriers[END_REF].

Brain extracellular fluid

Extracellular fluid in the central nervous system (CNS) is composed of cerebrospinal fluid (CSF), derived from the choroid plexus, and of interstitial fluid (ISF) in gray and white matter [START_REF] Weller | Pathology of cerebrospinal fluid and interstitial fluid of the CNS: significance for Alzheimer disease, prion disorders and multiple sclerosis[END_REF].

To maintain stable microenvironment for neurons, extracellular fluids of the CNS are separated from the changeable environment of blood at three major interfaces: at the brain capillaries by the blood-brain barrier (BBB), which is localized at the level of the endothelial cells and separates brain interstitial fluid (ISF) from blood; at the epithelial layer of four choroid plexuses, the bloodcerebrospinal fluid barrier (BCSF), which separates CSF from the ISF, and at the arachnoid barrier [START_REF] Redzic | Molecular biology of the blood-brain and the blood-cerebrospinal fluid barriers: similarities and differences[END_REF]. Two main barriers in CNS are shown below (Figure 1.13). The brain ISF, a water solvent containing ions, and gaseous and organic molecules such as proteins, peptides, enzymes, dopamine, and extracellular vesicles secreted by cells, and the moving chains of glycoproteins attached to the ECM. The ISF provides a direct medium for the supply of nutrients, removal of waste, and intercellular communication by encasing and incessantly soaking the neural cells [START_REF] Lei | The brain interstitial system: Anatomy, modeling, in vivo measurement, and applications[END_REF][START_REF] Shetty | The Interstitial System of the Brain in Health and Disease[END_REF]. The CSF serves as a reservoir for the ISF, and an extensive exchange between the ISF and CSF helps in the removal of waste products from the brain ISF. The efficient drainage from ISF to CSF have shown a correlation with neurological disorders [START_REF] Shetty | The Interstitial System of the Brain in Health and Disease[END_REF].

Brain cortex and cortical neurogenesis 1.3.1 Brain cortex

Brain cortex anatomy

In a human, the cortex plays a key role in attention, perception, awareness, thought, memory, language, and consciousness. The cerebral cortex is the outer covering of the surfaces of the cerebral hemispheres and is folded into peaks called gyri, and grooves called sulci (Figure 1.16A). In the human brain, the cerebral cortex is between two and three or four millimeters thick, makes up 40 percent of the brain's mass, contains approximately 14 to16 billion neurons, and is the largest site of neural integration in the central nervous system.

The cerebral cortex is folded in a way that allows a large surface area of neural tissue to fit within the confines of the neurocranium. When unfolded in the human, each hemispheric cortex has a total surface area of about 0.12 square meter. The cerebral cortex is divided into four distinct lobes: frontal, parietal, and occipital lobe. Among them, the frontal lobes are the largest of the four lobes responsible for many different functions. It plays a crucial role in memory, intelligence, concentration, temper and personality.

Based on the differences in laminar organization the cerebral cortex can be classified into two types, the large area of neocortex which has six cell layers, and the much smaller area of allocortex that has three or four layers.

From the outer pial surface to the inner white matter of neocortex, these six layers in turn are the molecular layer, the external granular layer, the external pyramidal layer, internal granular layer, inter pyramidal layer and the polymorphic or multiform layer (Figure 1.14B).

The molecular layer (Layer I) contains few scattered neurons, including GABAergic rosehip neurons, and largely of extensions of apical dendritic tufts of pyramidal neurons and horizontally oriented axons, as well as glial cells. During development Cajal-Retzius cells and subpial granular layer cells are present in this layer. Also, some spiny stellate cells can be found here. The external granular layer (Layer II,) contains small pyramidal neurons and numerous stellate neurons. The external pyramidal layer (Layer III) contains predominantly small and medium-size pyramidal neurons, as well as non-pyramidal neurons with vertically oriented intracortical axons. The internal granular layer (Layer IV) contains different types of stellate and pyramidal cells, and is the main target of thalamocortical afferents from thalamus type C neurons as well as intra-hemispheric corticocortical afferents. The internal pyramidal layer (Layer V) contains large pyramidal neurons.

Axons from these leave the cortex and connect with subcortical structures including the basal ganglia. In the primary motor cortex of the frontal lobe, layer V contains giant pyramidal cells called Betz cells, whose axons travel through the internal capsule, the brain stem, and the spinal cord forming the corticospinal tract, which is the main pathway for voluntary motor control. The polymorphic or multiform layer (Layer VI) contains few large pyramidal neurons and many small spindle-like pyramidal and multiform neurons; layer VI sends efferent fibers to the thalamus, establishing a very precise reciprocal interconnection between the cortex and the thalamus (Figure 1.16C). and the polarity of plasma membrane to reverse. This is also called depolarization and will evoke more channels to open and transport an electric current through the cell membrane and so on. When the sodium channel close, sodium ions can't enter inside the neuron and the potassium channel are active, then potassium ions go outside the membrane which causing the resting state return. After action potential occurred, there is a short-term negative shift, called afterhyperpolarization (Figure

1.16).

There is another type of action potential generated by voltage-gated calcium channel but not voltage-gated sodium channels. Calcium-based action potential will last for about 100 milliseconds, is longer than sodium-based voltage potential which is about one millisecond.

When action potential reaches the synapse, synaptic transmission occurs from a presynaptic neuron to a postsynaptic cellular structure. The channel on presynaptic membrane will open and calcium ions enable to across the membrane and increase rapidly inside the interior. The high concentration of calcium concentration will active a series of calcium-sensitive proteins which attached to vesicles. The protein will reshape promote the vesicles to contact with the presynaptic membrane and release neurotransmitters to the synaptic cleft. Some neurotransmitters will bind to the receptor of postsynaptic membrane and cause the receptor molecular to be activated. This entire process only lasts for a few hundred microseconds in the fastest synapses. The extra neurotransmitters will be reabsorbed and repackaged by presynaptic cells for future use. Figure 1.6

shows the signal of the action potential. 

Neurovascular units

Figure 1.17. Neurovascular units and brain blood barrier [START_REF] Yamazaki | Blood-Brain Barrier Dysfunction and the Pathogenesis of Alzheimer's Disease[END_REF].

The neurovascular unit (NVU) control the brain homogenesis by regulating the dynamic efflux and influx of nutrients, metabolites and drugs between the systemic circulation and the CNS [START_REF] Itoh | Control of brain capillary blood flow, Journal of cerebral blood flow and metabolism[END_REF].

The arteries that dive into the brain from the sub-arachnoid space consist of endothelial cells, a basement membrane, smooth muscle cells, the perivascular (Virchow-Robin) space, pia mater, and astrocyte endfeet. As vessels continue deeper into the brain, they lose their smooth muscle cell and pia mater coverage, gaining pericytes between the EC and astrocyte endfeet in brain capillaries [START_REF] Yamazaki | Blood-Brain Barrier Dysfunction and the Pathogenesis of Alzheimer's Disease[END_REF] (Figure 1.17). In brain capillaries, endothelial cells form the tube structure with barrier integrity, in which the abluminal surface is covered by basement membranes composed of extracellular matrix.

The endothelial tubes are surrounded by pericytes, astrocyte end-feet, and neurons, comprising the neurovascular unit.

Brain blood barrier as the major components of the NVUs, not only control the brain metabolism, but also maintain an environment that allow neurons to function properly. The vascular barrier function is related the function of the basement membrane (50-100 nm) which mainly consisting of collagen IV, laminin, nidoigen and perlecan [43]. A monolayer of brain microvascular endothelial cells that show low fenestration level, linked tight junction, small perivascular space, wide spectrum of receptors and transporters, and pericytes and astrocytic endfeet covering, play an essential role in the brain blood barrier formation. It has been shown that the dysfunction of the NVUs contribute to neurodegeneration diseases [START_REF] Sweeney | The role of brain vasculature in neurodegenerative disorders[END_REF].

Cortical neurogenesis

There are numerous distinguished differences between cortical areas in the human brain, including cells population, lamination and distinct cell types. However, most of the differences are not apparent at the early neurogenesis stage. Here I mainly focus on introducing the neurogenesis during the brain development.

In the developing embryo, the human center nerve system is derived from the neural tube, which forms three primary vesicles called the forebrain, the midbrain and the hindbrain. The forebrain subdivides into secondary vesicles, telencephalon and diencephalon, respectively. And the cerebral cortex mainly derives from the dorsal part of the telencephalon. As the earliest progenitor cells of cortex, neuroepithelial cells will finally generate neurons and glial cells.

To begin, neuroepithelial cells will divide symmetrically within the ventricular zone to expand the progenitors pool and the daughter cells then extend in an orientation and form a radial morphology from apical (ventricular) to basal (pial lamina). These daughter cells are known as radial glial cells which have the multipotent. Subsequently, radial glial cells proliferate and finally become parent radial glial cells which start to subdivide two possible outcomes. One is that generating a subclass of progenitor cells called intermediate neuronal precursors, which can then proliferate and amplify cells or produce neurons. Another one is to produce neurons directly by asymmetric division. This process always occurs in a secondary germinal area about the ventricular zone and subventricular zone. Newborn neurons will migrate to the destinations mainly by radial glia fibers. Cajal-Retzius cells are subplate neurons are one kind of neurons that firstly populate in the cortex and persist in the outer layers of the cortex. In addition, radial glial cells will further give rise to outer SV radial glia like cells, which lack apical contact in the outer SVZ and contribute to generate upper layer neurons. Later, radial glial cells will also transform into truncated tRG which is close to the apical position. Excitatory cortical pyramidal neurons are generated from RG and oRG progenitors via IPCs, and will also migrate along the radial glia fiber to cortical plate with a radial organization. The earliest generated pyramidal neurons will form the deeper cortical plate and the youngest neurons then establish the superficial layers [START_REF] Subramanian | Cortical Malformations: Lessons in Human Brain Development[END_REF]. More progenitor cells, neurons and glial cells then further rapidly expand and finally generated the main gyri. Figure 1.18 shows the neurogenesis during the cortical developments. [START_REF] Cadwell | Development and Arealization of the Cerebral Cortex[END_REF].

Copyright, Neuron, 2019.

1.4

In vitro neural culture and models

Effects of topography and stiffness

Culture systems and in particular the culture substrates have significant effects on cellular behaviors, including cell adhesion, morphology, migration, proliferation, and differentiation. In case of neural culture, the topography and the stiffness of culture substrate are the main determining factors on cells.

Topography

Topography guides the cell directionality and neurites outgrowth are the most well studies effect on neurons [START_REF] Xie | Neurite Outgrowth on Electrospun Nanofibers with Uniaxial Alignment: The Effects of Fiber Density, Surface Coating, and Supporting Substrate[END_REF]. Some linear structures such aligned nanofibers and patterns, have been reported that guiding the neurons extend to be aligned [START_REF] Kamudzandu | Efficient alignment of primary CNS neurites using structurally engineered surfaces and biochemical cues[END_REF]. And it was proved that aligned neurons, on linear topographic structures or oriented fibers, show an increase in neurite length. For instance, aligned PLLA nanofibers deposited with proteins could not only guide neurites, but also synergistically promote neurite outgrowth with certain types of proteins coated on the fibers [START_REF] Xie | Neurite outgrowth on nanofiber scaffolds with different orders, structures, and surface properties[END_REF].

Thus, the surface topography has a critical influence on the guidance and development of neurites outgrowth. Further, K. Kang reported that a pitch larger than 200 nm and below 1000 nm can accelerate the neurons development [START_REF] Kang | Enhanced piezoresponse of highly aligned electrospun poly(vinylidene fluoride) nanofibers[END_REF]. Therefore, nanoscale features could benefit in neurons development.

The topography shows the abilities to trigger cellular responses and pathways. In particular, the pathways related to cytoskeleton remolding and adhesion. For neuronal differentiation, the geometry and dimensions of the topography have a significant and extensive effect. Neural lineage differentiation from embryonic stem cells on random and aligned PCL nanofiber with a diameter of 250 nm, show that less astrocytes was obtained on the aligned nanofibers compared with the random nanofibersm [START_REF] Xie | The differentiation of embryonic stem cells seeded on electrospun nanofibers into neural lineages[END_REF]. The diameter of the nanofibers also shows the impacts for neural lineage differentiation, G. T. Christopherson reported that the larger fibers enhance the differentiation of neuronal cells but more glia lineage cells differentiation on the smaller fibers (280 nm) [START_REF] Christopherson | The influence of fiber diameter of electrospun substrates on neural stem cell differentiation and proliferation[END_REF].

However, Mahairaki et al report that the PCL fiber orientation had a remarkable effect on the cell differentiation to the neuronal lineage, irrespective of diameter. It reminds us that various diameters and materials exert different effects on neuronal cells. Figure 1.19 shows the major fabrication methods of 2D and 3D substrates, and the effects and application of topographical substrates. 

Stiffness

The brain is an ultrasoft tissue in the human body with a young's modulus of about one kilopascal [START_REF] Budday | Fifty Shades of Brain: A Review on the Mechanical Testing and Modeling of Brain Tissue[END_REF] (Figure 1.20A). There are growing evidences that showing the correlation of the stiffness and brain cells. For brain tissue engineering, the stiffness of biomaterials plays a significant role in cell adhesion and proliferation, cell differentiation and maturation, defining cell phenotypes and neurogenesis.

Many researches focus on studying the stiffness effect on neurons and astrocytes which are the major cells types in human brain. Evidently, soft substrates can promote neurogenesis. Kyle J.

Lampe showed that softer 500 Pa hydrogels promote longer neurites extension than on higher 2.1 kPa hydrogels [START_REF] Lampe | Design of three-dimensional engineered protein hydrogels for tailored control of neurite growth[END_REF]. And Tarus reported that soft hyaluronic acid based-hydrogel (400 Pa) can enhance neurites outgrowth and branching [START_REF] Tarus | Auzély-Ve l t y, Design of Hyaluronic Acid Hydrogels to Promote Neurite Outgrowth in Three Dimensions[END_REF]. In addition, Aya Tanaka reported that neurogenesis was significantly suppressed on gel substrate with an elastic modulus higher than the stiffness of in vivo brain [START_REF] Tanaka | Regulation of neuritogenesis in hippocampal neurons using stiffness of extracellular microenvironment[END_REF] (Figure 1 Meanwhile, 2D and 3D culture astrocytes both extended larger areas with upregulated expression of the astrogliosis hallmarker GFAP. The different effects of matrix stiffness on astrocytic activation are proved that is mediated by Yes-associated protein [START_REF] Hu | Matrix stiffness changes affect astrocyte phenotype in an in vitro injury model[END_REF]. Interestingly, Christina L. Wilson shown that astrocytes grown on stiff PDMS substrates (8 kPa) displayed an astrogliosis-like morphology and highly expressed the astrogliosis protein (GFAP), but increased reactive oxygen species (ROS) production, increased super oxide dismutase activity and decreased glutamate uptake. While primary astrocytes grown on soft PDMS substrates (200 Pa) displayed a consistently more quiescent phenotype, had lower GFAP expression and shown a healthy state [START_REF] Wilson | Astrogliosis in a dish: substrate stiffness induces astrogliosis in primary rat astrocytes[END_REF].

Matrix stiffnesses differentially regulates stem cells differentiation [START_REF] Park | The effect of matrix stiffness on the differentiation of mesenchymal stem cells in response to TGF-β[END_REF], including neural stem cell differentiation (Figure 1.20 E-G). Seidlits showed that NPCs mostly differentiated into neurons at lower stiffness (1.5 kPa) and into astrocytes at higher stiffness (7 kPa) in 3D hyaluronic acid hydrogel [START_REF] Seidlits | The effects of hyaluronic acid hydrogels with tunable mechanical properties on neural progenitor cell differentiation[END_REF]. Qinqin Ma reported that NSCs grown on stiff 3D scaffold (30 kPa) exhibited enhanced differentiation to astrocytes, and differentiated neurons on stiff scaffold (64 kPa) are suppressed [START_REF] Ma | Three-Dimensional Stiff Graphene Scaffold on Neural Stem Cells Behavior[END_REF]. In addition, the hydrogel stiffness affected neurite length in differentiating NSCs, as 0.1-0.8 kPa substrates promoted greater neurite extension than 4.2-7.9 kPa substrates [START_REF] Stukel | The interplay of peptide affinity and scaffold stiffness on neuronal differentiation of neural stem cells[END_REF].

Stiffness does not impact commitment to particular neuronal subtypes [START_REF] Keung | Soft microenvironments promote the early neurogenic differentiation but not self-renewal of human pluripotent stem cells[END_REF]. But soft stiffness (2 kPa) can promote the maturation of ESCs-derived neurons, comparing with the higher 35 kPa stiffness [START_REF] Ali | The effect of Young's modulus on the neuronal differentiation of mouse embryonic stem cells[END_REF]. • Retinoic acid has been reported that can promote neural differentiation [START_REF] Siegenthaler | Retinoic Acid from the Meninges Regulates Cortical Neuron Generation[END_REF].

• Replating embryoid bodies on coated dishes can obtain cluster of neuroepithelial cells which can spontaneously form rosettes that recapitulate in vivo properties of neural tube.

• Sonic hedgehog inhibitor, such as cyclopamine, recapitulate the cortical development process, can generate cortical progenitor cells which can further differentiate into cortical neurons [START_REF] Gaspard | Generation of cortical neurons from mouse embryonic stem cells[END_REF].

• Brain-derived neurotrophic factor is the vital factor that contribute to corticogenesis, neural survival enhances and maturation [START_REF] Berghuis | Brain-derived neurotrophic factor controls functional differentiation and microcircuit formation of selectively isolated fast-spiking GABAergic interneurons[END_REF].

• Glia cell-derived neurotrophic factor is major secreted by glial cells in center nerves system, have the ability to support the survival of neurons, and promote neurogenesis [START_REF] Erickson | Brain-Derived Neurotrophic Factor and Glial Cell Line-Derived Neurotrophic Factor Are Required Simultaneously for Survival of Dopaminergic Primary Sensory Neurons <em>In Vivo<[END_REF].

The combinations of these strong neural inductive capability widely apply in neurogenesis in vitro now. Figure 1.21 shows the general process of neurons and glia differentiation from iPSCs. The crucial stages of neural differentiation from human induced pluripotent stem cells to neurons and glia [START_REF] Mertens | Evaluating cell reprogramming, differentiation and conversion technologies in neuroscience[END_REF].

CNS models

2D models

Harrison and Hoadley first established 2D animal CNS in vitro models in 19 th century and also are the person who first observed neurites extension [START_REF] Harrison | Observations on the living developing nerve fiber[END_REF][START_REF] Hoadley | The Independent Differentiation of Isolated Chick Primordia in Chorioallantoic Grafts. I. The Eye, Nasal Region, Otic Region, and Mesencephalon[END_REF]. Since then, more 2D primary CNS models were developed based on cultures of cortical cells, hippocampal cells, midbrain cells, glial cells, etc [START_REF] Petrović | Establishment of Long-Term Primary Cortical Neuronal Cultures From Neonatal Opossum Monodelphis domestica[END_REF]. Meanwhile, organotypic cultures like brain slice was introduce for better resemble in vivo conditions compared with 2D monolayer cells culture. CNS cells culturing on 2D flat surface offer a simplified and low-cost method for brain research especially high throughput disease modelling and drug screening. In addition, 2D cells surface is more easily and effective for cell behavior visualization. Taking advantage of these benefits, this method continues to use till now.

With the improvement of knowledges in cell culture microenvironment and specific research objectives, more remarkable technologies were developed and applied for 2D CNS model, for example, adopting in-vivo like extracellular matrix, fabrication of in-vivo physical properties like substrate, creating microphysiological conditions. However, there are still many challenges and limitations in 2D monoculture, like lack of cytoarchitecture, incomplete functions, gene expression differences with in-vivo cells. The soma and growth cones in 2D are unrealistically flattened, and the axons-dendrites outgrowth cannot occur in all directions. Thus, researchers are working on developing more CNS like models by tissue engineering.

3D models

Human brain presents in a 3D space and integrate with a complex multi-cellular microenvironment and extracellular matrix. 3D CNS model in vitro can recapitulate in-vivo like cell morphology, more complex cell-cell interaction and functions, comparing with 2D CNS model.

Neurons cultured in a true three-dimensional environment recapitulate can native neuronal network formation [START_REF] Bourke | Three-dimensional neural cultures produce networks that mimic native brain activity[END_REF]. Neurons and glial cells cultured in 3D have been shown the normal in-vivo like morphology. The dimension can create more possibilities for connection among distant neurons so it will lead to small-world networks generation [START_REF] Ulloa Severino | The role of dimensionality in neuronal network dynamics[END_REF][START_REF] Bosi | From 2D to 3D: novel nanostructured scaffolds to investigate signalling in reconstructed neuronal networks[END_REF]. In addition, 3D neuronal cultures show fast neurite outgrowth, axonal and dendritic speciation, strong synaptic connectivity [START_REF] Broguiere | Novel enzymatically cross-linked hyaluronan hydrogels support the formation of 3D neuronal networks[END_REF]. And cortical neurons cultured in 3D enhance cell viability and the neuronal network maturation compared with 2D culture [START_REF] Janzen | Cortical Neurons form a Functional Neuronal Network in a 3D Printed Reinforced Matrix[END_REF].

Neurons and astrocytes are the main cells type in CNS system. 3D neuron-glial integration can develop Nav1.2 and Nav1.6 which primarily mediate somatic and axonal sodium channels, respectively, and decrease neuronal firing threshold by 40 times compared culture neuron and astrocytes on flat PDL coated surface. 3D cell-cell integration can resemble in vivo neuronal networks [START_REF] Karahuseyinoglu | Three-dimensional neuron-astrocyte construction on matrigel enhances establishment of functional voltage-gated sodium channels[END_REF].

For electrical activities, 3D CNS model can exhibit a spontaneous electrical activity that is closer to what is observed in vivo [START_REF] Xiao | A Fully 3D Interconnected Graphene-Carbon Nanotube Web Allows the Study of Glioma Infiltration in Bioengineered 3D Cortex-Like Networks[END_REF]. Dimensionality determines properties of neuronal networks and that several features of brain dynamics are a consequence of its 3D topology [START_REF] Ulloa Severino | The role of dimensionality in neuronal network dynamics[END_REF]. The degree of synchrony of 3D CNS networks was higher and had a moderately synchronized regime and a highly synchronized which was never observed in 2D. Rapidly-occurring and long-lasting coordinated electrical activity were found in 3D neuronal culture [START_REF] Broguiere | Novel enzymatically cross-linked hyaluronan hydrogels support the formation of 3D neuronal networks[END_REF]. The degree of synchrony decrease in 3D networks is also in-vivo like [START_REF] Ulloa Severino | The role of dimensionality in neuronal network dynamics[END_REF]. In 

Neurovascular unit models

To model NVUs will could provide an invaluable tool that would aid in dissecting out the pathological factors, mechanisms of action, and corresponding targets prodromal to the onset of CNS disorders. Due to the complexity of NVUs, more researches are focusing on establishing the brain blood barrier which is a fundamental part in the NVUs. The classical transwells that consisting of a membrane are initial used for co-culture brain cells for BBB modeling (Figure 1.24 A). However, it is proved that 3D structure, cell-cell interaction, and the exposure of shear stress result in better barrier function compared to conventional transwell models. Then, microfluidic chips were developed to provide dynamic fluid and horizontal or vertical space for BBB modeling. In Figure 1.24 B-C, two microfluidic systems for BBB modeling were present.

Figure 1.24 Examples of the NVUs model in vitro. (A)

The classical transwell setup [START_REF] Bhalerao | In vitro modeling of the neurovascular unit: advances in the field[END_REF].

(B)

A two channels microfluidic organ chip for brain blood barrier modeling [START_REF] Park | Hypoxia-enhanced Blood-Brain Barrier Chip recapitulates human barrier function and shuttling of drugs and antibodies[END_REF].(C) A linked NVUs-on-chip system [START_REF] Maoz | A linked organ-on-chip model of the human neurovascular unit reveals the metabolic coupling of endothelial and neuronal cells[END_REF].

Brain diseases models

The CNS diseases have been become one major public health challenges today. According to the report from WTO, more than 1 billion people around the world are affected by the CNS disorders, such as Alzheimer's disease, Parkinson's disease, epilepsy, and stroke. Besides, like brain tumor, most of the CNS diseases are difficult to treat and the cause of these CNS diseases are still unknown.

Although our knowledge about the mechanism of the CNS diseases is increasing, there are still have high unmet medical need for offering more precise treatments. 

Chapter 2 Technological developments

In this chapter, I present the main technologies used in this thesis. Firstly, I describe the fabrication technologies of micropattern and nanofibers, which allowed us to produce our bilayer nanofiber scaffolds. Then, I introduce the concept of culture patch and patch integration into microfluidic devices. I will also present an automatic culture system for long-term stem cell differentiation. Finally, I describe two neural activity monitoring techniques, i.e., calcium imaging and extracellular potential recording with microelectrode arrays (MEAs).

Scaffolds fabrication techniques 2.1.1 UV photolithography

UV photolithography, also known as optical lithography is a technique based on transferring a 2D opaque pattern on a transparent substrate (mask) to a thin layer of UV-sensitive resin using UV light source, which results in a 3D microstructure. This technique can provide a precise control of the shape and size of the structures at a microscale, or even down to a nanoscale level. Besides, it can produce ultracomplex microstructures accurately and effectively and became a standard method of microprocessor and printed circuit board fabrication. In the life science filed, UV photolithography showing its advantages in micro-and nanoscale structure fabrications, has a broad range of applications, such as fabrication of biosensors, micro-/nano-structured or patterned substrates for the study of cell or tissue dynamics, and molds for microfluidic devices, which provide a variety of state-of-the-art applications, including single cell genome sequencing, directed molecular evolution, and so-called organ-on-a-chips mimicking the microenvironment of different organs made of multiple cell populations..

There are typical six main steps in UV photolithography which are photoresist deposition on aa silicon wafer by spin-coating, soft bake, UV exposure through a patterned mask, post-exposure bake, development, and hard bake. To avoid any dust and undesirable UV light, the photolithography was performed in a dedicated area with UV protection in a clean room facility.

Photoresists, i.e., UV-sensitive resins, are categorized as positive or negative by their responses to UV light: positive photoresists become soluble in resist-specific developers upon UV exposure, whereas negative photoresists become insoluble (Figure 2.1). Photoresists with a wide range of viscosity are commercially available to achieve different layer thicknesses (typically submicron to a few hundred microns). Firstly, a photoresist is spread homogenously onto a clean silicon wafer by spin-coating, where the thickness of the photoresist layer is controlled by the spin speed and time.. The photoresist layer is then solidified by being heated uniformly on a hot plate at a specific temperature (soft bake). Next, the photoresist layer is exposed to coherent UV light through a photomask with an opaque pattern on transparent background, which is in tight contact with the photoresist. Upon UV exposure, the molecular structures of the positive or negative photoresist in the UV-exposed area become modified, and its solubility in a specific developer becomes converted from insoluble to soluble or versa, respectively. Immediately after UV exposure, some photoresists need to be heated at a specific temperature to promote chemical reactions initiated by the exposure (post-exposure bake). Next, a resist-specific developer is used to dissolve away the exposed/unexposed regions of positive/negative resist. Finally, the obtained structure can be heated at a higher temperature to further solidify the resist and to ensure the adhesion between the resist and the wafer (hard bake). 

Soft lithography

Soft lithography is a series of techniques which utilize a soft stamp/mold to transfer a pattern to a substrate (e.g., glass, silicon, polymer surface) [1]. The techniques of soft lithography includes replica moulding, microcontact printing, micromoulding in capillaries, and microtransfer moulding.

The capacity of fabricating the micro-and nanoscale structure with a low cost, make it become a popular and commercial method [1]. Polydimethylsioxane (PDMS) is used as a common soft material for replating patterns due to its outstanding chemical stability and physical properties, low toxicity, high transparency, and cheap price. The molecular formula of PDMS is (C2H6OSi)n and its semi-structural formula is CH3[Si(CH3)2O]nSi(CH3)3, where n represents the number of monomers. Depending on the chain length. Non-cross-linked PDMS elastomers have variable viscosities, which increase with n. For soft lithography, a viscous PDMS elastomer is used and further cross-linked on a mold to obtain a hydrophobic, gas-permeable, and optically clear silicone rubber.

Here, I introduce the basic process to replicate microstructure of a master mold in cross-linked PDMS by soft lithography technique (Figure 2.3) used in this work. The master with microstructure was made by photolithography and a mixture of PDMS elastomer and its cross-linker (RTV 615, GE Toshiba Slicones) was poured onto the master. After being degassed, the PDMS mixture was cured in an oven at 80 °C for 2 h. Finally, once the PDMS cooled down, it was peeled off from the master. To make this step of separation easier, an anti-stick layer such as trichloromethylesilane (TMCS) or parylene can be deposited onto the master before the first use. 

Cutting plotter

The cutting plotter is an effective machine for cutting soft materials (e.g., paper, films, PDMS) into desired patterns with the general degree of accuracy on the microscale. The patterns can be designed in common graphics softwares such as AutoCAD, and imported into the original plotter software to start the fabrication. The cutting plotter have several advantages, such as high resolution (100 µm), high-efficiency operation, and low operating costs. Thus, it has become a popular tool in microfabrication filed. The sheet with cutout patters produced by cutting plotter can be used as a microfluidic channel, a mold, or a mask with hollow structure. This mask can be used, for example, as a stencil mask for microelectrode fabrication by metal sputtering.

In this thesis, we used the cutting plotter (Figure 2.4 left) to cut a thin PDMS sheet to make a hollow microchannel pattern and hexagon patterns, etc. in it (Figure 2.4 right). The former was used for microfluidic channel fabrication and the latter was used for cell culture scaffold fabrication. The thickness of the channel layer and the scaffold were modulated by using PDMS sheets with desired thicknesses. Both kinds of PDMS structures, combined with integrated gelatin nanofibers, were used as functional scaffolds for tissue dynamics studies. 

Electrospinning

Electrospinning is a versatile technique to fabricate nano-to micro-scale fibers. A wide range of natural or/and synthetic polymers can be transformed by electrospinning into fibrous scaffolds that mimic native extracellular matrix structure. Thus, this technique has become a popular choice for tissue engineering, where controlled extracellular microenvironment and efficient cell guidance are critically important [3].

The main setup of electrospinning is simple, including a syringe pump, syringe with a conductive needle, a collector, and a high voltage power supply (Figure 2.5). In general, a polymer solution is pumped out at a constant flow rate from the syringe needle tip, which is connected to the positive electrode of the voltage power supply and placed at a desired distance from the collector connected to the cathode. When a high voltage (typically several kilovolts) is applied between the needle tip and the collector, the electric force on the charged polymer solution overcomes the surface tension. As a result, a liquid jet of the polymer solution whips from the needle tip to the collector.

This whipping process accompanied by solvent evaporation results in the generation of nano-and micro-meter diameter fibers randomly-oriented on the collector. There are several crucial parameters that determine the fiber morphology, including the intrinsic properties of the solution (e.g., viscosity, conductivity, solvent volatility), the process condition (e.g., voltage, distance between the needle tip and the collector, flow rate), and the environmental condition (e.g., temperature, humidity). The balance between all those parameters is crucial for the formation of homogenous beads-free fibers. By increasing polymer concentration or molecular weight, one can increase the viscosity of the solution, which results in fibers with a larger diameters [5]. In addition, a lower flow rate or a larger distance between the needle tip and the collector promotes the solvent evaporation, which prevent beads formation along the fibers [6]. And an increase in voltage may lead to a smaller fiber diameter and beads formation [7].

Depending on research objectives, a broad range of setup modifications have been proposed to control fiber composition, fiber orientation, fiber mesh architecture, and mesh composition, as shown in Figure 2.6 [8]. For example, co-axial electrospinning enables the materials that cannot form fibers alone to achieve fibrous morphology by embedding another support material [9].

Bicomponent and in-line blending are the effective method to combine two kinds of materials on single fibers. And in-line blending can enhance the mechanical and bioactive properties of the fiber by combining synthetic and natural polymers. Edge electrospinning enables a high-throughput fiber generation applicable for industrial mesh fabrication, and emulation electrospinning induces porosity in the fibers. The fiber orientation has impacts on cell morphology, cell guidance, and cellcell connection. The regularly aligned fibers can be fabricated by gap electrospinning, magnetic electrospinning or using a rotating mandrel collector. The patterned and curly fibers can be fabricated by patterning an electrospinning collector and by moving a spinneret, respectively.

Additionally, Co-spinning and in-line blending can produce longitudinally gradient and thickness gradient-fibers, respectively. And 3D fiburous scaffolds can be obtained by layer-by-layer hydrospinning.

Figure 2.6 Schematic of the electrospinning with modifications for various purposes [3]. Copyright 2017 by Journal of biomedical materials research A.

Among natural polymers, gelatin was selected for this thesis work to fabricate cell culture scaffolds by electrospinning. Gelatin is an irreversibly hydrolyzed form of the collagen that is the main component of ECMs, and has biocompatibility and bioactivity, which are desirable for tissue engineering [10]. To stabilize gelatin nanofibers, chemical and thermal crosslinking methods, which are conventionally used for protein crosslinking, were applied. A combination of 1ethyl-3-(3dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) solutions was used to conjugate carboxyl groups and primary amines of gelatin molecules (chemical crosslinking). Citric acid was directly added in a gelatin solution for electrospinning, and obtained fibers were heated at a high temperature (140 °C) to make bioconjugation between gelatin molecules.

The issue of the nanofibers with a low mechanical strength was overcome by integrating the fibers on micro-frames or a microfluidic channel.

Culture patch

Culture patch is one kind of representative cultured scaffolds that assembled by the microframe and nanofibers [11]. The materials of the micro-frame (e.g., PDMS and PEGDA) are stiff and easy to handle and operate, so the micro-frame can enhance the practicality of the nanofibers. While with the large area of the hollow structure on the micro-frame, nanofibers sticking on the microframe have a large suspended area, so the mechanical properties of the nanofibers can be better maintained.

To fabricating the patch with numerous microstructures, several techniques which are UV lithography, soft lithography and electrospinning contribute to the fabrication. 

Microfluidic devices

Microfluidic devices have been applied in plenty of the biological purposes, such as cells sorting [12], proteins analysis [13], DNA sequencing, PCR amplification [14] and in vitro cells 

Automated cell culture and stem cell differentiation system

Implementing and optimizing the automation of the cell culture and differentiation process is significant for the standard cells production and cell qualities improvement. Meanwhile, the automation can extremely improve efficiency and expand cell production. In particular, human stem cell have been shown the great potential for drug screening and regenerative therapy. The demand of the stem cells and stem cells derived somatic cells is rising, so it is necessary to develop and optimize the automated cell culture and differentiation system. Several teams and companies have reported their automated platforms for stem cell culture, such as. Cellhost (Hamilton Robotics, Reno, NV) [16] and TAP Biosystem's CompacT SelecT (TAP system, Part of the Sartorius Stedim Biotech Group, Royston, UK) [17]. All these platforms are integrated with basic modules, such as the medium stocker, trash stocker, an incubator. And the robotic arm in these platforms can flexibly carry out some complex processes (e.g., cultured dish or flask transport and rotation).

Most of the automated cell culture platforms are large and aim for meeting the needs of industry.

In this thesis, a small size of automated cell culture and differentiation system which can capable for the laboratory use is developed and used for iPSCs-derived neuronal networks differentiation.

There are three major units in this automated system, including a storage unit, control unit and cell culture unit (Figure 2.9). The storage unit is placed in the fridge for keeping the stability of the culture medium and the cell culture unit is placed in the incubator for medium warming, cell culture and the waste medium collection. In this system, the control unit can be programmed by Software Arduino to control the working processes of all the peristaltic pumps and rotary valves. Notably, well-controlling the opening and closure of the rotary valves is key setup to define which tube of medium can flow into the culture device at the certain timepoint. In order to ensure the normal operation of the automated system, it is significant to sterilize the system and avoid the contamination. All the tubes, luer connectors and lids are sterilized by autoclaved sterilization or dipping in 70% ethanol. And the extra parts are needed to wipe by 70 % ethanol and exposed with UV light for ozone sterilization. After assembling the system, the pipelines will be further washed twice with 70 % ethanol, three times with PBS plus 1 % Pen-strep by a speedy cleaning program.

To start the automated differentiation, stem cells are seeded on the petri dish or desired substrates, such as patch frame with nanofibers, and transferred to the cell culture device. To avoid patch frame flowing in the medium, a fixing mold is fabricated and can fix 6 six patches in the Petri dish (Figure 2.10). Mediums which used for the different period of time are prepared first and filled in the certain tubes in the storage unit. Then the specific program can be loaded or manually setup in the control unit. For the step of medium replacing, the medium will first be pumped into the warming tube in the cell culture unit and prewarmed. Next, the waste medium in the cell culture device will be pumped to the collected reservoir, and the fresh medium then is pumped into the cell culture device from the warming tube. And the process of the medium change is implemented. All the parameters of the automated differentiation, such as the timepoint, the medium type, the volume, the time period of medium replacing, are defined by the program that is setup. 

Electrophysiological activity assays

Calcium imaging

Calcium plays a crucial role in various cell function processes. Calcium imaging is an effective method for measuring the concentration of calcium ions in cells. Since the intracellular calcium transiens can reflect the electrical events in living neurons, calcium imaging is widely applied to study neural signal transmission [18].

The source of calcium includes extracellular and intracellular source. Calcium influx is highly dependent on ion channels on the plasma membrane, such as voltage-gated calcium channels (VGCC), transient receptor potential type C (TRPC) channels, calcium-permeable a-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) N-methyl-D-aspartate (NMDA) glutamatetype receptors, and nicotinic acetylcholine receptors (nAChR). Endoplasmic reticulum is the internal calcium store in cytoplasm, can release calcium by ryanodine receptors (RyR) and inositol trisphosphate receptor (IP3R). For neuronal calcium homeostasis, the plasma membrane calcium ATPase (PMCA), the sodium -calcium exchanger (NCX), and the sarco-/endoplasmic reticulum calcium ATPase (SERCA) regulate the calcium efflux. The uniporter and NCX on the plasma membrane of the mitochondrion enable to mediate calcium ion in or out.

Action potential reflecting the propagation of signals in neurons, causes the calcium influx by activating calcium channels. Populations of calcium in cytoplasm can further activate potassium channels on plasma membrane, which contributing to the repolarize the membrane. Besides, calcium releasing from the internal stone can also activate the potassium channels on plasma membrane, while increasing the calcium ions by the mechanism of calcium-induced calcium release.

Synaptic transmission which led to release of neurotransmitters is also under the control of calcium signals. Membrane depolarization at an axonal terminal will result in calcium influx. Thus, axonal calcium imaging can provide the information of afferent activity [19].

Somatic calcium transients have a direct relation with action potential, so many studies imaging calcium signals on cell soma to record the spike activities from neuron. Comparing with dendrites that have a rapid rise time (less than 2 ms to most of the peak amplitude), the rise time of cell soma, that have larger cytosolic volume, will be longer by about two orders of magnitude when imaging an action potential event [20]. high selectivity for calcium ions. GECI indicators is widely applied in vivo imaging. The genes encoding for GECI proteins can be easily transfected to cell. Creating transgenic animals that expressing the dye is also a popular method for neural studies.

Microelectrode assay

Microelectrode assay is an extracellular recording method that has been widely utilized to measure neuronal electrophysiological activity. It allows simultaneous and long-term recording of local field potential and extracellular action potential from neurons at millisecond time scale [22].

The communication of neurons highly relies on electronic transmission which implement by ions flux through the cellular membrane. This cause the sharp changes in voltage around the extracellular environment, which is what the MEA electrodes eventually detect.

There are various of techniques for microelectrodes fabrication, such as lithography [23] and 3D print [24]. The main gold standard is to fabricate electrodes with low impedance, so higher signal-to noise (SNR) can be achieved. To reach this goal, choosing materials for microelectrode, conductor, insulator, and substate is essential. With the respect of biocompatibility, metallic conductors such as gold, platinum, titanium, titanium nitride are widely used in electrode fabrication.

For increasing the effective surface, porous conductive materials such as carbon nanotube, Pt-black and conductive polymer are usually modified and applied.

For recording, spikes are normally considered the signals of action potential. During an action potential, firstly sodium ions influx result in negative spike in extracellular action potential. Then the slow potassium ions efflux generates a small positive spike. The orientation and distance between neuron and electrode have influences in the amplitude and shape of spike.

To obtain clear spike signals from neurons and identify these spikes, filtering the raw data traces, detecting and sort spike are three major steps. Typically, a narrow band of 30-3000 Hz is used to attain higher SNR and lower false positive rates [22]. A wider band filter is also good for firstly checking and further sorting depending the goal. Burst and burst rate is a common feature that can be analyzed from the recording data. Burst can provide the information about burst firing 

Conclusion

In this chapter, I have presented the main techniques and tools that were used in this thesis.

The principles and working flows of the scaffold fabrication techniques including UV photolithography, soft lithography, cutting plotter, and electrospinning have been described in details. The procedures of culture patch fabrication by combining these techniques were shown.

Microfluidic devices, which are essential for mimicking microphysiological environments were introduced. Moreover, I gave a general introduction of the automated cell culture and differentiated system. Finally, I have described two main methods for monitoring the neural electrophysiological activities. All those techniques have been employed for 3D neuroscaffold fabrication, automatic human brain cell productions, development and neural activity monitoring, and multi-population co-culture for the development of in vivo-like 3D neurovascular unit models.

Introduction

Human induced pluripotent stem cells (hiPSCs) can be self-renewed and differentiated into cortical neural cells [1][2][3][4][5][6], offering unprecedented opportunities to in vitro modeling of brain functions. During the last years, various protocols have been demonstrated, including organoid-type differentiation [2,3], directed differentiation [4,5], and lineage specific differentiation [6][7][8]. In general, hiPSCs were firstly derived to neural progenitor cells with a commitment and then underwent a long-term differentiation by suspension cell culture or adherent cell culture. Typically, the suspension cell culture is used to generate brain organoids [2,3] and studies of early human brain development and human brain diseases. Brain organoids can also be obtained under physical constrains [9,10] or manipulated by fusion with other types of organoids [11]. The drawback of this method is that the resulted brain organoids are generally small, immature, and variable, due to lack of vasculature and lack of immune-mediated competition, and inherent inconsistency of the spontaneous differentiation [12,13]. On the other hand, the adherent cell culture can be used for both directed and lineage-specific differentiation of the hiPSCs, with which the processes could be more controlled and the outcomes could be more suitable for a large variety of applications. Lineage specific neural cells, including neurons, astrocytes, and oligodendrocytes, can be produced by using diverse differentiation protocols [6][7][8]. Cortical neural networks can then be obtained by cocultivating them on a substrate to achieve a multicellular system that is applicable to disease modeling and drug assays. The downside is that the co-cultivation of the system is time consuming and the performance of the generated network depends on a number of parameters. In fact, the lineage -specific neural cells were produced with different protocols so that their co-cultivation is more difficult to achieve. Furthermore, the maturation of a neural network derived from these cells requires an efficient synaptic development under stable culture conditions [14]. In contrast, directed differentiation is simpler and more efficient due to early commitment of the hiPSCs toward cortical neural networks and multicellular processing during the whole period of the network differentiation and maturation [4,5]. The directed differentiation also shares many advantages of adherent cell culture such as flexible device engineering, high resolution imaging, electrophysiological monitoring, as well as high throughput screening.

However, the performance of adherent cell culture depends critically on the stiffness, surface morphology, and coatings of the substrate [15][16][17]. Previously, hydrogels [18,19] and micro-pillars [20][21][22] were used as low stiffness substrates for neural differentiation of hiPSCs. Random and aligned nanofibers [23][24][25], patterned substrates [26][27][28], microfluidic channels [29][30][31][32][33], and threedimensional (3D) neuroscaffolds [34][35][36][37][38] were explored for the control of neurite outgrowth and the formation of neural networks. These approaches demonstrated the ability of device engineering but they were mostly were limited to the proof of concept of particular cases. We have recently proposed a new type of substrate for more general applications, consisting of a monolayer of crosslinked gelatin nanofibers bonded on a thin honeycomb micro-frame [39,40]. Comparted to the other types of cell culture substrates, this membrane type substrate offers several advantages, including spatially modulated stiffness and permeability, reduced exogenous cell contact, easy handling and easy microfluidic device integration. Primary hippocamp cells could be cultured, showing in-vivo like astrocyte morphology and enhanced neural activities comparing to that on a glass slide [41]. One of the objectives here is to use the membrane type substrate as stiffness and permeability modulated culture substrate for directed differentiation of hiPSCs toward cortical neural networks involving guided self-organization of neural clusters.

Neural clusters are considered as small and interconnected assembly of neurons in the brain and other parts of the nervous system [42][43][44][45][46]. Although they are less obviously observed than cortical columns and layers, neural clusters play essential roles in multi-scale and hierarchic neural organization. In vitro studies have shown that neurons on a flat substrate spontaneously aggregated to form random clusters and that the size and density of the aggregates depend on the stiffness and surface properties of the substrate [47,48]. In our case, the stiffness, the surface morphology, and the permeability of the substrate are all spatially modulated so that a guided self-organization of neural networks is expected, due to the fact that neurons preferably move to the low-stiffness areas and astrocytes may cross a substrate area of different stiffness [49][50][51]. Furthermore, stretched neurites were found in free-spaces of 3D scaffolds [34][35][36][37][38], suggesting that a high degree of environmental permeability favorites a more efficient network formation. I show then how our device is spatially modulated in stiffness and permeability and how it is effective in guided selforganization of the cortical neural networks. By comparison with the results obtained with glass and nanofiber-covered glass, I demonstrate the unique advantages of our approach in terms of cell clustering, network forming, and network sustainability.

Although, the protocol that I applied in cortical neural networks differentiation is relatively simple involving only one type of culture medium for the last period, it still requires a long time for differentiating neural networks to reach a mature stage. In fact, it became a challenge for the development of hiPSC technologies in vitro neuroscience study. In previous, we have developed a dedicated system for automated differentiation of hiPSCs toward cardiomyocytes, which involved six types of culture media but only one culture ware [52]. Based on this system and the protocol of differentiation, I present a different system for one type of culture medium but six culture dishes to automated differentiation of hiPSCs toward cortical neural networks on the membrane type substrate. For comparison, manual differentiation is also processed using the same protocol. I show that the automatic method is advantageous over the manual one for the generation of neural networks not only for labor saving and reduced risks of misoperation and contamination, but also for improved neural activities due to the long-term stability of the system during the whole period of differentiation.

Fabrication of the scaffolds

Fabrication of the honeycomb micro-frame

The Gelatin nanofibers were electrospun on the glass and honeycomb micro-frame bases as described previously [39]. Gelatin from porcine skin was dissolved at 15 wt% in a solvent mixture containing distilled water, ethyl acetate, and acetic acid at a volume ratio of 10:14:21 and used in 2 days. The gelatin solution was ejected at a flow velocity of 0. 

Electrospinning and chemical crosslinking of gelatin nanofibers

Figure 3.2 Characterization of the gelatin nanofibers covering on the glass and honeycomb microframe. (A) Phase contrast images of the crosslinked gelatin nanofibers on the nanofiber-covered glass and membrane type substrate. (B and C) SEM images of the crosslinked gelatin nanofibers. (D) The percentage of the different range of the pores area on the nanofiber-covered glass and membrane type substrate (n=3). (E) The porosity of the gelatin nanofibers on the glass and suspended on the honeycomb frame (n=3).

To maintain the similar topography of the gelatin nanofibers on glass and honeycomb microframe, the dense of gelatin nanofibers on two substrates are similar. Homogeneous and dense gelatin nanofibers on glass and Patch are shown in Figure 3.2 A-B. The diameter of the gelatin nanofibers is 520 ± 270 nm (n=6). And the pore area and porosity of the gelatin nanofibers are well controlled by the electrospinning time. In order to ensure all cells can settle down onto the nanofibers on honeycomb micro-frame, the pore size is controlled under 10 μm (Figure 3.2 C). Most pores are less than 2.5 μm 2 on glass (56 %) and patch (64 %), while less pore areas are larger than 7.5 μm 2 on glass (14 %) and patch (10 %) (Figure 3.2 D). Besides, the porosity of the gelatin nanofibers suspended onto the honeycomb structure and on the glass are about 22.5 % and 15.0 %, respectively (Figure 3.2 E). And the pore area and porosity of nanofibers on these two substrates have no significant difference.

It is known that the Young's modulus of gelatin nanofibers was drastically reduced under wet conditions [53]. The stiffness of the membrane area can be then calculated by considering a small hexagonal network of cell wall width and thickness of t and segment length of l, and a material Young's modulus of Es. Within the zero-order approximation, the effective in-plane Young modulus is equal to & ! ((/*) " , while the effective out-of-plane Young modulus is equal to & ! ((/*) [54].

Assuming a frame-width and thickness of 0.5 µm, a frame-length of 2.5 µm and a Young's modulus of 1.35 MPa [53], we obtained an effective Young's modulus ~ 10.1 kPa, which is 125 times smaller than Es and several orders of magnitude smaller than that of glass slide or nanofiber-covered glass.

Keeping other parameters but using a frame-width and thickness of 0.2 µm, we obtained an effective Young's modulus ~ 650 Pa only. In general, a decrease of t and/or an increase l will lead to a large decrease of the effective Young's modulus of nanofiber network. On the other hand, our membrane type substrate was formed with a honeycomb micro-frame on which the nanofibers were bonded and the stress in the center should be smaller than that near the edge. This can be understood that the total stress in the membrane area is the sum of the average tensile stress and the bending stress which reaches a maximum at the edge of the membrane where it is attached [55]. In other words, the stiffness of the membrane type substrate is inhomogeneous and it is the smallest in the center of the honeycomb frame. The effective out-of-plane Young modulus of the membrane area is also low which allows easy deflection and easy energy dissipation in case of high built stress. Roughly speaking, the stiffness of the frame in plastic is the order of 1 GPa so that the stiffness modulation magnetite of our device is as large as 10 5 . Since the permeability of the membrane area is proportional to its porosity, the permeability modulation magnetite of the device should also be extremely large. In fact, the permeability of the frame areas is infinite small although the pseudo-porosity of these areas is comparable to that measured with nanofiber-covered glass.

Neural characterization methods

SEM observation and analysis

The gelatin nanofibers on the glass and the micro-frame were observed by scanning electron microscope (SEM, Hitachi S800) operated at 10 kV. A 5 nm-thick gold layer was sputtered on the samples prior to the SEM observation. Image J (ImageJ, USA) is used for images processing and statistics. GraphPad Prism (GraphPAD, USA) is used for graph production and statistical analysis.

Immunofluorescence staining

Cells were fixed by incubating them in 4 % (w/v) paraformaldehyde in PBS for 15 min, followed by permeabilization in 0. 

Calcium imaging and analysis

Cells were rinsed with a recording buffer (145 mM NaCl, 3 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4) and loaded with 2 μM Fluo-4 AM and 20 % pluronic acid (both from Thermo Fisher Scientific) in the recording buffer at 37 °C in a 5% CO2 To obtain hiPSCs-derived mature neuronal networks in vitro, it always needs to spend a longterm period of time for cell maturation [6,57]. The differentiational protocol that I followed, can obtain electrophysiologically mature neuronal networks from hiPSCs by monthly differentiation [5] (Figure 3.3). To make ease of these long-term experiments, I divided into 2 separate procedures of the protocols. Firstly, neuronal precursor cells (NPCs) capable of generating a diversity of neural lineages and defining the neurogenesis were differentiated from hiPSCs. Secondly, NPCs can differentiate into neurons and glial cells by the incubation of cytokines. Note that, NPCs are able to be passaged and cryopreserved. So, I mainly carry out the last procedure later when I have enough NPCs store. vitronectin (VN, Thermo Fisher Scientific) in PBS for 1 h at 37 °C prior to use. The hiPSCs were subsequently differentiated into NPCs by following the protocol described in with a slight modification [5]. First, dissociated hiPSCs were seeded on a non-attachment round-bottom 96 well plate (Corning) at a cell density of 5000-10,000 per well, and allowed to form embryoid bodies (EBs) in E8F for 2 days. The culture medium was then switched to neural induction medium (NIM) composed of DMEM/F12 medium, 1 % N2 supplement (Thermo Fisher Scientific), 2 µg•mL -1 heparin (Stemcell), and 1 % Pen-strep, in which cells were cultured for 4 days. On day 7, 6-10 EBs were transferred on each well of 12-well plate, which was incubated with 20 µg•mL -1 laminin in PBS for 1 h at 37 °C beforehand, and cultured in NIM until day 14 to generate pre-NPCs. Pre-NPCs were then cultured in neuronal precursor medium (NPM) composed of DMEM/F12 medium, 1 % N2 supplement, 2 % B27 minus vitamin A supplement (Thermo Fisher Scientific), 1 µg•mL -1 laminin, 20 ng•mL -1 bFGF, and 1 % Pen-Strep from day 15 onward. The medium was renewed every 2 days and cells were subcultured on a dish treated with 1% Geltrex (LDEV-free, reduced growth factor, Thermo Fisher Scientific) in DMEM/F12 medium for 1 h at 37 °C when confluent.

Generation of neuronal precursor cells 3.3.1 Neuronal precursor cells differentiation protocol

Afterwards, the cells were collected for passages as derived below.

Cells were brought into suspension using TrypLE (Thermo Fisher Scientific) or Accutase (Thermo Fisher Scientific), incubated for 5 min at 37 °C with 5 % CO2, and then resuspended in a volume of fresh DMEM/F12 Medium at least equivalent to the volume of TrypLE or Accutase.

After centrifuging at 1000 rpm for 5 min, cells were resuspended in NPM and seeded with desired number onto the Geltrex coated culture dish. After 5 passages, cells were considered as NPCs. To cryopreserve NPCs, a commercial procedure for cell lines cryopreservation was applied. Here, cells after day 15 of confluence were placed in a cryoprotective ampoules at a concentration of 1-4×10 6

per mL and a freeze medium composed 10 % DMSO in NPM was used. Similarly, after being thawed, the unfreeze NPCs needs 5 passages before differentiation.

Neuronal precursor cells derived from iPSCs

The 

Neuronal network formation on 2D substrates

To investigate the effect of the culture surface and stiffness for the neuronal networks differentiation, I seeded NPCs on glass, nanofiber-covered glass and membrane type substrate. Prior to cell seeding, all substrates were treated by air plasma (Harrick Plasma) for 1 min each, and were sterilized by UV irradiation in 70 % ethanol for 30 min. After being rinsed with PBS three times and dried at room temperature, all substrates were incubated with 50 µL 100 µg•mL -1 poly-Lornithine at 4 °C overnight or room temperature for 2 h and rinsed 3 times with PBS. A droplet of 1 % Geltrex (50 µl) in DMEM/F12 medium was deposited on the glass, nanofiber-covered glass and membrane type substrate, then incubated for 1 h at 37 °C in a humidified incubator. Next, NPCs were detached using Accutase (Thermo Fisher Scientific), seeded on the coated sides of all substrates at a density of 3×10 5 per substrate, incubated for 2 h at 37 °C and 5 % CO2 for cell adhesion, and kept cultured in 1 mL NPM. Sequently, NPCs were further differentiated in neural differentiation medium (NDM) composed of Neurobasal medium supplemented with 1 % N2 supplement, 2 % B27 minus vitamin A supplement, 20 ng•mL -1 brain-derived neurotrophic factor, 20 ng•mL -1 glial cell-derived neurotrophic factor, 1 % Pen Strep (all from Thermo Fisher Scientific), 1 % non-essential amino acid solution, 1 µM dibutyryl cyclic adenosine monophosphate, and 2 µg•mL -1 laminin. NDM was fully renewed every two days for 4 weeks and half the volume was renewed onwards. The localization and expression of astrocytes could also be analyzed by GFAP (red) staining, in addition to DAPI (blue) and MAP2 (green) staining, in order to clarify more clearly the network organization (Figure . 3.9A). As described before, cells spontaneously aggregated on the glass slide to form small and large clusters with long and stretched neurites. Here, I found that these neurites were organized to form bundles and that dense bundles of GFAP+ astrocytes superimposed on some the neurons. These GFAP+ bundles could provide a strong support for the extension of other neurites.

Effects of the different substrates on neuronal networks generation

In contrast, no such stretch bundles were observed in the neural networks on neither nanofibercovered glass nor membrane type substrate. Apparently, more astrocytes were found on the nanofiber-covered glass than on the membrane type substrate. Previously, a 59:41 ratio of neurons and astrocytes was observed for NPCs differentiated on glass [5], in consistent with the present observation with the glass and nanofiber-covered glass substrates. However, relatively few astrocytes were founded in the neural networks formed on the membrane type substrate, probably due to the low stiffness of the substrate on which the hiPSC differentiation is neuron oriented. In both cases, the astrocytes entangled around the clusters (Figure . 3.9A, zoom), indicating the supportive role of the astrocytes to neurons. To evaluate the functionality of the neuronal networks generated on these three substrates, calcium transients which are related to the action potential of neurons are monitored by calcium imaging after 56 days differentiation. Fluo-4 acetoxymethyl ester (Fluo-4 AM) was used as indicator to monitor Ca 2+ waves of differentiating neural networks formed on the three types of substrates.

Ca 2+ waves mages were recorded every 500 ms for 5 min. On the right, neural signals (ΔF/F) of these representative ROIs extracted from the calcium wave recording were plotted as a function of time. Based on the frequency of the signals, these ROIs were classified in different colors. Red = higher than 0.008 Hz, Green = between 0.003-0.008 Hz, blue = between 0.001-0.003 Hz, grey = lower than 0.001.

Axons and synapses formation and organization

Next, I move forward to take investigate the axons and synapses formation in neuronal networks on the membrane type substrate. The synaptic formation along the axons is crucial of a functional neural network [9] and indication of the maturation level of the network. Here, cells were labelled with synapsin I (green) and Tau (red), which respectively show the distribution of synaptic vesicle proteins and neurons of the network derived with the membrane type substrate (Figure . 3.11 and 3.12). Compared with that in the center area of the cluster, the expression of synapsin I in the axonal bundle area is more pronounced (Figure 3.11 A). With the help of synapsin I-stained puncta, small caliber axons could be better visualized. As can be seen, the synapses were concentrated in both brightly fluorescent puncta along the axons (Figure. 

Glucose sensitive neurons in 2D neuronal network

To demonstrate the existence of glucose-sensing neurons in our neural network, I analyzed the 

Automatic culture for long-term neuronal network formation

Monthly differentiation needs a lot of time and effort in order to generate matured neuronal networks. Besides, there are some risks during differentiation, such as misoperation and contamination. A robust and simple automated system for the hiPSCs-derived cells production is urgent need for standard disease modeling and drug screening. Although large systems do exist for mass production [60,61], they are not suited for research and small-scale development because of the problem of cost. In previous, we have developed a dedicated system for automated differentiation of hiPSCs toward cardiomyocytes [52]. Based on our protocol for neuronal networks differentiation, I optimized the automated program to verify and broaden the application of the automated system in matured neuronal networks differentiation here.

Because hiPSCs-derived NPCs can be amplified and cryopreserved effectively, I mainly focus on carrying out the automation of the last procedure which is to differentiate iPSCs-derived NPCs into neuronal networks. Membrane type substrate have been shown plenty of advantages for neuronal networks generation in 3.4. So here, I used membrane type substrate as the scaffold for neuronal networks differentiation.

Protocol and setup

The brief protocol and system setup for neuronal networks generation from hiPSCs were shown in Figure . 3.14. NPCs were first seeded on each membrane type substrate as the protocol described in 3.4. After cell adhesion, cells on-Patch were transferred into 12 well plate or a patch fixing mold in a 60 mm petri dish for further differentiation by the manual and automatic method, respectively (Figure .   3.14D). Six culture devices with NPCs were differentiated towards cortical neural network together in one 60 mm petri dish. Once these processes were finished, the automatic program started to run.

1mL and 6 mL NDM were added into each 12 well plate and the petri dish, respectively. Sufficient NDM was prepared in previous and filled into the medium storage bottle for automated differentiation. Later, NDM was fully renewed every two days for 30 days and half of the volume was renewed onwards. For automated system, the medium replacing step is accurate to the hour, while is accurate to the day by the manual medium change method. Although both automatic and manual differentiation gave rise to high expression of Synapsin I and Tau of the derived neural networks, remarkable differences can be observed (Figure 3.17B).

Effects of the automated neuronal networks differentiation

In particular, numerous synaptic spots along the axons of automatically generated neural networks can be clearly seen, suggesting the advantage of the automatic method over the manual one.

The calcium images of the networks recorded after differentiation for 78 days were analyzed with FluoroSNNAP. As shown in Figure 3.18, 48 and 31 ROIs were respectively selected from the images of manually and automatically processed samples for neural signal tracking. Clearly, the activity of the automatically differentiated neural network is significant more important than that of manual one. Moreover, the most of neural signals are spatially correctly in the case of automated differentiation, although their spike peak intensities are not at the same level, in contract of manual differentiation. Furthermore, the neural activities in some of the ROIs are not only synchronized, but also have their own calcium transients. This could evoke by their individual connection or spontaneous action potential. The raster plot graphs in Figure 3.18 summarize the calcium events with a detection threshold larger than 0.02, which show more clearly the differences of scattered and synchronized signals respectively derived from manually and automatically differentiated neural networks. 

Conclusion

In this chapter, I first electrospun gelatin nanofibers onto glass and micro-frame for further neuronal networks differentiation. The crosslinked gelatin nanofibers onto these two substrates possessing similar pore areas and porosity, have no significant differences to obtain the same topography. After 4 days embryoid bodies generation and 9 days differentiation, pre-NPCs were obtained and can be further passaged, expanded and cryopreserved. The expansion and cryopreservation of hiPSCs-derived NPCs which characterized by the NPC marker Nestin can effectively shorten the time-consuming differentiational period.

Next, I studied in the effect of the different substrates which are glass, nanofiber-covered glass and membrane type substrate, on neuronal networks generation. Due to the stiffness and permeability modulation, neural clusters could be formed in the central areas of the honeycomb compartments while inter-cluster connections were also observed. The results show that the neuron specific proteins, including MAP2, NF200, Tau and Synapsin-I, were highly expressed and the neural activities were significantly enhanced in the networks formed on the modulated monolayer nanofiber substrate in comparison with the results obtained on glass or nanofiber-covered glass.

Thus, this method outperforms other methods with more conventional culture substrates: it allows guided self-organization of cortical neural networks using designable substrate pattern and a periodic and high magnitude modulation of the substrate stiffness and permeability. Moreover, a group of glucose sensitive neurons are found in the on-membrane neuronal networks by glucose stimulation. Therefore, the practicability of the chemical stimulation on on-membrane neuronal networks are demonstrated.

Finally, I developed a method of automated differentiation hiPSC-NPCs toward functional neural networks on membrane type substrate. The results are compared to that manually processed, showing a higher differentiation rate and a better neural signal correlation, in addition to the inherent advantages of labor saving, reduced risks of misoperation and contamination, as well as the longterm stability of the system during the whole period of differentiation. This method is also simple, versatile, and easy-to-use, which should be applicable to other differentiation processes over a long period.

In this chapter, I report on the results of hiPSC differentiation and formation of 3D neurospheroids on a bilayer nanofiber scaffolds. I firstly describe the differentiation protocol and the cultivation method of our approach. Secondly, I show the main features of the generated neurospheroids, including 3D distribution of the neural cells and their expressions of specific proteins as well as the neural activities. Finally, preliminary results of an electrophysical measurement by using needle-like microelectrodes are discussed.

Introduction

In the case of CNS neurons, accumulating evidence indicates critical disadvantages of 2D cultures, such as unphysiological cell morphologies [1], altered cellular functions [2]or intercellular interactions [3], and biased or missing interactions with extracellular matrices [4]. On the other hand, 3D culture environments have been proven to enhance cell viability [5], synaptic connectivity [6] ,

and neuronal network maturity [7], with spontaneous electrical activity similar to in vivo [2,8].

Consequently, new strategies based on new technologies, such as 3D scaffolding [9][10][11],

neurospheroids [12,13], and brain organoids [14][15][16] have been urged to develop.

Brain organoids (mini-brain) provided an interesting alternative to cortical neuron studies [17].

However, this approach has also big concerns on the maturation and controlled organization of neural cells and many issues have such as BBB and NVU modeling have to be addressed in a more controllable way [18]. Neurospheroids are advantageous because of the simplicity of their generation protocol, their size suitable for optical microscopy observations, and their 3D cytoarchitectures [19,20].

Microfabrication technology has offered well-controlled, high-throughput generation of neurospheroids [12]. However, the systems often require complex cell handling, or the neurospheroids are not accessible, making them inconvenient particularly for the applications with hiPSC-derived neurospheroids, which require long-term differentiation processes, and for electrophysiological measurements to evaluate the healthiness of the neurons. To overcome these issues, robust and versatile neuroscaffolds for neurospheroids generation and operation should be developed.

Although a large variety of scaffolds, substrates and patterns have been used to enhance neurons culture and differentiation [21][22][23], it is difficult to apply them for more precise engineering of neural models. Guiding organization or self-organization of differentiating neurons as in-vivo ordely distribution on the neuroscaffold is also crucial for neural modeling.

Here, I present an approach in neuroscaffolds fabrication and 3D neurospheroid formation.

Culturing and differentiating hiPSCs-derived NPCs in the spaced bilayer scaffold of nanofibers over a long-period, I obtained functional neurospheroids in the free-space between the two nanofiber layers, showing both intralayer and interlayer correlations of the neural activities. Moveover, those neurospheroids exhibited neuron-astrocyte interactions and functional synaptic connections, which are indispensable for proper neuronal functions.

Methods

Reagents were purchased from Sigma-Aldrich unless otherwise specified.

Fabrication of bilayer nanofiber scaffold

The main procedures to fabricate the honeycomb micro-frame is as described in 3. 

NPCs differentiation and neurospheroids formation

Prior to cell seeding, both sides of a bilayer scaffold were treated by air plasma (Harrick bilayer nanofiber Patch Plasma) for 1 min each, and the Patch was sterilized by UV irradiation in 70 % ethanol for 30 min.

After being rinsed with PBS and dried at room temperature, bilayer scaffold was incubated with 100 µ•mL -1 poly-L-ornithine at 4 °C overnight and rinsed 3 times with PBS. A droplet of 1 % Geltrex in DMEM/F12 medium was deposited on the Patch and incubated for 1 h at 37 °C in a humidified incubator. Next, NPCs were detached using Accutase (Thermo Fisher Scientific), seeded on the flat "bottom" side of bilayer scaffold at a density of 3.0 × 10 5 cells per Patch, incubated for 2 h at 37 °C and 5 % CO2 for cell adhesion, and kept cultured in 1 mL NPM. Next day, 3.0 × 10 5

NPCs were seeded in the same manner on the "top" side of the Patch flipped beforehand, and cells were further differentiated in neural differentiation medium (NDM) composed of Neurobasal medium supplemented with 1 % N2 supplement, 2 % B27 minus vitamin A supplement, 20 ng•mL - 1 brain-derived neurotrophic factor, 20 ng•mL -1 glial cell-derived neurotrophic factor, 1 % Pen Strep (all from Thermo Fisher Scientific), 1 % non-essential amino acid solution, 1 µM dibutyryl cyclic adenosine monophosphate, and 2 µg•mL -1 laminin. NDM was fully renewed every two days for 4 weeks and half the volume was renewed onwards.

Characterization methods (1) SEM observation

A 5 nm-thick gold layer was sputtered on the bilayer scaffold prior to observations by SEM (Hitachi TM3030) operated at 10 kV. The Patch was cut by a blade to obtain a cross-sectional view.

( view of the two monolayers, observed by scanning electron microscopy (SEM). The average diameter of the nanofibers is about 500 nm, while the porosity of fiber layer is about 20 %.

Results and discussion

Fabrication of bilayer nanofiber Patch

While the meshwork of the gelatin nanofibers is biocompatible, it is also permeable for nutrients and cell metabolites. As summarized in Figure 4.2 B, 93% of the pores have a porous size less than 20 μm 2 and 55 % of the pores have a porous size less than 5 μm 2 , which promotes the cell adhesion on the nanofiber layer and still allows some cells to migrate to the interlayer space after seeding. The dimension of the honeycomb micro-frame, nanofiber diameter, mesh porosity, and the pore areas described above had been optimized for the present work in a controlled manner. Interestingly, a group of cells started to migrate to the free space between the nanofiber layers, being suspended by elongated narrow cellular structures with actin cytoskeleton (Figure 4.3E). While a majority of the cell bodies remained on the nanofiber layers at this stage, the number of cellular protrusions forming interlayer connections between the cell layers on both sides of the bilayer scaffold increased with time (Figure 4.3F, 1w).

Aggregation of NPCs and emergence of neurospheroids

.3 Emergence of neurospheroids on bilayer nanofiber Patch. A) Phase contrast images of cells morphologies at 1-, 2-and 8-weeks during differentiation. B) Confocal images of the morphology of the cell cytoskeleton (F-Actin, red) and cell nuclear (DAPI, blue) projected on a x-z plane at day 3 and 7. C) Number of cells existed inside the microcompartments at day 3 and 7. (n=6). D) and E)3D-reconstructed confocal microscopy images of

After 8 weeks of differentiation in the scaffold, cells were more clearly self-organized in the center of each honeycomb compartment (Figure 4.3A, 8w), forming structured neurospheroid with cell extensions projected radially toward the edges of the micro-frame (Figure 4.3F, 8w). Note that this structure was obtained in all the honeycomb compartments in a reproducible manner.

Main features of the neurospheroids

(1) Spatial cell nuclear distribution in the honeycomb compartments (2) Distribution of neurons and astrocytes 

. Confocal microscopy images of neurospheroid cells. A) Cells were stained by DAPI (nuclei, blue), GFAP (astrocyte intermediate filament, green), and NF200 (red, neurofilament). Zstack images were projected on a x-y plane. Scale bar 100 µm. B) 3D views of the corresponding zstack images.

For successful maturation of CNS neuronal networks, presence of glial cells, in particular astrocytes that guide neurons and support neuronal functions is critically important. After being differentiated on the bilayer scaffold for 8 weeks (day 100), cells were stained for glial fibrillary acidic protein (GFAP) and neurofilament 200 (NF 200), respectively, as well as for their nuclei to investigate and characterize the distributions of astrocytes and neurons. Figure 4.5 confirm not only the successful differentiation of hiPSCs into astrocytes and neurons, but also the remarkable network structures, both over and inside the honeycomb micro-compartments. Some glial cells and neurites extended across the micro-compartments, implement the intralayer connections. ( 

3) Distribution of axon and synapses

Cells were fixed on day 46 and stained by DAPI (blue, nuclei), Synapsin I (Syn I, green), and Tau (red). A) 3D-reconstruction views of the images. B) Cumulative fluorescence intensities of DAPI, Synapsin I, and Tau projected in the top surface, middle region, and bottom surface (n = 3, error bars represent standard error of mean). C) Projection of the corresponding z-stack images inside

the micro-compartment, from the equatorial plane of the neurospheroid to the top of the microcompartment (left), the neurospheroid (middle), and from the equatorial plane to the bottom of the compartment (right).

The presence of both astrocytes and neurons being confirmed, I moved a step forward to verify the maturity of the 3D neuronal network on the bilayer scaffold. To obtain a functional neuronal network, the formation of synapses along axons is prerequisite. I thus employed immunocytochemistry to observe Tau and Synapsin I, which specifically localize in axons and synaptic vesicles, respectively. 

Connectivity of the neurospheroids

(1) Interlayer correlation of the neural activities 

Electrophysiological measurements on on-Patch neuronal network

Motivation

Neurovascular unit can be considered as building block of complex brain cortex in which 3D neuronal network is located in one side and blood flows in the other side of the brain blood barrier [1]. More precisely, brain microvascular endothelial cells are lined on the brain-blood BM, pericytes are embedded, and astrocytic endfeet are in touch with the BM but in the opposite of the endothelium. In addition to the neurons and astrocytes, microglia cells are also present in the neural space for local immune-defense. Such an organization and in particular the tight junction between the endothelial cells make the brain blood barrier highly resistance to drugs [2,3] and the neural space highly protected [4]. Obviously, understanding NVU and related diseases are primordial important for human brain studies, brain care, drug development, and regenerative medicine.

On the contrary to the rapid progress of mechanistic understanding of single neurons and brain physiology, NVUs have not been studied systematically and only very few experimental investigations have been devoted to the NVU modeling [5]. Nevertheless, a large number of studies on BBB have been reported [6,7]. To date, the transwell device is the simplest and the widely used scaffold for 3D neural culture or co-culture [8,9], in which neurons and astrocytes can be culture on one side and endothelial on the other side of a semipermeable plastic membrane. While this type of scaffold offers ease of culture and ease of monitoring, it is over-simplified without recapitulating the essential features of the system to model. In fact, the plastic membranes are made of throughholes, which differ significantly from the native BM in terms of continuity, stiffness, permeability, bioreactivity, and capability to maintain the homeostasis of NVU. It is therefore necessary to develop a reliable method to recapitulate the essential features of the native BM. Furthermore, it is also desirable to develop more sophisticated neuroscaffolds which allow simultaneously formation of BBB and 3D neuronal networks and incorporation of interstitial fluid (ISF) and microvascular flow.

Thus, we need to evaluate the feasibility and performance of several technologies before creating a functional NVU, including i) integration of BM into our bilayer nanofiber scaffolds, ii) co-culture of 3D neuronal network with brain microvascular endothelial cells, iii) hiPSC differentiation towards endothelial cells, and iv) cell culture in a neural space like environment.

Preliminary assays and results along this line are reported below.

Co-culture of neuronal network and endothelial cells

Methods

Reagents were purchased from Thermofisher scientific unless otherwise specified.

Patch fabrication

Compared with the bilayer nanofiber used in chapter 4, the main difference of the bilayer nanofiber patch for neurovascular modeling here is the bottle side of the gelatin nanofiber. Denser gelatin nanofibers are electrospun on the bottom side of the patch micro-frame by increasing the electrospinning time to 5 min. Two layers of gelatin nanofibers are crosslinked, cleaned and dried as 4.2.1. Next, a 50 µl mixed solution composed 1 mg•mL -1 human collagen IV and 20 µg•mL -1 laminin (L2020, Sigma-Aldrich), are deposited onto the bottom side of the gelatin nanofibers on Bilayer Patch which were properly sterilized by 70% ethanol and dried. Then an ultrathin membrane, called artificial basement membrane (ABM), can be obtained after dehydration at 37 °C in a humidified incubator for 3-5 h. The patches are directly used or stored at 4 °C and used in one week.

NPCs thawing and culture

NPCs in the cryovial are taken from liquid nitrogen and thawed rapidly in a 37 °C water bath until only one or two small ice crystals remain. In a laminar flow hood, NPCs suspensions are transferred into the centrifuge tube and the equal volume of pre-warmed DMEM/F12 medium were added to dilute the thawed cells. Subsequently, cells were centrifuged at 1000 rpm for 5 min. After aspirating the supernatant, NPCs were resuspended in 1 mL pre-warmed NPM and seeded in the 60 mm 1 % geltrex coated petri dish which containing 3 mL NPM. NPM medium was refreshed every two days. Once the cells are confluent, cells can be passaged as the method mentioned in 4.2.1. For differentiation, NPCs should be passaged at least twice after thawing from nitrogen. Besides, NPCs in passage 15 are favorably.

HCMEC/D3 Cell line culture

Human primary brain microvascular endothelial cell line (HCMEC/D3 cells) is bought from sigma (SCC066, Sigma-Aldrich) and cultured as the protocol suggested. Before passage, 60 mm petri dish are coated with 1 mL collagen I solution in 37 °C incubator for at least one hour.

Subsequently, HCMECs was washed by PBS twice and detached by incubating in 1 mL TryLE express in 37 °C incubator for 3-5 min. Next, 2 mL fresh Endothelial cell growth medium (EGM, 211-500, Sigma-Aldrich) are added and dispersed over the cell layer surface. Then cells were transferred into centrifuge tube and centrifuged at 200 × g for 5 min. After discarding the supernatant, cells were resuspended in fresh EGM and seeded on the collagen I coated petri dish with the desired cell density. EGM medium was changed every two days.

Co-culture

Firstly, the Bilayer Patch with ABM layer was coated with poly-L-ornithine and Geltrex as previous described in 4. Fluorescently labeled cells were imaged by confocal microscopy (LSM 900, Zeiss). After co-culture for 7 days, DAPI (blue), GFAP (green) and neurofilament 200 (cyan) were applied to label cell nucleus, astrocytes and neurons. And F-actin were used to label cells cytoskeleton and distinguish hCMEC/D3 cells which were stained with F-actin but not GFAP and Neurofilament 200. As shown in Figure 5.3A, astrocytic end-feet elongated in the whole vertical direction of the microcompartment, while most neurons and hCMECs distributed on the top and the bottom side, respectively. Surprisingly, the orthogonal view and 3D views further showed that the astrocytic endfeet contacted the large area of the endothelium as in-vivo like (Figure 5.3B and C).

Results

Fabrication of the Bilayer Patch for NVUs modeling

Next, I investigate the formation of neuronal networks and the endothelial layer and on the top and at the bottom surface. Neuronal networks comprising with number of astrocytes (GFAP, green) and neurons (NF200, cyan) are shown on the top side of the Bilayer Patch (Figure 5.3D). A confluent and homogeneous endothelium layer is observed. Altogether, the remarkable 3D endotheliumastrocytes integration, homogeneous endothelial cell layer and spatial neuronal networks, illustrate the feasibility of the Bilayer Patch for spatial neurovascular unit modeling.

Discussion

A 3D neurovascular model which has homogeneous endothelium layer, remarkable 3D astrocytes-endothelium integrations and spatial neuronal networks is generated on our Bilayer Patch with an ABM layer. Since, a proper shear stress on brain microvascular endothelial cells can effective decrease the cells proliferation and apoptosis [10]. Besides shear stress also promote the formation of the tight and adherents junctions of the brain endothelial cells layer [11]. Thus, it will be crucial to provide a fluid culture condition for the bottom layer of brain endothelial cells by integrating the NVUs into the microfluidic device system. The spatial metabolism in NVUs can be first study before drug screening to further demonstrate the practicability of this in-vivo like NVUs system. In vivo, glucose should across blood-brain-barrier and delivery to astrocytes and neurons [12]. Simply, we can take investigate the spatial glucose transportation in this NVUs model. Glucose can only supply from the endothelial side and evaluate the metabolism of the astrocytes and neurons on the other side. Meanwhile, quantifying the dynamic barrier function by classical transendothelial electrical resistance (TEER) measurement and permeability assays should be involved to ensure the homeostasis of the barrier.

Differentiation of iPSCs into brain microvascular endothelial cells

Methods

Maintenance of iPSCs

The protocol for maintenance of iPSCs as chapter 2 described. Briefly, iPSCs were maintained onto 60 mm 5 µg•mL -1 vitronectin coated dish. Once 80-90 % confluent, iPSCs were passaged by washing cells twice with PBS, incubating cells with 0.5 mM EDTA solution for 5 min at 37 °C, collecting cells in fresh E8 or E8 flux Medium, and distributing the cells at desired cells number onto the vitronectin-coated dish.

iPSCs differentiation to BMECs

The hiPSCs were differentiated into BMECs by following the protocols described with a slight modification [13,14]. iPSCs were washed twice by PBS and incubated with 1 mL 0.5 mM EDTA solution for 5 min for cells detachment. After aspirating EDTA solution, 2 mL prewarmed E8 medium with 10 µM Y-27632 were added into dish. iPSCs then were pipetted up the surface of the dish and trasnferred in the centrifuge tube. Subsequently, collecting iPSCs by centrifuge at 1000 rpm for 5min. Resuspending iPSCs in E8 medium with 10 µM Y-27632. Next, 2×10 5 iPSCs were seeded into the 5 µg•mL -1 vitronectin coated well in 6 well plate and cultured for in 2 mL E8 medium containing 10 µM Y-27632. After 2 h, medium was removed and 3 mL fresh E8 flex medium without Y-27632 was added for continued culture. Approximately 48 h after seeding, medium was changed to Unconditioned medium (UM) which containing DMEM/F12 medium, 20 % knockout serum replacer, 1 × MEM non-essential amino acids, 1 × Glutamax, 0.1 mM β-mercaptoethanol and 1 % Penstrep for 6 days differentiation. Medium was changed every two days. Next, UM medium was switched to EC s medium which containing human endothelial serum-free medium (HEFM), 1 % platelet-poor plasma-derived bovine serum and 1 % Penstep, supplemented with 20 ng•mL -1 bFGF and 10 µM retinoic acid for 48 h treatment. Following, cells were washed twice with PBS and incubated with Accutase for 20-30 min. Cells were collected via centrifugation and purified by selective adhesion onto the 400 µg•mL -1 collagen IV and 100 µg•mL -1 fibronectin matrix coated 12 well plate. In general, 200 µl collagen IV and fibronectin matrix was used to coat one well of 12 well plate for minimum 1 h at 37 °C incubator. Cells were subcultured at a ratio of 1 well of 6 well plate of differentiated cells to 3 wells of a 12 well plate. 10 µM Y-27632 in EC medium incubating the cells for 2 h here can enhance the cell viability. After that, cells were cultured in the EC medium.

Frozen and thawing

Differentiated cells can be cryopreserved from day 8 when confluent. Cells were washed twice with PBS and incubated with Accutase for 20-30 min until a single cell suspension was formed.

Next, cells were collected by centrifugation, resuspended in freezing medium (10 % DMSO and 30 % fetal bovine serum in EC medium), transferred into cryotubes and placed in an isopropanol container overnight at -80 °C. The next day, tubes were transferred to a liquid nitrogen tank.

Before thawing, culture plates were first coated with collagen IV/fibronectin matrix. Next, cells were thawed rapidly in a 37 °C water bath, resuspended in the EC medium supplemented with 10 µM retinoic acid, 20 ng•mL -1 bFGF and 10 µM Y-27632, and seeded at a density of 1×10 6 cells• cm 2 and cultured for 24 h. After that, culture medium was switched to EC medium for further culture.

Medium changes were performed every 2 days.

Monolayer ABM Patch fabrication

The Monolayer ABM patch composed with patch micro-frame, gelatin nanofibers and ABM matrix. The patch micro-frame which have hexagonal compartments with a side-to-side distance of 500 µm, a frame width of 50 µm, the thicknesses of 50 µm are fabricated by UV lithography and soft lithography as mentioned in prior. Dense gelatin nanofibers are electrospun onto the flat Patch frame for 4-5 minutes to obtain a dense gelatin nanofiber layer which have maximum 5 µm 2 pore area. Next the gelatin nanofibers were crosslinked and dried. After sterilization, a 50 ul ABM matrix containing 1 mg•mL -1 human collagen IV and 20 µg•mL -1 laminin droplet are deposited onto the dry gelatin nanofibers layer. After dehydration at 37 °C in an incubator for 3-5 h. The Monolayer ABM patches are successfully fabricated and ready to use.

BMECs seeding and culture on the Monolayer ABM Patch

Differentiated cells (d8) were subcultured as the method described before. 3×10 

Results and discussion

Differentiation and characterization of iPSCs-derived BMECs After another 4 days incubation in UM, more cells located inside the boundaries and showed a typical pebble morphology. A continued and confluent cells layer is observed at day 8 before replating. After purification, homogeneous endothelial-like cells appeared at day 9 and 12. As time goes on, cells will proliferate and form a tight cell layer on the collagen/fibronectin coated plate.

Note that, cells can be maintained for 1-2 weeks with a homogenous morphology with a low proliferation rate. In order to better understand the cell-cell integrations of iPSCs-derived BMECs on Monolayer ABM patch, I study in the expression of VE-cadherin, the endothelial adherents junctions protein.

In Figure 5.7 A, a homogenous and continued endothelium layer with prominent VE-cadherin expression is observed. Besides, glucose transporter 1 (Glut 1) which are a specific membrane protein of BMECs [17], are highly expression on the cells. Altogether, our results show that iPSCsderived BMECs not only can culture on our Monolayer ABM patch, but also have a capability to form a homogenous, flat and consistent cell layer which prove the feasibility of this ABM layer on our patch frame for BBB barrier generation and NVUs modeling.

5.4

Cell culture with the nutrient diffused from another side of ABM

Methods

Generally, human glioblastoma cells (U87) were cultured in DMEM complete medium:

Dulbecco's modified Eagle medium (DMEM) supplemented with 10 % (v/v) fetal bovine serum and 1 % (v/ v) Pen Strep. When U87 cells are 80-90 % confluent, U87 cells are washed twice with PBS and harvested by TrypLE Express in 37 °C incubator. Next, collecting cells by adding DMEM complete medium, pipetting cells, collecting by centrifugation at 1000 rpm for 5min. Finally, resuspended U87 cells in DMEM complete medium are seeded on the culture dish or flask with a desired cell density.

Patch fabrication

The fabrication of Patch used here is followed the generally protocol that I described with slightly modification [18]. The diameter of the honeycomb microcompartments in the center is 4 This salt buffer is prepared with the respect of the major components of the human cerebrospinal fluid, is transparency. But the culture medium contains phenol red which is around 354 dalton (Da). After 3 days culture, the solution collected from the upper chamber become pink, but the color still lighter than the color of the medium collected from the bottom (Figure 5.8 C).

Results and discussion

This result fully proved that a barrier has been formed by the ABM layer and the set up for separating the upper and bottom chambers works well. The molecules smaller than the size of the phenol red can definably pass through the membrane slightly, but the larger molecules may have the difficulties.

As shown in Figure 5.8, U87 cells display a flat and normal morphology during the culture. Thus, U87 cells can be cultured and maintained in this in-vivo like nutrient supply condition which is that most of the nutrients in blood vessel should across an endothelial cells and basement membrane layer to the cells [19]. In particularly, neurons and glial cells in the CNS system which taking the nutrients from the blood vessel side and surrounding in the interstitial fluid [20]. This is totally different with the method that we culture neurons and glial cells in vitro just by covering medium to these cells directly. In addition, U87 cells show a low proliferation rate by comparing with the number of the cells on the Patch between day 1 and 3. The cells metabolism by this culture system is interesting to investigate later. Altogether, I confirmed the barrier function of the ABM and achieved a remarkable result showing a spatial hierarchy of nutrients delivery for cell culture. Base on this result, neuronal networks and endothelial cell can co-culture on the two side of the ABM patch in this in-vivo like neural nutrient delivery condition for further NVUs modeling. Moreover, microfluid device can also use for separating the top and bottom culture condition for cells on Patch with an optimized fluid condition.

Conclusion

In this chapter, I first proved the feasibility to build up the neurovascular units on our bilayer nanofiber Patch which have an ultrathin artificial basement membrane at the bottom. In this NVU model, a tight linked endothelium layer which made by hCMEC/D3 cells are formed onto the one side of the ABM layer, and numbers of 3D astrocytic end-feet elongated and contacted with this endothelium layer after co-culture the upper hiPSCs-derived neuronal networks with the human primary brain microvascular endothelial cells.

Secondly, hiPSCs-derived brain microvascular endothelial cells (BMECs) which expressed PECAM, VE-cadherin and Glut1 successfully differentiated. The procedure to cryopreserve and thaw BMECs is confirmed for further NVUs modeling. The ABM layer on patch is not only feasible for BMECs culture and maintain, but also can form a homogenous endothelium layer which have adherents junctions. This result encourages us to use this iPSCs-derived BMECs for NVUs modeling.

Finally, I demonstrated that human glioblastoma cells can culture in an in-vivo like nutrients supply system for 3 days. In this system, ABM layer showed a barrier function and nutrients should across this ABM layer to the cells which covered in an interstitial-fluid like salt buffer. This proof of the concept experiment can further apply into NVUs modeling for better mimicking.

The aim of this thesis work is to develop in vitro human neural models for further studies. To approach this goal, I developed bilayer nanofiber scaffolds and a new culture and differentiation strategy of hiPSC towards functional 3D neuronal networks. I believe that the new tools and the new methods I developed in this work, together with the potential of microfluidic-integrated devices and automatized hiPSC differentiation, are robust and reliable, which can be considered as the first step towards functional NVU modeling.

Firstly, I demonstrated a process of hiPSC-differentiation towards 2D cortical neuronal network on a membrane type substrate. The stiffness and the permeability of the device are inherently modulated with large magnitudes, which efficient guide the self-organization of differentiating neural networks. By comparison with two other types of substrates, I showed the unique advantages of our membrane type substrate and proved the concept of guided selforganization of cortical neural networks in form of a functional cluster array. These have been done by analyzing the effective Young's modulus of the membrane areas and the formation of developing neural clusters as well as the expression of neuron and astrocyte specific proteins of different samples. The activity of the derived neural networks on three types of substrates have also been compared, showing more clearly the advantage of the membrane type device. Besides, the distribution of axons and synapses of neurons also suggested the maturity of the derived neural network. Moreover, a group of glucose sensitive neurons were found in the neural networks on suspended nanofibers. Finally, an automated differentiation system could be also used to generate functional neuronal networks from NPCs, showing similar features to those manually processed.

More interestingly, a larger number of cells were synchronized in the automatically derived neuronal networks than the manual ones, suggesting an improved robustness of the systerm which deserves further investigations.

Secondly, I demonstrated the feasibility of 3D neurospheroid generation by using hiPSC and bilayer nanofiber scaffolds. NPCs could be loaded on both sides of the scaffolds and the cells could aggregate not only on the two nanofiber layers but also penetrate into the free-space between the two layers due to sufficiently large pore sizes of the nanofiber scaffolds. During the differentiation, cells self-organized in the each of the honeycomb compartment, and formed structured neurospheroids with cell extensions projected radially toward the edge of the honeycomb frame.

Both astrocytes and neurons were found concomitant in the organized structure, showing radial protrusions and 3D astrocyte-neuron colocalization, which inidcated that astrocytes played roles in both neurospheroid support and neurospheroid organization since some of them bridge the neurospheroid and the frame and some others surrounded the neurospheroids to form peripheric rings. In addition, inter-compartment connections could be easily identified by observing astrocytes and neurites outgrowth, suggesting a possible long-distance correlation of the neural activities over multiple neurospheroids. The maturity of the neurospheroids could be tested by observing the Tau and synapsin I expression and both interlayer and intralayer correlations of the neurospheroids.

Finally, a "proof of concept" 3D MEA assay was shown, indicating the utility of the system for electrophysiological studies on 3D neuronal networks.

Thirdly, one nanofiber layer of the bilayer scaffold was used as a support for the formation of artificial basement membrane (ABM) for co-culture of neurons, astrocytes and brain endothelial cells. Such a bilayer scaffold with an ABM was then used for differentiation and culture of neurons and astrocytes in 3D. Once maturated, brain microvascular endothelial cells (hCMEC/D3) were seeded on the outer of the ABM. After co-culture for one week, a stable organization of the neural cells were observed, accompanied by remarkable astrocytes end-feet in the contact area with the endothelium. I have also tried hiPSCs differentiation to brain microvascular endothelial cells (BMECs). Our results showed that the derived cells expressed PECAM, VE-cadherin and Glut1

proteins and that a homogenous endothelium layer could be formed on an ABM with adherent junctions, which was one of the essential features of the blood-brain barrier. Finally, I proved that human brain glioblastoma cells could also be cultured on the ABM and maintained with a backside nutrients supply, i.e., the cells on one side with a buffer and nutrients on the other side of ABM, suggesting the feasibility of mimicking the NVU flow dynamics.

To conclude, in this thesis work, I have successfully developed human neural models by taking the advantages of using hiPSCs and mono-and bilayer nanofiber scaffolds, as well as an ABM for co-cultures with endothelial cells. I believe that those systems, developed step-by-step in a bottomup manner, pave the way toward a functional NVU in vitro modeling. The tools and methods developed in this work, including bilayer scaffolds with or without ABM, the automated differentiation protocols, and culture and co-culture configurations are all useful and applicable for other applications. However, these tools and methods can be improved or optimized. More systematic studies and more interesting results are expected, as discussed below.

Nanofiber scaffolds

The bilayer nanofiber scaffold provides at the same time a support for neural differentiation and a porous network that allows cell penetration into the free-space between the nanofiber layers.

During the neurospheroid formation, the nanofiber layers were significantly deformed or destroyed.

This may be avoided by using stiffer nanofibers. On the other hand, I observed that the number of neurons in the scaffold with ABM was limited since they were introduced from only one side. To increase the number of neurons, the pore size of the scaffold may be increased. In both cases, cortical neurons-specific extracellular matrix proteins in form of soft gel may be introduced in the free-space of the nanofiber scaffolds before NPCs seeding. Microelectrode arrays may also be integrated into the scaffold for electrophysiological stimulation in order to improve the maturation of neural network as well as in-situ recording.

hiPSCs-derived brain cells

Replacing the immortalized brain endothelial cells by hiPSCs-derived brain microvascular endothelial cells will significantly to improve the system compatibility. Since pericytes are also crucial cell for the BBB formation, it is desirable to generate hiPSCs-derived pericytes together with endothelial cells. A possibility is to obtained from hiPSC derived vessel organoids. Microglia cells play a key role in immune defense in the brain, which may also be included for advanced modeling of NVUs. Besides, more reliable and more efficient protocols have to be established for an accelerated differentiation of hiPSCs to function endothelial cells. Finally, patient-derived iPSCs might be used for diseases specific NVU and BBB modeling.

In vivo-like culture environment

Microfluidic system can help providing an optimized in vivo-like cells culture environment.

The scaffolds for neural systems I developed were designed for easy integration into a microfluidic device. In such a configuaration, different flow conditions can be applied. For instance, a nutrient flow can circulate in the endothelial associated channel while an interstitial fluid like flow can be maintained and renewed in the neural space, which will take the homeostasis but enhance the reactivity of the system the upper neuronal networks. Flow rate, pH, oxygen concentration, cell factors and nutrients all can be dynamically regulated in this microfluidic system with the setup.

Physiological and electrophysiological stimuli of the system

With a microelectrode array integrated into a microfluidic device, it is possible to apply and

Introduction

Organoids is a promising approach to construct 3D tissue in vitro [1]. Cortical organoids were developed early and recapitulated advanced features of the brain cortex, such as highly ordered cortical architecture [2]. Although such advantages of cortical organoids have been shown, current methods to construct organoids have the limitations of the difficulty for diffusion of oxygen and nutrients, consistent control, insufficient maturity and lack of vascularization [3,4]. In order to promote the development of cortical organoids, I proposed to develop the cortical organoids on our Patch which comprising nanofibers and well-defined microcompartments and are accessible to integrate into microfluidic system for fluidic culture. Our results showed that the low attachment Patch can be a promising tool for controllable cortical organoids generation. By controlling the numbers of the seeded cells and size of the honeycomb patterns, I can guide the morphology of the cortical organoids. Flat cortical organoids displayed a small dark necrotic area at the center after 31 days differentiation, indirectly demonstrated the feasibility to overcome the limitation of the metabolism inside the cortical organoids by our Patch method. 

Methods

Introduction

Ve s s e l o rg a n o i d s w h i c h h a v e i n -vivo like capillary structure and mainly composed of endothelial cells and pericytes were recently reported [1]. These vessel organoids recapitulate features of the structure and functions of the blood vessel, and can form perfused trees after transplanting into mouse [2]. What's more, the infection of the vessel organoids by the syndrome coronavirus further showed the potential applications of the vessel organoid [3]. Since human pericytes and microvascular endothelial both are crucial cells types for NVUs modeling. Besides, the dysfunction of the endothelial cells and pericytes also correlated with brain diseases [4]. Here, I aim to produce the vessel organoids for further modeling. Embryonic bodies derived from iPSCs were induced into mesoderm and further differentiated into endothelial networks spontaneously in matrix. Finally, vessel organoids were dissociated and replated onto the collagen I/Geltrex matrix or embedded inside to study the formation of the endothelial networks.

Methods

Differentiation

The hiPSCs were differentiated into vessel organoids by following the protocol described with a slight modification [1]. hiPSCs were disaggregated by using 0.5 mM EDTA for 5 min. Then, 4.5 × 10 4 hiPSCs were resuspended in E8 medium with 50 μM Y27632 and seeded into one well of an unltra-low attachment 24-well-plate for EBs formation. After 24 h, cells were treated in the N2B27 medium (2 % B27 supplement, 1 % N2 supplement, 0.05 % Glutamax, 0.1 mM 2-MA and 1 %

Pentrep in Neurobasal and DMEM/F12 medium with a ratio 1:1), supplemented with 12 μM CHIR99021 and 30 ng•mL -1 BMP-4 for 3 days. From day 4 to day 6, medium was switched the N2B27 medium supplemented with 30 ng•mL -1 VEGF and 2 μM dcAMP. For medium change, cell aggregations were collected at the bottom of the 15 mL Falcon tube, carefully resuspended in fresh medium, and added to the culture plate. On day 7, 50 μl collagen I:Matrigel (1:1) gel were deposited onto the 13 mm glass slide first and was incubated in 37 °C incubator for 10 min. Then 5-10 cell aggregations were collected and resuspended in 200 μl collagen I:Matrigel (1:1) and seeded onto the incubated gel layer. After another 20 min incubation in 37 °C incubator, the cells aggregations on the glass slide were transferred into 12 well plate and differentiated in the stempro-34 SFM complete medium supplemented with 15 % FBS, 100 ng•mL -1 VEGF and 100 ng•mL -1 FGF2 for 5

Introduction

Blood vessels, which transport blood cells, nutrients, and oxygen to the tissues and organs, are omnipresent in the body. Any abnormal function of the vessels may cause diseases and, thus, it is important to develop new vessel models taking into account physiological and pathological specification. In the current context of organ on-a-chip development, introducing artificial vessels become a key step toward higher body functions. In this regard, one has to create hollow tubular structures covered by endothelial cells [1][2][3] and to co-culture other types of cells around the model vessels [4][5][6]. By using different microfabrication techniques, various tubular structures have been proposed but plastic or elastomeric membranes were often used for coculture, which differ significantly from the in vivo characteristics. In fact, the organ constituents such as alveolar and blood-brain-barrier are structurally formed with the help of basement membrane (BM), which is about 100 nm thick and made of specific extracellular matrix proteins. The challenge is then to mimic such a membrane and to make it integrative in a microfluidic device.

Previously, we have devised a so-called "patch method" by forming a monolayer of cross-linked gelatin nanofibers on a thin honeycomb frame [7][8][9]. Although this device has been initially developed for pluripotent stem cell differentiation, the fabricated device can also be used for co-culture. Here, we developed an alternative approach to embed a suspended monolayer of cross-linked nanofibers in a microfluidic channel for co-culture under dynamic flow conditions. To make this method flexible and versatile, we adopted a standardized chip configuration in which the device is composed of two plates. A microchannel was defined in the lower plate and the monolayer nanofibers were embedded on top of the channel. The upper plate with elastomeric interlayer and Luer connectors was clamped above the lower plate with a mechanical device for a tight and reversible sealing. Finally, the device was connected to a fluidic controller for endothelial cell culture and co-culture under flow conditions. With this system, we achieved the formation of continuous endothelial cell layer covering the whole microchannel wall and the embedded nanofiber layer. Coculture of HUVECs and U87 cells separated by porous monolayer of gelatin nanofibers was also demonstrated and the shear flow-induced cytoskeleton remolding has been revealed. Overall, this approach is successful and valuable for further investigation. E-mail address: yong.chen@ens.fr (Y. Chen).

Materials and methods

Reagents were purchased from Sigma-Aldrich (France) unless otherwise specified.

Fabrication of the device

We firstly fabricated the lower plate of the device (Fig. 1a). A 500 μm-wide, 4 cm-long rectangular channel with 4 mm-diameter reservoirs at its extremities was created in a 500 μm-thick layer of polydimethylsiloxane (PDMS, RTV 615, Eleco-EFD, France) by cutting plotter (Graphtec CE6000-40, France). After plasma treatment, the PDMS layer was bonded to a 1 mm-thick glass slide. Afterward, a thin layer of non-reticulated viscous PDMS (v-PDMS) was deposited on top of the PDMS layer by microcontact printing. Here, the v-PDMS was firstly prepared by mixing the PDMS pre-polymer and the crosslinker at the ratio of 10:1 (w/w), degassed, and spin-coated on a glass substrate. Then, the PDMS/glass assembly was gently pressed against the v-PDMS. After separation, a monolayer of gelatin nanofibers was electrospun on the v-PDMS-coated surface, followed by a thermal treatment at 100 °C for 10 min. Thus, the gelatin nanofibers could be embedded in the PDMS, resulting in a free-standing monolayer of nanofibers. 10 wt% gelatin powder from porcine skin was dissolved in the mixed solution of acetic acid, ethyl acetate and DI water at the volume ratio of 21:14:10 prior to electrospinning. The gelatin solution was electrospun for 12 min from a syringe needle to the lower plate, which was placed on an aluminum foil at 10 cm distance from the needle tip. The solution was injected at 0.2 mL/h by syringe pump, while the voltage between the needle and the foil was kept at 11 kV. Nanofibers in the reservoir areas were carefully removed by a fine cotton stick wet with DI water and the remaining nanofibers were treated with 0.2 M N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride and 0.2 M N-hydroxysuccinimide in ethanol for chemical crosslinking for 4 h at room temperature (RT). As a result, a robust and flat monolayer of crosslinked gelatin nanofibers was formed, being suspended on top of the microfluidic channel.

An upper plate with two inlets (Fig. 1b left) or four inlets with a chamber (Fig. 1e) provided by Mesobiotech, ltd, was assembled with the lower plate to finalize the microfluidic device for the formation of endothelial cell layer (Fig. 1d) or co-culture of HUVECs and U87 (Fig. 1e), respectively. The upper and the lower plates can be reversibly assembled with a hand-screw clamp device and the assembly could be easily mounted on a rotation system for 3D culture (Fig. 1c). Both the clamp device and the rotation system were also provided by Mesobiotech, ltd.

Characterization of the device

The microchannel with embedded gelatin nanofibers of the lower plate were observed by scanning electron microscope (SEM, Hitachi S800) operated at 10 kV. To observe the cross-section of the channel, the lower plate was cut perpendicularly to the channel by a glass cutter and a blade. A 5 nm-thick gold layer was sputtered on the samples prior to the SEM observation. 

Cell culture

Human umbilical vein endothelial cells (HUVECs) and human glioblastoma cells (U87) purchased form Sigma-Aldrich, were cultured with endothelial cell growth medium (Cell Applications, Inc.) supplemented with 1% (v/v) penicillin streptomycin (Pen Strep, Thermo Fisher Scientific) (Medium 1) and Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal bovine serum and 1% (v/ v) Pen Strep (Medium 2, all reagents from Thermo Fisher Scientific), respectively, at 37 °C with 5% CO 2 in a humidified incubator.

After sterilization, the microfluidic channel was assembled with a two-inlet cover plate and reinforced by the clamp device. To promote cell adhesion, the channel was treated with 100 μg/mL poly-D-lysine (PDL) in Dulbecco's phosphate buffered saline (DPBS) at 4 °C overnight and 1% (v/v) Geltrex hESC-Qualified matrix in DPBS at 37 °C for 1 h. HUVECs at the density of 1.5 × 10 7 /mL in 50 μL Medium 1 were seeded into the channel and incubated at 37 °C with 5% CO 2 for 4 h (Fig. 1d). During the first hour of incubation, the device was rotated 90°t hree times to allow cell attachment on the entire channel surface, including the exposed area of the nanofiber monolayer. 200 μL of Medium 1 was added into the channel and the device was incubated overnight in the CO 2 incubator. HUVECs were then cultured under a dynamic condition with a flow of the culture medium at 0.1 mL/h, controlled by a syringe pump, for 2 days.

For co-culture, the two-inlet upper plate was replaced by a four-inlet one equipped with a microfluidic channel and a central culture chamber (Fig. 1c,e). 5 × 10 6 U87 cells suspended in 50 μL of Medium 2 supplemented with 10% (v/v) Geltrex were seeded on the other side of the nanofiber monolayer through the inlet connected to the upper channel. After 2 h incubation at 37 °C with 5% CO 2 , Medium 1 and Medium 2 were injected to fill up the lower channel and upper culture chamber, respectively. Both channels were perfused with a constant flow for further culture.

Control of microflow condition

After cell adhesion, a constant flow of the culture medium at the rate of 0.1 mL/h was applied using a syringe pump. The co-culture was also performed with the same flow rate but with different culture media above and below the nanofiber-supported cell layers. The shear stress (τ) in the channel is given by

= τ 6µQ wh 2
where μ is the dynamic viscosity of the medium (0.012 dyn.s/cm 2 ), Q the flow rate (0.1 mL/h), w and h the width (500 μm) and the height (500 μm) of the channel, respectively. τ in our condition is 0.02 dyn/ cm 2 .

Immunofluorescence imaging

HUVECs were fixed with 4% (w/v) paraformaldehyde in DPBS for 15 min at RT and rinsed with DPBS three times, prior to the incubation with 0.5% (w/v) Triton X-100 in DPBS for 10 min at RT for permeabilization. After rinsing with DPBS three times, the cells were further incubated with 3% (w/v) bovine serum albumin, 0.1% (w/v) Triton X-100, and 0.1% (w/v) sodium azide in DPBS for 30 min at room temperature. Subsequently, the cells were incubated with Atto 488 Phalloidin and DAPI (Thermo Fisher Scientific) in DPBS for 20 min at RT to visualize actin filaments and nuclei, respectively. After three times rinsing with DPBS, cell morphologies and distribution were observed by confocal microscope (LSM 710, Zeiss).

Cell labeling

Cell Tracker™ fluorescent probes (Thermo Fisher Scientific) were used to distinguish the two cell types. 1 μM Cell Tracker™ Deep Red (C34565) and 25 μM Cell Tracker™ Green (2925) in serum free medium were used to label HUVECs and U87 cells, respectively. Prior to labeling, both cells were cultured separately in tissue culture dishes (Fisher Scientific) with the appropriate medium. After medium removal, pre-warmed Cell Tracker™ solutions were gently added to the corresponding dishes and the cells were incubated with the solutions for 30 min at 37 °C. Then, the cells were trypsinized by TrypLE Express (Thermo Fisher Scientific), collected by centrifugation, and seeded into the device as described above. After 24 h of co-culture, the cells were imaged by fluorescence microscope (Observer Z1, Zeiss).

Results and discussion

The gelatin nanofibers embedded in the top PDMS layer can be easily observed by SEM (Fig. 2). In Fig. 2a, porous structures of the fiber layer can be clearly seen, indicating that all pores are small enough to capture all the cells during cell seeding. Although the exact thickness of the nanofibers layer cannot be determined from Fig. 2b andc, the high porosity observed in Fig. 2a suggests the formation of a monolayer of nanofibers and a thickness of few hundred nanometers. Such a monolayer of crosslinked nanofibers has many advantages for cell culture and co-culture in terms of nutrient diffusion, cell to cell interaction across the monolayer, and the structure closely mimicking the basement membrane. As seen in Fig. 2a-c, the monolayer is flat across the microchannel without deformation, proving that it is well integrated and supported by the thin PDMS layer on the surface of the lower plate.

Both the channel and the nanofiber embedding layers are in PDMS. Once the lower plate is clamped with the upper plate, a conformal contact is achieved to prevent leakage. Other methods such as PDMS casting can also be used to produce the lower plate structure. This device configuration might be versatile for many applications involving cell-cell, cell-organoid and organ-organ co-culture.

After incubation for 24 h, the cell layers got confluent (Fig. 3a). The monolayer of endothelial cells with luminal structure created in the microchannel is similar to the small blood vessels in vivo (Fig. 3b) except the square channel shape. The fabrication of a rounded channel is possible with more sophisticated patterning techniques. The cell morphology can be more clearly seen in Fig. 3c from which the cell number can also be deduced by counting the nuclei of the cells with DAPI marker. Remarkably, we observed a higher cell density on the top wall than the bottom one (Fig. 3d), suggesting the suitability of the suspended monolayer nanofibers for endothelial cell culture.

It is known that endothelial cells in blood vessels are exposed to hemodynamic forces associated with blood flow, which cause shear stress and friction of blood with the luminal cell surface [10][11][12]. In our case, we observed remarkable changes of the HUVECs morphology on top and bottom walls of the channel after incubation for 48 h under dynamic flow conditions and cells were clearly aligned along the flow direction (Fig. 4). Under static conditions, cells were not aligned on both layers after incubation for 3 days. In addition, some cells at the bottom became round and tended to detach from the substrate, which means that the shear stress induced under dynamic culture conditions is necessary for long-term maintenance of HUVECs culture.

U87 cancer cells were chosen to demonstrate co-culture with HUVECs with suspended gelatin nanofibers above the channel. We seeded U87 directly on to the backside of the HUVEC layer separated by the monolayer of gelatin nanofibers. After incubation for 24 h, HUVECs and U87 cells were labeled with red and green markers, respectively. As can be seen in Fig. 5, U87 cells adhered well on the gelatin nanofibers and HUVECs remained healthy during co-culture. Here, the gelatin nanofibers served as a mechanic support for cell adhesion and cell layer formation. Such a device configuration should be useful for co-culture of other cells and more systematic studies are needed to understand more clearly how cells interact each other across a monolayer of nanofibers. More interestingly, tumor angiogenesis and tumor metastasis can be studied using such a device [13][14][15][16][17]. In such a case, it should be possible to form tumor spheroids close to a vessel and to observe the interplay of the two systems. More generally, our approach can be applied to generate different types of tissues and different organ constituents involving artificial vessels and/or artificial basement membranes.

Conclusion

We have developed a microfluidic device with an embedded monolayer of nanofibers in order to achieve a generalized device configuration for co-culture-based assays. This device has firstly been used for three-dimensional culture of endothelial cells (HUVECs) on the microfluidic channel wall and the fiber monolayer. We also examined the morphology changes of HUVECs as a function of shear stress. With the same device, co-culture of HUVECs and U87 cells has been achieved, showing a continuous layer of HUVECs on the downside and a U87 cell layer on the upside of the fiber layer, thereby proving the potential of this new approach with an artificial yet physiologically relevant basement membrane for a plethora of possible applications. Finally, the device presented in this work will soon be commercially available. 

Introduction

Le cerveau humain est l'un des organes les plus sophistiqués, composé de billions (10 12 ) de cellules organisées de manière ordonnée pour coordonner le traitement cognitif de haut niveau, les actions comportementales et l'esprit conscient. Les animaux mammifères sont souvent utilisés pour l'étude du cerveau, mais ils ne présentent pas toutes les caractéristiques de l'être humain. De même, les neurones animaux sont utilisés pour la modélisation in vitro des réseaux neuronaux du cerveau, mais ils peuvent donner des résultats différents de ceux escomptés en ce qui concerne la morphologie, l'interconnectivité, les fonctions et le processus d'évolution des cellules. Il est donc crucial de développer des modèles in vitro en utilisant des cellules cérébrales humaines.

Les sources de cellules cérébrales humaines primaires sont limitées et ne peuvent être utilisées de manière durable. Récemment, les cellules du cerveau humain, y compris les neurones corticaux cérébraux humains, ont pu être dérivées de cellules souches pluripotentes humaines induites (hiPSC), ce qui constitue une caractéristique importante des neurosciences, puisque les hiPSC peuvent s'auto-renouveler pendant plusieurs générations et se différencier en différents types de cellules neurales ainsi qu'en cellules microvasculaires du cerveau humain. Grâce aux travaux pionniers de Yamanaka et John Gurdon, un nombre considérable d'études ont été consacrées à la reprogrammation, à l'expansion et à la différenciation des hiPSC, ainsi qu'à leurs applications avancées, notamment la modélisation des maladies, les essais de médicaments et la médecine régénérative. Par conséquent, les études neuronales basées sur les hiPSC présentent un potentiel élevé sans précédent, tant pour la recherche fondamentale que pour les applications industrielles et cliniques.

L'ingénierie des tissus cérébraux est hautement interdisciplinaire, impliquant la création d'échafaudages, le développement de réseaux neuronaux, la gestion des fluides interstitiels et des vaisseaux, ainsi que le contrôle et la surveillance des activités neuronales. Parmi les différents sujets de recherche, l'étude et la modélisation in vitro de ce que l'on appelle l'unité neurovasculaire (NVU), l'élément constitutif des réseaux neuronaux corticaux impliquant un nombre limité de cellules neuronales et la structure de la barrière hémato-encéphalique (BBB). L'unité neurovasculaire est un système multicellulaire dans lequel les neurones, les astrocytes, les cellules microgliales, les cellules endothéliales microvasculaires du cerveau et les péricytes sont organisés à l'aide de la membrane basale du cerveau et des protéines de la matrice extracellulaire du cerveau. Idéalement, ces cellules devraient être produites à partir de la même source de hiPSCs et l'ensemble du processus de différenciation devrait être automatisé pour assurer une stabilité à long terme du système pendant le développement du réseau neuronal, ce qui est évidemment bénéfique en termes de gain de temps et de main-d'oeuvre, de coût et de fiabilité du processus.

Une autre question importante est la récapitulation des caractéristiques du cerveau in-vivo.

Bien que le cerveau soit complexe, il est optimisé en termes d'organisation de la structure, de gestion de l'énergie et de traitement des signaux. Nous devons prendre en compte autant de détails que possible du NVU puisqu'il s'agit d'une unité élémentaire du cortex cérébral hautement complexe.

Le NVU peut être considéré comme un système à deux compartiments, séparés par la BBB, dans lequel la membrane basale hémato-encéphalique (BM) peut jouer un rôle crucial. Cette membrane hémato-encéphalique est ultra-mince, continue, perméable, souple et constituée de protéines naturelles de la membrane hémato-encéphalique (principalement du collagène de type IV et de la laminine). Bien que la MO soit simple, elle est également optimisée en termes de composition matérielle, de porosité et de rigidité. Nous devons le créer de manière rationnelle pour notre modélisation du NVU. "La nature ne fait rien d'inutile" (Aristote, 384-322 BC). Ainsi, apprendre, imiter et s'inspirer du réseau neuronal cortical et en particulier de l'organisation du NVU est la mission de ce travail de thèse. Compte tenu de la nécessité de la gestion des fluides dans notre modélisation des NVU, le dispositif NVU produit doit être facile à manipuler, à transporter, à contrôler et à intégrer dans un dispositif microfluidique. A cet égard, l'utilité, la cohérence et l'extensibilité du système doivent être la clé de voûte de notre développement technologique.

Dans le chapitre 3, je présente tout d'abord une étude de la formation de réseaux neuronaux sur trois types de substrats de culture (verre, verre recouvert de nanofibres de gélatine et substrat de type membrane). Nous discutons ensuite de l'avantage du substrat de type membrane en termes de biocompatibilité de l'échafaudage, de flexibilité de l'ingénierie et d'extensibilité de la modélisation.

Ensuite, je présente nos efforts sur un système de culture automatique et sa validation pour la maturation à long terme de neurones en cours de différenciation.

Dans le chapitre 4, je présente les résultats de la différenciation des hiPSC et de la formation de neurosphéroïdes 3D sur un échafaudage bicouche en nanofibres. Je décris tout d'abord le protocole de différenciation et la méthode de culture de notre approche. Ensuite, je montre les principales caractéristiques des neurosphéroïdes générés, y compris la distribution 3D des cellules neuronales et leurs expressions de protéines spécifiques ainsi que les activités neuronales. Enfin, les résultats préliminaires d'une mesure électrophysique à l'aide de microélectrodes en forme d'aiguille sont discutés. En annexe, je présente des études supplémentaires réalisées dans ce travail, y compris i) la génération d'organoïdes cérébraux hiPSC sur des nanofibres non adhérentes, ii) la génération d'organoïdes de vaisseaux iPSCs, iii) la formation de vaisseaux 3D dans un dispositif microfluidique, et iv) la production en masse de mégacaryocytes et de plaquettes iPSCs.

Développement d'un réseau neuronal 2D auto-organisé

Introduction

Les neurones de rongeurs sont souvent utilisés pour des études in vitro, bien qu'ils soient très différents de ceux de l'homme. Les cellules souches et en particulier les cellules souches pluripotentes humaines induites sont désormais largement utilisées pour générer une variété de cellules neurales. L'accent peut donc être mis davantage sur la conception des neuroscaffolds et la formation de réseaux neuronaux fonctionnels.

On sait que la rigidité du tissu cérébral est inférieure à 1 kPa et que les neurones corticaux sont principalement soutenus par les cellules gliales et les structures macrovasculaires, bien que les ECM des neurones y contribuent également. Les effets de la rigidité, des compositions et de la topographie des échafaudages de culture neuronale ont déjà été décrits. Pour différencier et cultiver des neurones et des cellules gliales sur un substrat, la rigidité, la morphologie et la composition ECM du substrat de culture doivent être appropriées. Les échafaudages en nanofibres sont des substrats de culture intéressants pour la culture cellulaire et la différenciation des cellules souches. En particulier, les échafaudages constitués d'une monocouche de nanofibres de gélatine réticulée ont montré de nombreux avantages dans la culture de cellules primaires et la différenciation des hiPSC.

Typiquement, lorsque des neurones primaires de l'hippocampe et des astrocytes sont placés sur un tel échafaudage, ils s'auto-organisent, montrant in-vivo une morphologie cellulaire similaire. Les hiPSCs ont également pu être différenciées en motoneurones fonctionnels, suggérant la fiabilité de l'échafaudage pour les neurones.

Nous montrons ici que l'échafaudage monocouche en nanofibres convient également à la différenciation des hiPSC en réseau neuronal cortical. De plus, nous démontrons que le protocole établi peut être automatisé pour la maintenance/maturation à long terme des réseaux neuronaux. Les neurones obtenus seront caractérisés pour montrer la corrélation de l'activité neuronale sur une grande surface de l'échafaudage.

Fabrication des échafaudages Figure 1. A) Schéma de la fabrication du substrat de type membrane de nanofibres monocouche et des nanofibres Glass plus. B) Images de contraste de phase des nanofibres de gélatine réticulée sur le verre et le Substrat de type membrane. (C et D) Images SEM des nanofibres de gélatine réticulée. (E) Pourcentage des différentes zones de pores sur le verre recouvert de nanofibres et le substrat de type membrane de nanofibres monocouche (n=3). (F) La porosité des nanofibres de gélatine sur le verre et suspendues sur le cadre du Substrat de type membrane (n=3).

Nous avons d'abord électrospongé des nanofibres de gélatine sur du verre et des microcadres pour une différenciation plus poussée des réseaux neuronaux (Figure 1A). Les nanofibres de gélatine réticulée sur ces deux substrats possédant des zones de pores et une porosité similaire, ne présentent pas de différences significatives pour obtenir la même topographie (Figure 1B). Le diamètre des nanofibres de gélatine est de 520 ± 270 nm (n=6). La taille des pores est contrôlée en dessous de 10 μm (Figure 1C et D). La plupart des pores sont inférieurs à 2.5 μm 2 sur le verre (56 %) et le substrat de type membrane (64 %), tandis que les zones de pores moins importantes sont supérieures à 7.5 μm2 sur le verre (14 %) et le substrat de type membrane (10 %) (Figure 1E). En outre, la porosité des nanofibres de gélatine suspendue sur la structure alvéolaire et sur le verre est d'environ 22.5 % et 15.0 %, respectivement (Figure 1 F). Ensuite, nous avons étudié l'effet des différents substrats (le verre, le verre recouvert de nanofibres et le substrat de type membrane) sur la génération de réseaux neuronaux. Les trois substrats sont tous accessibles pour la génération de réseaux neuronaux après 8 semaines de différenciation. Cependant, il existe quelques différences principalement dues à la topographie et à la rigidité différentes. In vivo, les neurones humains et les cellules gliales sont entourés de la matrice extracellulaire du cerveau qui a une structure nanométrique et une rigidité molle. Les neurones ont tendance à s'agglutiner et à former de grands groupes sur le verre, mais forment un réseau neuronal homogène sur le verre et les nanofibres (Figure 3A andB). Ainsi, nous avons prouvé que les nanofibres de gélatine recouverte de la matrice de la membrane basale peuvent améliorer l'adhésion des cellules différenciées pour le maintien à long terme des réseaux neuronaux. En outre, les petits amas formés sur les nanofibres suspendues de manière stable sur le substrat de type membrane, qui présentent une rigidité plus faible, ont démontré les avantages exceptionnels de notre substrat de type membrane pour la différenciation des réseaux neuronaux. Nous avons ensuite démontré que moins d'astrocytes se différencient sur la zone de rigidité douce du substrat de type membrane de nanofibres monocouche que sur les nanofibres rigides de type verre plus. Mais in vivo, des morphologies astrocytaires similaires ont été affichées sur le substrat de type membrane, alors que les astrocytes sur les nanofibres de verre plus sont planaires (Figure 3C). Il est intéressant de noter que les astrocytes sont probablement situés dans les agrégations sur le Substrat de type membrane, ce qui indique indirectement le rôle clé des astrocytes dans le guidage et le métabolisme des neurones (Figure 3C). Le nombre d'axones et de synapses formés dans les réseaux neuronaux sur les plaques a également démontré leur maturité (Figure 3D).

Génération de cellules précurseurs de neurones

Formation de réseaux neuronaux sur des substrats 2D

Figure 4. Activités des réseaux neuronaux sur trois types de substrats après différenciation des NPC pendant 56 jours. (A) verre, (B) verre recouvert de nanofibres, et (C) substrat de type membrane. À gauche, trois images de transitoires de calcium ont été affichées pour marquer les régions d'intérêt (ROI, contours rouges). À droite, les signaux neuronaux (ΔF/F) de ces ROIs représentatifs extraits de l'enregistrement des ondes calciques ont été tracés en fonction du temps. Sur la base de la fréquence des signaux, ces ROIs ont été classés en différentes couleurs. Rouge = supérieur à 0,008

Hz, vert = entre 0,003-0,008 Hz, bleu = entre 0,001-0,003 Hz, gris = inférieur à 0,001.

Après 56 jours de différenciation, la plupart des neurones émettent des signaux spontanés, ce qui est crucial pour la conduction des fonctions neuronales (Figure 4). On trouve des signaux neuronaux plus continus et plus remarquables sur le substrat de type membrane de verre et de nanofibres monocouches, mais pas sur le substrat de type membrane de verre et de nanofibres. Les signaux des neurones sur les nanofibres de verre plus sont faibles et ondulants. En outre, de petits groupes de signaux neuronaux synchronisés sont présents sur le substrat de type membrane de verre et de nanofibres monocouche, mais pas sur les nanofibres verre plus. Nous nous concentrons principalement sur la réalisation de l'automatisation de la dernière procédure qui consiste à différencier les NPCs dérivés des iPSCs en réseaux neuronaux (Figure 5A).

Culture automatique pour la formation de réseaux neuronaux à long terme

Le système automatisé est composé d'une unité de stockage, d'une unité de contrôle et d'une unité de culture cellulaire. Il y a trois pompes (1-3) et trois vannes rotatives qui sont toutes contrôlées par le microcontrôleur (Figure 5B). Nous avons prouvé la faisabilité de la différenciation des NPCs dérivés des hiPSCs en réseaux neuronaux matures sur notre substrat de type membrane de nanofibres monocouche par notre système automatisé maison. Les réseaux neuronaux générés par les méthodes automatisées présentent non seulement le même processus de formation (Figure 5C), la même population d'axones, de dendrites et de synapses, mais aussi la même transmission de signaux neuronaux (Figure 5D). De plus, la plupart des cellules étaient synchronisées dans les réseaux neuronaux différenciés par la méthode automatique (Figure E). Tous ces résultats révèlent que notre système automatisé est robuste et fiable pour la différenciation des réseaux neuronaux matures.

Développement d'un réseau neuronal 3D auto-organisé

Introduction

Dans le cas des neurones du CNS, de plus en plus de preuves indiquent que les cultures en 2D présentent des inconvénients majeurs, tels que des morphologies cellulaires non physiologiques, des fonctions cellulaires altérées ou des interactions intercellulaires, et des interactions biaisées ou manquantes avec les matrices extracellulaires. D'autre part, il a été prouvé que les environnements de culture en 3D améliorent la viabilité des cellules, la connectivité synaptique et la maturité du réseau neuronal, avec une activité électrique spontanée similaire à celle observée in vivo. Par conséquent, de nouvelles stratégies basées sur de nouvelles technologies, telles que les échafaudages 3D, les neurosphéroïdes et les organoïdes cérébraux, ont été vivement encouragées.

Les organoïdes cérébraux (mini-cerveau) constituent une alternative intéressante aux études sur les neurones corticaux. Cependant, cette approche pose également de gros problèmes en ce qui concerne la maturation et l'organisation contrôlée des cellules neuronales et de nombreuses questions telles que la modélisation de la BBB et de l'NVU doivent être abordées de manière plus contrôlable. Les neurosphéroïdes sont avantageux en raison de la simplicité de leur protocole de génération, de leur taille adaptée aux observations par microscopie optique et de leurs cytoarchitectures 3D.

La technologie de microfabrication a permis de générer des neurosphéroïdes de manière contrôlée et à haut débit. Cependant, ces systèmes nécessitent souvent une manipulation complexe des cellules ou les neurosphéroïdes ne sont pas accessibles, ce qui les rend peu pratiques, notamment pour les applications avec des neurosphéroïdes dérivés de hiPSC, qui nécessitent des processus de différenciation à long terme, et pour les mesures électrophysiologiques visant à évaluer la santé des neurones. Pour surmonter ces problèmes, il faut développer des neuroscaffolds robustes et polyvalents pour la génération et le fonctionnement des neurosphéroïdes.

Bien qu'une grande variété d'échafaudages, de substrats et de modèles ait été utilisés pour améliorer la culture et la différenciation des neurones, il est difficile de les appliquer pour une ingénierie plus précise des modèles neuronaux. L'organisation ou l'auto-organisation des neurones en cours de différenciation, comme la distribution in-vivo sur le neuroscaffold, est également cruciale pour la modélisation neuronale.

Nous présentons ici une approche de la fabrication de neuroscaffolds et de la formation de neurosphéroïdes en 3D. En cultivant et en différenciant des NPCs dérivés de hiPSCs dans l'échafaudage bicouche espacé de nanofibres sur une longue période, nous avons obtenu des neurosphéroïdes fonctionnels dans l'espace libre entre les deux couches de nanofibres, montrant à la fois des corrélations intra-couche et inter-couche des activités neurales. Par ailleurs, ces neurosphéroïdes présentaient des interactions neurones-astrocytes et des connexions synaptiques fonctionnelles, indispensables au bon fonctionnement des neurones. 6B). 93 % des pores ont une taille de porosité inférieure à 20 μm 2 et 55 % des pores ont une taille de porosité inférieure à 5 μm 2 (Figure 6C), ce qui favorise l'adhésion des cellules sur la couche de nanofibres et permet encore à certaines cellules de migrer vers l'espace intercouche après l'ensemencement. Les NPC ont été ensemencés des deux côtés de l'échafaudage en nanofibres. Après 8 semaines de différenciation dans l'échafaudage, les cellules se sont plus clairement auto-organisées au centre de chaque compartiment en nid d'abeille (Figure 7A). Il a été montré que l'accumulation des cellules vers le centre du micro-compartiment, et cette tendance est la plus frappante au milieu dans la direction longitudinale tandis que les corps cellulaires aux positions supérieures ou inférieures sont restés disperses (Figure 7B et C). Nous avons également confirmé que non seulement la différenciation réussie des hiPSCs en astrocytes et neurones, mais aussi les remarquables structures de réseau, à la fois au-dessus et à l'intérieur des micro-compartiments en nid d'abeille (Figure 7D). Certaines cellules de la glie et certains neurites se sont étendus à travers les micro-compartiments, mettant en oeuvre les connexions intra-couches. 

Fabrication d'un échafaudage de nanofibres bicouches

Agrégation des NPCs et émergence des neurosphéroïdes

Principales caractéristiques des neurosphéroïdes

moyenne). D) Projection des images z-stack correspondantes à l'intérieur du micro-compartiment, du plan équatorial du neurosphéroïde au sommet du micro-compartiment (à gauche), du neurosphéroïde (au milieu), et du plan équatorial au fond du compartiment (à droite).

Une architecture multi-cellulaire unique du réseau neurone-astrocyte on-Patch a été formée.

Les astrocytes sont distribués de manière dispersée autour du corps neurosphéroïde densément emballé. Des protubérances radiales d'astrocytes et de neurones provenant du corps du neurosphéroïde ont été clairement observées (Figure 8A). Les morphologies droites des astrocytes indiquent que ces protubérances étaient sous tension entre le corps neurosphéroïde et les points d'adhésion à l'extrémité des protubérances. Il est intéressant de noter que les astrocytes ont formé des ponts entre le cadre et le neurosphéroïde. L'interaction entre les astrocytes et les neurites a été observée. Des protubérances non tendues de ces cellules dans des directions aléatoires, principalement sur la couche inférieure de nanofibres de gélatine. Les astrocytes ne s'accumulent pas seulement à l'intérieur mais s'allongent surtout autour du neurosphéroïde. Contrairement à l'augmentation du signal de fluorescence des neurofilaments au centre du neurosphéroïde, les astrocytes non seulement s'accumulent à l'intérieur du neurosphéroïde mais s'allongent également autour de celui-ci. La synapsine I et Tau étaient exprimées à une densité élevée dans toute l'architecture multicellulaire du patch (Figure 8B). Le nombre de corps cellulaires était significativement faible sur la surface supérieure. Cependant, il est intéressant de noter que les intensités de fluorescence cumulées de Synapsin I et Tau à la surface supérieure étaient comparables à celles de la surface inférieure, alors que les signaux à l'intérieur du compartiment (Figure 8C). Les deux surfaces de l'échafaudage bicouche étaient couvertes d'une forte densité d'axones et de synapses, indépendamment de la présence de corps cellulaires. les synapses étaient fortement colocalisées avec les axones (Figure 8D). Synapsine I fortement exprimée autour des neurosphéroïdes où se trouvent les axones. 

Les pics synchronisés sont mis en évidence par des bandes rouges (synchronisation complète) et des bandes bleues (synchronisation partielle). Les pics corrélés correspondent aux ROIs 1-6. G) L'intensité de la fluorescence a augmenté pendant 1 s sur les neurites connectés au neurosphéroïde et les neurites entourant le neurosphéroïde, indiqués par des pointes de flèche blanches et noires, respectivement, ainsi que sur le neurosphéroïde. H) Image par microscopie à épifluorescence du neurosphéroïde observé dans le plan focal à h5. Les vingt-deux corps cellulaires identifiés par le programme

Mesures électrophysiologiques sur les réseaux neuronaux on-Patch

Modélisation des unités neurovasculaires

Co-culture du réseau neuronal et des cellules endothéliales

Différenciation des iPSCs en cellules endothéliales microvasculaires cérébrales

Conclusions et perspectives

L'objectif de ce travail de thèse est de développer des modèles neuronaux humains in vitro pour des études ultérieures. Pour atteindre cet objectif, j'ai développé des échafaudages en nanofibres bicouches et une nouvelle stratégie de culture et de différenciation des hiPSC vers des réseaux neuronaux 3D fonctionnels. Je pense que les nouveaux outils et les nouvelles méthodes que j'ai développés dans ce travail, ainsi que le potentiel des dispositifs intégrés à la microfluidique et la différenciation automatisée des hiPSC, sont robustes et fiables, ce qui peut être considéré comme la première étape vers la modélisation fonctionnelle des NUV. Tout d'abord, j'ai démontré un processus de différenciation des hiPSC vers un réseau neuronal cortical 2D sur un substrat de type membrane. La rigidité et la perméabilité du dispositif sont intrinsèquement modulées avec de grandes amplitudes, ce qui guide efficacement l'autoorganisation des réseaux neuronaux de différenciation. En comparant avec deux autres types de substrats, j'ai montré les avantages uniques de notre substrat de type membrane et j'ai prouvé le concept d'auto-organisation guidée des réseaux neuronaux corticaux sous la forme d'un réseau de grappes fonctionnelles. Pour ce faire, j'ai analysé les modules de Young effectifs des zones de la membrane et la formation des clusters neuronaux en développement ainsi que l'expression des protéines spécifiques des neurones et des astrocytes de différents échantillons. L'activité des réseaux neuronaux dérivés sur trois types de substrats a également été comparée, montrant plus clairement l'avantage du dispositif de type membrane. En outre, la distribution des axones et des synapses des neurones a également suggéré la maturité du réseau neuronal dérivé. De plus, un groupe de neurones sensibles au glucose a été trouvé dans les réseaux neuronaux sur nanofibres en suspension. Enfin, un système de différenciation automatisé a également pu être utilisé pour générer des réseaux neuronaux fonctionnels à partir de NPCs, présentant des caractéristiques similaires à celles des réseaux traités manuellement. Plus intéressant encore, un plus grand nombre de cellules ont été synchronisées dans les réseaux neuronaux dérivés automatiquement que dans les réseaux manuels, ce qui suggère une meilleure robustesse du système qui mérite d'être étudiée plus avant. Deuxièmement, j'ai démontré la faisabilité de la génération de neurosphéroïdes en 3D en utilisant des hiPSC et des échafaudages bicouches en nanofibres. Les CPN ont pu être chargées des deux côtés des échafaudages et les cellules ont pu s'agréger non seulement sur les deux couches de nanofibres mais aussi pénétrer dans l'espace libre entre les deux couches grâce à la taille 

Echafaudages en nanofibres

L'échafaudage bicouche en nanofibres fournit à la fois un support pour la différenciation neuronale et un réseau poreux qui permet la pénétration des cellules dans l'espace libre entre les couches de nanofibres. Pendant la formation des neurosphéroïdes, les couches de nanofibres ont été considérablement déformées ou détruites. Ceci peut être évité en utilisant des nanofibres plus rigides. D'autre part, j'ai observé que le nombre de neurones dans l'échafaudage avec ABM était limité car ils étaient introduits d'un seul côté. Pour augmenter le nombre de neurones, la taille des pores de l'échafaudage peut être augmentée. Dans les deux cas, des protéines de la matrice extracellulaire spécifiques des neurones corticaux sous forme de gel mou peuvent être introduites dans l'espace libre des échafaudages en nanofibres avant l'ensemencement des NPC. Des réseaux de microélectrodes peuvent également être intégrés dans l'échafaudage pour la stimulation électrophysiologique afin d'améliorer la maturation du réseau neuronal ainsi que l'enregistrement in-situ.

Cellules cérébrales dérivées de hiPSCs

Le remplacement des cellules endothéliales immortalisées du cerveau par des cellules endothéliales microvasculaires cérébrales dérivées de hiPSCs améliorera considérablement la compatibilité du système. Les péricytes étant également des cellules cruciales pour la formation de la BHE, il est souhaitable de générer des péricytes dérivés de hiPSCs en même temps que les cellules endothéliales. Une possibilité est d'obtenir des organoïdes de vaisseaux dérivés de hiPSCs. Les cellules de la microglie jouent un rôle clé dans la défense immunitaire du cerveau, qui peuvent également être incluses pour une modélisation avancée des NVU. En outre, des protocoles plus fiables et plus efficaces doivent être établis pour une différenciation accélérée des hiPSCs en cellules endothéliales fonctionnelles. Enfin, les iPSC dérivées de patients pourraient être utilisées pour la modélisation de NVU et de BBB spécifiques à certaines maladies.

Environnement de culture in vivo

Un système microfluidique peut aider à fournir un environnement de culture de cellules in vivo optimisé. Les échafaudages pour systèmes neuronaux que j'ai développés ont été conçus pour une intégration facile dans un dispositif microfluidique. Dans une telle configuration, différentes conditions d'écoulement peuvent être appliquées. Par exemple, un flux de nutriments peut circuler dans le canal associé à l'endothélium, tandis qu'un flux de type fluide interstitiel peut être maintenu et renouvelé dans l'espace neuronal, ce qui permettra d'assurer l'homéostasie mais aussi de renforcer la réactivité du système dans les réseaux neuronaux supérieurs. Le débit, le pH, la concentration d'oxygène, les facteurs cellulaires et les nutriments peuvent tous être régulés dynamiquement dans ce système microfluidique grâce à la configuration.

Stimulations physiologiques et électrophysiologiques du système

Avec un réseau de microélectrodes intégré dans un dispositif microfluidique, il est possible 

Figure 1 . 1

 11 Figure 1.1 Schematic of a eukaryotic cell with organelles. Copyright by NIH.

Figure 1 . 5 .

 15 Figure 1.5. The anatomy of a representative multipolar neuron.(https://slideplayer.com/slide/14033397/)

  human brain, adjacent endothelial cells form a physical and metabolic barrier by cell-cell junctions (Figure 1.12A). Before tight junction formation, adherens junctions establish cell-cell contact. VE-cadherin binds to catenin (ZO1, vinculin, actinin, or fomin-1), which establish a bridge between the actin cytoskeleton and the cadherins. Nectin acts as an additional connection of the adherens junctions and connect to the actin by AF-6. Platelet endothelial cell adhesion molecule-1 (PECAM-1) and CD99 are outside the adherens junctions and tight junctions, and play an essential role in the barrier integrity. Tight junctions are proposed to form a seal to block paracellular diffusion. At the molecular level, there are three groups of transmembrane proteins are found in these tight junctions: the claudins, the tight junction-associated MARVEL proteins (TAMP), and the junctional adhesion molecules (JAMs). Claudins are the core proteins that build up the backbone of tight junctions. Between the adjacent endothelial cells, claudin 5 have been recognized as the dominant tight junction protein. In addition, occludin and junction adhesion molecules are two other transmembrane tight junction proteins that bind to the cytoplasmic proteins and promote the interactions between adjacent endothelial cells [63] (Figure 1.12B).

Figure 1 .

 1 Figure 1.12 Brain adjacent endothelial junctions. (A) Electron microscopy of rat brain section showing a tight junction (TJ) and an adherent junction (AJ). (B) Schematic of the representative transmembrane proteins in a tight junction between brain endothelial cells[32,[START_REF] Dias | Structure and Junctional Complexes of Endothelial, Epithelial and Glial Brain Barriers[END_REF].

Figure 1 .

 1 Figure 1.13 Overview of the two main barriers in the CNS. blood-brain barrier and blood cerebrospinal fluid barrier (BCSF). ISF: Interstitial Fluid. CSF: Cerebrospinal fluid [67].
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 11312 Figure 1.14 Neocortex morphology and main cell types. (A) Coronal sections of the mouse (left) and human adult neocortex are shown [70]. Copyright, Development, 2014. (B) The Golgi, Nissin and Weight staining images of neocortex with six layers. (C) Representative cell types in the cerebral cortex. Py: pyramidal cells; mPy: modified pyramidal cells; Ch: Chandelier cells; Asp and Sp: the somata of aspiny and spiny stellate neurons; Bas: Basket cells. Copyright, Fundamental neuroscience for basic and clinical application, 4 th Edition, Duane E. Haines, 2018.

Figure 1 .

 1 Figure 1.15 Basic circuit of neocortex. Abbreviations of functional actions: ffexc, feedforward excitation; ffinh, feedforward inhibition; fbexc, feedback excitation; fbinh, feedback inhibition; lexc, lateral excitation; linh, lateral inhibition. Red: Excitatory cells; Blue: inhibitory cells blue[77].

Figure 1 .

 1 Figure 1.16 The action potential. Copyright, The central nervous system, 4 th editor, 2010.

Figure 1 .

 1 Figure 1.18 Schematic of human cerebral cortical development. (A) Maturation and differentiation in human cortex. (B) Timing of neurodevelopment events in the cerebral cortex. IPCs, intermediate progenitor cells; ISVZ, inner subventricular zone; LI-VI, cortical layer I-VI; NESCs, neuroepithelial stem cells; oRG, outer radial glia; OSVZ, outer subventricular zone; SVZ,

Figure 1 .

 1 Figure 1.19 An overview of the major topographical elements that are used for modifying physical environment of neurons. (Left) Schematic illustration of typical effects of topographical substrates on neurons and the potential use of topography for neural interfaces for in vitro and in vivo setups (right) [89].

  .20 B, C). Astrocytes obtain different phenotypes when cultured in substrates of different stiffnesses. Compared with stiff matrix (~ 990.6 ± 189.3 Pa), softer matrix (~ 42.7 ± 6.3 Pa) showed the benefits for defining reactive astrocyte phenotype (Figure 1.20 D).

Figure 1 .

 1 Figure 1.20 The effects of stiffness on neurons, astrocytes in the center nerves system, and neural stem cells differentiation. (A) Stiffness of the classical cell culture materials and tissues, cells in human body. [102] Copyright, Transfusion, 2018. (B) Representative morphologies of primary hippocampal neurons on the soft and stiff gel after seeding 26 h. (C) Schematic representation of proposed mechanism of neuritogenesis on gel substractes. [103] Copyright, Plos one, 2018. (D) Representative morphologies of primary astrocytes encapsulated in different stiffnesses of collagen I gel after 7 days culture. [94] Copyright, NPG Asia Materials, 2021. (E) Dissociated embryonic cortices at 1 week in vitro on soft and stiff polyacrylamide or fibrin gel. [104] Copyright, Biophysical Journal, 2006. (F) hES cells differentiation on 1 and 8 kPa PEG hydrogel after 2 weeks. (G) Proposed model for substratum-induced neuronal differentiation of human pluripotent stem cells. [105] Copyright, PNAS, 2014.

Figure 1 .

 1 Figure 1.21. The crucial stages of neural differentiation from human induced pluripotent stem cells to neurons and glia[START_REF] Mertens | Evaluating cell reprogramming, differentiation and conversion technologies in neuroscience[END_REF].

Figure 1 .

 1 22, the different extracellular environments, morphologies of neuronal networks and signals transmissions in 2D and 3D are shown.

Figure 1 .

 1 Figure 1.22 (A) Different extracellular environments providing by 2D and 3D[START_REF] Baker | Deconstructing the third dimension -how 3D culture microenvironments alter cellular cues[END_REF]. (B) Different neuronal networks morphologies and recorded signals of cultured rat embryonic cortical culture in 2D (B1-3) and 3D (B4-6)[START_REF] Bourke | Three-dimensional neural cultures produce networks that mimic native brain activity[END_REF][START_REF] Magill | Relationship of Activity in the Subthalamic Nucleus-Globus Pallidus Network to Cortical Electroencephalogram[END_REF].
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 123 Figure 1.23. The main methods for 3D CNS reconstruction [131-134].
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 2 1 illustrates the UV photolithography process with positive and negative photoresists.

Figure. 2 . 1

 21 Figure. 2.1 The main processes of the UV photolithography on the positive and negative resists.

Figure 2 . 2

 22 Figure 2.2 The main process of the photomask fabrication

Figure 2 . 3

 23 Figure 2.3 Schematic process of the PDMS patterns fabrication by soft lithography [2]. Copyright 2007 by Nature Rev Microbiol.

Figure 2 . 4

 24 Figure 2.4 The cutting plotter (left) and the silicone films with different patterns (right).

Figure 2 . 5

 25 Figure 2.5 Schematic of the setup of the electrospinning [4].

Figure 2 .

 2 photoresist without UV exposure is dissolved by the developer and the structure of the patch frame appears. To finish the process of the UV photolithography, the structure on the wafer is cleaned by isopropanol and hardbaked at a high temperature.Afterwards, soft lithography is used to transfer the structure on the wafer to the PDMS (Figure2.7B). The UV sensitive materials such as PEGDA and Ormostamp (Microchem) solutions are filled into the chambers that made by the integration of the PDMS mold and the glass. After exposing with UV, the materials become solid and can be peeled away the PDMS mold and glass. To enhance the electrical conductivity, a layer of gold is deposed on the surface of patch frame where is plan to maintain nanofibers. After electrospinning and crosslinking, the patch frame with nanofibers is ready for further cell-based research. The main process of culture patch fabrication is shown below (Figure2.7). And more details of the methods to fabricate the culture patch for different objectives

Figure 2 . 7 .

 27 Figure 2.7. Schematic of the culture patch fabrication. (A) UV photolithography process. (B) Soft lithography process. (C) Electrospinning process. (D) Images of the culture patch.

modeling [ 15 ]

 15 . To implement these fundamental applications, various of microfluidic devices are developed by the micro-and nanofabrication technologies, including wet etching, reactive ion etching, plasma etching, micromachining, photolithography, soft lithography, injection molding, laser ablation and 3D printing. In this thesis. I mainly used the standard microfluidic devices provided from MesoBioTech (Figure 2.8).
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 28 Figure 2.8 A standard microfluidic devices from Mesobio Tech.

Figure 2 . 9

 29 Figure 2.9 The home-made automated cell culture and stem cells differentiation system.

Figure 2 .

 2 Figure 2.10 Schematic of the fixing mold.

  Synaptic transmission which led to release of neurotransmitters is also under the control of calcium signals. The dynamic change of calcium ions during neural activity is shown below (Figure 2.11).

Figure 2 .

 2 Figure 2.11 Calcium ions dynamics during neuronal activity. (A) Schematic of the state of calcium in and around a neuron during neuronal activity. (B) Internal Calcium concentration versus time. (C) Voltage versus time. When a neuron fires an action potential Ca 2+ influx via voltage-gated Ca 2+ channels increases the internal Ca 2+ concentration. This increase in intracellular Ca 2+ is returned back to the resting state by extrusion of Ca 2+ from the cytoplasm by Ca 2+ pumps and buffering by internal Ca 2+ stores. (Michael Castanares et al., Advanced Optical Methods for Brain Imaging Volume 5., 2019)

  frequency of single neuron and the population of synchronous activities which can reflect the connectivity between cells. The MEA setup, advanced 3D recording and examples of recording neural signals are displayed below (Figure 2.12).

Figure 2 .

 2 Figure 2.12 Microelectrodes assay. (A) A representative setup for MEA assay. Copyright by Multi channel systerm. (B) Schematic of the advanced 3D high-density MEA assays with optical stimulation and drug delivery [25]. Coyright 2021 by Nature Communication. (C) A representative electrophysiological activity [26]. Copyright 2011 by Frontiers in Neuroengineering.

  base of the Patch consisted of a 9 mm-diameter honeycomb structure at the center of a 13 mm-diameter disk. The honeycomb micro-frame was composed of hexagonal compartments with a side-to-side distance of 500 µm and a frame width of 100 µm. The thicknesses of the honeycomb micro-frame were 200 µm. A mold of 4 Patches connected by 500 µm-wide channels to an inlet at the center and outlets at the corners was fabricated by conventional photolithography in 2 stacked layers of negative photoresist (SU-8 3050, MicroChem) spin-coated on a silicon wafer (Neyco) following the manufacturer's instruction. Chromium photomasks for the honeycomb patterns and the outer rings with channels were designed and printed by micro-pattern generator (µPG 101, Heidelberg Instruments) prior to a UV exposure on the SU-8 layer through the photomask. The SU-8 mold was developed by SU-8 developer (MicroChem), rinsed with isopropanol, and exposed to the vapor of chlorotrimethylsilane. PDMS polymer and crosslinker (RTV 615, Momentive Performance Materials) were mixed at a ratio of 10:1 (w/w), poured on the SU-8 mold, degassed, and allowed to reticulate at 75 °C for 4 h. After being peeled off, inlet and outlet holes were punched through the PDMS block. The PDMS block was then placed on a glass slide with the structuredside down and kept under vacuum for 10 min immediately before the injection of OrmoStamp (Micro Resist Technology). Once OrmoStamp fulfilled the Patch structure, the PDMS block was exposed to UV light for 2 min at 21.6 mW•cm -2 and removed from the glass slide to collect the Patch bases made of OrmoStamp. For ease of gelatin nanofiber collection, a 10 nm-thick gold layer was deposited on the Patch bases by metal sputter (K6785X, Emitech).

Figure 3 . 1

 31 Figure 3.1 Schematic of the fabrication for the membrane type substrate.

  2 mL•h -1 by a syringe pump (Harvard Apparatus) from an anode syringe needle to the Patch bases placed on a cathode collector at a distance of 10 cm from the needle under a bias voltage of 11 kV. Gelatin nanofibers were electrospun for 5 min on the gold coated side of the Patch and glass, then cut off at their edges. After removing the residual solvent in a desiccator, nanofibers on the Patches and glasses were crosslinked by incubation in 0.2 M N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride and 0.2 M N-hydroxysuccinimide in ethanol for 4 h at room temperature. Finally, crosslinked nanofibers on glasses and honeycomb micro-frame were rinsed with ethanol three times, dried under the vacuum and stored in a cool and dry place. The schematic of the gelatin nanofibers electrospun on honeycomb micro-frame is shown in Figure 3.1.

  5 % (w/v) Triton X-100 in PBS for 10 min and incubation in a blocking solution (3 % bovine serum albumin, 0.1 % Tween 20, and 0.1 % sodium azide (w/v) in PBS) for 30 min at room temperature. The samples were further incubated with primary antibodies at 4 °C overnight, prior to incubation with secondary antibodies in the blocking solution for 2 h and subsequent nuclear staining in PBS containing 1 µg mL -1 DAPI for 15 min at room temperature.The following primary antibodies were used for immunostaining: anti-Nestin (N5413, Sigma-Aldrich, 1:100 dilution), anti-βIII tubulin III (T8578, Sigma-Aldrich, 1:500), anti-GFAP (MA5-12023, Thermo Fisher Scientific, 1:100), anti-GFAP (180063, Invitrogen, 1: 100), anti-Neurofilament 200 (N4142, Sigma-Aldrich, 1:80) anti-MAP2 (13-1500, Thermo Fisher Scientific, 1:250), anti-Tau (T9450, Sigma-Aldrich, 1:100), anti-Synapsin I (ab64581, abcam, 1:200). Alexa fluor 488 anti-mouse (A-21200, 1:500), Alexa fluor 555 anti-mouse (A21147, 1:500), Alexa fluor 633 anti-mouse (A-21050, 1:500), Alexa fluor 488 anti-rabbit (A32790, 1:500), Alexa fluor 555 anti-rabbit (A31572, 1:500) and Alexa fluor 633 anti-rabbit (A21070, 1:500) antibodies (all from Thermo Fisher Scientific) were used as secondary antibodies. Fluorescently labeled cells were imaged by confocal microscopy (LSM 900, Zeiss).

  incubator for 25 min. After incubation, the samples were rinsed with the recording buffer twice and transferred to the stage of an inverted fluorescence microscope (Axio Observer Z1, Zeiss) equipped with an Electron Multiplier CCD Camera C11440 (Hamamatsu Photonics). The experiment was performed at room temperature and each frame was acquired every 500 ms for 10 minutes. Further, appropriate ROIs around the cells bodies or the cluster were then selected. The Ca 2+ transients of each cell signal were extracted in a semi-automatic manner. The fractional optical signal was calculated as follow: ∆F/F = (If(t) -If(t0)) / If(t0), where If(t0) is the average fluorescence intensity of the lower 50% of previous 10-s values and If (t) is the time course of the fluorescence intensity in a ROI. Besides, an interactive Fluorescence Single Neuron and Network Analysis Package (FluoroSNNAP) was used to gain deeper insights into the Ca 2+ transients [56]. This package also allows semi-automated calculation and generation of raster plots which mainly based on the threshold value.
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 33 Figure 3.3 Schematic of the protocol for the human cortical neuronal networks differentiation.

Figure 3 . 4

 34 Figure 3.4 Scheme illustrating the major developmental stages of the protocol for generating NPCs.

  cells morphologies change during the NPCs generation are shown below (Figure 3.5A). hiPSCs colonies (Figure 3.5A, Day 0) were detached and allowed to form embryoid bodies (EBs) in ultra-low attachment wells (Figure 3.5A, Day 2). After being cultured in neural induction medium (NIM) for 3 days, larger EBs (Figure 3.5A, Day 5) with smooth edges were transferred on a laminincoated tissue culture plate on day 6 and allowed to spread on the substrate until the cells formed a homogeneous cell sheet on day 14 (Figure 3.5A, Day 14). The cells were then passaged (1:3) at least 5 times to obtain NPCs (Figure 3.5A, Day 40). In general, NPCs takes 5-7 days to reach confluence after seeding. Figure 3.5B, shows the NPCs (P5) proliferation from D1 to D7.
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 35 Figure 3.5 Generation of NPCs. (A) Phase contrast images of the cells during the differentiation. (B) Phase contrast images of the cells (p10) cultured on the Geltrex coated dish from day 1 to day 7. NPCs (P5) were confirmed by immunofluorescence staining of neuron neuronal precursor cells marker, Nestin, and neuron-specific cytoskeleton marker, b-III tubulin (TUJ 1). As shown in Figure 3.6 Nestin (red) was expressed in all the cells, whereas TUJ 1 (green) was co-expressed in a part of the cell population, indicating that those cells were destined for neurons. Neural rosettes which is the development signature of neuronal precursor cells can be found in this period (Figure 3.6).
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 36 Figure 3.6 Characterization of neuronal processor cells cultured on glass at day 5 by neuronal precursor cells marker: Nestin (Red), neuronal marker beta-III tubulin: (Green) and nucleus maker: DAPI (Blue). Scale bars, 30µm.

Figure. 3 .

 3 Figure. 3.7 shows the phase contrast images of neural precursor cells (NPCs) on three types of substrates after differentiation for 7, 28, 56 and 65 days, respectively.

Figure 3 . 7

 37 Figure 3.7 Phase contrast images of the NPCs on three types of substrates after differentiation for 7, 28, 56 and 65 days, respectively.

Figure 3 . 8

 38 Figure 3.8 Formation of neural networks on glass, nanofiber-covered glass, and membrane type substrate. (A) Immunofluorescence images of the neural networks on glass and nanofiber-covered glass after NPC differentiation for 56 days, and on membrane type substrate after differentiation for 70 days. Cell nuclei and neural dendrites were labeled by DAPI (blue) and MAP2 (green), respectively. Neural clusters were marked by in red. Scale bar, 100 µm (B) Averaged fluorescence intensity of DAPI (upper) and MAP2 (lower) of the neural clusters on three types of substrates (n> 3). (C-D) Cluster size, cluster number per mm², and distance between neighboring clusters on three types of substrates. P values were calculated by unpaired Student's t-test. *P < 0.05, ** P < 0.01 and *** P < 0.001.

Figure. 3 .

 3 Figure. 3.8 shows the immunofluorescence images of the neural clusters on the glass and nanofiber-covered glass after NPC differentiation for 56 days, and on the membrane type substrate after differentiation for 70 days. Here, the cell nuclei were labeled by DAPI (blue) and the dendrites of the neurons were labeled by microtubule-associated protein 2 (MAP2, green), revealing different types of neural clusters indicated by enclosed red lines (Figure. 3.8 A). On the glass slide, randomly

Figure. 3 .

 3 Figure. 3.9B shows immunofluorescence images of differentiating NPCs for 56 days on the nanofiber-covered glass and membrane type substrate. Now, astrocytes were labeled again by GFAP (green), neuron axons were labeled by neurofilament protein NF200 (red), and cell nuclei were stained by DAPI (blue). Numerical comparisons of GFAP and NF200 intensity of the networks on two types of substrates are displayed in Figure. 3.9C, indicating a significant difference in astrocytic differentiation of hiPSCs in this area.

Figure 3 . 9

 39 Figure 3.9 Neurons and astrocytes after NPCs differentiation for 56 days on different types of substrates. (A) Immunofluorescence images after GFAP (astrocytes, red), MAP2 (dendrites, green), and DAPI (nuclei, blue) staining. Scale bar, 100 µm. (B) Immunofluorescence images after GFAP (astrocytes, red), NF200 (neurites, green), and DAPI (nuclei, blue) staining. (C) Cumulative fluorescence intensities of GFAP and NF200 (n = 3, error bars represent standard error of mean). P values were calculated by unpaired Student's t-test. *P < 0.01 and ** P < 0.01.

Figure 3 .

 3 10 illustrates typical calcium transient images of the neural networks after NPCs differentiation for 56 days and neural signals extracted from these images. Red contours indicated region of interest (ROIs). ΔF/F traces of representative ROIs were classified in different colors based on the frequency of the signals. As can be seen, the neural networks on the membrane type substrate are more active than that on glass or nanofiber-covered glass, due to an improved hiPSC differentiation and an organized neural clustering.

Figure 3 .

 3 Figure 3.10 Activities of the neural networks on three types of substrates after NPCs differentiation for 56 days. (A) glass, (B) nanofiber-covered glass, and (C) membrane type substrate. On the left, three calcium transient images were displayed to mark the regions of interest (ROIs, red contours).

  3.11 C1) and perinuclear area of the cell bodies where the Golgi complex were located (Figure.3.11 C2).Since the immunostaining synapsin I labels the synaptic vesicles which are essential for propagating nerve impulses between neurons and are constantly recreated by the cell, its high level distribution in the center area of the cluster and the neurite bundles confirmed the enhanced neural activities I observed(Figure 3.11). Indeed, the level expression of synapsin I of the puncta along the axons indicate a dense accumulation of the vesicles within presynaptic specializations, which contributes to both intra-and inter-cluster and communication. Since synapsin I is consumable during neural signal transmission[58], the perinuclear synapsin I in cell body is transported to the puncta needed to ensure the neural activity and the network development and maintenance (Figure3.11C2). Furthermore, the selective routing of synaptic vesicles proteins within nerve cells is closely related to the development of neuronal polarity indicating intricate information dynamics and directed signal flows in neural networks[59].

Figure 3 .Figure 3 .

 33 Figure 3.11 Mature neuronal network located in the central area of a honeycomb compartment of the membrane type substrate. (A) 3D view, (B) z-projection, and (C) zoomed views. The cells were labeled with DAPI (nuclei, blue), Synapsin I (green), and Tau (axon, red). Images of C(1) and C(2)were taken from image B to show more clearly the outgrowth of axons and the somas of the neural cluster.

  calcium transient without and with 10 mM glucose. Neural networks that differentiated on the membrane type substrate for 189 days was used to study. I found that only a few cells became exciting after the glucose addition. The cell which is glucose sensitive increased the frequency of the calcium transient (Figure.3.13). The calcium influx also significantly increased by reflecting with the fluorescent density amplification. Interestingly, ROI 1 and 2 in the neural cluster were in synchrony before and after glucose supply. The maturity and functionality of the neural networks which developed on the membrane type substrate was demonstrated again. By this experiment, I indirectly indicate the practicability of this neural system for chemical stimulation research at the same time.

Figure 3 . 13

 313 Figure 3.13 Calcium waves of the same ROIs of a hiPSC-derived neural network on membrane type substrate on day 189 with and without 10 mM D-glucose in the recording buffer.

Figure 3 .

 3 Figure 3.14 Schematic of the automated protocol and system for neuronal networks differentiation. A) Schematic of the protocol for hiPSC differentiation toward cortical neural networks. B) Illustration of the main components of the automated system and the medium flow direction. C) Photograph of the system. From left to right: medium supply and waste tubes, peristatic pumping unit, and cell culture unit with six 60 mm diameter culture dish. D) Flowchart of the automated differentiation process of NPCs toward neural networks using the automated system.

Figure. 3 .

 3 Figure. 3.15 shows phase contrast images at day 14, 36, 52 and 62 of the differentiating hiPSCs on suspended monolayer of nanofibers towards neural networks, derived by either automatic or manual processing.

Figure 3 . 15

 315 Figure 3.15 Bright filed images of the hiPSC-NPCs after manual and automated differentiation for day 14, 36, 52 and 62 days.

Figure 3 .

 3 Figure 3.16 shows immunofluorescence images of the hiPSCs derived neural networks after automatic and manual differentiation for 78 days, and nuclei (DAPI, blue) and dendrites (MAP 2, red) labeling.

Figure 3 .

 3 Figure 3.16 Neural networks derived from hiPSC-NPCs by manual and automated differentiation at day 78. A) Immunofluorescent images of the nuclei (DAPI, blue) and dendrites (MAP2, red). Scale bars, 50µm. B) Cumulative fluorescence intensities of DAPI and MAP2. (Error bars represent standard error of mean).

Figure 3 .

 3 Figure 3.17 shows immunofluorescence images of the hiPSCs derived neural networks after automatic and manual differentiation for 78 days, and nuclei (DAPI, blue), synapses (Synapsin I, green), and axons (Tau, red) labeling.

Figure 3 .

 3 Figure 3.17 Expression of synapses and axons of the neural networks derived from hiPSC-NPCs by manual and automated differentiation at day 78. A) Immunofluorescent images of nuclei (DAPI, blue), synapses (Synapsin I, green) and axons (red). Scale bars, 20µm. B) Cumulative fluorescence intensities of DAPI, Syn I, and Tau (n = 3, error bars represent standard error of mean). P values were calculated by unpaired Student's t-test. *P < 0.05.

Figure 3 .

 3 Figure 3.18 Calcium images and ROI tracing and raster plots of the neural networks derived from hiPSC-NPCs by manual and automated differentiation at day 78.

2 . 1

 21 photolithography in 2 stacked layers of negative photoresist (SU-8 3050, MicroChem) spin-coated on a silicon wafer (Neyco) following the manufacturer's instruction. Chromium photomasks for the honeycomb patterns and the outer rings with channels were designed and printed by micro-pattern generator (µPG 101, Heidelberg Instruments) prior to a UV exposure on each SU-8 layer through the photomask. The SU-8 mold was developed by SU-8 developer (MicroChem), rinsed with isopropanol, and exposed to the vapor of chlorotrimethylsilane. PDMS polymer and crosslinker (RTV 615, Momentive Performance Materials) were mixed at a ratio of 10:1 (w/w), poured on the

Figure 4 . 1

 41 Figure 4.1 Schematic illustration of the bilayer nanofiber scaffold fabrication.

( 3 )( 4 )

 34 ) Immunofluorescence stainingCells were fixed by incubating them in 4 % (w/v) paraformaldehyde in PBS for 15 min, followed by permeabilization in 0.5 % (w/v) Triton X-100 in PBS for 10 min and incubation in a blocking solution (3 % bovine serum albumin, 0.1 % Tween 20, and 0.1% sodium azide (w/v) in PBS) for 30 min at room temperature. The samples were further incubated with primary antibodies at 4 °C overnight, prior to incubation with secondary antibodies in the blocking solution for 2 h and subsequent nuclear staining in PBS containing 1 µg•mL -1 DAPI for 15 min at room temperature.The following primary antibodies were used for immunostaining: anti-Nestin (N5413, Sigma-Aldrich, 1:100 dilution), anti-βIII tubulin III (T8578, Sigma-Aldrich, 1:500), anti-GFAP (MA5-12023, Thermo Fisher Scientific, 1:100), anti-Neurofilament 200 (N4142, Sigma-Aldrich, 1:80) anti-MAP2 (13-1500, Thermo Fisher Scientific, 1:250), anti-Tau (T9450, Sigma-Aldrich, 1:100), anti-Synapsin I (ab64581, abcam, 1:200). Alexa fluor 488 anti-mouse (A-21200, 1:500), Alexa fluor 488 anti-rabbit (A32790, 1:500), Alexa fluor 633 anti-mouse (A-21050, 1:500), and Alexa fluor 633 anti-rabbit (A-21070, 1:500) antibodies (Thermo Fisher Scientific) were used as secondary antibodies. Fluorescently labeled cells were imaged by confocal microscopy (LSM 900, Zeiss). Calcium imaging and analysis Cells were rinsed with a recording buffer (145 mM NaCl, 3 mM KCL, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4) and loaded with 2 μM Fluo-4 AM and 20 % pluronic acid (both from Thermo Fisher Scientific) in the recording buffer at 37 °C in a 5% CO2 incubator for 25 min. After incubation, the samples were rinsed with the recording buffer twice and transferred to the stage of an inverted fluorescence microscope (Axio Observer Z1, Zeiss) equipped with an Electron Multiplier CCD Camera C11440 (Hamamatsu Photonics). The experiment was performed at room temperature and each frame was acquired every 500 ms for 5-10 minutes.Regions of interest (ROIs) covering single cell bodies or cell clusters were selected in a semiautomated manner in z-stack images and the fluorescence intensity in each ROI in each frame was measured by Image J, which allowed us to identify the location of cell bodies or cell clusters and to analyze Ca 2+ transient dynamics of the cell population in 3D space. Normalized fluorescence signal was calculated as follows: DF/F = (If(t) -If(t0)) / If(t0), where If(t0) is the average fluorescence intensity at the beginning of the recording and If (t) is the time course of the average fluorescence intensity in a ROI. Further, an interactive Fluorescence Single Neuron and Network Analysis Package (FluoroSNNAP) was used to gain deeper insights into the Ca 2+ transients [24]. The package allowed semi-automated identification of ROIs and calculation of DF/F = (If(t) -If-base) / If-base in each ROI, where If-base is the mean of the lower 50 % of previous 10-s values. Network analysis module from the Package was used to investigate the synchrony and functional connectivity of the samples. MEA assay The µ-needle MEAs (MnEA) were fabricated at Technical University of Munich by SabineZips and Bernhard Wolfrum. The bilayer nanofiber Patch with neuronal networks was placed onto the MnEA and immobilized using a PDMS ring with a precise spacing for the Patch to ensure the tight contact of the neurons and the µ-needle electrodes[25]. The MnEA was then set in the head stage of a microelectrode array work station (MEA2100-Mini, MultiChannel Systems). Three mL of culture medium was added into the chamber attached on the MnEA and an Ag/AgCl reference electrode (3 M NaCl, RE-6, BASi) inserted through a chamber lid was allowed to make contact with the medium. Extracellular signals were observed with the MEA2100-Mini amplification system with a sampling rate of 10 kHz and an effective bandwidth of 0.01 mHz to 4 kHz. For data recording, the applied filtering had a bandwidth of 10 mHz to 4 kHz. During the measurements, the head stage was placed in a humidified incubator at 37 °C and 5% CO2. Signals were recorded on 17 electrodes out of a total number 48 electrodes on the MEA. The signal analyses were performed using homemade programs, signal shape characterizations in MATLAB (Math-Works, Inc.) and spike detections in Python. The spikes in the signal were detected by using peakFinder function by setting an amplitude threshold Thr as a measure of an estimate of the background noise σ, Thr = 5 • σ = 5 • median(|signal|/0.6745).

Figure 4 . 2

 42 Figure 4.2 Characterization of the gelatin nanofibers on bilayer nanofiber Patch. A) Top-view (left) and tilted-view (right) SEM images of a scaffold (Patch) composed of two monolayers of crosslinked gelatin nanofibers and a honeycomb micro-frame. B) Percentages of the pore areas in gelatin nanofiber mesh categorized in 3 groups.

Figure 4 .

 4 Figure 4.2 shows a monolayer of gelatin nanofibers after chemical crosslinking and a cross-sectional

  Figure 4.3 Emergence of neurospheroids on bilayer nanofiber Patch. A) Phase contrast images of cells morphologies at 1-, 2-and 8-weeks during differentiation. B) Confocal images of the morphology of the cell cytoskeleton (F-Actin, red) and cell nuclear (DAPI, blue) projected on a x-z plane at day 3 and 7. C) Number of cells existed inside the microcompartments at day 3 and 7. (n=6). D) and E)3D-reconstructed confocal microscopy images of NPCs at day 7 with fluorescentlylabeled F-actin (red) and nuclei (blue) in a micro-compartment. Left images show the projection on a x-z (D) and x-y (E) plane of the 3D images on the right. F) 3D-reconstructed confocal microscopy images of F-actin (red) and nuclei (blue) of the cells on a bilayer Patch at day 47 (7 days of neuronal differentiation, left) and day 100(60 days, right). G) Phase contrast microscopy images of the micro-compartments of a Patch with cells at96. 

Figure 4 . 4

 44 Figure 4.4 Spatial cells nuclear distribution. A) Orthogonal views of the reconstructed confocal microscopy images of the cell nuclei inside a bilayer Patch micro-compartment at day 56. B) Three regions divided vertically with similar volumes are A (center, pale yellow), B (middle, yellow) and C (outer, brown), respectively. C) Distribution of the nuclei in the central (pale yellow), middle (yellow), and outermost (brown) regions inside a honeycomb compartment. Data were collected from at least 3 independent samples D) Three equal volumes divided horizontally are marked in blue (H1, H £ 50 µm), green (H2, 50 < H £ 100 µm) and orange (H3, 100 < H £ 150 µm). E) Averaged radial distance of the cell nuclei (r) from the center in the bottom (H1, H £ 50 µm, blue), middle (H2, 50 < H £ 100 µm, green) and top (H3, 100 < H £ 150 µm, orange) regions in a honeycomb compartment. P values were calculated by unpaired Student's t-test. *P < 0.05, **P < 0.01.

Figure 4 . 5

 45 Figure 4.5. Confocal microscopy images of neurospheroid cells. A) Cells were stained by DAPI (nuclei, blue), GFAP (astrocyte intermediate filament, green), and NF200 (red, neurofilament). Zstack images were projected on a x-y plane. Scale bar 100 µm. B) 3D views of the corresponding zstack images.

Figure 4 . 6 .

 46 Figure 4.6. Confocal microscopy images of a neurospheroid formed in a honeycomb compartment. Cells were fixed on day 56 and stained by DAPI (blue, nuclei), GFAP (green, actin filament) and NF 200 (red, neurofilament). A) 3D-reconstruction views of the images. B) Projection of the corresponding z-stack images in different regions. For clarity, the outside of the compartment has been blacked out.

Figure 4 . 7

 47 Figure 4.7 Confocal microscopy images of a neurospheroid formed in a honeycomb compartment.

Figure 4 .

 4 7A shows the 3D reconstruction of the confocal z-stack images of nuclei (blue), Synapsin I (Syn I, green), and Tau (red) in and around a honeycomb microcompartment. Note that the cells on the frame were also taken into account. Both Synapsin I and Tau were expressed at a high density all over the multi-cellular architecture on the Patch.Cumulative fluorescence signal intensities from Synapsin I and Tau on the top and bottom surfaces of the bilayer scaffold, as well as inside the micro-compartment, i.e., between those surfaces, were measured and summarized in Figure4.7B (n = 3, mean ± standard error of mean).For the measurements, the whole width of the frame surrounding the compartment was taken into account. As shown in the top panel of Figure4.7B (DAPI), the number of cell bodies was significantly small at the top surface. However, interestingly, the cumulative fluorescence intensities of Synapsin I and Tau at the top surface were comparable to those at the bottom surface, while the signals inside the compartment, i.e., around the neurospheroid, showed the same tendency as DAPI signals compared to the bottom surface. This suggests that both surfaces of the Bilayer scaffold were covered with high density of axons and synapses independently from the presence of cell bodies, due to the capability of the axons to make long projections. Further, 3 sections of the honeycomb micro-compartment at different heights, shown in Figure4.7C, demonstrate that those synapses were highly co-localizing with axons, with their signals appearing in yellow in the merged images. Interestingly, I found synapsin I highly expressed around the neurospheroids where the axons located (Figure4.7C, middle). Because numerous astrocytes wrapping the neurospheroids are also indicated (Figure4.6B, bottom). Thus, the population of synapses around the neurospheroids Chapter 4 Development of self-organized 3D neuronal network may results in the induction of astrocytes.
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 48249 Figure 4.8. Calcium images showing interlayer correlation of the neural activities. A Epifluorescence microscopy images of the neurospheroid at different focal planes. The number of ROIs shown in A are marked with orange dots when best focused. B) A summary of the ROIs in an epifluorescence microscopy image of the neurospheroid observed on the focal plane at 54 µm. C) schematic of the 5 focal planes. D) Time traces of normalized fluorescence intensity relative to the initial value, DF/F, in ROI 1-19 presented according to the height of the cell position. Synchronized peaks are highlighted with red bands (total synchronizaition, including the neurospheroid) and gray or blue bands (partial synchronization).

Figure. 4 .

 4 Figure. 4.10 Electrophysiological measurements on on-Patch neuronal network by MnEA. A) Photograph of a MnEA used for the electrochemical measurements. B) Brightfield microscopy image of the center of MnEA without passivation. C) SEM images of a 4 ´ 4 grids of μ-needles printed in different heights with print durations ranging from 60-300 s onto a gold-covered wafer. D) Schematic illustration of the short (150 s printing time) and long (300 s) µ-needle electrodes combined with a Bilayer Patch with different regimes of contact. E-H) Example time trace of signals (top), average spike shape of the recorded spikes in the trace ± standard deviation (bottom left), and distribution of spike widths (bottom right), with a bent, long needle electrode (E, horizontal

  The easy-to-handle nature of the Bilayer Patch allowed us to place the Patch directly on a MEA to perform electrophysiological measurements to characterize the neuronal activities. MEA systems are advantageous in particular for long-term measurements, and among them, MEAs with a 3D feature are strongly desired for measurements on the on-Patch neuronal network due to its tridimensionality. In a previous work, a developed electrode arrays based on a conductive-polymer ink that feature vertical µ-needle electrodes. Here, employed conductive-polymer ink, a mixture of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate and multiwalled carbon nanotubes (PEDOT: PSS-MWCNT), was improved for printing µ-needle electrodes in significantly higher aspect ratios. A finished µ-needle electrode array (MnEA) is shown in Figure4.10A and 4.10B.Each MnEA contained a total of 48 electrodes, arranged in 4 separate areas of 12 electrodes each, with a needle pitch of 250 µm in x-and y-direction. The inner PEDOT: PSS feedlines at the central chip areas are beneficial for minimizing potential cytotoxic effects originating from diffusing silver nanoparticles through the porous µ-needles and, due to their transparency, for observation of the cells. To print the µ-needles onto the tips of the PEDOT: PSS feedlines, the PEDOT:PSS-MWCNT aerosol stream was focused onto the desired position for 150 or 300 s depending on the desired final needle height. A SEM image in Figure4.10C shows needles fabricated with increasing print durations ranging from 60 s to 300 s and demonstrates the control of the needle height in the pointwise printing process. The print parameters of the dielectric layer were adjusted so that the passivating film was much lower than the height of the needles. Therefore, the needles protruded through the liquid dielectric and were not covered. The average diameter of a µ-needle electrode was measured to be 19 ± 2 µm. (n = 12 electrodes; mean ± standard deviation). Furthermore, MEAs were printed with alternating needle heights with print durations of 150 s and 300 s, which resulted in µ-needles with a height of 156 ± 17 μm or 281 ± 23 μm, and open needle tips with a height of 60 ± 20 µm and 185 ± 26 µm (n = 6), respectively, with a passivation height of 96 ± 13 µm (n = 12). Due to the flexibility of the µ-needle electrodes, longer electrodes were in some cases bent and made contact with the bilayer Patch horizontally (horizontal contact), and in other cases penetrated vertically into the honeycomb micro-compartments (vertical contact), as depicted in Figure 4.10D. On the other hand, the shorter electrodes were in contact at the electrode tip with cells in a microcompartment (short vertical contact) or on a honeycomb frame (point contact). Example time traces are shown in the top panels in Figure 4.10E-H, examples for the average spike shapes of the extracellular signals in the recorded traces are depicted in the bottom left panels in Figure 4.10E-H, and distribution of spike widths are summarized as a histogram in the bottom right panels in Figure 4.10E-H. It is worth noted that the spike width in all conditions is in agreement with the values observed in matured cortical neurons in vivo (Figure 4.10I).

Figure 4 .

 4 Figure 4.11 Generation smaller networked-neurospheroids on the bilayer scaffold. 2.0 × 10 5 cells neuronal precursor cells seeding on the two-sided for differentiation. A) Phase contrast images of cells differentiated at day 100. B) 3D-reconstructions of confocal microscopy images of the small networked-neurospheroid constructing by neurons and astrocytes, localized in a honeycomb compartment of the patch. (Neuron: NF 200, red; astrocytes: GFAP, green, cell nucleus: DAPI, blue) C) Time traces of DF/F in 8 ROIs of the small networked neurospheroid at day 100. ROI 7 and 8 are at the focal panel of the neurospheroid inside the microcompartment and the extra ROIs are on the top side of the Bilayer scaffold.
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 21 Subsequently, 3.0 × 10 5 NPCs were seeded on the top side of each bilayer nanofiber Patch in NPM and differentiated into neuronal networks in NDM in 12 well culture plate for 8 weeks. NDM was fully renewed every two days for 4 weeks and half the volume was renewed onwards. Then 4.0 × 10 5 hCMEC/D3 cells were seeded at the bottom side of the ABM in EGM, while the on-Patch neuronal networks were still immersed in NDM. Two PDMS molds which can clamp the Bilayer Patch in the middle and supply two medium chambers on the two sides are used for this step. After 2 h incubation at 37 °C and 5 % CO2 for hCMEC/D3 cells adhesion, Bilayer patch was transferred into a mixed medium (NDM: EGM= 1:1) for further co-culture. The mixed medium was changed every two days.Immunofluorescence stainingCells were fixed by incubating them in 4 % (w/v) paraformaldehyde in PBS for 15 min, followed by permeabilization in 0.5 % (w/v) Triton X-100 in PBS for 10 min and incubation in a blocking solution (3 % bovine serum albumin, 0.1 % Tween 20, and 0.1 % sodium azide (w/v) in PBS) for 30 min at room temperature. The samples were further incubated with primary antibodies at 4 °C overnight, prior to incubation with secondary antibodies in the blocking solution for 2 h and subsequent F-actin staining in 100 µL PBS containing a droplet of ActinRed555 Probes for 30 min at room temperature. Finally cell nuclear were labeled by PBS containing 1 µg•mL -1 DAPI for 15 min at room temperature. The following primary antibodies were used for immunostaining: anti-GFAP (MA5-12023, Thermo Fisher Scientific, 1:100) and anti-Neurofilament 200 (N4142, Sigma-Aldrich, 1:80). Alexa fluor 488 anti-mouse (A-21200, 1:500) and Alexa fluor 633 anti-rabbit (A21070, 1:500) antibodies (Thermo Fisher Scientific) were used as secondary antibodies.

Figure 5 . 1

 51 Figure 5.1 SEM images of the top (left) and the bottom layer (right) of bilayer nanofiber patch for neurovascular unit modeling.

Figure 5 .

 5 Figure 5.2 A) Schematic of the protocol for NVUs modeling. B) Phase contrast images of the NPCs differentiated on the Bilayer patch for 57 (Day 1) and 63 (Day 7) days. C) Phase contrast images of the cells at day -1, 1 and 7 during NVUs modeling on Bilayer Patch.

Figure 5 . 3

 53 Figure 5.3 Generation of neurovascular units on the Bilayer Patch with an ABM layer at the bottom. A) Confocal images of cells on Bilayer Patch after 7 days co-culture with fluorescently labeled cell nucleus (DAPI, blue), cytoskeleton (F-actin, Red), astrocytes (GFAP, Green), and Neurons (NF 200, cyan). B) Orthogonal view of the reconstructed confocal microscopy images as the same z-stack of A. C) 3D views in the microcompartments reconstructed with cell nucleus and astrocytes labelling. D) Characterization of the neuronal networks composing with neurons (Cyan) and astrocytes (green) on the top side of the Bilayer Patch. Scale bars, 50 µm. E) Z-projection of cells on the bottom ABM layer of the Bilayer Patch. Scale bars, 50 µm.

5

 5 cells were seeded onto the Monolayer ABM Patch with EC medium supplemented with 20 ng•mL -1 bFGF, 10 µM retinoic acid and 10 µM Y-27632. After 2h incubation, Monolayer ABM patch was transferred into well of 12 well plate for further culture in EC medium. EC medium changes were performed every two days.Immunofluorescence stainingCells were washed twice with PBS and fixed further in 4 % (w/v) paraformaldehyde in PBS for 15 min. Next, cells were washed 3 times with PBS and blocked in a blocking solution (3% bovine serum albumin, 0.1 % Tween 20, 0.1 % sodium azide (w/v) in PBS) for 30 min at room temperature. Then, the samples were incubated with primary antibodies in blocking solution at 4 °C overnight. After washing 3 times with PBS, secondary antibodies in the blocking solution were further incubated the samples at 4 °C overnight. Subsequently, cell nuclear were labeled by PBS containing 1 µg•mL -1 DAPI for 15 min at room temperature. Finally, the samples were rinsed and washed by PBS three time for fluorescent microscopy observation. The following primary antibodies were used for immunostaining: anti-PECAM (MA5-12023, Thermo Fisher Scientific, 1:3), anti-VE caherin (MA5-12023, Thermo Fisher Scientific, 1:100), anti-Glut1(ab40085, abcam, 1:200). Alexa fluor 488 anti-mouse (A-21200, 1:500) and Alexa fluor 633 anti-rabbit (A21070, 1:500) antibodies (Thermo Fisher Scientific) were used as secondary antibodies. Fluorescently labeled cells were imaged by confocal microscopy (LSM 900, Zeiss) or fluorescent microscopy.

Figure 5 .

 5 Figure 5.4 iPSCs-derived BMECs differentiation. A) The protocol of hiPSCs differentiated into BMECs. B) Phase contrast images of the cell morphological changes during differentiation. Scale bars, 200 µm.

Figure 5 . 5 Figure 5 . 6

 5556 Figure 5.5 Characterization of iPSCs-derived BMECs by Platelet endothelial cell adhesion molecule-1(PECAM) and vascular endothelial cadherin (VE-cadherin) on the glass at day 12.

Figure 5 . 7

 57 Figure 5.7 Immunofluorescence images of iPSCs-derived brain microvascular endothelial cells cultured on Monolayer ABM nanofiber Patch for 11 days. Glut 1: glucose transporter 1 (Green); VE-cadherin: adherents junctions (Red). DAPI: nuclear (Blue).

  mm. To implement this modification, I used a new mask which have this new pattern during UV lithography procedure. The ABM layer at the bottom of Patch is made by the same protocol of the Monolayer ABM Patch fabrication. However, only 25 ul ABM matrix are deposited onto the center area of the crosslinked gelatin nanofibers, since the area of the suspended nanofibers is reduced. U87 seeding and culture on Patch For better observation, only 10,000 U87 cells were seeded onto the area of the honeycomb microcompartments. U87 cells were first cultured in the DMEM complete medium for 24 h to be cells homeostasis. The sterilized home-made Patch handler which is composed of an apical part, two PDMS rings, and a basal part, are used to clamp the Patch in the middle for generating two cultured chambers on the two sides of the Patch. 4.5 mL DMEM medium supplemented with 1 % Glutamax and 20 % fetal bovine serum were first added into a 6 well plate and the Patch handler were transferred into the well after assembling the Patch in it. Then, 0.5 mL salt buffer prepared by supplementing 145 mM NaCl, 3 mM KCL, 1.5 CaCl2, 1 mM MgCl2, 10 mM Hepes in DI H2O, were added inside the upper chamber (Figure 5.8 A). Note that, on-Patch U87 cells were upward and fully covered with the salt buffer (Figure 5.8B). U87 cells then continued culturing for 3 days without medium change performance.

Figure 5 . 8

 58 Figure 5.8 U87 cultured on the Monolayer ABM patch with a in vivo-like nutrient supply condition. A) A physical image during culture. B) Schematic of the culture condition. C) Solutions collected from the upper and lower chamber in tubes after 3 days U87 culture. D) Phase contrast images of U87 cells cultured onto Monolayer ABM patch from day 1 to day3. Scale bars, 100 µm.

2. 1

 1 Patch preparationPatches are fabricated by using cutter plotter to cut patterns on 400 µm PDMS film. Both patches are 13 mm-diameter disks with hexagonal patterns whose diagonal line are 2 mm and 3 mm, respectively. The side-to-side width of hexagonal patterns all are 500 µm. The patches with small and large size of patterns were called 2 mm-Patch and 3 mm-Patch here. AutoCAD was applied in patterns design and Graphtech Studio was used for controlling the cutter plotter here. Then 5 nm-thick gold layers was sputtered onto the one side of the Patch. Dense crosslinked nanofibers were electrospunn for 5 min onto the golden side of the Patch with the same conditions described before. Patch were further treated by air plasma (Harrick Plasma) for 1 min each side, and were sterilized by UV irradiation in 70 % ethanol for 30 min. After washing Patch three times with PBS, Patch were further immersed in 50 µl 0.1 mg•mL -1 PLL-g-PEG for 60 min on the parafilm at RT or overnight at 4 °C fridge for non-attachment surface coating. After washing in PBS and dry, non-attachment Patch are ready to use.

  https://doi.org/10.1016/j.mee.2020.111235 Received 21 October 2019; Received in revised form 22 January 2020; Accepted 27 January 2020 ⁎ Corresponding author.

Fig. 1 .

 1 Fig. 1. Schematic of the device fabrication process and the cell culture and co-culture configuration: (a) Lower plate, (b) Device assembly, (c) Rotational culture device, (d) and (e) Side and cross-section views of culture and co-culture configurations, respectively.

Fig. 2 .

 2 Fig. 2. Scanning electron microscopy images of a microfluidic channel with embedded monolayer nanofibers. (a) Top view, (b) Cross-section view and (c) Enlarge cross-section view.

Fig. 3 .

 3 Fig. 3. Confocal images of HUVECs cultured in microfluidic channel for 24 h. 3D views (a) and cross-sectional views (b) of the HUVECs on all the surfaces. The morphology (c) and cell number (d) of HUVECs on gelatin nanofibers and at the bottom of channel are presented, respectively. Scale bars, 300 μm.

Fig. 4 .

 4 Fig. 4. Phase contrast images of HUVECs on the top (below the fiber layer) and bottom wall of the channel at day 1 and 3. Scale bars, 100 μm.

Fig. 5 .

 5 Fig. 5. Fluorescence images of U87 cells above the fiber layer, HUVECs below the fiber layer and HUVECs on the bottom wall. Staining: Cell Tracker™. Scale bars, 100 μm.

Dans le chapitre 5 ,

 5 je présente les essais et les résultats préliminaires vers la modélisation des NVUs. Je décris d'abord la motivation de nos efforts. Je présente ensuite le protocole de fabrication d'un nouveau type d'échafaudage impliquant un traitement ABM et les protocoles de formation de réseaux neuronaux 3D et de co-culture des neurones 3D avec des cellules endothéliales. En analysant la distribution spatiale des cellules et en particulier la polarité des astrocytes, je clarifie les effets de l'endothélium. De plus, je rapporte les résultats de la différenciation des iPSCs en cellules endothéliales vasculaires cérébrales. Enfin, je montre la faisabilité de la culture cellulaire d'un côté tandis que les nutriments sont délivrés de l'autre côté de l'ABM. Dans l'ensemble, ce travail de thèse vise à la modélisation des NVU. Bien qu'elles ne soient pas entièrement achevées, les expériences de preuve de concept ont confirmé notre stratégie de développement sous de nombreux aspects. Les principaux résultats et les orientations futures de ce travail sont discutés dans Conclusion et Perspectives.

Figure 2 .

 2 Figure 2. Génération des NPCs. A) Schéma illustrant les principales étapes de développement du protocole de génération de NPCs. B) Images en contraste de phase des cellules pendant la différenciation. C) Caractérisation des cellules processeurs neuronales cultivées sur verre au jour

Figure 3 .

 3 Figure 3. A) Images de microscopie à contraste de phase des cellules différenciées sur le verre, le verre recouvert de nanofibress et le substrat de type membrane de nanofibres monocouche à 1, 4 et 8 semaines. B) Caractérisation des réseaux neuronaux sur verre, verre recouvert de nanofibres et

Figure 5 .

 5 Figure 5. A) Le protocole de différenciation des réseaux neuronaux à partir de cellules de processeur neuronal. B) Illustration des principaux composants du système automatisé et du sens de circulation du milieu. C) Fiches lumineuses des cellules processeurs neuronales différenciées sur le substrat de type membrane de nanofibres monocouche aux jours 14, 36, 52 et 62. D) Coloration par immunofluorescence des neurones différenciés par la méthode manuelle et automatisée sur le substrat de type membrane de nanofibres monocouche au jour 78. DAPI : nucléus ; Synapsine I : synapses ; MAP2 : Dendrites ; Tau : axones neuronaux. Barres d'échelle, 50 µm(gauche), 20 µm(droite). E) Traçage calcique des réseaux neuronaux différenciés par les méthodes manuelle et automatisée au jour 78.

Figure 6 .

 6 Figure 6. A) Illustration schématique de la fabrication de l'échafaudage bicouche. B) Images SEM en vue de dessus (gauche) et en vue inclinée (droite) d'un échafaudage (Patch) composé de deux monocouches de nanofibres de gélatine réticulée et d'une microframe en nid d'abeille. C) Pourcentages des zones de pores dans les mailles de nanofibres de gélatine classée en 3 groupes.

Figure 7 .

 7 Figure 7.A) Images en contraste de phase de la morphologie des cellules à 1, 2 et 8 semaines pendant la différenciation. B) Images de microscopie confocale reconstituées en 3D de la F-actine (rouge) et des noyaux (bleu) des cellules sur un patch bicouche. C) Vues orthogonales des images de microscopie confocale reconstruites des noyaux cellulaires à l'intérieur d'un microcompartiment de Bi-layer Patch au jour 56. D) Images de microscopie confocale de cellules neurosphéroïdes. Les cellules ont été colorées par le DAPI (noyaux, bleu), le GFAP (filament intermédiaire des astrocytes, vert) et le NF200 (rouge, neurofilament). Barre d'échelle 100 µm.

Figure 8 .

 8 Figure 8. A) Images en microscopie confocale d'un neurosphéroïde formé dans un compartiment en nid d'abeille. Les cellules ont été fixées au jour 56 et colorées par DAPI (bleu, noyaux), GFAP (vert, filament d'actine) et NF 200 (rouge, neurofilament). Projection des images z-stack correspondantes dans différentes régions. Pour plus de clarté, l'extérieur du compartiment a été noirci. B) Vues de reconstruction 3D des images confocales des neurosphéroïdes C) Intensités de fluorescence cumulées de DAPI, Synapsine I et Tau projetées dans la surface supérieure, la région médiane et la surface inférieure (n = 3, les barres d'erreur représentent l'erreur standard de la moyenne). D) Projection des images z-stack correspondantes à l'intérieur du micro-compartiment, du plan équatorial du neurosphéroïde au sommet du micro-compartiment (à gauche), du neurosphéroïde (au milieu), et du plan équatorial au fond du compartiment (à droite).

Figure 9 .

 9 Figure 9. A Epifluorescence microscopy images de la neurosphéroïde à différents plans focaux. Le nombre de ROIs montré en A est marqué par des points orange lors de la meilleure mise au point. B) résumé des ROIs dans une image de microscopie à épifluorescence du neurosphéroïde observée sur le plan focal à 54 µm. C) Schéma des 5 plans focaux.D) Traces temporelles de l'intensité de fluorescence normalisée par rapport à la valeur initiale, DF/F, dans la ROI 1-19 présentées en fonction de la hauteur de la position de la cellule. Les pics synchronisés sont mis en évidence par des bandes rouges (synchronisation totale, y compris le neurosphéroïde) et des bandes grises ou bleues (synchronisation partielle). E Epifluorescence microscopie image de la surface supérieure après chargement de Ca 2+ indicateur, Fluo-4 AM. Les ROIs pour les mesures d'intensité de fluorescence sont indiqués. La ROI 1 couvre la totalité de la zone du neurosphéroïde. Le ROI 6 couvre la zone du neurosphéroïde voisin F) Traces temporelles DF/F dans les ROIs indiqués en A. Les pics synchronisés sont mis en évidence par des bandes rouges (synchronisation complète) et des bandes bleues (synchronisation partielle). Les pics corrélés correspondent aux ROIs 1-6. G) L'intensité de la fluorescence a augmenté pendant 1 s sur les neurites connectés au neurosphéroïde et les neurites entourant le neurosphéroïde, indiqués par des pointes de flèche blanches et noires, respectivement, ainsi que sur le neurosphéroïde. H) Image par microscopie à épifluorescence du neurosphéroïde observé dans le plan focal à h5. Les vingt-deux corps cellulaires identifiés par le programme FluoroSNNAP sont indiqués par des points jaunes. La connectivité fonctionnelle détectée par le programme entre les paires de neurones est indiquée par des lignes rouges. I) Représentation matricielle des pics d'intensité de fluorescence dans les 22 ROIs montrés en D,

  FluoroSNNAP sont indiqués par des points jaunes. La connectivité fonctionnelle détectée par le programme entre les paires de neurones est indiquée par des lignes rouges. I) Représentation matricielle des pics d'intensité de fluorescence dans les 22 ROIs montrés en D, arrangés selon leur contribution à l'activité du réseau. J) Matrice de synchronisation avec une carte de couleurs pour les indices de synchronisation de phase par paire générés par le programme FluoroSNNAP. L'imagerie calcique a été réalisée pour étudier les activités électriques, la connectivité et la synchronisation des neurones à différentes positions dans le réseau neuronal 3D on-Patch. Les ROIs ont été catégorisés en 5 hauteurs approximatives des positions des cellules (Figure 9A-C), (h1, h2, h3, h4, h5) = (0, 21, 54, 93, 102) µm, auxquelles les cellules étaient le mieux focalisées comme indiqué par les points orange dans la Figure 9A. Des synchronisations des pics de DF/F dans différentes ROI ont été observées sur toute la hauteur du micro-compartiment, comme le soulignent les bandes rouges, et entre les ROI à des hauteurs proches, comme le soulignent les bandes grises et bleues (Figure 9D). Ainsi, des connexions fonctionnelles permettant de propager des signaux électriques ont été établies dans les réseaux neuronaux 3D du compartiment en nid d'abeille. Lorsque nous nous concentrons sur h1 et h5, nous avons constaté que la connectivité fonctionnelle des réseaux neuronaux tridimensionnels s'est formée non seulement à l'intérieur des neurosphéroïdes dans le micro-compartiment, mais aussi entre les neurosphéroïdes et les cellules environnantes dans le compartiment, et sur les compartiments voisins sur l'échafaudage à deux couches (Figure 9 E-J). Tous ces résultats prouvent que la connectivité entre les couches et au sein des couches s'est formée dans ces neurosphéroïdes en réseau.

Figure 10 .

 10 Figure 10. A) Images SEM d'une grille 4´ 4 d'aiguilles μ imprimées à différentes hauteurs avec des durées d'impression allant de 60 à 300 s sur une plaquette recouverte d'or. B) Images de contraste de phase d'un exemple de contact vertical entre des électrodes 3D et des réseaux neuronaux on-Patch. C) Illustration schématique des électrodes µ-aiguille courtes (150 s de temps d'impression) et longues (300 s) combinées à un patch bicouche avec différents régimes de contact. D) Exemple de trace temporelle des signaux (en haut), forme moyenne des pointes enregistrées dans la trace ± écart-type (en bas à gauche), et distribution des largeurs de pointes (en bas à droite), avec une électrode à aiguille longue et droite pénétrant verticalement dans le micro-compartiment. E)Va l e u r s d e s a m p l i t u d e s d e s p o i n t es en fonction de la largeur des pointes dans des conditions de contact horizontal (bleu, à partir de 10 traces), de contact ponctuel (rouge), de contact vertical (gris) et de contact vertical court (vert).

4. 1

 1 Introduction L'unité neurovasculaire peut être considérée comme un élément constitutif du cortex cérébral complexe dans lequel le réseau neuronal 3D est situé d'un côté et le sang circule de l'autre côté de la barrière hémato-encéphalique. Plus précisément, les cellules endothéliales microvasculaires du cerveau sont alignées sur la barrière hémato-encéphalique, les péricytes sont intégrés et les extrémités astrocytaires sont en contact avec la barrière hémato-encéphalique mais à l'opposé de l'endothélium. En plus des neurones et des astrocytes, les cellules de la microglie sont également présentes dans l'espace neural pour la défense immunitaire locale. Une telle organisation et en particulier la jonction serrée entre les cellules endothéliales rendent la barrière sanguine cérébrale très résistante aux médicaments et l'espace neural très protégé. De toute évidence, la compréhension des NVU et des maladies qui y sont associées est primordiale pour l'étude du cerveau humain, les soins du cerveau, le développement de médicaments et la médecine régénérative. Contrairement aux progrès rapides de la compréhension mécaniste des neurones individuels et de la physiologie du cerveau, les NVU n'ont pas été étudiés de manière systématique et seules quelques recherches expérimentales ont été consacrées à la modélisation des NVU. Néanmoins, un grand nombre d'études sur les BBB ont été rapportées. À ce jour, le dispositif transwell est l'échafaudage le plus simple et le plus utilisé pour la culture ou la co-culture de neurones en 3D, dans lequel les neurones et les astrocytes peuvent être cultivés d'un côté et les endothéliums de l'autre d'une membrane plastique semi-perméable. Si ce type d'échafaudage offre une facilité de culture et de suivi, il est trop simplifié sans récapituler les caractéristiques essentielles du système à modéliser. En effet, les membranes plastiques sont constituées de trous traversant, qui diffèrent significativement de la BM native en termes de continuité, de rigidité, de perméabilité, de bioréactivité et de capacité à maintenir l'homéostasie des NVU. Il est donc nécessaire de développer une méthode fiable pour reproduire les caractéristiques essentielles de la BM native. En outre, il est également souhaitable de développer des neuroscaffolds plus sophistiqués qui permettent simultanément la formation de la BBB et de réseaux neuronaux en 3D et l'incorporation du fluide interstitiel (ISF) et du flux microvasculaire.Ainsi, nous devons évaluer la faisabilité et les performances de plusieurs technologies avant de créer un NVU fonctionnel, notamment i) l'intégration de la BM dans nos échafaudages bicouches en nanofibres, ii) la co-culture d'un réseau neuronal 3D avec des cellules endothéliales microvasculaires cérébrales, iii) la différenciation des hiPSC en cellules endothéliales et iv) la culture cellulaire dans un environnement semblable à celui d'un espace neuronal. Les essais préliminaires et les résultats obtenus dans ce domaine sont présentés ci-dessous.

Figure 11 .

 11 Figure 11. A) Schéma du protocole pour la modélisation des NVUs. B) Images SEM de la couche supérieure (à gauche) et de la couche inférieure (à droite) du patch de nanofibres bicouche pour la modélisation de l'unité neurovasculaire.C) Images confocales de cellules sur un patch bicouche après 7 jours de co-culture avec des cellules marquées par fluorescence : noyau (DAPI, bleu), cytosquelette (F-actine, rouge), astrocytes (GFAP, vert) et neurones (NF 200, cyan). D) Vue orthogonale des images de microscopie confocale reconstruites comme la même pile en z de A. E) Vues 3D des microcompartiments reconstruits avec marquage du noyau cellulaire et des astrocytes. F) Caractérisation des réseaux neuronaux composés de neurones (cyan) et d'astrocytes (vert) sur la face supérieure du patch bicouche. Barres d'échelle, 50 µm. G) Projection en Z des cellules sur la couche inférieure de l'ABM du patch bicouche. Barres d'échelle, 50 µm.

Figure 12 .

 12 Figure 12. A) Le protocole des hiPSCs différenciées en BMECs. B) Images en contraste de phase des changements morphologiques des cellules pendant la différenciation. Barres d'échelle, 200 µm. C) Caractérisation des BMECs dérivées d'iPSCs par la molécule d'adhésion de cellule endothéliale de plaquette-1(PECAM) sur le verre au jour 12. D) Images d'immunofluorescence de cellules endothéliales microvasculaires cérébrales dérivées d'iPSC cultivées sur des nanofibres ABM monocouches pendant 11 jours. Glut 1 : transporteur de glucose 1 (Vert) ; VE-cadhérine : jonctions d'adhérence (Rouge). DAPI : nucléaire (Bleu).

4. 4

 4 Culture cellulaire avec le nutriment diffusé d'un autre côté de l'ABM.

Figure 13 .

 13 Figure 13. U87 cultivé sur le patch ABM monocouche avec une condition d'approvisionnement en nutriments similaire à celle d'une culture in vivo. A) Image physique pendant la culture. B) Schéma des conditions de culture. C) Solutions recueillies dans les chambres supérieure et inférieure dans des tubes après 3 jours de culture d'U87. D) Images en contraste de phase de cellules U87 cultivées sur un patch ABM monocouche du jour 1 au jour 3. Barres d'échelle, 100 µm.

  suffisamment grande des pores des échafaudages en nanofibres. Pendant la différenciation, les cellules se sont auto-organisées dans chacun des compartiments en nid d'abeille et ont formé des neurosphéroïdes structurés avec des extensions cellulaires projetées radialement vers le bord du cadre en nid d'abeille. Des astrocytes et des neurones ont été trouvés concomitants dans la structure organisée, montrant des protubérances radiales et une colocalisation 3D astrocyte-neurone, ce qui indique que les astrocytes jouent un rôle dans le support des neurosphéroïdes et l'organisation des neurosphéroïdes puisque certains d'entre eux relient les neurosphéroïdes et le cadre et que d'autres entourent les neurosphéroïdes pour former des anneaux périphériques. De plus, les connexions inter-compartiments ont pu être facilement identifiées en observant la croissance des astrocytes et des neurites, suggérant une possible corrélation à longue distance des activités neuronales sur plusieurs neurosphéroïdes. La maturité des neurosphéroïdes a pu être testée en observant l'expression de Tau et de la synapsine I et les corrélations entre les couches et à l'intérieur des neurosphéroïdes. Enfin, un essai MEA 3D "proof of concept" a été présenté, indiquant l'utilité du système pour les études électrophysiologiques sur les réseaux neuronaux 3D. Troisièmement, une couche de nanofibres de l'échafaudage bicouche a été utilisée comme support pour la formation d'une membrane basale artificielle (ABM) pour la co-culture de neurones, d'astrocytes et de cellules endothéliales du cerveau. Un tel échafaudage bicouche avec une ABM a ensuite été utilisé pour la différenciation et la culture de neurones et d'astrocytes en 3D. Une fois maturées, des cellules endothéliales microvasculaires cérébrales (hCMEC/D3) ont été ensemencées sur l'extérieur de l'ABM. Après une semaine de co-culture, une organisation stable des cellules neuronales a été observée, accompagnée par des astrocytes remarquables dans la zone de contact avec l'endothélium. J'ai également essayé la différenciation des hiPSCs en cellules endothéliales microvasculaires cérébrales (BMECs). Nos résultats ont montré que les cellules dérivées exprimaient les protéines PECAM, VE-cadhérine et Glut1 et qu'une couche d'endothélium homogène pouvait être formée sur une GAB avec des jonctions adhérentes, ce qui était l'une des caractéristiques essentielles de la barrière hémato-encéphalique. Enfin, j'ai prouvé que des cellules de glioblastome du cerveau humain pouvaient également être cultivées sur l'ABM et maintenues avec un apport de nutriments à l'arrière, c'est-à-dire les cellules d'un côté avec un tampon et des nutriments de l'autre côté de l'ABM, ce qui suggère la possibilité de reproduire la dynamique du flux NVU. En conclusion, dans ce travail de thèse, j'ai réussi à développer des modèles neuronaux humains en profitant des avantages de l'utilisation des hiPSCs et des échafaudages de nanofibres mono et bicouches, ainsi que d'un ABM pour les co-cultures avec des cellules endothéliales. Je pense que ces systèmes, développés étape par étape de manière ascendante, ouvrent la voie à une modélisation in vitro fonctionnelle du NVU. Les outils et méthodes développés dans ce travail, y compris les échafaudages bicouches avec ou sans ABM, les protocoles de différenciation automatisés et les configurations de culture et de co-culture sont tous utiles et applicables à d'autres applications. Cependant, ces outils et méthodes peuvent être améliorés ou optimisés. Des études plus systématiques et des résultats plus intéressants sont attendus, comme nous le verrons plus loin.

  d'appliquer et de réguler des stimuli physiologiques et électrophysiologiques aux neurones des NVU afin d'améliorer les performances et la fonctionnalité du système. En effet, les neurones in vivo sont actifs en permanence et ils ne peuvent être développés que dans un environnement interactif en raison de la causalité structure-fonction évidente.Surveillance en temps réelUn suivi en temps réel est nécessaire pour évaluer la fonctionnalité des NVU et de la barrière hémato(TEER) est largement utilisée dans la modélisation de la BHE.Dans notre cas, l'intégration d'un composant de surveillance de la TEER est faisable en utilisant un dispositif microfluidique développé dans notre olaboratoire. En outre, un système d'imagerie automatisé est souhaitable pour le suivi à long terme des activités neuronales.Codage et décodage des signaux neuronauxLe traitement des signaux des réseaux neuronaux corticaux est essentiel au fonctionnement du cerveau. En développant davantage le présent modèle, on peut s'attaquer à ce tissu. Par exemple, les neurones 3D peuvent être stimulés (codage) à l'aide d'un réseau de microélectrodes avec différents motifs spatio-temporels et les signaux de sortie peuvent être enregistrés et analysés (décodage). Les signaux de codage et de décodage peuvent être corrélés à la fois dans l'espace et dans le temps, afin de comprendre les mécanismes de traitement neuronal et d'aborder les fonctions cérébrales telles que l'apprentissage, la mémoire, la plasticité, etc. À terme, le codage sera corrélé au décodage via des algorithmes d'apprentissage profond.Modélisation des maladies neurodégénérativesLe potentiel d'application du modèle NVU est clairement élevé, car la plupart des maladies du cerveau peuvent être liées au dysfonctionnement des NVU. Par exemple, la rupture de la BBB, son dysfonctionnement et la diminution de l'absorption du glucose ont été mis en évidence dans les premiers stades de la progression physiopathologique de la maladie d'Alzheimer. Une modification de la BBB est également observée dans d'autres troubles neurodégénératifs comme la maladie de Parkinson, la maladie de Huntington et la sclérose en plaques. Le système de modèle in vitro de NVU fabriqué à partir d'iPSC dérivées de patients peut permettre d'explorer de nouvelles pistes pour un traitement efficace. Enfin, les modèles de tumeurs cérébrales in vitro peuvent être développés non seulement pour la compréhension mécaniste des processus d'extravasation (tumeur dans l'espace neural) et d'invasion (cellules tumorales circulantes) mais aussi pour les études de résistance aux médicaments et le criblage de médicaments dépendant de la BBB. Cela dit, ce travail de thèse a ouvert une nouvelle perspective à la modélisation in vitro des neurones. Tumor necrosis factor-alpha TRPC Transient receptor potential type C

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

1.4.2 Neural differentiation

  

	progenitor cells are induced to targeted neuronal subtypes and/or glial cells. Further, cells are
	maintained and access into matured process. All these protocols are highly relied on the growth
	factors and inductive signals. Here, it is the summary of the main growth factors and inductive
	signals for corticogenesis in vitro:
	•	Autocrine fibroblast growth factor signaling was early found and applied in enhancing the
		differentiation of neuroectodermal progenitors which late can generate neurons and glial cells
		[106].
	•	Blocking BMP and Nodal/Actin/TGF beta signals as an efficient approach for neuron
		derivation was reported [107, 108]. Because both TGF-β and BMP signaling pathways act
		through downstream SMAD transcriptional effectors, the protocol is often referred to as the
		dual-SMAD inhibitor procedure. Noggin or LDN193189 and SB431542 are utilized in
		inhibiting BMP and TGF-β signaling pathways, respectively.
	•	Wnt signals inhibition is another method which can regulate self-renewal, maintenance and
		differentiation of neural progenitor cells [109-111].
		Large bodies of technologies were developed for cortical modeling in vitro. Here, I focus on
	the introductions of stem cell technologies, which play an essential role in cortical neurogenesis in
	vitro. Since the development of stem cell technologies, numerous protocols were reported to obtain
	cortical model in vitro. Similar to neurogenesis in vivo, the current methods for in vitro
	corticogenesis include three main processes. Firstly, pluripotent stem cells are conversed into
	neuronal progenitor cells by inductive factors and controllable mechanisms. Secondly, neuronal

1.4.4 Brain on chip

  This is highly mimicking the in vivo endothelial cells culture microenvironment. In addition, specialized structure integrated on chip can achieve different purposes. Chamber with multi-channels were designed by Joseph Park et al can have a triculture system which can model neuron, astrocytes and microglia for 3D spatial research[START_REF] Park | A 3D human triculture system modeling neurodegeneration and neuroinflammation in Alzheimer's disease[END_REF].

	bioprinting have been make an advanced progress in nerves system but also other tissues like lung
	and heart. The command now is not only the 3D structure reconstruction, but also the function and
	application. Human brain is a soft tissue which have a young's models about 1 kPa. So, hydrogels Microfluidic chip system mainly uses the soft-lithography method for microfabrication, have
	which mostly have proper properties like: stiffness, biocompatibility and 3D ECM-like structure are been become an efficient system for microphysiological environment recapitulation and cell-based
	commonly used for 3D construction including 3D printing. Time-consuming and low process assays. For 3D CNS model, microfluidic chip can develop tubular structure for blood vessel
	resolution are the two main limitations of all these layer-by-layer deposition techniques. Together, reconstruction. Further, endothelial cells in tube can co-culture with other cells (ie. neurons.
	there are amounts of techniques can be chosen for 3D scaffold fabrications depending on the Astrocytes, pericytes), which located upper or aside the tube. Fluidic flow can apply to supply shear
	different research proposes. Different kinds of techniques show their impressive advantages and stress for endothelial cells.
	additive some disadvantages. The composition of techniques can be an effective method for 3D
	CNS model. New techniques and methods still need to further develop due to the complex 3D
	architecture of human brain.
	An effective CNS model is highly related to the remarkable cell organization in 3D.
	). For scaffold-based methods, Neurospheres and brain organoids are two kinds of model that can recapitulate the fundamental
	plenty of natural or/and synthetic origin polymer materials were applied and technical 3D scaffolds features of brain in terms of electrophysiology, mechanical stiffness and ECM production.
	fabrication methods were developed. The conventional methods include solvent casting/particulate Neurospheres can be developed by promoting cells self-gathering together but not adherent on
	leaching, phase separation, freeze-drying, gas formation. These methods which are simple and low-surrounded materials. Handing drop method, no-adhesion surface and hydrogels mainly are three
	cost can product 3D scaffolds with porous structure. Compression molding/injection molding is main approaches for neurospheres generation. Desired CNS cell types (ie. neuron, astrocytes,
	another method for controllable porous scaffolds production. However, the low reproducible and microglia and endothelial cells) can be assembled inside Neurospheres. Brain organoids generated
	uncontrollable spatial structure of porous scaffolds limits the further application of these techniques. from pluripotent stem cells is remarkable in cytoarchitectures recapitulation and shows beneficial
	Self -assembly and electrospinning are two techniques for in-vivo ECM like nanofibers fabrication features for brain development study and disease modelling. There are several brain regions of
	and have the capability to control nanofibers properties for examples: size, porosity and composition, organoids like forebrain, midbrain and hypothalamus were established. Brain assembloids which
	widely applied into cell-materials research. With the help of additive substrate for mechanical guiding two brain regions of organoids are further constructed. Cortex is the brain region that was
	properties improvement, these methods can create 3D structures for 3D culture. In parrel, earlier developed by organoid method. Cortical organoid can expand to ~ 4 mm and produce most
	photolithography, soft lithography and laser texting are developed into 3D structure molding and neural lineage cell types found in the human cortex. Surprisingly, multiple small and independent
	texturing. All these methods can define the 3D structure in nanometer and micrometer scale, are neuroepithelial structure contains inside each organoid. And ventricular zone (VZ), inner
	assembled with other techniques for better 3D culture microenvironments mimicking at the same subventricular zone (iSVZ), outer subventricular zone (OSVZ), intermediate zone (IZ), marginal
	time. To address more detailed and complex 3D structure, techniques based on the principle that zone (MZ) and cortical plate (CP) layers can be found in the cortical organoid. However, Brain
	laying down the materials layer-upon layer fashion to complete 3D object are developed like fused organoids also have some limitations. Lack of vascularization and immunological function, stem
	deposition modelling, photolithography-based techniques and 3D bioprinting. Recently, 3D cells self-organization dependence, and long-term to be maturation are the main issues should be
	addressed for more functional study.

1.4.6.1 Neurodegenerative diseases

  

	For modeling neurodegenerative diseases in vitro, human samples with the innate advantages
	are crucial for modelling. The advent of human pluripotent stem cells technique provides an
	efficient approach for generating human brain cells such as neurons and glial cells for studies.
	Patient-derived hPSCs and gene-editing techniques such as the CRISPR-Cas9 system extends the
	applications of hPSCs. Patient-derived iPSCs is benefit for studying from familial monoallelic to
	complex multifactorial diseases such as family amyotrophic lateral sclerosis. Gene-editing tools is
	a powerful tool for single or several genes insertion and correction. Thus, hPSCs are wildly adopted
	in neurodegenerative disease modelling in vitro. Alzheimer's disease, Parkinson's disease, and
	Huntington's disease are three main neurodegenerative diseases, are mostly modeled in vitro.
	The cause of the Alzheimer's disease is still unclear, but the accumulation of amyloid-beta plaques
	and Tau-laden neurofibrillary tangles are always found in AD patient. So, most of the in vitro studies
	are focusing on reproducing the Ab pathology present. Because beta and gamma secretases are
	enzymes related to the synthesis of Ab, various of beta and gamma secretases inhibitor were tested
	by these in vitro models.
	Parkinson's disease mainly causes by a specific loss of dopaminergic neurons in the ventral
	midbrain. And the susceptibility alleles in gene such as LRRK2, PARKIN, SNCA, GBA and PINK1
	are found in PD patients. Mutation in gene LRRK2 is the most well-known cause of the familial
	and sporadic PD. Taking advantages of PSCs, PD patient-derived iPSCs carrying the mutation of
	gene such as LRRK2-G2019S was reported for in vitro modeling [138]. Recently, organoid method
	To study human brain diseases and that can recapitulate in-vivo like cytoarchitecture is applied in PD disease modeling. Patient-derived
	discovery new medicines, more efficient CNS diseases models are urgent need. Techniques for 3D human midbrain organoids with the LRRK2-G2019S mutation is descried and the first organoid
	obtaining human cells and recapitulating microphysiological environments are developing and model of idiopathic PD was reported [139]. Huntington's disease (HD) is a neurodegenerative
	contributing in this significant need. Since the neurodegenerative disease and brain tumor are two disease caused by an expanded CAG repeat in the Huntingtin (HTT) gene. Cell reprogram and gene
	types of common CNS diseases. Here, I will mainly discuss current state of the art in editing techniques both are applying in Huntington's disease modeling.
	neurodegenerative diseases and brain tumor modeling in vitro.

1.4.6.2 Brain tumor modeling

  

	There are over 130 types of brain tumors, as classified by the WTO. Glioblastoma (GBM), is
	the most common and aggressive primary brain tumor in adults, still have no effective medicines
	for treatment. For enhancing the anti-glioma drug screening, many in-vitro models are developing.
	The main issue of the GBM in vitro model is to recapitulate tumor in-vivo like properties and
	microenvironment, such as 3D tumor structure surrounding with ECM, dynamic nutrient delivery
	and metabolism, and non-tumor cell types population.
	Human immortalized glioma cells such as U87 are widely used for modelling. But patient
	derived cells are developed and become another favor of cell resource, because it is more similar to
	the actual GBM tumor cells. Comparing with 2D flask tumor cell culture, cultured GBM tumor in
	3D shows great benefits in in-vivo like cell morphologies, gene expression. Thus, more and more
	GBM models are developed in 3D, and glioma spheroids and scaffolds-based 3D tumor
	reconstruction are the major methods that developed for modeling. Evidently, neurospheres, glioma
	spheroids, and scaffolds-based 3D tumors better preserve the cell morphologies and even gene

expression profiles of patient tumor. However, it seems that it is not enough for modeling that just with 3D tumor structure. Tumor microenvironment also play an essential role in patient tumor.

Microfluidic system is a promise tool for microphysiological environment improvement. Since brain endothelial cells create a barrier and control the accessible of the properties into brain, including drug. In-vivo like brain-blood-barriers should be involved into the brain tumor modeling for better study drug effects. Recently, tumor organoids that can maintain oxygen gradient across the tumor and have more different subpopulation of non-GBM cells are reported for modeling. as a Model to Study Idiopathic Form of Parkinson's Disease, International journal of molecular sciences 21(3) (2020) 694.
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L'objectif de ce travail est de modéliser in vitro des unités neurovasculaires (NVU) qui sont des éléments constitutifs du cortex cérébral, composées à la fois d'éléments multicellulaires et extracellulaires ainsi que de barrières hémato-encéphaliques (BBB). Nous utilisons des cellules souches pluripotentes induites humaines (hiPSC) qui sont d'abord différenciées en cellules progénitrices neuronales (NPC) et peuvent proliférer, être cryo-conservées et différenciées en différents types de cellules neurales. Les NPCs sont ensuite utilisées pour la formation de réseaux de neurones corticaux dans des structures de nanofibres en deux et trois dimensions (2D et 3D). Pour cela, des microstructures en nid d'abeille définies par lithographie sont utilisées pour le dépôt et la réticulation de nanofibres de gélatine à haute porosité en monocouche, donnant lieu à des matrices de membranes à une ou deux couches séparées par le support de microstructures. Grâce à ces dispositifs, des clusters de neurones 2D ou 3D réguliers et interconnectés sont obtenus à partir de NPCs dérivés des hiPSCs, montrant des activités neuronales améliorées par rapport à celles obtenues avec d'autres types de substrats. De plus, l'une des monocouches de nanofibres de la structure 3D peut être transformée en membrane basale artificielle (ABM) par auto-assemblage de protéines de BM naturelles, permettant ainsi une co-culture des réseaux neuronaux 3D et des cellules endothéliales cérébrales. Nous avons montré que l'automatisation de la differentiation et l'utilisation des structures 3D conduisaient à une synchronisation des signaux neuronaux et que des extrémités distinctes des astrocytes pouvaient se former dans l'espace neural à l'arrière des cellules endothéliales. En résumé, les réseaux de neurones fonctionnels sont générés à partir des hiPSCs pour une meilleure modélisation des NVU et de la BBB, offrant une nouvelle perspective pour les études avancées des réseaux de neurones corticaux et des fonctions cérébrales.
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regulate both physiological and electrophysiological stimuli to the neurons of the NVUs so that the performance and the functionality of the system can be improved. Indeed, the in vivo neurons are permanently active and they could be developed only in an interactive environment due to the clear structure-function causality.

Real-time monitoring

A real-time monitoring is necessary to evaluate the functionality of NVUs and the blood-brain barrier in particular. The transepithelial/transendothelial electrical resistance (TEER) measurement is widely used in BBB modeling. In our case, the integration of a TEER monitoring component is feasible using a microfluidic device developed in our olaboratory. Furthermore, an automated imaging system is desirable for long-term tracking of neural activities.

Coding and decoding of neural signals

Signal processing of the cortical neuronal networks is essential for brain function. With further development of the present model, one may address this tissue. For example, the 3D neurons can be stimulated (coding) with a microelectrode array with various spatio-temporal patterns and the output signals can be recorded and analyzed (decoding). The coding and decoding signals can be correlated both spatially and temporally, in order to understand the neural processing mechanisms so that brain functions such as learning, memory, plasticity, etc. can be discussed. Ultimately, the coding will be correlated to the decoding via deep learning algorithms.

Neurodegenerative disease modeling

The application potential of NVU model is clearly high, since the most of brain diseases can be related to the dysfunction of NVUs. For instance, BBB break down, dysfunction and decreased glucose uptake have been shown in early stages of Alzheimer's disease pathophysiological progression. BBB change is also found in other neurodegenerative disorders including Parkinson's disease, Huntington's disease, and multiple sclerosis. The in vitro NVU model system made from patient-derived iPSCs may allow one to explore new insight into efficient treatment. Finally, in vitro brain tumor models can be developed for not only mechanistic understanding of extravasation (tumor in neural space) and invasion (circulating tumor cells) processes but also drug resistance studies and BBB dependent drug screening.

Having all said, this thesis work opened up a new perspective to the in-vitro neural modeling.

Appendix 1 Cortical organoid development on Patch

Differentiation

To generate cortical brain organoids, I modified the protocol previously described in ref [2,5,6]. When hiPSCs colonies on dish are ready for splitting, colonies were detached by 0.5 mM EDTA solution, collected by centrifugation and resuspended in E8 medium containing 10 μM Y27632. 50 µl 3×10 5 hiPSCs suspension were seeded onto the 2 mm and 3 mm Patch. And 50 µl 5×10 5 hiPSCs were seeded onto another 3 mm Patch. After 3 h incubation in 37 °C incubator, the Patch were transferred into 12 well plate possessing 1 % agarose hydrogel at the bottom and 1 mL E8 medium without Y27632 were added for culture. The agarose solution was prepared by dissolving powder into DI water and sterilized by microwave heating in prior. 200 µl hot agarose then were added into the each well in 12 well-plate and cool down to become an agarose gel. E8 medium was changed every day at the first 3 days.

From day 3 to day 11, neural induction medium (NIM) which prepared by supplementing 1 % N2 Supplement, 1 % Glutamax, 1 % MEM-NEAA, 1 µg•mL -1 Heparin DMEM/F12, 1 % N2 Supplement, 1 % Glutamax, 1 % MEM-NEAA, 1 µg•mL -1 Heparin in DMEM/F12 medium was used for differentiation. Medium were changed every two days. On day 9, the patch was transferred onto the sterilized sponge to remove the medium surrounding the cells, and 50 µl Matrigel were deposited onto the top side of the patch. After incubation in 37 °C incubator for 10-20 min, another 20 µl Matrigel were further deposited onto the bottom side of the patch with the same incubation process. Finally, the cells on Patch were trapped in Matrigel and transferred inside the NIM for further differentiation. From day 12 to day 14, improved differentiation medium (IDM-A) composed of 0.5 % N2 Supplement. 2 % B27 without vitamin A, 1 % GlutaMAX, 0.5 % MEM-NEAA, 50 µM 2-Mercaptoethanol, 0.25 % Insulin, 1 % Penstrep in DMEM/F12: Neurobasal (1:1) medium was supplemented with 3 µM CHIR99021 and replaced the NIM for further differentiation.

On day 15, medium was switched to normal IDM. IDM were changed every two days until day 18.

Finally, IDM plus vitamin A medium (IDM+A) composed of 0.5 % N2 Supplement, 2 % B27 with vitamin A, 1 % GlutaMAX, 0.5 % MEM-NEAA, 50 µM 2-Mercaptoethanol, 0.25 % Insulin, 1 % Penstrep 12.5 mM HEPES, and 400 µM Vitamin C in DMEM/F12: Neurobasal (1:1) medium were used for the later differentiation. IDM+A Medium were changed every two days. In Figure 1 shows the schematic of the protocol of the differentiation. 

Immunofluorescence staining

Samples were fixed in 4 % paraformaldehyde in PBS for 1h at room temperature, followed by washing in PBS three times for 10 min. Samples were incubated in PBS containing 0.5 % Triton-x-100 for 10 min, followed by wash in PBS 3 times for 10 min again. Then samples were incubated in blocking solutions composing of 3 % BSA, 0.1 % Tween 20, 0.1 % sodium azide in PBS for 30 min. Next, samples were incubated with anti-SOX2 (A24759, Invitrogen, 1:100) and anti-βIII tubulin (T8578, Sigma, 1:500) in blocking solution supplemented with 0.1 % Triton X-100 at 4 °C overnight. After washing samples in PBS 3 times, Alexa Fluor 555 (A21434, 1:500) and Alexa fluor 633 (A21050, 1:500) were used for another overnight incubation at 4 °C. For labeling cell nuclear, 1 µg • mL -1 Hoechst incubated the samples for 30 min at room temperature. Later, confocal microscopy was used for imaging samples. 

Results and discussion

(Green arrow showing the buds expansion)

PLL-g-PEG effectively interact electrostatically the gelatin nanofibers and PDMS surface to generate the low-attachment surface. Thus, hiPSCs can effectively aggregate and fuse together to form EBs after 24 h (Figure 2). At day 14, buds of neuroepithelium which are the crucial procedure to develop cortical organoid, protruded from the center obviously. After another 17 days differentiation, larger and outgrowth of neuroepithelial buds with continuous structure (Figure 2, green arrows) and fluid-filled lumens were found. Interesting, the initial morphologies and qualities of EBs show outstanding effects in the formations of the cortical organoid. Larger EBs will form larger cortical organoids (C1 vs C2). Large scale of ring-like and flat EBs will differentiated into a flatter cortical organoid (C3 vs C2). Larger scale of the dark necrotic tissue at the center of the organoids represent the larger limitation of the diffusion of oxygen and nutrients. From day 14 to day 31, the area of the dark necrotic areas grew larger in C2, but smaller in C1 and became lighter in C3. Thus, flat cortical organoids developed in C3 may show an advanced benefit for diffusion of oxygen and nutrients to the cells in the center. The vertical expansion of the organoids was proved by observation of the cells onto the PDMS frame at day 31 in C2. Our results show that the size, thickness and morphology of the derived brain organoids can be controlled by changing the cell seeding density and the area of the honeycomb. Since without blood vessel, nutrients, cell factors and metabolites cannot be delivered effectively into the large size organoids. Our patch system might be used to overcome this difficulty.

Figure 3. Confocal images of the cortical organoids differentiated at day 34 in 2mm honeycombs. (A)Nuclear staining (DAPI, blue) of the cortical organoid. (B) Characterization of neuron stem cells (SOX2, red), neuron (TuJ1, green) and cell nuclear (DAPI, blue) in the cortical organoids at day 34 in 2 mm honeycombs. Scale bar, 50 µm.

During the generation of the cortical organoids, multiple neural tubes which show an in-vivo like cortical architecture with apical-out and basal-in polarity will form. I stained cell nuclear of cortical organoids that differentiated for 34 days to investigate the cells organization. In Figure 3, numerous of neural tubes-like structure with cell polarization structure were found. Further, I stained stem cells marker SOX2 and neural specific marker TuJ1 to understand the maturity and neural organization of the cortical organoids. As shown in Figure 3B, most cells were labeled with SOX2 which represent the cortical organoids were still immature and young. The apical-out neural polarity was identified around the lumen structure where have dense cells population. Taken together, this result demonstrated the feasibility to develop cortical organoids on our low-attachment Patch.

Perspectives

Inspiring the results, more researches should be done to investigate the differences between these three conditions. Live/dead cells assays can be firstly done to count the percentages of the live and dead cells generated by these methods. Next, the maturity and distinct cells organization of the cortical organoids should be further investigated to display a more clearly results to show the advantages of the patch method for cortical organoids development. Next, two essential elements which is vascularization and microfluidic system can be introduced to promote the development of the cortical organoids. Further, 3D microelectrodes can integrate into the microfluidic system for real-time stimulation and monitor neurons. Combing all these aspects, the advanced cortical organoids can be applied in studying brain functional processing and modeling brain diseases later.

Appendix 2 hiPSCs-derived vessel organoids generation

days. Medium were changed every two days. On day 12, each cells aggregation was cut by the microneedles and transferred into one well of an unltra-low attachment 96-well-plate by pipette. Cells aggregations were still cultured in the same medium and medium were refreshed every two days. Note that the pipettes for cells aggregation transfer should pipette in PBS with 1 % BSA in prior for non-attachment treatment. The schematic of the protocol of the vessel organoid generation is shown below (Figure 1). 

Vessel organoids replating

The glass slice and membrane type substrate both were treated with 1 min Plasma on each side and sterilized by UV and 70 % ethanol by the common method. Vessel organoids were collected inside the 2.5 mL tubes and disaggregated in TrpLE Express for 20-30 min in 37 °C. Then cells were collected by centrifugation and resuspended in Stempro-34 SFM complete medium supplemented with 15 % FBS, 100 ng•mL -1 VEGF and 100 ng•mL -1 FGF2. 3.0 × 10 5 cells were seeded onto the collagen I:Geltrex (2:1) gel onto the glass slice and incubated for 2 h in 37 °C incubator for adhesion. Besides, 3.0 × 10 5 cells were mixed into collagen I:Geltrex (2:1) matrix, seeded onto the glass and membrane type substrate and incubated in 37 °C incubator for 30 min.

Cells then were cultured in the medium which were refreshed every two days. Note that the tube and pipettes for vessel organoids transfer should also be treated with PBS solution containing 1 % BSA.

Immunofluorescence staining

Ve s s e l o rg a n o i d s were fixed in 4 % paraformaldehyde for 20 min in 2.5 mL tube and washed three times with PBS. The blocking buffer containing 3 % FBS, 1 % BSA, 0.5 % Triton-x-100, 0.5 % Tween 20 in PBS were added to block the vessel organoids. After shaking by a shaker at 80 rpm•min - 1 for 2 h, the blocking buffer was removed and primary antibodies which are anti-CD31-FITC (SAB4700466, sigma, 1:3) and anti-ACE2 (MA%-31394, Thermofisher scientific. 1:1000) were diluted in blocking buffer and incubated the vessel organoids at 4 °C overnight. After that, vessel organoids were washed three time for 10 min in PBS-T solution containing 0.05 % Triton-X-100. At day 1, EBs were generated with the size between 50-150 μm. After 3 days induction, the size of the aggregation expanded and displayed a smooth edge. The aggregation will continue to enlarge from day 4 to day 12. After wrapping inside the collagen I/Geltrex matrix, vessel spouting were obviously observed (Figure 1,D8). The center dark area will gradually become bright and vessel networks can be easily observed inside the vessel organoids by the microscopy from day 18 to 24. Since there are less matrix surrounding the organoids, the size of the vessel organoids was further maintained. Comparing with the behavior of the dissociated cells onto or inside the collagen I/Geltrex matrix, cells connected to form the networks smoothly inside the matrix (Figure 5). 3D cells extensions were clearly observed. From the point of the tissue modeling, another side of the patch can culture other cells to build up the vascular tissue in vitro.

Next

Results and discussion

Perspectives

The successful procedure of replating vessel organoids demonstrated the feasibility to obtain microvascular endothelial cells and pericytes for NVUs modeling in vitro. Angiogenesis of the dissociated cells shows the potential to form capillary vessels and further construct vascular tissue in vitro. The dysfunction of the endothelial cells can be developed by gene-editing or chemical treatment to further study the vascular diseases. Since the endothelial cells have a major function to construct vessels and take the responsibility for gas and nutrients delivery. Engineering blood vessels to carry out this major function will be the first mission for modeling.

Introduction

Platelets have important functions in hemostasis, coagulation, wound healing, and inflammatory reactions and many diseases can be caused by thrombocytopenia or dysfunction of platelets in a body [1]. Currently, the clinically used platelets are from volunteers' blood donation, which may not be permanently guaranteed due to the short storage period of the platelets. One solution is to produce them in-vitro up demand and in time [2]. Since the platelets are generated from stressed megakaryocytes (MK) that can be derived from human induced pluripotent stem cells (hiPSCs), the challenge is to find a reliable way for mass production. Here, I report a study based on a bench process for hiPSC-MK production and a microfluidic device for massively parallel generation of the platelets.

Methods

Differentiation

Figure 1 Schematic of the protocol for hiPSCs-derived megakaryocytes differentiation.

The protocol for hiPSCs-derived megakaryocytes differentiation is followed the ref with VEGF and bFGF for 24 h and supplemented 50 ng•mL -1 SCF, VEGF, TPO and bFGF later. From day 6, suspended cells were collected by centrifugation for megakaryocytes differentiation. These cells were plated into low-attachment 6 wells at a density of 1-2 × 10 5 cells per well and differentiated in the medium of SFD containing 10 ng•mL -1 IL-3 and 50 ng•mL -1 TPO and SCF.

Medium were refreshed every day. Note that RPMI, SFM and SFD basic medium were all supplemented with 2 mM glutamine, 50 μg•mL -1 ascorbic acid and 0.4 mM monothioglycerol.

Platelets production

The microfluidic device and the conical-hole microfilter all were sterilized by UV and 70 % ethanol and dried in prior [4]. The fabrication of conical-hole have been reported After assembling the platelets production system, 2.0 × 10 5 cells differentiated at day 15 were added into the top chamber of the microfluid device. Then the inlet 1 and out 3 were blocked, medium was pumping away from outlet 4 by syringe pump at a flow rate of 0.1 mL•min -1 (Figure 2B). During this procedure, megakaryocytes which are larger than 10 μm will be captured inside the conical shapes micro-holes which possessing the 20 μm upper pore and 6 μm lower pore (Figure 2C). Further, 50-70 mbar were applied onto the microfilter to extrude cell slightly, while 200-300 mbar were applied in the medium tube to drive the tangent flow which have a high flow rate to generate the request shear rate. In our case, the flow rate was fixed at 5 mL•min -1 and a shear rate of about 1000•s -1 was estimated. Finally, the collected medium was centrifuged at 300 g for 10 min. After removing the supernatant, platelets were resuspended in the common SFD basic medium. 

Gimesa staining

evaporation of medium in biological safety cabinet for 20-30 min, the glass slide was dipped into FIX-RAL 555 (362870, RAL diagnostics) for 5 s and further into the Eosin-RAL 555 (361640, RAL diagnostics) solution for another 5 s. Finally, Blue-RAL 555 (361650, RAL diagnostics) were used to stain the cell on the glass slide for 5 s. The glass slide was washed by DI water and microscopy were used for cells observation. Note that, the remaining solution should be removing by tissue paper before dipping into another solution.

Immunofluorescence staining

Cells and platelets suspension were smeared onto the glass slide and dried in the biological safety cabinet for 20-30 min. Then 4 % PFA was used to fix the cells and platelets on the glass slice or the cells captured inside the hole for 15 min. After washing by PBS, blocking solution (3% bovine serum albumin, 0.1% Tween 20, and 0.1% sodium azide) were further added to incubate the samples for 30 min. Subsequently, CD 41-APC (SAB4700370, sigma, 1:10), was added and incubated the cells at 4 °C overnight. Next, cells cytoskeleton was stained by ActinRED-555 (R37112, Thermofisher scientific) in PBS for 30 min and cell nuclear was labeled by 1 µg•mL -1 Hochest in PBS for 15 min. Next, the glass slide was rinsed three times by PBS. After aspirating the remaining solution on the glass, cells were embedded in mounting media for further observation. The megakaryocytes were captured inside the micro-hole and remained part of the cellular structure onto the surface of the microfilter. And branching cellular structure from the extruded parts of megakaryocytes were shown at the bottom of the conical shape micro-hole (Figure 5A). The abscission of the pro-platelets on the branch cellular structure will promote by the tangent flow.

Results and discussion

Then, CD41 + platelets which have an accurate size (1-3 μm) were collected and identified Figure 5, right . Taken together, I succussed in developing a method to produce platelets by using hiPSCs and a microfluidic device with an integrated filter made of a conical shaped micro-hole array. This method can also be applied for continuous production of the platelets at high rate, thereby holding application potential for clinical uses.

Perspectives

In vivo, platelets are generated from megakaryocytes (MKs) when they extend long arms into nearby blood vessels in the bone marrow [5]. To further study the mechanism of the platelets production, an advanced physiological microenvironment including basement membrane microenvironments and vascular cells contact can be further introduced into this system. Since the turbulence shows outstanding benefits in platelets production [6]. A turbulence can be generated by integrating a staggered herringbone mixer at the bottom channel. For a high yield of platelets production, the efficiency of the purified MKs should be enhanced. More researches about the physiological of the platelets should be further proposed to ensure the function of the platelets I produced.

Appendix 4 Microfluidic device for coculture with the dynamic culture condition

Contents lists available at ScienceDirect Microelectronic Engineering Mimicking the cellular microenvironment is important for organoids and organ on-a-chip studies. One of the current issues is to introduce vessel-like structures into the culture system to improve the cellular and tissue functions, which deserves particular efforts in design and systematic consideration. Based on a standard device configuration, we fabricated a vessel-like component which can be easily integrated for cell co-culture. This component consists of an embedded monolayer of gelatin nanofibers on the top of an open channel. It can then be enclosed with an upper plastic plate with molded chamber, channels and standard Luer connectors. Human umbilical vein endothelial cells (HUVECs) were firstly introduced into the vessel-like channel and cultivated three-dimensionally with the help of a rotational device. Then, a flow was applied for cytoskeleton remolding, resulted in a dense and aligned HUVECs layer. Afterward, human glioblastoma cells (U87) were introduced in the upside of the fiber layer and a flow was also applied for the upper cell layer culture. Our results show adjunct formation of HUVEC and U87 cell layers on both sides of the monolayer of gelatin nanofibers, thereby providing a reliable support for a variety of co-culture assays.

Author credit

B.H. and Y.H. performed the device preparation and cell culture experiments, L.W. and J.S. manufactured the plastic device and microfluidic accessories, Y.C. worked on the rotation system, J.H. and E.R aided in device making and cell culturing, A.Y. and Y.C. were involved in planning and supervised the work. All authors discussed the results and commented on the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper. 

List of abbreviations

ABSTRACT

We aimed at in-vitro modeling of neurovascular units (NVUs) which are building blocks of the brain cerebral cortex and composed of both multicellular and extracellular components as well as blood-brainbarriers (BBB). Human-induced pluripotent stem cells (hiPSCs) were firstly differentiated to neural progenitor cells (NPCs) which can be expanded, cryopreserved, and further differentiated to different neural cell types. Then, NPCs were used for the formation of cortical neural networks in two-and three-dimensional (2D and 3D) nanofiber scaffolds. In two cases, lithography-defined honeycomb microframes were used for electrospinning and crosslinking of gelatin nanofibers at high porosity with a monolayer organization, giving rise to nanofiber membrane arrays on one (2D) or two (3D) sides of the frame. Accordingly, regular and inter-connected 2D or 3D neural clusters could be generated from hiPSC derived NPCs, showing enhanced neural activities compared to those obtained with other types of substrates. Furthermore, one of the nanofiber layers of the 3D scaffold could be transformed into an artificial basement membrane (ABM) by selfassembling natural BM proteins, thus allowing the co-culture of the 3D neural networks with brain endothelial cells. We found that both automated cell processing and 3D scaffolds led to the synchronized firing of the neural networks and that distinct astrocyte endfeet could be formed in the neural space backside the endothelial cells. Overall, functional neural networks were demonstrated toward a better NVU and BBB modeling, proving a new perspective for advanced studies of cortical neural networks and brain functions.

MOTS CLÉS

Cellules souches pluripotentes induites humaines, Échafaudages de nanofibres, Réseaux neuronaux, Unité neurovasculaire, Trois dimensions