Glioblastoma Multiforme is an incurable brain cancer that is responsible of about 200 000 deaths per year. Despite multimodal therapies, most patients experience recurrence within a year and the median survival after diagnosis is only 15 months. This is mainly due to the high intrinsic and extrinsic heterogeneity of tumors, their ability to adapt and become resistant to drugs and their high invasiveness. Thus, new therapeutic strategies are needed. Electrotherapies based on the delivery of Pulsed Electric Fields (PEFs) have already proven to be efficient against several types of cancers but rely on stiff electronics that can cause damages to soft tissues like the brain. Thin film electronics seem to be a good alternative as they are less invasive and they allow a better interface with the brain due to the mechanical properties of the materials used. However, the use of flexible devices raises many questions concerning their performance compared to standard stiff electrodes. The development of such new therapies goes along with the choice of appropriate biological models, from the simple in vitro monolayer of cells to the complete immunocompetent organism. This thesis aims to investigate the feasibility of the use of surface thin film electronics for GBM therapy, using different biological models in order to have a full investigation from in vitro experiments to in vivo experiments.

Firstly, an in ovo model of glioblastoma was developed to demonstrate the feasibility of delivering PEFs with flexible electronics. The experiments performed with this model showed that PEFs delivered with such electrodes trigger similar effects than with stiff electrodes, including vasoconstriction of blood vessels, disruption of the plasma membranes and can evoke calcium signals.

Then, a syngeneic orthotropic mouse model of glioblastoma integrating flexible electronics was used to study the effects of PEFs on tumor and its microenvironment, with a focus on the immune system. Preliminary experiments performed showed that the PEFs delivered induce an accumulation of monocytes in the blood vessels located in the treated area that might be able to pass the blood-brain-barrier and infiltrate the brain parenchyma.

Finally, in vitro devices integrated in different standard analysis tools were used to investigate whether repeated application of PEFs could induce ATP depletion-associated cellular death without electroporation of the cells. Gold electrodes were coated with poly(3,4ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS), an organic polymer that attenuate electroporation effects of PEFs. First experiments performed demonstrated that PEFs trigger ATP release that seems to be dependent on the current injected. Finally, electroporation and calcium signaling seem to depend on cells location regarding to the electrodes but further experiments need to be performed in order elucidate the full mechanisms.

RESUME

Le glioblastome multiforme est un cancer du cerveau incurable qui est responsable d'environ 200 000 décès par an. Malgré l'utilisation de thérapies multimodales, la plupart des patients connaissent une récidive dans l'année qui suit et la survie médiane après diagnostic n'est que de 15 mois. Cela est principalement dû à la grande hétérogénéité intrinsèque et extrinsèque des tumeurs, à leur capacité d'adaptation et de résistance aux médicaments et à leur caractère invasif élevé. De nouvelles stratégies thérapeutiques sont donc nécessaires. Les électrothérapies basées sur l'administration de champs électriques pulsés (CEPs) se sont déjà révélées efficaces contre plusieurs types de cancers, mais elles reposent sur des systèmes électroniques rigides qui peuvent endommager les tissus mous comme le cerveau. L'utilisation de l'électronique flexible semble être une alternative prometteuse car elle permet de diminuer l'invasivité des dispositifs et d'en améliorer l'interface avec le cerveau. Cependant, l'utilisation de dispositifs flexibles soulève de nombreuses questions quant à leurs performances par rapport aux électrodes rigides standard.

Le développement de ces nouvelles thérapies va de pair avec le choix de modèles biologiques appropriés, de la simple monocouche de cellules in vitro à un organisme immunocompétent complet, permettant d'avoir une étude complète de l'effet des CEPs sur les tumeurs et leur microenvironnement.

Un modèle in ovo de glioblastome a tout d'abord été développé afin de démontrer qu'il est possible d'utiliser de l'électronique flexible pour l'administration de CEPs. Les expériences réalisées avec ce modèle ont montré que les CEPs délivrés déclenchent des effets similaires qu'avec des électrodes rigides, dont la vasoconstriction des vaisseaux sanguins, la poration des membranes plasmiques et l'évocation de signaux calciques.

Un modèle in vivo de souris syngénique orthotrope de glioblastome intégrant de l'électronique flexible a ensuite été utilisé pour étudier les effets des CEPs sur la tumeur et son microenvironnement, et plus particulièrement sur le système immunitaire. Les expériences préliminaires réalisées ont montré que les CEPs délivrés induisent une accumulation de monocytes dans les vaisseaux sanguins situés dans la zone traitée, qui sont potentiellement capables de traverser la barrière hémato-encéphalique et d'infiltrer le parenchyme cérébral.

Enfin, des dispositifs in vitro intégrés dans différents outils d'analyse standard ont été utilisés pour étudier si l'application répétée de CEPs peut induire la mort cellulaire par déplétion d'ATP, sans électroporation des cellules. Les électrodes en or ont été recouvertes de poly (3,4éthylènedioxythiophène) 
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Chapter 1. Introduction

Glioblastoma multiforme (GBM) is the most common brain cancer, representing more than 60 % of all brain tumors in adults 1 . Several types of GBM exist, developing through different pathways. H.J. Scherer, a German neuropathologist, was the first to use the terms "primary GBM" and "secondary GBM" to describe tumors developing respectively de novo or through progression from low-grade diffuse astrocytoma or oligodendrogliomas [START_REF] Scherer | Structural Development in Gliomas[END_REF][START_REF] Scherer | Cerebral Astrocytomas and Their Derivatives[END_REF][START_REF] Kleihues | Primary and secondary glioblastomas: from concept to clinical diagnosis[END_REF] . Primary de novo tumors account for 80 % of GBM and are affecting older patients (mean age of 64 at diagnosis) than secondary GBM (mean age of 40) [START_REF] Kleihues | Primary and secondary glioblastomas: from concept to clinical diagnosis[END_REF][START_REF] Ohgaki | Genetic pathways to glioblastoma: a population-based study[END_REF] . Recently, the World Health Organization added a third rare subtype containing both astrocytic and oligodendroglial differentiation, termed glioblastoma with oligodendroglioma component (GBM-O) [START_REF] Appin | Glioblastoma with Oligodendroglioma Component (GBM-O): Molecular Genetic and Clinical Characteristics[END_REF] . Overall, the incidence rate of GBM ranges from 0.5 to 5 per 100 000 persons, and is increasing in many countries, presumably due to overdiagnosis, population ageing and ionizing radiations [START_REF] Lee | Epidemiology of primary brain and central nervous system tumors in Korea[END_REF][START_REF] Gousias | Descriptive epidemiology of cerebral gliomas in northwest Greece and study of potential predisposing factors, 2005-2007[END_REF][START_REF] Korja | Glioblastoma survival is improving despite increasing incidence rates: a nationwide study between 2000 and 2013 in Finland[END_REF][START_REF] Arora | Age-incidence patterns of primary CNS tumors in children, adolescents, and adults in England[END_REF][START_REF] Philips | Brain Tumours: Rise in Glioblastoma Multiforme Incidence in England 1995-2015 Suggests an Adverse Environmental or Lifestyle Factor[END_REF][START_REF] Grech | Rising Incidence of Glioblastoma Multiforme in a Well-Defined Population[END_REF][START_REF] Preston | Solid Cancer Incidence in Atomic Bomb Survivors: 1958-1998[END_REF][START_REF] Mathews | Cancer risk in 680 000 people exposed to computed tomography scans in childhood or adolescence: data linkage study of 11 million Australians[END_REF][START_REF] Smetana | Ageing as an Important Risk Factor for Cancer[END_REF][START_REF] Rao | Use Trends and Geographic Variation in Neuroimaging: Nationwide Medicare Data for 1993 and 1998[END_REF] .

Tumors are generally located in supratentorial regions of the brain, causing different symptoms depending on the location. For instance, patients may suffer from visual and hearing problems when the temporal lobe is affected, or personality changes in the case of the frontal lobe 17 . An increase in intracranial pressure is also often observed during tumor growth, causing recurrent headaches 17 . The initial diagnostic imaging for GBM detection is mainly done by computed tomography, magnetic resonance imaging or more recently positron emission tomography. These techniques allow the localization of the tumor but are usually not precise enough to detect infiltrating cells.

Standards of care in glioblastoma therapies combine maximal surgical resection followed by radiotherapy and chemotherapy 18 . Indeed, resection alone is not sufficient as GBM is highly invasive and infiltrating cells remain within the surrounding brain, leading to recurrence.

Moreover, the tumor is often localized in sensitive areas that control speech or motor functions for instance. Radiotherapy is therefore used to kill remaining cancer cells, but has several limitations including radiation necrosis or induced neuronal damage [START_REF] Iacob | Current data and strategy in glioblastoma multiforme[END_REF] . Addition of chemotherapeutic agents can improve the survival of patients. The standard treatment includes the administration of concomitant and maintenance temozolomide (TMZ), an alkylating chemotherapy agent [START_REF] Stupp | Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma[END_REF] . This drug, able to pass the Blood-Brain-Barrier (BBB), induces the methylation of DNA and thus the failure of the DNA miss-match repair system resulting in cell apoptosis [START_REF] Friedman | Temozolomide and treatment of malignant glioma[END_REF] . Although slightly improving the prognosis, TMZ has many side effects including nausea, fatigue or headache. Moreover, tumor cells can adapt and become resistant to this treatment by repairing DNA damage, leading to GBM recurrence within a year [START_REF] Friedman | Temozolomide and treatment of malignant glioma[END_REF] . In the end, the median survival is only 15 months (compared to 3 months without treatment), leading to the death of about 200 000 people per year, making it a crucial public health issue [START_REF] Malmström | Temozolomide versus standard 6-week radiotherapy versus hypofractionated radiotherapy in patients older than 60 years with glioblastoma: the Nordic randomised, phase 3 trial[END_REF][START_REF] Koshy | Improved survival time trends for glioblastoma using the SEER 17 population-based registries[END_REF] .

Glioblastoma appears as one of the cancer types for which new therapeutic approaches are needed, especially with the inefficacy of the current treatments and the complex and sensitive nature of the brain. This introductory chapter will provide a description of GBM and its microenvironment followed by different existing biological models for its study in the laboratory.

Then, the field of electrotherapy will be introduced before ending with an outline of the research carried out for this thesis.

Glioblastoma multiforme 1.Microanatomy of the brain

The brain is the central organ of the nervous system and one of the most complex in the human body. It controls all functions and is able to integrate sensory impulses and information to form perceptions, thoughts and memories, through cells called neurons (Figure 1.a.). Neurons are excitable cells that can receive and transmit chemical and electrical signals over long distances [START_REF] Nolte | The Human Brain: An Introduction to Its Functional Anatomy[END_REF] . They are surrounded by glial cells, a broad class of cells initially only considered as supportive tissue for neurons. However, in the last decades, many studies demonstrated their key role in the development, the function and the survival of neurons [START_REF] Allen | Glia -more than just brain glue[END_REF] .

Astrocytes are the most common glial cells found in the brain (Figure 1.b.). They provide energy and substrates for neurotransmission, acting as a barrier between the synaptic connections of neighboring neurons and maintaining water and ion homeostasis in the brain. There are also an essential element of the BBB, a highly selective semi-permeable barrier lining the capillaries in the brain to prevent the passage of pathogens (Figure 1.c.) [START_REF] Daneman | The Blood-Brain Barrier[END_REF] . Finally, they are able to control blood flow and thus to enhance the delivery of oxygen when needed [START_REF] Nolte | The Human Brain: An Introduction to Its Functional Anatomy[END_REF] . The oligodendrocytes, on their side, form myelin sheats enwrapping axons, resulting in enhanced speed of conduction of the electrical signal of neurons (Figure 1.d.), like Schwann cells in the peripheral nervous system.

Finally, microglia are specialized macrophage-like immune cells that are permanently located in the brain to protect it from damage and infection (Figure 1.e.). All these cells are embedded in the extracellular matrix (ECM), a three-dimensional macromolecular network of polysaccharides and proteins playing a role in the structure, the regulation of neural processes and the maintenance of physiological conditions [START_REF] Mohiuddin | Extracellular matrix in glioblastoma: opportunities for emerging therapeutic approaches[END_REF][START_REF] Vecino | The Extracellular Matrix in the Nervous System: The Good and the Bad Aspects[END_REF] . 

Heterogeneous tumor arising from glial cells

Functioning of the brain would not be possible without the glial cells ensuring the support of neurons in their development, function and survival. GBM arises from these glial cells, leading to the invasion and the disruption of surrounding brain area. Understanding how GBM originates and evolves prior to treatment appears as a key point to find new therapeutic strategies. Hence, the next part attempts to relate the complexity of GBM and its microenvironment.

1.2.1.

Intratumor heterogeneity

GBM is a very aggressive tumor of astrocytic and/or oligodendrocytic lineages developing via multiple and various genetic and molecular aberrations and resulting in highly heterogeneous tumors 18,[START_REF] Loeb | Human cancers express mutator phenotypes: origin, consequences and targeting[END_REF] . Cancer cells are also greatly affected by the tumor microenvironment, leading to the presence of many genetic, phenotypic and epigenetic subtypes between and within the tumors [START_REF] Verhaak | Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma Characterized by Abnormalities in PDGFRA, IDH1, EGFR, and NF1[END_REF] .

In addition, the presence of Glioblastoma stem cells (GSCs) was observed in specific "niches", the perivascular niches that are located near blood vessels (Figure 2. a) and the peri-necrotic niches characterized by areas of necrosis and hypoxic cells (Figure 2.b) [START_REF] Charles | The brain tumor microenvironment[END_REF] . These GSCs express stem-like characteristics including self-renewal, quiescence, therapy resistance and differentiation 32 .

A complex microenvironment

These highly heterogeneous tumors grow in a no less complex microenvironment, composed of the healthy neural cells (described in the previous paragraph) as well as endothelial cells and pericytes forming blood vessels, all surrounded by ECM. Moreover, GBM cells recruit, amongst others, cancer-associated fibroblasts (CAFs), i.e. activated fibroblasts that can remodel ECM to promote cell migration. They secrete different growth factors supporting tumor development by maintaining CAFs in their active state and recruiting tumor-associated macrophages (TAMs), which are immune cells involved in tumor progression, immunosuppression, treatment resistance and immune evasion (Figure 2) [START_REF] Charles | The brain tumor microenvironment[END_REF] . Moreover, many components of the ECM are overexpressed in tumor tissues, including hyaluronic acid and fibronectin. They promote the mobility and the invasiveness of tumor cells, which is one of the most characteristic features of GBM 33 . However, extracranial metastases are extremely rare as tumor cells rarely intravasate into blood vessels, but rather navigate and propagate along, in the perivascular space [START_REF] Mohiuddin | Extracellular matrix in glioblastoma: opportunities for emerging therapeutic approaches[END_REF][START_REF] Hatoum | The unique invasiveness of glioblastoma and possible drug targets on extracellular matrix[END_REF] . This explains the high invasiveness of GBM, as it is characterized by an extensive microvascularization, induced by the tumor itself to increase blood supply and meet the required oxygen demand for its growth [START_REF] Hardee | Mechanisms of Glioma-Associated Neovascularization[END_REF] . 

Tumor vascularization

At the early stage, studies showed that GBM grow by co-opting pre-existing blood vessels (Figure 3.a), the tumor cells migrating towards and along brain blood vessels as explained previously [START_REF] Hardee | Mechanisms of Glioma-Associated Neovascularization[END_REF][START_REF] Zagzag | Vascular Apoptosis and Involution in Gliomas Precede Neovascularization: A Novel Concept for Glioma Growth and Angiogenesis[END_REF] . However, after few weeks, co-opted vessels start to express angiopoietin-2, a growth factor promoting endothelial cell apoptosis, leading to vascular regression and thus tumor hypoxia and necrosis [START_REF] Holash | Vessel cooption, regression, and growth in tumors mediated by angiopoietins and VEGF[END_REF] . This triggers the neo-vascularization of the tumor in a process called angiogenesis (Figure 3.b). Indeed, hypoxic cells express hypoxia inducible factor-1 (HIF-1), which upregulates the expression of multiple pro-angiogenic factors including vascular endothelial growth factors (VEGF), transforming growth factor-β, fibroblast growth factors, angiopoietin-1 and epidermal growth factor [START_REF] Ahir | Tumor Development and Angiogenesis in Adult Brain Tumor: Glioblastoma[END_REF] . Moreover, astrocytes become reactive in response to hypoxia and release Matrix metalloproteases (MMPs) that are able to remodel ECM components [START_REF] Guan | Reactive Astrocytes in Glioblastoma Multiforme[END_REF] . All these molecules participate in pericytes detachment and the degradation of both the basement membrane and the blood vessels' walls [START_REF] Ahir | Tumor Development and Angiogenesis in Adult Brain Tumor: Glioblastoma[END_REF] . MMPs also remodel the ECM to synthesize a new matrix that promotes the migration and the proliferation of endothelial cells to form a new endothelial tube-like structure. Finally, activated endothelial cells (ECs) secrete platelet-derived growth factors to recruit pericytes to the neo-vessels [START_REF] Lindahl | Pericyte loss and microaneurysm formation in PDGF-B-deficient mice[END_REF] . The blood vessels formed are abnormally tortuous and more permeable compared to normal capillaries in the brain, resulting from an incomplete maturation [START_REF] Hardee | Mechanisms of Glioma-Associated Neovascularization[END_REF][START_REF] Ahir | Tumor Development and Angiogenesis in Adult Brain Tumor: Glioblastoma[END_REF][START_REF] Das | Angiogenesis in Glioblastoma[END_REF] .

Three other mechanisms are also involved in the growth of new blood vessels: vasculogenesis, vascular mimicry and glioblastoma-endothelial cell transdifferentiation. Vasculogenesis involves recruitment and differentiation of circulating bone marrow-derived cells, the endothelial progenitor cells, due to hypoxia-mediated release of growth factors, that can incorporate into neo-vessels (Figure 3.c) [START_REF] Kioi | Inhibition of vasculogenesis, but not angiogenesis, prevents the recurrence of glioblastoma after irradiation in mice[END_REF][START_REF] Rosińska | Tumor Vessels Fuel the Fire in Glioblastoma[END_REF][START_REF] Lewis | Tie2-Expressing Monocytes and Tumor Angiogenesis: Regulation by Hypoxia and Angiopoietin-2: Figure 1[END_REF] . Vascular mimicry and glioblastoma-endothelial cell transdifferentiation are the most recently described mechanisms, probably linked with hypoxia, whose contribution to the overall vascularization of GBM remains unclear. They are based on the ability of tumor cells to form functional "vessel-like" networks. In the first case, tumor cells maintain glioma morphological characteristics and markers (Figure 3.d), whereas in the second case, cells transdifferentiate into an endothelial phenotype, expressing endothelial-specific markers (Figure 3.e) [START_REF] Rosińska | Tumor Vessels Fuel the Fire in Glioblastoma[END_REF][START_REF] Cheng | Glioblastoma Stem Cells Generate Vascular Pericytes to Support Vessel Function and Tumor Growth[END_REF] . 

GBM tumors are intrinsically highly heterogeneous due to the various genetic alterations that can occur during tumorigenesis and the presence of

Biological glioblastoma models

Mimicking GBM in the laboratory with biological models is essential for its study and the development of new treatments, but is also a challenge due to its complexity and heterogeneity, However, the use of cell models is limited as they fail to reproduce native conditions of tumors. In 2D models, cells lack stroma as well as 3D architecture. They are lying flat, which is completely unnatural compared to in vivo tumors and can affect cellular processes including signaling, proliferation or differentiation, and induce resistance to apoptosis [START_REF] Meyers | Potential for Control of Signaling Pathways via Cell Size and Shape[END_REF][START_REF] Weaver | β4 integrin-dependent formation of polarized three-dimensional architecture confers resistance to apoptosis in normal and malignant mammary epithelium[END_REF] . Indeed, the presence of cell-cell and cell-matrix interactions as well as interstitial fluid in a 3D architecture can induce specific differentiations of cells, modifying their functions [START_REF] Kim | Three-dimensional tissue culture models in cancer biology[END_REF] . 2D monolayers also fail to recapitulate cellular heterogeneity in native tumor, in which cells are exposed to non-uniform distributions of nutrients and oxygen due to the 3D structure of the tumor 49 .

in vitro 3D models

The multicellular tumor spheroid (MCTS) model was developed to address these issues.

Spheroids are aggregates of cells growing in three dimensions thanks to specific 3D culture techniques. Despite being more expensive and time consuming compared to 2D cell culture, this model is more physiologically relevant. Indeed, spheroids exhibit many features of avascular native tumors including morphology, functions and transport properties, maintained by tumor cell-derived ECM [START_REF] Mehta | Opportunities and Challenges for use of Tumor Spheroids as Models to Test Drug Delivery and Efficacy[END_REF] . MCTS recapitulates cell-cell and cell-matrix interactions as well as gradients of oxygen and nutrients resulting in a proliferation gradient in spheroids larger than 400 µm. A necrotic core is observed in the inner part of the spheroid whereas cells proliferate at the periphery, as it is also observed in avascular in vivo tumors (Figure 4) [START_REF] Hickman | Three-dimensional models of cancer for pharmacology and cancer cell biology: Capturing tumor complexity in vitro/ex vivo[END_REF][START_REF] Kunz-Schughart | Multicellular spheroids: a threedimensional in vitro culture system to study tumour biology[END_REF][START_REF] Kunz-Schughart | The Use of 3-D Cultures for High-Throughput Screening: The Multicellular Spheroid Model[END_REF] . As a result, cells show different proliferation activity or resistance to treatments, as observed in in vivo tumors [START_REF] Desoize | Multicellular resistance: a paradigm for clinical resistance?[END_REF] .

Different 3D cell culture techniques were developed, and can be classified in two categories according to the presence or not of scaffolds. Scaffold-based techniques are mainly used for the study of invasion, matrix remodeling and angiogenesis, whereas scaffold-free techniques are more adapted for drug screening or studies on tumor growth and proliferation. These techniques are summarized in Table 1 and illustrated in Figure 5 [START_REF] Kim | Three-dimensional tissue culture models in cancer biology[END_REF][START_REF] Costa | Spheroids Formation on Non-Adhesive Surfaces by Liquid Overlay Technique: Considerations and Practical Approaches[END_REF][START_REF] Raghavan | Comparative analysis of tumor spheroid generation techniques for differential in vitro drug toxicity[END_REF][START_REF] Katt | In Vitro Tumor Models: Advantages, Disadvantages, Variables, and Selecting the Right Platform[END_REF][START_REF] Lin | Recent advances in three-dimensional multicellular spheroid culture for biomedical research[END_REF][START_REF] Nath | Three-Dimensional Culture Systems in Cancer Research: Focus on Tumor Spheroid Model[END_REF][START_REF] Santini | Three-Dimensional Spheroid Model in Tumor Biology[END_REF] .

The choice of the 3D cell culture method depends on the desired application and the available resources. In terms of cost, liquid overlay technique (LOT), hanging drop technique (HDT) and gyratory and spinner flask (GSF) are the most interesting techniques, even though specific equipment is required for the last one. The main drawback is the heterogeneity of spheroids produced with LOT on planar surfaces and GSF, as there is no control on tumor size and shape.

LOT in micro-wells seem to be the best compromise as it is high throughput and produces homogeneous spheroids whose diameter can be monitored by adapting the parameters. Scaffolds or microfluidic devices are more expensive but allow a better mimicking of the tumor microenvironment that can be very useful to study cell migration for instance. 

Avian chorioallantoic membrane (CAM) model

The avian chorioallantoic membrane (CAM) is a highly vascularized extra-embryonic membrane ensuring various functions during the embryonic development including gas exchanges, calcium supply or sodium and chloride transport (Figure 6) [START_REF] Nowak-Sliwinska | The chicken chorioallantoic membrane model in biology, medicine and bioengineering[END_REF] .

The first study using the CAM as a biological model dates from 1911, when Rous and Murphy demonstrated the growth of a sarcoma tumor in the CAM [START_REF] Roos | Tumor implantations in the developing embryo[END_REF] . It was later used for virus and bacteria culture, and is still extensively used for angiogenesis studies and drug testing [START_REF] Nowak-Sliwinska | The chicken chorioallantoic membrane model in biology, medicine and bioengineering[END_REF][START_REF] Ribatti | Chapter 5 Chick Embryo Chorioallantoic Membrane as a Useful Tool to Study Angiogenesis[END_REF][START_REF] Goodpasture | The Cultivation of Vaccine and Other Viruses in the Chorio-Allantoic Membrane of Chick Embryos[END_REF] . It is also a highly relevant model in the frame of xenograft tumor studies due to the immature immune system of the avian embryo [START_REF] Lokman | Chick Chorioallantoic Membrane (CAM) Assay as an In Vivo Model to Study the Effect of Newly Identified Molecules on Ovarian Cancer Invasion and Metastasis[END_REF][START_REF] Durupt | The chicken chorioallantoic membrane tumor assay as model for qualitative testing of oncolytic adenoviruses[END_REF] . Therefore, tumor cells from any species can be transplanted in the CAM without triggering a foreign body response [START_REF] Cimpean | The chick embryo chorioallantoic membrane as a model to study tumor metastasis[END_REF] . The nutrients, the growth factors and the ECM proteins provided by the membrane ensure the survival of the tumor [START_REF] Lokman | Chick Chorioallantoic Membrane (CAM) Assay as an In Vivo Model to Study the Effect of Newly Identified Molecules on Ovarian Cancer Invasion and Metastasis[END_REF][START_REF] Ribatti | The chick embryo chorioallantoic membrane (CAM). A multifaceted experimental model[END_REF] . Moreover, the grafted tumor induces angiogenesis, leading to its vascularization by the embryo's vasculature within 2-5 days [START_REF] Ribatti | The chick embryo chorioallantoic membrane (CAM). A multifaceted experimental model[END_REF][START_REF] Knighton | Avascular and vascular phases of tumour growth in the chick embryo[END_REF][START_REF] Ribatti | Human neuroblastoma cells produce extracellular matrix-degrading enzymes, induce endothelial cell proliferation and are angiogenic in vivo[END_REF] . This model was validated for GBM in a study by Hagedorn et al. in 2005, in which the graft of glioblastoma cells (U87) in the chick CAM lead to the growth of a vascularized tumor in two days [START_REF] Hagedorn | Accessing key steps of human tumor progression in vivo by using an avian embryo model[END_REF] .

Several avian species can be used for the xenograft of tumors including chicken (Gallus gallus), duck (Anas platyrynchos, Anas luzonica, Cairina moschata and Somateria mollissima), turkey (Meleagris gallopavo) and quail (Coturnix japonica). They differ in the length of embryonal development which is longer for larger species (turkey and duck: 27-30 days) than for chicken (21 days) and quail ( 16days). Even if the chick CAM model is the most known and exploited model, several studies emphasize the advantages of the other species for specific applications. For instance, Grinberg et al. (2009) and Lusimbo et al. (2000) showed respectively that the turkey CAM model is more suitable for the study of blood malignancies cells such as leukemia and lymphoma, and that mallard duck embryos allows more relevant studies on environmental toxicology, as it is the only wild species [START_REF] Grinberg | Engraftment of human blood malignancies to the turkey embryo: a robust new in vivo model[END_REF][START_REF] Lusimbo | Histology and ultrastructure of the chorioallantoic membrane of the mallard duck (Anas platyrhynchos)[END_REF] . Regarding the technical aspects, the quail CAM model offers several advantages compared to other species [START_REF] Huss | Japanese quail (Coturnix japonica) as a laboratory animal model[END_REF] . Indeed, quails are easy to breed and can provide large amount of eggs after only 40 days of maturation. The eggs are smaller, thus requiring less space, and their shell is thinner making it easier to open and manipulate. However, this is also a disadvantage as embryos are small and fragile and less tumors can be simultaneously grafted compared to chicken embryos. This is counterbalanced by the fact that the development of the embryo is faster, allowing a higher turnover of experiments. The quail's blood vessels are also smaller, making it more difficult if intravascular injections are required [START_REF] Kundeková | Chorioallantoic Membrane Models of Various Avian Species: Differences and Applications[END_REF] .

The CAM model in general offers many advantages, including cost effectiveness, easy handling and no ethical considerations as avian embryos do not experience pain at this stage of development [START_REF] Kundeková | Chorioallantoic Membrane Models of Various Avian Species: Differences and Applications[END_REF] . Moreover, only few days are needed to obtain a vascularized tumor, allowing a fast set up of the full model, although leading to the consideration that the post-treatment observation time is limited at about a week, depending on the avian species [START_REF] Kundeková | Chorioallantoic Membrane Models of Various Avian Species: Differences and Applications[END_REF] . Compared to 2D and 3D in vitro models, there is here an incremental level of complexity as the tumor is vascularized, and thus more predictive to native tumors. This opens the possibility to study the effect of therapeutic approaches on both the cells and tumor's microvasculature simultaneously.

However, it remains a more simplified model than animal models as tumor cells are not in their native environment, i.e. embedded in brain tissue. Finally, it is not possible to assess the full body response including the triggered immune response. On the other hand, this specific point offers the possibility to graft any type of cells in the CAM. Indeed, immortalized cell lines grown in MCTS can be used, such as U87 for instance, but it is also possible to use patient-derived tumors, allowing drug screening in a highly individualized optimum model 77 .

in vivo models

In vivo animal models are the most disease-relevant for GBM and are the last models used before going toward clinical studies in human. The main advantage of this model is that studies are performed on complete organisms and thus, more physiologically relevant. Effect of treatments can be evaluated on tumors and its microenvironment but also on the whole organism.

Mice are the most commonly used mammalian model, as they are easy to breed and share organ systems and physiology with humans. Tumor-initiating cells can easily be transplanted intracranially into mice brain with stereotactic surgery. This method offers a quite good reproducibility based on the monitoring of both location and time of the grafted tumor, but induces physical damage in the brain during implantation. Using immuno-competent mice allows the investigation of the immune system implication, but implies as well that GBM cells must be of murine origin. Transplantation of human cells, especially freshly isolated from patients, is more interesting for capturing genetic diversity and microenvironment. However, it is only possible in immunocompromised mice to avoid tissue rejection, preventing any study of the triggered immune response. GBM animal models can also be obtained by chemical mutagenesis, for instance by administrating N-ethyl-nitrosurea to immunocompetent mice, inducing the development of tumors with similar mutations and genetic heterogeneity than human GBM 78 .

However, this method is poorly reproducible and efficient, and genetic manipulations are nowadays preferred. This strategy consists of introducing different genetic alterations in the germline and adapting the breeding in order to induce alterations in oncogenes and tumor suppressor genes [START_REF] Zhu | Early inactivation of p53 tumor suppressor gene cooperating with NF1 loss induces malignant astrocytoma[END_REF] . More recently, viral particles were used to induce mutations to specific brain regions, using for instance lentivirus [START_REF] Jacques | Combinations of genetic mutations in the adult neural stem cell compartment determine brain tumour phenotypes[END_REF][START_REF] Marumoto | Development of a novel mouse glioma model using lentiviral vectors[END_REF] . Despite being more efficient than chemical mutagenesis, these methods show limitations as the survival of the animals is often affected by the development of spontaneous tumors in the hindbrain [START_REF] Chen | Malignant Glioma: Lessons from Genomics, Mouse Models, and Stem Cells[END_REF] . For this reason, they are now supplanted by plasmid-based approaches (CRISPR-and PiggyBac-based) enabling the delivery of oncogenes and tumor suppressors genes in multiplex at higher efficiency, without virus or modifications in breeding strategies [START_REF] Pathania | H3.3K27M Cooperates with Trp53 Loss and PDGFRA Gain in Mouse Embryonic Neural Progenitor Cells to Induce Invasive High-Grade Gliomas[END_REF] . These advancements in genome editing technologies allow the use of a wide range of species as potential hosts for GBM, for instance minipigs or dogs that are more comparable to human in terms of size or brain structure than mice [START_REF] Koehler | A Revised Diagnostic Classification of Canine Glioma: Towards Validation of the Canine Glioma Patient as a Naturally Occurring Preclinical Model for Human Glioma[END_REF][START_REF] Khoshnevis | Development of induced glioblastoma by implantation of a human xenograft in Yucatan minipig as a large animal model[END_REF] .

In any case, the use of animal models raise ethical issues, in addition to being expensive, low throughput and more complicated to handle, image and analyze than in vitro models. Finally, despite being one of the most relevant models, an important failure rate is observed by going to clinical studies, due to large species-related differences from human physiology [START_REF] Jong | Of Mice and Humans: Are They the Same?-Implications in Cancer Translational Research[END_REF] .

Mimicking GBM in the laboratory remains a challenge and several models of increasing complexity have been developed over time. In vitro 2D models are the simplest and the cheapest but also the least relevant, making them more suitable for mechanistic studies at cellular level. MCTS is more relevant as it recapitulates cell-cell and cell-matrix interactions and shows different proliferation activity as observed in native avascular tumors. The graft of MCTS in the CAM of an avian embryo allows one to obtain an intermediate model of 3D vascularized tumor, more predictive but simpler and cheaper than in vivo models. However, despite being much more expensive and raising ethical issues, animal models remain the only one allowing the study on a complete relevant immunocompetent organism. GBM treatments developed using these models are nonetheless still inefficient as most patients die within 2 years after diagnosis. For this reason, new therapeutic strategies are investigated, including electrotherapies based on the delivery of Pulsed Electric Fields.

Electrotherapies

Electrotherapies rely on the delivery of pulsed electric fields (PEFs) that can disrupt cell membranes and modify their permeability. These PEFs induce the formation of nanoscale pores in the cell membrane, allowing the entry of ions and non-permeant molecules, in a phenomenon called electroporation. This electroporation can be either reversible or irreversible depending on the parameters applied.

Electroporation-based therapies

2.1.1.

Brief history of electroporation

Electroporation was probably first observed by J.A. Nollet in 1754, who noticed the appearance of red spots on human and animal skin after applying electric fields [START_REF] Nollet | A. du texte. Recherches sur les causes particulières des phénomènes électriques, et sur les effets nuisibles ou avantageux qu'on peut en attendre[END_REF] . This phenomenon was first thought to be only due to thermal effects, but was later explained to be likely caused by irreversible electroporation [START_REF] Vanbever | In vivo efficacy and safety of skin electroporation[END_REF] . More than a century later, in 1898, G.W. Fuller was the first to publish a report on water sterilization, establishing the non-thermal bactericidal effect of high-voltage discharges. This process is still currently studied and used in food and water industry [START_REF] Fuller | Report on the Investigations Into the Purification of the Ohio River Water: At Louisville, Kentucky, Made to the President and Directors of the Louisville Water Company[END_REF][START_REF] Mahnič-Kalamiza | Electroporation in Food Processing and Biorefinery[END_REF] . However, the mechanism remained unclear until 1967, when Sale and Hamilton demonstrated that PEFs induce an increase of membrane permeability resulting in cell death in a non-thermal mechanism, hence establishing the principle of irreversible electroporation (IRE) [START_REF] Sale | Effects of high electric fields on microorganisms: I. Killing of bacteria and yeasts[END_REF][START_REF] Sale | Effects of high electric fields on microorganismsI. Killing of bacteria and yeasts[END_REF] . However, the term "electroporation" was introduced few years later by Neumann and

Rosenheck, who defined it as a temporary breakdown of the membrane, which is now known as reversible electroporation [START_REF] Neumann | Permeability changes induced by electric impulses in vesicular membranes[END_REF] . They use this principle for the insertion of genes into mouse lyoma cells (Gene Electrotransfer (GET)) [START_REF] Neumann | Gene transfer into mouse lyoma cells by electroporation in high electric fields[END_REF] .

The first reports of electroporation for oncology were published in late eighties and beginning of nineties by Okino and Mohri (1987), Mir et al. (1991) and Belehradek et al. (1991). Reversible electroporation was used for the intracellular delivery of a cytotoxic agent, the bleomycin, into carcinoma cells, a technique currently referred as electrochemotherapy (ECT) [START_REF] Okino | Effects of a high-voltage electrical impulse and an anticancer drug on in vivo growing tumors[END_REF][START_REF] Mir | Electrochemotherapy potentiation of antitumour effect of bleomycin by local electric pulses[END_REF][START_REF] Belehradek | Electrochemotherapy of spontaneous mammary tumours in mice[END_REF] . The idea of treating cancer with IRE is much more recent, from 2003, when Davalos and Rubinsky pioneered the idea that it could be used for the non-thermal ablation of malignant tissues 98 .

Principles of electroporation

At the cellular level, PEFs interact with cell membranes, a thin phospholipid bilayer that acts as a selectively permeable barrier separating the cytoplasm from extracellular fluids. The two layers of phospholipids, stacked against each other with hydrophilic heads oriented towards the outer part and hydrophobic tail towards the inner part, make it impermeable to large molecules and small polar molecules (Figure 7) [START_REF] Alberts | Molecular Biology of the Cell[END_REF] .

In addition to be highly resistive, the lipid bilayer acts also as a capacitor due to the ionic compositions of intracellular and extracellular fluids. Indeed, potassium ions (K + ) are much more concentrated inside cells than outside whereas it is the opposite for sodium, chloride and calcium ions (respectively Na + , Cl -and Ca 2+ ). These gradients of concentration creates a difference of potential, making the intracellular part of the membrane negatively charged and the extracellular part positively charged 100 .

The application of PEFs induces the charging of the membrane resulting in the modification of its potential. At a certain threshold, the membrane becomes unstable and the lipid bilayer starts to reorganize. PEFs force water to penetrate in the membrane inducing the formation of unstable hydrophobic pores (Figure 7.a.middle). Lipids reorient their polar heads groups causing formation of stable hydrophilic pores (around 2 nm), allowing small molecules to pass through the membrane (Figure 7.a.bottom) 101 . Evidence suggest that PEFs could also induce chemical Besides their effects on cell membrane, PEFs have also been shown to induce the vasoconstriction of the blood vessels around the tumor, transiently reducing blood flow in a phenomenon called "vascular lock" 105 . This is possible through the stimulation of precapillary smooth muscle cells, but also the modification of the shape of vascular endothelial cells leading to the disruption of cell-to-cell junctions (Figure 9) 106,107 .

2.2. Electrotherapies based on reversible electroporation 2.2.1.

Electrochemotherapy (ECT)

Electrochemotherapy (ECT) combines the application of PEFs with standard anti-tumor drugs to increase their uptake in cancer cells (Figure 10) 108 . Chemotherapy drugs are administered via intravenous or intratumoral injection and can spread throughout the tumor vasculature.

Electrodes are then placed in or around the tumor (Figure 10.a) and PEFs are applied to increase membrane permeability, allowing the entry of drugs into cells (Figure 10.b) [START_REF] Mir | Electrochemotherapy potentiation of antitumour effect of bleomycin by local electric pulses[END_REF]108 . ECT also benefits the vascular lock mentioned earlier, as it results in a decrease of the blood flow, thus preventing the clearance of drugs, especially as this vascular lock has been shown to be more prolonged in tumors than in healthy tissues 106,109 . Finally, ECT induces immunogenic cell death Typical protocols for ECT are based on the delivery of 2 to 24 monophasic pulses with a duration ranging from 100 µs to 20 ms and an electric field of 0.8 to 1.5 kV/cm, in combination with Temozolomide (TMZ), or more recently, bleomycin or cisplatin that exhibit high therapeutic efficacy [111][112][113][114] . The most frequently applied protocol is intraveinous bleomycin injection for 8 minutes followed by application of electric pulses over a 30-minute period. This treatment can be repeated up to 7 times with an interval of at least 4 weeks 104 .

ECT is already applied in clinics and shows complete or partial remission for 85 % of treated skin cancers. It is also widely studied for applications in deep-seated tumors, including liver, lung, pancreas or bone 104 . Brain tumors are more challenging as they are located in excitable tissue in which electric stimulation could trigger seizure-like events. However, ECT could potentially induce the permeabilization of the Blood-Brain-Barrier (BBB), allowing the passage of cytotoxic agents that are otherwise unable to pass through the barrier 111 . Preclinical experiments were performed in rat glioma models resulting in 9 of the 13 rats showing tumor regression after application of 4 repetitions of 8 pulses (100 V -100 µs pulse width -1 Hz) in combination with bleomycin 115 . Despite being encouraging, damage to healthy tissue was noticed in the treated area, and studies must be performed to optimize electrode designs and the electrical parameters applied.

Calcium electroporation

An alternative to ECT consists of replacing chemotherapeutic drugs by high concentrations of calcium to induce ATP depletion-associated cellular death 116 . Indeed, calcium ions (Ca 2+ ) play many important roles in cellular processes and its intracellular concentration is critical to maintain cell functions and survival. The proposed mechanism is that PEFs induce electroporation of the membranes allowing influx of Ca 2+ in addition to a potential release of ATP. Calcium overload may affect mitochondria resulting in a loss of ATP production, causing an overall severe ATP depletion and leading to cell necrosis (Figure 11) 116 . Moreover, preclinical and clinical studies showed that calcium electroporation affects more cancer cells than healthy tissue and induces a systemic immune response [117][118][119] .

Calcium electroporation has already been validated in clinics for cutaneous metastases and recurrent head and neck cancer with great efficiency, in addition to be inexpensive and having reduced number of side effects 120,121 . However, it has the same limitations than ECT for the treatment of brain tumors, as damage to healthy tissue is expected with the electrodes used. 

Gene electrotransfer (GET)

GET use the same principle than ECT, but cytotoxic drugs are replaced by DNA plasmids to induce immune stimulation and anticancer effects (Figure 12 

2.2.4.

Nanosecond Pulsed Electric Fields (ns-PEFs)

Contrary to the other electroporation-based techniques, the application of ns-PEFs has proved efficacy against cancer without injection of any exogenous agents. These ultrashort-pulsed electric fields trigger intracellular effects in addition to the reversible electroporation of the membrane. Preclinical in vitro studies demonstrated that the mechanisms of these effects include caspase activation, intracellular Ca 2+ release, loss of mitochondrial membrane potential, disruption of microtubules and DNA damage, ultimately leading to cell death [124][125][126][127][128] . Moreover, recent evidence showed that nsPEFs also affects tumor growth and vascular perfusion in vivo 129,130 . Regarding their application for GBM, the main challenge in the brain is the presence of neurons in the tumor vicinity, as ns-PEFs amplitudes above 1.5-3 kV cm -1 can evoke unwanted action potentials 131 .

Irreversible electroporation

Irreversible electroporation (IRE) is a non-thermal ablation technique based on the irreversible electroporation of cell membranes. The strength of the electric fields applied and the pulse durations are optimized to induce permanent nanoscale defects in membranes resulting in the disruption of cell homeostasis and leading to their death (Figure 13.c). The mechanism was first described as apoptotic but endothelial necrosis was also afterwards observed in vivo 132,133 .

One or multiple electrodes are inserted in or around the tumor (Figure 13 IRE treatment for GBM was first performed in 2011 on an inoperable malignant tumor in canine brain, and resulted in an average 74.2% reduction of the tumor 137 . However, complications were observed, such as the appearance of edema, infection or hemorrhage 115,138,139 . Thus, IRE must be combined with anti-oedema and anticonvulsant treatments. Moreover, the treatment must be as localized as possible and stimulation parameters optimized to target cancer cells specifically, for instance by using the fact that their depolarization threshold is lower than excitable cells 140 .

High-frequency irreversible electroporation (H-FIRE) is the second generation of IRE and consists of the delivery of short biphasic pulses (1-10 µs), in high frequency bursts (250-500 kHz) repeated every second for 5-200 cycles (Figure 14) 139,141 . The equivalent energized time as standard IRE is used, but it does not induce muscle twitching as H-FIRE seems to permeabilize tissue without excitation 140,142,143 . The cellular mechanism induced remains relatively unexplored but major blood vessels are preserved and ablations are faster and more reproducible compared to standard IRE 144,145 . All these techniques relying on the electroporation of cell membranes are very promising even if their application in the brain remains challenging. Indeed, GBM tumors are located in excitable tissues and the application of PEFs could induce unwanted events such as seizures. Moreover, edema, infection and hemorrhage were sometimes observed after IRE, requiring additional anti-edema and anticonvulsant treatments. However, the major concern remains that most of the available electrode delivery systems rely on metal or silicon microelectronics that are much stiffer than brain tissues, resulting in foreign body response and mechanical damages.

Flexible electronic as a means of delivering PEFs

The use of stiff electrodes for the treatment of GBM causes a foreign body response mainly due to the mechanical mismatch between stiff metal or silicon electrodes (Young modulus of ca.

150 GPa) and soft brain tissues (Young modulus around 100 kPa) 146 . Acute inflammation can appear, in addition to the formation of necrotic tissue 147,148 . Chronic inflammation can follow the acute response, and is characterized by the presence of activated microglia within 24 hours.

These cells remain at the surface of the implanted device and trigger a cascade of reaction resulting in the release of enzymes and reactive oxygen species (ROS), degrading the tissue/device interface. 149,150 The development of flexible materials offer a great improvement for the new generation of implantable electronics. As explained before, mechanical properties are very important for interfacing with biological tissues. Thin film plastic bioelectronics allow the reduction of the thickness and the increase of flexibility of the devices, which is very interesting to adapt to the curvilinear surface of the brain 151 . Briefly, metal electrodes made of platinum, gold, titanium oxide or iridium oxide are patterned on a thin layer of polymer substrate such as Parylene-C or polyimide that has a lower Young modulus (ca. 3.2 GPa) than silicon 146 .

It is also possible to enhance the bioelectronic interface thanks to conductive polymers with the unique property of having both electronic and ionic conductivities 152,152 . The coating of metal microelectrodes with such polymers is currently becoming the standard protocol used in neurosciences applications in order to lower the impedance of electrodes and therefore improve the quality of recordings by increasing the signal-to-noise ratio. As far as stimulation properties, such polymers allow a superior charge injection compared to bare metal electrodes 153 . Poly (3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is one of the most promising conductive polymers as it exhibits good biocompatibility, high conductivity, high stability in electrolytes, as well as optical transparency 154,155 .

Thin film electronics allow a better interface with soft tissue like the brain. The mechanical properties of these devices, as well as the biocompatibility of the materials used, drastically reduce the foreign body response and physical damage done to soft tissues induced by device insertion and micro-movements.

Summary and outline of the thesis

Glioblastoma Multiforme is an incurable brain cancer that is responsible of about 200 000 deaths per year. Despite multimodal therapies including maximal surgical resection, radiotherapy and chemotherapy, most patients experience recurrence within a year and the median survival after diagnosis is only 15 months. This is mainly due to the high intrinsic and extrinsic heterogeneity of tumors, their ability to adapt and become resistant to drugs and their high invasiveness. Thus, new therapeutic strategies are needed to improve GBM prognosis. Amongst these, electrotherapies based on the delivery of Pulsed Electric Fields (PEFs) have already proven to be efficient against several types of cancers. However, they rely on stiff electronics that can cause damages to soft tissues like the brain. Thin film electronics seem to be a good alternative as they are less invasive and they allow a better interface with the brain due to the mechanical properties of the materials used. The development of such new therapies goes along with the choice of appropriate biological models, from the simple in vitro monolayer of cells to the complete immunocompetent organism. They have different advantages and disadvantages depending on the scientific question it aims to answer, that are summarized in Table 2.

Table 2: Different biological models for research of GBM therapies

Considerations

Appropriate for

In vitro

2D model

Easy 

Development of the model

The complete in ovo model developed for the assessment of flexible electronics as a means of delivering pulsed electric fields (PEFs) to tumor is depicted below (Figure 16). with 10% fetal bovine serum (VWR, USA), 100 units.mL -1 of penicillin and 100 µg.ml -1 of streptomycin (Gibco), and maintained at 37°C in a 5% CO2 humidified atmosphere.

The HEK 293T-derived cell line (Lenti-X 293T cell line, Takara Bio, Japan) was cultured in DMEM containing 4.5 g.L -1 of glucose, L-glutamine, sodium pyruvate and sodium bicarbonate (Sigma), supplemented with 10 % tetracycline-free FBS (Takara Bio), 100 units.mL -1 of penicillin and 100 µg.ml -1 of streptomycin (Gibco). The plasmid inserted (pGP-CMV-GCaMP6f, Addgene, USA), created by Douglas Kim, contains the gene GCaMP6f and a selection marker conferring resistance to puromycine 159 . Plasmid DNA was extracted with GeneJET plasmid Maxiprep Kit (Thermofisher, USA).

The virus containing the gene of interest was produced with Xfect single shot transfection reagent (Takara Bio) following the protocol provided by Takara (111814). 25 µg of plasmid DNA was diluted in sterile water in a total volume of 600 µL and added to a tube of Xfect single shot reagent. The tube was vortexed for 10 seconds and incubated 10 minutes at room temperature to allow production of nanoparticles. Then, nanoparticles were added dropwise on Lenti-X 293T cells plated in a Petri dish. Cells were incubated at 37°C for at least 4 hours and the virus production in the supernatant was confirmed by using Lenti-X™ GoStix™ Plus (Takara Bio). In parallel, U87-MG cells were grown for 4 days in DMEM + GlutaMAX™-I (Gibco) supplemented with 10% tetracycline-free FBS (VWR), 100 units.mL -1 of penicillin and 100 µg.ml - 1 of streptomycin (Gibco). Viral particles produced were added to the target cells with 5 µg.mL -1 of Sequa-brene (Sigma), a product enhancing the efficiency of the lentiviral infection. The medium was replaced by a fresh one after 6 hours of incubation at 37 °C. Then, the selection of transduced cells was performed by adding 0.5 µg.mL -1 of puromycine (Gibco) in the media.

Finally, a single transduced cell was isolated to generate a stable U87-GCamp6f cell line.

Culture of multicellular tumor spheroids of U87-GCaMP6f

Then, multicellular tumor spheroids (MCTS) of U87-GCaMP6f were produced with a variation of the liquid overlay technique 160 . This method has the advantage of being cheap, simple and easy to set up compared to the other methods described in Chapter 1. Moreover, it does not require any specific equipment.

A solution of 1% (v/w) agarose (Sigma Aldrich, USA) was prepared in deionized water and sterilize in an autoclave. Prior to experiment, the solution was heated up for one minute in a microwave and 75 µL were added in each well to form a meniscus on the bottom of the well.

The agarose cooled down with 10 minutes at room temperature and jellified to form a non- The goal was to obtain spherical spheroids with a diameter exceeding 400 µm in order to mimic avascular tumors with an hypoxic core, in a reproducible manner 161 . In this purpose, U87-GCaMP6f cells were seeded at different concentrations (5 000, 10 000, 15 000 and 20 000 cells per well) and the diameter of the spheroids were monitored over time (Figure 19).

Spheroids were analyzed from day 2 to day 14 using the software Zen 2 Lite Carl Zeiss Microscopy GmbH with a microscope and a camera from Carl Zeiss. Roundness was determined with the software ImageJ. The square of the length of the primary axis of an ellipse fitted to the spheroid is compared to the square of the diameter of a circle of the same area to determine the roundness. The calculation is based on the equation ( 1):

(1) Roundness = 4 × Area 𝜋 × [Major Axis] 2
Area and [Major Axis] correspond respectively to the area and to the length of the primary axis of the best fitting ellipse. A roundness of 0 corresponds to an elongated ellipse whereas 1 corresponds to a circle. The measure of the diameter was performed on spheroids with a coefficient of roundness over 0.8 using the software Zen 2 Lite. The diameter of each spherical spheroid was measured on pictures taken with a microscope from the bottom.

More than 90 % of the spheroids were round (ie. with a coefficient of roundness above 0.8) within 5-7 days, with a diameter above 400 µm except for spheroids seeded at 5000 cells (n=44).

Diameter seemed to stabilize after 7 days of growth around 450 µm (Figure 19). Spheroids seeded at a concentration of 10 000 cells were arbitrarily chosen for the rest of these experiments, and collected after 7 days of growth. Indeed, longer time does not show any growth of the spheroid, and it can even happen that spheroids start to disintegrate due to a too high consumption of nutrients in the medium.

1.1.3.

Tumor xenograft into a shell-less culture of quail embryo Next, the spheroids produced were grafted into the chorioallantoic membrane of an avian embryo amongst the different species described in Chapter 1. The quail (Coturnix japonica) was chosen for technical reasons. Indeed, quail eggs are smaller and thus more eggs can be incubated at the same time, in addition that the shell is thinner and so easier to open and manipulate [START_REF] Huss | Japanese quail (Coturnix japonica) as a laboratory animal model[END_REF] .

The graft can be performed either directly in the shell, by opening a window (Figure 20.a) 162

or the embryo can be first transferred into a weigh boat (Figure 20.b). The first technique preserves the physiological environment and ensures a better survival of the embryo that can develop until the hatching 163 . However, it limits greatly the accessibility and the observation of the CAM. For this reason, the shell-less culture was chosen, as multiple tumors can easily be grafted and imaged with standard microscopy techniques. The protocol used was adapted from previously described protocols 129,164 .

Figure 19: Diameter of the spheroids over time depending on the number of cells seeded (n=44).

In parallel to the 3D cell culture of glioblastoma spheroids, fertilized quail eggs (Japocaille, Saint Euphrône, France) were incubated on trays with an automatic rotator that turned eggs every two hours, with a temperature of 37°C and a humidity of 57%. This day is considered as the embryonic day (ED) 0. On ED3, eggs were carefully opened and transferred into a weigh boat (Figure 21. ED 0-ED 3) covered with a second weigh boat, and placed in a standard humidified incubator at 37 °C. After three more days of incubation, spheroids selected previously were grafted into the chorioallantoic membrane (Figure 21. ED 6). A small incision in the CAM was performed and the spheroid was placed with a pipette on the incision before returning the embryo to the incubator, leading to the vascularization of the tumor within 2 days (Figure 21.ED

9).

The viability of the grafted U87-spheroids was assessed by incubating tumors for 30 min at Egg is carefully opened and the embryo is transferred into a weigh boat on ED 3. U87-GCaMP6f is grafted in the CAM on ED 6 and is vascularized by embryo's vasculature within 2 days. On ED 9, spheroid is observed with fluorescence microscopy after injection of Texas Red dextran into the blood vessels. 

Microfabrication protocol

A SCS Labcoater was used to deposit 7 µm of Parylene-C (PaC) (SCS, USA) on a clean glass slide (Figure 23.A.a). Metal electrodes and connection leads were patterned using a lift-off process with a bi-layer of LOR5A resist and S1813 photoresist (Microchemicals, Germany) that was exposed with a MBJ4 contact aligner (SUSS Microtech, Germany) (Figure 23.A.b-e). The evaporation of a thin adhesion layer of 20 nm chromium and 300 nm of gold was performed by an Auto 500 thermal evaporator (Boc Edwards, USA) and the photoresist was lifted off with acetone and isopropanol (Figure 23 

Mechanical and electrical characterization

A phantom brain made in 0.6% (w/v) agarose in deionized water was used to demonstrate the conformability of the devices (Figure 24 A pulse generator built in our laboratory was used for the delivery of Pulsed Electric Fields.

Trains of 5 monophasic pulses of 100 µs were delivered with a repetition frequency of 1 Hz. The voltage was set with a precision of 1 V and measured, as well as the current, at the terminals of the electrodes using a National Instruments system. Each assay lasted 180 s and pulses were delivered after 10 s of experiment.

Imaging was performed with a sCMOS camera (Prime 95B, Photometrics) and an illumination system for fluorescence microscopy (pE-4000, CoolLed). Images were recorded with the software WinFluor (University of Strathclyde, Glasgow). The blood vessels in which Dextran Texas Red 70.000 was injected were visualized at λexc=595 nm. The U87-GCaMP6f spheroids were imaged at λexc=490nm. The PI uptake was visualized at λexc=550 nm.

PEFs-induced vasoconstriction

The vasoconstriction induced by the delivery of PEF is a well-known phenomenon that is greatly exploited in ECT 165 . Indeed, it reduces blood perfusion and prevents the clearance of drugs, hence increasing treatment efficiency.

In order to demonstrate that flexible electronic delivery of PEFs triggers vasoconstriction, the device was placed on a random selection of blood vessels with a diameter ranging from 70 to 483 µm wide (N=23 blood vessels in n=11 embryos). An electrophysiology micromanipulator implemented with a lab-made holding device was used to position the electrodes on tumors (Sutter Instruments, MPC-200). The voltage was set to 20 V, corresponding to 4 kV.cm -1 as the gap between the fingers is 50 µm. The resulting current measured at the terminals of the electrodes was around 100 mA. Dextran Texas Red 70.000 (10 mg.mL -1 in PBS, ThermoFisher 58 D1830) was injected in the eye of the embryo to visualize the blood vessels. The software ImageJ was used to measure the blood vessels' diameters.

Blood vessels near the electrodes showed vasoconstriction as depicted for example on a 296 µm-wide blood vessel (Figure 27.a). Indeed, 120 s after PEFs delivery, diameter decreased to 257 µm corresponding to 13 % of vasoconstriction (Figure 27.b). The diameter of the blood vessels was measured over time and normalized based on their initial diameter to evaluate effect of PEFs (Figure 27.c). This percentage seems to be dependent on blood vessel initial diameter as small blood vessels (diameter < 200 µm) were more affected than bigger blood vessels. Negative controls were performed by positioning flexible electrodes on blood vessels without delivering pulses, to confirm that the vasoconstriction was not due to a mechanical effect. 

PEFs-induced calcium signaling

After confirming the effect on vasculature, PEFs were applied on the complete model and triggered calcium signaling was investigated. For this purpose, the flexible electrodes were placed on top of U87-GCaMP6f vascularized spheroids one or two days after grafting. PEFs were delivered at different voltages ranging from 5 to 30 V (1-6 kV.cm -1 ) to establish a dose-response relationship. The software ImageJ was used for the fluorescence measurement. A threshold function was used to automatically detect the spheroids and regions of interest data over time were exported into Excel. The values obtained were corrected by linear regression in order to remove the effect of photobleaching. Finally, values were normalized according to the equation ( 1):

(1) ∆𝐹 = 𝐹(𝑡) -𝐹 0 𝐹 0 F(t) corresponds to fluorescence intensity at a given time t and F0 the average fluorescence intensity calculated over the 10 seconds preceding the delivery of PEFs. Measures were done at least in triplicates, except for 30 V in calcium signaling experiment. Indeed, the appearance of gas bubbles was observed most of the time disturbing the measurements. Negative controls were performed by placing the devices on the desired area without delivering PEFs. The different studies performed on vasoconstriction, calcium signaling and membrane disruption proved that flexible electronics could be used for bioelectric therapies instead of stiff electrodes. However, the results obtained does not allow to evaluate the effect of PEFs in depth. 

Disruption of the membrane

Depth of stimulation

In order to understand at what extent the stimulation is efficient, numerical simulations were performed to model the spatial distribution of the electric field in a saline solution on a 300 µmthick layer, using the electro-ohmic quasi-static solver (Sim4Llife, Zurich). Calculations have been done for 20 V in a saline solution with the parameters described in Table 3.

The intensity as a function of the distance from the electrodes was evaluated in the XZ plane (Figure 30.a). Results showed that the electric field intensity drastically decreases with the distance to be negligible at more than 100 µm-depth (Figure 30 

Discussions and conclusion

In this chapter, a complete model integrating flexible electronics into a vascularized glioblastoma tumor was developed. This model based on the quail CAM is more complex than standard in vitro models as they allow studies on tumor and its vasculature that makes it a model of choice to prove the feasibility of delivering PEFs with flexible electronics. Indeed, known effects of PEFs delivered by stiff electrodes in electrotherapies include vasoconstriction and membrane disruption. The experiments performed with this model confirmed that similar effects could be observed. Indeed, PEFs triggered vasoconstriction and cell membranes disruption in the treated area. Moreover, a transient increase of intracellular calcium was observed, in a dose dependent manner with the applied electric field, which makes flexible electronics promising for electrotherapies such as calcium electroporation 121 . The in ovo model developed is also of interest for electrochemotherapy, as it allows complete access to the circulatory system.

Concerning the flexible electrodes, the main limitation concerns the depth of stimulation. Indeed, numerical simulations showed that the intensity of the electric fields delivered decreases drastically with the distance. This was confirmed by performing experiments with a two-photon microscope, showing that the membrane integrity of cells was only affected on a thin layer of 60 µm, which is much lower than the size of the tumor (400 µm-diameter in our case). Though, the device developed has the advantage to be highly flexible and conformable and thus a potential application would be to implant it in the cavity resulting from tumor resection to treat residual cells remaining in the brain. As standard microfabrication techniques were used, the design can also easily be modified and optimized to treat more tissues in depth, and addition of conducting polymer such as PEDOT:PSS is possible to increase charge injection to the tissues for instance 167 . Finally, despite being more complex than 2D in vitro experiments, the in ovo model remains incomplete and future experiments must be performed on in vivo model to evaluate the effects of PEFs on a complete living organism, and more specifically on the immune system. Indeed, electrotherapies have already demonstrated a triggered immune response on other types of cancer that could potentially participate in the eradication of the tumor 168 .

Chapter 3. PEFs-triggered immune response investigated through an in vivo model of glioblastoma integrating flexible electronics

Introduction

The intrinsic and extrinsic heterogeneity of glioblastoma tumors has been highlighted as a major reason concerning the poor efficacy of existing therapies. Understanding how tumors interact with their microenvironment is therefore crucial, and particularly the immune system in the brain, which is very specific compared to the other organs. Indeed, electrotherapies have already shown effects on the recruitment and the amplification of immune responses, but this effect has not been explored in the brain yet 104 .

The brain: a well-protected organ

For decades, the brain was considered as completely isolated from peripheral immune activity through the presence of the Blood-Brain-Barrier (BBB), and as self-sufficient to ensure its own maintenance and repair thanks to resident innate immune cells, the microglia 169 . However, recent evidence showed that neuroprotection is supported by peripheral innate and adaptive immune cells located in particular in the meninges 170 . These protective layers between the skull and the brain ensure its integrity 171 . The meninges consist of three layers, the dura mater, the arachnoid mater and the pia mater and contain the cerebrospinal fluid (CSF), lymphatic vessels and blood vessels. Different types of immune cells are present depending on the location in the brain (Figure 32) 169 .

Among them, macrophages account for around 90 % of all central nervous system (CNS) steady state immune cells. They include the parenchymal microglia (80 %) and the so-called border-associated-macrophages (BAMs) (10%) located in the blood vessels, the meninges or the choroid plexus (not depicted in Figure 32) 

Glioblastoma immune microenvironment

Glioblastoma tumors initiate a strong host response resulting in the accumulation of immune cells around and within the tumor, which greatly affects the prognosis of the disease. However, instead of helping the body in fighting the tumors, GBM is able to establish an immunosuppressive environment that foster invasiveness and proliferation, especially through macrophages, T cells, neutrophils and B cells that show extensive tumor-promoting effects 172 .

Tumor-associated macrophages (TAMs) are the major cell population in tumor microenvironment. They include infiltrating innate immune cells originating from microglia and/or bone marrow-derived monocytes (BMDMs) 173 . BMDMs are circulating monocytes in the peripheral blood that are normally involved in the initiation and the propagation of host responses to pathogens 174 . However, in brain tumors that are highly vascularized, neo-vessels are abnormally permeable due to an incomplete maturation, allowing the BMDMs to infiltrate into tumors where they differentiate into macrophages 173 . Macrophages derived from BMDMs accounts for 85 % of the TAMs, they are small, mobile and mainly localized in perivascular areas 175,176 . Those derived from microglia account for 15%, they are large, immobile and mainly localized in peritumoral regions 175 . TAMs can have either proangiogenic and immunosuppressive properties or release anti-tumor-promoting factors depending on the conditions 177 .

T cells are adaptative immune cells. Among them, regulatory T cells (Treg) modulate the immune system through immunosuppressive measures. They are recruited via cytokines secreted by the innate immune cells, and accumulate in the tumor microenvironment where conditions ensures cell viability and proliferation, and promote the transition of other T cells into Treg 172,178 .

They also induce immunosuppressive effects on NK cells, innate immune cells that can normally induce cell apoptosis of tumor cells 179,180 .

Infiltrated cells such as neutrophils and B cells were also identified in GBM microenvironment. Tumor-associated neutrophils are generally located near the center of the tumor and promote tumor proliferation and angiogenesis through the secretion of elastase 181 .

Finally, B cells are identified to overexpress immunosuppressive molecules but remains poorly investigated in vivo 182 .

Flexible electrodes

Interdigitated microelectrodes were designed to deliver electric fields on the entire active surface of the probe, based on the results obtained in Chapter 2. Indeed, experiments showed that Pulsed Electric Fields delivered by interdigitated electrodes with an interelectrode gap of 50 µm only affect a superficial layer. Thus, this gap was increased to 250 µm to reach deeper tissues, allowing at the same time to obtain a wider field of view between the fingers for imaging 184 .

The fabrication protocol is depicted in Figure 3 

Multicellular tumor spheroids of Gl261-DsRed and Gl261-GCaMP6f

Gl261-DsRed were provided by the AMU-IMAPATH team from the Institute of Neurosciences in La Timone (Marseille, France). Gl261-GCaMP6f were genetically modified by lentiviral transduction, using the same technique than the one described in chapter 2. Briefly, a specific HEK 293-T cell line was used to produce Lenti-X virus able to integrate a plasmid containing the gene GCaMP6f into target cells (Gl261). Spheroids of Gl261 were generated using the technique described in Chapter 2. Briefly, a solution of 1% (v/w) agarose (Sigma Aldrich, USA) was prepared in deionized water and sterilize in an autoclave. Prior to experiment, the solution was heated up for one minute in a microwave and 75 µL were added in each well to form a meniscus on the bottom of the well. The agarose cooled down with 10 minutes at room temperature and jellified to form a non-adherent roundbottom well (Figure 35.a). After discarding the media, Gl261 cells were rinsed with Phosphate Buffer Saline solution (Thermofisher, USA) and detached using 1 mL of 0.25% Trypsin-EDTA (1X) (Gibco, USA) at 37°C. 5000, 10000 and 20000 cells were seeded in a total volume of 150 µL per well. Change of half of the media was performed every 2-3 days.

The diameter of the spheroids was monitored over time to select the adequate parameters to obtain spheroids of around 250-µm diameter, corresponding approximately to the size of the capillary inner diameter that will be used for the implantation. Spheroids were analyzed from day 3 to day 7 using the software Zen 2 Lite Carl Zeiss Microscopy with a microscope and a camera from Carl Zeiss. Based on the results obtained (Figure 35), spheroids seeded at 10 000 cells were collected after 5 days of growth, to obtain spheroids with a diameter of 272 ± 12 µm (n=84). 

Implantation in the brain parenchyma and integration of flexible electronics

The protocol for the craniotomy described in this part is adapted and optimized from Ricard et al. 185 . After anesthetizing the AMU-Neuroinflam mice with an intra-peritoneal injection of a Ketamine/Xylazine (120 mg/kg, 12 mg/kg) mixture, a craniotomy of 4 mm diameter was performed. Briefly, the scalp of the animal was shaved and the skin was cleaned with povidone iodine. A 1-cm long incision was performed longitudinally in the middle of the scalp with a scalpel and the skin was removed above the parietal bones with scissors. The periosteum was removed with a scalpel blade and the parietal bone was drilled under a surgical microscope to generate a craniotomy of 4-mm diameter. After cleaning the exposed dura mater with PBS, a hole was made in the center of the craniotomy with a 26-gauge needle and a tumor spheroid of Gl261 was injected with a lab-made injection system at around 250-µm depth 185 . Then, a cross-linked dextran gel hemi-bead was placed on the injection hole, with the convex face toward the spheroid, and was glued using cyanoacrylate glue. Flexible electrodes were then placed on top of the craniotomy, with the contact pads onto the mouse's back (Figure 36.a), and cover with a 5 mm round cover glass glued with a small drop of silicone adhesive. The cover glass was secured with superglue on its sides. Finally, the skull was covered with dental cement to build a chronic cap (Figure 36.b). Buprenorphine post-surgical analgesics (0.1 mL/10g) were applied subcutaneously.

After implantation, animals were left to rest for at least 10 days to recover from the surgery. oscilloscope. The stimulation protocol used was first based on standard electrochemotherapy protocols: 30-minute period of monophasic pulses at 1 Hz with a duration of 100 µs and a voltage of 50 V for a distance of 250 µm between the electrodes (~2 kV/cm) 187,188 . However, 30 minutes was too long regarding the anesthesia. For this reason, pulse application period was reduced to 10 minutes for the first experiments.

The animal was placed under a 20X water immersion objective of a lab-modified two-photon microscope (LSM 7MP, Zeiss) coupled to a femtosecond pulsed infrared tunable laser (Mai-Tai, Spectra Physics). After excitation at 940 nm, signals were collected and separated by dichroic mirrors and filters on 5 independent non-descanned detectors (collecting range: 390-485 nm, 500-520 nm, 520-549 nm, 555-605 nm and 605-678 nm). A Z-stack was acquired every 20 µm before and after stimulation, in mosaics to obtain a full field of view of the electrodes covering the tumor and the surrounding tissue. The different types of cells were visualized in different colors, depending on their fluorescent labelling (Figure 38). 

Gl261-DsRed vs. Gl261-GCaMP

The first objective was to perform calcium imaging on in vivo tumors. However, as observed in Chapter 2, fluorescence intensity of cells expressing GCaMP6f is very low and tumors were difficult to localize. For this reason, co-cultures of Gl261-GCaMP6f and Gl261-DsRed were implanted into the transgenic mice. Two ratios of (Gl261-GCaMP6f + Gl261-DsRed) were tested at seeding, implanted in 4 different mice (Table 4). The maximum intensity projection of fluorescence acquired with the two-photon microscope on D27 or D26 in mice 36618 and 36619 show that almost no red tumor cells were visible and green tumor cells were not distinguishable from recruited monocytes labelled with GFP in transgenic mice (Figure 39.a-b). Moreover, a substantially different growth dynamic was observed between the two cell lines in mice 36614 and 42700. Indeed, in mouse 36614, no red cells were observed whereas they seemed to be predominant in mouse 42700. For this reason, GL261_DsRed spheroids only were used for the following experiments and not the combination of GL261-GCaMP6f cells. This allowed a better distinction between immune and tumor cells.

Results: triggered immune response induced by

PEFs application

Based on the parameters described previously, a spheroid of Gl261-DsRed was implanted into the brain parenchyma of a transgenic mouse and PEFs were applied on D26 and D27 after implantation. Imaging was performed on D26, D27 and D28. After 26 days of growth, tumors 

Discussions and conclusion

The results presented in this chapter are only preliminary results, as experiments are still ongoing. The effects on monocytes in blood vessels have been nonetheless observed in several mice during implementation of the model, after stimulations at 1 Hz. This needs now to be repeated with the standard protocol defined to confirm that PEFs can attract monocytes.

Moreover, an accumulation of GFP-labelled cells was observed the day after, above the blood vessel. This could mean that monocytes may have passed the blood-brain-barrier to infiltrate the brain parenchyma, after being attracted in the treated area by the PEFs. However, this could have either a beneficial or a detrimental effect on tumors. Indeed, as explained previously, monocytes infiltrating in the tumors differentiate into tumor-associated macrophages (TAMs) that can have pro-tumor effects. Indeed, several studies showed that in the context of glioblastoma, they support tumor growth, invasion and survival, regulate immunosuppression, enhance resistance to radiotherapy and chemotherapy and contribute to cerebral edema 189 . This study is currently completed by measuring tumor volume over time and establishing survival rate, depending on the treatment applied. This could confirm an overall detrimental or beneficial effect of PEFs on glioblastoma prognosis, directly or indirectly. The treatment was only repeated two times, on D26 and D27, which may be not sufficient to affect directly or indirectly the tumor, and it would be interesting to evaluate effect of chronic treatments on longer period and at earlier stages of the disease development. No effects have been observed yet on microglia and dendritic cells but this must be confirmed by repeating the experiments, and investigations are also currently being conducted to confirm that stimulations with such parameters are safe concerning neurons.

Finally, the appearance of gas bubbles was observed after PEF delivery, meaning that electrochemical events happen at the surface of the electrodes, also leading to the generation of reactive oxygen species (ROS).

First experiments performed confirmed that the in vivo model developed is suitable for studying effects of PEFs on brain tumor and its microenvionment. Tumor growth was observed and implanted flexible electrodes were still functional after a month of experiment. Moreover, several blood vessels affected by the PEFs were located 200 µm beneath the electrodes, showing that stimulation reached deeper tissues with this design (250-µm interelectrode spacing) but remains limited compared to the size of the tumor (> 1mm). Surface electrodes might be more suitable for treating residual cells after resection of the tumor. They are indeed highly conformable and can be implanted into the cavity left by the tumor. 

Introduction

Adenosine 5'-triphosphate (ATP) is considered as the energy currency of cells. Its hydrolysis releases energy that is used to power energy-consuming reactions in the cytosol. Moreover, it is an extracellular ligand of autocrine signaling, intercellular communication and neurotransmission, especially through the purinergic system 190 . ATP is essential for the survival of cells, and is therefore constantly produced through glycolysis and oxidative respiration mainly in mitochondria. Indeed, an alteration of the cytosolic ATP content dramatically affects cell viability 191 .

1.1. ATP release and extracellular signaling 1.1.1.

ATP release

ATP molecules cannot diffuse across the plasma membrane but can be released in the extracellular space through several pathways including cell breakdown, exocytosis and channelmediated release (Figure 42.a). Indeed, cell breakdown leads to an unregulated release of ATP through the leakage of cytosol across the disrupted membrane 192,193 . Recent studies also showed vesicular release of ATP from astrocytes, probably involving lysosomes 194,195 . Finally, ATP can be released through conductive pathways to the extracellular space, following the electrochemical potential gradient of ATP, outwardly directed 196 . Channels recognized as permeable to ATP are currently classified in five groups: connexin hemichannels, pannexin 1 (PANX1), calcium homeostasis modulator 1 (CALHM1), volume-regulated anion channels (VRACs) and maxianion channels (MACs) 197 .

Connexins are the subunits of gap junction channels. Two hemichannels from two adjacent cells come together and form a gap junction connecting the cytoplasms both electrically and chemically 198 . Almost all connexins are activated by positive membrane potentials but their gating is tightly regulated by physiological concentration of extracellular Ca 2+ to be closed under most conditions 199 . Several connexins were proved to permit ATP permeation, including Cx30 and Cx43 (meaning connexin with a predicted molecular weight of respectively 30 kDa and 43 kDa) which are highly expressed in astrocytes 200,201 .

PANX1 belongs to the pannexin gene family, that are non-junctional membrane channels, and expressed in excitable and non-excitable cells 202 . PANX1 monomers homo-oligomerize to form functional ATP-permeable plasma membrane channels 197,203 . However, channel-gating mechanisms remain controversial and several studies showed that PANX1 can be reversibly and irreversibly activated by diverse processes [204][205][206] .

Calcium Homeostasis Modulator 1 (CALHM1) is a pore-forming subunit of a voltage-gated non-selective ion channel located in the plasma membrane, wide enough to accommodate ATP molecules 207,208 . At physiological concentrations of Ca2+, the ion channel is closed at the resting membrane and needs strong depolarization to open, whereas it can be opened at more negative membrane voltages in absence of Ca2+, showing that CALHM1 gating is activated by both calcium reduction and depolarization 207 . CALHM1 has been reported to be expressed in the brain, in which it is involved in the calcium regulation of neuronal excitability by modulating membrane conductance 207 . However, it is still uncertain whether it plays a role in ATP-release in the brain 197 .

Volume-Regulated Anion Channels (VRACs) mediate regulatory cell volume decrease in response to hypotonic swelling, i.e. an influx of water across the membrane caused by a reduction of extracellular osmolarity 209 . They are ubiquitously expressed, including in the brain 210,211 . In addition to hypotonic swelling, several studies reported that VRACs activation can be triggered via reactive oxygen species-mediated mechanisms or the activation of plasma membrane receptors, including purinergic receptors 212,213 . ATP permeability of VRACs was assessed by luciferine/luciferase-based assay but the roles of ATP released through these channels remain uncertain 214 .

Maxi-Anion Channels (MACs) are voltage-dependent, large-conductance, ATP-permeable anion channels, whose maximum open probability occurs at around 0 mV 215 . In addition to their roles in controlling membrane potential and fluid movement, they are also proposed as a physiological pathway for ATP release in several tissues. For instance, ischemic or hypotonic stresses activate ATP release through MACs in astrocytes that act as a gliotransmitter linking glial cells and neurons 216,217 .

The five groups of ATP-release channels described above mediate conductive cellular release of ATP. Multimodal activation occurs over time, both under physiological and pathophysiological conditions. 

ATP depletion

As explained previously, viability of cells is greatly dependent on intracellular ATP content 191 .

In addition to the triggered ATP release, exposing cells to high-intensity PEFs disturbs ionic homeostasis and induce ATP depletion, as exploited in calcium electroporation known to affect more cancer cells than healthy tissues 230 . Indeed, calcium overload caused by the application of PEFs may affect mitochondria leading to a decrease in ATP production 228 . Moreover, pumps such as Ca 2+ -ATPases consumes cellular ATP in order to re-establish homeostasis 229 . These combined effects cause an overall severe ATP depletion, leading to cell necrosis 116 .

Outline of the chapter

In this project, the goal is to investigate whether repeated application of PEFs could induce ATP depletion-associated cellular death, but without electroporation of the cells. The hypothesis is that the ATP released through one or several of the channels described previously might activate purinergic receptors, leading to an increase of intracellular Ca 2+ , without electroporation of the membranes. Thus, similar effects would be triggered to re-establish homeostasis, leading to ATP depletion and cellular death.

In this purpose, gold electrodes coated with Poly (3,4-ethylenedioxythiophene) This chapter describes the development of in vitro devices that can be integrated in standard analysis tools such as microscopes and plate readers. These devices were first used to demonstrate that PEFs delivery induces ATP release, and PEDOT:PSS coated electrodes were compared with bare gold electrodes. In parallel, electroporation and calcium signaling induced by PEFs application with such electrodes were studied and showed differences due to the edge effects.

The preliminary results presented here gave first hypotheses about the differences observed and led to the plan of the next experiments to fully elucidate the phenomena observed.

In vitro devices

The fabrication protocol is depicted on Figure 3. Metal electrodes and connection leads were patterned on a clean glass slide using a lift-off process with a layer of negative photoresist AZ Electrodes were connected to a lab-made pulse generator using a flexible zero insertion force (ZIF) connector (RS Components, UK). Trains of 8 monophasic pulses of 100 µs were delivered with a repetition frequency of 1 Hz. The voltage was set with a precision of 1 V and measured, as well as the current, at the terminals of the electrodes using National Instruments system. The well(s) in which the PEFs are delivered can be selected independently.

Cell culture

U87-GCaMP6f were genetically modified by lentiviral transduction, using the same technique as described in chapter 2. Briefly, a specific HEK 293-T cell line (Lenti-X 293T cell line, Takara Bio, Japan) was used to produce Lenti-X virus able to integrate a plasmid (Takara Bio, Japan) containing the gene GCaMP6f into target cells (U87 cell line). After sterilization of the devices with 70 % (w/v) ethanol, the active areas of the devices were coated with 40 µg/ml of poly-Dlysine (Thermofisher, USA) to promote cell adhesion. After incubation at 37°C for 30 minutes, devices were rinsed with deionized water. U87-GCaMP6f cells were rinsed with Phosphate Buffer Saline solution (Thermofisher, USA) and detached using 1 mL of 0.25% Trypsin-EDTA The background fluorescence signal in each area was subtracted from all other ROIs. The mean value of fluorescence for every time point and standard error of the mean were calculated.

The maximum value was reported to establish the dose response. For experiments with PI, it corresponded to the value at the end of the experiment. After demonstrating that PEFs triggered ATP release, investigations were performed to determine if this phenomenon was due to electroporation. In this purpose, PI uptake and calcium signaling were studied by using similar parameters. 

PI uptake

The effects of PEFs on membrane integrity were shown by using the red fluorescent indicator propidium iodide (PI). PI uptake was followed by fluorescence microscopy after application of PEFs with PEDOT:PSS coated electrodes. The maximum value of fluorescence reached depending on the voltage applied showed that only cells near the electrodes ("edge") were disrupted by the PEFs, as the maximum fluorescence reached increased with the voltage (Figure 49). On the contrary, for a distance greater than 50 µm from the electrodes, the values of fluorescence remained negligible, with an increase of less than 0.01 (Figure 49), meaning that almost no cell membranes are disrupted in the "center" part between the fingers.

A major edge effect was observed during these experiments, as electroporated cells are mainly located in the direct vicinity on the electrodes. This raises questions concerning the previous results. Indeed, without additional experiments, it is difficult to establish whether the ATP released observed was due to the electroporation of these specific cells or if this is due to the activation of ATP-release channels. 

Calcium signaling

U87-GCaMP6f cells were used to visualize calcium signaling. Indeed, the change in fluorescence observed is directly related to the change in cytosolic calcium concentration. The same phenomenon was observed for PI uptake, as a very small increase was noticed for the cells located in the center. However, cells located near the cathode and the anode showed different 

PEFs-induced pH changes

The second hypothesis investigated concerned the influence of the pH on GCaMP6f signal.

In order to evaluate the effect of the PEFs delivery on intracellular pH in the cells located near the electrodes, experiments with a pH indicator were performed. U87 cells (without GCaMP6f) The change observed was more significant at higher voltages. 

Discussion and conclusion

The goal of this chapter was to investigate whether PEFs could induce ATP depletionassociated cellular death without electroporation of the cells.

An in vitro model that can be integrated into standard analysis tools was developed, allowing real-time experiments. First, using a luminescence assay, PEFs-triggered ATP release was demonstrated, with both bare gold electrodes and PEDOT:PSS coated electrodes. For the same voltage applied, more ATP was released with coated electrodes than with gold electrodes.

However, measurements showed that current was higher, which is consistent as PEDOT:PSS coating improves charge injection 152 . ATP release dependence on the current was similar for both types of electrodes, which could mean that this phenomenon depends on current and not on voltage. Lower voltages are needed with PEDOT:PSS coated electrodes to obtain similar effects, which might be beneficial in the future as it allows the use of lower amplitude generator.

In the second step, PEFs-triggered membrane disruption was studied with PEDOT:PSS coated electrodes. The results obtained showed important edge effects as only cells located near the electrodes (< 50 µm) showed an uptake of PI, dependent on the voltage applied. This raises questions concerning the previous results obtained with ATP release, as it could either be due to the electroporation of these specific cells or to the activation of ATP-release channels. Ongoing experiments are performed with bare gold electrode and different channel blockers to understand the mechanisms involved in this ATP release. Preliminary experiments already showed a major reduction of ATP release in the presence of drugs such as quinine, niflumic acid, carbenoxolone or 10Panx that are blockers of different connexins and/or pannexins, amongst others. However, further investigations are required to confirm the effects observed.

PEFs-triggered calcium signaling was studied with a genetically-encoded calcium indicator (GCaMP6f), and similar results were obtained for the cells located more than 50 µm from the electrodes, as no significant change was observed. However, intracellular calcium increase was only observed near the cathode, contrary to the anode, where either no signals or a decrease of fluorescence occurred. A similar experiment was performed with a chemical fluorescent calcium dye (Calbryte 590) and this decrease was not observed. Moreover, an increase of fluorescence was noticed in cells located in the center. The differences observed between GCaMP6f and Calbryte 590 need to be investigated further. Preliminary experiments showed that PEFs induce local and temporary changes of pH in the vicinity of the electrodes. An increase of intracellular pH was observed near the cathode and a decrease near the anode, corresponding to the results obtained in previous studies, that showed that GCaMP6f fluorescence increases with pH, whereas we observe the opposite 232,233 .

To summarize on the next steps of the project, further experiments are planned with fluorescent calcium dyes and PI, using bare gold electrodes and PEDOT:PSS coated electrodes, to complete this study and further manuscript. Moreover, the effects of channel blockers on calcium signaling will be investigated in parallel with ATP release, in order to understand the mechanisms involved. Finally, future studies will consider different parameters of PEFs, with the aim of inducing ATP depletion-associated cellular death.

cancer cellular death by using electric fields without reaching the electroporation threshold. The idea is to activate ATP-permeable channels in order to cause a prolonged depletion leading to cellular death. In vitro devices adaptable to standard analysis tools were developed, allowing the investigations of different mechanistic pathways potentially involved. In order to reduce the probability of reaching electroporation threshold, the interdigitated electrodes were coated with PEDOT:PSS, an organic and biocompatible polymer enhancing the charge injection and reducing the generation of reactive oxygen species. In a first time, we obtained the evidence of ATP release induced by PEFs delivery with such electrodes. However, as investigated with propidium iodide, electroporation was induced at the vicinity of the electrodes due to edge effects. This raises questions about the origin of the ATP released, as it could be due to electroporation of part of the cells or to the activation of ATP-release channels below electroporation threshold. Thus, future experiments have been planned to identify the source of ATP, as well as the mechanism(s) involved.

Even though some of the results presented here are still preliminary, preventing us to draw some definitive conclusions, the following up of this work will likely open new perspectives on glioblastoma treatment and pave the way for innovative therapeutic strategies. 
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 2 Figure 2: Cellular heterogeneity of GBM tumor microenvironment with a zoom on perivascular (a) and perinecrotic (b) niches. Adapted from Hatlen et al. (2021).

  GSCs. Moreover, the tumor itself is able to affect its microenvironment to promote its survival, growth and migration through the recruitment of tumor-associated cells, the remodeling of the ECM and the development of an extensive microvasculature. These intrinsic and extrinsic heterogeneities are identified as the main cause of clinical treatment failures. Thus, the development of new therapeutic strategies goes along with the choice of an appropriate biological model.

Figure 3 :

 3 Figure 3: Different mechanisms of glioblastoma-associated neovascularization. a. Vascular cooption. b. Angiogenesis. c. Vasculogenesis. d. Vascular mimicry. e. Glioblastoma-endothelial cell transdifferentiation. Adapted from Hardee et al. (2012). Created with BioRender.

  as described previously. Presently, first trials are performed on in vitro models before going towards in vivo animal experiments and finally reaching patients. However, many clinical trials fail due to a lack of predictability of the human body leading to the development of new intermediate models, allowing as well the reduction of animal experiments.1.3.1. in vitro models 1.3.1.1. in vitro 2D models Traditionally, monolayer cultures of tumor cell lines are used for investigating cellular mechanisms. Indeed, this 2D model is very simple as there is only one or few cell types and the experimental variables including cellular, biochemical and biophysical parameters are well defined. Use of human cells is possible and it has the advantage of being high-throughput, inexpensive, easy to set up, reproducible and well documented. Observation and analysis of the cells is easy with standard techniques present in the laboratory and high-resolution imaging is possible.
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 4 Figure 4: Similarities between MCTS (left) and in vivo tumors (right). Adapted from Millard et al. (2017).
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 5 Figure 5: Illustrations of different 3D cell culture techniques. a. Liquid Overlay technique. b. Hanging drop technique. c. Gyratory and spinner flask. d. Magnetic culture. e. Rotary cell culture system. f. Scaffold-based culture. G. Microfluidic.
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 6 Figure 6: Schematic illustration of the avian embryo. Adapted from Chen et al. (2021).

  changes (Figure 7.b) and modulate voltage-gated ion channels (Figure 7.c), i.e. transmembrane proteins allowing selectively the passage of ions in response to change in transmembrane voltage 102 .
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 7 Figure 7: Scheme of the mechanisms induced by PEFs on cell membranes starting from an intact membrane (top). a. Electroporation mechanism. PEFs induce penetration of water molecules and form an unstable hydrophobic pore (middle). At higher amplitude, lipids reorient to form a hydrophilic pore (bottom). b. Chemical changes induced by PEFs inducing deformation of lipid tails resulting in an increased permeability of the membrane. c. Electrically induced modulation of a voltage-gated ion channel. From Geboers et al. (2020)
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 8 Figure 8: Reversible and irreversible electroporation. a. Schematic illustration of the associated effect on the cells. T corresponds to pulse duration and E to the pulse amplitude. b. Electroporation thresholds depending on the electrical parameters, and the thermal effects associated. From Geboers et al. (2020).
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 9 Figure 9: Schematic illustration of PEFs-induced vasoconstriction or tumor vasculature.
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 10 Figure 10: Schematic illustration of electrochemotherapy principle. a. Needles are inserted in and around the tumor in presence of chemotherapeutic drugs. b. PEFs are applied causing reversible electroporation and the entry of drugs. c. Pores reseal but cells die due to the action of drugs. Image from Geboers et al. (2020)
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 11 Figure 11: Simplified mechanism proposed for ATP depletion-associated cellular death induced by calcium electroporation. Adapted from Frandsen et al. (2020).

  .a). For this purpose, µs-PEFS are first delivered to induce cell membrane electroporation, followed by ms-PEFs, less intense, to electrophoretically drive DNA into cell nuclei (Figure 12.b) 104 . Two main strategies are mainly used in oncology, cytokine therapy and the DNA vaccination, consisting of injecting plasmids encoding cytokines or for antigens of interest, in order to trigger a specific and systemic immune response 122,123 .

Figure 12 :

 12 Figure 12: Schematic illustration of Gene Electrotherapy principle. a. Needles are inserted in and around the tumor in presence of DNA plasmids. b. PEFs are applied causing reversible electroporation and transportation of DNA plasmids into the tumor cells. c. Pores reseal but cell properties changes due to DNA plasmids transported in the nucleus. Image from Geboers et al. (2020).

  .a) and short monophasic pulses(25-100 µs) are applied with an electric field greater than 1 kV/cm at a frequency of1-4 Hz (Figure 13.b). This therapy is considered as non-thermal as the cell death is not primarily due to tissue heating. However, Joule heating of the tissue can be observed in the direct vicinity of the electrodes, usually due to an inhomogeneous field distribution 134 . Compared to surgery, damaged cells remain in the body, which can lead to the release of damage-associated molecular pattern molecules, triggering a systemic immune response. Moreover, as IRE does not damage blood vessels, activated antigen-presenting cells can infiltrate the lesion, transport tumor cells to lymph nodes and trigger an adaptive immune response 135 . Recent promising studies suggest that combining IRE with immunomodulatory drugs could enhance its immunogenic effect 136 .

Figure 13 :

 13 Figure 13: Schematic illustration of Irreversible electroporation principle. a. Needles are inserted in and around the tumor. b. PEFs are applied causing irreversible electroporation leading to the disruption of the cell membranes. c. Permanent nanoscales defects induce complete apoptosis or necrosis of the cells. Image from Geboers et al. (2020).
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 14 Figure 14: Difference between standard IRE (a) and H-FIRE (b) pulse parameters. a. IRE pulses are typically monopolar and 100-µs in duration. b. H-FIRE bursts replace the monopolar pulse by bipolar pulses of 1-10 µs repeated at high frequency to reach the same energized time as IRE. Image from Sano et al. (2017).

  to investigate the feasibility of the use of surface thin film electronics for GBM therapy, using those different biological models in order to have a full investigation of their effect on different characteristics of the GBM. Chapter 2 is focused on the development of an in ovo vascularized tumor model to demonstrate the feasibility of delivering PEFs with flexible electronics. Chapter 3 relies on in vivo experiments on specific murine model in order to evaluate the effects of PEFs delivered on a complete organism, and more specifically on the immune system. Finally, chapter 4 is focused on in vitro experiments at cellular level, to investigate whether it is possible to induce ATP depletion-associated cellular death without electroporation of the cells and the related mechanisms.

Chapter 2 .

 2 Development of an in ovo vascularized tumor model of glioblastoma integrating flexible electronics for the evaluation of PEFs effect on tumor and its microenvironment This Chapter is based on the publications: Lefevre, M.C., Dijk, G., Kaszas, A., Baca, M., Moreau, D., O'Connor, R.P. Integrating flexible electronics for pulsed electric field delivery in a vascularized 3D glioblastoma model. npj FlexElectron 5, 19 (2021). https://doi.org/10.1038/s41528-021-00115-x Lefevre, M. C.,Kaszas, A., Dijk, G., Baca, M., Baudino, O., Marchiori, B., Kergoat, L., Moreau, D., Debarbieux, F., O'Connor, R. P. Flexible Organic Electronic Devices for Pulsed Electric Field Therapy of Glioblastoma. J.Vis. Exp., e63527, In-press (2022).Electrotherapies for treating glioblastoma are very promising but rely mainly on rigid electronic devices. The use of more compliant and thinner electrodes minimizes the foreign body response caused by the continuous friction between the tissue and the surface electrodes 149 . Moreover, it allows a better interface with the folded surface of the brain. Several biocompatible materials with relatively low young Modulus compared to silicon or metal were investigated as substrates for implantable electrodes, including polydimethylsiloxane (PDMS), SU-8, benzocyclobutene (BCB), Parylene-C (PaC) and polyimide (Figure15) 156 . Electrodes in conductive materials such as gold, platinum or graphene can easily be patterned on these substrates, resulting in much more compliant cortical implants. However, the use of flexible devices raises many questions concerning their performance compared to standard stiff electrodes. The avian chorioallantoic (CAM) model, while reducing the number of animal experiments needed, allows one to obtain 3D vascularized tumors, making it a model of choice for testing electrotherapies. Indeed, such therapies are known to induce effects on tumor cells but also on the blood vessels in the treated area. This chapter describes the development of an in ovo model of glioblastoma on which flexible electrodes are directly implanted onto a vascularized tumor. This model was used to evaluate the performance of flexible electronics as a means of delivering pulsed electric fields (PEFs) instead of stiff electrodes, through demonstration of triggered vasoconstriction, cell membrane disruption and calcium signaling. Finally, advantages and limitations of such flexibles devices are discussed in order to be optimized before going towards in vivo experiments.

Figure 15 :

 15 Figure 15: Young's modulus of brain tissue and different materials commonly used for the fabrication of neural probes. Adapted from McGlynn et al. (2021).

  Flexible electrodes (Figure 16.a.) are integrated onto a vascularized 3D model of glioblastoma (Figure 16.b) to obtain a complete setup that can be observed with fluorescence microscopy (Figure 16.h.).

Figure 16 :

 16 Figure 16: Vascularized 3D glioblastoma model integrating flexible electronics. a. Flexible interdigitated electrodes and the scheme of the tip. b. in ovo model of glioblastoma obtained through the graft of U87 spheroids (c) into the CAM of a quail embryo (d). Vascularization is observed with fluorescence microscopy (e-g). Blood vessels are visualized by injecting Texas Red dextran in the circulatory system. On (g), spheroids were labelled with a viability marker (green). h. Flexible interdigitated electrodes are placed on the vascularized tumor and observed with fluorescence microscopy after injection of Texas Red dextran into the circulation and genetic modification of U87 cells to express a fluorescent calcium reporter. Image from Lefevre et al. (2021).

Figure 17 :

 17 Figure 17: Lentiviral transduction of U87 glioblastoma cells. a. Production of Lenti-X viruses containing GCaMP6f and a selection marker conferring resistance to an antibiotic, the puromycine. b. Transduction of U87 cells by lentiviral infection. c. Selection of transduced cells by addition of puromycine.

  adherent round-bottom well (Figure 18.a). After discarding the media, U87-GCaMP6f cells were rinsed with Phosphate Buffer Saline solution (Thermofisher, USA) and detached using 1 mL of 0.25% Trypsin-EDTA (1X) (Gibco, USA) at 37°C. Cells were seeded at the desired concentration in a total volume of 150 µL per well and formed fluorescent spheroids (Figure 18.b). Change of half of the media was performed every 2-3 days.

Figure 18 :

 18 Figure 18: Formation of U87-GCaMP6f spheroids. a. Scheme of the liquid overlay technique. b. Z-stack projection of a U87-GCaMP6f observed with two-photon microscopy

37°C with 5

 5 µM Calcein-AM (BD Biosciences, USA) solution, a viability marker, prior to the graft (Figure 21.ED9). After injection of Texas Red Dextran 70.000 (10 mg.mL -1 in PBS, ThermoFisher, USA) to visualize blood vessels, fluorescence microscopy was used to check on both tumor viability and vascularization (Figure 21.ED9). Except for this experiment assessing viability and model development validation, spheroids of U87-GCaMP6f were used. .

Figure 20 :

 20 Figure 20: The CAM model in windowed eggshell (a) or as a shell-less culture (b). Left picture from Bressan et al. (2014)

Figure 21 :

 21 Figure 21: Tumor xenograft into the CAM. Fertilized quail egg is incubated at 37 °C on ED 0.Egg is carefully opened and the embryo is transferred into a weigh boat on ED 3. U87-GCaMP6f is grafted in the CAM on ED 6 and is vascularized by embryo's vasculature within 2 days. On ED 9, spheroid is observed with fluorescence microscopy after injection of Texas Red dextran into the blood vessels.

Figure 22 :

 22 Figure 22: Flexible electrodes design. a. Scheme of the interdigitated electrodes. b. Picture of the final device.

  .A.f-g). A positive photoresist AZ 10XT (Microchemicals, Germany) was spin-coated and the outline of the device was photolithographically patterned (Figure 23.B.a-c). The layer of PaC was etched with a PlasmaLab 80 reactive ion etcher (Oxford Instruments, UK) followed by the stripping of the photoresist (Figure 23.B.d). Devices were immersed in deionized water and released from the glass substrate (Figure 23.B.e). Concerning the connections, a thin layer of acrylic paint was deposited onto a polyimide film that was coated with copper (Figure 23.C.a-b). The paint was patterned with a laser in order to obtain two rectangular contact pads (Figure 23.C.c). A solution of 30 % (w/v) ferric chloride in water was used for the wet etching of copper (15 min, 40 °C) and the acrylic paint was stripped with acetone (Figure 23.C.d-e). Then, the patterned polyimide was cut with a laser, silver paste was dispensed on the contact pads and the flexible probes were aligned and attached on it (Figure 23.C.f-h). After a 2-hour bake at 140 °C in the oven, a protection tape was placed on the other extremity of the contact pads and the area where the probe and the polyimide film are connected was dipped into PDMS (Figure 23.C.i-j). The connected device was then baked for 2 hours at 50 °C and the protection tape was removed to obtain the final device (Figure 23.C.k).

Figure 23 :

 23 Figure 23: Microfabrication of flexible electrodes. A. Gold electrodes patterning. B. Outline opening. C. Connections and packaging.

  .a). The static contact angle with water of 68.8 ± 5.2° (n=3) was measured with a goniometer (Apollo Instrument OCA200) showing the hydrophilic property of the surface. The device sticks at the surface of the embryo (Figure 24.b), making a good contact at the interface with the biological model. Finally, it has a good resistance to bending as it was still functional after undergoing a bending radius of 0.2 mm, measured with a lab-made machine (Figure 24.c). Electrochemical impedance spectroscopy (EIS) was performed to assess the biocompatibility and the stability of the electrodes. The measurements were done with a PalmSens4 from 1 Hz to 500 kHz and 3 measurement points per decade. A 2-electrode setup was used where one of the interdigitated electrodes functioned as the working electrode and the other as the counter electrode. Different probes were placed on the surface of the CAM and the EIS was measured over time, every 24 hours (Figure 25.a). No significant change was observed confirming that electrodes are stable and do not induce major modifications in the biological environment for the duration of the experiment. Moreover, the impedance was measured in phosphate-buffered saline (PBS) before and after experiments and remained similar indicating that electrodes are stable and can be used several times without degradation of their performance (Figure 25.b).

Figure 24 :

 24 Figure 24: Mechanical characterization. a. Device placed on the surface of a phantom brain made in 0.6 % (w/v) if agarose. b. Device sticking on the surface of the CAM. c. Device bended between two jaws, with a bending radius of 0.2 mm. Adapted from Lefevre et al. (2021).

Figure 26 :

 26 Figure 26: Comparison of the damages caused by flexible electrodes compared to stiff electrodes made of stainless steel needles. Flexible electrodes are placed on the surface of the CAM (a) and no damage was observed on blood vessels after removing it (b). Rigid electrodes caused either distortion of the CAM (c) or bleeding and disruption of blood vessels (f). pictures d., e. and f. were respectively taken before, during and after the insertion of the needle. Image from Lefevre et al. (2021).

2 .

 2 Effects of flexible electronic delivery of PEFs on tumor and its vasculature 2.1. PEFs delivery on the CAM model and imaging of the model

Figure 27 :

 27 Figure 27: Vasoconstriction induced by flexible electronic delivery of PEFs. a. and b. Pictures obtained by fluorescence microscopy before and after delivery of PEFs on blood vessels with a zoom on the region of interest wher the measures were taken (white arrows). Texas red dextran was injected into the vasculature and the measures were performed between the dotted lines at the beginning (yellow) and the end (blue) of the experiment. Image from Lefevre et al. (2021).

Fluorescence

  of the spheroids was measured over time and normalized to initial signals (Figure 28.a). Measurements showed that intracellular calcium increases directly after PEFs (Figure 28.b) and the maximum value reached depends on the voltage applied. The dose-response dependency was established based on these maximum values, resulting in an EC50 of 16.3 V, corresponding to the voltage at which a half-maximum response is reached (Figure 28.c).

Finally, effectFigure 28 :

 28 Figure 28: Calcium signaling induced by flexible electronic delivery of PEFs. a. Flexible electrodes placed on top of a U87-GCaMP6f spheroid observed with fluorescence microscopy and a zoom on the region of interest. The mean fluorescence is measured o the area depicted in yellow. b. Normalized fluorescence over time depending on the voltage applied. C. Dose-response based on the maximum fluorescence change observed depending on the voltage applied: 0 V (n=7), 5 V (n=5), 10 V (n=4), 15 V (n=5), 20 V (n=3), 25 V (n=3), 30 V (n=2). Error bars indicate standard deviations.

Figure 29 :

 29 Figure 29: PEFs effect on membrane integrity. a. Spheroids observed with fluorescence microscopy in presence of PI, before and after PEFs delivery. B. Normalized fluorescence intensity of calcium signal measure over time for a spheroid subjected to 10 trains of pulses delivered every 30 s (red ticks). Image from Lefevre et al. (2021).

  .b).Next, experiments were performed with a 2-photon microscope to confirm numerical simulations. The in ovo model integrating flexible electronics was positioned under a 16X objective (Nikon LWD 16x/0.8 NA) with a drop of 15 µM PI in PBS as immersion fluid. A control z-stack of the spheroid was acquired on a dual-scanhead two-photon microscope (FemtoS-Dual, Femtonics Ltd, Budapest, Hungary) equipped with a femtosecond pulsed laser tuned to 989 nm (Mai Tai HP, SpectraPhysics). Then, electrodes were positioned on top of the spheroid and 10 trains of 5 positive 20 V-pulses of 100 µs with a repetition frequency of 1 Hz were delivered every 30 s. After removing the electrodes, another z-stack with identical parameters than previously was acquired. Data were analyzed using the MES software package (Femtonics Ltd., Hungary) running under Matlab (Mathworks).

Figure 30 :

 30 Figure 30: Numerical simulations of the electric field. a. Spatial distribution of the electric field. b. Zoom on the region of interest where the electric field was plotted in c. (green line).

Table 3 :

 3 Parameters used for the simulations 63 The 10 trains of pulses applied to tumors induced an increase of PI fluorescence (Figure 31.b) compared to control samples (Figure 31.a). Analysis of the cross-section of the spheroid confirmed PI uptake in cells on a thickness of around 60 µm (Figure 31.d-e), which is coherent with simulations performed (Figure 31c).

Figure 31 :

 31 Figure 31: Uptake of PI in depth. a-c. Two-photon maximum intensity projections of vascularized tumors non subjected to pulses (a) and subjected to 10 trains of 5 pulses (20 V -100 µs -1 Hz) delivered every 30 s (b) with a zoom on the marked region (c). d-e. Raw (d) and normalized (e) side projection pixel intensity profile of PI intensity between control spheroids (blue) and spheroids subjected to pulses (red). FWHM: full width at half maximum. Scale bars: 100 µm. Image from Lefevre et al. (2021).

  169 . They perform several functions including the modulation of immune cell entry during inflammation or sensing of blood danger signals169 . The other immune cells are rarely found at steady state in healthy brain, but rather in the circulation for monocytes, T cells and neutrophils 171 .

Figure 32 :

 32 Figure 32: Immune microenvironment of the brain. Adapted from Croese et al. (2021)

  photoresist AZ nLoF 2070 (Microchemicals, Germany) exposed with a MBJ4 contact aligner (SUSS Microtech, Germany)(Figure 34.A.b-d). A 20 nm adhesion layer of chromium and a 300 nm layer of gold were evaporated with an Auto 500 thermal evaporator (Boc Edwards, USA) and the photoresist was lifted off with acetone and isopropanol (Figure34.A.e-f). A 3 µm insulation layer of PaC was deposited on top (Figure 34.A.g). A positive photoresist AZ 10XT (Microchemicals, Germany) was spin-coated and the outline of the device was photolithographically patterned (Figure 34.B.a-c). The two layers of PaC were etched with a PlasmaLab 80 reactive ion etcher (Oxford Instruments, UK) followed by the stripping of the photoresist (Figure 34.B.d). The active area was patterned using the positive photoresist AZ 10XT (Figure 34.C.a-c) and the insulation layer was etched to the gold (Figure 34.C.d). Devices were immersed in deionized water and released from the glass substrate (Figure 34.C.e).

Figure 34 :

 34 Figure 34: Microfabrication of flexible electrodes. A. Gold electrodes patterning. B. Outline opening. C. Electrodes and contact pads opening. D. Connections and packaging.

Figure 35 :

 35 Figure 35: Diameter of the Gl261 spheroids over time depending on the number of cells seeded (5000 cells: 23 < n < 67, 10000 cells: 84 < n < 134, 20000 cells: 90 < n < 100)

Figure 36 :

 36 Figure 36: in vivo implantation. a) Probe placement on top of the implanted tumor. b) Complete implantation with the chronic cap. From Lefevre et al. (2022).

Figure 38 :

 38 Figure 38: Maximum intensity projection of the in vivo model observed from the top with twophoton microscopy, 28 days after implantation of the tumor. Neurons are visualized in cyan, Gl261-DsRed in red, recruited microglia and dendritic cells in yellow, and recruited monocytes and granulocytes in green. Deep blue shows a second harmonic signal from the peritumoral collagen, electrodes and blood vessels are non-fluorescent and remain dark.

  reached a diameter > 1 mm. Immune cells labelled with GFP and YFP were visible in and around the tumor (Figure 40.a). After application of 600 monopolar pulses at 1 Hz with a duration of 100 µs and a voltage of 50 V, an accumulation of green cells was observed in the blood vessels located in the treated area (Figure 40.b.).

Figure 39 :

 39 Figure 39: Maximum intensity projection of fluorescence 26 or 27 days after implantation of the tumor with different ratio of cell population. a and b. 9500 GCaMP6f cells / 500 Gl261-DsRed. c. and d. 5000 Gl261-GCaMP6f / 5000 Gl261-DsRed.

Figure 40 :

 40 Figure 40: The in vivo model observed with two-photon microscopy on D26, before and after application of PEFs. a-b. Maximal intensity orthogonal projection on D26 before (a) and after (b) stimulation. c-d. Z-plane located at 200-µm deep before (c) and after (d) application of PEFs. e) Green fluorescence intensity in the dotted area, depending on the depth, before and after the application of PEFs. f-g) Z-plane located at 80-µm deep before stimulation on D26 (f) and D27 (g). h) Green fluorescence intensity in the dotted area, depending on the depth, on DAY26 and D27 before stimulation.

Figure 41 :

 41 Figure 41: Time series acquisition with a two-photon microscope on a blood vessel of interest located at 200-µm depth, (visualized in dark between the dotted lines in a), before (a-c) and after (e-g) application of PEFs. The experimental timeline is described in d. Tumor cells are visualized in red, microglia and dendritic cells in yellow, and monocytes and granulocytes in green. Before stimulation (a-c), GFP-labelled cells are too fast to be fully imaged and are mainly in the form of lines ( ).

Chapter 4 .

 4 PEFs-triggered ATP depletion: mechanistic study on an in vitro model This Chapter is partly based on the publications: Lefevre, M. C., Kaszas, A., Dijk, G., Baca, M., Baudino, O., Marchiori, B., Kergoat, L., Moreau, D., Debarbieux, F., O'Connor, R. P. Flexible Organic Electronic Devices for Pulsed Electric Field Therapy of Glioblastoma. J. Vis. Exp., e63527, In-press (2022). Poulkouras, R., Dijk, G., Lefevre, M., Bača, M., Moreau, D., O'Connor, R.P. PEDOT:PSS coated electrodes reduce intracellular oxidation and cell damage with pulsed electric field application, Bioelectrochemistry, 108163 (2022).

Figure 42

 42 Figure 42: ATP release and purinergic signaling. a. ATP release pathways. b. Enzymatic degradation of ATP by ectonucleotidases in ADP, AMP

  nLoF 2070 (Microchemicals, Germany) exposed with a MBJ4 contact aligner (SUSS Microtech, Germany) (Figure44.A.a-c). A 20 nm adhesion layer of chromium and a 300 nm layer of gold were evaporated with an Auto 500 thermal evaporator (Boc Edwards, USA) and the photoresist was lifted off with acetone and isopropanol (Figure44.A.d-e). A 3-µm insulation layer of Parylene-C (PaC) was deposited on top with a SCS Labcoater (SCS, USA) (Figure 44.A.f). For non-coated electrodes, the active area was patterned using the positive photoresist AZ 10XT (Microchemicals, Germany) (Figure 44.B.a-c) and the insulation layer of PaC was etched to the gold with a PlasmaLab 80 reactive ion etcher (Oxford Instruments, UK) (Figure 44.B.d). For PEDOT:PSS-coated electrodes, a 2% soap solution was spin-coated and a 3 µm sacrificial layer of Parylene-C was deposited on top (Figure 44.B'.a-b). The active area was patterned using the positive photoresist AZ 10XT (Figure 44.B.c-e) and the two layers of PaC were etched to the gold (Figure 44.f). A solution of polymerized PEDOT:PSS (Clevios PH1000, Heraeus, Germany), 5 vol% ethylene glycol (Carl Roth, Germany), 0.1 vol% dodecyl benzene sulfonic acid (Sigma, Germany) and 1 wt% (3-glycidyloxypropyl)trimethoxysilane (Sigma, Germany) was spin coated on the device, followed by a bake at 140 °C for 1 hour (Figure 44.B'.g). Finally, the sacrificial layer of PaC was peeled off to obtain the final device (Figure 44.B'.h). PDMS (Dow Chemicals, USA) wells were produced using a mold and stuck onto the glass slides to obtain four independent devices (Figure 43.g). Devices were characterized by electrochemical impedance spectroscopy (EIS) in phosphatebuffered saline solution (PBS). The measurements were performed with a PalmSens4 from 1 Hz to 10 kHz and 3.8 measurements points per decade. A 2-electrode setup was used where one of the interdigitated electrodes functioned as the working electrode and the other as the counter electrode. The PEDOT:PSS-coated electrodes show the typical capacitive and resistive dominated regions separated by a cut-off frequency, whereas the uncoated electrodes display only capacitive behavior (Figure 45).

Figure 44 :

 44 Figure 44: Microfabrication of in vitro devices. A.Gold electrodes patterning. B. Electrodes opening. B'. Electrodes opening and PEDOT :PSS coating.

Figure 45 :F

 45 Figure 45: Electrochemical impedance spectroscopy of gold electrodes and PEDOT :PSS coated electrodes in PBS.

Figure 47 :

 47 Figure 47: Regions of interest selection for PI experiments (a) and calcium experiments (b).

Figure 48 :

 48 Figure 48: ATP release due to PEFs delivery. a. Luminescence measured over time for PEFs delivered by PEDOT:PSS coated electrodes at a voltage of 25 V after 180 s. b. Dose response: maximum luminescence change depending on the voltage applied for coated and non-coated gold electrodes. PEDOT:PSS coated electrodes: 0 V (n = 10), 5 V (n = 5), 10 V (n = 5), 15 V (n = 8), 20 V (n = 5), 25 V (n = 10), 30 V (n = 9), 35 V (n=14). Gold electrodes: 0 V (n = 10), 5 V (n = 13), 10 V (n = 11), 15 V (n =18), 20 V (n = 16), 25 V (n = 12), 30 V (n = 15), 35 V (n=17). Error bars indicate standard deviations. c. Current measured depending on the voltage applied for coated and noncoated electrodes. Gold electrodes: n=122, PEDOT:PSS coated electrodes: n=78. d. Dose response: maximum luminescence change depending on the current for coated and non-coated gold electrodes.

Figure 49 :

 49 Figure 49: PI uptake: maximum fluorescence change following the application of PEFs delivered by PEDOT:PSS coated electrodes, depending on the voltage applied (n=5). Error bars indicate standard error of the mean.

  results. On one hand, an increase of fluorescence as a function of the applied voltage was observed near the cathode, with an EC50 of 20V. (Figure 50.a). On the other hand, cells growing near the anode showed almost no increase of fluorescence. Several cells even showed a temporary decrease of fluorescence for ~20 s after PEFs application (Figure 50.b). Similar effects were observed for cells located more than 50 µm apart from the electrodes, i.e. negligible PI uptake and calcium signals. However, a major difference was observed between cathode and anode, as cells showed respectively an increase and a decrease of calcium signals. Therefore, experiments were performed to determine whether this decrease was related to the calcium marker used or to a biological phenomenon.

Figure 50 :

 50 Figure 50: Intracellular calcium: maximum fluorescence change following the application of PEFs delivered by PEDOT:PSS coated electrodes, depending on the voltage applied (n=5). Error bars indicate standard error of the mean. b. Example of normalized fluorescence intensity of calcium signals over time measured for cells located near the anode, showing a diminishing fluorescence response after PEFs application (30 V).

  In order to understand the phenomena observed, similar experiments were conducted with the fluorescent calcium dye Calbryte 590-AM (AAT Bioquest, USA).4.3.1.1. Methods Cells were incubated for 30 minutes with 10 µM of Calbryte 590-AM and then rinsed with PBS. Then, the same experiments were performed and GCaMP6f and Calbryte 590-AM fluorescence were simultaneously recorded (respectively at λexc=490nm and λexc=550 nm) before and after application of PEFs at a voltage of 50 V (Figure51). On the pictures, the cathode is on the left and the anode is on the right. 4.3.1.2. Results Different responses were obtained with the two fluorescent indicators. Three cells of interest were selected, located respectively near the cathode, in the center and near the anode. The fluorescence increase after PEFs delivery was similar for GCaMP6f and Calbryte 590 in ROI 1, although of different intensity (Figure 51.b.left). In contrast, no increase was noticed in ROI 2 regarding GCaMP6f indicator contrary to Calbryte 590 (Figure 51.b.middle). Finally, an increase of fluorescence was observed with Calbryte 590 and a decrease with GCaMP6f (Figure 51.b.right) One explanation that was considered concerned the chemical products in which are dissolved Calbryte 590-AM, ie. dimethylsulfoxide (DMSO) (Thermofisher, USA) and pluronic F-127 (Thermofisher) that can be toxic for cells, and thus disturb calcium signaling. To exclude this hypothesis, U87-GCaMP6f cells were incubated for 30 minutes at 37°C with both products and experiments were performed with the same parameters as previously. Similar results were obtained, ie. an increase of fluorescence near the cathode, a decrease near the anode and almost no change in the center. Based on the results obtained, the decrease in fluorescence near the anode seemed to be linked with GCaMP6f and not to a biological phenomenon. Moreover, calcium signals were observed in the center part in contradiction with what was seen with GCaMP6f. This could also suggest that the edge effects might be less important than what was concluded previously.

Figure 51 :

 51 Figure 51: Comparison between calcium signals obtained with two different fluorescent indicators, GCaMP6f and Calbryte 590-AM. a. Cells observed with fluorescence microscopy at λexc=490nm (GCaMP6f) and λexc=550 nm (Calbryte 590-AM) over time. b. Normalized fluorescence intensity measured over time in three different ROIs depicted in (a) for both calcium indicators.

  were incubated for 60 minutes at 37°C in a solution of 2 µM (2',7'-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein, Acetoxymethyl Ester) (BCECF-AM, Thermofisher, USA). Cells were washed two times with fresh culture medium and PEFs were delivered after 2 min, 3 min, 4 min and 5 min, respectively at 10 V, 20 V, 30 V and 40 V and fluorescence was observed at λexc=490nm and measured over time (Figure 52). PEFs application induced a transient increase of the pH for cells located near the cathode, (Figure 52.b), whereas it is the opposite for cells near the anode (Figure 52.c) (N=2, n=103 cells).

Figure 52 :

 52 Figure 52: Effects of PEFs on intracellular pH. a. U87 cells loaded with BCECF observed at λexc=490nm. Fluorescence intensity was measured in each ROI depicted. b. Normalized fluorescence intensity measured over time in 4 ROIs of interest near the cathode, depicted in purple in (a). c. Normalized fluorescence intensity measured over time in 4 ROIs of interest near the anode, depicted in cyan in (a).

Introduction

  Le glioblastome multiforme (GBM) est le cancer du cerveau le plus fréquent, représentant plus de 60 % des tumeurs cérébrales chez l'adulte. Il existe plusieurs types de GBM, classés selon leur voie de développement. H.J. Scherer, un neuropathologiste allemand, a été le premier à utiliser les termes de "GBM primaire" et "GBM secondaire" pour décrire les tumeurs se développant respectivement de novo ou à partir d'un astrocytome diffus de bas grade / oligodendrogliome. Les tumeurs primaires représentent 80 % des GBM et touchent des patients plus âgés (âge moyen de 64 ans au moment du diagnostic) que les GBM secondaires (âge moyende 40 ans). Récemment, l'Organisation Mondiale de la Santé a ajouté un troisième sous-type rare contenant à la fois une différenciation astrocytaire et oligodendrogliale, appelé glioblastome avec composante d'oligodendrogliome (GBM-O). Le taux d'incidence global du GBM varie de 0,5 à 5 pour 100 000 personnes, et est en augmentation dans de nombreux pays, probablement en raison du surdiagnostic, du vieillissement de la population et des rayons ionisants.Les tumeurs sont généralement situées dans les régions supratentorielles du cerveau, provoquant des symptômes différents selon leur localisation. Les patients peuvent par exemple souffrir de problèmes visuels et auditifs lorsque le lobe temporal est touché, ou de changements de personnalité dans le cas du lobe frontal. Une augmentation de la pression intracrânienne est également régulièrement observée pendant la croissance de la tumeur, provoquant des maux de tête récurrents. L'imagerie diagnostique initiale pour la détection des GBM est principalement réalisée par tomographie assistée par ordinateur, par imagerie par résonance magnétique ou plus récemment par tomographie par émission de positrons. Ces techniques permettent la localisation de la tumeur mais ne sont généralement pas assez précises pour détecter les cellules infiltrées. Les protocoles de soins pour le traitement du glioblastome consistent en la résection chirurgicale maximale de la tumeur, suivie d'une radiothérapie et d'une chimiothérapie. En effet, la résection seule n'est pas suffisante car le GBM est très invasif et des cellules infiltrées peuvent rester dans le cerveau environnant, entraînant des récidives. De plus, la tumeur est souvent localisée dans des zones sensibles qui contrôlent la parole ou les fonctions motrices par exemple. La radiothérapie est donc utilisée pour tuer les cellules cancéreuses restantes, mais présente plusieurs limitations car elle peut provoquer des dommages neuronaux ou encore la nécrose de certains tissus. L'ajout d'agents chimiothérapeutiques peut améliorer la survie des patients, et notamment l'administration concomitante et d'entretien de témozolomide (TMZ), un agent de chimiothérapie alkylant. Ce médicament, capable de passer la barrière hémato-encéphalique, induit la méthylation de l'ADN et donc la défaillance du système de réparation des défauts d'appariement de l'ADN, entraînant l'apoptose des cellules. Bien qu'il améliore légèrement le pronostic, le TMZ a de nombreux effets secondaires, provoquant notamment des nausées, de la fatigue ou des maux de tête. De plus, les cellules tumorales peuvent s'adapter et devenir résistantes à ce traitement en réparant les dommages à l'ADN, entraînant une récidive du GBM dans l'année qui suit. Au final, la survie médiane n'est que de 15 mois (contre 3 mois sans traitement), entraînant le décès d'environ 200 000 personnes par an, ce qui en fait un problème crucial de santé publique. La résistance des tumeurs aux traitements existants est principalement due à leur grande hétérogénéité -intrinsèque et extrinsèque -à leur capacité d'adaptation ainsi qu'à l'invasivité des cellules tumorales. De nouvelles stratégies thérapeutiques sont donc nécessaires pour améliorer le pronostic de survie. Parmi celles-ci, les électrothérapies ont déjà prouvé leur efficacité contre plusieurs autres types de cancers. Ces thérapies sont basées sur l'administration de champs électriques pulsés (CEPs) qui affectent les tumeurs et leur microenvironnement. Cependant, elles reposent sur des composants électroniques rigides qui peuvent endommager les tissus mous comme le cerveau. L'électronique en couches minces semble être une bonne alternative car elle est moins invasive et permet une meilleure interface avec le cerveau grâce aux propriétés mécaniques des matériaux utilisés. Le développement de ces nouvelles thérapies passe par le choix de modèles biologiques appropriés, de la simple monocouche de cellules in vitro à l'organisme immunocompétent complet. Cette thèse vise à étudier la faisabilité de l'utilisation de l'électronique en couches minces pour le traitement du GBM, en développant des modèles biologiques adaptés permettant d'évaluer l'effet des CEPs sur différentes caractéristiques du GBM. Le chapitre 2 se concentre sur le développement d'un modèle tumoral vascularisé in ovo permettant de démontrer la faisabilité de délivrer des CEPs avec de l'électronique flexible. Le chapitre 3 s'appuie sur des expériences in vivo sur un modèle murin spécifique afin d'évaluer les effets des CEPs délivrés sur un organisme complet, et plus particulièrement sur le système immunitaire. Enfin, le chapitre 4 se concentre sur des expériences in vitro au niveau cellulaire, afin d'étudier s'il est possible d'induire la mort cellulaire par déplétion d'ATP sans électroporation des cellules.

CHAPITRE 2 3 L

 23 Les électrothérapies pour le traitement du glioblastome sont très prometteuses mais reposent principalement sur des dispositifs électroniques rigides. L'utilisation d'électrodes plus souples et plus fines permet de minimise la réaction causée par la friction continue entre le tissu et les électrodes de surface. En outre, elle permet une meilleure interface avec la surface irrégulière du cerveau. L'utilisation de dispositifs flexibles soulève néanmoins de nombreuses questions quant à leurs performances par rapport aux électrodes rigides standard.Dans ce chapitre, un modèle complet de tumeur vascularisée de glioblastome intégrant de l'électronique flexible a été développé. Ce modèle, basé sur la membrane embryonnaire de caille, est plus complexe que les modèles in vitro standards car il permet d'étudier la tumeur et sa vascularisation, ce qui en fait un modèle de choix. En effet, les électrothérapies basées sur l'électronique rigide ont montré par le passé que les champs électriques pulsés (CEPs) provoquent la vasoconstriction des vaisseaux sanguins, ainsi que des perturbations de l'intégrité des membranes cellulaires. Les expériences réalisées avec ce modèle ont confirmé que des effets similaires pouvaient être observés dans la zones traitée, en utilisant des électrodes de surface flexibles. De plus, une augmentation transitoire du calcium intracellulaire a été observée, de manière dose-dépendante avec le champ électrique appliqué. Ces résultats ont confirmé que l'électronique flexible est une alternative prometteuse à l'électronique rigide dans le cadre des électrothérapies. De plus, le modèle in ovo développé présente un intérêt pour des études concernant l'électrochimiothérapie, car il permet un accès complet au système circulatoire. Concernant les électrodes flexibles, la principale limitation concerne la profondeur de stimulation. En effet, les simulations numériques ont montré que l'intensité des champs électriques délivrés diminue drastiquement avec la distance. Ceci a été confirmé par la réalisation d'expériences avec un microscope biphotonique, montrant que l'intégrité de la membrane des cellules n'était affectée que sur une profondeur de 60 µm, ce qui est bien inférieur à la taille de la tumeur (400 µm de diamètre dans notre cas). Cependant, le dispositif développé a l'avantage d'être très flexible et conformable et donc une application potentielle serait de l'implanter dans la cavité résultant de la résection de la tumeur pour traiter les cellules résiduelles restant dans le cerveau. Des techniques de microfabrication standard ayant été utilisées, la conception et le design de ces électrodes peuvent aussi être facilement modifiés et optimisés pour traiter plus de 120 tissus en profondeur. L'ajout d'un polymère conducteur comme le PEDOT:PSS est également possible pour augmenter l'injection de charge dans les tissus. Enfin, bien que plus complexe que les expériences in vitro en 2D, le modèle in ovo reste limité et des expériences complémentaires doivent être réalisées sur un modèle in vivo pour évaluer les effets des PEFs sur un organisme vivant complet, et plus particulièrement sur le système immunitaire. En effet, les électrothérapies ont déjà démontré une réponse immunitaire déclenchée sur d'autres types de cancer qui pourrait potentiellement participer à l'éradication de la tumeur. CHAPITRE 'hétérogénéité intrinsèque et extrinsèque des tumeurs de glioblastome a été mise en évidence comme une raison majeure de la faible efficacité des thérapies existantes. Il est donc crucial de comprendre comment les tumeurs interagissent avec leur microenvironnement, et en particulier le système immunitaire du cerveau, qui est très spécifique par rapport aux autres organes. En effet, les électrothérapies ont déjà montré des effets sur le recrutement et l'amplification des réponses immunitaires, mais cet effet n'a pas encore été exploré dans le cerveau. Pendant des décennies, on a considéré que le cerveau était complètement isolé de l'activité immunitaire périphérique grâce à la présence de la barrière hémato-encéphalique, et qu'il était autosuffisant pour assurer son entretien et sa réparation grâce aux cellules immunitaires innées résidentes, les microglies. Cependant, de récentes études ont montré que la neuroprotection est soutenue par d'autres cellules immunitaires innées et adaptatives périphériques situées en particulier dans les méninges. Les macrophages associés aux tumeurs constituent la principale population cellulaire du microenvironnement tumoral. Ils comprennent des cellules immunitaires innées infiltrées provenant de la microglie et/ou des monocytes dérivés de la moelle osseuse. Ces dernières sont des monocytes circulants dans le système sanguin périphérique qui sont normalement impliqués dans l'initiation et la propagation des réponses de l'hôte aux pathogènes. Cependant, dans les tumeurs cérébrales qui sont hautement vascularisées, les néo vaisseaux sont anormalement perméables en raison d'une maturation incomplète, permettant aux monocytes de s'infiltrer dans les tumeurs où ils se différencient en macrophages associés aux tumeurs. Ces macrophages peuvent avoir des propriétés pro-angiogéniques et immunosuppressives ou libérer des facteurs anti-tumoraux en fonction des conditions. 121 L'objectif de ce chapitre était d'évaluer si les champs électriques pulsés (CEPs) délivrés par de l'électronique flexible peuvent affecter les tumeurs et leur microenvironnement, en se concentrant sur le système immunitaire et plus spécifiquement sur les macrophages associés aux tumeurs. Pour cette raison, nous avons développé un modèle de souris syngénique orthotopic de glioblastome intégrant de l'électronique flexible, basé sur des souris transgéniques triples exprimant des populations fluorescentes de cellules immunitaires innées. Ce projet étant toujours en cours, les résultats présentés dans ce chapitre sont des résultats préliminaires. De premiers résultats ont montré que les CEPs délivrés à une fréquence de 1 Hz ont affecté les monocytes circulant dans les vaisseaux sanguins et les ont attirés dans la zone traitée. De plus, une accumulation de ces cellules a été observée le jour suivant, au-dessus du vaisseau sanguin. Ceci pourrait signifier que les monocytes pourraient avoir franchi la barrière hématoencéphalique afin d'infiltrer le parenchyme cérébral, après avoir été attirés dans la zone traitée par les CEPs. Ces expériences doivent être répétées afin de confirmer les effets observés, et de déterminer s'ils sont bénéfiques ou néfastes sur le développement de la tumeur. C'est pourquoi cette étude est actuellement complétée par la mesure du volume tumoral au fil du temps en fonction du traitement appliqué. Le traitement n'a été répété que deux fois, à J26 et J27, ce qui pourrait être insuffisant pour affecter directement ou indirectement la tumeur, et il serait intéressant d'évaluer l'effet de traitements chroniques sur une plus longue période et à des stades plus précoces du développement de la maladie. Aucun effet n'a encore été observé sur les microglies et les cellules dendritiques mais cela reste à confirmer. En parallèle, l'apparition de bulles de gaz a été observée après l'administration des CEPs, signifiant que des réactions électrochimiques se produisent à la surface des électrodes, entraînant la génération d'espèces réactives de l'oxygène (ROS). Les premières expériences réalisées ont confirmé que le modèle in vivo développé est adapté à l'étude des effets des CEPs sur la tumeur cérébrale et son micro-environnement. La croissance de la tumeur a été observée et les électrodes flexibles implantées étaient toujours fonctionnelles après un mois d'expérience. De plus, plusieurs vaisseaux sanguins affectés par les CEPs étaient situés 200 µm sous les électrodes, montrant que la stimulation a atteint des tissus plus profonds avec ce design (espacement inter-électrodes de 250 µm) mais reste néanmoins limitée par rapport à la taille de la tumeur (> 1 mm). Les électrodes de surface pourraient être plus adaptées au traitement des cellules résiduelles après résection. Elles sont en effet très conformables et peuvent être implantées dans la cavité laissée par la tumeur.

  

  

  

  

  

Table 4 :

 4 Co-culture ratios implanted in 4 different mice.

	Mice	Gl261-GCaMP6f	Gl261-DsRed
	36614	5000	5000
	42700	5000	5000
	36618	9500	500
	36619	9500	500

  doped with polystyrene sulfonate (PEDOT:PSS) were used. Indeed, in a parallel project conducted by Romanos Poulkouras in which I took part, we showed that coating of gold electrodes with this polymer resulted in minimal electroporation by preventing intracellular Reactive Oxygen Species generation 231 .

This Chapter is partly based on the publications:

Lefevre, M. C., Kaszas, A., Dijk, G., Baca, M., Baudino, O., Marchiori, B., Kergoat, L., Moreau, D., Debarbieux, F., O'Connor, R. P. Flexible Organic Electronic Devices for Pulsed Electric Field Therapy of Glioblastoma. J. Vis. Exp., e63527, In-press (2022).

All experimental procedures were performed in accordance with the French legislation and in compliance with the European Community Council Directive of November 24, 1986 (86/609/EEC) for the care and use of laboratory animals. The research on animals was authorized by the Direction Départementale des Services Vétérinaires des Bouches-du-Rhône and approved by the ethical committee of Provence Cote D'Azur (Apafis # 22689-2019100414103054).

Finally, as mentioned previously, one of the main advantages of thin-film electrode devices is the reduction of mechanical damage induced by the implantation of the device and micromovements happening post-implantation. In order to assess those mechanical damages, a comparison was made between flexible and rigid electrode implantations on the embryo. As a result, the placement of the flexible electrodes caused no visible damages on the embryo (Figure 26.a-b) while the insertion of stiff electrodes that induced a distortion of the tissue (Figure 26.c) and damages to blood vessels (Figure 26.d-f). 

Outline of the chapter

The objective of this chapter is to evaluate whether Pulsed Electric Fields (PEFs) delivered by flexible electronics can disrupt tumors and their microenvironment, with a focus on the immune system and more specifically on tumor-associated macrophages (TAMs). For this reason, we developed a syngenic orthothopic mouse model of glioblastoma integrating flexible electronics based on triple transgenic mice expressing fluorescent populations of innate immune cells. Then, preliminary results are presented, showing the effect of the PEFs delivered on tumor and its microenvironment to finally conclude on the next steps of this project. Electrochemical impedance spectroscopy (EIS) was performed in phosphate-buffered saline (PBS) and in situ after implantation to validate the performances of the electrodes. The measurements were performed with a PalmSens4 from 1 Hz to 10 kHz and 3.8 measurements points per decade. A 2-electrode setup was used where one of the interdigitated electrodes functioned as the working electrode and the other as the counter electrode. Compared to the impedance in saline solution, an increase of the impedance was observed in vivo at higher frequencies, which is expected in presence of a biological environment (Figure 37) 186 . 

Methods

Optimization of the model

PEFs delivery and imaging of the model

Experiments started from day 26 (D26) after implantation, at the latest stages of GBM progression. Indeed, previous studies showed that the final stage of the disease is approximately reached on D33, at which time mice lose significant weight or die 183 .

The flexible probe was connected to a lab-made pulse generator. The voltage was set with a precision of 1 V and the current was measured at the terminals of the electrodes using an 

Methods: development of the in vitro model

In vitro devices were designed and microfabricated to allow four experiments at the same time in standard analysis tools (microscope and cell plate reader). A specific electronic design was used to connect the devices to the generator (Figure 43). (1X) (Thermofisher, USA) at 37°C. 50 000 cells were seeded per well, in a total volume of 400 µL of media. Experiments were performed one day after seeding.

Extracellular ATP detection

The extracellular ATP detection kit (Promega, France) was used to measure the released ATP over time. The non-lytic reagent used is based on luciferin/luciferase assay (Figure 46). Light emitted is proportional to the concentration of extracellular ATP and is expressed in Relative Light Unit (RLU).

On the day of experiment, the device was placed in the plate reader (M1000, Tecan, Switzerland) pre-warmed at 37 °C. Cell media was discarded and 400 µL of 1X reagent were added into the well. Then, the luminescence was measured every 3 s in the well with an integration time of 1 s, and PEFs were applied after 3 minutes of stabilization of the signal. In order to measure only the released ATP due to the PEFs delivery, the values were corrected by removing the value at t=180s. 

Calcium signaling and electroporation

Chapter 5. Conclusion

The aim of this thesis was to investigate the feasibility of the use of surface thin film electronics for GBM therapy, using different biological models in order to have a full investigation from in vitro experiments to in vivo experiments. The interest of flexible electronics lies in the fact that it can be used for treating sensitive areas in which the insertion of stiff material would cause acute and chronic injuries. The optimal use of those devices is to lay and adapt on the curvilinear surface of the brain, enhancing both the bioelectronic interface and mechanical accordance between tissues and electronics.

In a first time, the feasibility of delivering PEFs and reaching common effects of existing 
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Flexible electronics integrated into increasingly complex glioblastoma models for the study of pulsed electric fields effects.
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Glioblastoma multiforme (GBM) is an incurable brain cancer. Despite tmultimodal therapies, most patients experience recurrence within a year and the median survival is only 15 months. This is mainly due to the high intrinsic and extrinsic heterogeneity of tumors, their ability to adapt and become resistant to drugs and their high invasiveness. For this reason, new therapeutic strategies are developed, including electrotherapies based on the delivery of pulsed electric fields (PEFs). Electrotherapies have already proven to be effective against several types of cancers but rely on stiff electronics that can cause damages to soft tissues like the brain. The use of flexible electronics seems to be a promising alternative as they are less invasive and they allow a better interface with the brain due to the mechanical properties of the materials used.

This thesis focuses on the development of biological models integrating flexible electronics, allowing to evaluate the effect of PEFs delivered by these devices on tumors and their microenvironment. The feasibility of using such electrodes was first demonstrated through the development of a 3D model of a vascularized tumor in ovo. In vivo experiments were then performed on a specific mouse model in order to evaluate the effect of PEFs on a complete organism, and more specifically on the immune system. Finally, the mechanisms responsible for the observed phenomena were studied through in vitro experiments in two dimensions.