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Introduction du sujet

Les microalgues sont des organismes unicellulaires microscopiques qui opèrent la photosynthèse pour extraire de l'énergie et des substances de leur environnement [START_REF] Scarsini | Photosynthesis in Diatoms[END_REF]. Pendant le processus de croissance, 1 kg de microalgues capte environ 1,8 kg de CO2 de l'atmosphère [START_REF] Iglina | Industrial CO2 Capture by Algae: A Review and Recent Advances[END_REF]. En outre, le rendement de production des microalgues par hectare est plus de 20 fois supérieur à celui des plantes [START_REF] Benedetti | Biomass from microalgae: The potential of domestication towards sustainable biofactories[END_REF]. Certaines des biomolécules naturelles produites par les microalgues ne peuvent pas être synthétisées chimiquement aujourd'hui, car elles nécessitent l'action d'enzymes spécifiques [START_REF] Alder | The path from β-carotene to carlactone, a strigolactone-like plant hormone[END_REF]. La ressource microalgale est une source de nouveaux composés pour de nombreuses applications industrielles : alimentation humaine, alimentation animale, pharmacie, cosmétique et énergie [START_REF] Mimouni | The Potential of Microalgae for the Production of Bioactive Molecules of Pharmaceutical Interest[END_REF]. Parmi les biomolécules extraites des microalgues, les caroténoïdes occupent une place historique et prépondérante [START_REF] Scarsini | Carotenoid Overproduction in Microalgae: Biochemical and Genetic Engineering[END_REF] car ils présentent des propriétés uniques comme la provitamine A, des activités antioxydantes et de protection de la peau [START_REF] Gateau | Carotenoids of Microalgae Used in Food Industry and Medicine[END_REF]. Le puissant effet antioxydant des caroténoïdes, comme le β-carotène, est dû au piégeage des radicaux libres. Son effet positif sur la santé a été prouvé dans le traitement d'un grand nombre de maladies avec des activités antidiabétiques, antitumorales, anti-inflammatoires et des bénéfices pour la fonction cognitive [START_REF] Gateau | Carotenoids of Microalgae Used in Food Industry and Medicine[END_REF].

La viabilité économique de la production de métabolites produits à partir des microalgues représente un défi biotechnologique qu'il convient de relever. En effet, les microalgues sont des microorganismes à croissance lente (0,05 jour -1 pour Isochrysis galbana et 1,2 jour -1 pour Scenedesmus sp.), [START_REF] Darvehei | Model development for the growth of microalgae: A review[END_REF] par rapport aux levures (9,6 jours -1 pour Saccharomyces cerevisiae), [START_REF] Boender | Quantitative physiology of Saccharomyces cerevisiae at near-zero specific growth rates[END_REF] et aux bactéries (18,5 jours -1 pour Escherichia coli), (Paalme et al., 1997). Les coûts de production actuels associés aux métabolites de microalgues sont plus élevés que pour les levures et les bactéries avec qui elles vont rentrer en compétition commerciale. La disponibilité de la lumière au sein des réacteurs est un verrou technique majeur pour l'industrialisation de la production autotrophe de microalgues qui nécessitent des designs spécifiques de bioréacteurs [START_REF] Pruvost | Large-Scale Production of Algal Biomass[END_REF]. Afin d'industrialiser la production de substances à hautes valeurs ajoutées, l'amélioration de la productivité et de la reproductibilité des processus de culture et d'extraction est obligatoire [START_REF] Guedes | Microalgae as sources of high added-value compounds-a brief review of recent work[END_REF]. La compréhension du métabolisme des microalgues et des processus de production est donc une étape clé.

Chez certains taxons de microalgues, l'application couplée d'un appauvrissement en azote et d'un stress lumineux élevé déclenche la réorientation du métabolisme carboné vers l'accumulation massive de métabolites secondaires. Par exemple, la microalgue verte Dunaliella, qui se trouve naturellement dans de nombreux marais salants, accumule du βcarotène jusqu'à 14% de son poids sec [START_REF] Ben-Amotz | Stereoisomers of β-Carotene and Phytoene in the Alga Dunaliella bardawil[END_REF][START_REF] Da Silva | Chlorophylls in Microalgae: Occurrence, Distribution, and Biosynthesis[END_REF].

Les procédés actuels de fractionnement des microalgues nécessitent plusieurs étapes en aval telles que la déshydratation, le séchage, l'extraction par solvant et la purification des biomolécules cibles [START_REF] Vinayak | Diatom milking? A review and new approaches[END_REF]. De plus, ils génèrent des résidus qui doivent être traités. La plupart de ces étapes sont très consommatrices en temps et en énergie [START_REF] Hosseini Tafreshi | Dunaliella biotechnology: Methods and applications[END_REF], ce qui peut mettre en péril la viabilité écologique et économique de ces procédés, à moins que le prix de ces biomolécules soit très élevé. La réduction des résidus de production par des méthodes d'extraction in situ, dites de traite, a été proposée. Cela inclut l'utilisation de prétraitements telles que des impulsions électriques [START_REF] Zhang | Two-step procedure for selective recovery of bio-molecules from microalga Nannochloropsis oculata assisted by high voltage electrical discharges[END_REF][START_REF] Gateau | Application of pulsed electric fields for the biocompatible extraction of proteins from the microalga Haematococcus pluvialis[END_REF] ou des fréquences de résonance [START_REF] Vinayak | Fabrication of resonating microfluidic chamber for biofuel production in diatoms (Resonating device for biofuel production)[END_REF], et de solvants biocompatibles [START_REF] Frenz | Hydrocarbon recovery by extraction with a biocompatible solvent from free and immobilized cultures of Botryococcus braunii[END_REF][START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF][START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF][START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF].

Chez Dunaliella, en comparant la solubilité du β-carotène, la capacité d'extraction par solvant et la biocompatibilité des solvants organiques, [START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF] ont établi que le meilleur compromis pour l'extraction biocompatible du β-carotène est obtenu en utilisant des solvants hydrophobes présentant un log Poctanol autour de 5 comme le n-décane, à condition que le rapport solvant/culture (v/v) reste inférieur à 1. Cependant, pour Dunaliella, le n-décane a été considéré comme non compatible [START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF] avec une corrélation directe entre la destruction des cellules et l'extraction du β-carotène (Kleinegris et al., 2011b), ou biocompatible [START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF] avec une fraction plus élevée de β-carotène extrait par rapport au taux de destruction des cellules. En général, il a été rapporté que l'extraction des lipides des microalgues avec un solvant organique dépend du temps de contact et de la surface entre le milieu et le solvant organique, mais plus le taux d'extraction est élevé, plus la biocompatibilité est faible [START_REF] Frenz | Hydrocarbon recovery by extraction with a biocompatible solvent from free and immobilized cultures of Botryococcus braunii[END_REF]Hejazi et al., 2003 ;[START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF][START_REF] Miazek | Effect of organic solvents on microalgae growth, metabolism and industrial bioproduct extraction: A review[END_REF].

Objectifs de l'étude

Alors que de nombreuses études se sont concentrées sur la sélection des solvants et les conditions opératoires de l'extraction, l'effet des conditions de culture sur les caractéristiques à l'échelle de la cellule et, de facto, sur la biocompatibilité de l'extraction reste peu étudié. Les méthodes les plus courantes de suivi des cultures consistent à mesurer des caractéristiques moyennes de la population (densité cellulaire, poids sec, teneur en pigments, activité photosynthétique), ce qui peut conduire à des informations biaisées qui ne rendent pas compte de l'hétérogénéité de la culture. Les études environnementales et toxicologiques du phytoplancton fournissent des informations de base sur les mécanismes de toxicité des substances et leur impact sur la activités métaboliques et l'intégrité biologique [START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. Les outils développés peuvent être appliqués pour la compréhension du mécanisme de toxicité d'un traitement de bioraffinage. En dehors des conditions de laboratoire, la variabilité de la croissance est causée par des conditions non homogènes, la disponibilité des nutriments, la compétition et la prédation. Dans les conditions de laboratoire, les cultures microbiennes présentent toujours un degré élevé d'hétérogénéité en termes de taux de croissance et de résistance au stress [START_REF] Adler | Flow cytometry as a tool to study phytotoxic modes of action[END_REF].

Il est généralement admis que parmi les premiers signes mesurables de la mort cellulaire figurent la perte ou la réduction de l'intégrité de la membrane et de l'activité métabolique [START_REF] Caron | Viability assessment of bacteria in mixed populations using flow cytometry*[END_REF][START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. Ainsi, l'activité enzymatique qui représente l'intensité du métabolisme (vitalité) et le contenu en ADN qui montre la capacité de la cellule à poursuivre sa croissance (viabilité) pourraient influencer la biocompatibilité unicellulaire à l'extraction par du solvant organique. D. salina est une microalgue sans paroi cellulaire, ce qui signifie que les cellules sont limitées par une membrane plasmique mince et élastique [START_REF] Dodge | The Fine Structure of Algal Cells, The Fine Structure of Algal Cells[END_REF] qui agit comme la seule barrière sélective aux composés [START_REF] León | Organic solvent toxicity in photoautotrophic unicellular microorganisms[END_REF]. Par principe, l'extraction ne peut être biocompatible pour une cellule que si la perméabilisation de sa membrane est réversible. Or les membranes cellulaires sont les endroits préférentiels où les solvants organiques, comme les n-alcanes, peuvent s'accumuler [START_REF] Bar | Effect of interphase mixing on a water-organic solvent two-liquid phase microbial system: ethanol fermentation[END_REF], perturbant la fluidité membranaire [START_REF] Sikkema | Mechanisms of membrane toxicity of hydrocarbons[END_REF] et conduisant à la perméabilisation de la membrane [START_REF] De Nó | Studies on the structure of the cerebral cortex. II. Continuation of the study of the ammonic system[END_REF]. Ainsi, le volume cellulaire et la circularité qui quantifient la morphologie de la membrane cellulaire et la perméabilité naturelle qui qualifie l'intégrité de la membrane cellulaire pourraient influencer le processus de perméabilisation et la biocompatibilité qui en résulte.

•

Il en résulte les questions scientifiques suivantes auxquelles cette thèse apporte des éléments de réponses :

• Est-ce que le solvant à une toxicité préférentielle sur une sous population de cellules ??

• Quel est l'impact de l'extraction de β-carotène sur l'activité métabolique des cellules ?

• Existe-t-il des conditions de cultures plus favorables pour que l'extraction soit biocompatible ? Une circularité faible était associée à un faible taux de survie. La circularité était plus faible pour les cellules SE, ce qui se traduit par un indice de destruction cellulaire (IPCD) plus élevé pour SE. La diminution transitoire de la circularité pour un temps de contact court avec le solvant (moins de 45s) a induit une distorsion de la cellule qui peut être due à une altération de la membrane cellulaire peut être une conséquence de la perméabilisation de la cellule. Pour les cellules GE et SE, la contribution de la perméabilisation naturelle à la fragilité des cellules n'a pas été mesurée. La perméabilisation des cellules augmente avec l'exposition au n-décane, comme le montre la coloration à l'iodure de propidium et la mesure avec un spectrofluoromètre. L'utilisation du SYTOX Green, compatible avec le spectre des microalgues, et l'analyse unicellulaire ont montré au contraire que la perméabilité des cellules diminue après exposition au n-décane. Au-dessus du seuil de 20% de perméabilité, plus la perméabilité est élevée, plus la perturbation est importante. Ce résultat contraste avec l'augmentation de la perméabilité due à l'exposition aux solvants organiques rencontrée dans la littérature, souvent mesurée en moyenne sur la population. Or, le mécanisme de la toxicité des solvants organiques est basé sur la formation de pores dans la membrane. Les cellules qui sont naturellement perméabilisées sont plus proches du seuil critique de la surface des pores sur la membrane et plus sujettes à la perturbation cellulaire. La mesure unicellulaire de la perméabilisation réalisée avec le colorant bleu Evans a confirmé les résultats et a permis de mettre en évidence le mécanisme de perturbation cellulaire. La proportion de cellules naturellement perméabilisées était élevée pour les cultures de cellules en erlenmeyer. Un temps d'exposition supérieur à 45s a conduit à une diminution des cellules avec intégrité membranaire (non affectées) et de l'indice de biocompatibilité. Les cellules perméabilisées naturellement sont perturbées en premier, mais elles sont considérées comme des cellules mourantes non viables, leur mort ne diminuant pas efficacement la biocompatibilité. Par conséquent, le traitement peut être considéré comme principalement biocompatible pour un temps d'extraction très court, c'est-à-dire <45s. En résumé, les cellules naturellement perméabilisées sont perturbées en premier, et les cellules non affectées semblent suivre un processus de perméabilisation graduel : perméabilisation réversible → perméabilisation irréversible → cellules détruites. La présence de cellules perméabilisées de manière réversible n'est que transitoire car sa proportion diminue lorsque le temps de traitement dépasse 20s.

Principaux résultats et discussion

La production d'oxygène diminue légèrement de 20% en moyenne. L'absence de diminution de Fv/Fm après 120s de mélange indique que le solvant n'a pas altéré de manière significative la machinerie photosynthétique. Nos résultats confirment la faible toxicité du n-décane sur l'activité photosynthétique des cellules GE et SE atteinte par plusieurs autres études (par exemple, [START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF][START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF]). Comme mesuré avec le colorant CTC, l'activité respiratoire est stimulée, probablement en raison d'un échange plus élevé à travers la membrane. Cette méthode a confirmé la faible toxicité du n-décane sur l'activité photosynthétique. L'exposition au n-décane diminue l'activité estérase des cellules cultivées et stressées, mesurée en moyenne par spectrofluorimétrie. En ce qui concerne l'impact de l'exposition au n-décane sur le cycle de division cellulaire, les cellules qui n'étaient pas en cours de division cellulaire étaient plus susceptibles d'être perturbées. En effet, la croissance a été arrêtée en raison d'un mauvais fonctionnement des cellules ou de conditions de culture défavorables (pH, nutriment, lumière). Dans l'ensemble, les résultats suggèrent que les cellules faibles, qui étaient déjà perméabilisées et incapables de poursuivre la division cellulaire, ont été perturbées de manière préférentielle.

En comparant les résultats des études précédentes et les nôtres, on peut conclure qu'une faible concentration et une courte exposition ont stimulé la cellule, qu'une concentration élevée et une courte exposition ont légèrement inhibé la survie des cellules et qu'une exposition à long terme a eu un effet toxique élevé sur les cellules. La mort sélective des cellules non viables à l'intérieur de la culture et l'augmentation des échanges à travers la membrane perméabilisée pourraient expliquer la stimulation métabolique après l'exposition au solvant organique qui a été rapportée dans la littérature.

Le cas idéal pour la traite du β-carotène pourrait être que toutes les molécules soient extraites de toutes les cellules sans mort cellulaire, puis que les cellules réaccumulent, le plus rapidement possible, les molécules extraites. Les cellules utilisent les caroténoïdes comme une protection contre la lumière. Ainsi, une quantité minimale doit être laissée dans les cellules. Comme la mort cellulaire survient sur des cellules fragiles, les cellules doivent repousser pour maintenir une densité cellulaire constante et éviter l'effondrement de la culture. Les cellules doivent alors être recyclées dans un milieu contenant de l'azote. Pour répondre à ce besoin, deux procédés sont possibles : (i) il y a une étape de relaxation avec un milieu enrichi en azote pour déclencher la croissance des cellules, ou (ii) un seul photobioréacteur est utilisé avec un milieu limité en azote pour maintenir la croissance. Cette deuxième solution peut permettre d'obtenir des cellules moins fragiles car elles disposeraient de suffisamment de matière pour le maintien des cellules par rapport au milieu appauvri.

En conclusion, les conditions de culture influencent fortement la morphologie cellulaire et la robustesse des cellules de Dunaliella salina à l'extraction du β-carotène. Les cellules survivantes étaient petites (<600µm 3 ), avec une circularité élevée (0.7-0.9) et non perméabilisées naturellement. Cette découverte ouvre de nouveaux schémas de production de caroténoïdes basés sur la culture de cellules robustes enrichies en β-carotène dans des conditions contrôlées, telles que le pH, le mélange et le CO2 dans le photobioréacteur, afin d'assurer une extraction biocompatible.

Climate change and biodiversity losses have raised awareness about the consumption of renewable products and natural substances. These environmental impacts are largely attributable to greenhouse gas emissions and chemical pollution from anthropic activities, such as extracting and refining materials and chemicals from the environment and transporting them to consumers. Consumption of organic foods and natural products has been shown to have many advantages over conventional and synthetic products, such as improved health and increased environmental sustainability [START_REF] Mie | Human health implications of organic food and organic agriculture: a comprehensive review[END_REF].

Microalgae are microscopic unicellular organisms that operate photosynthesis to extract energy and substances from their environment [START_REF] Scarsini | Photosynthesis in Diatoms[END_REF]. During the growth process, 1 kg of microalgae captures 1,8 kg of CO2 from the atmosphere. Unlike terrestrial plants, that need watering, microalgae grow in water that can be reused several times. In addition, microalgae production yield per acre is >20 times higher than that for plants [START_REF] Benedetti | Biomass from microalgae: The potential of domestication towards sustainable biofactories[END_REF].

Microalgae form a polyphyletic group of organisms. The number of species is estimated to be between 30,000 and 1,000,000 [START_REF] Guiry | How many species of algae are there?[END_REF]. Along with their long and complex evolution, microalgae have acquired the capacity to produce a wide spectrum of natural products (proteins, antioxidants, drugs, omega-3 oil, biofuel and pigments), [START_REF] Mimouni | The Potential of Microalgae for the Production of Bioactive Molecules of Pharmaceutical Interest[END_REF][START_REF] Rajvanshi | Biomolecules from Microalgae for Commercial Applications, Sustainable Downstream Processing of Microalgae for Industrial Application[END_REF]. Because it is not widely explored, microalgal resource may be the source of new compounds that exhibit higher activity. Some of these natural biomolecules cannot be chemically synthesized today. The targeted applications are numerous and span many industries: food, feed, pharmaceutics, cosmetics and energy [START_REF] Mimouni | The Potential of Microalgae for the Production of Bioactive Molecules of Pharmaceutical Interest[END_REF].

However, the economic viability of the metabolites produced from microalgae is a biotechnological challenge that needs to be addressed. Indeed, microalgae are slow growth microorganisms (0.05day -1 for Isochrysis galbana and 1.2day -1 for Scenedesmus sp.), [START_REF] Darvehei | Model development for the growth of microalgae: A review[END_REF] compared to yeast (9.6day -1 for Saccharomyces cerevisiae), [START_REF] Boender | Quantitative physiology of Saccharomyces cerevisiae at near-zero specific growth rates[END_REF] and bacteria (18.5day -1 for Escherichia coli), (Paalme et al., 1997). The light availability within the reactors is a major bottleneck in the industrialization of autotrophic production of microalgae [START_REF] Pruvost | Large-Scale Production of Algal Biomass[END_REF]. In order to unlock the potential of microalgae and industrialize the production of high-value substances, the improvement of the productivity and the reproducibility of cultivation and extraction processes is mandatory [START_REF] Guedes | Microalgae as sources of high added-value compounds-a brief review of recent work[END_REF].

The understanding of the microalgal metabolism and production processes is thus a key step.

In a few microalgae taxa, the coupled application of nitrogen depletion and high light stress triggers the reorientation of the carbon metabolism toward the massive accumulation of secondary metabolites. For example, the green microalga Dunaliella, accumulates β-carotene up to 14% of its dry weight [START_REF] Ben-Amotz | Stereoisomers of β-Carotene and Phytoene in the Alga Dunaliella bardawil[END_REF][START_REF] Da Silva | Chlorophylls in Microalgae: Occurrence, Distribution, and Biosynthesis[END_REF]. Current microalgal fractionation processes require several downstream steps such as dewatering, drying, solvent extraction, and purification of the target biomolecules [START_REF] Vinayak | Diatom milking? A review and new approaches[END_REF].

More than that, they generate residues that need to be treated. Most of these steps are time-and energy-intensive [START_REF] Hosseini Tafreshi | Dunaliella biotechnology: Methods and applications[END_REF], which can jeopardize the ecological and economic viability of these processes unless the prices of such biomolecules is very high.

Reduction of production residues with in situ extraction methods, referred as milking, have been proposed. This includes the use of pre-treatments such as electric pulses [START_REF] Zhang | Two-step procedure for selective recovery of bio-molecules from microalga Nannochloropsis oculata assisted by high voltage electrical discharges[END_REF][START_REF] Gateau | Application of pulsed electric fields for the biocompatible extraction of proteins from the microalga Haematococcus pluvialis[END_REF] or resonance frequencies [START_REF] Vinayak | Fabrication of resonating microfluidic chamber for biofuel production in diatoms (Resonating device for biofuel production)[END_REF], and biocompatible solvents [START_REF] Frenz | Hydrocarbon recovery by extraction with a biocompatible solvent from free and immobilized cultures of Botryococcus braunii[END_REF][START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF][START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF][START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF]. In Dunaliella, by comparing β-carotene solubility, solvent extraction ability and biocompatibility of organic solvents, [START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF] established that the best compromise for β-carotene biocompatible extraction is achieved using hydrophobic solvents exhibiting a log Poctanol around 5 as n-decane, provided that the solvent/culture ratio (v/v) remains less than 1. However, for Dunaliella, n-decane was considered noncompatible [START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF] with a direct correlation between cell destruction and β-carotene extraction (Kleinegris et al., 2011b), or biocompatible [START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF] with a higher fraction of β-carotene extracted compared to cell destruction rate. Generally, it has been reported that lipid extraction from microalgae with organic solvent depends on the contact time and area between the medium and the organic solvent, but the higher the extraction rate, the lower the biocompatibility [START_REF] Frenz | Hydrocarbon recovery by extraction with a biocompatible solvent from free and immobilized cultures of Botryococcus braunii[END_REF]Hejazi et al., 2003;[START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF][START_REF] Miazek | Effect of organic solvents on microalgae growth, metabolism and industrial bioproduct extraction: A review[END_REF].

While many studies have focused on solvent selection and extraction operating conditions, there is a lack of understanding of the effect of culture conditions on single-cell characteristics and, de facto, on the extraction biocompatibility. The most common method for monitoring cultures is to measure the average characteristic of the population (cell density, dry weight, pigment content, photosynthetic activity), which can lead to biased information that is not rendering culture's heterogeneity. Environmental and toxicological studies of phytoplankton provide basic information on the toxicity of substances and treatments on microalgae [START_REF] Adler | Flow cytometry as a tool to study phytotoxic modes of action[END_REF][START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. Outside of laboratory conditions, growth variability is caused by nonhomogeneous conditions, nutrient availability, competition, and predation. Under laboratory conditions, microbial cultures still exhibit high degree of heterogeneity in terms of growth rate and stress resistance.

There is a general consensus that among the first measurable signs of cell death are the loss or reduction of membrane integrity and metabolic activity [START_REF] Caron | Viability assessment of bacteria in mixed populations using flow cytometry*[END_REF][START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. Thus, the enzymatic activity that represents the intensity of metabolism (vitality) and DNA content that shows the cell ability to pursue growth (viability) could influence single-cell biocompatibility of organic solvent. D. salina is a cell wall less microalga meaning that the cells is limited by a thin and elastic plasma membrane [START_REF] Dodge | The Fine Structure of Algal Cells, The Fine Structure of Algal Cells[END_REF] that acts as the sole selective barrier to compounds [START_REF] León | Organic solvent toxicity in photoautotrophic unicellular microorganisms[END_REF]. In theory, the extraction can only be biocompatible for a cell if its membrane permeabilization is reversible. Indeed, cell membranes are the preferential places where organic solvents, like n-alkanes, can accumulate [START_REF] Bar | Effect of interphase mixing on a water-organic solvent two-liquid phase microbial system: ethanol fermentation[END_REF], perturbing membrane fluidity [START_REF] Sikkema | Mechanisms of membrane toxicity of hydrocarbons[END_REF] and leading to membrane's permeabilization [START_REF] De Nó | Studies on the structure of the cerebral cortex. II. Continuation of the study of the ammonic system[END_REF]. Therefore, the morphology and the permeability of the cell membrane could influence the permeabilization process and the resulting biocompatibility. Then, a general discussion draws together the main findings of the thesis and establishes the significance of the work. Finally, the manuscript ended with the conclusion and perspectives to summarize the work and make recommendations for future work. 1). This structural arrangement makes β-carotene a hydrophobic member of the carotene sub-family of carotenoids characterized by a high antioxidant activity. β-carotene molecule was isolated for the first time from carrots in 1837 by Wackenroder [START_REF] Sourkes | The discovery and early history of carotene[END_REF].

Several isomers of β-carotene exist: all-trans is the predominant form found in nature but the 9cis one has the most potent antioxydant activity [START_REF] Ye | Biosynthesis and regulation of carotenoids in Dunaliella: Progresses and prospects[END_REF]. 

Role in microalgae

Primary β-carotene play a significant role in the photosynthetic process as a photon collector and energy transmitter in the pigment-protein complex of the photosystem I and II [START_REF] Takaichi | Carotenoids in algae: Distributions, biosyntheses and functions[END_REF].

β-carotene protect chlorophyll from excess light by providing shading, dissipating heat and limiting the formation of reactive oxygen species (ROS), [START_REF] Shaish | Are active oxygen species involved in induction of β-carotene in Dunaliella bardawil?[END_REF]. β-carotene stabilizes protein folding in the photosynthetic apparatus and protects chlorophylls, lipids, proteins and DNA from oxidative damage by quenching singlet oxygen arising from sunlight absorption by pigments [START_REF] Ahmed | Induced carotenoid accumulation in Dunaliella salina and Tetraselmis suecica by plant hormones and UV-C radiation[END_REF]. β-carotene can also be found in the eyespot (stigma) of flagellated microalgae to show the cell the direction and intensity of light [START_REF] Arrieta | Phototaxis beyond turning: persistent accumulation and response acclimation of the microalga Chlamydomonas reinhardtii[END_REF]. The cell is then able to approach light (positive phototaxis) or to move away from it (negative phototaxis).

Metabolism in animals

β-carotene is metabolized by the human body in vitamin A (Figure 1.2). In animals, β-carotene can be enzymatically cleaved in two molecules of retinaldehyde or in one β-ionone and one apocarotenal which is then converted to retinaldehyde. Retinaldehyde can be oxidized to generate all-trans retinoic acid, the biologically active form of vitamin A or it can be reduced to retinol, its alcohol form, commonly referred as vitamin A [START_REF] Curtain | Method for harvesting algae[END_REF]. Retinol can be esterified in retinyl ester, the storage form of vitamin A in different tissue like liver, lung and adipose. Its further release in the body is controlled by nutrient need. 

Commercial application of β-carotene

Food and feed

Carotenoids cannot be synthesized by animal cells and therefore must be acquired through the alimentation. In western countries, β-carotene contributes to about 30% of the dietary intake in vitamin A and is the most abundant or the sole source of vitamin A in developing countries [START_REF] Shete | Mammalian metabolism of β-carotene: Gaps in knowledge[END_REF]. β-carotene is used in the food industry (food additive E160a(iv)) for pigmenting product like margarine, butter, bakery products, sugar confectionery, meat, pasta and egg products, deserts and mixes, dairy and related products, fruit juices and beverages, canned soups, preserves and syrups [START_REF] Delgado | Natural Pigments: Carotenoids, Anthocyanins, and Betalains -Characteristics, Biosynthesis, Processing, and Stability, Critical Reviews in Food Science and Nutrition[END_REF]. It is also used as a food additive in children food to increase vitamin content. In the feed industry β-carotene is added to animal feed for the pigmentation of fish, sea fruits, egg yolk and chicken meat [START_REF] Solymosi | Food colour additives of natural origin[END_REF].

Medical sector

The uptake of β-carotene occurs in the duodenum of the small intestine on the same receptor as that of vitamin E (α-tocopherol). The in vivo absorption yield of carotenoids like β-carotene is in general estimated to be 5-22%. Vitamin A, which derives from β-carotene is involved in bone growth and eyes' pigment synthesis. Its positive effect on health has been proven through the treatment of a wide number of diseases with antidiabetic, antitumor, anti-inflammatory activities and benefits for cognitive function [START_REF] Gateau | Carotenoids of Microalgae Used in Food Industry and Medicine[END_REF][START_REF] Torregrosa-Crespo | Exploring the Valuable Carotenoids for the Large-Scale Production by Marine Microorganisms[END_REF]. Its antioxidant property mediates the harmful effects of free radicals and hence can potentially protect humans from compromised immune response, premature aging, certain cancers, cardiovascular diseases, and/or arthritis. People with erythropoietic protoporphyria, a rare genetic condition that causes painful sun sensitivity, as well as liver problems, are often treated with βcarotene to reduce sun sensitivity. However, there is also some evidence that when smokers, so as people who are exposed to asbestos, take β-carotene supplements, their risk of lung cancer is increased [START_REF] Druesne-Pecollo | Beta-carotene supplementation and cancer risk: a systematic review and metaanalysis of randomized controlled trials[END_REF].

Cosmetic industries

β-carotene is used in the manufacturing of sunscreen. It protects the skin from oxidation and UV damage, by antioxidant and photo-oxidative protection mechanism. β-carotene can be found in other cosmetic product to prevent skin aging.

Industrial production

Global market

Synthetic β-carotene is worth 750$. kg -1 and depending on the level of purity, natural β-carotene is sold between 300-3000€. kg -1 [START_REF] Gateau | Carotenoids of Microalgae Used in Food Industry and Medicine[END_REF]. The global β-carotene market represented 180 M€ in 2010, 520 M$ in 2020 and is expected to increase to 720 M$ by 2027 [START_REF] Marino | Natural beta-carotene: A microalgae derivate for nutraceutical applications[END_REF][START_REF] Ahuja | Beta Carotene Market outlook 2021-2027[END_REF]. The market value is more important for microalgae than for synthetic products (Figure 1.3). Chemical synthesis produces only trans isomers and accounts for 85% of the market volume (Shaish et al., 2006). 

Chemical production

Since 1950, chemical synthesis has been used in the production of β-carotene via Witting reactions or Grignard compounds [START_REF] Bogacz-Radomska | β-Carotene-properties and production methods[END_REF]. The Wittig reaction combine two phosphonium salt molecules and one dialdehyde molecule. Then, the reaction products undergo an isomerization reaction leading notably to the formation of β-carotene. The Grignard compounds are organometallic molecule that react in presence of one moles of diketone and two moles of methanol to obtain carotenoids (Britton et al., 1996;Alvarez et al., 2014).

There is evidence that synthetic β-carotene induce carcinogenic activity (Black 2004). This was a fundamental reason to search for a method to produce β-carotene from natural ressources because these compounds can be found in a wide variety of vegetables and microorganisms

Biological production

Vegetables such as carrots, pumpkins, spinach and tomatoes are natural sources of β-carotene, the most popular one being the orange carrot (Figure 1 Micro-organisms, such as yeast and microalgae, can be used for the industrial production of carotenoids. For example, the mold Blakeslea trispora produces 1% in dry weight of β-carotene [START_REF] Choudhari | Media optimization for the production of β-carotene by Blakeslea trispora: A statistical approach[END_REF]. Microalgae of the genus Dunaliella are the most important source for the industrial production of natural β-carotene [START_REF] Lamers | Exploring and exploiting carotenoid accumulation in Dunaliella salina for cell-factory applications[END_REF]. Dunaliella salina can accumulate up to 10-14% of its dry weight in carotenoids (Table 1.1) compared to less than 1% for other microalgae [START_REF] Ben-Amotz | Accumulation of Β-Carotene in Halotolerant Alge: Purification and Characterization of Β-Carotene-Rich Globules From Dunaliella Bardawil (Chlorophyceae)[END_REF][START_REF] Ambati | Industrial potential of carotenoid pigments from microalgae: Current trends and future prospects[END_REF]. The proportion of 9-cisβ-carotene observed in microalgae is the highest among photosynthetic organisms. The extracted β-carotene has a typical composition of 42% all-trans-, 41% 9-cis-, 10% 15-cis-and 6% other isomers [START_REF] Borowitzka | β-Carotene (Provitamin A) Production with Algae[END_REF]. 

Morphology of Dunaliella

Dunaliella is a genus of unicellular green microalga with an ovoid shape and two flagella (Figure 1.5a), [START_REF] Borowitzka | The taxonomy of the genus Dunaliella (Chlorophyta, Dunaliellales) with emphasis on the marine and halophilic species[END_REF]. Distinction between Dunaliella species is mainly based on morphological characteristics: shape can vary from ellipsoid to spherical, pyriform of fusiform (Figure 1.5a-j). Cells are radially symmetrical, bilateral or slightly asymmetrical. The cell size is influenced by the culture conditions especially light intensity. The cell size of Dunaliella is also inversely correlated with growth rate [START_REF] Uriarte | Cell characteristics and biochemical composition ofDunaliella primolecta Butcher conditioned at different concentrations of dissolved nitrogen[END_REF]. The inner structure is similar to other microalga: it contains a single-cup shaped chloroplast (with a pyrenoid), a nucleus, mitochondria and vacuoles [START_REF] Polle | Ultrastructure of the green alga Dunaliella salina strain CCAP19/18 (Chlorophyta) as investigated by quick-freeze deepetch electron microscopy[END_REF]. The Dunaliella genus particularity is the absence of cell wall, it has only a plasma membrane enveloped in a thin, flexible and extensible mucilaginous envelope [START_REF] Ben-Amotz | Osmoregulation in the halophilic algae Dunaliella and Asteromonas[END_REF]. The flexibility of the envelope allows the cell to adjust its size rapidly to adapt to fluctuating environmental conditions such as salinity, in order to avoid osmotic shock [START_REF] Einsparh | Concurrent changes in Dunaliella salina ultrastructure and membrane phospholipid metabolism after hyperosmotic shock[END_REF][START_REF] Yao | Neutral lipid production in Dunaliella salina during osmotic stress and adaptation[END_REF].

Taxonomy

Different species are identified depending on the ecological niche, the morphology and the ability to produce specific compounds (Figure 1.5a-j). The specie Dunaliella salina is widely known for its ability to accumulate large quantities of β-carotene under stressful conditions. The specie was first observed in 1838 in saltern evaporation ponds in the south of France by Michel Felix Dunal.

In 1905, Teodoresco demonstrated that the specie was different from known species and proposed the name Dunaliella [START_REF] Teodoresco | Organisation et developpement du Dunaliella, nouveau genre de Volvocacee-Polyblepharidee[END_REF], for a review see [START_REF] Oren | A hundred years of Dunaliella research: 1905-2005[END_REF]. It is a member of Chlorophyta, genus Dunaliella, placed in the class Chlorophyceae, order Dunaliellales and family Polyblépharidaceae.

Ecology

Dunaliella salina has been identified on all continents, except the Arctic and Antarctic ones [START_REF] Oren | A hundred years of Dunaliella research: 1905-2005[END_REF]. Dunaliella salina is a halophile organism that can withstand high salinity. As an extremophile specie, it can survive under extreme environmental conditions (extreme light intensity or extreme temperature, high salinity, lack or excess of nutrients). It is the main specie of microalga living in salt pounds [START_REF] Borowitzka | The microflora[END_REF]. 

Reproduction and life cycle

Vegetative reproduction

The reproduction of Dunaliella cells can happen with sexual or vegetative (asexual) reproduction. Vegetative reproduction occurs by the scission where the cell volume increases with a formation of a longitudinal division plane. This reproduction begins with nuclear division, followed by chloroplast and pyrenoid division until the daughter cells remain connected by only a thin, colorless cytoplasmic bridge (Figure 1.5k-m). At this point, a second flagellum appears, and the cells separate. When environmental conditions become harsh (desiccation, extreme pH and high light intensity), some Dunaliella species lose their two flagella to develop the "palmella" form. This form consists of non-mobile round cells. During this formation, the microalgae secrete a mucous layer in which they divide, forming an accumulation of green cells (Figure 1.5s,t).

The formation of aplanospore, vegetative cysts, was reported in old, nutrient depleted cultures of D. salina by [START_REF] Leonardi | Light and electronmicroscope observations of the life cycle of Dunaliella salina(Polyblepharidaceae, Chlorophyceae)[END_REF]. It was found that reduced salinity, nitrogen depletion, cool temperatures, short daylength and the presence of sulphate were required for aplanospore formation in D. salina [START_REF] Borowitzka | The Ecology of Dunaliella salina (Chlorophyceae, Volvocales): Effect of Environmental Conditions on Aplanospore Formation[END_REF]. Aplanospores have a thick a very resistant two layered rugose wall (Figure 1.5q).

Sexual reproduction

Mating occurs between two different strains called + and -. Cells start the mating process by joining their flagella on the tips (Figure 1.5o). Then, the + gamete produces a thin mating tube between which connects to thegamete. The fusion of the two cells results in a planozygote with four flagella and then forms a thick wall. Germination of the zygote led to the formation of 4-8 cells in most cases (16-32 in rare cases). The zygote wall finally breaks to release the daughter cells.

Microalgal metabolism

Photosynthesis

The photosynthetic reaction is usually described by the following simplified equation:

𝐶𝑂2 + 𝐻2𝑂→ [𝐶𝐻2𝑂] + 𝑂2 (Eq.1)
This process converts light energy (photons) into chemical energy (ATP and NADPH) then used by cells to synthesize organic carbon from inorganic carbon (CO2 or other form of dissolved inorganic carbon). This conversion is made possible by the succession of two types of reactions:

clear reactions (or photochemical) and dark (or biochemical) reactions.

Light reaction

The clear reactions take place in the thylakoid membranes located in the chloroplast of microalgae cells (Figure 1.6). The thylakoid membranes possess photosynthetic pigments grouped into photosystems. There are two categories of photosystems: photosystem I (PSI) and photosystem II (PSII) that absorb light at slightly different wavelengths. Each photosystem has an antenna, made up of pigments like chlorophyll that capture the energy of the photons, and a reaction center which transfers this energy to a primary electron acceptor. Initially, the transfer takes place from the PSII branch to its reaction center. The latter then yields two electrons to the primary acceptor which transmits them to a chain of electron carriers, directing these electrons to the PSI.

As electrons pass through the cytochrome b6f complex, H+ protons are pumped from the stroma to the intrathylakoid space. The reaction center having to recover the lost electrons, this one thus goes, by via an enzyme, to split a molecule of water, thus releasing two electrons, captured by the reaction center, as well as oxygen and protons. While the PSII loses two electrons, the PSI also loses two electrons under the action of photons. It then hands them over to a second transport chain. The last electron carrier of this second transport chain is an enzyme called NADPreductase. This enzyme will transfer electrons to NADP+ contained in the stroma, which by accepting these two electrons, will bond with hydrogen to form NADPH,H+. The protons then accumulated in the intrathylakoid space will tend to return towards the stroma (due to the gradient). However, this can only be done by ATP-synthase (the membrane of the thylakoid being impermeable to protons). An ATP molecule is then synthesized thanks to the flux of protons generated by assembling a molecule of ADP and an inorganic phosphate.

The molecules of ATP and NADPH,H+ will ultimately be used in the Calvin cycle (dark reactions).

Calvin cycle

Called dark reactions, all the reactions related to carbon fixation take place through a cycle called the Calvin cycle. This cycle takes place in the stroma and uses the energy stored during the clear phase in the form of ATP and NADPH,H+ to fix inorganic carbon and synthesize organic carbon.

The first step in this cycle is the synthesis of 2 3-phosphoglycerate (3PGA) from CO2 and ribulose-1,5-biphosphate (RuBP), a reaction triggered by an enzyme, RuBisCO. This phase is called: carbon fixation phase.

Figure -1.7 Calvin Cycle

The second phase is called the reduction phase. During this phase, each molecule of 3PGA receives an additional phosphate from ATP (synthesized in the clear phase), then a electron pair donated by the NADPH,H+ molecule reduces the 1,3-biphosphoglycerate molecule to G3P, donating a phosphate group.

The G3P molecule is a three-carbon sugar. For twelve moles of G3P synthesized, only two are transported to the sugar metabolic pathway, the rest being directed to the third phase of the cycle, the regeneration of RuBP. This last phase completes the Calvin cycle by synthesizing RuBP molecules from G3P under the action of ATP in order to regenerate the first CO2 acceptor.

Respiration

In the dark, mitochondrial respiration is the dominant activity because there is no photosynthesis in the chloroplast. However, the latter remains metabolically active to convert the carbohydrates produced by the Calvin reaction into other sugars exported to the cytosol (Hoefnagel et al.1998).

Mitochondrial respiration takes place in 3 major steps. First the glycolysis that takes place in the cytoplasm in anaerobiosis. Products of this glucose breakdown enter the mitochondria where the second and third stage occur. During the Krebs cycle or citric acid cycle, pyruvate from glycolysis is converted into acetyl CoA, point start of the Krebs cycle, with the release of a first molecule of CO2. Finally, the oxidative phosphorylation requires a series of enzymes called ETC (electron transport chain). It is an aerobic process that produces the majority of ATP. The two previous steps serve as support for this last step. All the H+ produced from the Krebs cycle will thus be used in oxidative phosphorylation.

Carotenogenesis in Dunaliella

Anabolic pathway

Carotenoid backbone formation starts by the condensation of two geranylgeranyl diphosphate molecules into phytoene (Figure 1.8). The phytoene synthase enzyme (CRTB) catalyzes the reaction. Then, the phytoene desaturase (CRTQ) adds double bonds to the molecule resulting in Lycopene formation. Finally, α-carotene and β-carotene derive from the different cycling of the end of lycopene with the LCYE and LCYB enzyme, respectively [START_REF] Bertrand | Carotenoid biosynthesis in diatoms[END_REF]. 

Stress detection

It is widely accepted that β-carotene accumulation occurs under culture conditions that reduce the growth rate such as high light, extreme temperatures, high salinity and nitrogen limitation or depletion [START_REF] Ben-Amotz | On the Factors Which Determine Massive β-Carotene Accumulation in the Halotolerant Alga Dunaliella bardawil[END_REF]. When the cell is exposed to light, photosynthetic reactions fix carbon dioxide and produce dioxygen as a by-product. The resulting high concentration of oxygen and the onset of environmental disturbance can form reactive oxygen species (ROS) and free radicals that cause oxidative stress. ROS such as singlet oxygen are likely to be involved in the signaling process that lead to β-carotene accumulation, although the mechanism is not yet understood [START_REF] Lamers | Exploring and exploiting carotenoid accumulation in Dunaliella salina for cell-factory applications[END_REF].

Intracellular reorganization

Under stress conditions, the β-carotene content and the volume of cell increase while the chlorophyll content decreases [START_REF] Ben-Amotz | On the Factors Which Determine Massive β-Carotene Accumulation in the Halotolerant Alga Dunaliella bardawil[END_REF][START_REF] Borowitzka | Commercial Production of β-Carotene by Dunaliella Salina in Open Ponds[END_REF]Hejazi and Wijffels, 2003;[START_REF] Lamers | Carotenoid and fatty acid metabolism in light-stressed Dunaliella salina[END_REF]. The stressed cells have greatly reduced amounts of thylakoid membranes and greatly increased numbers of β-carotene globules (or oil bodies), turning the cell color from green to orange (Figure 1.9).

At the early stages of stress, cytoplasmic lipid droplets (CLD) are produced in the endoplasmic reticulum mostly by the incorporation of new synthesized fatty acids [START_REF] Varsano | Effects of iron deficiency on thylakoid membrane structure and composition in the alga Dunaliella salina[END_REF]. βcarotene is accumulated in globules in the interthylakoid space of the chloroplast and frequently laid side-by-side along the thylakoid membrane surface, indicating exchange of molecules between β-carotene globules and thylakoid membranes. It has been reported that the location close to the plasma membrane would allow to absorb excess light before it can damage the photosynthetic apparatus of cells [START_REF] Ben-Amotz | Mode of Action of the Massively Accumulated β-Carotene of Dunaliella bardawil in Protecting the Alga against Damage by Excess Irradiation[END_REF]. Most of the oil bodies' lipids are made from the hydrolysis of chloroplast membrane's lipids and in part by a continual transfer of TAG or fatty acids from cytoplasmic lipid droplets (CLD) [START_REF] Davidi | Origin of β-carotenerich plastoglobuli in Dunaliella bardawil[END_REF]. CLD are composed of linoleic, palmitic, and myristic acid, which are also of biotechnological interest. βcarotene globules have an average diameter of 150nm and contain 65% β-carotene in dry weight and are composed at 90 % of neutral lipids, including saturated fatty acids [START_REF] Lers | Photoinduction of massive β-carotene accumulation by the alga Dunaliella bardawil: Kinetics and dependence on gene activation[END_REF]Kleinegris et al., 2010b). Neutral lipids allow the isolation of hydrophobic carotenoids from the hydrophilic cell environment. Moreover, amphiphilic proteins such as oleoresin stabilize the membrane of the globules. 

Factors influencing accumulation

Due to the inverse correlation between cell growth and β-carotene accumulation, the β-carotene production process is often separated in two distinct steps: growth and accumulation to improve b) a)

the overall performance of the β-carotene production (Ben-Amotz, 1995). β-carotene accumulation is commonly triggered by stress in salinity, high or low light and nitrogen depletion or a combination of them. The intracellular level of accumulation is also highly strain dependent.

Strains

Depending on the environmental conditions, strains of Dunaliella salina have adapted and contain varying amounts of β-carotene [START_REF] Çelekli | Effect of pH, light intensity, salt and nitrogen concentrations on growth and β-carotene accumulation by a new isolate of Dunaliella sp[END_REF][START_REF] Borowitzka | The taxonomy of the genus Dunaliella (Chlorophyta, Dunaliellales) with emphasis on the marine and halophilic species[END_REF].

The Table 1.2 summarizes the seven strains with the highest reported β-carotene content. Even though the CCAP 19/18 is not the highest carotenoids producer with 70pg cell -1 , it is the most widely referenced in scientific literature for its ease of cultivation [START_REF] Oren | A hundred years of Dunaliella research: 1905-2005[END_REF][START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF][START_REF] Polle | Ultrastructure of the green alga Dunaliella salina strain CCAP19/18 (Chlorophyta) as investigated by quick-freeze deepetch electron microscopy[END_REF]. 

Salinity

Salinity is a critical factor affecting biomass and β-carotene productions. Cell growth rate steadily increases with the rise of the salinity from 2.5 to 4.5% [START_REF] Abu-Rezq | Optimum culture conditions required for the locally isolated Dunaliella salina[END_REF]. According to the strains, the optimal salinity for growth oscillates between 5 and 15% [START_REF] Cifuentes | Reappraisal of physiological attributes of nine strains of Dunaliella (chlorophyceae): Growth and pigment content across a salinity gradient[END_REF]. [START_REF] Borowitzka | The microflora[END_REF] determines that the optimal salinity is12%. Ben-Amotz and Avron, (1983) shown that the higher the salinity (in the range 1 to 4 M NaCl i.e. 16% to 65% in salinity), the higher the β-carotene to chlorophyll ratio. [START_REF] Farhat | Optimization of salt concentrations for a higher carotenoid production in dunaliella salina (Chlorophyceae)[END_REF] reported that the highest cell density and intracellular β-carotene content was obtained between 1.5 and 3.0 M NaCl. Although the reported optimal salinity are different, it seems that a concentration of 2M NaCl would be appropriate to achieve the maximum β-carotene amount (Jesus et al., 2010). Besides high salinity can reduce the presence of predators in the culture medium but can cause corrosion issues (Harvey and Ben-Amotz, 2020).

Macroelements

The nutrients required for microalgae are generally divided into two categories: macroelements and microelements. The most important macroelements are carbon, nitrogen, phosphorus, and sulphur. They are often in concentration range up to few g L -1 .

• Carbon

Carbon is the skeleton of organic molecules such as sugars, starch, lipids and phospholipids.

Carbon input is crucial for growth as well as for accumulation. Inorganic carbon source can be supply as CO2 gas, this allows to regulate the pH, or bicarbonate to ensure an initial amount of carbon [START_REF] Hosseini Tafreshi | Dunaliella biotechnology: Methods and applications[END_REF]. Organic carbon can be added to the culture, such as acetate. Coupled with a supplementation of Fe 2+ it maintained a high growth rate under βcarotene accumulation [START_REF] Mojaat Guemir | Production par Dunaliella salina et extraction en continu de β-carotène par couplage d'un photobioréacteur et d'une chromatographie de partage centrifuge[END_REF]. The supplementation of relatively high amount of organic carbon caused an increase in the C/N ratio and led to a relative nitrogen deficiency.

However, organic carbon can favor the growth of detrimental heterotrophic bacteria.

• Nitrogen

Nitrogen is an important element present in amino acids, the building blocks of proteins. Nitrogen is involved in many cellular processes such as cell division. Low nitrate concentration negatively affected growth, but enhanced carotenoid accumulation [START_REF] Marín | Effect of nitrate concentration on growth and pigment synthesis of Dunaliella salina cultivated under low illumination and preadapted to different salinities[END_REF]. In batch culture of a wild isolated D.salina cultured under low light, higher growth rate was obtained with higher nitrate concentration (0.9mM) and the highest carotenoids intracellular content were obtained with the lower nitrate concentration (0.2mM), [START_REF] Pasqualetti | Salinity and nitrate concentration on the growth and carotenoids accumulation in a strain of Dunaliella salina (Chlorophyta) cultivated under laboratory conditions[END_REF]. [START_REF] Çelekli | Effect of pH, light intensity, salt and nitrogen concentrations on growth and β-carotene accumulation by a new isolate of Dunaliella sp[END_REF] reported that with an initial nitrate concentration of 5mM (in the range 1-17mM NaNO3) the intracellular content in β-carotene was the highest (up to 261pg cell -1 ). In continuous turbidostat experiments, the production of β-carotene started to increase immediately after total nitrogen depletion [START_REF] Lamers | Carotenoid and fatty acid metabolism in nitrogen-starved Dunaliella salina, a unicellular green microalga[END_REF]. During the first 4h, the production rates of β-carotene and cell volume increased proportionally. The switch from moderate to massive increase in βcarotene productivity after 12h coincided with the decrease of growth rate.

• Phosphorus Phosphorus is essential to cellular metabolism through enzyme production, phospholipids and cell energy molecules, the adenosine triphosphates (ATP). [START_REF] Wongsnansilp | Effects of phosphorus on the growth and chlorophyll fluorescence of a Dunaliella salina strain isolated from saline soil under nitrate limitation[END_REF] showed that cell density increases with NaH2PO4 concentration (0-290µM) and the intracellular βcarotene content increase with phosphate depletion (up to 8.21pg cell -1 ). Limitation or deficiency of KH2PO4 (0.1 and 0.0mM) also increase the β-carotene content compared to repleted artificial sea water medium (ASW), [START_REF] Phadwal | Effect of nutrient depletion on β-carotene and glycerol accumulation in two strains of Dunaliella sp[END_REF].

• Sulphur

Sulphur key functions include enzyme reactions and protein synthesis. A starvation in sulphur lead to a decreased growth rate but a doubling in β-carotene in the biomass (up to 15mg gDW - 1), [START_REF] Khademi | Effects of Nitrogen and Sulfur Deprivation on β-Carotene and Fatty Acid content of Dunaliella salina[END_REF]. A limitation obtained with 6µM of MgSO4 lead to an increase from 0.77 to 0.92pg cell -1 compared to a sufficient amount of 48µM [START_REF] Giordano | Strategies for the allocation of resources under sulfur limitation in the green alga Dunaliella salina[END_REF]. It was shown that a depletion in sulphur by a substitution of MgSO4 to MgCl2 results in 3 times more intracellular β-carotene compared to repleted medium [START_REF] Lv | Metabolic fingerprinting of Dunaliella salina cultured under sulfur deprivation conditions[END_REF].

Microelements

Microelements in culture medium include various metals like magnesium, potassium, copper, iron, zinc, etc., and vitamins in mg/L scale concentration. By comparing nitrogen depletion coupled to 16 different micro-nutrient depletion, [START_REF] Saha | Effect of macro-and micro-nutrient limitation on superoxide dismutase activities and carotenoid levels in microalga Dunaliella salina CCAP 19/18[END_REF] reported that a maximum of 133% and 128% increase was observed under PAR high-light stress and ZnMnFe-depletion conditions, respectively, on day 10 compared to day zero of stress. On the 5th day after stress induction, the highest carotenoid content (2.26 mg/l) was recorded in the absence of Zn, Mn, Fe, and nitrogen, while the lowest carotenoid content (1.63 mg/l) was recorded in the absence of Mn and nitrogen.

Cultivation medium

To optimize growth, a comparison of the mineral composition of different culture media was made in relation to the biomass needs. Mineral needs of the culture are estimated with the elemental composition of the biomass (Figure 2.2). The P-molar formula of Dunaliella tertiolecta a microalgae from the same genus as Dunaliella salina was chosen [START_REF] Ho | The elemental composition of some marine phytoplankton[END_REF].

Table 1.3 -Dunaliella tertiolecta P-molar formula

The molar weight of the biomass Mb was calculated as the sum of the products of p-molar coefficients of atoms Nx with the molar weight of atoms Mx (Eq. 2.1). The mineral input of the different media (Eq. 2.2) was calculated as the molar concentration of the medium divided by the molar concentration needed to produce 1 g/L of biomass (Eq. 2.3). With Cx: Concentration of atom X (g/L), Mx : Molar weight of atom X (g/mol), Cb : Concentration of biomass (g/L), Mb : Molar weight of biomass (g/mol), Nx: coefficient of the atom X in the P-molar formula, m: number of atoms in the P-molar formula.

𝑀 𝑏 (𝑔/𝑚𝑜𝑙) = ∑ 𝑁 𝑋 𝑖 * 𝑀 𝑋 𝑋 𝑚 𝑋 1 = 4365 (Eq. 2.1) 𝑀𝑒𝑑𝑖𝑢𝑚 𝑖𝑛𝑝𝑢𝑡 𝑋 (%) = 𝐶 𝑋 𝑀 𝑋 𝐶 𝑏 𝑀 𝑏 .𝑁 𝑋 . 100 (Eq. 2.2)
Target: 𝐶 𝑏 (𝑔/𝐿) = 1 (Eq. 2.

3)

The results presented in Figure 1.10 indicate that some media contain quantities much greater than the requirements, providing up to 500% of the requirements. In contrast, Provasoli enriched seawater [START_REF] Gómez | The effect of temparature and irradiance on the growth and carotenogenic capacity of seven strains of Dunaliella salina (Chlorophyta) cultivated under laboratory conditions[END_REF], F/2 [START_REF] Wongsnansilp | Effects of phosphorus on the growth and chlorophyll fluorescence of a Dunaliella salina strain isolated from saline soil under nitrate limitation[END_REF] and Walne media [START_REF] Helena | Microalgae Dunaliella salina (Teodoresco, 1905) Growth Using the LED Light (Light Limiting Dioda) and Different Media[END_REF] contain, in theory, an insufficient mineral intake for the cultivation of D.

salina. Boron, that is present in most of the mediums was not measured for the p-molar formula of Dunaliella. Cadmium, a highly toxic metal, is absent from the culture media and strontium is only present in the Conway. This latter showed 1.5 and 1.4 times higher lipid content than in the biomass grown with Johnson-and F/2, respectively [START_REF] Colusse | Effects of different culture media on physiological features and laboratory scale production cost of Dunaliella salina[END_REF]. It is the media that fills most of the biomass needs. The Ramaraj medium was designed based on the modified Johnsons medium with altering the concentration of MgSO4, NaHCO3 and addition of NaVO3 and elimination of MgCl2 [START_REF] Sathasivam | Modified medium for enhanced growth of Dunaliella strains[END_REF]. Modified Johnson fill an important part of the needs [START_REF] Johnson | Effects of salts on the halophilic alga Dunaliella viridis[END_REF], it is the most widely used for the cultivation of D.salina [START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF][START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF] where it gave the best results in terms of β-carotene production, with 261pg/cell [START_REF] Çelekli | Effect of pH, light intensity, salt and nitrogen concentrations on growth and β-carotene accumulation by a new isolate of Dunaliella sp[END_REF]. Modified

Johnson lack copper, zinc, and cobalt to fulfil biomass need but this micronutrient depletion might enhance β-carotene production as shown with copper and zinc depletion by [START_REF] Saha | Effect of macro-and micro-nutrient limitation on superoxide dismutase activities and carotenoid levels in microalga Dunaliella salina CCAP 19/18[END_REF]. Thus, modified Johnson is recommended for the culture of D. salina. In the case of a higher concentration of the biomass targeted N, S and P concentration can be proportionally increased.

Light

In microalgae, light is the key energy source for photosynthetic process to sustain the growth. In open pools, sunlight is the only source of light, whereas in photobioreactors, source of light can be supplied by fluorescence lamps and sunlight (Ben-Amotz and Levy, 1996) and LED panels more recently [START_REF] Helena | Microalgae Dunaliella salina (Teodoresco, 1905) Growth Using the LED Light (Light Limiting Dioda) and Different Media[END_REF]. Cell growth rate increased from 50 to 800μmol m -² s -1 , remained constant at a maximum in the range of 800-1,500μmol m -² s -1 , and declined due to photoinhibition in the range of 1500-3000μmol m -² s -1 [START_REF] Baroli | Photoinhibition and repair in Dunaliella salina acclimated to different growth irradiances[END_REF]. In turbidostat experiment, [START_REF] Lamers | Carotenoid and fatty acid metabolism in light-stressed Dunaliella salina[END_REF] reported an increase in β-carotene accumulation when the light intensity was increased stepwise from 150 to 650μmol m -² s -1 . They reported a strong β-carotene induction 4 days after the stress application. It has been shown that after 84 hours of exposure to UV-A (320-400 nm) cells accumulate 3 times more β-carotene than under normal growth conditions [START_REF] Salguero | UV-A mediated induction of carotenoid accumulation in Dunaliella bardawil with retention of cell viability[END_REF]. In day-night cycles, the maximum level is reached at irradiance peak [START_REF] Phillips | Operation of the Xanthophyll Cycle in Non-Stressed and Stressed Cells of Dunaliella salina Teod. in Response to Diurnal Changes in Incident Irradiation: A Correlation with Intracellular β-Carotene Content[END_REF]. To improve the understanding and study the stress conditions of D.

salina, there is a need for well-defined and controlled light regime. In most studies on carotenogenesis by D. salina, batch cultivations have been applied. The algal cells cultured in batch will experience changing light conditions throughout the experiment as a result of increased absorption by the increasing cell density and by the pigment accumulation in the culture [START_REF] Lamers | Exploring and exploiting carotenoid accumulation in Dunaliella salina for cell-factory applications[END_REF].

Temperature

The temperature stimulates various intracellular processes by affecting the function of intracellular enzymes. Dunaliella salina is found in waters ranging from 0 to 40°C. The optimal growth temperature is between 20°C-40°C depending on strains and environmental conditions [START_REF] Subba Rao | Cultivation, Growth Media, Division Rates and Applications of Dunaliella Species[END_REF]. Between 20 and 23°C, the growth rate of Dunaliella salina increased compared to higher temperature [START_REF] Abu-Rezq | Optimum culture conditions required for the locally isolated Dunaliella salina[END_REF]. A study carried on seven strains of D.

salina shown that the highest cell density and the highest β-carotene production rate (37.8 mg L - 1 ) was at 26°C [START_REF] Gómez | The effect of temparature and irradiance on the growth and carotenogenic capacity of seven strains of Dunaliella salina (Chlorophyta) cultivated under laboratory conditions[END_REF]. On a large scale and in open outdoor ponds, due to technical limitations, the decline of temperature at night reduces the growth rate and cellular efficiency [START_REF] Pourkarimi | Factors affecting production of beta-carotene from Dunaliella salina microalgae[END_REF]. In D.salina, Ben-Amotz (1996) concluded that the 9-cis-to all-trans β-carotene ratio increased from 0.5 to 2 when the temperature drop from 30°C to 10°C.

However, [START_REF] Orset | Low-temperature-induced synthesis of α-carotene in the microalga Dunaliella salina (Chlorophyta)[END_REF] found that β-carotene level remained constant by temperature decline from 34°C to 17°C and [START_REF] Gómez | The effect of temparature and irradiance on the growth and carotenogenic capacity of seven strains of Dunaliella salina (Chlorophyta) cultivated under laboratory conditions[END_REF] reported that the temperature decrease from 26 to 15°C did not affect this ratio.

pH

pH of culture medium is among the most significant environmental factors affecting the microalgae culture. During microalgal growth, the pH increases due to the consumption of CO2 and the modification of the bicarbonate equilibrium in culture media. At high pH values, there is a high risk of salt precipitation and flocculation phenomena in algae biomass. Control of the pH of outdoor ponds can be performed by either CO2 gas injection or HCl addition [START_REF] Pourkarimi | Factors affecting production of beta-carotene from Dunaliella salina microalgae[END_REF]. Dunaliella species can live in a wide range of pH: from 1 to 11. Its optimal pH for growth is 9 to 11. [START_REF] Ying | Effects of CO2 and pH on growth of the microalga Dunaliella salina[END_REF] showed that the highest growth rate was obtained at pH = 7 (with a level of 5% CO2). The optimal pH for high β-carotene content is 7 (Abu-rezq et al.,

2010).
3 Mass culture of Dunaliella [START_REF] Curtain | PLANT BIOTECHNOLOGY-The growth of Australia's algal βcaroteneindustry[END_REF]. 

Open culture systems

The geographical location of the culture site and the corresponding environmental conditions, such as sunshine, temperature, land cost and availability in water play a key role in the productivity and optimization parameters of the system, which is the reason why cultures are mainly carried out in Australia and Israel [START_REF] Del Campo | Outdoor cultivation of microalgae for carotenoid production: Current state and perspectives[END_REF]. Extensive culture of Dunaliella salina is generally made in lagoons or raceways. Lagoons consists of natural or artificial open basins of several hectares about 20 cm in depth and located by the sea to be easily supplied with water (Figure 1.11a). Due to evaporation, the high salinity is controlled only by the addition of seawater. The agitation is carried out by wind and thermal convection. The water depth in the different tanks should be sufficient to ensure good agitation without depriving the algae from light at the bottom of the tank [START_REF] Borowitzka | Commercial production of microalgae: ponds, tanks, and fermenters[END_REF][START_REF] García-González | Conditions for open-air outdoor culture of Dunaliella salina in southern Spain[END_REF]. This form of extensive culture is inexpensive but allows only low cell densities (approximately 0.1-0.2g L -1 ), [START_REF] Pulz | Photobioreactors: Production systems for phototrophic microorganisms[END_REF]. The production yield highly relies on environmental conditions and varies throughout the year. Open ponds, with simple or no process control, represent the conventional method used in commercial production plants for Dunaliella (Borowitzka and Borowitzka 1988).

To improve the production, other companies have used raceways 2-10 m wide and 15-30 cm deep, running as simple loops or as meandering systems where mixing is done with paddle wheels (Figure 1.11b). The flow created (0.2-0.5m s -1 ) allows cells to remain in suspension improving mass transfer [START_REF] Del Campo | Outdoor cultivation of microalgae for carotenoid production: Current state and perspectives[END_REF]. Each unit covers an area of several hundred to a few thousand square meters. Given the high cost of land in regions of operation (mostly United States and Israel) the pond area and volume are reduced compared to lagoons. CO2 sparging supply inorganic carbon and also regulate the pH. These systems achieve higher cell densities and a higher β-carotene concentration (Ben-Amotz, 1995). The production cost is estimated at 26 $ kg -1 (Y. [START_REF] Shen | Microalgae Mass Production Methods[END_REF].

Open culture systems are operated in open air and therefore are subject to contamination and variations in culture conditions. The nutrient competition and predation, due to the open-air nature of this system, only allow the culture of strains with weed-like behavior (e.g. Chlorella)

or extremophile strains as Spirulina (Arthrospira) or Dunaliella [START_REF] Del Campo | Outdoor cultivation of microalgae for carotenoid production: Current state and perspectives[END_REF]. In lagoons and raceways, low biomass concentrations induce high harvesting costs (Hosseini Tafreshi and Shariati, 2009).

Closed Culture System: Photobioreactor (PBR)

The need to control the culture conditions has led to the development of closed systems, dedicated to the culture of photosynthetic microorganisms and called photobioreactors. Various configurations of PBR (Photobioreactor) exist, ranging from simple floor-mounted bags to more sophisticated designs (Figure 1.12). For the last fifty years, tubular photobioreactors and rectangular photobioreactors technologies have been the most widely developed systems for industrial production of microalgae [START_REF] Pruvost | Large-Scale Production of Algal Biomass[END_REF]. The use of closed photobioreactors allows to avoid the contamination of the reactor by other strains or predators. In addition, the growth conditions of microalgae can be optimized and controlled by the regulation of pH with CO2 bubbling, agitation and temperature stabilization more efficiently that in open systems [START_REF] Del Campo | Outdoor cultivation of microalgae for carotenoid production: Current state and perspectives[END_REF]. The agitation and gas exchange in the reactor can be achieved simultaneously by injecting air with the "air lift" technology.

Even so, the main limitation of the development of microalgae production processes is the light availability. Regardless of the light source nature (natural or artificial, spectral composition, intensity), the light intensity decreases very rapidly in the reactor depth due to the light absorption by cells and by the self-shading. Therefore, the light quantity is not homogeneous, and cells will receive varying amount of light in function of their trajectory in the reactor. To be efficient, photobioreactors must have a large ratio between illuminated surface and culture volume which makes it difficult to scale up to a large volume at low cost. To run optimally, those systems must be operated to absorb all the incident light but should not have a dark zone (γ=1), (Figure 1.13).

With closed systems, biomass concentration can reach 2-8g L -1 , [START_REF] Pulz | Photobioreactors: Production systems for phototrophic microorganisms[END_REF]. Closed systems remain interesting for the cultivation of certain species that produce high value metabolites, such as carotenoids. 

Industrial biorefining of β-carotene from

Dunaliella

Biomass from the closed system culture process is more concentrated but more expensive to produce compared to an open system. The downstream biorefinery strategy must therefore be based on these cost characteristics, the product and the desired purity (Figure 1.14).

Harvesting

Cell harvesting of Dunaliella salina is a critical operation that requires particular attention. First, this strain lacks a rigid cell wall and is only protected by a plasma membrane; second, the salinity of the media which is high can provoke the corrosion of the material; and third, Dunaliella is generally cultured outdoor thus culture exhibits low cell density.

Coagulation-flocculation

The formation of microalgal aggregates can be promoted by microalgae cells thermselves (autofloculation) or using additional flocculants.

In conditions such as extreme temperatures or pH or nutrient conditions, some living organisms exude EPS (polysaccharides, uronic acid, pyruvic acid ) which can lead to microalgal flocculation (Lee et al., 2009). Flocculants can be chemical like multivalent metal salts such as ferric chloride, aluminum sulfate and ferric sulfate, prepolymerized metal salts, polyelectrolytes. Natural polymeric flocculants like Chitosan have also given positive results [START_REF] Molina Grima | Recovery of microalgal biomass and metabolites: Process options and economics[END_REF].

However, the presence of the flocculating chemicals is often not considered as a safe impurity and the removal from the final product is not an easy task. The flocculation by increasing the pH with NaOH has been proven to be an effective method [START_REF] Horiuchi | Effective cell harvesting of the halotolerant microalga Dunaliella tertiolecta with pH control[END_REF].

After the formation of microalgae flocs, cells can be separated from the media by flotation, sedimentation, centrifugation or filtration.

Flotation

Flotation takes advantage of microalgae's natural low density and self-floating tendency (Garg et al., 2012). It can be realized by gas assisted flotation like air. However due to the repulsive interaction between the bubble and the microalgae, the adhesion of cell to bubbles is low. The use of flocculation pretreatment improves the efficiency of flotation.

Sedimentation

Sedimentation is the simplest method to separate microalgae cells from the culture medium since it uses only the gravitational force and is additive free. It has a clear advantage in terms of cost (Li et al., 2020; Najjar and Abu-Shamleh, 2020).

Centrifugation

Centrifugation is a separation technique that use centifugal acceleration to separate the microalgae from the medium. The size of the algae and their difference in density with the medium are therefore also the essential parameters of centrifugal separation. Studies show that for some microalgae, between 90% and 100% of the algal material can be recovered in less than 5 min of treatment [START_REF] Zhang | Screening of biocompatible organic solvents for enhancement of lipid milking from Nannochloropsis sp[END_REF]Heasman et al., 2000).

However, du to shearing forces, fragile strains are disrupted by this process Knuckey et al. (2006). Despite expensive investment, and high demand in energy, labour and maintenance, centrifugation has been claimed to be one of the most effective harvesting methods for high value metabolites production chain.

Adsorption

This is the method used to harvest Dunaliella salina in the industrial process developed in Australia from diluted cultures in shallow ponds. Dunaliella salina tends to become hydrophobic beyond an NaCl concentration of 3 M. Curtain & Snook (1985) were inspired by this characteristic to propose a harvesting method which puts the algal suspension in contact with an adsorbent having a hydrophobic surface. In the patent in question, they also provide for the desorption of the algae by washing with fresh water or with a brine of less salinity. They also protect an integrated method of processing algal material. The latter consists in recovering the content of the algae during their adhesion to the hydrophobic surfaces, by bringing the coupling into contact with a solvent. This solvent allows the rupture of the microalgal membrane and the extraction of the compounds of interest, in particular β-carotene. From a technological point of view, the algal suspension can pass through a bed of hydrophobic particles, this is called hydrophobic filtration. Algae are retained in the bed and eluted sequentially by adding water or less concentrated brine. Another method is adsorption on low density particles followed by flotation recovery and solvent extraction.

Dewatering

The resulting microalgae paste is washed and then dehydrated by various methods such as spray drying, drum drying, freeze-drying or fluidized bed drying to extend the shelf-life of the biomass.

The culture medium freed of microalgae can be reused for the next culture or used as fertilizer.

To obtain a uniform and stable powder drum drying, spray drying and freeze-drying are generally used [START_REF] Hosseini Tafreshi | Dunaliella biotechnology: Methods and applications[END_REF].

Sun drying

Sun drying of Dunaliella may degradate the β-carotene molecules, which are photosensitive.

Freeze drying

At the laboratory scale, freeze-drying is most convenient because of its high yield of recovery but spray drying is less expensive than freeze-drying in large-scale commercial production

Spray drying

Finally, several types of Dunaliella food products have been manufactured by spray dring [START_REF] Tanaka | Vacuum-packed food containing dunaliella algae and process for the production thereof[END_REF]). An alternative product is a spraydried biomass powder. β-carotene is very susceptible to oxidative degradation. Indeed, it has been reported that spray-drying using conventional air as the drying gas can result in 45% oxidation of carotenoids from an algal feed.

Extraction

The result of the previous steps is a D. salina powder that can be directly marketed as such in capsule form, conditioned in vacuum bag or used for a final carotenoid extraction step. The extraction is carried out using organic solvents, edible oil or pressurized fluid (e.g., supercritical CO2). The different forms obtained will contain a mixture of carotenoids ranging from 4% for D.

salina powder to 9-cis β-carotenes of high purity obtained with organic solvents and chromatographic instruments (Hosseini Tafreshi and Shariati, 2009).

Organic solvent

Organic ssolvent extraction of carotenoids is the most employed method industrially. It can be realized with the help of organic solvents such as hexane, ethanol, chloroform and diethyl ether, directly in edible oil [START_REF] Perrin | Process for producing a naturally-derived carotene/oil composition by direct extraction from algae[END_REF], The presence of organic solvent residues from petrochemical origin can be repulsive to the consumer, so the β-carotene in edible oil is preferred in the case of a direct human consumption.

Edible oil

During this process, a mixture of the organic phase with the aqueous suspension is carried out at high temperature (≈ 120•C) in order to increase the solubility of β-carotene, to reduce the viscosity of the oil and to improve the extraction by promoting cell lysis. To increase the extraction yield, the cells are destroyed before the addition of solvent. After extraction, the two phases are separated by microfiltration or by ultrafiltration. The β-carotene extract is sold as a mixture in oil with a concentration variant of 1 to 20%. The edible oils used contain natural tocopherol which can improve the antioxidant properties and the stability of the product

Supercritical CO 2

The supercritical CO2 is rather a good solvent for non-polar compounds and is nontoxic. As such it can be a good greener alternative to organic solvent extraction technology. When heated and pressurized CO2 become supercritical, having the hydrophobicity of water but a viscosity close to vapor. After depressurization, CO2 becomes gaseous and is then spontaneously separated from the extracted phase which allows the production of solvent free extracts when a co-solvent is not required. However, the extraction yield of carotenoids from a biomass with high water content with supercritical CO2 is low consequently biomass would need to be dried, which is energy intensive. from cows, that are not killed in the process [START_REF] Ramachandra | Milking diatoms for sustainable energy: Biochemical engineering versus gasoline-secreting diatom solar panels[END_REF]. It specifies that cells

should not be killed during the extraction. In the literature, the "milking" [START_REF] Hejazi | Milking of microalgae: Production and selective extraction of Beta-carotene in two-phase bioreactors[END_REF] is also referred as "biocompatible extraction" [START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF], "non-destructive extraction" [START_REF] Moheimani | Non-destructive oil extraction from Botryococcus braunii (Chlorophyta)[END_REF], "extraction without cell death" [START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF], "in situ extraction" [START_REF] Nezammahalleh | Exergy-based screening of biocompatible solvents for in situ lipid extraction from Chlorella vulgaris[END_REF] or "extraction with retention of viability" [START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF]. [START_REF] Vinayak | Diatom milking? A review and new approaches[END_REF] pointed out the need to clarify the terminology between milking, extraction and secretion with the following definitions:

• "Milking as the removal of a specific set of products without killing the organism, in such a way that it can be milked again at a later time."

• "Extraction as the removal of a specific set of products without concern about the survival of the organism, generally leaving an organic residue."

• "Secretion or spontaneous oozing as the active dumping of a specific set of products by an organism into its surrounding environment." Hence, the milking provides many advantages over traditional biorefining strategies of metabolites from microalgae [START_REF] Vinayak | Diatom milking? A review and new approaches[END_REF], (Figure 1.15). The microalgae can be envisioned as a production catalyst, a "factory" that can be used several times to produce specific chemicals. The circular use of matter might unlock saving of water (not contaminated by cell residue), fertilizers (e.g. nitrogen and phosphorus) and energy (light, agitation, harvesting, dewatering, purification) in bio production processes [START_REF] Chaudry | Proposal of a New Pathway for Microalgal Oil Production and its Comparison with Conventional Method[END_REF].

Pulsed electric field

When exposed to high electric fields, the membrane permeability of microorganism increases during a phenomenon called electroporation. Historically, electroporation has been applied to allow genetic modification by the insertion of new genetic material inside the cells. Depending on the treatment, electroporation can be reversible or irreversible. Reversible permeabilization occurs when the cell membrane can be resealed, it is widely use in medical application for genetic modification or drug injection inside targeted cells. On the contrary irreversible permeabilization happens when the recovery of membrane integrity is not possible, it is widely applied for microbial inactivation in food industries and to kill pathogens in wastewater treatments, for the extraction of intracellular metabolites such as pigments, proteins and lipids [START_REF] Joannes | The potential of using pulsed electric field (PEF) technology as the cell disruption method to extract lipid from microalgae for biodiesel production[END_REF].

In practice, two electrodes are placed between the cell suspension, the application of the pulsed electric field (PEF) will start to distract the polar bonds that hold the molecules together, which forms the microalga outer surface (Figure 1.16). If the electric fields surpass the critical strength of the cell membrane, the non-covalent interaction that bonds the bilayer together will be overcome, resulting in the formation of pores. Electric pulses are characterized by length, intensity, polarity, frequency of repetition. It was shown that an electric field of 20-25kV cm -1 results mostly in irreversible permeabilization of Chlorella vulgaris [START_REF] Luengo | Effect of Pulsed Electric Field Treatments on Permeabilization and Extraction of Pigments from Chlorella vulgaris[END_REF]. Lower electric field of 10kV cm -1 could withstand 50 pulses of 3µs. The use of PEF higher than 15kV cm -1 and 15µs significantly increase the extraction of metabolites from C. vulgaris. The application of PEF at 1 kV cm -1 allowed the biocompatible extraction of 46% of the total proteins from living cells of Haematoccocus Pluvialis [START_REF] Gateau | Application of pulsed electric fields for the biocompatible extraction of proteins from the microalga Haematococcus pluvialis[END_REF]. 

Mechanical extraction

Different mechanical methods show the possibility to extract metabolites without cell disruption.

However, these technics were realized at the microscale and remain complex to scale up. When mechanical pressure was applied on a cover slip above the microalga Terpsinoë musica, cells released oil and were not visibly broken [START_REF] Vinayak | Diatom milking? A review and new approaches[END_REF]. The original extraction of astaxanthin from Haematoccocus Pluvialis with gold nano scalpel provoke a remarkable overaccumulation of this carotenoid, the intracellular concentration was multiplied by two in the cell after wound healing in 12 days [START_REF] Praveenkumar | Regenerative Astaxanthin Extraction from a Single Microalgal (Haematococcus pluvialis) Cell Using a Gold Nano-Scalpel[END_REF], (Figure 1.17). 

Spontaneous oozing

The microalgae Botryococcus Braunii is well known for its ability to secretes oil in the extracellular matrix of the colony (Figure 1.18) in contrast to most other oleaginous microalgae that accumulate lipids in the cytoplasm [START_REF] Hirano | Detection of the oil-producing microalga Botryococcus braunii in natural freshwater environments by targeting the hydrocarbon biosynthesis gene SSL-3[END_REF]. In fact, this alga contributed significantly to the generation of petroleum : fossils of this strain have been identified in oil shales and their hydrocarbons are a major component of crude oils [START_REF] Glikson | Botryococcus-A planktonic green alga, the source of petroleum through the ages: Transmission electron microscopical studies of oil shales and petroleum source rocks[END_REF]. However, the slow growth rate of Botryococcus Braunii is a major bottleneck for its implementation for the production of biofuel feedstock [START_REF] Metzger | Botryococcus braunii: A rich source for hydrocarbons and related ether lipids[END_REF]. Recently, the secretion of lipid droplets into the culture medium from the diatom Diadesmis confervaceae Kützing was reported by [START_REF] Vinayak | Discovery of a diatom that oozes oil[END_REF], (Figure 1.9). This small diatom strain (14-18 µm long and 6-7 µm width), which has a 14.6% lipid content, accumulates the lipid droplets in the chloroplasts or in the cytoplasm. However, the oozing mechanism is not yet determined. 

Biocompatible organic solvents

Solvent partitioning and toxicity

Hydrophobic and hydrophilic solvents typically do not mix when the solubility between each other is low, they form two distinct liquid phases when insert in the same container. During contact between the two phases, the solutes in solutions migrate from one phase to the other (Figure 1.20). They gradually equilibrate according to their solubility in each phase, their concentration and the temperature. The coefficient P is then defined as the ratio between the concentration of a solute X in the upper and in the lower phase of a two-phase equilibrium system. The coefficient Poct of a compound is its partition coefficient between water and octanol. [START_REF] Harrop | Production of naphthalene-cis-glycol by Pseudomonas putida in the presence of organic solvents[END_REF] and [START_REF] Nikolova | Whole cell biocatalysis in nonconventional media[END_REF] have shown that a solvent is toxic to a microorganism when log(Poct) < 4. Thus, biocompatible solvents are rather apolar.

For organic solvents, the longer the carbon chain, the more apolar the molecule. [START_REF] Brink | Optimization of organic solvent in multiphase biocatalysis[END_REF] have shown that solvents with a molecular weight greater than 150g/mol are generally applicable for biocompatible extraction. In particular, alkanes, from hexane to hexadecane, are biocompatible [START_REF] Sikkema | Mechanisms of membrane toxicity of hydrocarbons[END_REF]. Osborne et al. observed that the partition coefficient of a solvent between aqueous phase and the membrane follows a Collander-type relationship (Equation 1) as a function of log(Poct), with R assumed constant for all the solvents [START_REF] De Nó | Studies on the structure of the cerebral cortex. II. Continuation of the study of the ammonic system[END_REF]. Although some solvents have a critical aqueous concentration for the membrane, it is never reached for very apolar solvents [START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF]. However, when the concentration is sufficient to form a separate phase, it may exert phase toxicity, due to direct contact between the cells and the solvent at the interface (Figure 1.21).

a) b)

Effect of extraction on cell viability

In 1989, Frenz et al. reported that hexane enabled the in situ collection of the hydrocarbons from Botryococcus Braunii. This hydrophobic fraction is naturally excreted in the extracellular matrix of the colony during cultivation. The short contact time (10-120min) allowed the cells to recuperate and resume growth without negative effect after extraction of hydrocarbons. Heptane was reported to be less toxic than hexane to B. Braunii enabling contact time up to 20min without a loss of viability [START_REF] Moheimani | Non-destructive oil extraction from Botryococcus braunii (Chlorophyta)[END_REF]. The long-term milking of hydrocarbons from B.

Braunii was run through a 6-week continuous cultivation, with very short (15s twice a day) contact time between solvent and culture. However, the viability was highly strain-dependent as only one Botryococcus strain survived to hexane treatment [START_REF] Griehl | Design of a continuous milking bioreactor for non-destructive hydrocarbon extraction from Botryococcus braunii[END_REF]. The extraction of lipids from Chlorella vulgaris has been carried out using n-hexane, n-octane and n-decane with extraction rate of 8%, 6% and 4% after 20min, respectively. Organic solvents, n-octane and n-decane, did not cause ionic leakage from cells, confirming that cell membranes maintained their selective permeability. The lowest inhibitory effect on cell viability after 50min mixing with the solvent was obtained with n-decane [START_REF] Li | Lipid extraction from non-broken and high water content microalgae Chlorella spp. by three-phase partitioning[END_REF]. In another study, the milking of lipids from Chlorella vulgaris was conducted in 4 cycles with a dodecane and tetradecane layer added in the culture flask and replace each 7 days with a culture replenishment (Figure 1.22). The lipid recovery decrease from 45% at the first cycle to 25% at the fourth cycle, a stimulation on cell growth was reported after 7 days, but the contribution of solvent to the OD750nm was not measured, [START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF].

In Dunaliella salina, by comparing β-carotene solubility, solvent extraction ability and biocompatibility of organic solvents, [START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF] established that the best compromised for β-carotene biocompatible extraction is achieved with hydrophobic solvents exhibiting a log

Poctanol around 5 like n-decane, provided that the solvent/culture ratio (v/v) remains less than 1.

In another study, n-decane was considered as noncompatible with a total loss of oxygen production after 24h [START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF]. On the opposite, dodecane, tetradecane and hexadecane, provoked only a decrease in photosynthetic activity between 5-15% and microscopic observation confirmed the high viability of cells exposed to these solvents. Other authors reported that the photosynthetic activity of Dunaliella salina did not decrease after a 15min incubation with decane, dodecane and hexadecane [START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF]. The extraction biocompatibility was demonstrated with proportionally more β-carotene extracted than cells disrupted. Interestingly, a 10% increase of photosynthetic activity occurred upon contact with decane. The addition of the co-solvent dichloromethane to decane multiplied by 6 the extraction ability of the organic solvent. The addition of this polar solvent to the organic phase increased the solubility of β-carotene but, however, increased cell death. Another study relate direct correlations between cell destruction and β-carotene extraction when dodecane was directly used or supplemented with concentration of dichloromethane of 1,2% and 5% (v/v) and sparged (300mL L -1 min -1 ) through the culture media (Kleinegris et al., 2011b), (Figure 1.

23). Continuous

in situ extraction of β-carotene from Dunaliella salina was achieved with an equilibrium between cell growth and cell death (Kleinegris et al., 2011a). However, a major part of β-carotene produced came from net production of the enriched biomass. Microscope observation showed that no cell survived in the emulsion formed due to the presence of a high concentration of solvent droplet, which result in phase toxicity. In addition, the high intensity of light applied to the culture to induce the production of β-carotene results in significant degradation of carotenoids in the extract that recirculated through the photobioreactor [START_REF] Hejazi | Milking of microalgae: Production and selective extraction of Beta-carotene in two-phase bioreactors[END_REF]. Altogether, it has been concluded that lipid extraction from microalgae with organic solvents depends on the contact time and area between the culture media and the organic solvent, but the higher the extraction, the lower the biocompatibility [START_REF] Frenz | Hydrocarbon recovery by extraction with a biocompatible solvent from free and immobilized cultures of Botryococcus braunii[END_REF]Hejazi et al., 2003;[START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF][START_REF] Miazek | Effect of organic solvents on microalgae growth, metabolism and industrial bioproduct extraction: A review[END_REF]. While many studies focus on solvent choice and extraction operating conditions there is a lack of understanding of the impact of extraction on the single cell characteristics (Figure 1.24). This is particularly important due to the various culture conditions applied that might have results in very different single cell characteristics that are not investigated or reported. When the extraction is coupled to the cell culture, the evaluation of cell viability is not possible because of cell growth happening at the same time than cell death due to solvent toxicity. Only the stimulating or inhibiting effect of solvent exposition on the cell growth rate can be evaluated.

Stimulation and inhibition of cell growth

When cultured for 72h with n-decane a slight induction of carotenogenesis was reported in Dunaliella salina [START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF]. The cultivation of Dunaliella salina in turbidostatic photobioreactor with bubbling of n-dodecane provoked an increase of cell density compared to control but it decreased the intracellular concentration of β-carotene (Kleinegris et al., 2011a).

The cultivation of Chlorella vulgaris (a microalgae that has a cell wall) with 10% n-dodecane and agitated by magnetic stirring provoked an increase in optical density and dehydrogenase activity [START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF]. However, the presence of solvent droplet in the medium could also contribute to the increase in optical density. There is a positive effect of solvent on growth and accumulation of metabolites [START_REF] Vinayak | Diatom milking? A review and new approaches[END_REF]. At low concentration, it can stimulate biomass growth whereas at high concentration it is more suitable for extraction operations due to phase toxicity [START_REF] Miazek | Effect of organic solvents on microalgae growth, metabolism and industrial bioproduct extraction: A review[END_REF], (Figure 1.24). 

Membrane permeabilization

When solvent molecules meet the bilayer membrane, they are blocked by the aliphatic part and intercalates between the phospholipids [START_REF] Salter | Solvent selection for whole cell biotransformations in organic media[END_REF]. The presence of the solvent disturbs the fluidity of the membrane (Figure 1.25) which normally allows the cell to adapt to the surrounding hydrodynamics. Indeed, membranes are the preferential place where the organic solvent will accumulate [START_REF] Mcintosh | The organization of n-alkanes in lipid bilayers[END_REF]. The accumulation of molecules in the membrane increases the osmotic pressure [START_REF] Sikkema | Effects of the membrane action of tetralin on the functional and structural properties of artificial and bacterial membranes[END_REF]. When the transmembrane pressure increases, pores appear across the membrane. The pores created are, at first, hydrophobic, most of them resealed due to the fluctuations (fluidity) of the phospholipids. Even so, if their sizes exceed a critical radius, the pores will persist. If the surface of pores on the cell membrane is too high, the membrane will be irreversibly destabilized, and the cell will lyse. The toxicity will then depend on the concentration and the time of exposure of the cells to the solvent. Solvents with a carbon number below 10 diffuse less rapidly in the membrane compared to longer chains, this delay the formation of irreversible pores [START_REF] Gillet | Ultrafast molecular dynamics of biofuel extraction for microalgae and bacteria milking: Blocking membrane folding pathways to damaged lipid-bilayer conformations with nanomicelles[END_REF].

a) b) c) d)
Cell Media

Mechanism of extraction

Literature studies shown that membrane are the preferential places where organic solvents can accumulate, resulting in the formation of holes through the phenomenon of permeabilization [START_REF] Mcintosh | The organization of n-alkanes in lipid bilayers[END_REF]. The membrane permeabilization by the solvent will increase the transport of chemicals across each side of the membrane. The solvent could then enter the cell and diffuse into the chloroplast membrane to reach the oil bodies that contain the β-carotene.

This explains how the solvent can reach the β-carotene. [START_REF] Hejazi | Mechanism of extraction of β-carotene from microalga Dunaliellea salina in two-phase bioreactors[END_REF] have suggested two possible mechanism by which the β-carotene can exit from Dunaliella salina cell (Figure 1.26).

The disturbance caused by the presence of organic solvent moves the globules of β-carotene to the space between the chloroplast membranes and the cell membrane, from there the globules are released by exocytosis (i). It has already been shown that the membrane of D. salina has natural ongoing endo and exocytosis activities as reported by [START_REF] Ginzburg | Ultrarapid endocytotic uptake of large molecules in Dunaliella species[END_REF]. Another mechanism is the release of β-carotene due to globule alteration, then the molecules diffuse across the chloroplast membrane and subsequently across the cell membrane to reach the medium (ii). The method accuracy is central to ensure non-biased data. The organisms must be homogeneously distributed in the counting chamber. The density must be set in the recommended range. The usual protocol is to count 300 cells on a given number of squares (10 to 25). The counting error is frequently between 20 and 30% (Figure 1.28). This might be considered acceptable for culture monitoring were doubling of the microalgal population happens within days but insufficient for the biocompatibility characterization of organic solvents extraction of metabolites from cells. 

Biological activity

The need to understand the biological impact of the culture conditions or the toxicity of a substance on microalgae led to consider the potential heterogeneity of the treatment on subcategories of the population. Indeed, it is possible to distinguish between living and dead cells (non-viable) in a microbial culture. A cell can be (i) vital and viable, (ii) vital with reduced viability (e.g., consequence of a toxic substance), (iii) vital but without viability (e.g., because of total consumption of a nutrient) and (iv) non-vital and non-viable (death), (Figure 1.29).

However, [START_REF] Tashyreva | A Novel Staining Protocol for Multiparameter Assessment of Cell Heterogeneity in Phormidium Populations (Cyanobacteria) Employing Fluorescent Dyes[END_REF] developed a practical method with three fluorochromes and coined that a cell can have a reduced viability but still be metabolically active (Figure 1.30).

Consequently, despite its frequent use in the literature, cell death, viability, vitality or viable-butnot-culturable (VBNC) states are not easily defined terms. Generally, cell death is accompanied by a series of process which one of the first is the loss or reduction of membrane integrity (viability). A key point to emphasize is that the techniques most widely used to count dead cells are based on their membrane permeability. Viability can also be measured with the content of nucleic acid in cells that represent the reproduction ability. A second process that accompanied cell death is the reduction of metabolic activity (vitality). It is often based on enzymatic activity, in particular the dehydrogenases or the esterases. In microalgae the chlorophyll fluorescence can serve to measure the photosynthetic activity. In the following parts the different stains and method will be presented. 

Autofluorescence

The fluorescent pigments present in microalgae are chlorophylls, carotenoids and in some species phycobiliproteins [START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. The content is taxon-specific and depends on the culture conditions (irradiance, nutrient concentration, temperature, pH, presence of photosynthetic inhibitors). Pigment fluorescence account for most of the endogenous fluorescence. There is also fluorescence due to molecules such as reduced pyridine nucleotides, flavins, tryptophan and elastin [START_REF] Shapiro | Using Flow Cytometers: Applications, Extensions, and Alternatives[END_REF]. Under normal culture conditions, a lot of chlorophyll is present but in the case of stress some carotenoid algae will accumulate carotenoids. Carotenoids fluoresce in green, however, Kleinegris et al. (2010b) reported that the quantification was not possible. The pigment composition of the microalgae makes it possible to choose the appropriate fluorochromes to avoid the superposition of spectra, which would overestimate the measurement.

Permeability

A widely used dye for the determination of cells with compromised cell membrane is Evans Blue. [START_REF] Zhang | Screening of biocompatible organic solvents for enhancement of lipid milking from Nannochloropsis sp[END_REF] measured the absorbance of Evans Blue on Nannochloropsis sp. cultivated with organic solvent. They showed that solvents with logPoct<5.5 provoke an increase in dye absorption by the cells and thus in the permeability of the membrane. [START_REF] Gateau | Application of pulsed electric fields for the biocompatible extraction of proteins from the microalga Haematococcus pluvialis[END_REF] used

Evans Blue to follow the permeabilized process of Haematococcus pluvialis along a treatment with Pulsed Electric Field by counting cell in the different categories: naturally permeabilized (stained in fresh culture), reversibly permeabilized (stained by addition before PEF) and irreversible permeabilized (stained by addition after PEF) and non-affected cells (non-stained). [START_REF] Bicas | Use of methylene blue uptake for assessing cell viability of colony-forming microalgae[END_REF] determined the percentage of dead cells in Botryococcus braunii culture with Methylene Blue uptake.

The permeability of the membrane can also be measured by labelling nucleic acids with fluorescent polar molecules. Due to their hydrophilic nature, it only penetrates cells with permeabilized membranes. These fluorochromes are intercalated on DNA base pairs with little or no sequence specificity and according to a stoichiometry of one molecule for 4-5 base pairs [START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. They fluoresce weakly in solution but when bound to a nucleic acid they emit 20 to 30 times greater intensity. There are many markers that emit green fluorescence (PICO green, SYBR Green I or II, SYTO 9, SYTO 13, SYTOX-green, TOTO-1, TO-PRO-1, YOYO-1, YO-PRO-1) or red fluorescence (propidium iodide). Dyes such as Trypan blue (McGahon et al., 1995) or erythrosine B (Bochner et al., 1989) were also used.

The use of propidium iodide (PI), is limited for microalgae because its spectrum overlaps with the chlorophyll one (Brussaard et al., 2001), [START_REF] Veldhuis | Cell death in phytoplankton: Correlation between changes in membrane permeability, photosynthetic activity, pigmentation and growth[END_REF]. Anyhow, it has been used

to measure cell viability in several studies where the authors do not describe any interference or quenching with autofluorescence [START_REF] Luengo | Effect of Pulsed Electric Field Treatments on Permeabilization and Extraction of Pigments from Chlorella vulgaris[END_REF]. In Chlorella vulgaris, the effect of pulsed electric fields was studied by varying the intensity and exposure time. It has been shown that pore formation can be reversible. That is to say, the inclusion of propidium iodide (PI) is lower (or even null) if added after treatment than before. The amount of PI included after addition has been correlated with the number of dead cells.

Enzymatic activity

Non-specific esterase activity is the most common way to measure the overall enzymatic activity of cells. For its detection apolar and non-fluorescent molecules of the fluorescein diacetate family (FDA, cFDA, CMFDA) or calcein acetomethyl ester (Calcein-AM) are used (Jochem, 1999).

Fluorochromes used must freely penetrate cell membranes [START_REF] Brookes | Use of FDA and flow cytometry to assess metabolic activity as an indicator of nutrient status in phytoplankton[END_REF]. In the intracellular medium, molecules from the fluorescein diacetate family are hydrolyzed by nonspecific esterases, which are produced by the respiratory activity of cells, to polar fluorescein and fluorescein. The marker effectively measures the activity of the esterases, i.e., the hydrolysis rate which is a limiting factor compared to membrane penetration. [START_REF] Fachet | Flow cytometry enables dynamic tracking of algal stress response: A case study using carotenogenesis in Dunaliella salina[END_REF] showed that in Dunaliella salina stressed with high light and nitrogen depletion and after 7 days of cultivation, two separate sub-populations were detected; about 50% of the culture emitted a lower fluorescent signal than the other half. FDA was used by Hejazi in flow cytometry to distinguish between viable (living) and dead (unruptured) cells but does not allow counting of cells that have lost their integrity. The number of cells marked by FDA has been correlated with cell digestion, which is a technique that measures the mass of cells with damaged membranes in certain microalgae including Dunaliella tertiolecta (Zetsche and Meysman, 2012).

Cell division cycle

The content of nucleic acids depends on the phases of the cycle (Figure 1.31). Reserve molecules are formed during the G2/M phase (Kwok and Wong, 2010), (Müller et al., 2010;Vicker et al., 1988;Yanpaisan et al., 1999). Some agents intercalate on the G/C base pairs of nucleic acids but 1 Cultivation

Strain and growth conditions

The green microalga Dunaliella salina CCAP 19/18 was cultivated in 500mL glass erlenmeyer fed with 200mL of Johnson growth medium modified according to [START_REF] Çelekli | Effect of pH, light intensity, salt and nitrogen concentrations on growth and β-carotene accumulation by a new isolate of Dunaliella sp[END_REF].

Cultures were grown in a thermostated room (20±2°C) under a continuous photon flux density (35±5µmol m -2 s -1 ) and agitated manually once a day. The cultures were subcultured in fresh medium every four weeks.

Due to the lack of cell wall in Dunaliella salina magnetic stirring cause irreversible cell disruption within 3 days. As a result, the stirring was done manually twice a day. After 8 growth cycles (8 months), cultures reached higher density than previously. Culture in erlenmeyer was successful therefore the first extraction was realized on that biomass.

Production of β-carotene enriched biomass

The selected culture conditions are summarized in the 

Culture in photobioreactor

Cells were produced in photobioreactor (PBR) in batch culture. A volume of 100mL of the grown cells were added into 1L airlift flat panel PBR (Figure 2.2) in the previous medium with doubled concentration of nitrogen, sulphur and phosphorus and maintained at pH=7.5 and at 400±35µmol m -² s -1 supplied by LED panels (neutral white, 4000-4500K) to reach a cell density of 8.2 10 6 cell mL -1 after one week in batch culture. Then, cells were harvested from the reactor, centrifuged (6000xg, 10°C, 10min), and resuspended in nitrogen free medium in PBR for one week, as described in the previous section, but the PFD was increased to 1200µmol m -2 s -1 . The culture in photobioreactor crashed several times before the air flow adjustments were found. 

Extraction

Solvent choice

To choose the best suitable solvent, a list of ideal characteristics was summarized:

(1) Low viscosity: low energy to mix the two phases [START_REF] Zhang | Application of memberane dispersion for enhanced lipid milking from Botryococcus braunii FACHB 357[END_REF]. The n-decane has a viscosity of 0.838 mPa s at 25 °C (0.890 mPa s at 25°C for water), low solubility in water (1.50 10 -2 mg L -1 ), a relative density of 0.70 (water density=1.0), a boiling point of 174°C, a logPoct>5. Although it is not suitable for food or nutraceutical applications, it was primary used in the milking studies. In consequence ndecane is a good compromise regarding the five criteria.

Optimization of the extraction in Falcon

In The Falcon tube was chosen as the container because it is widely used in scientific laboratories.

Then, the vortex agitator was chosen to ensure reproducible agitation. To validate the model, an experimental plan has been developed with different sizes of tube, fillings of tube, solvent ratio The selected configuration is 50 mL Falcon tube, 0.5 solvent ratio, 25 Hz and a filling volume of 24 mL. The tube must contain air inside for the vortex flow to form and a solvent ratio of 0.5

give quite good apparent results with the yellowing of the n-decane. After stirring with the solvent, the emulsion was not separating itself within minutes, it was decided to centrifuge the tube to stop the contact between the two phases. After centrifugation, a non demixable emulsion remains at the interface of the two phases (Circled in red in Figure 2.4). 3 Analysis

Photosynthetic parameters

Oxygen production

To measure photosynthetic activity, the release of oxygen was measured using a Clark electrode (Figure 2.6). Nitrogen gas was bubbled to decrease the oxygen level. When the oxygen level rises, the data acquisition started recording. The curve was smoothed with a mean point every 10s. After 5 minutes, the light was turned off and data were recorded for another 5min. Oxygen production and oxygen consumption are obtained by linear regression of the oxygen concentration within the measurement chamber. 

Photosynthetic activity

In the chloroplast of cell, the chlorophyll pigment emits red light after the absorption of a photon.

The fluorescence of chlorophyll can be used to quantify a stress under certain circumstances such as nutrient depletion or exposure to a toxic molecule. Far red light (λ of 735 nm, 10 μmol m-2 s-1) was applied to stimulate the activity of PSI. To measure the minimum level of chlorophyll fluorescence, pulses of light are used (LED, PFD <0.1μmol m -2 s -1 , 3μs or 1μs, 600Hz-100kHz, λ <670nm). In the dark phase the fluorescence is called F0, in the dark relaxation phase it goes from F0 'to F0''.

The saturation pulses (halogen lamp, μs-scale, PFD <10,000μmol m -2 s -1 ) make it possible to reduce Quinone A and the carriers of elections and therefore to close all the reaction centers of the PSII. The fluorescence intensity (FM, FM', FM'') is proportional to the number of acceptor / open centers (Figure 2.7).

β-carotene by spectrophotometry

To validate the protocol for measuring pigments by spectrophotometry, it is necessary to check that the extraction of the pigments by methanol is sufficient from the first exposure. β-carotene concentration in the methanol was measured using a double beam spectrophotometer Jasco V-530. For this purpose, 0.5 mL sample of cell culture at 1.2 g.L -1 was centrifuged (4000g, 15°C, 10min), following this handling, the supernatant is carefully removed and replaced by 1.5ml methanol. The sample is passed through an ultrasonic bath and vortexed to break up the pellet and suspend the microalgae in 1.5mL of methanol (Sigma-Aldrich, >95%) at 44°C for 45min then centrifuged again and the absorbance of the supernatant was measured at 470 and 750nm.

The β-carotene was quantified according to the equations of [START_REF] Lichthentaler | Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different solvents[END_REF] To access the possibility to store samples three storage conditions with methanol were tested and compared to direct extraction without storage. Biomass was directly at 44°C for 45 min, freeze at -12°C for 48h, put at 4°C for 45min or 4°C for 12h then each sample was incubated at 44°C for 45 min. Results summarized in Figure 2.8b suggest that no significant degradation happen during storage at -12°C for 48h, therefore sample can be store frozen before analysis. 

Mass balance with n-decane

To ensure that the β-carotene extracted from cells is effectively transferred in the solvent a mass balance for increasing extraction time was realized. The concentration of β-carotene was measured in cells as explained in the previous section. In the n-decane it was directly monitored with the absorbance at 480 nm. For that a calibration, with R² > 0.99, was made in the lab with commercial β-carotene (Sigma-Aldrich, >93%) (Figure 2.9a). The solubilization was achieved with sub saturation concentration below 5g/L. The β-carotene extracted from biomass is recovered in the solvent (100%-110% of the mass), (Figure 2.9b). No significant loss of β-carotene was apparent (p<0.005). Consequently, it can be considered to partition only between the inside of cells and the solvent phase. The emulsion or the supernatant (culture broth without cells) doesn't need to be considered for the mass balance of β-carotene.

Dry weight

Five mL of D. salina culture were filtered on pre-dried and pre-weighted fiberglass filters (Whatman GF / F, 0.7μm) using a Buchner funnel. To avoid overweighting due to salt crystallization; the filters were rinsed with 15ml of isotonic ammonium formate (100g L -1 , ACROS Organics, >99%), [START_REF] Zhu | Determination of biomass dry weight of marine microalgae[END_REF]. The filters were then dried in oven at 110°C for 24h, cooled in a desiccator for 10min and weighed (Sartorius, Secura).

Characterization of cell morphology

Counting chamber

Cell counting was performed on a Nageotte cell, this is a slide with a counting area of known depth (0.5 mm), (Figure 2.10). This cell is used for the purpose of counting microorganisms (under a microscope) using a grid engraved on the slide. Its use makes it possible to concentrate the cells by 2.5 compared to a Malassez cell. For example, for a culture at 3.10 6 cells mL -1 it reduces the number of images from 73 for Malassez cells to 25 to obtain 1600 cells. Natural settling or fixative agent concentrates the cells at the bottom of the counting chamber. The cell concentration must be in a certain range to have an accurate estimation: if the concentration is too low, the number of cells in the counting field may not be representative of the actual concentration in the stock solution. If the concentration is too high, then the cells may start to aggregate or overlap, leading to counting errors.

Cell fixation

Dunaliella salina cells which are motile have to be settle at the bottom of the slide in a homogeneous repartition to analyze cell density. In general, a fixative agent is added to the culture sample before pipetting the liquid in the counting chamber. Therefore, the effect of cell exposure with Lugol and Formaldehyde, two commonly used fixative, on the cell size and fluorescence were tested (Figure 2.11).

Lugol, a widely use solution, enters cells and fix to protein, this results in a freezing of cells that sink thereafter. However, the accumulation of Lugol hide the cell appearance because the cell become black and provoke a biggering in size after an exposure above 20 min [START_REF] Zarauz | Effects of Lugol's fixation on the size structure of natural nanomicroplankton samples, analyzed by means of an automatic counting method[END_REF]. Besides, Lugol is fluorescent which may cause interference in case of biological staining with fluorochromes. Formaldehyde is also commonly use and has the advantage to be transparent but is more toxic to the operator that Lugol, therefore precaution must be taken during the manipulation. No significant modification of cell size and fluorescence was observed (100%)

with formaldehyde fixation at 2%. 

Automated particle analysis

It is possible to automate the counting of particles from photos previously taken under a microscope and analyzed with image processing software. To use these methods the sample volume in each photo must be constant. These techniques allow the concentration to be measured accurately (Appendix 1).

Digital imaging accuracy

An image is a matrix of digital numbers made up of small units called pixels (Figure 2.12). Each pixel is a value that can be converted to a square (in greyscale for example) to display the image.

To activate a pixel a threshold of light must be reach. In the case of pictures taken with a microscope the 2D image is a representation of a real situation in 3D. Thus, a round shape is approximated by a certain number of pixels which are activated or not according to the camera threshold. The resolution of an image corresponds to the number of pixels of the mesh which constitutes it, it corresponds to the fineness of spatial description. To measure small particles, an optical objective is used to reduce the optical field. The accuracy of measurement is given by the number of pixels per µm:

Np (px/µm)=Resolution (px²)*Magnification(a.u.)/Optical field(µm²) (Eq. 2.1)

In theory the maximum measurement uncertainty on the diameter is 2 pixels. A resolution of 4px µm -1 (i.e. 0.5µm of uncertainty) results in an error of 20% for 5µm particles which is the smallest size of D.salina cells and therefore acceptable (Figure 2.13). 

Size measurement

There is a wide variety of shapes and sizes of single-celled algae. Spherical and ovoid forms are quite common in microalgae. Since the cells settle on their cross section the shape obtained in the 2D projection allows the volume to be calculated. Nonstressed Dunaliella cells exhibit a prolate spheroid shape whereas the shape of stressed cells varies from oblong to spherical [START_REF] Sun | Geometric models for calculating cell biovolume and surface area for phytoplankton[END_REF]. Cells settle on their longitudinal section in the counting slide allowing the major 

Shape factors

1) The aspect ratio makes it possible to characterize the shape anisotropy of the particle, i.e., its elongation. Aspect ratio 𝑅𝐴 = 𝐹𝑚𝑖𝑛 𝐹𝑚𝑎𝑥 (Eq. 2.2)

2) The compactness factor reflects the ratio of the area of the particle and the area of the smallest rectangle that can contain it. Compactness factor 𝐹𝐶 = 𝐴 𝑊 * 𝐻 (Eq. 2.3)

3) The sphericity parameter highlights the difference between the shape of the particle compared 

Enzymatic activity

Fluorescein diacetate (FDA) (Sigma Aldrich, >99% purity) was used to measure non-specific esterases activity. Esterases are hydrolase enzyme that splits esters into an acid and an alcohol.

In the intracellular medium FDA is hydrolysed in fluorescein (excitation: 488nm, emission: 510nm) by non-specific esterases, which are produced by the respiratory activity of cells.

Esterase activity is the most common way to measure the overall enzyme activity of cells. FDA 

Permeability

Propidium Iodide (PI) is a small (660Da) hydrophilic dye that is unable to cross through intact cell membrane. Once in the cell it binds to DNA and fluorescence in red (excitation: 535nm, emission: 625nm). A stock solution of 5mg/mL of PI (Sigma Aldrich, 99% purity) in distilled water was prepared as indicated by the manufacturer. Separate samples of cells were incubated in the dark for 20 min with 5µg/mL of the stock solution.

SYTOX green is a dye that only penetrates cell with compromised membrane integrity. Once in the cell it binds to DNA with a 500-fold increase in green fluorescence intensity (excitation: 502nm, emission: 523nm). Its spectral fluorescence properties allow its observations without interference from chlorophyll autofluorescence. A stock solution of 5mg/mL of Sytox Green in distilled water was prepared as indicated by the manufacturer. Separate samples of cells were incubated in the dark for 20 min with 5µg/mL of the stock solution.

Cell permeabilization with Evans blue dye (Sigma-Aldrich, >75%) was tested according to [START_REF] Hamer | Evans Blue Dye as an in vivo marker of myofibre damage: Optimising parameters for detecting initial myofibre membrane permeability[END_REF]. To distinguish between irreversible and reversible permeabilization, Evans blue (EB) (120µl mL -1 of solution in the cell culture) was added in three different conditions: (A) without treatment, (B) before the treatment, (C) after each solvent treatment time with n-decane [START_REF] Luengo | Effect of Pulsed Electric Field Treatments on Permeabilization and Extraction of Pigments from Chlorella vulgaris[END_REF].

Phase of cell division cycle

DAPI is used to determine the phase of cell division considering the amount of DNA in cell.

DAPI is a dye that freely penetrates the membrane of intact cell. Once in the cell it binds to nucleic acids and fluorescence in blue (excitation: 358nm, emission: 461nm). A stock solution of 5mg/mL of DAPI (Sigma Aldrich, 99% purity) in acetone was prepared as indicated by the manufacturer. Separate samples of cells were incubated in the dark for 20min with 5µg/mL of the stock solution.

β-carotene fluorescence

The fluorescence of β-carotene was measured at 530nm with at excitation wavelength of 488 nm.

In this flow cytometry experiment cell volume was estimated with the diameter and the shape of cells were considered as sphere. The stirring of n-decane on the β-carotene fluorescence in cells was studied regarding cell volume. The density plot of β-carotene content was estimated with the fluorescence intensity at 480nm (Kleinegris et al., 2010b). Grown, stressed cells and stressed cells stirred for 120s with n-decane were compared.

Effects of n-decane exposure on metabolic activity of Dunaliella salina 1 Introduction

Microalgae have been identified as a promising resource for a wide spectrum of bioproducts for food, pharmaceutical, and cosmetic industries. Among the carotenoids family, the β-carotene molecules have properties of main interest: provitamin A, antioxidant and skin protection from UV damage [START_REF] Gateau | Carotenoids of Microalgae Used in Food Industry and Medicine[END_REF]. In contrast with synthetic products, natural β-carotene is extracted as a mixture of cis-and trans-isomers [START_REF] Ben-Amotz | Stereoisomers of β-Carotene and Phytoene in the Alga Dunaliella bardawil[END_REF]. The growing market of β-carotene, mostly natural, has risen the interest in extracting β-carotene from different natural sources [START_REF] Scarsini | Carotenoid Overproduction in Microalgae: Biochemical and Genetic Engineering[END_REF]. Therefore, the economic viability of the β-carotene production and extraction from microalgae is a biotechnological challenge.

Indeed, microalgae are relatively slow growth micro-organisms [START_REF] Darvehei | Model development for the growth of microalgae: A review[END_REF]. The light availability inside the reactors is a major bottleneck for the industrialization of autotrophic production of microalgae [START_REF] Pruvost | Large-Scale Production of Algal Biomass[END_REF]. In addition, carbon is mandatory for biomass production and for metabolites accumulation, thus these steps are separated in practice to improve overall efficiency. In current industrial processes, the pigment-enriched biomass is usually separated from water with technics like filtration, centrifugation and drying. Then, the targeted metabolites can be extracted, with organic solvent in the case of hydrophobic compounds. This biorefining strategy ultimately causes biomass losses and has high requirements in terms of time and energy [START_REF] Hosseini Tafreshi | Dunaliella biotechnology: Methods and applications[END_REF], [START_REF] Vinayak | Diatom milking? A review and new approaches[END_REF]. It has been shown that it is possible in microalgae culture, to repeatedly extract hydrophobic metabolites in situ using immiscible organic solvents [START_REF] Frenz | Hydrocarbon recovery by extraction with a biocompatible solvent from free and immobilized cultures of Botryococcus braunii[END_REF], [START_REF] Vinayak | Diatom milking? A review and new approaches[END_REF], [START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF]. Studies report that there was no significant toxicity of the solvent on the cell at the same time β-carotene was extracted [START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF], [START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF], (Kleinegris et al., 2010a). In this case, a 'milking' could be envisioned provide cells are able to synthesize de novo the metabolite that was extracted with the aim to extract them again. The circular use of matter might unlock saving of water and energy in bio production processes [START_REF] Chaudry | Proposal of a New Pathway for Microalgal Oil Production and its Comparison with Conventional Method[END_REF].

To unlock the potential of microalgae and industrialize the production of high value substances the improvement of the productivity and the reproducibility of cultivation processes is mandatory [START_REF] Guedes | Microalgae as sources of high added-value compounds-a brief review of recent work[END_REF]. The understanding of the microalgal metabolism and production processes is therefore a key step. Environmental and toxicological studies of phytoplankton provide basic information on the toxicity of substances and treatments on microalgae [START_REF] Adler | Flow cytometry as a tool to study phytotoxic modes of action[END_REF].

Outside the laboratory conditions, the growth variability is caused by the non-homogeneous conditions, nutrient availability, competition and predation. In the laboratory conditions microbial culture still displays high heterogeneity in terms of growth rate and stress resistance.

The most common method to monitor a culture is to measure an averaged characteristic of the population (cell density, dry weight, pigments content, photosynthetic activity) which may result in biased information not rendering the heterogeneity of the culture.

While many studies focus on solvent choice and extraction operating conditions, there is a lack of understanding about the impact of culture conditions on the single cell characteristics and de facto on the extraction biocompatibility. There is a general consensus that among the first measurable signs of cell death are the loss or reduction of membrane integrity and metabolic activity [START_REF] Caron | Viability assessment of bacteria in mixed populations using flow cytometry*[END_REF], [START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. Therefore, the metabolic activity that quantifies vitality and the membrane permeability, the phase of cell division and the cell ability to pursue growth that quantifies the viability could influence single cell biocompatibility.

This study investigated the influence of n-decane exposure of Dunaliella salina on the single cell metabolic function that characterizes the viability and vitality. Cell density, oxygen production and consumption, metabolic activity, membrane integrity and β-carotene fluorescence were monitored before and after extraction.

2 Materiel et methods

Strain and pre-culture

The green microalga Dunaliella salina CCAP 19/18 was cultivated in 500mL glass erlenmeyer fed with 200mL of Johnson growth medium modified according to [START_REF] Çelekli | Effect of pH, light intensity, salt and nitrogen concentrations on growth and β-carotene accumulation by a new isolate of Dunaliella sp[END_REF].

Cultures were grown in a thermostated room (20±2°C) under a continuous photon flux density (35±5µmol m -2 s -1 ) and agitated manually once a day. The cultures were subcultured in fresh medium every four weeks to reach a cell density, and a dry weight of circa 2.1 10 6 cell mL -1 , 0.70gDW L -1 . This culture condition is referred as grown in erlenmeyer (GE).

To trigger β-carotene accumulation, GE cells were harvested in sterile Falcon tube, centrifuged (6000xg, 10°C, 10min), resuspended in a glass erlenemeyer in the same medium but free of nitrogen (nitrogen depleted medium) and continuously illuminated from the bottom by using a photon flux density (PFD) of 800µmol m -2 s -1 provided by LED panels (neutral white, 4000-4500K) for four weeks to reach a cell density, a dry weight and a mean volume of circa 9.7 10 5 cell mL -1 and 0.63gDW L -1 . Cells cultivated under these conditions are referred as stress in erlenemeyer condition (SE).

In-situ mixing experiment

Cells were mixed with n-decane for 120s to provoke a long exposure to the solvent. Cell culture was exposed to n-decane (ACROS Organics, >99%) in 50mL Falcon tube. Microalga culture concentration was adjusted with fresh medium to reach 0.63-0.70gDW L -1 and then mixed with ndecane (1:1 v/v) for 120s using a vortex (Fischerbrand) vibrating at 25Hz. The Falcon tubes were then immediately centrifuged (4000xg, 15°C, 10min), then the pellet was resuspended in the same media resulting in the recovery of three phases: the lower aqueous phase (residue), the upper organic phase (extract) and a stable emulsion at the interface. The biomass was analyzed before and after extraction for each characterization methods.

Characterization of the impact on cell biology

Growth ability after extraction

After the mixing with n-decane for 120s, 50mL of stressed culture residue was reinoculated in 500mL erlenemeyer that contained 150mL of culture medium. Cultures were grown in a thermostated room (20±2°C) under a continuous photon flux density (35±5µmol m -2 s -1 ). Two conditions were tested, growth in nitrogen depleted and nitrogen repleted medium. The experiment was carried in triplicate. The behaviour of the culture was qualitatively analyzed after 2 weeks.

Oxygen production and consumption

Oxygen productivity is widely used as an indicator to measure photosynthesis in microalgae, as such it is also used to detect stress conditions that have impaired photosynthesis. To measure photosynthetic activity, the release of oxygen was measured using a Clark electrode. A volume of 1.5ml of culture was introduced into the chamber and 30µl of 0.2M NaHCO3 was added to ensure sufficient carbon concentration for photosynthesis. The culture media was diluted if needed to adjust the cell density to 5 10 5 cell mL -1 for each sample tested. The intensity was set to culture intensity conditions i.e., 400µE/m²/s for growth and 800µE/m²/s for stress. Nitrogen gas was bubbled to decrease the oxygen level up to 5mg/L for GE and 2mg/L for SE. When the oxygen level rises, the data acquisition started recording. The curve was smoothed with a mean point every 10s. After 5 minutes, the light was turned off and data were recorded for another 5min. As expressed in Equation Oxygen production and oxygen consumption (P) were obtained by linear regression of the oxygen concentration [O2]t between t=0 and t=5min with Δt=5min

and Cx= 5 10 5 cell mL -1 .

P(µg/cell/s) = ([O2]t=0 -[O2]t=5min)/(Δt*Cx*1000) (Eq 3.1)

Enzymatic activity

Fluorescein diacetate (FDA) (Sigma Aldrich, >99% purity) was used to measure non-specific esterases activity. Esterases are hydrolase enzyme that splits esters into an acid and an alcohol.

In the intracellular medium FDA is hydrolysed in fluorescein (excitation: 488nm, emission: 510nm) by non-specific esterases, which are produced by the respiratory activity of cells.

Esterase activity is the most common way to measure the overall enzyme activity of cells. FDA 

Permeability

Propidium Iodide (PI) is a small (660Da) hydrophilic dye that is unable to cross through intact cell membrane. Once in the cell it binds to DNA and fluorescence in red (excitation: 535nm, emission: 625nm). A stock solution of 5mg/mL of PI ((Sigma Aldrich, 99% purity) )in distilled water was prepared as indicated by the manufacturer. Separate samples of cells were incubated in the dark for 20 min with 5µg/mL of the stock solution. The fluorescence was measured in the whole culture (cell + media) and in the supernatant of the centrifuged culture. The reference was fixed to 100% for cell culture with acetone treatment and 0% was set to 0 fluorescence intensity.

SYTOX green is a dye that only penetrates cell with compromised membrane integrity. Once in the cell it binds to DNA with a 500-fold increase in green fluorescence intensity (excitation: 502nm, emission: 523nm). Its spectral fluorescence properties allow its observations without interference from chlorophyll autofluorescence. A stock solution of 5mg/mL of Sytox Green in distilled water was prepared as indicated by the manufacturer. Separate samples of cells were incubated in the dark for 20 min with 5µg/mL of the stock solution.

Phase of cell division cycle

DAPI is a dye that freely penetrates the membrane of intact cell. Once in the cell it binds to nucleic acids and fluorescence in blue (excitation: 358nm, emission: 461nm). A stock solution of 5mg/mL of DAPI (Sigma Aldrich, 99% purity) in acetone was prepared as indicated by the manufacturer. Separate samples of cells were incubated in the dark for 20min with 5µg/mL of the stock solution.

β-carotene fluorescence

The fluorescence of β-carotene was measured at 530nm with at excitation wavelength of 488 nm.

In this flow cytometry experiment cell volume was estimated with the diameter and the shape of cells were considered as sphere. The stirring of n-decane on the β-carotene fluorescence in cells was studied regarding cell volume. The density plot of β-carotene content was estimated with the fluorescence intensity at 480nm (Kleinegris et al., 2010b). Grown, stressed cells and stressed cells stirred for 120s with n-decane were compared.

Instrument for fluorescence measurement

Spectrofluorimetry

A spectrofluorometer (Fluoromax, Horiba) was used to measure the fluorescence intensity after staining. This method quantifies the average fluorescence intensity over the microalgae in suspension in the media. This experiment was realized at the Maine University.

Epifluorescence microscopy

For enzymatic activity, permeability and DNA content one optical field was picture in bright field and epifluorescence field (in the corresponding wavelength) to realize the single cell measurement of fluorescence intensity. To immobilize the algae culture aliquots were stirred (500:50 v/v) with a solution of paraformaldehyde (PF) in phosphate buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 at pH=7.4). This procedure did not affect their morphology nor their colour [START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. The bright field pictures (16bit) were transformed into B/W ones (2bit) using the Image J software (https://imagej.nih.gov/ij/, National Institutes of Health), which were then subjected to particle analysis using a default ImageJ routine. Briefly, cell debris and other small particles were first automatically removed from the analysis by setting the 'cell area' parameter to the range 20-400µm² and by manual sorting. The bright field microscopy image analysis results in region of interest (ROI) which are closed regions corresponding to cell boundaries. The ROI were then applied to the fluorescence picture for the measurement of the mean fluorescence of each cell. The fluorescence level was then normalized between the minimal and maximal value obtained.

Flow cytometry

Data obtained from flow cytometry instruments were sorted with a gating strategy to remove unwanted event. In the case of microalgae, the aim is to obtain focused single cells that contain chlorophyll (Figure 3.1).

Cells out of focus in the picture are not suitable for analysis because the apparent value of size and fluorescence are not correct. Cell out of focus had roots mean square gradient value above 45 units and only 81.1% of cells were kept. Thereafter cells were discriminated by aspect ratio regarding area to remove the 17,4% of clumped cell (colony, flocs). Finally, out of the remaining cells 94.2% of them contained chlorophyll. The gating strategy kept 63.1% of cells. Within 5min 

Statistics

Population analysis

The percentage of fluorescence F(%) was calculated as the difference in fluorescence intensity between the culture Fculture and the supernatant Fsn divided by the fluorescence intensity of the arbitrary reference Fref multiplied by 100.

F(%)=(Fcell -Fsn)/Fref*100 (Eq 3.2)
For the results expressed on the population level for experiments that analyses the single cell fluorescence intensity. The sum of all individual cell intensity was used.

Single cells analysis

The metabolic activities (namely Sytox green permeability, DNA content and enzymatic activity) of each cell referred as MA (%) were calculated using the single cell fluorescence intensity F divided by the difference between the maximum fluorescence intensity Fmax and the minimum fluorescence intensity Fmin.

MA (%) = F/(Fmax -Fmin)*100 (Eq 3.4)

Cells were classed in 10% metabolic activity class width distribution.

The cell frequency in the class x CFx (%) was calculated as the number of cells in the class x NCx divided by the total number of cells before extraction TC0. This calculation renders the abundance of cell in each class considering the variation of cell density.

CFx (%) = NCx/ TC0 (Eq 3.5)

Results and discussion

3.1 Characterization of the microalgae population

Photosynthetic oxygen production and respiration

In the absence of solvent exposure, stressed cells had lower specific oxygen productivity under light and higher consumption of oxygen rate in the dark than grown cells. The increase in oxygen consumption in the dark with stressful culture conditions compared to growth conditions was also reported by [START_REF] Lv | Analysis of the physiological and molecular responses of Dunaliella salina to macronutrient deprivation[END_REF]. This can be explained metabolically by a more active respiratory system.

Exposure of Dunaliella salina to n-decane caused a decrease in oxygen production of 4% and 20% respectively for grown and stressed cells. In the dark, the oxygen consumption was also reduced by 25% for grown cells. The experiment showed that in the dark the oxygen concentration in the clarck electrode kept increasing for a long time for stressed cultures after solvent exposure, therefore, the measurement was not possible for this condition. However, this method of viability measurement after exposition to organic solvent must be discussed. The solubility of oxygen is higher in n-decane than in water, thus considering that the n-decane was balance with oxygen in the air the exposure to n-decane could have increase the oxygen in the medium. As results only show a decrease in oxygen thus the viability can only be underestimated. [START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF] showed a stimulation of the photosynthetic oxygen production activity of 111% after 15 min stirring with 5% of decane. In the previous study, cells grew at 100µmol m -² s -1 and oxygen production was tested at 1500µmol m -² s -1 whereas in our study, analysis were carried out at the same irradiance than the culture. Interestingly, [START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF] found that the averaged oxygen productivity of cells grown between 24h and 96h in the presence of 12% ndecane was almost decrease by 100% at 350µmol m -² s -1 . Considering results from the two previous studies it can be concluded that low concentration and short exposure stimulated the cell and long-term exposure had high toxic effect on cells. Results from this work showed that high concentration and short exposure slightly inhibited cells. In fact, this conclusion is consistent with what is reported in the literature, for a review, see [START_REF] Miazek | Effect of organic solvents on microalgae growth, metabolism and industrial bioproduct extraction: A review[END_REF]. 

Cell permeability to Propidium Iodide

Cell permeabilization was measured on cells that undergo 120s exposure to n-decane (Figure 3.2). The 0% value was set with 0 f.u. and 100% was arbitrary set with the value obtained with acetone exposure in each stress state. In the absence of the n-decane mixing, the natural permeability was lower in stressed cells (16%) than in grown cells (26%). The exposure of grown cells to n-decane for 120s increased the permeability by a factor two. It reached 50% permeability after agitation with solvent. Likely, stressed cells exhibited a 22% increase in permeability after mixing with n-decane.

In this experiment, two sources of free DNA could induce a background noise to the DNA present in the cell: (i) there is free DNA in the fresh culture coming from cell that died naturally and (ii) there is a released of DNA materials into the media after cell destruction by the solvent. For that purpose, the fluorescence was measured in the supernatant and in the resuspended cell in the fresh and in the treated culture. This induced a lot of laboratory operations that are time consuming. Therefore, this limits the use of the spectrofluorometer to measure the permeability of a cell population.

One of the drawbacks of staining with propidium iodide is the overlap of chlorophyll autofluorescence and PI emission spectrum [START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. Nevertheless, it has been used to measure cell viability of Chlorella vulgaris after exposure to pulsed electric field where the authors do not describe any interference or quenching with autofluorescence [START_REF] Luengo | Effect of Pulsed Electric Field Treatments on Permeabilization and Extraction of Pigments from Chlorella vulgaris[END_REF]. However, cell destruction was less important with the use of pulsed electric field than with stirring with n-decane.

Enzymatic activity

Enzymatic activity was measured on cell subjected to 120s n-decane mixing (Figure 3.2). The enzymatic activity was arbitrary set at 100% for the fresh green culture and 0% was arbitrary set for 0 u.a. in fluorescence intensity. As expected, the untreated stressed culture had a lower enzymatic activity (of 17%) than grown cells. [START_REF] Brookes | Use of FDA and flow cytometry to assess metabolic activity as an indicator of nutrient status in phytoplankton[END_REF] showed that nitrogen concentration of 0, 2 and 5µM in the culture media of the cyanobacteria Microcystis aeruginosa results in a 50% to 30% decrease in the FDA conversion rate (fluorescence cell -1 min -1 ) after 6 days of cultivation compared to a concentration of 50µM.

Exposing the grown culture to n-decane for 120s decreased the esterases activity of the remaining cells by 63%. This could be the result of a deterioration of the enzyme production chain or the breakage of the enzymes themselves. For stressed cells, the enzymatic activity of the remaining cells decreased by 26%.

Microscope observation (data not shown) showed the leakage of green liquid from the cell that correspond to fluorescein and not chlorophyll. In fact, FDA can passively enter through the cell membrane. When hydrolysed the resulting fluorescein is only retained by intact membranes [START_REF] Garvey | Applicability of the FDA assay to determine the viability of marine phytoplankton under different environmental conditions[END_REF]. Thus, for the measurement of enzymatic activity a fluorochrome that is retained in permeabilized cells is preconized.

Growth after solvent exposure

In order to repeatedly extract β-carotene from Dunaliella salina, cells need to be able to accumulate the metabolite again. Previous results showed that the mixing with n-decane provoke a decrease in cell density. In a stable loop cell would need to grow to compensate the loss in cell density. Therefore, SE cells were reinoculated in erlenmeyer in nitrogen depleted medium and repleted medium to qualitatively show the reaccumulation and growth ability. Results showed that no reaccumulation happened in nitrogen repleted medium because of cell death. Growth was possible in nitrogen repleted medium and cells turned green. In conclusion, after mixing with ndecane cells need to be in growth conditions before undergoing another stress phase. 

Single cell characterization

Cytometry measurements with fluorescein

The measurement of esterases activity of cells stained with fluorescein diacetate (FDA) showed the presence of two categories of cells: cells with lower enzymatic activity (FDA+) and cells with higher enzymatic activity (FDA++), (Figure 3.4a). There was a slight trend of higher enzymatic activity with larger forward side scatter (FSC). The stirring with n-decane for 120s clearly decreases the enzymatic activity of the FDA++ subpopulation and increase the cell abundance in the FDA+ category from 16% to 37% (Figure 3.4b). [START_REF] Fachet | Flow cytometry enables dynamic tracking of algal stress response: A case study using carotenogenesis in Dunaliella salina[END_REF] showed that in Dunaliella salina stressed with high light and nitrogen depletion and after 7 days of cultivation, two separate subpopulations were detected; approximately 50% of the culture emitted a lower fluorescent signal than the other half. They 

Epifluorescence measurement with CTC

Bright field and fluorescence of grown cells staining with CTC is shown in Figure 3.5a-b. Cells without mixing present a low and steady level of red fluorescence. Without mixing, cells approximately follow a normal distribution with a maximum of 30% of cells around 30% of enzymatic activity. After the stirring of cells with n-decane for 120s (Figure 3.5c-d), the cell density dropped by 53%. The enzymatic activity of the surviving cells shifts to a higher value and increases by 20%

on average. [START_REF] Tashyreva | A Novel Staining Protocol for Multiparameter Assessment of Cell Heterogeneity in Phormidium Populations (Cyanobacteria) Employing Fluorescent Dyes[END_REF] observed that after breakage of colonies into fine suspension, the polar cells of the filaments turn SYTOX Green-positive, and accumulate higher amounts of CTC-formazan, apparently due to injuries to their plasma membranes. The use of CTC is
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demonstrated to work on environmental study but might be biased by treatment that increase cell permeability. Therefore, three hypotheses remain: the exposure to n-decane increases the exchange of material across membranes that results in a stimulation of the metabolic activity (i), the increase of permeability increases the penetration of dye (ii) or the presence of holes in the membrane increase the diffusion of light through the membranes (iii).

Single cell permeability with Sytox Green

GE cells stained with SYTOX Green are pictured in Figure 3.6. Sytox green is supposed to enters only cells that are permeabilized. A lot of cells without treatment were emitting green fluorescence, therefore, the natural permeability of cells was elevated. Without mixing, cells approximately follow a normal distribution of SYTOX Green fluorescence intensity with a maximum of 25% of cell around 50% permeability. Therefore, the permeabilization state is heterogenous, this is probably due to the not well controlled culture condition in erlenmeyer.

After the stirring of cells with n-decane for 120s, the cell density dropped by 53%. The quantity of cell below 20% permeability remain equal, one can say that the threshold for permeabilization could be set at 20%. Above the threshold, the higher the permeability the lower the survival rate, cells with permeability higher than 50 % were preferentially disrupted by the exposition to ndecane. Organic solvent is known to create pore in the membrane thus on a cell naturallypermeabilized the contact of a separate droplet will increase permeabilization and the threshold for phase toxicity will be reached easily [START_REF] Sikkema | Mechanisms of membrane toxicity of hydrocarbons[END_REF]. Cell above 80% of permeability are as numerous, possibly due to an increase in permeability of some of the surviving cells. 

Cell cycle analysis

GE cells stained with DAPI are pictured in Figure 3.7. Bright field and epifluorescence field pictures showed that cells stained with DAPI fluoresced differently: some from the whole cell, others from a large part of the cells and others from the cytoplasm near the flagella. This repartition of the fluorescence in Dunaliella salina cells stained with DAPI is similar to the one in Chroococcidiopsis obtained by [START_REF] Tashyreva | A Novel Staining Protocol for Multiparameter Assessment of Cell Heterogeneity in Phormidium Populations (Cyanobacteria) Employing Fluorescent Dyes[END_REF]. The fluorescence of DAPI is proportional to the DNA content of the cell. Normally the fluorescence intensity curve allows to distinguish the three phases of the cell division cycle: a high peak corresponding to the growing cells (phase G1), then a low steady phase corresponding to the replication of DNA (phase S) and moderate peak corresponding to the preparation of cell division (phase G2).

Without mixing cells, the G1 peak is present among most of the curve, only a small shoulder is visible around 70% of DNA content. This curve shape is similar to the one of the diatom Chaetoceros calcitrants [START_REF] Veldhuis | Cell death in phytoplankton: Correlation between changes in membrane permeability, photosynthetic activity, pigmentation and growth[END_REF]. This might be due to the slow growth nature of Dunaliella salina that widens the peak and hides the S phase. Therefore, most of the cells are in a state of cell growth. After the stirring of cells with n-decane for 120s, the cell density dropped by 53%. Interestingly the three phases of the cell division cycle are much more distinguishable.

It can be concluded that cells in the G1 phase were more prone to cell destruction. Cells in the G1 phase are growing cells that are not in the process of cell division, defective cells that are not able to pursue division are found in this category. 

β-carotene content

The core of the culture of SE cells has a β-carotene fluorescence between 1.5. 10 4 to 3.5. 10 4 f.u and between 1500 and 3500 µm 3 (Figure 3.8). The results showed the trend that the larger the cell volume, the higher the β-carotene concentration (10 4 fluorescence unit per 1,5.10 3 µm 3 ). The concentration of β-carotene in the culture was 30 mg/L, the mean β-carotene fluorescence was 2.5.10 4 f.u. for 2200 cells, from there the ratio of conversion 5.5 10 -7 mg/L/f.u. It followed that the β-carotene concentration in cells was 3.6 10 -3 pg. µm -3 which corresponds to 6pg for a cell of 15µm in diameter, considering a spherical shape. Mojaat Guemir, (2008) also showed that the higher the diameter the higher the β-carotene content, a ratio of 3.2 pg. µm -1 was found which correspond to 48pg for a cell of 15µm in diameter, less that one order of magnitude higher than in our study.

It appeared that the largest cells are more impacted by the treatment, then two hypotheses can be made: (i) the solvent killed a part of the population, and some surviving cells shrank in size or (ii) the largest cells of the population are killed by the treatment. The coefficient between cell size and β-carotene content is relatively similar between treated and non-treated cells. Therefore, the decrease in β-carotene intracellular content of surviving cells is not confirmed. In those conditions, two explanation remains: (i) the treatment decrease the size of cells proportionally to the extracted β-carotene and (ii) the extracted β-carotene came from cells that disappeared during the treatment. 

Comparison of characterization methods

The advantages and drawbacks of instruments used to measure the fluorescence are presented in Figure 3.9. The spectrofluorometer allowed to measure the averaged value of biological activity of cell population. In addition to cells, the organic matter inside the medium is analysed, it can be removed by centrifugation and resuspension. But the handling is tedious and implies a lot of steps.

The flow cytometer allowed to obtain values for each individual enabling to differentiate the subpopulation heterogeneity. The cytometer thus exhibited an interesting cell analysis throughput. To analyse cells of a population, data obtained from flow cytometry instruments must be sorted with a gating strategy. But this strategy ultimately removed cells and therefore the information from those individuals. This can lead to the conclusion than only apply to a subpopulation and are thus biased.

Microscope allows to obtain values for each individual enabling to differentiate the sub population heterogeneity. The microscope method allowed to get images of focused and nonagglomerated cells. The main drawback is the necessity to analyse cell, if there is no pre-installed software. Finally, the optic method has the advantages of displaying images than can be used to monitor the aspect of cells.

.

Conclusion

The study shown how the biological characteristics of Dunaliella salina cells influence the biocompatibility of the exposure to n-decane. The level of measurement (single cell or population average) can change the reliability of the results. On the whole population results showed that oxygen production slightly decreased with the exposure to n-decane. However, the presence of solvent residues might bias results. Results from single cell measurements showed that the permeability decrease; the higher the level of natural permeabilization, the higher the cell destruction. Cells in the phase of growth (G1) were more prone to cell destruction than dividing cells (S and G2). The exposure to n-decane triggered an increase in enzymatic activity possibly due to the increase in permeability. The type of instruments used gave results averaged on the population in the culture or for each individual. The flow cytometer and microscope allowed to obtain values for each individual enabling to differentiate the sub population heterogeneity and increase the reliability of the results. 

Introduction

Microalgae have been identified as promising sources for the production of biomolecules for energy, food, feed, health, pharmaceutical, and cosmetic industries [START_REF] Mimouni | The Potential of Microalgae for the Production of Bioactive Molecules of Pharmaceutical Interest[END_REF].

Among the biomolecules extracted from microalgae, carotenoids occupy a historical and prominent place [START_REF] Scarsini | Carotenoid Overproduction in Microalgae: Biochemical and Genetic Engineering[END_REF] because they exhibit unique properties such as provitamin A, antioxidant and skin protection activities [START_REF] Gateau | Carotenoids of Microalgae Used in Food Industry and Medicine[END_REF]. The powerful antioxidative effect of carotenoids is due to the scavenging of the free radicals. Its positive effect on health has been proven in the treatment of a wide number of diseases with antidiabetic, antitumor, antiinflammatory activities and benefits for cognitive function [START_REF] Gateau | Carotenoids of Microalgae Used in Food Industry and Medicine[END_REF]. β-carotene is an ubiquitous pigment in microalgae due to its requirement for the photosynthetic process [START_REF] Scarsini | Carotenoid Overproduction in Microalgae: Biochemical and Genetic Engineering[END_REF]. In a few taxa, such as the green microalga Dunaliella sp., the coupled application of nitrogen depletion and high light stress triggers the reorientation of the carbon metabolism toward the massive accumulation of β-carotene: up to 14% of DW, [START_REF] Ben-Amotz | Stereoisomers of β-Carotene and Phytoene in the Alga Dunaliella bardawil[END_REF][START_REF] Da Silva | Chlorophylls in Microalgae: Occurrence, Distribution, and Biosynthesis[END_REF]. Current microalgal fractionation processes require several downstream steps such as dewatering, drying, solvent extraction and purification of the target biomolecules [START_REF] Vinayak | Diatom milking? A review and new approaches[END_REF]. In addition, they generate residues that need to be treated. Most of these steps consume time and energy intensively [START_REF] Hosseini Tafreshi | Dunaliella biotechnology: Methods and applications[END_REF], which jeopardizes the ecology and economic viabilities of these processes unless the prices of this type of biomolecules are very high. The expensive market prices of those active compounds from microalgae ultimately reduce their uses for medical treatment and favour the use of chemically synthetized molecules [START_REF] Scarsini | Carotenoid Overproduction in Microalgae: Biochemical and Genetic Engineering[END_REF]. To reduce production residues, in situ extraction methods or milking; have been proposed. This includes the use of pre-treatments as electric pulses [START_REF] Zhang | Two-step procedure for selective recovery of bio-molecules from microalga Nannochloropsis oculata assisted by high voltage electrical discharges[END_REF][START_REF] Gateau | Application of pulsed electric fields for the biocompatible extraction of proteins from the microalga Haematococcus pluvialis[END_REF] or resonance frequency [START_REF] Vinayak | Fabrication of resonating microfluidic chamber for biofuel production in diatoms (Resonating device for biofuel production)[END_REF], and biocompatible solvents [START_REF] Frenz | Hydrocarbon recovery by extraction with a biocompatible solvent from free and immobilized cultures of Botryococcus braunii[END_REF][START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF][START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF][START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF]. In Dunaliella, by comparing β-carotene solubility, solvent extraction ability and biocompatibility of organic solvents, [START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF] established that the best compromised for β-carotene biocompatible extraction is achieved with hydrophobic solvents exhibiting a log Poctanol around 5 like n-decane, provided that the solvent/culture ratio (v/v) remains less than 1 [START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF]. Nevertheless, for Dunaliella, n-decane was considered either as noncompatible [START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF] with a direct correlation between cell destruction and β-carotene extraction (Kleinegris et al., 2011b), or biocompatible [START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF] with proportionally more β-carotene extracted than cells disrupted. It has also been reported that lipid extraction from microalgae with organic solvent depends on the contact time and area between the culture media and the organic solvent, but the higher the extraction the lower the biocompatibility [START_REF] Frenz | Hydrocarbon recovery by extraction with a biocompatible solvent from free and immobilized cultures of Botryococcus braunii[END_REF]Hejazi et al., 2003;[START_REF] Atta | Enhanced lipid selective extraction from Chlorella vulgaris without cell sacrifice[END_REF][START_REF] Miazek | Effect of organic solvents on microalgae growth, metabolism and industrial bioproduct extraction: A review[END_REF].

While many studies focus on solvent choice and extraction operating conditions there is a lack of understanding of the impact of culture conditions on the single cell characteristics and de facto on the extraction biocompatibility. D. salina is a cell wall less microalga meaning that the cells is limited by a thin and elastic plasma membrane [START_REF] Dodge | The Fine Structure of Algal Cells, The Fine Structure of Algal Cells[END_REF] that acts as the sole selective barrier to compounds [START_REF] León | Organic solvent toxicity in photoautotrophic unicellular microorganisms[END_REF]. In theory, the extraction can only be biocompatible for a cell if its membrane permeabilization is reversible. Indeed, the biological membranes are the preferential places where organic solvents like n-alkanes can accumulate [START_REF] Bar | Effect of interphase mixing on a water-organic solvent two-liquid phase microbial system: ethanol fermentation[END_REF], disturbing membrane fluidity [START_REF] Sikkema | Mechanisms of membrane toxicity of hydrocarbons[END_REF] and leading to the permeabilization of the membrane [START_REF] De Nó | Studies on the structure of the cerebral cortex. II. Continuation of the study of the ammonic system[END_REF]. The influence of D. salina morphology on the β-carotene extraction with n-decane as well as cell preservation during the process was investigated using a multi-disciplinary approach including cell biology, biochemistry, physiology and processing. These data will be crucial for the establishment of future biotechnological processes aiming at extracting β-carotene from microalgae.

Material and methods

Strain and cultures in flask

The green microalga Dunaliella salina CCAP 19/18 was cultivated in 500mL glass erlenmeyer fed with 200mL of Johnson growth medium modified according to [START_REF] Çelekli | Effect of pH, light intensity, salt and nitrogen concentrations on growth and β-carotene accumulation by a new isolate of Dunaliella sp[END_REF].

Cultures were grown in a thermostated room (20±2°C) under a continuous photon flux density (35±5µmol m -2 s -1 ) and agitated manually once a day. The cultures were subcultured in fresh medium every four weeks to reach a cell density, a dry weight and a mean volume of circa 2.1 10 6 cell mL -1 , 0.70gDW L -1 and 1100µm 3 . This culture condition is referred as grown in erlenmeyer (GE).

To trigger β-carotene accumulation, GE cells were harvested in sterile Falcon tube, centrifuged (6000xg, 10°C, 10min), resuspended in a glass erlenemeyer in the same medium but free of nitrogen (nitrogen depleted medium) and continuously illuminated from bottom using a photon flux density (PFD) of 800µmol m -2 s -1 provided by LED panels (neutral white, 4000-4500K) for four weeks to reach a cell density, a dry weight and a mean volume of circa 9.7 10 5 cell mL -

Culture in photobioreactor

To produce cells in a photobioreactor (PBR), 100mL of the GE culture were added into 1L airlift flat panel PBR in the previous medium with doubled concentration of nitrogen, sulphur and phosphorus and maintained at pH=7.5 and at 400±35µmol m -² s -1 supplied by LED panels (neutral white, 4000-4500K) to reach a cell density of 8.2 10 6 cell mL -1 after one week. Then, cells were harvested and resuspended in nitrogen free medium in PBR for one week, as described in the previous section, but the PFD was increased to 1200µmol m -2 s -1 to reach a cell density, a dry weight and a mean volume of circa 1.6 10 6 cell mL -1 , 2.2gDW L -1 and 600µm 3 . This culture condition is referred as stress in photobioreactor (SPBR). A sample of 200mL of SPBR culture was then harvested, transferred in an erlenmeyer without medium modification and the GE conditions were applied to allow the development under less controlled conditions, these cells are referred as SPBR+E.

The specific irradiance Isp (µmol gDW -1 s -1 ) was adapted from [START_REF] Pruvost | Large-Scale Production of Algal Biomass[END_REF] and can be defined as the photon flux density PFD (µmol m -2 s -1 ) divided by the dry weight of the biomass DW (gDW L -1 ) and multiplied by the specific illuminated area alight (m 2 m -3 ) as expressed in The specific illuminated area alight can be calculated with the culture depth L using the equation 4.2. The culture depth in PBR was 0.03m. Due to the illumination from the bottom and to simplify calculation the same equation was used for erlenmeyer, the light path was also 0.03m. alight =1/L (Eq. 4.2)

In situ extraction experiment

β-carotene was extracted in 50mL Falcon tube using n-decane (ACROS Organics, >99%).

Microalga culture concentration was adjusted with fresh medium to reach 0.63-0.70gDW L -1 . The extraction consisted in two phases: mixing and separation. (i) 25mL of microalgae culture was mixed with 25mL n-decane (1:1 v/v) for 45, 120 or 240s using a vortex (Fischerbrand) vibrating at 25Hz. (ii) the Falcon tubes were then immediately centrifuged (4000xg, 15°C, 10min), resulted in the recovery of three phases: the lower aqueous phase (residue), the upper organic phase (extract) and a stable emulsion at the interface.

For a 1 st order-like extraction kinetic, concentration profile (%) can be described by a single parameter model k (s -1 ) following equation 4.3:

Cb-carot (%) = e -k.t (Eq. 4.3)

Characterization of the aqueous and solvent phases

Photosynthetic activity

Previous studies (e.g. [START_REF] León | Organic solvent toxicity in photoautotrophic unicellular microorganisms[END_REF]) have regularly used the light-dependent oxygen emission from the photosynthetic apparatus for evaluating the biocompatibility of solvent treatment on microalgae. However, these results might be biased as the solubility of oxygen in aqueous media is lower than in organic solvents [START_REF] Xu | Improved production of lycopene and β-carotene by Blakeslea trispora with oxygen-vectors[END_REF]. To avoid this difficulty, the biocompatibility of the treatment with n-decane was studied from the microalgal physiology point of view using the variations of the chlorophyll fluorescence quantum yield, a nondestructive tool for measuring the photosynthetic activity [START_REF] Roháček | Chlorophyll fluorescence: a wonderful tool to study plant physiology and plant stress[END_REF]. Photosynthetic activity was measured according to [START_REF] Roháček | Relaxation of the non-photochemical chlorophyll fluorescence quenching in diatoms: Kinetics, components and mechanisms[END_REF]. 

β-carotene quantification in biomass

β-carotene concentration in the biomass was measured before and after each solvent treatment time. For this purpose, 0.5mL sample of cell culture was centrifuged (4000g, 15°C, 10min) and the pellet was resuspended in 1.5mL of methanol (ACROS Organics, >99%) at 44°C for 45min then centrifuged again and the absorbance of the supernatant was measured at 470, 653, 666 and 750nm. The β-carotene was quantified spectrophotometrically according to the equations of [START_REF] Lichthentaler | Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different solvents[END_REF]: According to [START_REF] Mojaat | Optimal selection of organic solvents for biocompatible extraction of β-carotene from Dunaliella salina[END_REF] the β-carotene represent the main carotenoid (>95%).

Therefore, β-carotene concentration was approximated with total carotenoids concentration measured by spectrophotometry.

Dry mass

Five mL of D. salina culture were filtered on pre-dried and pre-weighted fiberglass filters (Whatman GF / F, 0.7μm) using a Buchner funnel. To avoid overweighting due to salt crystallization; the filters were rinsed with 15ml of isotonic ammonium formate (100g L -1 , ACROS Organics, >99%), [START_REF] Zhu | Determination of biomass dry weight of marine microalgae[END_REF]. The filters were then dried in oven at 110°C for 24h, cooled in a desiccator for 10min and weighed (Sartorius, Secura).

Cell density, volume and circularity

Cell density

Cell density, cell volume and cell circularity were determined on a Nageotte slide after cell immobilization (500:50 v/v) with a 4% solution of paraformaldehyde (PF), (ACROS Organics, >96%) in saline phosphate buffer. The treatment did not affect the morphology or the color of the microalgae [START_REF] Hyka | Flow cytometry for the development of biotechnological processes with microalgae[END_REF]. Sixty microscopy bright fields (AxioVision A1, Zeiss, Iena, Germany; magnification: x400, picture resolution: 0.25µm px -1 ) were pictured randomly. The color pictures (16bit) were transformed into B/W ones (8bit) using the Image J software (https://imagej.nih.gov/ij/, National Institutes of Health), which were then subjected to particle analysis using a default ImageJ routine. Briefly, cell debris and other small particles were first automatically removed from the analysis by empirically setting the 'cell area' parameter to the range 20-400µm² and by manual sorting. A minimum of 1600 cells was counted, limiting the standard error of cell concentration estimation to 5% [START_REF] Lund | The inverted microscope method of estimating algal numbers and the statistical basis of estimations by counting[END_REF] Cell density (cell mL -1 ) = Ncells/(Vimage*Nimages)*(dilPF) (Eq. 4.4)

Circularity

The circularity quantifies the regularity of the outer surface of a particle and has been use to highlight changes in cell morphology due to contact with organic solvent in gram-positive bacteria [START_REF] De Carvalho | Solvent toxicity in organic-aqueous systems analysed by multivariate analysis[END_REF]. The circularity is calculated with the area (A) and perimeter (P) of the particle using equation 4.5 and ranges between 0 and 1 [START_REF] Syed | Selective separation of microalgae cells using inertial microfluidics[END_REF].

Circularity = 4π*A/P² (Eq. 4.5)

Cells were classified into 21 classes of 0.05 width for the distribution analysis.

Cell volume

Nonstressed Dunaliella cells exhibit a prolate spheroid shape whereas the shape of stressed cells varies from oblong to spherical [START_REF] Sun | Geometric models for calculating cell biovolume and surface area for phytoplankton[END_REF]. Cells settle on their longitudinal section in the counting slide allowing the major axis (b) to be measured as the maximum Feret diameter and the semi-minor axis (a) as the minimum Feret diameter. Individual cell volume was calculated using equation 4. Cell disruption rate (s -1 ) = -ln(X240s/X0)/240 (Eq. 4.12)

Cell membrane permeabilization

Cell permeabilization with Evans blue dye (Sigma-Aldrich, >75%) was tested according to [START_REF] Hamer | Evans Blue Dye as an in vivo marker of myofibre damage: Optimising parameters for detecting initial myofibre membrane permeability[END_REF]. To distinguish between irreversible and reversible permeabilization, Evans blue (EB) (120µl mL -1 of solution in the cell culture) was added in three different conditions: (A) without treatment, (B) before the treatment, (C) after each solvent treatment time with n-decane [START_REF] Luengo | Effect of Pulsed Electric Field Treatments on Permeabilization and Extraction of Pigments from Chlorella vulgaris[END_REF]. Thirty bright fields were represented in color as explained in the section In agreement with Gateau et al. (2020) cells can range into 5 categories i.e. ( 1) the irreversibly permeabilized (IP), ( 2) the reversibly permeabilized (RP), ( 3) the naturally permeabilized (NAT-P), ( 4) the non-affected cells (NA) and ( 5) disrupted cells (DC), (Table 4.1). Thus, after mixing with solvent, a sample contained a certain proportion of each cell category. In addition, it is considered that each cell could exist under two states: non permeabilized (non-stained) or permeabilized (stained). Therefore, one can write after a time of t seconds the equation 4. 

Statistics and plots

Extraction experiments were performed in triplicate. Error bars represent the standard deviation of the three replicates. . Results were considered statistically different when the p value was under 0.05. It has been calculated using the software excel. Boxplots were graphed on MATLAB, density scatter plots were made with [START_REF] Eilers | Enhancing scatterplots with smoothed densities[END_REF] algorithm on MATLAB.

Results and discussion

β-carotene extraction from cells

The ability of n-decane to extract β-carotene from cells of D. salina GE, SE and SPBR was determined through the establishment of the extraction kinetic (Fig. 1c-e). GE, SE cells initially have a β-carotene content of 4 and 38pg cell -1 , respectively. Interestingly however, SPBR cells only had 20% less intracellular β-carotene with 33pg cell -1 . For GE and SE, the β-carotene extraction follows a 1 st order kinetic with up to 60% recovery in n-decane in 240s for GE and 88% for SE. For SPBR, the extraction yield is lower, with a maximum of 30% recovery after 120s. The extraction rate was twice higher for SE cells than for GE cells (kSE=7.3 10 -3 s -1 , kGE=3.3 10 -3 s -1 ), in the same mixing-settling conditions indicating a pigment extraction mechanism with lower resistance when it is over-accumulated. 90% extraction yield is then expected to be obtained in 315s and 700s for SE and GE, respectively. been damaged and that their ability to use the energy associated with the absorbed photons for photosynthesis is reduced. Altogether, these results fit with the dismantling of the photosynthetic membranes [START_REF] Ben-Amotz | Stereoisomers of β-Carotene and Phytoene in the Alga Dunaliella bardawil[END_REF] as reflected by the reduction of the photosynthetic oxygen emission capacity [START_REF] Ben-Amotz | On the Factors Which Determine Massive β-Carotene Accumulation in the Halotolerant Alga Dunaliella bardawil[END_REF] and reduction of Fv/Fm [START_REF] Masuda | Biosynthesis and Distribution of Chlorophyll among the Photosystems during Recovery of the Green Alga[END_REF] during β-carotene accumulation. Therefore, the need to dissipate this excess of energy as heat using NPQ mechanism is strongly increased. This increase is tremendously larger when after mixing with n-decane (Figure 4.1 b). This is probably due to the decreased light filtering effect exerted by the β-carotene included in the droplets. In its absence the amount of photons reaching the light-harvesting antenna complexes is higher, increasing the photon excitation pressure (1-qP), [START_REF] Gray | Excitation Pressure Determines Tolerance to Photoinhibition of Photosynthesis[END_REF]. The absence of decrease in Fv/Fm after 120s of mixing indicates that the solvent did not significantly impair the photosynthetic machinery. Our results confirm the low toxicity of n-decane on the photosynthetic activity of GE and SE cells reached by several other studies (e.g., [START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF][START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF]).

Impact of n-decane treatment on cell integrity

To evaluate the effect of the n-decane extraction on GE, SE and SPBR cells integrity, β-carotene content, dry weight, cell density and biomass volumes were measured throughout the treatment. First, as a control sample, regardless the cell stress status, there was no significant cell disruption (<3%) using vortex treatment alone (Figure 4.1c-e). Then for GE, the comparison of the βcarotene release and cell density decrease kinetics (65% of remaining β-carotene and 78% of the intact cells at 45s) indicates that a part of carotenoids are extracted without any cell disruption or that there is a possible heterogeneity in cell content (disrupted cells contain more carotenoids than intact ones) or in the cell disruption (cells that contain more carotenoids are preferentially disrupted). For SPBR cells, while a slight biocompatible extraction seemed to be possible at 120s (Figure 4.1e), (30% of carotenoids recovery with 15% cell disruption) an opposite result appeared at 240s (40% of carotenoids recovery with 50% cell disruption). This indicates a difference in the fragility of cells before 120s, but a similar level of cell destruction than GE after 240s.

For SE cells, the β-carotene release and cell density decrease kinetics are similar (83% extracted β-carotene and 78% cell disruption at 120s), indicating in this case that extraction and disruption are directly correlated or that the culture content is homogeneous.

For GE cells, after 240s of mixing, the biomass volume had a 60% decrease while the cell density decrease was 49% (Figure 4.1c). The difference was less pronounced for SE cells: 88% biomass volume decrease and 80% cell density decrease (Figure 4.1b). Except for SPBR after 240s, the decrease in biomass dry weight and volume were similar; no cell shrinkage occurred during extraction. In the three culture conditions, after 120s of mixing, the higher decrease in volume is related to the higher extraction yield. The decrease in average cell volume of D. salina cultured in the presence of n-dodecane was previously reported by Kleinegris et al. (2011a) and this behaviour extends the correlation between β-carotene extraction and cell death established by Kleinegris et al. (2011b) to cell disruption as a prerequisite for β-carotene extraction. Because the larger cells have the higher carotenoids content [START_REF] Mojaat Guemir | Production par Dunaliella salina et extraction en continu de β-carotène par couplage d'un photobioréacteur et d'une chromatographie de partage centrifuge[END_REF] the most likely hypothesis to explain GE and SPBR behavior is that they are preferentially disrupted during the liquid-liquid extraction with n-decane.

Impact of the cell size distribution

As usual, the cell size distribution by volume classes does not follow a normal distribution [START_REF] Halter | Cell volume distributions reveal cell growth rates and division times[END_REF] 

Influence of volume and circularity on cell disruption

The density scatter plots displayed in The volume and circularity criteria were unified with an index of potential cell disruption (IPCD) (equation 8), that varies between 0 and 1, to model the overall disruption pattern. It was calculated as the product of normalized volume (equation 6) by the normalized circularity (equation 7) (Section 2.4.4.5). Regardless the stress state, the higher the IPCD the higher the disruption yield (p<0.005) (Figure 4.4). Similar sigmoidal curves with inflection point around IPCD=0.4 were found. They differ however in the initial relative destruction, it is much higher for SE than for GE ones, suggesting that there are other biological parameters that influence cell disruption. The index of potential cell disruption (IPCD) for SPBR and GE cells were similar (Figure 4.3h). At IPCD=0.4, the disruption rate was 60%, 80% and 70% for GE, SE and SPBR respectively. This indicate that apart from the difference in volume and circularity, cells SPBR were slightly more robust than SE cells. In the SPBR culture conditions, cells were constantly agitated, increasing the access to nutrient and light limitating or favouring cellular maintenance. The pH was controlled for SPBR cells limitating toxic effect on cells. The cell disruption and β-carotene extraction did not follow a 1 st order kinetic anymore. Small cells (around 600µm 3 ) with a circular membrane (around 0.9 in circularity) were able to maintain their membrane integrity for extraction time up to 120s while 240s extraction led to a loss in cell density and biomass volume (50%). 

Cell permeabilization with solvent

To highlight the kinetic of permeabilization and understand the higher IPCD values of SE compared to SPBR culture conditions, the mixing of D. salina with n-decane was carried out with cells that were robust (SPBR) but then cultured in erlenemeyer (SPBR+E) to increase the abundance of fragile cells like in the SE cell state. Cells were stained with Evans blue (EB) to measure the percentage of permeabilized cells. Representative picture of samples with EB added before or after extraction are shown in Figure 4.5a. In the absence of contact with the solvent, many cells loaded EB and appeared dark in color, meaning that NAT-P sub-population accounted for 36% of the microalgae tested (Figure 4.5e). This proportion is similar to that reported in literature [START_REF] Gateau | Application of pulsed electric fields for the biocompatible extraction of proteins from the microalga Haematococcus pluvialis[END_REF]. Among the NAT-P sub-population, some cells presented an irregular membrane and were partially opened (Figure 4.5a). Interestingly compared to SPBR cells SPBR+E present a higher proportion of cells with low circularity.

As seen with the color contour the core population of NAT-P cells (Figure 4.5d) overlap the one of NA (Figure 4.5c), thus in average NAT-P and NA had the same volume and circularity. In consequence the natural permeabilization is independent of the circularity and the volume.

Therefore, to predict the cell destruction with n-decan extraction, the permeabilization level needs to be quantified in addition to the volume and the circularity. After 20s, 21% of cells were disrupted (DC), 15% of cells were IP, 13% turned RP, NA decreased from 64% to 50%. Because they are both stained when EB was added after mixing, NAT-P and IP cannot be distinguished. However, the DC (21%) correspond to the difference between NAT-P (36%) and IP (15%) and the decrease in NA (14%) correspond to the increase in RP (13%).

Therefore, it can be hypothesized that: (i) the NAT-P were more fragile and disappeared the first 

Conclusions

This study revealed that the culture conditions and the associated morphology (around 0.9 in 

General discussion

General discussion

The results presented in this thesis were focused on the biocompatibility of β-carotene extraction from Dunaliella salina with the organic solvent n-decane. The small scale and reproducible extraction in Falcon allowed to characterize the impact of the solvent mixing on cells with various protocols. The effect of extraction on cell cultured with different conditions and on the cell morphology was investigated. In addition, metabolic activity of cells altered by the exposure to n-decane were examined.

One criteria of biocompatible extraction retained from the literature is that the proportion of βcarotene extracted must be higher than the proportion of disrupted cells by the extraction. In these conditions it can be hypothesized that all the metabolites were extracted from disrupted cell and that the remaining quantity of metabolites was extracted from intact cells. For grown cells, the extraction was all along slightly biocompatible with up to 60% recovery in n-decane for 45% of cell disruption. For stressed cells after 240s, the extraction was efficient but poorly biocompatible: up to 88% of carotenoid recovery for 87% cell disruption. Interestingly, for SPBR cells after 120s there was 30% of carotenoid recovery for 15% of cell disruption. Even though the biocompatible criterion was filled, it globally appears that high extraction yield is linked to higher cell destruction. This confirms the correlation between β-carotene extraction and cell death to cell disruption as a prerequisite for β-carotene extraction reach by several other studies.

From the analysis on the impact of extraction of the cell size distribution the main result is that the cell disruption rate increased linearly (R²>0.99) with cell volume. It was validated that the larger cells have the higher carotenoids content. Therefore, the extraction rate on SE cells was faster than GE because it had larger cells. Considering that n-decane droplet size is around 1mm

in diameter during extraction (microscope measurement, data not shown), the difference in cell diameter (4 to 25µm) is not significant to result in a selective mechanism based on contact probability between cells and solvent droplets. It can be concluded that, for a given culture condition, larger cell required less energy to break. A better criterion to verify the biocompatibility would be that the proportion of β-carotene extracted must be higher than the proportion of cell volume loss. However, it should be verified that it is effectively possible to extract β-carotene from surviving cells on a significant number of cells. The only way to perform this test is to operate the extraction and the biocompatibility measurement on a single cell, possibly with microfluidic techniques.

Low circularity was associated with a low surviving rate. The circularity was lower for SE cells, both resulting in a higher IPCD for SE. The transient decrease in circularity for short contact time with the solvent (less than 45s) induced a cell distortion may be due to a cell membrane alteration may be a consequence of cell permeabilization. For GE and SE cells the contribution of the natural permeabilization to cell fragility was not measured. The cells' permeabilization increased with n-decane exposure as shown with propidium iodide staining and measured with a spectrofluorometer. The use of microalgae spectrally compatible SYTOX Green and single-cell analysis showed on the contrary that the permeability of cells decreases after exposure to ndecane. Above the threshold of 20% of permeability, the higher the permeability the higher the disruption. This result is contrasted with the increased permeability due to organic solvent exposure encountered in the literature, often measured as an average on the population. However, the mechanism of organic solvent toxicity is based on the membrane formation of pores. Cells that are naturally permeabilized are closer to the critical threshold of pore area on the membrane and more prone to cell disruption. Single-cells measurement of permeabilization carried with Evans blue dye confirmed the results and allowed to highlight the mechanism of cell disruption.

The proportion of naturally permeabilized cells was high for cells cultures in erlenmeyer. An exposure time longer than 45s led to a decrease in cells with membrane integrity (non-affected) and in the biocompatibility index. The naturally permeabilized cells are disrupted first, but they are considered as non-viable dying cells, their death won't effectively decrease the biocompatibility. Therefore, the treatment could be considered as mainly biocompatible for very short extraction time i.e. <45s. To summarize, naturally permeabilized cells are disrupted first, and the non-affected seems to follow a gradual permeabilization process: reversible permeabilization → irreversible permeabilization → disrupted cells. The presence of reversibly permeabilized cells is only transient as its proportion decreased when the treatment time exceeds 20s.

For the measurement of enzymatic activity, a fluorochrome than is retained in permeabilized cell is preconized. However, the increase in cell permeability might increase the entry of the Fv/Fm after 120s of mixing indicates that the solvent did not significantly impair the photosynthetic machinery. Our results confirm the low toxicity of n-decane on the photosynthetic activity of GE and SE cells reached by several other studies (e.g., [START_REF] Hejazi | Selective extraction of carotenoids from the microalga Dunaliella salina with retention of viability[END_REF][START_REF] León | Microalgae mediated photoproduction of β-carotene in aqueous-organic two phase systems[END_REF]). As measured with CTC dye, the respiratory activity is stimulated, possibly due to higher exchange across the membrane. This method confirmed the low toxicity of n-decane on the photosynthetic activity. The n-decane exposure decrease the esterase activity of grown and stressed cells as measured on average by spectrofluorimetry. Cytometry experiment shown that in stressed culture there was two subpopulations that had their enzymatic activities decreased by the n-decane exposure, in particular the subpopulation with higher enzymatic activity.

Concerning the impact of n-decane exposure on the cell division cycle, cells that were not in the process of cell division were more prone to cell disruption. Because growth was stopped due to cell misfunctioning or to unfavourable culture conditions (pH, nutrient, light). Altogether, results

suggest that weak cells, that were already permeabilized and unable to pursue cell division, were disrupted preferentially (Figure 5.1).

Figure 5.1 Influence of β-carotene extraction with n-decane on the metabolic activity of Dunaliella salina

Considering results from previous studies and ours, it can be concluded that low concentration and short exposure stimulated the cell, high concentration and short exposure slightly inhibited survival cells and long-term exposure had high toxic effect on cells. Selective death of the nonviable cells inside the culture and the increase in exchange across permeabilized membrane could explain the metabolic stimulation after the exposure to organic solvent that were reported in the literature. This study revealed that the culture conditions and the associated morphology (around 0.9 in circularity and cell volume below 600µm 3 ) of Dunaliella salina were important factors to be considered to drive the extraction of β-carotene with n-decane. The different culture conditions used highlighted the relationship between the disruption yield in a population, the cell volume, circularity and abundance of naturally permeabilized cells. Because a high proportion of cells die after 120s the extraction need to be limited to this value. [START_REF] Barbosa | Overcoming Shear Stress of Microalgae Cultures in Sparged Photobioreactors[END_REF]) Minimized

Light intensity

Cell volume correlated to it [START_REF] Xu | The influence of photoperiod and light intensity on the growth and photosynthesis of Dunaliella salina (chlorophyta) CCAP 19/30[END_REF]) Minimized

NaNO3

Needed for cell division [START_REF] Lamers | Carotenoid and fatty acid metabolism in nitrogen-starved Dunaliella salina, a unicellular green microalga[END_REF] Nitrogen limitation or other method for stress The ideal case for the milking of β-carotene could be all the molecules are extracted from all cells without cell death, then the cells reaccumulated, the fastest possible, the extracted molecules. Cells use the carotenoids as a protection from the light. As such a minimal quantity should be left in the cells. Because cell death happens to fragile cells, cells need to regrow to keep a constant cell density and avoid the crash of the culture. Then the cells need to be recycled in a media with nitrogen. To meet this need, two processes are possible (i) there is a relaxation step with nitrogen enriched medium to trigger cell growth, or (ii) only one photobioreactor is used with a medium limited in nitrogen to maintain growth. This second solution may result in less fragile cells because they would have sufficient material for cell maintenance compared to depleted medium. The strategy for the choice of culture conditions in order to improve the biocompatibility of the extraction is presented in Figure 5.2.

However, to industrially produced β-carotene the extraction rate per culture volume is a criterion to be maximized. One way to maximized it is to increase culture density, the other way is to maximize extraction rate per cell. Nevertheless, for industrial process to be viable the cost and energy to obtain the targeted metabolites need to be minimized Another efficient extraction process could produce, on the contrary, fragile β-carotene-enriched cells, in this case, the cell disruption would be facilitated but non-selective. It would be relevant to determine the most efficient strategy for β-carotene production between the linear high destruction and the biocompatible extraction in loop. For GE and SE cells, the biocompatibility of the extraction was low. Interestingly, the biocompatibility was the highest for SPBR cells after 120s with 30% of carotenoid recovery for 15% of cell disruption. Even though the biocompatible criterion was filled, it globally appears that high extraction yield is linked to higher cell destruction. This confirms the correlation between β-carotene extraction and cell death to cell disruption as a prerequisite for β-carotene extraction reach by several other studies. From the analysis on the impact of extraction of the cell size distribution the main result is that the cell disruption rate increased linearly (R²>0.99) with cell volume. It was validated that the larger cells have the higher carotenoids content. Therefore, a better criterion to verify the biocompatibility would be that the proportion of β-carotene extracted must be higher than the proportion of cell volume loss. However, it should be verified that it is effectively possible to extract β-carotene from surviving cells on a significant number of cell.

In English, French version below

Conclusion

Permeabilization measurements performed at the single-cell level with SYTOX Green and Evans blue were consistent, indicating that naturally permeabilized cells were more prone to cell disruption. A mechanism of gradual permeabilization explained the cell disruption; upon solvent exposure cells with membrane integrity become reversibly permeabilized up to 45s, then become irreversibly permeabilized after 120s and finally die. Cells that were not in the process of cell division were more damaged by mixing with n-decane. It is still unclear whether the mixing with n-decane provoke an inhibition or a stimulation or the metabolism.

In conclusion, the culture conditions highly influence cell morphology and the robustness of Dunaliella salina cells to the extraction of β-carotene. Surviving cells were small (<600µm 3 ), with a high circularity (0.7-0.9) and non-naturally permeabilized. This finding opens new carotenoid production schemes based on growing robust β-carotene-enriched cells under controlled conditions, such as pH, mixing and CO2 in photobioreactor, to ensure biocompatible extraction.

Perspectives

To continue the study of biocompatible extraction, cell sorting by volume, circularity, permeability and enzymatic activity with a cytometer might be a useful tool to understand in detail the influence of morphology and biological activity on the biocompatibility. Further, the ability of the cells to grow and re-accumulate β-carotene after one extraction step must be studied before suggesting a biocompatible extraction process.

Further work could be focus on the culture conditions to produce the most robust cells. The coupled application of light stress and nitrogen depletion is the most common method to trigger the accumulation of lipids (carotenoids included) in microalgae. However, the growth of cells is stopped, and the maintenance of cells is limited. Hence, it may be possible to maintain growth and intracellular maintenance, to increase cell robustness, under moderate light stress and nitrogen limitation. Dunaliella salina is lacking a cell wall thus is subject to cell lysis in high shear stress environment, therefore, a special attention must be provided to limit cell death and impairment due to the agitation of the culture without compromising mass transfer.

Other wall less strains can be used for biocompatible extraction with organic solvents. The main advantages of Dunaliella salina for extraction are the absence of cell wall and therefore organic solvent enters in direct contact with the cell membrane. The extraction of carotenoids from cells still needs the penetration of solvents inside the chloroplast. Extraction on strains that lack cell wall but accumulate lipids inside the cytoplasm, like Dunaliella tertiolecta [START_REF] Hoshaw | Ultrastructure of the green flagellate Dunaliella tertiolecta (Chlorophyceae, Volvocales) with comparative notes on three other species[END_REF][START_REF] Priyanka | Optimization of Algal Culture Medium for Zeaxanthin Production by Dunaliella tertiolecta: An RSM based Approach[END_REF], could be facilitated. Interestingly, within the strain the cytoplasmic lipid droplet contain zeaxanthin, which has a higher market value compared to β-carotene. In Morphological measurements and cell labelling methods were selected or improved to obtain more information on the exposure of the cells to the organic solvent. The biological analysis reveals that the photosynthetic impact is low, a stimulation of the respiratory activity was observed. Cells in division phase are less impacted and cells already permeabilized are more impacted. The results showed that the rate of destruction was correlated to the cell volume. He pointed out that the most fragile cells, which were selectively destroyed, were larger than 1500 µm3 and with a circularity higher than 0.7. The extraction was biocompatible with small (600µm3) and circular (0.7) cells, stressed in photobioreactor. In conclusion, the research of culture conditions to obtain robust cells is a track to be follow for biocompatible extraction.
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  Les résultats obtenus dans cette thèse montre qu'un critère d'extraction biocompatible retenu dans la littérature est que la proportion de β-carotène extraite doit être supérieure à la proportion de cellules détruites par l'extraction. Dans ces conditions, on peut faire l'hypothèse que tous les métabolites ont été extraits des cellules perturbées et que la quantité restante de métabolites a été extraite des cellules intactes. Pour les cellules cultivées, l'extraction a été tout au long légèrement biocompatible avec une récupération jusqu'à 60% dans le n-décane pour 45% de cellules perturbées. Pour les cellules stressées après 240s, l'extraction était efficace mais peu biocompatible : jusqu'à 88% de récupération des caroténoïdes pour 87% de déstructuration cellulaire. Il est intéressant de noter que pour les cellules stressées en photobioréacteur (SPBR) après 120s, la récupération des caroténoïdes était de 30 % pour 15 % de destruction des cellules. Même si le critère de biocompatibilité a été rempli, il apparaît globalement qu'un rendement d'extraction élevé est lié à une destruction cellulaire plus importante. Ceci confirme la corrélation entre l'extraction du β-carotène et la mort cellulaire, et la perturbation cellulaire comme condition préalable à l'extraction du β-carotène, atteinte par plusieurs autres études (Kleinegris et al., 2011b; Miazek et al., 2017) De l'analyse de l'impact de l'extraction sur la distribution de la taille des cellules, le résultat principal est que le taux de destruction des cellules augmente linéairement (R²>0.99) avec le volume des cellules. Il a été validé que les cellules les plus grandes ont une teneur en caroténoïdes plus élevée. Par conséquent, le taux d'extraction des cellules stressées en erlenemeyer (SE) était plus rapide que celui des cellules cultivées en erlenmeyer (GE) car elles étaient plus grandes. En considérant que la taille des gouttelettes de n-décane est d'environ 1mm de diamètre pendant l'extraction (mesure au microscope, données non montrées), la différence de diamètre des cellules (4 à 25µm) n'est pas significative pour aboutir à un mécanisme sélectif basé sur la probabilité de contact entre les cellules et les gouttelettes de solvant. On peut en conclure que, pour une condition de culture donnée, une cellule plus grande nécessite moins d'énergie pour se briser. Un meilleur critère pour vérifier la biocompatibilité serait que la proportion de β-carotène extraite doit être supérieure à la proportion de perte de volume cellulaire. Cependant, il faut vérifier qu'il est effectivement possible d'extraire le β-carotène des cellules survivantes sur un nombre significatif de cellules. La seule façon de réaliser ce test est d'opérer l'extraction et la mesure de biocompatibilité sur une seule cellule, éventuellement avec des techniques microfluidiques.

  Photobioreactor to obtain appropriate cell morphology that ensures biocompatible extraction of

  is devoid of oxygen and is composed of 40 carbon atoms chained together with alternating single and double unsaturated bonds and a β-ionone rings at both ends of the molecule (Figure1.
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 11 Figure 1.1 -Structures of all-trans-β-carotene and its four major cis-isomers (Jing et al., 2012).
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 12 Figure 1.2 -Summary of β-carotene metabolism (D'Ambrosio et al., 2011)
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 13 Figure 1.3 -Global β-carotene market share by source in 2016 (Grand View Research, 2018).

  .4). Carotenoids are contained in thylakoid membranes of plant cells and in the membrane of the carrot's root cell. Carotenoids can be extracted from plants with physicochemical processes. The main drawback of the carotenoids production from vegetables is the expensive extraction cost and seasonal variability of the production. (Bogacz-Radomska and Harasym, 2018).

Figure 1

 1 Figure 1.4 -β-carotene content in selected fruits and vegetables (Bogacz-Radomska and Harasym, 2018).
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 15 Figure 1.5 -Light micrographs of Dunaliella species and stages of Dunaliella life cycle (the length of the cells is given in parentheses). (I) Basic morphology of Dunaliella spp.: (a) Dunaliella quartolecta (MUR191=CCAP 19/10) (8 μm); (b) D. primolecta (MUR55=CCAP 11/43) showing single prominent stigma (6 μm); (c) D. bioculata (MUR26) showing the 2 distinct stigmas (6 μm); (d) D. salina (MUR9) grown at 0.86 M NaCl (13 μm); (e) D. salina (MUR9) grown at 5.17 M NaClnote darker red colour (13 μm); (f) Dunaliella sp.? (MUR202) showing typically elongated cell form and absence of a stigma (12 μm); (g) D. salina (MUR10) grown at 0.86 M NaCl (20 μm); (h) D. salina (MUR23) grown at 5.17 M NaCl (24 μm); (i) D. salina-field sample from Hutt Lagoon (23 μm); (j) D. salina (MUR200=CCAP 19/30) grown at 5.17 M NaCl (16 μm). (II) Cell division in D. salina: (km) sequential stages of cytokinesis (all cells approx. 21 μm long); (n) final stage just before cell separation-cells are still connected by a thin cytoplasmic bridge and are rotating around each other. (III) Stages of life cycle of D. salina mainly taken from field samples:(o) early stage of mating showing appressed flagella and mating tube between the two cells (22 μm); (p) mid stage of gamete fusion and formation of zygote (21 μm); (q) aplanospores with rough wall (22 μm); (r) germinating aplanospore with 2 emerging cells and motile vegetative cell below (vegetative cell 24 μm long); (s) palmella stage of D. viridis (field sample) (∼12 μm long); (t) palmella stage D. viridis var. palmelloides (Borowitzka and Siva, 2007).
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 16 Figure 1.6 -Photosynthetic antenna and reactions and its localization on the thylakoid membrane of the chloroplast (Joyard and Morot-Gaudry, 2020).
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 18 Figure 1.8 -The carotenoid biosynthetic pathway (Gateau et al., 2016).
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 19 Figure 1.9 -Ultrastructure of Dunaliella salina under growth conditions (a) and under stressful conditions (b), (Polle et al., 2020).
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 1 Figure 1.10 -Comparison of nutrient intake of culture media used for Dunaliella culture.

  Microalgae remain currently expensive to produce; many efforts are under way to cut down cost to unlock mass cultivation of these organisms. Different systems have been designed for the growth and handling of microalgae on a large scale, they can be classified in open culture and closed culture systems.
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 1 Figure 1.11 -Photographs of two industrial production methods of the species Dunaliella salina. (a) Open pond in Australia at Western Technologies, (b) Raceway in Israel at Nature Beta Technologies.

Figure 1 .Figure 1 .

 11 Figure 1.12 -Closed cultivation system of microalgae in a bag photobioreactor (a), (Koller, 2015) an air lift photobioreactor (b), (Lindblad et al., 2019) and a tubular photobioreactor (c), (Alaswad et al., 2015).

Figure 1

 1 Figure 1.14 -Biorefining process of β-carotene used in industrial production (Hosseini Tafreshi and Shariati, 2009).

Figure 1 .

 1 Figure 1.15 -Scheme presenting milking as an alternative to current processes. (Top): Current processes are systems that require starting new microalgal cultures for each batch of metabolites, with fresh nutrients; (Bottom): Milking only requires inputs of carbon dioxide and water used up in producing metabolites, and thus is closer to a closed system (Vinayak et al., 2015). HVM: high value metabolites.
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 1 Figure 1.16 -The electroporation mechanism of microalga cell membrane (Joannes et al., 2015).
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 1 Figure 1.17 -Stimulation of astaxanthin production after extraction with gold nano-scalpel incision (Praveenkumar et al., 2015).
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 1 Figure 1.18 -Colony of Botryococcus Braunii with natural oil bodies oozing in the extracellular matrix. Due to the flattening by the microscope cover glass, hydrocarbons are exuded from extracellular matrices (Hirano et al., 2019).
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 119 Figure 1.19 -Diadesmis confervaceae in solitary and chain forms as observed under 100× oil immersion. Note oozed oil droplets in panel C. Cf. (Vinayak et al., 2014). Scale bar: 10 µm.
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 1 Figure 1.20 -Schematic diagram of the principle in the liquid biphasic system (Khoo et al., 2020).
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 1 Figure 1.21 -Droplet of n-decane in a Dunaliella salina culture (a), Dunaliella salina cell in n-decane (b), (Kleinegris et al., 2011b).

Figure 1 .

 1 Figure 1.22 -Phase separation of lipids milking in Chlorella vulgaris with (a) 10% tetradecane (b) 20% dodecane after 2nd cycle of extraction (Atta et al., 2016).
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 1 Figure 1.23 -Principle of extraction in a two-phase photobioreactor.
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 1 Figure 1.24 -Impact of biocompatible extraction on Dunaliella salina cells in the literature.
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 1 Figure 1.25 -Solvent membrane poration: a) The membrane is fluid, b) The solvent diffuses into the membrane, c) The transmembrane gradient creates a reversible pore, and d) The membrane integrity is breached.
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 1 Figure 1.26 -Scanning electron microscope of Dunaliella salina cell cultivated in medium saturated in dodecane. A vesicle which is located between the cell and the chloroplast membrane (A) and another vesicle which seems to be being released from the cells of D. salina (B) are shown.
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 1 Figure 1.27 -Present standard methods for detecting and evaluating microbes, including microalgae. Optical measurements, the electrical sensing zone method, the conventional plate count method, and weight measurements are categorized. The automated cell counter marked with an asterisk means a device without fluorescence detection (Takahashi, 2020).
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 1 Figure 1.28 -Confidence limits of the cell counting method regarding the number of cells counted (Lund, 1958).
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 1 Figure 1.29 -The measurement of single cell parameters, viability and vitality definitions (Hyka et al., 2013).
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 1 Figure 1.30 -Living 3-month-old Chroococcidiopsis041 CCALA laboratory culture (a) simultaneously stained with SYTOX Green (b), CTC (c) and DAPI (d) dyes and showing pigment autofluorescence (e) and classification of cells according to the selected criteria.

  Chlorophyll fluoresces bright red with an emission peak at 580 nm. Chlorophyll fluorescence can be used to quantify vitality under certain growing conditions.[START_REF] Sato | A simple and rapid dualfluorescence viability assay for microalgae[END_REF] used a dualfluorescence viability assay on ethanol treated Chlamydomonas reinhardtii with chlorophyll autofluorescence to count living cells and SYTOX green to count dead cells and correlated the results with plate counting.[START_REF] Jamers | Flow cytometric analysis of the cadmium-exposed green alga Chlamydomonas reinhardtii (chlorophyceae)[END_REF] assess the toxicity of cadmium exposition on Chlamydomonas reinhardtii by measuring a decrease in chlorophyll fluorescence.

  not A/T, so it labels DNA and RNA. They bind to DNA bases with little or no sequence specificity and with a stoichiometry of one molecule per 4-5 base pairs. Because of its hydrophobic character, it freely penetrates cells. It fluoresces weakly in solution but when it is bound to a nucleic acid it emits an intensity 20-30 times more important. The most widely used fluorochromes for DNA content measurement emit blue fluorescence (4′-6-diamidino-2-phenylindole (DAPI) and Hoechst 33342).[START_REF] Veldhuis | Cell death in phytoplankton: Correlation between changes in membrane permeability, photosynthetic activity, pigmentation and growth[END_REF] used DAPI staining and cytometry to determine the fragmentation of the genomic DNA during phytoplankton automortality.
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 1 Figure 1.31 -Phase of the cell division cycle, the histogram shows a population analysis color coded by phase ("Cell Cycle Assay Principle -Beckman Coulter," n.d.).
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 22 Figure 2.1a. The protocol for lipid accumulation described by Taleb, (2015) was adapted to

Figure 2

 2 Figure 2.1 -Selected culture conditions (a) and protocol of production of β-carotene enriched biomass (b).
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 22 Figure 2.2 -Culture system in photobioreactor.

( 2 )

 2 Low solubility in water: to avoid residual concentration after extraction (3) Relative density difference greater than 0.15: to ensure fast separation of the two phases (4) Low boiling point: limit energy consumption to back extract the β-carotene extracted (5) High molecular weight >150g/mol and log P > 4 is more biocompatible
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 23 Figure 2.3 -Solvent physicochemical characteristic ("CRC Handbook of Chemistry and Physics, 2009-2010, 90th ed.," 2009).

Figure 2 .

 2 Figure 2.3 summarizes the physicochemical properties of organic solvent used for extraction of

  the literature, solvent extraction has been implemented with solvent bubbling in the culture or by adding a static upper phase in the culture with or without an agitation. Here are the goals to set up an experiment (Figure 2.4) which: (1) perform the extraction separately from the cultivation step (2) on a small scale to quickly perform series and (3) with sufficient volume for the analysis (Figure 2.5 a).
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 24 Figure 2.4 -Set up for extraction of β-carotene with organic solvent by stirring falcon tube on a vortex.

  (Figure 2.5b). The stirring time was arbitrary set at 2 min. The precise objective was to obtain sufficient agitation to ensure a significant extraction yield within a few minutes to achieve series.
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 25 Figure 2.5 -The volume needed for analysis (a) Experimental plan to select operatory conditions of extraction in falcon tube (b).
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 26 Figure 2.6 -Transverse section through a Clark (Rank) oxygen electrode ("Oxygen electrodes | Electroanalytical techniques," n.d.).
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 27 Figure 2.7 -Measurement of photosynthetic activity (Roháček, 2010).
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 28 Figure 2.8 -Extraction of β-carotene with methanol. Effect of one, two or three extraction cycle on the extraction yield of β-carotene (a). Effect of incubating conditions with methanol on β-carotene extraction yield (b).
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 2 Figure 2.9 -The repartition of β-carotene between cells and the n-decane for increasing stirring time (a) and the calibration made in the lab for spectrophotometric measurement of β-carotene concentration in the n-decane, with R²>0.99 (b).
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 2 Figure 2.10 -Nageotte counting chamber.
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 2 Figure 2.11 -Choice of fixative agents for cell counting size and fluorescence measurements of Dunaliella salina.
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 2 Figure 2.12 -Principle of pixel representation of a particle (INRA, 2021).
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 2 Figure 2.13 -Relative error on the estimation of cell volume regarding diameter for different resolution of image.

  axis (b) to be measured as the maximum Feret diameter and the semi-minor axis (a) as the minimum Feret diameter (Figure 2.14).
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 2 Figure 2.14 -Cell volume calculation from cross section for sphere and prolate spheroid shapes (Sun and Liu, 2003).

  the particles have a very irregular surface state, it is possible to use circularity (C).

Figure 2

 2 Figure 2.15 -The different size parameters of a particle and shape factors.

  is not fluorescent, and fluorescein fluoresces in green therefore fluorescence intensity represents the enzymatic activity. A stock solution of 5mg/mL of FDA in ethanol was prepared as indicated by the manufacturer. Separate samples of cells were incubated in the dark for 20 min with 5µL of the stock solution.5-Cyano-2,3-Ditolyl Tetrazolium Chloride (CTC) (Sigma Aldrich, 99% purity) was used to evaluate cellular respiratory activity. This non-fluorescent dye freely penetrates cells and is absorbed via electron transport mechanisms and reduced with dehydrogenase into fluorescent insoluble formazan crystal (excitation: 488nm, emission: 630nm) by esterases. A stock solution of 5mg/mL of CTC in ethanol was prepared as indicated by the manufacturer. Separate samples of cells were incubated in the dark for 20 min with 5µL of the stock solution.

  is not fluorescent, and fluorescein fluoresces in green therefore fluorescence intensity represents the enzymatic activity. A stock solution of 5mg/mL of FDA in ethanol was prepared as indicated by the manufacturer. Separate samples of cells were incubated in the dark for 20 min with 5µL of the stock solution. The fluorescence was measured in the whole culture (cell + media) and in the supernatant of the centrifuged culture. The 100% reference was fixed with grown cells and 0% reference was set to 0 fluorescence intensity. 5-Cyano-2,3-Ditolyl Tetrazolium Chloride (CTC) (Sigma Aldrich, 99% purity) was used to evaluate cellular respiratory activity. This non-fluorescent dye freely penetrates cells and is absorbed via electron transport mechanisms and reduced with dehydrogenase into fluorescent insoluble formazan crystal (excitation: 488nm, emission: 630nm) by esterases. A stock solution of 5mg/mL of CTC in ethanol was prepared as indicated by the manufacturer. Separate samples of cell culture were incubated in the dark for 20 min with 5µL of the stock solution.
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 31 Figure 3.1 -The gating strategy in cytometric analysis. Cells outside the focus were not considered (a), isolated cells were analysed (b), cells with a chlorophyll content were kept (c).
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 32 Figure 3.2 -Effect of n-decane stirring on the oxygen productivity (a), on the permeability (b) and on the enzymatic activity (c) of Dunaliella salina with and without n-decane stirring for 120 s for cells grown in erlenmeyer (GE) and stressed in erlenmeyer (SE).
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 33 Figure 3.3 Growth ability of stressed cells in erlenmeyer (SE) after n-decane mixing for 120s in nitrogen depleted and nitrogen repleted medium.

  cells turned green also reported a strong cell breakage and lipid particle release. The authors presented two possible explanations: (i) the long-lasting stress could lead to a reduced esterase enzyme activity, (ii) the permeabilization of the mitochondrial or cell membranes could lead to an outflow of converted fluorescein from the cells. Therefore, the decrease in fluorescence intensity observed in our study could also be explained by a leakage of converted fluorescein in the media due to cell disruption.
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 34 Figure 3.4 -Effect of n-decane stirring on esterases activity of stressed cells in erlenmeyer (SE). Cytogram of untreated stressed cells (a) and stressed cells exposed to 120s n-decane stirring (b). Cells were stained with fluorescein diacetate (FDA).

Figure 3 . 5 -

 35 Figure 3.5 -Bright field picture of Dunaliella salina untreated stressed cell (a,b) and after 120s stirring with n-decane (c,d). Enzymatic activity of Dunaliella salina is indicated by the blue fluorescence intensity of CTC (formazan) (b,d). Scale bars in white indicate 50µm. The normalized enzymatic activity distribution is plot in cell frequency (e).
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 36 Figure 3.6 -Bright field picture of Dunaliella salina untreated stressed cell (a,b) and after 120s stirring with n-decane (c,d). Permeability of Dunaliella salina to Sytox Green is indicated by the green fluorescence intensity (b,d). Scale bars in white indicate 50µm. The normalized permeability distribution is plot in cell frequency (e).
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 37 Figure 3.7 -Bright field picture of Dunaliella salina untreated stressed cell (a,b) and after 120s stirring with n-decane (c,d). DNA content of Dunaliella salina is indicated by the blue fluorescence intensity of DAPI (b,d). Scale bars in white indicate 50µm. The normalized DNA distribution is plot in cell frequency (e). The phase of cell division is indicated by dashed lines.
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 38 Figure 3.8 -Scatter plot of β-carotene content (x-axis) and volume (y-axis) for untreated stressed cells (a), after n-decane stirring for 120s (b).
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  photosystem II (PSII) photochemistry quantifies the maximum photochemical efficiency of open

[

  = (1000A470-2.05[Chl.a]-114.8[Chl.b])/245 (Eq. 4.6)

  . Cell density was calculated as the number of cells (Ncells) in the corresponding volume of the image sample (Vimage= 4.75 10 -2 µL) multiplied by the number of images (Nimages), adjusted with the PF dilution coefficient (dilPF) as shown in equation 4.4:

  6. Volume (µm 3 ) = (π/6)*a*b 2 (Eq. 4.6) DY (%) = 100*(X0 -X240)/X0 (Eq. 4.11) First order model (equation 4.12) was used to calculate cell disruption rate for each volume class with X0 the initial cell concentration and X240s the concentration after 240s. Only value with R²>0.95 were plotted.

2. 4

 4 .4.1 and the cell counter plug-in from Image J was used to manually count the cells which have led the dye (bluish cells) and those which did not. The number of cells shown varied from 300 to 1200 cells per sample.

  -stained cellst(%) + Stained cellst(%) + DCt(%) (Eq.4.14) Because the number of cells is not fixed disrupted cells percentage after t seconds of mixing with the solvent was calculated with the cell density after t seconds of mixing (Ct) relative to initial cell density (C0) as follow in equation 4.15: DCt (%) = 100.(C0 -Ct)/ C0 (Eq. 4.15)In the absence of mixing with solvent (A) all the cells remain by definition non permeabilized, but only NAT-P cells will be stained with Evans blue as expressed in equation 4.16a and 4.16b:Non-stained cells (%) = NA (%) (Eq. 4.16a)Stained cells (%) = NAT-P (%) (Eq. 4.16b)During mixing with the solvent, cells can turn from non-permeabilized state to the permeabilized state resulting in the formation of IP and RP categories. Among the permeabilized cells, those that were able to reseal the plasma membrane form the RP category the other forms the IP one.When Evans blue was added before mixing with solvent (B) only IP, RP and NAT-P cells should be stained with Evans blue. The categories of IP, RP and NAT-P cells cannot be distinguished individually but can be grouped together and defined as stained cells as expressed in equation 4.17a and 4.17b:Non-stained cells (%) = NA (%) (Eq. 4.17a)Stained cells (%) = NAT-P (%) + RP (%) + IP (%) (Eq. 4.17b)When Evans blue has been added after mixing with solvent (C), cells that resealed their membranes i.e. the RP should not be stained as expressed in equation 4.18a and 4.18b: Non-stained cells (%) = NA (%) + RP (%) (Eq. 4.18a) Stained cells (%) = NAT-P (%) + IP (%) (Eq. 4.18b) By definition, NA and RP cells are alive after the treatment with n-decane. Their values can be combined to define the biocompatibility index (BI) which can be calculated using equation 4.19: BIt (%) = NAt (%) + RPt (%) (Eq. 4.19)

Figure 4 2

 42 Figure 4.1 -Biocompatibility of n-decane treatment. Photosynthetic activity (a-b) before stirring (0s) and after 120 s mixing time for (a) grown cells (GE) and (b) stressed cells (SE). Biomass integrity (%) (c-e) expressed as cell density (control: stirring without solvent), biomass volume, dry weight and β-carotene content for GE (c), SE (d) and SPBR (e) cells with solvent mixing time. Scale bars indicate standard deviation error (n=3).
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  . The skewness is due to the presence of a higher number of volume classes larger than the median i.e. 1000µm 3 , 1500µm3 and 500µm 3 for GE, SE and SPBR cultures, respectively. As shown by the quantile values, the population heterogeneity was larger in SE culture than in GE culture. Regardless the stress state, contact with n-decane reduced the number of cells in each individual cell volume classes (Figure 4.2c-d), with the larger cell volume classes being the most affected i.e. those above the median and third quartile of the distribution (p < 0.05). For the GE cells, disruption rate by volume class increased linearly (R²>0.99) from 5.4 10 -4 s -1 for the 200µm 3 class to 5.9 10 -3 s -1 for the 2200µm 3 class (Figure 4.2e). Values for higher cell volumes are not calculated because of insufficient data. Large volume D. salina cells were disrupted ten time faster than the small ones, confirming the heterogeneity hypothesis of the previous section and disallowing the biocompatible extraction one. For SE cells, the D. salina cells were bigger with a wider cell size distribution (Figure. 4.2a-b at 0s). The disruption rate by volume class increased also linearly (R²>0.99) according to the cell size (Figure 4.2f) up to kd=1.410 -2 s -1 for 3500µm 3 cells. Interestingly SPBR cells were smaller and more homogeneous than cells from the two other culture conditions. Because SPBR cells received less light energy (18µmol gDW -1 s -1 ) than SE cells (42µmol gDW -1 s -1 ), their volumes were smaller as shown by[START_REF] Xu | The influence of photoperiod and light intensity on the growth and photosynthesis of Dunaliella salina (chlorophyta) CCAP 19/30[END_REF]. The destruction rate after 120s increase by volume class but seems constant after 240s indicating that cells were smaller and thus less fragile during the extraction but that the extraction duration plays a significant role in the ability of cell to survive the treatment.

Figure 4

 4 Figure 4.2 -Cell volume dependant disruption for (GE) grown cells (a,d,g), (SE) stressed cells (b,e,h) and (SPBR) stressed cells in erlenmeyer (c,f,i). Box plot of the distribution (a-c). Cumulated cell density per volume class (d-f). Cell disruption rate by volume class (µm3) after 240s (g-i). Scale bars indicate standard error (n=3). Median and third quartile of the distribution were more affected than first quartile (p < 0.05).

Figure 4 .

 4 3a-h show the distribution of cell volume and cell circularity throughout the liquid-liquid extraction with n-decane. As expected, GE cells are mainly characterized by high circularity, ranging in 0.85-0.95 and with an initial mean cell volume around 1000µm3 (Figure 4.3a). After 45s of mixing with the solvent, 15% of GE cells dropped in circularity between 0.60 and 0.80(Figure 4.3b,Figure 4.4a) while the cells that initially had a cell volume greater than 1500µm 3 decreased significantly. Low circularity cells progressively disappeared. The transient decrease in circularity for short contact time with the solvent (less than 45s) induced a cell distortion may be due to a cell membrane alteration as confirmed by electron microscope observations by[START_REF] Hejazi | Mechanism of extraction of β-carotene from microalga Dunaliellea salina in two-phase bioreactors[END_REF] and[START_REF] Li | Lipid extraction from non-broken and high water content microalgae Chlorella spp. by three-phase partitioning[END_REF]. Cells that survived to longer exposure (up to 240s) to n-decane were a few, small and showed circularity ranging between 0.70-0.90. As shown by the light blue contour (Figure4.3e), the 80% core population of SE cells is distributed in a more diffuse pattern in terms of circularity and volume. All categories of cells were altered by the solvent treatment, but obviously those characterized by a circularity less than 0.50 or cell volume greater than 1500µm3 were almost absent after 240s. Unlike for GE cells, the transient decrease in single cell circularity was not observed for SE and SPBR cells (Figure4.4b). The density scatter plot displayed in Figure4.3a shows the distribution of cell volume and cell circularity for the SPBR cells. The applied culture conditions led to more homogeneous cell characteristics than in erlenmeyer with about 0.9 in circularity (Figure4.3f) and 600µm 3 mean cell volume (Figure4.3e), which was 3 times smaller than for SE cells. The improved design of photobioreactors allows to culture microalgae under controlled conditions such as pH, agitation and CO2 supply to increase their growth rate[START_REF] Hadj-Romdhane | Development and validation of a minimal growth medium for recycling Chlorella vulgaris culture[END_REF]. In the three culture conditions cells that survive were concentrated around 0.9 in circularity and below 1000µm 3 in volume.

Figure 4 . 3 -

 43 Figure 4.3 -Effect of n-decane extraction on circularity and volume. Density scattering plots of grown cells (GE), (a-d) for 0s (a), 45 s (b), 120s (c) and 240s (d), stressed cells in erlenmeyer (SE), (e-h) for 0s (e), 45s ( f), 120s (g) and 240s (h) and stressed cells in PBR (SPBR), (i-l) for 0s (i), 45s ( j), 120s (k) and 240s (l).
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 44 Figure 4.4 -The index of potential disruption. Cumulated cell density per circularity class (a-c) for (a) grown cells (GE), (b) stressed cells (SE) and (c) SPBR cells. Disruption yield (%) per index of potential disruption class (IPCD), (d-f) for GE cells (d), SE cells (e) and SPBR cells (f). Scale bars indicate standard deviation (n=3). The higher the IPCD the higher the disruption yield (p < 0.05).
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 45 Figure 4.5 -Membrane permeabilization with n-decane of SPBR+E cells. Pictures of the different permeabilization categories of cells (a), black line represent 20µm. Cell abundance (%) in disrupted cells (DC), non-affected cells (NA), irreversibly permeabilized cells (IP) and reversibly permeabilized cells (RP) for the different extraction time (b). Biocompatibility index throughout the treatment (c). Density scatter plots of non-affected cells (d) and naturally permeabilized cells (e). Cell disruption yield per index of potential disruption (IPCD), (f).

(

  turned DC), (ii) some IP cells stayed in the category and (ii) NA cells that were more robust turned RP. For longer mixing time, the RP cells progressively became less abundant while that of IP remained constant and DC cells increased (Figure4.5e). To summarize, NAT-P are disrupted first, and NA seems to follow a gradual permeabilization process: RP→IP→DC. The presence of RP cells is only transient as its proportion decreased when the treatment time exceeds 20s.[START_REF] Gateau | Application of pulsed electric fields for the biocompatible extraction of proteins from the microalga Haematococcus pluvialis[END_REF] have coined the biocompatibility index (BI) to describe the evolution of such populations during a permeabilizing treatment.

Figure 4 .

 4 5b displays the evolution of BI along the n-decane treatment. An exposure time longer than 45s leaded to a decrease in NA and BI. But the NAT-P cells are considered as dying cells, their death will not effectively decrease the biocompatibility. Therefore, the treatment could be considered as mainly biocompatible for very short extraction time i.e. <45s. The disruption yield for NAT-P cells was around 100% for all IPCD (Figure4.5f), indicating that regardless the volume and circularity if the cells is naturally permeabilized it is disrupted by the mixing with n-decane. However, NA and RP cells are considered alive based on the membrane integrity and not on the ability to divide again.The IPCD curve of non-affected (NA) SPBR+E cells (Figure4.5f) was similar to that of SPBR cells. The curve for all SPBR+E cells was similar to that of SE cells. In consequence the presence of naturally permeabilized cells in SPBR+E and probably in SE increased the destruction yield for all IPCD class compared to SPBR cells. Results shows that the permeability is a crucial parameter for the characterization of the fragility of cell and the upper time limit to ensure a biocompatible treatment.

  circularity and cell volume below 600µm 3 ) of Dunaliella salina were important factors to be considered to drive the extraction of β-carotene with n-decane. The different culture conditions used highlighted the relationship between the disruption yield in a population, the cell volume, circularity and abundance of naturally permeabilized cells. New carotenoid production schemes can be envisioned by the growth of robust cells enriched in β-carotene cells under controlled pH, mixing and CO2 conditions to ensure biocompatible extraction. The behaviour of cells of different morphology at the liquid-liquid interface seems to govern both extraction efficiency and cell viability. Further, the ability of the cells to grow and re-accumulate β-carotene after one extraction step have to be studied before suggesting a biocompatible extraction process. Finally, the use of green solvents to extract β-carotene need to be investigated as a benefit for future applications, including those related to medicine and pharmacy.

Fluorochrome

  molecules in the cell and decrease the blocking effect of outgoing fluorescence from the cell. Consequently, it is not possible to conclude on the effect of n-decane exposure on the enzymatic activity of cells with these methods. The cytometric and microscope measurements had the advantages to measure the biological characteristics at the individual cell level over spectrofluorometric and Clark electrode measurement that acquires results as a population average. The results shown how the biological activity of Dunaliella salina cells influences the biocompatibility of the exposure to n-decane and how the level of measurement (population average or individual cell value) can change the reliability of the results. The oxygen production slightly decreases by 20% in average. However, the higher oxygen solubility in the solvent compared to the culture media might cause overestimation of oxygen production at light and underestimate the oxygen consumption in the dark from the cell. The absence of decrease in

Figure 5 . 2

 52 Figure 5.2 Suggested strategy for the optimization of culture conditions of Dunaliella salina to improve the biocompatibility of β-carotene extraction.

  This thesis aims to study the biocompatible extraction of β-carotene from the model organism Dunaliella salina with the organic solvent n-decane. The influence of n-decane exposure on the biologic activity of individual cells of Dunaliella salina was investigated. Culture conditions are then chosen to obtain the appropriate cell morphology to ensure the biocompatibility of βcarotene extraction from D. salina.

  addition, cells are smaller than D.salina ones, which can improve the survival rate of extraction. Solvent choice for the efficient extraction and downstream processes of valuable compounds from microalgae is also of main importance. A category of switchable solvents can switch from a hydrophobic to hydrophilic form by a simple process like CO2 addition of heat treatment. The use of switchable solvent would allow to use the hydrophobic form for the extraction and turn it to the hydrophilic form to back extract the metabolites[START_REF] D'elia | Switchable Solvent Selective Extraction of Hydrophobic Antioxidants from Synechococcus bigranulatus[END_REF]. In this case, solvent recovery consumes less energy than vacuum evaporation suitable for organic solvents. The use of a different type of solvent might involve a different cellular reaction to the exposure and might allow new extraction processes.Version FrançaiseConclusionCette thèse vise à étudier l'extraction biocompatible du β-carotène de l'organisme modèle Dunaliella salina avec le solvant organique n-décane. L'influence de l'exposition au n-décane sur l'activité biologique des cellules individuelles de Dunaliella salina a été étudiée. Les conditions de culture sont ensuite choisies pour obtenir la morphologie cellulaire appropriée pour assurer la biocompatibilité de l'extraction du β-carotène de D. salina. Pour les cellules GE et SE, la biocompatibilité de l'extraction était faible. Fait intéressant, la biocompatibilité était la plus élevée pour les cellules SPBR après 120 secondes avec 30 % de récupération des caroténoïdes pour 15 % de rupture cellulaire. Même si le critère de biocompatibilité était rempli, il apparaît globalement qu'un rendement d'extraction élevé est lié à une destruction cellulaire plus élevée. Cela confirme la corrélation entre l'extraction du βcarotène et la mort cellulaire à la perturbation cellulaire comme condition préalable à l'extraction du β-carotène portée par plusieurs autres études. De l'analyse sur l'impact de l'extraction de la distribution de la taille des cellules, le principal résultat est que le taux de rupture des cellules a augmenté de manière linéaire (R²> 0, 99) avec le volume des cellules. Il a été validé que les cellules les plus grandes ont la teneur en caroténoïdes la plus élevée. Par conséquent, un meilleur critère pour vérifier la biocompatibilité serait que la proportion de β-carotène extraite soit supérieure à la proportion de perte de volume cellulaire. Cependant, il convient de vérifier qu'il est effectivement possible d'extraire le β-carotène des cellules survivantes sur un nombre significatif de cellules. Les mesures de perméabilisation effectuées au niveau de la cellule unique avec SYTOX Green et Evans blue étaient cohérentes, indiquant que les cellules naturellement perméabilisées étaient plus sujettes à la perturbation cellulaire. Un mécanisme de perméabilisation progressive expliquait la rupture cellulaire ; lors de l'exposition au solvant, les cellules avec l'intégrité de la membrane deviennent réversiblement perméabilisées jusqu'à 45 s, puis deviennent irréversiblement perméabilisées après 120 s et meurent finalement. Les cellules qui n'étaient pas en cours de division cellulaire étaient plus endommagées par le mélange avec du n-décane. On ignore encore si le mélange avec le n-décane provoque une inhibition ou une stimulation du métabolisme. En conclusion, les conditions de culture influencent fortement la morphologie cellulaire et la robustesse des cellules de Dunaliella salina à l'extraction du β-carotène. Les cellules survivantes étaient petites (<600 µm3), avec une circularité élevée (0,7-0,9) et non naturellement perméabilisées. Cette découverte ouvre de nouveaux schémas de production de caroténoïdes basés sur la croissance de cellules robustes enrichies en β-carotène dans des conditions contrôlées, telles que le pH, le mélange et le CO2 dans un photobioréacteur, pour assurer une extraction biocompatible. Perspectives Pour poursuivre l'étude de l'extraction biocompatible, le tri cellulaire par volume, circularité, perméabilité et activité enzymatique avec un cytomètre pourrait être un outil utile pour comprendre en détail l'influence de la morphologie et de l'activité biologique sur la biocompatibilité. De plus, la capacité des cellules à croître et à réaccumuler du β-carotène après une étape d'extraction doit être étudiée avant de proposer un procédé d'extraction biocompatible. D'autres travaux pourraient être axés sur les conditions de culture pour produire les cellules les plus robustes. L'application couplée d'un stress lumineux et d'une déplétion azotée est la méthode la plus courante pour déclencher l'accumulation de lipides (caroténoïdes inclus) dans les microalgues. Cependant, la croissance des cellules est arrêtée et le maintien des cellules est limité. Par conséquent, il peut être possible de maintenir la croissance et le maintien intracellulaire, d'augmenter la robustesse cellulaire, sous un stress léger modéré et une limitation de l'azote. Dunaliella salina n'a pas de paroi cellulaire et est donc sujette à la lyse cellulaire dans un environnement à forte contrainte de cisaillement. Par conséquent, une attention particulière doit être portée pour limiter la mort cellulaire et l'altération due à l'agitation de la culture sans compromettre le transfert de masse. D'autres souches sans paroi peuvent être utilisées pour une extraction biocompatible avec des solvants organiques. Les principaux avantages de Dunaliella salina pour l'extraction sont l'absence de paroi cellulaire et donc le solvant organique entre en contact direct avec la membrane cellulaire. L'extraction des caroténoïdes des cellules nécessite encore la pénétration de solvants à l'intérieur du chloroplaste. L'extraction sur des souches dépourvues de paroi cellulaire mais accumulant des lipides à l'intérieur du cytoplasme, comme Dunaliella tertiolecta (Hoshaw et Maluf, 1981 ; Priyanka et al., 2020), pourrait être facilitée. Fait intéressant, au sein de la souche, la gouttelette lipidique cytoplasmique contient de la zéaxanthine, qui a une valeur marchande plus élevée que le β-carotène. De plus, les cellules sont plus petites que celles de D.salina, ce qui peut améliorer le taux de survie de l'extraction. Le choix du solvant pour l'extraction efficace et les processus en aval de composés précieux à partir de microalgues est également d'une importance capitale. Une catégorie de solvants commutables peut passer d'une forme hydrophobe à une forme hydrophile par un processus simple comme l'ajout de CO2 ou le traitement thermique. L'utilisation d'un solvant commutable permettrait d'utiliser la forme hydrophobe pour l'extraction et de la transformer en forme hydrophile pour extraire les métabolites (D'Elia et al., 2021). Dans ce cas, la récupération des solvants consomme moins d'énergie que l'évaporation sous vide adaptée aux solvants organiques. L'utilisation d'un type de solvant différent pourrait impliquer une réaction cellulaire différente à l'exposition et pourrait permettre de nouveaux procédés d'extraction. Titre : Extraction biocompatible de métabolites de microalgues Mots clés : Microalgues, bioraffinage, caroténoïdes, solvent organique, granulométrie Résumé : Cette thèse vise à déterminer les paramètres biologiques qui influencent la biocompatibilité de l'extraction de β-carotène par solvant organique chez la microalgue Dunaliella salina. La molécule de β-carotène est un pigment d'intérêt avec des applications industrielles en agroalimentaire, cosmétique et pharmaceutique. Contrairement aux procédés de production actuels, destructif pour la biomasse, l'extraction biocompatible permet de soutirer continuellement le métabolite sans mort cellulaire. Néanmoins, les études scientifiques ont principalement étudié la biocompatibilité à l'échelle de la culture mais manquent d'informations au niveau des cellules individuelles. Pour cela, une méthode robuste d'extraction avec du n-decane et découplée de la culture a été développée en tube Falcon. Des méthodes de mesure morphologiques et de marquage cellulaire ont été sélectionnées ou améliorées pour obtenir de plus amples informations sur l'exposition des cellules au solvant organique. L'analyse biologique révèle que l'impact photosynthétique est faible, une stimulation de l'activité respiratoire a été observé. Les cellules en phase de division sont moins impactées et les cellules déjà perméabilisées le sont plus. Les résultats ont montré que le taux de destruction était corrélé au volume cellulaire. Ils ont souligné que les cellules les plus fragiles, qui était sélectivement détruites, était plus grande que 1500 µm 3 et avec une circularité supérieure à 0,7. L'extraction était biocompatible avec des cellules petites (600µm3) et circulaire (0.7), stressées en photobioréacteur. En conclusion, la recherche des conditions de cultures pour obtenir des cellules robustes est une piste à privilégier. Title : Biocompatible extraction of metabolites from microalgae Keywords : Microalgae, biorefining, carotenoids, organic solvent, granulometry Abstract : This thesis aims to determine the biological parameters that influence the biocompatibility of β-carotene extraction by organic solvent in the microalga Dunaliella salina. The β-carotene molecule is a pigment of interest with industrial applications in food, cosmetics and pharmaceuticals. Unlike current production processes, which are destructive to the biomass, biocompatible extraction allows continuous extraction of the metabolite without cell death. Nevertheless, scientific studies have mainly investigated biocompatibility at the culture scale but lack information at the single cell level. For this purpose, a robust method of extraction with n-decane and decoupled from the culture was developed in Falcon tubes.
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Table 1 .1 -Carotenoid content in the selected microalgae species (Ambati et al., 2019). 2 Production of β-carotene from Dunaliella salina 2.1 Dunaliella salina

 1 

Table 1 .2 -Highest carotenoids content reported in Dunaliella salina cell.

 1 

	Strain CCAP 19/18 UTEX 2538 CCAP 19/30 MUR 8	Lake Tuz, Turkey (1991)	MUR 22	MUR 23
	β-carotene (pg/cell)	70	90	95	149	261	550	836
	Reference	Mojaat et al., 2008	García-González et al., 2005	Coesel et al., 2008	Borowitzka et al., 2007	Çelekli and Dönmez, 2006b	Borowitzka et al., 2007	Borowitzka et al., 2007

3.1 Industrial producers

  The first industrial producers of β-carotene from D. salina were Western Biotechnology, Ltd., and Betatene, Ltd., in Australia, and Nature Beta Technologies (NBT) in Eilat in Israel since around 1985. In 1997, Western Biotechnology and Betatene were acquired by Cognis Nutrition and Health. Cognis, which is the major producer of natural β-carotene from D. salina in the world

was then bought by BASF. Nowadays, the production plants of β-carotene operate in Israel, China, USA, and Australia. The main company is Betatene Ltd (Melbourne, Victoria), which produces more than 80% of world production in open pounds

Table 1 .4 -Commercial producers of β-carotene from Dunaliella (Del Campo et al., 2007).

 1 

Production and biorefining of β-carotene from Dunaliella salina

  

	Chapter 1:														
		Cultivation				Extraction						Impact			
	Culture system	Stress	Product	Solvent	Culture and extraction	Agitation	Contact time	Solvent ratio (v/v)	Extraction yield	Cell viability	Growth rate	Metabolites productivity	Biological activity	Permeability	Reference
	PBR batch	No	Carotenoids	n-Decane	Coupled	Stirring 70rpm	7d	12%	/	X	-	/	0% b	/	Hejazi et al, (2002)
	PBR batch	No	Carotenoids	n-Dodecane	Coupled	Stirring 70rpm	"	12%	23%	X	+	114%	83% b	/	"
	PBR batch	N depletion	β-Carotene	n-Decane	Decoupled	Solvent bubbling	72h	5%	/	/	92%	120%	111% b	/	Leon et al, (2003)
	PBR batch	N depletion	β-Carotene	n-Decane	Decoupled	Solvent bubbling	100h	30%	8%	/	/	/	/	/	"
	PBR batch	N depletion	β-Carotene	n-Decane	Decoupled	Shaking 200rpm	24h	30%	20%	/	/	/	/	/	"
	PBR continuous	N depletion	β-Carotene	n-Decane	Decoupled	Stirring 800rpm	15min	50%	/.	/	/	/	110% a	/	Mojaat et al, (2008a)
	PBR continuous	N depletion	β-Carotene	n-Decane	Decoupled	Shaking 500rpm	24h	50%	10%	/	/	/	/	/	"
	PBR continuous	N depletion	β-Carotene	n-Decane + 0,19 M CHCl2	Decoupled	Shaking 500rpm	24h	50%	60%	/	/	/	/	/	"
	PBR continuous	N depletion	β-Carotene	n-Decane	Decoupled	CPC 800rpm	/	50%	23%	85%	/	/	/	/	Mojaat et al, (2008b)
	PBR continuous	N depletion	β-Carotene	95% n-Decane + 5% CHCl2	Decoupled	CPC 800rpm	/	50%	37%	80%	/	/	/	/	"
	PBR turbidostat	High light	β-Carotene	n-Dodecane	Coupled	Bubbling	6d	28,6 % min-1	9%	X	73%	59%	/	/	Kleinegris et al. (2011a)
	" idem as above														
	/ Not communicated														
	a Fv/Fm														
	b O2 production														
	X Non mesurable														

Table 4 .1 -Cell response to the staining with Evans blue.

 4 

Figure 3.9 -Comparison of the characterization methods used to access biological parameters such as permeability, activity, cell cycle.

, 0.63gDW L -1 and 1700µm 3 . Cells cultivated under these conditions are referred as stress in erlenemeyer condition (SE).
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Chapter 2: Material and methods

Material and methods

aide pratique, le scotch c'est la vie ! Sébastien pour ton

Estimated cell volumes were classified into 27 classes of 200µm 3 width for distribution analysis.

The biomass volume was calculated as the sum of all individual volumes. 2.4.4.4 Index of potential disruption An index of potential cell disruption (IPCD) was calculated as the product of normalized cell volume (Vn) and normalized cell circularity (Cn) following equation 4.8. The cell volume Vx was normalized between 0 and 1 with minimum and maximum values set to 0 and 2600µm 3 (more than 90% of the cells were in this interval for all the distribution), respectively (equation 4.7).

The cell circularity Cx was normalized between 0 and 1 with minimum and maximum values set to 0.5 and 0.9, respectively (equation 4.8). Cells with volume or circularity outside of the respective ranges -which represented less than 10% of the population -were not accounted.