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I thank Florent Tarbouriech for having welcomed me into his company and having placed his trust in me. I would also like to thank Jean-Jacques Thibaut for having welcomed me within the R&D team and for having initiated the collaboration at the origin of this project. Ces travaux de thèse ont été réalisés dans le cadre d'une convention industrielle de formation par la recherche (Cifre) entre l'entreprise ostréicole Tarbouriech-Médithau, basée à Marseillan sur le bord de l'Etang de Thau, et deux instituts du Pôle Chimie Balard de l'Université de Montpellier : l'Institut des Biomolécules Max Mousseron (IBMM) et l'Institut Charles Gerhart Montpellier (ICGM). Ce projet est fortement ancré dans une dynamique économique régionale en Occitanie Est, visant à promouvoir les produits locaux, tout en favorisant les partenariats industriels et académiques.

Le programme de recherche initié s'inscrit dans une volonté large d'identification de composés valorisables présents dans certains mollusques bivalves d'élevage cultivés sur le bassin de l'Etang de Thau et en particulier par la société Tarbouriech-Médithau. Le projet à plus long terme s'intéresse à la découverte de composés à forte valeur ajoutée ciblant les secteurs de la nutraceutique, du cosmétique et des matériaux innovants.

Les travaux de doctorat présenté ici se sont concentrés sur l'huître comestible Crassostrea gigas permettant notamment d'aboutir à l'identification pionnière de biomolécules colorées. L'huître Crassostrea gigas cultivée par Tarbouriech-Médithau bénéficie d'un mode d'élevage par cycles d'exondation programmés et protégé par un brevet-société, lui conférant des caractéristiques organoleptiques appréciées des amateurs et des professionnels gastronomiques. Au-delà de ses qualités gustatives, la coquille présente un esthétisme naturel particulier. Sa surface interne est éclatante et légèrement iridescente, la partie extérieure est quant à elle marquée de motifs rosepourpres, particulièrement exprimés lors des périodes de forte croissance de la coquille.

L'ostréiculture représente l'une des activités aquacoles les plus développées, produisant de manière évidente une accumulation directe de coquilles. Face à ce qui devient un problème environnemental, nous nous sommes dans un premier temps intéressés aux solutions développées dans la littérature scientifique pour recycler cette source de matière première en Résumé accord avec les principes de la chimie durable. Après avoir réalisé un aperçu argumentatif de cette question dans le premier chapitre, le manuscrit détaille les études expérimentales qui nous ont permis d'une part de proposer une caractérisation structurale du biomatériau principal, et d'autre part d'identifier des familles de biomolécules à l'origine de la coloration particulière de la coquille de l'huître Crassostrea gigas.

Les coquilles des mollusques bivalves sont des biomatériaux composites structurés. Leur formation résulte d'un processus de biominéralisation au cours duquel une matrice organique est produite par le manteau de l'animal en charge du contrôle de la nucléation et de la croissance de la phase inorganique constituée de carbonate de calcium (CaCO3). Le carbonate de calcium représente plus de 95 % de la masse de la coquille. Sous forme anhydre, il est décrit sous trois formes cristallines distinctes, la calcite, l'aragonite et la vatérite. La présence de certaines des formes dans la coquille est corrélée au stade de développement de l'animal ainsi qu'à la couche minérale considérée. Chez certains bivalves Ptériomorphes (moule, huître perlière), la couche externe de la coquille (couche prismatique) est composée de calcite, différant de la couche interne (la nacre) composée d'aragonite. La matrice organique représentant entre 1 et 5 % de la masse de la coquille des mollusques, est principalement constituée de protéines, peptides, chitine, polysaccharides, lipides et autres molécules de faibles poids moléculaires.

L'étude structurale de la coquille de l'huître Crassostrea gigas élevée par Tarbouriech-Médithau selon des cycles d'exondation programmée a tout d'abord été conduite par microscopie électronique à balayage. Cette méthode permettant d'observer l'arrangement structural général du matériau à l'échelle micronique et submicronique, nous a permis d'étudier la couche interne, mettant en évidence un arrangement microstructural de lamelles superposée d'une épaisseur individuelle d'environ 100-400 nm (longueur > 20 μm), décrit dans la Résumé littérature comme la microstructure foliée. La surface de la couche interne est tapissée par ces lamelles de largeur individuelle allant jusqu'à environ 10 μm, un arrangement structural à l'origine de la faible iridescence résultant de l'interférence de la lumière diffractée sur la surface interne de la coquille. La coupe transversale d'un échantillon de coquille permet d'observer une microstructure crayeuse interrompant la couche foliée. Cette structure est caractérisée par une distribution hétérogène de lamelles formant des pores allant jusqu'à 10 μm 3 de volume. Cet assemblage est visible à l'oeil sous forme de dépôts blancs, d'une étendue allant jusqu'à plusieurs centimètres carrés de surface, distribués sous la surface foliée. La couche extérieure est caractérisée par un assemblage de prismes comme on peut l'observer dans la nature avec les orgues basaltiques. Chaque prisme présente une épaisseur allant jusqu'à 20 μm et une longueur allant jusqu'à 100 μm. L'assemblage de ces prismes est décrit dans la littérature comme la microstructure prismatique.

Notre étude de la structure cristalline du CaCO3 constituant la phase inorganique de la coquille a été conduite par diffraction des rayons X sur poudre. Un échantillonnage représentatif de la coquille a permis de mettre en évidence la présence de calcite, une structure cristalline de maille élémentaire de type rhomboédrique. Ces résultats sont en accord avec les données rapportées dans la littérature concernant la structure générale de la coquille des huîtres de la famille Ostreidae, ne permettant pas de mettre en évidence une corrélation quelconque entre le mode d'élevage par cycles d'exondation programmés et la nature de la structure cristalline du carbonate de calcium et de ses arrangements structuraux à l'échelle submicronique.

Résumé

L'esthétisme si particulier lié à la couleur rose-pourpre des huîtres d'élevage Tarbouriech-Médithau a été étudié dans un second temps, peu de données rapportées de la littérature scientifique permettant d'obtenir des informations précises sur l'origine et la nature de ces pigments. D'un point de vue macroscopique, les motifs rose-pourpres sont distribués sur la couche extérieure de la coquille sous forme de bandes plus ou moins régulières et de tailles variables. A l'échelle submicronique, ces motifs ne présentent pas de différences structurales avec la couche extérieure non colorée, formée de l'assemblage de prismes précédemment mentionné. L'étude des composés contribuant à cette couleur a ainsi été conduite à partir de fragments de coquille entièrement colorés. Un protocole expérimental minutieux a été mis au point puis réalisé. Après décontamination, les fragments colorés ont été dissouts en milieu aqueux acide, la solution filtrée présentant des teintes allant du pourpre au violet en fonction du pH indiquant la présence de pigments solubles en milieux aqueux acides et aux propriétés halochromiques. Si les résidus insolubles caractérisés à l'échelle submicronique ont révélé une structure alvéolaire de polygones, typique de la matrice interprismatique, les solutions de fragments de coquille entièrement colorés dissous dans l'acide (ASM POS ) ont quant à eux été étudiés par spectroscopie de fluorescence et d'absorption UV-visible. Nos études ont démontré qu'à une longueur d'onde d'excitation d'environ 400 nm, l'ASM POS émet une photoluminescence entre 550 et 750 nm. Cette caractéristique peut être traduite visuellement par une photoluminescence rose-rouge en plaçant un échantillon d'ASM POS sous une lumière monochromatique d'environ 400 nm. En spectroscopie d'absorption UV-visible, la longueur d'onde d'excitation à environ 400 nm se traduit sous la forme d'une bande connue dans la littérature comme la bande de Soret, caractéristique de nombreuse porphyrines, une famille de pigments hétérocycliques.

Résumé

Pour définir plus précisément la composition de l'ASM POS , cet extrait a ensuite a été étudié par chromatographie liquide en phase inverse couplée à un détecteur à barrette de diodes ainsi qu'à un spectromètre de masse haute résolution. L'analyse de l'ASM POS a révélé la présence d'une famille de composés absorbant dans le domaine visible du spectre électromagnétique de la lumière. Parmi ces composés, un signal caractéristique de l'uroporphyrine a pu être attribué par analyse comparative avec un standard commercial d'uroporphyrine, permettant pour la première fois d'identifier la présence de porphyrines dans une coquille d'huître comestible. Ce composé contribue ou est très certainement responsable de l'émission rose-rouge sous lumière monochromatique de 400 nm.

Suivant une méthodologie similaire, une autre famille de composés a également pu être identifiée, dont l'acide xanthurénique. Dans le chapitre trois, nous détaillons les expériences et schémas de pensée qui nous ont permis d'identifier ce composé caractéristique de la voie de biosynthèse d'une famille de pigments propre aux invertébrés. L'investigation structurale par spectrométrie de masse en tandem d'un ensemble de pigments a montré une proximité structurelle avec l'acide xanthurénique, laissant supposer l'identification potentielle de cette famille de pigments associée à la voie de biosynthèse de l'acide xanthurénique.

Enfin dans une dernière partie, trois méthodes d'extraction des pigments acido-solubles sont exposées, proposant des méthodologies détaillées pour la préparation d'échantillons décalcifiés et concentrés en pigments.

Résumé

Ces travaux de thèse, ont permis de mettre en évidence pour la première fois la présence de pigments de la famille des porphyrines mais également d'autres composés colorés, squelettes structuraux dérivant de l'acide xanthurénique et évoquant la présence potentielle d'ommochromes. Si les tests d'applicabilité dans différents domaines sont en cours, les méthodes d'extraction des pigments pourpres ainsi que leur identification, ouvrent la voie à des applications en lien avec les secteurs d'activités visés et pourraient ainsi permettre d'imaginer la mise en place dans un futur proche de procédés de recyclage innovants des coquilles de l'huître Crassostrea gigas, un secteur économique écoresponsable en expansion dans la Région Occitanie Est, dans lequel la société Tarbouriech-Médithau souhaite s'investir. 
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INTRODUCTION Introduction

This PhD program was carried out in a partnership between the oyster farming company Tarbouriech-Médithau, located on the edge of the Thau lagoon, and two institutes of The Balard Chemistry Centre of The University of Montpellier: The Institute of Biomolecules Max Mousseron (IBMM) and The Institute Charles Gerhart Montpellier (ICGM) (Fig. 1). This project is in line with a dynamic economy in Eastern Occitanie (France), aiming to promote local products while supporting industrial and academic partnerships. The research program initiated by this thesis is a part of a wider desire to identify valuable compounds from bivalves farmed in the Thau lagoon, in particular by Tarbouriech-Médithau.

The longer-term project is interested in the recycling of shells and the identification of compounds with high-performances for application in nutraceuticals, cosmetics and innovative materials. The oyster Crassostrea gigas farmed by Tarbouriech-Médithau and studied here benefits from an innovative aquaculture method. It consists to emerge oysters at a given frequency for a given period. This method, protected by a patent 1 , allows the production of oysters with organoleptic properties appreciated by gastronomic amateurs and professionals.

Beyond its gustatory qualities, its shell has a natural aestheticism, the inner surface is bright and slightly iridescent and the outer layer is characterised by purple patterns, particularly expressed during periods of high growth (Fig. 2). These two characters are studied here. We propose, on the one hand, to characterise the structure of this biomaterial, and on the other hand, to identify the biomolecules contributing to this colour. Oyster farming represents one of the most developed aquaculture activities, obviously producing a direct accumulation of shells. In the first chapter, after a general overview of the morphology and structure of oyster shells, in relation to their phylogenetic distribution, we will describe the recent solutions for the recycling of this natural source of raw materials.

Subsequently, an argumentative analysis of the different applications is proposed. In a second chapter devoted to the shell purple patterns, we will disclose the structural and physicochemical investigations that made possible the identification of a group of compounds well-known among molluscan shell pigments (Fig. 4) [START_REF] Williams | Molluscan shell colour[END_REF] . A potential metabolic origin is proposed and could provide significant knowledge to the shell pigmentation process. A second group of pigments is proposed in a third chapter. Based on the identification of a key metabolite of their biosynthetic pathway (Fig. 5), we will describe the preliminary results that tend to converge towards this group of pigments. Finally, we will address in a final chapter the extraction methods that enabled to prepare samples concentrated in pigments ready for structural investigations. In particular, we will examine the concepts and key parameters allowing their selective extraction from the calcareous matrix.

These thesis works, in particular the extraction methods of pigment as well as their identification, open the way to applications related to the targeted sectors and could allow in a near future to innovative recycling of shells of the oyster Crassostrea gigas.

I. OYSTER SHELL RECYCLING: APPLICATIONS AND FUTURE PROSPECTS

Oyster farming represents one of the most developed aquaculture activities, producing delicacies unfortunately related to a direct accumulation of waste shells. Facing what is becoming an environmental issue, chemists are currently developing solutions to recycle this wild source of raw material in line with the principles of sustainable chemistry.

An argumentative overview of this question is proposed in this chapter, with a focus on recent data. The reuse of bivalve shells is a well-documented topic for basic applications [START_REF] Yao | Bivalve shell: not an abundant useless waste but a functional and versatile biomaterial[END_REF][START_REF] Morris | Shells from aquaculture: a valuable biomaterial, not a nuisance waste product[END_REF] , but information focusing specifically on the oyster shell, its structure, its use as a valuable waste, its processing and its potential applications are dispersed in the literature. This chapter focuses on the need to find value in the waste oyster shells while avoiding a discussion of the production of pearls and flesh, which is already well documented in the scientific literature [START_REF] Chellam | Pearl oyster farming and pearl culture[END_REF][START_REF] Nagai | A history of the cultured pearl industry[END_REF][START_REF] Campbell | Hydrodynamic effects on oyster aquaculture systems: a review[END_REF] .

Starting by a brief overview of the environmental impact of oyster farming, a description of the shell structure is then outlined. Existing and promising applications deriving from oyster shell processing are classified according to the type of raw materials, namely the natural oyster shell (NOS), the calcined natural oyster shell (CNOS) and biomolecules of the organic matrix extracted from the oyster shell. Their relevance is discussed in regard to their scalability, originality and sustainability.

I.1. OYSTERS: GENERALITIES AND ENVIRONMENTAL ISSUES

Oysters belong to the morphological conservative phylum of molluscs. These organisms reveal clues on the Mesozoic and Paleozoic Eras and the history of Earth in general, opening effective windows into the past for palaeontologists [START_REF] Márquez-Aliaga | Early oysters and their supposed Permian ancestors[END_REF][START_REF] Checa | Further comments on the origin of oysters[END_REF][START_REF] Hautmann | Shell morphology and phylogenetic origin of oysters[END_REF] . Making the headlines in newspapers few years ago, an unexpected discovery highlighted a large prehistoric oyster fossil of approximately 7 inches wide [START_REF] Wrenn | The 100-million-year-old oyster, ten times normal size, which will undergo MRI scan to see if it contains the world's biggest pearl[END_REF] . Naturally and later by farming, oysters have expanded their habitat to reach a global occupancy across salty waters, oceans and seas, excepted in the polar regions [START_REF] Mouchi | Chalky versus foliated: a discriminant immunogold labelling of shell microstructures in the edible oyster Crassostrea gigas[END_REF] . While the research group of Walter et al. (2000) reported evidence of oyster consumption by early humans 125,000 years ago, the first historic traces of oyster cultivation date back to 2,000 years BC by Japanese civilisations, 400 years BC by Greeks and approximately 100 years BC by Romans [START_REF] Walter | Early human occupation of the Red Sea coast of Eritrea during the last interglacial[END_REF] . Used for millennia, this mollusc is a familiar seafood and is also used for body art and decoration.

I.1.1. Phylogenetic classification

Oysters are marine invertebrates. In particular, the genus Crassostrea includes more than thirty species; the most consumed species, Crassostrea gigas, is also known by more than fifteen synonyms and is commonly named Pacific or Japanese oyster (Fig. 6). Ostrea edulis, well known as European flat or Belon oysters, are sought after for their flavour. Olympia oysters are the only indigenous of the Pacific States. Sydney rock oysters are native to Australia, and Kumamoto oysters must also be mentioned, being the most popular oysters in the United States.

Pearl oysters, members of a distinct order (Pterioida), are farmed for the production of pearl and nacre. The most famous farmed species are from the genus Pinctada (Pinctada fucata, Pinctada martensii, Pinctada maxima, and Pinctada margaritifera) (Fig. 6). In the genus Pteria, more than thirty different are reported; of particular note are Pteria penguin (Fig. 6) Pteria sterna, and Pteria avicular.

Recently, new subfamily and genus were proposed via RNA sequence-structure approach, useful to describe cryptic taxa. These designations are currently not in use by the International Commission on Zoological Nomenclature [START_REF] Salvi | Molecular taxonomy in 2D: a novel ITS2 rRNA sequencestructure approach guides the description of the oysters' subfamily Saccostreinae and the genus Magallana (Bivalvia: Ostreidae)[END_REF] .

Fig. 6 The phylogenetic classification of oysters according to the World Register of Marine Species, with the most common edible oyster, C. gigas (Japanese oyster); the queen of cultured pearl oysters, P. margaritifera also known as the black-lipped oyster [START_REF] Cochennec-Laureau | Espèces d'huîtres perlières : Pinctada margaritifera[END_REF] and P. penguin [START_REF] Nazar | New record of pearl fish Onuxodon margaritiferae (Rendahl, 1921) from Andaman Islands[END_REF] .

I.1.2. Production: the main set of data

Whether for consumption or the generation of pearls, the vast majority of oyster production comes from oyster farming. In both cases, the proportion of material that is actually valued in the form of foodstuff or pearls represents a negligible part, less than 10% of the whole mass.

According to the FAO, in 2015, the world oyster production totalled nearly 5.2 million metric tons live weight, representing approximately 4.7 million metric tons of shells. Although C.

gigas is prone to diseases, the production of this most easily farmed species [START_REF] Lee | Hydrodynamic effects on growth performance of the Pacific oyster Crassostrea gigas cultured in suspension in a temperate bay on the coast of Korea[END_REF] has remained stable over the last decade. By the beginning of twenty-first century, China is the largest oyster producer, accounting for almost 85% of worldwide production [START_REF] Botta | A review of global oyster aquaculture production and consumption[END_REF] .

I.1.3. Environmental issues

The increasing amount of oyster shells and additional waste starts to be considered a real environmental issue. For example, in South Korea the annual amount is estimated at approximately 300,000 tons of oyster shells covering 4,100 ha of coastline. For Taiwan, this figure is estimated at 25,000 tons [START_REF] Wei | Co-sintering oyster shell with hazardous steel fly ash and harbor sediment into construction materials[END_REF] . Without treatment, piles of oyster shells produce sanitation problems and foul-smelling noxious odours due to the decomposition of the remaining attached flesh. Being non-biodegradable, the oyster shells modify local soils, natural waters, and marine ecosystems, especially if their disposal is not controlled [START_REF] Mohamed | Decomposition study of calcium carbonate in cockle shell[END_REF] . The answer to this ecological challenge should be strongly correlated with the value of oyster shell as a raw material, especially in regions where oyster farming constitutes a large part of the local economy.

I.2. STRUCTURE OF OYSTER SHELLS

I.2.1. General morphology

The soft body of oysters is protected by a shell, an exoskeleton composed of two asymmetrical calcareous valves. The dorsal valve, which acts as a lid, is always less broad and less deep than the ventral valve, which usually rests on the sea bottom or is involved in the cementation process. This variation in shape is particularly pronounced in the genus Crassostrea. The beak is the growth origin of the exoskeleton where the two valves are articulated but not joined.

Indeed, the valves are joined together by a hinge ligament, a hinge plate and a hinge dentition allowing articulation [START_REF] Carter | Illustrated glossary of the Bivalvia[END_REF] . As is the case for most bivalve shells, the hinge ligament is made of two layers [START_REF] Ubukata | A theoretical morphologic analysis of bivalve ligaments[END_REF] . The lamellar layer, an elastic organic material, and the fibrous layer, a composite of aragonite and organic material that is elastic only under compressional stress. The umbo is the convex part of the shell, located around the beak, sometimes coinciding with it [START_REF] Carter | Illustrated glossary of the Bivalvia[END_REF] .

Oyster shells show ribs as a common sculptural external feature of bivalve shells. Four main categories of ribs can be observed in bivalves, namely, radial, commarginal, oblique and antimarginal; these ribs are not all found in all oyster shells, as described in Fig. 7 [START_REF] Checa | Rib fabrication in Ostreoidea and Plicatuloidea (Bivalvia, Pteriomorphia) and its evolutionary significance[END_REF] . Variability is observed among oysters. Ostreidae shells are slightly rounded with ribs, the edge can be elongated, circular or irregular [START_REF] Galtsoff | The American oyster Crassostrea virginica Gmelin[END_REF] . Nacreous shells of oysters from the Pteriidae family have a different morphology depending on the species [START_REF] Chellam | Pearl oyster farming and pearl culture[END_REF][START_REF] Wada | Taxonomy and phylogeny[END_REF] . The ligostracum, a discrete calcified layer, has been reported in various oysters from the family Ostreidae [START_REF] Carriker | A new mineralized layer in the hinge of the oyster[END_REF] , it connects the periostracum to the valves [START_REF] Carriker | A new mineralized layer in the hinge of the oyster[END_REF][START_REF] Carter | Illustrated glossary of the Bivalvia[END_REF] (Fig. 8). The adductor muscle scar is a print located on the shell inner surface corresponding to the attachment site of the adductor muscle [START_REF] Lee | Primary structure of myostracal prism soluble protein (MPSP) in oyster shell, Crassostrea gigas[END_REF][START_REF] Lee | Characteristics of the aragonitic layer in adult oyster shells, Crassostrea gigas: structural study of myostracum including the adductor muscle scar[END_REF][START_REF] Carter | Illustrated glossary of the Bivalvia[END_REF] . Depending on the specimen, the scar is generally coloured from bright white to white-and dark-purple in specimens of C. gigas [START_REF] Lee | Characteristics of the aragonitic layer in adult oyster shells, Crassostrea gigas: structural study of myostracum including the adductor muscle scar[END_REF] due to the hypothetical presence of melanin [START_REF] Hao | Extraction and identification of the pigment in the adductor muscle scar of Pacific oyster Crassostrea gigas[END_REF] . This morphological diversity is the result of concentric mineralisation affected by seasonal and environmental conditions [START_REF] Checa | Rib fabrication in Ostreoidea and Plicatuloidea (Bivalvia, Pteriomorphia) and its evolutionary significance[END_REF] . The scientific literature is repleted with useful information on the shell formation and biomineralisation processes [START_REF] Mann | Biomineralization: principles and concepts in bioinorganic materials chemistry[END_REF][START_REF] Addadi | Mollusk shell formation: a source of new concepts for understanding biomineralization processes[END_REF][START_REF] Furuhashi | Molluscan shell evolution with review of shell calcification hypothesis[END_REF][START_REF] Marin | The formation and mineralization of mollusk shell[END_REF][START_REF] Cuéllar-Cruz | Synthesis of inorganic and organic crystals mediated by proteins in different biological organisms. A mechanism of biomineralization conserved throughout evolution in all living species[END_REF][START_REF] Marin | Mollusc shellomes: past, present and future[END_REF] , structure [START_REF] Chateigner | Mollusc shell microstructures and crystallographic textures[END_REF][START_REF] Kobayashi | Bivalve shell structure and organic matrix[END_REF][START_REF] Barthelat | A review on the structure and mechanical properties of mollusk shellsperspectives on synthetic biomimetic materials[END_REF][START_REF] Popov | Formation of bivalve shells and their microstructure[END_REF] and mechanical properties [START_REF] Barthelat | A review on the structure and mechanical properties of mollusk shellsperspectives on synthetic biomimetic materials[END_REF][START_REF] Currey | The mechanical behaviour of some molluscan hard tissues[END_REF][START_REF] Currey | Further studies on the mechanical properties of mollusc shell material[END_REF] of mollusc shells in a general, and the interested reader is directed to the corresponding articles. 

I.2.2. General composition

The oyster shell is a biogenic composite of mainly anhydrous calcium carbonate (> 95 wt.%) in association with an organic matrix (up to 5 wt.%) secreted by the mantle and constituted by a collection of macromolecules [START_REF] Barthelat | A review on the structure and mechanical properties of mollusk shellsperspectives on synthetic biomimetic materials[END_REF] . Among oyster shells, polymorphs of anhydrous calcium carbonate (CaCO3) are well known as either calcite or aragonite. No present publication describes the vaterite polymorph; amorphous calcium carbonate has been identified only in larval shells [START_REF] Weiss | Mollusc larval shell formation: amorphous calcium carbonate is a precursor phase for aragonite[END_REF][START_REF] Lee | Characteristics of calcification processes in embryos and larvae of the Pacific oyster, Crassostrea gigas[END_REF][START_REF] Miyazaki | Expression of genes responsible for biomineralization of Pinctada fucata during development[END_REF][START_REF] Lee | Mechanical characteristics and morphological effect of complex crossed structure in biomaterials: fracture mechanics and microstructure of chalky layer in oyster shell[END_REF] or as a precursor of the aragonite phase in the diseased shell of P. fucata [START_REF] Huang | Amorphous calcium carbonate: a precursor phase for aragonite in shell disease of the pearl oyster[END_REF] .

Nevertheless, using focused ion beam transmission electron microscopy (FIB-TEM), recent studies on the microtexture of larval oyster shells of C. nippona and P. fucata question the occurrence of an amorphous calcium carbonate phase [START_REF] Kudo | Microtexture of larval shell of oyster, Crassostrea nippona: a FIB-TEM study[END_REF][START_REF] Yokoo | Microstructures of the larval shell of a pearl oyster, Pinctada fucata, investigated by FIB-TEM technique[END_REF] . Considering that FIB-TEM analysis can lead to artefacts [START_REF] Yokoo | Microstructures of the larval shell of a pearl oyster, Pinctada fucata, investigated by FIB-TEM technique[END_REF] , the authors did not observe sufficient evidence of amorphous calcium carbonate. In the same way, in vivo confocal Raman microscopy, polarised light microscopy and IR Fourier transform (IRTF) spectroscopy were employed to investigate larval shells of C. gigas and C. virginica [START_REF] Ramesh | In vivo characterization of bivalve larval shells: a confocal Raman microscopy study[END_REF] . Again, no evidence for an amorphous calcium carbonate phase instead of aragonite was observed. Thus, the presence of amorphous calcium carbonate in larval oyster shells is still an open question.

On the other hand, biomacromolecules such as proteins, peptides, chitin, polysaccharides, lipids and other low-molecular-weight molecules are part of the shell organic matrix [START_REF] Feng | Identification of conserved proteins from diverse shell matrix proteome in Crassostrea gigas: characterization of genetic bases regulating shell formation[END_REF] . The composite structure of the oyster shell results from a biomineralisation process that affects each of the specific functional structures 31 . To briefly summarise, oyster shell formation is regulated by haemocytes and mantle edge epithelial cells of the mantle, which cover the shell inner layer [START_REF] Barthelat | A review on the structure and mechanical properties of mollusk shellsperspectives on synthetic biomimetic materials[END_REF][START_REF] Ivanina | Biomineralization-related specialization of hemocytes and mantle tissues of the Pacific oyster Crassostrea gigas[END_REF][START_REF] Jayasankar | Nacre formation by epithelial cell cultures from mantle of the black-lip pearl oyster, Pinctada margaritifera[END_REF] . As presumed for the formation mechanism of the foliated microstructure in shell of C. gigas [START_REF] Lee | Nano-structured biogenic calcite: a thermal and chemical approach to folia in oyster shell[END_REF] , the organic matrix plays a critical role in the control of CaCO3 crystal nucleation, orientation, polymorphism and size [START_REF] Lee | Characteristics of the aragonitic layer in adult oyster shells, Crassostrea gigas: structural study of myostracum including the adductor muscle scar[END_REF][START_REF] Cuif | Revisiting the organic template model through the microstructural study of shell development in Pinctada margaritifera, the Polynesian pearl oyster[END_REF] . In 2013, Wang et al. revisited and proposed a mechanism of shell growth from the soft body [START_REF] Wang | Oyster shell proteins originate from multiple organs and their probable transport pathway to the shell formation front[END_REF] . Recently, new insights and hypotheses have been proposed by Cuif et al. (2018) 60 and Zhang et al. (2019a) [START_REF] Zhang | Biomineralization mechanism of the pearl oyster, Pinctada fucata[END_REF] . The interrelatedness of the mineral and organic matrices controls the morphology and the shell mineralisation, having a direct impact on the variety of shapes, colours, mechanical and functional properties that ensure the survival of the living organism.

Shell composition can be affected by exposure of the mollusc to a specific diet in laboratory, as reported for immersion in high Pb(II) concentration [START_REF] Almeida | Modifications in Crassostrea gigas shell composition exposed to high concentrations of lead[END_REF] . Passive absorption in the tissues reached the shell through the mantle and influenced the shell amino acid secretion and organic matrix composition. A direct absorption on carbonate calcium is also a possible mechanism.

Most of the accumulated Pb(II) did not alter the general appearance of the shell and was likely to be deposited in the prismatic layer of the mineral phase. A long-term study on oysters collected from different places in the Gulf of Mexico highlighted a high variability in shell composition: the composition depended not only on the part of the shell but also on the spatial location along the coast. Bioaccumulation of heavy metals occurred even at very low concentrations (0-70 ppm) in the sediment (Fe > Mn > Cr > Zn > Pb > Cu > Cd). The orders of concentration in tissues (Zn > Cd > Cu > Mn > Pb > Fe > Cr) and shell (Cd > Cu > Zn > Mn > Pb > Fe > Cr) were slightly different from those in the sediment, suggesting a specific accumulation of metals. For Cu and Zn, bioaccumulation is probably related to their role in the physiology of oysters. For Cd(II), the concentration in the shell was approximately 35-42 times higher than that in the sediment; this difference probably resulted from the similarity in charge and size between Cd 2+ and Ca 2+ , which allows substitution in the carbonate structure [START_REF] Huanxin | Bioaccumulation of heavy metals in oyster (Crassostrea virginica) tissue and shell[END_REF] .

I.2.3. Main structural nano-, meso-and macro-organisation in oyster shells

The general structural layout of shells of adult oyster is presented in Fig. 8a. Each valve can be segmented into three superimposed layers of different structures and compositions [START_REF] Macdonald | Alignment of crystallographic c-axis throughout the four distinct microstructural layers of the oyster Crassostrea gigas[END_REF][START_REF] Mouchi | Chalky versus foliated: a discriminant immunogold labelling of shell microstructures in the edible oyster Crassostrea gigas[END_REF] . The outermost layer of the shell, named periostracum (3 in Fig. 8a) [START_REF] Fougerouse | Soft tissue anatomy, shell structure and biomineralization[END_REF] , is a proteinaceous thin layer [START_REF] Carter | Illustrated glossary of the Bivalvia[END_REF] . This organic skin seems to protect the shell from decalcification and/or abrasion and is a barrier against fouling [START_REF] Nakayama | Identification and characterization of a matrix protein (PPP-10) in the periostracum of the pearl oyster, Pinctada fucata[END_REF] . The periostracum is essential for the initial mineralisation [START_REF] Nakayama | Identification and characterization of a matrix protein (PPP-10) in the periostracum of the pearl oyster, Pinctada fucata[END_REF] . The middle ( 2in Fig. 8a) and inner (1 in Fig. 8a) shell layers, respectively the medial ostracum and hypostracum [START_REF] Fougerouse | Soft tissue anatomy, shell structure and biomineralization[END_REF] , are both an assemblage of CaCO3 with an organic framework. However, those layers exhibit different structural organisation. To describe this organisation, the mesoscale (2-50 nm) and the macroscale (> 50 nm) must be considered [START_REF] Carriker | Chemical elements in the aragonitic and calcitic microstructural groups of shell of the oyster Crassostrea virginica: a proton probe study[END_REF] . Carter and Clark (1985) proposed a structural classification of molluscan shell microstructures, including those commonly observed in oyster shells (i.e., the prismatic, nacreous and foliated microstructures) [START_REF] Carter | Classification and phylogenetic significance of molluscan shell microstructure[END_REF][START_REF] Morris | Biomimetic and bio-inspired uses of mollusc shells[END_REF] .

However, prismatic, nacreous and foliated microstructures can undoubtedly be identified based on their visual aspects, with specific surface areas varying from 10 -8 to more than 1 cm². The location of these microstructures differs from one species to another and even within a given species.

I.2.3.1. Calcitic columnar prismatic structure (CCP)

The CCP constitutes the main structure of the shell middle layer (2, Fig. 8a) in both Pteriidae and Ostreidae [START_REF] Checa | The nature and formation of calcitic columnar prismatic shell layers in pteriomorphian bivalves[END_REF][START_REF] Harper | Origin and expansion of foliated microstructure in pteriomorph bivalves[END_REF] . This structure was initially observed only in the dorsal valve of shells of Ostreidae and in both valves of shells of Pteriidae 70 . More recently, MacDonald et al. (2010) revealed the presence of calcitic prisms in the outermost mineralised layer of both the dorsal and ventral valves of shells of C. virginica and C. gigas, with a lower prevalence in the ventral valve [START_REF] Macdonald | Alignment of crystallographic c-axis throughout the four distinct microstructural layers of the oyster Crassostrea gigas[END_REF] . This can be explained by the cementation of the shell on hard surfaces. Under natural conditions, only the ventral valve is involved in cementation, leading to a modification of the prismatic layer into a structure known as a ridge-and-furrow structure 72 . The CCP layer, which is well defined in the shell of P. radiata [START_REF] Nakahara | The formation and growth of the prismatic layer of Pinctada radiata[END_REF] , is a fragile layer that can be simply damaged by post manipulation of the shell once out of water.

The CCP structure consists of long irregular prismatic units [START_REF] Dauphin | Soluble organic matrices of the calcitic prismatic shell layers of two Pteriomorphid bivalves: Pinna nobilis and Pinctada margaritifera[END_REF] comparable to columnar basalt (Fig. 8c). Polygonal prisms are densely packed in aggregates and separated by a thick interprismatic organic matrix [START_REF] Checa | The nature and formation of calcitic columnar prismatic shell layers in pteriomorphian bivalves[END_REF][START_REF] Kobayashi | Scanning electron microscopic structure of the prismatic layer in the Bivalvia[END_REF][START_REF] Dauphin | In situ distribution and characterization of the organic content of the oyster shell Crassostrea gigas (Mollusca, Bivalvia)[END_REF] . In shells of Ostreidae, prisms are made of micronized calcitic laths like the underlying foliated layer (Fig. 8d) [START_REF] Checa | Crystallographic reorganization of the calcitic prismatic layer of oysters[END_REF][START_REF] Harper | Origin and expansion of foliated microstructure in pteriomorph bivalves[END_REF] , whereas in shells of Pteriidae, prisms are made of globular or rhombohedral nanounits. The nacre-prism boundary in shells of P. margaritifera was described by Dauphin et al. (2008) as a distinct fibrous zone with the organic matrix similar to that found in the nacreous layer [START_REF] Dauphin | Structure and composition of the nacre-prisms transition in the shell of Pinctada margaritifera (Mollusca, Bivalvia)[END_REF] . The Baronnet research group completed the description by reporting a substructure made of elongated round-shaped microdomains (approximately 100 nm) known as granules [START_REF] Baronnet | Crystallization of biogenic Ca-carbonate within organo-mineral micro-domains. Structure of the calcite prisms of the Pelecypod Pinctada margaritifera (Mollusca) at the submicron to nanometre ranges[END_REF] . In all cases, the microdomains are always encapsulated by an intraprismatic organic matrix [START_REF] Checa | The nature and formation of calcitic columnar prismatic shell layers in pteriomorphian bivalves[END_REF][START_REF] Baronnet | Crystallization of biogenic Ca-carbonate within organo-mineral micro-domains. Structure of the calcite prisms of the Pelecypod Pinctada margaritifera (Mollusca) at the submicron to nanometre ranges[END_REF][START_REF] Fougerouse | Soft tissue anatomy, shell structure and biomineralization[END_REF][START_REF] Okumura | Characteristics of biogenic calcite in the prismatic layer of a pearl oyster, Pinctada fucata[END_REF] . Some microdomains are fully amorphous, whereas others are single crystals of calcite [START_REF] Checa | The nature and formation of calcitic columnar prismatic shell layers in pteriomorphian bivalves[END_REF][START_REF] Baronnet | Crystallization of biogenic Ca-carbonate within organo-mineral micro-domains. Structure of the calcite prisms of the Pelecypod Pinctada margaritifera (Mollusca) at the submicron to nanometre ranges[END_REF] . More recently, nanosized monocrystals were identified by means of X-ray absorption spectroscopy in the prism of shell of P. fucata [START_REF] Gilbert | Measurement of c-axis angular orientation in calcite (CaCO3) nanocrystals using X-ray absorption spectroscopy[END_REF] . After decalcification, the interprismatic matrix revealed a polygonal shape (Fig. 8e) [START_REF] Dauphin | In situ distribution and characterization of the organic content of the oyster shell Crassostrea gigas (Mollusca, Bivalvia)[END_REF][START_REF] Dauphin | Soluble organic matrices of the calcitic prismatic shell layers of two Pteriomorphid bivalves: Pinna nobilis and Pinctada margaritifera[END_REF] . The intraprismatic matrix, which can be removed by proteolysis of the CCP to observe its location and sinuous shape, has not been extensively described [START_REF] Dauphin | Soluble organic matrices of the calcitic prismatic shell layers of two Pteriomorphid bivalves: Pinna nobilis and Pinctada margaritifera[END_REF] .

A recent study demonstrated the complexity of the prismatic structure in shell of P. margaritifera at the nanoscale using X-ray Bragg ptychography [START_REF] Mastropietro | Revealing crystalline domains in a mollusc shell single-crystalline prism[END_REF] . The CCP prism appears to be based on assembled granules that form coherent crystalline domains with a correlation length of approximately 400 nm (larger than the granule size).

I.2.3.2. Myostracal layer

The myostracal layer (or myostracum) is a hierarchically complex structure deposited at the site of adductor muscle attachment, the scar. The layer stretches from the edge of the adductor muscle scar to the umbo in the inner shell layer as a result of shell growth. As observed in the shell of adult C. gigas and regardless of the oyster family considered, the myostracum has a prismatic columnar structure of aragonite with an approximate thickness of 5 to 35 μm [START_REF] Lee | Characteristics of the aragonitic layer in adult oyster shells, Crassostrea gigas: structural study of myostracum including the adductor muscle scar[END_REF] .

Scanning electron microscopy (SEM) analysis has revealed needle-like, fine (< 0.2 μm) and closely packed prisms without observable interprismatic organic matrix (Fig. 8f) [START_REF] Macdonald | Alignment of crystallographic c-axis throughout the four distinct microstructural layers of the oyster Crassostrea gigas[END_REF] . While MacDonald et al. did not find any observable organic matrix by SEM, Lee et al. (2006), described the extraction of soluble proteins from myostracal prisms, suggesting the presence of an inter-and/or intraprismatic organic matrix [START_REF] Lee | Primary structure of myostracal prism soluble protein (MPSP) in oyster shell, Crassostrea gigas[END_REF] . With the hinge ligament and the ligostracum, these are the only aragonite structures observed in shells of Ostreidae [START_REF] Macdonald | Alignment of crystallographic c-axis throughout the four distinct microstructural layers of the oyster Crassostrea gigas[END_REF] .

I.2.3.3. Nacreous layer

The nacreous layer constitutes the lustrous and iridescent inner layer of shells of Pteriidae. This layer is largely observed among bivalves [START_REF] Marin | The formation and mineralization of mollusk shell[END_REF] but absent in shells of Ostreidae, for which, in some cases, the term "nacre" is falsely attributed to the foliated layer [START_REF] Kim | Effects of organic matrix proteins on the interfacial structure at the bone-biocompatible nacre interface in vitro[END_REF][START_REF] Oliveira | Identification of proteins with potential osteogenic activity present in the water-soluble matrix proteins from Crassostrea gigas nacre using a proteomic approach[END_REF][START_REF] Lu | Scalable recycling of oyster shells into high purity calcite powders by the mechanochemical and hydrothermal treatments[END_REF] . In material science, nacre refers to a well-defined "brick and mortar" structural layout, as observed in shells of bivalves [START_REF] Marin | The formation and mineralization of mollusk shell[END_REF] .

The nacreous layer has very specific and clear characteristics, including the presence of staggered tablets of aragonite with different shapes and sizes but of similar thickness (from less than 200 nm to 500 nm) (Fig. 8i). Densely and closely stacked tablets are separated by an organic layer too thin to be observable by SEM analysis 65,46,84,85 . Rousseau (2011) reported that nacre tablets from shells of Pinctada spp [START_REF] Rousseau | a natural biomaterial[END_REF] . are pseudohexagonal-shaped with a lateral extension of a few microns (approximately 2 to 10 μm, Fig. 8h), organised in parallel lamella of approximately 0.5 μm thick. Electron diffraction has established that each aragonite tablet is a single crystal [START_REF] Fougerouse | Soft tissue anatomy, shell structure and biomineralization[END_REF] , but Checa and Rodrı ǵuez-Navarro (2005) indicated that in shells of Pteriidae, early nacreous crystals are generally polycrystalline before becoming progressively individualised and monocrystalline [START_REF] Checa | Self-organisation of nacre in the shells of Pterioida (Bivalvia: Mollusca)[END_REF] . Very recently, Lertvachirapaiboon et al. (2018) succeeded in isolating aragonite plates from nacre to characterise their optical properties [START_REF] Lertvachirapaiboon | Optical properties of individual aragonite plates from nacre[END_REF] .

I.2.3.4. Folia structure

The folia structure accumulates at the inner shell layer (hypostracum), as does the nacreous structure [START_REF] Kobayashi | Bivalve shell structure and organic matrix[END_REF] . The foliated layer is visually similar to the nacreous. Folia has not been reported in shells of Pteriidae [START_REF] Popov | Formation of bivalve shells and their microstructure[END_REF] but is extensively highlighted in shells of Crassostrea spp., representing up to 60-70% of the global shell volume [START_REF] Lee | Characteristic crystal orientation of folia in oyster shell, Crassostrea gigas[END_REF][START_REF] Meng | Crystallographic interdigitation in oyster shell folia enhances material strength[END_REF] . The foliated structure is characterised by an assembly of thin sheets made of laterally joined calcitic blade-like laths (100-400 nm thick, 2-5 μm wide [START_REF] Lee | The correlation between organic matrices and biominerals (myostracal prism and folia) of the adult oyster shell, Crassostrea gigas[END_REF][START_REF] Marie | Novel proteins from the calcifying shell matrix of the Pacific oyster Crassostrea gigas[END_REF][START_REF] Lee | Mechanical characteristics and morphological effect of complex crossed structure in biomaterials: fracture mechanics and microstructure of chalky layer in oyster shell[END_REF] ) with arrow-point tips, as presented in Fig. 8j [START_REF] Checa | Crystallographic structure of the foliated calcite of bivalves[END_REF][START_REF] Marie | Novel proteins from the calcifying shell matrix of the Pacific oyster Crassostrea gigas[END_REF][START_REF] Popov | Formation of bivalve shells and their microstructure[END_REF][START_REF] Mouchi | Chalky versus foliated: a discriminant immunogold labelling of shell microstructures in the edible oyster Crassostrea gigas[END_REF] . The sheets are stacked perpendicular to the inner shell surface, forming a microstructure with a thickness > 100 μm in shells of C. gigas [START_REF] Lee | Characteristic crystal orientation of folia in oyster shell, Crassostrea gigas[END_REF][START_REF] Macdonald | Alignment of crystallographic c-axis throughout the four distinct microstructural layers of the oyster Crassostrea gigas[END_REF][START_REF] Marie | Novel proteins from the calcifying shell matrix of the Pacific oyster Crassostrea gigas[END_REF] (Fig. 8k). This highly ordered lamellar structure has a well-defined crystallographic orientation, as reported by Checa et al. (2007) [START_REF] Checa | Crystallographic structure of the foliated calcite of bivalves[END_REF] . At the mesoscale, Lee et al. (2008) highlighted the substructure of folia as single crystal calcitic globular nanograins of 30 to 50 nm encapsulated inside the organic phase, forming what they call an "organised foamlike structure" [START_REF] Sikes | Oyster shell protein and atomic force microscopy of oyster shell folia[END_REF][START_REF] Lee | Nano-structured biogenic calcite: a thermal and chemical approach to folia in oyster shell[END_REF][START_REF] Meng | Crystallographic interdigitation in oyster shell folia enhances material strength[END_REF] . It was assumed that the foliated microstructure stems from calcitic prisms composed of stacked laths [START_REF] Harper | Origin and expansion of foliated microstructure in pteriomorph bivalves[END_REF] .

I.2.3.5. Chalky deposits

Chalky deposits are white lens-shaped domains of more or less extent, randomly distributed throughout the whole inner layer of the shell, interrupting the extent of the folia [START_REF] Macdonald | Alignment of crystallographic c-axis throughout the four distinct microstructural layers of the oyster Crassostrea gigas[END_REF][START_REF] Marie | Novel proteins from the calcifying shell matrix of the Pacific oyster Crassostrea gigas[END_REF] . Such organisation is phylogenetically typical of oysters from the order Ostreida, as is the case in shells of C. gigas [START_REF] Mouchi | Chalky versus foliated: a discriminant immunogold labelling of shell microstructures in the edible oyster Crassostrea gigas[END_REF] , O. edulis and O. angasi [START_REF] Morton | First report of the European flat oyster Ostrea edulis, identified genetically, from Oyster Harbour, Albany, south-western Western Australia[END_REF] . The chalky deposits are characterised by the isotropic orientation and packing of the calcite plates, resembling in some aspect to the aggregation in sand-roses. Some deposits form aggregates of several layers [START_REF] Macdonald | Alignment of crystallographic c-axis throughout the four distinct microstructural layers of the oyster Crassostrea gigas[END_REF][START_REF] Marie | Novel proteins from the calcifying shell matrix of the Pacific oyster Crassostrea gigas[END_REF] with a size of several tens of micrometres in length and 100 to 500 nm in thickness (Fig. 8g). In this isotropic organisation, the layers are not closely packed but essentially remain in contact at the edges, resulting in a large void [START_REF] Lee | Mechanical characteristics and morphological effect of complex crossed structure in biomaterials: fracture mechanics and microstructure of chalky layer in oyster shell[END_REF] between layers with a volume up to 10 μm 3 . A more detailed description of this microstructure in the shell of C. angulata was recently published [START_REF] Checa | Structure and crystallography of foliated and chalk shell microstructures of the oyster Magallana: the same materials grown under different conditions[END_REF] . The origin and role of chalky deposits, considered as heterogeneities in the structure of the shell, could be related to a shell disease [START_REF] Lee | Nano-structured biogenic calcite: a thermal and chemical approach to folia in oyster shell[END_REF] or as a response to environmental stimulus [START_REF] Margolis | Microstructure of chalky deposits found in shells of the oyster Crassostrea virginica[END_REF] . Due to its porosity, the chalky structure has been proposed to act as a shell lightener resulting from an adaptation to soft substrates [START_REF] Mouchi | Chalky versus foliated: a discriminant immunogold labelling of shell microstructures in the edible oyster Crassostrea gigas[END_REF][START_REF] Tassanakajon | Biotechnology of marine invertebrates -recent advances in shrimp and shellfish. in Fisheries for global welfare and environment[END_REF][START_REF] Chinzei | Adaptation of oysters to life on soft substrates[END_REF][START_REF] Banker | Structure and distribution of chalky deposits in the Pacific oyster using x-ray computed tomography (CT)[END_REF] . Similarly, Taylor and Layman, (1972) suggested that chalky deposits could act as crack stoppers, as do pores in bones [START_REF] Taylor | The mechanical properties of bivalve (Mollusca) shell structures[END_REF] .

I.2.3.6. Ligostracum

The ligostracum, a discrete layer only observed in shells of Ostreidae, is located in the inner shell layer, it binds the foliated shell layer to the hinge ligament and seems specialised in dorsal flexion. The aragonite polymorph forms a prismatic structure of 8 to 16 μm thick and approximately 1-6 μm width (Fig. 8l) [START_REF] Carriker | A new mineralized layer in the hinge of the oyster[END_REF] .

I.2.4. Conclusion

Oysters arise from two distinct orders whose shell composition and structural layout are distinct (Table 1). This phylogenetic morphotype is essential in some applications. 

I.3. APPLICATIONS OF OYSTER SHELLS

The biochemical composition of the shell is highly reliant on the breeding environment and bioaccumulation processes, especially towards heavy metals 101,[START_REF] Huanxin | Bioaccumulation of heavy metals in oyster (Crassostrea virginica) tissue and shell[END_REF]102 . This point is important to keep in mind from the perspective of health applications, such as the trending use as a source of natural calcium in nutritional supplements for adults and children 103,104 .

Natural oyster shell (NOS), calcined natural oyster shell (CNOS) and biomolecules of the organic matrix extracted from the oyster shell constitute the raw materials for any potential application. The following sections provide a critical description of valuable routes including processing methods when necessary.

I.3.1. Potential applications of NOS

Before any treatment, shells are generally decontaminated of organic substances and salts by radiation, thermal treatment, brushing or oxidation with soaking solutions. In most cases, shells are roughly crushed to reduce storage and transport volumes. Milling gives a uniform and easyto-use powder, allowing to increase the available specific surface area for chemical and physical transformations 105 . The mother of pearl (the inner layer of shells of Pteriidae) is highly prised especially for body art and fashion purposes. In this case, the animal is specifically farmed for its shell and pearl, only requiring a surface treatment followed by shaping.

I.3.1.1. Food and cosmetic industries

NOS powder is a relevant source of calcium, offering real value for food (animal or human), nutraceutical or cosmetic purposes. NOS powder is a potential natural alternative for synthetic phosphate in pork-based products and has attracted substantial interest 109,110 . With a clean label, this calcium source acts as a real additive for food and health products 111,112 or animal feeding [113][114][115][116] . Different oyster shell powders are commercially available for their benefit effects against bone-related deficiencies.

For the development of such products, the granulometry of the oyster shell powder and its association with other elements have a direct influence on the bioavailability and solubility of calcium as was observed on ovariectomised and albino rats by oral administration 117,118 . The oral uptake of Mg-, Fe-, Cu-and Zn-rich mollusc shell powder carries health benefits, however, the high bioaccumulation ability of oyster shell, higher than that of eggshells, suggests that traces of toxic heavy metals may often be present or can lead to adverse effect by oral or dermal route 119 . Therefore, caution and safety-oriented approaches are recommended for food, animal feeding or other human uses. To protect humans from exposure and consumption, different organisations have specified allowable levels of heavy metals. As an example, an evaluation of NOS powders of P. margaritifera from French Polynesia revealed that calcium constitutes 40% of the total weight of the shell. If we consider a human intake of 2.5 g per day, the levels of hazardous metals such as Cd, As, Hg and Pb are lower than the maximum levels authorised by food committees 120 .

I.3.1.2. Medical uses

Nacre produced by oysters of the genus Pinctada have been considered as a prime candidate for bone tissue bioengineering applications, as this biomaterial is compatible with bone tissues and has high mechanical properties [START_REF] Zhang | a natural, multi-use, and timely biomaterial for bone graft substitution[END_REF] . Based on in vitro and in vivo studies, nacre was described as a natural, biocompatible and biodegradable biomaterial with osteoinductive, osteointegrative and osteoconductive properties and was therefore extensively studied for its bone substitution capacity. One of the first historical instances of the use of nacre in bone tissue bioengineering was reported in 1931 in the lower jawbone of a Mayan individual (Fig. 9) 121 . Surface adsorption is a possible explanation, in addition to the formation of poorly soluble metal hydroxides or metal carbonates. Such decontamination or stabilisation is also dependent on the CaCO3 mineral 135 , on the pH, aerobic conditions, ion composition and counter-ion but in general, the efficiency of NOS to stabilise soil has been established. Some studies mentioned a putative role of chitin occurring in the organic matrix of the shell and its possible coordination of heavy metal cations.

Although not enriched in carbon, NOS powder can be a source of carbon for plant growth; besides, the presence of residual NaCl is apparently not injurious in most cases 144 . Combining NOS and biochar or biopolymer improves soil fertility, carbon sequestration and worm activity 145,146 . Given the over-use of fertilisers, especially in agriculture, and the resulting deterioration in water quality, NOS powders were found to be effective in phosphorus removal and are applicable as a beneficial media in artificial wetland systems 147,148 . I. 3.1.3.2. Water treatment Living oysters are well-known for their capacity to reduce eutrophication in natural water 149 , as well as metals cations, plastic particles and other chemicals in some cases [150][151][152][153][154] . Although, high efficiency is not always achieved, the list of pollutants that can be potentially removed by NOS is summarised in Table 3, including anions, cations, organics such as antibiotics 155 , neurotoxins 156 and nitrogen 157 . Two major phenomena can explain the ability of NOS to remove such pollutants: first, the ionic interaction between ions and the surface of NOS; and second, the precipitation on the NOS surface of insoluble salts resulting from the presence of carbonate, calcium and hydroxyl.

Unfortunately, many experimental parameters are not systematically reported which limits comparability between the different studies. The shell structure and its microstructures are parameters that can drive the ability of NOS to adsorb pollutants as this was shown for the different adsorption behaviours between the prismatic and nacreous layers 170 . The organic matrix may also participate in the complexation of cations and can explain why removal is more efficient with NOS than with calcined NOS.

Thanks to its porous structure and its buffering properties, NOS in collaboration with microorganisms is also relevant in eco-friendly remediation of wastewater achievable in packed-bed bioreactors 176,177,165,[178][179][180][181][182][183] . In general oyster shells served a threefold purpose: as a biofilm carrier, a source of organic carbon and as a basifying agent 182,184,185 . Research conducted in this field has also been developed at the pilot-plant scale using oyster shells mixed with inorganic minerals like zeolite for phosphorous and nitrogen removal 186 or for the growth of biofilms. 187 NOS is efficient to remove a wide range of pollutants from wastewater at various processing scale, it would be interesting to evaluate its sorption capacity towards highly hazardous pollutants. NOS could also be a relevant fixing support in aquaculture as it is the case for the development of larvae C. gigas in hatchery 188 or waste water treatment. I. 3.1.3.3. Dechlorination of waste This is certainly not the most appealing route for recycling oyster shells, but surely a useful and simple application. When mixed with polyvinyl chloride (PVC), NOS neutralises harmful hydrochloric acid resulting from PVC incineration with an efficiency similar to commercially available calcium carbonate and with CaCl2 as by-products 189,190 .

I.3.1.4. Material synthesis

I. 3.1.4.1. Composites Recent researches demonstrate that NOS can be used as filler in polymers such as polyethylene 191 . Although performances are limited, the thermal decomposition of NOS at high temperature generates CO2 that is relevant for retarding the thermal decomposition of the polymer and partially preserves from O2. Composites made of NOS and polyethylene, polypropylene, polyurethane, polyester, natural rubber or asphalt present remarkable mechanical and thermal stability [192][193][194][195][196][197][198][199] . The granulometry of NOS powder and the mediation of interfacial weak interactions revealed to be crucial points for the development of such composites. These studies show that NOS is a cheap, natural and easy to work substitute of common fillers in polymeric industry.

I.3.1.4.2. Foaming agent

Due to the production of CO2 resulting from the decomposition of calcite at T > 550 °C, NOS has been used as a foaming agent for the preparation of vitrocrystalline foam. The best results were obtained with 91wt.% glass bottles and 9 wt.% oyster foams fired at 900 °C, demonstrating characteristics and properties similar to (or better than) those of analogous commercial products such as glass and alumina foams 200 .

I.3.1.4.3. Templates in material science

In this field, the general approach is the replication of natural organs leading to materials biomimicking natural structures. Since it is easily removed by acidic treatment, NOS is an interesting option as sacrificial template for such morphological mimicry. Careful attention should be paid to the shell structure selected as the template and the targeted application. For example, the design of folded SiO2 requires a shell substrate made of chalky and foliated structures which only occurred in shells of Ostreidae 201 . Another example is the pyrolysis of powdered NOS of layered structure mixed with soft pitch for the preparation of porous carbon anodes in lithium ion batteries 202 . However, materials are not performant enough to be an attractive way of recycling. I. 3.1.4.4

. Support for catalysts in organic chemistry

The use of NOS as support of catalysts is a growing field of research with high potential.

Heterogeneous catalyst was formulated with powders of CuBr and NOS with higher efficacy than a mixture of CuBr and CaCO3 203 . The authors hypothesised an important chelating role of chitin and proteins constituting the organic matrix of NOS for [Cu]-active species. The good chemical stability and reusability (at least eight times) of the [NOS-CuBr] composite is among the attractive points of this approach. Among other recent attractive data, NOS powder has been found to be useful as a support for MgO, Al2O3, CaCO3 and zeolite (ZSM-5) to catalyse gas produced by the pyrolysis of waste tires 204 . Despite the novelty of the approach, the latter is limited by the necessity to avoid any shell contamination that would disturb the catalytic activity.

I.3.1.4.5. Relevant original source of calcium, calcium carbonate and sodium

The most general way of recycling seashell waste is the use as aggregates for the formulation of concrete 205,206 . The important points being the granulometry of NOS and other minerals entering in the formulation 207,208 . Despite the relative simplicity for the implementation of this material, their long-term durability is not well known. Such applications are not innovative but still relevant for a large-scale recycling of NOS.

The use of NOS instead of ores as source of CaCO3 can also be innovative for the production of advanced materials such as aragonite needles 209 , high-purity calcite submicron powder [START_REF] Lu | Scalable recycling of oyster shells into high purity calcite powders by the mechanochemical and hydrothermal treatments[END_REF] and CaSO4:2H2O powder or whiskers 210 . In this field the hydroxyapatite is the paramount example of a high-demanded Ca 2+ -containing material (Eq. 1) and NOS was found useful for its synthesis with different morphologies and specific surface areas depending on the conditions of the hydrothermal process (Fig. 10a) [211][212][213] . In an innovative approach, NOS was used for the preparation of 1D nanostructured single-crystalline Na2Ti6O13 and Na2W4O13 with lower processing temperature and higher yield than with chemical mixtures (Fig. 10b-c) 214 . 

I.3.2. Potential applications of CNOS

Calcination of NOS leads to the so-called calcined natural oyster shell (CNOS), a potential multi-use raw material, widely employed for the preparation of concrete 217,218 . Calcination is usually performed on mixed batches of shells with unreliable traceability and poor consideration of the composition and structural differences among oyster shell species. This is a limit to the recycling of shells, especially when targeting specific synthesis of advanced materials. Calcination of NOS starts with water loss and decomposition of the organic matrix at approximately 200-400 °C, leading to a weight loss of 2-4% 219 . In the case of aragonite-rich shells like the shell of P. margaritifera, a thermal structural phase transition from aragonite to calcite occurs between 280 and 500 °C220,221 . At higher temperatures, the decomposition of calcite leads to the eco-valuable production of calcium oxide, which is concomitant with the release of a non-eco-friendly carbon dioxide between 550 and 800°C (weight loss of 40-45%) but calcite can still be present up to 900 °C (Eq. 

I.3.2.1. Medical uses

The research group of Fujita extensively studied the effect of preparations of CNOS in the prevention and treatment of calcium metabolism-related diseases. Their review on osteoporosis summarises the contributions of AACa and active absorbable algal calcium (AAACa) 227 .

Compared to CaCO3, AACa was described as a readily absorbable form of calcium, 225 favourable for the treatment of osteoporosis by oral route 228,229 as well as AAACa, which is a mixture of AACa with an extract of the seaweed Cystophyllum fusiforme [230][231][232] . AAACa was suggested to be the most efficient ingredient at preventing osteoporosis 233 with positive analgesic effect on joint pain 234 . More surprisingly, supplementation with AAACa was reported to prevent light, sound and emotional stress resulting from neuromuscular instability 235 . Among these various studies, no adverse effects were observed. 

I.3.2.2.2. Water treatment

CNOS generally removes cationic pollutants more effectively than NOS as described for Cd(II) (Table 4) 241,242 . The higher the temperature of calcination, the better is the efficiency of CNOS.

This observation is directly related to the large increase in the specific surface area of the material upon calcination 240 . This phenomenon can also be explained by the formation of insoluble metal hydroxides by adsorption of the metal on the surface of CNOS. Unlike NOS, CNOS was applied to remove and recover other chemicals such as boron 245 , free fatty acids and iodine from the bleaching process of palm kernel oil 247 , and pathogen like E. coli 246 .

I.3.2.2.3. Gas treatment

The basic character of CNOS is well-adapted to remove pollutants such as SO2, SO3, H2S and NOx in dry or wet processes as well as CO2 sequestration [248][249][250] . Obviously, this strategy is relevant only if the cyclability of the process allows higher CO2 sequestration than CO2 generation due to calcination of NOS 251 .

I.3.2.3. Material synthesis

I.3.2.3.1. Standard reagent

Different studies support that NOS-derived CaO powder can be used as a standard chemical reagent and can be classified in the reactive class R4 252 . Dissolution of CNOS leads to a Ca(OH)2 solution/suspension that is useful for the preparation of hydroxyapatite 253 , unfired fly ash bricks 254 , mortar 255 and nanomaterials like Ca(OH)2 hydroxide nanoplates (Fig. 11f) 215 .

Hydroxyapatite can also be obtained by direct solvent-free ball-milling and calcination 256,257 , an interesting way to produce chemicals with higher added value than NOS.

In the field of nanotechnology, nanomaterials are easily accessible by reacting CNOS with K(MnO4) to form nanostructured Mn/Ca mixed-oxides decorated with Mn3O4 nanoparticles that have potentially high adsorption capacities for Pb(II) and Eu(III) 258 . Silicate nanofibres prepared hydrothermally with CNOS (Fig. 11d-e) are efficient porous absorbent of metal cations, such as Cu(II), Cr(VI) 216 , and anion such as phosphates 160 . In the same application field, calcium silicate wollastonite and pseudo-wollastonite were obtained at 1100-1200 °C by mixing NOS and waste float glass from building demolition. This work represents an additional step towards the synthesis of advanced materials made from 100% waste 259 . I. 3.2.3.2. Catalyst and support for catalysts CNOS is potentially attractive for catalysis or co-catalysis in processes that require basic media, a typical case being the transesterification of soybean oil [260][261][262][263][264] . Very recently, CNOS nanoparticles were employed as a catalyst for the preparation of 1,8-dioxo-octahydroxanthenes via the one-pot condensation of 5,5-dimethylcyclohexane-1,3-dione or dimedone with various aldehydes under solvent-free conditions 265 . Chemical stability and reusability of CNOS catalysts are among parameters to be investigated.

I.3.2.3.3. Filler in the synthesis of polymer

Applications of CNOS in this area are limited, CNOS powder was reported as a filler in a polypropylene polymer 266 . Thermal and mechanical properties of this material are comparable to those obtained with commercial CaCO3, questioning the relevance of calcination.

I.3.2.4. Antibacterial agent

The antibacterial activity of NOS calcined under ohmic heating was evaluated against E. coli, Salmonella and Listeria monocytogenes inoculated on the surface of tomatoes 267 . CNOS had an efficient antimicrobial activity, higher than that of a preparation with 200 ppm chlorine and distilled water. The antibacterial activity is certainly attributed to the basicity of the preparation due to the hydration of CaO 268 . This emerging application shows that CNOS is a potential antibacterial agent of interest as a substitute of synthetic commercial chemicals or in the Chapter I. Oyster shell recycling: applications and future prospects polymer industry where antibacterial polypropylene/CNOS composites were recently investigated 269 .

I.3.3. Potential applications of biomolecules extracted from the organic matrix

Frequently described as a set of macro-and low-molecular-weight biomolecules, the organic matrix is actually an extremely complex material whose exact composition, assembly and mechanism of action are not fully defined at the molecular level. The organic matrix can be classified into sets of biomolecules based on their extraction process and solubility, i.e., the water-soluble matrix (WSM), ethanol-soluble matrix (ESM), acid-soluble matrix (ASM), acidinsoluble matrix (AIM), EDTA-soluble matrix (EDTASM), EDTA-insoluble matrix (EDTAIM) and fat-soluble matrix (FSM).

The nature of AIM (initially called conchiolin by Frémy in 1855) has been shown to be proteinaceous and constitutes more than 90% of the organic matrix in the shell of pearl oysters 270 . ASM and AIM can be obtained after dissolution with acids followed by several separation steps 270,271 . Calcium-chelating agents, such as EDTA, are also employed at neutral pH. A general protocol was proposed by the research group of Marin which was described to minimise the degradation of proteins and avoids the formation of aggregates 272,273 . In the nacre of shells of P. maxima, the extraction yields of AIM and ASM were 1.20 and 0.17 wt.%, respectively 274 . WSM extraction from nacre was originally applied and patented by the research group of Prof. Lopez. The extraction method does not allow to recover molecules strongly bound to the mineral phase but is directly compatible with biological purposes such as in vitro and in vivo trials. The achievable extraction yield varied from approximately 0.2 to of shells of P. margaritifera 277 ; to the best of our knowledge, the molecular characterisation of ESM has not yet been investigated. In addition, extraction yields were not reported.

Among these extracts, WSM was the most studied but was almost exclusively investigated for its osteogenic activity. The different potential applications of these extracts are summarised in the following subsections.

I.3.3.1. Water-soluble matrix (WSM)

I.3.3.1.1. Bone tissue bioengineering

The osteogenic activity of WSM originally extracted from the powdered nacre of shell of P. maxima (50-150 μm) was highlighted by the research group of Prof. Lopez 278 . WSM was revealed to be osteoinductive, enhancing in vitro bone cells differentiation and cellular osteogenic markers. Osteogenic activity studies of WSM were extended to nacre of shells of P. fucata and P. martensii. As an example, this academic research has been developed in the form of cosmetic and nutraceutical ingredients by the French company StanSea. To the best of our knowledge, no in vivo or in vitro studies were published on the osteogenic activity of WSM extracted from shells of Pteria and Ostreida while the presence of WSM in the shell of C. gigas is well known 279 . Only a few studies have described the relationship between WSM proteins of shells of Ostreida and osteogenic activity [START_REF] Kim | Effects of organic matrix proteins on the interfacial structure at the bone-biocompatible nacre interface in vitro[END_REF][START_REF] Oliveira | Identification of proteins with potential osteogenic activity present in the water-soluble matrix proteins from Crassostrea gigas nacre using a proteomic approach[END_REF] . To confirm this assumption, in vitro trials are required.

I.3.3.1.2. Other biological activities: antioxidant activity, anti-inflammatory activity and dermal fibroblast regulation

The antioxidant activity of WSM extracted from the nacreous layer of shell of P. fucata was investigated in terms of its capacity to scavenge free radicals (DPPH and ABTS tests), to inhibit lipid peroxidation and to reduce damage in human keratinocyte cells after inducing oxidative stress 280 . The authors showed that WSM can scavenge free radicals in a dose-dependent manner, reducing the effect of oxidative stress in human keratinocytes.

WSM was also tested in vitro for its anti-inflammatory and antioxidant activities on mouse macrophages 281 . WSM suppressed or decreased pro-inflammatory factors linked to proinflammatory cytokine inhibition and exhibited antioxidant activity. Unfortunately, information on the oyster species used in this study was not presented. For a different purpose, Latire et al.

(2017) described that WSM extracted from the shell of C. gigas can favour the catabolic activities of human dermal fibroblasts in vitro 279 .

In comparison with the numerous osteo-benefits attributed to WSM, these are the only examples found in the literature highlighting other biological properties, and therefore the field is still highly open. Brion et al. (2015) originally described the osteogenic effect of ESM from the nacre of shell of P. margaritifera 282,283 . This topic was further investigated in vitro by the stimulation of mouse preosteoblasts and human osteoarthritis osteoblasts with ionic fractions of ESM 277 . This study reveals clues about the cationic nature of the osteogenic compounds found in the nacre of oyster shells. Proangiogenic effects of ESM were recently obtained in vitro on endothelial progenitor cells 283 . Comparative osteogenic and scalability studies between ESM and WSM are required knowing that the process by which ESM is obtained did not require a freeze-drying step as it was the case for WSM extraction.

I.3.3.2. Ethanol-soluble matrix (ESM)

I.3.3.3. Acid-soluble matrix (ASM)

I. 3.3.3.1

. Prevention of cognitive diseases

Recently, ASM extracted from the nacreous layer of shells of P. fucata was tested in vivo against scopolamine-induced memory impairment in Wistar rats and ICR mice 284 . In both cases, ASM improved memory and cognitive impairments, suggesting that ASM can affect brain function by protecting against the dysfunction of glutamate neurotransmission. This mechanism was supported by the examination of the known genes associated with memory.

I.3.3.3.2. Free radical scavenging

A purple organic substance precipitated from a solution of ASM was able to scavenge hydroxyl and superoxide radicals 285 . With an extraction rate of approximately 2.49 wt.%, this extract could be of great commercial interest, especially for food, nutraceutical or cosmetic products.

Unfortunately, the article lacks sufficient experimental details to allow easy reproduction of the protocol. I. 3.3.3.3. Dermal fibroblast regulation Latire et al. (2017) recently described the regulatory activities of ASM on the metabolism of dermal fibroblasts in vitro 279 . This pioneer work was performed with ASM obtained from the shell of C. gigas. I. 3.3.3.4

. Material synthesis

Adding supersaturated CaCO3 solution to ASM extracted from the nacreous layer of shell of P. margaritifera produces nanostructured CaCO3 crystals whose morphology depends on the concentration of ASM 286 . A protein isolated from the ASM of the nacre from shell of P. fucata was employed to induce the formation of aragonite and calcite crystals 287 . Such innovative results open new pathways for the synthesis of inorganic phases.

I.3.3.4. Acid-insoluble matrix (AIM)

I.3.3.4.1. Natural multifunctional biopolymer

Chitin (poly 2-acetamido-2-deoxy--D-glucose) is a non-toxic, biodegradable and biocompatible biopolymer of considerable interest for the pharmaceutical, cosmetic, biochemical, agricultural and food industries. This biopolymer was identified in the AIM of the prismatic layer of shell of P. fucata 288 . Recently, extraction of chitin was reported from undefined raw oyster shell species 289 , but the reported content of chitin extracted from the shell (69 wt.%) was inconsistent with all other reported mass fractions of the organic matrix in the oyster shell.

I.3.3.4.2. Material synthesis

In the design field of crystal growth, a promising application described the preparation of macro-mesoporous TiO2 290 . TiO2 nanoparticles were grown onto AIM macrotemplate by solgel. The resulting anatase showed interesting photocatalytic activity, especially for samples calcined at 450 °C. However, the chemistry by which AIM and TiO2 nanoparticles interact was not described. This study shows the prime importance of the shell structure for such material synthesis.

I.3.3.5. EDTA-soluble matrix (EDTASM)

The only application found in the literature regarding the use of EDTASM concerns material synthesis. Calcite and aragonite crystals were selectively prepared with the help of EDTASM proteins extracted from specific microstructures of shells of C. gigas (Fig. 12) [START_REF] Lee | Primary structure of myostracal prism soluble protein (MPSP) in oyster shell, Crassostrea gigas[END_REF]291 . In this case, a contribution of EDTA to crystal nucleation is not to exclude. 

I.3.3.6. EDTA-insoluble matrix (EDTAIM)

A single article relates the use of the proteinaceous fraction of EDTAIM to induce aragonite crystals formation in saturated CaCO3 solution with the addition of Mg 2+ 293 . It is important to note that the aragonite crystals do not grow either without Mg 2+ or with individual components of the fraction.

I.3.3.7. Fat-soluble matrix (FSM)

Perhaps more unexpected, lipids are part of the shell organic matrix. The research group of Prof. Lopez highlighted that FSM extracted by maceration of nacre with a mixture of methanol and chloroform can promote the restoration of the stratum corneum in vitro 294 .

I.3.3.8. Shell colour related compounds

A potential application is never mentioned in reviews on the topic: the use of pigments and dyes extracted from the oyster shell. Shell colour generally varies from dark-red to brown, and sometimes golden or even pink (Fig. 13). In the current industrial context, synthetic pigments and dyes tend to be substituted by natural equivalents, especially in health products. One key challenge to be resolved lies in the identification of compounds at the origin of shell colouration and thus their selective extraction. The presence of melanin extracted in black shell of C. gigas is a hypothesis but has not yet been convincingly established 295 . To date, no biomolecules have been associated with shell colouration other than black excepted for the presence of fluorescent porphyrins in the shells of Pinctada and Pteria 296-298 . This innovative recycling of oyster shell is still at the level of fundamental research and lacks of substantial and exhaustive works. 

I.4. CRITICAL ANALYSIS

The economic viability of any recycling process depends on two essential parameters: the cost and the logistic to collect the shell on one hand, and the added-value of the product resulting from recycling on the other hand. The generation of pollutants, emissions or new waste must be minimised in an environmental-friendly philosophy; however, this might be acceptable if the added value of the final product can cover the expend of the treatment in eco-friendly conditions.

So far, oyster shells collection remains to be organised since it is actually considered as a diffuse pollution (generated by consumers, factories and farms). Recently, de Alvarenga et al. (2012) examined the LCA of oyster shell waste according two scenarios: i) the direct deposit of shells in a landfill or ii) the implementation of a simple process to produce CNOS powder (< 20 μm) 300 . They concluded in favour of the chalk production process. Although this option is strongly dependent on the distance between the source point and the shell-processing facility.

The Fig. 14 gives an overview of possible application fields for the recycling of waste oyster shells. As raw material, NOS is useful for basic applications requiring simple and low-cost processing technologies at large-scale such as animal feeding (Table 5). In economic terms, these applications do not bring high added-value but allows to distribute large quantities of NOS with adapted performances. For the other highly documented applications of water and soils depollution, the use of NOS is performant and cheap, but probably requires standardisation of the manufactured product. It also raises the question of the elimination of the resulting contaminated NOS. An alternative remaining to be explored would be to consider the presence of metals at the surface of NOS as a possible catalyst. This would be similar to what has been successfully developed by the team of C. Grison using metal-hyperaccumulating plants to produce metal oxide catalyst 301 .

The use of NOS in building materials or as filler in composites represents an interesting option with more added-value but probably requires here again a standardisation of materials. Besides, the durability of these materials remains limited, still relatively unknown 207 , not fully studied and hardly documented.

Other applications with higher economic potential concern NOS and CNOS in material and health fields. NOS as a source of calcium in food requires simple treatments without altering its quality in line with consumer's expectations. The major limit lies in human safety directly related to heavy metals and hazardous chemicals content as a consequence of the possible bioaccumulation of toxics in shell. As an excipient or source of calcium in pharmaceutical products, NOS has to be declared and requires to be proceeded following GMP guidelines.

Besides, the real economic advantage of NOS compared to other CaCO3 sources is not always obvious. The answer may probably be driven by a significant shift in mind-sets and ways of working. This is actually the case in cosmetic industry, where the naturalness of ingredient is marketed in a high way range. As cosmetic ingredient, NOS powder has a real interest, especially for its soft abrasive properties (skin soft-peeler) making a potential substitute of plastic microbeads used in cosmetic. This expanding market meets a growing demand for natural, safe and effective ingredients. This may be reinforced if further research demonstrates additional biological activities of NOS, especially of the organic matrix.

Among the applications with high economic value, the use of NOS in bone grafting seems to be a promising route but requires deeper knowledge about long-term biocompatibility and stability. Concerning materials chemistry, NOS is an interesting template of advanced material or support for catalysts as evidenced by the increasing number of publications on this subject.

However, the scalability and the repeatability of these applications remains linked to the collection, selection and standardisation of the shell.

The unsustainability of NOS calcination in oven questions the relevance of CNOS, especially since these applications are frequently similar to those with NOS. Few applications reported better performances of CNOS compared to NOS but do not seem high enough to justify the calcination cost and the carbon dioxide emission. Thus, calcination in oven has to be considered only for applications where the required performance level is not achievable with NOS 302 . In this instance, the development of sustainable calcination processes is needed 303 such as fast microwave calcination 223 , or solar oven combined with carbon dioxide sequestration. Biomolecules of the organic matrix (Table 6) are perhaps the best candidates for applications with high value, being entirely competitive with chemical source of calcium carbonate. The high performances of these biomolecules compensate for the low scalability of the extraction process. WSM used as a cosmetic and nutraceutical ingredient commercialised by StanSea is a good example. This research area is still highly open both for the identification of new biological activities for health applications and for the synthesis of innovative advanced materials. The future development of these applications depends on the progress made in the characterisation of these extracts, in particular their composition and mechanisms of action.

The difficulty relies on low yields and does not solve the problem of the recycling calcium carbonate wastes, which should be handle together. 

I.5. CONCLUSION AND PERSPECTIVES

The globalisation of oyster farming generates short-term profits for local economic actors, but the massive production of shells starts to raise ecological questions. In this context, several studies disclose promising recycling applications from low to high value. The economics of recycling is dominated by the balance between the cost of collection / decontamination / processing and the added value of the product and its use.

This can change due to the great consideration of environmental issues and the demand for natural product from consumers. From depollution of soil and water to bone tissues reconstruction and production of nanomaterials, oyster shell has plenty to offer for chemists.

To effectively treat the recycling and recovery of this by-product, diverse issues need to be addressed, especially those related to the variability of composition and microstructures of the shell. Some other aspects still need to be better explored, such as parts of the shell, including pigments and the organic matrix, that still lack detailed characterisation but can lead to new valuations.

II. IDENTIFICATION OF PORPHYRINS IN DARK AND PURPLE PATTERNS OF Crassostrea gigas

Despite the functional roles of shell colours in camouflage, thermoregulation or immunity, the molecular mechanisms related to shell colouration remain poorly documented. This gap of knowledge is partly due to the lack of elucidation of the chemical nature of shell pigments, particularly in the genus Crassostrea. By combining the identification of shell pigments with corresponding biosynthetic pathways and associated genes, key information on the relation between shell colouration, mineralisation or other molecular mechanisms can be obtained as previously reported in marine snails 304 . In addition, the identification of shell pigments could lead to the development of a broad range of applications in health or material science as mentioned in the previous chapter.

The colour of oyster shells is a very diverse characteristic morphotype, forming intriguing vivid patterns on the shell of Crassostrea gigas. In the present chapter, we report the identification of several porphyrins in the purple and dark patterns of the shell of this oyster. The structure of halochromic, fluorescent and acid-soluble porphyrins, such as uroporphyrin and turacin, were determined by reverse phase liquid chromatography combined with electrospray ionisationmass spectrometry. We also report preliminary investigation on their origin and propose a specific accumulation by the shell forming tissue (mantle), possibly as haem biosynthesis sideproducts.

II.1. INTRODUCTION

Pteriomorphian bivalves that include edible and pearl oysters, the distribution of shell colours has been classified by Grant et al. 305 in eight phenotypes, varying from yellow to orange, red, blue, green, purple, brown and black, more or less associated together, the brown and black colours being often assigned to melanins with poor analytical evidences. Besides, shell colours can result either from pigments such as melanins, tetrapyrroles and carotenoids, but can also be the result of the interference of diffracted light over nanostructured material, known as structural colour. A combination of pigments and structural colour is also possible 2 , this is particularly the case of highly prised shells and pearls of Pinctada margaritifera where the iridescent nanostructure of mother-of-pearl is often associated with a fluorescent cyclic tetrapyrrole 297,306 . So far, little is known about the chemical structure of oyster shells pigments since the early work of the pioneer A. Comfort postulating on the basis of paper chromatography and ultraviolet spectroscopy that uroporphyrin is the major pigment deposited in pearl oysters shells 307,308 .

Compared to the shell of pearl oysters (e.g. Pinctada maxima), the shell of the edible oyster Crassostrea gigas has a distinct calcareous microstructural layout with an adductor muscle scar frequently coloured 305 . Only this small coloured part of the inside shell has been studied for pigment identification [START_REF] Hao | Extraction and identification of the pigment in the adductor muscle scar of Pacific oyster Crassostrea gigas[END_REF] , the other coloured shell patterns totally lacking in-depth chemical studies. In this particular case, melanin polymers have been proposed to contribute to the black colour of the adductor muscle scar (AMS), but the reported data are questionable.

Indeed, as a consequence of its low solubility, the chemical investigation of melanin was only based on limited spectroscopic data (infrared and UV spectroscopy). In this regard, the recent However, the occurrence of these pigments in C. gigas oyster shells remains to be established, as for many other molluscan shells.

In this chapter, we propose to investigate the nature of shell purple and dark patterns of C.

gigas. This Japanese oyster, introduced in France on large scale, usually displays pink, brightand dark-purple patterns on its shell, with a natural aestheticism and a marked AMS. In order to distinguish colours due to a structure or to a pigment, shell purple patterns and dark AMS were first investigated by scanning electron microscopy and compared to white patterns as negative controls. A group of tetrapyrroles was identified on the basis of photophysical properties of samples dissolved in acid. Their identification in shell purple patterns and dark AMS was achieved by reverse phase liquid chromatography combined with high-resolution tandem mass spectrometry (electrospray ionisation). The constant progress made in mass spectrometry with adequate chromatographic separation appears as the best standard method, at present, for the unambiguous identification of pigments from complex natural calcareous shells, as recently demonstrated by Verdes et al. 311,312 .

II.2. RESULTS

II.2.1. Morphology and structure of shell purple and dark patterns

II.2.1.1. Morphological description

In order to provide complete information on the nature of coloured patterns of shells of C. gigas, we first conducted a visual description of oyster shells at different stages of development from juvenile to adult, collected from different location (Fig. 15). In general, epibionts and brown organic periostracum cover the outer mineralised shell layer (Fig. 15k) 305,313 . Shades of the coloured patterns found in shells of C. gigas vary from pink to dark-purple and yellow-brown over the whitish calcium carbonate (Fig. 15a-j). Purple patterns are random distributions of irregular developing bands and radiating sectors of variable widths usually originating from the beak (Fig. 16a). No obvious and specific morphological or macrostructural differences can be observed compared to white patterns. Concerning AMS, in most cases, dark, potentially black or purple-black colours are observed (Fig. 15l and Fig. 16f), with no systematic correlation with the colour of the outer calcified layer. 

II.2.1.2. Structural description

Although not identifiable by naked eyes, we speculated on a possible structural colour related to purple patterns and dark AMS at micro-or sub-micrometre scale. We also wanted to check whether, in the case of colouration resulting from a pigmentation, the latter was associated with any structural modifications of the shell at the submicron scale. While the layout of shells of Pinctada spp. is made of an inner iridescent nacreous and an outer prismatic layer often associated with melanins deposition 314,315 , the calcitic shell of C. gigas consists of a prismatic outer layer and a foliated inner layer more or less interrupted by chalky deposits (Fig. 17).

Epibionts (e.g. diatoms, rhodophytes or chlorophytes) and periostracum may contribute to orange, red, blue, green and brown colours 305,313 , therefore they are removed by decontamination (detailed in Chapter IV) before scanning electron microscopy (SEM) analysis of white oyster shell fragments (WOS), purple oyster shell fragments (POS) and dark AMS.

Both WOS and POS are constituted by the typical columnar prismatic structure of shells of edible oyster (Fig. 16b-e), known to be the richest in organic matrix among microstructures occurring in molluscan shells 316 . At micron scale, no specific structure-colour relationship can be observed. In contrast, AMS has specific networks of fibres, needles and pores (Fig. 16f-i).

This structural layout is clearly different from the columnar prismatic structure of WOS and POS. At this stage, we hypothesise that POS colouration is due to the deposition of one or more pigments and that no specific microstructure is associated with this pigmentation since no differences are observed by comparison with the negative colour control (WOS). In contrast, it is more difficult to be as affirmative concerning AMS of a different microstructure. 

II.2.2. Photophysical properties

II.2.2.1. Solid-state fluorescence of shell purple and dark patterns

Fluorescence in molluscan shells is generally attributed to photoluminescent tetrapyrroles like porphyrins 2 . To date, no other groups of fluorescent pigments extracted from mollusc shells have been reported. Porphyrins are highly fluorescent in solution, but in solid state, their aggregation leads to fluorescence quenching, a well-documented property resulting from πstacking 317,318 . Binding with proteins may also result in fluorescence quenching 319 . In the Pteriomorphia group, limited to oysters, the emission of bright pink-red fluorescence has only been reported from the shell of Pinctada vulgaris exposed to UV light at approximately 400 nm 320 . In our study, under three different monochromatic lights λ ~ 254, 366 and 400 nm, no fluorescence is observed from WOS, POS, AMS and the black shell of Pinctada margaritifera.

This is in contrast with the brown-purple patterns on shells of Pinctada radiata under λex ~ 400 nm, where a pink-red photoluminescence is emitted (Fig. 18). The black shell of Pinctada margaritifera emits no photoluminescence.

II.2.2.2. Fluorescence and UV-visible analysis of acidic solutions of dissolved shell samples

At this stage, we undertook to study the fluorescence and UV-visible absorption properties of acidic solutions of shell samples dissolved in acids. The dissolution of POS result in a purplered suspension in 1M HCl(aq) (pH  1) and purple-dark in 1M AcOH(aq) (pH  5), revealing a halochromic or ionochromic property of acid-soluble pigments (Fig. 19a). Besides, solid residues of the acid solution are isolated as colourless soft materials. Their examination by SEM reveals a polygonal structure related to the interprismatic organic matrix of the prismatic microstructure (Fig. 17f).

This general behaviour is also observed on the acid solution of AMS. In contrast, the dissolution and filtration of WOS results in a colourless solution (Fig. 19b). These data support the first hypothesis that colours of shell purple patterns and AMS are not the result of a specific mesostructuration of the shell but are due to acid-soluble pigments. The halochromic or ionochromic property of such shell pigments is fully compatible with bile pigments and porphyrins 321 .

After acid dissolution and filtration, solutions of WOS (ASM WOS ), POS (ASM POS ) and AMS (ASM AMS ) are exposed to a monochromatic light at λ ~ 400 nm (Fig. 19b). Unsurprisingly, no photoluminescence is emitted by ASM WOS . On the opposite, a bright pink photoluminescence is observed from ASM POS and ASM AMS . The pattern of the emission spectrum of ASM POS at λex = 405 nm has a three-peak profile in the 550-750 nm range (Fig. 19c), similar with those of carboxylic acid porphyrins reported in the literature from natural and biological samples 322,323 . 

II.2.3.2. Identification of uroporphyrin in ASM POS

The identification of porphyrins in ASM POS is further investigated by comparison with a chemical standard of uroporphyrin I and ASM WOS as a negative control. Given the high number of compounds eluted before the hypothesised uroporphyrin peak, the chromatographic separation was improved by adjusting the gradient system to limit the risk of co-elution (the gradient separation has been elongated). The molecular ion of hypothesised uroporphyrin is In natural shell samples, only the isomeric type I and type III of carboxylic acid porphyrins are described 319 (Fig. 20). At this stage, it is not possible to ascribe the isomeric form of uroporphyrin identified in ASM POS solely on the basis of mass spectrometry. 

II.2.3.3. Identification of uroporphyrin in dark AMS

The previous UV-vis absorption analysis of ASM AMS (Fig. 80b experimental part) suggests that the concentration level of acid-soluble porphyrins might be below the detection limit in current RPLC-HRMS conditions. In order to allow their detection and characterisation, an 

II.2.4. Chemical confirmation of uroporphyrin and derivatives in ASM POS

In order to identify other potential acid-soluble porphyrins from shell purple pattern as hypothesised by the UV-vis absorption analysis of ASM POS , sample decalcification is achieved by CaF2 precipitation with HF(aq) prior to RPLC-DAD-HRMS (ESI+) analysis.

This approach allows to concentrate acid porphyrins in the sample. Indeed, starting from the retention time corresponding to the elution of uroporphyrin, an entire set of more or less carboxylated and hydroxylated porphyrins can be identified based on the m/z of their molecular ions (Fig. 22). This set of porphyrins is classified as major and minor porphyrins in Table 7.

The higher retention time compare to uroporphyrin can be ascribed to porphyrins with a reduced number of carboxyl groups on the side chain substituents that interact with the mobile phase.

The presence of isomers is another possible explanation. Indeed, as shown in the literature with the example of uroporphyrin and derivatives 319,[328][329][330][331] , the type III isomers has two successive acetic acid and two successive propionic side chains substituted on the macrocycle, unlike type I which is characterised by an alternation of acetic and propionic acid side chains (Fig. 23).

Thus, the chains of same size located side by side are more prone to interact together, which results in a slightly delayed elution of type III isomers compared to the type I forms. By order of elution, major porphyrins are proposed as uroporphyrin (C40H38N4O16, Fig. 23), heptacarboxylic acid porphyrin (C39H38N4O14, Fig. 23) and turacin (C40H36N4O16Cu, Fig. 23),

with type I isomers eluted before the corresponding type III (Fig. 22a-j). Turacin, a coppermetallised uroporphyrin 332 , is proposed here on the basis of the m/z of its molecular ion and its isotopic distribution which shows the presence of an abundant isotope such as [START_REF] Fougerouse | Soft tissue anatomy, shell structure and biomineralization[END_REF] Cu (Fig. 22ij). The confirmation of the chemical nature of major porphyrins is conducted by tandem mass spectrometry (MS/MS). Briefly, in MS/MS, a specific ion of interest, detected during the first stage of mass detection, is selected to collide with an inert collision gas, argon in that case. The ion is in an excited state, decomposes immediately and is converted into product ions 327 . For a given ion, the decomposition depends mainly on the energy of collision. In the case of protonated or deprotonated compounds, two fragmentation mechanisms are possible, charge retention and charge migration 327 . It indicates that in general, the difference of mass between a parent ion and its product ions correspond to a neutral molecular loss. In these conditions, only the carboxylated side chains of porphyrins can be observed as neutral loss resulting from fragmentation 330,333 . The fragmentation by these mechanisms does not allow to "break" the conjugated macrocyclic structure of porphyrins.

The MS/MS spectra of major porphyrins are in agreement with this theoretical background.

Indeed, only the carboxylic acid side chains are fragmented (Fig. 24), corresponding to neutral loss of CH3CO2H and HCO2H systematically observed. Neutral loss of CH3CH2CO2H side chains are also observed. These fragmentations are in agreement with those reported in in the literature 330,333 , and support the identification of uroporphyrin, heptacarboxylic acid porphyrin and turacin. A study by NMR spectroscopy was initiated with the objective to unambiguously confirm the identification of carboxylic acid porphyrins, and to possibly elucidate one or more isomeric forms. Metal-free porphyrins, such as uroporphyrin, have a very characteristic signature in Several purification experiments were conducted by preparative chromatography on the sample obtained by CaF2 precipitation for the isolation of major porphyrins, but were not sufficient for 1 HMR experiments. Consequently, we prepared a sample concentrated in porphyrins by separation on C18 grafted silica gel in open column, this method being detailed in Chapter IV.

The resulting porphyrin-rich fraction is further separated by semi-preparative chromatography (Fig. 26a), several runs of isolation allowed to obtain a sample sufficiently concentrated to observe the characteristic NH chemical shift at -3.90 ppm (Fig. 26c). The chemical shift at 10.40 ppm, corresponding to COOH is also comparable to that of uroporphyrin I standard (Fig. 26a and25a). If this result suggests that uroporphyrin isolated by semi-preparative chromatography is the type I isomer, a comparative analysis with a type III standard is required since the only structural variation resides in the alternation of the carboxylic acid side chain substituents. To date, only the esterified type III derivative is commercially available.

II.2.5. Identification of uroporphyrin in the shell forming tissue

The identification of porphyrins raises many questions on their origins and functions. Are they synthesised by the oyster? Are they accumulated from the aquatic environment? How are they transported to the shell? How do they contribute to shell mineralisation? Do they result from a particular metabolism, influenced by exogenous factors such as diet and salinity, or endogenous factors like shell formation or respiration? In order to identify some possible preliminary answers, we examined the tissues of an adult oyster.

Upon observation, the light milky colouration of most organs is apparently unrelated to colours of the shell. Only viscera and the edge of the mantle have strong dark and brown colours which drew our attention to a possible link with colours of the shell. The colour of the mantle edge turns purple-red in contact with concentrated HCl(aq) (Fig. 27a), suggesting a possible connection with shell pigmentation. Consequently, the mantle edge epithelium (MEE) was collected from adult specimens (n = 10 animals), freeze-dried and subjected to immersion and agitation in 1M HCl(aq). The identification of porphyrins in the acidic extract (ASM MEE ) is first suggested by its pink photoluminescence under a monochromatic light at λ ~ 400 nm (Fig. 13b).

Furthermore, its absorption spectrum in the visible region is similar to that ASM POS in Fig. 19d (a shoulder at 406 nm and supplemental bands at 464, 496 and 552 nm in Fig. 27c), The analysis of ASM MEE by RPLC-HRMS allows to identify the molecular ion uroporphyrin (m/z 831.2346, retention time of 28.60 min, Fig. 27d-e). These findings indicate that purple and dark colours of the shell have an important connection with the mantle, known to control the shell mineralisation. 

II.2.6. Identification of chlorophyll catabolites in viscera

Viscera, including intestine, are the only other coloured tissues of C. gigas (Fig. 28a). Viscera (VOT) from 10 animals were collected and freeze-dried. After immersion in 1M HCl(aq), the acidic extract (ASM VOT ) emits a red photoluminescence under a monochromatic light at λ ~ 400 nm. Its absorption spectrum has a broad band at 417 nm and a weaker band at 667 nm (Fig. 

II.3. DISCUSSION

Shell colours is supposed to result from a periodic and repetitive deposition of pigments into the shell, a process achieved by the secretory cells of the mantle edge epithelium 337 . In this chapter, we have observed that the shell purple patterns of C. gigas are characterised by a random distribution of irregular developing bands and radiating sectors of highly fluctuating widths. We also noticed high variability in the distribution of the purple colour from one specimen to another. We have identified a set of porphyrins in different parts of the edible oyster C. gigas, with a possible correlation between the purple pigmentation of outer shells, the dark colour of adductor muscle scars and the mantle edge epithelium. Conversely, none of these porphyrins were identified in viscera, suggesting their MEE-specific accumulation or origin.

Chlorophyll catabolites, a class of porphyrins, were identified in viscera, thus a possible relation with porphyrins identified in the mantle cannot be ruled out.

Recently, the pink-red and yellow-brown colours of shells of marine snails have been attributed

to carboxylic acid porphyrins 319 , such as those proposed in our study. These porphyrins are considered as side products of the haem biosynthetic pathway in marine snails 304 . Haem is a well-known porphyrin complexed with Fe(II), able to transport oxygen indispensable for cellular aerobic respiration. The haem biosynthetic pathway consists of a succession of reactions enzymatically driven. The non-enzymatic side path leads to the production of uroporphyrin and derivatives by the oxidation of uroporphyrinogen I and III (Fig. 29). Accordingly, a similar process could occur in the present case of C. gigas, oyster shell porphyrins may derive from the non-enzymatic oxidation of uroporphyrinogen I and III associated with the cellular respiration of the shell forming tissue, especially in periods of high loading. This assumption is supported by the recent elucidation of the C. gigas genome where genes associated with enzymes of the haem pathway are expressed, such as ferrochelatase, protoporphyrinogen oxidase, or delta-aminolevulinic acid dehydratase 338 .

As we see, the synthesis pathways of these pigments begin to emerge, however the mechanism of their deposition in the shell is an open issue, closely related to shell mineralisation. From a material science point of view, it has been reported that carboxylate-containing molecules are possible structure directing agents that can preferentially adsorb on calcium carbonate and orient the crystal growth 339 . Also, monolayers of an amphiphilic porphyrin bearing carboxylic acid groups are reported to nucleate calcite 340 . Therefore, a possible scenario may be the production of uroporphyrin and its derivatives resulting from the oxidation of uroporphyrinogen I and III, especially during periods of high activity of the respiratory cells of the contractile tissues of MEE and adductor muscle. These porphyrins being then integrated into the shell structure by the ionic binding between carboxylate groups and Ca 2+ . Uroporphyrin and derivatives are necessarily present in the shell mineralisation matrix, possibly as a mineralisation cofactor, in addition to achieving, supporting or catalysing one or more biological functions. Another option would be a kind of recycling of this metabolic wastes into the shell formation process. At present, we must admit that the reason or function of this colouration is absolutely not understood. It can be noticed that among juvenile and adult edible oysters, purple is a common colour of the outer shell but not systematically found. During the early stages of mineralisation when the shell is thin, shell colouration may provide protection from sunlight, especially at low tide.

II.4. CONCLUSION AND PERSPECTIVES

The discovery of natural source of porphyrins offers here an opportunity to give more value to waste oyster shells. Although extraction yield and purification still need to be improved, the extraction of porphyrins may have significant potentials for biotechnology or photoactivation applications 341,342 . A possible correlation between the shell pigmentation and shell formation is presented in this study. It would be interesting to conduct an in-depth study at the biomolecular level to better understand this relationship. In addition, the investigation of oyster's respiration would constitute an important advance.

III. FURTHER INVESTIGATION OF SHELL PURPLE PATTERNS OF Crassostrea gigas: BESIDE PORPHYRINS, OMMOCHROMES?

The identification of carboxylic-rich porphyrins in the shell pigmentation of C. gigas, considered as side-products of the haem pathway in animal biology, constitute a preliminary evidence of the haem biosynthetic route in C. gigas. However, the presence of other compounds was evidenced by the RPLC-DAD-HRMS analysis of ASM POS . As stated in Chapter II, many compounds generally known in Life for colour and pigmentation could be proposed.

In this chapter, we present the identification of xanthurenic acid (4,8-dihydroxyquinoline-2carboxylic acid) and some of its possible derivatives. In invertebrates, xanthurenic acid is described as a key metabolite of the biosynthesis of a group of pigments deriving from the metabolism of tryptophan and are named ommochromes. Suspecting their presence in ASM POS , we undertook a detailed characterisation by mass spectrometry of compounds eluted separately from uroporphyrin in Fig. 19. The presence of ommochromes and absence of melanins is discussed on the basis of our experimental data and those available in the literature.

III.1. INTRODUCTION

Natural dyes and pigments are usually represented by few dominant groups achieving numerous vital functions in living systems 343 . They include anthocyans, carotenoids, melanins and tetrapyrroles such as porphyrins. The occurrence and importance of the latter, known as "the pigments of life" 344 , has been discussed in Chapter II. Ommochromes are another relatively unexplored group of pigments. Indeed, a rapid overview of the number of references containing the concept of some well-known natural dyes and pigments in SciFinder (Fig. 30) reveals that ommochromes are poorly represented compared to melanins and tetrapyrroles. Ommochromes are animal pigments that are only observed in invertebrates, forming colours ranging from yellow to orange, red, purple and brown 345,321,346 . Early studies have proposed a subdivided classification according to their dialysis profile: ommatins (rather dialyzable), ommins (almost non-dialyzable) and ommidins (intermediate) 345,347 . To date, the structures of approximately fourteen natural ommatins have been described by mass spectrometry (Table 8), among which xanthommatin is well established 348,349 (Fig. 31a). Differently, the structures of ommins and ommidins are much less identified so far. 8) [348][349][350][351][352] . Without the use of acidifiers, ommatins are insoluble in most aqueous or organic solvents. In solution, compared to porphyrins, they are not photoluminescent but tend to form aggregates 347 . The structure of xanthommatin is characterised by a phenoxazone unit (Fig. 31a) while its reduced form (dihydroxanthommatin, Fig. 31b) is characterised by a phenoxazine unit (Fig. 31b). Both contain a xanthurenic acid sub-molecular unit (Fig. 31c). The diversity of ommatins is generally closely related to their reactivity, which can lead to important structural modifications during extraction and solubilisation. To finish on this group of pigments, it is important to remind that other classes of ommochromes are reported in the literature: ommins and ommidins. The latter have completely disappeared from experimental investigations subsequent to the work of B. Linzen in 1974 345,356 . A recent article pointed out their possible occurrence in invertebrates, but no characteristic and unambiguous structures or precise physicochemical properties have been reported to date 347 .

Ommins are very striking. In 1958, Butenandt et al. initially investigated their distribution in the animal kingdom by paper chromatography, degradation in alkali and acids and spectroscopy (UV-vis absorption and IRTF) 357 . A single structure has been predicated 358 solely on the basis of chemical properties 345 and elemental determination 359 , that is nowadays surprisingly well accepted as ommin A (Fig. 34) 360,347 . To date, the structure of the latter was not confirmed by structural investigations. The structure of ommin A derives from three 3-HK sub-molecular units, the sulfur is proposed to arise from cysteine and/or methionine 349 . While ommatins have an absorption band around 450-500 nm, ommin A absorb around 520 nm 347 . The biosynthesis of ommins is proposed to arise as a side route of ommatins 347 . A connection with the biosynthesis of haem is also mentioned. In bivalves, the occurrence ommochromes in the pigmentation of molluscan shells is not mentioned [START_REF] Wei | Co-sintering oyster shell with hazardous steel fly ash and harbor sediment into construction materials[END_REF] . In contrast, ommochromes are proposed as possible pigments contributing to the black colour of molluscs, similar to melanins 21 . The presence of ommochromes, melanins, carotenoids and tetrapyrroles can be hypothesised in the case of C. gigas since six genes associated with their biosynthetic pathways were recently identified in the mantle 310 . The occurrence of ommochromes should be considered with the presence of melanins. Indeed, the latter are frequently postulated on the basis of UV-visible absorption without considering ommochromes and effort to differentiate. Some of the physicochemical properties of Chapter III. Further investigation of shell purple patterns of Crassostrea gigas: beside porphyrins, ommochromes? 105 ommochrommes are similar to those of melanins, slightly soluble in water, forming aggregates in solution and granules in solid state in vivo making their discrimination challenging in a given sample 345,361 . In animals, the biosynthesis of melanins derives from the metabolism of tyrosine 3 , different from ommochromes deriving from the metabolism of tryptophan where xanthurenic acid is a specific metabolite. Mainly two classes of melanins are listed in the literature:

eumelanin and pheomelanin (Fig. 35) [START_REF] Solano | Melanins: skin pigments and much more -types, structural models, biological functions, and formation routes[END_REF] . Neuromelanin is described as a mixture of eumelanin and pheomelanin. Eumelanin is a polycyclic biopolymer of 5,6-dihydroxindole and 5,6dihydroxyindole-2-carboxylic acid sub-molecular units. Differently, pheomelanin is characterised by the presence of sulfur from benzothiazine and benzothiazole units, formed from cysteinyldopa. The diversity of structures, molecular weights and physicochemical properties of melanins is complex, certainly explaining why no data are available in the literature on their analysis in natural state by RPLC-HRMS. Indeed, only eumelanin and pheomelanin can have a molecular weight higher than 1000 Da.

Thus, given that both melanins and ommochromes have protonatable/deprotonatable groups, the analysis of ASM POS was also conduct in ESI-, a method of ionisation particularly adapted for deprotonatable compounds. Besides, our attention was caught by the identification of the "unexpected" xanthurenic acid which is linked to the biosynthesis of ommochromes, specially xanthommatin and derivatives. This possible existence of an ommochrome biosynthetic pathway in the oyster C. gigas led us to explore the structural nature of this set of compounds.

If converging evidence tends to support this hypothesis, it questions their origin and function in a more general way.

Chapter III. Further investigation of shell purple patterns of Crassostrea gigas: beside porphyrins, ommochromes? 107 III.2. RESULTS

III.2.1. Characterisation of pigments from shell purple patterns

III.2.1.1. Separation monitored by UV-vis absorption

The ASM POS investigated in Chapter II was first analysed by RPLC with UV-vis detection from 200 to 800 nm in order to define the entire absorption profile of compounds eluted before uroporphyrin (Fig. 19a). Indeed, the RPLC method employed in Chapter II allowed to record absorption spectra only until 500 nm whereas the absorption spectrum of ASM POS shows bands beyond 500 nm potentially assignable to multiple pigments in mixture with porphyrins.

The separation of compounds of ASM POS was tested using different methods by varying the water/acetonitrile (+ 0.1% formic acid) gradient system over time and with stationary phases of different polarity. In none of the cases, compounds eluted before uroporphyrin were clearly separated. The best separation was obtained with a water/acetonitrile gradient method of 65 minutes and with a C18 reverse stationary phase (the method is detailed in the experimental part). In these conditions, uroporphyrin is identified at 30.08 min according to its Soret band at 400 nm (Fig. 36). The compounds eluted from 10 to 26 min have a broad absorption band from 430 to 600 nm (Fig. 36), among which six major signals are identified with λmax ranging from approximately 530 to 486 nm, suggesting a strong contribution to the purple colour of ASM POS .

Based on their λmax, the purple colour is apparently composed by violet, pink, red and orange pigments (by order of elution). Their UV-vis absorption profiles significantly differ from those of melanins which are characterised by a continuous decreasing absorption towards the visible region without characteristic bands from 400 to 800 nm 362 (Fig. 37). They also differ from those of porphyrins reported in the previous chapter, since no Soret band at ~ 400 nm is distinguishable. These profiles are comparable to those of ommochromes reported in Fig. 38 where a large band from 400 to 600 nm and another band around 310 or 380 nm are observed depending on the pH and the ommochrome in question.

These data demonstrate that the colour of shell purple patterns of C. gigas cannot be solely related to uroporphyrin and derivatives. Moreover, the presence of melanins cannot be excluded since the pigments eluted before uroporphyrin have a relative weak absorbance all along the visible region until 700-750 nm. Chapter III. Further investigation of shell purple patterns of Crassostrea gigas: beside porphyrins, ommochromes? 110

III.2.1.2. Determination of the exact mass of pigments

The ASM POS analysed by RPLC-DAD-HRMS (ESI+) in Chapter II was further examined for the determination of the exact mass of the different pigments eluted from 7.5 to 11.5 min (Fig. 19). On this period, the corresponding total ion current chromatogram (TIC) obtained by mass spectrometry is noisy and the low intensity of signals does not allow to clearly identify the peaks corresponding to ionised pigments (Fig. 39a). A data treatment is proceeded on the TIC chromatogram by applying a digital filter with MassLynx software (version V4.1, Water Corporation). This treatment allows to reduce the noise and to display minor peaks on the basis of the most intense peak at 8.29 min (Fig. 39b). The resulting base peak ion chromatogram (BPI) allows to identify five peaks at 8.29, 8.51, 9.30, 9.63 and 10.61 min. The examination of the mass spectrum of each peak gives access to the exact mass of the molecular ions of pigments. In mass spectrometry, a molecular ion is characterised by its isotopic distribution which is the signature of its isotopic composition. For a molecular ion containing only CHNO isotopes, the intensity of the monoisotopic peak is generally higher than the intensity of p+1 and p+2 peaks as shown with the example of uroporphyrin in Fig. 21d. In the particular cases of system containing abundant isotopes such as [START_REF] Chateigner | Mollusc shell microstructures and crystallographic textures[END_REF] Cl, [START_REF] Feng | Identification of conserved proteins from diverse shell matrix proteome in Crassostrea gigas: characterization of genetic bases regulating shell formation[END_REF] Fe, [START_REF] Kim | Effects of organic matrix proteins on the interfacial structure at the bone-biocompatible nacre interface in vitro[END_REF] Br, 34 S, [START_REF] Fougerouse | Soft tissue anatomy, shell structure and biomineralization[END_REF] Cu, the intensity of the p+2 is generally superior to the p+1. In addition, for a monocharged Chapter III. Further investigation of shell purple patterns of Crassostrea gigas: beside porphyrins, ommochromes? 111 molecular ion, the difference of mass between the monoisotopic peak and p+2 is lower than the mass corresponding to 2H (2.0156 Da) that is observed for monocharged molecular ions containing only CHNO isotopes (for example: [START_REF] Feng | Identification of conserved proteins from diverse shell matrix proteome in Crassostrea gigas: characterization of genetic bases regulating shell formation[END_REF] Fe-54 Fe = 1.9953 Da, [START_REF] Chateigner | Mollusc shell microstructures and crystallographic textures[END_REF] Cl-35 Cl = 1.9970 Da, [START_REF] Wada | Taxonomy and phylogeny[END_REF] Mg-24 Mg = 1.9975, [START_REF] Fougerouse | Soft tissue anatomy, shell structure and biomineralization[END_REF] Cu-63 Cu = 1.9982 Da, [START_REF] Hao | Extraction and identification of the pigment in the adductor muscle scar of Pacific oyster Crassostrea gigas[END_REF] Si-28 Si = 1.9968 Da, 34 S-32 S = 1.9958 Da, 41 K-39 K = 1.9982 Da).

For the peak at 8.29 min, the mass spectrum is characterised by a series of five clusters of ions in the 700-800 m/z range, indicating at least five possible molecular ions for a given peak (Fig. 40). The major ions of each cluster are identified at m/z 701.1173 (cluster 1), 723.6810 (cluster 2), 739.6743 (cluster 3) and 763.6566 (cluster 4). The difference of m/z ~ 0.5 observed between each peak indicates that ions are di-charged (state of charge z = 2). Clusters of di-charged ions are also observed at 8.51 min (Fig. 42), 9.30, 9.63 and 10.61 min (Table 9). In few cases, ions with a z = 3 are observed (Table 9). Almost all clusters identified at 8.29 are also observed up to 10 min. The relative intensity of ions in clusters 2 and 3 suggests the presence of an abundant isotope or the presence of two different molecular ions. Chapter III. Further investigation of shell purple patterns of Crassostrea gigas: beside porphyrins, ommochromes?

112 For a given cluster, by applying the Eq. 3 to each ion and its p+2 peak, it is possible to describe the presence of an abundant isotope or the presence of two different molecular ions within the same cluster. In the example of the cluster 2 at 8. The compilation of mass spectra between 8 and 10 min in Fig. 43 is a representation of all ions detected in this range of retention time. This representation is important because it allows to provide information on the structural relation between the different ions (Fig. 43). For example, the ion at m/z 722.6717 corresponds to the ion at m/z 700.6760 with the addition of CO2. The ion at m/z 746.6617 corresponds to the ion at m/z 723.6750 with the addition of HCO2H. The ion at m/z 746.6617 corresponds to the ion at 730.6678 with the addition of O2. These data show that pigments eluted between 8 and 10 min have a structural proximity with variations corresponding to carboxyl, hydroxyl and sulphate groups. This structural proximity explains partially their poor separation by reverse phase liquid chromatography. The analysis of ASM POS was also conducted by RPLC-HRMS in ESI-to confirm the general behaviour and major functions observed in ESI+ as well as the mass of major clusters of ions.

The compilation of mass spectra between 8 and 10 min shows a high density di-charged ions in the 600-1000 m/z range (Fig. 44). Majors ions are identified at m/z 610. 6804, 632.6743, 654.6710, 676.6643, 695.6553, 717.6506, 739.6461 and 755.6404 Da. At this stage, given the multiple clusters of di-charged ions identified all along the 700-800 m/z range in ESI-, the spectrum is too complex for a fine and precise interpretation.

Given the high molecular weights and the potential presence of elements with abundant isotopes, it is not possible to define a molecular formula for a given ion both in ESI+ and ESI-. Experiments by MS/MS fragmentation of di-charged ions were performed in order to get structural information but mass spectra were not exploitable due to the low intensity of signals of parent ions. We tried to isolate a compound eluted at 13.60 min in Fig. 36 by semipreparative chromatography (Fig. 82 experimental part), but in every case, the RPLC-HRMS analysis revealed a mixture of clusters of di-charged ions. We are presently trying to solve these issues. 

III.2.2. Screening of metabolic products and identification of xanthurenic acid

Facing the complex dataset obtained by mass spectrometry, we decided to examine signals eluted earlier in the BPI chromatogram of ASM POS . A single signal is observed at 4.44 min, with a [M+H] + at m/z 206.0454 (Fig. 45a-b), potentially corresponding to a compound with a molecular formula of C10H7NO4 and an exact mass of 205.0376 Da (mass accuracy of ± 0.5 ppm). This is in agreement with xanthurenic acid (C10H7NO4, 205.0375 Da), but also with a variety of other potential substances (1023 results in SciFinder). At this level, confirmation is possible by comparative analysis with a XA standard. Indeed, solutions of XA standard and ASM POS analysed separately present the same exact mass and their fragmentation pattern by MS/MS are in total agreement (Fig. 45b-e). To definitively verify the presence of XA in ASM POS , the diluted solution of XA standard is co-injected with ASM POS (Fig. 46). The resulting extracted ion chromatograms show an increase of the XA signal in the sample containing ASM POS + XA standard compared to ASM POS alone. 

Preparation of a sample concentrated in pigments

The results reported above were obtained on ASM POS , that is to say a sample with a CaCl2 concentration around 55 g/L. As mentioned in the RPLC-DAD-HRMS analysis of ASM POS , MS/MS experiments require to increase the signal corresponding to pigments. To achieved the preparation of a sample more concentrated in pigments than ASM POS , removing the calcium salts through decalcification is necessary. The decalcification method employed in Chapter II by precipitation of CaF2 with the addition of HF(aq) is efficient since it allows to prepare a sample concentrated in organic species without the formation of calcium salts. However, this method does not allow to separate the different groups of pigments in ASM POS . Therefore, decalcification was conducted using C18 grafted silica gel with a water/acetonitrile acidified gradient system by replication, on open column, of the RPLC separation. In addition to remove the calcium salt, this method allows the separation of fluorescent porphyrins from the nonfluorescent pigments eluted earlier (the details of this method are given in Chapter IV). This method first lead to the elution of calcium-salts (decalcification), then a purple fraction (PF), potentially concentrated in pigments, is separated from a yellow fraction (YF) potentially concentrated in porphyrins since this fraction emits a pink-red photoluminescence under λex ~ 400. After freeze-drying and solubilisation in 1M HCl(aq), the PF is not photoluminescent under UV excitation and its UV-vis absorption spectrum is similar to that of the initial ASM POS (λmax ~ 464, 596 and 552 nm, Fig. 49). The PF is soluble in acid and alkali conditions. It differs from melanins, at least from eumelanin tested in the previous section, only slightly soluble in alkali, pheomelanin being described as slightly soluble in alkali and acid 321 . These are additional results which hardly questions the presence of melanins, especially eumelanin.

Besides, PF is slightly soluble at 1 mg/mL in MeOH, but turns fully soluble in MeOH containing 0.1 or 1% of concentrated HCl(aq). A typical property of ommochromes, different from melanins that are not soluble in organic solvent with or without acid 321 .

Elemental determination by EDX analysis shows significant content of carbon, nitrogen and oxygen are observed, revealing the organic nature of PF (Table 10, the elemental composition is detailed in Chapter IV). The identification of nitrogen is in line with N-containing pigments such as melanins, tetrapyrroles, indigoids and ommochromes, but also with amino acids that could be associated with them. Besides, according to data obtained by mass spectrometry describing the presence of abundant isotopes, the identification of Mg, Si, S, Cl, K, Ca and Fe suggests their association with the pigments of PF. Analysis by X-ray photoelectron spectroscopy (XPS), presently in progress, will provides additional information on the chemical state for some of them. In addition, NMR spectra obtained from PF show the presence of carbonyl, aromatic and aliphatic groups but do not allow to assign a known group of Ncontaining pigments (Fig. The chromatographic profile of PF obtained at 405 nm compared to ASM POS reveals a high density of absorbing species from 5 to 13 min (Fig. 50a-b). Xanthurenic acid is detected similarly to ASM POS . Besides, the signal of uroporphyrin at 13.35 min in ASM POS is not observed in PF, indicating that uroporphyrin and derivatives were fully separated, this is also confirmed by their absence when searching their corresponding m/z signal in the chromatogram obtained by mass spectrometry. The poor separation between 5 and 13 min is not a limit for MS/MS experiments, since the ions of interest can be specifically selected by the quadrupole of the mass spectrometer with a resolution of 2-3 m/z.

Compared to the analysis of ASM POS in ESI+, the clusters of di-charged ions previously described are now eluted between 6.42 to 10.71 min instead of 8.29 to 10.61 min. This is the case for the ion at m/z 722.6700 identified in PF with a high ionic intensity from 7.5 to 8.5 min.

(Fig. 50c). The decalcification/concentration also allows to observe monocharged and dicharged ions not detected in ASM POS . For instance, a monocharged ion at m/z 457.0883, not detected in ASM POS , is observed at three retention time (6.06, 6.84 and 8.89 min, Fig. 50d).

The corresponding exact mass of 456.0805 Da is particularly interesting. Among the set of ommatins described by mass spectrometry (Table 8), it may correspond to the exact mass of a -hydroxy-xanthommatin methyl ester derivative (438.0699 Da, C21H14N2O9, Fig. 51) with the addition of a water molecule (C21H16N2O10: 456.0805 Da). However, it may also correspond to a variety of compounds other than ommatins. Thus, the structure of this compound, named compound #1, is detailed in the next section. 

III.2.4.1. Mass fragmentation of compound #1

As mentioned above, the compound #1 with an exact mass of 456.0805 Da, can be potentially related to a xanthommatin derivative. In order to confirm or reject this hypothesis, MS/MS fragmentation was performed in both ESI+ and ESI-to define a fragmentation pattern and a molecular formula.

Starting from the fragmentation spectrum obtained in ESI-, an intense mono-charged product ion is observed at m/z 160.0396 (Fig. 52). The latter can be attributed to decarboxylated XA - In ESI-, only few exploitable MS/MS spectra were obtained. However, a compound eluted at According to the MS/MS fragmentation of compound #2, a schematic structure of compound #1 can be drafted (Fig. 57). As observed in its fragmentation spectrum in ESI-, two carboxyl groups were identified but cannot be positioned on one of the sub-molecular unit. In addition, the bond(s) between the two units cannot be defined at this stage. An amide function is possible.

III.2.4.2. Mass fragmentation of other monocharged ions

MS

Given the DBE of compound #1, a xanthommatin derivative-like structure is possible, especially an uncyclised form as those mentioned in the introduction (Fig. 32). Once isolated,

XPS experiments will provides additional information on the chemical state of nitrogen. The fragmentation spectrum of the ion at m/z 250.0354 (compound #3 in Table 11) shows product ions at m/z 186.0189, 204.0290, 232.0255 corresponding to XA + -2H-H2O, XA + -2H, XA + -2H+CO (Fig. 58), previously identified in the fragmentation of compound #1.

Compound #3 is certainly a carboxylated XA (Fig. 59). This compound was detected in the same range of retention time as di-charged ions, it may indicate that this compound is actually a labile fragment formed during ionisation. Chapter III. Further investigation of shell purple patterns of Crassostrea gigas: beside porphyrins, ommochromes?
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The ion at m/z 232.0323 (compound #4 in Table 11), was previously observed in the fragmentation spectrum of compound #1 and #3. This compound is also observed in the same retention range as di-charged ion, suggesting a possible in-source fragment.

The fragmentation of ions at m/z 425.0644 and 443.0715 (compound #5 and #6 in Table 11),

shows the product ions assigned to the XA sub-molecular unit, suggesting structures proximal to compound #1.

The fragmentation of the ion at m/z 638.1235 (compound #7 in Table 11) is particularly interesting. Indeed, a product ion is identified at m/z 457.0918, corresponding to the molecular ion of compound #1 in ESI+. It potentially shows that compound #1 is a fragment of a higher Supplemental monocharged ions were detected but not fragmented due to the low intensity of their signal (Table 12). However, their molecular formula can be potentially proposed by correlation with ions fragmented in Table 11. All together, these results show the structural proximity of monocharged ions in PF and ASM POS .
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III.2.4.3. Mass fragmentation of major di-charged ions

During the analysis of ASM POS by RPLC-HRMS, we identified a high number of clusters of di-charged ions in the 700-800 m/z range, both in ESI+ and ESI-mode. In ESI+, the ion at m/z 722.6717 was detected all along the retention time of pigments but its ionic intensity was not sufficient to get reliable information on its structure by MS/MS fragmentation. In PF, its fragmentation is possible due to a sufficient ionic intensity at 7.78 min (Fig. 60a). For this parent ion detected at m/z 722.6733 at least six successive neutral loss of CO2 are observed until the product ion at m/z 581.6984 (Fig. 60b). Between product ions at m/z 581.6984 and 299.1008, signal intensity is too low to attribute mass losses. Between m/z 172.0361 and 299.1008 a neutral loss of 125.0474 Da can be potentially assigned to C6H7NO2. As well the ion at m/z 174.0534 may be potentially assigned to C10H8NO2. However, on the basis of this fragmentation pattern alone, the number of possible molecular formula for this di-charged ion is too high for a reasonable proposition (> 1000), especially with the possible presence of abundant elements as observed by EDX analysis. We are presently trying to solve this issue by considering another method like multistage mass spectrometry. (1529.2938 Da) were investigated. Their MS/MS spectra are complex due to numerous product ions at m/z > 500 (Fig. 62). Multiple neutral loss of CO2 can be distinguished, at least nine for the 722 cluster (Fig. 62a), six for the 730 cluster (Fig. 62b), eight for the 744 cluster (Fig. 62c), seven for the 752 cluster (Fig. 62d) and four for the 763 cluster (Fig. 62e). In each case, an intense mono-charged product ion is observed at m/z 160.0397 ± 0.0001 corresponding to decarboxylated XA -previously observed in the fragmentation of compound #1. It supports a common XA-like sub-structural unit between these compound. 

III.3. DISCUSSION

In this study, an entire family of pigments composed of a common sub-molecular xanthurenic acid-like unit, possibly decarboxylated, was identified. Besides, the identification of XA as a separated compound by reverse phase liquid chromatographic suggests a cross-related origin.

In invertebrates, this compound is described as a metabolite exclusively related to the biosynthesis of ommochromes 321,345,349 , all deriving from the metabolism of tryptophan. Other metabolites are also well-known, but only XA was identified in our study. It suggests that XA is either a metabolite produced in excess or a degradation product of multiple possible origin (of pigments during extraction, during biosynthesis, during the life evolution of the shell, …).

The latter is compatible with the recent investigations and descriptions of the biosynthesis of ommochromes, more specifically ommatins where XA is proposed as a side product of the intramolecular cyclisation of 3-HK and/or as a physicochemical or physiological degradation product of xanthommatin and derivatives 347,349 . A similar process could occur in our study, the observed XA can actually derive from the degradation of XA-like-containing pigments.

These pigments have comparable properties to those described for ommatins and ommins mentioned in the introduction. Indeed, their solubility in organic solvents is made possible by the addition of acids. In solution, they are not photoluminescent and prone to adsorption on cellulosic dialysis membrane (Fig. 92 experimental part). In addition, their UV-vis absorption profile are comparable to those of ommochromes where a large band from 400 to 600 nm and another band around 310 or 380 nm are observed depending on the pH and the ommochrome in question.

The structures of ommochromes described in the literature by mass spectrometry are scarce, reported for only few of ommatins (Table 8). Their fragmentation patterns differ from the observed fragmentation of the pigments reported here. Such difference can be attributed to different reasons, first the different intermediate precursors can lead to structural differences as observed by Panettieri et al. (2018) with XA, 3-HK and 3HA as precursors. Secondly, MS/MS fragmentation in ESI+ reported in the literature does not allow to produce a XA-like fragment as the one observed in this study 348,349 . These MS/MS experiments were conducted on phenoxazone-base ommatins where the energy of fragmentation is certainly not sufficiently high to break the phenoxazone skeleton. A third reason could be the presence of an uncyclised form as those mentioned in Fig. 32, more specifically the reduced form which could lead more easily to fragments of XA. Unfortunately, MS/MS study of such compound has never been performed so far. These forms could be more compatible with compound #1 (C21H16N2O10, DBE of 15). Uncyclised forms in Fig. 32 are described as the result of hydrolysis in acidic conditions 347 . Knowing that ASM POS and therefore PF are obtained by dissolution in 1M HCl(aq), a hydrolysis may occur during this operation, leading to uncyclised structures. This questions the stability of the pigments over time, pH, temperature and light exposition. Indeed, in a simple experimental test performed to evaluate the stability of ASM JOS , we observed a marked decolouration, especially for samples exposed to sunlight (Fig.

-experimental part).

If this general hypothesis around ommatins is attractive, it does not explain the high molecular weight of di-charged ions and the numerous carboxyl groups identified by mass spectrometry.

Although they might be present, it is also necessary to consider the presence of other members of ommochromes, namely ommins or ommidins. Their molecular weight, higher than those of Chapter III. Further investigation of shell purple patterns of Crassostrea gigas: beside porphyrins, ommochromes? 141 ommatins, and the numerous carboxyl group of their structure, as exemplified by ommin A (Fig. 34), are coherent with the collected data all along this study. However, there is neither unambiguous characterisation of such class of ommochromes in the literature nor available commercial standards. A mixture of ommins, ommidins and ommatins is not to exclude, especially considering the UV-vis absorption profile with bands at 464 and 496 nm close to the one of ommatins and ommins at 552 nm in Fig. 49. In addition, this also matches with different experimental observations explaining: i) the numerous carboxyl groups if di-charged ions are actually aggregates or small oligomers of compounds #7 to #10 and ii) the formation of fragments during ionisation.

Whatever the definitive structure of these compounds, it presents a high number of carboxylic functions that remind the presence of several carboxylic groups of porphyrins, seen in Chapter II, and melanins, especially pheomelanin. Their occurrence in the pigmentation can lead to the binding of pigments to the calcite part of the shell via an ionic pigment-Ca 2+ bond. It remains to elucidate if this was selected by nature, in order to ensure the binding of pigments designed for a specific function, or if pigments are a carboxylic-rich by-product of the physiology of the animal which "operation" results in their coinciding accumulation in the surface of the shell.

In the present state of the study the presence of ommochromes is supported by several experimental facts, although it does not completely rule out the presence of melanins and an unambiguous structure cannot be proposed yet.

III.4. CONCLUSION AND PERSPECTIVES

In Chapter II, we concluded to the presence of several porphyrins associated to others pigments forming altogether the purple colour of the oyster shell. Thanks to a decalcification/separation methods, a group of non-fluorescent compounds was separated from porphyrins. Their structure is characterised by a xanthurenic acid-like sub-molecular unit and probably substituted by numerous carboxyl groups, xanthurenic acid itself being unambiguously identified. This compound is described in the literature as a key metabolite of the biosynthesis of ommochromes [347][348][349]355 . The solubility, UV-visible and mass spectroscopy data point toward the presence of ommochrome-based pigments and rule out the generally postulated presence of melanins alone.

A partial elucidation of the structure of these ommochromes has been achieved but pieces of the puzzle are still missing, especially in terms of isomerism and cyclisation of the compounds.

A definitive structural identification might not be achievable since it must not be forgotten that ommochromes are oligomeric compounds that can also present variable structures. Meanwhile, a better structural definition is probably achievable by mass spectrometry with ionisation techniques leading to mono-charged ions such as those employing matrix assisted laser desorption ionisation. Multistage mass spectrometry (MS n ) should also be employed to follow the fragmentation of a given product ion. A comparison with standard substance has to be considered once available naturally or by synthesis. Experiments on the mantle edge epithelium by a non-or soft-destructive process could give reliable information on the structure of those pigments and could allow to rely a potential function in living conditions. To date, if their strong absorption in the visible region suggest a potential protection from light, other properties could emerge, eventually related with an oxidation process as observed in the production of uroporphyrin and derivatives.

IV. ACID-SOLUBLE PIGMENTS OF SHELLS OF

Crassostrea gigas: EVALUATION OF EXTRACTION METHODS

IV.1. INTRODUCTION

In Nature, pigments generally represent only a negligible fraction of the whole mass of a living organism. In the particular case of molluscan shells, the extraction is limited by the calcareous phase, where pigments represent less than 1 % of the whole mass. For example, the extraction of 2.7 mg of a pure polyenic pigment from blue abalone shells was achieved by the dissolution of 30 kg of shells in aqueous acetic acid (150 L of AcOH at 5% V/V) 363 . The pigment is obtained after filtration, to remove the insoluble organic matrix, and precipitation by basification with NaOH(aq) of the initial acidic solution until pH 10 "accompanied by a white flocculent precipitate", certainly Ca(OH)2 for an initial [Ca 2+ ] of ~ 5 mol. On the resulting solid mixture of Ca(OH)2 and pigment, the latter is dissolved in AcOH(aq) (10% V/V) and selectively extracted with ethyl acetate. This can be successfully achieved due the solubility of the pigment in ethyl acetate in contrast to calcium salts. A final purification stage is conducted by semi-preparative RPLC monitored by UV-vis spectroscopy at 254 nm for structural description of the pigment.

As illustrated above, the selective extraction of pigments is totally driven by the solubility and reactivity of all shell constituents. While the physicochemical properties of calcium carbonate are well established, those of the organic matrix and pigments are much more variable. In addition, it is no possible to anticipate the nature and the physicochemical properties of pigments. Besides, the solubility of pigments in water is counter-intuitive if we consider that the pigments of organism living in the sea are soluble in aqueous solutions but at higher pH are embedded in the calcareous structure of the shell that prevents their solubilisation. Then, in the simplest cases, assuming that pigments are soluble and stable in water, whatever the pH, and if the organic matrix is insoluble and stable, the dissolution of the shell allows to breakdown the calcium carbonate structure, releasing the pigments and the organic matrix, the latter can be According to Eq. 4, dissolution of the calcareous shell is an acid-base reaction corresponding to the protonation of carbonate with formation of carbonic acid immediately followed by its decomposition into carbonic dioxide and water, the latter being displaced toward the elimination of CO2 according to the Henry's law. Any acid stronger than H2CO3 (pKa 6,37) is able to produce such reaction. However, the nature of the corresponding anion, the conjugated base X -, can have different impacts. From data reported in the literature (Table 13), oxoacid with notable oxidising character like nitric and sulfuric acid are avoided. From this point of view, HCl or AcOH with no strong oxidising or reducing properties are generally used. However, they cannot be considered similar. First, the resulting calcium salts have different solubility. For example, using AcOH leads to calcium acetate with solubility of 347 g/L at 20 °C in water (2,2 mol/L) 371 , slightly soluble in methanol but insoluble in acetone and ethanol. Differently, using HCl leads to calcium chloride much more soluble in water (811 g/L at 25 °C, 7,3 mol/L) 371 , soluble in ethanol and methanol. These differences of solubility can lead to different processing. Besides, if pigments have amino groups, X -will be the counter anion, a situation that can also result in different solubility.

Finally, this counter anion may participate in the chemical transformations of pigments that Chapter IV. Acid-soluble pigments of shells of Crassostrea gigas: evaluation of extraction methods 147 may occur subsequently or concomitantly to those produce by the very acidic medium, especially if they are easily hydrolysable or if they are complexed to a metal that can be demetallised by protonation. Besides the role of the conjugated base X -, the pH of resulting solution is a very important parameter and have to be considered according the chemical nature of the pigments to extract, especially when acidic or basic groups are suspected.

An original approach for the dissolution of the calcareous shell uses EDTA, a very well-known calcium chelating agent. In this case, the dissolution of CaCO3 is based on the coordination of Ca 2+ by the tetra-anionic specie of EDTA, generally called Y 4-, whose complexation constant is very high even at neutral pH (Eq. 5), a situation not accessible by other means. The resulting by product, in that case, is rich of the counter ion of Y 4-.

Eq. 5 Y 4-+ Ca 2+ ⇆ CaY 2- K1 = 10 10.7 = 5.01.10 10

This method was employed for the identification of protoporphyrin in molluscan shells. After repetitive dissolution at pH 7.2, the insoluble residue concentrated in protoporphyrin is partially dissolved in ACN/AcOH (4:1 V/V) and analysed by RPLC-HRMS. This method is convenient for the extraction of insoluble pigments such as carotenoids but requires extended dialysis for the elimination of CaY 2-and the counter ion of Y 4-if pigments are soluble.

In line with the previous chapters on the identification of acid-soluble pigments from shells purple patterns of C. gigas, we propose here to evaluate three extraction methods, namely salting out, CaF2 precipitation and separative elution (Fig. 63). Salting out is based on the difference of solubility between pigments and calcium salts upon basification. Conversely, CaF2 precipitation is based on the formation of insoluble salts at acidic pH while pigments are soluble. The separative elution is based on reverse phase chromatographic separation. Other extraction methods were also tested during preliminary experiments but were not further developed. The method described by A. Comfort (separation of acid-soluble pigments by talc chromatography with HCl(aq), Table 13) was not efficient to separate acid-soluble pigments from calcium salts (co-elution). Separation on silica gel led to the same effect. Extraction with supercritical CO2 ranging from 9 to 55 MPa at 40°C was also tested. In addition, the method described by Cai et al. (2011) was reproduced but acid-soluble pigments were not extracted with ethyl acetate or dichloromethane. 

IV.2.1. Sample preparation

IV.2.1.1. Decontamination

In order to limit the extraction of pigments originating from epibionts, a decontamination treatment is applied by immersion of POS in a 1% NaOCl(aq) followed by immersion in deionised water (2h in each case). Sonification is employed to accelerate the treatment without the use of mechanical stirring. After decontamination, samples are not decolourised, the NaOCl(aq) solution is yellowish with the presence of flocculent residues (apparently of organic nature). The deionised water is colourless, a thin shell powder is collected on the bottom flask, probably as a result of the sonication. In these conditions, the prismatic structure of POS, observable by SEM, was cleaned of its epibionts and apparently not degraded (Fig. 64). This decontamination treatment was evaluated efficient enough for a use in routine on batches varying from few grams to couples of kilograms. 

IV.2.1.2. Dissolution in acid

Both HCl and AcOH were first tested to dissolve the shell at 25°C. The complete dissolution of POS is achieved after 30 minutes using 1M HCl(aq) (pH ~ 0.1), whereas 120 minutes are required with 1M AcOH(aq) (pH ~ 2.4). The dissolution is spontaneous and the colouration of the solution is an obvious evidence of the solubilisation of pigments at this pH (Fig. 65). This suggests that they were intimately trapped, associated or bonded inside the carbonate-based microstructure. In this coloured solution, a precipitate is still present, long after the end of CO2 evolution. It corresponds to the insoluble organic matrix that is eliminated by filtration and recovered as a colourless solid. According to this process, a stock solution of ASM POS (pH 0.74) is prepared by dissolution of POS in 1M HCl(aq). The latter was selected because, upon drying, excess of HCl can be easily eliminated at room temperature by evaporation. This ASM POS is filtered to remove the insoluble organic matrix and stored in the dark at low temperature (-21°C). The RPLC-DAD-HRMS analysis of this solution shows xanthurenic acid eluted at 4.97 min and pigments hypothesised as ommochromes between 7 to 10 min (Fig. 66a-d). The molecular ion of uroporphyrin is also detected but is more clearly identified at 13.23 min after sample concentration by evaporation (Fig. 66e-f). indicating that some pigments were certainly soluble in this condition, but not after freezedrying and washing. After washing, the solid residue, named E-ASM, is finally freeze-dried. At larger scale, working on ~ 1.8 L of ASM POS (~ 90 g of POS), the precipitation of pigments starts at pH ~ 5 but an orange colouration of the supernatant is observed at pH > 10 suggesting that a fraction of pigments is soluble. This extraction method was repeated on batches of ASM JOS of ~ 600 mL by keeping the final precipitation pH at 10 for comparative evaluation (Table 14). The extraction yields depend mainly on the sample used for extraction, varying from 0.22 wt.% for POS to approximately 0.05 wt.% for JOS. This is consistent with the general colour of samples; while POS were specifically selected for their fully purple coloured aspect, JOS were partially white (specially the inner surface). The RPLC-DAD-HRMS analysis of E-ASM POS presents a low intensity signal at 13.46 min corresponding to uroporphyrin (Fig. 68a). Pigments hypothesised as ommochromes are eluted from 6 to 12 min as shown in chromatogram obtained at 405 nm in Fig. 68b. Additionally, xanthurenic acid is eluted at 4.95 min (Fig. 68c) and numerous other peaks are observed from 3 to 10 minutes (blue stars in the BPI chromatogram in Fig. 68d). The examination of their mass spectra is characterised by a successive increment of an exact mass of 44.026 Da (Fig. 68e-f) corresponding to a C2H4O pattern, a typical signature of ethylene glycol-based polymers.

Their origin is detailed in the discussion section. The structure of the compound eluted at 10.48 min was analysed by MS/MS (Fig. 68g-h). Its molecular formula C11H6O3 and fragmentation pattern in ESI+ are in agreement with psoralen or its isomers by comparison with the mzCloud TM database. The confirmation of its structure is presently in progress by co-injection with a psoralen standard. Other compounds eluted at retention time higher than 12.0 min were not investigated yet. It would be interesting to carry out a dosage of the different species with another technique than RPLC-HRMS, given some compounds can be easily ionisable, others not at all. 

IV.2.2.2. Separative elution

This method, based on reverse phase chromatographic separation, is very efficient for the preparation of samples concentrated in pigments as mentioned in Chapter III. The ASM POS is separated on an opened column filled with a C18 grafted silica stationary phase (~ 24 wt.% of C). The pH of the stationary phase is fixed with 1M HCl(aq). From the initial deposition of ASM POS , calcium salts elute rapidly as a large whitish band since no strong interactions can occur with the non-polar stationary phase. This is performed by elution with 1M HCl(aq) followed by 0.1% TFA(aq) (pH ~ 2). At this stage, pigments are not eluted as predicted by the RPLC of ASM POS . After elution of the Ca 2+ -containing salts, a first set of pigments elutes as a large purple band with water/acetonitrile (80:20 V/V) acidified with 0.1% TFA. The resulting fraction does not exhibit photoluminescence. A yellow band still fixed on the top of the stationary phase is eluted with acetonitrile with 0.1% TFA and its pink photoluminescence under 405 nm indicates the presence of uroporphyrin identified in the ASM POS stock solution.

The purple (PF) and yellow (YF) fractions are finally freeze-dried to recover solid samples ready for further analysis.

This method was repeated on different volumes of ASM POS and ASM JOS by keeping the same mstationary phase/VASM ratio. The decalcification of 2 L of ASM JOS (Fig. 69b-d) is comparable to ASM POS . However, the separative elution is visually different. While the large purple band is first eluted with water/acetonitrile (80:20 V/V + 0.1% TFA), an orange and a pink band (Fig. 69f) are eluted with acetonitrile with 0.1% TFA. The resulting fraction is photoluminescent under 405 nm. These bands are certainly concentrated in porphyrins. In addition, after complete elution, the resulting stationary phase is slightly coloured, indicating that a minor fraction of pigments is not eluted (Fig. 69f).
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The extraction yields vary from 0.38 wt.% for POS to approximately 0.04 % for JOS, these are higher than those obtained by salting out method, although they are similarly sample dependent (Table 17). The extraction yields obtained from the photoluminescent fraction (including YF POS ) are very low, therefore, we preferred to solely conduct the analysis of composition by RPLC-DAD-HRMS.

After freeze-drying, the purple fraction is soluble in NaOH(aq), aqueous acids and slightly soluble in EtOH, MeOH and ultrapure water (Table 18). RPLC-DAD-HRMS analysis is performed on the yellow and purple fractions. Pigments hypothesised as ommochromes are eluted between 6 and 12 min (Fig. 70a) in the purple fraction, as well as xanthurenic acid (eluted at 4.89 min, Fig. 70b) and ethylene glycol-based polymers (from 3 to 10 min, Fig. 70c-e). Chapter III, are also identified in the yellow fraction (Fig. 71d). The psoralen-like compound (eluted at 10.46 min, Fig. 71e) and the PEG-like polymer (between 10.5 to 14.0 min) are also identified while are absent in the purple fraction (green stars in Fig. 71a and71f). Numerous other compounds, including that eluted at 4.05 min, were not investigated yet. as a CaF2 precipitate according to Eq. 6. If a slight excess of HF is used to preserve an acidic pH, it can be eliminated by slow evaporation along with HCl and by-products of the process.

Differently from the other methods, it allows to directly recover the acidic solution of pigments (pH bellow 2) and lead to solid residue upon evaporation.

Eq. 6 Ca 2+ (aq) + 2Cl This extraction method involved a 27.6M aqueous solution of HF, which is easy to handle with usual lab propylene wares but must be manipulated with caution in a dedicated area. In order to reduce the amount of HF as much as possible, the ASM POS is first concentrated under vacuum at 25°C until the beginning of calcium salts precipitation. HF(aq) is then added dropwise to ASM POS until no more precipitate is formed. After rapid centrifugation, total precipitation of the white CaF2 precipitate is verified by the absence of any precipitation upon the addition a drop of HF to the coloured supernatant. After centrifugation, evaporation and washing, a solid residue named P-ASM is obtained after freeze-drying.
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(Fig. 72a) and major porphyrins (uroporphyrin, heptacarboxylic acid porphyrin and turacin) are co-eluted with ommochromes at 13.22, 14.17 and 14.80 min, respectively (Fig. 72a-d).

Besides, xanthurenic acid (Fig. 72e), the psoralen-like compound (Fig. 72g) and polymers previously identified in purple and yellow fraction are also identified (blue and green stars in Fig. 72f). The three methods investigated in this study enabled to extract acid-soluble compounds with comparable extraction yields (Table 22), variation depending much more on the shell sample than the extraction method (POS leads to much higher yield than JOS). In this regard, sample collection has to be designed according to the level of the required resource, knowing that POS collection is conducted by hand and JOS can be directly supplied by oyster breeders. In terms of scalability, the separative elution method seems interesting, suitable for the extraction of pigment from volumes of ASM varying from few mL to 2L. This method allows to prepare water-and EtOH-soluble fractions of pigments, which is an advantage for a use at liquid state. In addition, this method allows to separate two groups of pigments, may be three, in a single operation within few hours in a quasi-continuous process, starting from dissolution to sample ready for freeze-drying. This process requires the use of a high cost C18 grafted silica (277€/100g to obtain approximately 40 mg from JOS), but it can be easily regenerated.

The CaF2 method is advantageous by its simplicity and the use of minimal volumes of solvents.

If well designed at larger scale, this method seems more economic than the separative elution, requiring only plastic wares, tools and standard filters. In its present state, the major limitation is the solubility of the resulting extract. Further developments are required for a use at liquid state at neutral pH (if needed). Besides, considering the safety issues, this method should be Chapter IV. Acid-soluble pigments of shells of Crassostrea gigas: evaluation of extraction methods
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preferred for analytical purposes. The salting out method is also economic, especially if basification is conducted with ammoniac that can be easily evaporated in contrast to the water formed by the addition of NaOH(aq). However, the weak solubility of the resulting extract, is a serious limit for the development of applications based on liquid state pigments.

In a more general way, freeze-drying employed in this study is convenient at analytical scale for the preparation of dry extract at 25°C, but its use at higher scale has to be seriously questioned. This operation is slow and such equipment requires high resources and investment.

Besides, a potential contribution on the relative insolubility of extracts is not excluded. Indeed, while P-ASM and E-ASM, not soluble in ultrapure water and MeOH, are obtained after suspension in a minimum volume of water and freeze-drying, PF, visually more soluble, is obtained after freeze-drying of pigments solubilised in a large volume of eluent. In this condition, after freeze-drying, PF looks more "porous" than P-ASM and E-ASM, that may result in easier solubilisation. Drying at 30°C, atmospheric condition, should be evaluated.

IV.3.2. Impact of extraction methods on composition

The three extraction methods allow to prepare samples concentrated in acid-soluble compounds and with a reduced content of calcium; by decreasing order: salting out  5.5 at.%, separative elution  1.84 at.% and CaF2 precipitation  0.15 at.%. In addition, the methods have also an impact on the concentration of non-metal element like S and P and also on metal like Fe, Cr, Si, Al, etc. Although their concentrations are generally below 3-5.5 at.% their presence raise many questions on their origin (exogenous versus endogenous, bioaccumulation, contamination), role and precise determination, all being without clear answer at present.

Chapter IV. Acid-soluble pigments of shells of Crassostrea gigas: evaluation of extraction methods soluble at pH > 10 due to the possible deprotonation of carboxyl groups and NH-free of pyrroles.

The separative elution method allows a partial separation of porphyrins from the set of ommochromes. Furthermore, turacin is not identified, certainly due to a demetallation process occurring during decalcification with HCl(aq) by protonation of N-pyrroles coordinated to Cu(II). Another possibility would be that turacin was not eluted in these conditions. Besides ommochromes and porphyrins, others compounds were extracted. Xanthurenic acid is particularly concentrated in P-ASM POS and the purple fraction (Fig. 74). Related to ommochrome in terms of biosynthetic pathway, the occurrence of this compound can be questioned: is it really present as such in the pigments or is it the result of the degradation of ommochromes during the extraction process in acidic medium? Beside these compounds abundantly described in this manuscript, another compound, attributed to an analogue of psoralen, was particularly concentrated in E-ASM POS (Fig. 75). The presence of this compound is very surprising. Usually naturally found in terrestrial plants, psoralen is used in UVA treatments as a photosensitizer and is extremely toxic to fish. This compound was used in solar creams until 1996 373 . A possible bioaccumulation in the shell from the aquatic environment or from oyster farmers has to be considered. Since its presence is completely unexpected, an unambiguous identification of this compound is presently under investigation by comparative RPLC-HRMS analysis using a psoralen commercial standard. 

IV.3.2.1. Origin of ethylene glycol-based polymers

Ethylene glycol-based polymers are identified in samples obtained by the three methods, which is also completely unexpected. The successive increment of C2H4O units corresponds to the typical signature of a PEG standard in mass spectrometry. The [M+H] + at m/z 327.2019 hypothesised as the molecular ion of PEG 326 in PF has a comparable fragmentation pattern by MS/MS (Fig. 76a-b) to that of a commercial PEG 400 (Fig. 76c-d). 

IV.4. CONCLUSION AND PERSPECTIVES

In this study, we question the effect of extraction methods on the recovered pigments. Starting with an initial sample of dissolved POS and JOS, three extraction methods were evaluated.

Each lead to differences in composition and yields of pigments, although these differences are not tremendous, they can be significant to a certain point. Indeed, the salting-out method allows the extraction of ommochromes, whereas most of porphyrins are not extracted. The separative elution allows the extraction and separation of these two groups of pigments and the CaF2

precipitation allows the extraction of both groups in a single operation.

Such methods are based on the physicochemical nature of all shell constituents, especially their solubility at different pH. Considering that it is not possible to predict the nature of the pigments trapped in the calcareous phase at solid state, we show how crucial it is to test different methods, especially in terms of pH, in order to collect and analyse all the types of pigments.

In addition, this study questions another central point: the chemical modification of pigments during the extraction process. So far, most of the studies never question it, assuming that the extracted, recovered and analysed mixture of pigments is the "true" one. Since no precise identification of the pigments is possible directly on the shell, no one can assume that the extraction process has no impact on the structure of pigments. Indeed, the conditions of extraction can lead to the degradation of labile compounds, for example by hydrolysis or demetallation. However, once a precise structure has been elucidated, the question of its stability in aqueous media, especially acidic or basic, must be asked. In a more general way, it

shows how the identification of pigments can be conditioned by the extraction method.

Finally, we point out the effect of contamination by reagents used in the extractions process. This is generally well understood and considered by chemists and this type of bias can be easily detected. However, when working with natural substances where atomic percentages of some elements are below 1-2 wt.%, the identification of a contamination can be tricky. An alternative for the identification of pigment would be the analysis directly on the collected material and at solid state. For example, being quasi non-destructive, in situ laser desorption combined with mass spectrometry is a promising solution but requires in-depth development on solid shell samples.

The shell of the edible oyster Crassostrea gigas is a calcareous biomaterial suitable for a wide range of applications in health, depollution and materials synthesis. The processes for converting this material into a source of functional ingredients involve more or less complex operations, depending on the targeted application and the required level of performances.

Indeed, simple operations such as grinding and sieving allow the preparation of a homogenous powder rich in calcium, while multiple advanced operations such as dissolution, decalcification and purification are required to access isolated compounds or families of compounds.

Based on the potential of oyster shells as a natural source of raw materials, this doctoral project was articulated around two strategies: i) the identification, characterisation and description of pigments contributing to the purple colour of the shell and ii) the development of selective extraction processes from the calcareous phase. Especially, methods to access to various collection of acid-soluble pigments from shells of juvenile oysters were detailed, identified to require less resources than fragments of shells of adult oysters, however with lower yields. A first group of tetrapyrrole pigments (uroporphyrin and derivatives) has been identified in the purple patterns of the shell and the mantle, probably deriving from the metabolism of haem, the respiratory pigment of many organisms. This work opens the way to many fundamental questions, such as their role in the mineralisation process, their association with the calcareous phase and their distribution and across species, as well as their conservation. The second group, attributed to ommochromes, constitutes the first instance of their occurrence in bivalves. On the basis of the identification of xanthurenic acid, the sketch of their structure has been 

SOLVENTS AND REAGENTS

Acetic acid glacial was purchased from Carlo Erba Reagents (France).

Acetonitrile HPLC gradient grade ( 99.9%) was purchased from Fisher Scientific (Belgium).

C18 grafted silica for flash high throughput purification was purchased from Supelco (USA, batch SP98226 and SP10816).

Calcium carbonate European pharmacopeia quality (98.5-100.5%) was purchased from Sigma-Aldrich (USA).

Fontainebleau sand was purchased from VWR Chemicals (Belgium).

Formic acid ULC/MS grade (99%) was purchased from Biosolve (Netherlands).

Hydrochloric acid 37% was purchased from VWR Chemicals (France).

Hydrofluoric acid 38-40% (27.6 M, was purchased from VWR Chemicals (France).

Polyethylene glycol 400 (level quality 200) was purchased from Sigma-Aldrich (USA).

Sodium hydroxide 98% was purchased from VWR Chemicals (Belgium).

Sodium hypochlorite 9.6% was purchased from Notilia.

Sepia officinalis eumelanin black powder was purchased from Sigma-Aldrich (USA, batch #103H1023) and stored at -21°C before use.

Trifluoroacetic acid HPLC grade was purchased from Fisher Scientific (United Kingdom).

Ultrapure water (0.055 μS/cm) were obtained by pre-filtration and reverse osmosis system (LaboStar® PRO TWF, Evoqua Water Technologies).

Uroporphyrin I dihydrochloride was purchased from Santa Cruz Biotechnology (USA, batch H1219) and stored at -21°C before use.

Xanthurenic acid was purchased from Interchim (France, batch V0226P002). Preparation of ASM AMS : Approximately 97 g of AMS were dissolved in 1M HCl(aq) under magnetic stirring (1:20 wt./V, 30 min, 500 RPM). The ASM AMS was obtained after filtration on a glass sintered filter (POR 4) filled with Fontainebleau sand. The ASM AMS was kept in the dark at -21°C.

SHELL

Fluorescence spectroscopy: Analysis were conducted after dilution by a factor 10 of 1 mL of ASM POS in 1M HCl(aq).

UV-vis absorption spectroscopy: Analysis were conducted after dilution by a factor 10 of 1 mL of ASM POS in 1M HCl(aq). ASM WOS and ASM AMS were analysed without dilution.

Composition profile by RPLC-DAD-HRMS:

The ASM POS (2 mL) was filtered on a polyethersulfone syringe filter (0.22 μm) and analysed on the RPLC-DAD-HRMS system (ESI+) described in the equipment section with Vinj: 10 μL. Separation was performed with a gradient system acidified with 0.1% formic acid: 0 to 50% acetonitrile in 20 min, followed by 50 to 100% acetonitrile in 5 min, followed by 100% acetonitrile in 1 min, followed by 100% ultrapure water in 0.1 min and finally 4.9 min with 100% ultrapure water (method #1).

Identification of uroporphyrin in ASM POS . The previous filtered ASM POS , ASM WOS (2 mL filtered on a polyethersulfone syringe filter 0.22 μm) and 0.5 mg of uroporphyrin chemical standard dissolved in 500 μl were analysed on the RPLC-DAD-HRMS system (ESI+) described in the equipment section with Vinj: 10 μL. Separation were performed with a gradient system acidified with 0.1% formic acid: 0 to 20% acetonitrile in 3 min followed by an isocratic elution with 20% acetonitrile for 17 min, followed by 20 to 50% acetonitrile in 12 min, followed by 50 to 100% ultrapure water in 0.1 min, followed by 100% ultrapure water in 4.9 min (method #2).

Identification of uroporphyrin in dark AMS. Approximately 200 mL of ASM AMS was evaporated to reduce the volume to approximately 125 mL (16 mbar, 35°C). A slight excess volume of 27.6M HF(aq) was added. After 30 min under gentle stirring, the sample was centrifuged (20 min, 4,400 RPM). The supernatant was then concentrated to dryness (atmospheric pressure for 7 days at 25°C in the dark followed by vacuum evaporation at 35°C).

The solid residue was suspended in ultrapure water (40 mL, 0.055 μS/cm), stirred with a vortex stirrer and centrifuged (20 min, 4,400 RPM). The solid material resulting from centrifugation NMR experiments. Approximately 100 g of JOS were dissolved in 1M HCl(aq) under magnetic stirring (1:20 wt./V, 30 min, 500 RPM). The ASM JOS was obtained after filtration on a glass sintered filter (POR 4) filled with Fontainebleau sand. Immediately after filtration, ASM JOS was deposited on a C18 grafted silica gel previously equilibrated with 1M HCl(aq). After deposition, decalcification was performed with 200 mL of 1M HCl(aq) followed by 200 mL of 0.1% TFA.

Separative elution was performed with multiple eluents acidified with 0.1% TFA:

-F1: ultrapure water/acetonitrile (95:5 V/V) -400 mL -F2: ultrapure water/acetonitrile (90:10 V/V) -250 mL -F3: ultrapure water/acetonitrile (85:15 V/V) -250 mL -F4: ultrapure water/acetonitrile (80:20 V/V) -150 mL -F5: acetonitrile -350 mL

Fractions were collected and freeze-dried. This process was repeated once. The fluorescent fraction (F5,  9 mg) was solubilised in  30 mL of 1M HCl(aq). Separation and isolation of porphyrins was carried out on a semi-preparative UHPLC-DAD system in the UV-vis range of 200-800 nm (Thermo Scientific Dionex Ultimate 3000). Separation was performed using a 250

x 10 mm Kinetex 5 μm EVO C18 100 Å reverse stationary phase, operating at 25°C with a constant flow rate of 2.0 mL/min. Isolation was performed using four gradients, followed by an isocratic elution and a final gradient system of ultrapure water (0.055 μS/cm) and acetonitrile containing 0.1% formic acid (0 to 27% acetonitrile in 3.5 min followed by 27 to 35% acetonitrile in 14.5 min, followed by 35 to 50% acetonitrile in 1 min, followed by 50 to 80% acetonitrile in 2 min; isocratic elution was conducted with 80% acetonitrile in 1 min, followed by 80 to 100% acetonitrile in 5 min, followed by 100% ultrapure water in 1 min and 100% ultrapure water for 27 min). Peaks at 19.15, 23.32 and 24.72 were collected. 57 runs were required with Vinj: 500 μL. Sample was kept at 20°C in the autosampler. Fractions containing uroporphyrin were pooled together and freeze-dried. The isolated uroporphyrin was dissolved in 600 μL of DMSO-d6 and 1 H spectrum was recorded from -5 to +13 ppm (64 scans, Bruker Avance III HD 400 MHz). The 1H spectrum of uroporphyrin standard (2 mg in 600 μL DMSO-d6) was recorded in the same conditions. 

Identification of uroporphyrin in

CHAPTER III

Separation monitored by UV-vis absorption. The ASM POS previously prepared in Chapter II was separated with the UHPLC-DAD system employed for the purification of uroporphyrin in Chapter II. Separation was performed using a 100 x 4.6 mm Kinetex 5 μm EVO C18 100 Å reverse stationary phase, operating at 30°C with a constant flow rate of 1.0 mL/min. Separation was performed using two gradients system of ultrapure water (0.055 μS/cm) and acetonitrile containing 0.1% formic acid (0 to 50% acetonitrile in 53 min followed by 50 to 100% acetonitrile in 12 min, followed 100% acetonitrile in 2 min, followed by 100% ultrapure water in 0.5 min; followed by 100% water in 9.5 min). Vinj: 80 μL. Sample was kept at 20°C in the autosampler. The ASM JOS was obtained after filtration on a glass sintered filter (POR 4) filled with Fontainebleau sand. The ASM JOS was kept in the dark at -21°C. Three samples of ASM JOS (3 mL each) were exposed to sunlight, three supplemental samples (3 mL each) were kept in the dark at -18°C and three supplemental samples (3 mL each) were kept in the dark at 25°C. After 62 days of sunlight exposition, the ASM JOS was visually discoloured. This degradation was confirmed by the progressive decrease of the characteristic absorption bands at 491 and 548 nm that completely disappeared after 300 days of exposure (Fig. 84c). On the other hand, the ASM JOS kept in the dark at 25°C was rather coloured after 367 days with only half the absorbance in the 430-600 nm range. The ASM JOS kept in the dark at -18°C was visually not discoloured but a low decrease of absorption bands at 491 and 548 was observed, a degradation upon analysis is a possibility, as-well-as a degradation not catalysed by light exposition. At day 367, samples were compared by RPLC-HRMS. The signals of clusters of di-charged ions from 8 to 10 min, were quasi disappeared from the sample exposed to sunlight, whereas they were identified in the samples kept in the dark at 25°C and -18°C (the ionic intensity being higher in the sample kept at -18°C, Fig. 84a-b). Process Saf. Environ. Prot. 102, 129-139 (2016).
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Fig. 1

 1 Fig. 1 General project's partnership.

Fig. 2

 2 Fig. 2 Examples of Crassostrea gigas farmed by Tarbouriech-Médithau.

Fig. 3

 3 Fig. 3 Application fields of oyster shell as a source of raw materials.

Fig. 4

 4 Fig. 4 Structure of protoporphyrin IX, flavoxanthin, pheomelanin and eumelanin (model structures proposed by Solano 2014 3 ), representing the three known groups of molluscan shell pigments: tetrapyrroles, carotenoids and melanins.

Fig. 5

 5 Fig. 5 Xanthurenic acid.

Fig. 7

 7 Fig. 7 Representation of the four main categories of rib in bivalves. (a) Radial (Pectinidae). (b) Commarginal (Veneridae). (c) Oblique (Lucinidae). (d) Antimarginal (Ostreidae) 24 .

Fig. 8

 8 Fig. 8 Structure of shells of adult oysters. (a) Cross section of a shell of C. gigas farmed in the Thau Lagoon with a schematic representation identifying the three superimposed layers and their different structures. (b) Dark pigmented adductor muscle scar of a ventral valve 30 . (c-e) SEM images of the calcitic columnar prismatic (CCP) structure. (c) Cross section of the CCP layer from shell of O. puelchana 43 . (d) Surface of the CCP layer from shell of O. edulis 43 . (e) Interprismatic matrix with a polygonal shape isolated from the CCP layer 44 . (f) SEM image of the myostracum 45 . (g) SEM image of the calcitic chalky structure*. (h) SEM image of the inner nacreous surface layer of shell of P. margaritifera with staggered tablets separated by the organic matrix. (i) Cryo-SEM image of nacre in "brick and mortar" from shell of P. margaritifera revealing stacked sheets 46 . (j-k) Foliated layer of shell of O. edulis. SEM images of (j) blade-like laths with arrow-point tips 47 and (k) the cross-section. (l) SEM image of the chondrophoral ligostracum of the left valve of C. virginica 27 . *Only observed in Ostreidae specimens.

Fig. 9

 9 Fig. 9 Examples of nacre bone substitutes. (a) Incisors of the lower jawbone replaced by nacre 121 . (b) Solid nacre (N) implanted in the femur of sheep after 10 months 122 .

Fig. 10

 10 Fig. 10 Examples of advanced materials synthesised with oyster shell (a) SEM image of hydroxyapatite produced by hydrothermal processing of NOS at 200 °C for 92 h 211 . (b-c) TEM images of Na2Ti6O13 nanorods prepared with NOS 214 . (f) Ca(OH)2 nanoplates prepared from CNOS according to Khan et al. (2018) 215 . (d-e) Calcium silicate prepared with CNOS, reproduced from Ref. 216 with permission from the Physical Chemistry Chemical Physics Owner Societies.

Fig. 11

 11 Fig. 11 Structure of AACa. Captured from Fujita et al. (1988) 225 .

Fig. 12

 12 Fig. 12 Examples of materials synthesised with AIM and EDTASM. (a) Hollow spherical particles of CaCO3 prepared with AIM of shell of P. fucata 292 . (b) Aragonite crystal prepared with EDTASM protein from the myostracum of shell of C. gigas 28 . (c) Calcite crystal prepared without the addition of EDTASM proteins of shell of C. gigas, (d) aragonite crystals prepared with aragonite-specific EDTASM protein extracted from shell of C. gigas, (e) calcite crystals produced with EDTASM calcite-specific protein extracted from the folia of shell of C. gigas, and (f) aragonite crystal produced with EDTASM protein extracted from diseased areas of shell of C. gigas 291 .

Fig. 13

 13 Fig. 13 Shells of C. gigas with six colours. (a) Whole white shell, (b) whole black shell, (c) whole golden shell, (d) partially coloured shell 299 . (e) Pink oyster from the French oyster farming Tarbouriech-Médithau (Thau, France) 1 .

Fig. 14

 14 Fig. 14 Application fields of waste oyster shell described in this chapter.

  investigation on dark AMS of C. gigas by mass spectrometry has demonstrated the absence of melanins markers usually obtained after alkaline oxidation (pyrrole-2,3-dicarboxylic acid, pyrrole-2,3,5-tricarboxylic acid, thiazole-4,5-dicarboxylic acid and thiazole-2,4,5-tricarboxylic acid) 309 . Identifying pigments associated with black and other frequent shell colours (e.g. yellow, red and purple) would constitute an important knowledge on their origin and possible related function. Recently, Feng et al. 310 have evidenced in C. gigas the key role of different expressed long non-coding RNA and mRNA transcripts potentially associated with mineralisation and shell pigmentation, among which 6 mRNAs are identified to influence the biosynthesis of pigments including melanins, carotenoids, tetrapyrroles and ommochromes.

Fig. 15

 15 Fig. 15 Photographs of purple patterns distributed on shells of juvenile and adult C. gigas collected from France. (a) Decontaminated shells of juvenile oysters bred in Bouin, France (supplied in August 2017). (b-d) Decontaminated shells of juvenile oysters farmed in Marseillan, France (supplied in August 2017 and December 2018). (e-f) Decontaminated shells of adult oysters collected in Ile d'Oleron, France (collected in December 2018).(g-j) Decontaminated shells of adult oysters collected in Marseillan, France (collected in January 2017 and 2018).

  (k) Adult oyster farmed in Bouzigues, France (purchased in November 2019). (l) Decontaminated valves with dark AMS, farmed in Marseillan, France (collected in August 2017).

Fig. 16

 16 Fig. 16 Schematisation of shell samples collection, preparation and structural characterisation by SEM. (a) Schematic figure of decontaminated WOS and POS collected from adult living C. gigas (Thau lagoon, France). (b-c) Characteristic SEM images of decontaminated WOS (cross-section and top view, scale bars = 30 and 20 μm, respectively). (d-e) Characteristic SEM images of decontaminated POS (cross-section and top view, scale bars = 50 and 12 μm, respectively). (f) Representative photograph of a decontaminated dorsal valve with a dark adductor muscle scar (AMS), obtained from waste shells of adult C. gigas. (g-i) Characteristic SEM images of decontaminated dark AMS (top views, scale bars = 1 and 6 μm).

Fig. 17

 17 Fig. 17 Schematic of the structure of shell of adult C. gigas. (a) Cross-section with a scheme of the shell layout. (b) Purple AMS of a ventral valve. (c) XRD powder diffractogram of decontaminated and powdered shell of C. gigas (red) superimposed with a reference diffractogram of calcite. (d-e) Characteristic SEM images of decontaminated outer prismatic layer (cross-section and top view, respectively). (f) Characteristic SEM image of the interprismatic organic matrix obtained after dissolution of POS in 1M HCl(aq). (g-h) Characteristic SEM images of decontaminated inner foliated layer (top view and cross-section, respectively). (i) Characteristic SEM image of decontaminated chalky structure interrupting the foliated inner layer.

Fig. 18

 18 Fig. 18 Pink-red fluorescence of the brown-purple patterns of a shell of Pinctada radiata under 400 nm.

Fig. 19

 19 Fig. 19 Photophysical properties of shell samples of C. gigas. (a) Photograph of the halochromic or ionochromic property of POS dissolved in 1M HCl(aq) (pH ~ 1) and 1M AcOH(aq) (pH ~ 5). (b) Schematisation of the protocol for photoluminescence investigation on WOS an POS dissolved in 1M HCl(aq). (c) Excitation and emission spectra of ASM POS . (d) UV-vis absorption spectrum of ASM POS .

Fig. 19

 19 Fig. 19 Composition profile of ASM POS . (a) Chromatogram obtained at 405 nm. (b-d) Mass spectra of compounds eluted at 8.30, 9.67 and 13.35 min, respectively.

Fig. 20

 20 Fig. 20 Structure of uroporphyrin I and III.

  Fig.21c-d). The minor shift of retention time between ASM POS and the standard can be due to

Fig. 21 RPLC

 21 Fig. 21 RPLC-HRMS analysis of ASM POS , ASM WOS and a commercial standard of uroporphyrin I. (a-d) Chromatograms of extracted uroporphyrin ion with the corresponding mass spectrum showing the molecular isotopic distribution, in ASM POS and the commercial standard, respectively. (e) Chromatogram of extracted uroporphyrin ion ASM WOS with no signal.

  extraction method was developed to eliminate the calcium salt of the ASM AMS by calcium fluoride precipitation with aqueous hydrofluoric acid (HF). This treatment, detailed in Chapter IV, enabled to prepare a sample with organic species up to 10 mg/mL. The RPLC-DAD-HRMS (ESI+) analysis of the extract obtained from ASM AMS shows the presence of the expected uroporphyrin molecular ion but also the detection of heptacarboxylic acid porphyrin molecular ion (respectively m/z 831.2362, retention time of 28.06 min and m/z 787.2471, retention time 28.93 min, Fig.80c-fexperimental part). These data provide an evidence of the identification of uroporphyrin and derivatives in AMS of shells of C. gigas.

Fig. 22

 22 Fig. 22 Proposed identification of major porphyrins in the extract obtained from ASM POS . (a) Elution profile of major porphyrins. (b-d) Chromatogram of extracted uroporphyrin ions with corresponding high resolution mass spectra. (e-g) Chromatogram of extracted heptacarboxylic acid porphyrin ions with corresponding high resolution mass spectra. (h-j) Chromatogram of extracted turacin ions with corresponding high resolution mass spectra.

Fig. 23

 23 Fig. 23 Structure of major porphyrins. Energy minimisation was predicted by ChemDraw (Ultra 12.0).

Fig. 24

 24 Fig. 24 MS/MS of major porphyrins. (a-c) MS/MS spectra of uroporphyrin, turacin and heptacarboxylic acid porphyrin I or III ions, respectively. (d) Fragmentation pathways of carboxylic acid porphyrins.

Fig. 25

 25 Fig. 25 Characteristic 1 HMR chemical shifts and UV-vis spectra of uroporphyrin I standard. (a-b) Proton chemical shifts of COOH and NH of uroporphyrin I standard. (c) UV-vis absorption spectrum of uroporphyrin I standard.

Fig. 27

 27 Fig. 27 Identification of uroporphyrin in the mantle edge epithelium (MEE) of C. gigas. (a) Location of the brown-to-black secretions of the MEE, turning red in concentrated HCl(aq). (b) Pink photoluminescence of ASM MEE at λ ex ~ 400 nm. (c) UV-vis absorption spectrum of ASM MEE . (d-e) Chromatogram of the extracted uroporphyrin ion from ASM MEE with the corresponding high resolution mass spectrum.

  28b), which are characteristics of the Soret band and Q-bands of chlorophyll a and derivatives335 . No signals corresponding to the carboxylic acid porphyrins ions previously identified are observed from the RPLC-HRMS analysis of ASM VOT . On the other hand, molecular ions corresponding to degradation products of chlorophyll (catabolites) are observed, forming characteristic dimer ions (Fig.28c-e)336 . Chlorophyll catabolites certainly derive from the digestion of chlorophylls as a result of the algae-based diet of oysters. These findings converge towards the MEE-specific accumulation of carboxylic acid porphyrins.

Fig. 28

 28 Fig. 28 Identification of chlorophyll catabolites in viscera of C. gigas. (a) Location of the brown viscera. (b) UV-vis absorption spectrum of ASM VOT . (c-e) Chromatogram of ASM VOT showing signals of chlorophyll catabolites and corresponding high resolution mass spectra.

Fig. 29

 29 Fig. 29 Schematic representation of the fourth first enzymatic-catalysed reactions of the haem biosynthetic pathway including the non-enzymatic side path 304 .

Fig. 30

 30 Fig. 30 Overview of the number of references containing the concept of some well-known natural dyes and pigments compared to indigoids and ommochromes (SciFinder, key words: "natural tetrapyrroles", "natural melanins", etc., acceded the 9 th September 2020).

Fig. 31 Fig. 32

 3132 Fig. 31 Structure of (a) xanthommatin, (b) dihydroxanthommatin and (c) xanthurenic acid.

Fig. 33

 33 Fig. 33 Main precursors of ommatins.

Fig. 34

 34 Fig. 34 Proposed structures of ommin A 347 .

Fig. 35

 35 Fig. 35 Model structures of melanins proposed by Solano (2014) 3 .

Fig. 36

 36 Fig. 36 Reverse phase liquid chromatographic separation of ASM POS . (a) Chromatographic profile with UVvis detection in 3D field acquisition from 200 to 800 nm with corresponding profile at 405 nm. (b) UV-vis absorption spectra of major pigments.

Fig. 37 UVFig. 38

 3738 Fig. 37 UV-vis absorption spectra of eumelanin and pheomelanin polymers. Captured from Huijser et al. (2011) 362 .

Fig. 39 RPLC

 39 Fig. 39 RPLC-HRMS analysis of ASM POS . (a) Total ion chromatogram (TIC). (b) Base peak ion chromatogram (BPI).

Fig. 40

 40 Fig. 40 Mass spectrum obtained at 8.29 min.

Fig. 41

 41 Fig. 41 Isotopic distribution of clusters of ions at 8.29 min. (a-d) clusters of ions at m/z 723.6810, 701.1773, 730.6693 and 763.6578, respectively.

Fig. 42

 42 Fig. 42 Mass spectrum obtained at 8.51 min.

Fig. 43

 43 Fig. 43 Combined mass spectra obtained from 8 to 10 min (ESI+).

Fig. 44

 44 Fig. 44 Combined mass spectra obtained from 8 to 10 min (ESI-).

Fig. 45

 45 Fig. 45 Identification of xanthurenic acid in ASM POS . (a-b) Mass spectrum and mass fragmentation spectrum of XA in ASM POS . (c-d) Mass spectrum and mass fragmentation spectrum of XA standard.

Fig. 46

 46 Fig. 46 Co-injection of XA standard and ASM POS . Shift of retention time compared to the initial signal at 4.44 min is due to an analysis performed on a fresh ASM POS .

Fig. 47

 47 Fig. 47 Structure of known precursors and side-products of ommatins.

Fig. 48

 48 Fig. 48 Precursors of melanins listed by Solano (2014) 3 .

Fig. 49

 49 Fig. 49 Separation of ASM POS on C18 grafted silica gel.

Fig. 50

 50 Fig. 50 Comparison of the chromatographic profiles of ASM POS and PF at 405 nm. (a) Profile of ASM POS at 405 nm. (b) Profile of PF at 405 nm. (c-d) Examples of extracted ions chromatograms.

Fig. 51 

 51 Fig. 51 -hydroxy-xanthommatin methyl ester

(

  C9H6NO2 -). This is first supported by the fragmentation spectrum of xanthurenic acid reported in the mzCloud TM database in ESI-mode that shows an intense product ion at m/z 160.0404, and secondly, by the identification of this product ion by MS/MS fragmentation of the XA standard in ESI-(Fig.53).

Fig. 52 MS

 52 Fig. 52 MS/MS spectrum of compound #1 obtained in ESI-.

Fig. 54 MS

 54 Fig. 54 MS/MS spectrum of compound #1 (C21H16N2O10) obtained in ESI+.

  /MS experiments were conducted in automatic mode (ESI+ and ESI-) in order to search for other compounds in PF related to the structure of compound #1. Briefly, along the RPLC-HRMS run, signals of monocharged molecular ions exhibiting a sufficient intensity were automatically fragmented by the mass spectrometer quadrupole. The resulting fragmentation spectra were examined by comparison with the spectrum of compound #1.

4 .

 4 70 min (compound #2, [M-H] -m/z at 268.0461, Fig. 55) is of particular interest for the description of the general skeleton of compound #1. Indeed, in the fragmentation spectrum of compound #2 (Fig. 55) we can observe a product ion at m/z 180.0656 (C9H10NO3 -), corresponding to Fragment C -observed in the fragmentation spectrum of compound #1.Besides, fragmentation of compound #2 also lead to a product ion at m/z 108.0445 resulting from the neutral loss of C2H4CO2 from Fragment C -. This product ion is in agreement with an aminophenol ion according to mzCloud TM . Indeed, compounds with a product ion at m/z 108.0445 were searched in the ESI-database, among which 3-aminosalicylic acid and 3hydroxyanthranilic acid caught our attention (Fig.56) since the former is proposed as an intermediate precursor of ommatins in the literature 348 . This product ion is also observable in the fragmentation spectrum of hydroxykynurenine, another precursor of ommatins. However, we cannot define the precise position of -OH, -NH2 and -C2H4CO2H substituted on the aromatic cycle. Besides, it is not excluded that Fragment C may be of different structural natural.Another point to mention is that the molecular ion of compound #2 is accompanied, in the mass spectrum, by a [M-H] -at m/z 654.1232 (exact mass 655.1310 Da Fig.55). It may indicate that compound #2 is actually a fragment of the compound with an exact mass of 655.1310 Da formed during its ionisation.

Fig. 55 MSFig

 55 Fig. 55 MS/MS spectrum of compound #2 obtained in ESI-with the corresponding mass spectrum.

Fig. 57

 57 Fig. 57 Drafted schematic structure of compound #1.

Fig. 58 MSFig. 59

 5859 Fig. 58 MS/MS spectrum of compound #3 obtained in ESI+ with the corresponding mass spectrum.

  compound. Accordingly, 3 molecular formula are possible for compound #7 with a CHNOS composition: C29H23N3O14, C24H23N5O16 and C26H27N3O14S, among which the mass accuracy for C29H23N3O14 is  0.0 ppm. It strongly suggests that the molecular formula of compound #7 is C29H23N3O14 with a DBE of 20. Compound #8 corresponds to compound #7+H2O. Compound #9 correspond to compound #8+O and compound #10 corresponds to compound #7+HCOOH. This structural relation is in agreement with the general structural relation of clusters of di-charged ions observed in ASM POS . In addition, product ions at m/z 186.0189, 204.0290, 232.0255 are quasi-systematically identified in

Fig. 60 MS

 60 Fig. 60 MS/MS of the ion at m/z 722.6733 in ESI+. (a) Mass spectrum at 7.78 min. (b) MS/MS spectrum.

Fig. 61 MS

 61 Fig. 61 MS/MS of the ion at m/z 763.6578 in ESI+.

Fig. 62 MS

 62 Fig. 62 MS/MS of di-charged ions in ESI-. (a-e) MS/MS spectra of clusters of ions at m/z 722.6521, 730.6509, 744.6485, 752.6451 and 763.6391, respectively. (f) MS/MS spectrum of the xanthurenic acid standard.

Chapter IV .

 . Acid-soluble pigments of shells of Crassostrea gigas: evaluation of extraction methods 146 removed by filtration. In cases where pigments are insoluble at any pH, their selective extraction from the insoluble organic matrix can be achieved by specific treatment, such as extraction with organic solvent for carotenoids.

Fig. 63

 63 Fig. 63 Schematic diagram of the extraction methods.

Fig. 64 SEM

 64 Fig. 64 SEM images of surface of POS before and after decontamination with 1% NaOCl(aq) and deionised water, with the assistance of sonification.

Fig. 65

 65 Fig. 65 Dissolution of JOS in 1M HCl(aq).

Fig. 66 RPLC

 66 Fig. 66 RPLC-HRMS analysis of ASM POS . (a) BPI chromatogram of ASM POS . (b) Mass spectrum of xanthurenic acid. (c-d) Mass spectra of pigments hypothesised as ommochromes. (e-f) Chromatograms of extracted uroporphyrin ion from ASM POS and concentrated ASM POS , respectively.

Fig. 67

 67 Fig. 67 Extraction of E-ASM POS .

Fig. 68

 68 Fig. 68 RPLC-DAD-HRMS analysis of E-ASM POS . (a) Extracted uroporphyrin ion chromatogram. (b) Chromatogram at 405 nm. (c) Extracted xanthurenic acid ion chromatogram. (d) BPI chromatogram showing the peaks corresponding to ethylene glycol-like polymers. (e-f) Mass spectra at 5.67 min and 6.20 min, respectively. (g-h) Mass spectrum of the compound attributed to a psoralen-like structure eluted at 10.48 min and corresponding MS/MS spectrum, respectively.

Fig. 69

 69 Fig. 69 Separative elution of pigments from ASM JOS . (a) General experimental set-up. (b-c) Deposition of ASM JOS . (d) Elution of calcium salts. (e) Elution of the purple fraction PF JOS . (f) Orange and pink bands corresponding to the photoluminescent fraction. (g) Stationary phase after elution.

Fig. 70 RPLC

 70 Fig. 70 RPLC-DAD-HRMS analysis of PF POS . (a) Chromatogram at 405 nm. (b) Extracted xanthurenic acid ion chromatogram. (c) BPI chromatogram showing the peaks corresponding to ethylene glycol-like polymers (blue stars). (d-e) Mass spectra at 5.66 min and 6.24 min, respectively.

Fig. 71 RPLCIV. 2 . 2 . 3 .

 71223 Fig. 71 RPLC-HRMS analysis of YF POS . (a) BPI chromatogram showing the peaks corresponding to C 2 O-based polymers (green stars). (b) Extracted uroporphyrin ion chromatogram. (c) Extracted heptacarboxylic acid ion chromatogram (d) Mass spectrum of clusters of di-charged ion eluted at 9.38 min. (e) Extracted psoralen-like ion chromatogram. (f) Mass spectrum of C2O-based polymers eluted at 11.66 min.

Fig. 72

 72 Fig. 72 RPLC-DAD-HRMS analysis of P-ASM POS . (a) Chromatogram at 405 nm. (b) Extracted uroporphyrin ion chromatogram. (c-d) Mass spectra of heptacarboxylic acid porphyrin and turacin, respectively. (e) Extracted xanthurenic acid ion chromatogram. (f) BPI chromatogram showing the peaks corresponding to ethylene glycolbased and C2O-based polymers. (f) Extracted psoralen ion chromatogram.

Fig. 73

 73 Fig. 73 Chromatograms of extracted uroporphyrin ion normalised at an intensity of 300. (a) Extracted uroporphyrin ion in E-ASM POS . (b) Extracted uroporphyrin ion in P-ASM POS . (c-d) Extracted uroporphyrin ion in the PF POS and YF POS , respectively.

Fig. 74

 74 Fig. 74 Chromatograms of extracted xanthurenic acid ion normalised at an intensity of 10000. (a) Extracted xanthurenic acid ion in E-ASM POS . (b) Extracted xanthurenic acid ion in P-ASM POS . (c-d) Extracted xanthurenic acid ion in PF POS and YF POS , respectively.

Fig. 75

 75 Fig. 75 Identification of psoralen-like compounds in the extracts obtained from the stock solution of ASM POS . (a-d) Chromatograms of extracted psoralen-like ions normalised at an intensity of 14000. (e-f) Psoralenlike mass spectrum identified in E-ASM POS with the corresponding MS/MS spectrum, respectively.

Fig. 76

 76 Fig. 76 Identification of ethylene glycol-based polymers. (a-b) PEG 326 identified in PF POS and its fragmentation by MS/MS. The shift observed between the m/z of the molecular ion from PF and the fragmented parent ion (327.2017 and 327.2617, respectively) is due to a default of calibration. (c-d) PEG 400 standard analysed by MS (direct injection) and MS/MS.

Fig. 77

 77 Fig. 77 Identification of PEGs in 1M HCl(aq). (a) BPI chromatogram. (b-c) Extracted chromatograms of PEG 282 and PEG 326 ions. (d) Extracted chromatogram of PEG 326 ions in ASM POS concentrated under vacuum.

  proposed. A study allowing the identification of melanins in natural samples 309 was reproduced on the acid-soluble pigments of the purple patterns of the shell of C. gigas. The absence of melanins oxidation products in the set of acid-soluble pigments provides additional elements on the presence of ommochromes in purple patterns. This work is presently in the publication process.An immediate and obvious perspective to this project would lie in the precise characterisation of the structure of the ommochromes described in Chapter III. It may also be relevant to evaluate the performance of the natural porphyrins described in Chapter II for targeted applications or by random screening. These perspectives could be accessible and feasible through upstream preparation. The reasonable production of a 10 gram batch of pigments would require the extraction of 25 kg of juvenile oyster shells, including a purification step by preparative chromatography.X-ray diffraction: Diffractograms were recorded on powdered shell samples (< 40 μm, 3 replicates from 3 different shells of adult C. gigas). The powder was placed on a glass slide and analysed in Q-Q-Bragg-Brentano geometry with Cu-K radiation (Philips X'PERT-PRO, start position 10.017°2Th., end position 99.975°2Th., step size 0.033°2Th, scan speed 80.01 s, scan type continuous, generator setting 30 mA, 40 kV).

  SAMPLESShell fragments: Approximately 1 kg of shell fragments were collected by hand on living adult oysters in August 2017(Thau lagoon, Marseillan, France, GPS coordinates: 43.382127, 3.555193). Shell fragments were rinsed with tap water at the farm and transported to the laboratory. Shell fragments were extensively rinsed with tap water suspended in 0.0155M NaOCl(aq) with sonification and regular manual stirring (1:10 wt./V, 120 min). Shell fragments were rinsed several times and suspended in demineralised water with sonification and regular manual stirring (1:10 wt./V, 120 min). Shell fragments were rinsed several times with demineralised water and dried in oven (overnight, 40°C). Shell fragments were sorted in three classes according to their colour, namely white (WOS), intermediate (ROS) and fully purple (POS). Samples were stored in the dark at 25°C before use.Adductor muscle scar: Thirteen waste valves of adult C. gigas with dark AMS were supplied by Tarbouriech-Médithau. Valves were decontaminated. After decontamination, adductor muscle scars were prepared with cutting pliers and the outer shell layers were removed using a Dremel 3,000 polisher.Shells of juvenile oysters:JOS were supplied by Tarbouriech-Médithau. JOS were immersed in water bath at 70°C to remove the organic materials. Water was regenerated each 2h during 8h before decontamination.CHAPTER IIPreparation of ASM POS : Approximately 10 g of POS were dissolved in 1M HCl(aq) under magnetic stirring (1:20 wt./V, 30 min, 700 RPM). The ASM POS was obtained after filtration on a glass sintered filter (POR 4) filled with Fontainebleau sand. The ASM POS was kept in the dark at -21°C. Dissolution of 500 mg of POS, milled in a mortar, was reproduced with in 1M AcOH(aq) (1:20 wt./V, 120 min, 700 RPM).

Fig. 78

 78 Fig. 78 Absorption spectra of ASM POS .

Fig. 79

 79 Fig. 79 Absorption spectra of ASM WOS .

  was washed a second time with ultrapure water (15 mL, 0.055 μS/cm) and freeze-dried (0.4 mg, extraction yield of 0.004 %). The solid powder was dissolved in 40 μL of 1M HCl(aq) and analysed by RPLC-UV-vis-HRMS (ESI+) according to method #2.

Fig. 80

 80 Fig. 80 Identification of porphyrins in ASM AMS . (a) Photoluminescence of ASM AMS at λex ~ 400 nm. (b) UVvis absorption spectrum of ASM AMS . (c-f) Identification of porphyrins by RPLC-HRMS.

Fig. 81

 81 Fig. 81 Mass spectra of the set of minor porphyrins identified in concentrated ASM POS .

  the shell forming tissue. Mantle tissues (MEE) were collected from ten 10 adult C. gigas resulting from the daily determination of flesh content, performed by Tarbouriech-Médithau, in accordance with the inter-branch agreements on oyster packaging. Tissues were placed in glass bottles and kept in the dark at -18°C and transported to the laboratory. Samples were carefully rinsed with deionised water, freeze-dried and stored in the dark at -21°C before investigation. MEE were freeze-dried, crushed in a mortar and suspended in 1M HCl(aq) under magnetic stirring (1 g, 1:20 wt./V, 60 min, 700 RPM). The ASM MEE was obtained after filtration on a glass sintered filter (POR 4) filled with Fontainebleau sand. The identification of uroporphyrin was achieved using the RPLC-DAD-HRMS method #2.

Fig. 82 RPLC

 82 Fig. 82 RPLC-DAD-HRMS analysis of the compound eluted at 13.60 min in Fig. 36

Fig. 83 MS

 83 Fig. 83 MS/MS experiments on monocharged ions in ESI+.

Fig. 84

 84 Fig. 84 Photo-catalysed degradation of ASM JOS monitored by UV-vis spectroscopy and RPLC-HRMS. (a) Reference sample kept at -18°C. (b) Sample kept at 25°C in the dark. (c) Sample exposed to sunlight.

Fig. 85 UV

 85 Fig. 85 UV-vis chromatogram of Sepia officinalis eumelanin.

Fig. 86

 86 Fig. 86 Mass spectrum at 9.13 min.

Fig. 87 13

 87 Fig. 87 13 CNMR obtained in pulse sequence mode. Rotor: zirconium oxide, rotation: 12000 Hz, mode cross polarisation. Spectrometer: Varian VNMRS 400MHz.

Fig. 88 1

 88 Fig. 88 1 HNMR (64 scans, TD 2048x256).

Fig

  Fig. 89 HSQC 13 C-1 H (32 scans, TD 2048x256, SW( 13 C): 24900 Hz, SW( 1 H): 6600 Hz.

  179. Yam, R., Hsu, C.-C., Chang, T.-J. & Chang, W.-L. A preliminary investigation of wastewater treatment efficiency and economic cost of subsurface flow oyster-shellbedded constructed wetland systems. Water 5, 893-916 (2013). 180. Feng, Y., Li, X., Yu, Y., Qi, J., Jia, X., Wang, J. & Li, X. Production of unburned calcium silicon filter material (UCSFM) from oyster shell and its performance investigation in an A/O integrated biological aerated filter reactor (A/O-BAF). RSC Adv. 6, , S., Heo, N. S., Kim, E. J., Oh, S. Y., Lee, H. U., Kim, I. T., Hur, J., Lee, G.-W., Lee, Y.-C. & Huh, Y. S. Feasibility test of waste oyster shell powder for water treatment.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 Phylogenetic distribution of microstructures identified in oyster shells.

 1 

	Structure	Shell location	Phylogenetic distribution	Minerals	References
	Calcitic columnar prism	Medial ostracum	Pteriidae, Ostreidae	Calcite	73,74,44,70,77,43,100,79,45
	Myostracum	Hypostracum	Ostreidae, not observed in Pteriidae	Aragonite	45,28,29
	Nacre	Hypostracum	Pteriidae	Aragonite	86,65,46,84,34
	Folia	Hypostracum	Ostreidae	Calcite	13,40,45,47,59,88
	Chalky deposit	Hypostracum	Ostreidae	Calcite	45,51,94
	Ligostracum	Hypostracum	Ostreidae, not observed in Pteriidae	Aragonite	

Later, major breakthroughs have been made by the group of Prof. Lopez in the field of bone graft

  substitution by nacre of shells of Pinctada spp., as highlighted by Westbroek and Marin 123 .

	use of NOS for bone tissue bioengineering, not only restricted to nacre from shells of Pinctada
	spp.
	With the advance of material science, this field of research is in constant progress. The
	development of functionalised and specific composites with various shapes constitutes one of
	the main challenges. Promising perspectives were recently obtained with the design of
	hydroxyapatite nanoparticles coated on substrates of nacre from shell of P. maxima 126 , with
	composite of calcium sulfate and oyster shell 127 or with scaffold composites of dried oyster
	shell powder and poly(L-lactide) 128 or poly(Ɛ-caprolactone) 129 . Moreover, the use of innovative
	technologies for the development and production of personalised bone-like implant, with
	controlled porosity and shape start to be used in research laboratories. A good example is the
	use of 3D printing technology recently applied to design scaffolds of NOS powder dispersed in
	a polycaprolactone matrix with a positive osteogenic activity when tested in vitro on osteoblast-
	like cells 130 .
	By combining new technologies with material science and biology, these studies show the
	outstanding properties of NOS in bone grafting. It would be interesting to evaluate the
	osteogenic performances of NOS compared to others more accessible and less expensive
	natural composites. Other potential medical uses stay underexplored despite the presence of
	This work includes in vivo and in vitro studies with various nacre preparations, such as nacre few preliminary studies in the literature. For example, the stimulation of skin fibroblasts by
	powder mixed with blood, nacre chips, and nacre prostheses 85 ; alginate hydrogels including nacre powder implanted between dermis and hypodermis in rats was observed by Lopez et al.
	nacre powder have also been investigated 124 . In contrast, only one study has focused on the (2000) 131 , as well as the anticarcinogenic potential of powdered shell of C. gigas, when
	osteogenic capacity of shells of Ostreida 125 . This study is attractive since it shows the potential administered to mice with induced tongue tumours 132 .

I.3.1.3. Pollutant remediation

  

	I.3.1.3.1. Soil quality improvement
	The pKb of hydrogen carbonate (6.6) has led to consider NOS as an efficient base to neutralise
	the acidity of soil in different environments, natural or polluted 133 . Treatment of acidic soil with
	pulverised NOS caused neutralisation but also a beneficial increase in Ca 2+ , Mg 2+ , K + and Na +
	and the stabilisation of heavy metals with low solubility that are less exchangeable upon
	lixiviation (Table 2).

Table 2 Natural oyster shell for the remediation of soils contaminated by metal cations.

 2 

	Removable pollutants	References
	Cu(II)	134
	Pb(II)	134-138
	Cd(II)	135-137,139,140
	AS(III)/As(V)	134,141
	Co(II)	142
	Ni(II)	142,143
	Mn(II)	142,143

Table 3 Natural oyster shell for the remediation of water contaminated by metal cations and anions.

 3 

	Removable anionic pollutants	References
	PO4 3-	148,158-164
	F -	164
	NO3 -	165-168
	Removable cationic pollutants	References
	Cu(II)	169,170
	Ni(II)	169,171
	Mn(II)	172
	As(V)	173,164
	U(VI)	164
	Th(IV)	164
	Pb(II)	174
	Fe(III)	175
	Zn(II)	175
	Co(II)	142

2) 222 . Eq. 2 CaCO3(s)  CaO(s) + CO2(g) H= 178 kJ/mol

  

	NOS. However, at present, the description of the preparation of AACa lacks scientific criteria
	for repeatability.
	In light of the energy required, thermal treatment of NOS should be considered only for
	attractive applications. An innovative microwave calcination treatment was recently applied to
	oyster shell powder with quasi-complete decomposition obtained at 900 W (2.45 GHz;
	20 min) 223 . Considering the time and energy required, microwave calcination is an attractive
	method. NOS powder can also be decomposed with high-voltage electric current under a
	reduced oxygen concentration at approximately 800 °C224,225 . Known as active absorbable
	calcium (AACa) or oyster shell electrolysate (OSE), this powder is mainly composed of
	lamellar CaO structure (Fig. 11) 224,226 reminiscent of the nacreous and foliated structures in

I.3.2.2. Pollutant remediation

  

	This substantial work displays interesting effects of CNOS toward the prevention of
	osteoporosis. Combining CNOS with other active ingredients could be an innovative approach
	for the development of nutraceuticals as it was recently shown for the treatment of
	inflammatory bowel disease on mice by oral administration of zeolite-CNOS mixture 236 . The
	development of such products has to be evaluated in comparison with NOS-based products
	given the low sustainability of NOS calcination.
	I.3.2.2.1. Soil quality improvement
	Compared to NOS, CNOS is sometimes more effective for stabilisation and pH neutralisation
	of contaminated soils, this being related to the higher basicity of the oxo anion in CaO (

Table 4 )

 4 133 . Comparative researches are needed to evaluate the relevance of CNOS compared to NOS.

Table 4 . Calcined natural oyster shell for soil and water remediation. Applications in contaminated soils and wastewater References

 4 

	Sb-contaminated soil	237
	As-contaminated soil	238,239
	Cu-contaminated soil	239
	Pb-contaminated soil	238,239
	Cd(II)-contaminated water	240-242
	Ni-contaminated water	171
	PO4 3--contaminated water	243,244
	B-contaminated water	245
	Microbial-contaminated effluent coffee wastes	246
	Impurities in palm kern oil refining	247

Table 5 Comparative analysis of NOS applications.

 5 

	Applications and functions		Limits	Challenges
	Animal feed -Calcium source		Level of toxic or harmful (heavy metals, pesticides and	
					organic waste).	
					Requires post-treatment (pasteurisation, sterilisation).	
					Low added-value.	
	Food -Functional ingredient		Level of toxic or harmful (heavy metals, pesticides and	Interactions with other ingredients.
					organic waste).	Traceability.
					Requires post-treatment (pasteurisation, sterilisation).	
	Nutraceutical -Calcium source		Level of toxic or harmful (heavy metals, pesticides and	In vivo clinical studies on absorption and
					organic waste).	bioavailability highlighting a role of the
					Requires post-treatment (pasteurisation, sterilisation).	organic matrix. Comparison with other
						calcium sources by oral administration.
						Interactions with other ingredients.
						Traceability.
	Cosmetic -Ingredient			Level of toxic or harmful (heavy metals, pesticides and	Identification of potential cosmetic added-
					organic waste).	value.
					Requires post-treatment (pasteurisation, sterilisation).	Role of the organic matrix.
					Powder size and shape.	Interactions with other ingredients.
						Traceability.
	Pharmaceutical -Calcium source	Level of toxic or harmful (heavy metals, pesticides and	In vivo clinical studies on absorption and
	or excipient				organic waste).	bioavailability highlighting a role of the
					Requires post-treatment (pasteurisation, sterilisation).	organic matrix. Comparison with other
					Requires GMP environment.	calcium sources by oral administration.
						Interactions with other ingredients.
						Traceability
	Bone grafting -Bone substitute		Level of toxic or harmful (heavy metals, pesticides and	Long-term biocompatibility and stability
					organic waste).	in vivo.
					Requires post-treatment (pasteurisation, sterilisation).	In vitro and in vivo osteogenic activity of
						shell structures other than nacre.
						Comparison with other calcium sources.
						Long-term clinical studies.
						Development of bio-printing.
						Traceability.
	Water treatment -Filter and	Low added-value.	Adsorbing properties of highly hazardous
	sorbent					compounds.
						Future of the contaminated NOS.
	Soil conditioner -pH buffer,	Low added-value.	Adsorbing properties of highly hazardous
	sorbent, or fertiliser				compounds.
						Future of the contaminated NOS.
	Dechlorination	of	waste	-	Low added-value.	Scalability.
	Neutraliser				Limited application fields.	Future of the contaminated NOS.
	Building material -Limestone and	Low added-value.	Durability of the material.
	aggregate					Studies with high substitution level.
	Material synthesis -Filler in	Low-scalability except for composite synthesis.	NOS surface properties and reactivity.
	composite,	foaming	agent,	Use of acidic or thermal treatments.	Scalability.
	template, support for catalysts,		
	source of sodium, calcium and		
	calcium carbonate				

Table 6 Comparative analysis of biomolecules applications.

 6 

	Organic extracts	Limits	Challenges
	WSM	Energy required (cold water maceration,	Scalability.
		centrifugation, freeze-drying).	Reduction of processing steps.
		Extraction yield (< 5 wt.%).	Biomolecules identification.
		Variability of the raw material.	Biological activities identification.
			In vivo and in vitro osteogenic activities of Ostreidae shells.
			Recycling of by-products.
	ESM	Extraction yield (< 5 wt.%).	
		Variability of the raw material.	

Table 7 Major and minor carboxylic acid porphyrins potentially identified in the extract obtained from ASM POS .

 7 

		Retention time	Calculated exact mass	m/z observed	m/z calculated
	Major carboxylic acid porphyrins	(min)	(± 0.003 Da)	[M+H] +	[M+H] +
	Uroporphyrin I & III C40H38N4O16	28.40 & 28.69	830.2283	831.2377 & 831.2356	831.2361
	Heptacarboxylic acid porphyrin I & III C39H38N4O14	29.33 & 29.58	786.2384	787.2458 & 787.2485	787.2463
	Turacin I & III C40H36N4O16Cu	29.58 & 29.76	891.1422	892.1512 & 892.1498	892.1501
		Retention time	Calculated exact mass	m/z observed	m/z calculated
	Minor carboxylic acid porphyrins	(min)	(± 0.003 Da)	[M+H] +	[M+H] +
	Hydroxy-heptacarboxylic acid porphyrin				
	C39H38N4O15	28.23	802.2333	803.2430	803.2412
	Hydroxy-hexacarboxylic acid porphyrin				
	C38H38N4O13	29.00	758.2435	759.2573	759.2514
	Ketoacid heptacarboxylic acid porphyrin				
	C39H36N4O15	30.03	800.2177	801.2264	801.2255
	Hexacarboxylic acid porphyrin				
	C38H38N4O12	30.18	742.2486	743.2563	743.2564
	Cu(II)heptacarboxylic acid porphyrin				
	C39H36N4O14Cu	31.21	847.1524	848.1592	848.1602
	Pentacarboxylic acid porphyrin				
	C37H38N4O10	32.40	698.2589	699.2664	699.2666
	Coproporphyrin C36H38N4O8	32.50	654.2690	655.2742	655.2768

Table 8 Natural ommatins described by mass spectrometry.
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	Ommatins	Exact mass (Da)	Specimen
	Xanthommatin	423.0703	Cuttlefish 350 ,
	C20H13N3O8		Palmfly butterfly 348 , Housefly 349
			Jumbo squid 351 , Longfin inshore squid 352
	Decarboxylated xanthommatin	379.0804	Cuttlefish 350 ,
	C19H13N3O6		Palmfly butterfly 348 , Housefly 349
			Longfin inshore squid 352
	Dihydroxanthommatin	425.0859	Cuttlefish 350
	C20H15N3O8		
	Decarboxylated dihydroxanthommatin	381.0961	Cuttlefish 350
	C19H15N3O6		
	Tinctoriommatin	379.0804	Palmfly butterfly 348
	C19H13N3O6		
	iso-tinctoriommatin	379.0804	Palmfly butterfly 348
	C19H13N3O6		
	α-hydroxy xanthommatin dimethyl ester	452.0856	Palmfly butterfly 348
	C22H16N2O9		
	Oranyeommatin methyl ester	366.0488	Palmfly butterfly 348
	C18H10N2O7		
	Elymniommatin	423.0703	Palmfly butterfly 348
	C20H13N3O8		
	iso-elymniommatin	423.0703	Palmfly butterfly 348
	C20H13N3O8		
	Xanthommatin methyl ester	437.0859	Palmfly butterfly 348
	C21H15N3O8		
	α-hydroxy-xanthommatin methyl ester	438.0699	Palmfly butterfly 348
	C22H16N2O9		
	ß-mercaptoethanol-added xanthommatin	499.0685	Housefly 349
	C22H17N3O9S		
	ß-mercaptoethanol-added decarboxylated xanthommatin	455.0787	Housefly 349
	C21H17N3O7S		

  29 min, the exact mass of ions at m/z 721.6688,

	722.6702, 723.6810 and 724.6813 in Fig. 41a, are respectively 1441.3220, 1443.3248,
	1445.3464 and 1447.3470 Da. Assuming that the monoisotopic ion is at m/z 721.6688 and the
	corresponding p+2 at m/z 722.6702, the difference of mass is 2.0028 Da (1443.3248-
	1441.3220). If another monoisotopic ion is at m/z 722.6702 and p+2 at 723.6810, the difference
	of mass is 2.0216 Da. Similarly, if another monoisotopic ion is at m/z 723.6810 and p+2 at
	724.6813, the difference of mass is 2.0006 Da. Given the accuracy of the spectrometer (±
	0.0030 Da), the difference of mass between 721.6688 and 722.6702 does not correspond to 2H

(2.0156 Da)

. It is also the case between 723.6810 and 724.6813. A difference of 2H is only possible between 722.6702 and 723.6810. Consequently, this cluster of ions can reflect the presence of: i) multiple molecular ions containing abundant isotopes as those mentioned earlier,

Table 9 Multi-charged ions detected in ASM POS by RPLC-HRMS in ESI+.
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	Retention time (min)	Major ions m/z	State of charge	Exact mass (Da)
	8.29	701.1773	2	1400.3390
		468.1248	3	1401.3510
		722.6702	2	1443.3248
		482.7865	3	1445.3361
		723.6810	2	1445.3464
		724.6816	2	1447.3476
		730.6697	2	1459.3238
		739.6743	2	1477.3330
		495.4376	3	1483.2894
		763.6566	2	1525.2976
		782.6364	2	1563.2572
		790.6260	2	1579.2364
	8.51	482.1185	2	1443.3321
		722.6691	2	1443.3226
		731.6716	2	1461.3276
		737.6567	2	1473.2978
		746.6660	2	1491.3164
	9.30	701.1816	2	1400.3476
		723.1717	2	1444.3278
		722.6732	2	1443.3308
		746.1599	2	1490.3042
	9.63	519.6501	2	1038.2924
		722.6757	2	1443.3358
		738.6678	2	1475.3200
		761.2133	2	1520.4110
	10.61	722.6698	2	1443.3240

  Further investigation of shell purple patterns of Crassostrea gigas: beside porphyrins, ommochromes? 116 between each ion from m/z 610.6804 to 676.6643 correspond to CO2 groups. Two additional CO2 groups are identified between ions at m/z 695.6533, 717.6506 and 739.6561. Between m/z 755.6404 and 739.6461, a difference of mass corresponding to O2 can be also observed. This general behaviour is in agreement with that observed in ESI+. Di-charged ions at m/z > 800 are also observed, suggesting that the mass of pigments can vary from ~ 1000 to at least ~ 2000

. The difference of mass Chapter III.

87-91 -experimental part).
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Table 10 . Elemental composition of PF by EDX analysis.
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	Elements	at.% (triplicate)
	Carbon	32.95 ± 2.21
	Nitrogen	2.45 ± 0.56
	Oxygen	14.65 ± 2.63
	Magnesium	0.19 ± 0.02
	Aluminium	0.26 ± 0.04
	Silicon	0.26 ± 0.08
	Phosphorus	0.48 ± 0.16
	Sulfur	0.38 ± 0.14
	Chloride	3.86 ± 1.18
	Potassium	0.35 ± 1.18
	Calcium	1.84 ± 0.32
	Iron	0.50 ± 0.27
	Lead	0.33*

*: detected once.

Table 11 ,

 11 supporting a common XA sub-molecular unit in their structure.

	Chapter III. Further investigation of shell purple patterns of Crassostrea gigas: beside
	porphyrins, ommochromes?

Table 11 Tandem mass fragmentation data of compounds with a structure similar to C21H16N2O10 (Fig. 83 -experimental part).
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	Compounds	Monocharged ions	RT	Monocharged MS/MS fragments
		(m/z, exact mass, formula)	(min)	(m/z)
	#1	[M+H] + : 457.0895	6.08, 6.85, 8.93	411.0807
		456.0805 Da		393.0706
		C21H16N2O10		365.0781
		DBE: 15		351.0653
				323.0637
				305.0594
				291.0753
				232.0255
				204.0290
				186.0189
	#3	[M+H] + : 250.0354	6.5 to 8.0	232.0258 (-H2O)
		249.0273 Da		204.0290 (-HCO2H)
		C11H7NO6		186.0207 (-HCO2H, -H2O)
		DBE: 9		158.0263 (-2HCO2H)
				130.0288 (-2HCO 2 H, -CO)
				119.0137 (-2HCO2H, -2CO)
	#4	[M+H] + : 232.0323	6.0 to 11.0	204.0305
		231.0168 Da		186.0207
		C11H5NO5		160.0377
		DBE: 10		130.0288
				119.0137
				91.0190
	#5	[M+H] + : 425.0644	6.40, 6.89	186.0177
		424.0543 Da		
		C 20 H 12 N 2 O 9		
		DBE: 16		
	#6	[M+H] + : 443.0715	6.37, 6.99	379.0560
		442.0648 Da		351.0621
		C20H14N2O10		335.0659
		DBE: 15		333.0532
				321.0497
				307.0763
				305.0580
				293.0547
				290.0477
				279.0759
				265.0580
				262.0500
				247.0517
				237.0684
				236.0703
				222.0576
				219.0594
				204.0305
				186.0207
	#7	[M+H] + : 638.1235	4.73, 5.05, 6.45, 6.63	620.1124
		637.1180 Da		576.1246
		C29H23N3O14 ( 0.0 ppm)		530.1188
		DBE: 20		514.0886
				512.1057
		Or:		488.1056
		C24H23N5O16 (+ 4.0 ppm)		486.1329
		C26H27N3O14S (-3.4 ppm)		482.1044
				470.1049
				457.0918
				452.0930
				442.1090
				424.0920
				411.0785
				410.0768
				394.0864
				365.0772
				352.0699
				319.0718

Table 12 Compounds with structure potentially related to compound #1 C21H16N2O10.
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	Compounds	Monocharged ions	RT	Molecular ions	Molecular formula,	DBE
		(m/z)	(min)	(based on compound #1)	exact mass	
	11	407.0561	6.4	[compound #1-HCO2H-2H2] +	C20H10N2O8	
					406.0437 Da	
	12	411.0818	5.03, 6.10	[compound #1-HCO2H-H2] +	C20H14N2O8	
					410.0750 Da	
	13	415.1185	7.40	[compound #1-CO2+H2] +	C20H18N2O8	
					414.1063 Da	
	14	417.0929	4.00, 4.29	[compound #1-C2O] +	C19H16N2O9	
					416.0856 Da	
	15	429.0920	5.06, 7.48	[compound #1-CO] +	C20H16N2O9	
					428.0856 Da	
	16	439.0794	6.06, 6.81	[compound #1-H2O] +	C21H14N2O9	
					438.0699 Da	
	17	445.0882	5.11	[compound #1-C] +	C20H16N2O10	
					444.0805 Da	
	18	459.1028	6.31	[compound #1+H2] +	C21H18N2O10	
					458.0916 Da	
	19	461.0815	5.35	[compound #1-C+O] +	C20H16N2O11	
					460.0754 Da	
	20	473.0836	5.94, 6.45, 8.82	[compound #1+O] +	C21H16N2O11	
					472.0745 Da	
	21	481.1118	5.09	[compound #1-C+H2O+H2] +	C20H20N2O12	
					480.1016 Da	

Table 13 Significant studies on the extraction of molluscan shell pigments for structural identification.
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	Shell specimens	Pigments	Extraction methods	Identification	Ref.
				methods	
	Conus australis	Carotenoids	Shells milling	Raman spectroscopy 364
	Conus chaldeus	(EDTA-insoluble)	Addition of aqueous solution of Na2EDTA		
	Conus virgo		Filtration and analysis of the residue		
	Conus tinianus				
	Coralliophilia neritiodea				
	Drupa morum				
	Donax serra				
	Janthina janthina				
	Pecten raveneli				
	Haliotis cracherodii	Indigotin or pyrrole	Dissolution in 5M HCl(aq)	Gmelin's reaction	365,366
		(HCl(aq)-soluble)	Talc chromatography with acetone-HCl or	UV-vis absorption
			0.5M NaOH(aq)	spectroscopy
	3,000 species of	Porphyrins	Dissolution in conc. HCl(aq) or 33% H3PO4(aq)	UV-vis absorption	367
	molluscan shells	(acid-soluble)	Filtration on cotton	spectroscopy
	including gastropods,		Dilution in 1M to 2.5M HCl (aq) and talc		
	bivalves scaphopods		chromatography with acetone in 3M HCl(aq)		
	Haliotis midae	Undefined	Dissolution in conc. HCl(aq) or 33% H3PO4(aq)	UV-vis absorption	368
	Malleus regula	(acid-soluble)	Filtration on cotton	spectroscopy
	Pinctada margaritifera		Dilution in 1M to 2.5M HCl(aq) and talc		
	Pinctada vulgaris		chromatography with acetone in 3M HCl(aq)		
	Placuna sella				
	Turbo marmoratus				
	Bulla sp.	Porphyrins	Dissolution in conc. HCl(aq) or 33% H3PO4(aq)	Fluorescence	369
	Gibbula cineraria	(HCl(aq)-soluble)	Filtration on cotton	Thin-layer
	Malleus vulgaris		Dilution in 1M to 2.5M HCl(aq) and talc	chromatography
	Pinctada vulgaris		chromatography with acetone in 3M HCl(aq)		
	Placuna sella				
	Pteria radiata				
	Trivia europoea				
	Umbonium austral				
	Astraea tuber	Tetrapyrroles	Addition of HCl to shells immersed in distilled	UV-vis absorption	370
		(HCl(aq)-soluble)	water	spectroscopy
			Filtration on Whatman No. 1	Fluorescence
			Ion-exchange chromatography with HCl(aq)		
			and MeOH		
	Pinctada margaritifera	Porphyrins	Milling and addition of 10% Na2EDTA	Fluorescence	297
	Pinctada penguin	(EDTA-insoluble)	Dialysis against water	spectroscopy at λex
			Centrifugation	405 nm	
			Concentration of the supernatant by		
			evaporation		
			Chromatography on a Sephadex column with		
			0.05 mol/L phosphate buffer		
	Pinctada margaritifera	Porphyrins	Repetitive dissolution in 2M HCl(aq)	NPLC-Fluorescence	298
		(HCl(aq)-soluble)	Filtration on paper	at λex 405 nm
			Talc chromatography with water followed by		
			1% sodium acetate and 10% aqueous ammonia		
			Evaporation of aqueous ammonia and		
			dissolution in sulfuric acid with methyl		
			alcohol		
			Extraction with chloroform and whashing		
	Haliotis discus	Polyene	Dissolution in 5% AcOH(aq)	Thin-layer	363
		(Ethyl acetate)-soluble)	Filtration	chromatography
			Salting out by addition of NaOH(aq)	UV-vis absorption
			Dissolution in 10 AcOH (aq)	spectroscopy
			Extraction with ethyl acetate	Infrared	
			Preparative RPLC	spectroscopy
				1 HMR spectroscopy
				Mass spectrometry
				(ESI-)	
				Solubility, stability
				Colour value
	Crassostrea gigas	Eumelanins	Manual decontamination	UV	absorption
		(HCl(aq)-insoluble residue)	Selection of AMS	spectroscopy
			Milling	Infrared	
			Dissolution in 6M HCl (aq)	spectroscopy
			Filtration		
			Hydrolysis with 6M HCl(aq)		

Table 14 Extraction yields of E-ASM extracted from POS and JOS.
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	Samples	Mass	Extraction yield
		(g)	(wt.%)
	Juvenile oyster shells (JOS)	30.1	0.051
	Juvenile oyster shells (JOS)	29.9	0.037
	Juvenile oyster shells (JOS)	29.9	0.061
	Purple oyster shell fragments (POS)	2.0	0.240
	Purple oyster shell fragments (POS)	9.9	0.210

Table 15 Qualitative estimation of the solubility of E-ASM POS .

 15 The solubility of E-ASM POS was tested in different medium with the idea to possibly fractionate and isolate different compounds. So far, E-ASM POS is only soluble in NaOH(aq) and aqueous acids (qualitative determination by centrifugation after 60 min magnetic stirring at 1 mg/mL,

	Solvents	Solubility
	Acetic acid (1M, aqueous)	+++
	Acetonitrile	-
	Cyclohexane	-
	Dichloromethane	-
	Diethyl ether	-
	Ethanol	-
	Ethyl acetate	-
	Hexane	-
	Hydrochloric acid (1M, aqueous)	+++
	Methanol	-
	Sodium hydroxide (1M, aqueous)	+++
	Ultrapure water	-

Table 15 )

 15 .The E-ASM POS was analysed for elemental determination by EDX (Table16). Approximately 5.5 at.% of Ca is detected, showing the relative efficiency of the method. The sample is rich in carbon, oxygen and nitrogen, at least due to pigments identified in the previous chapters. A significant amount of chloride is observed (11.78 at.%), certainly due to ionic interactions with organic compounds or cations during the dissolution in 1M HCl(aq). The phosphorus content is high (2.19 at.%), suggesting the presence of phosphate. Sodium probably results from residual NaCl generated by basification with NaOH. Sulfur could indicate the presence of soluble methionine and cysteine moieties, or the presence of sulfate groups. The identification of other elements such as Al, Si, Cr, Mg, Fe and Mn has to be considered with the low solubility of their corresponding hydroxide that can precipitate. The presence of these metal cations could be the result of bioaccumulation in the shell from the aquatic environment as mentioned in Chapter I.

	Chapter IV. Acid-soluble pigments of shells of Crassostrea gigas: evaluation of extraction
	methods

Table 16 Elemental composition of E-ASM POS .
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	Elements	at.% (triplicate)
	Carbon	25.61 ± 3.16
	Nitrogen	2.57 ± 1.02
	Oxygen	21.47 ± 1.24
	Sodium	0.51 ± 0.14
	Magnesium	0.52 ± 0.12
	Aluminium	0.15*
	Silicon	0.46 ± 0.08
	Phosphorus	2.19 ± 0.22
	Sulfur	0.14 ± 0.04
	Chloride	11.78 ± 2.16
	Potassium	0.05 ± 0.02
	Calcium	5.53 ± 1.06
	Chrome	0.18 ± 0.02
	Manganese	0.33 ± 0.20
	Iron	0.73 ± 0.63
	Brome	0.12 ± 0.02
	*: detected once.

Table 17 Extraction yields of fractions obtained from POS and JOS.
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	Samples	Mass	Purple fraction	Photoluminescent	Global extraction
		(g)	extraction yield	fraction extraction	yield
			(wt.%)	yield	(wt.%)
				(wt.%, mg)	
	Purple oyster shell fragments (POS)	2.0	0.381	n.d.	0.381
	Purple oyster shell fragment (POS)	10.1	0.362	n.d.	0.362
	Juvenile oyster shells (JOS)	100.0	0.034	0.004 (4.3)	0.038
	Juvenile oyster shells (JOS)	100.0	0.044	0.004 (4.7)	0.049

Table 18 Qualitative estimation of the solubility of PF POS .
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	Solvents	Solubility of the purple fraction
	Acetic acid (1M, aqueous)	+++
	Acetone	-
	Cyclohexane	-
	Chloroform	-
	Dichloromethane	-
	Diethyl ether	-
	Ethanol	+
	Ethyl acetate	-
	Isopropyl alcohol	-
	Hexane	-
	Hydrochloric acid (1M, aqueous)	+++
	Methanol	+
	Methanol containing 1% of 12M HCl(aq)	+++
	Methanol containing 0.1% of 12M HCl(aq)	+++
	Sodium hydroxide (1M, aqueous)	+++
	Ultrapure water	+
	This method leads to a low content of calcium in the purple fraction, approximately 1.84 at.%
	by EDX analysis (Table 19), lower than the 5.5 at.% obtained by salting out. Chloride is also
	significantly reduced compared to the salting out method (3.86 wt.% and 11.78 wt.%,
	respectively). Besides, almost all the elemental concentrations are different. The sulfur content
	is more than double while the phosphorous content is divided by almost 6. Like E-ASM, other
	elements are present such as Al, Si, Mg, Fe, K but other are also present here like Br and
	especially Pb, but their concentrations are notably different. A possible explanation may be
	found in the presence of impurities from solvents and C18 leading to their concentration in the
	sample, for example, the supplemental use of HCl(aq) during decalcification (impurities are
	reported as: Pb  1 ppm, Br  5 ppm, NH4  1ppm, PO4  0.5 ppm, SO3  1 ppm, SO4  1 ppm,
	Al  0.1 ppm, As  0.01 ppm).	

Table 19 Elemental composition of PF POS .
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	Elements	at.% (triplicate)
	Carbon	32.95 ± 2.21
	Nitrogen	2.45 ± 0.56
	Oxygen	14.65 ± 2.63
	Magnesium	0.19 ± 0.02
	Aluminium	0.26 ± 0.04
	Silicon	0.26 ± 0.08
	Phosphorus	0.48 ± 0.16
	Sulfur	0.38 ± 0.14
	Chloride	3.86 ± 1.18
	Potassium	0.35 ± 1.18
	Calcium	1.84 ± 0.32
	Iron	0.50 ± 0.27
	Lead	0.33*
	*: detected once.

  IV. Acid-soluble pigments of shells of Crassostrea gigas: evaluation of extraction methods166As with others methods, extractions yields are sample dependent, yielding approximately 0.22 % for POS and 0.04 % for JOS (Table20). P-ASM POS is soluble in acidic and alkali solutions (pH < 2.5 and > 12, respectively) but insoluble in ultrapure water at pH ≈ 5-6, ethyl acetate,

	EtOH and dichloromethane.

Table 20 Extraction yields of P-ASM extracted from POS and JOS.
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	Samples	Mass (g)	Extraction yield (%)
	Juvenile oyster shells (JOS)	29.9	0.039
	Purple oyster shell fragments (POS)	10.7	0.190
	Purple oyster shell fragments (POS)	2.0	0.240

This method is particularly efficient to obtain sample with a very low calcium content  0.15 at.% as detected by EDX analysis (Table

21

). The carbon, oxygen and nitrogen contents are in line with previous extracts. Compared to E-ASM POS and PF, Al, Si, Fe, K, Cr and Br are not detected. These elements are perhaps co-precipitated with Ca or eliminated by the washing step with water. Besides, this method requires much less solvent compared to other methods, thus the level of impurities should be less concentrated. Conversely, soluble cations like Na 2+ , Cl -, K + can be concentrated during the last evaporation step.

Table 21 Elemental composition P-ASM POS .
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	Elements	at.% (triplicate)
	Carbon	32.00 ± 0.33
	Nitrogen	3.45 ± 0.98
	Oxygen	23.31 ± 3.43
	Sodium	2.38 ± 0.04
	Magnesium	0.16 ± 0.02
	Phosphorus	2.44 ± 0.12
	Sulfur	0.83 ± 0.02
	Chloride	3.35 ± 0.20
	Potassium	0.60 ± 0.04
	Calcium	0.13*
	Manganese	0.23 ± 0.08
	*: same value for the three determination.
	All the major pigments described in previous chapters are identified by RPLC-DAD-HRMS
	analysis of P-ASM	

POS . Pigments hypothesised as ommochromes are eluted from 5 to 15 min Chapter IV. Acid-soluble pigments of shells of Crassostrea gigas: evaluation of extraction methods

Table 22 Extraction yields of acid-soluble compounds extracted from ASM POS and ASM JOS by the three methods.
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	Samples	Salting out	Separative elution	CaF2 precipitation
		(wt.%)	(wt.%)	(wt.%)
	Purple oyster shell fragments (POS)	0.22	0.37	0.21
	Juvenile oyster shells (JOS)	0.05	0.04	0.04
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HMR spectroscopy, the proton of NH groups being observable in the range of negative chemical shifts 334 . Indeed, the uroporphyrin I standard presents a signal at -3.90 ppm (Fig.

25b).

Fig. 26 Purification of uroporphyrin.
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Chapter I. Oyster shell recycling: applications and future prospects One of the main challenges encountered during the description of the shell purple patterns of C. gigas was the low content of pigments and thus their selective extraction from calcite. During the first experiments, we observed that modifications of any parameters at any steps of the extraction process have significant effects on the quantity and the composition of pigments.

Consequently, we thought pertinent to develop a brief study on the extraction methods in relation to the chemical nature and composition of the extracted pigments.

Three extraction methods were established in order to prepare samples concentrated in pigments and with a reduced content of calcium salts. Based on accumulated data, we propose in this chapter an evaluation of these extraction methods. Their impact on extraction yields, composition of pigments and their potential scalability at a larger scale are discussed.

Chapter IV. Acid-soluble pigments of shells of Crassostrea gigas: evaluation of extraction methods

IV.2.2. Comparison of the methods of extraction of pigments

The three methods of extraction are compared in terms of extraction yield, solubility and composition. These methods were repeated on ASM prepared from shells of juvenile oysters (ASM JOS ).

IV.2.2.1. Salting out

The postulate behind the salting out method is that the solubility of some of the pigments is pH dependent and can be low enough to recover them until the beginning of the precipitation of Ca(OH)2 that starts when the concentration of OH -is high enough. Obviously, this method does not allow to recover pigments precipitating at very high pH since they would be mixed with Ca(OH)2.

Starting from an ASM POS solution at pH 0.74, the addition of NaOH(aq) first results in its Experimentally, the basification of ASM POS from pH 0.7 to 5.0 leads to important variation of its colour, from red-purple to green-violet, besides, no formation of a persistent precipitate is observed (Fig. 67). The colour of ASM POS is clearly depending on its pH, reflecting the halochromism of the compounds reported in Chapter II. At pH 5.4, a discolouration is initiated, accompanied by the formation of a coloured precipitate until pH 10.3. This indicates that pigments have been precipitated. The loss of their coloured property in solution is not excluded.

At pH > 10.0, the solution is definitively colourless and a white solid starts to precipitate. Therefore, to recover what is assumed as pigments, the addition of NaOH(aq) is stopped at pH 10, and the precipitate is separated by centrifugation and freeze-dried. Freeze-drying is employed to remove the residual water by limiting a potential oxidative or thermal degradation.

The resulting powder is a mixture of pigments and NaCl resulting from the neutralisation of the ASM POS . Therefore, the powder is washed with ultrapure water (pH  5-6) in order to remove NaCl adsorbed on the precipitated pigments. The washing solution is colourless suggesting that pigments are not solubilised. This is surprising since the ASM POS was still coloured at pH 6, Among the major porphyrins described in Chapter II, uroporphyrin was identified whatever is the method of extraction (Table 23), variation is only observed on its relative content (Fig. 73).

Indeed, samples of E-ASM POS , PF POS and P-ASM POS were prepared at the same concentration

(5 mg/mL). The extracted uroporphyrin ion chromatograms are normalised at an intensity of 300. In this representation, the peak of uroporphyrin in P-ASM POS is the most intense ( 85%, Fig. 73b), suggesting the highest relative concentration. The intensity in YF ( 30%, Fig. 73d)

has to be multiplied by a factor 3 for comparison since this sample was diluted by a factor 3 compared to P-ASM POS , E-ASM POS and PF POS . Heptacarboxylic acid porphyrin was identified only in P-ASM POS and in the yellow fraction whereas turacin was only identified in P-ASM POS .

More generally, the CaF2 precipitation method appears as the most adapted for the extraction of porphyrins. Knowing that the pH is kept < 2 all along this process, porphyrins are kept soluble, certainly by protonation of NH-pyrroles.

The salting out method seems "selective" for the extraction of ommochromes. Compared to P-ASM POS analysed at the same concentration, only uroporphyrin was identified in E-ASM POS , the salting out method leads to low porphyrins-content. The intensity of the molecular uroporphyrin ion is much less intense in the extracted chromatogram compared to other methods, suggesting a lower concentration (Fig. 73a). A fraction of porphyrins is certainly

Chapter IV. Acid-soluble pigments of shells of Crassostrea gigas: evaluation of extraction methods

GENERAL EQUIPMENT

Centrifugation: Eppendorf centrifuge 5702.

Energy dispersive X-ray microanalysis: Sample was deposited on a support without metallisation and the coloured surface was analysed with a field emission gun detector (Oxford Instruments X-Max® SDD) coupled with a scanning electron microscope Zeiss EVO HD15 equipped with a secondary and backscattered electrons detector (resolution of 1.9 nm at 30 kV under ultra-high vacuum).

Fluorescence spectroscopy: Excitation and emission spectra were recorded on a fluorescence spectrometer (FS920, Edinburgh Instruments) equipped with a 450 W continuous xenon arc lamp as the excitation source for steady-state photoluminescence measurements using quartz cells with 10 mm excitation path length. Excitation spectra were recorded at an emission wavelength of 656 nm (from 348 to 626 nm with a step of 0.1 nm, 26.7°C). Emission spectra were recorded at an excitation wavelength of 405 nm (from 425 to 790 nm with a step of 0.1 nm, 26.8°C).

Freeze-drier: Labconco FreeZone 4,5 Plus.

Oven: Memmert 500.

pH meter: Crison PH 25.

RPLC-DAD-HRMS: separations were carried out using a 150 x 2.1 mm Kinetex 2.6 μm EVO C18 100 Å reverse stationary phase, operating at 30°C with a constant flow rate of 0.5 mL/min using ultrapure water (0.055 μS/cm) and acetonitrile HPLC grade as eluents both containing 0.1% formic acid. Analysis were conducted on a Waters Alliances UPLC Synapt G2-S system equipped with an electrospray ionisation source. UV-vis spectra were recorded with a UPLC

LG 500 nm DAD detector from 200 to 500 nm with a resolution of 1.2 nm and a sampling rate of 20 points/sec. Mass spectra were recorded in the m/z range of 50 to 3,000 with a ZQ spectrometer fitted with Micromass Q-Tof spectrometer operating at capillary voltage of 3 kV and cone voltage of 30 V, using phosphoric acid as an internal standard. MassLynx software (version V4.1) was used for instrument control and data processing. Samples were kept at 10°C in the autosampler. Appropriate blank analysis was performed before each sample (Vinj: 10 μL).

Blank TIC chromatogram was systematically subtracted to the corresponding sample TIC chromatogram before data processing. Analysis were performed by the "Laboratoire de

Mesures Physiques" of Montpellier University.

Scales: Mettler Toledo XP504DR (scale range up to 520 g, resolution 0.1 mg, repeatability 0.04 to 0.1 mg). OHAUS AX423 (scale range up to 420 g, resolution 1 mg). Kern PLS (scale range up to 1200 g, resolution 10 mg).

Scanning electron microscopy: Samples were deposited on supports and metallised with Pt by Ar plasma-enhanced chemical vapour deposition (Quorum Technologies). Images were recorded with a field emission scanning electron microscope HITACHI S4800 equipped with a secondary and a backscattered electrons detector (accelerating voltage from 0.1 to 15 kV, resolution of 1 nm at 15 kV, maximum magnification 800,000x).

Solid-state fluorescence: Samples were exposed, in the dark, to a UV LED monochromatic light of 395-400 nm (10W, model CHX-FL-A-10W), and UV monochromatic lights of 254 and 366 nm (Minuvis DESAGA Heidelberg).

Sonification: Ney 300 Ultrasonik.

UV-vis absorption spectroscopy: Absorption spectra were recorded from 200 to 800 nm using UV-1800 Shimadzu spectrophotometer (10 mm optical path length). Appropriate auto zero on solvent blank was performed before each measurement.

Vortex stirrer: Heidolph Top Mix 94323 Bioblock Scientific

Identification of chlorophyll catabolites in viscera. Viscera were collected from the previous C. gigas sample. After freeze-drying, viscera were crushed in a mortar and suspended in 1M HCl(aq) under magnetic stirring (1 g, 1:20 wt./V, 60 min, 700 RPM). The ASM VOT was obtained after filtration on a glass sintered filter (POR 4) filled with Fontainebleau sand. The identification of uroporphyrin was achieved using the RPLC-DAD-HRMS method #2. The supernatant was collected and evaporated at 30°C. The solid residue was suspended in 10 mL of ultrapure water. After centrifugation, the solid residue was freeze-dried (P-ASM POS ). 1.0 mg of P-ASM POS was dissolved in 200 μL of 1M HCl(aq) and analysed by RPLC-DAD-HRMS (ESI+) using method #1. P-ASM POS was also analysed by EDX by deposition of 10 μL on Teflon. In this condition the accuracy of the measure is ± 10 % of the at.% value. The CF4 blank content of Teflon was removed during post treatment data.

Screening of metabolic products and identification of xanthurenic

Identification de composés valorisables présents dans la coquille de l'huître comestible

Crassostrea gigas

Ces 

Identification of valuable compounds from the shell of the edible oyster

Crassostrea gigas

This thesis program was carried out in a partnership between the oyster farming company Tarbouriech-Médithau, located on the edge of the Thau lagoon (Marseillan), and two institutes of The Balard Chemistry Centre of The University of Montpellier: The Institute of Biomolecules Max Mousseron and The Institute Charles Gerhart Montpellier. The main objective was the identification of valuable compounds from the shells of the oyster Crassostrea gigas Tarbouriech-Médithau with singular morphological and organoleptic properties. This study was positioned within the more general framework of the recycling of the shell of this edible oyster as a source of natural materials, highlighting the advantages and challenges related to its recycling as well as the need to participate to the investigation of particular fundamental aspects not described to date.

Thus, the pink-purple colour of the shell of the oyster Crassostrea gigas was investigated in order to extract and identify the biomolecules contributing to this colour. The extraction required the development of original and reliable methods, applicable to the extraction of acid-soluble pigments. The structural investigation of these compounds conducted by reverse phase liquid chromatography combined with high-resolution mass spectrometry, by fluorescence spectroscopy and by nuclear magnetic resonance, made possible the newly identification of heterocyclic biomolecules such as porphyrins. The extraction and the identification of these compounds open the way to applications and allow to consider the development of innovative recycling processes of shells of the oyster Crassostrea gigas.

Key words: Crassostrea gigas, pigments, extraction, identification, mass spectrometry