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Résumé et mots-clés

Parmi les différents isotopes du Scandium qui peuvent être utilisés en médecine nucléaire, on peut citer le 47 Sc et le 44 Sc. Le premier se désintègre en émettant un électron associé à un gamma de 159 keV et peut donc être utilisé soit pour faire de la radiothérapie, soit de l'imagerie TEMP. Le 44 Sc (3.97 h) se désintègre dans 94.27 % des cas en émettant un positron, accompagné d'un photon  d'énergie égale à 1.157 MeV. Cet isotope est alors un candidat idéal pour des applications en imagerie TEP. Actuellement, le Cyclotron de haute énergie et haute intensité Arronax produit le 44 Sc et coproduit son état isomérique le 44m Sc (2.44j). Le 44m Sc a des propriétés (E=270 keV, 98.8 %) qui permet d'envisager son utilisation comme potentiel générateur in vivo. Les travaux précédents ont permis de montrer que le ligand DOTA est le plus adapté et le plus stable pour le scandium. Ce travail de thèse a pour but de mettre en évidence la faisabilité du générateur in vivo 44m/44 Sc. Dans un premier temps une procédure a été optimisée et validée pour la production du 44m/44 Sc avec une haute activité spécifique et pureté chimique. Le radiomarquage sur des peptides contenant du DOTA a été ensuite développé et optimisé. Des études théoriques et expérimentales ont été réalisées dans le but de démontrer la faisabilité du 44m/44 Sc comme potentiel générateur in vivo. En fin des études de stabilité in vitro sur des complexes radiomarqués du 44m/44 Sc suivi d'études de biodistribution et d'imagerie TEP ont été réalisées. 44m Sc, 44 Sc, générateur in vivo, ligand DOTA, imagerie TEP 
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Introduction Introduction

From the historical point of view, early contributions in nuclear medicine were mainly in the field of oncology, but nuclear medicine allows today to study almost all systems of the human body and then find applications in all medical specialties, still including oncology as well as neurology, cardiology, endocrinology, nephrology, gastroenterology, pulmonology, infectious diseases and various surgical disciplines. In the context of this manuscript, I focus only on the part of medicine dedicated to oncology. The principle of nuclear medicine is to inject radioactive isotopes to the patient that target an organ, or a part of the body, in order to diagnose or treat a disease. Main fields of application are:

-In vivo functional imaging that involves the administration of a radioactive tracer to the patient for its external detection. It is done by the way of scintigraphy (emission of gamma radiation) or Positron Emission Tomography (PET scans).

-In vitro bioassay diagnosis: called Radioimmunoassay (RIA).

-Metabolic radiotherapy.

The location or the selective destruction of cancerous cells by a biological vector coupled to a radionuclide is a simple and particularly attractive concept. Postulated by Ehrlich at the beginning of the last century (Erlich and Herta, 1904), this concept is most often based on the use of the properties of recognition of antigens associated with cancerous tumors using antibodies [1]. The work carried out by Pressman and Keighley [2] has shown the feasibility of this concept. However, the limited availability of purified polyclonal antibodies and particularly monoclonal antibodies, has limited the efficiency of this technique for a long time. Since 1975, with the discovery of the cell hybridization technique by Köhler and Milstein [3], this concept was developed. Therefore, an interesting tool for specific vectorization was available to the physicians: vectorization of non-toxic substances for imaging and of toxic substances for therapy.

The concept of the radioimmunotherapy has thus been developed, an innovative technique particularly for cancer therapy and as a complementary to existing therapies. This technique based on a vectorization using an antibody coupled with an alpha or beta radionuclide emitter thus leading the selective destruction of tumor cells. In contrast to drug agents and toxins, the radiolabeled antibody does not need to penetrate into the cell for being efficient. Indeed, emitted radiations are able to reach the nucleus of the target cell on which the radionuclide is fixed, as well as other cells within the tumor mass (located up to several hundred micrometer of the radioactive source) and cause lethal chromosomal damage for these irradiated cells.

Despite this, the irradiation must be total because, for example, irradiation of a tumor composed of 10 12 cells with an efficiency of 99.99% leaves still 10 8 alive cells. However, the injection of a too strong dose of radioactivity can be harmful, or even toxic, for the body and in particular for the bone marrow, the most radiosensitive. Clinical results have shown that this technique was not interesting in case of treatment of small tumors, easily accessible to the radiolabeled antibody, or larger targets very radiosensitive such as leukemia or lymphoma.

The radioimmunotherapy remains the domain of the clinical evaluation and various known examples or published show that this concept of vectorization can be further improved.

It is possible to use radiopharmaceuticals with  -or  emitters. The choice of the type of the emitter depends on the specificities of cancer to be treated:

- -particles are suitable to the treatment of small tumors because they have a pathway in the body of few millimeters with a low linear energy transfer.

- particles are particularly suitable to the treatment of disseminated tumors because the decay of an  emitter generates a particle that has a small pathway but a high linear energy transfer.

It is possible to use the targeting characteristics of the vector molecules for imaging; it is thus called phenotypic imaging. When targeting is done using an antibody coupled with a  + emitter, it is called the immuno-PET. Targeted imaging is interesting when a necessity to monitor the treatment effectiveness appears. In the context of personalized medicine, this area increases, and same vectors are used for therapy and PET imaging.

Historical radioisotopes used in this field are 99m Tc (80% of images); 18 F (10% of images) and 131 I which represent approximately 90% of the therapeutic uses.

-Iodine-131; is a beta emitter and has a relatively longer half-life (8.02 days). Thus, this element is more suitable for treatment than for imaging. It is used notably for the ablation of hyperactive thyroid nodules, for the treatment of certain forms of hyperthyroidism (e.g.

Graves-Basedow disease) or Plummer disease or for research and removal of metastases of well-differentiated thyroid carcinoma (papillary or vesicular). It can be used in scintigraphy.

Iodine-123 ( emitter, T 1/2 = 13.2 h) is the isotope of iodine used for imaging.

-Technetium-99m is the most currently used radioisotope in nuclear imaging. Its physical characteristics are almost ideal: its half-life of 6 hours is long enough for monitoring physiological processes of interest, but short enough to avoid unnecessary irradiation. Its gamma photon (140 keV, 98%) is ideal since it is sufficiently energetic to pass through living tissue, but not too much for convenient detection. Technetium is usually obtained within sodium pertechnetate (NaTcO 4 ) form. However, it is used mainly as a marker of biologically active molecules. The atom of 99m Tc can be coupled to various phosphates or phosphonates (bone metabolism), to ligands such as DTPA, macro-aggregates of albumin or various colloids. These are just few examples of existing molecules.

The most commonly used marker for PET imaging is Fluorine-18 ( 18 F; T 1/2 = 109.8 min)

incorporated into a molecule of glucose forming the 18 F-fluorodeoxyglucose (or 18 F -FDG).

This tracer is similar to glucose, which is bound to tissues consuming high levels of sugar such as cancerous tissues, the cardiac muscle, or even the brain. Fluorine-18, as well as other isotopes that can be used for PET (i.e. 13 N, 15 O, 11 C), have a short half-lives, requiring a close cyclotron for their production.

In 2007 and 2008, as a result of outages or revisions of Canadian and Dutch reactors, the world had a leakage of medical isotopes for few weeks, 99m Tc for example. In addition, for imaging, should develop new radionuclides with longer-life than 18 F. On the side of radiotherapy, it must be developed more efficient, easier to handle and more toxic radionuclides for tumor cells.

As a result, the physical properties in one hand (radioactive half-life, type of emitter, emission energies), and on the other hand, chemical and biological properties, will guide for the choice of the most suitable radioisotope for any further use. For example, short-lived radioisotopes are particularly suitable to be used with peptides or antibody fragments that are distributed quickly in the body. Another approach is to use pre-targeting. The first step consists in injecting an unlabeled bispecific antibody that binds to tumor cells. The second step consists in injecting a radiolabelled molecule, which specifically binds to the bispecific antibody. This increases the range of available treatments and useful emitters. This technique of pre-targeting offers the main advantage of minimizing the irradiation on hematopoietic circulating cells.

Additionally, the use of pairs such as 64 Cu/ 67 Cu, 44 Sc/ 47 Sc, 86 Y/ 90 Y allowing quantification of the dosimetry to the tissues prior to the treatment is another aspect of personalized medicine.

These pairs are called theranostic agents, combining one radionuclide for diagnosis and another radionuclide for therapy [4].

Many studies have shown the interest of such new radioisotopes; but due to the characteristics of the ARRONAX cyclotron, few have been identified and selected by a group of physicists, physicians and researchers. Among the isotopes of interest to be produced by ARRONAX, astatine-211 is a particularly interesting candidate with regards to the energy of  particles emitted and its short half-life (7.2 h). Isotopes 44 and 47 of scandium have been identified as promising for  -radio-immunotherapy in complement to 64 Cu/ 67 Cu pair, also developed by ARRONAX. 44 Sc is the  + congener of 47 Sc that will allow dosimetry assessment prior to therapy with 47 Sc.

In addition, the production of 44 Sc is directly associated with the development of a PET/3 camera coupled with a liquid xenon telescope, for medical imaging developed by a physicist group of Subatech laboratory (D. Thers) [5].

Other radionuclides have been identified for their interest. This is for example the case of the 212 Pb/ 212 Bi generator. Among all these isotopes, my work has been focused only on scandium radionuclides, and more specifically on 44m/44 Sc generator. Scandium is interesting because it offers: one positron emitter ( 44 Sc) and one  -emitter ( 47 Sc). The study deals with the feasibility of the generator 44m Sc/ 44 Sc, for further potential use as a new PET tracer, especially for the PET/3 camera and for further use in therapy with 47 Sc.

 47 Sc is a  -emitter, with physical characteristics, close to those of 67 Cu, making it a promising candidate for the implementation of vectorized radiotherapy.

 The 44 Sc is a  + emitter allowing dosimetry assessment through the images obtained with PET and prior to therapy with 47 Sc.

 44 Sc (T 1/2 = 3.97 h) has a  + decay, (94.27%). It emits in 99.9% of the cases, a photon with E = 1. 15 MeV and the time frame of picosecond, which are particularly well suited for the liquid xenon Compton telescope, with an optimal 3D spatial resolution between 1 and 2 cm. The first experimental results obtained on the first prototype let us foresee very promising perspectives.

 Finally, 44 Sc has an isomeric state 44m Sc (T 1/2 = 2. 44 d), which is co-produced with 44 Sc, and that could be considered as an in vivo generator 44m Sc/ 44 Sc. Indeed, these radionuclides could be of interest for nuclear medicine with regards to their decay schemes but have too short half-lives for being used. To overcome this problem, the idea is to bind the radionuclide to the vector that will decay "in-vivo" to the daughter radionuclide. This concept is valid only if the nucleus remains attached to the vector during the decay process. It can be a real problem considering the recoil energy and the nature of the particles emitted during the decay.

My work is focused on the development of this new generator of 44m Sc/ 44 Sc. This work includes production aspects, extraction /purification and complexation chemistry as well as radiolabeling and in vitro tests.

The first part of my studies deals with the development of an extraction and purification process, firstly on small targets and then on targets of higher activities. A recycling process with regards to the enriched material of the target has been set up and will be discussed The different points mentioned above will implement the scientific knowledge to answer the following questions:

-Can we produce 44m/44 Sc with high specific activities, for considering further preclinical studies? Is a cost-effective recycling process could be set allowing later its wide use by proposing this radionuclide in hospitals?

-Which ligand can be proposed, that will ensure an efficient radiolabeling with good stability in biological media. Can radiolabeling of this ligand be performed at temperatures suitable with following use of antibodies or are new ligands needed?

-Does the 44m Sc/ 44 Sc pair actually can be considered as in vivo generator?

This manuscript is therefore based the following sections:

 In the first part, we will develop a state of the art summary on nuclear medicine and how scandium radionuclide is particularly interesting in this context. A short review on scandium chemistry will be done, which isotopes are of interest and what is the actual knowledge on its in vivo behavior.

 A second part is devoted to the description of the irradiation conditions and experimental procedures have been followed to produce, to extract and purify scandium.

 The third part will involve molecular modeling to predict the interaction of ligands with scandium.

 The fourth section will discuss the thermodynamic study and optimization of radiolabeling of a new class of ligands DOTA derivatives.

 The fifth part will be dedicated to establish the chemical feasibility of generator 44m/44 Sc.

 A last section will present the first data acquired in small animal and the very first PET images using 44m/44 Sc.

 Finally, we will establish the conclusions of this work and perspectives that can be drawn.

Préambule : Objectifs de la thèse et principaux résultats obtenus Introduction

La localisation ou la destruction sélective des cellules cancéreuses par un vecteur biologique couplé à un radionucléide est un concept simple et particulièrement attractif. Postulé par Ehrlich au début du siècle dernier (Erlich and Herta, 1904), ce concept repose le plus souvent sur l'utilisation des propriétés de reconnaissance d'antigènes associés aux tumeurs cancéreuses par des anticorps [1]. Ces anticorps peuvent véhiculer de manière spécifique des substances organiques au sein même de la masse tumorale afin de la localiser (imagerie médicale) ou de la détruire. Les molécules véhiculant les radioéléments diffèrent généralement en fonction du radionucléide utilisé mais aussi et surtout selon la finalité recherchée : imagerie ou thérapie.

Le principe de la médecine nucléaire est d'injecter des isotopes radioactifs au patient et de cibler un organe ou un endroit du corps dans le but de diagnostiquer ou de traiter des maladies. Les principaux domaines d'application sont :

-L'imagerie fonctionnelle in vivo qui consiste en l'administration d'un traceur radioactif au patient permettant sa détection externe. Ce sont les scintigraphies (émission de rayonnements gamma) ou les TEP (Tomographies par Emission de Positons).

-Le diagnostic biologique in vitro : c'est de la radio-immunologie.

-La radiothérapie métabolique.

On peut utiliser des radiopharmaceutiques utilisant un émetteur β -ou un émetteur α. Le choix du type d'émetteur dépend des spécificités du cancer à traiter.

Les particules  -sont bien adaptées au traitement des petites tumeurs car elles ont un parcours dans l'organisme de quelques millimètres avec un faible transfert d'énergie linéique.

Les particules  sont particulièrement bien adaptées au traitement des tumeurs disséminées car la décroissance d'un émetteur  engendre une particule qui possède un faible parcours mais un grand transfert d'énergie linéique.

Il est possible d'utiliser les caractéristiques de ciblage des molécules vectrices pour faire de l'imagerie, c'est ce qu'on appelle de l'imagerie phénotypique. Lorsque le ciblage s'effectue à l'aide d'un anticorps et en utilisant un émetteur  + , c'est de l'immuno-TEP. L'imagerie ciblée est intéressante lorsqu'on souhaite vérifier qu'un traitement est bien adapté et efficace. Les développements actuels se tournent de plus en plus vers des traitements personnalisés. Pour cela, on utilise des vecteurs identiques à ceux utilisés pour la thérapie mais marqués avec un émetteur de positon ou de photon . Le choix de l'émetteur est aussi directement lié à la taille de la molécule vectrice.

Les radio-isotopes historiques du domaine sont le technécium-99m (80% des actes d'imagerie) ; le fluor-18 (10% des actes en imagerie) et enfin l'iode-131 qui représente environ 90% des actes thérapeutiques.

-L'iode-131 est un émetteur et sa demi-vie relativement longue de 8,02 jours en fait un élément plus propice au traitement qu'à l'imagerie. Il est notamment utilisé pour l'ablation de nodules thyroïdiens hyperactifs, pour le traitement de certaines formes d'hyperthyroïdie (par exemple la maladie de Graves-Basedow ou la maladie de Plummer) ou pour la recherche et l'ablation de métastases de carcinomes thyroïdiens bien différenciés (papillaires ou vésiculaires). Il peut être aussi utilisé en scintigraphie, c'est alors l'iode-123 (émetteur , T 1/2 = 13,2 h) est l'isotope de l'iode utilisé pour l'imagerie.

-Le technétium-99m est le radio-isotope le plus utilisé en imagerie médicale nucléaire. Ses caractéristiques physiques sont presque idéales : (T 1/2 = 6 heures), assez longue pour autoriser le suivi des processus physiologiques d'intérêt, mais suffisamment courte pour limiter l'irradiation inutile. L'énergie du photon gamma (140 keV, 98%) est idéale puisque assez énergétique pour traverser les tissus vivants, mais suffisamment faible pour une détection commode. Le technétium est habituellement obtenu sous forme de pertechnétate sodique : NaTcO 4 . Cependant, on l'utilise principalement comme marqueur de molécules biologiquement actives. L'atome de 99m Tc pourra ainsi être lié à divers phosphates ou phosphonates (métabolisme osseux), à des ligands comme le DTPA, à des macro-agrégats d'albumine ou encore à divers colloïdes, habituellement de soufre, pour cartographier la distribution des cellules hépatiques de Kupffer. Ce ne sont là que quelques exemples des molécules existantes.

-Le marqueur le plus souvent utilisé pour l'imagerie TEP est le fluor-18 ( 18 F ; T 1/2 = 109,8 min) incorporé dans une molécule de glucose formant le 18 F-fluorodésoxyglucose (ou 18 F-FDG). Ce traceur est semblable au glucose : il se fixe au niveau des tissus gros consommateurs de sucre comme les tissus cancéreux, le muscle cardiaque ou encore le cerveau. Le fluor-18, ainsi que les autres isotopes pouvant être utilisés ( 15 O, 13 N, 11 C) ont une courte demi-vie, ce qui rend nécessaire l'utilisation d'un cyclotron pour leur production.

Or, en 2007 et 2008, à la suite de pannes ou de révisions des réacteurs canadiens et néerlandais, le monde a manqué d'isotopes médicaux, le 99m Tc par exemple, durant quelques semaines.

Par ailleurs, pour l'imagerie, il convient de développer de nouveaux radionucléides à durée de vie plus longue que le 18 hématologiques. Enfin, l'utilisation de paires telles que 64 Cu/ 67 Cu, 44 Sc/ 47 Sc, 86 Y/ 90 Y permet d'effectuer une quantification dosimétrique allant dans le sens de la personnalisation des traitements. Ce sont des agents appelés théranostiques, c'est-à-dire combinant le diagnostic et la thérapie [4].

De nombreuses études montrent l'intérêt de nouveaux radioisotopes ; mais compte tenu des caractéristiques du cyclotron ARRONAX, seuls quelques-uns ont été identifiés et retenus par un comité scientifique composé de physiciens, de médecins et de chercheurs. Parmi les isotopes présentant un intérêt à être produits sur ARRONAX, on trouve l'Astate-211 qui est un candidat particulièrement intéressant compte tenu de l'énergie des particules qu'il émet et de sa courte période : 7,2 h. Les isotopes 44 et 47 du Scandium ont été identifiés comme prometteurs pour la mise en oeuvre de l'immunothérapie  -, en complément du couple 64 Cu/ 67 Cu, développé également par ARRONAX. Le 44 Sc est le congénère  + du 47 Sc, qui permettra une étude dosimétrique associée à la thérapie au 47 Sc. De plus, la production de 44 Sc est directement associée au développement du détecteur TEP/3 au xénon liquide, pour l'imagerie médicale développée par un autre groupe (piloté par D. Thers) du laboratoire Subatech. D'autres éléments ont également été identifiés par les équipes nantaises comme présentant un intérêt. C'est par exemple le cas du générateur 212 Pb/ 212 Bi. Parmi tous ces isotopes, mon travail de thèse a porté sur le générateur de 44m/44 Sc.

L'approche pour cet élément consiste à prendre en considération la paire de radioisotopes : l'un émetteur  + et l'autre  -. L'étude porte sur la faisabilité du radiomarquage avec du Sc, pour l'utilisation potentielle comme un nouveau marqueur pour la TEP/3 avec les isotopes 44 Sc et 44m Sc, et pour la thérapie avec le 47 Sc. Cette activité inclut les aspects de production, d'extraction/purification et de chimie de complexation ainsi que le radiomarquage et les tests in vitro.

Le 47 Sc est un émetteur  -qui a des caractéristiques physiques proches de celles du 67 Cu, ce qui en fait un candidat prometteur pour la mise en oeuvre de la radiothérapie interne vectorisée impliquant des émetteurs  -.

Le 44 Sc est un émetteur  + qui permettra une étude dosimétrique associée à la thérapie au 47 Sc.

En le couplant sur le même vecteur (peptides ou anticorps) que celui utilisé par le 47 Sc, il sera possible de faire une étude dosimétrique pré-thérapeutique grâce aux images obtenues avec la TEP (Tomographie par Emission de Positons).

Le 44 Sc (T 1/2 = 3,97 h) lors de sa décroissance ( + à 94,27%), émet dans 99,9% des cas, un photon. L'énergie de ce photon, E=1,15 MeV, et son temps d'émission de l'ordre de la picoseconde sont particulièrement bien adaptés aux caractéristiques du télescope Compton au xénon liquide, permettant ainsi une performance optimale. Le télescope Compton permettra d'imager événement par événement le lieu des désintégrations des noyaux de 44 Sc, avec une résolution spatiale 3D comprise entre 1 et 2 cm, ouvrant ainsi de nouvelles perspectives particulièrement attractives pour l'imagerie TEP. Les premiers résultats expérimentaux obtenus autour d'un prototype de faible dimension laissent entrevoir une issue très prometteuse pour cette nouvelle technique d'imagerie.

Enfin, le 44 Sc possède un état isomère, 44m Sc (T 1/2 = 2,44 j), produit en même temps que le 44 Sc, qui permet de l'envisager comme générateur in-vivo 44m Sc/ 44 L'isomère m domine par rapport à M pour les premiers lanthanides Ln 3+ de la série (Ln= La-Pr) alors que c'est l'isomère M qui devient dominant pour les ions plus petits (Ln=Eu-Lu) [11]. D'autres facteurs structuraux tels que la taille de la cavité, la rigidité des macrocycles, le type et la position des atomes donneurs jouent un rôle significatif sur la liaison macrocycle métal. L'introduction de N-substituants, comme les acétates et les méthylphosphonates, dans le squelette carboné des macrocycles augmente l'inertie cinétique des complexes vis-à-vis de la dissociation et conduit à des composés d'une extrême stabilité. La production du 44 Sc peut être réalisée sur cyclotron par irradiation de 44 Ca enrichi avec un faisceau de protons selon la réaction nucléaire 44 Ca (p, n) 44 Sc ou par irradiation du 44 Ti par des protons. Actuellement, les caractéristiques du Cyclotron Arronax [13] permettent la production du 44 Sc via la réaction nucléaire 44 Ca (d, 2 n). Dans ce cas, l'état isométrique du 44 Sc, le 44m Sc est coproduit (10% de l'activité totale) simultanément. Le 44 Sc est également produit à l'aide du générateur 44 Ti/ 44 Sc et la production d'un tel générateur a été décrite dans la littérature et permet de générer des batchs d'activité de l'ordre de 2 mCi (74 MBq). Le 44 Ti est produit via la réaction nucléaire 45 Sc (p, 2n). Le 44 Ti nécessitant un faisceau de protons de haute énergie (25 MeV proton, 200 µA, longue irradiation). L'irradiation de 1,5 g de matériau cible, permet de produire environ 5 mCi (185 MBq).

I.2.Radio-isotopes du Scandium et voies de production

Le 47 Sc quant à lui, peut être produit soit par irradiation neutronique du 46 Ca produisant du 47 Ca qui se désintègre en 47 Sc, ou par irradiation du 48 Ti enrichi par un faisceau proton selon la réaction nucléaire 48 Ti (p, 2p) 47 Sc.

I.3.Extraction / purification du Scandium

Un protocole a été développé et optimisé pour l'extraction et la purification du 44 Sc à partir du générateur 44 Ti/ 44 Sc. Le principe consiste à une adsorption du 44 Ti irradié sur une résine échangeuse d'anions : Bio-RadAG1-X8(200-400mesh, Cl --form) préalablement conditionnée. Le 44 Sc est ensuite élué avec 20 ml d'un mélange de 0,005 M H 2 C 2 O 4 (acide oxalique) / HCl 0,07 M [14].

L'éluat a été directement retraité sur une colonne miniaturisée contenant une résine échangeuse de cations AG50W-X8(200-400 mesh, forme H + , 53mg), sur laquelle le 44 Sc est quantitativement adsorbé, puis élué avec 3 ml d'acétate d'ammonium tamponné à pH 4.

Le 47 Sc peut être produit à partir du 48 Ti. Après irradiation, la cible d'oxyde de titane 48 TiO 2 est dissoute dans l'acide sulfurique concentré, évaporé à sec puis dissous dans l'eau contenant 0,3% de peroxyde d'hydrogène pour oxyder le Ti à l'état +4 enfin il est séparé comme précédemment décrit. Brièvement, le 47 

I.4.Comportement biologique du Scandium

Une partie de la recherche se focalise sur la visualisation de molécules caractérisant des états pathologiques, à l'état de traces. Pour être un bon agent, le métal ne doit pas posséder de fonctions physiologiques connues chez les mammifères tenant en compte que son administration comme ion libre est généralement très toxique, même à très faibles doses (µmol.kg -1 ). C'est pour cette raison il est nécessaire de trouver des ligands qui forment des complexes avec une grande stabilité avec ces métaux. La très forte affinité montrée par exemple par le Gd(III) envers quelques acides polyaminopolycarboxylés, cycliques ou linéaires, a été exploitée pour former des complexes très stables (log K ML > 20).

Les propriétés pharmacocinétiques ont montré que ces ligands se distribuent dans les fluides extracellulaires et sont éliminés par filtration glomérulaire. Le besoin de cibler des molécules présentes à très faibles concentrations nécessite le développement d'une nouvelle classe de ligands caractérisés par des capacités de ciblage accrues.

Le scandium peut être changé entre la transferrine et la ferritine in vitro, bien qu'in vivo la liaison à la ferritine apparaisse négligeable comparée aux autres métaux de transition. In vivo, il a été montré [15] que la transferrine joue un rôle majeur dans le transport du Sc dans le plasma et que seul le complexe scandium protéine du sérum est observable. La ferritine joue un rôle mineur dans le métabolisme du scandium in vivo. Le scandium est aussi associé in vivo avec des molécules organiques de petit poids moléculaires.

De plus, il a été rapporté que le Sc 3+ , Y 3+ et La 3+ se lient à la globuline et l'ADN et le transfert est important pour le Sc 3+ ou l'Y 3+ vers les protéines du plasma sanguin [16]. Il a aussi été montré que les complexes Sc-EDTA sont rapidement métabolisés par les reins puis éliminés par l'urine, alors que le ScCl 3 est intensivement métabolisés au niveau le foie et la rate chez la souris. Le ScCl 3 et Sc-NTA se fixent plus fortement à l'α-globuline que l'albumine dans les Les études in vitro ont montré que le comportement biologique du scandium est le même que celui des autres terres rares, par exemple, le scandium forme des complexes très stables avec des agents chélatants du type acide polyaminopolycarboxylique [18]. L'EDTA et le DTPA présentent un relargage du scandium in vivo et plus particulièrement le DTPA [19].

Le scandium (III) a notamment la propriété d'améliorer le rapport tumoral/non tumoral lors de l'administration par voie intraveineuse du 67 Ga. Le citrate de 67 Ga est utilisé pour la détection des tumeurs malignes chez l'homme en utilisant des techniques scintigraphiques. Byrd, B.L. et al [20], ont observé que l'absorption et la rétention du scandium dans certains tissus semblent être extrêmement prolongée. En outre, dans les études de biodistribution impliquant une activité spécifique élevée en 47 Sc, ils ont constaté que l'administration du scandium stable a eu un effet sur la biodistribution et a montré une rétention du 47 Sc au niveau des tissus. La distribution du 47 Sc chez le rat semble être non spécifique au niveau de quelques tissus qui ont montré une affinité particulière pour le radionucléide. La rate est une exception. La raison de la forte accumulation du 47 Sc dans la rate n'est pas évidente, mais ne semble pas être liée à un dépôt de matière colloïdale car les autres tissus réticulo-endothéliaux ne montrent pas une absorption aussi élevée. Une autre approche a été développée des anticorps qui peuvent se lier à des complexes de terres rares-DOTA, permettant l'utilisation de -Une deuxième partie sera consacrée à la description des conditions d'irradiation et des procédures expérimentales qui ont été suivies pour extraire et purifier le scandium.

-La troisième partie concernera la modélisation moléculaire pour prédire l'interaction du scandium avec les ligands.

-La quatrième partie traitera de l'étude thermodynamique et expérimentale sur l'optimisation du radiomarquage de nouveaux ligands dérivés du DOTA.

-Une cinquième partie sera dédiée aux études permettant d'établir la faisabilité chimique du générateur 44m/44 Sc.

-Une dernière partie présentera les premiers résultats acquis chez le petit animal et les toutes premières images TEP avec le 44m/44 Sc.

-Enfin, nous établirons les conclusions de ce travail et les perspectives qui peuvent y être apportées.

Dans ce qui suit, nous avons dressé un résumé des principaux résultats obtenus pour chacune des parties citées ci-dessus.

II. Production du 44m/44 Sc au niveau du Cyclotron Arronax

Une première partie de mes études a concerné le développement du processus d'extraction et de purification, tout d'abord sur de petites cibles puis sur des cibles de plus grandes activités. L'étude du procédé de recyclage du matériau enrichi servant aux cibles a également été abordée. La haute énergie et intensité du cyclotron Arronax [21], permet de produire le 44 Sc à partir de cible de carbonates de calcium (CaCO 3 ) enrichie en 44 Ca. Les cibles de CaCO 3 sont composées ainsi: 40 Ca (3%) 42 Ca (0.05%) 43 Ca (0.03%), 44 Ca (96.9%) et 48 Ca (0.02%). Deux voies de production sont possibles en utilisant des protons ou des deutons comme projectile, de point de vue de la section efficace l'utilisation de deutons comme projectile donne un rapport 44m Sc/ 44 Sc plus élevé par rapport aux protons pour des énergies simultanées.

Les premières productions de 44m/44 Sc ont été réalisées en utilisant des petites cibles de CaCO 3 enrichies en 44 Ca, le produit final est ensuite utilisé pour des études de radiomarquage avec des ligands innovants. Un protocole ensuite a été optimisé et validé dans le but de produire des quantités plus importantes de 44m/44 Sc à partir de grandes cibles de 44 

II.2. Générateur 44m/44 Sc: vers des cibles de plus haute activité

Pour les premières études in vivo, il est nécessaire d'augmenter l'activité produite en 44 Sc tout en maintenant un produit final avec une activité spécifique élevée, certains paramètres ont donc été modifiés tels que les caractéristiques de la cible de 44 

III. Calculs DFT sur des complexes de Scandium

La deuxième partie de mon travail a examiné les interactions entre des ligands 

III.1.calculs DFT sur les complexes de scandium

Les premières études ont été réalisées sur des complexes Sc(H 2 O) n 3+ (n = 1-10), les résultats obtenus indiquent que le Sc(III) est principalement octacoordonné à la première sphère de coordination, formant un complexe avec une géométrie S 8 (figure 5). Des calculs complémentaires ont ensuite été réalisés ont permis de montrer que le Sc est principalement hexa-coordiné à la premiere sphere de coordination ce qui constitue le complexe le plus stable. Les résultats obtenus précédemment montrent que le scandium est principalement hexa-hydraté ou hepta-hydraté à la première sphère de coordination [26,27,28]. groupements phosphates [36].

Pour
On sait aussi que les dérivés de l'acide phosphorique ont des propriétés différentes (taille, forme, hydrophilicité, acidité ou basicité), comparés à leurs analogues acétate [37,38]. Il a été prouvé que les analogues monophosphorique du ligand DOTA forment des complexes thermodynamiquement très stables et cinétiquement inertes avec le cérium (III) le gadolinium (III) [39] ou encore l'yttrium(III) [40].

Plus récemment, la synthèse, les propriétés et les évaluations précliniques de dérivés de NOTA (acides tri-azacyclononane phosphiniques) ont été publiés révélant ainsi leur capacité à former des complexes à des concentrations plus faibles de ligand, en milieu fortement acide et surtout à température ambiante [41].

Par conséquent, la substitution d'un groupement carboxylique du ligand DOTA pour un groupement phosphonique / phosphinique pourrait conduire à une amélioration des conditions de radiomarquage au 44 Sc notamment réaliser le radiomarquage à température ambiante avec des rendements radiochimiques supérieurs à 90 % en juste quelques minutes [42]. L'étape suivante consiste donc à optimiser les conditions physico-chimiques de radiomarquage du 44 Sc avec les dérivés monophosphoniques du DOTA puis comparer les résultats obtenus avec le ligand DOTA.

IV.2.Optimisation des conditions de radiomarquage

Le radiomarquage des dérivés du DOTA avec le 44 Dans le cas de l'expérience réalisée avec le 44m/44 Sc-DOTATATE; la courbe (figure 9)

représente la valeur calculée de l'activité de 44 Sc qui serait éluée de la colonne en supposant que 100% du 44m Sc chargé sur la colonne se désintègre libérant du 44 Quelques auteurs [45] 

Introduction

The discovery of artificial radioactivity by Irène and Frédéric Joliot-Curie was the origin of the emergence of a new medical discipline, nuclear medicine. This discovery led to the production of radioactive isotopes and their use as tracers.

The non-invasive in vivo molecular imaging using radionuclides is based on the Radiotracer Principle of G. von Hevesy [53] and the magic bullet concept by Ehrlich [54].

Nuclear medicine is a branch or specialty of medicine and medical imaging that uses radioactive isotopes (radionuclides) and relies on the process of radioactive decay in the diagnosis and treatment of disease. This involves administering to the patient, usually through intravenous voice (IV), a radioactive compound called radiopharmaceutical which is composed of a radioisotope called tracer, usually attached to a carrier molecule, the vector, which is chosen for its affinity towards the organ to study (this is tropism). Detection of radiation emitted by the volumetric distribution of the target organ in which will focus this radionuclide will give an image called scintigraphy. Currently nuclear medicine allows diagnostic study for most of the organs or tissues of the human body with very good prognosis as to their disease. From the historical point of view, early contributions of nuclear medicine were mainly in the field of oncology, but nuclear medicine allows today to study all systems of the human body and then find applications in all medical specialties, including always oncology but also neurology, cardiology, endocrinology, nephrology, gastroenterology, pulmonology, infectious disease and the various surgical disciplines. The main fields of application are:

-In vivo functional imaging that involves the administration of a radioactive tracer to the patient for its external detection. It is done by the way of scintigraphy (emission of gamma radiation) or Positron Emission Tomography (PET scans).

-In vitro bioassay diagnosis: called radioimmunoassay.

-Metabolic radiotherapy.

Different medical imaging techniques such as Magnetic Resonance Imaging (MRI), Singlephoton emission computed tomography (SPECT), luminescence and Positron Emission

Tomography (PET) are used in medicine. These techniques are complementary, in particular by their different spatial resolution and sensitivity. SPECT and PET have a spatial resolution higher than a millimeter, less than the MRI and luminescence which are in the micrometer range. In contrast, they have a much better sensitivity.

Positron Emission Tomography (PET) is an imaging in vivo technique, functional and noninvasive. It is based on use of labeled molecules by a positron emitter radionuclide β + , called radiotracers, or radiopharmaceuticals if they are injected into humans.

Through the detection of β + emitter radionuclide, the in vivo biodistribution of the biological probe can be monitored. the used radionuclides, and the cost generated by the production and radio synthesis of the radiopharmaceuticals. Usually the production, the synthesis of the radiopharmaceutical, its injection to the patient and the acquisition of PET images are performed on the same day: less than 8 half-lives on average. However, the short half-life of radioisotopes is also an advantage because it limits patient exposure. In order to limit the amount of the biological vector, a

.radionuclide with a high specific activity (SA) is required. Furthermore, PET is an imaging technique in vivo with good spatial resolution since it is theoretically on the order of 3-4 mm.

[56] Positron emission tomography has progressed rapidly from being a research technique in laboratories to a routine clinical imaging modality, such as oncology, through the success of metabolic imaging, mainly with ( 18 F) fluorodeoxyglucose ( 18 F-FDG).

I.1.Radiopharmaceuticals

The radiotracer and magic bullet concepts have been combined to develop the concept of radiopharmaceuticals. These compounds transport a radioactive isotope to the action site, such as cancerous tissue or for neurologic diseases, either to image the tissue or to deposit a dose of ionizing radiation to kill the diseased cells. In the case of cancer, surgery, chemotherapy, and radiotherapy, alone or in various combinations, have fallen short of effectively controlling tumors and are associated with significant morbidity. Therefore, new therapy options of cancer raise some of the most challenging questions in medicine.

For some radiopharmaceuticals, the radioactive isotope also acts as vector ( 131 I as sodium iodide for scintigraphy of thyroid glands, 99m T as sodium pertechnetate for scintigraphy of the thyroid and salivary glands). But it is mostly constituted by a tracer that determines the spatial distribution of the molecule, which is fixed to a vector having tropism for a particular organ or function. This last determines the biodistribution of this molecule and used to assess the target organ. Radiopharmaceutical must be very stable in vivo, namely, hydrolysis, redox transchelation and transmetallation reaction, so it must be thermodynamically and kinetically stable. The pharmacokinetic of a radiopharmaceutical depends on several parameters: the particular solubility, charge, lipophilicity, molecular weight and composition. Depending on the physical properties of the radionuclide, the specific targeted radiopharmaceuticals or infusion can be adapted either for diagnosis or therapy.

I.1.1. Selection criteria for radionuclides

Several factors are involved in the choice of a radionuclide for therapeutic or diagnostic purposes. It is primarily the physical characteristics of the radionuclide itself, mainly the type and energy of radiation and its half-life; then the exact position of the target to be irradiated as well as its chemical properties and biological variables that govern its in vivo biodistribution.

I.1.1.1.The type and energy of radiation

The choice of the radionuclide is based on the use of the radiopharmaceutical: therapeutic or diagnostic:

-Radionuclides for diagnostic purposes, emitting mainly a positron β + or γ radiation, penetrating and little ionizing to limit the dosimetric risks while being perfectly detectable externally.

-Radionuclides for therapeutic purposes, principally emitting α or β -radiation, it is the nature of the ionizing radiation emitted by the radionuclide which will guide the selection. Indeed, from the nature and intensity of this radiation will depend the destruction of the targeted cell.

 The α radiation is a very ionizing radiation with a very important delivered energy, of about 5-7 MeV over a short distance, from 50 to 90 μm. Some examples are the use of 211 At [START_REF] Zalutsky | Astatine-211-labeled radiotherapeutics: an emerging approach to targeted alpha particle therapy[END_REF], 212 Bi/ 213 Bi [START_REF] Soo | Preclinical Evaluation of NETA-Based Bifunctional Ligand for Radioimmunotherapy Applications using 212 Bi and 213 Bi: Radiolabeling, Serum Stability, and Biodistribution and Tumor Uptake Studies[END_REF] and 223 Ra [START_REF] Harrison | Radium-223 chloride: a potential new treatment for castration-resistant prostate cancer patients with metastatic bone disease[END_REF] in therapy.

 The β radiation: two types of radiation exist, as the emitted particle is an electron (β -) or a positron (β + ). The β -with a distance traveled of approximately some µm to10 mm, is often used in therapy. The β -emitters mostly used are 90 Y, 177 Lu and 186/188 Re [START_REF] Goins | Techniques for loading technetium-99m and rhenium-186/188 radionuclides into pre-formed liposomes for diagnostic imaging and radionuclide therapy[END_REF].

The β + emission is used for PET imaging diagnosis. These rays interact with the electrons of the environment and give two γ photons of 511 Kev.

 The γ radiation: The γ radiations are formed by electromagnetic waves of very variable energy. They are very penetrating and can pass through large thicknesses of material. Due to this character, the γ emissions can be detected by the camera and are therefore used in diagnostic nuclear medicine. The optimal emission for current cameras is around 150 Kev (70 to 500 keV).

 The Auger electrons: particle radiation, coming from the decay of the isotope by electron capture or internal conversion. Auger electrons have a high linear energy transfer (LET) (few nanometers) and their LET decreases compared to that of  -. Their therapeutic effect is much localized and requires introducing isotope near the target and hence of the cell nucleus.

I.1.1.2. Half-life

The half-life of the radionuclide must be related to the biodistribution of the biological molecule (vector) to which it is associated and therefore the biological half-life of radioligand.

To be used in nuclear medicine, radionuclides must have a sufficiently long physical period to allow proper exploration of an organ or the study of metabolism but also short enough to not cause excessive, unnecessary and harmful irradiation of the patient.

Physical periods of radionuclides commonly used in nuclear medicine range from several hours to several days. In addition, the half-life determines the possibility of using a radionuclide remote location of its production. More the value of half-life is shorter; the production yield must be higher for compensating the loss of radioactivity due to the decay.

I.1.1.3. Production method

Another criterion to consider is the mode of production and the costs related thereto.

Radionuclides must have a high specific activity, be as pure as possible, and be readily available and inexpensive. All isotopes used in nuclear medicine are produced from cyclotron ( 123 I), nuclear reactor ( 131 I) or generators ( 99m Tc). The use of generators allows producing a radionuclide on the same site of its use with a high specific activity, the parent isotope being isolated from the isotope son. Finally, the conditions for a radioisotope use in in vivo imaging are the following:

-Emission of γ radiation with an energy between 100 and 200 keV, or β + emission, followed by the emission of two 511 keV γ radiation, -As part of the PET scan, the isotope should have a half-life compatible with routine use (> 1 hour), and be pure in order to limit radiation protection constraints -Absence of strongly ionizing particles (α or β -), -Relatively short effective period.

For use in therapy:

-Radionuclides are β -emitters whose radiation energy varies between 0.5 MeV and 2 Mev and whose γ contribution is low. Indeed a γ emission may accompany the decay of radioisotopes used in internal radiotherapy. This radiation contributes very little to the therapeutic efficacy and increases the irradiation of healthy tissue.

However, if the energy of photons emitted is in the diagnostic range (between 100 and 200 keV), it can be used for in vivo imaging and localization as function of time.

I.1.1.4. Related to the vector molecule

The properties of the biological carrier substance determine the pharmacokinetic properties of the radiopharmaceutical and its specificity. Indeed, depending on the vector molecule used, radiopharmaceutical will have a tropism for a function or a member to be displayed (diagnostic) or to be irradiated (therapeutic). The presence of a biological vector is intended to target tumor area, to limit the irradiation of healthy tissues. This biological vector may be an antibody, a peptide, a sugar, a vitamin, a protein, a nanoparticle; an enzyme ... This targeting is achieved by means of recognition between grafted biomolecule, and the surface of the malignant area. * High thermodynamic stability: a strong interaction between the metal and the ligand to ensure the complete complexation of the radionuclide.

* A high kinetic inertness of radioisotope-ligand complex to prevent the dissociation of the complex and thus the release of the radionuclide in the biological medium.

These parameters of stability and inertia are specific for each studied metal-ligand system.

I.2. Radionuclides of interest for PET imaging

Imaging consists of administering to the patient a radioactive tracer to its external detection.

Radionuclides for detection must be γ emitters. The photons (γ) are the most energetic electromagnetic radiation and can pass through the human body with relatively low energy (20 to 600 keV) allowing thus the location of the radionuclide. The other way is to generate photons through the annihilation of a   emitter with an electron. Two imaging types are possible: scintigraphy using γ-emitting radionuclides and positron emission tomography (PET) using β + emitter radionuclides [START_REF] Couchot | La médecine nucléaire : La radioactivité au service du diagnostic et de la thérapie[END_REF]. (In the latter application, the positron (antielectron) emitted annihilates with an electron of the human body to give two photons of 511 keV emitted at 180 degrees from each other). Thus, PET is used to measure a distribution of a radiolabeled molecule, which provides after reconstruction, images to detect and locate cancerous cells.

One advantage of PET compared to other techniques for diagnosis is that a wide range of chemical elements and of biological vectors are available. Notably, carbon, nitrogen and oxygen are major components of living matter and are also available as PET tracers. Due to their too short period, the chemistry involving 15 O and 13 N is very limited in contrast to that of the 11 C and 18 F, which are now the most widely used elements for PET imaging. Thus, they could be incorporated to compounds ubiquitous of the body, such as glucose and water, without altering their chemical properties and their metabolism.

Development of PET in terms of clinical use is mainly due to a particular isotope, fluorine-18 ( 18 F), which integrates easily with molecules involved in metabolism. By substituting the hydroxyl groups of one molecule of glucose by this isotope, the labeled glucose is formed, ( 18 F) fluorodeoxyglucose so called 18 F-FDG [START_REF]Imagerie fonctionnelle en médecine nucléaire : du phénomène physiologique à l'image[END_REF]. It is used as a tracer of cancer cells. Due to tumor cell metabolism: cancerous cells use glucose. This consumption is used for detecting tumors and follow their evolution during a suitable treatment. The other great advantage of this isotope is its half-life of 110 minutes, which allows hospitals located more than one hundred kilometers from the place of production to benefit.

With the recent development of the production of radionuclides, the issue is currently focused on the use of radionuclides with longer half-life to explore new biological phenomena.

Radioisotopes such as Zirconium ( 89 Zr), Yttrium ( 86 Y), Gallium ( 68 Ga, 66 Ga), Scandium ( 44 Sc)

and Copper ( 64 Cu) are good candidates for such applications (Table 1).

Table 1: radioisotopes of interest for PET imaging

In addition, metal complexation no covalently reduces the time of radio-synthesis and optimizes the exploitation of the radionuclide. There is more of interest for the 68 Ga produced from a generator. It is particularly attractive for nuclear medicine services that do not have direct access to the 18 F produced by cyclotrons for performing radio-synthesis. Isotope 18 F can be used in hospitals without cyclotron as it can be delivered from a production site, but there are logistic delivery limits (time/distance). Thus, 68 Ge/ 68 Ga generator allows having on site and in permanence a positron emitter in nuclear medicine services. However, PET imaging with 68 Ga has a major drawback due to its rather short physical half-life, in particular when biological vectors with extended biological half-lives, such as antibodies are used. Consequently, developments of generators providing radionuclides with a longer physical half-life were conducted, as 72 As (T 1/2 = 26 h) from 72 Se/ 72 As generator, or 44 Sc (T 1/2 = 3.92 h) from the 44 Ti/ 44 Sc generator [START_REF] Pruszyński | Post-elution processing of (44) Ti/ (44) Sc generator-derived (44) Sc for clinical application[END_REF]. Especially, this last one with its physicochemical properties, can be an innovative candidate for PET imaging. Indeed, 44 Sc has a half-life nearly four times longer than the 68 Ga commonly used. Therefore, it product, the 44 Ca, is stable and nontoxic.

For this reason, we are interesting to study the 44 Sc in this work.

I.3.Scandium

I.3.1. Scandium chemistry

Scandium (Sc) belongs to the family of rare earths. Scandium is in the third column of the periodic table and exists mainly in the oxidation state + III within cationic form. It is an electropositive element whose potential range from -2.25 to -2.52 V. It has been shown in the literature that it may exist, in some iodine complexes, in the oxidation state + II [START_REF] Dudis | The layered, metallic scandium iodide Sc0.93I2: synthesis, structure, and properties[END_REF]. It can be found also with the oxidation state + I but it is particularly unstable in this state. Scandium is smaller than lanthanides: the ionic radius of scandium (III) is much smaller (74.5 pm) compared with rare earth elements, it shows an intermediate behavior between aluminum and lanthanides.

In aqueous solution, the ionic form Sc 3+ is only stable in acidic conditions below pH 4, Sc hydrolyzes above pH 4 to [Sc (OH)] 2+ and to insoluble Sc (OH) 3 between pH 7 and pH 11. The acidic character of the trivalent oxidation state, related to its small atomic radius 2.09 Å (ionic radius 0.75 Å) and its high electronic charge [START_REF] Samson | The aqueous geochemistry of gallium, germanium,indium and scandium[END_REF], led the metal center to coordinate with donor species rich with electrons: ligands containing mainly N-donor or oxygenated groups such as carboxylates, phosphonates, amines or hydroxamates.

The scandium forms with these molecules, complexes wherein the metal usually has a coordination number that range from 6 to 9, even if octahedral complexes are most common coordination state [8].

Among the known isotopes of scandium, Sc-45 is the only present in a stable state. Others are radioactive isotopes which decay by emitting a positron into calcium or emitting an electron into titanium. The most stable being 46 Sc with a half-life of 83.79 days, 47 Sc with a half-life of 3.34 days, and 48 Sc with a half-life of 43.67 hours. Scandium also has five metastable isotopes, the most stable one is 44m Sc (T 1/2 = 58.6 h) [START_REF]The NUBASE Evaluation of Nuclear and Decay Properties[END_REF].

All of the remaining radioactive isotopes have half-lives that are less than four hours mainly 43 Sc (3.89 h) and 44 Sc (3.93 h) and the majority of of these have half-lives that are less than two minutes.

I.3.2. Coordination chemistry: ligands selected for the complexation of

Scandium

Scandium chemistry has not been explored like any other transition elements The use of scandium in both inorganic and organometallic chemistry has been of growing interest, proof is the number of compounds synthesized and characterized by X-ray diffraction or other methods. There is a large number of available ligands complexing scandium but many of those are for metallurgical applications [START_REF] Shirokova | Complexing Properties of Scandium(III) in Alkaline Medium[END_REF] or for systems of environmental remediation.

However, the literature on complexation of scandium has very few applications in biological environments [START_REF] Rogers | Antibacterial Effect of Scandium and Indium Complexes of. Enterochelin on Klebsiella[END_REF][START_REF] Lachine | Toxicity, tissue distribution and excretion of 46 ScCl 3 and 46 Sc-EDTA in mice[END_REF][START_REF] Strand | Stability, targeting, and biodistribution of scandium-46and gallium-67-labeled monoclonal antibody in erythroleukemic mice[END_REF][START_REF] Mausner | Radionuclide development at BNL for nuclear medicine therapy[END_REF].

In the design of radiopharmaceuticals complexes, the first factor considered is the thermodynamic constant. Certainly it does not necessarily indicate that the complex has exactly the same behavior in vivo, but it is often used as the primary selection criterion for the development of pharmaceuticals. It is quantified by the measurement of metal-ligand complexation constant K ML . However, knowledge of the stability of various metal complexes is not sufficient for comparing the affinity of ligands since they can exhibit different acid-base properties and denticity. It is then preferable to determine the concentration of free metal not complexed by calculation methods of speciation. This concentration is expressed as the logarithm of p[M] and used to quantitatively compare the ability of various ligands to complex metal. A complex with a low constant will tend to cause transchelation by other systems (biomolecules competitors).

The kinetic inertness of the complexes towards the demetallation is the second parameter that must be studied. The important thing here is to determine if the complex is susceptible to dissociate within time since injected in vivo. More the complex is stable kinetically more decomplexation is avoided in the presence of metal ions competitors (transmetallation).

Generally, the kinetics of decomplexation is observed in highly acidic media due to the exchange with protons.

The macrocyclic ligands can bind various metal ions, particularly trivalent lanthanide to form monomers complexes which are soluble in water. Due to the cyclic and organized nature of the ligands, the complexes formed are thermodynamically stable and kinetically inert. This class of compounds has been investigated for medical applications, e.g. as contrast agents in magnetic resonance imaging (MRI) [START_REF] Merbach | The Chemistry of Contrast Agents in Medical Magnetic Resonance Imaging[END_REF][START_REF]Contrast Agents I. Magnetic Resonance Imaging[END_REF][START_REF] Ellison | Gadolinium(III) Chelates as MRI Contrast Agents: Structure, Dynamics, and Applications[END_REF][START_REF] Aime | Gd (III)-based contrast agents for MRI[END_REF][START_REF]Strategies for increasing the sensitivity of gadolinium based MRI contrast agents[END_REF][START_REF] Hermann | Gadolinium(III) complexes as MRI contrast agents: ligand design and properties of the complexes[END_REF] or as bifunctional chelating agents (BFCA) for labeling biomolecules specific for molecular imaging and / or targeted radiotherapy [START_REF] Volkert | Therapeutic Radiopharmaceuticals[END_REF][START_REF] Redvanly | Handbook of Radiopharmaceuticals: Radiochemistry and Applications[END_REF][START_REF] Liu | Bifunctional chelators for therapeutic lanthanide radiopharmaceuticals[END_REF]. Among the chelators proposed, the polyaminocarboxylic acids linear and macrocyclic derivatives respectively of H 5 DTPA and H 4 DOTA, are of great releance.

The DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) chelator is commonly used to complex metal ions in solution. The octacoordinated structure using four nitrogen and four carboxyl side chains has been reported for DOTA and its derivatives [START_REF] Breeman | Somatostatin receptor scintigraphy using [ 111 In-DTPA]RC 160 in humans: a comparison with [ 111 In-DTPA]octreotide[END_REF][START_REF] Lau | Enviromental effects on the structure of metal ion-DOTA complexes: An ab initio study of radiopharmaceutical metals[END_REF]. This degree of coordination is perfectly suitable with scandium.

DOTA and its derivatives have been successfully conjugated to a certain number of somatostatin analogues, and radiopharmaceuticals obtained have good pharmacological parameters [START_REF] Otte | DOTATOC: a powerful new tool for receptor-mediated radionuclide therapy[END_REF][START_REF] Keire | Chelators for Radioimmunotherapy: I. NMR and ab initio calculation studies on 1,4,7,10tetra(carboxyethyl)-1,4,7,10-tetraazacyclododecane (DO4Pr) and 1,4,7tris(carboxymethyl)-10-(carboxyethyl)-1,4,7,10-tetraazacyclododecane (DO3A1Pr)[END_REF].

DOTA is suitable for chelating 67 Ga, 90 Y and 111 In. It has been shown that 90 Y-DOTA conjugates have very good in vivo pharmacokinetics properties [START_REF] Bakker | Yttrium-90 and indium-111 labeling, receptor binding and biodistribution of [DOTA, D-Phe1,Tyr3]octreotide, a promising somatostatin analogue for radionuclide therapy[END_REF]. However, in these radiopharmaceuticals, the chelating moiety modifies the original peptide conformation, leading to a more difficult binding to its receptor. DOTA and its derivatives are of particular interest for radiolabeling peptides and biomolecules by lanthanides. The macrocycle is preorganized so it binds the metal with relatively high thermodynamic stability. pKa values for the carboxyl groups of DOTA range between 2 and 5. In addition, the high hydrophilicity of the acetate arm of DOTA promotes blood clearance of unlabeled DOTA-peptide relative to radiopharmaceutical and thus reduces the competition between the two chemical species at the receptor [START_REF]The role of coordination chemistry in the development of target-specific radiopharmaceuticals[END_REF].

An important advantage of using analogues of DTPA as bifunctional ligand for indium-111 is their extremely high efficiency of complexation (fast complexation with high radiochemical purity) under mild conditions [START_REF] Liu | Synthesis and Characterization of Two 111In-Labeled DTPA-Peptide Conjugates[END_REF][START_REF] Keire | NMR studies of the metal-loading kinetics and acidbase chemistry of DOTA and butylamide-DOTA[END_REF], but the low stability of these complexes in vivo, results in the dissociation of the radionuclide from its chelate. In the case of use of DTPA with yttrium-90 or lutetium-177, there is a significant risk of irradiation of organs such as bone marrow [START_REF] Kull | Samarium-153 and lutetium-177 chelation properties of selected macrocyclic and acyclic ligands[END_REF]. As against, analogs of the DOTA chelating Indium-111 have a high stability in vivo, However, the kinetics of the radiolabeling with DOTA is usually slow and requires a relatively high temperature reaction, while the DTPA complex can be formed at room temperature [START_REF]The role of coordination chemistry in the development of target-specific radiopharmaceuticals[END_REF]. If small peptides can withstand relatively high temperatures (below 100 °C) the antibodies, at these temperatures, lose much of their immunoreactivity. Although DOTA form metal chelates very stable in solution, slow complexation kinetics remains an important obstacle that limits the routine use of this chelator in radiopharmaceuticals.

Data for complexation of radioisotopes with ligands such as DTPA, DOTA, NOTA and TETA were published long ago [START_REF] Delgado | Critical evaluation of stability constants of metal complexes of complexones for biomedical and environmental appli-cations[END_REF]. Studies performed recently [24] allowed to determine the complexation constants of scandium (III) with acyclic (figure 5 The in vitro stability of these ligands was then investigated (serum and bone substitute). Only DOTA was sufficiently stable over several days towards these two biological media to be considered the following steps. In fact, the next step consists in coupling this chelating molecule with proteins and / or antibodies that specifically target tumor cells. 

I.3.3. Radioisotopes of Scandium of interest for nuclear medicine

For its use in medicine a radionuclide should be easily accessible, can be quickly incorporated into the radiopharmaceutical and with a half-life sufficiently long to allow monitoring the physiological process of interest, but short enough to limit internal irradiation of the patient.

The 46 Sc is a beta emitter radionuclide (the average beta energy 0.3569 MeV) with a half-life of 83.8 days (table 3), it emits two gamma rays (0.889 MeV and 1.120 MeV) [13]. A longer half-life and a high beta emission energy, make the 46 Sc ideal to the evaluation of the chemical, the stability and biodistribution of the scandium radiolabeled compounds [START_REF] Strand | Stability, targeting, and biodistribution of scandium-46and gallium-67-labeled monoclonal antibody in erythroleukemic mice[END_REF].

However, these characteristics of longer half-life and emission are not suitable for clinical studies [START_REF] Jalilian | Preparation and quality control of scandium-46 bleomycin[END_REF]. 46 Sc has been used in many biological studies in the literature. For example, a large parathyroid absorption of the 46 Sc has suggested the use of this radionuclide in the treatment of tumors and diagnostic studies [START_REF] Prussin | Possible parathyroid imaging using Ga-67 and other aluminum analogs[END_REF].

Table 3: radioisotopes of Sc of interest in nuclear in medicine Furthermore, the radiolabelled 46 Sc has been widely used in the determination of blood flow in many cardiovascular studies [START_REF] Ahn | Quantification of regional myocardial blood flow using dynamic H2(15)O PET and factor analysis[END_REF][START_REF] Saunier | Effect of the inhibitor of nitric oxide synthase, NG-nitro-L-arginine methyl ester, on cerebral and myocardial blood flows during hypoxia in the awake dog[END_REF]. Recently, studies of stability and biodistribution of the 46 Sc-bleomycin complex were carried out in order to its use as a potential therapeutic complex [START_REF] Jalilian | Preparation and quality control of scandium-46 bleomycin[END_REF].Two other isotopes of scandium, 47 Sc and 44 Sc radionuclides are respectively useful for radiotherapy and imaging. The 47 Sc radionuclide with a half-life of 3.35 days decays by emitting a radiation β -with a maximum energy of 600 keV. It also emits at low-energy γ radiation (E = 159 keV) suitable for SPECT imaging. The 47 Sc radionuclide has already been studied for its potential interest for beta-RIT (radioimmunotherapy) [START_REF] Mausner | Radionuclide development at BNL for nuclear medicine therapy[END_REF][START_REF] Kolsky | radiochemical purification of no-carrier-added scandium-47 for radioimmunotherapy[END_REF][START_REF] Mausner | Evaluation of chelating agents for radioimmunotherapy with scandium-47[END_REF].

Use of 47 Sc radionuclide, as an alternative to the 177 Lu radionuclide, has been proposed in previous reviews [START_REF] Mausner | Radionuclide development at BNL for nuclear medicine therapy[END_REF][START_REF] Molnair | Excitation functions of (p,xn) reactions on natTi monitoring of bombarding proton beams[END_REF][START_REF] Ui | Separation of no-carrier added radioactive scandium from neutron irradiated titanium[END_REF][START_REF] Krajewski | New separation method of no carrier-added 47 Sc from titanium targets[END_REF]. Another radionuclide of scandium, 44 accompanied in a picosecond frame by a single γ photon of 1.157 MeV. As shown in the decay scheme of 44 Sc (figure 6), the life time of the first excited level of 44 Ca is only 2.61 ps, so that the 1157 keV photon may be considered emitted almost simultaneously with the positron. 44 Sc can be used as an alternative to 68 Ga, since it has a longer half-life and form stable radiolabeled complexes with a similar structure compared to the 90 Y and 177 Lu, which is important in the planning of radiotherapy [START_REF] Bilewicz | Macrocyclic complexes of scandium radionuclides as precursors for diagnostic and therapeutic radiopharmaceuticals[END_REF]. 44 Sc can be obtained from the generator 44 Ti/ 44 Sc [START_REF]Scandium-44: benefits of a long-lived PET radionuclide available from the 44Ti/44Sc generator system[END_REF][START_REF] Filosofov | A 44 Ti/ 44 Sc radionuclide generator for potential application of 44Sc-based PET-radiopharmaceuticals[END_REF][START_REF] Pruszyński | Post-elution processing of (44) Ti/ (44) Sc generator-derived (44) Sc for clinical application[END_REF] or can be produced by nuclear reaction from 44 Ca in small cyclotrons.

Currently the high energy intensity of the Cyclotron ARRONAX [21] allows the production of 44 Sc via the nuclear reaction 44 Ca (d, 2n).

From production via 44 Ca, the isometric state of 44 Sc, 44m Sc is co-produced with 44 Sc. 44m Sc has the same characteristics as 44 Sc, but with a longer half-life (2.44 days versus 3.92h). Its longer half-life may facilitate dosimetric studies in order to use the innovative 47 Sc radionuclide for radiotherapy. Indeed, 44m Sc and 47 Sc have half-lives of the same order (2.44 days versus 3.35 days) to monitor metabolic pathways, which is an advantage compared to the generator 44 Ti/ 44 Sc [24]. Therefore, therapeutic 47 Sc together with diagnostic 44 Sc can be used as ‗‗matched pair'' in theranostic approach [START_REF] Mausner | Evaluation of chelating agents for radioimmunotherapy with scandium-47[END_REF]. Due to these features, 44m Sc/ 44 Sc could be considered as a potential in vivo generator for PET imaging and as an alternative to the 64 Cu / 67 Cu pair.

Finally, 44 Sc was identified as the best candidate for 3γ PET imaging, based on the location in 3D and event by event of a particular emitter (β + ,γ).

It emits a positron in temporal coincidence with a γ photon as in PET, positron annihilates with an electron to give two γ-rays of 511 keV emitted back to back, and these are then detected by a PET camera for example. The direction of the third gamma radiation is reconstructed using a Compton telescope with liquid xenon [5].

I.4. Biodistribution and toxicity of Scandium

Scandium is an element with many industrial applications, but relatively little is known about its physiological effects and / or toxicity, and scarce data are available in the literature concerning the study of toxicity and biodistribution of Sc in vivo.

Scandium is transferred between transferrin and ferritin in vitro, although the binding to the ferritin appears negligible when compared to other transition metals. In vivo, it was shown [15] that transferrin plays a major role in the transport of Sc in plasma and only the scandium serum protein complex is observable. Ferritin plays a minor role in the metabolism of scandium [15]. Scandium is also associated with organic molecules of low molecular weight.

The rare earth elements (RE) and organic ligands such as citrate, nitrilotriacetic acid (NTA), EDTA or DTPA have very high stability constants ranging from 6.5 to 8.5, 10 to 13, from 16

to 23 and from 20 to 23 respectively.

Hirano et al. [START_REF] Kodama | Metabolism and toxicity of i.v. injected YC13 in rats[END_REF] have shown that blood plasma transaminase activity of glutamic oxaloacetic acid and pyruvate -glutamic acid is increased in the presence of rare earth elements (RE). Furthermore, it has been reported that Sc 3+ , Y 3+ and La 3+ bind to DNA and globulin, the transfer is important for Sc 3+ or Y 3+ to blood plasma proteins [16]. It was also shown that the Sc-EDTA complexes are quickly undertaken by the kidneys and eliminated via the urine, while ScCl 3 is extensively deposited in the liver and spleen in mice.

It has also been shown that the accumulation of Sc-citrate in the liver, spleen and bone was greater than the Sc-EDTA complex following their injection into the mouse. Some authors [18] have shown that when the Sc-NTA was injected with relatively high concentrations of Sc, the metal was accumulated in bone, compared with complexes Sc-citrate or Sc-EDTA (log K = 23.1). The accumulation of Sc in bone is about 5% but as Sc complexes are rapidly excreted, the concentration of Sc in tissues is low.

The rare earth elements are characterized by their ability to form hydroxy-colloids at physiological pH. When they are injected in the chloride form, they are ionized and combine with hydroxyl ions, Serum phosphate and carbonate to form colloidal aggregates or macromolecules. They are phagocytized by the macrophages of the reticuloendothelial system and are widely deposited in the liver and to a lesser extent in the spleen. Moreover, since these RE are known to bind to proteins and amino acids, it is conceivable that these complexes of RE-organic compounds are formed and thus picked up by the reticuloendothelial system.

After the injection of the RE-complexes, their excretion depends on stability constants, thereof. It has been shown that there was a correlation between the ionic radius of the RE and their ability to form stable complexes. The strong complexes dissociate bit and are excreted rapidly as complexes with intermediate stability dissociate more and therefore the metal element is deposited in tissues and excretion is minimal.

In vitro studies have shown that the biological behavior of scandium is the same as that of the other rare earths, for example, scandium form very stable complexes with chelating agents such polyamino-acids [18]. EDTA and DTPA are effective for releasing scandium and particularly DTPA has led to a considerable scandium excretion [19].

Another feature of scandium (III) is that it can greatly increase the concentration ratio tumor cell /non tumor during injection of the 67 Ga. This radiopharmaceutical is quite widely used for the detection of human malignancies tumors via scintigraphy imaging techniques.

Byrd., B.L. et al. [START_REF] Byrd | Effect of stable scandium on the long-term whole body retention of intravenously administered 46 Sc citrate in the rat[END_REF] found that the uptake and retention of scandium in some tissues appears as extended. In addition, biodistribution studies with 46 Sc have shown that administration of stable scandium has a permanent additional effect on the retention and distribution in tissue of the 46 Sc. These biodistribution in rats of the 46 Sc appears as nonspecific except in the spleen.

Conclusion

Nuclear medicine is a branch of medical imaging that uses small amounts of radioactive material to diagnose and determine the severity or treat a variety of diseases. Using special detection equipment, the radioactive substances can be injected in the body to monitor their location and concentration. Two major methods of nuclear imaging used for cancer imaging are PET and SPECT.

Radionuclides used in PET scanning are typically isotopes with short half-lives such as 11 C (~20 min), 13 N (~10 min), 15 O (~2 min), and 18 F (~110 min) that are incorporated in biological molecules. Besides the perfect availability 68 Ga shows well suited nuclide properties for PET,

but it has to be coordinated with a chelator to introduce it in radiopharmaceuticals. However, the physical half-life of 68 Ga of (67.7 min) might limit the spectrum of clinical applications of 68 Ga-labelled radio diagnostics, in particular when the proteins with extended biological halflives, such as monoclonal antibodies or their fragments, are used.

With the recent development of the production of radionuclides, the issue is currently focused on the use of radionuclides with longer half-life to explore new biological phenomena.

Radioisotopes such as zirconium ( 89 Zr), yttrium ( 86 Y), copper ( 64 Cu) and scandium ( 44 Sc) are good candidates for such applications. Especially, the latter radionuclide with its practical physicochemical properties can be an innovative candidate for PET imaging. 44 Sc is available as 44 Ti/ 44 Sc radionuclide generator system. The long-lived 44 Ti produces a short-lived 44 Sc, which subsequently decays to stable 44 Ca. The high energy of the Arronax Cyclotron allows producing 44 Sc from 44 Ca (d, n). In that case, the isomeric state 44m Sc (T 1/2 =58.6 h) is coproduced with 44 Sc and that is expected to be used as an in vivo PET generator 44m Sc/ 44 Sc.

Production route, irradiation conditions, extraction and purification of Sc will be the purpose of the next chapter.

Introduction

The target selection is a crucial point for the production of an isotope. It should allow efficient and fast extraction of the produced radionuclide while avoiding contamination. Targets can be in different states of matter: gas, liquid or solid. Moreover, their shape depends on the physical and chemical properties of the irradiated material and has to be optimized to improve the production yield.

Regarding the 44 Sc, several production routes are used: by irradiation of natural metallic calcium [START_REF] Severin | 44g Sc FROM METAL CALCIUM TARGETS FOR PET[END_REF], of a solution of calcium nitrate tetrahydrate (Ca(NO 3 ) 2 .4H 2 O) containing a high amount (0.036 to 0.038 mol/ml) of natural calcium according to the nuclear reaction 44 Ca (p, n) 44 Sc [START_REF] Hoehr | 44g Sc production using a water target on a 13 MeV cyclotron[END_REF] or of enriched calcium carbonate ( 44 CaCO 3 ) targets which allow maximizing the production yield also limiting impurities. Indeed, the use of the natural calcium with an abundance of only 2.09% in 44 Ca leads to the production of small quantities of 46 Sc, 47 Sc and 48 Sc. Moreover irradiations by protons [START_REF] Cydzik | Cyclotron production of 44Sc for clinical application[END_REF] or deuterons beam, produce simultaneously the isomeric state of 44 Sc, 44m Sc which allows getting the potential generator 44m Sc/ 44 Sc [14].

The aim of this chapter is to present the production route of 44m Sc/ 44 Sc at the Arronax Cyclotron starting from small 44 CaCO 3 enriched targets for radiolabeling studies with innovative ligands, to targets with larger activities for in vivo studies. In this context condition of irradiation of the target, extraction and purification of 44m Sc/ 44 Sc after irradiation will be discussed. A recycling process with regards to the enriched material of the target has been set up and will be discussed

II.1. production route of 44m/44 Sc: preparation and irradiation conditions

The high energy and intensity of ARRONAX cyclotron [21], allows the production of 44 Sc from enriched calcium carbonate 44 CaCO 3 . The metastable state of 44 Sc, 44m Sc is also produced. (T 1/2 = 58.61 h, E  = 270.9 keV). Two production routes are considered: using protons or deuterons as projectile.

II.1.1. Using protons as projectile:

Production is performed using a proton beam via the 44 Ca (p, n) 44 Sc reaction. This reaction has an energy threshold of 4.536 MeV. To estimate the production yield of 44 Sc ( 44m Sc)

experimental data [START_REF] Levkovski | Activation cross section nuclides of average masses(A=40-100) by protons and alpha particles with average energies[END_REF] were used after normalization by a factor 0.8 due to a monitor problem [START_REF] Sonck | Investigation of the nat Mo(p,x) 96mgTc nuclear reaction to monitor proton beams: New measurements and consequences on the earlier reported data[END_REF]. As illustrated in Figure 1 the maximum value of cross section achieved at an energy of 12 MeV protons. Production of 43 Sc via the reaction (p, 2 n) starts at 14.458 MeV.

By selecting the incident proton energy below this value, it is possible to avoid the production of 43 Sc. As mentioned previously, 44m Sc is coproduced simultaneously. The ratio of the production cross section between the two isomers 44m Sc/ 44 Sc was previously measured for the reaction (p, n) [START_REF] Sachdev | Isomer ratios for the 44 Ca(p,n) 44 S~m,g and "Rb(p,n)' Srm,g reactions[END_REF]. Due to the large difference in half lives, activity ratio will be much smaller (divide by a factor of ~15).

At the ARRONAX cyclotron, the proton beam may be extracted from 30 MeV to 70 MeV. It is then necessary to use a beam energy degrader for such isotope production [21]. Using the production cross-sections published [START_REF] Levkovski | Activation cross section nuclides of average masses(A=40-100) by protons and alpha particles with average energies[END_REF] and considering a 44 CaCO 3 target of 471 µm thickness, irradiated for 1h, we calculate a produced activity of 422.7 MBq/h at end of beam (EOB) with a 44m Sc/ 44 Sc activity ratio equal to 0.0056.

II.1.2. Using deuterons as projectile:

Deuterons can be used as an alternative way of production via the nuclear reaction 44 Ca (d, 2n) which has an energy threshold equal to 6.964 MeV.

According to our knowledge, no experimental cross sections are available for this reaction.

We have therefore chosen to use the Talys code to estimate the production yields.

A comparison between the experimental cross-sections for the production of 44m/44 Sc previously measured [START_REF] Levkovski | Activation cross section nuclides of average masses(A=40-100) by protons and alpha particles with average energies[END_REF] and the values predicted by the code for the nuclear reaction 44 Ca (p, n) was carried out [14]. The experimental data are presented as symbols on figure 1 where the Talys modelisation are presented as dotted lines. A good agreement is obtained between experimental and theoretical curves for the nuclear reaction 44 Ca (p, n), giving us confidence on the ability to predict deuteron cross sections. Talys was then used to estimate 44 Sc and 44m Sc cross sections associated to the 44 Ca (d, 2 n) 44 Sc reaction (figure 1). The curve has a maximum of a few low amplitude, but wider (Figure 1). Also to optimize the production of 44 Sc with deuterons, an energy range of 10 MeV-20 MeV is required. The Talys code also provides the cross sections ratio: 44m Sc/ 44 Sc. This latter is presented as a function of the incident energy of the projectile in Figure 2. It is clear that the 44m Sc/ 44 Sc ratio is much higher if we use deuterons as projectile. As mentioned earlier, the optimum production energy with a beam of protons is about 12 MeV, while in the case of a deuteron beam, the optimal energy is about 16 MeV. With these energies 44m Sc is expected to be produced with activity three times higher compared to protons. The last point of interest, when comparing both production routes, is related to the production of other isotopes. By using a proton beam on a target enriched with 44 Ca, only 43 Sc could affect the specific activity of produced 44m Sc/ 44 Sc, other isotopes are stable or with short periods [14]. By changing the incident proton energy, according to the reaction (p, 2n), no 43 Sc will be produced. However, in the case of deuterons beam, specific contaminants are produced such as 45 Ca (T 1/2 = 162.61 days) and 42 K (T 1/2 = 12,321 h). These isotopes have to be removed during the chemical purification process, to avoid the decay of 42 K to scandium.

At the ARRONAX cyclotron, the production of 44 Sc is achieved at a production station named Nice3 devoted to the production of small activities (a few mCi maximum). With this device, our target is placed in the air (figure 3), 6.6 cm downstream the beam line output closed by a 75 µm thick Kapton foil which allows separation between the vacuum and the air. energy of 7.5 MeV. Calculation of the loss energy was performed with SRIM (2008) [START_REF] Ziegler | SRIM -The Stopping and Range of Ions in Solids[END_REF].

During irradiation, the beam current on the target is measured using a current integrator ORTEC. The irradiation time considered was an hour for each target.

Once irradiation was complete, target was recovered and purification process was applied to obtain 44m Sc/ 44 Sc solution free from impurities. 

II.3.Cyclotron production of high purity

Introduction

Due its longer half-life, 44 Sc (T1/2=3.97 h) as a positron emitter can be an interesting alternative to 68 Ga (T1/2=67.71 min). It has been already proposed as a PET radionuclide for scouting bone disease and is already available as a 44 Ti/ 44 Sc generator. 44 Sc has an isomeric state, 44m Sc (T1/2=58.6 h), which can be co-produced with 44 Sc and that has been proved to consider it as an in-vivo PET generator 44m Sc/ 44 Sc. This work presents the production route of 44m Sc/ 44 Sc generator from 44 Ca(d,n).

Methods

Irradiation is performed in a low activity target station using a deuteron beam of 16 MeV, which favors the number of 44m Sc atoms produced simultaneously to 44 Sc. A typical irradiation corresponds to 60 min at 0.2 µA producing 44 MBq of 44 Sc with an 44 Sc/ 44m Sc activity ratio of 50 at end of beam. Successful separations of the radionuclides were performed by means of cation exchange chromatography using a DGA resin (Triskem).

Results

The extraction/purification process lead to a radionucleidic purity of 100% ( 43 Sc, 46 Sc, 48 Sc < DL). 44m Sc/ 44 Sc labeling towards DOTA moiety was performed in order to get an evaluation of the specific activities that could be reached with regards to all metallic impurities that could be in the resulting source.

Reaction parameters were optimized. Over 95% of radiolabelling yields were obtained as for 46 Sc labelling with DOTA leading to a specific activity of about 10-20 MBq/nmol.

Conclusion

The quality of the final batch with regards to radionucleidic purity, specific activity and metals impurities allowed a right away use for further radiopharmaceutical evaluation. The cost effectiveness optimization, let us to assume that this radionucleidic pair of 44m Sc/ 44 Sc offers a quite interesting PET radionuclide to be further evaluated as an in-vivo generator.

Introduction

Cancer represents an important axis of research all around the world. The current treatments are based on the surgery, chemotherapy or the external irradiation. The vectorized radiotherapy, whose radioimmunotherapy (RIT) is an example, is a technique particularly innovative of treatments of cancer complementary to the existing therapies. It is based on the use of a specific vector (antibody or peptide) of the target cell to destroy, labelled by a radioactive isotope. This radioisotope can be an alpha emitter, a beta emitter or an emitter of Auger electrons. The challenge consists in delivering the radioactive molecules on the cellular sites and finding a compromise between toxicity to healthy tissues and the anti-tumour effects. Among all the emitters under consideration in the field, scandium is a theranostic element for nuclear medicine, for imaging using Positron Emission Tomography (PET)

with 44 Sc as well as for the radiotherapy with 47 Sc. 47 Sc is a β -emitter which has close physical properties compared to 67 Cu or 177 Lu, which leads to a promising candidate for targeted radionuclide therapy. 47 Sc has already been investigated for its potential interest for β-RIT [1][2][3]. High specific activity 44m, 44 Sc radionuclides would provide an attractive radionuclide for labelling of various biomarkers for PET imaging to better diagnose cancers, enabling further consideration for 47 Sc as a matched pair theranostic radionuclide, making them highly relevant as potential theranostic radionuclides (a single molecule labelled with two different isotopes of the same chemical element). 44 Sc based imaging agent for dose planning of further 47 Sc-based therapy in a theranostic approach could be considered [4]. The main advantage of scandium is that it has both a positron emitter and a therapeutic radionuclide of the same element.

Additionally as scandium is a trivalent element, it should behave like any other trivalent lanthanides already used. Currently the radionuclide used for imaging is a different radionuclide such as 68 Ga or 111 In than the therapeutic such as 90 Y or 177 Lu. Is known they behave differently in vivo especially in the critical organs such as the bone and liver thus not truly reflecting the pharmacokinetics of the therapeutic. In this case the pharmacokinetics will be matched allowing for optimal dosimetry and increased efficacy. In the case of scandium isotope, 43 Many different ways have been investigated to produce 44 Sc and 44m Sc. They can be formed using radiative mechanism on 45 Sc, by spallation on nat Fe or nat Cu. Scandium-44 can also be obtained through the decay of titanium-44 using the so-called 44 Ti/ 44 Sc generator but in this case no 44m Sc can be obtained. For further labelling, recovery of the 44m Sc/ 44 Sc from calcium needs to remove bulk alkaline earth and give the final product in a small volume.

Small amounts of residual calcium do not interfere with DOTA chelation [18] but it could be important to minimize this quantity in case of in-vivo injections. Thus, the chemical processing aimed recovering scandium while minimizing cationic impurities (i.e. Ca, metals).

Many authors have previously developed processes to purify scandium from calcium [19][20][21][22][23][24]. Most of them used solvent extraction. Moreover Kalyanaraman and Khopkar [21] evidenced that scandium can be selectively extracted with mesityl oxide as its thiocyanate complex and then recovers in HCl solution. Nonetheless, calcium seemed to be a significant interferent for quantities higher than 25 mg. These authors evidenced that this quantity is sufficient to cause 2% error in the recovery of scandium. For higher quantities of calcium, the loss of scandium can be important. Vibhute and Khopkar [19] and Karve and Khopkar [20] purified scandium as citrate and ascorbato complex, respectively, using aliquat 336S as extractant. In this case, scandium was obtained in the final solution with some organic acid that could become competing agent as far as radiolabelling was concerned.

Radhakrishnan and Owens [22] proposed another route for scandium purification, by liquid-liquid extraction, using tri-n-butyl phosphate as solvent.

But in this study the authors evidenced that the selectivity coefficient of scandium as regard of calcium increased when nitric acid concentration increased while the distribution coefficient of scandium decreased. This meant that, despite the huge amount of calcium used, quantitative recovery of scandium was not easy. Moreover no data are available concerning the other metals which can be present at the end of irradiation. One such viable separation uses precipitation and filtration [25]. This approach takes advantage of the insolubility of Sc(OH) 3 either as a precipitate or coprecipitate, and is similar to a technique developed for purifying yttrium from strontium [26].

Due to these difficulties, a chromatographic process for purification was thus studied. Rane and Bhatki [24] reported a method using cation exchange resin (DOWEX 50x8) to prepare 45 Ca from natural scandium with high resulting specific activity.

But this type of resin is not really specific with regards to metal transitions. So purification of scandium from metal transitions using DOWEX 50x8, seems difficult. But, the major used complexing agent for metals, DOTA, is not a specific ligand. Thus the presence of others metals requires higher quantities of DOTA for radiolabelling. In order to minimize the metallic impurities, D G A ® r e s i n which is specific to lanthanides and already used to purify scandium [16], w a s e m p l o y e d

This work aimed to produce and purify 44m Sc/ 44 Sc with high specific activities. Then the radiolabelling with DOTA was performed from scandium source in order to evaluate the specific activity with regards to all metallic impurities that could be present in the final source.

Materials and Methods

2.1Chemicals and reagents

Nitric and hydrochloric acid were received as ultrapure solutions (SCP Science). All dilutions were made in Ultrapure water (Millipore, 18.2 MΩ.cm).

The commercially available solid phase extraction resin DGA (N,N,N,N-tetra-noctyldiglycolamide) provided by Triskem® was first eluted with NaOH and rinsed with pure water. Then it was eluted with 20 mL of HCl 0.1 mol.L -1 to remove all potential metal impurities. Single and multi-elements standards (about 10 ppm SCP Science) were used to determine the partition coefficients. Commercially available 1,4,7,10-tetraazacyclododecane-1,4,7,10tetraacetic acid (DOTA, Macrocyclics Inc.) (Fig. 1) was used as received.

Cyclotron targetry and irradiations

To limit contaminants production ( 46 Sc, 47 Sc, 48 Sc) due to the use of natural calcium [10], the irradiation targets are made of 96.9% enriched 44 CaCO 3 purchase from Chemgas (density equal to 2.71 g/cm 3 ). Each target was made of 100 mg of 44 CaCO 3 pressed under 5000 tons to form a 10 mm diameter pellet. The obtained thickness was about 470 µm. To prevent the target contamination during irradiation, the target was placed between two 75 µm kapton foils.

On ARRONAX facility, 44 Sc was produced using an irradiation station named Nice3 devoted to the low activity productions (few mCi maximum). With this device, our target was placed in air, 6.6 cm away from a 75 µm Kapton foil ensuring the sealing at the end of beamline (Fig. 2). The targets were cooled by air during the irradiation.

Partition coefficients determinations

The distribution coefficient (K D ) quantifies the partition of an element between the aqueous solution and the solid phase and is defined as follows:

(

where C solid is the concentration of elements sorbed onto the resin (in g/g of dry resin), and C solution the total aqueous solution concentration of elements (in mol/L) which remains in solution after equilibration.

As the distribution coefficients were calculated as a function of dried resin mass, the percentage of humidity was determined by placing 5 samples of each pre-conditioned resin in oven at 105 • C. Moreover as single and multielements standards are commercially available in dilute nitric acid and to avoid potential effects of nitrate ions on partition behaviour, aliquots standard solutions were transferred to a pre-cleaned with ultrapure HNO 3 2% Teflon beaker and the solutions were evaporated to dryness. After complete evaporation, the solid residues were dissolved in HNO 3 or HCl and the process was repeated three times to ensure complete removal of initial anions. Then a mass of pre-conditioned DGA resin was dispersed in the studied aqueous solution. The suspensions were stirred for two hours that has been shown to be sufficient to reach equilibrium. The aqueous phases were collected by filtration and analysed. A blank solution (without resin) was prepared with each batch of equilibration experiment and analysed together with the samples, to determine the initial concentrations of each element. The acid solutions were collected and were diluted in HNO 3 1% prior to analysis.

Measurements were performed on a Thermofischer ICAP 6500 DUO ICP-AES. Representative wavelengths for each element were selected with preference given to higher relative emissions and absence of interferences.

Knowing the initial (C init ) and equilibrium (C eq ) aqueous concentrations of each element, Eq.1 can be rearranged as followed:

( ) (2) 
where m (in g) is the weight of dried resin and V (in mL) is the total volume of aqueous solution. Equilibration experiments were replicated using freshly prepared multi-element standard solutions, and the final distribution coefficients were calculated based on the arithmetic averages of replicate analysis. The resin concentration (in g/mL) was chosen for each batch to minimize the global uncertainty of partition coefficient. The reproducibility of logarithm of KD was better than 5% for all elements.

Radiochemical separations

Firstly, the purification process was developed using an artificial target made from natural calcium (100 mg of natural carbonate calcium). A multi-element standard solution was prepared from single and multi-element standard solutions and then added to the artificial target after dissolution.

The obtained solution was loaded onto the DGA® resin (200 mg of preconditioned dried resin). The recovery of all elements as a function of acid type, concentration and elution volume was determined to define the elution profiles of all elements. The aim was to recover scandium selectively and quantitatively.

Then the purification process was applied to irradiated 44 The final solutions were measured by a gamma-detector (ORTEC) with a high resolution HPGe detector to determine the radionucleidic purity and by ICP-AES to determine the concentration of potential major impurities.

enriched calcium recycling

As DGA resin is specific to lanthanides, a first solution with metals and calcium was recovered from purification process. It was evaporated to dryness and recovered in concentrated ultrapure hydrochloric acid (9 mol.L -1 ). The solution was then loaded on an pre-conditioned AG1x8 column to retain all metallic impurities (Cu, Co, Fe...). The column was rinsed with 10 mL of HCl 9 mol.L -1 to recover enriched 44 Ca. The eluted solution was evaporated to dryness and recovered in a mixture of bicarbonate buffer 0.1 mol.L -1 (pH=10.33)/methanol. The solution was then filtered through 0.22 µm filters (Cellulose Acetate, Millipore) to discard supernatant and the residue was dried in a oven at 105 

Results and discussion

Cyclotron targetry and irradiations

A typical irradiation realized on Nice3 device corresponds to a period of 1h and intensity of 200 nA. After irradiation, the calcium pellet is recovered and directly dissolved in HCl 4 mol.L -1 . An aliquot of this solution is counted by gamma spectrometry to determine the activities of all γ emitters. Under these conditions, the determined activity (44± 3 MBq) was in good agreement with the theoretical production (48 MBq) calculated from TALYS code. This production yield is in the same order of magnitude with the one obtained with protons (57 MBq) for the optimal energy (12 MeV). Moreover, concerning the 44m Sc production, the experimental 44m Sc/ 44 Sc ratio was 2.21±0.13%. This value is significantly higher than the one obtained with 12

MeV protons equal to 0.52% (Fig. 3).

Consequently, the deuterons route seems to be a promising way to produce non carrier added 44 Sc in the meant ime to optimize the 44m Sc/ 44 Sc ratio. Others production routes allow a better 44m Sc/ 44 Sc ratio by bombarding a 45 Sc target [27], but the final product is carrier added which is a major drawback if one wants to use it for further radiopharmaceutical use.

Concerning the by-products, produced by deuterons route at this energy, no 43 Sc was detected and about 0.7 MBq 42 K and 0.6 kBq of 43 K were determined. The potassium impurities can be easily discarded by the purification process. High specific activity of the final batch could be expected. Previously, Horwitz et al. [28] and Pourmand and Dauphas [29] studied some of the properties of DGA extraction chromatographic resins in slurrypacked gravity columns to explore the potential application of these resins.

Partition coefficients

Even if almost all elements were studied by these authors, the chromatographic behaviour of scandium on DGA was not studied [28,29]. To develop a separation scheme for Sc produced from enriched calcium targets, this element plays a key role. We determined K D for scandium but equally for different potential impurities coming from target holder (Figs. 4 and5).

The partitioning behaviour of most studied elements on resin are s o m e h o w comparable between our study and previous studies [28,29].

There are, however, some differences: they reported that Ca(II) was slightly adsorbed for HCl concentration higher than 2 mol.L -1 (log K D =1). This was not observed in our case, as Ca(II) remained in mobile phase up to 3 mol.L -1 ;

Concerning Ni(II), they reported that it remained in aqueous solutions whichever HCl concentration was concerned, while it had a similar behaviour than Co(II) and Cu(II) in our study. These discrepancies were not able to explain as regard of different precautions followed by all the authors (all standards were converted to HCl). Eventhough experimental cautions w e r e taken by all these authors, the discrepancies could not be explained. The adsorption of potassium was equally studied and no significant adsorption was observed in HCl media.

The partitioning behaviour of zinc, iron and scandium are relatively similar. HCl is not also the appropriate medium to separate these elements.

To try to discard these elements, their distribution coefficients were determined in HNO 3 media (Fig. 5). Sc(III) is strongly adsorbed whatever HNO 3 concentration, while Zn(II) and Fe(III) remains in the aqueous phase.

The behaviour of zinc are comparable of this one determined by [29]. For Fe(III), [28] and [29] evidenced strong adsorption whatever medium and acid concentration. For these authors, Fe(III) could not be discarded from Sc(III)

in HCl or HNO 3 media. The difference between their results and ours is a critical point for scandium purification. Iron impurities can compete with scandium during radiolabelling.

Radiochemical separations

In the following section, the DGA distribution coefficients were thus used for developping a simple method of extraction chromatography for the separation of Sc from Ca and all associated metallic impurities for 44,44m HCl. Although more than 90% of calcium can be successfully eluted in 20 mL of 4 mol.L -1 HCl (fig. 5), significant tailing is observed. This loss of enriched material, which is not acceptable for cost effectiveness. Nonetheless as it is necessary to discard others metallic elements before re-covering scandium, the remaining 10% will be recovered simultaneously with these elements to optimize purification time.

Following this first step of elution, 12 mL of 1 mol.L -1 HNO 3 were necessary to elute iron and zinc (fig. 6). This second step allowed to discard all po-tential impurities as a contrary of [30]. 10 mL of 0.1 mol.L -1 HCl was then necessary to elute quantitatively scandium from the DGA resin. The eluted solution is then evaporated to dryness and recovered in a small volume of 0.1 mol.L -1 HCl.

reported previously. The efficiency of our separation is 88±3%, which is consistent with the previously reported procedures using DGA resin [31,32]. Radionucleidic analysis through gamma spectrometry showed that the final solutions contained only 44,44m Sc. No other significant radionuclides were evidenced even after several half-lives of scandium. ICP-AES analyses of the eluates gave a value under the detection limit for cold scandium resulting in a specific activity higher than 50 MBq/µmol. This value is significantly lower than the one obtained by Hoehr et al. [32] (1400 MBq/µmol) but higher values are expected when produced activity will increase. Moreover the calcium content in the purified samples was under detection limit even if this last one is not a significant competitive element for complexation by DOTA. The other major metallic contaminants are Fe and Al. The total concentration of both elements is 1.14±0.66 ppm which is lower than the one determined [10,32].

As DOTA ligands used for radiolabelling is not really specific complexing agents, the total concentration of metallic impurities is a key factor for radiolabelling yield and the total concentration of DOTA. We are confident that metals contamination will not increase significantly when increasing produced activity. By contrast the specific activity will in-crease almost linearly with the produced activity.

Based on the results obtained in this work, optimized irradiation parameters to be used at Arronax for a larger scale production can be defined: considering an incident deuteron energy of 20 MeV on our pellet and an output energy of 10 MeV, a production yield at EOB of 469 MBq/µAh is determined. This configuration corresponds to a target thickness of 800 µm. In this energy range, the activity ratio of 44m Sc/ 44 Sc is expected to be 0.0248.

Enriched calcium recycling

Due to the high cost of enriched material, a recycling process of the target was developed. The 4 mol.L -1 HCl and 1 mol.L -1 solutions were mixed and evaporated to dryness. With the mixture bicarbonate/methanol, the kinetic of solvent evaporation was increased and the solubility of calcium carbon-ate was lowered [33]. The recovery yield of enriched calcium was 90±2%.

The suspension was kept for further process recycling to minimize calcium losses. The recycling targets were irradiated and no significant difference was observed.

Radiolabelling

As DOTA is not a specific complexing agent, all cationic metals (for example Fe, Zn) can be labelled by this chelating molecule. Radiolabeling yields from our resulting batch of 44 Sc were studied for metal-to-ligand ratio (and not for scandium-to-ligand ratio) ranging from 1/1 to 1/50 for DOTA.

The most suitable conditions have been identified as a metal-to-ligand ratio of 1:3 in acetate buffer at pH= 4 and heating the mixture at 90 • C for 20 minutes provided the best labeling yields >95%. These values are in agreement with previous studies performed on 46 Sc-DOTA [15,32], 44 Sc-DOTATOC and 44 Sc-DOTATATE with eluted from 44 Ti generator [9,34]. All studies have evidenced that the specific activity is not the major parameter for radiolabelling by DOTA. Consequently, the total metals concentration has to be as low as possible to minimize the quantity of DOTA.

In previously defined conditions for large scale production, the reachable specific activity of 44 Sc will be higher than 1 GBq/µmol of DOTA four years after end of irradiation (time necessary for chemical purification and radio-labelling).

Conclusion

No carrier added 44 Sc productions were developed in order to make available 44,44m Sc batches with high specific activities. The obtained production yields were about 220 MBq/µA.h for small targets which is in agreement with theoretical calculation. For optimizing the simultaneous production of 44m Sc, low energy nuclear reactions with deuterons were chosen, leading to higher cross section and lower amount of co-produced radioisotopes. This production/purification process with a global recovery yield of about 90% could be easily transferred to a medical cyclotron.

As the enriched 44 Ca has to be recycled for cost effectiveness of 44 Sc production, a process was developed using bicarbonate/methanol mixture.

The recovery yield of recycling process was about 90%. The recycled materials were used to prepared new enriched calcium targets and the production yield was not significantly affected (i.e. no decrease was observed in the amount of activity produced neither on the quality of the final product). The quality of the final batch with regards to radionucleidic purity, specific activity and metals impurities allowed a right away use for further radiopharamceutical evaluation to use for forthcoming radiopharmaceuticals studies. The easy production of 44m/44 Sc associated to its cost effectiveness optimization, let us to assume that this radionucleidic pair of 44m Sc/ 44 Sc offers a quite interesting PET radionuclide to be further evaluated.. Moreover, the half-life of 44m Sc and its decay product 44 Sc, both having the same chemical properties, suggest the 44m Sc/ 44 Sc generator should be considered as an in-vivo generator. The chemical evidence of its feasibility was For medical use, radiopharmaceuticals with high specific activities are required. The specific activity, for a given radionuclide is defined as its activity divided by the total mass of all its radioactive and stable isotopes. During the labeling of a radiopharmaceutical, impurities of other chemical elements can compete with the radioisotope for binding sites or ligands, decreasing the efficiency of this process.

In order to increase the 44 Sc activity produced, then obtain a final product with high specific activity, some parameters were modified such as the 44 CaCO 3 target characteristics (m=500 mg, Ø 20 mm, thickness: 0.6 mm), the target preparation conditions and the irradiation conditions. The purification process was then checked and adjusted for these larger targets.

II.4.1. Preparation of the target

The new targets consist of 500 mg of enriched 44 CaCO 3 pressed under 10000 tones to form a pellet of 20 mm diameter and 600 µm thickness (figure 5).As for previous targets, each target was placed inside a ring having a foil of Kapton 75 µm thickness on both sides.

II.4.2. Conditions of the irradiation

For production, deuterons beam energy of 16.9 MeV and an intensity of 0.3 µA were used.

Irradiation station used for these bigger targets were the same as previously.

(a) (b) The deuterons reach the target with an energy of 15 MeV and an output energy of 7.5 MeV.

The irradiation time considered is two hours for each target. Then the purification process was adjusted as regards of these bigger targets.

II.4.3. Extraction and purification

For the extraction/purification of scandium, the same protocol validated before for the treatment of small 44 CaCO 3 targets was used [14], but significant losses in 44 Sc activity were observed, mainly during the elution of 44 Sc from the DGA resin using 0.1 M HCl. Indeed, the extraction yield was less than 80%. To fix this problem, we opted to use another acid: hydrofluoric acid with a low concentration (6.10 -2 M) in order to elute Sc from the resin with a high yield.

Also, the presence of some metallic impurities persist mainly Fe, Al and Zn. This could have a crucial influence on the specific activity.

Thus, the protocol used previously for the production and purification of 44m Sc/ 44 Sc generator, using small 44 CaCO 3 target was modified and optimized in order to produce 44 Sc with high purity and increase the specific activity produced for in vivo studies: First, in order to limit as possible any metallic contamination, many precautions were taken throughout the purification steps: the different chemicals used were ultra-pure grade, the glassware was substituted with plastic and Teflon-PFA equipment, and these were washed with ultrapure nitric acid solution 1% before use.

Before purification, the DGA resin must be conditioned. A mass of approximately 120 mg of resin DGA (Triskem) was immersed in 10 mL of 4 M HNO 3 acid, and let stir for 24 hours.

The resin was then transferred into a chromatographic column with 20 mL of 0.1M HCl solution was added immediately to remove all potential metallic impurities, and then the resin was conditioned by addition of 20 mL of 4M HCl solution.

After irradiation, the 44 CaCO 3 target was dissolved in 10 mL of 4 M HCl. The resulting solution was loaded onto conditioned DGA resin (Triskem, France). 20 mL of 4M HCl were used to rinse the column. Matrix elements, including alkali and transition metals such as Co, Cu, and Ni were removed from the resin during these two steps. More than 90% of 44 Ca can be successfully eluted and recycled eventually to prepare other targets. The next step consists in an elution with 10 mL of 1 M HNO 3 to remove the mainly persistent metallic impurities principally Al, Fe and Zn.

Finally, 5 ml of a solution of HF 6.10 -2 M were used to recover the 44m Sc/ 44 Sc. After evaporation, the dry residue was recovered in 400 µL of 0.1 M HCl. The 44m/44 Sc is obtained as 44m/44 ScCl 3 .

Quality control of the final product was performed in two steps:

Radionuclide purity control: The radionuclidic purity of 44m Sc/ 44 Sc was determined by gamma counting with a calibrated high purity germanium detector (HPGe). Gamma-ray spectroscopy of the final sample evidenced the presence of 1157.031 and 1499.43 keV gamma energies, all originating from 44 Sc.

The presence of 271.13 Kev gamma energy which corresponds to the 44m Sc radionuclide was equally observed. No other photoelectric peaks were detected.

Chemical purity control: This step was carried out to ensure that the amounts of the metallic impurities resulting from the target material and backing in the final product were acceptable.

This control was performed by ICP-OES analysis on an aliquot of the final solution of 44m/44 Sc.

The activity of 44 Sc after radiochemical separation process was about 150 MBq and the activity produced in 44m Sc represented 2.5% of the total 44 Sc activity obtained, at the end of beam (EOB). The ICP-OES analysis results showed that the most significant metal impurities were iron (<0.3ppm) and aluminum (<1ppm).

It is noteworthy, that specific contaminants are produced such as: the 45 Ca (T 1/2 = 162.61 days) and 42 K (T 1/2 = 12,321 h). These isotopes are removed quickly during the process of chemical purification.

II.5.Recycling of the CaCO 3 targets and purity control

Due to the high cost of the enriched material used for the production of 44 Sc, a protocol (Figure 6) was developed in order to recover the 44 Ca, eluted from the DGA resin with HCl 4M after irradiation Figure 6: Recovery scheme of 44 Ca from irradiated target

The collected effluents were evaporated to dryness. Then the residue was dissolved in 10 mL of 0.01HCl M and a carbonate buffer (1M NaHCO 3 /1M Na 2 CO 3 in 60% Methanol) was then added to precipitate the 44 CaCO 3 . This solid was recovered by filtration and let it dry.

After each recovery, a high resolution analysis by ICP-MS was conducted to determine the rate of 44 Ca in the CaCO 3 powder (Table 1) and to measure a potential contamination of natural calcium.

Table 1: ICP-MS analysis of CaCO 3 powder

The recycled powder was then used for the preparation of new targets for the production of 44m Sc/ 44 Sc. After irradiation, the 44m/44 Sc activity produced was in the same order as that obtained using initial enriched targets, as regards of difference uncertainties.

II.6. Monitoring sources of 44m/44 Sc produced: activity and radiochemical purity

In this part of the work, the aspects regarding the 44m/44 Sc activity produced will be presented, starting from small 44 CaCO 3 targets, to targets which allow producing high 44 Sc activities.

Also, follow up the purity of the different sources of 44m/44 Sc produced will be presented. As shown in figure 7, the activity of 44 Sc produced using small 44 CaCO 3 enriched targets reached approximately 50 MBq. In some case, the produced activity was very low; due essentially to a beam focus problem. Indeed, to deposit deuterons in a very small target was particularly difficult. This activity allowed us to realize some radiolabeling experiments with innovative ligands which would have good affinity for Sc. But this activity range was not sufficient to reach studies on mice. To perform preclinical studies, larger targets were developed with the characteristics mentioned above. Using these targets more than 100 MBq of 44 Sc were produced.

But the total metallic impurities increased drastically (figure 8A). The activity in MBq of the radionuclide produced is not the only to consider, the specific activity is also a crucial parameter.

In the case of a significant presence of stable isotope, we have:

-A decrease in labeling efficiency because there is a competition between the chemical radioactive isotope and the stable isotope.

-A decrease in the signal / noise ratio -An increase in toxic risk

As shown in figure 8A, the principle metallic impurities present after purification were Fe, Al, Zn and Ni. These elements can be crucial competitors of Sc and can thus have an influence on the radiolabeling yield and thus specific activity. The optimization of purification process allowed us to decrease significantly the total metallic impurities and so to increase the effective specific activity of final solutions.

The protocol developed allowed us to obtain an activity of about 2-2.5 MBq of 44m Sc. For the use of 44m/44 Sc generator later in vivo for PET imaging, much higher activities of 44m Sc are needed. In this case, it is necessary to develop an internal encapsulation system to produce larger targets; a question also arises as to the amount of 45 Ca produced after each irradiation when using 44 CaCO 3 recycled targets.

Conclusion

The high energy and high intensity ARRONAX cyclotron produces 44 Sc nuclear reaction with 16 MeV deuterons to use as a potential in vivo PET generator.

The target material considered is enriched 44 CaCO 3 . This production way using deuterons is interesting in terms of cross section; the yield of the 44m Sc produced is higher compared to the proton beam.

Production of 44m Sc/ 44 Sc was accomplished firstly by using small 44 CaCO 3 targets to develop the purification process by using a chromatographic column and then to reach some radiolabeling studies with DOTA chelator and other innovative ligands. The average volumetric activity generated on these small targets was approximately 125 MBq / ml. The efficiency of this extraction / purification step allows recovering 90% of the activity. Move to larger targets enabled to start the first studies in small animals, but this required a reoptimization of the extraction / purification process. However, we were able to control the conditions to obtain batches whose radionuclidic, radiochemical and chemical purity was reproducible. The yield was again approximately 90%. The volumetric activity generated on these targets was approximately 375 MBq /ml.

Due to the high cost of the raw material used for the production of 44 Sc, a protocol was developed in order to recover the 44 Ca. The recycled CaCO 3 was used to prepare other targets and irradiated in the same conditions that the enriched targets. The results obtained showed that the activity of 44m/44 Sc produced is in the same range that the activity obtained using initial enriched targets, also with high purity thus specific activity.

The 44m/44 Sc produced can be used for further radiolabeling studies. From previous work it has been shown that the DOTA chelator exhibits the higher complexation constant value with Sc compared to other used ligands.

Few theoretical studies around the Sc complexation have been performed, principally with water or chlorine molecules.

Thus ab-initio calculations in gas phase allow us to estimate the binding energy of Sc with molecules of interest from water molecule to DOTA moiety. This binding energy will be able to be compared to the recoil energy delivered to 44 Sc by the isomeric transition 44m Sc/ 44 Sc (i.e. 0.89 eV). This can alter the carrier molecule and dissociate the daughter nuclei from the chelator. This will be principally the subject of the next chapter.

Introduction

For nuclear medicine application, knowledge of the coordination sphere of Ln(III) cations is crucial because it is what will guide the potential applications of the Ln(III) complexes formed with selected ligands. The high values of stability constants are due to the accumulation of several effects, the basicity of the amine functions, the negative charges of the carboxylate groups, the courses of several five-membered rings with the metal center and the pre-organized and flexible nature of the ligands which is thus scalable to the size of the metal.

So make sure to saturate the first coordination sphere and maximize the strength of the interaction Ligand-M. It leads to the consideration of several ligands with hard donor atoms.

On the other hand, so that complex formation takes place, it is necessary that the Gibbs energy involved in the reaction is minimal. The Gibbs energy change is due to changes in entropy and enthalpy. In aqueous solution, for complexing Ln (III) by ionic ligands, these variations are usually governed by changes in hydration, both the ligand and the metal cation [9]. It is noteworthy that complexes of trivalent lanthanide ions with the cyclen derivative 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate(DOTA) and related ligands are of great interest because of their use in various medical applications, such as cancer radiotherapy [START_REF] Cutler | Current and Potential Therapeutic Uses of Lanthanide Radioisotopes[END_REF][START_REF] Heppeler | Radiometal-Labelled Macrocyclic Chelator-Derivatised Somatostatin Analogue with Superb Tumour-Targeting Properties and Potential for Receptor-Mediated Internal Radiotherapy[END_REF] or magnetic resonance imaging (MRI) [START_REF] Merbach | The Chemistry of Contrast Agents in Medical Magnetic Resonance Imaging[END_REF], partially related to their high thermodynamic stability and kinetic inertness [START_REF] Kumar | Equilibrium and kinetic studies of lanthanide complexes of macrocyclic polyamino carboxylates[END_REF][START_REF] Kumar | Effect of Ligand Basicity on the Formation and Dissociation Equilibria and Kinetics of Gd 3+ Complexes of Macrocyclic Polyamino Carboxylates[END_REF]. The chemistry of Sc 3+ is similar to that of lanthanides, and it is often classified as lanthanide like-element [START_REF] Pawlak | Comparison of receptor affinity of natSc-DOTA-TATE versus natGa-DOTA-TATE[END_REF]. Due to its small ionic radius (0.73 Å) [START_REF] Rudolph | Raman Spectroscopic Measurements of Scandium(III) Hydration in Aqueous Perchlorate Solution and ab Initio Molecular Orbital Studies of Scandium(III) Water Clusters: Does Sc(III) Occur as a Hexaaqua Complex?[END_REF] it is also chemically similar to aluminum and gallium [START_REF] Pruszynski | Processing of generatorproduced 44Sc for medical applicationradiolabelling of DOTATOC with 44 Sc[END_REF].Thus, chelators developed for the complexation of gallium and the lanthanides can also be used for the complexation of scandium. Various experimental or theoretical studies have been conducted on the lanthanides notably scandium complexes of interest in nuclear medicine either for therapy or imaging [START_REF] Baranya | An NMR and DFT Investigation on the Conformational Properties of Lanthanide 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetate Analogues Containing Methylenephosphonate Pendant Arms[END_REF]. Theoretical studies consist principally on DFT calculations in vacuo or in aqueous solution, whose utility is predicting structural and vibrational characteristics of the studied Sc(III) complexes.

In this chapter, all the calculations are focused on scandium (III) complexes formed with different clusters and consist on DFT computations performed in vacuo.

We will present initially structure of scandium complexes with water molecules in order to determine the coordination number of Sc(III) ion mainly the first coordination sphere, then contribution of specific donor groups to the stability of Sc-ligand complexes formed will be studied such as ammonia and carboxylate ions. Some exchange reactions will be considered in this context. A study was then conducted on the Sc complexes formed with cyclen and DOTA moiety which is the best chelator for scandium.

Another aim of DFT calculations was to compare the binding energy of the Sc-DOTA complex to the recoil energy delivered to 44 Sc by the isomeric transition 44m Sc/ 44 Sc (i.e. 0.89 eV). Then predict the equilibrium constants of Sc with different ligands. However, for lack of time, DFT calculations were performed only in vacuo and calculation of solvation free energy was not performed.

To understand what can bring replacing a carboxylic arm by a phosphonic group on the stability of the complexes formed, some ligands were selected: DO3AP, DO3AP ABn and DO3AP PrA . The same study also was performed with yttrium; a comparison with the scandium complexes will also be given.

III.1.Computational Methods

Density functional theory (DFT) has become a general tool to investigate the structure and properties of inorganic molecules, such as lanthanide(III) coordination compounds, due to the high accuracy that can be achieved at relatively low computational cost [START_REF] Carlos | Applications of Density Functional Theory (DFT) to Investigate the Structural, Spectroscopic and Magnetic Properties of Lanthanide(III) Complexes[END_REF]. B3LYP is currently the most widely used in functional theory DFT. This is a functional hybrid obtained by linear combination of functional exchange and correlation GGA and Hartree-Fock exchange.

Full geometry optimizations of the Sc(III) and Y(III) systems were performed in vacuo, with the frequencies calculation in order to find a minimum.

The B3LYP [22,23] functional was combined with three basis sets: the first (BS 0) a valence double-zeta polarized basis set the 6-31G*. While the second (BS 1) was consisted of a Pople- respectively.For all calculations the Gaussian 09 software package of programs [123] was used.

III.2.DFT studies on Scandium complexes: from water molecule to cyclen moiety (Article 2-draft)
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ABSTRACT:

The aim of this work was to study the molecular geometry and stability of [Sc(H 2 O) n ] 3+ , (n=1-10), [Sc(NH 3 ) n ] 3+ , (n=1-4) clusters and Sc(Cyclen) 3+ complexes. DFT computations were performed in vacuo, using an effective core potential (ECP) and an optimized valence basis set for the metal. Full geometry optimizations of Sc complexes were performed at the DFT (B3-LYP) level using two basis sets for the molecules. The present results indicate that the Sc 3+ ion is primarily octacoordinated, forming a complex with an S 8 geometry. However the most stable complex was obtained with six water molecules in the first coordination shell.

Then, In order to more understand the affinity of both ammonia and water molecules to the Sc(III) ion, the [Sc(NH 3 ) n ] 3+ complexes were studied and some exchange reactions were performed. Results obtained show that, ammonia bond less strongly than water. Finally, studies performed on Sc (III) complexes with Cyclen moiety which constitutes the basis of the DOTA chelator, showed that from both optimized structures obtained only one conformer with a C 4 symmetry gives the lower binding energy whether for scandium (III) ion.

Introduction

The use of scandium in both inorganic and organometallic chemistry has, over the last ten years a new interest, proof is the number of compounds synthesized and characterized by Xray diffraction or Raman Spectroscopy. Scandium belongs to group 3 of the periodic table, along with Y, La and Ac. The element has an atomic number of 21, an atomic mass of 45, one oxidation state (+3) and one naturally occurring isotope ( 45 Sc). Its geochemistry is quite distinct from the heavier group 3 members. Scandium has much smaller ionic radius than the other group 3 elements Y (III) and La (III), [1] and its chemical behavior is intermediate to that of Al (III) and the heavy lanthanide (III) ions [2]. Its character acid of the oxidation state (+ III), related to its small atomic radius and its high electronic charge [3], led the metal center to coordinate with donor species rich with electrons: ligands containing mainly N-donor or oxygenated groups such as carboxylates, phosphonates, amines or hydroxamates.

The scandium forms with these molecules, complexes wherein the metal usually has a coordination number of six the most frequent, although recent review articles describe coordination number from, three to nine in the solid state [4,5].

Hydration structure and dynamic of aqua Sc(III) solution have already been characterized by means of an extended ab initio calculations or Raman Spectroscopy [6]. Due to numerous conflicting results derived from experimental and theoretical determinations, the number of water molecules coordinated to the Sc(III) ion, in particular in the first hydration shell, has been extensively debated.

The Scandium (III) ion was previously proposed to be hexahydrated in aqueous solution [6] However, results from quantum chemical calculations on various Sc(III) aqua clusters, in addition to symmetry information were interpreted as supporting octahedral hexahydratation of the scandium(III) ion in aqueous solution [4].

The 44 Sc is a trivalent metal cation and should be suitable for complexation with chelators alone or with bifunctional ligands conjugated to peptides or other molecular targeting vectors.

Macrocyclic ligands containing nitrogen as donor atoms [7,8,9], especially those based on cyclen (1,4,7,10-tetrazacyclododecane an analogue of the aza-macrocycle 12-crown-4 ether. It is the precursor of DOTA and its derivatives, widely used in the pharmaceutical industry); or cyclam (1,4,8,11-tetraza-cyclotetradecane) frameworks are widely used in the coordination chemistry of the d and f elements in search of applications in a wide variety of areas such as catalysis and medicine [10].

The smaller Sc(III) ion has been investigated to assess the effect of the reduced coordination number to eight on the preferred isomeric type. However, until now, ab initio calculations on scandium chemistry with cyclen chelator have remained relatively unexplored.

Thus the aim of this paper is first to explore the influence of the presence of water molecules on the stability of scandium complexes formed then to describe the structure of the hydrated Sc(III) ion in comparison with experimental observation and theoretical studies already performed. Then in order, to understand the role of the nitrogen donor atoms in the thermodynamic and kenetic properties of the Sc-cyclen complexes formed, the [Sc(NH) 3 ] +3 n structure will be presented. The next step consist to exchange the NH 3 molecules in the [Sc(NH) 3 ] +3 n complexes, by water molecules in order to see which one contributes most to the stability of the complexes formed. Finally, the structure of the Sc-cyclen and Y-cyclen complexes will be studied and compared to the experimental results obtained before with scandium or yttrium.

Computational method

All geometries reported herein are available in the Supporting Information. In order to have a description of the structure of the complex formed, we have fully optimized the geometries of [Sc(H 2 O) n (NH 3 ) m ] 3+ with 0 ≤ n ≤ 8 and 0 ≤ m ≤ 4 (n and m are labels for the number of water and ammonia molecules in the first layer of solvation, respectively), [Sc(cyclen)] 3+ , H 2 O, NH 3 and cyclen using Density Functional Theory (DFT) under symmetry constraints, if applicable, to reduce computational time. Vibrational frequencies were calculated at the same theoretical level to confirm that each configuration was a minimum on the potential energy surface. The B3LYP [11,12] functional was combined with two basis sets: the first (BS 1) was consisted of a Pople-type 6-31+G(d,p) for H, N,O atoms. and for Sc and Y the small-core spin-dependent ECP10MDF and ECP28MDF pseudopotentials, in conjunction with the corresponding (8s7p6d2f1g)/[6s5p3d2f1g] and (29s26p14d2f)/[5s5p4d2f] basis sets respectively. Generated by the Stuttgart/Cologne group [13,14,15]. While the second (BS 2) was formed of a Dunning atomic basis sets aug-cc-pVDZ for H, N, O atoms. For all calculations the Gaussian 09 software package of programs [16] was used.

Results and discussion

Systems [Sc(H 2 O) n ] 3+

Several different structures and hydration numbers have been proposed for the Sc(III) ion in aqueous solution [17,18,19,6,20]. The number of water molecules coordinated to Sc(III) ion in particular the first hydration shell has been extensively debated [17].

The present study has as objectives, first to study the coordination structure of trivalent scandium aqua ion varying the number of water molecules from 1 to 10 then to define the distribution of water molecules between the first and second hydration sphere.

The total water molecule binding energy was obtained according to the expression:

ΔE=E[Sc(H 2 O) n ] 3+ -E(Sc 3+ )-nE(H 2 O) (1) 
All the results for the [Sc(H 2 O) n ] 3+ (n=1-10) complexes were obtained as described below.

We have found that the maximum water molecules displaced from the first coordination shell of the Sc(III) cation is 8, thus when 9 and 10 water were added, just 6 and 8 water molecules The decreasing trend observed for the binding energies of the water molecules, originating from an increasingly saturated charge transfer as more water molecules are added to the first coordinate [21]. Also, the ab initio study of the molecular geometry and the stability of [Lu(H 2 O) n ] 3+ (n =1-10) clusters on different levels showed a number of coordination of 9 on the first coordination shell [22].

However, there are not a lot of theoretical and experimental data predicting a number of coordination beyond 7 for scandium. Results obtained later using DFT calculations, on Sc(CO) n + clusters, predicting the formation of an octacoordinated Sc(CO) 8 + complex with a D 4d geometry as the stable one [28].

Studies As expected, the placement of one water molecule in the second sphere contribute more to the stability of the Sc complexes formed compared to their analogs when all the water molecules were placed in the first hydration shell.

Thus Thus the presence of six water molecules in the first coordination shell contributes more to the stability of the scandium complexes. This is in agreement with the results obtained in the literature [4,5,6].

As conclusion of this part, we have performed an ab initio study of molecular geometry and the stability of [Sc(H 2 O) n ] 3+ (n=1-10) clusters, using both BS1 and BS2 level sets in order to define the number of coordination of Sc thereby forming the most stable complex, mainly the number of water molecules that can be bring to the first coordination shell. The present results indicate that the Sc 3+ ion is primarily hexa-coordinated; the presence of six water molecules in the first coordination shell contributes more to the stability of the scandium complexes.

Systems [Sc(NH 3 ) n ] 3+

Considerable interest has developed in understanding the properties and factors governing the stability of clusters formed by ligand attachment to ions in the gas phase. Gas-phase basicity of amines and hydration energies of their ammonium ions were successfully measured by the use of high-pressure mass spectrometry and ion cyclotron resonance [29,30,31,32]. Also studies were performed investigating the NH 3 clustering about metal ions including Bi + , Rb + and K + [33]. Other studies on ammonia were also performed with Li + , Na + and K + using the ab-initio SCF method in order to determine the affinity of NH 3 to the mentioned ions [34].

Until now, there is no theoretical or experimental data studying the affinity of ammonia for Sc 3+ or other lanthanides (III) were performed.

In our study, we are interesting to the ammonia cluster, exactly the [Sc(NH 3 ) n ] 3+ for several considerations , ammonia include the nitrogen donor which lies practically in ligands that form stable complexes with scandium such as the Cyclen derivatives, thus we want to understand how this atom contribute to the stability of the complexes formed; varying the number of NH 3 in the [Sc(NH 3 ) n ] 3+ cluster from 1-4.

The total ammonia molecule binding energy was obtained according to the expression:

ΔE= [Sc(NH 3 ) n ] 3+ -E(Sc 3+ )-nE(NH 3 ) (4) 
The most significant information -average Sc-N bond distances, Mulliken charge of scandium atom, average N-H distances and total ammonia molecule binding energy (ΔE), are given in table 3 and shown on Figs. 67. Theoretical structures of Sc (NH 3 ) n 3+ , (n=1-4) complexes are also given in Fig 8.

The results obtained using both BS1 and BS2 level sets showed that as the number of ammonia increases, the Sc-N distance also increases linearly; however, a continuous decrease in the Mulliken net charge of the scandium cation with the number of ammonia molecules displaced around the scandium ion was observed. This can be explained as a transfer charge from the ammonia to scandium ion, the transferred charges decrease monotonically.

The total binding energy obtained for the [Sc(NH 3 ) n ] 3+ , (n=1-4); show that more the number of the ammonia increase, more the [Sc(NH 3 ) n ] 3+ cluster formed become stable. For four ammonia molecules, a tetra ammonia-scandium with a T d symmetry was formed after optimization. In the case of the tetra aqua-scandium cluster, an S 4 symmetry was obtained, however the binding energy was less important than the Sc(NH 3 ) 4 3+ cluster which means that the tetra aqua-scandium is the most stable. Also the Sc-O distance of 2.07Å in the Sc(H 2 O) 4

3+

is shorter than the Sc-N distance of 2.217Å found for the Sc(NH 3 ) 4 3+ cluster.

Systems [Sc(H 2 O) (n-m) (NH 3 ) m ] 3+

Scandium chloride plays an important role in the purification of scandium metal, to avoid oxide formation; the scandium chloride should be as free of water as possible [35]. Scandium has recently been shown to occur as a hexahydrated in aqueous perchlorate solution, ab initio studies were performed in this topic, starting from the optimized structure of the hexa-aqua scandium (III) cluster, which seems to be more stable after the studies conducted previously [6], then varying the number of chloride ions ranging from 1-6; from monochloroaqua scandium complexes (ScCl(H 2 O)n) 2+ to the hexachloroaqua-scandium complex (ScCl 6 ) 3-.

This study was performed in order to more understand the equilibrium between the hexaaquascandium (III) and some chloro complexes of unknown stoichiometry [35].

In our study, we are more interesting to the scandium ammonia complexes, thus in order to more understand the affinity of both ammonia and water molecules to the Sc(III) ion. From the ab initio calculation performed on [Sc(H 2 O) n ] 3+ (n=1-10) clusters below, we have found that the octaaquascandium(III) complex is the more stable. The idea here, is to realize some exchange reaction in the optimized Sc(H 2 O) 8 3+ cluster, varying the number of ammonia in the octa-scandium(III) complex from 1 to 4 molecules, as is shown in the reactions:

(5)

The total binding energy corresponding to these reactions are obtained according to the expressions:

ΔE=E[Sc(H 2 O) (n-m) (NH 3 ) m ] 3+ +m E(H 2 O)-E[Sc(H 2 O) n ] 3+ -m E(NH 3 ) (7) ΔE'=E[Sc(H 2 O) n (NH 3 ) m ] 3+ -E(Sc 3+ )-nE(H 2 O)-mE(NH 3 ) (8) 
All the significant results for the Sc(III) complexes obtained as described below , such us the average Sc-N bond distances, Mulliken charge of scandium atom, average Sc-O distances and cluster, also to the mono-ammonia heptaquascandium cluster, also an increase on the Sc-N distance and a decrease on the Sc-O distance and Mulliken charge were observed.

[Sc(H 2 O) n ] 3+ +m(NH 3 ) ΔE [Sc(H 2 O) (n-m) (NH 3 ) m ] 3+ +m(H 2 O) / n=8, m=1-4 Sc 3+ +n(H 2 O)+m(NH 3 ) [Sc(H 2 O) n (NH 3 ) m ] 3+ /n=4-
When four water molecules were replaced by ammonia cluster, one water molecule migrates from the first coordination shell to the second coordination sphere. This water molecule connects to two water molecules from the first coordination shell.

Systems Sc-Cyclen/Y-Cyclen

The DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) is a commonly used macrocycle to chelate metal ions in solution [36]. This metal chelator based on the Cyclen moiety can octacoordinate a metal ion with its 4 ring nitrogens from Cyclen and 4 carboxylate sidechains to create a tightly bound complex.

It has already shown that the DOTA ligand is the most suitable for the scandium(III) ion, it exhibit the higher complexation constant value with Sc compared to other often used ligands such as DTPA, NOTA [37].

Several experimental [38,39,40,41] and ab initio studies [42,43] were performed on the complexes of DOTA chelator with lanthanides ions. However, few data are available on the complexation of lanthanides, particularly the scandium with Cyclen chelator.

In this work, our interest is oriented principally to study the complexes formed from the Cyclen moiety which constitutes the basis of the DOTA chelator with scandium(III) ion, same studies are also performed with the yttrium(III) ion and comparison between the results will be given.

The principally results obtained such as the binding energy and symmetry of the Sc(III) and Y(III) complexes formed with Cyclen, average Sc-N, Y-N, Sc-C and Y-C distance Mulliken charge and preorganization energy are given in table4.

The binding energy and the preorganization energy are described above:

ΔE=E(Sc-Cyclen) 3+ -E(Cyclen)-E(Sc) 3+ (9) 
The preorganization energy of the ligand is likely to be a factor controlling the log K ML value of a metal-ligand complex [44].

The preorganization energy E pre-org is a difference of two contributions:

E pre-org = E T SP -E T LE ( 10 
)
Where E T SP represent the energy of the ligand in the absence of the metal ion but in the conformation of the metal complex, it is evaluated by a single point calculation with the metal removed from the complex to live the ligand in its metal complex geometry, and E T LE represent the energy of the lowest-energy structure of the free ligand.

The optimized geometries for both (Sc-Cyclen) 3+ and (Y-Cyclen) 3+ complexes are given in Figure 9 and 10 respectively.

In the case of (Sc-Cyclen) 3+ , three optimized structures were obtained : two conformers with a C 4 symmetry and one with a C 2V symmetry.

The difference between the two C 4 conformers is due to the position of the Sc 3+ ion, in the first case scandium is outside the plane of the four nitrogen atoms of the Cyclen moiety therefore distances Sc-N are lengthened (Sc-N=2.12 Å). This C 4 (Sc-Cyclen) 3+ structure constitute the lowest energy conformer. In the second case the scandium ion positioned in the same plane of the four nitrogen atoms of the Cyclen moiety thus Sc-N distances are less important (Sc-N=2.12 Å). This second C 4 structure constitutes the highest energy conformer.

The Mulliken charge of the Sc(III) ion is more important in the case of the lowest energy conformer.

For the (Y-Cyclen) 3+ , only two conformers were obtained one with a C 4 symmetry with the Y(III) ion positioned outside the plane of the four nitrogen atoms of the Cyclen moiety which consist the lowest energy conformer, another one with a C 2V symmetry. In contrast to the Sc(III) ion, there is no optimized structure with C 4 symmetry in which the Y(III) ion positioned in the plane of the four nitrogen atoms, this can be explained by the difference on the ionic radius between the Sc(III) and Y(III) ions.

From the results obtained, the Sc(III) ion forms complexes with Cyclen moiety with lowest energy compared to the Y(III) ion, thus the scandium is more suitable for a complexation with Cyclen ligand.

Ligand preorganization is the tendency of free ligand to assume the conformation necessary for metal ion complexation which results in increased metal complex stability. It has been postulated that the preorganized ligands such as DOTA based on Cyclen moiety form more stable and inert lanthanide complexes than those without [45].

In the case of Cyclen complexes obtained with Sc(III) and Y(III), it is clear from the results that the (Sc-Cyclen) 3+ complexes give the lowest preorganization compared the (Y-Cyclen) 3+

energy and the ligand is more stable in the presence of the Sc(III) or Y(III) ion.

Conclusion

We have performed a DFT study on gas phase of molecular geometry and the stability of [Sc(H 2 O) n ] 3+ (n=1-10) clusters on BS1 and BS2 levels. The present results indicate that the Sc 3+ ion is primarily octa-coordinated, forming a complex with an S 8 geometry. However the most stable complex was obtained with six water molecules in the first coordination shell. This is in agreement with the later theoretical and obtained results showing that the hexahydrated or heptahydrated Sc complexes are commonly the most stable. Beyond eight, other molecules migrate from the first coordination shell to the second coordination sphere.

Each of these water molecules connect to two water molecules from the first coordination shell. Also, we have studied the [Sc(NH 3 ) n ] 3+ ,(n=1-4) complexes. The total binding energy obtained for the [Sc(NH 3 ) n ] 3+ cluster; show that more the number of the ammonia increase, more the [Sc(NH 3 ) n ] 3+ cluster formed become stable. In order to more understand the affinity of both ammonia and water molecules to the Sc(III) ion, the idea, is to realize some exchange reaction in the optimized Sc(H 2 O) 8 3+ cluster, varying the number of ammonia in the octascandium (III) complex from 1 to 4 molecules. Results obtained show that, ammonia bond less strongly than water;

Finally, we have studied the complexes formed from the Cyclen moiety which constitutes the basis of the DOTA chelator with scandium(III) ion, then compared the results with complexes obtained with yttrium(III) ion. From both (M-Cyclen) 3+ optimized structures obtained only one conformer with a C 4 symmetry gives the lower binding energy whether for the yttrium(III) or scandium(III) ion. However the Sc(III) ion forms complexes with Cyclen moiety with lowest energy compared to the Y(III) ion, thus the scandium is more suitable for a complexation with Cyclen ligand. Studies performed before, showed that the DOTA chelator is the most suitable ligand for Sc(III) ion, since they form complexes, thermodynamically stable and kinetically inert [24].

The objective of this study is to understand the role of the acetate group from the DOTA chelator and also its contribution to the stability of the complexes formed between the Sc (III)

and the chelating agent DOTA. DFT calculations are performed on systems [Sc(CH 3 COO) m ] 3- m (m=1-5).

Two basis set were used in the calculation in the following order: BS1 and BS2.

The total binding energy was obtained according to the expression:

ΔE=E[Sc(CH 3 COO)m] 3-m -E(Sc 3+ )-mE(CH 3 COO) - (m=1-5) (1.b)
The main results obtained with the two basis set as the total complexation energies, corrected The results obtained showed that as the number of the acetate pendant arm increase until to 4, the binding energy of the [Sc(CH 3 COO) m ] (3-m) clusters, also the Mulliken charge decrease however the Sc-O distance increases. Beyond 4 acetate arm, the energy of complexation increases and the complex becomes less stable, which means that the presence of four carboxylic arms is ideal to form the most stable complex with Sc (III) ion. This is the case with the DOTA chelating agent.

The stability of the complexes formed is also related directly to the charge effect; the explanation for the above is given by the fact that more charge on an atom decreases stability and less charge on an atom increases stability. For a given stoichiometry, a structure with the highest reasonable symmetry was tried first, followed by desymmetrized structures, to obtain finally complexes with optimized the symmetries C s , C 2 , C 3 for m=1-3 respectively. However, Both basis sets used in the calculations, lead to satisfactory structures with same symmetries.

C
However, the BS2 basis set which gives the lowest energies in all calculations compared to the BS1 basis set, although the computation time is extended in the first case. 

(C1 sym) [Sc(H 2 O) (n-m) (CH 3 COO) m ] 3-m +m(H 2 O) [Sc(H 2 O) n ] 3+ +m(CH 3 COO) - ΔE [Sc(H 2 O) n' (CH 3 COO) m' ] 3-m' (2.b) ΔE' Sc 3+ + n'(H 2 O) +m'(CH 3 COO) -
The total binding energy corresponding to these reactions are obtained according to the expressions:

ΔE=E[Sc(H 2 O) (n-m) (CH 3 COO) m ] 3-m +m E(H 2 O)-E[Sc(H 2 O) n ] 3+ -m E(CH 3 COO) - (3.a) ΔE'=E [Sc(H 2 O) n' (CH 3 COO) m' ] 3+ -E(Sc 3+ )-n'E(H 2 O)-m'E(CH 3 COO) - (3.b)
The principally results obtained such as the binding energy of the Sc(III) complexes, average Sc-O, distance and Mulliken charge are given in table 2. Theoretical structures of (3-m) complexes are also shown in Fig 2.

[Sc(H 2 O) (n-m) (CH 3 COO) m ]
The results obtained using both BS1 or BS2 level sets, showed that as the number of water molecules exchanged by acetate group increase, the binding energy of the (3-m) cluster and the Mulliken charge of the Sc(III) ion decrease, which confirms that the acetate group contributes more effectively to the stability of the Sc(III) complexes formed compared to the water molecule. This was not really the case when water molecules are replaced by ammonia.

[Sc(H 2 O) (n-m) (CH 3 COO) m ]
The decrease in the Mulliken charge can be explained by a charge transfer from Sc (III) ion to the neighboring atoms corresponding respectively to the water molecules or acetate groups related to the scandium.

When one or two water molecules were replaced with one or two acetate groups respectively, the complexes formed are located in the first coordination sphere. However when three water molecules were replaced with three acetate groups, one water molecule in the [Sc-(H 2 O) 5 -(CH 3 COO) 3 ] complex migrate from the first to the second coordination sphere and connected to two water molecules and an acetate group from the first shell. Also when four water molecules were exchanged with acetate groups, one acetate group and one water molecule migrate from the first to the second coordination sphere of Sc(III) ion, and are connected to two water molecules and an acetate group from the first sphere. 

III.3.3. [Sc(Y)-DOTA] 3+ /[Sc(Y)-DOTA(H 2 O)] 3+ complexes

The macrocyclic compound DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate)

forms complexes with lanthanide ions with high thermodynamic stability and kinetic inertness with respect to the release of the metal ion [START_REF] Desreux | Nuclear magnetic resonance spectroscopy of lanthanide complexes with a tetraacetic tetraaza macrocycle. Unusual conformation properties[END_REF]. Consequently, these complexes have found widespread use in diagnostic and therapeutic medicine [START_REF] Helm | 17O the Carboxylate Groups in DOTA Complexes of Lanthanides in NMR and Density Functional Theory Study of the Dynamics of Aqueous Solution[END_REF].

The DOTA ligand is known to bind Ln 3+ ions octadentately through its 4 N atoms and an Oatom of each of the 4 carboxylate functions [START_REF] Botta | NMR study of solution structures and dynamics of lanthanide (III) complexes of DOTA[END_REF][START_REF] Hoeft | Structure and Dynamics of Lanthanoid Tetraazacyclododecanetetraacetate DOTA Complexes in Solution[END_REF][START_REF] Jacques | Quantitative Two-Dimensional EXSY Spectroscopy and Dynamic Behavior of a Paramagnetic Lanthanide Macrocyclic Chelate: YbDOTA(DOTA = 1,4,7,10-Tetraazacyclododecane-N,N',N'',N'''-tetraacetic Acid)[END_REF][START_REF] Botta | Conformational and Coordination Equilibria on DOTA Complexes of Lanthanide Metal Ions in Aqueous Solution Studied by (1)H-NMR Spectroscopy[END_REF]. DOTA systems are known to exist in two interconverting diastereomeric forms of a capped square antiprism [START_REF] Kang | Synthesis, characterization, and crystal structure of the gadolinium(III) chelate of (1R,4R,7R)-.alpha..alpha.'.alpha.''-trimethyl-1,4,7,10-tetraazacyclododecane-1,4,7triacetic acid (DO3MA)[END_REF][START_REF] Hoeft | Structure and Dynamics of Lanthanoid Tetraazacyclododecanetetraacetate DOTA Complexes in Solution[END_REF].

These two forms differ by a twist angle between the basal plane occupied by four amine nitrogens and a capped plane occupied by the carboxylate oxygens of the acetate arms.

It is known also from experiment that there is a water molecule coordinated to the complex and it occupies the capping position.

In this part we are particularly interested to the scandium complex with DOTA, to confirm the presence of the two conformers, based mainly on DFT calculations. These results will be compared to theoretical and experimental studies conducted previously with either scandium or other lanthanides. To understand the relationship between the atomic radius, the stability The preorganization energy E pre-org is a difference of two contributions:

E pre-org = E T SP -E T LE ( 5 
)
Where E T SP represent the energy of the ligand in the absence of the metal ion but in the conformation of the metal complex, it is evaluated by a single point calculation with the metal removed from the complex to live the ligand in its metal complex geometry, and E T LE represent the energy of the lowest-energy structure of the free ligand.

The principally results obtained such as the binding energy and symmetry of the Sc(III) and Y(III) complexes formed with DOTA, average Sc-N, Y-N, Sc-O and Y-O distance and preorganization energy are given in table 3.

The optimized geometries for both [Sc-DOTA] -1 and [Y-DOTA] -1 complexes are given in Figure 3. Although the metal ion-O distances are relatively unchanged when going from the SAP to ISAP structure, which is in agreement with the results previously obtained [START_REF] Lau | Enviromental effects on the structure of metal ion-DOTA complexes: An ab initio study of radiopharmaceutical metals[END_REF].

It has been shown that, when the ionic radius decreases along the lanthanide series the structures become more and more compact and the stability of the octacoordinated species increases with respect to that of the nonacoordinated ones [START_REF] Villa | Conformational Characterization of Lanthanide(III) -DOTA Complexes by ab Initio Investigation in Vacuo and in Aqueous Solution[END_REF]. The calculated bond distances between the ion and the coordinated ligand atom, are lengthened in the case of the Y-DOTA complexes compared to the Sc-DOTA analogs: this is the case for the distance between the least-squares planes defined by the four nitrogen atoms and the four acetate oxygen atoms. This can be explained by the difference in ionic radius between the Sc(III) and Y(III) ions. However the overall structures of Y-DOTA and Sc-DOTA are similar. The bond lengths obtained for Y-O (2.27Å) and Y-N (2.71 Å) are in good agreement with published data [START_REF] Lau | Enviromental effects on the structure of metal ion-DOTA complexes: An ab initio study of radiopharmaceutical metals[END_REF]. The Sc-O bond is shorter, and the Sc-N bond is longer than expected from the crystal structure [25].

The complexes formed between trivalent metal ions and DOTA or derivatives of DOTA are extremely inert. This inertness is originated from the rigid and preorganized structure of the ligand. It has been postulated that the preorganized ligands such as DOTA form more stable and inert lanthanide complexes than those without, such as TETA [START_REF] Chang | Ligand Preorganization in Metal Ion Complexation: Molecular Mechanics/Dynamics, Kinetics, and Laser-Excited Luminescence Studies of Trivalent Lanthanide Complex Formation with Macrocyclic Ligands TETA and DOTA[END_REF]. In the case of DOTA A major effort was made in the search for new ligands. Most of the studies are mainly focused around structural modifications of the DOTA moiety presented above. Various groups, such as for example carboxylic acids, amides or alcohols, have been added to the chain end, which changes the base DOTA [START_REF] Kotek | Gadolinium(III) complexes as MRI contrast agents: ligand design and properties of the complexes[END_REF]. Another possible approach consists of replacing one or more acetate pendant arms of DOTA with phosphonic/ methyl phosphonic groups. Different structures can then be considered [START_REF] Svobodova | Formation and dissociation kinetics of Eu(III) complexeswith H 5 do3ap and similar dota-like ligands[END_REF].

In this part we are principally interesting to study the complexation of the Sc(III) with methyl phosphonic acid, in order to understand its contribution to the stability of the scandium complexes formed compared to the acetate pendant arms in DOTA ligand.

Studies consist on ab initio calculation in vacuo first on Sc(III) complexes formed with one or two methyl phosphonic group in order to understand the influence of the number of phophonic acid groups on the stability of the complexes witch can be formed. Then, some exchange reactions, including water molecules in the complexes ,varying number of methyl phosphonic groups or water molecules was also monitored in order to understand the relation between geometry and the stability of different complexes.

The binding energies for both Sc-complexes are described above:

ΔE=E [Sc(CH 3 PO 3 ) m ] (3-2m) -E(Sc 3+ )-m E(CH 3 PO 3 ) 2- (6.b) ΔE=E [Sc(H 2 O) n (CH 3 PO 3 ) m ] (3-2m) -E(Sc 3+ )-nE(H 2 O)-mE(CH 3 PO 3 ) 2- (7.b)
(such as m=1-2, m=1-3, n=1-3)

The principal ab initio calculation obtained results are summarized in Table 4, optimized geometries are shown in Figure 4. For each system several geometries are possible, are given the results obtained with symmetries giving the lowest energy and without imaginary frequencies. From the results obtained it's clear that the fact of placing a single methylphosphonic group related to scandium two phosphonic group leads to considerable decrease of the complexation energy , which means that when the number of phosphonic group increases more the energy of complexation decreases, which allows to obtain much more stable complexes. Also, as the number of methyl phosphonic groups increases the Sc-O and Sc-P distance increase. In the case of [Sc(CH 3 PO 3 ) 2 ] -1 cluster, if one methyl phosphonic group is replaced with one or two water molecule, an increase of the binding energy value and a decrease in Sc-O distance are observed, which means that replacing methyl phosphonic group with water molecules do not really contribute to the stability of the complexes formed. However more the number of water molecules added to both [Sc(CH 3 PO 3 ) 1 ] +1 and [Sc(CH 3 PO 3 ) 2 ] -1 complex increases (1-3 water molecules), a slight decrease of the binding energy of [Sc(H 2 O) n (CH 3 PO 3 ) m ] (3-2m) cluster was observed, thus the presence of water molecules in this case contribute to the stability of the complexes formed. However the binding energy of the [Sc(CH 3 PO 3 ) m ] (3-2m) complexes are the lowest compared to that obtained in the case of the [Sc(CH 3 COO -) m ] (3-m) clusters, this means that the presence of the methyl phosphonic group contribute much more to the stability of the Sc(III) complexes formed compared to the carboxylic group. Thus, macrocyclic ligands with phosphonic group are needed for farther complexation studies with Sc(III) ion.

III.4.2. Scandium and yttrium-complexes with monophosphonic DOTA analogs

As referred before, polyazamacrocycles with different pendant arms, such as DOTA, DOTAderivatives or DOTP strongly chelate lanthanide ions. Moreover, the thermodynamically stable complexes formed with such chelators are also, in general, kinetically inert, a desirable feature for their in vivo application, as bifunctional chelating agent [START_REF] Martins Vasco | Copper, samarium and holmium complexes with tetraazamacrocycles potencially interesting for nuclear medicine[END_REF]. Thus, substitution of one acetic acid arm in DOTA for a phosphonic/phosphinic acid arm may lead to a faster complex formation while preserving thermodynamic stability and kinetic inertness of the complexes formed [37]. Thus, we decided to study the monophosphonic/phosphinic acid derivatives principally the H 5 DO3AP and H 5 DO3AP PrA ligands (figure 5), in order to understand the influence of the phosphonic acid pedant arm on the Scandium complexes formed, and compare the results with the Sc(DOTA) complexes. Simultaneously, in order to determine the effect that can have the atomic radius, we were also interested in studying complexation of these ligands with yttrium (III) ion. AugCCpVDZ basis set (BS2), but the computation time was so long and convergence criteria are not met. For this reason, we have performed again structure optimization using the small basis set 6-31G* (BS0). For comparison, calculations were also performed with DOTA ligand using the same basis set with both scandium(III) and yttrium(III) ions.

Binding energies of the macrocyclic ligands in the corresponding complexes were calculated as the energy of the complex less than that of the metal ion and that of the ligand, including non-potential-energy contributions (zero-point energies) obtained through frequency analysis.

The results obtained for both Sc(III) and Y(III) with selected ligands , such as complexation energy and distance between the metal ion and the surrounding atoms are summarized in Table 5. The optimized structures for all the complexes studied either with Sc(III) or Y(III) are given in Figure 6 . In the case of DFT calculations, we have used the optimized structure of DOTA with a C 4 symmetry and SAP configuration, then replaced a carboxylic group with a monophosphonic group, after optimization a structure with C 1 symmetry was obtained for both monophosphonic DOTA analogs complexes with Sc(III) and Y(III) ions respectively. Several X-ray structures of lanthanide complexes with the HDO3AP ligand, in which the phosphonate group was protonated, were reported [START_REF] Cigler | Lanthanide(III) Complexes of a Mono(methylphosphonate) Analogue of H4dota: The Influence of Protonation of the Phosphonate Moiety on the TSAP/SAP Isomer Ratio and the Water Exchange Rate[END_REF][START_REF] Vojtisek | Crystal Structures of Lanthanide(III) Complexes with Cyclen Derivative Bearing Three Acetate and One Methylphosphonate Pendants[END_REF].

The first structure of the [Sc-DO3AP] -2 complex was obtained. The three Sc-O distances from the acetate arms are relatively higher than those of the Sc-DOTA complex. However the Sc-O distance from the carboxylate in the phosphorus acid chain is the lowest one compared to the Sc-O distance from the acetate arms. The Sc-N distances are relatively the same or higher than the Sc-DOTA complex. However, for the [Sc-HDO3AP] -1 complex, practically all the Sc-O and Sc-N distance remain unchanged compared to the [Sc-DOTA] -1 complex, the binding energy is lower in the presence of the DOTA moiety relative to the DO3AP once protonated.

In the case of [Sc-HDO3APPrA] -1 complex, binding energy is somewhat lower than the [Sc-HDO3AP] -1 but higher than that obtained for the [Sc-DOTA] -1 complex. Thus, the [Sc-DOTA] -1 complex remains more stable compared to the Sc(III) complexes with the monophosphonic DOTA analogs, in which the phosphonate group was protonated.

In contrast, DFT calculations performed on Y(III)-complexes with selected ligands, show that both [Y-DO3AP] -2 and [Y-HDO3AP] -1 form complexes with the lowest binding energy thus more stable than the Y(III) complex formed with DOTA moiety. However all the complexes formed with Y(III) ions are somewhat less stable compared to that formed with Sc(III) ion.

Conclusion

In this chapter, we were interested principally to study the Sc(III) complexes formed with different molecules and ligands. The studies performed consist on ab initio calculations in vacuo, using hybrid DFT with the restricted B3LYP exchange correlation functional and the Gaussian 09 package. First studies were performed on [Sc(H 2 O) n ] 3+ (n=1-10) clusters, the present results indicate that the Sc 3+ ion is primarily hexa-coordinated; the presence of six water molecules in the first coordination shell contributes more to the stability of the scandium complexes. Then, In order to more understand the affinity of both ammonia and water molecules to the Sc(III) ion, the [Sc(NH 3 ) n ] 3+ complexes were studied and some exchange reactions were performed. Results obtained show that, ammonia bond less strongly than water.

We have then, studied the complexes formed from Cyclen moiety which constitutes the basis of the DOTA chelator with scandium (III) ion, then compared the results with complexes obtained with yttrium (III) ion. For both (M-Cyclen) 3+ complexes , one conformer with C 4 geometry gives the lowest binding energy. However Sc(III) form more stable complex with Cyclen compared to Y(III) ion.

Finally, studies performed on Sc (III) and Y(III) complexes with DOTA and phosphonic derivatives of DOTA-type ligands, showed that both Sc (III) and Y(III) complexes share similar structures. However the Sc(III) ion forms most stable complexes with studied ligands compared the Y(III) ion. Also, complexes formed with DOTA chelator are somewhat more stable than those formed with monophosphonic DOTA analogs. 
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ABSTRACT:

In order to fully use the potentiality of antibody labelled with 44m Sc/ 44 Sc in vivo generator for PET imaging, there is a clear unmet need of new DOTA-based ligands of extremely high complexation efficiency, which permit to form complexes at room temperature, necessary for labeling such biomolecules. To this aim, the monophosphorus acid DOTA derivatives bearing methylphosphonate/methylphosphonic acid pendant arms (H5do3ap, H5do3ap PrA and H 4 do3ap ABn )

were evaluated with scandium. The thermodynamic behavior of three derivatives, exhibiting the same basicity to the parent H 4 DOTA, was examined by potentiometric titration, in complement to free-ion selective radiotracer extraction and 45 Sc NMR. They were compared with the DOTA moiety, to better understand their radiochemical properties and to correlate them with the chemical structure of the ligands. Stability constants values show that the studied ligands form complexes with a high thermodynamic stability. The presence of hard phosphonate/phosphinate group induces unexpected behavior in acidic solutions. It leads to rather facile formation of out-of-cage complexes. In addition, the radiolabeling of DOTA-derivatives with 44 Sc was performed and optimized as a function of time, pH, metal-to-ligand ratio and temperature using both 44 Ti/ 44 Sc and 44m Sc/ 44 Sc generators for comparison of specific activities. As for DOTA, the best labeling conditions for DO 3 AP.2H 2 O, DO 3 AP ABn and DO 3 AP PrA were pH= 4 at 70°C for 20 minutes. By contrast to NOTA-derivatives with

Introduction

On the way to a personalized medicine, nuclear medicine offers both diagnostic tools and therapeutic drugs utilizing various radioisotopes. Currently radionuclides used for imaging, such as 68 Ga or 111 In, are different from that used for therapy: 90 Y or 177 Lu. It has been demonstrated that these radiometals behave differently in vivo especially in critical organs such as the bone and liver thus not truly reflecting the pharmacokinetics of the therapeutic [1].

Using the same metal to perform both the diagnosis and therapy would result in a better determination of the absorbed dose to the dose limiting organs and would give a better indication of the therapeutic activity to administer. Such radiopharmaceutical pair utilizing diagnostic and therapeutic radioisotopes is called -theranostics‖ [1]. Among the radionuclides available, there is significant interest in therapeutic radioisotope 47 Sc ( -,  ½ 3. 35 Due to its soft positron emission, 44 Sc is very suitable for PET imaging. Its half-life is perfectly matching pharmacokinetics of oligopeptides. In addition, the radioisotope can be produced together with its long-lived isomeric exited nucleus, 44m Sc (,  ½ 2.44 d, 98.8 %, E  270.9 keV), decaying to 44 Sc with the soft  emission. The third  ray is suitable for threephoton coincidence imaging which may further increase resolution of the current PET imaging. [5] Half-life of 44m Sc is matching in vivo pharmacokinetics of antibodies and, due to its low-energy transition (recoil energy only 0.89 eV), it can serve as in vivo generator of the PET radioisotope 44 Sc as the daughter 44 Sc stays inside chelator after decay of the parent 44m

Sc. [6] The theranostically matched therapeutic radionuclide 47 Sc has rather soft  - emission suitable for treatment of cancer metastases and also soft -emission which is very similar to that of 99m Tc (the most commonly used radionuclide) and, thus, ideal for currently used SPECT cameras. The 44m Sc and 47 Sc have similar half-lives very suitable for radiopharmaceuticals with antibodies or their fragments and, thus, they form a unique and very promising theranostic pair for cancer treatments. Utilizations of the theranostic pair can be spread from targeted radioimmunotherapy ( 44m Sc/ 47 Sc pair with antibodies) to treatments with labeled oligopeptides or small molecules ( 44 Sc/ 47 Sc pair).

The scandium radioisotopes have become to be more easily available in the recent years. The 44 Sc can be produced by generator employing 44 Ti as a long-lived parent radioisotope [7,8].

However, the radioisotope can be also produced in most of medical cyclotrons designed for 18 F production and, during this mode of production, 44m Sc is also prepared in a mixture with 44 Sc. The ARRONAX cyclotron produces also 44 Sc/ 44m Sc from enriched 44 CaCO 3 target via the deuteron production route [8] . This way of production allows improving the 44m Sc/ 44 Sc ratio without decreasing the production yield. 44 Ca(d,2n) reaction can be envisaged as a good alternative for a potential use as in-vivo generator.

To be used for imaging and, more importantly, for targeted radiotherapy, metallic radioisotopes must be tightly bound in a complex to avoid non-specific deposition of their -free‖ form and to ensure elimination of unchanged conjugate out from body if not delivered to target organ/tissue. Mostly, these complexes must exhibit a high thermodynamic stability and kinetic inertness. In addition, the ligands have to manifest a fast complexation of the metallic radioisotopes even in highly diluted solutions, a high selectivity for the particular metal ion as well as an ability to be conjugated to a biological vector molecule (bifunctional ligands). A number of reviews have shown that design of new radiopharmaceticals is viable multidisciplinary field involving physics, chemistry, biology and medicine. [10,11,12,13,14,15,16] As the rare-earth element, scandium is generally considered as a cousin of lanthanides and, similarly, scandium is almost exclusively present in its compounds in trivalent state.

However, chemistry of trivalent scandium has some differences; it is smaller (having more hard character and higher preference for hard oxygen donor ligands) and prefers donor numbers from six to eight. However, chemistry of trivalent scandium is much less developed than that of trivalent lanthanides. [17] For medical application of scandium radioisotopes, multidentate ligands already used in Gd(III)-based MRI contrast agents as well as for radiolanthanides, i.e. derivatives of DTPA (DTPA = diethylenetriamine-N,N,N,N,Npentaacetic acid) or DOTA (DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), are the first choice. It has been shown that DOTA derivatives are suitable ligands for scandium radioisotopes. [18] Their oligopeptide, [6,19,20,21,22,23] antibody [24] or other [25,26] conjugates have been investigated for complexation of the scandium radionuclides. Recently, we have investigated chemistry of Sc(III)-DTPA and Sc(III)-DOTA complexes in details. [27] The study confirms that DOTA is suitable chelator for trivalent scandium; the thermodynamically very stable complex is formed rather quickly and is kinetically inert. The influence of the different parameters on radiolabeling of DOTA with 44m/44 Sc mixture from cyclotron has been recently examined. [3] At room temperature after 1h, radiolabeling yield was about 45 %. The yield was improved up to 95 % if temperature was risen to 70 -90°C. With peptides, the temperature is not a critical parameter if compared to temperature-sensitive antibodies; for oligopeptides, the optimal radiolabeling could be reached by using high temperature without affecting their biological efficacy. Nonetheless, antibodies or their fragments require much lower labeling temperature (mostly below 45 C)

to preserve their immunoreactivity. Although DOTA forms very stable complexes, their slow formation kinetics remains an important obstacle that limits use of DOTA-like chelators in some radiopharmaceuticals. Therefore, there is a clear unmet need of new DOTA-based ligands retaining the high complex stability of the parent but permitting formation of complexes at much lower temperatures to label antibody conjugates.

As scandium(III) is harder metal ions than trivalent lanthanides, oxygen atoms having harder character than those in carboxylate group as e.g. in derivatives of phosphoric acid, phosphonic (R-PO 3 H 2 ) or phosphinic (R 2 PO 2 H) acids, [28] may alter ligand behavior in a desired direction. Such behavior has been proven for 68 Ga labeling through very fast complexation of 68 Ga with phosphinic acid derivatives of NOTA (NOTA = 1,4,7triazacyclononane-1,4,7-triacetic acid). [29,30] Thus, it can be suggested that substitution of acetic pendant arm(s) in DOTA with methylphosphonic/inic acid group(s) can lead to ligands endowed with faster complexation of trivalent scandium. Such ligands have been already investigated for complexation of trivalent lanthanides to utilize the complexes in nuclear medicine. The ligands form thermodynamically stable and kinetically inert complexes with somewhat enhanced complexation kinetics. [31,32,33] The complexes/conjugates are stable in vivo and shows a good pharmacokinetic properties due to their high hydrophilicity. [34,35,36] Therefore, ligands with one phosphorus acid pendant arm on DOTA skeleton were selected for investigation of their behaviour toward Sc(III), monomethylphosphonic acid ligand (DO3AP, Figure 1) and two bifunctional monomethylphosphinic acid ligands (DO3AP ABn and DO3AP PrA , Figure 1). Equilibrium studies were carried out to determine thermodynamic stability of their complexes with Sc(III). To determine their potential for scandium radiopharmaceuticals, their labeling ability was compared with that of DOTA. The radiochemical studies were performed with non-carrier-added (NCA) from two sources, from 44 Ti/ 44 Sc generator and from ARRONAX cyclotron, to compare radiolabling conditions important for NCA radioscandium obtained by these two routes.

Experimental

Chemicals

The phosphorus DOTA analogues, DO3AP PrA , DO3AP and DO3AP ABn (prepared as hydrates according to elemental analysis) were synthesized by literature methods. [31,37,38] Sc(ClO 4 ) 3 hydrate [39] and nitromethane solution of [Sc(tmu) 6 ](ClO 4 ) 3 (tmu = N,N,N',N'tetramethylurea) [40] were prepared by literature procedures. DOTA (reagent grade) was obtained from Macrocyclics. Analytical grade (conc. aq. HCl, conc. aq. ammonia, MeOH, EtOH, HNO 3 , ammonium acetate) or pure reagent grade (all other chemicals) reagents were obtained commercially and used as received unless otherwise specified. Deionized water (18.2 MΩ cm -1 ; Milli-Q, Millipore) was used throughout the work.

For radiolabeling studies, 44 Sc from generators either of 44 Ti/ 44 Sc located in Mainz University (Germany) and 44m Sc/ 44 Sc (produced at ARRONAX, France) were used.

Production of 44 Sc

Cyclotron-produced 44m/44 Sc. The procedure of 44m Sc/ 44 Sc production at Arronax cyclotron was described elsewhere. [Erreur ! Signet non défini.] Briefly, irradiated natural CaCO 3 (500 mg) target was dissolved in aq. HCl (4 M, 10 ml) and the resulting solution was loaded onto DGA column. Then, the column was washed with aq. HNO 3 (1 M, 10 ml) to remove all other metal ions. Finally, 44 Sc was eluted by aq. HCl (0.1 M, 400 µL) and solution was evaporated to dryness to get 44 Sc(III) chloride hydrate (>100MBq). The solutions of 44m/44 Sc was counted on a -spectrometer (Ortec-Ametek, France). The energy rays are 271.1 keV and 1157 keV for 44m Sc and 44 Sc respectively, with a branching ratio of 98.8 % and 99.9 %.

Generator-produced 44 Sc. Procedure to get 44 Sc by this route is described elsewhere. [6] Briefly, it could be eluted from 44 Ti adsorbed onto column filled with anion exchange resin Bio-Rad AG1-X8 (200-400mesh, Cl --form) with 20 mL of 0.005M H 2 C 2 O 4 /0.07 M HCl mixture. The eluate was directly post-processed on miniaturized column filled with cation exchange resin AG50W-X8(200-400 mesh,Hþ-form, 53mg) where 44 Sc was quantitatively adsorbed on-line and successively eluted using 2-3 mL of 0.25 M ammonium acetate buffer (pH4) (Filosofov, Loktionova, & R¨ osch, 2010). This 44 Sc solution of small volume and free of competing oxalates was used for further labeling studies.

Radioactive measurements. Measurement of 44 Sc radioactivity was accomplished using a dose calibrator Aktivitätsmessgerät M2316 (Messelektronik, Dresden GmbH). The absolute radioactivity and purity of 44 Sc was measured by γ-ray spectrometry with a high-purity germanium (HPGe) well counter detector using both 1157.2 and 1499.4 keV γ-lines.

Equilibrium studies

Potentiometric titrations were performed by a general method described elsewhere; [26,30] 25

C, I = 0.1 M (NMe 4 )Cl, starting volume 5 ml, ligand concentrations 0.004 M, ligand:Sc molar ratio 1:0.95, PHM 240 pH-meter, 2-ml ABU901 autoburette and GKB2401B combined electrode (glass/Ag-AgCl, all Radiometer), pK w =13.81. Electrode calibration by strong acidstrong base titration was performed before each ligand or ligand-metal titration to give a pair calibration/titration which was used for calculations of the constants. To determine the most acidic protonation constants of DO3AP ABn and DO3AP PrA , the ligands were titrated in pH range 1.4-11.8 with electrode calibration done in pH range 1.5-11.8 (~50 points per titration, four parallel titrations). As complexation equilibria between the ligands and Sc(III) ion were slow (equilibrium time six days), the titrations were carried out by out-of-cell method; [26,30] starting volume 1 ml, pH range 1.4-5.5, 23-25 points per titration, 2 parallel titrations. To help determination of the first protonation constant of the complexes and enable to correct fit of all equilibrium data for Sc(III)-DO3AP ABn and -DO3AP PrA systems, the acid-base titrations of the pre-formed complexes were performed. [30,41] Stock solutions of the ligands and ScCl 3 (c L = 0.004 M, L:Sc molar ratio 1:0.95) were mixed in ampoule and stock solution of (NMe 4 )OH was added (98 % necessary for complete neutralization of the added ligand amount). The ampoule was flame-sealed, heated at 90 C in oven for 24 h to ensure complete complexation of Sc(III) ion, cooled to room temperature and opened. The solution was pipetted to titration vessel, water and excess of HCl/(NMe 4 )Cl solution were added (to ensure acidic starting pH and 0.1 M ionic strength), and the solution (starting volume five ml) was titrated by (NMe 4 )OH stock solution (pH range 1.7-12, ~40 points per titration, 4 parallel titrations, the complex concentration ~0.003 M). Mathematical treatment of all equilibrium data (together with the NMR titration data, see below) was done with OPIUM program package. [42] The constants are concentration constants and were calculated as overall protonation/stability constants β hlm defined generally as

β hlm = [H h LM]/([H + ] h · [L] · [M]
). The calculated overall protonation/stability constants (with standard deviations given directly by the program) are presented in SI (Tables S1 andS2). Throughout the text, pH means -

log[H + ].
Samples for NMR titrations (i.e. titration points) were prepared similarly to the out-ofcell titration as given above (i.e. under conditions as close as possible to conditions used for potentiometry) and analogously to the previous paper. Stock solutions of the ligands, ScCl 3 ,

1.1 M or 0.2 M HCl, 0.2 M KCl (if necessary), and water were mixed into tubes (c L = 0.004 M, L:Sc molar ratio 1:0.95, final volume 1 ml, I = 0.1 M (H,K)Cl, with no control of ionic strength at pH <1.1) to get pH in range 0.5-1.3 and the tubes were tightly closed (12-15 titration points). The solutions were left to equilibrate for at least seven days at room temperature. Values of pH were determined from overall added proton amount (pH <1.3) or measured by calibrated electrode (pH > 1.3, see above). Abundance of species in each tube (i.e. titration point) was determined by 45 Sc NMR measurements as given below.

NMR measurements

The 45 Sc NMR spectra (97.15 MHz) and 31 ((tmu = N,N,N',N'-tetramethylurea);  Sc = 53.3 ppm) [43] as external standards in the insert tube. The Sc-tetramethylurea standard was prepared by dissolving of [Sc(tmu) 6 ](ClO 4 ) 3 complex in nitromethane. For the measurements, freshly prepared solution was always used.

The [Sc(tmu) 6 ](ClO 4 ) 3 complex was prepared by modified procedure described in the literature. [44] Briefly, the prepared scandium(III) perchlorate hydrate [45] (500 mg, 1.1 mmol) and trimethyl orthoformate (3.17 Values of pH were determined from overall added proton amount (pH <1.3) or measured by calibrated electrode (pH > 1.3, see above). 45 Sc and 31 P{ 1 H} NMR spectra were measured in 10-mm NMR tubes and the chemical shifts were referenced to 0.01 M [Sc(ox) 4 ] 5 and 0.01 M aq. H 3 PO 4 , respectively. In order to verify time necessary to establish equilibrium for Sc(III)-DO3AP PrA system, measurements at different time points during equilibration were done.

Samples for those studies were prepared similarly to samples for NMR titrations (final volume 2 ml). 31 P{ 1 H} NMR spectra were measured in 10-mm NMR tubes and the chemical shifts were referenced to 0.01 M aq. H 3 PO 4 . To obtain data for determination of stability constants of Sc-DO3AP PrA and Sc-DO3AP ABn complexes, the solution were prepared as given above and 45 Sc NMR spectra were measured at 25 C. The free Sc(III)-aqua abundance was quantified by integration of its 45 

Free-ion selective radiotracer extraction (FISRE) method

This radiochemical method has been employed to determine the stability constants [17] at the tracer level using a Chelex-100 cationic exchange resin (chelating resin with imino-diacetic functional groups). This chelating resin competes with the ligands for Sc 3+ ion and the speciation is determined by solid/liquid separation.

An aliquot of the chelating resin was mixed with bulk solution of 45 Sc to give a final concentration of 10 -5 M of the isotope. The ligands stock solution was added to reach final ligand concentration ranging from 10 -7 to 10 -3 M to get optimized solid-to-liquid ratios (S/L) = 3 g dm -3 . All the measurements were performed at ionic strength I = 0.1 mol dm -3 . The pH of the suspension was adjusted to pH= 2.6; 2.5 and 2.3 according to the ligand (DO3AP, DO3AP PrA or DO3AP ABn , respectively). These pH values were estimated taking into account stability constants values (logK ScL ) obtained from the equilibrium data. The resulting suspension was equilibrated for 24 h and the pH re-adjusted, if necessary. The equilibrium was reached after 6 days. Solid and liquid phases were separated by sedimentation. Aliquots (1 ml) of the supernatant were taken for ICP-OES analysis. The equations to treat the obtained data are described in SI. To determine stability constants, Equation 1 was used to fit the experimental data

           h 3 h h ads d L H 1 S  K K (1)
Where K d is distribution coefficient between the resin and supernatant, K abs equilibrium constant for binding scandium (III) to the resin,  h is the [Sc(L)] stability constant with h as a number of protons bound to the complex. Calculations were implemented by using the ligand protonation constants determined in previously [30,31] and in present work. To check a potential mixture of more than one complex, another experiment was performed at fixed ligand concentration (10 -3 M) in the pH range 2-7.

Radiolabeling with 44 Sc

Radiolabeling of the DOTA derivatives with 44 Sc was performed and optimized as a function of time, pH, metal-to-ligand ratios and temperature using both 44 Sc from 44 Ti/ 44 Sc generator and 44m / 44 Sc produced in cyclotron to compare the sources having different specific activities of NCA 44 Sc. or 44 Sc-DO3AP ABn formation, 4 M aq. HCl or 4 M aq. NaOH was added dropwise to mixture (3 ml) of ligand (20 nmol) and 44 Sc in 0.25 M aq. ammonium acetate buffer. The solutions were then heated at 90 C for 30 min. The desired pH ranged from 2 to 6 and was measured before and after the heating. Finally, effect of ligand concentration/excess on labeling yields was evaluated with quantity of ligand being varied from 1 to 30 nmol and the solutions at pH = 4 were heated at 70°C for 30 min. Microwave supported heating on completeness of the complexation reactions was also followed and compared with the conventional heating. The used microwave supported labeling procedure was the same as that described previously. [20] 2.6.2. 44m Sc/ 44 Sc from cyclotron (Arronax)

For the 44m/44 Sc in vivo generator, the influence of temperature and pH on labeling yields was investigated in the same way as described above. The main difference from the procedure above concerns influence of the ligand concentration/excess. As the first set of preliminary experiments using the same range of concentrations (i.e. 1-30 nmols as used with 44 Sc from 44 Ti/ 44 Sc generator) showed no difference on the yields whichever concentration was used, and reached labeling yields were always 100 %, quantities of the ligands were re-adujsted; they varied from 24 to 240 pmol. For these experiments, the resulting solutions pH was 4 and the solutions were heated at 70 C for 30 min.

Quality control 2.7.1. Thin-layer Chromatography

Radiochemical analysis of generator-produced 44 Sc complexes of DOTA and monophosphorus acid DOTA analogues was performed mostly using thin-layer chromatography (TLC). The TLC plates (Silica-gel 60, Merck) were developed using 0.24 M aq. sodium citrate buffer (pH = 4). Quantitative distribution of radioactivity on TLC plates was measured using an electronic autoradiography system (Instant Imager, Packard Canberra ® ) and associated software was used for data evaluation. The uncomplexed 44 Sc moved almost with the front of developing solution with R f = 0.8, whereas the 44 Sc complex of DOTA and monophosphorus acid DOTA analogues stayed on start with R f = 0.

For 44m/44 Sc mixture obtained from cyclotron, the analysis of radioscandium complexes of DOTA and monophosphorus acids DOTA analogues was developed and optimized by radio-TLC by spotting 31 µl onto a TLC Flex Plate (silica gel 60A, F-254, 200 µm, Merck) and elution with conc. aq. NH 3 /H 2 O/MeOH 2/1/1 (v/v). The resulting TLC plate was counted for 10 min on an autoradiographic system (Cyclone, Perkin Elmer) and associated software was used for data treatment. Under these conditions, 44 Sc complexes of DOTA and monophosphorus acid DOTA analogues moved almost with the front of developing solution with R f = 0.9 whereas the unchelated 44 Sc stayed on start with R f = 0.

Challenging studies

For the in-vitro stability assays, hydroxyapatite Ultrogel suspension (40 % w/w, cross-linked 4 % beaded agarose, Sigma, U.S.A.) was used as received. The experiment followed previously described procedure for lanthanides (III) or scandium (III) chelates. Rat serum was provided by Sigma (France) and its aliquots (450 µL) were prepared from this stock solution in screw-cap V-bottom vials. The aliquots were kept frozen until use. Before the addition of the Sc-ligand aliquot, the serum aliquot was incubated at 37 C. The 44m/44 Sc-DOTA and 44m/44 Sc-monophosphonic acid DOTA analogues complexes obtained with high radiochemical purity were used for stability studies.

Serum stability

The 44m/44 Sc-ligand complexes, rat serum stabilities were assessed. An aliquot (50 µL) of the 44m/44 Sc-ligand solution was added to serum aliquot (450 µL) incubated just before the experiment at 37 C for 1 h. Then, the samples were incubated at 37 C and, at various time points, the reaction mixture (3 µL) was spotted onto a TLC flex plate and developed in conc.

aq. NH 3 /H 2 O/MeOH 2/1/1 (v/v) mixture. The resulting TLC plate was counted for 20 min on a Cyclone counter (Perkin Elmer).

Hydroxyapatite challenge study

Since the radiolabeling yield was ensured to be sufficient (i.e. > 99 %), 18 vials each containing 0.125 g of an hydroxyapatite (HA Ultrogel ® ) suspension were prepared in a phosphate buffer ( pH 7.5, with 10 mM CaCl 2 ). Then, the 44m/44 Sc-L (L = DO3AP, DO3AP ABn or DO3AP PrA ) complex solution (50 μL) was added into the HA suspension, suspension was mixed and incubated at 37 C. The stability of the Sc-L complexes was monitored 1 h, 24 h and 3 days after the sample mixing; the suspension was filtered through an acrodisc filter (porosity 0.8 μm). The filtrate was washed with an additional ultrapure water (8 mL) to reach a final volume of 10 mL. This fraction corresponding to the supernatant was counted on a germanium gamma counter. Then, was washed with 10 mL of 1.3 N HNO 3 , to dissolve the solid HA (this fraction represents the solid phase), and the solution was counted on a germanium gamma counter to determine the 44m/44 Sc fraction adsorbed on the solid phase. The stability of the complexes on HA is given by ratio of the radiometal complexes adsorbed on HA and remaining in the supernatant.

Results and discussion

Equilibrium studies

Thermodynamic data for scandium(III) complexes with polydentate ligands are scarce; only some stability constant data have been published for Sc(III) complexes of DTPA [46] and DOTA. [17,19] As the data seemed to be not fully reliable, in previous work we determined stability constants for both complexes by combination of potentiometry and NMR spectrometry. [26]The methods have to be combined as potentiometry itself led to misleading results due to quantitative complex formation at pH below 1.5, thus, out of potentiometry pH range. In addition for Sc(III)-DOTA system, slow complex formation complicated the measurements and out-of-cell titration method has to be used. The stability constants, logK ScL 27.43 and 30.79, for DTPA and DOTA complexes, respectively, are several orders of magnitude higher than those of lanthanide(III) complexes of the same ligands. As the title ligands are DOTA analogues the same problems with stability constant determination were expected.

First, pH range where the complexes are formed and time necessary to establish equilibrium were examined by 45 Sc and/or 31 P{ 1 H} NMR spectroscopy. It was found that equilibrium at pH >1.8 (in-cage complexes) is established during several days and the rate of complexation being faster with higher pH (Figure S1). Equilibria in very acidic solutions (outof-cage complexes) seemed to be established almost immediately; but anyway, the spectra were recorded after standing the samples at room temperature for at least six days. Both phoshinate ligands behave similarly each other as well as to DOTA; Sc(III)-aqua complex disappeared above pH ~1.8. Unlike the Sc(III)-DOTA system, some complex formation starting between pH 0 and 0.5 (Figure S2) was indicated by a broad 45 Sc NMR peak (~35 ppm) observed in the acidic solutions. This chemical shift suggests purely oxygen coordination sphere. Therefore, the species can be assigned as out-of-cage complexes where Sc(III) ion is coordinated by oxygen atom(s) from one or more pendant arms of the ligands.

Their formation can be caused by the presence of rather acidic phosphinic acid group able to bind metal ions even in very acidic solutions (see also below). Once the in-cage complexes (scandium(III) ion is sandwiched between N4 and O4 planes as in the [Sc(DOTA)] -complex) [47] are formed 45 Sc NMR signal of the out-of-cage complexes start to broaden and decrease in intensity and, finally, no 45 Sc NMR signal is observed. In parallel, two broad closely located 31 P{ 1 H} NMR signals assignable to the Sc(III)-bound phosphinate group in the isomeric in-cage complexes (see below) start to be observed. Behavior of Sc(III)-DO3AP system was analogous to that observed for the Sc(III) complexes of monophosphinic acid protonation of amino/carboxy group in the side chain was considered below pH 7. Only combination of all the data allowed correct description of the Sc(III)-DO3AP ABn and -DO3AP PrA systems; in addition, the titration of the pre-formed complex ending above pH 12 enabled determination of stability constant of a hydroxide-complex. To quantify abundance of Sc(III)-aqua ion in the systems, previously suggested secondary standard , [26] [Sc(ox) 4 ] 5-(ox = oxalate), cannot be used as peaks of the out-of-cage were too broad and overlapping with the standard. Therefore, [Sc(tmu) 6 ] 3+ was used as secondary standard. [49] The experimentally determined overall stability constants are presented in Table S2.

The stability constants are collected and compare with data for similar systems in Table 1 and corresponding distribution diagrams are shown in Figure 3. The Sc(III)-DO3AP ABn and -DO3AP PrA complexes are more stable than their lanthanide(III) complexes (logK LuL 24.0 and 25.5, respectively) [31] but less stable than the [Sc(DOTA)] -complex. [26] The difference in stability constants between the lutetium(III) and scandium(III) complexes is similar for all ligands. In slightly acidic pH, the amino or carboxylate group in the side chain are protonated and the protonation constant are almost identical as for their lutetium(III)

complexes. [31] The next two protons should be bound to ring nitrogen protons and the scandium(III) ion should be bound to pendant arm oxygen atom(s) in out-of-cage complex.

Protonation over two steps gave much better fit of experimental data. Such chemical model has been suggested for Ln(III)-DO3AP systems [30] and such diprotonated out-of-cage species has been observed for lanthanide(III) complexes in the solid state as well as in solution; [50] the species should correspond to monoprotonated [Sc(HDOTA)] species. The very high abundance of the diprotonated species (Figure 3) can be caused by a strong preference of trivalent scandium for oxygen donors and, mainly, to coordination of the hard phosphinate group in the out-of-cage species. Their value (logK a ~2 for a hypothetical double monoprotonation) is higher than the corresponding protonation constant of [Sc(DOTA)] - illustrating again stronger interaction of the pedant arms involving phosphinate group for the DOTA phosphinic acid analogues.

The interaction between Sc(III) ion and the pendant arm(s) in out-of-cage complex is even stronger for DO3AP. The out-of-cage complex is formed at even higher pH and up to two ligand molecules can be bound to the central ion in acidic solutions, probably each of them at least through protonated phosphonate group. At such low pH, ring nitrogen atoms should be protonated as well. [26] The out-of-cage species could be stabilized by intramolecular hydrogen bonds between the coordinated phosphonate groups. Such coordination mode has been suggested for stabilization of lanthanide (III) complexes with bis(phosphonate)containing ligands in very acidic solutions. [47] Unfortunately, stability constants for Sc(III)-DO3AP systems cannot be determined by the same method as for phosphinate ligands as speciation in the acidic solution is too complex to be modeled by equilibrium constant calculations. As stability constant of fully deprotonated complex, logK(Sc-DO3AP), cannot be determined by common procedure, competition method with trivalent ytterbium (as metal ion with very high stability constant of the Yb(III)-DO3AP complex, logK ~28.5) [30] as well as transchelation with DTPA were tested. In both cases, the determination failed due to problems with kinetics of the (trans) metallation or transchelation.

Characterization of the Sc(III) complexes in solution

To prove in-cage structure of the scandium (III) complexes at higher pH, they were synthesized at neutral pH and characterized in solution. The in-cage structure was confirmed by 1 H, 31 P{ 1 H} and 45 Sc NMR measurements. In all cases, 1 H NMR spectra were very complex (a complete interpretation is behind the scope of the paper) and 31 P{ 1 H} NMR spectra showed presence of two signals (Figure 4). On basis of a number of data for lanthanide(III) complexes of DOTA-like ligands, such observation can be explained by presence of two isomeric complexes having square antiprismatic (SA) and twisted square antiprismatic (TSA) arrangements. These isomers have been observed for lanthanide(III) complexes of the title ligands. [36,37] It is surprising as only one isomer, SA, was observed in solution for the [Sc(DOTA)] -complex, [46] although both isomers has been found in the solid state . [26,46] It was observed that 31 P NMR chemical shift and isomer abundance of complex of the phosphonate ligand is changed with solution pH in the range 4-7; these parameters are not changed for complexes of the phosphinate ligands. Such behaviour has been observed for lanthanide (III) complexes of the ligand [36] and is connected with protonation of the coordinated phosphonate group. Thus, 31 P{ 1 H} NMR spectra were measured over the pH range (Figure ) and used for calculation of protonation constants for each the complex isomer.

The results, logK a 5.33 and 5.53, corresponds well to potentiometric measurements and the values are similar to those found for the Ln(III) analogues. [36] The 45 Sc NMR spectra (Figure 4) show very broad peaks 87 ppm ( ½ ~5200 Hz), 87 ppm ( ½ ~5700 Hz) and 86 ppm ( ½ ~5800 Hz) of the [Sc(DO3AP)] 2 , [Sc(DO3AP PrA )] 2

and [Sc(DO3AP ABn )]  complexes, respectively. The values are very similar to those for [Sc(DOTA)]  ( Sc ~100 ppm,  ½ ~4300 Hz) [26] confirming also formation of the in-cage complex for all ligands.

determined by common methods as potentiometry. The potential metal ions of radiopharmaceutical interest include e.g. easily hydrolyzing metal ions as Zr(IV), Bi(III), Ac(III) or Th(IV). Although its accuracy cannot be compared with that of -standard‖ methods, it can be used well for a qualitative evaluation of metal ion-ligand interactions at trace level. Data presented in this paper clearly shows that the FISRE method is more easy to carry out, faster and operationally cheaper than the -standard‖ methods (stability constant of the [Sc(DO3AP)] 2-complex cannot be determined by the conventional methods here) and

gives results which can be used for evaluation of complexation ability of new ligands toward metal ions to be utilized as radiopharmaceuticals. Several parameters are influencing labeling efficiency of radiometal-containing radiopharmaceticals. Therefore, the monophosphorus acid analogues of DOTA labeling eficiency was tested at different solution pH's, temperatures and ligand concentrations (more correctly, at different molar radiometal-to-ligand ratios). The results were compared with those obtained for the 44m/44 Sc-DOTA system. [3] The labelling was done with radioscandium from two sources radiochemically pure 44 Sc was obtained from 44 Ti/ 44 Sc generator [6,7] and mixture of 44m Sc and 44 Sc was produced by accelerator. [8] The radioscandiums from the sources differ in specific activities commonly obtained, in cold metal ion impurity content.

This work is the first work where labelling with radioscandium originating from completely different sources was compared; both cyclotrons and the generator might be considered as future source of 44 Sc for nuclear medicine utilizations. The labelling results are summarized in Table 3 and Figures 67.

Any radiometal is obtained, after synthesis and purification procedure, as very diluted solution of its salt or complex with a simple ligand having different activities, and chemical molar concentrations of the metal radioisotopes are ranging from picomolar to nanomolar.

These solutions commonly contain some amounts of other cold metal ions originating from whole preparation process and cannot be removed completely (originate from chemical reagents, target materials in the case of accelerator produced radionuclides, as products of radionuclide decay etc.). The cold metal ions compete with the chelator for the radiometal during labelling procedure. [53] In addition for in vivo imaging, the total amount of a biomolecule should be as low as possible. Chemical purity of the radionuclide product has a crucial influence on the labelling efficiency and final specific activity.

Excess of chelator has to be used to get high labeling yield and, thus, influence of chelator excess over radioscandium was tested first under conditions which previous studies of DOTA derivatives have identified as suitable to distinguish among the chelators, labelling time 30 min at pH 4 and at temperature 70 C. Results are presented in Table 3. With generator 44 Sc, overall radiolabelling yields for 44 Sc-DOTA and 44 Sc-DO3AP were quite similar ranging from 10 % to 95 % if 1 or 5 nmol of the ligand, respectively, were added. In contrast, radiolabeling yield for 44 Sc-DO3AP ABn was much lower (approx. 25 % if <10 nmols of DO3AP ABn was used) and 20 nmol of the ligand was required to reach 95 % radiolabeling.

With cyclotron 44m/44 Sc, the same trend was observed even if amount of the ligands required to reach the same radiolabelling yields was significantly lower. From Table 3, 0.2 nmol of the ligands is enough for cyclotron 44m/44 Sc to get a minimum of 95 % radiolabeling versus more than 5 nmol of the ligands for generator 44 Ti/ 44 Sc. Therefore, it can be assumed that cyclotron 44m/44 Sc should have a higher purity than generator 44 Sc. The radioscandium from both sources was a radiochemically pure NCA radioisotope. It known that DOTA-like ligands are non-selective chelators having similar stability constants for a number of metal ions and a wide range of complexation rates. Therefore, the differences between the radioscandium from the two sources could be explained by a different content of cold metallic impurities competing with the ligands for scandium radioisotope. As consequence, a higher ligand amount is required to get high radiolabeling yields. Then, specific activities of for radioscandium from each source and for each ligand of interest were calculated and the values are summarized in Table S3. The calculated specific activity of cyclotron 44m/44 Sc is always higher than 10 MBq/nmol (4 h after end of beam). However for generator 44 Ti/ 44 Sc, specific activity was estimated to be max. ~2 MBq/nmol (for DOTA; 4 h after end of elution).

Specific activity is a paramount importance as, generally, specific activity of any radiopharmaceuticals should be maximized for conjugates, e.g. of some peptides and/or antibodies, to be used in in vivo in nuclear imaging. Thus for other parameter optimization, ligand molar amount being 20 nmol and 0.2 nmol for generator 44 Sc and cyclotron 44m / 44 Sc, respectively, was chosen with reaction time 30 min.

Influence of temperature on the radiolabeling yield was performed under conditions suggested by experiments above: pH 4, metal-to-ligand ratio 1:500 (i.e. utilization of 0.2 nmol of ligands) for cyclotron 44m/44 Sc, and the same procedure, except 20 nmol of the ligands, was used for generator 44 Sc. Yields are plotted in Figure 6; for the sake of clarity, only DOTA, DO3AP and DO3AP ABn systems were presented in Figure 6 as DO3AP PrA and DO3AP ABn had almost identical radiolabelling behaviour whichever 44 Sc source was used. At 40 C, the generator 44 Sc revealed 30 % labeling for 44 Sc-DO3AP whereas 5-8 % yield was achieved for the 44 Sc-ligand complexes. The yields increased with temperate as expected, above 90 % at 70

C and over 95 % at 90 C but with no difference between the ligands. Surprisingly at low temperature, labelling yield with DOTA was significantly lower that with DO3AP. On the other hand with cyclotron 44m/44 Sc, even if concentrations of the ligands were much lower compared to those for generator 44 Sc, higher radiolabeling yields mainly at lower temperatures were obtained. At 40 C (a temperature still suitable for antibodies labeling), radiolabeling yields from >40 % ( 44 Sc-DO3AP ABn ), >55 % ( 44 Sc-DO3AP) and ~70 % (DOTA) were observed; the values for DOTA agreed well with those previously published.

[3] Complete binding (>95 %) was achieved at 70 C for all ligands. Generally, replacement of acetate group on DOTA skeleton does not lead to noticeable improved radiolabeling at lower temperature if compared with parent DOTA and as that observed for the same ligands with 153 Sm and 166 Ho [34] or for phosphinic acid derivatives of NOTA (TRAP ligand family) labelled with 68 Ga. [28,29] Monophosphinate ligands are labelled worse than DOTA or its monophosphonate analogues at lower temperatures. Some improvement can be noticed with DO3AP at room temperature and it is some hint for possible future ligand design. The difference between the present and previous data can be explained by size of metal ion and macrocycle cavity and affinity of different pendant arms for the metal ions. Trivalent gallium is perfectly fitting cavity of NOTA-like ligands and hard phosphinates are very selective for hard Ga(III) ion. If compared with trivalent lanthanides, smaller Sc(III) may not fit so well into cavity of monophosphorus DOTA analogues and the ion has higher affinity to oxygen atoms of the pendans (see above easy formation of out-of-cage complexes). Better labelling with DO3AP might be connected with rather the most hard character of phosphonate group and, so, good interaction with small Sc(III) ion (see also above on -chemical‖ equilibrium data).

The last parameter to be investigated was influence of pH. It is well-known that complexation of metal ions by macrocycles strongly depends on solution pH as ratedetermining step in the complexation mechanism is removal of the last proton from the ligand cavity (i.e. from the ring amine groups). Conditions were analogous to those above and solution pH was changed from 2 to 6 and results are shown in Figure 7. As in previous works, [6,7] pH above 4 was found to be the most suitable for labelling with Sc(III)-oxalate solution with generator 44 Sc as such complexed form of Sc(III) is stabilized against hydrolysis at higher pH. Cyclotron produced 44m/44 Sc used ScCl 3 aqueous solution also showed the best labelling at pH 4-5 with some decrease at higher pH, probably due to formation of colloidal scandium(III) hydroxide species. When solution pH was reduced to 2 labelling efficiency significantly decreased for all the ligands but more for the phosphorus acid DTA analogues. It is in agreement with equilibrium data (above) as monophosphorus acid DOTA derivatives form the out-of-cage complexes with higher abundances than DOTA does.

So, the optimal radiolabeling yields were achieved using relatively facile conditions -pH 4, reaction time of 30 min, and incubation temperature 70 C. Compared to DOTA as parent ligand, monophosphorus acid DOTA analogues do not really improve the radiolabeling conditions as expected. Even though, the in vitro stability of their 44m/44 Sc complexes was evaluated.

In vitro stability studies

For radioimmunotherapeutic (RIT) applications, metal radionuclides must remain associated with the targeting chelate-protein to minimize toxicity arising from their dissociation from the conjugate followed be undesired biodistribution. Thus, a critical point is examination of the complex stability under challenging conditions. To this aim, we performed in vitro challenging experiments. One of the most informative stability assays that can be readily performed in laboratory is a measurement of stability of a metal ion complex in blood serum.

[54] Whilst serum stability can be seen as a benchmark of in vivo stability in the extracellular environment (i.e. during blood perfusion), it cannot be relied on alone as it does not fully mimic the intracellular conditions that might be encountered. In addition, serum stability studies provide information on possible pathways by which the radiopharmaceutical in question can become demetallated. These studies are often informative and practical at the final stage before carrying the complexes forward for in vivo studies. Free lanthanide(III) ions have a high affinity for bone and are also taken up by liver because of Ln(OH) 3 colloid formation at physiological pH. With this in mind, hydroxyapatite (HA) was selected as an in vitro model material of bone to investigate the title complexes stability. Thus, stability of the various radiometal complexes can be assessed by determining a degree of exchange of the radiometal complexes with HA.

The stabilities against either hydroxyapatite or rat serum were monitored as a function of time and are presented in Figure 8A and 8B, respectively. It was observed that 44 Sc-DO3AP, 44 Sc-DO3AP ABn and 44 Sc-DO3AP PrA complexes were stable over several hours in serum, similarly to 44 Sc-DOTA. Therefore, there is possible to conclude that ligands with DOTA-like structure are good chelators for Sc(III) forming stable complexes. In addition, there has been shown that the 44m Sc/ 44 Sc in-vivo generator used with radiolabeled peptides is stable in biological media; it has been already observed for 44 Sc-DOTATOC with generator 44 Sc [6,20,21] or for 44 Sc-DOTATATE with cyclotron 44m/44 Sc. [3] It is well known that compounds with phosphonate group(s) exhibit high in vivo bone uptake. Therefore, the in vitro stability against HA, the principal mineral component of bones, was studied to check affinity of the 44m/44 Sc complexes to the bone or released of free 44 Sc induced by the bone. For complexes of all the ligands, there is not any uptake of radioactivity on the bone. Therefore, no in vivo bone uptake is expected for complexes of the title ligands; one coordinated phosphorus acid group on the DOTA skeleton is not sufficient for observable bone uptake. [33,34] 

Conclusion

To fully explore potential of 44m Sc/ 44 Sc labelled antibodies as in vivo generator of 44 Sc for PET imaging, there is a clear unmet demand of new DOTA-based ligands of high complexation efficiency permitting formation of the Sc(III) complexes close to temperature compatible with labeling such biomolecules. To this aim, the phosphorus acid DOTA derivatives bearing one methylphosphonic/methylphosphinic acid pendant arm, DO3AP, DO3AP PrA and DO3AP ABn , were evaluated as chelators for trivalent scandium.

Thermodynamic stabilities of their Sc(III) complexes are very high and similar to that of the [Sc(DOTA)] -complex. As expected, stability constants with Sc(III) are several orders of magnitude higher than those for trivalent lanthanides. The presence of hard phosphonate/phosphinate group induces unexpected behavior in acidic solutions. It leads to rather facile formation of out-of-cage complexes and it is more pronounced for the phosphonate group leading even to behavior precluding stability constant determination of the Sc(III)-DO3AP complex. At pH above 4, expected in-cage complex where all donor atoms are bound to the central metal ion is formed. This coordination mode should assure stability of the complexes in vivo. Thermodynamic stability constants were also examined by FISRE method. The method gave only qualitatively similar results but it has an advantage over the common method that, as it is based on tracer amount of metal ions, can be used for several radiometal ions where conventional methods for stability constant determination can be hardly implemented. Labeling efficiency of the DOTA and its analogues was investigated on radioscandium from two sources, generator-or cyclotron-produced 44 Sc. Main difference in labeling found between the radioscandium sources is in different chelator excess over radioscandium necessary for efficient labeling being about two orders of magnitude higher for generator 44 Sc. The difference might be attributed to possible cold metal impurities. As for DOTA, the best labeling conditions for DO3AP, DO3AP ABn and DO3AP PrA were pH= 4 at 70°C for 30 min with different ligand amount according to radioscandium source. The phosphonate ligand, DO3AP, showed somewhat better labeling efficiency at low temperature.

Specific activity of the labeled chelators was higher for cyclotron produced 44m/44 Sc (~10 MBq/nmol) than for generator produced 44 Sc(~2 MBq/nmol). This parameter is of great importance if peptide and/or antibodie conjugates with these ligands are considered for applications in nuclear imaging. In vitro stability of the Sc(III) complexes against hydroxyapatite and in rat serum is very high as expected for complexes of macrocyclic ligands. Although all these chelators can be used as contraction of targeted radipharmaceticals, slow formation kinetics remains a main challenge in desing of chelators especially devoted for scandium radioisotopes. 

Introduction

Radiometals play an important role in nuclear medicine as involved in diagnostic or therapeutic agents. Scandium isotopes ( 44 Sc, 47 Sc) become more easily available and their properties are convenient for either PET imaging or radiotherapy. Notably, the half-life of 3.97 h of 44 Sc and its high positron branching (98%) lead us to consider this isotope for application in PET radiopharmaceuticals.

For in vivo generators, it is not only the log K of complexation between the metal ion and the chelator that is important, but also whether the daughter radionuclide stays inside the chelator after decay of the parent radionuclide. Thus, crucial aspect of this generator concept relies on the similar chemistry of the parent/daughter isotopes so that the daughter radionuclide will not escape the cage ligand carrying the parent radionuclide to the biological target.

From our previous work [24,25], we showed that the DOTA chelator exhibit the higher complexation constant value with Sc compared to other often used ligands such as DTPA, NOTA, In the perspective of medical applications, the Sc(III)-DOTA complex is stable over several days in the presence of a bone mimic and in rat serum. DOTA is also a good chelator of holmium and neodymium but against all expectations, it was evidenced that 166 Ho, from 166 Dy/ 166 Ho in vivo generator was released from DOTA [43]. The published result for 140 Nd/ 140 Pr (Q = 0.222 MeV) indicated that >95% of the daughter ( 140 Pr) was lost by a DOTA chelator upon decay of 140 Nd. The experiment was performed also with the 166 Dy/ 166 Ho generator (Q = 0.486 MeV) and the 90 Sr/ 90 Y generator (Q = 0.546 MeV), which is similar to an in vivo chelator system in which Auger decay is absent. It was found that 72% of the daughter ( 166 Ho) was released from the DOTA chelator, in contrast to the recoil calculations. It was found also that this ratio of released 166 Ho corresponded to the ratio of holmium atoms through Auger decay [START_REF] Zeevaart | Recoil and conversion electron implications to be taken into account in the design of therapeutic radiopharmaceuticals utilising in vivo generators[END_REF] .

It could not be explained by the low recoil energy (Q=0.486 MeV) but may be due to a -post-effect‖, as shown previously for the 140 Nd/ 140 Pr generator with an even lower recoil energy (Q=0.222 MeV) [44]. 166 Dy has higher recoil energy than 44 Sc and it might be sufficient for the daughter nucleus released even from the DOTA complex.

The post-effect was described as the physico-chemical process occurring after the primary radioactive decay (EC, IT, Auger electron …). In the case of 44m Sc/ 44 Sc, there are 3% of Auger emission and a low recoil energy (0.89 eV). So this work examines if there is any release of metal from the DOTA chelate with the aim of establishing an in vivo generator.

V.1. Behavior of Sc-DOTA complex under irradiation: a theoretical approach

It is known that, if the recoil energy is higher compared to the binding energy of an atom in a complex cavity, it could be excavated from the complex [139]. The 44m Sc decays by emitting a photon (E = 271 keV) in 98.8% of cases. The recoil energy of the nucleus calculated for 44m Sc is about 0.89 eV and the energy deposited by the electron is Q= 0.271 MeV.

The stability constant of Sc-DOTA was determined in previous work [25] with a log K ML = 30.79.

Where ΔG is the binding energy of the Scandium-DOTA complex, R is the constant of ideal gas and T is the temperature in kelvin.

From the stability constant value, the binding energy for the scandium-DOTA complex has been estimated to be 1.82 eV. Since the binding energy is higher than the recoil energy of the nucleus induced by its decay, scandium-DOTA complex should be stable. Thus, no release is expected during the decay of 44m Sc to 44 Sc. Nonetheless, that was also the case for 166 Dy/ 166 Ho and 140 Nd/ 140 Pr. The aim of this section is to check by combining a the theoretical approach with an experimental approach, that the decay of 44m Sc does not lead to any metal release. In a very fast part the energy deposited by theparticle is simulated by the use of a linear electron accelerator and/ or the addition of an oxidative species that mimics water radiolysis. Structural analysis was performed by mass spectrometry.

V.2. Behavior of Sc-DOTA complex under irradiation: an experimental approach

V.2.1. Effect of electron and / or the effect of radiolysis

The aim here is to simulate the electron dose emitted during the transition 44m Sc to 44 Sc and its effect on the stability of the complex formed. Thus, in the case of a deterioration of the 44m/44 Sc complex to understand if the release is really due to the transition itself or may induce by water radiolysis that leads to a rupture of the organometallic bond.

For this, series of samples were prepared in ultrapure water; the first one contained only DOTA at 10 -2 M, the second one contains 45 Sc-DOTA complex (M:L 1:10) for which different labeling processes were used. (various heating temperature and time). The third series contained 45 Sc-DOTA complex in which hydrogen peroxide H 2 O 2 was added at different

(1) In theory, concentrations (10 -4 -10 -1 M) in order to mimic oxidizing species created by water radiolysis.

The last series consisted in 45 Sc-DOTA complex with ascorbic acid that was used to prevent from radiolytic effect. The prepared samples were then analyzed using mass spectrometry according to the conditions described above. Attention was paid on peaks of DOTA and Sc-DOTA complexes together with their relative abundance.

 Mass spectrometry analysis

The samples were introduced into the source with a syringe pump at a flow rate of 5µL/min. Nitrogen was employed both as drying and nebulization gas. The ESI(-)-MS (IT-TOF) spectra were recorded with a source temperature of 200°C, a cone voltage of 17V and a capillary voltage of  3kV. This ionization mode does not lead to any fragmentation of molecules which is suitable in our case. The electrospray induced a plasma with charged species of molecules to be analyzed. These ions are then separated according to their mass-to-charge ratio (m/z), typically by accelerating them and subjecting them to an electric or magnetic field: ions of the same mass-to-charge ratio will undergo the same amount of deflection. The ions are detected by a mechanism combining QIT (ion trap) and TOF (time-of-flight) technologies, capable of detecting ionized species. Results are displayed as spectra of the relative abundance of detected ions as a function of the mass-to-charge ratio.

Our two species of interest are DOTA 45 Sc-DOTA exhibit peaks of m/z=403.18 and m/z=445 (figure 1). Mass spectrometry allows thus a discrimination of the chelate us the complex chelate with a good signal /noise ratio which ever temperature or contact time used for the complexation.

For instance, for short contact time, the DOTA is in excess compared to the 45 Sc-DOTA complex, especially at low temperatures. The ionic current of DOTA peak is higher compared to the ionic current of the 45 Sc-DOTA peak. This was not illustrated in this manuscript. This technique is thus a good tool for appreciating the stability of Sc-DOTA complexes. Same was done for batches containing H 2 O 2 and ascorbic acid, in which it was possible to identify this last one. H 2 O 2 has a too low m/z to be detected by mass spectrometry (m/z=34).

By using the same methodology, it was possible to evidence that the presence of oxidizing species does not have any impact on the stability of 45 Sc-DOTA complexes whichever concentration of H 2 O 2 used. In order to simulate the dose delivered by the emission of  particles and the  ray assioated, DOTA ligand and 45 Sc-DOTA complex, were put under a linear electron beam and the resulting solutions were analyzed by mass spectrometry The samples were irradiated with an electron beam from a linear accelerator (LINAC) (VARIAN, Saturne-41) equipped with additional collimator. The vials were irradiated with a 20cm x 20cm 9 MeV electron beam with a source-to-surface distance of 100 cm. The vials were inserted in a polyethylene plastic phantom to ensure the electronic equilibrium in the whole volume irradiated. The volume of interest was within a depth of 1cm and with an additional layer of polyethylene, the dose delivered was homogeneous with an uncertainty of 5% at the maximum of depth dose, where the dose rate was calibrated to 10,64 Gy/min. The structural features of DOTA and Sc-DOTA solutions were then examined by Mass Spectrometry according to the procedure described in the previous section. This allowed to monitor evolution of DOTA and Sc-DOTA complexes upon dose the received.

At the very beginning, the peaks of DOTA and 45 Sc-DOTA complexes were observed.

Conditions were chosen to have approximatively 50% of each species. With increasing the delivered dose, the ionic current associated to the Sc-DOTA peak decreased up to 2 Gy, the complex and the chelate remained in solution. By increasing the dose up to 10 Gy, it was observed that the DOTA chelate lost progressively its pendant arms. At 10 Gy, its four pendant arms were lost with the only signature of the cyclen moiety.

The ionic current for both peaks, i.e. DOTA and 45 Sc-DOTA, was plotted as a function of the dose delivered in figure 2 and up to 1 Gy. In the case of 44m/44 Sc generator, for further use as radiopharmaceutical, the delivered dose to the batch will be certainly much lower than 2 Gy. These conditions have shown that DOTA and 45 Sc-DOTA remained intact in solution.

Nonetheless, it is of great importance to assess the chemical evidence of the feasibility of the 44m Sc/ 44 Sc generator in vivo. This part lead to a paper that was published in Nuclear Medicine and Biology.

Conclusion

The aim of this study was to evidence the chemical feasibility of the in vivo generator 44m Sc/ 44 Sc. DOTA chelator exhibit the higher complexation constant value with Sc compared to other often used ligands such as DTPA, NOTA. From theoretical point of view, the binding energy of the Sc-DOTA complex is higher than the recoil energy of the nucleus during its decay. So Scandium-DOTA complex should be stable during the decay of the 44m Sc to 44 Sc.

First experimental results showed that the Sc-DOTA complex appears to be resistant to radiation up to 2 Gy. Thus, Sc-DOTA complex should resist to the irradiation emitted after decay of 44m Sc to 44 Sc. Experimental studies, realized on 44m Sc/ 44 Sc-DOTATATE showed that no release of scandium was observed, thus, there was no chemical bond break due to the decay of 44m Sc to 44 Sc or to post-effects. The presented experimental generator design allows thus to consider 44m/44 Sc as promising in vivo PET generator due to its stability observed over several half-lives. Thus, the proposed generator offers an appropriate biological stability to be further considered for medical applications.

Introduction

The development of new radiopharmaceuticals requires radionuclides with physical half-lives that match with the vector biological half-lives. Antibodies require longer time to reach optimal concentrations on the tumor surface, thus the use of a sensitive and specific PET tracer with a half-life consistent with the pharmacokinetics of the monoclonal antibodies such as 89 Zr, 64 Cu and 44/m44 Sc would ensure monitoring over several days [START_REF] Deri | PET imaging with 89 Zr: From radiochemistry to the clinic[END_REF][START_REF] Wu | Antibodies and antimatter: the resurgence of immuno-PET[END_REF]. With recent development, the issue is oriented to the use of personalized medicine. This allows a right treatment, for the right patient, at the right time, at the right dose. Thus the use of positron/electron pairs of radionuclides of the same chemical element will allow quantification of the dosimetry to the tissues prior to the treatment. These positron/electron emitter pairs are called theranostic agents, combining diagnosis and therapy.

In this concept, 44 Sc (T 1/2 =3.97 h) can be used in association with 47 Sc. However, for a radionuclide pair (one for PET imaging, the other for therapy), it is better if their half-lives are comparable. This can be achieved by the use of 44m Sc (T 1/2 =58.6 h), an isomeric state of 44 Sc, which decays in vivo to 44 Sc, thus 44m Sc/ 44 Sc generator could allow for longer pharmacokinetic studies [30].

Traditionally, antibodies or their fragments are the most common molecular targeting agents for the specific delivery of imaging contrast and anti-cancer drugs to tumor sites [START_REF] Li | Peptides as targeting probes against tumor vasculature for diagnosis and drug delivery[END_REF].

However, there are two main disadvantages which greatly limit the antibody application, namely poor delivery to tumors due to their large size and dose-limiting toxicity to the liver and bone marrow due to nonspecific uptake into the reticuloendothelial system [START_REF]Cancer Treatment Using Peptides: Current Therapies and Future Prospects[END_REF].

Peptides display good tissue penetrating ability due to small molecular weight (averagely less than 50 amino acids), low immunogenicity, high affinity to targets, acceptable stability and integrity in vivo and easy to manipulate for synthesis and conjugation with other agents [START_REF]Cancer Treatment Using Peptides: Current Therapies and Future Prospects[END_REF].

Peptides are acting as agonists or antagonists to directly target cancer cells. However the main drawback of such small structures is that they are more rapidly cleared from the plasma and there for they have shorter half-lives [START_REF] Wu | Targeted Therapy For Cancer[END_REF].

Pretargeting is a multi-step process that first has an unlabeled bispecific antibody (bsMAb) localized, within a tumor by its anti-tumor binding site(s) before administering a small, fastclearing radiolabeled compound, so-called hapten [START_REF] Goldenberg | Pretargeted Molecular Imaging and Radioimmunotherapy[END_REF], that then attaches to the other portion of the bsMAb. The latter agent is either bound to the bispecific antibody localized at the tumor, or is rapidly cleared through urine via the kidneys, thereby reducing the systemic exposure to harmful effects of the agent.

In the case of scandium, two approaches were used in this very preliminary biological section.

In one hand a peptide, DOTATATE, was used whereas in the other hand a Pretargeting approach by the mean of IMP-288 hapten was evaluated.

IMP-288 is 1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-tetraacetic acid (DOTA)-d-Tyr-dLys(HSG)-d-Glu-d-Lys(HSG)-NH 2 ) peptide (Figure 1). Scandium is an element scarce data are available in the literature concerning the study of its toxicity and its in vivo biodistribution.

In vitro, scandium was transferred between transferrin and ferritin, although in vivo, the binding to ferritin appeared to be negligible compared with other transition metals [15]. In vivo, it was shown [15] that transferrin played a major role in the transport of Sc in plasma and only the scandium serum protein complex was observable. Ferritin plays a minor role in the metabolism of Scandium in vivo. Scandium is also associated with organic molecules of low molecular weight such as citrate. It was also shown that the Sc-EDTA complexes are quickly undertaken by the kidneys and eliminated via the urine, while ScCl 3 is extensively deposited in the liver and spleen in mice [START_REF] Kodama | Metabolism and toxicity of i.v. injected YC13 in rats[END_REF]. It also has been shown that the accumulation of Sc-citrate in the liver, spleen and bone was greater than the Sc-EDTA complex following their injection into the mouse. 44 Sc has already been evaluated for binding with DOTA-conjugated peptides [START_REF] Majkowska-Pilip | Radiolabeling of DOTATOC with the long-lived positron emitter 44 Sc[END_REF][START_REF] Koumarianou | 44 Sc-DOTA-BN[2-14]NH 2 in comparison to 68 Ga-DOTA-BN[2-14]NH 2 in pre-clinical investigation. Is 44 Sc a potential radionuclide for PET?[END_REF]. 44 Sc-DOTATOC was prepared using the 44 Ti/ 44 Sc generator. After having verified that the resulting complex (> 98% yield) remained stable; a patient was injected with 32MBq of the complex formed and a PET/ CT scan was done 19 h post injection. This was the first human use of 44 Sc-DOTATOC in a patient with liver metastases [START_REF]Scandium-44: benefits of a long-lived PET radionuclide available from the 44Ti/44Sc generator system[END_REF].

Nonetheless, due to contradictory data from the available literature on in vivo behavior of scandium, it was first important to understand and evaluate the biodistribution of uncomplexed scandium. This would enable to monitor any potential in vivo release of Sc from the labeled peptide.

The aim of this section is to present the very preliminary results on the biological feasibility of the 44m/44 Sc in vivo generator. The peptides selected for this study are DOTATATE, which is a (Tyr 3 )-octreotate and used for direct targeting, and IMP-288 a hapten peptide, a hapten used in pre-targeting. First, radiolabeling studies of 44 Sc-DOTA conjugated peptides were optimized. Then the in vitro stability studies in rat serum and hydroxyapatite (H.A) were performed for both peptides of interest.

Before any in vivo studies, a protocol was developed in order to purify the radiolabelled 44m/44 Sc-IMP288 peptide from unchelated IMP-288 by the mean of an HPLC process.

Finally, biodistribution studies and PET imaging were performed with 44m/44 Sc only, with 44 Sc from 44 Ti/ 44 Sc generator, with a one of the monophosphonic DOTA analog (H5DO3AP), introduced earlier in this manuscript., and finally with DOTATATE and IMP-288. These studies were performed only in nude mice.

VI.I. Radiolabeling of scandium with DOTA analogs

The labeling conditions for 44 Sc with different compounds have already been developed and optimized. The optimized conditions are summarized in table 1. The 44m/44 Sc-IMP288 was recovered from the cartridge with a mixture of HEPES buffer and pure ethanol (50/50) with ~94% efficacy (figure 3).

VI.2.2.HPLC quality control

High Pressure liquid chromatography (HPLC) quality control was also performed on the 44m/44 Sc-IMP288 complex before the in vivo injection. The analysis was performed according to a protocol described before [START_REF] Pawlak | Comparison of receptor affinity of natSc-DOTA-TATE versus natGa-DOTA-TATE[END_REF]. A C 18 Luna column (Phenomenex USA) was used. The mobile phase was 0.1% TFA (Trifluoroacetic acid)/H 2 O (solvent A) and 0.1% TFA/Acetonitrile (ACN) (solvent B). A gradient was used as 0% of solvent B for 2 min, increased to 40% from 2 to 9 min, remaining at 40% until 15 min, and then decreased to 0% in 3 min from 18 min to 23 remaining at 0% at a flux rate of 0.6 mL/min.

VI.3. In vitro stability of the radiolabelled 44m/44 Sc-DOTA peptides

For radionuclide therapy applications, radionuclides must remain associated with the targeting chelate-protein to avoid the toxicity released in their dissociation.

Serum stability studies provide information on possible pathway by which the radiopharmaceutical in question can be demetallated. These studies are practical before carrying the complexes forward for in vivo studies. 44 Sc-IMP288 complexes obtained with more than 96% labeling yield were used for stability studies. 100 µL of the Sc-peptide complex were added to 400 µL of rat serum and incubated at 37°C up to 96 h. 

VI.4. In vivo studies (Biodistribution studies and PET imaging)

About Sc radionuclide toxicity, little data are available in the literature concerning the study of its physiological effects and in vivo biodistribution.

Scandium is transferred between transferrin and ferritin in vitro. In vivo, it was shown [15] that transferrin plays a major role in the transport of Sc in plasma and only the scandium serum protein complex is observable.

Byrd., B.L. et al. [START_REF] Byrd | Effect of stable scandium on the long-term whole body retention of intravenously administered 46 Sc citrate in the rat[END_REF] found that the uptake and retention of scandium in some tissues appears as extended. In addition, biodistribution studies with 46 Sc have shown that administration of stable scandium has a permanent additional effect on the retention and distribution in tissue of the 46 Sc.

It has been shown that the accumulation of Sc-citrate in the liver, spleen and bone was greater than the Sc-EDTA complex following their injection into the mouse. Some authors [45] have shown that when the Sc-NTA was injected with relatively high concentrations of Sc, the metal The accumulation of Sc in bone is about 5% but as Sc complexes are rapidly excreted, the concentration of Sc in tissues is low. But more recently, some authors have found different biodistribution profiles with 46 Sc [START_REF] Banaem | Development of a radioscandium immunoconjugate for radioimmunotherapy[END_REF] .

Thus, for these contradictory results, it seems important to perform the biodistribution studies with free 44m/44 Sc and 44m/44 Sc-DOTApeptide.

Biodistribution studies and PET imaging were performed with free 44 After sacrifice, the animals used in the biodistribution study were dissected. Blood and major organs (eyes, lungs, brain, heart, fat, kidneys, spleen, stomach, liver, intestines, skin, muscle, and tibia) were collected in hemolysis tubes. They were weighed and counted in a gamma counter (in the case of 44m/44 Sc generator, the organs were counted in a gamma counted for two energy windows corresponding to 44 Sc and 44m Sc respectively). The number of counts measured in each organ was corrected for decay and reported to the number of counts corresponding to the total activity injected.

Three standards were systematically prepared from the initial solution of scandium, containing each the same activity than the one injected to the animals. These standards were counted together with each set of organs and collected blood.

VI.4.1. Free 44 Sc

In animal studies, the toxicity of scandium was of interest because of its possible use as an augmentative agent for 67 Ga scanning patients with cancer. First Biodistribution studies realized with free 44 Sc show that the spleen is the major accumulation target. Apart from the spleen, the Free Sc accumulated in the liver and heart. In contrast the Sc-peptide complex accumulated mainly in the liver, also in the spleen. Quite similar biodistribution as previously observed. [START_REF] Byrd | Effect of Stable Scandium on the Long-term Whole Body Retention of Intravenously Administered 46 Sc Citrate in the Rat[END_REF].

Biodistribution studies and PET imaging were first performed in acetate buffer pH 5.2, after 1h post injection, free 44 Sc in acetate buffer accumulated principally in lungs and heart, which can be explained by the formation of some colloids. Surprisingly an accumulation of free 44 Sc was observed in the eyes. An assumption could be the formation of a co-precipitate of Sc-Ca and protein beta B2 and A3 beta crystalline which fix the Ca. For these reason, biodistribution and PET imaging were performed again using another buffer: HEPES buffer.

In contrast, in the case of biodistribution studies and PET imaging (figure 5) performed with free 44m/44 Sc in HEPES buffer, widely used in cell culture, no accumulation of Sc in the eyes was observed, and free Sc was eliminated in the urine after 4h p.i. Thus, this buffer was selected for further biodistribution studies with Sc-DOTA-peptides. However a small bone uptake was observed 15 h post injection in the epiphysis areas. In the case of 44 Ti/ 44 Sc generator, results obtained (figure 6) showed an important accumulation of the free 44 Sc was observed practically in lungs, blood and liver that might be explained by the formation of colloids. The bone uptake was less than 1%. Same results were observed in the case of free 44m/44 Sc in HEPES buffer 1 h p.i. However the 44m/44 Sc was completely eliminated 4 h after injection. Slight differences in the reported biodistribution data are possibly because of using rats instead of mice between both experiments.

In vivo studies of the 44 Sc from 44 Ti/ 44 Sc generator with the monophosphonic DOTA analogs were also performed. One ligand was selected for these studies: the H5DO3AP.

Figure 7:

(A) 44 Sc-DO3AP complex 0.5h p.i PET imaging (B) Biodistribution studies of the 44 Sc-DO3AP complex 1h p.i

Results obtained (figure 7) showed that practically, after 0.5 h p.i a bone uptake was observed, but practically after 1 h p.i , the injected 44 Sc-DO3AP is completely eliminated in the urine.

There is No any prolonged retention observed in the organs including the blood. Thus biodistribution studies should be performed again at longer time points to confirm the bone uptake observed 0.5 h p.i in PET images.

VI.4.3. 46 Sc-DOTATATE complex

This part of work was carried out by T. Maina-Nock and P. Bouziotis NCSR Demokritos (Greece). This was done within the framework of the European COST network in which we are integrated.

100% radiolabeling yield was obtained when mixing 40nmol of the DOTATATE peptide with 3.6 MBq of 46 Sc. The resulting radiolabelled sample was then used for biodistribution studies.

In order to have a measurable injected dose in the animals, we diluted the above sample with 

Conclusion

Pretargeting radioimmunotherapy combines the excellent tumor-seeking properties of antibodies with the fast distribution and clearance of low molecular weight probe, and has demonstrated an ability to provide substantially higher tumor-to non-tumor ratios of radioactivity than those achievable through the standard one-step radioimmunotherapy approach.

Among all the emitters under consideration in the field, scandium is an innovative element for the nuclear medicine, so much for the Positron Emission Tomography (PET) (Scandium-44)

that for the Radiotherapy (Scandium-47).

In this chapter, we performed the very preliminary biodistribution studies and PET images with free 44 Sc from 44m Sc/ 44 Sc and 44 Ti / 44 Sc generator. Results obtained showed that all the injected scandium was eliminated after 4 h p.i. However, scandium seems to accumulate in bones at longer time points.

Then, we were interested to the radiolabeled 44 Sc, starting first with small molecules of interest: monophosphonic DOTA analogs. One ligand was selected for these studies: the H5DO3AP. Biodistribution and PET imaging performed with 44 Sc-DO3AP complex, showed that after 1 h p.i radioactivity was localized only in organs involved in the excretion routes, especially in the kidneys. Thus; these complexes are not promising for bone targeting, but the ligand can serve as an alternative metal-binding moiety to the common DOTA-like ligands in biologically active conjugates.

Next step consist on study the behavior of radiolabeled scandium with DOTA conjugated peptides. Two peptides were selected DOTATATE which is used for direct targeting and IMP-288 which is used for the pretargeting technique. Biodistribution studies were performed first with 46 Sc-DOTATATE in healthy mice. Results showed that radioactivity was localized only in organs involved in the excretion routes, especially in the kidneys.

Finally, biodistribution studies of the 44m/44 Sc-IMP288 complex in healthy mice also showed a rapid elimination of this peptide with rapid renal clearance. Nonetheless, these experiments must be performed again since a signal to the kidneys was observed at longer time points.

This will be a problem and limit the use of scandium if confirmed.

Thus from these results it is possible to conclude that 44m/44 Sc seems promising to be used as in vivo generator. However, complete preclinical and tumor models studies are required in order to evaluate the in vivo inertness of the radiolabeled chelates.

The location or the selective destruction of cancerous cells by a biological vector coupled to a radionuclide is a simple concept and particularly attractive. The concept of the radioimmunotherapy has thus been developed, this technique based on a vectorization using an antibody, alpha or beta radionuclide emitter thus leading the selective destruction of tumor cells. It is also possible to use the characteristics of the targeting vector molecules for imaging, it is called phenotypic imaging. Historical radioisotopes used in this field are 99m T (80% in imaging); 18 F (10% in imaging) 131 I which represent approximately 90% of the therapeutic uses. However, for imaging, should develop new radionuclides with longer-life than 18 F. On the side of radiotherapy, it must be developed more efficient, easier to handle and more toxic radionuclides for tumor cells. In this context, the 44 and 47 isotopes of scandium were identified as promising radionuclides. The 44 Sc is a  + emitter that will allow dosimetric study associated with the therapeutic 47 Sc. When coupled to the same vector (peptides or antibodies) that the one used with the 47 Sc, it will be possible to make a pre-therapeutic dosimetry study using the images obtained with the Positron Emission Tomography (PET).

Finally, the 44 Sc has an isomeric state 44m Sc, co-produced with 44 Sc, which allows considering the 44m Sc/ 44 Sc as a generator in vivo. My work consists on the development of this new pair of radionuclides.

The first part of my studies concerned the development of an extraction and purification process, first on small targets and on targets with larger activities. The study of the recycling process for enriched target material will also be discussed. The target consisted of a 44 CaCO 3 enriched pellet. Irradiation was carried out using a deuterons beam of 16.4 MeV. Deuterons have been preferred to the protons as projectile in order to promote the number of 44m Sc atoms produced during the irradiation. A typical irradiation was an hour for currents from 5-27 µA.

After irradiation, pellets of calcium were dissolved, purified and analyzed (activity, metallic concentration). My work on small targets showed that it was possible to obtain in reproducible way the 44m/44 Sc radionuclide, generating batches with a repeatable and reproducible radiochemical and chemical purity. The mean volumetric activity generated on these small targets was approximately 125 MBq/ml for a final volume of 400µl. The efficiency of this extraction / purification step allows to recover 90% of the activity. Moving to larger targets enabled to start the first studies in small animals, but this required a reoptimization of the extraction / purification process. However, we were able to control the conditions to obtain batches whose radionuclidic, radiochemical and chemical purities were repeatable and reproducible. The yield was again approximately 90%. The volumetric activity generated on these targets was approximately 375 MBq / ml. The resulting specific activities (> 10 MBq / nmol) helped to achieve thus the first preclinical studies. The specific activities calculated in the case of 44m/44 Sc appear to be higher compared to that estimated for the 44 Ti/ 44 Sc generator (about 2 MBq / nmol). Indeed, the high cost of the enriched 44 CaCO 3 used to prepare the targets, fact that if the generator wants to be proposed later profitably to hospital cyclotrons, it is essential to be able to recover the 44 Ca extraction of 44 Sc. For small targets, as for larger targets, an effective recycling process was established allowing at long term, to propose this generator in hospital services in a cost effective way. The recycling process was optimized. We have shown that targets prepared from recycled material generate the same activity and lead to the same specific activity as compared to enriched material. In fact at each step, quality controls were performed to ensure and control the quality of the material in order to prepare the next targets.

The second part of my work has examined the interactions between ligands and these radionuclides of interest: molecular modeling, determination of thermodynamic constants and physicochemical optimization of radiolabeling. To study the behavior of scandium in aqueous solution, a dual approach was developed:

 An experimental approach that used methods so called competition to identify the species formed and thermodynamic constants of the studied equilibrium.

 A theoretical approach that used methods of computational chemistry and provided information at the molecular level on the studied systems. It allowed the prediction of thermodynamic data supported by the experimental approach.

We wanted to see firstly if the complexation properties of the scandium with a ligand could be predicted, by changing the nature and number of heteroatoms, or if the carbon chain was flexible or rigid. Also, find ligand that will ensure an efficient radiolabeling with good stability in biological media. The ligands primarily considered are polyaminocarboxylates polydentate ligands such as DTPA, DOTA or TETA.

DFT calculations should also allow us to assess whether the recoil energy generated during the transition 44m Sc to 44 Sc (0.89 eV) was sufficient to induce the rupture of a bond on a ligand and lead to the release of scandium in the media. Scandium complexes formed are preferably hexa-coordinated. Scandium complexes with based DOTA ligands were more stable than the similar complexes with yttrium (III). However, although this ligand showed very high stability constants with respect to metals, it shows no selectivity and the kinetics of formation of some of the complexes is slow. The introduction of other heteroatoms on DOTA ligand, e.g. phosphate functions, did not improve the stability of these complexes. The monophosphonic DOTA derivatives bearing a methylphosphonate or methylphosphonic acid arm (H5DO3AP, H5DO3AP PrA and H4DO3AP ABn ) exhibit thermodynamic constants of the same order than those determined for Sc-DOTA complex. H5DO3AP, H5DO3AP PrA and H4DO3AP ABn ligands exhibit log K of from 25.9 to 28.6 against log K = 30.8 for DOTA.

The kinetic parameters, including temperature, were evaluated for these ligands, in radiolabelling studies. We were able to show that the conditions for radiolabeled DOTA derivatives, H5DO3AP, H5DO3AP PrA and H4DO3AP ABn were identical to those optimized for the DOTA moiety (i.e. 70 °C, 20 minutes, pH = 4-6). These conditions, especially temperature factor, do not improve the radiolabeling compared to the DOTA ligand. The monophosphonic derivatives of DOTA are therefore not a good alternative to the complexation of scandium compared to DOTA moiety, by contrast to the same kind of NOTA based derivative with 68 Ga.

The last part of my work had as objective to evaluate the chemical feasibility and to acquire the very preliminary data on biological aspects for 44m/44 Sc generator. This included the acquisition of the very first preclinical data in small animals and the acquisition of first PET images. First, we examined the effect of the recoil energy on the 44m Sc-DOTA complex to evaluate the potentiality 44m Sc / 44 Sc as a generator. An original protocol was developed to show or disprove the validity of such a generator. It consists on the use of peptides coupled to a DOTA core (DOTATATE). The hydrophobic part of the peptide allowed the interaction with a C18 column keeping free the chelating core for scandium (i.e. DOTA moiety). In fact, 44m Sc (III)-labeled DOTA-peptide was quantitatively adsorbed on a solid phase matrix through an hydrophobic interaction, while free cations are eluted. No release of scandium was observed and therefore, the chemical feasibility of 44m/44 Sc generator was evidenced.

It was also important to show its feasibility from the biological point of view. The peptides selected for this study were DOTATATE, for direct targeting whereas IMP-288 was chosen for its potential interest in a pretargeting approach. After optimization of the radiolabeling conditions for each peptide of interest, their stabilities in serum and by challenge with a bone substitute were monitored. Before the in vivo injections, a purification process was developed and optimized for the radiolabelled complexes.

Due to contradictory data from the available literature on in vivo behavior of scandium, it was important to first understand and evaluate the biodistribution of uncomplexed scandium. Even if very preliminary results were recorded, scandium seemed to accumulate in bones. For peptides, either for direct targeting or for pre-targeting approach, biodistribution studies in normal mice showed a rapid clearance of these peptides through the kidneys. Nonetheless, these experiments must be confirmed since a prolonged uptake to the kidneys was observed It was not possible to work on tumor-bearing mice due to lack of time.

From all these results, it would be possible to conclude that the 44m/44 Sc seems promising for being used as in vivo generator. However, it seems difficult to forecast its radiopharmaceutical future till complete preclinical studies and associated dosimetric assessments would not have been performed. Further studies with tumor models are required for evaluating the in vivo inertness of radiometal-labeled chelates prior to clinical trials.

The development of such agents would amplify the panel of treatment for patients through (1) the improvement of detection and diagnosis of cancer, (2) an earlier evaluation of the effectiveness of treatment (3) the ability to predict therapeutic response and targeted therapy in case of resistance to conventional treatments (4) 
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  . The second part of my work has examined the interactions between ligands and these radionuclides of interest: molecular modeling, determination of thermodynamic constants and physicochemical optimization of the radiolabeling. The last part of my work examined the chemical feasibility and preliminary experiments on the biological feasibility of the 44m/44 Sc generator, including the acquisition of the first preclinical data in small animals and the acquisition of first PET images. This work was funded by SUBATECH laboratory (UMR 6457) in collaboration with several other teams: such as CEISAM (UMR 6230), the INSERM unit U892 and AMAROC (Veterinary College of Nantes). The majority of the experimental work was performed over the ARRONAX Cyclotron.

  F. Côté radiothérapie, il faut développer des radionucléides plus efficaces, plus faciles à manipuler et plus toxiques pour les cellules tumorales. Ainsi, c'est l'ensemble des propriétés physiques d'une part (période radioactive, type d'émetteur, énergies des émissions …), chimiques et biologiques d'autre part, qui vont guider le choix du radioisotope le mieux adapté à telle ou telle application. Par exemple, pour des radioisotopes à courte durée de vie, il est particulièrement judicieux d'utiliser comme molécule vectrice des peptides ou des fragments d'anticorps qui circulent assez rapidement dans l'organisme. Mais on peut ne pas se limiter à ces vecteurs. On est amené par exemple à utiliser une technique en 2 temps, dite de pré-ciblage. Ainsi, on commence par injecter un anticorps bispécifique non marqué qui va sur les cellules tumorales. Puis on injecte une molécule marquée qui ira reconnaître le site dédié sur l'anticorps bispécifique. Ceci permet d'optimiser les techniques de traitements et d'émetteurs utilisables. Cette technique de préciblage présente également un autre avantage car elle n'irradie pas les cellules circulantes

Figure 1 :

 1 Figure 1: diagramme de spéciation du Scandium (c Sc =10 -3 M)

  Les radio-isotopes du Scandium sont d'intérêt pour le diagnostic et la radiothérapie ciblée. Le Scandium-47 a une demi-viede 3,35 jours et émet deux particules d'énergies modérées : une particule β -(600 KeV, 100 %) et un rayon gamma (159 keV, 68 %) comparable au Cuivre-67, un radionucléide prometteur pour la thérapie ciblée. Le44 Sc est un émetteur β + (632 keV, 94,27 %) avec une énergie comparable au18 F mais une demi-vie plus longuede 3,97 heures. Le schéma de décroissance est rappelé à la Figure2. Le44 Sc peut servir comme un substitut d'imagerie pour plusieurs métaux trivalents, y compris les lanthanides et l'yttrium en couplant au même vecteur biologique et estimer la dosimétrie pour la thérapie avec le47 Sc.

Figure 2 :

 2 Figure2: schéma de décroissance du Scandium-44[12] 

  Sc sans entraineur froid ( 45 Sc), est séparé du matériau cible de Ti à l'aide d'une colonne échangeuse de cations. Le 48 Ti est d'abord élué avec de l'HCl 1,0 et 2,0 N. Le 47 Sc est ensuite élué avec un mélange d'HF 4 N et d'HCl 0,1 N. L'éluat contenant le 47 Sc est ensuite évaporé à sec, repris avec de l'eau régale, puis deux fois avec de l'HCl concentré et enfin avec du peroxyde d'hydrogène à 30 %. Le résidu est ensuite dissous dans l'eau et chargé sur une seconde colonne pour éliminer les traces finales du matériau cible et autres traces d'impuretés métalliques. Enfin le 47 Sc est élué et évaporé à sec comme précédemment décrit.

  études d'équilibre de dialyse. Bien qu'il ait été montré que le Sc se lie à la fraction β-globuline in vivo en particulier à la transferrine, il peut aussi bien se lier à d'autres protéines. Il a été montré que lorsque le complexe Sc-NTA était injecté avec des concentrations relativement fortes de Sc, le métal était accumulé au niveau des os (environ 5%), comparativement aux complexes Sc-Citrate ou Sc-EDTA. Moeller [17] a postulé qu'il y avait une corrélation entre le rayon ionique des éléments de terres rares (RE) et leur capacité à former des complexes stables. Les complexes forts de terres rares (log K ML > 20) se dissocient peu et sont excrétés rapidement alors que les complexes de stabilité intermédiaire (log K ML = 15-20) se dissocient davantage et donc l'élément métallique se dépose dans les tissus et son excrétion est minime.

  ces complexes in vivo pour le diagnostic et le traitement. Corneille et al, ont travaillé sur l'anticorps monoclonal 2D12.5 développé vis à vis son DOTA analogue le NBD ((S) -2-(4-nitrobenzyl) -DOTA). Ils ont constaté que le 2D12.5 se lie non seulement à l'Y-NBD mais aussi à tous les complexes NBD avec tous les lanthanides. Par contre l'ion Sc (III) se lie à l'anticorps NBD avec une affinité beaucoup plus faible (<1%) par rapport aux terres rares, probablement du fait du petit rayon ionique du Sc(III). Ce manuscrit s'articulera donc autour des axes suivants : -Dans une première partie, nous dresserons un état de l'art succinct sur la médecine nucléaire et en quoi le scandium est un radionucléide particulièrement intéressant dans ce contexte. Nous ferons un bilan des connaissances sur la chimie du scandium, les isotopes d'intérêt et les connaissances en matière de comportement in vivo.

II. 1 .

 1 CaCO 3 et avec des activités spécifiques élevées, pour permettre de réaliser des études in vivo : biodistribution et imagerie TEP. Production du 44m Sc / 44 Sc à partir de petites cibles de CaCO 3 La cible est constituée de 100 mg de 44 CaCO 3 pressée sous 5000 tonnes pour former une pastille de 10 mm de diamètre et 470 µm d'épaisseur. Pour éviter la contamination de la poudre 44 CaCO 3 pendant l'irradiation, chaque cible est placée à l'intérieur d'un anneau ayant une feuille de Kapton de 75 µm d'épaisseur sur les faces de la pastille. Pour la production, nous avons choisi d'utiliser une énergie de faisceau de 16 MeV en deutons. Compte tenu de la perte d'énergie dans les feuilles de Kapton et dans l'air, le deutérium incident atteint la cible avec une énergie de 14,92 MeV et une énergie de sortie de 7,5 MeV. Une fois l'irradiation terminée, l'étape suivante consiste en l'extraction et la purification du 44m/44 Sc. En effet, les batchs du 44m/44 Sc peuvent contenir des impuretés métalliques. Le traitement des cibles est un point important, en effet selon sa production, le radio-isotope peut être obtenu sous forme pure ou sous forme de mélange d'isotopes, notamment avec des isotopes stables. La séparation du radionucléide à partir des autres éléments est le plus souvent effectuée sur une colonne chromatographique. L'utilisation de ces systèmes permet d'une part de contourner les problèmes logistiques liés à la production et l'utilisation de radioisotopes à courte demi-vie, et d'autre part, d'obtenir un radionucléide de haute pureté et donc de haute activité spécifique.La résine DGA (figure3), qui est une résine spécifique de cations trivalents, s'avère plus prometteuse dans les applications analytiques pour le scandium que d'autres résines.

Figure 3 :

 3 Figure 3 : Extractant de la résine DGA

Figure 4 :

 4 Figure 4 : Protocole d'extraction et purification du 44m/44 Sc

  CaCO 3 (m = 500 mg, Ø= 20 mm, épaisseur: 0,6 mm), les conditions d'irradiation (t= 3 h) ainsi que le protocole utilisé pour

  mieux comprendre l'affinité des molécules d'ammoniac et d'eau avec le Sc (III), les complexes Sc(NH 3 ) n 3+ (n=1-4) ont été étudiés et certaines réactions d'échange ont été réalisées. Les résultats obtenus montrent que plus le nombre de molécules d'ammoniac augmente plus le complexe formé avec le Sc(III) devient plus stable (figure 5), mais l'ammoniac contribue moins bi e n à la stabilité des complexes formés par rapport aux molécules d'eau.

Figure 5 :

 5 Figure 5 : structure complexes Sc-cluster On s'est ensuite intéressé à l'étude des systèmes [Sc(CH 3 COO -) m ] (m-2) (m=1-5), la stabilité des complexes formés augmente avec le nombre de groupement carboxylique complexés au Sc(III) jusqu'à 4 groupements (figure 5). Au-delà de 4 la stabilité décroit. Donc la présence de 4 groupements carboxyliques conduit à la formation d'un complexe de scandium le plus stable.

Figure 6 :Figure 7 :

 67 Figure 6: complexes [Sc-DOTA] -1

  Sc de la partie chélatante (DOTATATE). Les points correspondent aux valeurs d'activités mesurées expérimentalement dans la fraction éluée.

Figure 9 :

 9 Figure 9 : profil de désintégration du 44m Sc après élution du générateur. La ligne représente l'activité calculée et les points, les activités expérimentales mesurées dans les fractions de DTPA.

Figure 10 :

 10 Figure 10 : Structure des peptides étudiés (A) DOTATATE (B) IMP-288

Figure 1 :

 1 Figure 1: annihilation of a positron Positron emission tomography allows to measure physiological function by monitoring blood flow, metabolism, neurotransmitters, and radiolabelled drugs. PET offers quantitative analyses, allowing relative changes over time to be monitored as a disease process evolves, or in response to a specific stimulus. It can also be used to determine data on the pharmacokinetics and mode of action of an active substance, thus facilitating the development and determination of the minimum effective dose [55].The PET image obtained based on the detection, by a camera, of pairs of 511 KeV γ photons emitted in coincidence (at 180° from each other). These are produced during the annihilation phenomenon (Figure1) resulting from the encounter between a particle β + (or e + ), generated during the decay of a radionuclide, and a valence electron of the tissues (e -).

Figure 2 :

 2 Figure 2: Positron Emission Tomography principle

Figure 3 :

 3 Figure 3: radiolabeling using a bifunctional chelating agent.

[ 65 ]

 65 . Above pH 11, the amphoteric nature of Sc(OH) 3 is revealed and the scandate [Sc(OH) 4 ] - is formed.

Figure 4 :

 4 Figure 4: scandium speciation diagram (c Sc =10 -3 M)

Figure 5 :

 5 Figure 5: structure of the ligands studied with Sc

Table 2 :

 2 Stability constants of studied ligands with Sc determined by the free-ion selective radiotracer extraction method (I = 0.1 M NaClO 4 , C L = 10 -9 to 10-3 M)[24] 

  Sc (T 1/2 = 3.92h) is a β + emitter ideal for PET diagnosis. It decays in 94.27% of cases by emitting a positron [101],

Figure 6 :

 6 Figure 6: Scheme of energy levels of 44 Sc [12]

Figure 1 :

 1 Figure 1: Experimental and calculated cross section of 44 Sc production, using proton or deuteron as projectile.

Figure 2 :

 2 Figure 2: Variation of 44m Sc/ 44 Sc ratio depending on the nature of the projectile

Figure 3 :

 3 Figure 3: Radiation scheme of the CaCO 3 target at the ARRONAX cyclotron

Figure 4 :

 4 Figure 4: 44 CaCO 3 Target before (a) and after irradiation (b)

  CaCO 3 targets. The targets were removed from the target holder and dropped into 4 mol.L -1 HCl solution. The aqueous solution was loaded onto the DGA® column. At the end of the purification process, the scandium solution was evaporated to dryness and the, recovered in a small volume of HCl 0.1 mol.L -1 .

Fig 4

 4 Fig 4 shows the partition coefficient in logarithmic scale on DGA resin as a

  Sc source production. The recovery of elements which are not adsorbed and totally recovered at the end of the rinse step (mainly K, Cu, Co, and Ni), are not shown. The final extraction scheme for Ca, Fe, Zn and Sc was optimized based on the partition coefficient of elements from Figs. 4-5 and multiple elution experiments. The acid concentration of the load solution on DGA was fixed at 4 mol.L -1 HCl. Matrix elements, including alkali and transition metals such as Co, Cu, Ni were removed from the resin during the load and subsequent rinse in 4 mol.L -1

Figure 1 :Figure 2 :Figure 3 :Figure 4 :Figure 5 :Figure 6 :Figure 2 :Figure 4 :Figure 5 :Figure 6 :

 1234562456 Figure 1: Structures of DGA resin extractant and DOTA chelator

Figure 5 :

 5 Figure 5: CaCO 3 Target before (a) and after irradiation (b)

Figure 7 :

 7 Figure 7: monitoring of 44m/44 Sc sources: activity produced

Figure 8A :Figure 8B :

 8A8B Figure 8A: monitoring of 44m/44 Sc sources: chemical purity

type 6 -

 6 31+G(d,p). The last one (BS 2) was the formed of a Dunning atomic basis sets aug-cc-pVDZ For Sc and Y the small-core spin-dependent ECP10MDF and ECP28MDF pseudopotentials, in conjunction with the corresponding (8s7p6d2f1g)/[6s5p3d2f1g] and (29s26p14d2f)/[5s5p4d2f] basis sets respectively were used. For H, N, O, C atoms, the 6-31G*. (BS 0), 6-31+G(d,p) (BS 1) and aug-cc-pVDZ (BS 2) basis sets were used

  stay in the first coordination shell successively, other molecules migrate from the first coordination shell to the second coordination sphere. Each of these water molecules connect to two water molecules from the first coordination shell. Information such as average Sc-O bond distances, Mulliken charge of scandium atom, average O-H distances and total water molecule binding energy (ΔE), are given in table 1 and shown on Figs. 1-3. Theoretical geometries of [Sc(H 2 O) n ] 3+ ,(n=1-10) complexes are also given in Fig 4. For agiven stoichiometry, there may be several symmetries were possible, our objective is to get the most optimized structures with the minimum energy as possible. The final symmetries found were thus C 2V , C 2 , D 3 , S 4 , C 2V , O h , C 2 , S 8 , D 3 and C 2 ; for n=1-10 respectively. These results are in agreement with earlier published data[6].The results obtained from the DFT calculations show that as the number of coordinating water molecules increases, the Sc-O distance increases, presumably as a result of both an increase in the steric interactions between water molecules and a decrease in the strength of the interaction of Sc 3+ ion with each individual molecule. However, the O-H distance decreases as the number of coordinating water molecules increases. From eight molecules, Sc-O distance remains unchanged and the formation of a plateau is observed

Figure 3 :Figure 4 :Figure 6 :Figure 5 :

 3465 Figure 3: Average distance R(O-H) in [Sc(H 2 O) n ] 3+ cluster

Figure 7 :Figure 8 :Figure 9 :Figure 10 :Figure 11 :III. 3 .

 78910113 Figure 7: Average distance R(Sc-N) in [Sc(NH 3 ) n ] 3+ cluster

  with zero-point energies of the [Sc(CH 3 COO)m] 3-m clusters, the (Sc-O) distance and the Mulliken charge for the Sc(III) ion are summarized in table 1. The optimized geometries of the [Sc(CH 3 COO) m ] (3-m) (m=1-5) are shown in Fig.1.

  1 symmetry was obtained for both [Sc(CH 3 COO) m ] (3-m) (m=4-5). [Sc(CH 3 COO) m ] (3-m) (1.a) ΔE Sc 3+ + m(CH 3 COO) -

Figure 1 :

 1 Figure 1: Structures of the [Sc(CH 3 COO -) m ] (3-m) cluster

Figure 2 :

 2 Figure 2: Structures of the [Sc(H 2 O) (n-m) (CH 3 COO -) m ] (3-m) clusters (C 1 symmetry)

  the complexes formed with DOTA, series of DFT calculations were performed on yttrium(III) ion. The binding energy and the preorganization energy are described above: (4.a) ΔE=E(M-DOTA) -1-E(DOTA) -4 -E M 3+ (4.b)

Table 3 :

 3 Sc (Y)-DOTA binding energy and preorganization, Sc-N/Y-N average distance, Sc-O/Y-O distance for Sc (Y)-DOTA complexes complex symmetry BS2 ΔE(KJ/mol) E preorg (KJ/mol) R(M-O), Å R(M-N), Å [Sc-DOTA] -1

For

  both [Sc-DOTA] -1 and [Y-DOTA] -1 complexes, metal ions are octacoordinated by the four carboxylate oxygen of the four acetate groups and the four nitrogen atoms in the DOTAring. The SAP and ISAP structures differ in the layout of the acetate arms; the two structures display different orientations of the two square planes formed by the four cyclen nitrogen atoms and the four binding oxygen atoms. The change in sidechain orientation affects the coordination of the metals.

Figure 3 :

 3 Figure 3: Structures of the Sc (Y)-DOTA complexes

III. 4 .

 4 complexes obtained with Sc(III) and Y(III), it is clear from the results that both Sc-DOTA and Y-DOTA complexes, the SAP and ISAP structures have practically the same preorganization energy. Study of the phosphonic derivatives of DOTA-type ligands III.4.1. systems [Sc(CH 3 PO 3 ) m ] (3-2m) and [Sc(H 2 O) n' (CH 3 PO 3 ) m' ] (3-2m')

[

  Sc(CH 3 PO 3 ) m ] (3-2m) (6.a) ΔE Sc 3+ +m (CH 3 PO 3 ) 2- [Sc(H 2 O) n (CH 3 PO 3 ) m ] (3-2m) (7.a) ΔE Sc 3+ + n(H 2 O) +m(CH 3 PO 3 ) 2-

Figure 4 :

 4 Figure 4: Structures of the [Sc(CH 3 PO 3 ) m ] (3-2m) and [Sc(H 2 O) n (CH 3 PO 3 ) m ] (3-2m) clusters

Figure 5 :

 5 Figure 5: Structure of the studied ligands

Figure 6 :

 6 Figure 6: Structures of the Sc (Y)-monophosphonic DOTA analogs complexes (C 1 symmetry)

  P{ 1 H} NMR spectra (161.91 MHz) were recorded on Varian UNITYInova 400. All experiments, unless stated otherwise, were carried out in 5mm NMR tubes at 25.0 C. The 31 P{ 1 H} NMR chemical shifts were referenced to 85 % aq. H 3 PO 4 ( P = 0.0 ppm) or 0.01 M aq. H 3 PO 4 ( P = 0.0 ppm) in an insert tube. The 45 Sc NMR chemical shifts were measured with respect to 0.1 M Sc(ClO 4 ) 3 in 1 M aq. HClO 4 ( Sc = 0.0 ppm) and 0.01 M [Sc(ox) 4 ] 5 ( Sc = 8.31 ppm) [26] or 0.01 M [Sc(tmu) 6 ](ClO 4 ) 3 in CH 3 NO 2

  g, 21.4 mmol, 20 equiv.) were heated in glass vial at 60 C under argon atmosphere for 1 h. Then, dried (4-Å molecular sieve, 1 d) tmu (770 mg, 6.63 mmol, 6.2 equiv.) was added. The immediately formed white crystalline precipitate was filtered off, washed with anhydrous ether and subsequently vacuum-dried to give a solid (975 mg, 86 %). The ScCl 3 stock solution was prepared by dissolving of commercial ScCl 3 •6H 2 O in water and the DO3AP stock solution was prepared by dissolving of DO3AP2H 2 O in water.Solutions of the [Sc(DO3AP PrA )] 2 , [Sc(DO3AP ABn )]  and [Sc(DO3AP)] 2 complexes for their characterization were prepared by dissolving the appropriate ligand (0.05 mmol) in water (1 ml) and, consequently, ScCl 3 6H 2 O (0.055 mmol) was added. The solution pH value was slowly adjusted with solid Li 2 CO 3 to ~7. The solutions were stirred in sealed vials at 90 C for 2 h. White precipitate of Sc(III) excess (as Sc(III)-carbonate/hydroxide) was filtered off with a syringe filter and the filtrate was evaporated to dryness. The solid was dissolved in D 2 O (0.5 ml) to get the complex concentration 0.1 M. Samples for equilibrium studies with Sc(III)-DO3AP system were prepared by mixing stock solutions of DO3AP, ScCl 3 , 17 % or 5 % aq.HCl, 1.1 M or 0.2 M HCl, 0.2 M KCl (if necessary), and water into tubes (c L = 0.004 M, L:Sc molar ratio 1:0.95, final volume 2 ml, I = 0.1 M (H,K)Cl, with no control of ionic strength at pH <1.1). The solutions were left to equilibrate for at least seven days at room temperature.

  Sc NMR signal against signal of [Sc(tmu) 6 ](ClO 4 ) 3 in CH 3 NO 2 in the insert tube. Job's method was employed to determine stoichiometry of the outof-cage species in the Sc(III)-DO3AP system. Each sample was prepared in a vial by mixing 0.1 M aq. ScCl 3 and 0.1 M aq. DO3AP stock solutions with 1 M aq. HCl (final volume 1 ml, pH 0.22, c Sc = 420 mM, c Sc+L = 40 mM, 7 points, equilibration time seven days). The complex abundance was quantified by integration of the out-of-cage complexes signals against [Sc(tmu) 6 ](ClO 4 ) 3 in CH 3 NO 2 signal in the insert tube. Solution the for [Sc(DO3AP)] 2 for 31 P{ 1 H} NMR titration to obtain protonation constants of its isomeric species was prepared from solutions used for out-of-cell titrations. The combined solutions were evaporated to dryness and dissolved in water (2 mL) to get c ScL ~0.01 M). The onset of the titration was at pH 4.15 and the final pH was 7.67 (26 points). The solution pH was adjusted with 0.5 M aq. HCl and/or 0.8 M aq. NMe 4 OH directly in 10-mm NMR tube and determined by freshly calibrated (three buffers) a combined pH electrode. The 31 P NMR chemical shifts were referenced to 0.01 M aq. H 3 PO 4 in the insert tube. Equation pD = pH + 0.4 (pH is a standard pH-meter reading) was used for D 2 O solutions.
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 61 44 Sc from44 Ti/44 Sc generator Labeling of monophosphorus acid DOTA analogues and DOTA as the reference with44 Sc was performed by mixing of ligand stock solution with the post-processed44 Sc eluate in 0.25 M ammonium acetate buffer (pH 4.0) and heating the mixture in an oil bath. Optimization of the labeling reaction was performed by varying incubation time and temperature, changing the ligand concentration (ligand excess over radioisotope amount) and pH of the reaction mixtures. Optimization of each parameter was repeated 3-4 times in separate experiments. Influence of temperature and incubation time on reaction yield was investigated by heating solutions containing 44 Sc and 20 nmol of the ligand (DOTA, DO3AP or DO3AP ABn ) at 40 C, 70 C and 90 C for up to 30 min. To determine effect of pH on the 44 Sc-DOTA, 44 Sc-DO3AP

3. 4 .

 4 Labeling of the title ligands with generator-( 44 Ti/ 44 Sc) and cyclotronproduced ( 44m/44 Sc) radioscandium

Figure 1 .

 1 Figure 1. Structures of H4dota and of the mixed ligands studied in this work.

Figure 2 .

 2 Figure 2. 45 Sc (A) and 31 P{ 1 H} (B) NMR spectra of equilibrated solutions prepared by mixing ScCl 3 and DO3AP (c Sc = c L = 0.004 M). The given pH values are those of the equilibrated solutions.

Figure 3A .

 3A Figure 3A. Distribution diagram for Sc 3+ -DO3AP ABn system (c Sc = c L = 0.004 M). Abundance of free Sc 3+ () ion was determined by 45 Sc NMR spectrometry.

Figure 3B .

 3B Figure 3B. Distribution diagram for Sc 3+ -DO3AP PrA system (c Sc = c L = 0.004 M). Abundance of free Sc 3+ ion was determined by 45 Sc NMR spectrometry.

Figure 4 .Figure 5 .Figure 6 .Figure 7 .

 4567 Figure 4. 45 Sc and 31 P{ 1 H} NMR spectra of [Sc(DO3AP)] 2 (0.1 M, pD = 7.1) (A), [Sc(DO3AP PrA )] 2 (0.1 M, pD = 7.2) (B) and [Sc(DO3AP ABn )]  (0.1 M, pD = 7.1) (C) in D 2 O.

Figure 1 : 2 V. 2 . 2 .

 1222 Figure 1: mass spectrometer analysis of the Sc-DOTA complex in the presence of H 2 O 2

E2 D12 # 7

 7 RT: 0.18 A V : 1 NL: 3.26E6 F: FTMS -c ESI Full ms [50.00-1000.00]

Figure 2 :

 2 Figure 2: evolution of the intensity of the 45 Sc-DOTA complex depending on the received dose It was observed thus, that by increasing the dose delivered, the signal of both DOTA and 45 Sc-DOTA, decreased with no other signal associated to any other species. No further attempt was done to explain this experiment.

Figure 1 :

 1 Figure 1: structure of the IMP-288 peptide

Figure 4 :

 4 Figure 4: Stability studies in rat serum Results obtained are presented in figure 4 and showed that 44m/44 Sc-DOTATATE and 44m/44 Sc-IMP288 complexes are stable over several days in rat serum. They are in agreement to those obtained on Sc-DOTA and Sc-DOTATATE complexes, under the same experimental conditions [24,30].

  bone, compared with complexes Sc-citrate or Sc-EDTA (log K = 23.1).

Figure 5 :

 5 Figure 5: Free 44m/44 Sc in HEPES buffer PET imaging 1 h, 4 h and 15 h p.i

Figure 9 :

 9 Figure 9: 44m Sc/ 44 Sc-IMP288 (pH 5.2 HEPES buffer) BALB mice (n=6), 1h and 4h p.i.

  

  

  

  

  

  

  

  

  

  

  

Le Scandium : l'élément et sa chimie de coordination

  Ce travail de thèse soutenu par le laboratoire SUBATECH (UMR 6457), a été réalisé en collaboration avec le laboratoire CEISAM (UMR 6230), l'unité U892 de l'INSERM et la plateforme AMAROC de l'Ecole Vétérinaire de Nantes. L'essentiel du travail expérimental a Le scandium Sc est dans la 3 éme colonne de la classification périodique ( [ A r ] 3d 1 4s 2 ) et existe principalement au degré d'oxydation +III. Il a été montré dans la littérature qu'il peut exister dans certains complexes iodés au degré d'oxydation + II [6]. Il existe aussi au degré d'oxydation + I mais il est particulièrement instable à cet état. Le scandium a un comportement chimique intermédiaire entre celui de l'aluminium et des lanthanides ; cependant plus proche de la chimie des lanthanides. C'est un élément qui est plus petit que les lanthanides avec un rayon ionique de 0.68 Å. C'est un élément électropositif avec une électronégativité selon Pauling de 1.36 et dont les potentiels redox

	été réalisé au sein du Cyclotron ARRONAX.
	L'étude de ces différents points permettra de répondre aux questions suivantes :
	Peut-on produire du 44m/44 Sc avec des activités spécifiques élevées, permettant ensuite
	d'envisager des études précliniques ? Peut-on mettre en place un procédé efficace de
	recyclage qui permette à long terme, de manière relativement rentable, de proposer ce
	générateur dans des services hospitaliers ?
	Quel ligand peut-on proposer qui permettra d'assurer un radiomarquage efficace avec une

Sc. Certains radio-isotopes d'intérêt en médecine nucléaire présentent des schémas de décroissance favorables mais des périodes trop courtes pour différentes applications médicales. Pour pallier ce problème, l'idée est de fixer le radionucléide -père‖ au vecteur qui va générer « in-vivo » le radionucléide fils. Ce concept est envisageable si le noyau fils reste fixé au vecteur lors de la décroissance du père. Il peut s'agir d'un réel problème compte tenu de l'énergie de recul et de la nature des particules émises lors de la décroissance. Mon travail s'inscrit dans le développement de cette nouvelle paire de radionucléides théranostiques. Une première partie de mes études a concerné le développement du processus d'extraction et de purification du 4m/44 Sc, tout d'abord sur de petites cibles puis sur des cibles de plus grandes activités. L'étude du procédé de recyclage du matériau enrichi servant à la préparation des cibles sera également abordée. La deuxième partie de mon travail a examiné les interactions entre des ligands d'intérêt et ces radionucléides : modélisation moléculaire pour comprendre l'effet mécanistique en cas de libération de métal, détermination des constantes thermodynamiques puis optimisation physico-chimique du radiomarquage. La dernière partie de mon travail s'est attachée à mettre en évidence la faisabilité chimique et les premiers éléments de la faisabilité biologique du générateur 44m/44 Sc, avec notamment l'acquisition des premières données précliniques chez le petit animal et l'acquisition des premières images TEP. bonne stabilité en milieu biologique. Ce ligand pourrait-il assurer le radiomarquage à des températures compatibles avec une utilisation ultérieure d'anticorps ou de nouveaux ligands seront-ils nécessaires ? Est-ce que la paire 44m Sc/ 44 Sc peut réellement être envisagée comme générateur in vivo ? I. Rappels bibliographiques I.1.varient entre -2,25 à -2,52 V. Sa chimie est principalement ionique, son diagramme de spéciation est connu en phase aqueuse et est présenté à la figure 1.
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  rendement de cette étape d'extraction/purification permet de récupérer 90% de l'activité. Le passage aux cibles de plus grandes tailles a permis de débuter les premières études chez le petit animal mais cela a nécessité à nouveau une optimisation du process d'extraction/ purification. Cependant, nous sommes parvenus à maîtriser les conditions de manière à obtenir des batchs dont la pureté radionucléidique, radiochimique et chimique était répétable et reproductible. Le rendement a été à nouveau de l'ordre de 90%. Les activités volumiques générées sur ces cibles étaient de l'ordre de 375 MBq/mL. Les activités spécifiques résultantes (> 50 MBq/nmol) ont ainsi permis de pouvoir réaliser les premières études précliniques.Pour les petites cibles, comme pour les cibles de plus grandes tailles, nous avons mis en place un procédé efficace de recyclage qui permettra à long terme, de manière relativement rentable, de proposer ce générateur dans des services hospitaliers. Le procédé de recyclage est

optimisé. Nous avons montré que les cibles conçues à partir du matériau recyclé génèrent la même activité et conduisent à la même activité spécifique comparativement au matériau enrichi de départ. En effet, à chaque étape, des contrôles qualités ont été réalisés permettant de s'assurer et de maîtriser la qualité du matériau pour la préparation de nouvelles cibles.

  Les ligands envisagés en premier lieu sont des ligands polydentates aminopolycarboxylates comme le DTPA, le DOTA ou encore le TETA. Ils sont particulièrement appropriés pour la complexation avec les lanthanides(III) et avec l'yttrium(III) qui appartient à la même colonne que le Sc(III). Du fait de leur structure, les dérivés tetraaza-macrocycliques forment des complexes très forts avec les cations métalliques et ont toutes les propriétés requises pour des applications médicales. Ils forment en particulier des complexes thermodynamiquement stables et cinétiquement inertes avec les métaux di-et trivalents. La forte affinité des acides polyaminocarboxyliques, tant linéaires que cycliques, envers différents métaux (log K ML > 20), a été largement décrite[9]. Le scandium(III) était l'exception car seulement quelques données étaient disponibles dans la littérature. Ces données concernaient les systèmes Sc(III)-carboxylate, Sc-EDTA, Sc-DTPA, et Sc-acide zolédronique. Les calculs par DFT devaient également nous

d'intérêt et les radionucléides de scandium: modélisation moléculaire, détermination des constantes thermodynamiques puis optimisation physico-chimique du radiomarquage. Afin d'étudier le comportement du scandium en solution aqueuse, une double approche a été mise en place:  Une approche expérimentale qui utilise des méthodes dites de compétition pour identifier les espèces formées et les constantes thermodynamiques des équilibres étudiés.  Une approche théorique qui utilise des méthodes de chimie computationnelle et fournit des informations à l'échelle moléculaire sur les systèmes étudiés. Elle permet la prédiction de données thermodynamiques qui servent de support et complément à l'approche expérimentale. L'utilisation des méthodes de chimie quantique permet de déterminer la fonction d'onde de systèmes atomiques comme moléculaire, et ainsi prédire l'ensemble de leurs propriétés physiques et chimiques. Les méthodes DFT constituent une alternative attrayante aux méthodes ab-initio classiques, elles tiennent compte en partie de la corrélation électronique et elles sont très nettement moins coûteuses en ressources informatiques. Nous souhaitions voir dans un premier temps si nous pouvions prédire les propriétés de complexation du scandium avec un ligand, en changeant la nature et le nombre des hétéroatomes, ou si la chaîne carbonée était flexible ou rigide. Quel ligand pourra être proposé permettant d'assurer un radiomarquage efficace avec une bonne stabilité en milieu biologique. permettre d'évaluer si l'énergie générée par la transition du 44m Sc vers le 44 Sc (0.89 eV) induisait ou non la rupture d'une liaison sur un ligand et conduire à la libération du scandium dans le milieu. Toutes les études théoriques ont été réalisées en phase gazeuse et reposent sur l'utilisation de la théorie de la fonctionnelle de la densité (DFT). Ces études sont réalisées à l'aide du logiciel Gaussian G09, et la fonctionnelle employée est couramment utilisée dans la littérature (B3LYP) [22,23]. Le potentiel effectif de coeur (Effective Core Potential, ECP) est utilisé pour les ions Sc(III) et Y(III) dans toutes les études d'optimisation. La fonctionnelle B3LYP a été combinée avec trois bases de fonction: 6-31+G(d,p) , aug-cc-pVDZ et 6-31G*. Une première étape consiste à examiner l'influence de la présence de molécules d'eau sur la stabilité des complexes de scandium formés ainsi décrire la structure d'ions Sc (III) hydratés, puis comparer les résultats obtenus aux études expérimentales et théoriques déjà réalisées. Pour comprendre l'apport de certains atomes donneurs pour la stabilité des complexes Sc-ligands formés, quelques groupements spécifiques tels que l'ammoniac ou la fonction carboxylique ont été étudiés. Des réactions d'échange seront prises en compte dans ce contexte. Une étude a été effectuée ensuite sur les complexes de Sc(III) formés avec le cyclen et le DOTA qui a été défini comme le meilleur chélate de scandium [24,25]. Pour comprendre ce que peut apporter le remplacement d'un bras carboxylique par un groupe phosphonique sur la stabilité des complexes formés, des ligands ont été sélectionnés: DO3AP, DO3AP ABn et DO3AP PrA . La même étude a également été réalisée avec l'yttrium.

IV. Les dérivés de type phosphonique du DOTA nouveaux ligands pour le radiomarquage du 44 Sc

  

	), et les résultats obtenus indiquent que le Sc(III) est principalement
	octacoordonné. L'introduction de fonction ammoniac ou de groupements carboxyliques
	induit une bonne stabilité des complexes formés avec un nombre optimal de quatre groupes
	pour l'une ou l'autre fonction.
	Concernant la complexation du scandium, avec les ligands macrocycliques, le complexe Sc-
	DOTA a d'abord été étudié Tel que mentionné dans la littérature, deux structures sont
	possibles : soit anti prisme carrée, soit anti prisme carrée twistée. La première structure forme
	des complexes plus stables par rapport à la seconde.
	Ensuite, on a étudié de nouveaux ligands dérivés de DOTA portant un bras phosphonique
	(H 5 DO3AP et H 5 DO3AP PrA ). Les résultats obtenus montrent que cette substitution d'un bras
	carboxylique par un bras phosphonique ne contribue pas à une amélioration de la stabilité du
	complexe formé.
	Pour le ligand DOTA, la cinétique de complexation est relativement lente et la formation du
	complexe nécessite généralement un chauffage à des températures élevées, contrairement à
	des analogues à chaîne ouverte. L'influence des différents paramètres sur le radiomarquage
	du DOTA avec le 44m/44 Sc a donc été examinée [30]. À température ambiante (25° C), après
	une heure de contact, le rendement de radiomarquage avec le 44m Sc/ 44 Sc était d'environ 45
	%. Le rendement atteint 95 % pour des températures allant de 70° à 90° C. Pour une

[Sc-HDO3AP] -1 _C1 [Sc-HDO3APPrA] -1 _C1

  

	utilisation avec des peptides, ce paramètre de température est moins crucial comparé à
	l'utilisation d'anticorps, un radiomarquage optimal est atteint en utilisant une température de
	90° C sans affecter leur efficacité biologique comme cela a été montré avec l' 111 In, l' 90 Y, le
	177 Lu ou le 68 Ga par exemple [31,32,33]. Néanmoins, à de telles températures, les anticorps
	perdraient quasi complètement leur immunoréactivité.
	Bien que, le DOTA forme des complexes très stables en solution avec les cations
	métalliques, la cinétique lente de formation reste un obstacle important qui limite l'utilisation
	actuelle de ce chélate dans les produits radiopharmaceutiques. Pour cette raison, il y a un
	besoin de nouveaux ligands, dérivés du ligand DOTA, qui permettent d'obtenir une bonne
	efficacité de complexation, et former des complexes à température ambiante, afin
	d'envisager leur utilisation ultérieure avec des biomolécules.
	Dans le cas du 68 Ga, un autre radionucléide trivalent présentant de l'intérêt pour le
	diagnostic, la conception des traceurs reposait principalement sur le DOTA [34] aussi sur le
	NOTA (1,4,7-triazacyclononane-1,4,7-triacetate) qui a une cavité plus petite et plus
	compatible pour la complexation avec le Ga 3+ [35]. Il a été montré que les propriétés de
	complexation du ligand NOTA ainsi que d'autres chélates macrocycliques peuvent être
	améliorées par le remplacement d'un ou de plusieurs groupements carboxyliques par des

IV.1. Constantes de stabilité

  Dans ce travail, trois ligands ont été sélectionnés; tous sont des dérivés monophosphoniques du DOTA avec un phosphonate (H 5 DO3AP), 4-aminobenzylphosphinate (H 4 DO3AP ABn ) et 2-carboxyethylphosphinate (H 5 DO3AP PrA ). Les deux derniers sont bifonctionnels (figure8).Des études par titrage potentiométrique ont montré que ces ligands possèdent une basicité semblable au DOTA seul et que les constantes de stabilité de leurs complexes avec le sodium (I) et des ions lanthanides (III) étaient également semblables.

	Chelex-100, qui présente des groupes fonctionnels iminodiacétiques. Cette résine de
	chélation entre en compétition avec les ligands pour la complexation avec les ions de
	Sc 3+ et la spéciation a été déterminée par séparation solide / liquide.
	Les valeurs des constantes de stabilité obtenues sont en bon accord entre les méthodes. Ces
	trois ligands présentent des valeurs élevées de constantes de stabilité avec le Sc (III). La
	présence d'un groupement phosphonate dans le cas du ligand H 5 DO3AP, tend à
	diminuer la stabilité du complexe Sc-do3ap par rapport au Sc-DOTA; tandis que la
	fixation d'autres groupes fonctionnels dans le cas du ligand H 5 DO3AP PrA ou H 4 DO3AP ABn ,
	a induit une légère diminution de la stabilité des complexes de scandium, par rapport au Sc-
	do3ap, ce qui a été observé précédemment pour les complexes obtenus avec Ln (III) et Y
	(III).
	Les dérivés monophosphoriques de DOTA portant soit un bras methylphosphonate/acide
	Figure 8 : structure des ligands étudiés methylphosphonique acid (H 5 DO3AP, H 5 DO3AP PrA et H 4 DO3AP ABn ) présentent des
	constantes thermodynamiques du même ordre de grandeur que celle déterminée pour les Mon travail dans cette partie a évalué les interactions de ces dérivés monophosphoniques du complexes Sc-DOTA. Les ligands H 5 DO3AP, H 5 DO3AP PrA et H 4 DO3AP ABn présentent des DOTA (H 5 DO3AP, H 5 DO3AP PrA et H 4 DO3AP ABn ) avec le scandium. Le comportement log K compris entre 25.9 à 28.6 à 0,1M par comparaison au DOTA avec une valeur de
	thermodynamique des complexes de scandium avec ces trois dérivés, a été examiné par
	titrage potentiométrique, et par une méthode basée sur l'échange cationique à l'aide d'une log K=30.8.
	résine puis cationique à l'aide d'une résine. Une comparaison des résultats obtenus avec le Tableau 1 : constantes de protonation des ligands étudiés et leurs constantes de
	ligand de base DOTA a été réalisée. Afin de mieux comprendre les propriétés stabilité avec le Sc 3+
	radiochimiques et afin de les corréler avec la structure chimique des ligands, le Parameters DOTA DO3AP DO3APABn DO3APPrA
	radiomarquage des dérivés du DOTA avec le
	44 Sc a été réalisé et optimisé en fonction du temps, du pH, du rapport métal-ligand et de la
	température. Pour cela deux sources de scandium ont été utilisées : le générateur 44 Ti/ 44 Sc
	(disponible à Mayence en Allemagne) et le générateur de 44m Sc/ 44 Sc (produit à Arronax). La
	comparaison des deux générateurs est faite et sera discutée, en termes d'activité spécifique.
	Enfin, afin d'évaluer la stabilité in vivo des complexes radiomarqués au scandium, des études
	de compétition dans du sérum de rat et en présence d'un substitut osseux, l'hydroxyapatite
	ont été réalisées.
	Dans cette étude, on a d'abord déterminé les constantes de stabilité du scandium avec les
	ligands phosphoniques puis comparé les résultats obtenus avec le DOTA. Deux méthodes
	ont été utilisées : le titrage potentiométrique et la méthode d'échange cationique (FISRE)
	(tableau 1). Cette dernière consiste à utiliser une résine échangeuse de cations,

Potentiometric titration pK1 11.9 13.83 12.55 12.68 pK2 9.72 10.35 9.6 9.44 pK3 4.6 6.54 5.11 5.04 pK4 4.13 4.34 4.11 4.34 pK5 2.36 3.09 2.71 3.1 pK6 1.63 1.54 1.93 pK7 1.07 ∑pKa 35.14 40.85 35.62 36.54 log KScL 30.79 [25] 28.6±0.1 26.42±0.08 25.9±0.2 log KScLH / 33.90±0.07 30.59±0.07 30.23±0.02 FISRE method log KScL / 27.75±0.08 25.51±0.04 25.75±0.08 log KScLH / 33.20±0.03 29.20±0.06 30.02±0.08

  

	Cependant, ces ligands permettront-ils d'assurer le radiomarquage à des températures
	compatibles avec une utilisation ultérieure d'anticorps ? Les paramètres cinétiques, et
	notamment la température, ont été évalués pour ces ligands, au cours des études de
	radiomarquage.

IV.3.Etudes de stabilité in vitro

  

	DO3AP.2H 2 O, 44m/44 Sc-DO3AP ABn et 44m/44 Sc-DO3AP PrA présentent une bonne stabilité dans
	l'hydroxyapatite et aucune accumulation dans l'os ne semble à prévoir in vivo en raison de la
	présence d'un seul groupement phosphonique dans les ligands étudiés.
	Cependant, bien que les complexes présentent de fortes constantes de complexation et qu'ils
	soient stables en milieu biologique simplifié (sérum ou substitut osseux), les conditions de
	radiomarquage, notamment le facteur température, ne conduit à aucune amélioration par rapport
	au ligand de base DOTA. Les dérivés monophosphoriques de DOTA ne sont donc pas une
	meilleure alternative à la complexation du scandium comparativement au DOTA.
	Sc a donc été examiné et optimisé en
	fonction du temps, du pH, du rapport métal-ligand et de la température en utilisant soit le
	générateur de 44 Ti/ 44 Sc (disponible à Mayence en Allemagne) soit le générateur de
	44m Sc/ 44 Sc (produit à Arronax).
	Nous avons pu mettre en évidence que les conditions de radiomarquage de ces dérivés
	monophosphoriques de DOTA, H 5 DO3AP, H 5 DO3AP PrA et H 4 DO3AP ABn , étaient identiques
	à celles optimisées pour le DOTA seul (i.e. 70°C, 20min, pH= 4-6). De surcroit, les
	conditions de radiomarquage, notamment le facteur température, ne permet aucune
	amélioration par rapport au ligand de base DOTA. Les dérivés monophosphoriques de
	DOTA ne sont donc pas une meilleure alternative à la complexation du scandium
	comparativement au DOTA.
	Par ailleurs, les activités spécifiques calculées avec le DOTA dans le cas du 44m/44 Sc
	apparaissent comme supérieures par rapport à celles estimées sur le générateur de 44 Ti/ 44 Sc.
	La stabilité in vitro des complexes de Sc (III) a néanmoins été étudiée en présence de
	l'hydroxyapatite et du sérum de rat pour évaluer leur stabilité in vivo. Les études de stabilité
	en milieu sérique fournissent des informations d'éventuelles possibilités de relargage du
	radionucléide du complexe radiomarqué. Ces études sont pratiques avant de procéder à
	d'éventuelles études in vivo. Comme pour le 44m/44 Sc-DOTA, le complexe 44m/44 Sc-
	DO3AP.2H 2 O, 44m/44 Sc-DO3AP ABn et le 44m/44 Sc-DO3AP PrA sont très stables pendant
	plusieurs jours dans le sérum de rat.
	La stabilité in vitro par compétition avec un substitut osseux des complexes
	radiomarqués, a été étudiée en vue de mettre en évidence un éventuel transfert du métal vers
	l'os, comme cela a pu être observé dans le cas des lanthanides. Les résultats obtenus
	montrent que, comme pour le complexe 44m/44 Sc-DOTA, les complexes 44m/44 Sc-

V.

Faisabilité chimique du 44m/44 Sc comme potentiel générateur in vivo

  

	phase aqueuse, comme cela a été fait pour 140 Nd/ 140 Pr [44]. Ainsi, les peptides conjugués au
	DOTA (DOTATATE) seront adsorbés sur une phase stationnaire inverse avec un coefficient
	de distribution élevé, tandis que les cations lanthanides libres ou ayant un comportement
	proche seront élués. La phase choisie est une C18-Phenomenex Strata X, sur laquelle une
	élution à l'eau permet d'éliminer le scandium libre, non marqué avec le DOTA-peptide. Des
	élutions avec des solutions de DTPA de concentrations croissantes (10 -7 à 10 -2 M) sont
	ensuite réalisées à différents temps afin d'établir si la transition 44m Sc/ 44 Sc conduit à un
	décrochage ou non du scandium vers la phase aqueuse.
	Le radiomarquage du 44m Sc/ 44 Sc avec le DOTATATE est réalisé selon les conditions
	optimisées et validées dans une étape préalable [30]. La première étape consiste à
	s'assurer que la colonne C-18 (type phase inverse) ne retient pas le scandium sous forme
	cationique Sc 3+ . Pour cela, une solution de 46 ScCl3 a été chargée sur la colonne
	Pour l'utilisation de générateurs in vivo, ce n'est pas seulement la valeur de log K de préalablement conditionnée. La colonne a été éluée avec de l'eau. Il a été déterminé que
	complexation entre l'ion métallique et l'agent chélatant qui est importante, mais aussi que le 70% du Sc 3+ a été élué directement et les 30% restants s o n t élués par rinçage de la
	radionucléide fils reste à l'intérieur de l'agent chélatant après désintégration du radionucléide colonne avec 5mL d'eau. Dans une seconde expérience, une solution de DOTATATE libre
	père. a été chargée sur la colonne et a été éluée avec des solutions de DTPA à concentrations
	Pour la partie chimique, nous avons examiné l'effet de l'énergie de recul et le «post-effect» sur croissantes. La solution initiale et les fractions éluées ont été analysés par spectrométrie
	le complexe 44m Sc-DOTA dans le but de concevoir un générateur in vivo de 44m Sc/ 44 Sc. Si de masse ESI (+)-IT-TOF. Le résultat montre que le DOTATATE a été entièrement
	l'on prend des exemples de la littérature, le DOTA est également un bon chélate pour retenu par la résine.
	l'holmium et le néodyme, mais contre toute attente, il a été constaté que, pour le générateur in
	Enfin, une solution de 46 Sc-DOTATATE, radiomarquée à 97%, a été chargée sur la vivo 166 Ho/ 166 Dy, du 166 Ho est relâché du DOTA [43]. Certes, le 166 Dy a une plus haute énergie de recul que le 44 Sc, éventuellement suffisante pour conduire à la libération du noyau colonne C-18 Strata X et éluée avec de l'eau (élution des 3 % de Sc 3+ non complexé) puis
	fils. Il a cependant été démontré que ce n'était pas dû à l'énergie déposée (Q = 0,486 MeV) avec des solutions de DTPA à concentrations croissantes. Les solutions éluées ont été
	analysées par spectrométrie gamma. Dans ce cas, la décroissance ne conduit pas à la mais en raison d'un «post-effect» comme indiqué précédemment dans le cas d'un autre générateur : 140 Nd/ 140 Pr, dont on notera que l'énergie est encore plus faible (Q = 0,222 MeV) libération de métal. Le 46 Sc non complexé a été élué de la colonne par rinçage avec de l'eau.
	[44]. Ce « post-effect » est attribué au processus physico-chimique se produisant après la Cette expérience a ensuite été réalisée avec le 44m/44 Sc-DOTATATE (taux de
	désintégration radioactive primaire (CE, électrons Auger, …). radiomarquage : 98%), ce dernier a été adsorbé sur une colonne C18 Strata-X
	La conception expérimentale retenue pour démontrer ou infirmer la validité d'un tel (Phenomenex) préalablement conditionnée. La colonne a été ensuite rincée avec de l'eau
	générateur est la suivante. Il s'agit d'utiliser des peptides couplés à un noyau DOTA. La pour éliminer le Sc libre suivi d'une élution avec des concentrations croissantes de
	partie hydrophobe du peptide va permettre une interaction avec une colonne C18 et laisser solutions de DTPA (10 -7 à 10 -2 M) pour évaluer s'il y a un relargage de Sc du complexe
	libre le noyau chélatant du scandium, c'est-à-dire le DOTA. En effet, la séparation de 44m/44 Sc-DOTATATE. L'éluat a été analysé par spectrométrie ɣ. La colonne Strata-X a
	44m Sc/ 44 Sc et du 44m Sc/ 44 Sc-DOTA au moyen d'une chromatographie d'échange de cations e n s u i t e été laissée quelques temps pour atteindre l'équilibre séculaire puis des élutions
	n'est pas une voie concevable pour les générateurs in vivo de radionucléides. Par ont été réalisées à différents intervalles de temps avec des solutions de DTPA pour déterminer
	conséquent, la stratégie est basée sur les points suivants : la liaison chimiquement stable du s'il y avait du relargage ou non du Sscandium dans la fraction éluée.
	44m Sc/ 44 Sc-DOTA sur une phase stationnaire solide puis une élution du 44m Sc/ 44 Sc dans une

  Image TEP avec du 44m/44 Sc libre 1h, 4h et 17 post injection La stabilité in vivo des complexes radiomarqués au44 Sc a été étudiée avec les dérivés biphosphoniques le ligand dérivé du DOTA le H5DO3AP (figure12). En effet, bien que ces Nous avons pu mettre en évidence que les conditions de radiomarquage de ces dérivés monophosphoriques de DOTA, H 5 DO3AP, H 5 DO3AP PrA et H 4 DO3AP ABn , étaient identiques à celles optimisées pour le DOTA seul (i.e. 70°C, 20min, pH= 4-6). De surcroit, les conditions de radiomarquage, notamment le facteur température, ne permet aucune amélioration par rapport au ligand de base DOTA. Les dérivés monophosphoriques de DOTA ne sont donc pas meilleure alternative à la complexation du scandium comparativement au DOTA.La dernière partie de mon travail s'est attachée à mettre en évidence la faisabilité chimique et les premiers éléments de la faisabilité biologique du générateur 44m/44 Sc, avec notamment Pour les peptides, soit pour un ciblage direct, soit pour une imagerie en deux temps, les études de biodistribution sur souris saines ont montré également une élimination rapide de ces peptides avec une rapide clairance rénale. Cependant, une accumulation au niveau des reins a été observé (5%, 4h p.i) ce qui peut être un problème si c'est confirmé et ce qui peut bien limiter l'utilisation du scandium, pour cela ces études doivent être refaites pour confirmer les résultats obtenus. Il ne nous a pas été possible de poursuive cette étude sur souris porteuse de tumeur par manque de temps.

	Conclusion passage aux cibles de plus grandes tailles a permis de pouvoir commencer les premières pourra être proposé permettant d'assurer un radiomarquage efficace avec une bonne stabilité
	études chez le petit animal mais cela a nécessité à nouveau une optimisation du processus en milieu biologique. La localisation ou la destruction sélective des cellules cancéreuses par un vecteur biologique d'extraction/ purification. Cependant, nous sommes parvenus à maîtriser les conditions de Les ligands envisagés en premier lieu sont des ligands polydentates, aminopolycarboxylates couplé à un radionucléide est un concept simple et particulièrement attractif. Le concept de la manière à obtenir des batchs dont la pureté radionucléidique, radiochimique et chimique était comme le DTPA, le DOTA ou encore le TETA. Ils sont particulièrement appropriés pour la radioimmunothérapie a ainsi été développé, technique particulièrement innovante de thérapie répétable et reproductible. Le rendement était à nouveau de l'ordre de 90%. Les activités complexation avec les lanthanides(III) et avec l'yttrium(III) qui appartient à la même colonne des cancers et complémentaire des thérapies existantes. Cette technique consiste à vectoriser, par l'intermédiaire d'un anticorps, un radionucléide émetteur alpha ou bêta entraînant ainsi la volumiques générées sur ces cibles étaient de l'ordre de 375 MBq/mL. Les activités que le scandium(III). Du fait de leur structure, ces dérivés tetraaza macrocycliques forment
	destruction sélective des cellules tumorales. Il est également possible d'utiliser les spécifiques résultantes (> 50 MBq/nmol) ont ainsi permis de pouvoir réaliser les premières des complexes très forts avec les cations métalliques et ont toutes les propriétés requises pour
	caractéristiques de ciblage des molécules vectrices pour faire de l'imagerie, c'est ce qu'on études précliniques. Pour les petites cibles, comme pour les cibles de plus grandes tailles, des applications médicales. Ils forment en particulier des complexes thermodynamiquement
	ont montré que lorsque le complexe Sc-NTA était injecté avec des concentrations relativement fortes de Sc, le métal était accumulé au niveau des os, comparativement aux complexes Sc-Citrate ou Sc-EDTA. L'absorption de Sc au niveau des os est de 5% mais comme les complexes de Sc sont rapidement excrétés, la concentration de Sc dans les tissus est faible. Plus récemment, et de manière contradictoire, certains auteurs ont mis en évidence des profils de biodistribution avec du 46 Sc complètement différents, ligands ne permettent pas une utilisation ultérieure avec des anticorps, cette classe de dérivés phosphoniques pourrait servir de traceurs directs des métastases osseuses. Cela est notamment en cours d'évaluation avec le 68 Ga [46], et pour lequel le temps de demi-vie du radionucléide est trop court. Le scandium, avec sa demi-vie plus longue, permettrait de voir une absorption aux temps plus tardifs. Une étude de biodistribution et imagerie TEP réalisée sur le complexe 44 Sc-DO3AP, montre que 30 min après l'injection, une rétention au niveau de l'os a été observée (figure 12) mais une heure après l'injection, la radioactivité est localisée principalement dans les reins. La réalisation des études de biodistribution sur des souris porteuses de tumeurs permettra d'évaluer l'utilisation de ces ligands pour le ciblage des métastases osseuses. Figure12 : Image TEP du complexe 44m/44 Sc-DO3AP 30 min post injection nous avons mis en place un procédé efficace de recyclage qui permettra à long terme, de stables et cinétiquement inertes avec les métaux di-et trivalents. La forte affinité des acides appelle de l'imagerie phénotypique. Les radio-isotopes historiques en imagerie sont le manière relativement rentable, de proposer ce générateur dans des services hospitaliers. En polyaminocarboxyliques, tant linéaires que cycliques, envers différents métaux (log K ML > technécium-99m (80% des actes en imagerie) ; le fluor-18 (10% des actes en imagerie) et effet, le coût élevé du CaCO 3 enrichi en 44 Ca servant à fabriquer les cibles fait que si ce 20), a été largement décrite. Le scandium(III) était l'exception car seules de très rares données enfin l'iode-131 qui représente environ 90% des actes thérapeutiques. Suite à des pannes ou Enfin, pour les peptides (DOTATATE et IMP288), soit pour un ciblage direct qui consiste à utiliser un peptide radiomarqué qui va cibler son ou ses récepteurs présents à la surface des cellules tumorales, soit pour une imagerie en deux temps, cette technique associe un anticorps bispécifique anti-haptène et un haptène bivalent radiomarqué (IMP288) ; les études générateur veut être proposé ultérieurement de manière rentable à des cyclotrons hospitaliers, étaient disponibles dans la littérature. Ces données concernaient les systèmes Sc(III)-des révisions des réacteurs, le monde médical a manqué durant quelques semaines, de 99m Tc il est indispensable de pouvoir le récupérer après extraction du 44 Sc. Le procédé de recyclage carboxylate [47,48], Sc-EDTA [49], Sc-DTPA [50], et Sc-acide zolédronique [51]. Les par exemple. De plus, pour l'imagerie, il convient de développer des nouveaux radionucléides est optimisé. Nous avons montré que les cibles conçues à partir du matériau recyclé génèrent calculs par DFT devaient également nous permettre d'évaluer si l'énergie de recul libérée au à durée de vie plus longue que le 18 F. Côté radiothérapie, il faut développer des radionucléides la même activité et conduisent à la même activité spécifique comparativement au matériau cours de la transition du 44m Sc vers 44 Sc (0.89eV) était suffisante pour induire la rupture d'une plus efficaces, plus faciles à manipuler et plus toxiques pour les cellules tumorales. Dans ce de biodistribution sur souris saines ont montré également une élimination rapide de ces peptides avec une rapide clairance rénale. Cependant, une accumulation au niveau des reins a été observé (5%, 4h p.i) ce qui peut être un problème si c'est confirmé et ce qui peut bien limiter l'utilisation du scandium, pour cela ces études doivent être refaites pour confirmer les résultats obtenus. Il ne nous a pas été possible de poursuive cette étude sur souris porteuse de tumeur par manque de temps. A partir de l'ensemble de ces résultats, il serait possible de conclure que le 44m/44 Sc est un sur son devenir réel de radiopharmaceutique tant que des études précliniques complètes n'auront pas été réalisées et que les évaluations dosimétriques associées n'auront pas été faites. De futures études seraient nécessaires avec différents modèles tumoraux afin d'évaluer complètement la potentialité de nouveaux agents radiopharmaceutiques à base de scandium pour être ensuite transposable à l'homme. Néanmoins, ce générateur semble prometteur. un faisceau de deutons de 16,4 MeV. Les deutons ont été préférés aux protons comme leurs propriétés physiques et chimiques. Les méthodes DFT constituent une alternative 44 CaCO 3 enrichi (diamètre : 10 mm, épaisseur : 1 mm). L'irradiation est effectuée en utilisant fonction d'onde de systèmes atomiques comme moléculaire, et ainsi prédire l'ensemble de préparation des cibles a également été abordée. La cible est constituée d'une pastille de expérimentale. L'utilisation des méthodes de chimie quantique permet de déterminer la grandes activités. L'étude du procédé de recyclage du matériau enrichi servant à la prédiction de données thermodynamiques qui servent de support et complément à l'approche de purification du 44m/44 Sc, tout d'abord sur de petites cibles puis sur des cibles de plus fournie des informations à l'échelle moléculaire sur les systèmes étudiés. Elle permet la Une première partie de mon étude a concerné le développement du processus d'extraction et  Une approche théorique qui utilise des méthodes de chimie computationnelle et théranostique. identifier les espèces formées et les constantes thermodynamiques des équilibres étudiés. générateur in vivo envisageable. Cependant, il semble délicat de conclure aussi rapidement enrichi initial. En effet, à chaque étape, des contrôles qualités ont été réalisés permettant de liaison sur un ligand et conduire à la libération du scandium dans le milieu. Nous avons contexte, les isotopes 44 et 47 du Scandium ont été identifiés comme prometteurs. Le 44 Sc est s'assurer et de maîtriser la qualité du matériau pour les cibles ultérieures. montré que les complexes de scandium formaient sont préférentiellement hexa-coordinés, que un émetteur β + qui permettra une étude dosimétrique associée à la thérapie au 47 Sc. En le La deuxième partie de mon travail a examiné les interactions entre des ligands d'intérêt et ces les ligands à base de DOTA étaient même plus stables que les complexes équivalents à base couplant sur le même vecteur (peptides ou anticorps) que celui utilisé par le 47 Sc, il sera radionucléides : modélisation moléculaire, détermination des constantes thermodynamiques d'Yttrium (III). Le ligand DOTA a déjà été utilisé pour des applications possible de faire une étude dosimétrique pré-thérapeutique grâce aux images obtenues avec la 44m Mon travail s'inscrivait dans le développement de cette nouvelle paire de radionucléides  Une approche expérimentale qui utilise des méthodes dites de compétition pour Sc, coproduit avec le 44 Sc, qui permet de l'envisager comme générateur in-vivo 44m Sc/ 44 Sc. scandium en solution aqueuse, une double approche a été mise en place: TEP (Tomographie par Emission de Positons). Enfin, le 44 Sc possède un état isomère, le puis optimisation physico-chimique du radiomarquage. Afin d'étudier le comportement du radiopharmaceutiques. Cependant, bien que ce ligand présente de très fortes constantes de
	montrant une forte absorption au niveau du foie, et dans une moindre mesure dans la rate et projectile afin de favoriser le nombre d'atomes de 44m Sc produits lors de l'irradiation. attrayante aux méthodes ab-initio classiques, elles tiennent compte en partie de la corrélation
	les poumons. Face à ces données contradictoires, il paraissait indispensable de regarder le Mon travail sur les petites cibles a permis de montrer qu'il était possible de produire de électronique et elles sont très nettement moins coûteuses en ressources informatiques.
	comportement du scandium libre afin de vérifier si celui-ci allait se fixer à l'os ou dans manière reproductible du 44m/44 Sc, générant des batchs dont la pureté radio-nucléidique, Nous souhaitions voir dans un premier temps si nous pouvions prédire les propriétés de
	d'autres tissus. Les résultats obtenus montrent que pratiquement tout le scandium est éliminé radiochimique et chimique est répétable et reproductible. Les activités volumiques moyennes complexation du scandium avec un ligand, en changeant la nature et le nombre des
	très rapidement (< 4h p.i). Aucune accumulation prolongée au niveau des organes n'a été générées sur ces cibles de petite taille était de l'ordre de 125 MBq/mL. Cette étape hétéroatomes, ou selon la structure de la chaîne carbonée (flexible ou rigide). Quel ligand
	observée à l'exception des os, ce qui confirme les données de la littérature. d'extraction/purification permet de récupérer 90% de l'activité produite en 44m/44 Sc. Le
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Figure11 :

stabilité vis-à-vis des métaux, il ne montre aucune sélectivité et la cinétique

de 

formation de certains de ses complexes est lente. ce travail a permis de démontrer que l'introduction d'autres hétéroatomes sur le ligand DOTA, par exemple des fonctions phosphatées, n'améliorait pas la stabilité prévisionnelle de ces complexes. En effet, l'introduction de dérivés monophosphoriques sur le DOTA permettrait de former des complexes très stables pouvant se former à des températures proches de la température ambiante. Ces résultats sont en accord avec ceux obtenus sur les constantes thermodynamiques. Les dérivés monophosphoriques de DOTA portant soit un bras methylphosphonate ou methylphosphonique (H 5 DO3AP, H 5 DO3AP PrA et H 4 DO3AP ABn ) présentent des constantes thermodynamiques du même ordre de grandeur que celle déterminée pour les complexes Sc-DOTA. Les ligands H 5 DO3AP, H 5 DO3AP PrA et H 4 DO3AP ABn présentent des log K compris entre 25.9 à 28.6 à 0,1 M contre une valeur de log K=30.8 pour le DOTA. Cependant, bien que ces ligands présentent une forte constante de complexation, permettentils d'assurer le radiomarquage à des températures compatibles avec une utilisation ultérieure d'anticorps ? Les paramètres physico-chimiques influant la cinétique, et notamment le paramètre de température, ont été évalués pour ces ligands, par le biais des études de radiomarquage. l'acquisition des premières données précliniques chez le petit animal et l'acquisition des premières images TEP. Est-ce que la paire 44m Sc/ 44 Sc peut être réellement envisagée comme générateur in vivo ? Pour la partie chimique, nous avons examiné l'effet de l'énergie de recul sur le complexe 44m Sc-DOTA dans le but de concevoir un générateur in vivo de 44m Sc/ 44 Sc. La conception expérimentale retenue pour démontrer ou infirmer la validité d'un tel générateur est la suivante. Il s'agit d'utiliser des peptides couplés à un noyau DOTA. La partie hydrophobe du peptide va permettre une interaction avec une colonne C18 et laisser libre le noyau chélatant du scandium, c'est-à-dire le DOTA. En effet, la séparation de 44m Sc/ 44 Sc et 44m Sc/ 44 Sc-DOTA au moyen d'une chromatographie d'échange de cations n'est pas une voie concevable pour les générateurs in vivo de radionucléides. Par conséquent, la stratégie est basée sur les points suivants : la liaison chimiquement stable du 44m Sc/ 44 Sc-DOTA sur une phase stationnaire solide puis une élution du 44m Sc/ 44 Sc dans une phase aqueuse, comme cela a été fait pour 140 Nd/ 140 Pr [44]. Nous avons montré qu'il n'y avait aucun décrochage de scandium et donc chimiquement, le générateur 44m/44 Sc était envisageable. Il fallait également le montrer du point de vue biologique. Les peptides retenus pour cette étude sont le DOTATATE, qui est un DOTA-(Tyr3)-octreotate. L'octreotate ou l'octréotide est un analogue de la somatostatine. L'autre peptide est l'IMP-288 qui a déjà prouvé son efficacité avec 111 In [52]. L'étude de ces peptides permettra d'obtenir une réponse biologique sur la faisabilité du générateur. Aussi, dans ce cadre, nous avons optimisé les conditions physico-chimiques de radiomarquage et vérifier leur stabilité en milieu biologique simplifié (sérum, substitut osseux), afin de procéder aux premières estimations biologiques (biodistribution, premières images TEP…). Nous avons commencé par le scandium libre car ses effets physiologiques et /ou toxicologiques sont relativement peu connus et très peu de données sont disponibles dans la littérature sur sa toxicité et son comportement in vivo. Il nous a paru indispensable de regarder dans un premier temps le comportement du scandium libre afin de vérifier si celui-ci allait se fixer à l'os ou dans d'autres tissus. Les résultats obtenus montrent que pratiquement tout le scandium est éliminé très rapidement (< 4h p.i), et aucune accumulation prolongée au niveau des organes n'a été observée à l'exception des os. A partir de l'ensemble de ces résultats, il serait possible de conclure que le 44m/44 Sc est un générateur in vivo envisageable. Cependant, il semble délicat de conclure aussi rapidement sur son devenir réel de radiopharmaceutique tant que des études précliniques complètes n'auront pas été réalisées et que les évaluations dosimétriques associées n'auront pas été faites. De futures études seraient nécessaires avec différents modèles tumoraux afin d'évaluer complètement la potentialité de nouveaux agents radiopharmaceutiques à base de scandium pour être ensuite transposable à l'homme. Le développement de tels agents permettrait d'amplifier le panel des traitements pour les patients en (1) améliorant la détection et le diagnostic des cancers, (2) faisant une évaluation plus précoce de l'efficacité d'un traitement (3) ayant la capacité à prédire une réponse thérapeutique et une thérapie ciblée en cas de résistance aux traitements conventionnels (4) en permettant de nouvelles découvertes des processus biologiques in vivo du développement.

  and table 2) (H 4 EDTA, H 5 DTPA) and cyclic ligands (H 4 DOTA, H 4 TETA and H 3 NOTA).

44m/44 Sc with deuterons from 44 CaCO 3 targets (Article 1)

  Submitted to Nuclear Medicine and Biology (2014). Manuscript Number: NUCMEDBIO-D-14-00456 C. Alliot a,b, * , R. Kerdjoudj c , N. Michel a,c , F. Haddad a,c , S. Huclier-Markai a,c , J. Barbet a,b

	a GIP Arronax, 1 rue Arronax, BP 10112, 44817 Saint-Herblain, France
	b Inserm U892, Centre de Recherche en Cancérologie Nantes -Angers, Institut de Biologie, 9
	quai Moncousu, 44035 Nantes cedex 01, France
	c Subatech Laboratory, UMR 6457, Ecole des Mines de Nantes, IN2P3/CNRS, Université
	de Nantes, 4 rue Alfred Kastler, 44300 Nantes, France

  Sc (T 1/2 =3.891 h) and44 Sc (T 1/2 =3.97 h) are β + emitters that can be used for imaging in association to47 Sc (T 1/2 =80.4 h) for therapy. But their half-lives are too different to use beta emitters as47 Sc tracers. To increase the half-life of β + emitters, 44m Sc (T 1/2 =58.6 h), an isomeric state of44 Sc via the in-vivo 44m Sc/44 Sc generator concept can be used. The 44m Sc/44 Sc pair can be used to perform studies with longer pharmacokinetics (long biological halflife), which is the case with antibodies as biological vectors (immuno-PET Due to the large mass difference, this recoil energy is estimated to be only 0.89 eV. These two elements and the fact that the chemical nature of the parent nuclei and its daughter nuclei are identical suggest that the 44m Sc/ 44 Sc generator should be a good candidate for an in-vivo generator. Indeed, no change in oxidation state is expected like for 140 Nd/ 140 Pr, or large recoil leading to the release of the isotope from the molecule[5] or radiolysis effects coming by the secondary emission.Another application of44 Sc is the development of a new nuclear medical imaging technique using the ability of the 44 Sc to emit in 99.9% of the cases a photon with energy of 1.15 MeV and a characteristic emission time of few picoseconds. When calculating radiation doses, the specific emission

	characteristics of 44 Sc make it a unique candidate promising for 3-coincidence
	imaging with potentially improved local resolution, from which the very first
	results obtained on a small-dimension prototype let foresee a very promising
	perspective [6].
	Recently, the scandium chemistry has revealed a growing interest with

imaging). With regards to the existing

89 

Zr radionuclide, even if it has a longer half-life, the main drawback remains in its coordination chemistry; ligands exist but are not completely satisfactory. Whereas Scandium with +III as the most common oxidation state, can be easily complexed by the most commonly utilized polyaminocarboxylate chelators. In addition, 44m Sc and

47 

Sc have comparable half-lives allowing following the metabolic pathways over long period of time, which is an advantage compared to the 44 Ti/ 44 Sc generator.

44m Sc decays by internal transition (98.8%) to the ground state ( 44g Sc) with an associated small secondary emission (Auger emission 2.74%). The main photon emission (271 keV) will induce some recoil of the nuclei.

an increasing number of papers available within

44 

Ti/ 44 Sc generator form [7-9], 44 Sc [10, 11], 44m Sc/ 44 Sc [12], nat Sc [13], 46 Sc [14, 15] or 47 Sc [3, 16, 17].

  • C to remove water and methanol. The obtained solid of calcium carbonate was suitable for manufacturing new targets.Labeling DOTA with 44m,44 ScTo 450 µL of solution of DOTA (i.e. 10 nmol, Macrocyclics Inc.) were added 50 µL (i.e. 2 nmol) of44 Sc and mixed in a 2 mL screw-Cap Wheaton Vbottom vial. The solution was placed in a boiling water bath at 90 • C for 30 min and then cooled till room temperature was reached. To test the radiolabelling yield, a radio-TLC was performed by spotting 2 µL onto a TLC Flex Plate (silica gel 60A, F-254, 200 µm, Selecto Scientific) and eluted with a developing solution of 0.04 mol.L -1 aqueous NH 4 OAc/ Methanol, 50/50

(v/v). The activity distribution on the plates was assessed with a Packard Cyclone Phosphor-Plate imaging system (Perkin Elmer).

  Sc (T 1/2 =3.92 h) together with its isomeric state 44m Sc (T 1/2 =2.44 d) that decays mainly to the ground state (98.80%) by isomeric transition emitting a 270.91 keV photon, according to the44 Ca(d, 2n) 

	44,44m

  c,d and Sandrine Huclier-Markai a,c

	a Laboratoire Subatech, UMR 6457, Ecole des Mines de Nantes /CNRS/IN2P3 / Université de
	Nantes, 4 Rue A. Kastler, BP 20722, F-44307 Nantes Cedex 3, France.
	b Laboratoire CEISAM, UMR CNRS 6230, Université de Nantes, 2 Rue de la Houssinière, BP
	92208, 44322 Nantes Cedex 3, France.
	c ARRONAX GIP, 1 rue Aronax, F-44817 Nantes Cedex, France.

d CRCNA, Inserm / CNRS / Université de Nantes, 8 quai Moncousu, 44007 Nantes Cedex 1, France.

  ΔE, ΔE'), are given in table4. Theoretical structures of Sc(III) complexes are also given in Fig 8.Our results showed that when one water molecule is replaced with the ammonia cluster in the optimized Sc(H 2 O) 8 3+ structure, principally all the Sc-O distance lengthen, however a considerably decrease on the Mulliken charge was observed. Also, an increase of the total binding energy was obtained compared to the

	total binding energies (Sc(H 2 O) 8 3+ cluster, meaning that the replacement of a water molecule by an ammonia
	destabilize the scandium complex formed.	
	When two or three water molecules were replaced by ammonia, the binding energy increases
	considerably compared to the Sc(H 2 O) 8 3+	
	ΔE'	7, m=1-4; n+m=8

Table 1

 1 Water binding energy, Sc-O distance, O-H distance and Mulliken charge for [Sc(H 2 O) n ] 3+

	cluster									
	complex		symmetry		BS1				BS2		
				ΔE (KJ/mol)	R (Sc-O), Å R (O-H), Å	Mulliken	ΔE (KJ/mol)	R (Sc-O), Å R (O-H), Å	Mulliken
							charge				charge
	Sc(H2O)1 +3	C2V	-674.34	1.934	1.024	2.31	-731.70	1.931	1.021	2.55
	Sc(H2O)2 +3	C2	-1158.41	1.986	1.003	2.30	-1275.99	1.992	1.005	2.32
	Sc(H2O)3 +3	C3	-1549.32	2.035	0.994x6	1.77	-1725.41	2.029	0.992x3	2.17
										0.992x3	
	Sc(H2O)4 +3	S4	-1879.05	2.071	0.988x8	1.51	-2113.65	2.069	0.986x4	2.07
										0.986x4	
	Sc(H2O)5 +3	C2V	-2108.38	2.115x2	0.981x4	1.50	-2401.35	2.134x2	0.980x4	2.65
					2.141x2	0.982x4			2.102x2	0.980x4	
					2.093	0.984x2			2.087	0.982x2	
	Sc(H 2 O) 6	+3	O h	-2316.14	2.159	0.978	1.51	-2667.06	2.149	0.977	3.04
	Sc(H2O)7 +3	C2	-2418.46	2.227x2	0.974x2	1.37	-2826.86	2.168x2	0.974x2	2.57
					2.253x2	0.975x2			2.217x2	0.974x2	
					2.179x2	0.975x2			2.242x2	0.972x2	
					2.223	0.975x2			2.213	0.974x2	
						0.976x2				0.974x2	
						0.974x2				0.973x2	
						0.975x2				0.973x2	
	Sc(H2O)8 +3	S8	-2515.89	2.270	0.973x16	1.37	-2981.15	2.259	0.971x16	2.45
	Sc(H2O)9 +3	D3	-2737.13	2.144x6	0.973x6	1.59	-3262.30	2.135x6	0.971x6	2.44
					3.944x3	1.000x6			3.940x3	0.998x6	
						0.974x6				0.973x6	
	Sc(H2O)10 +3	C 2	-2760.55	2.185x2	0.973x2	1.56	-3339.59	2.174x2	0.970x2	3.35
					2.240x2	0.973x2			2.228x2	0.970x2	
					2.272x2	0.990x2			2.256x2	0.969x2	
					2.392x2	0.970x2			2.387x2	0.969x2	
					4.147x2	0.971x2			4.145x2	0.968x2	
						0.971x2				0.972x2	
						0.971x2				0.989x2	
						0.971x2				0.972x2	
						0.997x2				0.995x2	
						0.970x2				0.966x2	

Table 2

 2 Binding energy (Sc-O distance, O-H distance for the Sc[(H 2 O) 6 (H 2 O)] +3 and Sc[(H 2 O) 7 (H 2 O)] +3 complexes, difference in energy for Sc[6 + 1], Sc[7 + 0] (  and

	Sc[7+ 1], Sc[8+ 0]) (  respectively when one water moves from first to second hydration	
	sphere											
	complex	Symme			BS1					BS2		
		-try	ΔE			R (Sc-O), Å	R (O-H), Å	ΔE			R(Sc-O), Å	R (O-H), Å
			(KJ/mol)	(KJ/mol)	(KJ/mol)			(KJ/mol)	(KJ/mol)	(KJ/mol)		
	Sc[(H2O)6(H2O)] +3	C2	-2454.13 -35.66	/	2.110x2	1.007x2	-2863.78	-36.92	/	2.169x2	0.973x2
						2.161x2	0.975x2				2.11x2	0.975x2
						2.168x2	0.976x2				2.162x2	0.975x2
						3.889	0.976x2				3.907	0.975x2
							0.977x2					0.975x2
							0.977x2					1.006x2
							0.976x2					0.974x2
	Sc[(H 2 O) 7 (H 2 O)] +3	C1	-2559.16	/	-43.26	2.142	0.973x2	-3025.85	/	-44.70	2.212	0.972x2
						2.210	0.974x2				2.234	0.972x2
						2.235	0.973x2				2.188	0.972x2
						2.186	0.974x2				2.211	0.972x2
						2.212	0.997				2.234	0.973x2
						2.229	1.006				2.146	0.971x2
						2.211	0.975x2				2.205	0.997
						4.026	0.974x2				4.04	1.003
							0.995x2					0.997x2

Table 3

 3 Ammonia binding energy, Sc-N distance, N-H distance and Mulliken charge for

	[Sc(NH 3 ) n ] 3+ cluster							
	complex	symmetry			BS1				BS2	
			ΔE	R (Sc-N), Å R (N-H), Å	Mulliken	ΔE	R (Sc-N), Å R (N-H), Å	Mulliken
			(KJ/mol)			charge	(KJ/mol)			charge
	Sc(NH3)1 +3	C3V	-771.55	2.07	1.057	2.13	-77114	2.07	1.057	2.34
	Sc(NH3)2 +3	C2	-1304.56	2.13	1.044x2	1.48	-1275.99	2.13	1.045x2	2.01
					1.044x2				1.043x2	
					1.042x2				1.043x2	
	Sc(NH3)3 +3	C3V	-1726.08	2.18	1.127x6	1.07	-1720.02	2.18	1.101x6	1.78
					1.035x3				1.034x3	
	Sc(NH3)4 +3	Td	-2073.47	2.21	1.033	0.84	-2064.70	2.21	0.976	1.93

Table 4 [

 4 Sc-(H 2 O) (n-m) (NH 3 ) m ] 3+ binding energy, Sc-O distance, N-H distance and Mulliken charge for [Sc-(H 2 O) (n-m) (NH 3 ) m ] 3+ cluster

	complex	BS1

Table 5

 5 Sc (Y)-Cyclen binding energy, Sc-N/Y-N average distance, Sc-C/Y-C distance and

	Mulliken charge for Sc (Y)-Cyclen complexes			
	complex	symmetry		BS1			BS2	
			R (M-N), Å R (M-C), Å	Mulliken	R (M-N), Å R (M-C), Å	Mulliken
					charge			charge
	[Sc-Cyclen] 3+	C2V	2.126x2	2.854x4	1.97	2.133x2	2.875x4	1.97
			2.224x2	3.058x4		2.231x2	3.074x4	
	[Sc-Cyclen] 3+	C4_conf1	2.215x4	2.784x4	1.42		2.789x4	1.36
				2.506x4		2.223x4	2.523x4	
	[Sc-Cyclen] 3+	C4_conf2	2.117x4	3.061x4	2.10	2.120x4	3.094x4	2.09
				3.087x4			3.068x4	
	[Y-Cyclen] 3+	C2V	2.404x2	3.226x4	2.15	2.403x2	3.224x4	2.15
			2.304x2	2.978x4		2.305x2	2.971x4	
	[Y-Cyclen] 3+	C4	2.391x4	3.234x4	1.63	2.389x4	3.230x4	1.65
				3.230x4			3.226x4	

Table 6 [

 6 Sc-Cyclen] 3+ and [Y-Cyclen] 3+ binding energy, preorganization energy

	complex	symmetry	BS1	BS2	
			ΔE(KJ/mol)	ΔE(KJ/mol)	E preorg (KJ/mol)
	[Sc-Cyclen] 3+	C2V	-2162.48	-2175.32	123.45
	[Sc-Cyclen] 3+	C4_conf1	-2212.91	-2205.83	94.98
	[Sc-Cyclen] 3+	C4_conf2	-2121.12	-2137.82	187.73
	[Y-Cyclen] 3+	C2V	-1683.98	-1700.72	111.17
	[Y-Cyclen] 3+	C4	-1735.19	-1750.26	102.49

Figure 1: The total water binding energy in [Sc(H 2 O) n ] 3+ cluster 2 O) Figure 2: Average distance R(Sc-O) in [Sc(H 2 O) n ] 3+ cluster

Table 1 :

 1 Acetate binding energy, Sc-O distance and Mulliken charge for [Sc(CH 3 COO) m ](3-m) 

	cluster							
	complex	symmetry		BS1			BS2	
			ΔE (KJ/mol)	R (Sc-O), Å	Mulliken charge	ΔE (KJ/mol)	R (Sc-O), Å	Mulliken charge
	Sc(CH3COO)1 +2	C s	-2753.57	1.903	2.26	-2818.11	1.904	2.22
	Sc(CH3COO)2 +1	C2	-4198.48	2.02529x2	1.94	-4320.11	2.026x2	1.95
				2.02534x2			2.027x2	
	Sc(CH3COO)3	C3	-4949.67	2.139x3	1.59	-5128.52	2.13635x3	1.61
				2.135x3			2.13607x3	
	Sc(CH3COO)4 -1	C1	-5118.92	1.962	1.61	-5333.50	1.953	1.62
				1.997			2.302	
				2.161			2.157	
				2.295			1.962	
				1.949			2.010	
				4.188			4.185	
				3.552			3.472	
				4.167			4.193	
	Sc(CH3COO)5 -2	C1	-5004.49	2.017	1.57	-5299.61	2.081	1.58
				2.035			2.039	
				2.068			2.034	
				2.033			2.074	
				2.076			2.021	
				4.219			4.306	
				4.292			4.256	
				4.247			4.220	
				4.246			4.302	
				4.300			4.248	

Table 2 :

 2 Acetate binding energy, Sc-O distance (a) from water molecule, (b) from acetate group and Mulliken charge for [Sc(H 2 O) (n-m) (CH 3 COO -) m ] (3-m) cluster

	complex	BS1

Table 4 :

 4 [Sc(CH 3 PO 3 ) m ] (3-2m) and [Sc(H 2 O) n (CH 3 PO 3 ) m ] (3-2m) binding energies, Sc-O distance

	for O from water molecule and phosphonic group			
	complex	symmetry		BS2		
			ΔE(KJ/mol)	R(Sc-O), Å	R(Sc-O), Å	R(Sc-P), Å
				(CH3PO3) -2	H2O	
	[Sc(CH3PO3)1] +1	C1	-4306.473	1.830	/	2.592
				1.830		
	[Sc(CH3PO3)2] -1	C2	-5834.536	2.011x2	/	2.663
				2.001x2		2.663
	[					

Sc(H 2 O) 1 (CH 3 PO 3 ) 1 ] +1

  

		C1	-4556.076	1.879	2.096	2.538
				1.884		
	[Sc(H2O)2(CH3PO3)1] +1	Cs	-4771.394	1.905	2.207	2.537
				1.905	2.109	
	[Sc(H2O)1(CH3PO3)2] +1	C 1	-5945.369	2.037	2.294	2.678
				1.995		2.727
				2.004		
				2.136		
	[Sc(H2O)2(CH3PO3)2] +1	C2	-6045.896	2.113x2	2.338	2.743
				2.024x2	2.338	2.743
	[Sc(H2O)3(CH3PO3)2] +1	C1	-6156.446	2.102	2.332	2.746
				2.036	2.293	2.748
				2.032	3.319	
				2.114		

Table 5

 5 Sc (Y)-DOTA and monophosphonic DOTA analogs binding energy, Sc-N/Y-N and Sc-O/Y-O average distance, Sc-P/Y-P distance for Sc (Y)-complexes with studied ligands

	complex	symmetry			BS0		
			ΔE(KJ/mol)	R(M-O), Å	R(M-O), Å	R(M-N), Å	R(M-P), Å
				(CH 3 PO 3 ) -2	(CH 3 CO 2 ) -1		
	[Sc-DOTA] -1	C 4 _SAP	-6431.294	/	2.088x4	2.650x4	/
	[Sc-DO3AP] -2	C 1	-7101.595	1.942	2.137	2.666	3.278
					2.127	2.835	
					2.152	2.624	
						2.843	
	[Sc-HDO3AP] -1	C 1	-6274.841	2.090	2.091	2.622	3.308
					2.086	2.658	
					2.072	2.747	
						2.666	
	[Sc-DO3APPrA] -2	C 1	-8419.996	2.020	2.102	2.733	3.298
					2.106	2.662	
					2.106	2.759	
						2.664	
	[Sc-HDO3APPrA] -1	C 1	-6312.667	2.074	2.086	2.640	3.321
					2.107	2.658	
					2.074	2.603	
						2.753	
	[Y-DOTA] -1	C 4 _SAP	-5195.559	/	2.267x4	2.711x4	/
	[Y-DO3AP] -2	C 1	-6673.686	2.138	2.308	2.730	3.425
					2.329	2.832	
					2.304	2.688	
						2.845	
	[Y-HDO3AP] -1	C 1	-5837.285	2.270	2.254	2.718	3.458
					2.264	2.696	
					2.269	2.776	
						2.728	
	[Y-DO3APPrA] -2	C 1	-7990.067	2.210	2.289	2.785	3.437
					2.285	2.718	
					2.280	2.727	
						2.769	
	[Y-HDO3APPrA] -1	C 1	-5872.863	2.256	2.256	2.711	3.460
					2.281	2.775	
					2.264	2.720	
						2.686	
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  d h, E  0.143 and 0.204 MeV with 68 and 32%; , E  159.4 keV, 68%) as it matches with positron emitting 44 Sc ( + ,  ½ 3.97 h, E  0.63 MeV, 94.3%) or 43 Sc ( + ,  ½ 3.89 h, E  0.344 MeV and 0.508 MeV, 17.2 and 70.9% respectively) forming an ideal theranostic pair. Potential of47 Sc for nuclear medicine has been already investigated.[1,2,6] 

Table 1

 1 Equilibrium stability constants of scandium(III) complexes of DO3AP, DO3AP ABn and DO3AP PrA and their comparison with those of DTPA and DOTA[26] (25 C and I = 0.1 M (NMe 4 )Cl). Charges are omitted for clarity. b Constant for two hypothetical protonation steps. c Other constants cannot be determined (see text).

	Equilibrium a	DO3AP AB	DO3AP PrA	DO3AP c	DOTA	DTPA
		n				
	L + Sc ↔ [Sc(L)]	27.03	28.31		30.79	27.43
	[Sc(L)] +H ↔ [Sc(HL)]	5.17	4.18	5.29 c	1.36	1.0
	[Sc(HL)] + 2H ↔ [Sc(H 3 L)]	3.96	4.35			
		(2× 1.93) b	(2 × 2.175) b			
	[Sc(OH)(L)] + H ↔ [Sc(L)] +	12.83	12.03		12.44	
	H 2 O					

a

Table 2

 2 Stability constants of scandium(III)-DO3AP,-DO3AP ABn and -DO3AP PrA complexes

	as determined by the FISRE method		
	Equilibrium a	DO3AP	DO3AP An	DO3AP PrA
	L + Sc ↔ [Sc(L)]	27.75(8)	25.51(4)	25.75(8)
	Sc + L +H ↔ [Sc(HL)]	33.20(3)	29.20(6)	30.02(8)
	[Sc(HL)] ↔ [Sc(L)] +H	5.45	3.69	4.27

a Charges are omitted for clarity.

Table 3

 3 The44 Sc labeling yields of DOTA and its phosphorus acid analogues at different metal:ligand ratios. Experimental conditions: t = 70 C, 30 min, pH = 4.

	Source	n ligand (nmols)	Ligand DOTA DO3AP DO3AP PrA DO3AP ABn
		1	10.1	10	n.d.	1.9
		3	96.5	91.6	n.d.	4.3
	44 Sc generator	5 10 20	96.7 96.8 97.3	93.8 95.3 95.7	n.d. n.d. n.d.	20.8 91.1 94.7
		25	97.1	96.6	n.d.	95.1
		30.00	97.6	97.6	n.d.	96.6
		0.02	31.1	36.1	28.4	32.5
	44m Sc/ 44 Sc	0.07	97.8	97.4	88.3	90.6
	cyclotron	0.12	98.9	98.8	94.2	92.7
		0.17	99.4	98.8	98.9	94.7
		0.24	99.6	99.1	99.1	96.4

Table 1 :

 1 optimized conditions of labeling44 Sc with studied compounds

	Ligand	Source of	Number	T	pH Contact	media	Radiolabeling
		44 Sc	of mol	(°C)		time		yield (%)
			of			(min)		
			ligand					
	H5DO3AP	44 Ti/ 44 Sc	30 nmol	70	4	20	Acetate	97
							buffer	
	IMP-288	44m Sc/ 44 Sc 5.1nmol	95	5.3	20	HEPES	96.4
							buffer	
	DOTATATE 44m Sc/ 44 Sc	7.6	70	5.2	20	HEPES	97
			nmol				buffer	

  To monitor the in vitro stability, for each time point, samples were analyzed by radio-TLC by spotting 3 µL of the solution onto a TLC flex plate. The TLC plate was developed in a solution of. NH 3 (25%)/ H 2 O /Me-OH, 2/1/1 (v/v). The resulting TLC plate was counted for 10 min on a Cyclone counter (Perkin Elmer).

Table 2 :

 2 Sc from 44m/44 Sc generator and44 Ti/44 Sc generator. Also with a one of the monophosphonic DOTA analog (H5DO3AP), and finally with DOTATATE and IMP-288. All the conditions are summarized in table2. Biodistribution studies and PET imaging conditions

	Compound	Radiolabeling	Mice	Buffer	pH	Activity	Volume	Time points
		yield (%)				injected/animal	injected/animal	(p.i)
						(MBq)	(µL)	
	Free 44m/44 Sc	/	BALB/C	Acetate	5,2	10	100	1 h and 4 h
		/	BALB/C	HEPES	5,3	10	100	1 h, 4 h and 15 h
	Free 44 Sc	/	Wistar	Acetate	6,2	13	600	0,5 h
	DO3AP	97	Wistar	Acetate	6,2	13	600	0,5 h and 1 h
	DOTATATE	100	Swiss	Acetate	6	0,0086	100	4 h
	IMP-288	100	BALB/C	HEPES	5,3	0,06	100	1 h and 4 h

Cartesian coordinates for the calculated structure [Sc(NH 3 ) n ] 3+ obtained with BS2 basis set  [Sc(NH 3 ) 1 ] 3+

  new discoveries of biological processes in vivo cancer development leading to new therapeutic directions.

	H H O H H H 3-	0. -0.7765672908  [Sc(H O) 6 (H 2 O)] 3+  [Sc(H O) 9 ] 3+  [Sc(H O) 10 ] 3+ 0.4682377707 0.76013381 -1.888068194283 -2.7463397417  [Sc(H O) 4 (NH 3 ) 4 ] 3+	2.6294062021 -2.7425414026 1.9377843792 -1.83680328 -2.028101611501 1.0053515615	-0.0929221934 2.051022 1.3483378565 -1.28311706 -0.438999605988 2.282481076
	H Charge = 3 Multiplicity = 1 0.  [Sc(H 2 O) 5 ] 3+ H 0. H 0. H 2.7425414026  [Sc(H 2 O) 8 ] 3+ Charge = 3 Multiplicity = 1 Sc 0. Charge = 3 Multiplicity = 1 Sc 0. Charge = 3 Multiplicity = 1 Sc 0.4375887444 H 0.0072723854 H -0.9720906975 H -0.8737522 H 0.11337076 H -2.700421615293 H -1.878201622244 H -2.0384131187 H -2.6042850539  [Sc(H O) 5 (NH 3 ) 3 ] 3+ Charge = 3 Multiplicity = 1 H -1.2837279487 H -0.11337076 H 1.888068194283 Charge = 3 Multiplicity = 1 O -0.6669544251  [Sc(H 2 O) 3 ] 3+ Charge = 3 Multiplicity = 1 O 1.9632251985 Sc 0. H 2.7425414026 H -2.7425414026 Charge = 3 Multiplicity = 1 Sc 0. O -1.1065076717 O -0.622719246 O 1.2433100946 O 1.2468743437 O 1.8102320464 H 2.3951881793 H -2.5162183174 H -0.0550586941 H -0.76013381 H 0.8737522 H 1.878201622244 H 2.700421615293 O -0.3008556869 Sc 0.0423638045  [Sc(H O) 6 (NH 3 ) 2 ] 3+ Sc 0.040001203 O 0.758640275	1.8512611127 -0.7765672908 0.7765672908 0. -0.0000000007 -0.0000000007 -0.0000289541 0.105045407 -1.0579574696 -1.94222413 -2.64335123 -0.621064212609 -1.084380210883 1.4076604017 -0.0821271553 -2.6314317951 2.6433512301 -2.028101611501 0.4870537954 0. 0. 0. 0. 0. -1.3578967515 1.6372121278 -1.6767565114 1.0627418543 -0.9587909267 -1.7076763684 -1.694926674 2.55470753 1.8368033025 1.9422241495 -1.084380210883 -0.621064212609 -0.1582434235 -0.0600743343 0.0994586196 -0.6191945798	-1.4717269256 4.7935634026 4.7935634026 2.8275892908 0. -0.3872952935 -0.7238604618 -0.4097832899 -1.11641903 -0.00389706 -0.438999605988 -1.760858424709 0.8823881079 1.0788932637 -0.0000041476 2.4836955447 -0.0038970137 -0.438999605988 -1.1697472375 0.6177230173 -0.1336986452 1.2744547092 1.2744547092 0. 1.2209138028 1.2209138028 0.4703270883 1.0430627093 1.378866914 1.1573516603 2.3500637755 0.8085145087 -1.2831170278 -1.116418996 -1.760858424709 -0.438999605988 0.2454853628 2.8498557919 2.4332006803 0.8271633836
	O Sc O O H H H H O O O O H H H H H Charge = 3 Multiplicity = 1 0.0000000011 0. -1.7637731677 1.7637731666 -0.7830586027 0.7830586055 2.6811985857 1.9058887371 0. 0. 0. -1.9632251985 2.5190045122 2.5190045122 0. 0. -2.7425414026  [Sc(H 2 O) 7 ] 3+ O 2.1494023636 Sc 0. O -2.1494023636 O -1.7799075528 O -1.7400538388 O 0.7771155621 O 1.7799075528 O 0.6809001853 O -0.6809001853 O 1.7400538388 O -0.7771155621 O 3.4129195157 O 1.106507667 O -1.7292269187 O 0.0000000068 O -3.4129195225 O 0.6227192517 O 1.7292269177 H -0.8243924531 O 0.1889720326 O -1.2433100946 O 2.1671788619 O -0.1889720326 O -0.0169330203 H 2.1711923879 H 1.0305367735 H 1.9584015162 O 0.72171138 H 1.4412544242 H 0.0970725256 O -1.1845245038 H -1.1735311839 H -2.1461842801 H 1.2935278953 H -0.2571899471 H -1.6528174648 Charge = 3 Multiplicity = 1 N 2.3333829502 N 1.5591076579  [Sc(NH 3 ) 3 ] 3+ Charge = 3 Multiplicity = 1 O 0.2695969554 N 0.513788675 N -1.3146445846 3-Cartesian coordinates for the calculated structures [Sc(H 2 O) n-m (NH 3 ) m ] 3+ obtained 2.0239577611 0. -0.0068537366 0. -1.0128000304 0. -1.0128000323 0. 2.6336549651 0. 2.6336549643 0. -0.6343500647 0. -1.9950568733 0. 0. -2.2210682311 2.1187282424 0.1265026257 -2.1187282424 0.1265026257 0. 0.6177230173 -0.778789088 0.8298558752 0.778789088 0.8298558752 2.7945013643 -0.5838499111 2.6338993073 0.9606883534 0. 2.8275892908 0.0179939543 -0.3505591763 0. -0.0623614051 -0.0179939543 -0.3505591763 0.6809001853 -1.2139422624 -0.7771155621 1.2139422624 -1.7400538388 1.2139422624 -0.6809001853 -1.2139422624 1.7799075528 -1.2139422624 -1.7799075528 -1.2139422624 0.7771155621 1.2139422624 1.7400538388 1.2139422624 -1.9704500097 0. -1.3578967553 -1.2209138028 -0.2793153726 -1.2209138028 3.9409000054 0. -1.9704499979 0. 1.6372121257 -1.2209138028 -0.2793153785 1.2209138028 -1.8165806561 2.0293950757 3.2678000397 2.1561642079 1.6767565131 0.4703270825 0.0570612034 -1.3885463347 -3.2678000322 2.1561642193 -1.582041967 -1.9571993499 -1.8471341623 0.2532927116 1.9119697161 1.5157879737 -0.7975343824 2.3291730506 1.7158283797 1.2858189303 1.9305301016 1.9078092587 2.4622417304 1.3521898531 -0.9757686017 0.9343716596 -1.6348620739 1.6511632924 -0.7617881316 0.7309432436 2.4032279587 1.5657907675 0.7512417361 4.943887152 0.0740182046 0.1266517988 1.9295280241 1.662747188 2.5201583166 0.164508002 0.0405304694 2.2991310929 1.7228457817 1.2228169163 4.2779404066 Sc -0.0113703404 0.0170136918 2.4317508385 O -0.4465415323 1.3970577619 4.2262571043 O -1.8397395003 -1.2950109728 2.819942753 4.6126635501 H -2.600428118 1.6120760962 2.4527381857 H -2.6750099113 1.0177571658 N 0 0.000000000000 2.088088681293 0.250318070530 Sc 0 0.000000000000 -0.000000000196 -0.360469872798 with BS2 basis set O 2.2182026868 -0.0641275349 1.8340579958 N -1.6847094017 -1.2682930999 3.2246377421 N 0.8266067908 -2.2659746833 3.0976839964  [Sc(H O) 7 (NH 3 ) 1 ] 3+ O 0.6266758239 2.1371288085 2.0823656828 O 0.5914825308 -2.1777203443 1.8238536414 O -1.2298441582 1.087390867 1.402184895 1.0207652763 H 1.3049992233 -2.1677509622 N 0 -1.808337843524 -1.044044340941 0.250318070530 Charge = 3 Multiplicity = 1 O -0.9084782661 1.3124264912 4.1033369029 O -2.1050373438 1.143694521 1.8697268237 N 1.2299220807 -0.0740812084 4.8854144979 1.0096084898 H 1.833343986 -2.0606020923 N 0 1.808337843524 -1.044044340941 0.250318070530 O 0.224493042 0.0661143233 0.0720160388 O -1.5906962634 -1.3481625437 3.5649824293 O 1.03335904 -0.8104932629 4.294484933 H -0.2993997235 1.1440107242 -1.7862110038 2.4675125688 H 0 0.000000000000 2.255176944361 1.273840495842 Sc -0.0267513924 -0.0086206908 2.3711208031 O 0.2114831069 -2.0672588507 1.6952469019 H -0.5869193243 0.4742035126 -0.4338071577 H -2.0915605327 -2.1292369406 3.2494195511
	H H Charge = 3 Multiplicity = 1 -1.9058887392 -2.6811985864  [Sc(H 2 O) 4 ] 3+ O 1.6697829178 Sc 0. O -0.0288686256 O 0.0288686256 O -1.6697829178 H 1.8209261585 H 2.4871135166 H -0.5154883205 H 0.5766223026 H -2.4871135166 H -1.8209261585 H -0.5766223026 H 0.5154883205 H 0. H 0. H -2.5190045122 H -2.5190045122 H 0.780245431 H -0.780245431  [Sc(H 2 O) 6 ] 3+ Charge = 3 Multiplicity = 1 O 0. O -0.2298121869 O 0.2298121869 O 0. O 0.6281995583 H 2.8246131112 H 2.6361020477 H 0.0751675703 H -0.0751675703 H 0.6515754722 H 0.954491119 H -2.709524062 H -2.2167615703 H 1.6150841058 H 2.709524062 H 1.2905002861 H -1.2905002861 H 2.2167615703 H -1.6150841058 H 0.3330567802 H 0.4254502153 H -0.4770705884 H 3.5826430434 H 0.8243924469 H -1.9854012214 H -0.6920790182 H -4.2747220772 H 0.4770705973 H 1.9854012221 H 2.006621021 H 0.6920790338 H 0.4687846335 H -0.945261351 H 2.4837263677 H -0.4687846335 H -0.6659836858 H 1.9634500638 H -2.1711923879 H 0.472386702 H -0.0128766924 H 0.945261351 H -1.1735310922 O -1.184517254 H -2.1461870717 O -3.4696549647 H -4.0666749421 H -4.0667437551 O 1.8102200883 H 1.9583828646 H 2.3951873948 O 0.7215607983 H 2.5794103063 H 0 -0.815372163820 O 2.1972971475 N -2.0868078662 H -0.6798821437 H -1.1808073024 H 1.6657581927 H 0 0.815372163820 O 0.4995384415 N 1.1662642484 H 0.0168622431 H 0.3624340813 O 1.0737398193 H 0 2.688302654941 O -0.5944249943 H 0.3290002054 H -2.6795066286 H 1.4771652686 H 1.3663199792 H 0 1.953040524015 O -1.5899292007 H 0.1203612439 H 1.2877513068 H -1.2565104543 H 1.1125288929 H 0 1.872930491121 O 0.2392347348 H -1.607387959 H -0.493530293 H -1.8024477299 H 0 -1.953040524015 H 0 -2.688302654941 H 0 -1.872930491121  [Sc(NH 3 ) 4 ] 3+ N -2.0928556421 O 1.0539263006 H 0.3166952243 H -0.0474683757 H -1.4067801173 H -0.4142160313 H 2.4597251172 H -0.5800207197 H 1.4195074574 H -0.1619263841 H 1.4488283588 H -2.6547443734 H -2.6179125142 H -1.4187205215 H -1.0220447677 H -2.2830444998 2-Charge = 3 Multiplicity = 1 Charge = 3 Multiplicity = 1 H -1.2149595789 H 0.9865553355 H -2.2557365272 H 1.3727531904 Sc 0. H -2.8246131112 H -0.3330567802 H 2.4836916152 H 2.8623060052 H 0.0968612241 Sc 0. Sc 0.000000000000 H -1.3336293456 H 3.0480662517 H -1.4278072096 H 1.5916611551 O 2.1494700008 H -2.6361020477 H -1.7615137017 H -2.0066210269 H 0.0128766924 H 1.4410788614 N 0. N 0.000000000000 H -0.371997258 H 0.0883265894 H -2.3664462127 H 2.5352498308 O -2.1494700008 H -1.0522246338 H 2.158099787 H 1.1610087746 O 0.0169330203  [Sc(H O) 7 (H 2 O)] 3+ H 0.0000000005 N 1.802095850719 H 1.5613076183 H 1.542634067 H -0.3388737419 H 0.4459784888 O 0. O 0. O 0. H 0. H 0. H -0.7765672908 H 0.7765672908 H 0.7765672908 H 0.4576574199 H 1.0522246338 H -0.4576574199 O -0.6281995583 H -0.6515754722 H -0.954491119 H -2.158099787 H -0.4254502153 H 1.7615137017 H 4.2747220715 H -1.161008769 H -3.5826430533 H -2.4836916183 H -0.472386702 H 0.6659836858 O -1.2468743437 H 0.8362628338 N -1.802095850719 H 2.6119552232 H -2.5447813378 H 1.1079979478 H 1.8421177338 Charge = 3 Multiplicity = 1 O -0.4338145366 H -0.8362628343 N 0.000000000000 H -0.2955030931 H -2.8161839795 H 0.9846504037 H 0.5866179551 H -1.0305367735 H -1.9634500638 Sc -0.1758056169 H 0.000000000000 H 0.9912977762 H -2.0208735511 H 2.8551702892 H 0.8381656514 O 1.6550323653  [Sc(NH 3 ) 2 ] 3+ H -0.812011538185 H 2.9202169551 H -2.5098914081 H 2.5618101831 H 2.2027740077 O -2.1671788619 H -2.8623060052 H -2.4837263677 O -1.5442825254 N -0.00009083 H 0.000000000000 H -2.5481177505 O 1.2004687099 Sc 0. H 0.812353421010 H 1.417748508 H 1.8742284379 O -2.1543557719 N 0.00009083 H -0.812353421010 H 1.1633311741 H 1.6762567097 O -0.8272459064 Charge = 3 Multiplicity = 1 H 0.812011538185 H 0.0639250299 H 0.5928388107 H 2.8346941442 H 1.3079877924	-1.9950568713 -0.6343500618 0.0288686256 0. 1.6697829178 -1.6697829178 -0.0288686256 0.5766223026 -0.5154883205 -2.4871135166 -1.8209261585 0.5154883205 -0.5766223026 1.8209261585 2.4871135166 -2.6338993073 -2.7945013643 -0.778789088 0.778789088 0. 0. 0. 2.1592909549 -2.1592909549 0. 1.1515327353 0.2637508406 -0.1640825387 -0.7733941343 0.7733941343 2.1227528468 0.8299370976 0.4254502153 -1.6150841058 -2.2167615703 -0.4254502153 1.7615137017 -1.7615137017 1.6150841058 2.2167615703 -2.158099787 2.709524062 2.592483212 -2.8675839592 -1.8165806589 0.1943455267 4.5364518692 -1.6688679097 2.5924832103 0.1943455199 -1.7093968629 4.5364518668 4.1676505881 2.3659453051 -0.4099877072 -4.1676505814 -1.658265287 0.6341250102 1.8471341632 -2.4187117181 -3.3122798415 -2.3659453012 1.6348365068 0.9757673231 0.7618390101 0.000124198 0.5295550231 -0.5292309994 0.9586638752 0.7973772329 1.7075470298 -1.7159093397 0.4138270224 2.633429184519 0.0500925295 0.555806005 1.0593925935 0.9804812428 0.8498957524 2.633429184519 2.1667712254 -0.624505296 -2.9586770808 -0.2913599686 1.2895749532 -0.610581585147 1.232442859 0.9728585645 0.9303034893 -1.2173809337 0.7672492868 -1.127588472475 -1.2937064339 2.9661088439 -1.7430977071 -0.0584148083 2.2144394812 -2.022847599960 -2.1135199167 1.029780641 2.3633161142 1.8541886491 -1.127588472475 -0.610581585147 -2.022847599960 0.6558276346 -0.9286210756 0.8659318017 2.9678900102 -2.0012689198 -2.7968460267 -0.0123186588 2.1551045964 -2.523840872 -1.0013343111 -0.3581201234 1.7031187749 -1.0301521802 0.818208315 2.1890747731 1.3089856282 0.9805398726 -2.4524128066 -1.6947283452 2.1352894665 0. -0.2637508406 2.158099787 -0.8830863581 0.6941545978 -2.4622719696 0. 0.000000001311 -1.857434026 -0.2138184744 -2.0406829529 2.4220846212 0. 0.1640825387 1.2905002861 -1.709396856 3.3122798524 -1.9306686631 0. 2.080881050348 -2.8488610895 -0.5456678493 -0.7278603919 1.3585294271 0. 2.6803631587 0.3330567802 1.62223513 1.5820419602 0.9656331447 -1.040440523207 -1.7565803539 2.3916106613 2.8493757634 -2.8723193563 2.1494700008 -2.1494700008 0. -0.7765672908 0.7765672908 2.7425414026 2.7425414026 -2.7425414026 2.7777169627 -2.6803631587 -2.7777169627 -1.1515327353 -2.1227528468 -0.8299370976 -0.3330567802 -2.709524062 -1.2905002861 -1.6688679245 1.622235134 -2.8675839469 -0.8830863496 2.4187117113 1.6582652777 -1.0627418507 -0.4828165728 -1.040440523207 0.1063055812 -1.4346132656 2.8740310586 -2.394717348 -0.3629017578 -0.4828165719 0.000000001311 2.1319747919 0.8304996411 2.3469835335 -2.7455759463 -1.9119697109 -0.6341250049 0.0239518641 0.937630161623 -2.4926889898 1.3540216776 -0.6911141633 -0.6823437099 0.5056389077 -0.468815078845 -0.0538260869 -0.1759113388 0.2061113119 -0.3890795685 -0.0570612082 -0.6941546018 0.4099876996 -1.7079440713 1.77299622 2.168760425701 -1.4171610387 -1.671671063 -0.0000000053 2.649165828044 2.4698643522 0.0625061525 1.0007987415 -1.77299621 2.649165828044 -0.5129652255 -1.5104438051 0.3826846585 -0.468815078845 -0.6585094122 -0.7206271465 0.9077132119 0.8362975551	0. 0. 1.2122162938 0. -1.2122162938 -1.2122162938 1.2122162938 2.0182617487 1.1209306583 -1.1209306583 -2.0182617487 1.1209306583 2.0182617487 -2.0182617487 -1.1209306583 0.9606883534 -0.5838499111 0.8298558752 0.8298558752 -2.8183596267 -2.8183596267 -0.6217034596 -0.6217034596 -2.2753874503 1.7255094665 0.3075172128 -1.1747332959 -2.8607585571 -2.8607585571 1.7798088176 2.5846188735 -1.0923950687 1.0923950687 1.0923950687 -1.0923950687 -1.970293434 -1.970293434 1.0923950687 1.0923950687 1.970293434 -1.0923950687 0.9682812358 0.3371224201 -2.0293950757 -2.0293950757 -0.3371224201 0.3371224201 -0.9682812358 2.0293950757 -0.9682812358 0.3371224201 1.9175098082 1.1139941864 -2.1777416348 1.9175098227 -2.6737023241 1.5339301913 0.2532927052 -1.9338545877 3.1111935152 1.1139941946 -1.6511097222 -0.9342956512 -0.7307989409 0.0000662296 0.5600385461 -0.5599043155 -1.3789237736 -2.3292255591 -1.1574304619 -1.2858342349 -0.088502717719 1.9459813465 1.5351431452 5.1070516087 0.4138603391 3.0400647272 -0.088502717719 1.9024110474 4.3342980508 1.8787784713 -0.0259957244 4.2589339914 -0.088502717719 4.1641645488 -0.4946275084 1.1170533006 0.5706161429 5.822877432 1.273840495842 3.4907445701 2.1141405071 4.3813652391 -1.7188236379 6.5909224079 -0.088502717719 1.6722463479 4.7145259434 4.3095045745 1.5558853814 6.1244218784 1.273840495842 -0.088502717719 -0.088502717719 1.5750507061 4.1870421049 -0.4709195633 1.8440361461 4.2603751215 1.8331786836 0.8947611278 4.4563266524 1.4523483084 -0.2157239841 5.0469262221 2.4414858881 2.3026437419 5.2140849321 4.4575096406 3.9562884996 4.8676230065 1.2541535924 2.4879903561 1.6314047432 -0.0984480008 0.3075172128 1.970293434 0.9682812358 -1.1595856239 -1.3521985639 1.9975830715 0.023027169323 4.2392355474 2.3157567173 3.845566724 3.2072882191 2.051022 -1.1747332959 -1.970293434 0.9682812358 3.1111935036 -1.9078332674 -0.0750536153 -0.731140928479 1.8436025359 -0.596879854 3.7637172194 2.4381412019 2.051022 -0.5866867772 1.970293434 -2.0293950757 -1.9571993554 -0.5067030269 -0.731140928479 4.2198302018 1.8817767519 1.58896317 2.3647884309 2.051022 2.051022 2.051022 4.2004920008 -0.6915194026 -0.6915194026 2.051022 2.051022 2.051022 -0.9284580911 -0.5866867772 -0.9284580911 1.7255094665 1.7798088176 2.5846188735 1.970293434 -1.0923950687 -1.970293434 -0.3371224201 2.0293950757 -0.3371224201 -0.9682812358 -1.9338545961 -2.6737023299 -0.5067030269 -0.731140928479 1.0693426741 3.4050792433 2.3290754708 3.0299692629 -0.5067030269 2.236340806800 4.3755962475 2.1990407943 0.8143047888 3.9714967153 0.0064233799 1.043062713 1.5157879803 2.671008126457 1.1874724375 0.8969742813 2.2541717975 5.6127516152 2.191502677 2.671008126457 2.5862483597 0.9546227951 0.9335547158 4.8074779117 3.3228517266 1.5339301935 2.3243245023 -0.571129009 -1.760858424709 3.3895802065 -2.1777416363 1.8395668202 0.60965098 -0.438999605988 1.8069201057 4.6151717495 -1.1595856215 1.8416990627 -0.57112904 -0.438999605988 5.0582066576 4.2603319819 -1.3885463345 4.2053146507 2.671008126457 -0.5545099242 5.176328123 2.3646351232 5.3483217836

Cartesian coordinates for the calculated structure [Sc-Cyclen] 3+ obtained with BS2 basis set  [Sc-Cyclen] 3+ _C 4 _conf 1

  

	H H H N	1.5037879754 1.3827873746 0. 0.	1.0900781252 0.9577885816 -1.4173267046 -1.607923311	-1.4818501314 -1.6771269927 -1.4430305542 -0.4080383276
	Sc Sc H C	0. 0. 3.4026951999 -1.3045496888	0. 0. -1.711654762 -2.2937069183	0.1210987089 1.2190815067 -0.120501414 -0.1229668039
	H C	 [Sc-Cyclen] 3+ _C 4 _conf 2 2.4753261036 -2.4342002759	-1.0813823196 -1.2978511404	-1.4867119513 -0.4254884861
	Charge = 3 Multiplicity = 1 N 1.0563781246 N -2.2316559516  [Sc-Cyclen] 3+ _C 2V Charge = 3 Multiplicity = 1 N 1.022017102  [Y-Cyclen] 3+ _C 4 C -2.4342002759 Charge = 3 Multiplicity = 1 C -1.3045496888	1.8031438461 0. 1.725169774 1.2978511404 2.2937069183	0.4792999001 0.3502633643 0.2765672968 -0.4254884861 -0.1229668039
	N N N C C C C C C C C N N N C C C C C C C C C C N Sc N C C N C C C Charge = 3 Multiplicity = 1 -1.8031438461 -1.0563781246 1.8031438461 0.0010118938 -2.7774182661 -0.0010118938 2.7774182661 -1.2760622042 -2.0485841168 1.2760622042 2.0485841168 -1.725169774 -1.022017102 1.725169774 0.0004544984 -2.7200048223 -0.0004544984 2.7200048223 -1.2084482399 -1.9713665443 1.2084482399 1.9713665443 2.4281433353 1.310696731 0. 0. 0. -1.310696731 -2.4281433353 -2.1467018985 -2.4281433353 -1.310696731 1.310696731 N 1.0517751013 C 1.3045496888 N -1.780260003 C 2.4342002759 N -1.0517751013 N 2.2316559516 N 1.780260003 H 2.9389269792 C -0.0049880144 H 0. C -2.7246790444 H -2.9389269792 C 0.0049880144 H -1.313191702 C 2.7246790444 H 3.4038210384 C -1.2014801847 H 2.4561811585 C -1.9480767707 H -1.313191702 H -1.4242075492	1.0563781246 -1.8031438461 -1.0563781246 2.7774182661 0.0010118938 -2.7774182661 -0.0010118938 2.0485841168 -1.2760622042 -2.0485841168 1.2760622042 1.022017102 -1.725169774 -1.022017102 2.7200048223 0.0004544984 -2.7200048223 -0.0004544984 1.9713665443 -1.2084482399 -1.9713665443 1.2084482399 1.3016993929 2.3114185406 1.6372260371 0. -1.6372260371 -2.3114185406 -1.3016993929 0. 1.3016993929 2.3114185406 -2.3114185406 1.780260003 -2.2937069183 1.0517751013 -1.2978511404 -1.780260003 0. -1.0517751013 0. 2.7246790444 1.3326847694 -0.0049880144 0. -2.7246790444 -2.6143028942 0.0049880144 1.7444454303 1.9480767707 1.0639047572 -1.2014801847 2.6143028942 3.2140441118	0.4792999001 0.4792999001 0.4792999001 -0.00716447 -0.00716447 -0.00716447 -0.00716447 -0.5273597896 -0.5273597896 -0.5273597896 -0.5273597896 0.2765672968 0.2765672968 0.2765672968 -0.2411683796 -0.2411683796 -0.2411683796 -0.2411683796 -0.7863266339 -0.7863266339 -0.7863266339 -0.7863266339 -0.4130682692 -0.1177625974 -0.4423433209 0.9165659484 -0.4423433209 -0.1177625974 -0.4130682692 0.3305919216 -0.4130682692 -0.1177625974 -0.1177625974 -0.1229668039 0.5037107154 -0.4254884861 0.5037107154 0.3502633643 0.5037107154 1.0911792279 0.5037107154 -1.3924380247 -0.0344947108 1.0911792279 -0.0344947108 0.9371760386 -0.0344947108 -0.1741047238 -0.0344947108 -1.4971323541 -0.572025218 0.9371760386 -0.572025218 -0.712932793
	H H H H H H H H H H H H H H C N H H H H H C C H H H H H H H H H H H H	1.5346597264 -2.164710562 -1.5346597264 2.164710562 -0.2640385962 0.3894663977 -3.4117351615 1.6043015379 -2.228564073 -1.6043015379 2.228564073 -0.2817777636 0.4491732823 -3.3747251642 2.4281433353 2.1467018985 2.7537153804 0. -2.7537153804 -1.2946475246 3.4026951999 1.2014801847 1.9480767707 -3.4038210384 1.6621208583 -2.4561811585 -2.3471639101 1.313191702 -1.6621208583 1.4242075492 2.3471639101 1.313191702 -0.3043356471 1.4242075492 -3.4038210384	2.164710562 1.5346597264 -2.164710562 -1.5346597264 3.4117351615 3.4260780002 -0.2640385962 2.228564073 1.6043015379 -2.228564073 -1.6043015379 3.3747251642 3.3568722178 -0.2817777636 -1.3016993929 0. 0. 1.4173267046 0. -2.6139097481 1.711654762 -1.9480767707 1.2014801847 -1.7444454303 2.3471639101 -1.0639047572 1.6621208583 -2.6143028942 -2.3471639101 -3.2140441118 -1.6621208583 2.6143028942 3.391369774 3.2140441118 1.7444454303	1.3063825656 1.3063825656 1.3063825656 1.3063825656 0.8470794743 -0.8038757401 0.8470794743 0.9578057097 0.9578057097 0.9578057097 0.9578057097 0.5947603825 -1.0152185117 0.5947603825 -0.4130682692 0.3305919216 1.1585146119 -1.4430305542 1.1585146119 0.9444233713 -0.120501414 -0.572025218 -0.1741047238 -0.572025218 -1.4971323541 1.1032938988 0.9371760386 1.1032938988 -0.712932793 1.1032938988 0.9371760386 1.1032938988 -0.712932793 0.7863249551 -0.1741047238
	H H H H H	-3.4260780002 -3.3568722178 2.4753261036 0.4198941903 -2.4561811585	0.3894663977 0.4491732823 1.0813823196 3.3600646273 1.0639047572	-0.8038757401 -1.0152185117 -1.4867119513 -0.8237298926 -1.4971323541
	H H H H H	0.2640385962 0.2817777636 -1.2946475246 -3.391369774 -1.4242075492	-3.4117351615 -3.3747251642 2.6139097481 -0.3043356471 -3.2140441118	0.8470794743 0.5947603825 0.9444233713 0.7863249551 -0.712932793
	H H H H H H H H H H H H H H H H	-0.3894663977 3.4117351615 3.4260780002 -2.0320407374 -0.4491732823 3.3747251642 3.3568722178 -2.0009376235 -1.4408427746 -3.4026951999 -3.3600646273 0. -2.4753261036 1.2946475246 3.4038210384  [Y-Cyclen] 3+ _C 2V 2.4561811585	-3.4260780002 0.2640385962 -0.3894663977 2.7968047722 -3.3568722178 0.2817777636 -0.4491732823 2.6744369328 3.2340446895 -1.711654762 0.4198941903 -1.3326847694 -1.0813823196 -2.6139097481 -1.7444454303 -1.0639047572	-0.8038757401 0.8470794743 -0.8038757401 -0.8089867361 -1.0152185117 0.5947603825 -1.0152185117 -1.0758654903 -0.7013349484 -0.8237298926 -1.3924380247 -0.120501414 -1.4867119513 0.9444233713 -0.1741047238 -1.4971323541
	H H H Charge = 3 Multiplicity = 1 -1.0900781252 -0.9577885816 1.4408427746	1.5037879754 1.3827873746 -3.2340446895	-1.4818501314 -1.6771269927 -0.7013349484
	H H H H H Redundant internal coordinates found in file. -2.7968047722 -2.0320407374 -1.5037879754 -1.0900781252 -2.6744369328 -2.0009376235 -1.3827873746 -0.9577885816 1.2946475246 2.6139097481 H 1.4408427746 3.2340446895 C 2.4342002759 1.2978511404	-0.8089867361 -1.4818501314 -1.0758654903 -1.6771269927 0.9444233713 -0.7013349484 -0.4254884861
	H H H H H C H N	2.0320407374 1.0900781252 2.0009376235 0.9577885816 -3.4026951999 1.3045496888 -2.4753261036 0.	-2.7968047722 -1.5037879754 -2.6744369328 -1.3827873746 1.711654762 2.2937069183 1.0813823196 1.607923311	-0.8089867361 -1.4818501314 -1.0758654903 -1.6771269927 -0.1229668039 -0.120501414 -1.4867119513 -0.4080383276
	H H H Y	2.7968047722 2.6744369328 -1.4408427746 0.	2.0320407374 2.0009376235 -3.2340446895 0.	-0.8089867361 -1.0758654903 -0.7013349484 1.2440720393

Ga, the labeling conditions of44 Sc with monophosphonic DOTA analogs are not improved compared to the parent DOTA. Nonetheless, in vitro stability of the Sc(III) complexes was studied in the presence of hydroxyapatite and rat serum to estimate their in vivo stability, showing that these ligands were stable.

Remerciements

already published [12]

Acknowledgments

We thank the French-Czech travel grant (Barrande PHC 21934B) and PICS-CNRS 5196 (to R.K., C.A., S.H.), the Grant Agency of the Czech Republic no. 13-08336S (to M.P., J.H., V.K., P.H.) for financial support. The work was done in the frame of TD1004 and TD1007 COST Actions. The ARRONAX cyclotron is a project promoted by the Regional Council of Pays de la Loire financed by local authorities, the French government and the European Union. This work was supported by grants from the Pays de la Loire Council "Nucléaire pour la Santé" (NucSan) and from the French National Agency for Research called -Investissements d'Avenir‖ n°ANR-11-LABX-0018-01.

Ce travail de thèse a été Mes premiers remerciements s'

Chapter I-Nuclear Medicine

Chapter II-Production of 44m/44 Sc at the ARRONAX Cyclotron 

Chapter III-DFT computational studies of

Scandium complexes in vacuo

hydration shell, is a clear manifestation of the nonpairwise additivity of the cation-water molecule interaction terms. Interestingly, same results were also observed for yttrium(III) [21], lutetium(III) [22] and lanthanum (III) [23] aqua complexes.

Practically the BS1 optimized geometry gives the same Sc-O and O-H distance then the BS2 geometry. But the last one gives lower binding energies. Different theoretical studies have been performed before [6,20,24,25,26,17] for evaluating hydration structures the Sc(III) ion, using computational methods in vacuo such as HF and MP2 methods combined with different basis sets [6], the optimized geometries of [Sc(H 2 O) n ] 3+ (n=1-9) clusters, showed that the [Sc(H 2 O) 6 ] 3+ structure with the Sc(III)-O bond length of 2.18Å is the most stable in aqueous solution [6]. However a later ab initio SCF calculation and QM/MM simulations showed an exact number 7 for the first hydration shell thus the heptahydrated scandium ion was proposed to be more stable than the hexahydrated complex [20,17]; also the results obtained from the B3LYP/6-31+G*level for the [Sc(H 2 O) 6 ] 3+ structure showed a Sc-O distance of 2.15Å, which is in perfect agreement with our results obtained for the same structure using a B3LYP/6-31+G(d,p) method (Sc-O distance of 2.156Å). The agreement with the experimental solution value for the Sc-O distance remains excellent [6]. Also, calculation performed later using DFT and molecular orbital methods showed that each scandium (III) hexahydrated and heptahydrated can coexist in aqueous solution [24,26]. Surprisingly, from our ab initio calculation performed on the [Sc(H 2 O) n ] 3+ (n=1-10) using either BS1 or BS2 level sets, we found that the number of water molecules in the first coordination sphere may go up to 8 molecules. However, when 9 molecules are used, only 6 molecules stay in the first hydration shell forming an hexahydrated Sc-complex with a Sc-O distance of 2.14 Å, other molecules migrate to the second coordination sphere, each of them coordinate to two water molecules from the first shell, with an extended Sc-O distance.

However, when 10 water molecules are used, an octacoordinated Sc(H 2 O) 8

3+ is formed in the first hydration shell with a Sc-O distance of 2.27 Å, other two molecules migrate to the second coordination sphere, each of them also, coordinate to two water molecules from the first shell, with an extended Sc-O distance.

Scandium has a smaller ionic radius (0.73 Å) [6] than the other group 3 elements yttrium (III)

and lanthanum (III) [27] and its chemical behavior is intermediate to that of aluminum(III)

and the heavy lanthanides (III) ions. DOTA analogues above pH ~3.8; no 45 Sc and two 31 P{ 1 H} NMR peaks were observed confirming formation of the in-cage complex (Figure 2). However, unexpected results were obtained for Sc(III)-DO3AP system and, in more acidic solutions, another peaks appeared in both NMR spectra - Sc ~23 ppm, and  P -8.3 ppm (Figure 2). The 45 Sc NMR signal of Sc(III)-aqua complex start to be observable below pH ~0.8; surprisingly, the signal at  Sc ~23 ppm was present even in extremely acidic solutions (up to 1:1 aq. HCl). Most probably, the NMR signal can be assigned to out-of-cage complex species where at least the phosphonate group (and possibly the acetate group(s) as well) is bound to scandium(III) ion; it has been confirmed that phosphonate group can interact with metal ions (e.g. trivalent lanthanides) even under highly acidic conditions. [48] Overall stoichiometry of the Sc(III)-DO3AP species present in the acidic solutions can be roughly estimated as 1 : 2 from a Job-like plot of NMR signal intensities (Figure S3). However, the equilibria are rather complicated as several species are present at different overall Sc(III):DO3AP molar ratios (Figure S3). At equimolar Sc(III)-DO3AP ratio and at pH around zero, it also leads to an observation of the -free‖ Sc(III) which is rather consequence of formation of the complexes with higher ligand-tometal ratio than caused by vanishing interaction with the ligand. Unfortunately, such solution behavior (not determinable correct Sc/DO3AP stoichiometry as well as a number of protons in the species) precluded determination of the value of the Sc(III)-DO3AP complex stability constants (see below).

Preliminary investigations showed that stability constants of scandium(III) complexes can be determined only for DO3AP ABn and DO3AP PrA ligands. As complexation of scandium(III) ion by these ligands starts in very acidic solutions, protonation constants having values logK a < 2 are important in for stability constant evaluations, they were re-determined for both ligands with emphasize on acidic region (see SI); only two constants different from those previously published were obtained for the most acidic ones of DO3AP PrA , logK 5 2.94 and logK 6 1.54.

The complex formation range is behind a range suitable for potentiometry and, therefore, NMR spectrometry (as in the case of Sc(III)-DOTA system) [26] had to be used to acquire equilibrium data in acid solutions necessary for evaluation of stability of the out-of-cage complex. Potentiometry is the most suitable method to cover pH range above 1.5 where incage / out-of-cage complex equilibrium is expected. As complex formation rate is slow in the less acidic pH region, out-of-cell titration method has to be used. However, this method cannot be used at pH < 4 due to some precipitation (probably Sc(OH) 3 , due to slow complex formation kinetics) during hydroxide addition. This pH region is important for evaluation of equilibrium between protonated and fully deprotonated in-cage complexes. Therefore, normal titration of pre-formed complexes was carried out; one protonation constant corresponding to

Determination of stability constants under trace concentrations.

In addition to determination of complex stability constants with -chemical‖ amount of the metal ion and the ligands as described above, another technique, Free Ion Selective Radiotracer Extraction method (FISRE), can be employed. This technique uses ion exchanger as a competing -ligand‖ and radiometal as tracers in order to determine stability of the metal complexes. This method has been mostly employed for quantification of metal-ligand interactions in the environment. [51] More recently, the method was used for determination of thermodynamic stability of metalloradiopharmaceuticals containing Y(III). [START_REF] Breunig | Novel Carcinoembryonic-Antigen-(CEA)-Specific Pretargeting System to Assess Tumor Cell Viability after Irradiation of Colorectal Cancer Cells[END_REF] This technique has also used to estimate stability constants of scandium(III) complexes with EDTA, DTPA, NOTA and DOTA. [17] Briefly, this technique is based on competition of chelating resin and ligand in solution for a metal ion and could give an access to the conditional thermodynamic equilibrium constant under non-ideal conditions. The ligandmetal ion stability constant can be determined through analysis of efficiency of the competition as a function of the parameters affecting the complexation, i.e.

concentration/excess of the ligand or pH. Thus, stability constants could be estimated by a fitting dependence of the distribution coefficient of Sc(III) between the resin and supernatant, K d , on the ligand concentration in the supernatant. Sc(III) complexes are formed immediately with H5do3ap, H4do3apABn and H5do3apPrA. For DOTA, complexation takes several minutes at pH 5. Chelex ® was use as a solid resin; it contains chelating imino-diacetic acid residues on the surface which are able to bound trivalent scandium. However, a great care has to be paid to the transchelation kinetics as, if such reaction involves macrocyclic ligands, it is commonly slow. Therefore, equilibration time was at least six days.

Experimental data used in the FISRE method to get stability constants for Sc(III) complexes of the title ligands are presented in Figures 5 andS5. The measurements were carried out at acidic pH for all ligands; the pH values were estimated taking into account log(ScL) values as obtained from equilibrium studies under -chemical‖ conditions (above).

The stability constants obtained by the FISRE method are summarized in Table 2. The log(ScL) values were higher (and, thus, more correct) if stability constants for the monoprotonated complex, log(ScHL), were involved into the FISRE data fitting and it is documented in Figure S5.

The values obtained by the FIRSE method are in a reasonable agreement with the values obtained by potentiometry/NMR (Table 1) if errors naturally accompanied utilization of trace concentrations of reactants and very high absolute values of the constants is taken into account. As the method employs only trace concentrations of reactants, its main advantage is that it can be used also for -problematic‖ metal ions those stability constants can be hardly 

1.Oasis purification

For in vivo studies, if the radiochemical purity was >98% no additional purification of the product was necessary. However, in case of lower yields, the purification can be easily performed on a reverse-phase (RP) C-18 column. For radiopharmaceutical use, a purification step is required before any in vivo injection as quality control. Thus, 44m/44 Sc-IMP288 was loaded on a 1 mL Oasis HLB cartridge (waters) to separate the labeled peptide from unreacted ligand which was put in excess in order to reach high specific activity. The cartridge was preliminary conditioned with 5 mL Et-OH, followed by 5 mL of ultra-pure water. About 100 kBq of the 44m Sc/ 44 Sc-IMP288 were loaded on the oasis HLB cartridge. The column was washed with three fractions of 400 µL of ultra-pure water to remove the uncomplexed 44m/44 Sc. Then 44m/44 Sc-IMP288 was eluted with three fractions of 200 µL of HEPES buffer/Et-OH (50/50) pH 5. The eluted solutions were analysed by γ-spectrometry. To assess the radiolabeling yields, radio TLC was performed. 

VI.4.2. 44 Sc-monophosphonic DOTA analogs complexes

Phosphonic DOTA analogs are of great interest, they can be used for bone metastases studies.

Concerning the in vivo studies of the monophosphonic DOTA analogs; biodistribution studies have been already performed with 153 Sm/ 166 Ho generator [START_REF] Marques | Chemical, radiochemical and biological studies of Sm and Ho complexes of H4dota analogues containing one methylphosphonic/ phosphinic acid pendant arm[END_REF], in female CD-1 mice, at 30 min and 2 h after intravenous (i.v.) injection through the tail vein. Results were then compared with data for the corresponding complexes of DOTA obtained in the same animal model. The results obtained showed a similar biodistribution profile for all 153 Sm/ 166 Ho complexes under study with a rapid clearance from main organs, including the blood stream and soft tissues, which is in agreement with their hydrophilic character and the low plasma protein binding. At 2 h after administration, radioactivity was localized only in organs involved in the excretion routes, especially in the kidneys. Making in evidence that these complexes are not promising for bone targeting, but the ligand can serve as an alternative metal-binding moiety to the common dota-like ligands in biologically active conjugates [START_REF] Marques | Chemical, radiochemical and biological studies of Sm and Ho complexes of H4dota analogues containing one methylphosphonic/ phosphinic acid pendant arm[END_REF]. Biodistribution studies were performed with 46 Sc DOTA-conjugated peptide DOTATATE in normal mice (figure 8). After 4 h p.i, radioactivity was localized only in organs involved in the excretion routes, especially in the kidneys. A significant amount is eliminated via urine.

VI.4.4. 44m Sc/ 44 Sc-IMP288 complex

Pretargeting techniques were developed to improve radioimmunotargeting of tumors [START_REF] Reardan | Antibodies against metal chelates[END_REF][START_REF] Boerman | Pretargeted radioimmunotherapy of cancer: progress step by step[END_REF][START_REF] Chang | Molecular advances in pretargeting radioimunotherapy with bispecific antibodies[END_REF]. In pretargeting, an unlabeled bifunctional reagent with affinity for the tumor and a small radiolabeled molecule is given in advance of the radiolabeled compound [START_REF] Boerman | Pretargeted radioimmunotherapy of cancer: progress step by step[END_REF]. In order to take advantage of possible dimerization of the bsAb on the surface of target cells to increase tumor retention, A hapten-peptide bearing a single DOTA moiety (IMP288), was designed to contain two human salivary gland (HSG epitopes ) [START_REF] Mcbride | Bispecific antibody pretargeting PET (immunoPET) with an 124I-labeled hapten-peptide[END_REF]. For this reason we are interested to study the biodistribution of this peptide one coupled with the longer half-life generator 44m Sc/ 44 Sc.

Conclusion
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Abstract

Among the different isotopes of Scandium that can be used in nuclear medicine may be mentioned the 47 Sc and 44 Sc. The first decays by emitting an electron associated with a 159 keV gamma can thus be used either for radiotherapy or TEMP imaging. The 44 Sc (3.97 h) decays in 94.27% in case by emitting a positron, with a γ photon energy equal to 1.157 MeV. This isotope is then an ideal candidate for applications in PET imaging. Currently, the Cyclotron of high energy and high intensity ARRONAX produce 44 Sc and co-produces the isomeric state the 44m Sc (2. 44 d). The 44m Sc has properties (E = 270 keV, 98.8%), which allows to consider its use as a potential in vivo generator. Previous work had demonstrated that the DOTA ligand is most suitable and stable for Sc. This thesis aims; make in evidence the feasibility of the in vivo 44m/44 Sc generator. Initially a procedure was optimized and validated for the production of 44m/44 Sc with a high specific activity and chemical purity. Radiolabeling of DOTAconjugated peptides was then developed and optimized. Theoretical and experimental studies have been performed in order to demonstrate the feasibility of 44m/44 Sc as a potential in vivo generator. Finally, in vitro stability studies on radiolabeled 44m / 44 Sc complexes were performed, followed by biodistribution studies and PET imaging.
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