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Résumé

Le cancer est l'un des plus grands ensembles de maladies dans notre société, ce qui signifie qu'il y a un besoin urgent de nouveaux médicaments pour traiter le cancer. L'un des plus grands défis du traitement anticancéreux est l'administration spécifique de médicaments aux cellules cibles afin d'éviter les effets délétères sur les cellules saines. En fait, la plupart des médicaments anticancéreux ont également des effets puissants sur les cellules normales en raison de la forte similitude des mécanismes de régulation de la croissance des cellules normales par rapport à leurs homologues transformés. La thérapie photodynamique (PDT) s'impose comme l'une des voies innovantes pour lutter contre le cancer et apporter des solutions aux problèmes rencontrés avec les thérapies traditionnelles. Avec la combinaison d'un photosensibilisateur, de la lumière et de l'oxygène, la PDT atteint une sélectivité unique par la production d'espèces réactives de l'oxygène (ROS) localisées à l'intérieur des cellules cancéreuses, ce qui conduit à leurs destructions avec des effets secondaires limités. Parallèlement au traitement, le diagnostic précoce joue un rôle essentiel pour le résultat. En particulier, l'imagerie est un outil extrêmement intrigant puisqu'il permet non seulement le diagnostic mais aussi l'accompagnement du traitement.

Cette étude vise à utiliser des nanocristaux de cellulose pour transporter et livrer des molécules photosensibles à des cibles biologiques et créer une nouvelle génération d'agents théranostiques. Pour cela, des porphyrines et des phtalocyanines ont été synthétisées, 1 dans le but d'explorer leur ensemble particulier de bandes d'absorption pour le traitement en PDT. Celles-ci ont ensuite été utilisées pour construire des métalla-assemblages par coordination avec des dimères de ruthénium, dans le but non seulement d'améliorer leur solubilité, mais aussi d'éviter l'agrégation. 2 Les unités métalla-ruthénium offrent également une stabilité et une cytotoxicité inhérente grâce à la présence de ruthénium sur le site du cancer. 3 Ces complexes ont ensuite été liés à des nanocristaux de cellulose (CNC) 4 pour un meilleur ciblage par l'augmentation de leur taille, ce qui en fait d'intéressants activateurs d'effet EPR (enhanced permeability and retention effect). Cette stratégie de livraison est basée sur la structure particulière des vaisseaux néoangiogéniques tumoraux qui permettent un ciblage passif. Un autre avantage du greffage de ces composés sur les CNC est qu'il assure une compatibilité biologique et un temps de circulation sanguine prolongé. À partir des composés photosensibles ayant les meilleures caractéristiques, un marquage isotopique avec du technétium-99m et de l'indium-111 par radiomarquage direct a été effectué, afin de les utiliser comme sondes d'imagerie.

Après la synthèse, des tests in vitro ont été effectués pour déterminer la toxicité (IC50) et si les agents PDT étaient sélectifs vis-à-vis des cellules cancéreuses. Dans le même temps, il a été permis de déterminer la concentration optimale pour les expériences in vivo. Leur cytotoxicité et leurs effets thérapeutiques potentiels ont été évalués sur deux lignées de cellules cancéreuses de l'ovaire (A2780 et A2780cis) et une lignée cellulaire hépatique normale (HEK293T) par un test d'activité métabolique. Leur absorption cellulaire a également été déterminée. Enfin, les composés radiomarqués qui ont montré les meilleurs résultats in vitro ont été utilisés pour l'imagerie scintigraphique chez des souris à immunodéficience combinée sévère (SCID) à différents intervalles (1, 2, 4 et 24 h) dans le but d'étudier leur biodistribution, qui a montré une accumulation préférentielle dans le foie, mais aussi dans la vessie. L'hypothèse est donc que par des modifications consécutives des photosensibilisateurs initiaux afin d'améliorer leurs caractéristiques biophysiques (par coordination avec des composés organométalliques et des nanocristaux de cellulose) et plus tard leur radiomarquage, nous avons réalisé de nouveaux agents théranostiques pour la PDT. Le présent travail porte donc sur la synthèse, la caractérisation, l'évaluation in vitro et in vivo d'une petite famille de nouveaux agents théranostiques. 
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Figure 1 -Modified Jablonski diagram depicting the process of photodynamic therapy. When PSs in cells are exposed to specific wavelengths of light, they are transformed from the singlet ground state (S0) to an excited singlet state (S1-Sn), which is followed by intersystem crossing to an excited triplet state (T1). Abbreviation: IC: internal conversion; ISC: intersystem crossing; PS: photosensitizer; 1PS*: Singlet excited photosensitizer; T1: Triplet excited state; R: biological substrate; R*: oxidized biological substrate; 1O2: Singlet oxygen; H2O2: hydrogen peroxide; O2*: superoxide; HO*: hydroxyl radical……………………………………………………………………………………………………...……………20 Chapter 1 -Answering a problem "Divide et imperais", in English "Divide and Conquer", is a Latin phrase as old as politics and war. The famous quote attributed to Julius Cesar can also be applied to our study -Cancer. It is by dividing and spreading in the human body that cancer ends up conquering it, leaving us defenceless. Cancer is a cruel enemy, unmerciful, unjust, difficult to tackle and defeat. That is not, however, a reason to surrender instead of gathering all the weapons that are at our service to try our best and slay the beast. One of those weapons is science, not any science, but science allied by our reason, our capability to think and to strategize. Medicinal chemistry is, therefore, an important discipline. It gives us the tools to be on the right side of this historic fight and end up being the heroes, not the casualties. In the next chapters, the characteristics of cancer are investigated, and how to take advantage of these characteristics are highlighted, suggested, and put to the test. One of the main goal of this study is to add knowledge to the state of the art. This is important because it was only using the knowledge that was given to us by others that it was possible to come up with our own promising ideas. So, we hope that from this work, others will be inspired. The second goal is to highlight the importance of chemistry to the world, and how rational design works if we are methodical, intelligent, and persistent. Lastly, we aim to try to give answers to an ever-growing problem, to be able to say, this worked and this did not… we tried… we gave our best, and therefore, we are one step closer to win this battle, maybe it won't be us, but we helped.
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The Problem of Cancer

Cancer is a serious disease that affects people all over the world. Every year, tens of millions of people are diagnosed, with more than half of those diagnosed dying from it. It is the second leading cause of death in many nations, after heart disease and stroke, and thanks to considerable advances in cardiovascular disease treatment and prevention, it has or will soon become the leading cause of death in many regions of the world. [START_REF] Ma | Global Burden of Cancer[END_REF] Furthermore, cancer has become a rising global socioeconomic problem due to an increase in overall incidence rates and non-response to current medicines. After all, despite massive global research efforts, cancer remains among the world's leading cause of death, with 8 million deaths each year, and the problem isn't going away anytime soon. It's expected that this number will double in the next 20 to 40 years, with a higher incidence in developing countries. [START_REF] Ferlay | Cancer Incidence and Mortality Patterns in Europe: Estimates for 40 Countries in 2012[END_REF] Due to the prevalence of this problem, the discovery of new antitumor medicines has become a worldwide topic of interest. While traditional therapeutic procedures have made great advancements, with high cure rates for some types of cancer, they are also responsible for major side effects. The variability and genetic complexity of tumors within the population explains why areas from medicine and medicinal chemistry to pharmaceutics have worked so hard to find novel, safer, more effective, and specialized cancer medicines. The development of drug resistance, which is typically related to the establishment of tumor cell populations that are insensitive to cytotoxic drugs, is one of the biggest obstacles to standard cancer therapy. One of the most well-known reasons for this is cancer cells' rapid mutation rate. Other possibilities include decreased drug absorption or greater drug efflux, drug target, or the activation of alternative cell survival mechanisms. [START_REF] Agostinis | Photodynamic Therapy of Cancer: An Update[END_REF] The active transport of a wide range of hydrophobic anticancer drugs from the cytoplasm to the extracellular medium, mediated by a membrane carrier family known as the ATP binding cassette, is another mechanism commonly related with multiple drug resistance in chemotherapy. [START_REF] Vonarbourg | Parameters Influencing the Stealthiness of Colloidal Drug Delivery Systems[END_REF] Angiogenesis inhibitors, active cytotoxic drug focus, gene therapy, and immunotherapy have all been developed as a result of a growing understanding of the genesis, progression, and dissemination pathways of cancer across time. When compared to traditional oncology therapies, photodynamic therapy has shown to be a promising cancer therapy because it has several advantages in terms of tolerability profiles, the absence of specific resistance mechanisms, and the ability to stimulate the immune system, which is seen as a significant differentiation factor. 

Therapy -Photodynamic Therapy

The concept of utilizing light to treat diseases is not new. In fact, different forms of phototherapy have been used to treat psoriasis and vitiligo for over 5000 years in India and ancient Greece, using a combination of psoralens and sunlight. However, the current concept and clinical application of PDT were only described in the early twentieth century, when Oscar Raab, a medical student working on his Ph.D., made an unintentional discovery that microorganisms incubated with certain dyes, such as acridine, could be killed when exposed to light but not when kept in the dark. [START_REF] Abrahamse | New Photosensitizers for Photodynamic Therapy[END_REF] When it was revealed in 1903 that oxygen in the air was also required for this light-mediated killing impact to occur, Oscar Raab's advisor Herman von Tappeiner coined the term "photodynamic effect". [START_REF] Mitton | A Brief Overview of Photodynamic Therapy in Europe[END_REF] The earliest attempts to use this phenomena as a cancer therapy were made not long after these discoveries, by putting dyes on superficial skin lesions and then exposing them to light. Actually, it was von Tappeiner and Jesionek that carried out the first PDT clinical experiments. [START_REF] Triesscheijn | Photodynamic Therapy in Oncology[END_REF] Dougherty and co-workers reported between 1975 and 1978 complete cures of malignant tumors by combining HpD (Hematoporphyrin Derivative) and red light, initially in a breast cancer model, and afterwards in patients with skin, prostate, breast, and colon malignancies. Clinical experiments including enhanced forms of HpD in individuals with skin and bladder cancer eventually validated these encouraging outcomes. Weishaupt and colleagues proposed in 1976 that the cytotoxic agent responsible for the death of tumor cells was singlet oxygen ( 1 O2). [START_REF] Robertson | Photodynamic Therapy (PDT): A Short Review on Cellular Mechanisms and Cancer Research Applications for PDT[END_REF] The last two decades have been marked by advancements in better, safer, and more effective photosensitizers (PS). Simultaneously, improved, less expensive, and easier-to-use light sources have transformed the PDT from a curiosity to a highly promising therapeutic strategy with several applications. [START_REF] Abrahamse | New Photosensitizers for Photodynamic Therapy[END_REF] In this regard, clinical applications of PDT have demonstrated high cure rates for some types of early-stage tumors, [START_REF] Alsaab | Progress in Clinical Trials of Photodynamic Therapy for Solid Tumors and the Role of Nanomedicine[END_REF][START_REF] Phua | Light-Responsive Prodrug-Based Supramolecular Nanosystems for Site-Specific Combination Therapy of Cancer[END_REF] such as melanoma, [START_REF] Nackiewicz | A Novel Pro-Apoptotic Role of Zinc Octacarboxyphthalocyanine in Melanoma Me45 Cancer Cell's Photodynamic Therapy (PDT)[END_REF] oesophageal cancer, [START_REF] Wu | Role of Photodynamic Therapy in the Treatment of Esophageal Cancer[END_REF] and multidrug-resistant breast cancer. [START_REF] Aniogo | The Role of Photodynamic Therapy on Multidrug Resistant Breast Cancer[END_REF] PDT has been proven to also possess antibacterial properties [START_REF] Oda | Antimicrobial Action of Photodynamic Therapy in Root Canals Using LED Curing Light, Curcumin and Carbopol Gel[END_REF] and can be widely used in minor skin disease, 20 actinic keratosis, or Condyloma acuminatum. [START_REF] Hu | Treatment of Condyloma Acuminatum Using the Combination of Laser Ablation and ALA-PDT[END_REF] A summary of the clinically approved photosensitizers with their excitation wavelengths and indications is presented in Table 1. 

PDT mechanism of action

PDT consists of multiple steps, the first of which is administering the photosensitizer (PS) to the patient. The so-called drug-light interval (DLI), which varies depending on the route of administration and the kind of PS, more especially its pharmacokinetics and biodistribution features, is required for the PS to arrive and preferably accumulate in the target tissue after delivery. The PS is triggered with a proper beam of light after the right concentration of photosensitizer in the target cells is attained, passing into a triplet state of energy, which causes a sequence of photochemical processes that result in the creation of ROS and, as a result, cell death (Figure 1). [START_REF] Simões | A New Generation Of Ring-Fused Fluorinated Chlorins as Promising PDT Agents: From Synthesis To In Vitro Studies[END_REF] The electrically excited oxygen molecule is usually in its lower energy singlet state ( 1 O2) which can cause substantial oxidative damage to biomolecules and cell structures, eventually leading to cell death. The superoxide ion, hydrogen peroxide, and hydroxyl radical are some of the other ROS that can be produced in PDT. [START_REF] Agostinis | Photodynamic Therapy of Cancer: An Update[END_REF][START_REF] Patrice | Mechanisms of Photodynamic Therapy[END_REF][START_REF] Anand | Biomodulatory Approaches to Photodynamic Therapy for Solid Tumors[END_REF] PS can decay back to the ground state with fluorescence emission or pass through intersystem intersection to a more stable excited state after it absorbs light and enters an electronically excited state (a triplet state). Because the triplet state has a longer lifetime (tens of microseconds versus nanoseconds or fewer), it has enough time to interact with molecular oxygen via two separate mechanisms, both resulting in ROS generation: i) A type I reaction in which electrons are transferred to O2 and superoxide anions are formed, called photooxidation; or photoreduction, in which electrons or protons are transferred from an organic substrate and a radical cation is formed.

ii) A type II reaction in which energy is transferred directly from the ground state O2 (a triplet state) to produce singlet oxygen. This approach is only permitted when the triplet energy PS exceeds the excitation energy of 94.5 kJ/mol. Because type II reaction has a simpler mechanism and is generally more thermodynamically favourable than the red absorbing PS, it is more likely to occur. This helps to explain why 1 O2 is thought to be the primary cause of PDT phototoxicity. [START_REF] Agostinis | Photodynamic Therapy of Cancer: An Update[END_REF][START_REF] Anand | Biomodulatory Approaches to Photodynamic Therapy for Solid Tumors[END_REF][START_REF] Juarranz | Photodynamic Therapy of Cancer. Basic Principles and Applications[END_REF][START_REF] Yoo | New Insights into the Mechanisms for Photodynamic Therapy-Induced Cancer Cell Death[END_REF] When both processes are active at the same time, as is the case with some photosensitizers, the PDT response is magnified. The relative extent of type I and type II mechanisms is determined by 'he PS's properties, the PDT methodology, and potentially the local oxygen content. For example, the tumour's microenvironment is frequently described as hypoxic, particularly in the centre, due to limited blood flow; this, together with PDT's oxygen consumption, can substantially lower local oxygen concentrations, favouring the occurrence of type I reaction. [START_REF] Abrahamse | New Photosensitizers for Photodynamic Therapy[END_REF] While less aggressive PDT protocols appear to favour apoptotic cell death, some findings imply that more aggressive PDT protocols (high doses of PS and light and short DLI) have a tendency to cause significant necrosis-induced cell death. Because oxygen concentration is not constant across tumor tissues and light distribution is not homogeneous due to strong attenuation of light by tissues, heterogeneous intra-tumor ROS production will result, with different areas of the tumor undergoing different levels of oxidative damage. This will almost probably have a negative influence on the overall outcome and treatment efficacy. [START_REF] Robertson | Photodynamic Therapy (PDT): A Short Review on Cellular Mechanisms and Cancer Research Applications for PDT[END_REF][START_REF] Byrne | Vascular-Targeted Photodynamic Therapy With BF2-Chelated Tetraaryl-Azadipyrromethene Agents: A Multi-Modality Molecular Imaging Approach to Therapeutic Assessment[END_REF][START_REF] Plaetzer | Photophysics and Photochemistry of Photodynamic Therapy: Fundamental Aspects[END_REF] 

Active components on PDT

The perfect conjugation of the three PDT components (light, oxygen, and photosensitizer) is critical for PDT's efficacy in selectively destroying target tissue. This poses a significant challenge in clinical practice when it comes to optimizing therapeutic protocols because a large number of factors must be taken into account, including the type of PS and dose administered, intracellular location, DLI, total light dose applied, wavelength and fluence rate, tumor characteristics, and local toxicity. Because it is the combination of these seemingly harmless substances that causes the generation of ROS, which is responsible for the inactivation and killing of tumor cells, it is critical to thoroughly comprehend which role each of them plays in PDT efficacy for drug and protocol development.

i) Oxygen

PDT relies heavily on oxygen, and its intracellular concentration has an evident impact on the treatment's success. It is perhaps the component whose value is most neglected, especially when we consider that O2 concentration might change between tumors and even between different tumor sections, depending on the density of the vasculature, especially in deeper solid tumors with a hypoxic microenvironment. Surprisingly, photodynamic treatment can cause acute tumor hypoxia, which is caused by the high oxygen consumption during the photochemical reaction, which stops the generation of ROS and reduces the therapeutic efficacy. Furthermore, PDT can induce additional hypoxia by destroying the vascular system and occluding the peritumoral vasculature, resulting in a decrease in blood flow to the tumor tissue and inhibiting the oxygen supply. [START_REF] Kushibiki | Responses of Cancer Cells Induced by Photodynamic Therapy[END_REF] Porphyrins and phthalocyanines, which are the subject of this dissertation, are type II photosensitizers that cause cytotoxicity by producing singlet oxygen. This brings up another point to consider: despite its great reactivity, singlet oxygen has a very limited lifetime, [START_REF] Anand | Biomodulatory Approaches to Photodynamic Therapy for Solid Tumors[END_REF][START_REF] Byrne | Vascular-Targeted Photodynamic Therapy With BF2-Chelated Tetraaryl-Azadipyrromethene Agents: A Multi-Modality Molecular Imaging Approach to Therapeutic Assessment[END_REF] and because the oxidative response occurs largely in the area of the photosensitizer, pinpointing its specific position is critical for assessing the cytotoxic effect. [START_REF] Triesscheijn | Photodynamic Therapy in Oncology[END_REF][START_REF] Jerjes | Ultrasound-Guided Photodynamic Therapy for Deep Seated Pathologies: Prospective Study[END_REF][START_REF] Huang | Photodynamic Therapy for Treatment of Solid Tumors -Potential and Technical Challenges[END_REF] ii) Light

Over time, light sources with clinical applications have evolved rapidly, and the most often utilized light sources today are lasers (e.g., argon, diode) and LEDs, which create a very homogeneous monochromatic light. The combination of various light sources with optical fibre technology transformed the PDT idea and broadened its application to previously inaccessible areas. [START_REF] Agostinis | Photodynamic Therapy of Cancer: An Update[END_REF][START_REF] Mitton | A Brief Overview of Photodynamic Therapy in Europe[END_REF][START_REF] Triesscheijn | Photodynamic Therapy in Oncology[END_REF]32,[START_REF] Allison | Photodynamic Therapy: Oncologic Horizons[END_REF] Furthermore, light penetration into human tissue is important because its intensity determines not only whether the PS inside a tumor is photoactivated efficiently or not, but also the type of antitumor response. As a result, it is critical to understand how reflection, absorption, and dispersion processes alter the mode of light propagation in tissues, to the point where the occurrence of these processes is dependent on the wavelength employed.

The wavelength determines the depth of light penetration into the tissue, together with tissue characteristics and heterogeneities (e.g., macromolecules, organelles). On the one hand, the efficient optical window is limited, ranging from 600 to 1200 nm, to protect endogenous chromophores such as haemoglobin (Hb), myoglobin, melanin, and cytochromes. [START_REF] Robertson | Photodynamic Therapy (PDT): A Short Review on Cellular Mechanisms and Cancer Research Applications for PDT[END_REF][START_REF] Plaetzer | Photophysics and Photochemistry of Photodynamic Therapy: Fundamental Aspects[END_REF][START_REF] Allison | Future of Oncologic Photodynamic Therapy[END_REF] Longer wavelengths beyond 850 nm, on the other hand, do not have enough energy to produce singlet oxygen, limiting the "phototherapeutic window" to 600-850 nm. As a result, having an intense absorption band within this wavelength range, the red and near-infrared (NIR) spectral area, is a crucial property for a chemical to be regarded as potent PS. [START_REF] Pucelik | Properties of Halogenated and Sulfonated Porphyrins Relevant for the Selection of Photosensitizers in Anticancer and Antimicrobial Therapies[END_REF] As a result, the best wavelength for PDT should be a compromise between PS activation and deep penetration with the least amount of dispersion. The choice should be based on the photosensitizer's absorption spectrum as well as the qualities of the affected tissue (location, lesion size, and accessibility).

iii) Photosensitizers

Finally, the photosensitizer, which is responsible for the absorption of energy of a given wavelength and converting it into useable energy, is undoubtedly the most significant component of PDT. The chemical structure of the photosensitizer, which is commonly based on a tetrapyrrole structure, similar to that of protoporphyrin found in haemoglobin, is thought to play a substantial impact in the therapeutic outcome.

According to the literature, the photosensitizers of the tetracyclic macrocycles can be classified into three generations. In 1995, Photofrin® was the first tetrapyrrole macrocycle to be used in PDT, [START_REF] Allison | Photodynamic Therapy: Oncologic Horizons[END_REF][START_REF] Allison | Photodynamic Therapy (PDT): PDT Mechanisms[END_REF][START_REF] Senge | MTHPC -A Drug on Its Way From Second to Third Generation Photosensitizer? Photodiagnosis Photodyn[END_REF] and together with HpD (hematoporphyrin derivatives) are known as first generation photosensitizers mainly because they exist as complex mixtures of monomeric, dimeric, and oligomeric structures. Despite its success, photofrin has a number of flaws, including a low intensity of light absorption at the maximum wavelength of photofrin, which means it absorbs light weakly at 630 nm; a low molar extinction coefficient, which necessitates the administration of large amounts of compound to achieve an effective phototherapeutic response; and a slow rate of elimination. [START_REF] Anand | Biomodulatory Approaches to Photodynamic Therapy for Solid Tumors[END_REF][START_REF] Byrne | Vascular-Targeted Photodynamic Therapy With BF2-Chelated Tetraaryl-Azadipyrromethene Agents: A Multi-Modality Molecular Imaging Approach to Therapeutic Assessment[END_REF][START_REF] Huang | Photodynamic Therapy for Treatment of Solid Tumors -Potential and Technical Challenges[END_REF][START_REF] Senge | MTHPC -A Drug on Its Way From Second to Third Generation Photosensitizer? Photodiagnosis Photodyn[END_REF] The need to overcome these limitations led to the development of second-generation photosensitizers, which include numerous derivatives of porphyrins, phthalocyanines, naphthalocyanines, chlorins, and bacteriochlorins. [START_REF] Ormond | Dye Sensitizers for Photodynamic Therapy[END_REF] Chlorins, in particular, have a large absorption band in the 650 nm range, making these tetracyclic macrocycles attractive candidates for second-generation photosensitizers for PDT since they absorb in a region where light penetration is deep and tissue damage low. [START_REF] Pereira | Novel Approach to Chlorins and Bacteriochlorins: [8π+2π] Cycloaddition of Diazafulvenium Methides with Porphyrins[END_REF] As a result, the chlorin family's temoporfin (Foscan®) was licensed in Europe in 2001, with the benefit of being able to reduce skin post-treatment photosensitivity to roughly 2 to 4 weeks, a significant improvement over the 4 to 12 weeks with Photofrin®. Furthermore, compared to porphyrins, it requires ten times lower light doses due to its higher light absorption at a longer wavelength (652 nm) to be effective. Despite being a significant improvement over Photofrin® in terms of pharmacokinetic profiles and higher phototherapeutic indices, which can be defined as the relationship between phototoxicity and toxicity in the dark, there was still a lot of work to be done in terms of pharmacokinetic profiles and higher phototherapeutic indices. In addition, there were certain limits in terms of lipophilicity for these molecules.

As a result, a third generation of photosensitizers with amphiphilic characteristics for diffusion through the lipid barrier and endocellular localisation has been developed. They must also be triggered by long wavelength light, show more selectivity for tumor tissue, and limit or eliminate the occurrence of skin photosensitivity reactions. With their generally high selectivity for neoplastic tissue, absorption radiation in the 650-750 nm region, suitable solubility in physiological media, and no toxicity in the absence of light, second-and third-generation photosensitizers have come to shine a light on the negative aspects of first-generation photosensitizers and bring back hope to the field.

In addition to the presence of a π electron system which ensures a strong absorptive potential, making them appealing for medical applications, these structures have an inherent tendency to accumulate selectively in tumors, as shown in multiple investigations. [START_REF] Byrne | Vascular-Targeted Photodynamic Therapy With BF2-Chelated Tetraaryl-Azadipyrromethene Agents: A Multi-Modality Molecular Imaging Approach to Therapeutic Assessment[END_REF] The mechanisms underlying this selectivity are yet unknown, however various authors have proposed several theories, such as their predilection to bind to low-density lipoprotein (LDL) receptors, which are frequently overexpressed in tumor cells. [START_REF] Brown | The Present and Future Role of Photodynamic Therapy in Cancer Treatment[END_REF] Another possibility is that tumors have surrounding vessels with morphological changes, which are typical of the neovascularization process that occurs during tumor angiogenesis, making them leaky and convoluted" The "enhanced permeability and retention (EPR) effect" (Figure 2) refers to this occurrence, as well as the absence of lymphatic outflow in tumors. 40 First investigated in 1995 by Jain et al., the molecular weight dependency of compounds in a mouse transplanted human colon adenocarcinoma was confirmed [START_REF] Dellian | Vascular Permeability in a Human Tumour Xenograft: Molecular Charge Dependence[END_REF] as well as the fact that tumor vessels are less permselective than healthy vessels, largely due to pores in the vessel wall caused by large gaps between single endothelial cells. It was discovered that the concentration of such high-molecular-weight compounds in tumors is 10 to 200 times higher than in normal tissues after administration. [START_REF] Greish | Enhanced Permeability and Retention (EPR) Effect for Anticancer Nanomedicine Drug Targeting[END_REF] The cut-off size of the pores, according to the same group's experiments on tumors with liposomes, is between 400 and 600 nm in diameter. [START_REF] Dellian | Vascular Permeability in a Human Tumour Xenograft: Molecular Charge Dependence[END_REF] However, tumor microvascular permeability varies depending on tumor size and rate of development, but it is often greater than in normal tissues. It could, therefore, be concluded that systematic clearance decreases as molecular size increases.

Ruthenium metalla-assemblies as promising PDT agents

The aim of this project is to investigate the use of large ruthenium-containing organometallic assemblies as PDT agents. While platinum organometallic assemblies have already been proven to have anti-cancer activity , [START_REF] Wong | Current Status of Platinum-Based Antitumor Drugs[END_REF][START_REF] Jakupec | Antitumour Metal Compounds: More than Theme and Variations[END_REF] anti-cancer treatments based on ruthenium have over the last years been shown to have less side effects than those based on platinum, [START_REF] Kostova | Ruthenium Complexes as Anticancer Agents[END_REF] and have over the years shown their importance in different fields, including PDT. Therefore, this route seems to be more conscious and appealing. However, in order to first understand the role of ruthenium metalla-assemblies as promising PDT agents, we first need to start by understanding the role that ruthenium complexes have had over the years, especially in the case of their use as anticancer agents.

Platinum resistance in the clinic, both intrinsic and acquired, [START_REF] Ai | Overcoming Cisplatin Resistance of Ovarian Cancer Cells by Targeting HIF-1-Regulated Cancer Metabolism[END_REF][START_REF] Shen | Cisplatin Resistance: A Cellular Self-Defense Mechanism Resulting from Multiple Epigenetic and Genetic Changes[END_REF][START_REF] Parker | Acquired Cisplatin Resistance in Human Ovarian Cancer Cells is Associated with Enhanced Repair of Cisplatin-DNA Lesions and Reduced Drug Accumulation[END_REF] is becoming a growing clinical problem, especially as platinum medications are now utilized in more than half of all chemotherapy regimens. [START_REF] Ai | Overcoming Cisplatin Resistance of Ovarian Cancer Cells by Targeting HIF-1-Regulated Cancer Metabolism[END_REF] This has prompted the development of a new class of medications based on various metals and their coordination complexes, which excel in cellular selectivity and can be used to treat a wide spectrum of cancers while demonstrating distinct mechanisms of action. Because of the chemical similarities of the platinum group of metals (Pt, Pd, Rh, Ir, Ru, and Os) and the effectiveness of platinum therapies, interest in ruthenium(II/III) complexes has grown significantly.

Ruthenium compounds have been shown to be a good place to start looking for alternatives to platinum medications in the clinic, as they have similar ligand exchange kinetics and a larger variety of available coordination geometries. Ruthenium anticancer compounds have a wider spectrum of intracellular targets, and several instances have showed promise in chemical systems, [START_REF] Morris | Inhibition of Cancer Cell Growth by Ruthenium(II) Arene Complexes[END_REF] in vitro, and in vivo. [START_REF] Kandioller | Organometallic Anticancer Complexes of Lapachol: Metal Centre-Dependent Formation of Reactive Oxygen Species and Correlation with Cytotoxicity[END_REF][START_REF] Dougan | Catalytic Organometallic Anticancer Complexes[END_REF][START_REF] Zhang | Advances in the Design of Organometallic Anticancer Complexes[END_REF] RM175 and RAPTA-C By using different ligands or functionalizing the building blocks, the assembly's properties can be tuned according to the desired effect. The ruthenium(II) complex RM175 (Figure 3) was one of the first to be investigated for anticancer action. Developed by the Sadler group in 2001, this pseudo-octahedral organometallic compound is made up of monodentate (chloride), bidentate (diamine), and arene (biphenyl) ligands, and has a 3-legged "piano-stool" shape. Originally designed to target DNA, it is designed to take advantage of the lower +2 oxidation state, which does not require cellular reduction for activation. [START_REF] Bergamo | In Vivo Tumour and Metastasis Reduction and In Vitro Effects on Invasion Assays of the Ruthenium RM175 and Osmium AFAP51 Organometallics in the Mammary Cancer Model[END_REF] The halogen atom was designed to behave as a leaving group, similar to how cisplatin is activated, allowing for covalent attachment to the N7 of guanine in the DNA double helix. [START_REF] Bergamo | In Vivo Tumour and Metastasis Reduction and In Vitro Effects on Invasion Assays of the Ruthenium RM175 and Osmium AFAP51 Organometallics in the Mammary Cancer Model[END_REF] Although Ru(II) complexes have been shown to bind to guanine residues in DNA, [START_REF] Hayward | Investigation of the Role of Bax, P21/Waf1 and P53 as Determinants of Cellular Responses in HCT116 Colorectal Cancer Cells Exposed to the Novel Cytotoxic Ruthenium(II) Organometallic Agent, RM175[END_REF] the extended arene in this complex is anticipated to allow hydrophobic interactions between RM175 and DNA via areneintercalation between base pairs. [START_REF] Carter | Radiosensitisation of Human Colorectal Cancer Cells by Ruthenium(II) Arene Anticancer Complexes[END_REF] The structure is relatively flexible as a result of biphenyl's free rotation around the Ru(II) centre, which is expected to reduce steric hindrance and boost the complex's DNA-binding affinity. [START_REF] Chen | Organometallic Ruthenium(II) Diamine Anticancer Complexes: Arene-Nucleobase Stacking and Stereospecific Hydrogen-Bonding in Guanine Adducts[END_REF] The complex's conformational flexibility may allow it to intercalate into base pairs while also binding to guanine, as has been seen with previous ruthenium complexes. [START_REF] Chen | Organometallic Ruthenium(II) Diamine Anticancer Complexes: Arene-Nucleobase Stacking and Stereospecific Hydrogen-Bonding in Guanine Adducts[END_REF] This could explain why the RM175-DNA adduct is more resistant to DNA repair than platinated DNA; as a result, the lack of cross-resistance with platinum could be explained. [START_REF] Aird | In Vitro and In Vivo Activity and Cross Resistance Profiles of Novel Ruthenium (II) Organometallic Arene Complexes in Human Ovarian Cancer[END_REF] RM175 inhibits cancer growth via delaying cell cycle progression that leads to death, as well as the "traditional" disruption of DNA replication caused by strand intercalation and nucleobase binding. The most successful Ru-based anticancer drugs in recent decades have been half-sandwich Ru-arene complexes with 1,3,5-triaza-7-phosphaadamantane (PTA) ligands termed RAPTAs. [START_REF] Zelonka | Benzene Complexes of Ruthenium(II)[END_REF] These ligands have demonstrated moderate anti-cancer activity in a variety of cell lines, as well as excellent activity in reducing the number of solid metastases. 59 Since then, the RAPTA family has been the subject of research, and a number of analogues with anticancer activity in vitro and in vivo have been developed and tested.

RAPTA-C, created by the Dyson group, is a ruthenium(II) arene complex that includes an amphiphilic 1,3,5-triaza-7-phosphaadamantane (PTA) ligand and two labile chloride ligands (Figure 3). 59 PTA is thought to contribute to RAPTA-C's higher water solubility when compared to other Ru(II) arene complexes. [START_REF] Murray | The Development of RAPTA Compounds for the Treatment of Tumors[END_REF][START_REF] Phillips | Coordination Chemistry of 1,3,5-Triaza-7-Phosphaadamantane (PTA): Transition Metal Complexes and Related Catalytic, Medicinal and Photoluminescent Applications[END_REF] RAPTA-C, like cisplatin, hydrolyses Ru-Cl rapidly at low (intracellular) chloride concentrations, primarily generating the mono-hydrated complex [Ru(p-cymene)Cl(H2O)(PTA)] + . At higher chloride concentrations (in the blood), the Ru-Cl bond stays intact, and RAPTA-C, like cisplatin, can be considered a pro-drug in its di-chloride form. [START_REF] Murray | The Development of RAPTA Compounds for the Treatment of Tumors[END_REF] RAPTA-C and RAPTA-B (in which the arene unit has been replaced with a benzene ring) both showed promise in reducing the size of solid lung metastases in vivo. [START_REF] Scolaro | In Vitro and in Vivo Evaluation of Ruthenium(II)-Arene PTA Complexes[END_REF] Even at the greatest dose supplied to mice, no negative effects were found in the case of RAPTA complexes. Ruthenium was shown to be swiftly eliminated by the kidneys and did not accumulate appreciably in important organs. A comparative study of RAPTA-C and cisplatin metabolism was recently published. [START_REF] Holtkamp | Metallomic Study on the Metabolism of RAPTA-C and Cisplatin in Cell Culture Medium and Its Impact on Cell Accumulation[END_REF] Despite their variations in oxidation state, ligands, charge, and shape, RAPTA complexes showed a similar spectrum of action to NAMI-A. [START_REF] Dyson | Systematic Design of a Targeted Organometallic Antitumour Drug in Pre-Clinical Development[END_REF] With a "piano stool" geometry", the chelating characteristics of the bidentate ligand appear to be beneficial for anticancer activity. Furthermore, when paired with other carefully chosen ligands, the robust Ru-arene unit can give a wide range of new anticancer drug discovery paths with both hydrophilic and hydrophobic properties. 65

NAMI-A

First synthesized by the Alessio and Sava groups, NAMI-A is a complex composed of chloride, imidazole, and dimethylsulfoxide (DMSO) in an octahedral arrangement around a Ru(III) centre (Figure 4). Because Ruthenium(III) complexes are often less reactive than Ru(II) congeners and require activation by reduction, they are frequently referred to as pro-drugs. [START_REF] Alessio | Thirty Years of the Drug Candidate NAMI-A and the Myths in the Field of Ruthenium Anticancer Compounds: A Personal Perspective[END_REF]67 The hypoxic cellular environment allows for this reduction, resulting in antiproliferative selectivity for malignant cells relative to healthy cells, which improves tumor targeting. 67,[START_REF] Trondl | the First Ruthenium-Based Anticancer Drug on the Edge to Clinical Application[END_REF] Figure 4 -NAMI-A is an octahedral Ru(III) pro-drug, which is hypothesized to undergo an "activation by reduction" mechanism inside cells to form more active Ru(II) species.

NAMI-A has a wider range of biological targets than cisplatin, the majority of which are extracellular rather than DNA-based. [START_REF] Alessio | Thirty Years of the Drug Candidate NAMI-A and the Myths in the Field of Ruthenium Anticancer Compounds: A Personal Perspective[END_REF] The most well-known is its synergistic ability to inhibit cell invasion and neoangiogenesis, [START_REF] Dyson | Metal-Based Antitumour Drugs in the Post Genomic Era[END_REF] making it more effective at preventing metastasis than fully formed tumors. [START_REF] Trondl | the First Ruthenium-Based Anticancer Drug on the Edge to Clinical Application[END_REF] The scavenging of nitric oxide is regarded to be one of the key mechanisms by which NAMI-A exerts its antiangiogenic actions. [START_REF] Morbidelli | Antiangiogenic Properties of Selected Ruthenium(III) Complexes That Are Nitric Oxide Scavengers[END_REF] The nitric oxide synthase (NOS) pathway promotes angiogenesis and endothelial cell migration by catalysing the production of NO, a signalling molecule involved in these activities. [START_REF] Morbidelli | Antiangiogenic Properties of Selected Ruthenium(III) Complexes That Are Nitric Oxide Scavengers[END_REF][START_REF] Feliers | VEGF Regulation of Endothelial Nitric Oxide Synthase in Glomerular Endothelial Cells[END_REF] Through displacement of the DMSO ligand, the ruthenium core of NAMI-A, as well as its albumin adducts, have been shown to bind strongly to NO. [START_REF] Oszajca | Interaction of the NAMI-A Complex with Nitric Oxide under Physiological Conditions[END_REF] Because NO release is unfavourable even in the presence of glutathione or other reducing agents, this response is assumed to be irreversible in vivo. Endothelial cell migration is mediated by nitric oxide, which is a downstream mediator of VEGF. [START_REF] Feliers | VEGF Regulation of Endothelial Nitric Oxide Synthase in Glomerular Endothelial Cells[END_REF] NO scavengers, such as NAMI-A, have been shown to effectively prevent VEGF-mediated endothelial cell activities associated with angiogenesis, such as cell migration. [START_REF] Morbidelli | Antiangiogenic Properties of Selected Ruthenium(III) Complexes That Are Nitric Oxide Scavengers[END_REF] Because malignant growth requires oxygen and nutrients, angiogenesis is critical for tumor proliferation. Angiogenic inhibition is another method for preventing metastatic spread. NAMI-A also inhibits malignant cell migration induced by VEGF. [START_REF] Bergamo | Influence of Components of Tumour Microenvironment on the Response of HCT-116 Colorectal Cancer to the Ruthenium-Based Drug NAMI-A[END_REF] As a result, inhibiting VEGF activity provides a specific method for NAMI-A to limit neo-angiogenesis and metastasis formation.

Metalla-assemblies

These three examples have opened the path for future study on new ruthenium anticancer complexes that push the envelope with a greater variety of coordination spheres and a wider spectrum of ligands. 3 Of all the investigated compounds since, metalla-assemblies have gotten a lot of attention lately. [START_REF] Therrien | Arene Ruthenium Cages: Boxes Full of Surprises[END_REF] Zelonka and Baird, who researched the behaviour of the benzene ruthenium dichloride dimer in water, discovered the water solubility of arene ruthenium complexes 40 years ago. [START_REF] Therrien | The Biological Side of Water-Soluble Arene Ruthenium Assemblies[END_REF] They noticed the generation of hydrated species in water without the breaking of the arene ruthenium bond. [START_REF] Süss-Fink | Water-Soluble Arene Ruthenium Complexes: From Serendipity to Catalysis and Drug Design[END_REF] Since then, the chemistry of arene ruthenium complexes in aqueous solution is presently flourishing, thanks to the stability of the arene ruthenium bond in water, [START_REF] Schmitt | Ruthenium Porphyrin Compounds for Photodynamic Therapy of Cancer[END_REF][START_REF] Süss-Fink | Arene Ruthenium Complexes as Anticancer Agents[END_REF] and several groups have looked at the assembly of transition-metal complexes with polydentate ligands to produce distinct supramolecular structures.

Most importantly, this opened the investigation into metalla-assemblies, in particular metalla-assemblies incorporating porphyrin-based panels, which aim to solve two of the main issues with the use of these photosensitizers in PDT: solubility and aggregation. Solubility is mainly solved by the fact that these metalla-assemblies give positively charged compounds in the form of salts, which consequently increase solubility. In the case of aggregation, the creation of discrete supramolecular coordination complexes, especially three-dimensional (3D) metalla-assemblies, made possible via coordination-driven selfassembly, work by ensuring a rigid structure with exceptional structural stability effectively increasing the distance between two porphyrin units and inhibiting aggregation induced by molecular contact. [START_REF] Yu | A Discrete Organoplatinum(II) Metallacage as a Multimodality Theranostic Platform for Cancer Photochemotherapy[END_REF] An example of these kind of structures can be found on As previously explained, the extended delocalized aromatic π-conjugated system of planar porphyrin always suffers severe π-π stacking that leads to significant quench of the excited state, which favour aggregation and hence impair ROS generating efficiency thus limiting their applications in PDT and raising challenges for the development of suitable pharmaceutical formulations. [START_REF] Lucky | Nanoparticles in Photodynamic Therapy[END_REF][START_REF] Ethirajan | The Role of Porphyrin Chemistry in Tumor Imaging and Photodynamic Therapy[END_REF] Porphyrin derivatives and many other PSs have been limited in their therapeutic applications because to this property. Despite the fact that many novel carrier systems have been developed to improve the solubility of porphyrin-based PSs, reduce aggregation, and provide efficient direct transport to cancer cells, it remains difficult to achieve molecular level separation of PSs in these systems due to strong molecular interactions.

As shown by nuclear magnetic resonance (NMR) studies and electrospray ionization mass spectrometry (ESI-MS), [START_REF] Jiang | Self-Assembly of Porphyrin-Containing Metalla-Assemblies and Cancer Photodynamic Therapy[END_REF] this coordination-driven self-assembly strategy provides structural simplicity and enhances stability compared to multicomponent systems previously investigated, therefore assisting in the production of more ROS. [START_REF] Yu | A Discrete Organoplatinum(II) Metallacage as a Multimodality Theranostic Platform for Cancer Photochemotherapy[END_REF] This PDT efficacy has been investigated both in vitro and in vivo, and showed significant anticancer action with low doses and little side effects.

In summary, combining the advantages of both ruthenium and p-cymene, ruthenium metalla-assemblies present themselves as possible building blocks in the construction of novel PDT agents. Apart from helping with aggregation, the amphiphilic property of the ruthenium unit is one of the key reasons for the blooming design of ruthenium-based anticancer medicines, along with the low general toxicity and hypothetical high selectivity of ruthenium compounds for cancer cells. This is especially significant for porphyrin and phthalocyanine (characterized by their low solubility) based arene ruthenium compounds, which can use the arene ligand to balance hydrophilicity and lipophilicity. Several researchers have coordinated pyridyl-porphyrin with ruthenium moieties in the recent few decades, each with a different type of physiologically relevant activity, including some with good photocytotoxicities toward human cancer cells. [START_REF] Schmitt | Efficient Photodynamic Therapy of Cancer Using Chemotherapeutic Porphyrin-Ruthenium Metalla-Cubes[END_REF][START_REF] Gasser | Organometallic Anticancer Compounds[END_REF][START_REF] Heinemann | Critical Overview of the Use of Ru(II) Polypyridyl Complexes as Photosensitizers in One-Photon and Two-Photon Photodynamic Therapy[END_REF][START_REF] Karges | One-and Two-Photon Phototherapeutic Effects of RuII Polypyridine Complexes in the Hypoxic Centre of Large Multicellular Tumor Spheroids and Tumor-Bearing Mice**[END_REF][START_REF] Mari | Evaluation of Perylene Bisimide-Based RuII and IrIII Complexes as Photosensitizers for Photodynamic Therapy[END_REF][START_REF] Swavey | Heteroleptic Monometallic and Trimetallic Ruthenium(II) Complexes Incorporating a π-Extended Dipyrrin Ligand: Light-Activated Reactions with the A549 Lung Cancer Cell Line[END_REF] Furthermore, the arene 'ligand's synthetic variety allows for the coupling of organic segments for targeted chemotherapy. [START_REF] Süss-Fink | Arene Ruthenium Complexes as Anticancer Agents[END_REF] As a result, based on the advantages of the construction of supramolecular structures, this thesis focuses on a promising methodology for effective cancer treatment.

Cellulose Nanocrystals as Biocompatibility and Targeting units

In general, a promising drug must meet certain criteria: it must be water soluble, long-lasting, biologically stable, biocompatible, inert, and non-toxic, with no associations with blood components or blood vessels. It must also be cytotoxic to specific cells, have no antigenicity, have selective clearance by the reticuloendothelial system, and no cell lysis. It also has to circulate for a long time in the bloodstream. [START_REF] Greish | Enhanced Permeability and Retention (EPR) Effect for Anticancer Nanomedicine Drug Targeting[END_REF][START_REF] Sibani | Photosensitiser Delivery for Photodynamic Therapy. Part 2: Systemic Carrier Platforms[END_REF][START_REF] Brigger | Nanoparticles in Cancer Therapy and Diagnosis[END_REF] This is, however, very difficult to achieve with a small molecule, usually being necessary to undergo consecutive modifications that tend to ameliorate one or more of the weaker aspects of the main active reagent. When considering that we are dealing with photosensitizers for PDT in an organometallic structure that helps with solubility and aggregation, according to the list of criteria presented before one of the main issues that needs to be solved in these systems is targeting.

As previously mentioned, the EPR effect is an interesting consequence of the tumor angiogenesis that we can take advantage of. [START_REF] Dellian | Vascular Permeability in a Human Tumour Xenograft: Molecular Charge Dependence[END_REF][START_REF] Maeda | A Retrospective 30 Years After Discovery of the Enhanced Permeability and Retention Effect of Solid Tumors: Next-Generation Chemotherapeutics and Photodynamic Therapy-Problems, Solutions, and Prospects[END_REF] Although there is no standard treatment for solid cancers that ensures adequate drug distribution to all tumor regions, 92 the preservation of high-molecular-weight substances in the tumor setting, while low-molecular-weight substances are returned to the blood circulatory system through diffusion, 93 appears to be an excellent way of attributing selectivity to anticancer compounds through passive targeting. Therefore, the ideal drug for exploiting the EPR effect has a specific size that allows it to pass through the membrane and avoid being excreted by the renal clearance threshold. Knowing this, the addition of nanomaterials to these systems presents itself as a viable option to not only aid with this but also with biocompatibility. [START_REF] Duncan | Polymer Conjugates as Anticancer Nanomedicines[END_REF] Many different types of nanomaterials have been developed and designed as a result of current nanotechnology interest. However, the majority of chemicals used in the synthesis of these nanomaterials are actually obtained from petroleum. Because of ongoing concerns about global warming caused by greenhouse gases released during the processing of such feedstocks, a growing trend has emerged to focus on the creation of polymeric nanostructures derived from renewable resources. [START_REF] Akhlaghi | Sustainable Nanomaterials Derived from Polysaccharides and Amphiphilic Compounds[END_REF] Over the last decade, increased research activity on plentiful, natural, biodegradable, and biocompatible polymers has resulted from a desire to design novel products for different applications using renewable resources.

Among all those, cellulose nanocrystals (CNC) have sparked interest in the last decade due to their accessibility, low cost, and high surface area per volume. CNC has several beneficial properties, including non-toxicity, biodegradability, and biocompatibility, making it a good choice for pharmaceutical applications. [START_REF] Lima | Rodlike Cellulose Microcrystals: Structure, Properties, and Applications[END_REF] The surface of CNC can be modified with different functional groups due to the existence of many hydroxyl groups, which extends its applicability in several formulations. [START_REF] Samir | Review of Recent Research into Cellulosic Whiskers, Their Properties and Their Application in Nanocomposite Field[END_REF] Aldehyde, carboxylic acid, and amine functionalities can be formed from the primary hydroxyl groups. Amine functionalization of CNC, for example, can be used to conjugate biomolecules to CNC for biomedical applications. CNC's possible applications in pharmaceuticals have been investigated, and attempts to improve nanocrystalbased drug delivery systems have been made. [START_REF] Lima | Rodlike Cellulose Microcrystals: Structure, Properties, and Applications[END_REF][START_REF] Samir | Review of Recent Research into Cellulosic Whiskers, Their Properties and Their Application in Nanocomposite Field[END_REF][START_REF] Zhu | Examination of Oxidized Cellulose as a Macromolecular Prodrug Carrier: Preparation and Characterization of an Oxidized Cellulose-Phenylpropanolamine Conjugate[END_REF][START_REF] Emerich | Targeted Nanoparticle-Based Drug Delivery and Diagnosis[END_REF][100] CNC has a range of potential applications in controlled release systems and drug delivery due to its ability to shape stable aqueous suspensions. 101 It is important to further understand the role of CNC in this project, since it is aimed at using cellulose nanocrystal (CNC) as multi-purpose platform for the construction of porphyrinic ruthenium metallaassemblies as PDT theranostic agents. Therefore, some essential information needs to be given about this nanomaterial.

1.3.1.

Cellulose's Molecular Structure

Cellulose is a linear homopolysaccharide of β(1→4) linked D-glucose units with a high molecular weight. The cellulose polymer has two chemically distinct side chain ends (Figure 6):

• A reducing end group comprised of a D-glucopyranose unit with a cyclic hemiacetal as the anomeric carbon atom. A small proportion of this terminal hemiacetal group is an aldehyde acting as a reducing group, which is in equilibrium.

• A non-reducing end group comprised of a D-glucopyranose unit with a closed ring structure around the anomeric carbon atom. The chemical and physical properties of cellulose and the effects of different substituents on these can only be properly understood by acquiring knowledge of the chemical nature of the cellulose molecule in addition to its structure and morphology in the solid state. 102 On the molecular level, cellulose is treated as a single macromolecule. In the late 1920s, Haworth suggested a chain-like macromolecular structure, while Staudinger provided conclusive evidence of the cellulose molecule's highly polymer existence. 103 At this level, the following concepts are also considered: chemical constitution, molecular mass, molecular mass distribution, the presence of reactive sites and potential intramolecular interactions.

The chemical character and reactivity of cellulose are determined by the presence of three equatorially positioned OH groups in the AGU, one primary and two secondary groups. 104 Furthermore, the glycosidic connections in cellulose are sensitive to hydrolysis. 104 The 14 hydroxyl groups play an important role in cellulose solubility as well as in the typical interactions of primary and secondary alcohols. 104 Cellulose is insoluble in water and most organic solvents. 104 This is due to the vast hydrogen bonding network formed by the hydroxyl groups, which produces both intramolecular and intermolecular hydrogen bonds, as illustrated in Figure 7. 102 To disintegrate cellulose, the hydrogen bonding network must be disturbed. Two mechanisms exist for the OH groups in the cellulose molecule to generate hydrogen bonds. One mechanism is by interactions between the OH groups rightly placed in the same molecule (intramolecular). These occur between the C2-OH and C6-OH groups, as well as between the C3-OH and endocyclic oxygen. The other process happens when adjacent cellulose 'hains' C3-OH and C6-OH groups interact (intermolecular). 

Production of CNCs

Because cellulose is mostly found in plants, it opens up a lot of possibilities for source materials. Wood is a common industrial material, and waste materials such as saw dust and wood pulp are abundant during the processing of wood. CNC is generally made from wood pulp, which has already been partially processed to remove non-cellulose material. 105 Due to the constraints of recycling paper materials back into paper, previous study has also looked at the use of wastepaper for the manufacturing of CNC, resulting in a considerable volume of waste paper materials that can be exploited for the production of CNC. 106,107 Another example of repurposed waste materials for CNC manufacturing is waste cotton cloth. Wang et al. 108 recently investigated the usage of bed sheets to manufacture CNC. The sheets were effectively refined into cellulose-based nanomaterials, with the CNC generated ranging in length from 28 to 470 nm.

Several methods for extracting CNC from cellulose have been devised. The most common way is to break down amorphous areas of cellulose fibres using a hydrolysis process. There are a variety of hydrolysis procedures available, with acid hydrolysis being the most popular due to its quick reaction time. Enzymatic hydrolysis is advantageous since it does not necessitate harsh conditions such as extremely concentrated acids. On the other hand, it is frequently undesirable due to the lengthy time necessary for the process to complete effectively. Furthermore, mechanical energy (such as pressurized homogenisation) is frequently used during or after the hydrolysis to aid in the further breakdown of the extracted crystalline areas into individual whiskers. 109

Acid hydrolysis

A more in depth look into acid hydrolysis might be necessary, since it was the method used in this work.

The size and aspect ratio of the CNC varies based on the source material and the manufacturing method. The size of the nanocrystals is proportional to the size of the crystalline sections of the cellulose fibres; however the size of the nanocrystals can be reduced due to deterioration during the hydrolysis process. 105 In comparison to other acids, sulphuric acid is the ideal acid for the acid hydrolysis process since it requires comparatively mild conditions, with the key parameter for the hydrolysis process being the concentration of the acid. However, it is not the only acid that has been employed; formic acid and hydrochloric acid have also been used to successfully break down cellulose into nanocrystals. 110 The hydrolysis method is generally agreed to use a reasonably high acid concentration (between 50 and 70 wt%), a temperature of roughly 40-50 °C, and a hydrolysis time of between 30 and 90 minutes. 111 The length of the crystals and the efficiency of eliminating the amorphous portions of the base cellulose have been proven to be affected by changing these parameters, which has an impact on the quality of the CNC produced. While hydrolysis process conditions such as acid concentration, temperature, and time can affect the properties of the produced crystalline regions, the type of acid used can also affect the properties of the CNC because the acid residue adsorbs on the nanocrystals' surface. 105 Mechanical processing is used to break down microcrystalline into nanocrystalline. This technique is performed several times to separate the fibres and lower their overall size. Typically, pressure homogenization or ultrasonication are used as part of the process. 112 The use of sonication after hydrolysis was investigated and shown to be beneficial in further refining the CNC by breaking down large crystalline areas into individual nanowhiskers and resulting in smaller crystals with better aspect ratios. 113

Properties of CNC

The chain length or degree of polymerization of cellulose affects several of its features. Another key aspect that impacts the characteristics of cellulose is the strong hydrogen bond network within the cellulose chains. 114 The average amount of glucose residues per cellulose molecule is referred to as the degree of polymerization (DP), and it determines a range of cellulose properties. DPs in cellulose vary depending on the source, because obtaining pure cellulose involves multiple stages, including pulping, partial hydrolysis, dissolution, re-precipitation, and organic solvent extraction. These techniques generally split cellulose chains, resulting in underestimated DP values, depending on the process used. 115 The free hydroxyl groups at the equatorial regions of cellulose can form hydrogen bonds, resulting in a variety of crystalline structures. These hydrogen bonds hold the chains together in highly organized crystalline formations. As a result, preventing the pyranose rings from rotating freely boosts the polymer's strength while decreasing its flexibility. Hydrogen bonding is responsible for features including swelling, absorption, and optical activity in cellulose chains. The hydrogen bond network also improves the thermal stability of cellulose. As previously stated, hydrogen bonding can occur both intramolecularly and intermolecularly. 116 Despite the fact that CNC is generated from cellulose, a widely ingested material, it is a nanomaterial that poses new health risks. CNC has been tested for cytotoxicity to confirm that it is safe to ingest. According to the findings, there are no substantial health hazards associated with the eating, inhalation, or general handling of the product. 117 While there have been no reported health risks associated with CNC materials, the toxicity of nanocellulose materials may be influenced by the manufacturing process and how the surface is treated (such as the presence of sulphate groups or modifying agents on the surface). CNC has been investigated for usage in biomedical applications due of its biocompatibility. The use of fluorescent CNC in bioimaging and medication delivery systems has shown to be promising. 118 . The cellular intake was found to be dependent on the surface charge used, with the positively charged sample causing cells to rupture while the negatively charged sample caused no damage to the cell membrane or cytotoxicity.

Reactivity

The cellulose structure has several hydroxyl groups principally responsible for its reactivity. The chemistry of cellulose as a carbohydrate is mostly that of alcohols, and it generates many of the common alcohol derivatives, such as esters and ethers. Despite its molecular similarity to sugars with three hydroxyl groups, cellulose's reactivity should not be confused with that of a trihydric alcohol.

According to the numbering scheme presented in Figure 8 for carbon atoms in anhydroglucose units of cellulose, the hydroxyl group at position 6 functions as a primary alcohol, while the hydroxyl groups at positions 2 and 3 operate as secondary alcohols, since the carbon atom with the hydroxyl group in position 6 is only linked to one alkyl group, whereas the carbons with the hydroxyl groups in positions 2 and 3 are linked to two alkyl groups directly. The inherent chemical reactivity of these three hydroxyl groups, as well as steric effects generated by the reacting agent and steric effects resulting from cellulose's supramolecular structure, can all impact their reactivity under heterogeneous conditions. 119 The relative reactivity was evaluated by esterification assays, and it was concluded that the hydroxyl group at position 6 reacts ten times faster than the other OH groups. 120 Its strong reactivity is generally attributed to its isomerization. Meanwhile, it has been discovered the hydroxyl groups in the 2 position has twice the reactivity of one of the hydroxyl groups in the 3 position. To make useful derivatives, the hydroxyl groups of cellulose can be partially or completely reacted with a variety of chemicals. Most of today's cellulose industrial technology is built on these derivatives. The degree of substitution is a critical criterion for determining the scope and efficiency of the cellulose reaction (DS) and describes the average number of hydroxyl groups substituted in the unit after the reaction, usually ranging from 0 to 3, with 3 suggesting complete substitution of all hydroxyl groups. 

Chemical Modification of Nanocellulose

Using zeta potential testing, it was discovered that CNC possesses a negative surface charge. This can be owed to the presence of hydroxyl or sulfonic groups, for example, depending on the hydrolysis method used to obtain the CNCs. Its hydroxyl groups can also explain its hydrophilic qualities and cause hydrogen bonding between individual strands, which might be an issue, because larger agglomerates of CNC can be formed as a result of these hydrogen bonding. Cellulose nanoparticles have a huge surface area because to their nanoscale dimensions, allowing for focused surface modification to accomplish practically any desired surface functionality. 121 The surface chemistry of these nanoparticles is mostly determined by the extraction procedure utilized to prepare cellulose nanoparticles from the natural cellulosic substrate. 122 Figure 9 depicts the surface chemistries produced by the most common extraction procedures.

Figure 9 -Distinctive surface chemistries provided by the most common extraction methods of cellulose nanoparticles: sulfuric acid hydrolysis provides sulphate ester groups (route 1), hydrochloric acid hydrolysis provides hydroxyl groups (route 2), acetic acid hydrolysis provides acetyl groups (route 3), TEMPO mediated hypochlorite treatment (route 4) and carboxymethylation (route 5) provide carboxylic acid groups' CNC's applications are limited due to its hydrophilic properties. To increase compatibility with organic networks, surface modification is required to minimize this. When deciding the material/functional group to modify on the surface of CNC, some thought must be given to the type of material with which CNC will interact. In certain situations, other adjustments may be more effective. Modifying the CNC with an isocyanate, for example, aids dispersion of the CNC inside a polyurethane network. 123 Many of the existing modification strategies, like those for other nanomaterials, take advantage of the hydroxyl groups on the cellulose surface. Despite of what modification is desired, either it being silylation, acetylation, carbamation, cationization, or TEMPO oxidation, most of them usually start with sulfonation.

Sulfonation

Figure 10 -Schematic representation of the hydrolysis of amorphous and crystalline cellulose with H2SO4, and consequent sulfonation.

Although hydrobromic acid and phosphoric acid treatments could also give nanoscaled cellulosic particles, 124,125 sulfuric acid and hydrochloric acid have mainly been used. 126 The most commonly used being sulfuric acid, which renders negatively charged CNC surfaces due to the sulphate incorporation onto nanocrystals (Figure 10), electrostatically stabilizing CNCs because of the insertion of negatively charged groups onto CNC surfaces. 127 The degree of sulfonation is determined by the period of hydrolysis and the concentration of sulfuric acid. Typical reactions are carried out at 45 °C for 30 minutes in 64 percent (w/w) aqueous solutions. 128 From this several other modifications can be made to the CNC. In the next section, special attention to TEMPO oxidation will be given due to the fact of this was the main modification used in the experimental part of this thesis.

TEMPO Oxidation

The great efforts made with TEMPO-mediated oxidation since its inception by De Nooy et al. 129 have made this CNC modification one of the most used and studied. TEMPO is a typical oxidation agent for converting alcohols to aldehydes, although it can also create carboxylates and ketones. Under mild aqueous circumstances, this oxidation method selectively alters the surface of cellulosic materials. 130,131 Although the oxidizing reaction can be done under a variety of conditions, the most common method is to use NaBr and NaClO in the presence of the stable nitroxyl radical 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), as illustrated in Figure 11. This reaction should be carried out at pH values between 9 and 11 in order to achieve higher selectivity towards primary alcohols, as it occurs slowly and without selectivity at pH 8. The CNC surface's' more reactive C6 -OH groups are changed to carboxylate groups via the C6 aldehyde groups when NaClO is used as the oxidant. Only half of the exposed hydroxymethyl groups respond since the other half is hidden within the nanocrystal during this highly discriminative method (secondary hydroxyls remain unaffected). 132 TEMPO oxidation is widely used to selectively activate cellulose nanoparticles by changing the principal hydroxyl groups to carboxylic acids. Although TEMPO-oxidation normally does not damage the structural integrity of CNCs, long reaction periods cause partial delamination of surface chains, which reduces crystal size. 133 Furthermore, Sadeghifar et al. discovered that acetamido-TEMPO treatments result in CNCs that are more uniformly oxidized. Finally, it's worthy to be noted that TEMPO-oxidized CNCs could be further changed in a variety of ways to add new moieties.. 125 Even though there are several other chemical and surface modifications possible to be done, this thesis will only focus particularly on these, given that these were the ones used in the course of this work. The grafting of porphyrinic ruthenium metalla-assemblies is, indeed, the last step for the construction of the desired therapeutic PDT agents. However, this project intended not only for the construction of therapeutic agents, but also to take advantage of the fact that the porphyrin cores are suitable hosts for metal ions, such as indium-111 and technetium-99m, allowing the implementation of highly effective imaging techniques, like magnetic resonance imaging (MRI) and positron emission tomography (PET) imaging, therefore making them appropriate building blocks for diagnostic agents through imaging.

Diagnostics -Imaging

Early identification of cancer and a thorough understanding of the disease are critical for effective treatment, therefore diagnostic agents play a crucial part. Imaging is an intriguing tool since it allows not only to perform an initial diagnosis, but also it can be used to follow treatment and follow-up to the patient. A more in-depth report about the construction of photosensitizers for both PDT and imaging that could be used for cancer research can be found in the following review.

Chapter 2 -Results and Discussion

Chemistry Results

The photosensitizers

For the reasons mentioned in the first chapter, the starting molecule for the construction of PDT theranostic agents should be either a porphyrin or a phthalocyanine. In this work, some were bought and used directly for the preparation of the theranostic agents (Figure 12, P1-P3), while others were synthesized through an Adler-Longo Method 1 (Figure 12, P4-P5), with P4 being obtained via a two-step synthesis that includes reduction of the nitro group. Given that the photosensitizer is one of the three essential components for successful photodynamic therapy, modulating its characteristics can influence the overall PDT efficacy. The amine (P4) and phenol (P5) derivatives of 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (P3) were added to the commercially available photo-responsive molecules to create a library of compounds. These pyridyl-derivatives can be coordinated to ruthenium metalla-clips, allowing the formation of metalla-assemblies. Then, the phenol or amine function can be exploited to link the metalla-assemblies to cellulose nanocrystals. Synthesis and coordination were carried out efficiently. UV-Vis absorption and fluorescence spectra were measured for both porphyrins, and their absorption spectra in dichloromethane showed the typical Soret and Q-bands.

Certain features, such as relative hydrophobicity, must be present in order to obtain the most efficient PS. Lipophilic molecules diffuse quickly and passively into cancer cells, settling in internal membrane structures such as mitochondria and endoplasmic reticulum (ER), whereas more polar molecules are taken up by the active process of endocytosis, necessitating a longer DLI. However, one of the most known drawbacks of porphyrins and phthalocyanines is their low solubility and their tendency to aggregate in aqueous media.

Constructing Metalla-clips and metalla-assemblies

Gathering all this information, it was decided to take the photosensitizers, both bought and synthesized, and construct metalla-assemblies with the aim of ameliorating their solubility and stability for their posterior use in vitro and in vivo. This requires several steps starting with the synthesis of organic ligands/spacers to obtain to ruthenium metalla-clips. From those, the most promising were used to build tetrapyrrolic metalla-assemblies. All these steps are further described in the Experimental Section (Chapter 4). Firstly, the different S1-S4 spacers / organic ligands (Figure 13) were synthesized following a protocol found in the literature, 134 and characterized before being used to construct metalla-clips C1-C4 (Figure 14). The 1 H NMR spectra of S1 and S2, more specifically the number of protons attributed to the CH2 groups, allowed to determine the n value for the PEG moieties covalently bound to the benzoquinone backbone. For S1, it was concluded that n=1, while for S2 n=3. For S3 and S4, the protocol used was the same, 134 resulting in the combination of 1,4-benzoquinone with either ethylenediamine or ethanolamine, respectively. The 1 H NMR spectra of C1 and C2, compared to the non-coordinated S1 and S2, not only presented new signals, at for example ~8.40 and 8.80 ppm (aryl protons), but also a downfield chemical shift of the benzoquinone protons. In the case of S1 to C1, the signal for the aromatic protons in the benzoquinone moiety shifts from 7.78 to 7.95 ppm, and for S2 to C2 it goes from 7.28 to 7.42 ppm. The peaks corresponding to the -NH protons disappear when the spacer is coordinated to ruthenium, and the signals for the -NH2 and -OH PEG moieties are also shifted upfield, more specifically the protons from the two OH groups in S1 shift from 2.51 to 1.19, while the NH2 protons in S2 change from 2.89 to 2.25 ppm. The downfield and upfield shifts were not observed to such extent when S3 was turned into C3. For example, the signal for the benzoquinone aromatic protons has only a slight shift from 7.29 to 7.31 ppm, and for the protons in the side chain -NH2 groups from 3.68 to 3.72 ppm, suggesting that these changes might be due to the length of the side chains linked to the benzoquinone backbone. From these three spacers, C3 was chosen to proceed for the construction of metalla-assemblies M1-M3, using P1-P3; and C4 for M4 and M5, respectively (Schemes 1 and 2). The main reason for the choice of C3 and C4 was that they have a similar structure, only changing the functional group in the side chain, and therefore would be easier to compare between each other in vitro and in vivo, reducing the variables for any differences that might be observed.

Regarding the formation of the metalla-assemblies M1, M2 and M3, this was first confirmed by 1 H NMR, and later through electrospray ionization mass spectrometry (ESI-MS), as well as elemental analysis. Typical peak multiplicities and chemical shifts of the arene ruthenium units are observed in their 1 H NMR spectra (Figure 15). 

M1 M2 M3

Alkyl protons from p-cymene and benzoquinone porphyrin, phthalocyanine, benzoquinone, and p-cymene aromatic protons Scheme 1 -Overview of the synthetic route for the metalla-macrocyclic assemblies M1-M3.

Mass spectrometry was also used to confirm the formation of the metalla-assemblies (Figures S1-S3, supplementary information). Due to the loss of the triflate (OTf-) counterion, a series of peaks with different charge states from 4+ to 6+ was observed for M1-M3. It is interesting to observe that for both phthalocyanine-based metalla-assemblies M1 and M2, and for the porphyrin-based metalla-assembly M3, the pattern and species found in mass spectrometry was very similar. The spectra for M1 and M2 showed the typical pattern of arene ruthenium metalla-assemblies with trifluoromethanesulfonate as counterions. Most noticeable were the tetra-, penta-, and hexacationic peaks, with the most prominent of these being the pentacationic peak corresponding to [M1-5(CF3SO3 -)] 5+ and [M2-5(CF3SO3 -)] 5+ , respectively at m/z = 849.52 and m/z = 920.54. In comparison, for M3, the parent peak could be attributed to the tetracationic species [M3-4(CF3SO3 -)] 4+ at m/z = 1151.22. Peaks for the penta-, and hexacationic species [M3-5(CF3SO3 -)] 5+ and [M3-6(CF3SO3 -)] 6+ could also be observed at m/z = 891.178 and m/z = 717.82, respectively.

After the formation of metalla-assemblies M1-M3, it was decided to also explore metalla-clip C4 and construct metalla-assemblies M4 and M5 (Scheme 2).

Scheme 2 -Overview of the synthetic route for the metalla-macrocycle assemblies M4 and M5

The obtained supramolecular systems possess the arene ligands that protect and stabilize the ruthenium atom in a +2 oxidation state; multidentate anionic spacers that modulate the size of the cavity; and multidentate N-donor panels that dictate the shape and geometry of the assembly. The molecular structure of the metalla-assemblies was confirmed by a combination of NMR spectroscopy (Figure 16), mass spectrometry (Figures S4-S5, supplementary information), and elemental analysis. Upon formation of these metalla-prisms, the 1 H NMR signals assigned to the metalla-clips can still be observed, while new signals associated with the porphyrin panels appear (10.0-7.5 ppm, aromatic signals). These observations are consistent with the formation of the metalla-assemblies. The well-defined signals in the 1 H NMR spectra support the formation of a discrete and highly symmetrical assembly as a sole thermodynamic product. The 1 H NMR spectra of M4 and M5 in DMSO-d6 display a similar signal pattern of the corresponding porphyrin and p-cymene protons. The p-cymene moieties show peaks around δ ∼1.3-1.2 ppm for the protons of the isopropyl groups (alkyl protons), singlets around ∼2.5 ppm for the methyl groups (alkyl protons), and signals in the 6.0-5.0 ppm corresponding to aromatic protons. Around 9.1-7.1 ppm, more aromatic signals can be found corresponding to the pyridyl and β-pyrrolic protons of the porphyrin moieties as well as the corresponding aromatic protons of the aniline (M4) and phenol (M5) groups. In complexes M4 and M5, additional signals at ∼ 4.1 and ppm can be found for the protons of the hydroxyl groups of spacer S4. Finally, at δ ∼ 7.3 ppm, a peak corresponding to the benzoquinone protons is observed. The signals of the porphyrinic NH protons were observed at -2.9 ppm.

Porphyrin and benzoquinone aromatic protons p-cymene alkyl protons p-cymene aromatic protons and alkyl protons from benzoquinone

M4 M5

From all the synthesized metalla-assemblies, M4 and M5 were chosen to proceed for the next modification which consists of grafting cellulose nanocrystals. The choice to use these two metallaassemblies came down to the fact that they have extra functional groups (amine and phenol) that can be used to graft them to the CNC, while still leaving the hydroxyl groups in the metalla-clip strucure free if necessary for other posterior modifications. Due to this, and to the fact that these will be used for PDT treatment in vitro, UV-Vis absorption and fluorescence spectra were measured in DMSO for both metallaassemblies. Their absorption spectra (Figure 17) showed the typical Soret band (415 and 412 nm for M4 and M5, respectively) and Q-bands of porphyrin-based compounds in the region of 500-650 nm, which are attributed to the absorption transition between the ground state and the first excited singlet state (S0-S1). 

Grafting to Cellulose Nanocrystals

After synthesis and characterization of the metalla-assemblies, two of them were selected to be grafted to oxidized cellulose nanocrystals, which are obtained by hydrolysis of cellulose with sulfuric acid solution (64% w/w) followed by several washings, centrifugation and dialysis against distilled water until neutrality. 135 This acid hydrolysis consists in breaking cellulose chains within the amorphous domain, thus getting free nanocrystals, which can then be selectively oxidized in their primary alcohols with TEMPO. The CNCs suspension can be easily linked to other moieties through the newly added carboxylic acid groups. The best results were achieved through a covalent bond between the functional

Soret bands

groups in each of the photosensitizers; amine group in M4, or the phenol group in M5, and the oxidized CNCs (Scheme 3). Regarding their IR spectra, the observed peaks (Figure 18) around 3700-2900 cm -1 are characteristic to the stretching vibration of O-H and C-H bonds in polysaccharides. 136,137 This broad peak includes also the inter-and intra-molecular hydrogen bond vibrations of cellulose. 138 The band at 2890 cm -1 is attributed to CH stretching vibration of the hydrocarbon constituents of polysaccharides. 136,139 Typical bands assigned to cellulose were also observed in the region of 1700-800 cm -1 . These peaks correspond to vibrations of water molecules absorbed in cellulose, 136,139 or belong to stretching and bending vibrations of -CH2, -CH, -OH and C-O bonds in cellulose. 140,141 The band at around ~1100 cm -1 is associated with the amount of the crystalline structure of the cellulose, while the band at ~750 cm -1 is assigned to the amorphous region in cellulose. 142 Compared to the initial CNCs, the appearance of a strong peak at 1739 cm -1 suggests the presence of an ester bond presumably between the hydroxyl group of the porphyrin in metalla-assembly M5 or the hydroxyl groups in the alkyl chain of the metalla-assembly with the cellulose nanocrystals. On the other hand, the strong peak around 1644 cm -1 suggests the presence of an amide bond between the carboxylic function of CNCs and the amine group of the porphyrin in metalla-assembly M4. Simultaneously, the ATR FT-IR spectrum of both CNCs-linked metalla-assemblies showed that the intensities of the C-H vibration band of methyl groups (2820-2976 cm -1 ) were strengthened. The N-H bending vibration peak of porphyrin units appeared at 1658 cm -1 . All this supports the successful combination of CNCs with porphyrin derivatives. The molar grafting ratio (%) was calculated from the difference between the reacted porphyrin amount and the unreacted porphyrin present at the end of the grafting reaction. 143,144 Figure 18 -IR spectra MC4 (orange) and MC5 (blue), and free CNC (red).

Radiolabelling & Kinetic Studies

Porphyrin P5, its respective metalla-assembly M5, as well as the CNC-grafted derivative MC5 (Scheme 4), were chosen to be radiolabelled because M5 and MC5 showed the most promising results in vitro, making them the most interesting molecules to be used as theranostic agents. For such, all three compounds were radiolabelled with two different radionuclides, technetium-99m and indium-111, giving us two separate lines of action for the posterior cellular uptake and in vivo imaging, and allowing them to be compared structurally. In addition, having the same compounds radiolabelled with either one of the radionuclides allows comparison between each radionuclide and determine which one is the best choice for the creation of theranostic agents. 

Radiolabelling with technetium-99m

After the synthesis, direct radiolabelling was performed and showed promising potential of these molecules to be used as multimodal imaging agents, which is the main goal of this Thesis. Radiolabelling with technetium-99m was completed with a radiochemical incorporation of over 90% for all three compounds. It is possible to conclude that the reaction for P5 is complete (93%) and that little to no traces of free-[ 99m Tc]TcO4 -are observed. The same results were achieved for M5 (98%) and MC5 (95%).

Figures 19 and20 shows the successful radiolabelling of the compounds.

It should be noted that the basic chemical principle of technetium-99m labelling involves the reduction of technetium-99m to a lower oxidation state that will bind to a chelating molecule of interest, in this case P5-MC5. In the pertechnetate ion from the eluted [ 99m Tc]TcO4 -, technetium has the oxidation state +7, and after the addition of the stannous ions (Sn 2+ ) in HCl reduction to technetium +4 occurs. It is only in this low oxidation state that technetium-99m can form a complex with molecules through the formation of bonds between Tc and the amine groups of the porphyrin core (the bond of the nitrogen atom with hydrogen is replaced by a bond of the nitrogen atom with technetium). It is therefore important that the pH of the reaction is neutralized after the reduction of Tc and before the addition of P5-MC5, because otherwise the labelling will not occur. The different media chosen for the kinetic studies have a reason: plasma, water and saline mimic the main components of the bloodstream where the compound will be injected for in vivo experiments, and so it is believed to be a good idea to test the stability of these compounds in them before proceeding to these experiments to have an idea of how the compound behaves. Besides this, the behaviour of these compounds in DTPA and EDTA solutions is also important to be studied because EDTA and DTPA form stable complexes with most transition metals such as Cu, Tc, and Zn meaning they can be used as antagonistic chelators, thus pulling out the radionuclide from [ 99m Tc]Tc-P5, [ 99m Tc]Tc-M5, and [ 99m Tc]Tc-MC5 into the DTPA or EDTA structure. Finally, HEPES and NH4AcO buffer solutions are the main buffers used for radiolabelling, so it is also important to verify the stability of these compounds in these media.

It is possible to determine that there is no significant difference as late as 24 h when it comes to kinetic stability for most of the media tested, with some differences occurring mainly in the cases of EDTA and plasma, right after 15 min, but after this timepoint they seem to stay stable for the rest of the study. This could be due to the fact that, as said before, EDTA is a strong chelator of technetium-99m, and that plasma also has components such as magnesium ions that can compete with the technetium for the coordination with the centre of the porphyrins. Similar results were observed for [ 99m Tc]Tc-P5 and [ 99m Tc]Tc-M5.

Radiolabelling with indium-111

Direct radiolabelling was also achieved with [ 111 In]InCl3 under mild reaction conditions (60 min at 60˚C) with radiochemical incorporation of over 95% for all compounds (Figure 22). Apart from the different radionuclide used, the main difference between the two protocols is the pH, while for technetium-99m labelling, the compound is added to a previously neutralized solution of reduced technetium-99m, for indium-111, the reaction did not seem to be successful at pH 7, resulting in a much lower radiochemical incorporation (< 50%). This demonstrated the importance of the pH depending on the radionuclide used, with the reaction needing an acidic media (pH 5.5) to occur if indium-111 is being used instead of technetium-99m.

A kinetic study was once again carried out in order to follow the stability. An example for compound [ 111 In]In-MC5 can be found in Figure 23. When analysing the kinetic stability results, it is possible to observe that, contrary to its analogue [ 99m Tc]Tc-MC5, there is a significant difference over time for some of the media used, more specifically in the cases of saline, water, DTPA and EDTA solutions. In these media, it can be detected that [ 111 In]In-MC5 is degraded as early as 30 min after being incubated, and that after 24 h, the kinetic stability drops as low as 10% in the cases of saline and water. However, in ammonium acetate, PBS, and plasma, the stability seems to be constant for all timepoints, and since the radiolabelling is performed in NH4AcO, and is then expected to be injected into the mouse's bloodstream, it is believed that the stability of the compound will be sufficient, and therefore the experiments in vivo can be performed. Similar results were observed for [ 111 In]In-P5 and [ 111 In]In-M5.

Lastly, the necessity to determine the ideal stoichiometry for the radiolabelling process was obvious, due to the presence of two product peaks, meaning that, since it is expected that the radionuclide attaches to the porphyrin centre and that for [ 111 In]In-M5 and [ 111 In]In -MC5 there are two porphyrin moieties per molecule, it can label either one or both of them, which makes the results not reliable. The ideal conditions were found to be 1:1. Thus, suggesting the radiolabelling of only one porphyrin per system, which allows for a more reliable comparison between the radiolabelled-P5 and radiolablled-M5 and MC5, because P5 consists of the porphyrin by itself, and therefore when reading the activity for each system, linear correlation can be traced between all of them. In summary, in this section we discussed the synthesis and characterization of different organic ligands, metalla-clips, tetrapyrrolic macrocycles and cellulose nanocrystals. After having all these components, different combinations were made that culminated in a library of compounds that can be tested in vitro and in vivo, regarding their PDT action, inhibition of metabolic activity, as well as their ability to be used as imaging probes. Compounds M4 and M5, built from C4, were further functionalized and linked to CNCs forming MC4 and MC5, in order to understand the influence of adding these to their structure at the in vitro and in vivo level. Since P4, P5, M4, M5, MC4, and MC5 are all novel compounds, they were tested in vitro and comparison was performed.

The in vitro Results

Having several components in our systems (M1-M5), photosensitizers (P1-P5), organometallic spacers (C1-C4), and cellulose nanocrystals (MC4-MC5), our first goal was to evaluate the impact of each component on the in vitro activity. Therefore, various experiments were designed to answer this basic question.

Metabolic Inhibition Assays

To identify the best photosensitizers, the C3 series was tested. In short (Figure 24), we first start by growing and seeding the desired cell lines into plates at a specific density of cells per well. After giving the cells time to attach to the bottom of the wells, a series of dilutions for each compound was prepared and administered. After an incubation period, tests were performed; one involving irradiation of the cells and one that is exactly the same, except there is no irradiation in order to check basic cytotoxicity of the compounds in the dark. The next step implies the performance of MTT assays, a spectrophotometric method that, based on the functional state of the cells, allows for simple, rapid, and accurate evaluation of proliferation rate and cell viability. In parallel, cytotoxicity studies after irradiation of metallaassemblies M4 and M5, with their corresponding porphyrins and cellulose grafted compounds (MC4-MC5), were carried out in order to evaluate their potential as photosensitizer candidates for PDT. The first step was to find the ideal conditions for these tests. In order to determine how a longer DLI can affect PDT, two tests were made, one at 4 h after drug administration and one after 48 h. It was concluded that longer incubation periods lead to IC50 twice as high. Cytotoxicity studies and PDT treatment of all compounds were therefore carried out 48-hour post-administration in human ovarian carcinoma cancer cell lines (A2780 and A2780cis), and on the healthy human liver cell line (HEK293T).

Table 2 -IC50 values ± standard deviation (in µM) of M1-M5 against three cell lines (A2780cis, A2780, and HEK293T)

Table 2 summarizes the findings of the metabolic activity inhibition (IC50) against all cell lines. When it comes to metalla-assemblies M1 and M2, the phthalocyanine derivatives, they showed IC50 values between 1.2 and 10 µM in the dark, and from 0.35 to 3 µM under light, which demonstrates that after the PDT treatment the compounds show a stronger cytotoxicity of up to 10x higher, with IC50 values as low as 0.35 µM. It should also be noted that both compounds show relative selectivity for cancer cells, with lower IC50 in cancer cell lines when compared to the healthy one (HEK293T), which is a positive result. A significant difference between M1 and M2 is the fact that M2 is metalated with copper (II), and copper coordinated to the centre of these structures is known for improving their ability to decrease the viability and proliferation of human tumor cells. 145 When comparing the non-metalated M1 with the metalated M2, it is possible to observe that the metalated one appears to have lower IC50 when irradiated and higher when not, for cancer cell lines; on the other hand, for the healthy cell line, the metalated metalla-assembly M2 shows less selectivity (Table 2, first and second lines).

Furthermore, it appears that M3, the porphyrin conjugate, is more selective towards cancer cell lines without irradiation than the previous two, which might be important when we are considering systemic side effects when using these compounds for cancer treatments (Table 2, third line). Also for M3, the same results can be seen after irradiation, with lower IC50 in comparison to the same compound when non-irradiated. In all cell lines, this metalla-assembly appears to be less cytotoxic in the dark than its phthalocyanine analogue M1. When we compare M1-M3 after irradiation, an intriguing result emergesdepending on the cell line, M3 does not differ significantly regarding its PDT activity. This can be attributed possibly to the fact that phthalocyanines present stronger Q bands in their absorbance spectra, meaning they possible absorb more radiation at the wavelength used, consequently generating more singlet oxygen, the molecule responsible for oxidative stress inside the cells and their subsequent death. Additionally, it is worth mentioning that these compounds were tested not only on the A2780 ovarian cancer cell line, but also in the A2780cis cell line, which is resistant to Cisplatin®, a chemotherapeutic medication that is commonly used to treat a variety of malignancies, including ovarian cancer. After this evaluation, it was possible to conclude that the activity of compounds M2 and M3 against the A2780 and A2780cis cell lines is different: just like in the case of Cisplatin, these molecules appear to have lower IC50 for the non-resistant cell line, meaning that these compounds also suffer some sort of resistance towards the cisplatin-resistant cancer cell line A2780cis. However, when M1 and the standard deviations associated with its IC50 are taken into account (Table 2, third line), it shows a similar activity between the two cell lines, meaning that it does not suffer resistance at such an extensive level as the other two.

As previously discussed, arene ruthenium complexes by themselves inherently possess some cytotoxicity, and given that in M4 and M5 there are less of these units per molecule, (M1-M3 uses four C3 metalla-clip to construct their metalla-assemblies, while M4-M5 uses only three C4), they could influence the cytotoxicity in the dark. This means that a fair comparison across M1-M5 is not possible.

In any case, focusing solely on the IC50 values of these compounds before and after irradiation, M1 could seem, at first sight, the best compound. However, it also presents the highest cytotoxicity in the dark of all the tested compounds, which is undesirable. It then becomes clear that M5 is the overall best compound, presenting the lowest IC50 when irradiated and the biggest difference before and after irradiation, while also showing the best selectivity towards cancer cell lines (Table 2, fifth line). Furthermore, M5, when compared to M4, has IC50 values similar for both A2780cis and A2780, meaning that it operates differently from cisplatin in cells. It is also possible to observe that comparing M3, M4, and M5, the three metallaassemblies with porphyrinic panels, that the results do not differ significantly across the three, except on the matter of selectivity, with M4 showing the worst selectivity (Table 2, fourth line).

Observing Table 3, which summarizes the selectivity (SI) and photodynamic efficiency (PE) indexes, it is possible to better visualize the statements made previously. While SI gives us a value of selectivity towards cancer cell lines (either A2780cis or A2780) of these compounds in comparison with the healthy cell line HEK293T before irradiation (time of accumulation), PE compares the performance of the compounds as photosensitizers in all cell lines tested. The higher the SI ratio (between IC50 in healthy cells and cancer cells) and the PE values, the theoretically safer and more effective, respectively, a drug would be during in vivo treatment. time, M5 shows the highest efficiency as a photosensitizer of all compounds tested, with values of 20 to 45 times more efficient after irradiation in cancer cell lines, than before irradiation.

Understanding that these results felt incomplete, further tests were conducted to analyse the effect of further functionalizing two of the initial photosensitizers. For that, P4 and P5 were selected, since these were the ones synthesized and not bought. Focusing now on P4, P5, M4, M5, MC4, and MC5, their metabolic activity inhibition against all cell lines were determined in the form of dose-response curves (Figures S8-S10, supplementary information) and can be found summarized in Table 4. In addition, Table 5 summarizes the SI and PE indexes of these compounds. Starting with the comparison between P4 and P5, these seem to not be selective towards cancer cell lines, however they showed good results regarding resistance, with no significant difference in IC50 values (Table 4, first and fourth line) or SI values (Table 5, first and fourth line) between both cancer cell lines. Interestingly, P4 also appears to have lower IC50, half to that of P5 under all conditions tested.

When it comes to P4's corresponding metalla-assembly M4, lower IC50 values can be observed for both when irradiation is applied. The metalla-assembly in all cell lines presents itself as a stronger anticancer agent than the porphyrin, but only when irradiation is not performed, as can be seen by the lower PE values. Upon irradiation, however, an interesting result is observed: the porphyrin by itself seems to be a better PDT agent than the metalla-assembly (Table 5, first and second line).

Regarding P5 and its corresponding metalla-assembly M5, although the porphyrin alone showed IC50 values after irradiation between 1 μM and 3 μM, when it is further functionalized, it shows higher cytotoxicity with IC50 values down to only 0.5 μM. It must be noted that the IC50 values for all the compounds are at least 10x lower when irradiated.

This comparison is not completely true because given the molecular weight of the assemblies, for the same dose in µM, despite the assemblies having 2 porphyrinic moieties per molecule, is will still be less PS/µM, In addition, it is possible to notice that while P4 has better IC50 values than P5, the opposite happens in the cases of M4 and M5. Given that they are structurally almost identical, this could be an indication that part of their difference in activity can be traced to the hydroxyl/amine group. This change theorizes that the function of these groups can be affected when the porphyrins are assembled into these organometallic structures, therefore changing their influence. Otherwise, M4 would continue to have a better IC50 than M5. What is left to determine is what is the influence that the assembly of the PS has on these groups. A possible explanation is that there is less aggregation in these arrangements and therefore the hydroxyl group, being more accessible, can exert his full activity, which could have been diminished before. Like this, we could hypothesize that this group is better for PDT treatment than the amine, but only if it is reachable.

The next step was to evaluate the effect on the PDT activity that linking these structures to CNCs might bring. Table 5 summarizes even further the results obtained from the metabolic activity assays of these compounds to their SI and PE values. From the analysis of both Tables 4 and5, it was possible to determine that with the introduction of the nanocrystals into their structure, MC4 and MC5 show a significant decrease regarding their IC50 values. It is important to note that these does not necessarily mean they have a better photodynamic efficiency as observed by the results on Table 5. In fact, although MC4 and MC5 show the lowest IC50, meaning that these compounds need the lowest doses to kill cells after irradiation; this accompanied by a decrease of their IC50 in the dark as well, meaning that, when compared to the metalla-assemblies before CNC-grafting, they end up presenting lower efficiency. The decrease in their IC50 might be related to the fact that the CNCs improve solubility and target the surface of cells through their glucose moieties since it has been previously reported that one of the factors contributing to the greater efficiency of PDT is the accumulation of PS in tumor cells. [START_REF] Abrahamse | New Photosensitizers for Photodynamic Therapy[END_REF] Therefore, this increase in the cytotoxicity of the more amphiphilic derivatives will, theoretically, be related to their increased uptake by cells. On the other hand, the selectivity towards cancer cell lines is completely lost, showing the same IC50 values between the cancerous and healthy cell lines tested. This is also confirmed by their SI values of approximately 1, which mean that their preference for healthy cell lines is the same as for cancer cell lines.

In addition, when the activity of MC4 and MC5 against the A2780 and A2780cis cell lines is compared, it can be observed that there is no significant difference between the two, contrary to the case of cisplatin (Table 4, seventh line). These compounds seem to not discriminate between the two cell lines, which is a very important and interesting result because they could potentially be used to treat cancers resistant to common oncogenic drugs such as cisplatin. Not only that, before or after irradiation, MC4 and MC5 show better IC50 values than cisplatin for all cell lines tested, proving that they are better anticancer agents. Even more interesting is the fact that all tested compounds (P4-P4, M1-M5 and MC4-MC5) appear to behave equally for both cell lines after irradiation, which is the objective given that these are to be used as PDT agents. So even if some differences can be observed in the dark, it is possible to conclude that they are good candidates in the battle to tackle resistance mechanisms and to be used as PDT agent.

On the other hand, given that these compounds have arene ruthenium units, it is necessary to also compare them with a standard arene ruthenium complex, such as [Ru(η 6 -p-cymene)Cl2(pta)] (RAPTA-C, pta = 1,3,5-triaza-7-phosphaadamantane), RAPTA stands for ruthenium arene PTA. As previously discussed, arene ruthenium is a class of experimental cancer drugs that consist of a central ruthenium (II) atom coordinated to an arene group, chlorides, and an additional ligand, thus forming an organoruthenium half-sandwich compound. Several derivatives of RAPTA have been synthesized, and the most notable is RATPA-C. When analysed, the IC50 of RAPTA-C and of these metalla-assemblies show a significant difference: RAPTA-C has IC50 values always higher than 200 µM, independently of the cell line, and no effect when irradiated, because it doesn't have a photosensitive agent in its structure.

In conclusion, all the studied compounds revealed dose-dependent anti-proliferative effects. The relationship that can be established through the analysis of these results is that: Further functionalization of the initial photosensitizers increases their PDT activity (lower IC50) but decreases selectivity. In fact, derivatives with increased amphiphilicity, obtained by cellulose linkage or by coordination with ruthenium metalla-clips, showed a much higher activity against all cell lines when compared with the porphyrin itself, especially in the dark. Regarding their selectivity, this is expected since most of the selectivity aimed at this project relies on the EPR effect, which cannot be tested in vitro, and on the local use of the light source. Therefore, if any questions regarding the necessity or relevance of functionalizing these structures is raised, they are settled by the great improvement of their PDT activity, as well as the lower resistance from A2780cis towards these compounds. In any case, in order to further understand and clarify the effect of the grafting of CNCs to the metalla-assemblies at the cellular level, internalization assays were performed using the radiolabelled analogues.

Cellular Uptake of Radiolabelled Compounds

It was decided to take P5, M5, and MC5 (the best PDT agents from the previous in vitro study) and take advantage of the fact they can be radiolabelled, and their radioactivity measured and tracked to assess their cellular uptake in the same cell lines as their metabolic inhibition assays. It is important to note that a direct correlation between the in vitro studies and the cellular uptake can be established.

Technetium-99m

For the internalization assays, a simple protocol was followed that consisted of radiolabelling these compounds with reduced technetium-99m and then incubating cells over different timepoints and assessing the percentage of compound attached or internalized in the cells by measuring the radioactivity of the cells after being washed to make sure any non-attached compound was removed. When comparing the cellular uptake from radiolabelled P5-MC5 with technetium-99m (Figures 26272829), it was possible to observe that [ 99m Tc]Tc-P5 has a lower cellular uptake, never surpassing 8% even after 4 h of incubation, and for [ 99m Tc]Tc-M5 and [ 99m Tc]Tc-MC5 the uptake increases up to 10%, which is not considered statistically significant. This is an important information because it implies that the uptake is not influenced by the functionalization, and so the differences in PDT activity cannot be linked to these results. This also suggests that for each porphyrin that enters or is attached to cells when [ 99m Tc]Tc-P5 is administered, one metalla-assembly or one CNC-grafted metalla-assembly does the same. It is possible to know this because when the radiolabelling is performed, the conditions used guaranteed that only one of the porphyrins is radiolabelled, and not both, so there is a 1:1 stoichiometry that is preserved in all compounds. This can explain the lower IC50 of [ 99m Tc]Tc-M5 and [ 99m Tc]Tc-MC5 when compared to P5, because while for n molecules of [ 99m Tc]Tc-P5 there is n [ 99m Tc]Tc-M5 or [ 99m Tc]Tc-MC5 molecules, there are the double of porphyrin/photosensitizer moieties (2n) for [ 99m Tc]Tc-M5 and [ 99m Tc]Tc-MC5, meaning that when they are irradiated, there can be a synergetic PDT action, which can be caused by both porphyrins being irradiated and their activity influencing one another.

Another interesting result is that the normal liver cell line HEK293T presents the lowest cellular uptake for all compounds tested, which can also explain the higher IC50 observed for this cell line and corroborates a certain selectivity of these compounds towards the cancer cell lines A2780 and A2780cis, with the best results being found for A2780. In addition, it is observed that there is first a faster uptake until the 1 or 2 h timepoint and that after that, the uptake seems to reach a plateau for most of the compounds on all cell lines. Overall, it can be concluded that the cell uptake appears to vary from 5 to 10%, at the 4 h post-administration mark, depending on the cell line, with higher uptake for the cancer cells (A2780 and A2780cis) than the liver cells (HEK293T) over time, as expected by our previous metabolic activity assays.

Lastly, it should also be noted that these comparisons between cellular uptake and metabolic activity inhibition is only up to 4 h and given that PDT is performed 48 h after PS administration, we still cannot have a fair line of cause and effect between the two. 

Indium-111

On the other hand, when it comes to the cellular uptake from radiolabelled P5-MC5 with indium-111 (Figures 303132), for the three cell lines used, it was also possible to observe that [ 111 In]In-P5 has a lower cellular uptake, from 8 to 10% at 4 h post-incubation, while for [ 111 In]In-MC5 and [ 111 In]In-MC5 the uptake goes up to 18%. In comparison to the technetium-99m radiolabelled compounds, this difference between P5 and M5 or MC5 is more obvious, and the cellular uptake appears to be higher. The same result is found when it comes to normal liver cell line versus the other two cancer cell lines, with HEK293T having the lowest cellular uptake for all tested compounds. The different uptake can only be traced to the radionuclide used. Through the previous kinetic stability studies, this can be due to the fact that technetium-99m labelled compounds are less stable in plasma (the closest medium to blood) than when indium-111 is used. Interestingly, [ 111 In]In-M5 appears to present a higher uptake in A2780 than [ 111 In]In-MC5 when indium-111 is used instead of technetium-99m for the radiolabelling (Figure 33). In addition, [ 111 In]In-M5 and [ 111 In]In-MC5 do not reach a plateau at 4 h for some of the cell lines, which also differs from the technetium-99m labelled M5 and MC5. Lastly, it is important to note that the knowledge acquired from the in vitro assays can be used to establish a better in vivo study, determining the safest dose to be injected in the animal model. 

The In vivo Results

Animal models are critical in the development of new imaging agents, biodistribution research, and pathophysiologic studies, because they can be used to improve target selection efficiency and accuracy, as well as therapeutic safety and efficacy. [146][147][148] Ex vivo tissue analysis or autoradiography, for example, are employed in biodistribution studies to investigate various radiopharmaceuticals, biomolecules, and disease models. They do, however, need a large number of animals, which limits the design of experimental methods and presents economic and ethical concerns. Nuclear medicine techniques and other imaging modalities (ultrasound, optical imaging, X-ray computed tomography (CT), and magnetic resonance imaging (MRI)) enable in vivo analysis of complex biochemical phenomena, 149-151 by supplying repeated recordings for the same animal spanning days or even weeks. 146 The use of mixed multimodal imaging (PET/CT, SPECT/CT, PET/MRI) has improved over the last two decades the data integrity by introducing accurate anatomical localisation to traditional PET and SPECT imaging and boosting quantification. 152 While these integrated systems have exceptional performance, if they are not handled by specialists, they have limitations and drawbacks. 152,153 Furthermore, their high purchase and maintenance costs, as well as their requirement for highly-trained technicians to properly exploit their capabilities, make them only affordable to a small percentage of field workers. As a result, most small and medium-sized groups, which make up the majority of researchers who create new radiopharmaceuticals, biomolecules, and nanoparticles and study molecular mechanisms, still rely on biodistribution studies rather than imaging. 154 Another big role that imaging can provide is an early cancer detection.

Understanding the tumor conditions is critical for an effective treatment, making it is self-evident that diagnostic agents play a crucial role in determining which cancer therapy technique to choose. 155 Imaging is an intriguing tool since it presupposes a follow-up to therapies to assess the treatment's success and identify any potential recurrence damage. It also allows for the monitoring of any changes that occur on the tumor and the evaluation of therapy efficacy. 155 Imaging techniques paired with PDT open up new possibilities for treating various malignancies, including cancer. This notion introduces the so-called theranostic agent, a single substance with both imaging and therapy capabilities, allowing for both visualization and treatment in a dual fashion. 156,157 Simple scintigraphic imaging can provide not only an efficient assessment of the in vivo behaviour of a new probe, but also an estimate on its biodistribution over time. The main researchers' needs are then focused on simple and fast screening of laboratory mice in a cost-effective way, avoiding large, lengthy, and costly biodistribution studies, and using less animals, therefore agreeing with good laboratory practices, ethical handling of animals and the use of the R's: Reduction, Reuse and Refinement. Accordingly, it was decided that the in vivo imaging part of this work would be performed using BioEmTech®'s scintigraphic system "γ-eye", 154 which detects the γ radiation from the radioactive decay of radionuclides such as technenitum-99m and indium-111. 156,158 In this section, we are presenting the imaging in vivo results of PDT agents administered retro-orbitally in SCID (severe combined immunodeficiency) mice through BIOEMTECH's benchtop scintigraphic system, 154 suitable for wholebody mouse static and dynamic imaging. The biodistribution of the radiolabelled compounds at different timepoints, up to 24 h, was determined.

For the in vivo imaging studies, only the radiolabelled compounds M5 and MC5 were used, since they showed the best results in vitro, possessing the best characteristics for PDT and in vivo administration.

The protocol consisted of a 100 µL retro-orbital injection of the radiolabelled compounds [ 99m Tc]Tc-M5, [ 99m Tc]Tc-MC5, [ 111 In]In-M5, or [ 111 In]In-MC5 with a radioactivity of approximately 100 µCi in female SCID mice, and performing imaging at different timepoints. Although MC5 is expected to better target tumors due to the EPR effect, both compounds, with and without CNC were studied, as a proof-of-concept.

Imaging of 99m Tc-labelled compounds

Through the analysis of the images acquired with [ 99m Tc]Tc-M5 (Figure 34) and [ 99m Tc]Tc-M5 (Figure 35), it is clear that the biodistribution from 1 to 24 h post-injection for both compounds is very similar. In the first hour, they seem to accumulate preferentially in the liver and some portion of the intestines. The dominant accumulation organ is the liver, extending over 24 h, thus suggesting that these compounds if administered in a dose that has an effect without irradiation could have some inherent hepatotoxicity. In the dynamic study conducted during the first hour for both compounds, it could be observed the flux of [ 99m Tc]Tc-M5 and [ 99m Tc]Tc-MC5 from the injection point (retro-orbital) through the blood stream and the slow accumulation in the liver. The biodistribution seems to stay constant during the whole study, focusing on the injection point and the liver, with some small accumulation in the intestines at earlier timepoints It should be noted that preliminary results using different concentrations of [ 99m Tc]Tc-MC5, more specifically 1500 nM and 750 nM, were tested before determining the ideal concentration/injection dose of 375 nM. For the highest concentration (1500 nM), some mortality was observed (33%), and both compounds seemed to allocate at the lungs instead of the liver and intestines (Figure 36). At half concentration 750 nM, the biodistribution was similar to the one found for 375 nM with some extra accumulation at the injection site (Figure 37). At this concentration a toxic effect at the injection site was noticed, possibly due to a local photoreaction, since the eye is constantly exposed to light. Therefore, it was decided to lower further the concentration, trying to achieve the same results with the lowest concentration possible. This concentration was considered safe because no fatality occurred, and when the images for [ 99m Tc]Tc-MC5 are analysed, it was possible to observe that some accumulation still happens at the injection site for this compound, but no damage to the eyes of the mice was observed. The accumulation of [ 99m Tc]Tc-MC5 in the injection site at 375 nM but not of [ 99m Tc]Tc-M5 at the same concentration might be due to its larger size.

Furthermore, when looking at the clearance yields for both compounds at 375 nM (Figure 38), it is possible to conclude that they have similar behaviours, not depending much on whether or not the compound is bound to the cellulose nanocrystals, but rather the concentration of the injected solution. This is more evidently seen when we compare 3 different concentrations of [ 99m Tc]Tc-MC5 (375, 750 and 1500 nM) and notice that the higher the concentration administered, the longer it takes for the compound to be cleared from the mouse's body. At 375 nM, for example, we have a clearance at 24 h of around 50%, while for 1500 nM, at the same timepoint, the clearance is less than half, rounding 20%. Lastly, it seems that the grafting or not grafting of CNC to these compounds impacts more directly the clearance at earlier timepoints and is less relevant in later timepoints. 

Imaging of 111 In-labellled compounds

Radiolabelling with indium-111 was also completed with a radiochemical incorporation of over 90% for compounds M5 and MC5. As in the case of technetium-99m, after the radiolabelling the final solution was diluted with water for injection to a final concentration of 375 nM. It was then administered into a SCID mouse via retro-orbital injection, with a radioactive activity of around 90-110 µCi, with the injected activity being measured in a dose-calibrator. The scintigraphic images acquired for [ 111 In]In-M5 (Figure 39) and [ 111 In]In-MC5 (Figure 40) showed some differences regarding their biodistribution from 1 to 24 h post-injection for both compounds compared to their analogous technetium-99m radiolabelled compounds. In the first hour, [ 111 In]In-M5 seems to accumulate preferentially in the kidneys instead of the liver, which indicates a better clearance and biodistribution right from the start. In the case of [ 111 In]In-MC5, while still showing some accumulation at the kidney level, already at 1 h it shows preferential accumulation at the liver level. For [ 111 In]In-MC5, in addition can also be seen some accumulation in the bladder as well and residual traces at the intestines, which could indicate a faster clearance from the mouse's body. Both compounds, however, at the 2 h timepoint start to show the same pattern of accumulation in the liver of [ 99m Tc]Tc-M5 and [ 99m Tc]Tc-MC5, which is expected because the difference in radionuclide shouldn't affect biodistribution very much given the whole structure of these compounds. Even though some accumulation in the liver is observed for both at earlier timepoints (2 and 4 h), it is possible that this might be in a much lower extent since the clearance yields between [ 111 In]In-M5 and [ 111 In]In-MC5 at 375 nM are higher than for [ 99m Tc]Tc-M5 and [ 9m Tc]Tc-MC5 (Figure 41) reaching the 40% as soon as 4 h post-injection while for the technetium-99m analogues the clearance at the same timepoint is around half. Since the only difference between them is the radionuclide used, it is interesting to assume that the use of indium-111 instead of techenteium-99m in some way affects the clearance of the compounds. On the other hand, it does not seem to make much of a difference much at the 24 h timepoint, with all compounds showing the same clearance here. It should be noted that the clearance is corrected according to the natural decay of the isotopes in order to avoid any artifacts regarding false clearance signals.

It is also interesting that, until this point, it seems that the M5 (non-grafted) appears to always have a better clearance compared to MC5 (CNC-grafted), regardless of the radionuclide used. It can also be concluded, that the accumulation in the liver seems to be linked to the presence of CNC moieties as well. This might be due to the fact that MC5 being linked to the cellulose nanocrystals can influence its retention by the liver with sequent passages of the compound over the mouse's systemic circulation. The liver being the main organ of accumulation, if a compound has specific affinity to the liver, then it is understandable that it will have a worse clearance. This helps us understand that the main factor of influence to a faster or slower clearance, besides concentration is linked to an accumulation in the liver. This is corroborated by the fact that the indium-111 labeled compounds present a faster clearance in the first hour, and it can be seen through the scintigraphic imaging that for the first hour these compounds don't accumulate as much in the liver, but rather the kidneys.

In conclusion, this work intended to use cellulose nanocrystals to transport and deliver photo-responsive molecules to biological targets. The main objectives consisted of preparing and characterizing cellulose nanocrystals as well as photo-responsive molecules; to load the nanocrystals with the photo-responsive compounds; and to evaluate the biological potential of the newly developed nano-carriers in vitro and in vivo. With the idea of enhancing the innate characteristics of the most commonly used group of photosensitizers (porphyrins and phthalocyanines), it was thought of changing their chemical structure therefore hoping to reduce their disadvantages. This was achieved by combining the individual characteristics of different molecules such as ruthenium organometallic clips and cellulose nanocrystals, which help with targeting, delivery, and solubility. At the same time, besides the therapeutic advantages of these compounds, these structures are also fitting for radiolabeling, which would allow them to be used in some imaging techniques. This means that, if successful, as was in our case, we would obtain a new class of compounds that gather both therapeutic and diagnostic (follow up through imaging) in one single compound, the so-called theranostic agents. Having achieved this goal, some conclusions were taken, starting with the understanding that the further the photosensitizers were functionalized, the better results they showed in vitro and in vivo. This is reason enough to say that the initial premise was correct and shows the importance of rational design when developing new molecules. Furthermore, the results obtained demonstrate that these compounds meet some of the main requirements of an ideal PS and are, thereby, potential photosensitizers for PDT. These requirements come down to low activity in the dark, but high PDT activity upon irradiation, selectivity towards cancer cells and not healthy cells, controllable and adjustable properties through simple modifications, and the ability to be radiolabelled through direct procedures.

In addition, the efficient radiolabelling of these compounds showed that they can be used not only as therapeutic agents in the treatment of cancer, but also that they can be applied to imaging, and, therefore, may be useful imaging probes for follow-up after treatment and even diagnosis. It is also interesting that the dose needed to be administered to achieve successful imaging in vivo is lower than the dose needed to have a cytotoxic effect in the dark. This means that when no irradiation is exerted, the molecules are considered safe. Or in other words, since the dose needed for imaging is lower than the one needed for PDT, upon irradiation these molecules can be administered at this concentration and used for imaging and still should not affect healthy tissue. The possibility that of using the same molecule for both treatment and diagnosis makes these compounds interesting theranostic agents.

In conclusion, we were able to prepare and characterize photo-responsive coordinated with ruthenium dimers to form metalla-assemblies, which were subsequently linked to CNCs. These modifications enhanced the solubility, selectivity, targeting, and transport to biological targets. After synthesis, in vitro assays were performed to determine the IC50 and it was concluded that these moelcules were active PDT agents and also selective towards cancer cell lines. The resulting photo-responsive compounds were also radiolabelled, allowing them to also be used as imaging probes. The administration of these compounds in SCID mice allowed to follow their biodistribution for 24h through SPECT imaging, showing preferential accumulation in the liver for non-tumor bearing mice.

Lastly, when designing the in vivo experiments for this project, it was also intended to conduct experiments with in vivo models of cancer in order to assess both the PDT action of these compounds as well as to confirm their ability to image tumors selectively, proving, like this, their theranostic nature.

Although it was not possible to proceed with these, due to the results in vitro, it is expected that these molecules would show selectivity for the tumor area in vivo as well. It is hoped that these experiments can be done in the future, so that we can further confirm that the construction of novel multimodal agents for PDT treatment and imaging has been achieved. 

Synthesis of organic ligands/spacers

For the synthesis of spacers S1-S4 (Figure 42), the protocol was replicated as found on the literature. 134 The mixture was heated under reflux for 60 min., and then cooled to 0°C for at least two hours. The crude 2,5-dimethoxy-1,4-benzoquinone was collected as a brown solid, washed with cold methanol, and airdried (58% yield). This material was used in the next step without further purification.

For spacer S1, 100 mg of 2,5-dimethoxy-1,4-benzoquinone were dispersed in 50 ml of ethanol and 1 g O-(2-aminoethyl)polyethylene glycol (PEG-NH2) was used to construct the side chains of the benzoquinone skeleton; while for S2, it was used 1g of O,O′-bis(2-aminoethyl)polyethylene glycol (PEG-diamine) instead. In the case of spacer S3, 16 g of EDA (ethylenediamine) were added to 4 g of of 2,5-dimethoxy-1,4-benzoquinone were dispersed in 200 ml of ethanol, while for S4 16 g of EtA (ethanolamine) was used instead. None of these spacers was novel, being replicated as found on the literature, as previously mentioned, so their characterization is not presented. 

Synthesis of metalla-clips: conjugation of spacer and dimer

The metalla-clips were synthesized by reacting dichloro(p-cymene)ruthenium(II) dimer with the quinones previously synthesized and 2 eq. of sodium acetate, in EtOH at reflux for 48 hours (Figure 43), following an analogous method to one found in literature. 159 (25 mL) and stirred at reflux for 24 h. The reaction was allowed to cool to room temperature, the volume was reduced to half, and the mixture was stored in the refrigerator overnight. The violet precipitate was fialtered and washed with cold H2O to obtain the desired product as a violet solid. The desired products were all obtained in yields superior to 70%. Their full conversion was followed by 1 H-NMR (ESI, Figures S11-S12). Since C3 and C4 were the novel metallaclips decided to be used to construct the following metalla-assemblies, they were fully characterized through mass spectrometry and elemental analysis besides 1 H-NMR.

C3: 

Synthesis of metalla-assemblies

For the construction of M1-M5, a protocol found in the literature was followed. 2 In the cases of metallaassemblies M1-M3, 4 eq. of the metalla-clip C3 (50 mg) were suspended in MeOH (20 mL), to which 8 eq. of AgCF3SO3 (32 mg) were added. The mixture was stirred at RT for 3 h. At this point, one of three photosensitizers P1 (29H,31H-phthalocyanine; 16 mg), P2 (copper (II) 4,4',4'',4'''-tetraaza-29H,31Hphthalocyanine; 18 mg), or P3 (5,10,15,20-tetra(4-pyridyl)-21H,23H-poprhine; 20 mg) was added (2 eq.) to obtain M1, M2, or M3, respectively. The mixture was heated to 60 °C under stirring for 24 h. The solution was then filtered to remove silver chloride and allowed to cool to room temperature. After evaporation under vacuum, the crude product was dissolved in 1mL of CH2Cl2. The product was precipitated by addition of 50mL of diethylether/pentane. After filtration and washing with ethyl acetate then dried, compounds were obtained with 68%, 74%, and 72% yield respectively with 29H,31Hphthalocyanine, 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine, or copper (II) 4,4',4'',4'''-tetraaza-29H,31H-phthalocyanine. Finally, for the construction of M4-M5, 3 eq. of C4 (37.5 mg) were suspended in MeOH (20 mL), and AgCF3SO3 (6 eq., 24 mg) was added. The mixture was stirred at RT for 3 h. At this point, P4 (20 mg) or P5 (20 mg) were added (2 eq.), and the mixture heated to 60 °C. The reaction was stirred for 24-30 h. 1 H NMR spectrum showed full conversion of the starting material. Then, the solution was filtered to remove silver chloride and allowed to cool to room temperature. The solvent was removed under reduced pressure, and the crude product was dried overnight. CH2Cl2 (1 mL) was added to dissolve the solid, and diethylether was added to induce precipitation. The obtained solid (71% and 66% yield, respectively for M4 and M5) was filtered and dried under vacuum. 

Grafting of Metalla-AssemblIies to CNC

First, CNCs were prepared and characterized (Scheme 8). 135 This started by pre-heating a paraffin bath at 50-55 °C. Then, a 100 mL of a 64% (v/v) H2SO4 solution was prepared. 1 g of cotton (1.1171 g) was weighted, cut it into small pieces and put on an Erlenmeyer. 20 mL of the H2SO4 solution was added to the Erlenmeyer with cotton along with a magnet and then left to stir in the paraffin bath until the cotton was dissolved. Once dissolved, it was left under stirring from 60 to 90 min, until the solution turned into a beige color. The solution was left to cool down. The content of the Erlenmeyer was distributed into 4 different centrifugation cups, all equal in weight, (fill with distilled water if needed to achieve this). The 4 cups underwent centrifugation for 10 min at 3700 rpm as many times as necessary until the supernatant was slightly blue in color. All previous supernatants were discarded until this point. When the supernatant was pale blue in color, one more centrifugation was done, and both two supernatants were kept. The pale blue color is an indicator that some of the acid excess has been washed off.

Scheme 8 -Overview of the H2SO4 hydrolysis of cellulose nanocrystals.

A 5L container was filled with distilled water, and dialysis membranes of 6000-8000 Da were washed and prepared as needed. The supernatant was put inside the membrane and all air removed before sealing it with a clip. The solution was left for 4 days in water dialysis, changing the water at least two times a day and then collecting the final solution. From this solution, 10 ml were collected for lyophilization and 1 ml for z-average size determination using a Nano Series (Malvern) zetasizer. The weight of the lyophilized nanocrystals in the 10 ml aliquot was measured and the yield subsequently calculated (~ 30%).

The next step was the oxidation of cellulose nanocrystals (Scheme 9). To an Erlenmeyer with the cellulose nanocrystals solution that has just been dialyzed, 16 mg (0.1 mmol) of TEMPO were added along with 100 mg (1 mmol) of NaBr. The mixture was left to stir at room temperature for about 1 hour. Sonication may be needed for better dissolution of the cotton in this mixture. After 1 hour of stirring, 2.5 mL (5 mmol) of NaOCl were added and the pH adjusted to 10. This was left to further stir for another 3 hours. The pH was then adjusted to 7 with an HCl solution of 0.1 M. The cellulose solution was decanted and then a further dialysis was performed following the method previously described using a dialysis membrane of 6000-8000 Da).

The final solution was collected and from this solution, 10 ml once again collected for lyophilization and 1 ml for z-average size determination and also for zeta potential. The weight of the lyophilized nanocrystals in the 10 ml aliquot was measured and the yield subsequently calculated (~ 27%). The zaverage size was determined by DLS (d.: 101 nm) and the zeta potential calculated as well (-46.4 ± 5.2 mV).

Scheme 9 -Overview of the TEMPO oxidation of cellulose nanocrystals.

After the preparation and characterization of CNCs following the procedure by Chauhan et. al, 160 and their oxidation according to a well-known procedure described in the literature. ,5 For the grafting of M4 and M5 to CNCs, two 50 ml solutions of oxidized CNCs (1 eq.) in deionized water were activated with NHS (2 eq.) and EDC (2 eq.) each for 2 h at room temperature. Each metalla-assembly (M4 or M5; 1 eq.) was then dissolved in 20 mL of methanol and added dropwise to the respective oxidized CNCs solution. The mixture was left to react for 24 h. After stirring for 1 day at room temperature, the CNC-metallaassemblies (CNC-MA) were recovered by ultracentrifugation at 13000 rpm, after several washes with deionized water. The final solutions were collected and both z-average size and also zeta potential determined.

For compound MC5, for example, these values were 184.2 nm (Figure S6, supplementary information), and -38.3 ± 4.5 mV (Figure S7, supplementary information), respectively. Once MC4 and MC5 were obtained, it was possible to continue with them for either radiolabelling with technetium-99m or indium-111, in vitro and or in vivo studies.

Radiolabelling & Kinetic Studies

The compound that showed the best PDT results and IC50 values (MC5) was chosen to be radiolabelled and used to assess its cellular uptake. In addition, so that it was possible to draw more conclusion, its predecessors P5 and M5 were radiolabelled and tested as well, to better understand how these modifications affect the uptake. In short, the protocols for the radiolabelling of compounds P5, M5, and MC5 with either technetium-99m or indium-111 are as follow: 

Compound labelling with technetium-99m

[ 99m Tc]TcPertechnetate was first eluted from a generator. After elution, a 2 mCi aliquot was then reduced with 0.5 ml of a solution of 0.1 mg SnCI2 in 0.05 N HCI. After shaking vigorously for 1 min and allowing to stand at room temperature for 15 min, the pH of the reduced technetium-99m solution was adjusted to 7.4 with a NaOH 1M solution. A 1 mL aliquot of P5, M5 or MC5, previously dissolved in DMSO and diluted to a concentration of 10 mg/ml, is then added to the neutralized [ 99m Tc]TcSnCl2 mixture and incubated at 45˚C for 30-60 min depending on the porphyrin/metalla-cage, and consequently labelled with ~1.5 mCi of technetium-99m by the chemical method described above. The binding efficiency is assessed by ascending paper radiochromatography with Whatman 3MM paper and iTLC-SG plates developed in acetone or saline as the mobile phase. The radiolabeling was successful with all compounds achieving a radiochemical incorporation higher than 93% . It is possible to conclude that the reaction is complete and little to no traces of free-[ 99m Tc]TcO4 are seen. The same results were achieved for the porphyrin-metallacage complex (M5) and the complex linked to the cellulose nanocrystals (MC5). The Rfs in acetone and saline, respectively, were 0.17 

Compound labelling with indium-111

A 100 μl aliquot of a 10 mg/mL solution of P5, M5 or MC5, previously dissolved in DMSO and diluted to a concentration of 10 mg/ml was added to 100 μl of ammonium acetate (NH4OAc) buffer (pH 5.5) with [ 111 In]InCl3 (~300 μCi) in 0,005 M HCl. The reaction mixture was allowed to stand at 60 °C for 45-60 min.

It must be noticed that the variation of reaction time influences the presence of isomers for some of the compounds, and that longer time reaction give one single product while shorter time reactions appear to give us a mixture of isomers. The binding efficiency is assessed by ascending paper radiochromatography with Whatman paper 3MM developed in EDTA 0.2 N solution. It is possible to conclude that when the reaction is complete the radio-TLC peak for the labelled compounds stays at the bottom, while if it is incomplete, traces of free [ 111 In]In(III) can be seen at the front of the radio-TLC.

Kinetic Studies

For all radiolabelled compounds, kinetic studier was carried out in order to follow their stability in various media, including saline, phosphate-buffered saline (PBS), deionized water, HEPES ((4-(2hydroxyethyl)-1-piperazineethanesulfonic acid)) buffer solution (0.5 M, pH 5-6), ammonium acetate (0.5 M, pH 5.5), Plasma-Lyte 148 (pH 7.4), and saturated EDTA and DTPA solutions, at different time points (15, 30, 60, 120, 240 min, and 24 hrs). The stability was investigated by incubating the radiolabelled compound in the media (1:10) and was then evaluated through ascending paper radiochromatography with Whatman 3MM paper developed in saline for all [ 99m Tc]Tc-labelled compounds, and in EDTA 0.2 N solution for all [ 111 In]In-labelled compounds. The lack or persistence of stability was attributed to the appearance of new peaks or the maintenance of the same, respectively.

In vitro

A2780 and A2780cis cell lines were obtained from the European Collection of Authenticated Cell Cultures (ECACC); and HEk293 was obtained from the American Type Culture Collection (ATCC, CRL-1619). For each experiment, cells were plated and kept in the incubator overnight, to allow the attachment of the cells. All cell lines were maintained according to the suppliers' recommendations at 37 °C in a humidified atmosphere with 95% air and 5% CO2 in a HeraCell 150 incubator and a Thermo Scientific Forma Steri-Cycle i160 CO2 incubator. Dulbecco's Modified Eagle's culture Medium (DMEM, Sigma D-5648) supplemented with 10% fetal bovine serum (Sigma F7524), 250 μM sodium pyruvate (Gibco 11360), and 1% antibiotic (100 U/ml penicillin and 10 μg/ml streptomycin; Sigma A5955) was used for the HEK293 cell line; while for the A2780 and A2780cis cell lines, Roswell Park Memorial Institute 1640 Medium (RPMI, Sigma R6504) culture medium supplemented with 10% fetal bovine serum, 1mM sodium pyruvate and 1% antibiotic was used.

Metabolic activity

For the performance of this study, 96-well plates of the A2780, A2780 cis and HEK293 cell lines were prepared. 48 h after being submitted to the procedure described in the previous section, cell culture medium was aspirated, and the plates washed with PBS. Subsequently, 100 μL of a solution of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; 0.5 mg/ml; Sigma M2128) in PBS, pH 7.4, was placed in each well, and each plate was left to incubate in the dark at 37 °C for at least 3 hours. All formazan crystals formed are then solubilized with DMSO, the contents of each well homogenized. The absorbance was then quantified at 570 nm with a 620 nm reference filter using the Molecular Devices® SpectraMax M5E multi-mode plate reader. The obtained results were analyzed and processed in the program OriginPro 9.0, expressed in percentage of metabolic treated cells in relation to non-treated. Dose response curves were plotted and IC50 (half-maximal inhibitory concentration) values for each compound were determined.

Dark cytotoxicity tests were carried out as described previously, but without the irradiation phase and with larger sensitizer concentrations (5 to 20 mM). Finally, because the quantity of formazan crystals obtained is directly related to the metabolic activity of the cell, this method offers an indirect way of evaluating mitochondrial cell function. The results were expressed as a percentage of the metabolic activity of the cultures that were subjected to photodynamic treatment compared to the cultures that were only given the sensitizer administration vehicle. This approach allowed for the creation of doseresponse curves and the determination of the sensitizer concentration that suppresses the metabolic activity of the cultures by 50%.

Photodynamic Treatment

For each experiment, cells were plated and kept in the incubator overnight, to allow the attachment of the cells. The formulation of the sensitizers consisted of a 20 mM solution in DMSO (Fisher Chemical, 200-664-3) and the desired concentrations being achieved by successive dilutions (from 10 mM to 10 nM). Controls were included on every plate, including untreated cell cultures and cultures treated only with the vehicle of administration of the sensitizers, i.e., DMSO. The cell cultures submitted to the photodynamic treatment were incubated always for 48 h at the desired photosensitizer concentrations. In all studies, the cultures were irradiated during 30 min with an irradiance of 10 mW/cm 2 , resulting in a light dose of 18 J/cm 2 . Irradiations for photodynamic treatment were performed at 652 nm with a diode laser (Ceralas® D-50, Biolitec®, Bonn, Germany). The light delivered by this light source was coupled in the SMA connector of a frontal light distributor (Model FD1, Medlight SA, Switzerland; 2-mm outer diameter) producing a circular homogenous spot with sharp edges.

The photosensitizing efficiency (PE), defined by the ratio between IC50 in the dark and IC50 after PDT for a given PS, was employed to compare the performance of the three photosensitizers in both cancer cell lines and in the healthy cell line.

𝑃𝐸 = 𝐼𝐶 50 𝑑𝑎𝑟𝑘 𝐼𝐶 50 𝑃𝐷𝑇

The in vitro activity of the tested compounds on all cell line was used to estimate the selectivity index with the formula described below. It should be noted that the IC50 values used are the ones before irradiation, for it is believed that in vivo PDT treatment implies a previous period of time for PS accumulation, which happens without irradiation, and that the difference in cytotoxicity in healthy and cancer cell lines in these conditions is the one that should be considered for selectivity.

𝑆𝐼 = 𝐼𝐶 50 ℎ𝑒𝑎𝑙𝑡ℎ𝑦 𝑐𝑒𝑙𝑙 𝑙𝑖𝑛𝑒 𝐼𝐶 50 𝑐𝑎𝑛𝑐𝑒𝑟 𝑐𝑒𝑙𝑙 𝑙𝑖𝑛𝑒

In order to generate comparable data, each PS was tested using the exact same protocol parameters, including concentrations, times of incubation, intervals between administration and irradiation, light dose, fluence, and fluence rate.

Internalization assays

To determine the cellular uptake of P5-MC5, internalization assays were conducted. For that, cells were seeded in a 12 well plate (~10^5 cells/well) overnight at 37 °C in a humidified incubator containing 5% CO2. To the vial with the radiolabeled compound, cell culture medium was added until the 2ml mark, giving a final concentration of 50 μg/ml of compound with 37 to 55.5 MBq. Then, it was added 5.5-7.5

MBq of this solution to each well (A2780, A2780cis or HEK cell line), which was previously washed with phosphate-buffered saline (PBS) in order to remove any non-attached or dead cells. The administered dose (3 μg/ml) that is lower than the IC50 without radiation (> 8 μg/ml), but higher than the IC50 with radiation (< 1 μg/ml) for the purpose of having the most imaging agent we can, without harming the cells since no radiation is used for this procedure.

The amount of activity added is measured in a dose-calibrator. This process is repeated for the different wells in the 12 well-plates, and after they are left to incubate for different time periods varying from 15 minutes to 4 h. At the end of the desired time point, the wells are washed for at least 3 times with PBS. This step assures that any radiolabeled compound that doesn't enter the cells or attaches to their membrane is removed, and so the results are accurate and truly represent the uptake process. These washes are collected and also measured for radioactivity. After washing, cold methanol is used 2 or 3 times to lyse the cells and collect any compound that was inside them. Finally, the resulting lysate in each well was collected and the radioactivity measured in a dose-calibrator. Each condition is currently being performed in triplicates and the experiments repeated three times as well in order to assure the results are reliable and reproduceable.

Meanwhile, it can be concluded that the cell uptake appears to vary from 5 to 15% depending on the cell line, with higher uptake for the cancer cells (A2780) than the liver cells (HEK293T) over time, as expected by our previous metabolic activity essays.

In vivo

In vivo studies were performed at the NCSR Demokritos (Aghia-Paraskevi, Attica Prefecture, Greece), The imaging studies were performed on a dedicated benchtop mouse-sized gamma camera (γ-eye TM by BioEmTech), in combination with the X-ray part of a custom-made tri-modal system. The system's field of view is 5x10 cm 2 , its spatial resolution is 2 mm and its energy resolution ~25%. The x-ray system consists of an x-ray tube and a CMOS detector, separated by a distance of 30 cm. The minimum pixel size is equal to 0.1 mm and the active area is approximately 12 ×12 cm 2 .

Imaging Protocol

Once the radiolabelling, is complete following the protocol previously described, the final solution is diluted with water for injection to a concentration of 375 nM to a final volume of 80-100 µL and a final activity of 3.33-3.7 MBq (90-110 µCi) with the injected activity being calculated by measuring the syringe before and after the administration in a dose calibrator. After being previously anesthetized with isoflurane (3.5% for induction), a SCID mouse is injected retro-orbitally, and a scintigraphic/x-ray fused imaging profile in normal SCID mice is acquired. For such, the mice were positioned on the animal bed at a <0.5 cm distance from the camera head to allow whole body imaging with maximum spatial resolution and successive 2 min frames were collected for up to 1 h post injection (p.i.). After the first hour, static images were also acquired at 1, 2, 4, and 24 h p.i. Upon completion of the scintigraphy imaging, x-ray images were also acquired at the exact same mouse positioning to act as an anatomical guide for the organs' exact location. The x-ray imaging parameters were set to 35 kVp, 500 μA and 0.1 s exposure time. Fusion between scintigraphy and x-ray images was performed semi-automatically through an in-house standard procedure.

The x-ray imaging provides an anatomical image of very high resolution, that can act as an anatomical map of the mouse. The combination of the two imaging methods provides a detailed and clear biodistribution and placement of the studied substance throughout time.

The activity in the animal is also measured for each timepoint to determine the clearance yield of the compound through the difference of the expected activity if none of it was cleared out of the body, with the activity being corrected foe the expected decay at each timepoint, and the actual activity measured in the mouse. The animal is left to regain consciousness between timepoints in order to let the natural biodistribution of the compound occur without any external factor added. At each time point, one mouse will be anesthetized with isoflurane (3.5% for induction), placed on the animal bed of the stepping apparatus and maintained under anaesthesia (2% for maintenance) and at 37 °C by the air flow heated bed throughout the imaging procedure.

For each condition a set of 3 SCID mice was used. Acquisition times varied from 20 to 60 min depending on the timepoint and radioactivity decay in the animal, meaning that for expected lower activities, a longer acquisition time is needed to acquire a better image. The data acquired is treated with the help of ImageJ® software to reconstruct the images Error bar stands for standard error (±SE), calculated from 3 repeated measurements.
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 2525 Figure 25 -Comparison of the IC50 values of P5, M5 and MC5 against the ovarian cancer cell lines A2780 and A2780cis, as well as the normal hepatic cell line HEK293T, in the dark and after irradiation.

Figure 26 -Figure 27 -Figure 28 -Figure 29 -
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 30313233 Figure 30 -Cellular uptake for [ 111 In]In-P5 in the HEK293T, A2780, and A2780cis cell lines up to 4 h. Standard errors (±SE) calculated from 3 repeated measurements.
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 20 Figure -Indicative static 20 -50 min scintigraphy/optical images of a normal Swiss Albino mouse intratracheal administered with [ 99m Tc]Tc-MC5 (375 nM) at 1, 2, 4 and 24 hours p.i The gradual alteration in colour indicates a lower to a higher number of recorded counts.
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 - Figure -Indicative static 20 -50 min scintigraphy/optical images of a normal Swiss Albino mouse intratracheal administered with [ 99m Tc]Tc-MC5 (1500 nM) at 1, 2, 4 and 24 hours p.i. The gradual alteration in colour indicates a lower to a higher number of recorded counts.
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 3738 Figure 37 -Indicative static 20 -50 min scintigraphy/optical images of a normal Swiss Albino mouse intratracheal administered with [ 99m Tc]Tc-MC5 (750 nM) at 1, 2, 4 and 24 hours p.i. The gradual alteration in colour indicates a lower to a higher number of recorded counts.
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 413 Figure 41 -Clearance Yield for [ 111 In]In-M5, [ 111 In]In-MC5, [ 99m Tc]Tc-M5, and [ 99m Tc]Tc-MC5 at 375 nM. Error bar stands for standard error (±SE), calculated from three repeated measurements.
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 7 Scheme 7 -Synthesis of [(η6-p-cymene)2Ru2(μ2-Cl)2Cl2].
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 42 Figure 42 -Structural representation of the different spacers synthesized (S1-S4).
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 43 Figure 43 -Structural representation of the different metalla-clips synthesized (C1-C4).

  and 0.81, for [ 99m Tc]Tc-P5, 0.19 and 0.82 for [ 99m Tc]Tc-M5, and 0.18 and 0.83 for [ 99m Tc]Tc-MC5. 4.1.1.1.

  using female SICD mice (15-25 g) purchased from the Breeding Facilities of the NCSR Demokritos (Permit Number: EL 25 BIO 019, EL 25 BIO 020). The protocol and all the animal procedures were approved by the General Directorate of Veterinary Services (Athens, Attica Prefecture, Greece) and by the Bioethical Committee of the Institution (Permit number: EL 25 BIO 022, EL 25 BIO 042) on the basis of the European Directive 2010/63/EU on the protection of animals used for experimental purposes.

Figure

  Figure S7 -ζ-potential data of MC5 collected through electrophoretic light scattering.
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 S8 Figure S8-Metabolic activity against ovarian cancer cell line A2780 in the dark and after irradiation (your lightning symbol). Standard error calculated from 3 repeated measurements.

Figure S9 -

 S9 Figure S9-Metabolic activity against ovarian cancer cell line A2780cis in both the dark and after irradiation.Error bar stands for standard error (±SE), calculated from 3 repeated measurements.
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  The 1 H NMR spectra of M1, M2, and M3 show typical peak multiplicities and chemical shifts of the arene ruthenium units. While the metalla-clip signals are slightly displaced downfield, signals connected with the aromaticity of the porphyrin or phthalocyanine panels between 9.00 and 8.00 ppm are consistent with the creation of the metalla-assemblies. The signal patterns of the related phthalocyanines and p-cymene protons are comparable in the 1 H-NMR spectra of M1 and M2 in DMSO-d6, but M3 shows signals associated with the porphyrin and p-cymene precursors. Between 9.00 and 7.00 ppm, aryl protons are detected, with signals between 8.99-8.36 and 8.87-8.35 ppm assigned to the aromatic protons of the phthalocyanine moieties of M1 and M2, respectively, and from 8.66 to 8.15 ppm attributed to the pyridyl and -pyrrolic protons of M3. The peak for the aromatic protons of spacer S3 in all compounds was observed at 7.2-7-0 ppm. While for the aromatic protons of the p-cymene, the signals can be found between 6 and 5 ppm, as expected. Furthermore, the -CH isopropyl groups have a peak at approximately 2.60 ppm. The methyl groups and isopropyl protons from p-cymene can be found from 2.10 to 1.20 ppm. Alkyl protons associated with the side chains of the spacer, as well as the -NH2 protons, appeared from 3.75 to 2.75 ppm. Finally, internal NH protons were detected at -2.9 ppm for M1 and M3, but not for M2, since'M2's core is coordinated with copper (II).
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		SI		PE		
		A2780cis	A2780	A2780cis	A2780	HEK293T
	M1	4.15 ± 1.09	8.09 ± 1.24	2.24 ± 0.26	1.84 ± 0.31	28.46 ± 1.89
	M2	1.69 ± 1.25	3.50 ± 0.67	7.24 ± 0.72	6.62 ± 0.68	2.87 ± 0.67
	M3	2.25 ± 1.67	4.56 ± 1.05	3.42 ± 0.35	7.48 ± 1.2	12.13 ± 1.76
	M4	0.61 ± 0.45	1.79 ± 0.81	11.66 ± 0.96	2.7 ± 0.41	2.36 ± 0.25
	M5	3.99 ± 1.1	5.99 ± 0.89	20.57 ± 1.31	45.2 ± 1.2	54.2 ± 2.53

Selectivity index (SI) and Photodynamic Efficiency (PE) index values of M1-M5.

As previously mentioned, M1 and M5 show the highest selectivity, being up to 4 times more selective towards A2780cis, and between 6 to 8 times more selective towards A2780 than HEK293T. At the same
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 4 IC50

values ± standard deviation (in µM) of different compounds against three cell lines (A2780cis, A2780, and HEK293T), and corresponding selectivity indexes (SI)

  meaning that it's not really comparable. For example, if the calculations are done for M4 and M5 we have, respectively, 3 and 4% the porphyrin amount necessary to have the same PDT effect compared to P4 and P5. This is interesting because it appears less PS can have better results if less aggregated.

				Cell lines		
		A2780cis	A2780		HEK293T
		Without irradiation	Irradiated	Without irradiation	Irradiated	Without irradiation	Irradiated
	P4	32 ± 2.41	0.41 ± 0.01	28.81 ± 3.92	0.4 ± 0.04	25.14 ± 1.73	0.41 ± 0.01
	M4	7.11 ± 0.58	0.61 ± 0.09	2.43 ± 0.21	0.9 ± 0.03	4.35 ± 0.32	1.84 ± 0.13
	MC4	0.89 ± 0.02	0.17 ± 0.02	0.82 ± 0.03	0.12 ± 0.01	0.86 ± 0.44	0.24 ± 0.01
	P5	61 ± 2.67	1.41 ± 0.08	52.30 ± 4.50	1.3 ± 0.09	43.61 ± 4.01	3.57 ± 0.42
	M5	6.79 ± 0.70	0.33 ± 0.05	4.52 ± 0.28	0.1 ± 0.02	27.1 ± 1.50	0.50 ± 0.11
	MC5	0.96 ± 0.03	0.12 ± 0.01	1.65 ± 0.27	0.10 ± 0.01	1.88 ± 0.72	0.19 ± 0.01
	Cisplatin	26	-	2	-	48	-
	RAPTA-C	>200	-	>200	-	>200	-
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  H(600 MHz, CD3OD) ppm = 7.31 (s, 2H, Har benzo), 5.62-5.54 (m, 8H, Har p-cym), 3.86 (t,

	J = 5.3 Hz, 8H, CH2 benzo), 3.72 (t, J = 5.3 Hz, 4H, NH2 benzo), 2.63 (m, J = 6.1 Hz, 8H, (CH3)2CH p-cym),
	2.12 (s, 6H, CH3 p-cym), 1.26 (d, J = 6.1 Hz, 12H, (CH3)2CH p-cym). Elem anal. Calcd for C30H42Cl2N4O2Ru2
	(764.08): C, 47.18; H, 5.54; N, 7.34. Found: C, 47.21; H, 5.61; N, 7.37. MS (ESI + ). Calcd for [C30H42Cl2N4O2 -
	Cl -] + : m/z 730.08. Found: m/z 730.02.
	C4: 1 H-NMR: H(600 MHz, CD3OD) ppm = 7.30 (s, 2H, Har benzo), 5.87-5.34 (m, 8H, Har p-cym), 3.76 (t,
	J = 5.14 Hz, 2H, OH benzo), 3.54 (t, J = 5.14 Hz, 8H, CH2 benzo), 2.51 (s, 6H, CH3 p-cym), 2.05 (m, J = 6.3
	Hz, 2H, (CH3)2CH p-cym), 1.29 (d, J = 6.3 Hz, 12H, (CH3)2CH p-cym). Elem anal. Calcd for C30H40Cl2N2O4Ru2
	(766.05): C,47.06; H, 5.27; N, 3.66. Found: C, 47.1; H, 5.22; N, 3.68. MS (ESI + ). Calcd for [C30H40 Cl2N2O4 -
	Cl -] + : m/z 732.05 Found: m/z 732.04.

1 H-NMR:

Figures S13-S15). M1: 1 H-NMR: H

  

	(600 MHz, DMSO-d6) ppm = 8.99 (s, 16H, Har phthalo), 8.35 (s, 16H, Har phthalo), 7.17-7.12 (m, 8H, Har benzo), 5.95-5.75 (m, 16H, Har p-cym), 5.65-5.50 (m, 16H, Har p-cym), 2.95-2.74 (m, 32H, CH2 benzo; 16H, NH2 benzo), 2.59 (m, J = 6.3 Hz, 8H, (CH3)2CH p-cym), 2.09 (s, 24H, CH3 p-cym), 1.21 (d, J = 6.3 Hz, 48H, (CH3)2CH p-cym), -2.94 (s, 4H, NH). MS (ESI + ). Calcd for: [M1-4(CF3SO3 -)] 4+ : m/z 1099.53. Found: m/z 1099.52; [M1-5(CF3SO3 -)] 5+ : m/z 849.52. Found: m/z 849.52; [M1-6(CF3SO3 -)] 6+ : m/z 683.10. Found: m/z 683.10; Elem anal. Calcd for [C184H204N32O8Ru8][CF3SO3]8 (4992.61): C, 46.19; H, 4.12; N, 8.98. Found: C, 45.48; H, 4.25; N, 8.74. UV-vis ((CH2)4º): λmax, nm (log ε) 343(5.09), 627(5.18), 691(5.96) M2: 1 H-NMR: H(600 MHz, DMSO-d6) ppm = 8.87 (s, 8H, Har phthalo), 8.35 (dd, 16H, Har phthalo), 7.08 (s, 8H, Har benzo), 5.98-5.77 (m, 16H, Har p-cym), 5.69-5.52 (m, 16H, Har p-cym), 3.72-3.45 (m, 32H, CH2 benzo; 16H, NH2 benzo), 2.61 (m, J = 6.4 Hz, 8H, (CH3)2CH p-cym), 2.11 (m, 24H, CH3 p-cym), 1.22 (d, J = 6.4 Hz, 48H, (CH3)2CH p-cym). MS (ESI + ). Calcd for: [M2-4(CF3SO3 -)] 4+ : m/z 1187.92. Found: m/z 1187.92; 7.12-7.09 (m, 8H, Har benzo), 5.91-5.73 (m, 16H, Har p-cym), 5.66-5.50 (m, 16H, Har p-cym), 3.75 (m, 16H, NH2 benzo), 2.83 (m, 32H, CH2 benzo), 2.58 (m, J = 6.1 Hz, 8H, (CH3)2CH p-cym), 2.05 (s, 24H, CH3 p-cym), 1.27 (d, J = 6.1 Hz, 48H, (CH3)2CH p-cym), -2.91 (s, 4H, NH). MS (ESI+) Calcd for: [M3-4(CF3SO3 -)] 4+ : m/z 1151.22. Found: m/z 1152.22; [M3-5(CF3SO3 -)] 5+ : m/z 891.18. Found: m/z 891.18; and [M3-6(CF3SO3 -)] 6+ : m/z 717.81. Found: m/z 717.82; Elem anal. Calcd for [C200H220N32O8Ru8][CF3SO3]8 (5200.89): C, 48.03; H, 4.26; N, 8.62. Found: C, 47.30; H, 4.35; N, 8.69. UV-vis ((CH2)4O): λmax, nm (log ε) [M2-5(CF3SO3 -)] M3: 1 H-NMR: H(600 MHz, DMSO-d6) ppm = 8.66 (s, 16H, Hb porph), 8.15 (m, 32H, Har porphyrin), 414(5.59), 512(4.19), 545(3.96), 587(3.78), 644(3.52).

1 

H NMR spectrum showed full conversion of the starting material (ESI, 5+ : m/z 920.53. Found: m/z 920.54; [M2-6(CF3SO3 -)] 6+ : m/z 742.

28

. Found: m/z 742.28; Elem anal. Calcd for [C176H192Cu2N56O8Ru8][CF3SO3]8 (5347.68): C, 41.32; H, 3.62; N, 14.67. Found: C, 41.92; H, 3.68; N, 14.81. UV-vis ((CH2)4º): λmax, nm (log ε) 341(5.14), 623(5.39), 682(5.91).

Figure S12: 1 H NMR spectra (between 0 and 10 ppm) of C4 in DMSO-d6 Figure S13: 1 H NMR spectra (between 0 and 10 ppm) of M1 in DMSO-d6

Figure S14: 1 H NMR spectra (between 0 and 10 ppm) of M2 in DMSO-d6 Figure S15: 1 H NMR spectra (between 0 and 10 ppm) of M3 in DMSO-d6

Figure S16: 1 H NMR spectra (between 0 and 10 ppm) of M4 in DMSO-d6 Figure S17: 1 H NMR spectra (between 0 and 10 ppm) of M5 in DMSO-d6

List of Compounds

Regarding the radiolabeling of P5-MC5, a simple method of direct labelling was performed for both radionuclides used: 

. MATHERIALS AND METHODS

All reagents not synthesized were commercially available (Sigma-Aldrich, Brunschwig, Basel, Switzerland) and used as received. All reactions were performed under an inert atmosphere when indicated, and all solvents were dried before use according to standard procedures. NMR spectra were recorded with a Bruker Advance Neo Ascend 600MHz spectrometer (600. 13 MHz for 1 H NMR spectra; Massachusetts, United States). UV-vis absorption spectra were recorded with a PerkinElmer UV-vis spectrophotometer (Waltham, MA, USA). IR spectra were recorded with a Thermoscientific Nicolet iS5 spectrometer. Electrospray ionization mass spectrometry (ESI-MS) spectra were obtained in positive or negative mode with a LCQ Finnigan mass spectrometer. Microanalyses were carried out by the Mikroelementaranalytisches Laboratorium, ETH Zürich (Zürich, Switzerland). Technetium-99m in the form of [ 99m Tc]NaTcO4 was collected by elution of a [ 99 Mo]Mo/[ 99m Tc]Tc TEKCIS generator (Auckland, New Zealand) calibrated at 6 GBq. Indium-111 as an [ 111 In]InCl3 solution was purchased from Curium Pharma (Petten, The Netherlands). Dynamic light scattering (DLS) was used for the measurement of average hydrodynamic diameters (Malvern Zetasizer Nano-ZS, Malvern Instruments, UK). Each suspension (0.025 wt%) in pure water was analysed in triplicate at 20 °C with a scattering angle of 173°. Pure water was used as a reference-dispersing medium. The ζ-potential data were collected through electrophoretic light scattering at 20 °C, 150 V, in triplicate for each suspension (0.25 wt%) using the same instrument and at neutral pH. The instrument was calibrated with a Malvern -68 mV standard before each analysis cycle.

SYNTHESIS & CHARACTERIZATION

Synthesis of porphyrins and phthalocyanines

The first synthesized porphyrin (5-(4-aminophenyl)-10,15,20-tri(4-pyridyl)porphyrin) was obtained via two-step synthesis, according to the protocol described by Ringot et al. 144 First, 4 equivalents of pyrrole (1mL, 15mmol), 1 equivalent (eq.) of 4-nitrobenzaldehyde (0.5 mg, 3.6 mmol) and 3 eq. of 4-pyridinecarboxaldehyde (2 mL, 11.4 mmol) were refluxed (140 °C) for 2 hours in a 25 mL mixture of propionic acid and propionic anhydride. The solution was cooled to room temperature and the propionic acid was removed by distillation to give a dark residue. The residue was then purified by column chromatography on silica gel (MeOH / -HCl3 -95/5). This reaction gave the desired mono-nitroporphyrin in an acceptable yield (11%). The subsequent reduction of the nitro group into the amino group was carried out in a mixture of hydrochloric acid in the presence of an excess (12 eq.) of SnCl2.2H2O, while protecting the reaction mixture from the light. The final 5-(4-aminophenyl)-10,15,20-tris(4-pyridyl)-porphyrin was obtained in 71% yield. The reaction was confirmed using 1 For (5-(4-hydroxyphenyl)-10,15,20-tri(4-pyridyl)porphyrin), stoichiometric quantities of the corresponding aldehydes: 4-pyridinecarboxaldehyde (0.34 mL, 2 mmol) and 4-hydroxybenzaldehyde (0.244 g, 2 mmol), and pyrrole (0.27 mL, 4 mmol), in propionic acid (15 mL) were left to react under reflux for 1h, as previously described by Adler-Longo. 1 The solution was cooled down to room temperature and the propionic acid was removed by distillation to give a dark residue. The residue was then purified by column chromatography on silica gel (MeOH / CHCl3 -95/5). The product was collected as a purple solid (15% yield). The reaction was confirmed using 1 H-NMR [H(500 MHz, CDCl3) ppm = 9.04 (d, 8H, Hpyrr); 8.80 (s, 8H, Hb); 8.17 (d, 8H, Hpyrr); 4.73 (s, 1H, OH); -2.90 (s, 2H, NH) ppm.]. Due to the fact that this is not a novel porphyrin, its full characterization was not performed. 

Synthesis of dichloro(p-cymene)ruthenium(II) dimer

A solution of 2 g of hydrated ruthenium trichloride (~RuCl3.3H2O, containing 38-39% Ru) in 100 mL ethanol is treated with an excess of a-phellandrene (10 mL) and heated under reflux in a 250-mL, roundbottomed flask for 4 hours. A nitrogen atmosphere can be used but is not strictly necessary. The solution is cooled to room temperature, and the red, micro-crystalline product is filtered off. Additional product is obtained by evaporating the orange-yellow filtrate under reduced pressure to approximately halfvolume, refrigerating it overnight and then proceed with a further filtration. 
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