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En 1993, un premier médicament a été approuvé pour une utilisation en thérapie photodynamique (PDT). Près de trente ans plus tard, ce traitement peu invasif, activé de manière localisée et précise par la lumière, a été utilisé pour traiter diverses pathologies. Son utilisation pour le cancer de la peau est la plus répandue, mais elle a également été utilisée pour d'autres types de cancer et pour l'acné. D'autres pathologies, telle que la polyarthrite rhumatoïde (PR), méritent encore une exploration en termes de solution thérapeutique.

L'objectif de cette thèse était de proposer une nouvelle technologie adjuvante avec l'utilisation de systèmes de transport de substances actives par thérapie photodynamique sur un modèle in vitro de cellules synoviales provenant de patients atteints de PR.

L'un des principaux inconvénients de la PDT est la solubilité faible ou nulle des substances photoactives utilisées. Les systèmes que nous présentons dans cette thèse sont constitués d'assemblages d'arène ruthénium qui contiennent une cavité interne dans laquelle la substance photoactive est logée. Il est également possible d'incorporer les substances actives dans la structure même de l'assemblage arène ruthénium.

Les résultats que nous avons obtenus sont prometteurs et constituent une avancée dans l'utilisation de la PDT dans le traitement de la PR.

INTRODUCTION

Light is part of the radiation field known as the electromagnetic spectrum, which is a combination of oscillating electric and magnetic fields that propagates through space carrying energy, the photon being the elemental unit. Part of this energy is the basis of most living organisms on earth since it can be absorbed and used to transform inorganic matter into organic.

The process by which this transformation takes place is called photosynthesis and the base substance that absorbs light energy in the first instance is chlorophyll. Like chlorophyll, other substances are capable of absorbing part of the light energy and transferring it to other nearby molecules or compounds. This group of substances is known as chromophores, photoactive substances, or photosensitizers (PS). The PhotoDynamic Therapy (PDT) uses this process to generate radical oxygen species (ROS) by adding a PS and irradiating a certain wavelength in the target tissue. ROS initiate localized cell death processes in the irradiated area, being able to eliminate or reduce a desired amount of tissue without the need for invasive surgery. Therefore, PDT is considered a non-invasive treatment that can serve to improve the life quality of patients with certain diseases. Undoubtedly, the disease where PDT has developed the most has been cancer, but other diseases such as rheumatoid arthritis (RA) have also been studied and there is still a long way to walk and explore. Recently, we have developed several groups of ruthenium organometallic compounds that serve well as PS transporters as PS themselves. The in vitro evaluation in RA and cancer human cells shows the great potential of this compounds in PDT.

In this work, we gather our most important and significant results, doing our bit for the tower to the development of this therapy.

CHAPTER 1 -PHOTODYNAMIC THERAPY

The treatment of a disease by inducing cell death processes through light activation of a photoactive substance is known as photodynamic therapy (PDT). The photoactive substance is known as the photosensitizer (PS) and cell death processes are initiated by the production of radical oxygen species (ROS).

Mechanism of PDT

When a photon interacts with a PS, one of its electrons is promoted to a higher energy state, known as the excited singlet state (S). The excited electron can return to its ground state, giving rise to fluorescence (Figure 1), or could take an intersystem crossing, reaching an intermediate energy state known as excited triplet state (T). From this intermediate excited state, the electron can return to the ground state of the PS, giving rise to phosphorescence (Figure 1), or it could be transferred to another nearby molecule by quenching. When this transfer involves an oxygen molecule (O2), the PS returns to its base energy state and the O2 reaches an excited state of energy known as singlet oxygen ( 1 O2). The extremely unstable 1 O2 reacts with other oxygen molecules or oxygen-containing species giving rise to ROS. The lifetime of ROS is on the order 0.04 µs and the radius of action is approximately 0.02 µm, so they can lead to oxidative stress in cells, initiating specifically and locally cell death processes [1]. Two types of mechanisms are described in PDT (Figure 2): if the energy transfer occurs directly from the excited PS to O2 is known as type II mechanism. On the contrary, if the energy transfer occurs from the excited PS to another biomolecule or substrate and subsequently to O2, is known as the type I mechanism [2]. Both types of mechanism can occur simultaneously, and the ratio between both processes depends on the type of PS and the concentration of O2 and substrate [3]. 

Historical background of PDT

The first time PDT was approved for use in people was in 1993 in Canada, using a commercial porphyrin, Photofrin, as PS (Figure 3). A few years later it was also approved in the European Union (later withdrawn for commercial reasons), the United States and Japan, along with other commercial porphyrins as PS such as Foscan and Protoporphyrin IX. Nowadays, many more drugs have been approved as PS, temoporfin, talaporfin and verteporfin among others [4].

However, light has been used as a treatment for diseases such as skin cancer or psoriasis since ancient civilizations [5]. During the 20th century, the greatest contribution to the development of PDT was made. The term "Photodynamic" was introduced in 1907 by Jodlbauer and von Tappeiner. The latter, in previous years, had been working on the use of topical eosin and white light to treat skin tumors. In 1913, the German scientist Friedrich Meyer-Betz used hematoporphyrin and light on his own skin, describing swelling and pain in the irradiated areas.

After, in 1978 Dougherty and co-workers, conducted a controlled clinical trial on 113 skin tumors in 25 patients, using HPD (hematoporphyrin derivative) and red light. They observed a complete response in 98 tumors, a partial response in 13 and only 2 tumors showed resistance to the treatment by PDT [6]. Nowadays, PDT is used to treat cancer [5,[7][8][9], acne [10,11], psoriasis [12], age-related macular degeneration [13], or to treat infections [14]. 

The ideal photosensitizer

As already described above, the main elements that act in the PDT process are the PS, light and O2. The light is defined by the wavelength and the dose (J/cm 2 ). Oxygen is commonly found in tissues to a greater or lesser extent. As regards the PS, it should have as many of the following characteristics as possible:

-Its synthesis should be simple and in high yield.

-It should be soluble and stable in biological media.

-It should accumulate in target tissue in high concentration.

-It should not lead to toxicity in the dark. The toxicity must be only in the irradiated area.

-It should produce a high amount of singlet oxygen, giving rise to ROS.

-It should be eliminated from the body within a few hours, to avoid post-treatment side effects such as skin photosensitivity.

-It should not generate aggregates.

-It should be able to be activated by red light between 600 -800 nm, which is known as therapeutic window. This is due to the fact that there are compounds in the blood and tissues that also absorb part of the light energy provided during irradiation, reducing the light that reaches to the PS. Among these compounds, the most abundant are hemoglobin, oxyhemoglobin and melanin (Figure 4), whose lowest absorbance is found from 600 nm [15]. Above 800 nm, the intensity of the irradiation is not usually sufficient to excite the PS and produce enough ROS. Furthermore, when approaching 900 nm, the absorption bands of water [16], also abundant in tissues, begin to appear. Moreover, the therapeutic window corresponds mainly to red light, being this, among the visible wavelengths, the most penetrating in the tissues (Figure 5). CHAPTER 2 -RHEUMATOID ARTHRITIS Rheumatoid arthritis (RA) is considered a chronic inflammatory disorder of immune origin. It should not be confused with osteoarthritis, which is caused by wear and tear of cartilage in the joints. RA mainly affects the regular function of synovial tissue, which is to coat and lubricate the joints (Figure 6). A disorder in synovial tissues gives rise to chronic inflammation that could cause bone and cartilage destruction and finally joint deformation, making movement difficult and causing pain. RA can even cause systemic disorders beyond the joints, such as cardiovascular, pulmonary and skeletal disorders among others [17]. This pathology is more common in women than in men and is usually diagnosed between the age of 30 to 50 years old.

It is commonly detected in a bilateral and symmetrical pattern and is infrequently diagnosed in a single joint [18]. The etiology of RA is still unknown; however, it is thought that is due to a combination of triggers and genetic background. Furthermore, some factors can increase the propensity to develop this pathology, such as environmental factors, dust exposure, and particularly the effect of the microbiome [19], as well as obesity and smoking, mostly if there is a genetic predisposition (histocompatibility complex, cytokines, chemokines, and growth factor genes) to autoimmune responses [17,[20][21][22]. The synovial lining generally consists of 1-3 cell layers, however with RA becomes extremely thickened. This is known to be due to an invasion of macrophage-like cells and the proliferation of resident synovial fibroblasts. The degree of synovial hyperplasia connects with the gravity of cartilage erosion, resulting in inflammatory pannus formation that attaches to, and occupies joint cartilage (Figure 7) [17,24]. Moreover, osteoclast (cell that degrades, reabsorbs, and remodels bone) activation leads to parallel bone destruction [17]. The interaction between synovial resident cells and cells of the inherent and adaptative immune system gives rise to the production of numerous pro-inflammatory cytokines (TNF-α, IL-1 and IL-6, among others), proteolytic enzymes, and inflammatory molecules [23]. Many of the newly developed treatments and drugs for RA have focused on reducing inflammation and cytokine production by fibroblast-like synoviocytes (FLS) and immune cells.

Since old standard treatments against RA, such as synovectomy, were invasive, destructive, and involve long rehabilitation periods, in recent decades, less invasive treatments have been investigated [25][26][27]. Nowadays, the current treatment strategy is to initiate aggressive therapy by applying antirheumatic drugs (DMARDs) and to escalate the therapy, guided by an evaluation of the clinical disease activity and structural damage [25]. Conventional synthetic (csDMARDs) and biological (bDMARDs) antirheumatic drugs maintain rigid remission or at any rate low disease activity, reducing pain, disability and joint destruction [28,29]. However, these therapies sometimes fail or produce only partial response and, consequently, clinical remission is not completed. In this perspective, alternative or complementary therapies could be of benefit, such as Janus kinase inhibitors and PDT, however, Janus kinase inhibitors are currently on European Medicines Agency revaluation for severe adverse effects. The purpose of PDT in RA is to reduce persistent synovitis and it could be even use simultaneously with csDMARDs and bDMARDs [30,31].

The RA FLS used for the evaluation of our compounds were isolated from synovial tissue extracted in arthroplasty surgery from patients with RA (Figure 8). The isolation process was carried out under strict aseptic conditions and subsequently cultured for all the tests carried out (see experimental part).

Finally, used the FLS to test the effectiveness of PSs by PDT

During synovectomy some of the inflamed tissue is removed Under aseptic conditions, we discard fatty tissue and select small pieces of synovial tissue.

By enzymatic digestion we separate the individual cells

Washing with PBS we manage to isolate the FLS, cultivate them and multiply them On the other hand, dimethyl sulfoxide (DMSO) is the solvent used to dissolve the compounds evaluated in this work. The literature shows results of DMSO toxicity in cancer cells at certain concentrations, but there are not reported results about RA FLS. Since the growth and multiplication of FLS in primary culture is much lower than that observed in cancer cells, the results in the latter cannot be extrapolated and could lead to error. Therefore, we decided to evaluate the toxicity of this solvent in RA FLS by antiproliferative activity (MTT assays). The tests were performed on all available RA FLSs, that is, RA FLSs from the finger joint of three women aged 60, 71 and 72 years, from the hand joint of a 65 years woman and from the joint of the hip of a 69 years woman. The results show concordance between the different samples of RA FLS and significant toxicity is observed from 0.1 % of DMSO after 24 h of exposure.

No significant toxicity observed between 0.01 and 0.05% DMSO (Figure 9). In the evaluation of the compounds studied in this work, the maximum concentration of DMSO used was 0.05 %. 

CHAPTER 3 -PHOTOSENSITIZERS USED AGAINST RHEUMATOID ARTHRITIS

The design and development of new PS for use in PDT to treat RA began three decades ago, and new compounds and strategies have grown rapidly in recent years (see Figure 10 in pages 19, 20 and 21). The design of PS requires considering multiple factors, such as physiological solubility, excitation wavelength, biological stability, reactivity, toxicity or retention time. The first-generation of photosensitizers were mainly based on porphyrin derivatives. Porphyrins have a structure built on four pyrrole units linked by another atom or group forming a ring. This structure is considerably rigid and has conjugated double bonds, which permits some electrons to be delocalized rather than fixed in a single bond. This electronical delocalization promotes the excitation of the system after irradiation, and then energy transmission, justifying its vast use as PS [32][33][34][35].

In 1994 Ratkay and co-workers demonstrate that it was possible to alleviate the symptoms associated with RA in mice by PDT, using benzoporphyrin derivative monoacid ring A (BPD-MA, structure (1) in Figure 10) as PS [36]. After the treatment with BPD-MA and PDT, they observed a reduction in pannus formation and a reduction in bone and cartilage destruction, maintaining the normal survival rate. They used irradiation at 690 nm, which made possible the excitation of BPD-MA by transcutaneous application, demonstrating the noninvasiveness potential of the treatment. After this promising result, the same research group proved that the efficacy of the treatment is influenced by both the type of administration of the drug and the method of irradiation. To do this, using BPD-MA again, they compared intravenous and intra-articular administration, and transcutaneous and intra-articular irradiation in rabbits [37]. Both intravenous and intra-articular administration achieved rapid adsorption in vascularized and inflamed tissues, however, after intravenous administration, uptake in cartilage and tendons was much lower, which reduces the destruction of these tissues, concentrating photocytotoxicity in the synovial membrane. However, after intravenous administration, clearance was fast, shortening the useful time for irradiation. In contrast, using intra-articular administration, clearance was slower, allowing greater control of drug concentration in the tissue and more flexibility to apply irradiation. On the other hand, it was shown that intra-articular administration ensures that transcutaneous irradiation could be as effective as intra-articular irradiation. In 1998, Trauner and co-workers. published complementary results to the previous ones with BPD-MA and went even deeper into the uptake of the drug in different tissues [38]. These results aroused interest in the use of PDT in RA, and two years later, in 2000, Hendrich and co-workers carried out their study in rabbits using BPD-MA again [39]. By intravenous administration and intra-articular irradiation, they demonstrated that cartilage, menisci, tendons and ligaments were not affected after PDT. In addition, they demonstrated that in the absence of light, no adverse effects occur one week after drug administration.

Another porphyrin derivative used in early PDT studies in RA was Photofrin (2). It is a porphyrin oligomer that shows poor solubility in physiological media. In parallel to their work with BPD-MA in 1998, Trauner and co-workers tested the use of Photofrin in PDT, through intravenous administration and irradiation by bare cleaved fiber irradiation [40]. Due to the required high concentrations of PS (2 mg/kg) as a consequence of its low solubility, they found that the treated animals had a high concentration of the drug in the skin, which caused cutaneous hypersensitivity to light for at least one month after treatment. In addition, PS absorption into synovial tissue was slow (maximum concentration after 48 h), which made treatment impractical. However, despite the drawbacks described, they showed that only the synovial tissue was necrotic and managed to reduce inflammation one week after PDT treatment. is another porphyrin derivative oligomer. Like Photofrin, had already been used in the treatment of cancer by PDT. In this first stage of PDT study in RA it was also tested by Hendrich's group in 1995 [41]. In this case, the study was carried out in vitro in fibroblast-like synoviocytes (FLS) and in vivo in rabbits two years after [42]. The in vitro study showed the effectiveness of the therapy depended on the concentration of PS. They also demonstrated the lack of toxicity of Photosan-3 by itself, and also when irradiation is applied without drug. The in vivo study showed complete destruction of the inflamed synovial tissue and no changes in cartilage and meniscus.

The next PS that was brought to PDT in RA was Protoporphyrin IX (PpIX) (8). This porphyrin is synthesized intracellularly from 5-aminolevulinic acid (ALA) [43,44]. So and coworkers were the first to test the capacity of PpIX in PDT to treat RA (2002) [45]. They examined the formation, accumulation and cytotoxicity of PpIX using ALA as a precursor, both in vitro in human cells and in vivo in mice. The in vivo protocol consisted of intra-articular administration and transcutaneous irradiation. The accumulation of PpIX formed from ALA occurred mainly in animals with RA and not significantly in healthy animals. While in vitro assays showed accumulation of PpIX in synovial lyning layer, vascular endothelium and macrophages mainly. In 2005, Bagdonas and coworkers carried out an in vivo study in rabbits with rheumatoid mono-arthritis (opposite joint remains healthy) using ALA as a PpIX precursor again [46]. No differences were found between intravenous or intra-articular injection. The accumulation of PpIX in the inflamed joint was more than double that in the healthy joint, after 3 h post injection. In addition, in the affected joint it was detected by fluorescence that PpIX accumulated in the skin, tendons and cartilage, while in the healthy joint PpIX was only detected in the cartilage.

Some porphyrins like meso-tetraphenylporphyrin sulfonate (TPPS2a) (9) tend to accumulate in membranes of lysosomes and endosomes. On the other hand, cells can survive partial destruction of lysosomes, thus reducing the effectiveness of PDT. In 2005, Dietze and co-workers took these two concepts into account and used TPPS2a in combination with Gelonin, a ribosome inactivator that cannot cross cell membranes due to its structural characteristics. In this way, the TPPS2a accumulated in the lysosome membranes can be activated by irradiation in a specific zone. This breaks these membranes and release the Gelonin trapped in the lysosome inside the cell, increasing the cytotoxic effect during the PDT in the treatment of RA [47].

Being the low solubility of compounds derived from porphyrins a problem, in later years many groups tried to include structural modifications to increase physiological affinity of these tetrapyrroles. In 2006, Nishida and co-workers conducted an interesting study on the use of ATX-S10.Na(II) (10), a porphyrin that includes sodium carboxylates as substituents, making it a salt and increasing its hydrophilic character [48]. The study covered both in vitro assays in FLS and in vivo assays in mice. The in vitro study showed that photocytotoxicity was proportional to the concentration of the drug, and also that ATX-S10.Na(II) accumulated mainly in lysosomes. In vivo tests confirmed the direct relationship between concentration and photocytotoxicity (using transcutaneous irradiation). On the other hand, it was found that this PS was completely eliminated from the body in less than 48 hours, which reduced side effects such as light photosensitization of the skin.

In 2008 and following the same strategy, Talaporfin (11), another porphyrin with sodium carboxylates, was tested [49]. It was again found that PS was located mainly in lysosomes in the in vitro assays. In the in vivo tests in mice, they used intra-articular administration of Talaporfin, and it was found that the concentration in the synovial membrane was higher than in the rest of the surrounding tissues, such as skin and cartilage, 4 hours after injection. The authors suggest that it is because the synovial capsule acts as a compartmentalized system, and the synovium shows greater affinity for Talaporfin. After transcutaneous irradiation, only necrosis was observed at the irradiated point. Almost two months after PDT, no inflammation of the synovial membrane and no damage in cartilage or bone was observed in histological analysis.

Also in 2008, Hansch and co-workers used a different strategy, which consisted of increasing the retention time of PS in order to carry out several irradiations without having to inject the drug again [50]. For this, they used Temoporfin (12) as PS, a tetrapyrrole that has phenol substituents, which serve as an anchor point for polyethylene glycol (PEG) chains. This study compared the drug itself and its PEGylated form, carrying out in vivo tests in mice.

Temoporfin alone did not show good distribution in arthritic joints, according to the authors because of the low physiological solubility of this tetrapyrrole. In contrast, Temoporfin-PEG showed greater solubility and accumulation in inflamed tissue. The author suggested that the coating the liposomes with PEG results in protection against liposome destruction and weaker recognition by cells of the mononuclear phagocyte system, preventing the Temoporfin-PEG system from being destroyed prior to cellular internalization. Photosensitivity was observed up to 96 h after administration of Temoporfin-PEG, which allowed repeating the irradiation dose for several days without requiring another injection.

In 2012, Pheophorbide A ( 16) was tested as PS to treat RA by PDT. This porphyrin derived from the breakdown of chlorophyll had been tested as an imaging and anticancer agent.

Gabriel and co-workers tested in mice Pheophorbide A alone and Pheophorbide A bound to a polymerized lysine [51]. The purpose of using this porphyrin was to visualize the location of the PS and at the same time generate photocytotoxicity. The main differences found were that while the maximum accumulation occurred 5 h after putting the injection of PS alone, with PSlysine it was 24 h after the injection. Furthermore, a linear relationship between concentration and photocytotoxicity was achieved using PS-lysine and not with PS alone. The healthy joints did not show photocytotoxicity since PS visualization showed that accumulation in these tissues was minimal. Finally, without irradiation, no cytotoxicity was observed.

However, the use of porphyrin derivatives as PS is not the only strategy followed in the treatment of RA by PDT. There have also been notable studies that have used different compounds as PS. In 1997, after Hendrich and co-workers tested Photosan 3, they carried out the same assays but using chloroquine (4), methotrexate (5), piroxicam (6), and sodium morrhuate (7) as PSs [52]. After in vitro PDT, piroxicam and sodium morrhuate did not show photocytotoxicity in FLS. Nevertheless, the photocytotoxic activity of chloroquine and methotrexate was significant and potentially useful in PDT. Methotrexate was used as PS in 2010, using light-emitting diodes (LEDs) as irradiation source [53]. The main purpose of this study was to demonstrate the applicability of LEDs as an irradiation source in vivo. The results concluded that infrared irradiation achieved a better PDT effect than red, yellow and white irradiation using methotrexate as PS. After, this was transferred to in vitro assays in human cells from patients with RA, achieving similar results. Photocytotoxicity was lower in cells from healthy patients.Another non-porphyrin related compound tested as PS in PDT to treat RA was Hypericin (19). This derivative of anthraquinone had already been used as an antimicrobial agent [54] and as an anticancer agent [55], since it accumulates preferentially in cancerous tissue, and can be used as an indicator of tumor cells. In 2018, Guo and co-workers tested in vitro Hypericin as PS in RA FLS from human patients [56]. The results showed that after PDT, the production of ROS increases, which was directly related to the PS concentration.

Other strategies used to improve the solubility and retention of PSs was encapsulation.

In 2010, Juillerat-Jeanneret and co-workers demonstrated the efficacy of this methodology in PDT by encapsulating tetra(4-sulfonatophenyl)porphine (TSPP) (13), tetra(4carboxyphenyl)chlorin (TPCC) (14) and chlorin e6 (Ce6) (15) in chitosan-based nanogel [57].

The study was tested both in vitro (human THP-1 macrophages and murine RAW 264.7 macrophages) and in vivo (mice with antigen-induced arthritis). In vitro tests showed that the maximum concentration was achieved between 3-4 hours after administration with all PSs. In addition, the three encapsulated PSs showed significant photocytotoxicity, each of them varying in the dose of irradiation. Only Ce6 showed some toxicity in the absence of light. In vivo tests showed how PS-nanogels were retained for a longer time in joints affected by RA.

The retention time was also much longer than for the PS alone.

Another example of porphyrin encapsulation to improve its performance in PDT of RA was carried out in 2016. In this case, Wang and co-workers used TiO2 nanoparticles to contain tetra(4-sulfonatophenyl)porphine (TSPP) (17) molecules [58]. This study was done in vitro (in human RA FLS) and in vivo in murine with RA. The TiO2-TSPP tandem showed by fluorescence that it can successfully accumulate in FLS, something that TSPP alone was unable to do. The in vivo assays showed that TiO2-TSPP accumulates mainly in inflamed tissue. That same year, in another publication, Wang and co-workers also showed that this TiO2-TSPP tandem can reduce the presence of biomarkers indicative of RA, such as TNF-ɑ and IL-17 [59].

In 2017, Zhu and co-workers followed the same encapsulation strategy, using indocyanine green (ICG) (18) as PS. The PS encapsulation was carried out using poly[DLlactide-co-glycolic acid] (PLGA), a biodegradable/biocompatible globular polymer. In addition, perfluoro-n-pentane (PFP) was used as O2 carrier [60]. A combination of PDT and sonodynamic therapy was used. The function of the latter was to break the polymer structure allowing the release of ICG and PFP. Assays were done in vitro on human FLS. ICG by itself has good solubility in physiological medium, however, using it encapsulated in this form, a three times higher concentration was detected than when ICG is used alone. As a consequence of this, the photocytotoxicity was also triple. Encapsulation with/without PFP was also compared, being the PDT effect better with PFP although without significant differences.

Some nanoparticles can be photoactive and used as PS. This is the case of Cu7.2S4

nanoparticles, which can be use in PDT as photoactive compound. At the same time, it can increase the temperature when excited, giving rise to apoptosis processes, which is known as photothermal therapy (PTT). Xia et al. in 2018 tested these nanoparticles in vitro in mouse FLS and in vivo in a murine collagen-induced arthritis model, using NIR (near-infrared) irradiation [61]. In vitro it was shown that after NIR irradiation the temperature of the cells reached 51 °C, while the cells that did not contain nanoparticles remained at 32 °C. Furthermore, ROS production increased with the presence of Cu7.2S4. The in vivo study showed that proinflammatory cytokines production can be reduced. Additionally, the treated joints did not show damage in bone and cartilage, being similar in appearance to healthy joints.

Based on the multiple publications and promising results, the great potential of PDT in RA is unquestionable. However, it is still necessary to overcome some drawbacks such as the solubility of the system. As discussed above, many of the latest studies on the use of PDT in RA have focused on improving the physiological solubility of PSs using soluble carriers such as nanoparticles or adding functional groups that improve the solubility (among various strategies). We reported that this poor solubility of some PSs could be solved by using ruthenium-based metallacages as carriers in two different ways (Figure 1, page 21):

-The solubility in biological media of these organometallic complexes is good and they can be the host to PS as guest in their inner cavity, transporting and releasing them into target cells (page 28).

-We can include the PS as part of the structure of the metallacage, which maintain excellent physiological solubility and keep the PS available to be irradiated at all times (page 36). 

CHAPTER 4 -ARENE RUTHENIUM METALLA-ASSEMBLIES

Although our work is the first to demonstrate the applications of arene ruthenium metallacages in the PDT of RA, the synthesis and some applications for these organometallic complexes have been studied and reported for more than two decades. We can establish the starting point 25 years ago, when Süss-Fink and co-worker reported the synthesis of the first tetranuclear arene ruthenium assembly (Scheme 1) [62]. Starting from the Zelonka and Baird dimer [63],

they formed a di-ruthenium clip complex with oxalate salt and then, by adding the bidentate ligand 4,4'-bipyridine, they obtained a rectangular metallacage. During subsequent years, the design and development of arene ruthenium metallacages has continued in progress, giving rise to different structures, more complex and with greater functionalities, and also different synthesis strategies. However, the basic steps and methodology introduced by Süss-Fink remain today.

Scheme 1. Synthesis of rectangle metallacage by Süss-Fink and co-workers in 1997.

The shape and size of metallacages are determined by the nature of the ligands coordinating to the metals. In the arene ruthenium dimer reported by Zelonka and Baird, the metal atoms present an octahedral hexacoordination, in which the arene occupies three ligand positions and three chloride ligands the remaining three. Even though the dimer is inert and stable at room temperature and in air, the chlorides are labile ligands easily removable or interchangeable with other ligands through substitution reactions. This versatility has been used by many groups to build various structures with different functionalities starting from this ruthenium arene dimer [64][65][66][67][68][69][70][71].

The metallacages are built from two main building blocks:

a) The arene ruthenium bimetallic complex (clip), which can be considered the edges of the metallacage. The tetradentate spacer ligand (Figure 11) separates the two ruthenium atoms and establishes the distance between them and therefore the size of the metallacage. b) The panel ligand (Figure 12), which shapes the metallacage. In our work we use triangular or square panel ligands, giving rise to prismatic or cubic metallacages, respectively. The first step of the synthesis begins with RuCl3•nH2O and a cyclohexadiene (1-isopropyl-4methyl-1,3-cyclohexadiene in our work) which will give rise to the arene ligand. Therefore, in this first reaction, it is decided the arene that will contain the final metallacage. An excess of the cyclohexadiene is used and the reaction is refluxed for 4 h (Scheme 2), giving rise to the arene ruthenium dimer as an orange solid, by a substitution reaction that releases HCl.

Scheme 2. Synthesis of arene ruthenium dimer.

The arene ruthenium dimer is the starting point for the second step of the synthesis (Scheme 3). This is reacted in stoichiometric amounts with a protic ligand in methanol at room temperature. This mixture gives rise to a substitution reaction between the ligand and the bridging chlorides of the two ruthenium atoms. In this way, a bimetallic complex is formed in which the new ligand acts as a spacer determining the distance between two metal atoms.

Scheme 3. Synthesis of arene ruthenium clip.

The last step of the synthesis consists of adding the panel ligand which, together with the ruthenium clip complex, will give rise to the metallacage (Scheme 4). First, the complex is mixed with silver triflate (AgSO3CF3), which removes the chloride ligands, giving rise to silver chloride (AgCl) as precipitate, and an intermediate cationic complex. Without isolating this intermediate, the panel ligand is added in solution in the appropriate stoichiometric amounts and the mixture is kept stirring for 48 h at room temperature. The metallacage is formed as a cationic complex (whose counterion is the triflate anion). The metallacage is soluble in biological media, as well as in other common solvents.

Scheme 4. Synthesis of metallacage.

The structure of these metallacages contains an inner cavity with hydrophobic nature. When a planar compound with a hydrophobic character is added to the reaction mixture at the same time as the panel ligand, this guest (as long as its structure and size allow it) ends up by affinity in the cavity (Scheme 5). This is the strategy used to host PSs of poor water solubility within metallacages, in order to be transported in biological media.

Scheme 5. Synthesis of the metallacage with PS in the inner cavity.

On the other hand, it is possible to build metallacages in which the PS forms part of the structure, using the PS itself as a ligand panel (Scheme 6). The methodology coincides with the one discussed before. The PS containing pyridine substituents can be coordinated to the ruthenium atoms in the same way as the triangular and square panels described above. To identify and confirm that the PS is located in the interior cavity of the metallacage, we used Diffusion-Ordered Spectroscopy (DOSY). This NMR technique identifies the different species in the sample according to their diffusion coefficients. Therefore, since PS and metallacage are different species, if their signals show the same diffusion coefficient, it means that they are together (Figure 13). It is also possible to use other techniques such as mass spectrometry (MS), but the host-guest system does not always resist the experimental conditions of MS. -Volume of the ruthenium edge complex.

-Shape of the ligand panel (cubic and prismatic cages).

- In this work [72], we reported, for the first time in RA, that these ruthenium metallacages (M1-

M6

) can be applied as PDT agents, fulfilling the role of carriers of PSs to the target cells (FLS from RA patients). The compounds evaluated as PS were 21H,23H-porphine (G1), magnesium(II)-porphine (G2), 29H,31H-phthalocyanine (G3), and zinc(II)-phthalocyanine (G4) (Figure 14). These photoactive compounds had never before been evaluated as PS by themselves in the PDT of RA due to their low or null physiological solubility. They can be hosted in the cavity of the metallacages and transported in biological media. Moreover, we have synthesized cages with structural modifications to evaluate how the different elements of the metallacage change the PDT effect (Figure 15). These metallacages can be distinguished by their two main blocks: the panel ligand, on the top and bottom of the metallacage, and the dinuclear ruthenium clips complex in every edge of the structure. The panel ligand is a flat organic compound with three or four pyridine substituents, giving the shape of a prism or a cube to the metallacages, respectively. We used 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine or 1,3, 

Antiproliferative evaluation

We evaluated the PDT effect of these systems analyzing the photocytotoxicity after irradiation in RA FLS. For that, we carried out MTT assays, calculating the 50 % inhibition concentrations (IC50). The results of the PDT treatment were excellent (Table 1). The IC50 with these compounds were lower than those seen in cancer cells [73]. However, such higher antiproliferative effect was expected, since RA FLS are primary cells and their growth is not accelerated, unlike cancer cells. On the other hand, as anticipated, the structural differences in the metallacages resulted in significant changes in the PDT effect.

First, we have noticed that when the size of the panel ligand is bigger, the photocytotoxicity is higher. For instance, in the structures of cages M2, M4, and M6 only the panel ligand differ, (triple when compared to M6). This variation is more obvious if we compare the metallacages M1 and M5, involving the panels 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine and 1,3,

(pyridin-4-yl)vinyl}benzene, respectively; With G1 as PS, the IC50 of M1 is six times higher than the one observed with M5 (entries 1 and 5 in Table 1). This matches with the results described in cancer cells [73]. Larger panel ligands provide larger apertures that facilitate the release of the PS, resulting in higher ROS production and, consequently, more photocytotoxicity. This conclusion is in harmony also with the other three PSs tested, G2, G3

and G4 (Table 1).

Regarding the second of the structural features of the metallacages that we have modified, the dinuclear clip, similar variations in the photoactivity are observed, as we estimated. When the volume of the Ru(II) clip complex is bulkier (more aromatic rings in the spacer ligand), we noticed that the IC50 is lower, which means a better PDT effect. For instance, cages M1, M2, found with M3 was four times lower than the IC50 found with M1 (entries 1 and 3 in Table 1), while the IC50 of M2 (entry 2 in Table 1) shows an intermediate value. These results are consistent with the structure of metallacages suggesting PS release through an aperture of the metallacage [74]. This is, when the metallacage is smaller, the host-guest system is stabilized, making more difficult the releasing of the PS, which translates into lower ROS production and reduced PDT effect. The same result, although to a lesser proportion, was observed with the other PSs, G2, G3 and G4 (Table 1).

and
Table 1. Results of the MTT assays. Irradiation after 24 h of incubation with G⊂M systems. λ = 630 nm, 72 J/cm 2 for 30 min. IC50 values were determined fitting the curve to a second-degree polynomial ± 3 sigma deviations. The maximum concentration analyzed was 1500 nM. Quantum yield (ɸF) was determined using TPP as an internal standard in DMSO at 25 °C. Phototoxic index (PI) is ratio dark/light IC50. Empty metallacages (without PS in the inner cavity) were tested using the same procedure without any signal of toxicity, even at concentrations five times higher than the maximum concentration tested for the compounds. The last difference between the systems evaluated was the PS itself that they transport, and significant differences were also observed. First, it is worth mentioning the absence/presence of a metal (Mg, Zn) in the center of the PS. In all cases, employing the same metallacage, the PSs without metal showed greater photocytotoxicity (Table 1). This result can be directly attributed to the higher fluorescence of the PSs with a metal center. This occurs because when the PS is irradiated it causes its excitation, that is, it absorbs part of the irradiation energy and reaches a higher energy state (excited singlet state). When the PS relaxes, it can release that extra energy in the form of fluorescence and the PS returns to its ground state. However, as explained in Chapter 1 (page 5), an intermediate excited state (excited triplet state) can be involved, and the PS can relax and return to the ground state by releasing the extra energy in the form of phosphorescence, or it can also interact with other molecules or substrates, such as O2, transmitting the extra energy to the latter that will give rise to ROS [ [75][76][77]. Consequently, since the Zn(II) and Mg(II) produce higher fluorescence (Figure 16), reduced ROS production would be expected, compared their metal-free analogues. The fluorescence quantum yields (ΦF), support these results (Table 1), that is, greater ΦF equates to less PDT effectivity.
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The high fluorescence of the metal-based tetrapyrrole can be explained through electronic orbitals. When the PS is excited, an electron is promoted from the Highest Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO), and later when the PS relaxes that electron returns to the HOMO giving rise to fluorescence. However, if there is not a metal center in the tetrapyrrole (Figure 17, Case 1), the lone electron pairs of the N atoms of the tetrapyrrole are free and can occupy this electronic vacancy in the HOMO, making it difficult for the electron in the LUMO to return to the HOMO, resulting in less fluorescence.

This does not happen when there is a metal in the center of the tetrapyrrole (Figure 17, Case 2), since it is bonding to the N atoms through their lone pairs of electrons, so these cannot occupy the vacancy in the HOMO and the electron in the LUMO can return to the HOMO easily, resulting in higher fluorescence [78].

We observed also differences between the PSs G1 (porphine) and G3 (phthalocyanine). The results showed that G1 functions better than G3 when the carrier is the same metallacage for both (Table 1). However, the IC50 for G3 is still brilliant. On the other hand, surprisingly, when G3 or G4 are transported by the cubic metallacage (M4), we did not observed effect on RA FLS (Table 1), even at the maximum concentration tested (1500 nM). This suggests a robust binding host-guest affinity, thus supporting that the PS is released through an aperture of the metallacage, rather than having a breakage of the metallacage [74]. One exceptional result is also the total absence of cytotoxicity in the dark. However, two of the fifteen compounds evaluated, specifically the two with G4 as PS (entries 14 and 15 in Table 1), showed toxicity in the dark (Figure 18). This observation suggests that G4 cannot be a good PS. This result agrees with other reported zinc tetrapyrrole derivatives that showed toxicity in the dark [79,80]. 

Inflammatory evaluation

The joint is surrounded by the synovial membrane, providing structural support, lubrication, and supplying nutrients to the cartilage. FLS are part of the inner lining layer of the synovial membrane (see page 10). The production of cytokines is one of the main functions of FLS [81],

and many of the cytokines implicated in the inflammatory response are these of the interleukin (IL) family. IL-1 induces cyclooxygenase-2 (COX-2) expression, an enzyme involved in the production of prostaglandin E2 (PGE2) [82][83][84][85]. PGE2 could give rise to vasodilation in the synovial tissue, causing inflammation in the region [86]. We evaluated in RA FLS the in vitro inflammatory activity after PDT by measuring the production of PGE2 and IL-1β in the supernatant. In addition, we also analysed the expression of COX-2 in irradiated and nonirradiated cells. COX-2 expression results show that RA FLS treated with the G⊂M systems by PDT causes an overexpression of this enzyme (Figure 19). This result agrees with the literature since many examples of this overexpression after PDT have been reported. For instance, more porphyrin-based PSs such as PpIX-polyamine [START_REF] Fidanzi-Dugas | Analysis of the in vitro and in vivo effects of photodynamic therapy on prostate cancer by using new photosensitizers, protoporphyrin IX-polyamine derivatives[END_REF] or Photofrin [88] increased COX-2 expression after PDT. Moreover, this not only occurs with porphyrins, but also with other PSs used in PDT [START_REF] Rayar | New selective cyclooxygenase-2 inhibitors from cyclocoumarol: Synthesis, characterization, biological evaluation and molecular modeling[END_REF][START_REF] Hendrickx | Up-regulation of cyclooxygenase-2 and apoptosis resistance by p38 MAPK in hypericin-mediated photodynamic therapy of human cancer cells[END_REF]. We noticed that most of the G⊂M systems with low IC50 (Table 1) showed lower COX-2 expression (Figure 19): this is the case for the compounds listed in entries 4, 5, 6, 11 and 12 in Table 1. Overexpression of COX-2 leads to an increased production of PGE2 [START_REF] Fidanzi-Dugas | Analysis of the in vitro and in vivo effects of photodynamic therapy on prostate cancer by using new photosensitizers, protoporphyrin IX-polyamine derivatives[END_REF], which could increase inflammation after treatment. This higher production of PGE2 was indeed observed under our experimental conditions (Table 2). However, as observed for COX-2 expression, PGE2 production is also lower when the IC50 of the compound is low.

This shows that by reducing the required concentration of PS, the adverse effects of PDT on the induction of the COX-2/PGE2 signaling pathway could be reduced/eliminated. However, as reported in the literature, using a COX-2 specific inhibitor, such as NS-398 during PDT treatment, it could be possible to minimize the overexpression of COX-2 and, therefore, the production of PGE2 [START_REF] Fidanzi-Dugas | Analysis of the in vitro and in vivo effects of photodynamic therapy on prostate cancer by using new photosensitizers, protoporphyrin IX-polyamine derivatives[END_REF][START_REF] Ferrario | Cyclooxygenase-2 inhibitor treatment enhances photodynamic therapy-mediated tumor response[END_REF].

On the other hand, as mentioned above, IL-1β is a pro-inflammatory cytokine which, among other functions, induces COX-2 expression [START_REF] Williams | The role of cyclooxygenases in inflammation, cancer, and development[END_REF]. In view of the overexpression of COX-2 correlated with an increase in PGE2 production, we expected a proportional presence of IL-1β.

Surprisingly, it was not the case, since after PDT in all cases studied, the presence of this cytokine increased (Table 2). This result agrees with other studies in which IL-1β was not involved in the overexpression of COX-2 in synovial tissues [ [START_REF] Van Dalen | Interleukin-1 is not involved in synovial inflammation and cartilage destruction in collagenase-induced osteoarthritis[END_REF][START_REF] Nasi | Revisiting the role of interleukin-1 pathway in osteoarthritis: Interleukin-1α and-1β, and NLRP3 inflammasome are not involved in the pathological features of the murine menisectomy model of osteoarthritis[END_REF][START_REF] Shimomura | Cyclic compressive loading on 3D tissue of human synovial fibroblasts upregulates prostaglandin E2 via COX-2 production without IL-1β and TNF-α[END_REF], indicating that other cytokines such as IL-6 or IL-8 are responsible [START_REF] Shimomura | Cyclic compressive loading on 3D tissue of human synovial fibroblasts upregulates prostaglandin E2 via COX-2 production without IL-1β and TNF-α[END_REF]. The numbers correspond to the entries in Table 1. 2•10 6 FLSs were cultured in DMEM complete medium (FBS 10%, L-glutamine 1%, penicillin 100 U/mL, streptomycin 100 µg/mL) for 24 h and treated with the corresponding system G⊂M. After 24 h, the medium was replaced by a DMEM complete medium without red phenol, and then irradiated (RI) or not (NI) using red light (630 nm and 72 J/cm 2 for 30 min). After 18 h, LPS (1 µg/mL) was added to the medium to stimulate the expression of COX-2, and 4 h later the trypsinization was carried out. βactin was used as a protein loading control. All experiments were done in triplicate. Control samples were treated as treated cells (see Experimental section).

Table 2. PGE2 and IL-1β quantification. The assays were performed using the protocol provided by the ELISA kit in triplicate. The data were treated as explained in this protocol. The cells were treated as described in the experimental section. 18 h after the irradiation dose (without PS), the control sample was treated with 1 µg/mL LPS in the culture medium, the cells were incubated for 4 h, trypsinised and the supernatant was recovered. Results are expressed as the average of three independent experiments. In this work, a different strategy was used, which instead of carrying the PS in the inner cavity of the metallacage as a guest, the PS itself is part of the ruthenium assemblies' structure (Figure 20) [START_REF] Barry | Characterization and Anticancer Activity of Porphyrin-Containing Organometallic Cubes[END_REF]. Then, the PS is always available for irradiation since we eliminate the need of liberating the PS from the metallacage once inside the cells [74]. Also, since these systems contain two PS units as panel ligands per metallacages, we though they can reduce the dose necessary for PDT activity [START_REF] Moriwaki | Analysis of photosensitivity in Japanese cancer-bearing patients receiving photodynamic therapy with porfimer sodium (PhotofrinTM)[END_REF][START_REF] Usuda | Photodynamic therapy (PDT) for lung cancers[END_REF].
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Figure 20. Arene ruthenium metallacages used in this work. All octa-cationic assemblies were isolated as their triflate salts. In blue is showed the tetrapyridylporphyrins, forming part of the metallacage structure as the ligand panels.

As commented previously (page 13), several porphyrin derivatives have already been evaluated in PDT to treat RA with numerous conclusions [38,40,49,50,57]. We decided to use tetrapyridylporphine (TPyP) as PS because it can be coordinated directly to dinuclear arene ruthenium (II) complexes, such as [Ru2(η 6 -p-i PrC6H4Me)2Cl2(μ-C6H2O4-κO)] and [Ru2(η 6 -pi PrC6H4Me)2Cl2(μ-C2O4-κO)], via Ru-NPy bonding, giving rise to cubic cages (C) with porphyrin panels. To evaluate the efficiency of these arene ruthenium tetrapyridylporphyrinbased assemblies, we have tested five compounds with different structural characteristics, including three TPyP derivatives as PSs (H2-TPyP, Zn-TPyP and Co-TPyP) and two dinuclear arene ruthenium clips (Figure 21).

The benzoquinonato and oxalato dinuclear arene ruthenium clips allow to vary the distance between the two PSs units in the structure of the cube, therefore, we can modulate the PS separation and determine how the distance between the two PS influences their PDT efficiency (Figure 21).

It is known that other tetrapyrroles can give rise to aggregation phenomena, which reduces the production of singlet oxygen and then limits the production of ROS [START_REF] Jing | Axial modification inhibited H-aggregation of phthalocyanines in polymeric micelles for enhanced PDT efficacy[END_REF]100], reducing the PDT effects. This is due to tetrapyrroles like porphyrin which shows strong π-π interaction, because of their planar structure. It was proved that similar cubic metalla-assemblies with TPyP competently inhibit the intramolecular stacking of porphyrin blocks [101]. Moreover, the electronic repulsion between these cationic assemblies should avoid the formation of aggregates. These two features might have a positive influence in the PDT efficacy.

In addition, we have prepared analogues zinc and cobalt-based tetrapyridylporphyrin (Zn-TPyP and Co-TPyP) assemblies (Zn-C1, Zn-C2 and Co-C2). In this way, we can evaluate the impact of the presence of diamagnetic and paramagnetic metals on the PS. It has been reported that diamagnetic metals such as Zn 2+ can benefit fluorescence and consequently decrease the ROS production, worsening the efficacy of PDT [75]. Furthermore, paramagnetic metals such as 

Antiproliferative evaluation

As we did previously, we have evaluated the antiproliferative activity and inflammatory response in FLS extracted and isolated from patients with RA.

In Table 3 we show the results of the antiproliferative assays. Based on the results obtained, we can confirm that the different characteristics in the metallacages significantly condition the PDT efficiency. Among all the results, the one that stands out the most for its excellent photocytotoxicity is C1, reaching the lowest IC50 (8 nM) (Figure 22). As far as we know, no compound published in the literature showed such a low IC50 in PDT on RA FLS. Furthermore, the phototoxic index (PI), which is the IC50 ratio between non-irradiated and irradiated cells, is more than 125 (Table 3). These results suggest that C1 possesses a remarkable potential for PDT. Moreover, the IC50 of Zn-C1, C2 and Zn-C2 are also remarkable, although they are outshined by the excellent performance shown by C1. On the other hand, Co-C2 did not show any photocytotoxic activity, as expected [102]. The Zn(II) derivatives showed higher fluorescence (Figure 23), which brings to lower production of ROS [75], as we already saw with the Zn and Mg compounds inside metallacages (page 32). C1 and C2 showed higher photocytotoxicity than their zinc analogues (Zn-C1 and Zn-C2), the IC50 concentrations being more than eleven times lower for C1 and more than eight times lower for C2 when compared to Zn-C1 and Zn-C2, respectively. It is worth noting that C1 shows a lower fluorescence quantum yield (ɸF) than C2 and the zinc derivatives (Table 3), confirming that high ɸF does not necessarily imply high photocytotoxicity. The main structural difference between C1 and C2 is the distance that separate the two porphyrin units in the metallacages. According to the results obtained, the PDT effect decreases when the distance is shorter. The IC50 of C1 and Zn-C1, which are built from 2,5-dioxydo-1,4benzoquinonato spacers, are less than half the IC50 values of the smaller oxalato analogues, C2

and Zn-C2 respectively. This can be explained by an intramolecular energy transfer phenomena between the two porphyrin panels, resulting in quenching and reduction of the ROS production.

It is known that quenching and energy transfer phenomena between excited photoactive molecules can occur without collision or direct contact. This phenomenon is known as Resonance Energy Transfer (RET) [103]. The energy transfer could be expressed by the equation formulated by Foster (equation 1), which is directly related to the distance (r) between (

) 1 
The distance between the two TPyP panels is not fixed since the structure can be deformed in solution [105-107]. However, an approximate distance can be determined from the dinuclear arene ruthenium clip complex (Figure 21). In C2 and Zn-C2, the ruthenium atoms linked to the oxalato ligand are separated from each other by ≈ 5. Finally, we further emphasize that none of the evaluated compounds showed toxicity in the dark at the maximum concentration tested (Table 3), which is an essential characteristic for a good PS. We show in Figure 24 the comparison between the irradiated and not irradiated RA FLS containing C2 (22 nM). Cellular damage is clearly observed in the irradiated RA FLS and not apparent in the non-irradiated cells.

Figure 24. Comparation of the effects of PDT on RA FLS using C2 at 22 nM (IC50) after 24 h. Control cells 24 h after irradiation (left), cells with C2 but not irradiated (center), and cells with C2 and irradiation (right) (red-light 630 nm, 72 J /cm 2 for 30 min) after 24 h.

Inflammatory study

Like previously, we decided to assess COX-2 expression, PGE2 production and the presence of in RA FLS after PDT with these compounds. However, since the cobalt compound did not show PDT activity in the MTT assays, we decided not to include it in this evaluation, focusing on the four most promising compounds (C1, C2, Zn-C1 and Zn-C2).

In Figure 25, the expression of COX-2 is presented, showing that these porphyrin-based compounds induce COX-2 overexpression after PDT, as we saw previously with the G⊂M systems (page 34). However, C1 shows remarkable results as the expression of COX-2 is not significantly different from the controls experiments. Also, the overexpression of COX-2 is greater in the irradiated samples than in the non-irradiated ones (as with the G⊂M systems).

We observed that the expression of COX-2 is directly associated to the results seen in the antiproliferative evaluation. The results stablish that when a lower concentration is used, that is, when the IC50 is lower, the overexpression of COX-2 is as well lower. This implies that by reducing the dose of the drug, it should be possible reduce inflammatory adverse effects, while maintaining a good photoactivity. ) were cultured in DMEM (FBS 10%, L-glutamine 1%, Penicillin 100 U/mL, Streptomycin 100 µg/mL) during 18 h and treated with the corresponding PS. After 24 h, the medium was replaced by DMEM without red phenol and irradiated at 630 nm (72 J/cm 2 for 30 min). After 18 h, LPS (1 µg/mL) was added in the medium to stimulate the expression of COX-2 during 4 h. Finally, trypsinization and isolation of cells was performed. β-Actin was used as a protein loading control in Western blot. All experiments were done in triplicate. Non-irradiated cells were treated as irradiated cells (see Experimentation section). Control samples were treated as treated cells.

Due to this overexpression of COX-2, overproduction of PGE2 was expected (Table 4) as we saw previously (page 34). As discussed with metallacages with PS in the internal cavity, this overproduction of PGE2 can increase inflammation after PDT and can be reduced or eliminated by the simultaneous use of selective COX-2 inhibitors. Again, it is worth noting the result with C1, that the production of PGE2 after treatment with C1 is significantly close to that observed in the control. This again points to the fact that a lower dose of the PS could produce less adverse effects in PDT.

Regarding the analysis of IL-1β production in the supernatant after PDT, we observe similar results as with the G⊂M compounds. Again, does not seem to be directly involved to the overexpression of COX-2 and overproduction of PGE2 observed (Table 4) [109]. The results suggest that the concentration of IL-1β after PDT does not differ from the control experiments.

This points to other implicated cytokines, which has also been observed in other studies [START_REF] Shimomura | Cyclic compressive loading on 3D tissue of human synovial fibroblasts upregulates prostaglandin E2 via COX-2 production without IL-1β and TNF-α[END_REF]. Frequently, this surgery is complemented with radiotherapy and/or chemotherapy [124]. This invasive treatment implies a significant loss of soft tissue that could give rise to loss of mobility or add rigidity to the joint. Consequently, by minimizing the impact on healthy tissue, better mobility in the joint should be preserved, and therefore PDT could play an important role.

Parallel to the evaluation of the compounds described so far in this thesis to treat RA by PDT, and with the intention of expanding our field of study to another pathology that affects synovial tissue, we decided to design and evaluate a series of compounds in vitro to treat synovial sarcoma by PDT.

As described previously for RA, the use of PDT in the treatment of cancers also carries some In this work, we used TPyP as base of the PS, bonding to mononuclear arene ruthenium (II) complexes to improve the poor solubility of this tetrapyrrole in biological media (Figure 26).

Additionally, some of these ruthenium complexes contain substituents in the arene ligands such as hydroxide groups (OH), that could potentially contribute to the presence of oxygen species, which can give rise to more 1 O2 and increase ROS production [135]. Contrary to RA, the use of ruthenium organometallic complexes is not new to PDT in cancer [73,[136][137][138][139][140][141], since it has been in extensive use for years. The main raisons to choose ruthenium as metal is its stable oxidation state, being nearly unreactive to air, water or O2, unlike other metal-based compounds. Also, it has been reported the capability of arene ruthenium complexes to improve the physiological solubility [142]. Furthermore, the toxicity of ruthenium is minimal and much lower than other metals such as platinum, or metal widely used in metal-based drugs in cancer treatments [138,143].

Our new PSs, for the treatment of synovial sarcoma by PDT, involve arene ruthenium complexes, incorporated on tetrapyridylporphyrin or dipyridylporphyrin. Also, we compared other analogue derivatives, with or without a metal (zinc) in the center of the tetrapyrrole. In addition, we have evaluated two different types of arenes, with or without hydroxyl groups substituent.

Synthesis of compounds

We synthesized these compounds by a one-step reaction (Scheme 7). The dinuclear arene ruthenium dimers (d1 or d2), synthesized as reported in the literature [63,144], are dissolve in methanol, mixing and reacting with the corresponding porphyrin. The dimer d1 is extensively used [145-148] and, as described previously (page 24), its synthesis was reported by Zelonka

and Baird [63] 

Antiproliferative evaluation

We evaluated the photocytotoxicity of P1-P8 in vitro in SW982 synovial sarcoma cells after PDT (irradiation dose = 630 nm, 72 J/cm 2 for 30 min). Cell viability was examined by MTT assays in irradiated and non-irradiated SW982 cells. The results are presented in Table 5. The irradiated cells curve was fitted to the second order polynomial, from whose equation we calculate the IC50 (Figure 27). P1-P8 showed good photocytotoxicity after PDT, but some of the results are much more significant. The PSs present three structural differences. One of them is the arene ligand, which is p-cymene or phenylpropanol (PhPrOH). Remarkably, the four PSs with PhPrOH (P2, P4, P6 and P8) as the arene, showed a better photocytotoxicity than their pcymene analogues (P1, P3, P5 and P7) (Table 5). Since the only structural difference is the substituent on the arene, we think that the main reason for this improvement is the OH group.

This oxygenated functional group could help to increase the production of ROS after PDT, either by direct interaction with another excited PSs molecules or with other reactive species.

Some alcohols have been reported as initiators in the production of ROS by metabolism [149].

In addition, porphyrins with phenol substituents have demonstrated their effectiveness in PDT Table 5. MTT results on SW982 synovial sarcoma cells after PDT (spectra in the supporting information). Irradiation 24 h after addition of PS, λ = 630 nm, 72 J/cm 2 for 30 min irradiation. IC50 was calculated fitting the curve to the second-degree polynomial ± 3 sigma deviation. The maximum concentration tested was 5 µM. Phototoxic index (PI) is the ratio between cell viability in the dark and after irradiation.

One more structural difference in all our systems is the presence or absence of zinc in the center of the tetrapyrrole. The results (Table 5) suggest that when zinc is in the PS the PDT effect is reduced. In all cases, the metal-free systems showed a higher photocytotoxicity than their zinc analogues. The reason, as we have described in the RA FLS works (see page 31 and 38), is due to the increase in fluorescence when the metal is part of the system (Figure 28). The last structural difference in our systems is the base porphyrin used (DPhDPyP or TPyP).

PS

DPhDPyP contains two pyridyl substituents and as a consequence, the presence of two coordinated arene ruthenium units (P5-P8). While TPyP, with four pyridine units, makes the system contain four arene ruthenium units (P1-P4). The results showed that P5-P8, with DPhDPyP, give rise to a reduced PDT effect than their tetranuclear counterparts. The reason seems due to the lower number of coordinated ruthenium arenes. As described before, Ru (II)

arenes have been reported as solubility improvers in biological media for organic compounds

[138].
It is worth noting the absence or not significant toxicity of the compounds without zinc (P1, P2, P5 and P6) in the dark, even at the highest concentrations evaluated, contrary to the zinc compounds, which showed significant toxicity in the dark (Table 5). Analogous results have been reported with other zinc porphyrins, indicating that can generate toxicity by themselves [79,80].

Finally, when the PI (phototoxic index) of the compounds (Table 5) are compared, the difference between zinc compounds and those that do not contain metal is noted, highlighting the latter as potentially more efficient PSs in the treatment of synovial sarcoma by PDT.

CHAPTER 7 -CONCLUSIONS AND PERSPECTIVES

Conclusions

A series of photosensitizers (G) encapsulated in arene ruthenium metallacages (M) have been synthesized and characterized. The PDT efficacy of these host-guest systems (G⊂M) as PDT agents has been evaluated on RA FLS. In parallel, five physiological soluble metallacages incorporation the PS in their structures as ligand panels (C1, C2, Zn-C1, Zn-C2, Co-C2) have been tested also as PDT agents in RA FLS.

The compound C1 shows the best potential as a PDT agent to treat RA synovitis, having a remarkable phototoxicity (IC50 = 8 nM). The most promising G⊂M compounds seem to be those with the largest cavity, suggesting that the release of the photosensitizers from the host occurs without any breakage of the metallacage. All compounds showed no toxicity in the dark at the highest concentration tested, except for the zinc phthalocyanine derivatives (G4⊂M5 and G4⊂M6) which rules them out as good PSs in PDT. When the phthalocyanines (G3 and G4)

are encapsulated in the cubic metallacage (M4), no phototoxicity is detected, suggesting a high affinity (or steric hindrance) between the host and guest, which prevents the release the PS from the metallacage. The systems without metals (Mg or Zn) showed better PDT effect because of the lower fluorescence. In the metallacages with the PS as ligand panels, the distance between the two porphyrin blocks in each metallacage significantly influences the PDT efficacy, with a shorter distance being detrimental, possibly as a consequence of quenching phenomena.

Regarding the in vitro evaluation, in all systems, PDT gives rise to the overexpression of COX-2, and consequently production of PGE2. When a lower concentration of the drug is used, the overexpression of COX-2 and production of PGE2 are substantially reduced. does not appear to be participating in this COX-2 overexpression, which could indicate that other cytokines are responsible for this overexpression.

In addition, eight systems (P1-P8) forming by a porphyrin-based center and arene ruthenium substituent have been synthesized and tested in vitro, to treat synovial sarcoma by PDT. The compound P2 showed the best light/dark photocytotoxicity ratio (0.06 μM / 5 μM), being around two orders of magnitude. The presence of zinc (II) in the core of the photosensitizers have a double negative effect, increasing toxicity in dark and reducing PDT efficacy (because of increasing fluorescence). The alkyl alcohols added on the arene ligands can improve the PDT efficacy in SW982 sarcoma cells.

Perspectives

In view of the results obtained in the in vitro tests, the great potential of the compounds can seem glimpsed. The applications of such ruthenium-based compounds, which have already shown their potential in cancer, has been extended to another pathology. This research has led to the first reported results of ruthenium assemblies compounds in the treatment of RA by PDT.

About twenty different compounds had been reported by several methodologies in the PDT of RA, so by adding our 20 systems evaluated, we have doubled the number of compounds studied, which highlights the results presented here.

However, there is still a long way to confirm that the compounds evaluated in this thesis can play an important role in RA treatment. In the future, it will be necessary to study and determine the full mechanism by which the systems G⊂M transport the PS in their internal cavity and carry out the release. In addition, despite that the intracellular localization of both the metallacages and the PS in cancer cells was already known, a similar study in human RA FLS remain to be done. Also, it is necessary to find out which cytokine is responsible for the COX- and PGE2 in the serum. Regarding the design of our compounds, there are other photoactive compounds with suitable structures to be hosted and transported by metallacages, such as chlorin, bacteriochlorin, porphycene or corrphycene, among others. On the other hand, with metallacages with tetrapyridineporphine as panel ligands, they could be built using larger clip complexes, which can increase the distance between the two porphyrin blocks that form the ligand panels and then, decrease the quenching phenomena observed in this research.

CHAPTER 8 -EXPERIMENTAL SECTION

Synthesis and characterization of compounds

Some of the host-guest systems are new (G1⊂M2, G1⊂M3, G2⊂M1, G2⊂M4, G2⊂M6 and P2-P8). However, G1⊂M1, G1⊂M4, G1⊂M5, G1⊂M6, G3⊂M4, G3⊂M5 G3⊂M6, G4⊂M4, G4⊂M5, G4⊂M6, C1, C2, Zn-C1, Zn-C2, Co-C2 and P1 were known. The dimer m (multiplet), br (broad), q (quaternary). IR spectra of the compounds were performed on a

complexes [Ru2(p-cymene)2(2,5-dioxydo-1,4-benzoquinonato)Cl2], [Ru2(p-cymene)2(5,8- dioxydo-1,4-naphthoquinonato)Cl2], [ Ru2 
Frontier PerkinElmer spectrometer (600-4000 cm -1 ). Fluorescence spectra were performed on a FLS980 spectrometer from Edinburgh Instruments (550-800 nm) using 5,10,15,20tetraphenylporphin (TPP) as an internal reference in toluene and the compounds were dissolved in DMSO (10 nM concentration). UV-vis spectra were acquired on a SI Analytics model UvLine 9400 (Xenon lamp) spectrophotometer, using 1.5 mL polystyrene cuvettes (wavelength range 280-800 nm) and diluting the compounds in DMSO (10 nM). The solution was concentrated to approximately 3 ml, and 5 mL of Et2O were added dropwise.

Synthesis of G1⊂M2

The precipitate was filtered and dried by vacuum. Yield 76% (62 mg). In synthesis of P3 and P4 we used the same protocol and molar ratio as in P2, but using the corresponding dimer (d1, d2) and porphyrin. P5-P8 were synthesize in the same manner but using 1:1 molar ratio dimer:porphyrin (DPhDPyP or Zn-DPhDPyP).

P3. Yield 81 % (234 mg). 

Culture of SW982 sarcoma synovicytes

One the other hand, SW982 sarcoma synovial cells were provided by the American Type Culture Collection (ATCC-LGC Standards) and culture in RPMI medium (supplemented with 10 % FCS, 4.5 g/L D-glucose, 25 mM Hepes, 100 U/mL penicillin, and 100 μg/mL streptomycin).

Antiproliferative assays

All described in vitro experiments were carried out under aseptic conditions. 3 Membranes were then reblotted with human anti-β-actin (Sigma-Aldrich, Saint Quentin Fallavier, France) used as a loading control.

Assay of COX-2 activity and IL-1β production

RA FLS were maintained in DMEM supplemented with 10% (v/v) FCS, 4.5 g/l D-glucose, 100 U/mL penicillin and 100 μg/mL streptomycin. The cells were grown in a humidified incubator at 37 °C in the presence of 5 % CO2. Then, 2.10 6 RA FLS cells were seeded in a 25 cm 2 flask and incubated during 24 h. Then, the volume of the PS solution to reach the IC50 values was added, and the cells incubated for 24 h. The medium was removed and replaced by medium without red phenol, like previously. Then, cells were irradiated at the same conditions, and expressed in the MTT assays and incubated 18 h. The non-irradiated cells were kept in the incubator. After this, LPS (1 µg/ml) was added to the medium of irradiated and non-irradiated cells, and the cells were incubated for an additional 4 h. Cells were trypsinized and culture medium supernatant isolated. The PGE2 and IL-1β levels were quantified in culture media supernatants from treated and control cells by enzyme immunoassay using an ELISA Kit (Cayman Chemical and Thermo Fisher Scientific, respectively). The results were expressed by the average of three independent experiments.

Statistical analysis

All quantitative results were expressed as the mean ± Some compounds are known to absorb the energy they receive from light to reach higher excited states. This energy can be transferred to other substances or molecules, thus allowing the excited compound to return to its initial state of minimal energy [1]. Photodynamic therapy (PDT) is based on this principle, in which designed photoactive chemical compounds, known as photosensitizers (PSs), are injected into tissues and then irradiated at a certain wavelength to reach an excited energy level. The absorbed energy can then be transferred directly to neighboring molecules, such as O 2 , giving rise to singlet oxygen, which in turn gives rise to radical oxygen species (ROS). This phenomenon is associated with the type II mechanism (Figure 1). The type I mechanism involves the transmission of the PS energy to a substrate or biomolecule, and, from this intermediate, the energy is forwarded to oxygen, giving rise again to ROS. In both cases, ROS induce cell death by apoptosis or necrosis, thus making PDT interesting for the treatment of several diseases [2][3][4][5][6][7].
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Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease that can affect multiple organ systems. It is considered a disease of the joints, attacking mainly the wrists and the metacarpophalangeal and proximal interphalangeal joints of the hands. RA is characterized by synovial inflammation and hyperplasia, autoantibody production (particularly to rheumatoid factor and citrullinated peptide), and cartilage and bone destruction [8]. The etiology of RA remains mainly unknown, but the clinical features of RA seems to be the consequence of interactions between environmental factors, including smoking, diet, obesity, infections and microbiota, as well as genetic predisposition (histocompatibility complex, cytokines, chemokines, and growth factor genes) to autoimmune responses [9,10].

Many of the newly developed treatments and drugs for RA have focused on inducing the cell death of fibroblast-like synoviocytes (FLS) by reducing and stopping their proliferation. Studies suggest that this proliferation is linked to the activation of certain intracellular signaling pathways [8,11]. Such inflammation, if not treated in time, leads to the appearance of hyper-vascularization and damage to cartilage and bones by erosion, which causes joint pain and reduced mobility. Since standard treatments against RA, such as synovectomy, are invasive, destructive, and involve long rehabilitation periods, in recent decades, less invasive treatments have been explored [12][13][14].

To date, the current treatment strategy is to initiate aggressive therapy by applying antirheumatic drugs (DMARDs) and to escalate the therapy, guided by an assessment of the disease's activity [12]. DMARDs reduce the rate of erosive changes and, therefore, have the potential to alter the disease's course by preventing irreversible damage. However, conventional and biologic disease modifying therapies sometimes fail or produce only partial responses and, consequently, clinical remission is rarely achieved.

In this context, alternative or complementary therapies could be of interest. PDT is a new therapy that could improve the well-being of patients and increase the possibility of clinical remission. Therefore, PDT treatment, regardless of the photosensitizer used, aims to induce cell death in cells involved in inflammation and hyperplasia in the joint. In combination with standard treatments, PDT would enhance the control of cartilage and bone destruction in the treated joint. Consequently, the constant development of new photosensitizers, and the improvement of cell targeting, could, in the future, allow the use of PDT in the initiation of RA treatment. The effectiveness of PDT in the treatment of RA depends on multiple factors, most of them being directly related to the type of PS used. Solubility, retention time, excitation wavelength, elimination, transport, and cytotoxicity are some of the factors to consider when choosing a PS for PDT.

Therefore, in this review, we want to gather all the compounds used as a PS in the treatment of RA by PDT. An emphasis on the factors influencing the efficiency of the PS is given, to illustrate the advantages and limitations of each of them. Overall, we want to provide to researchers in the fields of PDT and RA an overview of the actual state of the art, as well as new avenues for designing the next generation of photosensitizers for the treatment of RA by photodynamic therapy. 
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Therefore, in this review, we want to gather all the compounds used as a PS in the treatment of RA by PDT. An emphasis on the factors influencing the efficiency of the PS is given, to illustrate the advantages and limitations of each of them. Overall, we want to provide to researchers in the fields of PDT and RA an overview of the actual state of the art, as well as new avenues for designing the next generation of photosensitizers for the treatment of RA by photodynamic therapy.

Photosensitizers Used to Treat Rheumatoid Arthritis

First Generation of Photosensitizers

Undoubtedly, the first and the most studied PS to treat RA by PDT is benzoporphyrin monoacid ring A (BPD-MA) [15], a tetrapyrrole derivative with alkyl, methanoate, and carboxylic groups at its periphery (Figure 2). In 1994, Ratkay and co-workers demonstrated the efficacy of using a PS to ameliorate the symptoms associated with RA [16]. In this pioneering study, BPD-MA was administered by intravenous injection (5% dextrose in water), in doses of 0.5 mg/kg body weight, in Murphy Roths Large (MRL)-lpr mice treated with Freund's complete adjuvant (FCA) to enhance RA. After an incubation period, the animals were irradiated under red light (λ = 690 nm) at an 80 J/cm 3 trans-cutaneous light dose (LiD) of the whole body at day 0, 10, and 20 of a 30 day treatment. The result of this PDT protocol was compared to those of the three clinically used treatments at the time, indomethacin, cyclosporin A, and 3 Gy sub-lethal whole body irradiation (WBI). The outcome showed that the effectiveness of the PDT treatment was comparable to those obtained with conventional treatments, with no apparent side effects.
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Undoubtedly, the first and the most studied PS to treat RA by PDT is benzoporphyrin monoacid ring A (BPD-MA) [15], a tetrapyrrole derivative with alkyl, methanoate, and carboxylic groups at its periphery (Figure 2). In 1994, Ratkay and co-workers demonstrated the efficacy of using a PS to ameliorate the symptoms associated with RA [16]. In this pioneering study, BPD-MA was administered by intravenous injection (5% dextrose in water), in doses of 0.5 mg/kg body weight, in Murphy Roths Large (MRL)-lpr mice treated with Freund's complete adjuvant (FCA) to enhance RA. After an incubation period, the animals were irradiated under red light (λ = 690 nm) at an 80 J/cm 3 trans-cutaneous light dose (LiD) of the whole body at day 0, 10, and 20 of a 30 day treatment. The result of this PDT protocol was compared to those of the three clinically used treatments at the time, indomethacin, cyclosporin A, and 3 Gy sub-lethal whole body irradiation (WBI). The outcome showed that the effectiveness of the PDT treatment was comparable to those obtained with conventional treatments, with no apparent side effects. In the conventional treatments, undesirable side effects occur, such as an increase of proteinuria in the case of indomethacin, or the aggravation of arthritis when low doses of cyclosporin A and WBI are applied. On the other hand, after administration of BPD-MA and light irradiation, only positive responses of the symptoms of RA were observed, including a reduction of pannus formation, a reduction of cartilage and bone destruction, the maintenance of normal survival rate, and no lymph-proliferation or proteinuria [16]. The absence of side effects is probably related to the fast captured of BPD-MA by synovial tissues and the relatively short retention time of the compound, two prerequisites for reducing side effects related to the PS, and especially skin photosensitivity [17]. Moreover, with an excitation wavelength at 690 nm, excellent light penetration in the tissues was obtained, thus making trans-cutaneous irradiation possible. This initial study confirmed the potential of PDT to treat RA.

A few years later, the same research group extended their investigation on BPD-MA by comparing intra-articular and intravenous administration, as well as intra-articular and transcutaneous irradiation [18]. The results found for the different administrations of the drug and the different techniques used for light irradiation were remarkable. Intravenous administration resulted in a rapid uptake of BPD-MA in the vascularized tissue, like the synovium, muscles, and skin, and a very low or negligible uptake in cartilages and tendons. The clearance of the drug in the synovium was very fast, which is why a rapid exposure to light is essential for an effective treatment. On the other hand, when intra-articular administration was applied, high uptake and slower clearance were observed, which allowed subjects to maintain a greater control of the concentration of the drug in the joint, in addition to a greater flexibility in the delay between injection and irradiation. The better uptake associated with intra-articular administration ensures that the drug reaches the target tissues, thus making trans-cutaneous irradiation safer and as In the conventional treatments, undesirable side effects occur, such as an increase of proteinuria in the case of indomethacin, or the aggravation of arthritis when low doses of cyclosporin A and WBI are applied. On the other hand, after administration of BPD-MA and light irradiation, only positive responses of the symptoms of RA were observed, including a reduction of pannus formation, a reduction of cartilage and bone destruction, the maintenance of normal survival rate, and no lymph-proliferation or proteinuria [16]. The absence of side effects is probably related to the fast captured of BPD-MA by synovial tissues and the relatively short retention time of the compound, two prerequisites for reducing side effects related to the PS, and especially skin photosensitivity [17]. Moreover, with an excitation wavelength at 690 nm, excellent light penetration in the tissues was obtained, thus making trans-cutaneous irradiation possible. This initial study confirmed the potential of PDT to treat RA.

A few years later, the same research group extended their investigation on BPD-MA by comparing intra-articular and intravenous administration, as well as intra-articular and trans-cutaneous irradiation [18]. The results found for the different administrations of the drug and the different techniques used for light irradiation were remarkable. Intravenous administration resulted in a rapid uptake of BPD-MA in the vascularized tissue, like the synovium, muscles, and skin, and a very low or negligible uptake in cartilages and tendons. The clearance of the drug in the synovium was very fast, which is why a rapid exposure to light is essential for an effective treatment. On the other hand, when intra-articular administration was applied, high uptake and slower clearance were observed, which allowed subjects to maintain a greater control of the concentration of the drug in the joint, in addition to a greater flexibility in the delay between injection and irradiation. The better uptake associated with intra-articular administration ensures that the drug reaches the target tissues, thus making trans-cutaneous irradiation safer and as efficient as the intra-articular irradiation. Moreover, additional studies showed that trans-cutaneous irradiation of skin and muscles containing a small amount of BPD-MA did not cause damage and still reduced the inflammation of the joint [19].

The same year, Trauner et al. published a similar study on BPD-MA and the results were complementary to the previous one [20]. In this specific study, more data concerning the uptake of BPD-MA in tissues were compiled. The concentration peak in the synovium was reached after 15 min (intravenous injection of 2 mg/kg), and after 3 h, the concentration was 0.35 µg/g of tissue, which is within the therapeutic range (0.01-0.50 µg/g of tissue) [21]. A similar concentration was found in the muscles 3 h after intravenous administration, with no muscle necrosis being observed in rabbits after four weeks following treatment. The concentration in the skin after 3 h was 0.137 µg/g of tissue, which forced the animal to be protected from sunlight after treatment for at least 24 h. In blood serum, the concentration of BPD-MA was 89 µg/g. However, it drastically decreased within 5 min. No uptake was observed in the meniscus, bones, and tendons, and only a small uptake was seen in the cartilage, but no necrosis was observed, possibly as a consequence of the low concentration of oxygen in such tissues. In these experiments, 20 min of intra-articular irradiation was performed, corresponding to an LiD of 100 J/cm 2 . This irradiation technique allowed a spatial control of the irradiated region, thus providing a selective destruction of the inflamed synovium without affecting the rest of the surrounding tissues.

The chemical structures of PSs are diverse, and, accordingly, the biological behavior of tetrapyrrole-based photosensitizers can be quite different from one to the other. For instance, some of the first hematoporphyrins used for photodynamic treatments, such as the hematoporphyrin Photofrin (whose structure is a mixture of oligomers and will be discussed later) showed a slow immunosuppressive effect [22], giving rise to long periods of photosensitivity in the skin after treatment, which limits the possibility of repeated treatments. In addition, the wavelength necessary to activate Photofrin (630-635 nm) did not show much depth, which invalidates the application of light by trans-cutaneous irradiation. In contrast, the so called second generation of PSs, like the aforementioned BPD-MA or other porphyrins such as tetra(4-carboxyphenyl)porphyrin, have a well-defined structure and a shorter retention time. Within approximately 72 h, 99% of the BPD-MA dose vanished from the patient's body, and, as described before, the wavelength necessary to activate the BPD-MA is usually 690 nm, which shows a deeper light penetration.

A subsequent study by Hendrich et al. focused on treatments with BPD-MA [23], using intra-articular irradiation with a cylindrical light diffuser (photodynamic laser therapy, 690 nm) after an intravenously injection of 2 mg/kg of the derived hematoporphyrin. Two different light doses were applied, 180 J and 470 J. Complete necrosis was observed in 67% of the joints of the treated rabbits at 470 J, whereas with the lower dose, 60% of the treated animals showed necrotic tissues. In both cases, cartilage, tendons, menisci, and ligaments were unaffected. The administration of the drug without subsequent irradiation did not have a therapeutic effect in the joints after 1 week, nor did the irradiation at 470 J alone without BPD-MA. This new study showed that the cytotoxic effect of PDT depends predominantly on the light dose applied to the patient, at least in the case of BPD-MA.

Overall, these multiple studies on BPD-MA emphasize the difficulty of determining the optimal conditions in PDT, as several factors (PS, administration, type of irradiation, wavelength, and injection-time-delay) play a crucial role in the results. Therefore, taking a systems biology approach is an elegant method to rapidly screen various factors without having to run hundreds of experiments [24].

Photofrin is one of the most successful PSs in PDT [ [25][26][27][28][29][30], despite some drawbacks and having a poorly defined structure (Figure 3). Photofrin belongs to the first generation of PSs, and because it is food and drug administration (FDA) approved to treat cancers (esophageal cancer, non-small cell lung cancer, gastric cancer, bladder cancer, and cervical cancer), it is not surprising that photofrin has been tested as a PS to treat RA. In parallel to their study on BPD-MA, Trauner and co-workers evaluated the use of Photofrin as a PS in PDT to treat RA in New Zealand white rabbits with antigen-induced arthritis [32]. The study was divided into three parts: the distribution of Photofrin in the body, the evaluation of PDT by bare cleaved fiber irradiation, and the evaluation of PDT by diffusion tip fiber irradiation. Regarding distribution and accumulation, 2 mg/kg of PS were injected intravenously into the rabbit. The maximum peak in the synovium was observed at 48 h after injection, where the concentration reached 3.32 μg/g, which is within the therapeutic window. In addition, they found one-third of the concentration in the skin, a concentration that requires protection of the skin from sunlight for at least a month. Regarding the mode of activation, the results of the PDT were discordant. The irradiation dose was provided for 20 min at 630 nm, with an intensity of 100 J/cm 2 . When a bare clear fiber was used, only 17% of the treated rabbits showed synovial necrosis two weeks after treatment. In contrast, when a diffusion tip fiber was used, 43% of the animals presented synovial necrosis after two weeks and 38% after four weeks. The authors assume that this lack of uniformity could be due to several reasons, such as the low control over the orientation and homogeneity of the light that generates the bare clear fiber or the non-uniform distribution of the PS. However, they emphasize that only the synovial tissue suffered necrosis; no necrosis was observed in the cartilage or other adjacent tissues. In addition, the authors mentioned that the treatment causes additional inflammation in the joint, although the inflammation disappeared within a week after treatment.

The next compound from the first generation of PSs evaluated as PDT agents against RA was Photosan-3 (Figure 4). This analogue to Photofrin is commonly used in PDT to treat cancer (human glioma, squamous carcinoma, gynecological cancers, head and neck cancers, and pancreatic cancers) [33][34][35][36]. Interestingly, for this in vitro study with Photosan-3, cells from human synovial fibroblasts, the most abundant cells in swollen synovial tissues [37], were cultured and tested for the first time under a PDT protocol [38]. More precisely, in a petri dish cultured with human synovial fibroblast cells, Photosan-3 was added at different concentrations. Then, visible light (λ = 630 nm) was applied for 2 h, which corresponded to a light dose of 2 J/cm 2 . Cell survival was determined 24 h after exposure to light. The results showed a different cytotoxicity depending on the concentration of the PS. Complete phototoxicity was achieved at a concentration of 10 μg/mL of PS. Control experiments (only light exposure without Photosan-3 and Photosan-3 without application of light) showed no cellular effect from the light and low cellular cytotoxicity of the PS. In parallel to their study on BPD-MA, Trauner and co-workers evaluated the use of Photofrin as a PS in PDT to treat RA in New Zealand white rabbits with antigen-induced arthritis [32]. The study was divided into three parts: the distribution of Photofrin in the body, the evaluation of PDT by bare cleaved fiber irradiation, and the evaluation of PDT by diffusion tip fiber irradiation. Regarding distribution and accumulation, 2 mg/kg of PS were injected intravenously into the rabbit. The maximum peak in the synovium was observed at 48 h after injection, where the concentration reached 3.32 µg/g, which is within the therapeutic window. In addition, they found one-third of the concentration in the skin, a concentration that requires protection of the skin from sunlight for at least a month. Regarding the mode of activation, the results of the PDT were discordant. The irradiation dose was provided for 20 min at 630 nm, with an intensity of 100 J/cm 2 . When a bare clear fiber was used, only 17% of the treated rabbits showed synovial necrosis two weeks after treatment. In contrast, when a diffusion tip fiber was used, 43% of the animals presented synovial necrosis after two weeks and 38% after four weeks. The authors assume that this lack of uniformity could be due to several reasons, such as the low control over the orientation and homogeneity of the light that generates the bare clear fiber or the non-uniform distribution of the PS. However, they emphasize that only the synovial tissue suffered necrosis; no necrosis was observed in the cartilage or other adjacent tissues. In addition, the authors mentioned that the treatment causes additional inflammation in the joint, although the inflammation disappeared within a week after treatment.

The next compound from the first generation of PSs evaluated as PDT agents against RA was Photosan-3 (Figure 4). This analogue to Photofrin is commonly used in PDT to treat cancer (human glioma, squamous carcinoma, gynecological cancers, head and neck cancers, and pancreatic cancers) [33][34][35][36]. Interestingly, for this in vitro study with Photosan-3, cells from human synovial fibroblasts, the most abundant cells in swollen synovial tissues [37], were cultured and tested for the first time under a PDT protocol [38]. More precisely, in a petri dish cultured with human synovial fibroblast cells, Photosan-3 was added at different concentrations. Then, visible light (λ = 630 nm) was applied for 2 h, which corresponded to a light dose of 2 J/cm 2 . Cell survival was determined 24 h after exposure to light. The results showed a different cytotoxicity depending on the concentration of the PS. Complete phototoxicity was achieved at a concentration of 10 µg/mL of PS. Control experiments (only light exposure without Photosan-3 and Photosan-3 without application of light) showed no cellular effect from the light and low cellular cytotoxicity of the PS.

Following this in vitro study, two years later, the same research group performed in vivo experiments with Photosan-3 to treat rabbits with immunoglobin-G-induced arthritis [39]. Intravenous and intra-articular administration of drugs, followed by laser irradiation at 630 nm, were the conditions used. The results showed a complete destruction of the swollen synovial membrane and no changes in menisci, ligaments, and cartilage, confirming the applicability of this treatment in vivo. Moreover, this study highlighted the efficacy of this treatment in small joints by photodynamic laser therapy. Following this in vitro study, two years later, the same research group performed in vivo experiments with Photosan-3 to treat rabbits with immunoglobin-G-induced arthritis [39]. Intravenous and intra-articular administration of drugs, followed by laser irradiation at 630 nm, were the conditions used. The results showed a complete destruction of the swollen synovial membrane and no changes in menisci, ligaments, and cartilage, confirming the applicability of this treatment in vivo. Moreover, this study highlighted the efficacy of this treatment in small joints by photodynamic laser therapy.

Second Generation of Photosensitizers

Protoporphyrin IX (PpIX) is certainly the most common tetrapyrrole found in nature [40]. It forms the skeleton of the heme in organic compounds, which is of vital importance in cellular metabolism, acting also as a gas transporter and as a catalyst for metabolic reactions, among other functions. This tetrapyrrole has been widely used in PDT treatments against cancers [40], as well as in other autoimmune diseases, such as RA. In nature, the precursor of PpIX is 5-aminolevulinic acid (ALA), as illustrated in Scheme 1 [41,42]. It has been demonstrated that the formation of PpIX from 5-aminolevulinic acid (ALA) is much higher in neoplastic tissues than in normal tissues [43]. In addition, lipophilic ALA derivatives, such as 5-aminolevulinic acid hexyl ester (h-ALA), increase the formation of PpIX in cells [44]. Based on these two premises, So et al. carried out a study where they examined the formation, accumulation and cytotoxicity of PpIX in vivo (synovial tissue of mice with induced RA) and in vitro (human cells from patients with RA) [45]. 
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Protoporphyrin IX (PpIX) is certainly the most common tetrapyrrole found in nature [40]. It forms the skeleton of the heme in organic compounds, which is of vital importance in cellular metabolism, acting also as a gas transporter and as a catalyst for metabolic reactions, among other functions. This tetrapyrrole has been widely used in PDT treatments against cancers [40], as well as in other autoimmune diseases, such as RA. In nature, the precursor of PpIX is 5-aminolevulinic acid (ALA), as illustrated in Scheme 1 [41,42]. It has been demonstrated that the formation of PpIX from 5-aminolevulinic acid (ALA) is much higher in neoplastic tissues than in normal tissues [43]. In addition, lipophilic ALA derivatives, such as 5-aminolevulinic acid hexyl ester (h-ALA), increase the formation of PpIX in cells [44]. Based on these two premises, So et al. carried out a study where they examined the formation, accumulation and cytotoxicity of PpIX in vivo (synovial tissue of mice with induced RA) and in vitro (human cells from patients with RA) [45].

The protocol of the in vivo study involved an intra-articular injection (30 µL of an 8 mM solution of h-ALA) in the infected joints, followed by trans-cutaneous irradiation at 635 nm, 3 h post-injection. The accumulation of the PS was analyzed by fluorescence microscopy. Accumulation and formation of PpIX were only observed in the animals with RA, not in healthy animals. They also incubated human synovial tissues with h-ALA and studied the conversion to PpIX, observing an accumulation of PpIX in different cellular organelles, especially in the synovial lining layer, vascular endothelium, and macrophages. In both cases, cell necrosis was higher in the tissues where the accumulation of PpIX was maximal. A light dose of 5 J/cm 2 was necessary to obtain significant results, namely a reduction of inflammation and damage to the cartilage. However, when the light dose was reduced to 2 J/cm 2 , no significant effects were observed.

Distribution and accumulation of PpIX after the administration of ALA has also been studied on rabbits with rheumatoid mono-arthritis induced in one joint (keeping the other joint untouched) [46]. Administration of ALA was carried out both intravenously and intra-articularly, and then the joints were analyzed by fluorescence to determine the accumulation of PpIX during the first 5 h post-injection. The study showed a greater accumulation of porphyrin in the tissue of the inflamed joint-twice as much as healthy joints. The maximum peak of accumulation of PpIX occurred between 2-3 h after the injection of ALA. It should be noted that traces of porphyrins were detected even before the addition of ALA. This residual fluorescence was associated with naturally occurring PS. The accumulation of porphyrins was not restricted only to the infected joints, since fluorescence was also detected in the belly and back of the treated animals. A post-mortem analysis of the animals revealed that in the synovial tissue of the inflamed joint, a high concentration of PpIX was obtained, while only traces of porphyrin were detected in the skin, tendons, and cartilage. Moreover, PpIX was not detected in healthy joints, except in cartilage (one third of the cartilage of the infected joint). Surprisingly, the porphyrin detected in the cartilage was not PpIX, whose absorbance band is different. Localization in the cartilage suggests a more hydrophilic porphyrin. This result may be due to the fact that the greater solubility of hydrophilic porphyrins facilitates clearance from the synovium, which is not the case with cartilage. Otherwise, no significant differences between the results obtained by intra-articular and intravenous injection were observed. Scheme 1. Intracellular synthesis of Protoporphyrin IX (PpIX) from 5-aminolevulinic acid [41,42].

The protocol of the in vivo study involved an intra-articular injection (30 μL of an 8 mM solution of h-ALA) in the infected joints, followed by trans-cutaneous irradiation at 635 nm, 3 h post-injection. The accumulation of the PS was analyzed by fluorescence microscopy. Accumulation and formation of PpIX were only observed in the animals with RA, not in healthy animals. They also incubated human synovial tissues with h-ALA and studied the conversion to PpIX, observing an accumulation of PpIX in different cellular organelles, especially in the synovial lining layer, vascular endothelium, and macrophages. In both cases, cell necrosis was higher in the tissues where the accumulation of PpIX was maximal. A light dose of 5 J/cm 2 was necessary to obtain significant results, namely a reduction of inflammation and damage to the cartilage. However, when the light dose was reduced to 2 J/cm 2 , no significant effects were observed.

Distribution and accumulation of PpIX after the administration of ALA has also been studied on rabbits with rheumatoid mono-arthritis induced in one joint (keeping the other joint untouched) [46]. Administration of ALA was carried out both intravenously and intra-articularly, and then the joints were analyzed by fluorescence to determine the accumulation of PpIX during the first 5 h post-injection. The study showed a greater accumulation of porphyrin in the tissue of the inflamed joint-twice as much as healthy joints. The maximum peak of accumulation of PpIX occurred between 2-3 h after the injection of ALA. It should be noted that traces of porphyrins were detected even before the addition of ALA. This residual fluorescence was associated with naturally occurring PS. The accumulation of porphyrins was not restricted only to the infected joints, since fluorescence Scheme 1. Intracellular synthesis of Protoporphyrin IX (PpIX) from 5-aminolevulinic acid [41,42].

With the aim of finding a less invasive, simpler, and safer treatment against RA, Nishida et al. investigated the use of [Na][ATX-S10] as a PS in PDT [47]. This compound consisted of a sodium salt whose organic part was constituted by a tetrapyrrole frame (Figure 5). This hydrophilic salt was completely eliminated from the body in less than 48 h, thereby reducing the patient's photosensitization. In addition, it may be possible to use trans-cutaneous irradiation, since the excitation of this PS is performed at 670 nm, so it is more penetrating than those of the first generation of PSs. The study was conducted in vitro in human RA fibroblast-like synoviocytes (FLS) and in vivo in mice with induced RA. With respect to FLS cells, a large number of apoptotic cells were observed after administration of [Na][ATX-S10] and irradiation. The effectiveness of the treatment depended mainly on the concentration of the PS and the dose of irradiation. These in vitro assays showed that the PS accumulates predominantly in lysosomes. For the in vivo study, again, it was observed that the effectiveness of the treatment depends on the concentration of the PS and the dose of irradiation. In both cases, the affinity of [Na][ATX-S10] was demonstrated by an accumulation in the target tissue. In vivo, a dose of 10 mg/kg of [Na][ATX-S10] and irradiation at 670 nm of 10 J/cm 2 three hours after intravenous administration of the drug were necessary to achieve significant phototoxicity.
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A further set of experiments involving Talaporfin sodium was carried out in rats with induced RA, in which 0.3 mL of PS solution at a concentration of 1 mg/mL was injected intra-articularly into the knee. Subsequently, the PS concentration in the synovial membrane, skin, cartilage, and muscle was determined after 1, 4, 8, 24, and 48 h post-injection. The concentration of Talaporfin sodium in the synovial membrane tended to be higher than in the rest of the tissues, being 50 times higher than in cartilage, skin, and muscles at 4 h after intra-articular injection. Therefore, it was established that the best time for light activation was 4 h after the administration of the PS solution. The outcome of the therapy was controlled after 24 h and after 56 days, using different intra-articular irradiation doses and concentrations of PS. After 24 h, necrosis was observed throughout the thickness of the synovial membrane around the irradiated area, with the proportion of damaged area, depending on the concentration of the PS and the dose of irradiation used. The higher the PS concentration and the radiation dose, the greater the necrosis was in the tissue. The same result was obtained 56 days after treatment-direct dependence on the concentration of PS and the irradiation. The histological analysis showed the synovial membrane without inflammation, smooth cartilage, and no bone destruction.

Sometimes it is advisable to prolong the distribution and accumulation of PS in the target tissues, in order to be able to perform multiple light activations without having to re-inject the PS into the patient. This idea was followed by Hansch et al., using a PEGylated-liposomal form of Temoporfin (meso-tetra(hydroxyphenyl)chlorin, or m-THPC) [49]. The structure of the tetrapyrrole alone is described in Figure 7. In this particular case, the alcohol groups of the m-THPC were used to attach PEG chains, and the term PEGylated refers to the binding of the polyethylene glycol function (H-[OCH 2 CH 2 ] n -OH) to a molecule. Such insertion modifies the retention time of the PEG-conjugated-drugs in patients-to some extent, mimicking a continuous intravenous administration. Indeed, interesting results were obtained when intravenous administrations in mice with induced RA of m-THPC in its native form, m-THPC in the liposomal form, and m-THPC in the PEGylated-liposomal form at the same concentrations (0.1, 0.05, 0.01, and 0.005 mg/kg), were performed [49]. The native m-THPC and the liposomal m-THPC did not show good distribution in arthritic joints. The authors suggested that this was probably due to the fact that the native form of m-THPC is not soluble enough in water and ends up accumulating in the endothelial cells, while the liposomal form is rapidly eliminated from the bloodstream, accumulating instead in the liver and the spleen. However, the PEGylated-liposomal m-THPC possesses optimal solubility, thus preferentially accumulating in swelling joints. Comparing the joints with RA to those without inflammation, there was a clear tendency of the PS to accumulate in infected joints, with the maximum peak being reached 12 h after intravenous injections. Local irradiation was performed on the knees with an energy of 5 J/cm 2 (652 nm, 25 s). The most effective dose was at a concentration of 0.01 mg/kg. A higher dose (0.1 mg/kg) did not show a significant reduction in the symptoms of RA, Indeed, interesting results were obtained when intravenous administrations in mice with induced RA of m-THPC in its native form, m-THPC in the liposomal form, and m-THPC in the PEGylated-liposomal form at the same concentrations (0.1, 0.05, 0.01, and 0.005 mg/kg), were performed [49]. The native m-THPC and the liposomal m-THPC did not show good distribution in arthritic joints. The authors suggested that this was probably due to the fact that the native form of m-THPC is not soluble enough in water and ends up accumulating in the endothelial cells, while the liposomal form is rapidly eliminated from the bloodstream, accumulating instead in the liver and the spleen. However, the PEGylated-liposomal m-THPC possesses optimal solubility, thus preferentially accumulating in swelling joints. Comparing the joints with RA to those without inflammation, there was a clear tendency of the PS to accumulate in infected joints, with the maximum peak being reached 12 h after intravenous injections. Local irradiation was performed on the knees with an energy of 5 J/cm 2 (652 nm, 25 s). The most effective dose was at a concentration of 0.01 mg/kg. A higher dose (0.1 mg/kg) did not show a significant reduction in the symptoms of RA, possibly because a higher dose induces an inflammatory response. At a lower concentration (0.005 mg/kg), no significant effect after light irradiation was observed. Moreover, no damage to the cartilage was observed, probably due to the absence of blood vessels, which hindered distribution of the PS in this tissue. Photosensitivity was observed for 96 h after injection. The prolonged retention time of the PS in its PEGylated-liposomal form allowed a second irradiation 24 h after the first one without needing to provide a new injection.

The ability of porphyrins to accumulate in lysosomal and endosomal membranes can be exploited to inhibit or enhance intracellular signaling pathways. In combination with other drugs, a complementary or synergetic effect can be obtained. This strategy was applied by Dietze et al. in 2005, combining Gelonin and meso-tetraphenylporphyrin sulfonate (TPPS 2a ) to optimize PDT treatments against RA [50]. Occasionally, cells can survive the partial destruction of lysosomes, thus reducing the effectiveness of PDT [51]. Gelonin is a ribosome inactivating protein toxin, which cancels the protein synthesis of extra-nuclear organisms through the activity of its rRNA glycosidase. However, the toxicity of Gelonin at a cellular level remains low, as it has difficulty to reach the cellular cytosol where it performs its inhibitory function [52]. Therefore, destruction of lysosomal or endosomal membranes upon activation of a PS can facilitate the uptake of Gelonin to the cytosol, thus increasing its cytotoxicity effect (Figure 8). Indeed, the efficacy of this combination has been proven [52,53], and the technique is generally called photochemical internalization. A biological study showed that Gelonin has no effect on cells (T-cells, B-cells, macrophages, and human RA FLS) when it is delivered alone. In contrast, in combination with TPPS 2a and upon irradiation (435 nm), the effectiveness of the treatment is considerably multiplied. Cells with higher endocytic activity (FLS) are the most affected by the combination Gelonin-TPPS 2a -irradiation, thus confirming the potential of a combined therapy involving PDT.

Pheophorbide A, a product derived from the degradation of chlorophyll, has been used in the clinic as an imaging and anticancer agent [54][55][56][57][58][59]. Consequently, the ability of Pheophorbide A to treat RA has been evaluated [60]. The photoactivity of Pheophorbide A alone and of a modified lysine polymeric Pheophorbide A derivative (T-PS, Figure 9) were studied under different conditions. The goal of the project was to synthesize a photosensitizing agent with two functions: visualization-localization of the PS and phototoxicity. Local irradiation with a wavelength of 665 nm at a fluency rate of 50 mW/cm 2 (laser diode) was applied on synovial tissues. This was carried out on a murine collagen-induced arthritis model, which showed comparable characteristics to those found in human RA patients. The drug was administrated by intravenous injection. The maximum concentration of the PS was reached after 5 h post-injection, whereas the maximum accumulation of T-PS was observed after 24 h. In the healthy joints, the concentration of drugs was minimal in the case of T-PS. Clearly, the polymeric form improves the accumulation and retention time of Pheophorbide A in RA joints. The intensity of the fluorescence and the cytotoxic effect were linearly related to the dose of T-PS and the irradiation, while for Pheophorbide A alone, a linear relationship was not observed. Only animals injected with T-PS and irradiated showed histological changes. On the other hand, no effect was observed in the tissues of animals who did not receive the PS or who received the PS but were not irradiated. However, vascular damage and hemorrhages appeared in the treated areas but disappeared completely three weeks later. In addition, inflammation was observed in the irradiated areas just after the treatment. However, this can be potentially attenuated by the concomitant use of anti-inflammatories drugs. Pheophorbide A, a product derived from the degradation of chlorophyll, has been used in the clinic as an imaging and anticancer agent [54][55][56][57][58][59]. Consequently, the ability of Pheophorbide A to treat RA has been evaluated [60]. The photoactivity of Pheophorbide A alone and of a modified lysine polymeric Pheophorbide A derivative (T-PS, Figure 9) were studied under different conditions. The goal of the project was to synthesize a photosensitizing agent with two functions: visualization-localization of the PS and phototoxicity. Local irradiation with a wavelength of 665 nm at a fluency rate of 50 mW/cm 2 (laser diode) was applied on synovial tissues. This was carried out on a murine collagen-induced arthritis model, which showed comparable characteristics to those found in human RA patients. The drug was administrated by intravenous injection. The maximum concentration of the PS was reached after 5 h post-injection, whereas the maximum accumulation of T-PS was observed after 24 h. In the healthy joints, the concentration of drugs was minimal in the case of T-PS. Clearly, the polymeric form improves the accumulation and retention time of Pheophorbide A in RA joints. The intensity of the fluorescence and the cytotoxic effect were linearly related to the dose of T-PS and the irradiation, while for Pheophorbide A alone, a linear relationship was not observed. Only animals injected with T-PS and irradiated showed histological changes. On the other hand, no effect was observed in the tissues of animals who did not receive the PS or who received the PS but were not irradiated. However, vascular damage and hemorrhages appeared in the treated areas but disappeared completely three weeks later. In addition, inflammation was observed in the irradiated areas just after the treatment. However, this can be potentially attenuated by the concomitant use of anti-inflammatories drugs. 

Other Photosensitizers

Porphyrins and their tetrapyrrole analogues remain the most common photosensitizers used to treat RA by PDT. However, other organic molecules can be envisaged. This was demonstrated by Hendrich and co-workers [61]. In this study, they have followed the same in vitro procedure as the one they used with . They tested four different substances on FLS cells: chloroquine, methotrexate, piroxicam, and sodium morrhuate, irradiating them at 351 nm with 1 J/cm 2 pulse/minute. Chloroquine is a well-known anti-malarial drug [62], while methotrexate is a derivative of folic acid used in cancer therapies as an abortive agent, as well as in the treatment of RA [63]. Piroxicam is an anti-inflammatory drug for osteoarthritis and for autoimmune diseases, such as RA [64,65]. Finally, sodium morrhuate was used at the beginning of the 20th century as a drug against tuberculosis and more recently as a sclerosing and fibrosing agent [66]. The structures of these four organic molecules are presented in Figure 10. 
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Porphyrins and their tetrapyrrole analogues remain the most common photosensitizers used to treat RA by PDT. However, other organic molecules can be envisaged. This was demonstrated by Hendrich and co-workers [61]. In this study, they have followed the same in vitro procedure as the one they used with . They tested four different substances on FLS cells: chloroquine, methotrexate, piroxicam, and sodium morrhuate, irradiating them at 351 nm with 1 J/cm 2 pulse/minute. Chloroquine is a well-known anti-malarial drug [62], while methotrexate is a derivative of folic acid used in cancer therapies as an abortive agent, as well as in the treatment of RA [63]. Piroxicam is an anti-inflammatory drug for osteoarthritis and for autoimmune diseases, such as RA [64,65]. Finally, sodium morrhuate was used at the beginning of the 20th century as a drug against tuberculosis and more recently as a sclerosing and fibrosing agent [66]. The structures of these four organic molecules are presented in Figure 10. Under a PDT protocol, piroxicam and sodium morrhuate show no effect on FLS cells. On the other hand, chloroquine and methotrexate present a phototoxicity 20 times greater than the sum of the activity of the PS (cytotoxicity), and with a separate irradiation, thus suggesting a synergetic Under a PDT protocol, piroxicam and sodium morrhuate show no effect on FLS cells. On the other hand, chloroquine and methotrexate present a phototoxicity 20 times greater than the sum of the activity of the PS (cytotoxicity), and with a separate irradiation, thus suggesting a synergetic effect [61]. If the irradiation occurs prior to the administration of the drug, a simple additive effect is observed.

Later on, methotrexate was re-evaluated as a PS in a study focusing on the effectiveness of using light-emitting diodes (LEDs) in PDT. LEDs possess interesting characteristics, such as being thermally non-destructive, cheap, available, easy to operate, and small. Therefore, LEDs can be considered a "low cost" light source for PDT [67]. To demonstrate the effectiveness of LEDs, different colors were tested: white, yellow, red, and infrared (IR). Methotrexate was injected into the muscles and skin of goats and chickens. The effectiveness of the treatment was determined by counting lymphocytes in the blood, which could be correlated to light penetration and PDT treatment efficacy. The results showed that the yellow light was the least penetrating, followed by the white light. Red light showed a greater penetration, like the IR, but with a scattering effect. Therefore, the IR LED was selected as the most suitable for further experiments on blood from RA patients. The blood samples were exposed to 24 h of IR LED irradiation after the addition of the PS, and the lymphocytes were counted at the beginning of, and during, a 5 day period after irradiation. Progressive lymphocyte reduction occurred during the first 5 days, and the phototoxicity effect lasted for about a week. Control experiments without irradiation and without PS did not show changes in the number of lymphocytes. However, the use of PS only or IR light alone also caused a reduction in the number of lymphocytes (higher in the first case) but to a lesser extent than when LEDs and methotrexate were used together. The same treatment was carried out in the blood of patients without RA, showing the same cytotoxic effect in lymphocytes, although to a lesser extent.

Hypericin is a naphthoadiantrone derivative of vegetable origin (Figure 11), which was once used as an antidepressant and antimicrobial agent [68,69] and also as an anticancer agent [ [70][71][72][73][74][75][76]. Hypericin was tested as a PS in PDT on human RA FLS (MH7A cells) (irradiation at 593 nm and a LiD of 1.5 J/cm 2 ) [77]. The concentration of PS varied from 0 to 4 µM. The in vitro experiments, evaluated by MTT assays, showed how hypericin through PDT increases the ROS production, leading to the apoptosis and death of MH7A cells. The result of the therapy improves as the PS concentration increases. Mechanism studies suggest that the therapy provokes morphological changes in MH7A cells (shrinkage and cytoplasmic vacuolation), thus inhibiting their proliferation. By itself, hypericin slightly reduces cell proliferation, but its performance improves significantly when it is irradiated at its excitation wavelength.
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Encapsulation of Photosensitizers

It is possible to increase the accumulation and retention time of PS in target tissues by encapsulating them in nanogel or nano-particles. Juillerat-Jeanneret et al. proposed to use chitosanbased nanogels to transport PS [78], in order to increase the retention time and accumulation of the PS in inflamed tissues. Intra-articular administration and local laser irradiation were used in this study. In vitro (human THP-1 macrophages and murine RAW 264.7 macrophages) and in vivo (mice with antigen-induced arthritis) tests were performed. Three different PSs (Figure 12) were encapsulated in the chitosan-based nanogel: Tetra(4-sulfonatophenyl)porphine (TSPP), tetra(4- 
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It is possible to increase the accumulation and retention time of PS in target tissues by encapsulating them in nanogel or nano-particles. Juillerat-Jeanneret et al. proposed to use chitosan-based nanogels to transport PS [78], in order to increase the retention time and accumulation of the PS in inflamed tissues. Intra-articular administration and local laser irradiation were used in this study. In vitro (human THP-1 macrophages and murine RAW 264.7 macrophages) and in vivo (mice with antigen-induced arthritis) tests were performed. Three different PSs (Figure 12) were encapsulated in the chitosan-based nanogel: Tetra(4-sulfonatophenyl)porphine (TSPP), tetra(4-carboxyphenyl)chlorin (TPCC), and Chlorin e6 (Ce6). The PS-nanogels require an anionic form of the PS (carboxyl and sulfonate groups) to be able to be retained in the core of the positively charged particle. carboxyphenyl)chlorin (TPCC), and Chlorin e6 (Ce6). The PS-nanogels require an anionic form of the PS (carboxyl and sulfonate groups) to be able to be retained in the core of the positively charged particle. PDT was carried out with irradiation at 652 nm using a laser diode, which, according to the time of exposure, corresponded to doses of 0.5-15 J/cm 2 . In the in vitro study, cell viability was controlled by MTT assays, while in the in vivo study, the level of serum amyloid A (SAA) in the blood, which is a protein secreted during the inflammation and used for the diagnosis of RA in humans, was quantified. First, the in vitro toxicity of the PS-nanogel derivatives was determined without irradiation. Only the Ce6-nanogel showed a degree of toxicity in the absence of light at a concentration higher than 20% (v/v). The other two did not show toxicity in murine RAW 264.7 macrophages or in human THP-1 macrophages. The maximum concentrations were observed after 3 h (RAW 264.7) and 4 h (THP-1), respectively. Regarding the PDT effect in the RAW macrophages, 50% cell mortality (LD50) was observed at doses of 0.5 J/cm 2 with Ce6, 2 J/cm 2 with TPCC, and 12 J/cm 2 with TSPP, using a concentration of 17% (v/v) of PS-nanogels. On the other hand, in THP-1 macrophages, LD50 was observed with a dose of 2 J/cm 2 with Ce6. Fluorescence microscopy in vivo showed that the PS-nanogels were retained for a longer period in the infected knees of the mice than the PS alone. In addition, the nanogels were retained for a longer period in joints with RA than in healthy joints. In vitro, it was observed that the PS-nanogels were located in the cytoplasm of cells, as well as in cellular organelles, not in the nucleus. Measurements of SAA in blood (8 days PDT was carried out with irradiation at 652 nm using a laser diode, which, according to the time of exposure, corresponded to doses of 0.5-15 J/cm 2 . In the in vitro study, cell viability was controlled by MTT assays, while in the in vivo study, the level of serum amyloid A (SAA) in the blood, which is a protein secreted during the inflammation and used for the diagnosis of RA in humans, was quantified. First, the in vitro toxicity of the PS-nanogel derivatives was determined without irradiation. Only the Ce6-nanogel showed a degree of toxicity in the absence of light at a concentration higher than 20% (v/v). The other two did not show toxicity in murine RAW 264.7 macrophages or in human THP-1 macrophages. The maximum concentrations were observed after 3 h (RAW 264.7) and 4 h (THP-1), respectively. Regarding the PDT effect in the RAW macrophages, 50% cell mortality (LD 50 ) was observed at doses of 0.5 J/cm 2 with Ce6, 2 J/cm 2 with TPCC, and 12 J/cm 2 with TSPP, using a concentration of 17% (v/v) of PS-nanogels. On the other hand, in THP-1 macrophages, LD 50 was observed with a dose of 2 J/cm 2 with Ce6. Fluorescence microscopy in vivo showed that the PS-nanogels were retained for a longer period in the infected knees of the mice than the PS alone. In addition, the nanogels were retained for a longer period in joints with RA than in healthy joints. In vitro, it was observed that the PS-nanogels were located in the cytoplasm of cells, as well as in cellular organelles, not in the nucleus. Measurements of SAA in blood (8 days after irradiation) showed that at doses of 25 J/cm 2 , the level of proteins was reduced to amounts comparable to those observed in local treatments with corticoids (methylprednisolone). Finally, the production of ROS by PS-nanogels was estimated, resulting in quantities close to those produced by the PS alone.

The sodium salt of indocyanine green (ICG) has been used as an indicator in certain diagnostics, such as cardiology or angiography, thanks to its fluorescent features, solubility in water, and rapid elimination (Figure 13). In addition, when ICG is irradiated at a certain wavelength, like porphyrin derivatives, it is capable of producing ROS in the presence of oxygen. Recently, this ability has been tested to treat RA by studying its photo-capacity to induce apoptosis in human FLS [79]. ICG was encapsulated within a biodegradable/biocompatible globular polymer (poly [DL-lactide-co-glycolic acid], PLGA) together with the oxygen carrier perfluoro-n-pentane (PFP), forming a complexed mixture (OI-NP). PDT was applied together with sonodynamic therapy, whose function was to break the polymeric structure to release ICG and PFP into the cell. This study shows that cellular uptake in the case of OI-NP tripled the concentration of ICG. Moreover, without PFP (I-NP) cellular concentration remained higher (more than double) than with ICG alone. MTT assays showed a cell viability of 75% with ICG, 35% with I-NP, and 25% with OI-NP. The authors suggested that this result may be due to the greater stability of ICG when it is encapsulated in the polymer. The apoptosis induced after photo-sonodynamic treatment was doubled when using I-NP compared to ICG alone, and tripled when using OI-NP, but with no significant statistical differences.

doubled when using I-NP compared to ICG alone, and tripled when using OI-NP, but with no significant statistical differences. Recently, Wand, Liu et al. proposed the use of nanoparticles to eliminate some of the drawbacks and improve the effectiveness of porphyrin derivatives in PDT [80]. In this study, they used TiO2 nanoparticles containing molecules of tetra(4-sulfonatophenyl)porphine (TSPP). This porphyrin is generally not selective and poorly biocompatible [81]. They showed how the TSPP-TiO2 tandem can reduce these drawbacks. The study was conducted in human RA FLS and in murines with the same pathology. Fluorescence studies showed that TSPP-TiO2 accumulates effectively in human RA FLS and very ineffectively in healthy cells. MTT assays showed a lower toxicity of TSPP-TiO2 compared to TSPP alone. They suggested that this could be a consequence of the slow interaction of the TSPP with the tissue when it is retained in the TiO2 nanoparticles. These observations suggest fewer side effects in the treatment, since the PS is slowly released mainly in the target tissues, which will reduce the damage to healthy tissues.

Wang et al. extended the use of the TSPP-TiO2 on bone marrow stromal cells [82]. These cells are associated with the palliation of different adverse effects and have been used as regulators in some autoimmune diseases, although their exact role remains under investigation. One result, among others, showed a significant decrease in the biomarkers tumor necrosis factor (TNF)-α and interleukin-17 (IL-17), both being indicative of an increase in RA symptoms. These results confirm the potential of using nanoparticles in the treatment of RA.
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Nanoparticles composed of Cu-S with anchored L-cysteine molecules have been used in PDT against RA. Cu 7.2 S 4 nanoparticles were tested as PSs in combined PDT and photothermal treatment of RA [83]. The study was carried out in vitro on mouse fibroblast cells and in vivo on a collagen induced arthritis murine model. Both biological studies involved near-infrared (NIR) irradiation, and, in vivo, an intra-articular injection was performed. In vitro, the NIR irradiation of the cells in the presence of Cu 7.2 S 4 nanoparticles increased the temperature to 51 • C, while in the absence of nanoparticles, the temperature remained at 32 • C. In addition, ROS production increases in the presence of Cu-S nanoparticles with NIR irradiation. Similarly, in vivo tests showed an increased temperature in the joints during the treatment. Inflammation and redness of the irradiated area (observed when using saline solution) were not observed with the Cu-S nanoparticles. After the treatment, the infected joints showed an appearance similar to that of healthy joints. Bone density and cartilage were unaffected.

In addition, the level of pro-inflammatory proteins was reduced, while the level of anti-inflammatory proteins was higher in specimens who did not receive the Cu 7.2 S 4 nanoparticles.

Summary

As emphasized in Table 1, using PDT to treat RA implicates several variables, which makes it difficult to find a winning combination. The selection of the PS is important, but the modality of treatment (activation wavelength, irradiation mode, and type of administration) can also greatly influence the outcome. PDT is not like other treatments, where the dose and the administration are the two main factors to consider. In PDT, activation of the PS at the right time and at the right place is crucial. Therefore, optimization of PDT remains a difficult task. Nevertheless, in recent years, new modalities in PDT have emerged, such as the use of nanoparticles [84], nanoporous photo-sensitizing hydrogels [85], and organometallic complexes [86,[START_REF] Fidanzi-Dugas | Analysis of the in vitro and in vivo effects of photodynamic therapy on prostate cancer by using new photosensitizers, protoporphyrin IX-polyamine derivatives[END_REF], thereby offering new perspectives on PDT. Table 1. A list of PSs tested as PDT agents against rheumatoid arthritis (RA), including some modalities of treatment. ND = not determined, NA = not applicable. FCA, Freund's complete adjuvant. FLS, fibroblast-like synoviocytes. ICG, indocyanine green. MRL-lpr, Murphy Roths Large lymphoproliferation NZW, New Zealand White. TPCC, tetra(4-carboxyphenyl)chlorin. TPPS 2A , meso-tetraphenylporphyrin disulfonate with two sulfonate groups on adjacent phenyl rings. TSPP, tetra(4-sulfonatophenyl)porphine.

PS Activation Wavelength (nm) Type of Administration Irradiation Mode

Target/Model Ref.

[Na][ATX 

Conclusions

At the moment, alternatives to rheumatoid arthritis (RA) treatment, such as synovectomy, are invasive, destructive, and involve elaborate techniques that require long periods of rehabilitation. Moreover, these treatments cannot cure the disease but only treat the symptoms. Therefore, photodynamic therapy (PDT) treatments are quite encouraging as they offer endless possibilities, without the drawbacks of the current treatments. As illustrated in this review, to find a successful treatment for rheumatoid arthritis by photodynamic therapy, it is not only mandatory to use an excellent photosensitizer, but also to find the best possible conditions (administration, localization, formulation, irradiation, or injection-time-delay). Consequently, the main challenge for researchers in the fields of photodynamic therapy and rheumatoid arthritis is to pinpoint the best combination. The overview provided here should help researchers to design new combinations and bring the treatment of rheumatoid arthritis by photodynamic therapy to the clinic. BPD have been synthesized and characterized. In these complexes, the porphyrin core is either metal-free 27 or occupied by zinc, and the arene ligand of the arene ruthenium units are either the standard methyl- Could we cure cancer with light? The answer is yes 42 we could, using photodynamic therapy (PDT). However, 43 light must go hand in hand with oxygen and a chemical 44 compound that acts as an intermediary between the other 45 two. The energy from light can be absorbed and reused 46 or transferred by substances that we know as photoac-47 tive compounds, chromophores or photosensitizers (PS). 48 These substances reach a higher energy excited state as 49 a consequence of their interaction with photons. During 50 relaxation, the PS can interact with other molecules or 51 substrates to transmit the absorbed energy. This is the 52 principle on which PDT is based (Fig. 1). In PDT, the 53 PS is irradiated at a certain wavelength (), reaching an 54 excited singlet state. During relaxation to ground state, 55 56 *Correspondence to: David Yannick Leger, email: david.leger@ 57 unilim.fr and Bertand Liagre, email: bertrand.liagre@unilim.fr the PS can go through an intermediate excited triplet state and interact with O2 (Fig. 2). This interaction can produce singlet oxygen ( 1 O2) that in turn can give rise to radical oxygen species (ROS) [1][2][3][4]. The key to PDT is ROS production, since it could lead to oxidative stress and consequently to cell death [5,6]. Moreover, ROS are tremendously reactive, so their lifetime lasts only a few nanoseconds [2,7], which makes the cell death process specifically located to the irradiated area. For these reasons, PDT is considered non-invasive, and its use is increasingly widespread in the fight against cancer and other diseases. Throughout recent decades, PDT has been one of the most fast-growing treatments against skin cancer [8,9], acne [10,11] and other skin diseases [12,13]. The FDA have already approved the use of PDT in multiple pathologies like actinic keratosis, advanced cutaneous T-cell lymphoma, Barrett's esophagus, basal cell skin cancer, esophageal cancer, non-small cell lung cancer surgery where tumoral tissues are removed [21]. Often, this is followed by radiotherapy and/or chemotherapy [22]. Evidently, this treatment entails a significant loss of soft tissue that can involve loss of mobility or add rigidity to the joint (Fig. 3). Therefore, minimizing the impact on healthy tissue can help to preserve better mobility in the joint and this is why PDT could play an important role, thanks to its minimal invasiveness and high precision.

However, PDT can likewise have some limitations, as a low solubility of PS, low concentration of oxygen in the target tissue or photosensitivity of the skin after treatment [23]. Many chromophores used in PDT show low solubility in biological media. This could lead to increase doses of PS to ensure optimal concentration in the target tissue, thus by increasing the dose of PS, side effects such as skin photosensitivity can appear. On the other hand, skin photosensitivity after PDT can be resolved using PS that require very low concentrations to be effective, in addition to the fact that the PSs can be totally inactive in the absence of light. A solution to increase solubility without increasing the dose is encapsulation of the PS in nanoparticles [24], coordination to peptides [25] or entrapment in lysosomes [26]. Also, it is possible to increase the solubility by designing PSs that incorporate hydrophilic substituents like sulfonate (-SO3H) [27] or phosphonate (-PO(OR)2) [28]. One more common solution is to use a solvent (other than water) in which the PS is soluble. However, it is necessary to take into account the toxicity of that solvent and the stability of the PS in this media, since some of these solvents are potential ligands and could degrade a drug before activation [29]. The inactivation or photoprotection of PS is another solution to limit photosensitivity. In this approach, the PS is transported in physiological medium and released selectively when necessary, thus reducing side effects [30][31][32].

Regarding the lack of oxygen, the accelerated growth of cancer cells generally leads to decreasing concentrations of O2 [33,34], which reduces the probability of giving rise to ROS. To resolve this inconvenience, it is possible to oxygenate the tumor tissue by hyperbaric oxygen therapy (HBO2), prior to PDT [35].

Taking these aspects into account, we decided to design new PSs that increase the efficacy of PDT in synovial sarcoma based on the chromophore 5,10,15,20-tetra-(4-pyridyl)-21H,23H-porphine (TPyP). The TPyP is insoluble in water and poorly soluble in biological media. However, by coordination of arene ruthenium units to the pyridine substituents of TPyP (Fig. 4), solubility can be increased significantly. Moreover, these ruthenium complexes include arene ligands that have hydroxide groups (OH), that can potentially contribute to the presence of oxygen species, which can give rise to more 1 O2 and ultimately increase ROS production [36].

The use of ruthenium organometallic complexes is not 1 new to PDT, since it has been in use for years. The major 2 reason behind that choice of metal is its oxidation state 3 stability, being almost unreactive to air, water and O2, 4 unlike other metal-based compounds [37][38][39][40][41][42][43]. In addi-5 tion, ruthenium has a high coordination number (6) and 6 great facility to coordinate with ligands of complexed 7 structures [37]. The arene ruthenium complexes could 8 also improve the solubility in biological media [44]. 9 Finally, ruthenium is less toxic than other metals such as 10 platinum, a metal extensively used in metal-based drugs 11 [45,46]. The synthesis of these PSs is carried out by a one 28 step reaction (Scheme 1). The dinuclear arene ruthe-29 nium dimers (d1 or d2), synthesized as reported in the 30 literature [47,48], are mixed and reacted with the cor-31 responding porphyrin (Scheme 1). Dimer d1 is widely 32 used [ [49][50][51][52] since the publication in 1972 by Zelonka 33 and Baird [47], while the dimer d2 is a more recent ana-34 logue and its reactivity remains unexplored [48] porphyrin to study the influence of the number of ruthenium complexes coordinated to the porphyrin in terms of its efficacy in PDT, as well as the influence of the presence of phenyl groups in the porphyrinic unit. The experimental conditions are the same as those mentioned for TPyP but a 1:1 molar ratio is needed. Dimers 

In vitro evaluation in synovial sarcoma cells

The photocytotoxicity (after irradiation) and cytotoxicity in the dark of photosensitizers P1-P8 were evaluated in vitro on SW982 synovial sarcoma cells. A red-light lamp ( = 630 nm) was used for irradiation (dose = 40 mW/cm 2 for 30 min). We decided to use red light because it is the only visible radiation that can pass through the skin and tissues of the synovial area of the joints. Blue radiation penetrates the skin for approximately 1 mm, green for about 2.5 mm, yellow not more than 4 mm, and red can penetrate as much as 5 mm before being fully absorbed [56]. The thickness of the human skin varies depending on the location between 0,5 -4 mm, so to adapt our study to the future least invasive conditions possible, that is, transcutaneous PDT (without incision), irradiation with red light was the most appropriate.

Cell viability was analyzed by MTT assays for both, irradiated and non-irradiated cells. The results are shown in Table 1. The irradiated cells curve was fitted to the second order polynomial and from the resulting equation the IC50 (inhibitory concentration at 50% viability) was calculated (Fig. 5). All PSs showed good photocytotoxic activity after irradiation and no significant toxicity in the dark. The synthesized PSs present three structural variations. One of them is the arene ligand, which is p-cymene or phenylpropanol. Interestingly, the four PSs with PhPrOH (P2, P4, P6 and P8) as the arene improve the result when compared to their p-cymene analogues (P1, P3, P5 and P7) (Table 1). The higher activity might be attributed to the presence of OH groups, which can help to increase the production of ROS after irradiation, either by molecules or with other reactive species. Alcohols have been reported as an initial product in the production of ROS by metabolism [57]. In addition, porphyrins with phenol groups have proven their efficacy in PDT [58], as is the case of 5,10,15,20-tetra(m-hydroxyphenyl)chlorin (FOSCAN) [59][60][61]. Therefore, introduction of aliphatic alcohol at the periphery of a photosensitizer appears to be beneficial in our systems, increasing the PDT efficacy. Another structural difference in P1-P8 is the presence or absence of zinc in the center of the porphyrin. According to the results (Table 1), the presence of zinc worsens PDT efficacy. In all cases, the metal-free derivative shows a higher activity than its zinc analogue. One possible cause could be the fluorescence quantum yield (Ø ). For passing through the triplet excited state, generating more fluorescence but leaving behind less energy in the triplet state to interact with O2 and to give rise to ROS [62].

Zinc is responsible for this increased fluorescence. The fluorescence emission of PS containing zinc as a metal center is higher than the metal-free analogue (Fig. 6). This can also be understood from the point of view of the HOMO and LUMO orbitals. When the chromophore is excited, an electron rises from the highest energy occupied orbital (HOMO) to the lowest energy unoccupied orbital (LUMO). In the case that there is no metal center in the porphyrin, the electron vacancy that remains in the HOMO orbital can be filled by the lone pair electrons of the N in the tetrapyrrole unit. Then, the excited electron in the LUMO orbital will have more difficulties to return back to the HOMO orbital during relaxation, favoring intersystem crossing (see Fig. 2). On the other hand, if the porphyrin has a metal center coordinated to the N atoms of the tetrapyrrole through their lone pair electrons, the vacancy left in the HOMO orbital is not filled and the excited electron can return from the LUMO orbital easily, thus favoring fluorescence [63]. This may instance, the photosensitizer P1 F shows a quantum yield lower than P3 (ØF P1 (%) = 3.0 and Ø P3 (%) = 4.9) and the toxicity in the dark of the first was higher. Fluorescence is a consequence of the energetic decay from the excited state of the PS to the minimum energy state. Therefore, high ØF suggests that much of the energy in the singlet excited state of the PS returns to the ground state without Table 1. Results of MTT assays in synovial sarcoma cells after PDT. Graphic representations are shown in the supporting information (Fig. S48-S55). Irradiation 24 hr after addition of PS,  = 630 nm, 40 mW/cm 2 for 30 min irradiation. IC50 was calculated fitting the curve to the second-degree polynomial  3 sigma deviation. The maximum concentration tested was 5 M. -1 ). Spectra are shown in the Supporting Information (Fig. S1-S47).

PS

Photocytotoxicity evaluation by MTT assays

First, trypsinization and counting of SW982 synovial sarcoma cells were carried out. Homogeneous solutions were prepared in 10 mL of culture medium with 700,000 cells. In a 96-well plate, 100 L of the solution (7000 cells per well) were poured and the cells were incubated for 24 hr (37 °C and 5% CO2). After that, 100 L of PS solution in increasing concentration were poured per row in the plate and subsequent incubation 24 hr in the same conditions previously described. The PSs were dissolved in DMSO just before use and then added to culture medium in the desired concentrations. We have decided to use DMSO since it is the only solvent in which all PSs showed acceptable solubility, to keep the same experimental conditions. After incubation the medium was removed carefully and poured 100 L of complete medium without red phenol per well. Then, the activation of PS by irradiation is carried out with red light ( = 630 nm) is then carried out, applying 40 mW/cm 2 for 30 min. The lamp is put at 12 cm above of the plate in vertical position. After the irradiation the 96-well Synthesis of P2. In a 100 mL round bottom flask, a solution containing 60.0 mg (0,098 mml) of d2 and 30.1 mg (0,049 mmol) of TPyP in 30 mL of MeOH, is prepared. The solution is refluxed for 12 hr, then cooled to room temperature. The solution is filtered off and the resulting brown solid is washed with Et2O (5  10 mL).

P2. Yield 86% (78 mg). The synthesis of P3 and P4 utilize the same protocol and molar ratio as in P2, but using the corresponding dimer (d1, d2) and porphyrin. P5-P8 are synthesize in the same manner but using a molar ratio of 1:1 (dimer:porphyrin) (DPhDPyP or Zn-DPhDPyP). 

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune joint disease, leading to cartilage and bone damage, and finally disability. Occasionally, RA is complicated with extra-articular manifestations, particularly pulmonary involvement, and is associated with cardiovascular comorbidities [1]. The prevalence is 0.3% to 1%, and is 2-3 times higher in women than in men [2].

In recent years, it has become evident that RA arises based on both genetic and epigenetic components, but also has an environmental component, such as cigarette smoke, dust exposure, and particularly the effect of the microbiome [3]. Abnormalities in the cellular and humoral immune response lead to the occurrence of autoantibodies, detected many months or years before the clinical disease is apparent. These autoantibodies are rheumatoid factors (directed against the Fc fragment of immunoglobulins) and anti-citrullinated protein antibodies (ACPA) [4,5].

In RA, the synovial lining, which normally is comprised of 1-3 cell layers, becomes remarkably thickened. This is due to an invasion of macrophage-like cells and the proliferation of resident synovial fibroblasts. The degree of synovial hyperplasia correlates with the severity of cartilage erosion, resulting in inflammatory pannus formation that attaches to, and invades, joint cartilage, while osteoclast activation leads to parallel bone destruction [6]. The interaction between synovial resident cells and cells of the innate and adaptative immune system leads to the production of many pro-inflammatory cytokines (TNF-α, interleukine-1 (IL-1), , proteolytic enzymes, and inflammatory molecules [1].

Treatment algorithms involve measuring disease activity with composite indices and applying a treatment-to-target strategy, with disease modifying antirheumatic drugs (DMARDs) to maintain stringent remission or at least low disease activity and reduce articular destruction and disability [7]. There are two major classes of DMARDs, namely synthetic (sDMARDs) and biological (bDMARDs) [8].

Despite all of the advances made over the last two decades, and given that remission or at least low disease activity are the current therapeutic goals for RA patients, a significant proportion of patients still do not reach this target. There is a need for new treatments or local treatments to control some resistant synovitis.

In recent years, promising results have been achieved using non-invasive treatments such as anti-tumor necrosis factor drugs [9], Janus kinase inhibitors [10], and photodynamic therapy (PDT) [11]. The latter involves a photoactive compound, termed the photosensitizer (PS), which is excited by suitable light radiation. Subsequently, the excitation energy gives rise to radical oxygen species (ROS) from oxygen present in the medium [12,13]. ROS show a high cytotoxicity, but also a short lifetime and reduced radius of action [14], so it is possible to treat the inflamed zone without affecting the surrounding tissue, avoiding damage to healthy structures. Accordingly, PDT could be an effective solution for cases of RA with refractory synovitis and failure of local steroid injection.

Since the late 1990s, PDT began to demonstrate its potential as a less invasive treatment for RA. Trauner and colleagues [15] reported the in vivo efficacy of this technique in rabbits with an antigen-induced arthritis model, using benzoporphyrin derivative monoacid ring A (one of the first-generation PSs) and intra-articular irradiation. Later, with the new generation PSs, in vivo results remained promising, such as the use of ATX-S10.Na (II) in collagen antibody-induced arthritis in mice [16]. Recently, it has been reported that the combined use of photothermal therapy and PDT using Cu 7.2 S 4 nanoparticles under NIR laser in mice, improves anti-inflammatory effects and reduces cartilage and bone damage [17].

The simplicity of the technique makes PDT an ideal treatment to alleviate the pain or disability caused by RA. Unfortunately, even considering the enormous potential of PDT, conventional PSs often have some drawbacks mainly related to their chemical and structural features, as well as undesirable side effects in some cases, such as light hypersensitivity [18]. Most recent studies have focused on solving the poor solubility of PSs in biological media using soluble carriers [19] such as nanoparticles or by adding a soluble functional group in the PS structure [20]. We believe that it may be possible to solve the poor water solubility of PSs using another approach: ruthenium-based carriers (Figure 1). These organometallic complexes are soluble in biological media and have an inner cavity in which a PS can be lodged. Such metallacages have already been tested in vitro on cancer cells, demonstrating their potential in cells [21,22].

For the first time, we showed that such carriers can be used as PDT agents in fibroblastlike synoviocyte cells (FLS) from RA patients. We also demonstrated that commercially available PSs (Figure 2), namely 21H,23H-porphine (G1), Mg(II)-porphine (G2), 29H,31Hphthalocyanine (G3), and zinc(II)-phthalocyanine (G4), can be encapsulated in the cavity of the metallacages and, after being released, become effective PSs against RA. We have hosted these basic PSs in different ruthenium-based assemblies, showing the importance of the carrier in delivering the PS. The in vitro evaluation of these PS-metallacages in human RA FLS cells is promising. The anti-proliferative assays are excellent, providing new avenues for the treatment of RA by PDT. For the first time, we showed that such carriers can be used as PDT agents in fibroblast-like synoviocyte cells (FLS) from RA patients. We also demonstrated that commercially available PSs (Figure 2), namely 21H,23H-porphine (G1), Mg(II)-porphine (G2), 29H,31H-phthalocyanine (G3), and zinc(II)-phthalocyanine (G4), can be encapsulated in the cavity of the metallacages and, after being released, become effective PSs against RA. We have hosted these basic PSs in different ruthenium-based assemblies, showing the importance of the carrier in delivering the PS. The in vitro evaluation of these PS-metallacages in human RA FLS cells is promising. The anti-proliferative assays are excellent, providing new avenues for the treatment of RA by PDT. For the first time, we showed that such carriers can be used as PDT agents in fibroblast-like synoviocyte cells (FLS) from RA patients. We also demonstrated that commercially available PSs (Figure 2), namely 21H,23H-porphine (G1), Mg(II)-porphine (G2), 29H,31H-phthalocyanine (G3), and zinc(II)-phthalocyanine (G4), can be encapsulated in the cavity of the metallacages and, after being released, become effective PSs against RA. We have hosted these basic PSs in different ruthenium-based assemblies, showing the importance of the carrier in delivering the PS. The in vitro evaluation of these PS-metallacages in human RA FLS cells is promising. The anti-proliferative assays are excellent, providing new avenues for the treatment of RA by PDT. 

Materials and Methods

Synthesis of Compounds

Despite the fact that the hosts M1-M6 (Figure 3) and the guests G1-G4 are known, several host-guest systems are new, except for G1⊂M2, G1⊂M3, G2⊂M1, G2⊂M4, and G2⊂M6. The [26] were prepared following reported methods. The metallacages M1 and M4 with G1 inside [21], M4 with G3 and G4, M5 and M6 with G1, G3, and G4 [27] were synthesized according to the literature. The photosensitizers G1 and G2 were synthesized as reported in the literature [28], while G3 and G4 were bought from Sigma-Aldrich. Dichloromethane, diethyl ether, methanol, d 3 -acetonitrile, and d 6 -DMSO were purchased from Sigma-Aldrich and used as received. NMR spectra were measured on a Bruker Avance Neo Ascend 600 MHz spectrometer. The acquired spectra were processed using the Mnova NMR software package (v.14.2.0, MestReLab Research, Santiago de Compostela, Spain). The 1 H and 13 C resonances of the deuterated solvents were used as internal references. The following abbreviations are used for describing the signals in the NMR spectra: s (singlet), d (doublet), m (multiplet), br (broad), q (quaternary). All described in vitro experiments were carried out under aseptic conditions. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and L-glutamine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide (DMSO) was bought from Acros Organics (Geel, Belgium). All solvents, reagents, and products described above were used without prior treatments or purifications. IR spectra of the compounds were performed on a Frontier Perkin Elmer spectrometer (600-4000 cm -1 ), Thermo Fisher Scientific, Waltham, MA, USA. Fluorescence spectra were performed on a FLS980 spectrometer from Edinburgh instruments (550-800 nm) using 5,10,15,20-tetraphenylporphin (TPP) as an internal reference in toluene and the compounds were dissolved in DMSO (10 nM concentration). UV-vis spectra were acquired on a SI Analytics model UvLine 9400 (Xenon lamp) spectrophotometer, using 1.5 mL polystyrene cuvettes (wavelength range 280-800 nm) and diluting the compounds in DMSO (10 µM and 10 nM).

Synthesis of G1⊂M2. In a 250 mL round bottom flask, 50.0 mg (0.069 mmol) of [Ru 2 (p-cymene) 2 (5,8-dioxydo-1,4-naphthoquinonato)Cl 2 ] and 35.5 mg (0.138 mmol) of AgCF 3 SO 3 were dissolved in 20 mL of MeOH and stirred for 2 h at room temperature. Next, silver chloride was filtered off. To the remaining solution, 14.6 mg (0.046 mmol) of 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine and 7.1 mg (0.023 mmol) of G1 were added, and the solution was refluxed and stirred for 18 h. The solvent was then removed at reduced pressure, and the resulting oily, dark green solid was dissolved in 20 mL of CH 2 Cl 2 . The solution was concentrated to approximately 3 mL, and 5 mL of Et 2 O was added dropwise. The resulting precipitate was filtered and dried under vacuum. Yield 52% (45 mg). 1 H NMR (CD 3 CN, 25 • C, 600 MHz): δ 9.17 (d, 3 J HH = 6.0 Hz, 12H, CH naphce ), 8.44 (d, 3 J HH = 4.1 Hz, 12H, CH naphce ), 8.24 (d, 3 J HH = 6.3 Hz, 12H, CH py ), 8.00 (s, 4H, CH porphine ), 6.89 (s, 8H, CH porphine ), 5.91 (d, 3 J HH = 6.4 Hz, 12H, CH py ), 5.87 (d, 3 J HH = 5.9 Hz, 12H, CH cym ), 5.57 (d, 3 J HH = 5.8 Hz, 12H, CH cym ), 2.95 (m, 6H, CH iPr ), 1.97 (overlapped singlet, 18H, CH 3 ), 1.32 (d, 3 J HH = 7.0 Hz, 36H, CH 3 iPr ). 13 C NMR (CD 3 CN, 25 • C, 150 MHz): δ 170.4 (C-O), 164.3 (C q ), 152.1 (CH py ), 140.7 (C q ), 134.6 (CH naphce ), 130.1 (CH porph ), 128.4 (CH naphce ), 122.8 (C q ), 122.3 (CH py ), 120.7 (C q ), 107.9 (C q ), 104.4 (C cym ), 103.3 (CH porph ), 100.3 (C cym ), 84.9 (CH cym ), 83.0 (CH cym ), 31.0 (CH iPr ), 22.0 (CH 3 iPr ), 17.3 (CH 3 ). ESI-MS, m/z, 1120 [M2+G1-3OTf] 3+ . UV/vis (DMSO), λ, nm (ε, M -1 •cm -1 ): 454 (132400), 488 (117700), 567 (54300), 648 (62900). FT-IR (ATR, solid, cm -1 ): ν; br s (3700-3100), s (2995), s (1524), s (1516). Spectra in Supplementary Materials (Figures S1-S9).

Synthesis of G1⊂M3. In a 250 mL round bottom flask, 50.0 mg (0.060 mmol) of [Ru 2 (p-cymene) 2 (6,11-dioxydo-5,12-naphthacenedionato)Cl 2 ] and 31.0 mg (0.120 mmol) of AgCF 3 SO 3 were dissolved in 20 mL of MeOH and stirred for 2 h at room temperature. Next, silver chloride was filtered off. To the remaining solution, 12.5 mg (0.040 mmol) of 2,4,6-tri(pyridine-4-yl)-1,3,5-triazine and 6.2 mg (0.020 mmol) of G1 were added, and the solution was refluxed and stirred for 18 h. The solvent was then removed at reduced pressure, and the resulting oily, dark green solid was dissolved in 20 mL of CH 2 Cl 2 . The solution was concentrated to approximately 3 mL, and 5 mL of Et 2 O was added dropwise. The resulting precipitate was filtered and dried under vacuum. Yield 76% (62 mg). 1 H NMR (CD 3 CN, 25 • C, 600 MHz): δ 8.68 (s, 4H, CH porphine ), 8.21 (d, 3 J HH = 6.3 Hz, 12H, CH py ), 7.92 (s, 12H, CH naph ), 7.71 (s, 8H, CH porphine ), 6.12 (d, 3 J HH = 5.7 Hz, 12H, CH py ), 5.68 (d, 3 J HH = 5.8 Hz, 12H, CH cym ), 5.43 (d, 3 J HH = 5.9 Hz, 12H, CH cym ), 2.84 (m, 3 J HH = 6.8 Hz, 6H, CH iPr ), 1.99 (s, 18H, CH 3 ), 1.33 (d, 3 J HH = 6.9 Hz, 36H, CH 3 iPr ). 13 C NMR (m, 3 J HH = 7.0 Hz, 6H, CH iPr ), 2.10 (s, 18H, CH 3 ), 1.33 (d, 3 J HH = 7.0 Hz, 36H, CH 3 iPr ). 13 C NMR (CD 3 CN, 25 3+ . UV/vis (DMSO), λ, nm (ε, M -1 •cm -1 ): 446 (150800), 536 (110500), 573 (53500), 610 (47100). FT-IR (ATR, solid, cm-1): ν; s (3101), s (2979), s (2914), s (1604), s (1522). Spectra in Supplementary Materials (Figures S36-S43).

Preparation of Human Synovial Cells

RA synoviocytes were isolated from fresh synovial biopsies obtained from four RA patients undergoing finger arthroplasty. All patients fulfilled the 1987 American Rheumatism Association criteria for RA [29]. The mean age of the patients was 67.4 ± 3.2 years (range 53-81 years). The mean disease duration was 8.7 ± 2.3 years. At the time of surgery, the disease activity score (DAS 28) was greater than 3.2. These activities were approved by local institutional review boards, and all subjects gave written informed consent. Synovia were minced and digested with 1.5 mg/mL collagenase-dispase for 3-4 h at 37 • C as previously described [30]. After centrifugation, cells were resuspended in DMEM supplemented with 10% FCS, 4.5 g/L D-glucose, 25 mM Hepes, 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco BRL) in a humidified atmosphere containing 5% (v/v) CO 2 at 37 • C. After 48 h, nonadherent cells were removed. Adherent cells (macrophage-like and FLS) were cultured in complete medium, and, at confluence, cells were trypsinized and only the FLS were passed. These cells were used between passages 4 and 8, when they morphologically resembled FLS after an indirect immunofluorescence study (see Culture of human RA FLS). RA FLS were cultured 45-60 days before experimentation. This delay allowed for the elimination of all possible interactions resulting from any preoperative treatment (with nonsteroidal anti-inflammatory drugs, analgesics, disease-modifying antirheumatic drugs, or steroids).

Culture of Human RA FLS and Treatment

Between passages 4 and 8, RA FLS were trypsinized. Cell count and viability were determined, and cells were plated in culture plates or flasks (Falcon, Oxnard, CA, USA). Viability, measured by trypan blue dye exclusion [31] at the start and the end of culture, was always greater than 95%. FLS (10 5 ) from RA patients were used for an indirect immunofluorescence study [32]. The following monoclonal antibodies were used: 5B5 (anti-prolyl hydroxylase) for fibroblasts at a 1/50 dilution (Dako, Burlingame, CA, USA), JC/70A (anti-CD31), for endothelial cells at 1/50 (Dako), and RMO52 (anti-CD14) for macrophages at 1/50 (Immunotech). The negative control was a mouse antibody of the same isotype (Immunotech). Incubations were performed at room temperature for 30 min. Binding of monoclonal antibodies was visualized using fluorescein (DTAF)-conjugated goat anti-mouse antibody (Immunotech) at a 1/50 dilution.

Antiproliferative Assays

RA FLS cells were trypsinized in fresh DMEM culture medium. Homogeneous solutions were prepared in 10 mL of medium with 700,000 cells. In a 96-well plate, 100 µL of the solution (7000 cells per well) was poured and the cells were incubated for 24 h at 37 • C and 5% CO 2 . Subsequently, 100 µL of PS solution in increasing concentration was poured per row in the plate and incubated for 24 h in the same conditions. The compounds were dissolved in DMSO (1 mM) just before use and then added to the culture medium in the desired concentrations. The concentration of DMSO in the cell medium was never more than 0.05%. After incubation, the medium was removed and 100 µL of complete medium without red phenol was added per well. At that point, irradiation was carried out using a red-light source, CureLight ® , PhotoCure ASA at 630 nm, at a dose of 40 mW/cm 2 for 30 min. After the irradiation, the wells plates were put in the incubator for 18 h. After this time, 10 µL of MTT solution (5 g/L) was added and the plates were again placed inside the incubator for 4 h. Next, the media was removed and 200 µL of DMSO was added per well, stirring the plate softly for 3 min. Absorbance after the MTT assay was measured at 540 nm by a Dynex Triad Multi Mode Microplate Reader, Dynex Technologies. The assays were executed in triplicate. Cytotoxicity evaluations in the dark were carried out by repeating this entire protocol without the irradiation dose. •cm -1

Protein Extraction and Western-Blot Analysis

For total protein extraction, RA FLS were washed in PBS, and the total cell pool was centrifuged at 200 g for 5 min at 4 • C and homogenized in RIPA lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1% sodium deoxycholate, 1% NP-40, 0.1% SDS, and 20 mg/mL of aprotinin) containing protease inhibitors (CompleteTM Mini, Roche Diagnostics) according to the manufacturer's instructions. Proteins (60 µg) were separated by electrophoresis on 10% SDS-PAGE gels and transferred to polyvinylidene fluoride (PVDF) membranes (Amersham Pharmacia Biotech, Saclay, France), which were then probed with a COX-2 human primary antibody (Cayman Chemical, Bertin Pharma, Montigny le Bretonneux, France). After incubation with a secondary antibody (Dako France S.A.S., Trappes, France), blots were developed using the ECL Plus Western Blotting Detection System (Amersham Pharmacia Biotech) and G: BOX system (Syngene, Ozyme, Saint Quentin en Yvelines, France). Membranes were then reblotted with human anti-β-actin (Sigma-Aldrich, Saint Quentin Fallavier, France) used as a loading control.

Assay of COX-2 Activity

RA FLS were maintained in DMEM supplemented with 10% (v/v) FCS, 4.5 g/L Dglucose, 100 U/mL penicillin, and 100 µg/mL streptomycin. The cells were grown in a humidified incubator at 37 • C and 5% CO 2 . Next, 2.10 6 RA FLS cells were seeded in a 25 cm 2 flask and incubated for 24 h. Then, the IC 50 of each PS was added and the cells were incubated for 24 h. The medium was removed and a medium without red phenol was added. Immediately, cells were irradiated under the same conditions expressed in the MTT assays and incubated for 18 h. The non-irradiated cells were kept in the incubator. After this, LPS (1 µg/mL) was added to the medium of both irradiated and non-irradiated cells, and the cells were incubated for 4 h. Cells were trypsinized and the culture medium supernatant was isolated. The PGE 2 levels were quantified in the culture media supernatants from treated and control cells by enzyme immunoassay using an ELISA Kit (Cayman Chemical) [33]. The results were expressed as the average of three independent experiments.

Assay of IL-1β Production

The IL-1β levels were quantified in the culture media supernatants, isolated by the same protocol described for PGE 2 , from treated and control cells by ELISA Kit (Thermo Fisher Scientific). The results were expressed as the average of three independent experiments.

Statistical Analysis

All quantitative results are expressed as the mean ± 3 standard deviations (SEM) of separate experiments using Excel (Microsoft Office, Version 2019). Statistical significance was evaluated by the two-tailed unpaired Student's t-test, p-value < 0.001 (***).

Results and Discussion

Phototoxicity Tests

Although it is the first time that these PS-metallacage systems have been tested to treat RA using PDT, two of the fifteen systems described here (Figure 3) have already been tested in cancer (HeLa, Me300, A2780, A2780cisR, and A549) [21]. Specifically, the prismatic metallacage M1 and the cubic M4, both with G1 in their internal cavity. In cancer cells, a total absence of cytotoxicity was demonstrated prior to cell internalization. Once inside the cells, the PS is released from the cage and can be irradiated giving rise to photocytotoxicity. Two mechanisms have been suggested to explain the releasing of the PS from the metallacage: (i) from a partial or total rupture of the cage; or (ii) through an aperture [21,22]. Furthermore, intracellular ruthenium contents [22] and fluorescence studies [21] have confirmed the ability of these metallacages to cross cell membranes. Fluorescence studies also reveal that, once inside the cell and after the PS leaves the cavity of the metallacage, both are positioned in different cellular areas, which did not include the nucleus.

In this work, we wanted to demonstrate the efficacy and potential of these systems in another pathology, RA, looking for a treatment that is fairly non-invasive. In addition, we have synthesized cages with structural variations to evaluate how the different elements of the metallacage influence its PDT effect (Figure 3). Moreover, we have evaluated new PSs, such as G2, G3, and G4, in addition to G1 which have been evaluated to treat RA by PDT.

First, these metallacages can be differentiated by their two main elements: the panel ligand and the dinuclear ruthenium clips. The panel ligand is a flat organic compound with three or four pyridine substituents, which give rise to prismatic or cubic cages, respectively. In this work, we used 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine, 1,3,5-tris{2-(pyridin-4-yl)vinyl}benzene, or 1,2,4,5-tetrakis{2-(pyridine-4-yl)vinyl} benzene. Dinuclear arene ruthenium(II) complexes are the edges of the cage, whose two metal atoms are linked by 2,5-dioxydo-1,4-benzoquinonato, 5,8-dioxydo-1,4-naphthoquinonato, or 6,11-dioxydo-5,12naphthacenedionato ligands (Figure 3).

The results of the photocytotoxicity tests after PDT in RA FLS were excellent (Table 1). MTT assays showed 50% inhibition concentrations (IC 50 ) lower than those seen in cancer cells [21]. The latter was to be expected, since RA FLS are primary cells and their growth is not accelerated, unlike cancer cells. As we anticipated, the structural variation in the cages gave rise to significant differences in the PDT effect.

Table 1. Results of the MTT assays. Irradiation after 24 h of incubation with G ⊂ M, λ = 630 nm, 40 mW/cm 2 for 30 min. IC 50 values were calculated fitting the curve to a second degree polynomial ± 3 sigma deviations. The maximum concentration tested was 1.5 µM. Quantum yield (Φ F ) was calculated using TPP as an internal standard in DMSO at 25 First, we have observed that when the size of the panel ligand is bigger, the photocytotoxicity is higher. For example, the structures of cages M2, M4, and M6 differ only by the panel ligand, 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine, 1,3,5-tris{2-(pyridin-4-yl)vinyl}benzene, and 1,2,4,5-tetrakis{2-(pyridine-4-yl)vinyl} benzene, respectively. When the IC 50 values obtained with porphine as the PS are compared (entries 2, 4, and 6 in Table 1), we observed that cage M2, with the smallest panel, needed a higher concentration than M4 and M6 (triple when compared to M6). This difference becomes more evident if we compare cage M1 and M5, which have panels 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine and 1,3,5-tris{2-(pyridin-4-yl)vinyl}benzene, respectively. With G1 as the PS, the IC 50 of M1 is six times higher than that observed in M5 (entries 1 and 5 in Table 1). This coincides with what has been reported in cancer cells [21]. A larger panel gives rise to larger apertures that facilitate the release of the PS once inside the cell, producing more ROS and, subsequently, more photocytotoxicity. This result is consistent with the other three PSs tested (Table 1).

The second of the structural elements of the cages that we can modify, the dinuclear ruthenium clip, also showed significant differences, as we expected. When the volume of the ruthenium complex is bulkier, we observed that the IC 50 is lower, which translates into a better PDT effect. For instance, cages M1, M2, and M3 contain the same panel ligand and differ only in the dinuclear ruthenium "edges", being 2,5-dioxydo-1,4-benzoquinonato, 5,8dioxydo-1,4-naphthoquinonato, and 6,11-dioxydo-5,12-naphthacenedionato respectively. With G1 as the PS, the result obtained with M3 was four times lower than the IC 50 obtained in M1 (entries 1 and 3 in Table 1), while the IC 50 of M2 (entry 2 in Table 1) shows an intermediate value. These results are consistent with the structure of the metallacages, which suggest the release of the PS through an aperture [22]. Indeed, when the metallacage is smaller, the host-guest system is stabilized, making it difficult for the PS to escape, which translates into lower ROS production and a lower PDT effect. The same result, although in a lesser proportion, is observed with the other PSs tested (Table 1).

Finally, the four PSs tested have shown significant differences. First, it is worth noting the presence or absence of a metal in the center of the tetrapyrrole. In all cases, using the same cage, the PSs without a metal showed a better PDT effect (Table 1). The cause of this result is directly related to fluorescence [34]. When the PS is irradiated, part of the energy is absorbed and the PS reaches the excited singlet state. The PS can then return to the minimum energy state by releasing that energy, producing fluorescence, or the energy can pass through an intermediate excited triplet state. From this last state, the PS can return to the ground state, giving rise to phosphorescence, or interact with O 2 to give rise to singlet oxygen and, in turn, ROS [12,13]. Therefore, since the derivate with Zn and Mg give rise to higher fluorescence (Figure 4), lower ROS production would be expected than their equivalents without metal. This corroborates the obtained results, that is, the presence of Mg or Zn favor fluorescence and therefore reduce ROS production and PDT efficiency. Calculating the quantum yields (Table 1), we observed the same result as expected, that is, higher quantum yield equates to less of a PDT effect. The second of the structural elements of the cages that we can modify, the dinuclear ruthenium clip, also showed significant differences, as we expected. When the volume of the ruthenium complex is bulkier, we observed that the IC50 is lower, which translates into a better PDT effect. For instance, cages M1, M2, and M3 contain the same panel ligand and differ only in the dinuclear ruthenium "edges", being 2,5-dioxydo-1,4-benzoquinonato, 5,8-dioxydo-1,4-naphthoquinonato, and 6,11-dioxydo-5,12-naphthacenedionato respectively. With G1 as the PS, the result obtained with M3 was four times lower than the IC50 obtained in M1 (entries 1 and 3 in Table 1), while the IC50 of M2 (entry 2 in Table 1) shows an intermediate value. These results are consistent with the structure of the metallacages, which suggest the release of the PS through an aperture [22]. Indeed, when the metallacage is smaller, the host-guest system is stabilized, making it difficult for the PS to escape, which translates into lower ROS production and a lower PDT effect. The same result, although in a lesser proportion, is observed with the other PSs tested (Table 1).

Finally, the four PSs tested have shown significant differences. First, it is worth noting the presence or absence of a metal in the center of the tetrapyrrole. In all cases, using the same cage, the PSs without a metal showed a better PDT effect (Table 1). The cause of this result is directly related to fluorescence [34]. When the PS is irradiated, part of the energy is absorbed and the PS reaches the excited singlet state. The PS can then return to the minimum energy state by releasing that energy, producing fluorescence, or the energy can pass through an intermediate excited triplet state. From this last state, the PS can return to the ground state, giving rise to phosphorescence, or interact with O2 to give rise to singlet oxygen and, in turn, ROS [12,13]. Therefore, since the derivate with Zn and Mg give rise to higher fluorescence (Figure 4), lower ROS production would be expected than their equivalents without metal. This corroborates the obtained results, that is, the presence of Mg or Zn favor fluorescence and therefore reduce ROS production and PDT efficiency. Calculating the quantum yields (Table 1), we observed the same result as expected, that is, higher quantum yield equates to less of a PDT effect. Regarding the differences between porphine (G1) and phthalocyanine (G3), the results show that G1 works better as a PS than G3 when carried in the same metallacage (Table 1). However, the IC 50 for G3 is still excellent, with both showing great potential as PSs. Surprisingly, one of the results was unexpected. When G3 or G4 is transported by the cubic metallacage (M4), no effect on RA FLS is observed (Table 1), even at the highest concentration tested. This also suggests a stronger binding affinity between the host and the guest, thus supporting that the PS is released through an aperture, rather than having a breakage of the metallacage [22].

Another excellent result is the total absence of cytotoxicity in the dark for all compounds, except for those with G4 in their cavity, which show dark toxicity (Figure 5). Therefore, this result suggests that G4 is not a good PS, although it is something we could have anticipated since other zinc tetrapyrrole derivatives have already been reported to show toxicity in the dark [35,36]. Another intriguing result comes from the metallated photosensitizers (G3 and G4) encapsulated in the 1,2,4,5-tetrakis{2-(pyridine-4yl)vinyl} benzene derivative (M4) (entries 10 and 13, Table 1). In both systems (G3⊂M4 and G4⊂M4), no phototoxicity and no toxicity is observed, suggesting the absence of a photo-response from the photosensitizers in these particular cases. When compared to the other G⊂M systems, the most plausible explanation is that the presence of Mg or Zn in the core of the PS generates a stronger interaction between the host and the guest, thus shielding the PS and blocking their release. Regarding the differences between porphine (G1) and phthalocyanine (G3), the results show that G1 works better as a PS than G3 when carried in the same metallacage (Table 1). However, the IC50 for G3 is still excellent, with both showing great potential as PSs. Surprisingly, one of the results was unexpected. When G3 or G4 is transported by the cubic metallacage (M4), no effect on RA FLS is observed (Table 1), even at the highest concentration tested. This also suggests a stronger binding affinity between the host and the guest, thus supporting that the PS is released through an aperture, rather than having a breakage of the metallacage [22].

Another excellent result is the total absence of cytotoxicity in the dark for all compounds, except for those with G4 in their cavity, which show dark toxicity (Figure 5). Therefore, this result suggests that G4 is not a good PS, although it is something we could have anticipated since other zinc tetrapyrrole derivatives have already been reported to show toxicity in the dark [35,36]. Another intriguing result comes from the metallated photosensitizers (G3 and G4) encapsulated in the 1,2,4,5-tetrakis{2-(pyridine-4-yl)vinyl} benzene derivative (M4) (entries 10 and 13, Table 1). In both systems (G3⊂M4 and G4⊂M4), no phototoxicity and no toxicity is observed, suggesting the absence of a photoresponse from the photosensitizers in these particular cases. When compared to the other G⊂M systems, the most plausible explanation is that the presence of Mg or Zn in the core of the PS generates a stronger interaction between the host and the guest, thus shielding the PS and blocking their release. 

Inflammatory Evaluation

The synovial membrane encapsulates the joint, providing structural support, lubricating the tissues, and providing nutrients to the cartilage. FLS are part of the inner lining layer of the synovial membrane. One of the main functions of FLS is the production of cytokines [37]. One of the cytokines involved in the inflammatory response is the interleukin (IL) family. IL-1 can express cyclooxygenase-2 (COX-2), an enzyme that acts as a catalyst in the production of prostaglandin E2 (PGE2) from arachidonic acid [38][39][40][41]. PGE2 causes vasodilation in the synovial tissue, leading to inflammation in the area [42]. To evaluate in RA FLS the in vitro inflammatory activity after PDT, we decided to measure 

Inflammatory Evaluation

The synovial membrane encapsulates the joint, providing structural support, lubricating the tissues, and providing nutrients to the cartilage. FLS are part of the inner lining layer of the synovial membrane. One of the main functions of FLS is the production of cytokines [37]. One of the cytokines involved in the inflammatory response is the interleukin (IL) family. IL-1 can express cyclooxygenase-2 (COX-2), an enzyme that acts as a catalyst in the production of prostaglandin E 2 (PGE 2 ) from arachidonic acid [38][39][40][41]. PGE 2 causes vasodilation in the synovial tissue, leading to inflammation in the area [42]. To evaluate in RA FLS the in vitro inflammatory activity after PDT, we decided to measure the production of PGE 2 and IL-1β in the supernatant, in addition to the expression of COX-2 in both the irradiated and non-irradiated treated cells.

The determination of COX-2 expression reveals that treated RA FLS with our systems by PDT generates an overexpression of this enzyme (Figure 6), when the cells were irradiated. This result was expected, since multiple examples of COX-2 overexpression after PDT have been reported. For instance, other porphyrin-based PSs such as PpIX-polyamine [43] or Photofrin [44] increased COX-2 expression. Additionally, this not only happens with PSs based on porphyrins, but also with other PSs used in PDT [45,46]. It should be noted that most of the systems with a lower IC 50 (Table 1) show less intensity in the COX-2 expression band (Figure 6). For instance, the compounds that obtained the lowest IC 50 , entries 4, 5, 6, 11, and 12 (Table 1), showed a COX-2 band with the lowest intensity.
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the production of PGE2 and IL-1β in the supernatant, in addition to the expression of COX-2 in both the irradiated and non-irradiated treated cells. The determination of COX-2 expression reveals that treated RA FLS with our systems by PDT generates an overexpression of this enzyme (Figure 6), when the cells were irradiated. This result was expected, since multiple examples of COX-2 overexpression after PDT have been reported. For instance, other porphyrin-based PSs such as PpIX-polyamine [43] or Photofrin [44] increased COX-2 expression. Additionally, this not only happens with PSs based on porphyrins, but also with other PSs used in PDT [45,46]. It should be noted that most of the systems with a lower IC50 (Table 1) show less intensity in the COX-2 expression band (Figure 6). For instance, the compounds that obtained the lowest IC50, entries 4, 5, 6, 11, and 12 (Table 1), showed a COX-2 band with the lowest intensity. 1. Cells (2 × 10 6 ) were cultured in DMEM medium (FBS 10%, L-glutamine 1%, penicillin 100 U/mL, Streptomycin 100 µg/mL) for 24 h and treated with the corresponding system G⊂M. After 24 h, the medium was replaced by a DMEM medium without red phenol, and then irradiated (RI) or not (NI) by 630 nm irradiation (40 mW/cm 2 , 30 min). After 18 h, LPS (1 µg/mL) was added to the medium to stimulate the expression of COX-2, and 4 h later the trypsination was carried out. COX-2 expression was determined by Western Blot and β-actin was used as a protein loading control. All experiments were done in triplicate.

As expected, an overexpression of COX-2 generates a greater production of PGE2 [43], which may lead to an increase in inflammation. That is what we see in the results obtained in the determination of PGE2 (Table 2). As with COX-2, it can be seen that when the IC50 is lower, the production of PGE2 is also lower, which again points out that reducing the required concentration of PS could reduce the adverse effects of PDT. However, it is possible to minimize the expression of COX-2 and, consequently, the production of PGE2 by using a COX-2 inhibitor, such as NS-398 during PDT treatment [43,47].

Table 2. PGE2 and IL-1β results. The assays were performed using the protocol provided by the ELISA kit in triplicate. The data were treated as explained in this protocol. The cells tested were treated by PDT with each of the indicated compounds as described in the experimental section. The control sample was treated exactly as the cells tested, that is, 18 h after the irradiation dose, 1 µg/mL of LPS was added to the medium and the cells were incubated for 4 h, then trypsinized and the cells and supernatant were isolated. The results are expressed by the average of three independent experiments. After testing the photocytotoxic activity, we chose the systems with the greatest potential to be used in PDT against RA and evaluated their inflammatory activity. Of these fifteen systems, we obviously ruled out those that did not work (cubic cage M4 + phthalocyanines) and the systems that generated toxicity in the dark. As expected, an overexpression of COX-2 generates a greater production of PGE 2 [43], which may lead to an increase in inflammation. That is what we see in the results obtained in the determination of PGE 2 (Table 2). As with COX-2, it can be seen that when the IC 50 is lower, the production of PGE 2 is also lower, which again points out that reducing the required concentration of PS could reduce the adverse effects of PDT. However, it is possible to minimize the expression of COX-2 and, consequently, the production of PGE 2 by using a COX-2 inhibitor, such as NS-398 during PDT treatment [43,47].
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On the other hand, IL-1β is known to be a pro-inflammatory cytokine that leads to the expression of COX-2, among other functions [48]. Since our experiments showed an overexpression of COX-2 and the production of PGE 2 , we anticipated the presence of this cytokine as a response to the PDT treatment. Unexpectedly, the determination of indicates that its presence after PDT is insignificant (Table 2). It is even below the standard of lower concentration and their values were not significantly different from the control samples. This indicates that, in vitro, when RA FLS are treated with our systems by PDT, IL-1β is not generating more than what is already present in the cells, so it is not involved in the detected overexpression. However, also in synovial tissues, other cases have been reported in which was not involved in the overexpression of , indicating that other cytokines like IL-6 or IL-8 were responsible [51].

Table 2. PGE 2 and IL-1β results. The assays were performed using the protocol provided by the ELISA kit in triplicate. The data were treated as explained in this protocol. The cells tested were treated by PDT with each of the indicated compounds as described in the experimental section. The control sample was treated exactly as the cells tested, that is, 18 h after the irradiation dose, 1 µg/mL of LPS was added to the medium and the cells were incubated for 4 h, then trypsinized and the cells and supernatant were isolated. The results are expressed by the average of three independent experiments. After testing the photocytotoxic activity, we chose the systems with the greatest potential to be used in PDT against RA and evaluated their inflammatory activity. Of these fifteen systems, we obviously ruled out those that did not work (cubic cage M4 + phthalocyanines) and the systems that generated toxicity in the dark. 
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Conclusions

A series of photosensitizers (G) encapsulated in arene ruthenium metallacages (M) have been synthesized and characterized. The PDT effect of these host-guest systems (G⊂M) has been evaluated on fibroblast-like synoviocyte cells (FLS). With the exception of the zinc phthalocyanine derivatives (G4⊂M5 and G4⊂M6), all G⊂M compounds show no toxicity in the dark at the highest concentration tested (1.5 µM). When under light, the most photoactive compounds appear to be those with the largest cavity and the smallest guest, suggesting that the release of the photosensitizers from the host occurs without any breakage of the metallacage. However, when G4 is encapsulated in the metallacages built with 1,3,5-tris{2-(pyridin-4-yl)vinyl} benzene panels (M5 and M6), the difference between phototoxicity and toxicity is limited. On the other hand, when the metallated photosensitizers (G3 and G4) are encapsulated in the 1,2,4,5-tetrakis{2-(pyridine-4-yl)vinyl} benzene derivative (M4), no phototoxicity is observed, suggesting a strong interaction between the host and guest, which shields the photosensitizer. Nevertheless, in all systems, PDT gives rise to the overexpression of COX-2 and PGE 2 . However, we have also observed that when a lower concentration of the drug is used, this overexpression is significantly reduced. Surprisingly, does not seem to be involved in this COX-2 overexpression, despite being previously reported. This indicates that other cytokines are responsible for this overexpression of COX-2. With a few exceptions, all systems show encouraging results, and further in vitro investigations should be performed and other host-guest systems evaluated in order to validate our strategy; however, we think our results show an interesting method for the treatment of RA by PDT. This work, added to those already reported in the last three decades, both in vitro and in vivo, show the inherent potential that PDT could have in the treatment of RA.
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Figure 1 .

 1 Figure 1. Excitation of PS to reach the singlet state. The electron can return to the ground state (fluorescence) or pass to the intermediate triplet state (phosphorescence), where it can quench with O2, giving rise to ROS. The ROS cause the cell death by oxidative stress.

Figure 2 .

 2 Figure 2. Type I mechanism: transfer of energy to a substrate and from this to oxygen. Type II mechanism: direct transfer of energy to oxygen.

Figure 3 .

 3 Figure 3. Development of PDT from 1900 until approval of the first drug in 1993 [5].
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 45 Figure 4. Left; absorption of oxyhemoglobin (red) and hemoglobin (red) in the visible spectrum. The molar extinction coefficients were compiled by Scott Prahl using data from W. B. Gratzer, Med. Res. Council Labs, Holly Hill, London and N. Kollias, Wellman Laboratories, Harvard Medical School, Boston. Right; absorption of Eumelanin (black) and Pheomelanin (orange), two types of melanin in human [15].

Figure 6 .

 6 Figure 6. Representation of the major tissues in the synovial tissue connecting the bones in the joints.

Figure 7 .

 7 Figure 7. Health FLSs (left) and pro-inflammatory environment with damaged cartilage in RA (right).

Figure 8 .

 8 Figure 8. Extraction, digestion and isolation of FLS to be use in the in vitro evaluation.

Figure 9 .

 9 Figure 9. Toxicity of DMSO in the FLS from the five patients after 24 h of exposure. Finger 71 years woman (71F), 60 years (60F), 72 years (72F), hip 69 years woman (69P) and hand 65 years woman (65H) Antiproliferative assays were performed by MTT assays. Statistical significance by two-tailed unpaired Student's t-test, P-value < 0.001 (***).

Figure 10 .

 10 Figure 10. PS used in the treatment of RA by PDT from the first results reported until our work.

Figure 11 .

 11 Figure 11. Protic ligands used as spacer in the arene ruthenium bimetallic complex. Form left to right: oxalic acid, 2,5-dioxydo-1,4-benzoquinona, 5,8-dioxydo-1,4-naphthoquinona and 6,11-dioxydo-5,12naphthacenediona.

Figure 12 .

 12 Figure 12. Panel ligands used to give rise to prismatic o cubic metallacages. From left to right: 2,4,6tri(pyridin-4-yl)-1,3,5-triazine, 1,2,4,5-tetrakis{2-(pyridine-4-yl)vinyl}benzene and 1,3,5-tris{2-(pyridin-4-yl)vinyl}benzene.

Scheme 6 .

 6 Scheme 6. Synthesis of metallacages using the PS (5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine) as panel ligands.
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 1351 Figure 13. DOSY NMR spectrum of metallacage with PS (porphine) in the inner cavity. 1 H signals of metallacage (1), PS (2), acetone (3) and water (4).

2 .CHAPTER 6 -RESULTS AND DISCUSSION 6 . 1

 2661 Size of the ligand panel. b) Study of the photoactive organic compounds that can be host in the internal cavity of the metallacages. c) Isolation and characterization of the systems Cage-PS. d) Study, synthesis and characterization of tetra-and bi-pyridylporphyrins with arene ruthenium complexes to improve the solubility in biological media. In vitro evaluation of the compounds as PS for PDT in human RA FLS and in SW982 synovial sarcoma cells. a) Isolation of FLS from RA patients. b) Evaluation of the antiproliferative activity after PDT in human RA FLS. c) Evaluation of anti-inflammatory activity: -Quantification in cultured supernatants of pro-inflammatory cytokine IL-1β. -Expression of cyclooxygenase-2 (COX-2), enzyme responsible for the formation of pathological prostaglandins. Quantification in cultured supernatants of PGE2 (proinflammatory mediator of arachidonic acid metabolism). d) Evaluation of antiproliferative activity and apoptosis in SW982 synovial sarcoma cells using the tetra-and bi-pyridylporphyrins with arene ruthenium complexes. Evaluation of ruthenium-based assemblies as carriers of PS to treat RA by PDT.

  (pyridin-4-yl)vinyl}benzene for the prismatic structures (M1, M2, M3, M5 and M6), and 1,2,4,5-tetrakis{2-(pyridine-4-yl)vinyl}benzene for the cube (M4). In the dinuclear arene Ru(II) complexes, the two metal atoms are linked by 2,5-dioxydo-1,4-benzoquinonato, 5,8dioxydo-1,4-naphthoquinonato, or 6,11-dioxydo-5,12-naphthacenedionato ligands (Figure 15). These three heterocycles differ primarily in the number of aromatic rings, varying the volume of the complex and directly influencing the deformation of the structure in solution, and being able to change the stability of the G⊂M system.

Figure 14 .

 14 Figure 14. Photosensitizers used in this work. From left to right: 21H,23H-porphine (G1), Mg(II)porphine (G2), 29H,31H-phthalocyanine (G3) and Zn(II)-phthalocyanine (G4).

Figure 15 .

 15 Figure 15. Structures of ruthenium(II) metallacages used in this work. The photosensitizer is represented by a sphere (PS), 21H,23H-porphine (G1) was hosted in M1-M6, Mg(II)-porphine (G2) in M1, M4, and M6, 29H,31H-phthalocyanine (G3) and Zn(II)-phthalocyanine (G4) in M4-M6.

  M3 contain the same panel ligand (2,4,6-tri(pyridin-4-yl)-1,3,5-triazine) and vary only in the spacer ligand, being 2,5-dioxydo-1,4-benzoquinonato, 5,8-dioxydo-1,4-naphthoquinonato, and 6,11-dioxydo-5,12-naphthacenedionato respectively. With the same PS (G1), the IC50

Figure 16 .

 16 Figure 16. Emission spectra of M5 with G3 or G4 (left) and M6 with G1 or G2 (right). 10 nM concentration in DMSO at 25 °C.

Figure 17 .

 17 Figure 17. Differences in the relaxation process with or without metal in the tetrapyrrole. The presence of the metal favors fluorescence, while its absence decreases fluorescence in favor of intersystem crossing.

Figure 18 .

 18 Figure 18. Results of the MTT assays using G3⊂M6 (black) or G4⊂M6 (red), in absence of light (dashed line) and after irradiation (solid line). Statistical significance determined by the two-tailed unpaired Student's t-test, p-value < 0.001 (***).

Figure 19 .

 19 Figure 19. COX-2 expression by Western blot after PDT. The numbers correspond to the entries in Table1. 2•10 6 FLSs were cultured in DMEM complete medium (FBS 10%, L-glutamine 1%, penicillin 100 U/mL, streptomycin 100 µg/mL) for 24 h and treated with the corresponding system G⊂M. After 24 h, the medium was replaced by a DMEM complete medium without red phenol, and then irradiated (RI) or not (NI) using red light (630 nm and 72 J/cm 2 for 30 min). After 18 h, LPS (1 µg/mL) was added to the medium to stimulate the expression of COX-2, and 4 h later the trypsinization was carried out. βactin was used as a protein loading control. All experiments were done in triplicate. Control samples were treated as treated cells (see Experimental section).

  Co 2+ quench fluorescence because of electron transfer between the excited compound and the metal cation[102]. Consequently, no PDT effect should be observed for the Co-C2 metallacage if such quenching phenomenon is also observed in our systems.

Figure 21 .

 21 Figure 21. The benzoquinonato and oxalato dinuclear arene ruthenium clips with the distances between the metallic atoms, as well as the structures of the TPyP derivatives: 5,10,15,20-tetra(pyridyl-4-yl)-21H,23H-porphine (H2-TPyP), Zn(II)-5,10,15,20-tetra(pyridyl-4-yl)porphine (Zn-TPyP) and Co(II)-5,10,15,20-tetra(pyridyl-4-yl)porphine (Co-TPyP).

Figure 23 .

 23 Figure 23. Comparation between UV-vis absorption (left) and fluorescence emission (right) spectra of C2, Zn-C2 and Co-C2.

Figure 25 .

 25 Figure 25. COX-2 expression after PDT determinated by Western blot. Cells (2•106 ) were cultured in DMEM (FBS 10%, L-glutamine 1%, Penicillin 100 U/mL, Streptomycin 100 µg/mL) during 18 h and treated with the corresponding PS. After 24 h, the medium was replaced by DMEM without red phenol and irradiated at 630 nm (72 J/cm 2 for 30 min). After 18 h, LPS (1 µg/mL) was added in the medium to stimulate the expression of COX-2 during 4 h. Finally, trypsinization and isolation of cells was performed. β-Actin was used as a protein loading control in Western blot. All experiments were done in triplicate. Non-irradiated cells were treated as irradiated cells (see Experimentation section). Control samples were treated as treated cells.

  limitations. The poor solubility of PSs, low concentration of oxygen in the target tissue and skin photosensitivity after treatment are the most common[125]. PDT in RA and cancer share most of the drawbacks, so as in RA many PSs used in PDT to treat cancer have low physiological solubility and this could lead to increase doses of the drug, giving rise to side effects such as skin photosensitivity[125]. However, as we explain in this thesis for RA, this skin photosensitivity after PDT can be solved using PSs that need very low concentrations to be efficient and being totally inactive in the absence of light. One of the solutions used in the treatment of cancer by PDT to enhance the drug solubility without increasing the dose is the encapsulation of the PS in nanoparticles [126], coordination to peptides[127] or entrapment in lysosomes[128]. Another reported method to improve the solubility of the drug is the design of PSs incorporating hydrophilic substituents like sulfonate [129] or phosphonate (-PO(OR)2)[130]. In some cases, a solvent (other than water) can be used in which the PS is soluble. However, it is necessary to consider the toxicity of that solvent and the stability of the PS, since some of these solvents are not innocent and could degrade the drug before activation [131], impairing their effectiveness. As regards the lack of O2 in the target tissue, the accelerated growth of cancer cells generally leads to diminishing concentrations of O2 [132,133], which reduces the possibilities of an efficient production of ROS. To solve this problem, some research groups have proposed to oxygenate the tumor tissue by hyperbaric oxygen therapy (HBO2), prior to PDT [134].

Figure 26 .

 26 Figure 26. Structure of functionalized tetrapyridylporphyrin arene ruthenium complex.

  in 1972. The dimer d2 is a more recent analogue [144] and its reactivity remained unexplored. Our group had already reported the synthesis of P1 ([Ru4(pcymene)4(TPyP)Cl8]) [141]. In this work we report the synthesis of new derivatives (with TPyP and Zn-TPyP) involving the dimer d2, giving rise to the photosensitizer P2 ([Ru4(PhPrOH)4(TPyP)Cl8]) and P4 ([Ru4(PhPrOH)4(Zn-TPyP)Cl8]. Also, we use in this work the dimer d1 to give rise to the new compound P3 ([Ru4(p-cymene)4(Zn-TPyP)Cl8]), using the same methodology (see Experimental section). P1-P4 remain stable and unchanged at 4 °C for at least six months in the solid state. These compounds are soluble in DMSO, but they have poor solubility in other solvents such as water, dichloromethane, chloroform, benzene, acetonitrile, acetone and ethanol. Also, we noted that P2 easily precipitates after a few minutes in DMSO. In addition, we report the synthesis and characterization of four new derivatives (P5-P8), based on the tetrapyrrole 5,15-diphenyl-10,20-di(pyridin-4-yl)porphyrin (DPhDPyP), using the same method described to P1-P4 (Scheme 8) but with 1:1 molar ratio. The reason to consider the synthesis with this porphyrin is to study the influence of the number of arene ruthenium complexes coordinated to the porphyrin in terms of its efficacy in PDT. The reactions with the dimers d1 and d2 produce the compounds P5 ([Ru2(p-cymene)2(DPhPyP)Cl4]) and P6 ([Ru2(PhPrOH)2(DPhDPyP)Cl4]) respectively. Their Zn analogues are synthesized from the Zn-DPhDPyP porphyrin, giving rise to P7 ([Ru2(p-cymene)2(Zn-DPhDPyP)Cl4]) and P8

[

  150], like 5,10,15,20-tetra(m-hydroxyphenyl)chlorin (FOSCAN) [151-153]. Thus, addition of aliphatic alcohol at the periphery of a photosensitizer seems to be positive in our systems, improving the PDT effect.

Figure 27 .

 27 Figure 27. MTT assays in PDT on SW982 synovial sarcoma cells using P2 as PS. Irradiation 24 h after addition of PS (630 nm, 72 J/cm 2 for 30 min). Two-tailed Student's t-test significance, P<0.05 (*) and P<0.001 (***).

Figure 28 .

 28 Figure 28. Fluorescence spectra of P1 and P3 (10 nM in DMSO).

2

  photocytotoxicity results reported here. For example, a collagen-induced arthritis model in the Wistar rat would make it possible to analyze the bioavailability of our molecules, to analyze ex vivo COX-2 expression and to quantify both pro-inflammatory cytokines (IL-1β, TNFα) 

8 (

 8 abbreviations are used for describing the signals in the NMR spectra: s (singlet), d (doublet),

3 (

 3 .50.0 mg (0.069 mmol) of [Ru2(p-cymene)2(5,8-dioxydo-1,4naphthoquinonato)Cl2] and 35.5 mg (0.138 mmol) of AgCF3SO3 were dissolved in 20 ml of methanol and stirred for 2 h at r.t. After that, silver chloride was filtered off. In the remaining solution, 14.6 mg (0.046 mmol) of 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine and 7.1 mg (0.023 mmol) of G1 were added, and the solution was refluxed and stirred for 18 h. The solvent was then removed by vaccum and the resulting oily dark green solid was dissolved in 20 mL of CH2Cl2. The solution was concentrated to approximately 3 ml, and 5 mL of Et2O were added dropwise. The resulting precipitate was filtered and dried under vacuum. Yield 52% (45 mg).1 H NMR (CD3CN, 25 °C, 600 MHz): δ 9.17 (d, 3 JHH = 6.0 Hz, 12H, CHnaphce), 8.44 (d, 3 JHH = 4.1 Hz, 12H, CHnaphce), 8.24 (d, 3 JHH = 6.3 Hz, 12H, CHpy), 8.00 (s, 4H, CHporphine), 6.89 (s, 8H, CHporphine), 5.91 (d, 3 JHH = 6.4 Hz, 12H, CHpy), 5.87 (d, 3 JHH = 5.9 Hz, 12H, CHcym), 5.57 (d, 3 JHH = 5.8 Hz, 12H, CHcym), 2.95 (m, 6H, CHiPr), 1.97 (overlapped singlet, 18H, CH3), 1.32 (d, 3 JHH = 7.0 Hz, 36H, CH3 iPr). 13 C NMR (CD3CN, 25 °C, 150 MHz): δ 170.4 (C-O), 164.3 (Cq), 152.1 (CHpy), 140.7 (Cq), 134.6 (CHnaphce), 130.1 (CHporph), 128.4 (CHnaphce), 122.8 (Cq), 122.CHpy), 120.7 (Cq), 107.9 (Cq), 104.4 (Ccym), 103.3 (CHporph), 100.3 (Ccym), 84.9 (CHcym), 83.0 (CHcym), 31.0 (CHiPr), 22.0 (CH3 iPr), 17.3 (CH3). ESI-MS, m/z, 1120 [M2+G1-3OTf] 3+ . UV/vis(DMSO), λ, nm (ε, M -1 .cm-1 ): 454 (132400), 488 (117700), 567 (54300), 648 (62900). FT-IR (ATR, solid, cm-1 ): ν; br s (3700-3100), s (2995), s (1524), s (1516). Synthesis of G1⊂M3. 50.0 mg (0.060 mmol) of [Ru2(p-cymene)2(6,11-dioxydo-5,12naphthacenedionato)Cl2] and 31.0 mg (0.120 mmol) of AgCF3SO3 were dissolved in 20 ml of methanol and stirred for 2 h at r.t. Then, silver chloride was filtered off. To the remaining solution, 12.5 mg (0.040 mmol) of 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine and 6.2 mg (0.020 mmol) of G1 were added, and the solution was refluxed and stirred for 18 h. The solvent was removed by vacuum and the resulting oily dark green solid was dissolved in 20 mL of CH2Cl2.

  Survival rate, measured by trypan blue dye exclusion[162] at the start and the end of culture, was always greater than 95 %. FLS (1.10 5 ) from RA patients were used for an indirect immunofluorescence study[163]. The following monoclonal antibodies were used: 5B5 (antiprolyl hydroxylase) for fibroblasts at a 1/50 dilution (Dako, Burlingame, CA, USA), JC/70A (anti-CD31), for endothelial cells at 1/50 (Dako), and RMO52 (anti-CD14) for macrophages at 1/50 (Immunotech). The negative control was a mouse antibody of the same isotype (Immunotech). Incubations were performed at room temperature for 30 min. Binding of monoclonal antibodies was visualized using fluorescein (DTAF)-conjugated goat anti-mouse antibody (Immunotech) at 1/50 dilution.
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 1 Figure 1. Standard Photodynamic Therapy (PDT) process involving a photosensitizer (PS), oxygen, and light.
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 1 Figure 1. Standard Photodynamic Therapy (PDT) process involving a photosensitizer (PS), oxygen, and light.
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 2 Figure 2. Molecular structure of benzoporphyrin monoacid ring A (BPD-MA).
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 2 Figure 2. Molecular structure of benzoporphyrin monoacid ring A (BPD-MA).

5

 5 

Figure 3 .

 3 Figure 3. Structure of Photofrin [31].
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 3 Figure 3. Structure of Photofrin [31].
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 4 Figure 4. Monomeric structure of Photosan-3.
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 4 Figure 4. Monomeric structure of Photosan-3.
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 5 Figure 5. Molecular structure of [Na][ATX-S10].
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 5 Figure 5. Molecular structure of [Na][ATX-S10].
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 6 Figure 6. Molecular structure of Talaporfin sodium.
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 6 Figure 6. Molecular structure of Talaporfin sodium.
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 7 Figure 7. Molecular structure of meso-tetra(hydroxyphenyl)chlorin, Temoporfin (m-THPC).
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 7 Figure 7. Molecular structure of meso-tetra(hydroxyphenyl)chlorin, Temoporfin (m-THPC).
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Figure 8 .

 8 Figure 8. Simplified representation of the photochemical internalization (PCI) of Gelonin using PDT [52,53].
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 8 Figure 8. Simplified representation of the photochemical internalization (PCI) of Gelonin using PDT [52,53].
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 9 Figure 9. Pheophorbide A (blue) linked to a modified lysine polymer [60].
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 9 Figure 9. Pheophorbide A (blue) linked to a modified lysine polymer [60].
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 10 Figure 10. Molecular structures of four drugs tested as PSs to treat RA by PDT.
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 10 Figure 10. Molecular structures of four drugs tested as PSs to treat RA by PDT.
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 11 Figure 11. The molecular structure of hypericin.
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 11 Figure 11. The molecular structure of hypericin.
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 12 Figure 12. Molecular structure of encapsulated anionic PS in chitosan-based nanogel [78].

Figure 12 .

 12 Figure 12. Molecular structure of encapsulated anionic PS in chitosan-based nanogel [78].
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 13 Figure 13. Molecular structure of Indocyanine Green.

Figure 13 .

 13 Figure 13. Molecular structure of Indocyanine Green.

  28 isopropyl-benzene (p-cymene) or the less common phenylpropanol (PhPrOH) derivative. The porphyrin 29 derivatives are coordinated to four arene ruthenium units or only two, in accordance with the number of 30 pyridyl substituents at the periphery of the porphyrins, 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine 31 (TPyP) and 5,15-diphenyl-10,20-di(pyridin-4-yl)porphyrin (DPhDpyP). All eight complexes were 32 evaluated as anticancer agents on synovial sarcoma cells, in the presence and absence of light, suggesting 33 that both the arene ligand and the porphyrin core substituent can play a crucial role in fine-tuning the 34 photodynamic activity of such organometallic photosensitizers. 35 KEYWORDS: photodynamic therapy, porphyrins, arene ruthenium, synovial sarcoma.

Fig. 1 .

 1 Fig. 1. Basic outline of the principles of PDT. The photosensi-

Fig. 2 .

 2 Fig. 2. Upon excitation to a triplet state, an electron can return

Fig. 3 .

 3 Fig. 3. Representation of the synovial tissue that connects the bones in the joints (only major tissues are represented).

Fig. 4 .

 4 Fig. 4. Structure of a functionalized tetrapyridylporphyrin arene ruthenium complex.

  12 In the present work, we show the synthesis and char-13 acterization of eight arene ruthenium complexes with 14 tetrapyridylporphyrin or dipyridylporphyrin photosensi-15 tizers as a central ligand. For comparison, other deriva-16 tives incorporating different arene ligands, having two or 17 four pyridyl groups, and with or without a metal in the 18 core of the porphyrin have been synthesized and charac-19 terized. All new complexes were evaluated in vitro, in the 20 presence and absence of light on synovial sarcoma cells.

  d1 and d2 give rise to the photosensitizers P5 ([Ru2(p-cymene)2(DPhPyP) Cl4]) and P6 ([Ru2(PhPrOH)2(DPhPyP)Cl4]) respectively, while P7 ([Ru2(p-cymene)2(Zn-DPhPyP)Cl4]) and P8 ([Ru2(PhPrOH)2(Zn-DPhPyP)Cl4]) are synthesized from the Zn-porphyrin analogue, with d1 and d2 respectively. The yields are a bit lower than those observed with TPyP, between 51-67%. Like P1-P4, compounds P5-P8 are soluble in DMSO. They also remain unaltered at 4 °C for at least 6 months in the solid state. All compounds are stable in DMSO for at least 1 hr. After that, new signals can be seen in the 1 H-NMR spectrum ( 1%), which can be attributed to the decomposition or transformation of the compound by ligand exchange with DMSO [29].

57 Scheme 2 .Fig. 5 .

 5725 Scheme 2. Synthesis of photosensitizers P5-P8 from dimers d1 and d2.

Fig. 6 .

 6 Fig. 6. Fluorescence spectrum of P1 and P3 (10 nM in DMSO).

  1 H NMR (DMSO-d6, 25 °C, 500 MHz):  9.08 (m, 8H, CHpy), 8.92 (br s, 8H, CHporph), 8,28 (m, 8H, CHpy), 5.98 (m, 8H, m-CHar), 5.76 (over-P5. Yield 51% (51 mg). 1 H NMR (CDCl3, 25 °C, 400 MHz):  9.47 (m, 4H, CHpy), 8.87 (m, 10H, CHPh), 8.21 (m, 8H, CHporph and CHpy), 7.78 (br s, 4H, CHporph), 5.69 (d, 3 JHH = 5.72 Hz, 4H, CHar), 5.47 (d, 3 JHH = 5.48 Hz, 4H, CHar), 3.20 (m, 2H, CH iPr), 2.23 (s, 6H, CH3), 1.47 (d, 3 JHH = 6.86 Hz, 12H, CH3 iPr), -2.81 (s, 1H, NH), -2.87 (s, 1H, NH). 13 C NMR (CDCl3, 25 °C, 101 MHz):  153.04 (Cpy), 141.76 (Cph), 134.54 (Cpy), 130.20 (Cph), 127.97 (Cpy), 126.77 (Cporph), 121.55 (Cporph), 120.
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 2021171 Figure 1. Typical ruthenium-based assemblies used as PS carrier for cellular internalization and subsequent activation of PS by irradiation, giving rise to ROS.
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 2 Figure 2. Photosensitizers used in this work. From left to right, 21H,23H-porphine (G1), Mg(II)-porphine (G2), 29H,31Hphthalocyanine (G3) and Zn(II)-phthalocyanine (G4).
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 2 Figure 2. Photosensitizers used in this work. From left to right, 21H,23H-porphine (G1), Mg(II)-porphine (G2), 29H,31Hphthalocyanine (G3) and Zn(II)-phthalocyanine (G4).

  complexes [Ru 2 (p-cymene) 2 (2,5-dioxydo-1,4-benzoquinonato)Cl 2 ], [Ru 2 (pcymene) 2 (5,8-dioxydo-1,4-naphthoquinonato)Cl 2 ], [Ru 2 (p-cymene) 2 (6,11-dioxydo-5,12naphthacenedionato)Cl 2 ] [23], and the ligands 2,4,6-tris(pyridin-4-yl)-1,3,5-triazine [24], 1,3,5-tris{2-(pyridin-4-yl)vinyl} benzene [25], and 1,2,4,5-tetrakis{2-(pyridine-4-yl)vinyl} benzene

Figure 3 .

 3 Figure 3. Structures of ruthenium(II) metallacages used in this work. The photosensitizer is represented by a sphere (PS), 21H,23H-porphine (G1) was inserted in M1-M6, Mg(II)-porphine (G2) in M1, M4, and M6, 29H,31H-phthalocyanine (G3) and Zn(II)-phthalocyanine (G4) in M4-M6.
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 3 Figure 3. Structures of ruthenium(II) metallacages used in this work. The photosensitizer is represented by a sphere (PS), 21H,23H-porphine (G1) was inserted in M1-M6, Mg(II)-porphine (G2) in M1, M4, and M6, 29H,31H-phthalocyanine (G3) and Zn(II)-phthalocyanine (G4) in M4-M6.
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 4 Figure 4. Emission spectra of M5 with G3 or G4 (left) and M6 with G1 or G2 (right), in DMSO at 25 °C (10 nM concentration).
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 4 Figure 4. Emission spectra of M5 with G3 or G4 (left) and M6 with G1 or G2 (right), in DMSO at 25 • C (10 nM concentration).
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 5 Figure 5. MTT assays of G3⊂M6 (black) and G4⊂M6 (red), in the dark (dashed line) and after irradiation (solid line). Statistical significance determined by the two-tailed unpaired Student's t-test, p-value < 0.001 (***).
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 5 Figure 5. MTT assays of G3⊂M6 (black) and G4⊂M6 (red), in the dark (dashed line) and after irradiation (solid line). Statistical significance determined by the two-tailed unpaired Student's t-test, p-value < 0.001 (***).
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 6 Figure 6. Effects of the systems tested on COX-2 expression after PDT. The numbers correspond to the entries in Table1. Cells (2 × 10 6 ) were cultured in DMEM medium (FBS 10%, L-glutamine 1%, penicillin 100 U/mL, Streptomycin 100 µg/mL) for 24 h and treated with the corresponding system G⊂M. After 24 h, the medium was replaced by a DMEM medium without red phenol, and then irradiated (RI) or not (NI) by 630 nm irradiation (40 mW/cm 2 , 30 min). After 18 h, LPS (1 µg/mL) was added to the medium to stimulate the expression of COX-2, and 4 h later the trypsination was carried out. COX-2 expression was determined by Western Blot and β-actin was used as a protein loading control. All experiments were done in triplicate.
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 6 Figure 6. Effects of the systems tested on COX-2 expression after PDT. The numbers correspond to the entries in Table1. Cells (2 × 10 6 ) were cultured in DMEM medium (FBS 10%, L-glutamine 1%, penicillin 100 U/mL, Streptomycin 100 µg/mL) for 24 h and treated with the corresponding system G⊂M. After 24 h, the medium was replaced by a DMEM medium without red phenol, and then irradiated (RI) or not (NI) by 630 nm irradiation (40 mW/cm 2 , 30 min). After 18 h, LPS (1 µg/mL) was added to the medium to stimulate the expression of COX-2, and 4 h later the trypsination was carried out. COX-2 expression was determined by Western Blot and β-actin was used as a protein loading control. All experiments were done in triplicate.

  1 H NMR spectrum of G1⊂M2 in CD 3 CN at 25 • C, Figure S2: 13 C NMR spectrum of G1⊂M2 in CD 3 CN at 25 • C, Figure S3: 1 H-1 H COSY NMR spectrum of G1⊂M2 in CD 3 CN at 25 • C, Figure S4: DOSY NMR spectrum of G1⊂M2 in CD 3 CN at 25 • C, Figure S5: 1 H-13 C HSQC NMR spectrum of G1⊂M2 in CD 3 CN at 25 • C, Figure S6: 1 H-13 C HMQC NMR spectrum of G1⊂M2 in CD 3 CN at 25 • C, Figure S7: ESI-MS spectrum

  

  

  

G ⊂ M PGE2 (pg/mL) IL-1β (pg/mL)

  

	6			
	Ctrl	-	286.6 ± 0.1	1.8 ± 0.7
	1	G1 ⊂ M1	460.8 ± 4.3	2.3 ± 1.2
	2	G1 ⊂ M2	471.2 ± 3.4	1.9 ± 1.0
	3	G1 ⊂ M3	445.1 ± 4.7	2.8 ± 0.1
	4	G1 ⊂ M4	378.3 ± 14.2	3.2 ± 0.4
	5	G1 ⊂ M5	407.4 ± 14.5	2.1 ± 0.2
	6	G1 ⊂ M6	439.2 ± 10.1	1.6 ± 0.1
	7	G2 ⊂ M1	476.8 ± 3.4	1.9 ± 0.6
	8	G2 ⊂ M4	473.6 ± 7.5	1.4 ± 0.2
	9	G2 ⊂ M6	430.6 ± 1.4	2.2 ± 0.2
	10	G3 ⊂ M5	368.2 ± 26.5	2.4 ± 0.4
	11	G3 ⊂ M6	425.2 ± 2.7	0.1 ± 0.1

.2 Ruthenium-based assemblies incorporating tetrapyridylporphyrin panels: A PS delivery strategy for the treatment of RA by PDT.

  

Table 3 .

 3 Results of the MTT assays. MTT assays of C1 in the dark (grey line) and after irradiation (630 nm, 72 J/cm 2 for 30 min) (red line) in RA FLS. Statistical significance determined by the two-tailed unpaired Student's t-test, pvalue < 0.001 (***).

			Irradiation after 24 h of incubation with PS, λ = 630 nm, 40
	mW/cm 2 for 30 min. IC50 values were calculated fitting the curve to a second-degree polynomial ± 3
	sigma deviations. The maximum concentration tested was 1000 nM. Quantum yield (ɸF) was calculated
	using TPP as an internal standard at 25 °C. Phototoxic index (PI) is the ratio between cell viability in
	the dark and after irradiation. * Not determined (n.d.).		
	PS	IC50 (nM) light	IC50 (nM) dark	ɸF (%)	PI
	C1	8 ± 3	> 1000	0.9	> 125
	Zn-C1	91 ± 7	> 1000	2.7	> 11
	C2	22 ± 7	> 1000	1.7	> 46
	Zn-C2	185 ± 8	> 1000	2.8	> 5
	Co-C2	> 1000	> 1000	0	n.d.*

In C1 and Zn-C1 the distance

  5 Å [107].

	is related to the benzoquinonato ligand, and it is ≈ 7.8 Å [108]. Therefore, a larger spacer
	suggests less quenching, which leads to greater PDT effectiveness, in agreement with the results
	obtained.

Table 4 .

 4 Quantification of PGE2 and IL-1β. The assays were performed according to the protocol provided by the ELISA kit in triplicate. Data were processed as explained in this protocol. Cells were treated with PDT with each of the indicated compounds as described in the experimental section. At 18 h after the irradiation dose (without PS), the control sample was treated with 1 µg/mL LPS in the culture medium, the cells were incubated for 4 h, trypsinised and the supernatant was recovered. Results are expressed as the average of three independent experiments. * Not determined (n.d.).

	PS	PGE2 (

pg/ml) IL-1β (pg/ml)

  

	Ctrl	286.6 ± 0.1	1.8 ± 0.7
	C1	352.2 ± 21.0	2.1 ± 0.7
	Zn-C1	444.4 ± 7.4	1.8 ± 1.4
	C2	390.0 ± 11.8	2.0 ± 1.2
	Zn-C2	457.1 ± 1.9	1.6 ± 0.4
	Co-C2	n.d. *	n.d.

* 6

.3 Combination of tetrapyridylporphyrins and arene ruthenium (II) complexes to treat synovial sarcoma by PDT.

  

	The use of PDT to treat certain types of cancer is much more widespread and studied than in
	the case of RA. During the last decades, PDT in cancer has been one of the most fast-growing
	therapies against skin cancer [110,111], acne [112,113] and other skin diseases [114,115]. The
	FDA have approved the use of PDT in numerous pathologies like advanced cutaneous T-cell
	lymphoma, actinic keratosis, basal cell skin cancer, Barrett esophagus, esophageal cancer, non-
	small cell lung cancer and squamous cell skin cancer. Moreover, other types of cancer and more
	pathologies such as bacterial infections [116,117] and the cancer studied in this work, synovial

sarcoma

[118,119]

, are also under PDT investigations, in addition to the one already described in this thesis, the RA

[32,120]

.

About

10% of soft tissue cancers that are diagnosed are synovial sarcoma. It is the fourth most common soft tissue cancer [121]. Synovial sarcoma usually develops in the adjacent area of large joints such as the synovial membrane, bursae, tendons and joint capsules, without affecting the fluid inside the joints. The incidence in man is higher than in woman and commonly develops between 15 and 40 years old. [122]. It is a slow-growing cancer, and often detected late, since its benign appearance and slow progression are confused by pain from trauma or injury. The causes of synovial sarcoma are not yet completely understood [118]. The common treatment requires invasive surgery where tumoral tissues are removed [123].

  Cl2] and 37.8 mg (0.148 mmol) of AgCF3SO3 were dissolved in 20 ml of methanol and stirred for 2 h at r.t. Then, precipitated silver chloride was filtered off. To the remaining solution, 15.4 mg (0.049 mmol) of 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine and 8.1 mg (0.025 mmol) of G2 were added, and the solution was refluxed and stirred for 18 h. The solvent was then removed by vaccum and the resulting oily dark green solid was dissolved in 20 mL of CH2Cl2. The solution was concentrated to 3 ml, and 5 mL of Et2O were added dropwise.

	149.9 (Cq), 147.7 (Cq), 138.1 (CHpy), 128.6 (CH=C), 127.6 (CH=C), 123.6 (CHnaph), 122.8 (Cq), 142.06 (Cpy), 128.16 (Cpy), 128.10 (Cporph), 125.46 (Cpy), 107.83 (Cpropanol), 88.79 (m-Car), 84.80
	112.1 (Cq), 104.1 (Ccym), 99.7 (Ccym), 84.7 (CHcym), 83.7 (CHcym), 31.0 (CHiPr), 21.9 (CH3 iPr), (o-Car), 82.91 (p-Car), 59.89 (CH2), 32.04 (CH2), 29.42 (CH2). UV/vis (DMSO), λ, nm (ε,
	16.9 (CH3). ESI-MS, m/z, 880 [M4+G2-5OTf] 5+ . UV/vis (DMSO), λ, nm (ε, M -1 .cm -1 ): 536 M -1 .cm -1 ): 445 (262300), 523 (197400), 588 (152500), 638 (125300). FT-IR (ATR, solid, cm -
	(137900), 572 (80300), 610 (64600). FT-IR (ATR, solid, cm -1 ): ν; s (3089), s (2947), s (2911), 1 ): ν; br s (3700-3200), s (3108), s (2916), s (2824), s (1614), s (1418).
	s (2861), s (1619), (1554).
	Synthesis of G2⊂M6. 50 mg (0.069 mmol) of [Ru2(p-cymene)2(5,8-dioxydo-1,4-
	naphthoquinonato)Cl2] and 35.5 mg (0.138) of AgCF3SO3 were dissolved in 20 ml of methanol
	and stirred for 2 h at r.t. Then, precipitated silver chloride was filtered off. To the remaining
	solution, 17.8 mg (0.046 mmol) of panel ligand 1,3,5-tris{2-(pyridin-4-yl)vinyl}benzene and
	7.6 mg (0.023 mmol) of G2 were added, and the solution was refluxed and stirred for 18 h. The
	1 H NMR (CD3CN, 25 °C, 600 MHz): δ 8.68 (s, 4H, CHporphine), 8.21 (d, 3 JHH = 6.3 Hz, 12H, CHpy), 7.92 (s, 12H, CHnaph), 7.71 (s, 8H, CHporphine), 6.12 (d, 3 JHH = 5.7 Hz, 12H, CHpy), 5.68 (d, 3 JHH = 5.8 Hz, mg (0.017 mmol) of G2 were added, and the solution was refluxed and stirred for 18 h. The solvent was then removed by vacuum and the resulting oily dark green solid was dissolved in 20 mL of CH2Cl2. The solution was concentrated to 3 ml, and 5 mL of Et2O were added dropwise. The precipitate was filtered and dried under vacuum. Yield 59 % (52 mg). 1 H NMR (CD3CN, 25 °C, 600 MHz): δ 10.02 (s, 4H, CHMg-porphine), 9.13 (s, 8H, CHMg-porphine), 8.18 (d, Synthesis of P2. In a 100 mL round bottom flask, a solution containing 60.0 mg (0,098 mml) of d2 and 30.1 mg (0,049 mmol) of TPyP in 30 mL of methanol, was prepared. The solution was heated at reflux for 12 h, then cooled to room temperature. The solution is filtered off, the resulting brown solid was washed with Et2O (5 x 10 mL) and dried by vacuum. 12H, CHcym), 5.43 (d, solution, 16.81 mg (0.034 mmol) of 1,2,4,5-tetrakis{2-(pyridine-4-yl)vinyl} benzene and 5.7 3 JHH = 5.1 Hz, 16H, CHpy), 7.49 (d, 3 JHH = 15.1 Hz, 8H, CH=C), 7.20 (m, 40H, CHnaph, CHpy, P2. Yield 86 % (78 mg). 1 H NMR (DMSO-d6, 25 °C, 500 MHz): δ 9.08 (m, 8H, CHpy), 8.92

3 

JHH = 5.9 Hz, 12H, CHcym), 2.84 (m, 3 JHH = 6.8 Hz, 6H, CHiPr), 1.99 (s, 18H, CH3), 1.33 (d,

3 

JHH = 6.9 Hz, 36H, CH3 iPr).

13 

C NMR (CD3CN, 25 °C, 150 MHz): δ 171.9 (C-O), 164.5 (Cq), 152.3 (CHpy), 140.9 (Cq), 138.9 (CHnaph), 130.9 (CHporph), 124.9 (Cq), 122.8 (CHpy), 122.5 (CHpy), 120.7 (Cq), 112.5 (Cq), 104.4 (Ccym), 103.9 (CHporph), 100.3 (Ccym), 85.0 (CHcym), 83.7 (CHcym), 31.0 (CHiPr), 21.9 (CH3 iPr),

16.8 (CH3)

. UV/vis (DMSO), λ, nm (ε, M -1 .cm

-1 

): 489 (53700), 573 (40200), 623 (62900). FT-IR (ATR, solid, cm

-1 

): ν; br s (3700-3100), br s (3092), s (2992), s (2915), s (1531), s (1502).

Synthesis of G2⊂M1.

50 mg (0.074 mmol) of [Ru2(p-cymene)2(2,5-dioxydo-1,4benzoquinonato)Then, the precipitate was filtered and dried under vacuum. Yield 64 % (59 mg). 1 H NMR (DMSO-d6, 25 °C, 600 MHz): δ 10.42 (s, 4H, CHMg-porphine), 9.61 (s, 8H, CHMg-porphine), 8.57 (m, 24H, CHpy), 5.62 (d, 3 JHH = 6.1 Hz, 12H, CHcym), 5.98 (d, 3 JHH = 6.1 Hz, 12H, CHcym), 5.91 (s, 6H, CHbz), 2.82 (m, 6H, CHiPr), 2.08 (s, 18H, CH3), 1.28 (d, 3 JHH = 6.9 Hz, 36H, CH3 iPr).

13 C NMR (DMSO-d6, 25 °C, 150 MHz): δ 184.1 (C-O), 169.4 (Cq), 154.5 (CHpy), 149.3 (Cq), 144.6 (Cq), 132.7 (CHMg-porphine), 129.2 (Cq), 126.5 (Cq), 124.8 (CHpy), 122.2 (Cq), 120.0 (Cq), 105.9 (CHMg-porphine), 103.8 (Ccym), 101.8 (CHbz), 99.7 (Ccym), 84.1 (CHcym), 81.9 (CHcym), 31.1 (CHiPr), 22.4 (CH3 iPr), 17.9 (CH3). Elemental analysis: Calcd. For C140H126F18MgN16O30Ru6S6 + 6H2O: C, 44.42; H, 3.67; N, 5.92. Found: C, 45.23; H, 4.08; N, 6.09. ESI-MS, m/z, 770 [M1+G2-4OTf] 4+ . UV/vis (DMSO), λ, nm (ε, M -1 .cm -1 ): 500 (140700), 535 (130400). FT-IR (ATR, solid, cm -1 ): ν; s (3093), s (2977), s (2911), s (2804), s (1508). Synthesis of G2⊂M4. 50 mg (0.069 mmol) of [Ru2(p-cymene)2(5,8-dioxydo-1,4naphthoquinonato)Cl2] and 35.5 mg (0.138 mmol) of AgCF3SO3 were dissolved in 20 ml of methanol and stirred for 2 h at r.t. Then, silver chloride was filtered off. To the remaining CH=C), 6.90 (s, 4H, CHar), 5.60 (d, 3 JHH = 4.46 Hz, 16H, CHcym), 5.41 (d, 3 JHH = 3.1 Hz, 16H, CHcym), 2.76 (m, 3 JHH = 6.9 Hz, 8H, CHiPr), 2.03 (overlapped singlet, 24H, CH3), 1.25 (d, 3 JHH = 6.9 Hz, 48H, CH3 iPr). 13 C NMR (CD3CN, 25 °C, 150 MHz): δ 171.4 (C-O), 152.3 (CHpy), solvent was then removed by vacuum and the resulting oily dark green solid was dissolved in 20 mL of CH2Cl2. The solution was concentrated to approximately 3 ml, and 5 mL of Et2O were added dropwise. The resulting precipitate was filtered and dried under vacuum. Yield 61 % (56 mg). 1 H NMR (CD3CN, 25 °C, 600 MHz): δ 10.29 (s, 4H, CHMg-porphine), 9.41 (s, 8H, CHMg-porphine), 8.57 (d, 3 JHH = 5.7 Hz, 12H, CHpy), 7.50 (s, 6H, CHar), 7.33 (d, 3 JHH = 5.7 Hz, 12H, CHpy), 7.26 (s, 12H, CHnaph), 7.22 (overlapped doublet, 6H, CH=C), 6.98 (d, 3 JHH = 16.1 Hz, 6H, CH=C), 5.69 (d, 3 JHH = 5.9 Hz, 12H, CHcym), 5.48 (d, 3 JHH = 4.2 Hz, 12H, CHcym), 2.84 (m, 3 JHH = 7.0 Hz, 6H, CHiPr), 2.10 (s, 18H, CH3), 1.33 (d, 3 JHH = 7.0 Hz, 36H, CH3 iPr). 13 C NMR (CD3CN, 25 °C, 150 MHz): δ 171.3 (C-O), 152.3 (CHpy), 147.9 (Cq), 138.0 (CHpy), 137.0 (CHnaph), 135.1 (CHnaph), 132.5 (CHMg-Porphine), 127.4 (CH=C), 125.2 (CH=C), 123.1 (CHar), 120.6 (Cq), 112.0 (Cq), 105.9 (CHMg-porphine), 104.0 (Ccym), 99.7 (Ccym), 84.6 (CHcym), 83.5 (CHcym), 31.0 (CHiPr), 21.9 (CH3 iPr), 16.9 (CH3). Elemental analysis: Calcd. For C170H150F18MgN10O30Ru6S6 + 6CH2Cl2: C, 46.49; H, 3.62; N, 3.06. Found: C, 45.47; H, 3.51; N, 3.88. ESI-MS, m/z, 1177 [M6+G2-3OTf] 3+ . UV/vis (DMSO), λ, nm (ε, M -1 .cm -1 ): 446 (150800), 536 (110500), 573 (53500), 610 (47100). FT-IR (ATR, solid, cm-1): ν; s (3101), s (2979), s (2914), s (1604), s (1522). (br s, 8H, CHporph), 8,28 (m, 8H, CHpy), 5.98 (m, 8H, m-CHar), 5.76 (overlapping doublets, 8H, o-CHar), 5.75 (overlapping triplets, 4H, p-CHar), 4.59 (s, 4H, OH), 3.45 (m, 8H, CH2), 2.47 (m, 8H, CH2), 1.73 (m, 8H, CH2), -3.06 (s, 2H, NH). 13 C NMR (DMSO-d6, 25 °C, 125 MHz): δ

  Synovia were minced and digested with 1.5 mg/mL collagenase-dispase for 3-4 h at 37 °C as previously reported[161]. After centrifugation, cells were resuspended in DMEM supplemented with 10 % FCS, 4.5 g/L D-glucose, 25 mM Hepes, 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco BRL) in a humidified atmosphere containing 5 % (v/v) CO2 at 37 °C. After 48 h, nonadherent cells were removed. Adherent cells (macrophage-like and FLS) were cultured in complete medium, and, at confluence, cells were trypsinized and only the FLS were passed. These cells were used between passages 4 and 8, when they morphologically resembled FLS after an indirect immunofluorescence study (see Culture of human RA FLS). RA FLS were cultured[45][46][47][48][49][50][51][52][53][54][55][56][57][58][59][60] days before experimentation. This delay allowed for the elimination of all possible interactions resulting from any preoperative treatment (with nonsteroidal antiinflammatory drugs, analgesics, disease-modifying antirheumatic drugs, or steroids).

	Found: C, 62.76; H 4.81; N 7.09. UV/vis (DMSO), λ, nm (ε, M -1 .cm -1 ): 513 (143500), 549
	(319100), 590 (134400), 648 (29000). FT-IR (ATR, solid, cm -1 ): ν; br s (3550-3400), s (3080),
	s (2968), s (1638), s (1491).
	P6. Yield 61 % (60 mg). 1 H NMR (CDCl3, 25 °C, 400 MHz): δ 9.50 (d, 3 JHH = 5.96 Hz, 4H,
	CHpy), 8.89 (m, 10H, CHPh), 8.23 (m, 8H, CHporph and CHpy), 7.80 (m, 4H, CHporph), 5.93 (t,
	3 JHH = 5.64 Hz, 4H, m-CHar), 5.81 (t, 3 JHH = 5.58 Hz, 2H, p-CHar), 5.62 (d, 3 JHH = 5.72 Hz, 4H,
	o-CHar), 3.88 (q, 3 JHH = 5.83 Hz, 4H, CH2), 2.84 (t, 3 JHH = 7.71 Hz, 4H, CH2), 2.07 (m, 4H,
	1 H NMR (DMSO-d6, 25 °C, 400 MHz): δ 9.03 (d, 3 JHH = 5.55 Hz, CH2), 1.69 (overlapping multiplet, 2H, OH), -2.80 (s, 2H, NH). Elemental analysis: Calcd. for
	8H, CHpy), 8.85 (s, 8H, CHporph), 8,23 (d, 3 JHH = 5.72 Hz, 8H, CHpy), 5.83 (d, 3 JHH = 6.14 Hz, C60H52Cl4N6O2Ru2: C, 58.45; H, 4.25; N 6.82. Found: C, 59.85; H 4.56; N 6.88. UV/vis
	8H, CHar), 5.78 (d, 3 JHH = 6.15 Hz, 8H, CHar), 2.84 (m, 3 JHH = 6.91 Hz, 4H, CH iPr), 4.58 (bs, (DMSO), λ, nm (ε, M -1 .cm -1 ): 509 (43400), 550 (154700), 589 (48200), 648 (4000). FT-IR
	4H, OH), 2.09 (s, 12H, CH3), 1.20 (m, m/z, 954.8 [M -[Ru(PhPrOH)Cl2]3 -Cl] +1 . UV/vis (DMSO), λ, nm (ε, M -1 .cm -1 ): 522 (95300), UV/vis (DMSO), λ, nm (ε, M -1 .cm -1 ): 482 (21700), 521 (46900), 559 (253400), 600 (108700),
	561 (45200), 598 (49800). FT-IR (ATR, solid, cm -1 ): ν; br s (3500-3200), s (3067), s (2910), s 626 (37900). FT-IR (ATR, solid, cm -1 ): ν; br s (3580-3150), s (3012), s (2917), s (1591).
	(2881), s (1619), s (1408).
	P5. Yield 51 % (51 mg). 1 H NMR (CDCl3, 25 °C, 400 MHz): δ 9.47 (m, 4H, CHpy), 8.87 (m, 8.2 Preparation of human synovial cells
	10H, CHPh), 8.21 (m, 8H, CHporph and CHpy), 7.78 (br s, 4H, CHporph), 5.69 (d, 3 JHH = 5.72 Hz, RA synoviocytes were isolated from fresh synovial biopsies obtained from four RA patients
	4H, CHar), 5.47 (d, 3 JHH = 5.48 Hz, 4H, CHar), 3.20 (m, 2H, CH iPr), 2.23 (s, 6H, CH3), 1.47 (d, undergoing finger arthroplasty. All patients fulfilled the 1987 American Rheumatism
	3 JHH = 6.86 Hz, 12H, CH3 iPr), -2.81 (s, 1H, NH), -2.87 (s, 1H, NH). 13 C NMR (CDCl3, 25 °C, Association criteria for RA [160]. The mean age of the patients was 67 ± 5 years (range 60-72

3 

JHH = 5.55 Hz, 24H, CH3 iPr).

13 

C NMR (

 25 

°C, 101 MHz): δ 149.12 (Car), 148.

50 

(Cpy), 132.48 (Cporph), 129.72 (Cpy), 118.57 (Cpy), 106.83 (Cporph), 100.56 (Car), 86.83 (CHar), 85.99 (CHar), 30.44 (CH iPr), 21.97 (CH3 iPr), 18.34 (CH3). Elemental analysis: Calcd. for C80H80Cl8N8O4Ru4Zn + 4 H2O: C, 48.56; H, 4.48; N 5.66. Found: C, 48.46; H, 4.63; N, 5.90. UV/vis (DMSO), λ, nm (ε, M -1 .cm -1 ): 472 (59400), 518 (138300), 558 (55000), 599 (53300). FT-IR (ATR, solid, cm -1 ): ν; br s (3600-3250), s (3091), s (2944), s (2881), s (1609). P4. Yield 88 % (82 mg). 1 H NMR (DMSO-d6, 25 °C, 400 MHz): δ 9.02 (br s, 8H, CHpy), 8.65 (br s, 8H, CHporph), 8,22 (br s, 8H, CHpy), 5.98 (m, 8H, m-CHar), 5.75 (overlapping doublet, 8H, o-CHar), 5.73 (overlapping triplet, 4H, p-CHar), 4.58 (br s, 4H, OH), 3.45 (m, 8H, CH2), 2.48 (m, 8H, CH2), 1.73 (m, 8H, CH2). 13 C NMR (DMSO-d6, 25 °C, 101 MHz): δ 149.11 (Car), 148.47 (Cpy), 132.48 (Cporph), 129.72 (Cpy), 108.44 (Cpropanol), 89.40 (m-Car), 85.33 (o-Car), 83.43 (p-Car), 60.46 (CH2), 32.64 (CH2), 30.00 (CH2). Elemental analysis: Calcd. for C76H72Cl8N8O4Ru4Zn: C, 47.67; H, 3.79; N 5.85. Found: C, 47.67; H 3.79; N 6.09. ESI-MS, 101 MHz): δ 153.04 (Cpy), 141.76 (Cph), 134.54 (Cpy), 130.20 (Cph), 127.97 (Cpy), 126.77 (Cporph), 121.55 (Cporph), 120.93 (Cporph), 83.23 (CHar), 82.55 (CHar), 30.92 (CH iPr), 22.50 (CH3 iPr), 18.42 (CH3). Elemental analysis: Calcd. for C62H56Cl4N6Ru2: C, 60.99; H, 4.59; N 6.84. (ATR, solid, cm -1 ): ν; br s (3600-3200), s (3102), s (2892), s (1641). P7. Yield 54 % (68 mg). 1 H NMR (DMSO-d6, 25 °C, 400 MHz): δ 9.00 (m, 4H, CHpy), 8.82 (m, 10H, CHPh), 8.20 (m, 8H, CHporph and CHpy), 7.81 (m, 4H, CHporph), 5.83 (d, 3 JHH = 5.39 Hz, 4H, CHar), 5.78 (d, 3 JHH = 6.18 Hz, 4H, CHar), 2.84 (m, 2H, CH iPr), 2.09 (s, 6H, CH3), 1.20 (d, 3 JHH = 6.94 Hz, 12H, CH3 iPr). Elemental analysis: Calcd. for C62H54Cl4N6Ru2Zn: C, 57.62; H, 4.21; N 6.50. Found: C, 58.51; H 4.32; N 6.59. ESI-MS, m/z, 950.9 [M -[Ru(p-cymene)Cl2] -Cl] +1 , 680.8 [Zn-DPhDPyP + H]

+1 

. UV/vis (DMSO), λ, nm (ε, M -1 .cm

-1 

): 493 (55600), 524 (99900), 562 (349500), 600 (221100), 626 (81300) (. FT-IR (ATR, solid, cm

-1 

): ν; br s (3650-3200), s (3080), s (2988), s (1639).

P8. Yield 67 % (84 mg).

1 

H NMR (DMSO-d6, 25 °C, 400 MHz): δ 9.01 (m, 4H, CHpy), 8.82 (m, 10H, CHPh), 8.20 (m, 8H, CHporph and CHpy), 7.82 (m, 4H, CHporph), 5.99 (m, 4H, m-CHar), 5.75 (m, 6H, p-CHar and o-CHar), 4.59 (m, 2H, OH), 3.46 (m, 4H, CH2), 2.47 (m, 4H, CH2), 1.73 (m, 4H, CH2). Elemental analysis: Calcd. for C60H50Cl4N6O2Ru2Zn: C, 55.59; H, 3.89; N 6.48. Found: C, 56.44; H 4.09; N 6.56. ESI-MS, m/z, 952.9 [M -[Ru(PhPrOH)Cl2] -Cl] +1 .

years). The mean disease duration was 8.7 ± 2.3 years. At the time of surgery, the disease activity score (DAS 28) was greater than 3.2. These activities were approved by local institutional review boards, and all subjects gave written informed consent.

8.3 Culture of human RA FLS and treatment

Between passages 4 and 8, RA FLS were trypsinized. Cell count and survival rate were determined, and cells were plated in culture plates or flasks (Falcon, Oxnard, CA, USA).

  Dimethyl sulfoxide (DMSO) for in vitro assays was bought from Acros Organics. RA FLS cells were collected in fresh DMEM culture medium by trypsinization. Approximately 700,000 cells were poured in 10 ml of medium and softly homogenized. 100 µl of this solution were added per well in a 96-well plate (7000 cells per well) and the cells were incubated for 24 h at 37 °C in the presence of 5 % CO2. Then, 100 µL of the PS solution in increasing concentration were dispensed per row in the plate and incubated 24 h in the same conditions. The compounds were dissolved in DMSO (1 mM) just before use and then added in the culture medium in the desired concentrations. The concentration of DMSO in the cell medium was never exceeding 0.05 %. After incubation, the medium was changed carefully with 100 µL of complete medium (without red phenol). Subsequently,

	Pharmacia Biotech, Saclay, France), which were then probed with a COX-2 human primary
	antibody (Cayman Chemical, Bertin Pharma, Montigny le Bretonneux, France). After
	incubation with a secondary antibody (Dako France S.A.S., Trappes, France), blots were
	developed using the ECL Plus Western Blotting Detection System (Amersham Pharmacia

-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and L-glutamine were purchased from Sigma-Aldrich.

irradiation was performed using a red-light source, CureLight®, PhotoCure ASA at 630 nm for 30 min (dose 72 J/cm 2 ). After the irradiation, the 96-well plate was incubated 18 h. After that, 10 µl of a MTT solution (5 g/l) was added and the 96-well plate was put again inside the incubator for 4 h. Then, the media was removed and 200 µl of DMSO added in each well, followed by stirring the plate softly for 3 min. Absorbance after the MTT assay was carried out at 540 nm by a Dynex Triad Multi Mode Microplate Reader (Dynex Technologies). The assays were executed in triplicate. Cytotoxicity evaluation in the dark was carried out by repeating the same protocol without irradiation. The SW982 synovial sarcoma cell were treated as the same way. The maximum concentration used in SW982 of DMSO was 0.1 %.

8.6 Protein extraction and Western-Blot analysis

For total protein extraction, RA FLS were washed in PBS, and the total cell pool was centrifuged at 200 G for 5 min at 4 °C and homogenized in RIPA lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 % sodium deoxycholate, 1 % NP-40, 0.1 % SDS, and 20 mg/mL of aprotinin) containing protease inhibitors (CompleteTM Mini, Roche Di-agnostics) according to the manufacturer's instructions. Proteins (60 µg) were separated by electrophoresis on 10% SDS-PAGE gels and transferred to polyvinylidene fluoride (PVDF) membranes (Amersham Biotech) and G: BOX system (Syngene, Ozyme, Saint Quentin en Yvelines, France).
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  plate was put in the incubator during 18 hr. After this time, we added 10 L of MTT solution (5 g/L) and the plate was put

			COMBINATION OF TETRAPYRIDYLPORPHYRINS AND ARENE RUTHENIUM(II) COMPLEXES	G
	1	1	again inside the incubator during 4 hr. Then, the media is	4H, p-CHar), 4.58 (br s, 4H, OH), 3.45 (m, 8H, CH2), 2.48
	2	2	removed and added 200 L of DMSO per well, stirring	(m, 8H, CH2), 1.73 (m, 8H, CH2). 13 C NMR (DMSO-d6,
	3	3	the plate gently (to avoid splashing between wells) for 3	25 °C, 101 MHz):  149.11 (Car), 148.47 (Cpy), 132.48
	4	4	min until homogenized. Finally, the absorbance is mea-	(Cporph), 129.72 (Cpy), 108.44 (Cpropanol), 89.40 (m-Car),
	13	13		
	14	14		
	15	15		
	16	16		
	17	17		
	18	18		
	19	19		
	20	20		
	21	21		

  • C, 150 MHz): δ 171.3 (C-O), 152.3 (CH py ), 147.9 (C q ), 138.0 (CH py ), 137.0 (CH naph ), 135.1 (CH naph ), 132.5 (CH Mg-Porphine ), 127.4 (CH=C), 125.2 (CH=C), 123.1 (CH ar ), 120.6 (C q ), 112.0 (C q ), 105.9 (CH Mg-porphine ), 104.0 (C cym ), 99.7 (C cym ), 84.6 (CH cym ), 83.5 (CH cym ), 31.0 (CH iPr ), 21.9 (CH 3 iPr ), 16.9 (CH 3 ). Elemental analysis: Calcd. For C 170 H 150 F 18 MgN 10 O 30 Ru 6 S 6 + 6CH 2 Cl 2 : C, 46.49; H, 3.62; N, 3.06. Found: C, 45.47; H, 3.51; N, 3.88. ESI-MS, m/z, 1177 [M6+G2-3OTf]

IC 50 (nM) Light IC 50 (nM) Dark ΦF (%)

  

	Entry	G ⊂ ⊂ ⊂ M			
	1	G1 ⊂ M1	211.7 ± 5.8	>1500	-
	2	G1 ⊂ M2	95.0 ± 5.9	>1500	-
	3	G1 ⊂ M3	53.6 ± 4.3	>1500	-
	4	G1 ⊂ M4	48.1 ± 9.7	>1500	-
	5	G1 ⊂ M5	35.4 ± 4.7	>1500	0.8
	6	G1 ⊂ M6	31.7 ± 6.6	>1500	1.1
	7	G2 ⊂ M1	302.6 ± 5.2	>1500	-
	8	G2 ⊂ M4	100.7 ± 5.8	>1500	-
	9	G2 ⊂ M6	91.8 ± 8.3	>1500	2.0
	10	G3 ⊂ M4	>1500	>1500	-
	11	G3 ⊂ M5	53.4 ± 4.5	>1500	0.11
	12	G3 ⊂ M6	47.4 ± 6.3	>1500	-
	13	G4 ⊂ M4	>1500	>1500	-
	14	G4 ⊂ M5	66.0 ± 2.6	103.8 ± 2.9	1.6
	15	G4 ⊂ M6	64.4 ± 4.4	163.8 ± 17.1	-

• C.
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JHH = 5.58 Hz, 2H, p-CHar), 5.62 (d, 3 JHH = 5.72 Hz,

4H, o-CHar), 3.88 (q, 3 JHH = 5.83 Hz, 4H, CH2), 2.84 (t, 3 JHH = 7.71 Hz, 4H, CH2), 2.07 (m, 4H, CH2), 1.69 (overlapping multiplet, 2H, OH), -2.80 (s, 2H, NH). Elemental analysis: Calcd. for C60H52Cl4N6O2Ru2: C, 58.45; H, 4.25; N
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Abbreviations

Synthesis of G2⊂M1.

In a 250 mL round bottom flask, 50 mg (0.074 mmol) of [Ru 2 (pcymene) 2 (2,5-dioxydo-1,4-benzoquinonato)Cl 2 ] and 37.8 (0.148 mmol) mg of AgCF 3 SO 3 were dissolved in 20 mL of MeOH and stirred for 2 h at room temperature. Next, silver chloride was filtered off. To the remaining solution, 15.4 mg (0.049 mmol) of 2,4,6tri(pyridin-4-yl)-1,3,5-triazine and 8.1 mg (0.025 mmol) of G2 were added, and the solution was refluxed and stirred for 18 h. The solvent was then removed at reduced pressure, and the resulting oily, dark green solid was dissolved in 20 mL of CH 2 Cl 2 . The solution was concentrated to approximately 3 mL, and 5 mL of Et 2 O was added dropwise. The resulting precipitate was filtered and dried under vacuum. Yield 64% (59 mg). 1 H NMR (DMSO-d6, 25 • C, 600 MHz): δ 10.42 (s, 4H, CH Mg-porphine ), 9.61 (s, 8H, CH Mg-porphine ), 8.57 (m, 24H, CH py ), 5.62 (d, 3 J HH = 6.1 Hz, 12H, CH cym ), 5.98 (d, 3 J HH = 6.1 Hz, 12H, CH cym ), 5.91 (s, 6H, CH bz ), 2.82 (m, 6H, CH iPr ), 2.08 (s, 18H, CH 3 ), 1.28 (d, 3 J HH = 6.9 Hz, 36H, CH 3 iPr ). 13 C NMR (DMSO-d6, 25 • C, 150 MHz): δ 184.1 (C-O), 169.4 (C q ), 154.5 (CH py ), 149.3 (C q ), 144.6 (C q ), 132.7 (CH Mg-porphine ), 129.2 (C q ), 126.5 (C q ), 124.8 (CH py ), 122.2 (C q ), 120.0 (C q ), 105.9 (CH Mg 4+ . UV/vis (DMSO), λ, nm (ε, M -1 •cm -1 ): 500 (140700), 535 (130400). FT-IR (ATR, solid, cm -1 ): ν; s (3093), s (2977), s (2911), s (2804), s (1508). Spectra in Supplementary Materials (Figures S18-S26).

Synthesis of G2⊂M4. In a 250 mL round bottom flask, 50 mg (0.069 mmol) of [Ru 2 (pcymene) 2 (5,8-dioxydo-1,4-naphthoquinonato)Cl 2 ] and 35.5 mg (0.138 mmol) of AgCF 3 SO 3 were dissolved in 20 mL of MeOH and stirred for 2 h at room temperature. Next, silver chloride was filtered off. To the remaining solution, 16.81 mg (0.034 mmol) of 1,2,4,5-tetrakis{2-(pyridine-4-yl)vinyl} benzene and 5.7 mg (0.017 mmol) of G2 were added, and the solution was refluxed and stirred for 18 h. The solvent was then removed at reduced pressure, and the resulting oily, dark green solid was dissolved in 20 mL of CH 2 Cl 2 . The solution was concentrated to approximately 3 mL, and 5 mL of Et 2 O was added dropwise. The resulting precipitate was filtered and dried under vacuum. Yield 59% (52 mg). 1 H NMR (CD 3 CN, 25 • C, 600 MHz): δ 10.02 (s, 4H, CH Mg-porphine ), 9.13 (s, 8H, CH Mg-porphine ), 8.18 (d, 3 J HH = 5.1 Hz, 16H, CH py ), 7.49 (d, 3 J HH = 15.1 Hz, 8H, CH=C), 7.20 (m, 40H, CH naph , CH py , CH=C), 6.90 (s, 4H, CH ar ), 5.60 (d, 3 J HH = 4.46 Hz, 16H, CH cym ), 5.41 (d, 3 J HH = 3.1 Hz, 16H, CH cym ), 2.76 (m, 3 J HH = 6.9 Hz, 8H, CH iPr ), 2.03 (overlapped singlet, 24H, CH 3 ), 1.25 (d, 3 J HH = 6.9 Hz, 48H, CH 3 iPr ). 13 C NMR (CD 3 CN, 25 • C, 150 MHz): δ 171.4 (C-O), 152.3 (CH py ), 149.9 (C q ), 147.7 (C q ), 138.1 (CH py ), 128.6 (CH=C), 127.6 (CH=C), 123.6 (CH naph ), 122.8 (C q ), 112.1 (C q ), 104.1 (C cym ), 99.7 (C cym ), 84.7 (CH cym ), 83.7 (CH cym ), 31.0 (CH iPr ), 21.9 (CH 3 iPr ), 16.9 (CH 3 ). ESI-MS, m/z, 880 [M4+G2-5OTf] 5+ . UV/vis (DMSO), λ, nm (ε, M -1 •cm -1 ): 536 (137900), 572 (80300), 610 (64600). FT-IR (ATR, solid, cm -1 ): ν; s (3089), s (2947), s (2911), s (2861), s (1619), (1554). Spectra in Supplementary Materials (Figures S27-S35).

Synthesis of G2⊂M6. In a 250 mL round bottom flask, 50 mg (0.069 mmol) of [Ru 2 (pcymene) 2 (5,8-dioxydo-1,4-naphthoquinonato)Cl 2 ] and 35.5 mg (0.138) of AgCF 3 SO 3 were dissolved in 20 mL of MeOH and stirred for 2 h at room temperature. Next, silver chloride was filtered off. To the remaining solution, 17.8 mg (0.046 mmol) of panel ligand 1,3,5-tris{2-(pyridin-4-yl)vinyl}benzene and 7.6 mg (0.023 mmol) of G2 were added, and the solution was refluxed and stirred for 18 h. The solvent was then removed at reduced pressure, and the resulting oily, dark green solid was dissolved in 20 mL of CH 2 Cl 2 . The solution was concentrated to approximately 3 mL, and 5 mL of Et 2 O was added dropwise. The resulting precipitate was filtered and dried under vacuum. Yield 61% (56 mg). 1 
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