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RÉSUMÉ 

Plusieurs personnes à travers le monde et approximativement 50% des Canadiens seront atteints 

du cancer au cours de leur vie, et il est attendu qu'un quart de tous les Canadiens succombera à 

cette maladie. Plus spécifiquement, une Canadienne sur quatre recevra un diagnostic de cancer 

du sein durant sa vie. Malgré les nombreux problèmes y étant associés, la chimiothérapie est de 

loin l'une des méthodes les plus efficaces pour le traitement de différents cancers. À comparer 

aux composés purement organiques, les complexes inorganiques possèdent des propriétés 

uniques, et peuvent offrir d'intéressantes opportunités au champ de la chimiothérapie. Un 

exemple de drogue très connue et utilisée en chimiothérapie est le cisplatine, un complexe à base 

d'un métal de transition qui est administré aux patients cancéreux pour le traitement d'une variété 

de cancers incluant celui du sein. Comme la cible des drogues à base de platine est 

principalement l'ADN, ces composés ne sont pas seulement toxiques pour les cellules 

cancéreuses, mais le sont aussi pour les cellules saines. Étant donné ce manque de sélectivité, 

les patients souffrent de plusieurs effets secondaires importants tels que la toxicité neurologique 

et/ou rénale ou bien la suppression de la moelle osseuse. En parallèle, les cellules cancéreuses 

développent une certaine résistance aux drogues à base de platine, limitant ainsi leur usage 

clinique. Malgré les importants problèmes lui étant associés, le cisplatine et ses dérivés sont 

toujours largement utilisés aujourd'hui. Le développement de nouveaux traitements alternatifs est 

donc requis, incluant le design de drogues inorganiques ayant une activité et sélectivité accrues. 

Les complexes à base de ruthénium attirent présentement beaucoup l'attention, comme ils sont 

très prometteurs en vue de remplacer les drogues à base de platine en tant que traitement de 

première ligne: par exemple, certains 1) démontrent une activité considérable contre les lignées 

cellulaires résistantes au cisplatine, ii) induisent une incidence d'effets secondaires moins élevée 

à comparer aux agents thérapeutiques à base de platine, et iii) donnent lieu à activité 

antiproliférative selon différents mécanismes. Certains complexes à base de ruthénium comme 

RAPTA-C, NAMl-A, TLD-1433 et KP1090 ont été l'objet d'études précliniques et cliniques. Une 

stratégie intéressante pouvant potentiellement augmenter la probabilité de survie de patients 

atteints du cancer est de créer des drogues multitâches, capable de promouvoir la mort de 

cellules cancéreuses par divers mécanismes, simultanément. Les complexes de ruthénium 

comportant des ligands ayant une activité biologique connue émergent comme étant des 

candidats prometteurs pour différentes raisons: 1) cette stratégie peut mener à des complexes de 

ruthénium multitâches pour lesquels le métal et les ligands sont mutuellement responsables pour 
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leur activité anticancéreuse, permettant ainsi de réduire l'incidence de mécanismes de résistance, 

et il) les effets synergiques potentiels résultant de l'usage combiné de plusieurs drogues peut 

mener à des traitements à plus court terme. 

Le projet de recherche présenté ici a pour but la création de nouvelles drogues à base de 

ruthénium comportant des inhibiteurs de croissance cellulaire (anastrozole et letrozole) qui sont 

largement utilisés pour le traitement des cancers à récepteurs d'oestrogène positifs (ER+). 

L'aromatase (CYP19) est une enzyme responsable de catalyser la réaction de production 

d'oestrogène chez les femmes ménopausées. Il a été rapporté que l'anastrozole et le letrozole 

se lient au fer de l'enzyme aromatase via la coordination d'un azote de leur cycle triazole, résultant 

en l'inhibition de l'activité catalytique de l'enzyme et la déprivation des cellules cancéreuses ER+ 

de leur oestrogène. Les principaux objectifs de cette thèse de doctorat sont les suivants: 1) 

synthétiser, purifier et caractériser différents complexes de ruthénium comportant des ligands 

pouvant inhiber la croissance des cellules cancéreuses (anastrozole et letrozole); il) évaluer in 

vitro l'activité antiproliférative ainsi que les propriétés inhibitrices de l'aromatase de ces 

complexes de ruthénium dans des lignées cellulaires de cancer du sein, et évaluer leur toxicité in 

vivo; iil) apporter des modifications structurales aux complexes de ruthénium, et évaluer leur 

influence sur leur activité, sélectivité et toxicité . 

Au cours de ce projet, plusieurs complexes de Ru(ll) et Ru(lll) ayant des structures différentes et 

comparant des inhibiteurs de l'aromatase ont été synthétisés en utilisant des techniques 

d'atmosphère inerte telles que des systèmes de lignes à Schlenk, de boîte-à-gants et de 

purification de solvants. Les espèces ont ensuite été caractérisées en utilisant diverses 

techniques telles que la spectroscopie RMN, l'analyse élémentaire, la spectrométrie de masse et 

l'analyse structurale par diffraction des rayons-X. La solubilité et la stabilité des composés ont été 

testées préalablement à l'étude de leur activité en milieu biologique. Une série de complexes 

Ru(ll)-benzene comportant un ligand anastrozole ont été synthétisés et leur potentiel 

anticancéreux évalué contre des cellules de cancer du sein ER+. Bien que les complexes ont 

démontré une considérable cytotoxicité in vitro contre les cellules de cancer du sein , seulement 

un de ces composés s'est avéré assez stable en milieu de culture cellulaire et a démontré 

s'accumuler de façon accrue dans les cellules cancéreuses. Alors que l'anastrozole seul n'a pas 

démontré de cytotoxicité in vitro contre les cellules cancéreuses, ce complexe de ruthénium a 

quant à lui démontré une considérable cytotoxicité ainsi qu'une certaine activité inhibitrice de 

l'enzyme aromatase, ce qui fut démontré de façons expérimentale et théorique. De plus, 

contrairement au cisplatine, les embryons de poisson zèbre ayant été exposés à certains de ces 
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complexes de ruthénium (à 12.5 µM) ont suivi un développement normal, indiquant une faible 

toxicité pour ce type de composés. Les résultats de cette étude ont été publiés dans 

Organometallics 2019, 38, 702-711. 

Suite à cette étude initiale, nous avons été intéressés à évaluer à quel niveau la nature du type 

de structure des complexes de ruthénium peut affecter leurs propriétés chimiques et biologiques. 

En fait, contrairement aux complexes Ru(ll)-benzène qui ont presque exclusivement été étudiés 

pour leurs applications contre le cancer, d'autres types de complexes de Ru(ll) n'ont pas été 

étudiées en profondeur à cette fin . De plus, les complexes de Ru(lll) ont été rapportés pour leurs 

propriétés antimétastatiques potentielles, faisant d'eux des candidats prometteurs pour l'inhibition 

de métastases chez les patients ayant reçu un diagnostic de cancer de sein métastatique. Lors 

de cette deuxième partie de l'étude, des espèces de ruthenium (Il) (Ru(ll)- cyclopentadiényle and 

Ru(ll)-cyclooctadiène) et de Ru(lll) comportant un inhibiteur de l'aromatase ont alors été 

synthétisées puis caractérisées. Dans le cas de la préparation du complexe Ru(ll)­

cyclooctadiène, une réaction assistée par un réacteur à micro-ondes fut développée puis 

optimisée afin d'améliorer le rendement et minimiser la durée de l'expérience. Plusieurs 

méthodes chromatographiques en phase normale ont aussi été développées afin de purifier 

certains des composés rapportés dans cette étude. Tandis que la plupart des complexes 

préparés pour cette étude se sont avérés instables en conditions biologiques, le complexe Ru(ll)­

cyclopentadiényle, la seule espèce de la série pour laquelle le ligand anastrozole est coordonné 

au ruthénium par une fonction nitrile (et non via l'azote de son cycle triazole), s'est avéré très 

stable en conditions biologiques, indiquant l'important effet du type de complexe de ruthénium et 

du mode de coordination de leurs ligands sur leur stabilité. Même si la cytotoxicité in vitro et la 

toxicité in vivo (modèle de poisson zèbre) de ce type de complexe a confirmé leur haut potentiel 

pour la thérapie du cancer du sein chez les cancers ER+ et les cancers agressifs triple négatif du 

sein (TNBC), nos études expérimentales et théoriques suggèrent que leur activité inhibitrice pour 

l'aromatase n'est pas plausible pour ce système étant donné l'encombrement stérique des 

groupes PPh3, prévenant ainsi l'interaction entre le complexe et l'enzyme cible. Les résultats de 

cette étude ont été publiés dans European Journal of Medicinal Chemistry 2020, 112030. 

Le potentiel élevé de composés à base de métaux de transition pour des applications 

antifongiques et le fait que le mode d'action de certaines des drogues antifongiques (comme le 

fluconazole) soient connues pour impliquer une interaction entre un cycle azole et une enzyme 

fongique (CYP51), un mode d'action réminiscent de l'enzyme aromatase (CYP19) et certains de 

ses inhibiteurs, nous a motivé à évaluer l'activité antigongique du complexe de ruthénium 
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préalablement investigué (qui comprend un cycle triazole libre dans sa structure) ainsi que 

quelques espèces structuralement rapprochées. CYP51 est connu pour catalyser la biosynthèse 

de l'ergostérole, la composante majeure de la membrane cellulaire fongique, jouant un rôle 

essentiel de biorégulation de la fluidité et l'intégrité de la membrane fongique. Nous avons mis 

l'emphase sur les infections de type candidose étant donné qu'elles sont une des majeures 

causes de morbidité et de mortalité, et ont une incidence croissante. Étant donné les profils 

variables de résistance antifongique rapportés pour différentes espèces de Candida, il est de 

grande importance d'étudier de nouvelles alternatives aux drogues présentement utilisées. Parmi 

les trois complexes de ruthénium cyclopentadiényles investigués, seulement les deux espèce 

cationiques (indépendamment de la présence d'un cycle triazole libre dans leur structure) ont 

démontré une activité inhibitrice significative contre certaines espèces de Candida, de façon 

importante contre les espèces ne répondant pas au traitement au fluconazole, indiquant 

l'importance de la nature du type de complexe de ruthénium sur leurs propriétés antifongiques. Il 

a été démontré que l'activité antifongique de ces complexes est reliée à leur niveau 

d'internalisation cellulaire de même qu'à leur abileté à générer des espèces réactives de 

l'oxygène (ROS). De plus, il a été démontré théoriquement (simulation docking) qu'une interaction 

entre le complexe comportant l'anastrozole et l'enzyme fongique CYP51 est énergiquement 

favorisée (à un niveau même plus important que celle avec fluconazole), suggérant un mode 

d'action plausible additionnel pour ce composé. Les résultats de cette étude ont été acceptés 

pour publication dans ChemBioChem - special issue metals in medicine 2020. 

Les résultats découlant de ce projet de recherche procurent de l'information importante quant au 

développement de nouveaux complexes de ruthénium pour le traitement du cancer du sein et 

pavent une nouvelle avenue pour le design de complexes antifongiques à base de ruthénium 

pour le traitement de la candidose. 

Mots-clés : métallodrogue, complexe de ruthénium, cancer du sein, résistance aux médicaments, 

anticancéreux, antifongique, candidose, inhibiteur de l'aromatase. 
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ABSTRACT 

Many people ail over the world and roughly 50% of Canadians wiil struggle with cancer in their 

lifetime, and a quarter of ail Canadians are expected to die of this disease. More specificaily, one 

out of four Canadian women will be diagnosed with breast cancer during their lifetime. Despite its 

numerous drawbacks, chemotherapy is so far one of the most effective methods to treat different 

cancers. Compared to purely organic compounds, inorganic complexes have unique properties, 

and can offer great opportunities to the field of chemotherapy. A well-known example of 

chemotherapy drugs is cisplatin, a transition metal-based complex that has been administered to 

cancer patients for the treatment of various cancers including breast cancer. As the target of 

platinum drugs is DNA, they are not only taxie to cancer ce lis, but to healthy cells as well. Due to 

their lack of selectivity, patients suffer from many side effects such as neuro- and/or renal-toxicity 

or bone marrow-suppression. Besides, cancer ceils develop a resistance to platinum drugs, which 

limits their clinical use. Despite their important drawbacks, cisplatin and its derivatives are still 

widely used today. More development is then needed for the design of alternative inorganic drugs 

that are highly active and selective. 

Ruthenium-based complexes currently attract great attention as they hold promise to replace 

platinum-based drugs as first line cancer treatment: for instance, they were found i) to exhibit 

considerable activity against cisplatin resistant ceil lines, il} to induce a lower occurrence of side 

effects in comparison to platinum-based therapeutics, and iil) to display their antiproliferative 

activity via different mechanisms. Sorne ruthenium-based compounds such as RAPTA-C, NAMl­

A, TLD-1433 and KP1090 have successfuily entered preclinical and clinical trials. 

An appealing strategy to increase the survival probability of cancer patients is to create ruthenium 

multitasking drugs, able to promote cancer ceil death by various mechanisms, simultaneously. 

Ruthenium complexes bearing ligands with known biological activity emerge as highly promising 

candidates due to different reasons: l) this strategy may lead to multi-targeting ruthenium 

complexes in which both the metal center and ligand are mutuaily responsible for the anticancer 

activity of the drug which might contribute to circumvent resistance mechanisms, and il) potential 

synergistic effects resulting from the combined use of two drugs may lead to shorter-term 

treatments. 
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The research project presented here aims at creating navel ruthenium drugs bearing cancer cell 

growth inhibitors (anastrozole or letrozole) that are widely used aromatase inhibitors for the 

treatment of estrogen receptor positive (ER+) breast cancers. Aromatase (CYP19) is an enzyme 

responsible to catalyze the estrogen production reaction in postmenopausal women. lt has been 

reported that anastrozole and letrozole bind to the heme iron of the aromatase enzyme through 

the coordination of one nitrogen of their triazole ring, resulting in the inhibition of the catalytic 

activity of the enzyme and the deprivation of ER+ breast cancer cells from estrogen. Herein, the 

main objectives of this PhD thesis were the following: i) to synthesize, purify and characterize 

various ruthenium complexes bearing cancer cell growth inhibitor ligand(s) (anastrozole or 

letrozole); ii) to investigate the in vitro antiproliferative activity and aromatase inhibition property 

of these ruthenium complexes against breast cancer cell lines, and assess their in vivo toxicity; 

iii) to bring structural modifications to ruthenium complexes, and to evaluate their influence on 

their activity, selectivity and toxicity. 

ln the course of this project, several structurally different Ru(ll) and Ru(lll) complexes bearing an 

aromatase inhibitor have been synthesized performing inert atmosphere techniques by using 

Schlenk line, glovebox and solvent purification systems. The species were characterized using 

various techniques such as NMR spectroscopy, elemental analysis, mass spectrometry and 

single crystal X-ray analysis. The stability and solubility of the compounds were tested prior to 

biological experiments. Accordingly, a series of Ru(ll)-benzene complexes bearing anastrozole 

have been synthesized and their anticancer potential investigated against ER+ breast cancers. 

Whereas ail these complexes showed considerable in vitro cytotoxicity in breast cancer ce lis, only 

one of them was found to be highly stable in cell culture media and to induce the most 

considerable cellular uptake in human breast cancer cells. Whereas anastrozole alone did not 

induce any in vitro cytotoxicity in the cancer cells, this ruthenium complex showed a considerable 

cytotoxicity and an aromatase enzyme inhibitory activity, which was studied experimentally and 

theoretically. Moreover, in contrast to cisplatin, zebrafish embryos exposed to the ruthenium 

complexes (at 12.5 µM) underwent a normal development, an indication of the lack of toxicity of 

this type of compounds. Results from this study were published in Organometallics 2019, 38, 702-

711. 

Following this initial study, we have been interested to evaluate to what extent the backbone of 

these ruthenium complexes can affect their chemical and biological properties. Ruthenium (Il) 

(Ru(ll)-cyclopentadienyl and Ru(ll)-cyclooctadiene) and Ru(lll) species bearing an aromatase 

inhibitor were then synthesized and characterized. ln the case of the Ru(ll)-cyclooctadiene 
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complex bearing anastrozole, a microwave-assisted reaction was developed and optimized to 

improve the reaction yield and minimize the duration of the experiment. Several normal-phase 

column chromatography methods were also developed to purify some of the species investigated 

in this study. ln fact, in contrast to Ru(ll)-benzene complexes which have been exclusively studied 

for anticancer applications, other types of Ru(ll) species have been overlooked for this purpose. 

Moreover, Ru(lll) complexes have been reported for their potential antimetastatic properties, 

making them promising candidates for the inhibition of metastasis in patients diagnosed with 

metastatic breast cancers. Whereas most of the complexes prepared for this study were found 

unstable under biological relevant conditions, a Ru(ll)-cyclopentadienyl complex, the only species 

in this series for which anastrozole is coordinated ruthenium through the nitrile moiety (and not 

via the nitrogen of the triazole ring), was found to be highly stable under biologically relevant 

conditions, indicating the important effect of the ruthenium backbone on the stability and 

coordination mode of the complexes. Even though in vitro cytotoxicity and in vivo toxicity 

investigations (zebrafish model) of this complex confirmed its high potential for breast cancer 

therapy in both ER+ and aggressive triple negative breast cancer (TNBC), our experimental and 

theoretical studies suggested that its aromatase inhibitory activity is not likely to take place in this 

system due to the bulkiness of the PPh3 moieties, preventing the interaction between the complex 

with the targeted enzyme. Results from this study were published in European Journal of 

Medicinal Chemistry 2020, 112030. 

The high potential of metal-based compounds for antifungal applications and the fact that the 

mode of action of some currently used antifungal drugs (such as fluconazole) is known to involve 

an interaction between an azole ring and a fungal enzyme (CYP51 ), mode of action reminiscent 

of the aromatase enzyme (CYP19) and some of its inhibitors, prompted us to evaluate the 

antifungal activity of the ruthenium cyclopentadienyl complex we previously investigated 

(including a metal-uncoordinated triazole moiety in its structure) along with two closely related 

species. CYP51 is known to catalyze the biosynthesis of ergosterol, the major component of the 

fungal cell membrane, playing an essential role as a bioregulator of fungal membrane flu idity and 

integrity. We specifically focused on Candidiasis infections that are one of the most major causes 

of morbidity and mortality, and their increasing incidence l1U1u1i. Because of the variable antifungal 

resistance profiles reported for different Candida species, it is of high importance to study new 

possibilities that could be used as alternatives to the currently used antifungal drugs. Among the 

three ruthenium cyclopentadienyl complexes investigated, only the two cationic species 

(regardless of the presence of a free triazole in their structures) showed significant growth 

inhibitory activity in Candida species, more importantly in species that did not respond to a 
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fluconazole treatment, indicating the importance of the nature of the ruthenium complex backbone 

on its antifungal properties. The antifungal activity of these complexes was found to be related to 

the amount of ruthenium cellular uptaken and the intracellular reactive oxygen species (ROS) 

generated. Furthermore, we could theoretically demonstrate (docking simulation) that an 

interaction between the complex bearing anastrozole and the fungal CYP51 enzyme is 

energetically favorable (to an even greater extent than with fluconazole), suggesting a plausible 

additional mode of action for this compound. Results from this study were accepted for publication 

in ChemBioChem - special issue metals in medicine 2020. 

Our research findings provide important information on the development of nove! ruthenium 

complexes for the treatment of breast cancer and open a new door to the design of ruthenium­

based drugs as anti-Candida species. 

Keywords : metal-based drug, ruthenium complex, breast cancer, drug resistance, anticancer, 

antifungal, Candida infection, aromatase inhibitor. 
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1 INTRODUCTION 

1.1 Metals in medicine 

lnorganic compounds have wide spreading applications in catalysts , pigments, coatings, 

surfactants, fuels and medicine. Metal complexes can exhibit chemical reactivities that are 

different than either the metal or organic ligands alone. This reactivity can be refined by bringing 

small modifications to their structure and electronic properties, or by varying the metal center and 

its oxidation state r11. Whereas carbon, the most significant element in drug design, can provide 

inert covalent bonds with connectivities of two to four, resulting in bonding geometries around the 

atom that range from linear to trigonal planar to tetrahedral, a wide range of coordination numbers 

and geometries with different possible redox states and thermodynamic and kinetic properties 

can be generated by metal ions. These features provide a versatile platform to construct 

molecules with a variety of potential medicinal properties that are not accessible for carbon-based 

compounds [2l. 

Metal ions do not only play an important role as essential nutrients, but are also becoming 

prevalent components of diagnostic or therapeutic agents for different diseases l3l. There are 

several examples of metal-based agents being used in medicine for different applications and 

selected examples are showed in Figure 1. 

Figure 1. 
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Metal ions are important in diagnosis and therapy of a host of different human pathologies. 
Gd, 1111n , and 99mTc are used in medical imaging , 153Sm and Au rel ieve pain in bone cancer and 
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For instance, bismuth and lithium salts have been in use for many years as antacids and as 

medications for mental disorders such as manie depression, respectively 14-5J_ Barium sulfate is 

used as a contrast agent in diagnostic x-ray procedures ( e.g. imaging of the gastrointestinal tract), 

given its proper mass attenuation coefficient 16l. Auranofin is a gold-based compound that is widely 

used for the treatment of rheumatoid arthritis but is also being investigated for potential 

therapeutic applications in other diseases such as cancer, neurodegenerative disorders, 

HIV/AIDS, parasitic and bacterial infections l7l The targeted bone-seeking 

radioisotope 153samarium ethylene-diamine-tetramethylene-phosphonic acid (1 53Sm-EDTMP) has 

shown effective bone pain palliation in patients diagnosed with malignant bone tumors and recent 

evidence also suggests some cytotoxic activity for this drug isi. Furthermore, one of the most well­

known inorganic compounds for cancer therapy are platinum-based drugs such as cisplatin and 

carboplatin, which have been widely used for the treatment of different types of cancers l9l_ Despite 

their great therapeutic success against solid tumors, severe side effects limit their clinical use. 

Although all the mechanistic details involved in the anticancer mode of action of Pt-based drugs 

remain unknown, these complexes are believed to act by intercalating into the DNA helix through 

covalent bonding at guanine residues and supplementary hydrogen bonding. Because this 

interaction is not only limited to cancer cells, the transcription and DNA replication of normal cells 

can also be altered, which may explain the numerous side effects induced by these agents 13. 10-

11i. Another limiting factor for the clinical use of these agents is the emergence of drug resistance 

as a consequence of changes in cellular uptake, drug efflux, increased detoxification, inhibition of 

apoptosis or increased DNA repair 112i. 

1.1.1 Ruthenium complexes for cancer therapy 

As alternatives to platinum-based anticancer drugs, in recent years, most efforts have been 

devoted to the design of compounds based on ruthenium because of their unique biochemical 

properties. For instance, some ruthenium complexes can potentially bind to serum transferrin and 

albumin by mimicking iron, resulting in the solubilization and transport of the species in plasma 

and in their enhanced accumulation in tumor masses 113-14
J_ Another characteristic of ruthenium 

compounds is believed to be their ability to undergo an "activation by reduction" process, 

suggesting a selective accumulation of active species at the tumor site 115J_ This hypothesis is 

based on the assumption that some Ru(lll) species that are relatively inert may remain intact in 

the blood until they reach the tumor tissue, where due to the more reducing environment, can be 
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reduced to Ru(ll) species which are more labile and reactive. Moreover, similarly to platinum 

drugs, the ligand exchange kinetics of several ruthenium complexes is relatively slow, preventing 

spontaneous structural alterations prior to reaching the target l15-17J_ Despite that both platinum 

and ruthenium compounds can bind to DNA, ruthenium antitumor complexes, either Ru(ll) or 

Ru(lll)), probably function in a manner different from that of cisplatin, owing to their octahedral 

structure as opposed to the square-planar geometry of platinum{ll) compounds. However, the 

extend of DNA binding that is responsible for their mechanism of action still remains to be 

elucidated l18-19l. lnterestingly, some ruthenium complexes induce fewer side effects than 

platinum-based complexes, and some have been reported to also be active against platinum 

resistant cancers, most probably because of their different modes of action in comparison with 

classical platinum anticancer drugs l20-22i. 

Ruthenium complexes then hold promise as several ones have entered preclinical or/and clinical 

trials (Figure 2). For instance, NAMl-A, a Ru(lll) coordination compound was the first ruthenium 

anticancer compound to be studied on human beings that entered a phase 1 clinical trial in 1999. 

lt was also the first ruthenium complex that reached the phase Il stage to be tested in patients 

with non-small cell lung cancer (NSCLC) after first-line therapy l21 i . Despite elegant antimetastatic 

properties of NAMl-A with a variety of mechanisms of action in the preclinic, its clinical study has 

been recently terminated due to the toxicity profile and the lack of convincing preliminary efficacy 

results. Nevertheless, additional trials in larger populations might be needed to be able to draw 

definitive conclusions l23
J_ KP1019 was the second ruthenium complex that entered a phase 1 

study for cancer treatment. This compound did not cause serious side effects in the clinical study 

and importantly, stabilized the diseases in five out of six patients (diagnosed with different 

cancers) for up to ten weeks, making it a promising candidate for further clinical investigations l24l. 

A Ru(ll) complex, RAPTA-C, showed significant growth inhibitory activity of primary tumors in 

preclinical models for ovarian and colorectal carcinomas, making Ru(ll)-arene complexes other 

promising candidates for further pharmaceutical investigations l25l. Very recently, another Ru(ll)­

based anticancer drug, TLD-1433, entered a phase Il clinical trial. TLD-1433 is a photosensitizer 

(PS) investigated for the treatment of nonmuscle-invasive bladder cancer (NMIBC) using 

photodynamic therapy (PDT). Results from the phase 1 study were promising, as 67% of the 

patients treated with the compound fully responded to the treatment: no presence, recurrence, 

nor progression of their bladder cancer was noted for 18 months following a single PDT treatment 

with TLD-1433 l26l. 
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Figure 2. Ruthenium complexes that entered preclinical or/and clinicat studies. 

1 :1.2 Ruthenium complexes for multitargeting approaches in cancer therapy 

Of high interest are ruthenium complexes that can simultaneously act on more than one target, 

known as "multitargeting" complexes, potentially leading to enhanced efficacy and lower potential 

to induce drug resistance r271. To date, "cocktail" therapy, such as drug combinations (multiple 

tablets of different agents) and multi-component drugs (one tablet comprising multiple agents), is 

used to enhance the efficacy of cancer treatment. However, factors such as poor patient 

compliance, unpredictable high cost, side effects, and variable rates of drug metabolism in 

different patients limit the clinical use of the cocktail strategy r27-291. 

Alternatively, multitargeting therapy can be achieved by combining multiple drugs in a single 

molecule that can act on multiple targets simultaneously. This strategy may offer multiple 

advantages over the cocktail strategy such as a simplified drug metabolism, a lower risk of drug 

interactions, an improvement in the solubility and delivery mechanisms of the molecule, and 

potential diversity of the mode of action of the components r271. 

ln order to develop ruthenium drug candidates following this multitargeting approach for cancer 

therapy, several ruthenium complexes bearing biologically active ligands were synthesized, and 

their anticancer potential investigated. For this class of ruthenium complexes, both the metal and 

the ligands are mutually responsible for their biological activity. For instance, Hartinger et al (2012) 

reported Ru(ll)arene-flavonoid complexes (Figure 3) with a considerable activity in different 

cancer cell lines, consisting of a DNA-binding metal centre and a biologically active ligand, 

capable to inhibit topoisomerase lla. ln this study, a more significant enzyme inhibitory activity 

was observed for the metal complexes compared to their corresponding free ligands, indicating 

the impact of this combination on the efficacy of the original drugs r3o1 . ln another study, Wang et 

al (2014) reported NAMl-A type Ru(lll) complex derivatives tethering 4-anilinoquinazoline, an 

epidermal growth factor receptor (EGFR) inhibitor (Figure 3). EGFR plays an important role in cell 

division and growth, and is overexpressed in many types of tumor cells, making it a promising 
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target for cancer therapy. The species investigated in this study could represent a novel class of 

multitargeting anticancer agents involving both the blockage of EGFR signalling and the induction 

of early-stage apoptosis cascades [31 1. As another example, Dyson et al (2014) reported RAPTA­

type complexes bearing curcumin derivatives (Figure 3) , previously reported to possess 

anticancer properties. Given that curcumin is insoluble and unstable in water, it is interesting to 

note that these Ru(ll) complexes of curcumin were highly soluble and stable in aqueous medium, 

and induced a more significant cytotoxicity than curcumin [321. These data confirm that the 

combination of two species in a single molecule can not only improve the chemical and physical 

properties of the original compounds but can also enhance their biological activity. 

Hartinger et al (2012) Wang et al (2014) Dyson et al (2014) 

Figure 3. 
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Examples of ruthenium complexes bearing biologically active ligands with potential 
multitargeting properties. 

1.2 Aromatase inhibitors for breast cancer therapy 

+ 

x-

Enzyme inhibitors are substances which alter the catalytic activity of enzymes by slowing down, 

or in some cases stop, the catalysis process. The growth and the functions of cancer cells are 

often very dependant on the activity of enzymes, making them promising cellular targets for 

cancer treatment [33-351. ln the course of this study, we mainly focused on the design of potential 

multitargeting ruthenium complexes for breast cancer therapy, as this type of cancer is the most 

commonly diagnosed cancer in women, accounting for 1 in 4 (25%) of new cases worldwide [351. 

To develop multitargeting ruthenium complexes for breast cancer treatment, we have selected 

aromatase inhibitors to actas ligands in the structures of the complexes. 

Estrogen deprivation has long been an effective treatment for breast cancer, and the introduction 

of the antiestrogen tamoxifen produced marked improvements in breast cancer survival [371, The 
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mode of action of tamoxifen involves blocking estrogen receptors, whose signalling represents a 

critical growth and survival pathway in breast tumours [381. Unlike tamoxifen, aromatase inhibitors 

do not directly interact with estrogen receptors, but instead inhibit the conversion of androgens to 

estrogen in postmenopausal women [391. lt is believed that higher levels of estrogen result in a 

faster growth of breast cancer cells, specifically in the case of estrogen receptor positive (ER+) 

breast cancers. Aromatase inhibitors interact with the aromatase enzyme which catalyzes the key 

step of the estrogen biosynthesis, leading to estrogen deprivation and potentially breast cancer 

cell growth inhibition [4o1. lt is noteworthy that aromatase inhibitors can only efficiently deprive cells 

from estrogen in postmenopausal women for whom the estrogen production is no longer governed 

by avaries and is only produced from the catalytic activity of aromatase [41 1. 

Among aromatase inhibitors, the third-generation series (last generation), consisting of both 

nonsteroidal inhibitors, anastrozole and letrozole, and the steroidal inhibitor exemestane, has 

become one of the most commonly used drugs for treating ER+ breast cancers (Figure 4) [421. 

Anastrozole and letrozole can bind to the heme iron of the aromatase through the coordination of 

one nitrogen of their triazole ring, and accordingly block the active site of the enzyme preventing 

the estrogen biosynthesis [431. 

N ;:) 
NC~CN 

letrozole anastrozole 

Figure 4. Chemical structures of third-generation aromatase inhibitors. 

CH2 

exemestane 

0 

On the other hand, steroidal aromatase inhibitors such as exemestane compete with the 

endogenous ligands androstenedione and testosterone for the active site of the enzyme, where 

they are metabolized to intermediates that bind irreversibly to the active site, causing enzyme 

inhibition [441. Among the third-generation aromatase inhibitors, the presence of a triazole ring in 

the structure of anastrozole and letrozole makes them appropriate candidates to act as ligands in 

the coordination sphere of ruthenium complexes, which could potentially provide multitargeting 

properties to the complexes for breast cancer therapy. 
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ln the following chapter, a review on the importance of the development of new anticancer drugs 

for breast cancer therapy, using a multitargeting approach, as well as several examples of 

rationally designed ruthenium complexes for breast cancer therapy, organized by subtype of 

breast cancer, are presented. 
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1.3 Rationally designed ruthenium complexes for breast cancer therapy (a review 
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RÉSUMÉ: 

Dans le monde, le cancer du sein est la forme la plus fréquente chez la femme. Depuis la 

découverte du potentiel anticancéreux des complexes de ruthénium , plusieurs se sont avérés 

prometteurs pour le traitement de ce type de cancer. Parmi ces derniers, les complexes 

comportant un ligand bioactif s'avèrent particulièrement intéressants puisqu'ils peuvent permettre 

l'identification de molécules thérapeutiques ayant une large gamme de modes d'action cellulaires. 

Cette revue de la littérature vise à fournir un aperçu des complexes à base de ruthénium 

comportant un ligand bioactif ayant démontré une efficacité intéressante contre les cancers du 

sein hormonaux dépendants aux œstrogènes (ER+) ou bien à la progestérone (PR+). De plus, 

cette revue met en lumière plusieurs exemples particulièrement importants de leur activité 

thérapeutique pour le traitement du cancer du sein triple négatif (TNBC) , une forme de cancer 

parmi les plus agressifs. 
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Abstract: Since the discovery of the anticancer potential of ruthenium-based complexes, several 
species were reported as prornising candidates for the treatrnent of breast cancer, which accounts 
for the greatest number of new cases in women every year worldwide. Among these ruthenium 
complexes, species containing bioactive ligand(s) have attracted increasing attention due to their 
potential multitargeting properties, leading to anticancer drug candidates with a broader range 
of cellular targets/modes of action. This review of the literature aims at providing an overview 
of the rationally designed ruthenium-based complexes that have been reported to date for which 
ligands were carefully selected for the treatment of hormone receptor positive breast cancers (estrogen 
receptor (ER+) or progesterone receptor (PR+)) . In addition, this brief survey highlights some of the 
most successful examples of ruthenium complexes reported for the treatment of triple negative breast 
cancer (TNBC), a highly aggressive type of cancer, regardless of if their ligands are known to have the 
ability to achieve a specific biological function . 

Keywords: ruthenium; breast cancer; multitargeted therapy; metallodrug; hormone positive breast 
cancer; triple negative breast cancer (TNBC); enzyme inhibition 

1. Introduction 

Cancer is a major public health issue worldwide [1,2]. More specifically, breast cancer is the most 
common cause of cancer death in women in developing cow1tries and the second most conunon cause 
of cancer death in developed countries [3]. Although death rates for breast cancer dropped by 40% 
from 1989 to 2016 [l ], specific types of breast cancer are still incurable [4]. Estrogen and progesterone 
receptors play a crucial role in the development of the most common breast cancer subtypes, and their 
expression is very highly predictive of their response to endocrine therapy. Different subtypes of breast 
cancer include estrogen receptor alpha (ERcx.), overexpressed in approximately 70% of invasive breast 
cancers, and progesterone receptor (PR), overexpressed in over two-thirds of estrogen receptor positive 
(ER+) breast cancers [5,6]. Another common biomarker in breast cancer is the epidermal growth factor 
2 (HER2), overexpressed in approximately 20% of breast cancers [4]. Cancer patients who test positive 
for that protein can benefit from HER2-targeted therapy [7]. Finally, triple-negative breast cancer 
(TNBC), which represents 10-20%, of ail breast carcinomas [8], is characterized by the absence of ER, PR, 
and HER2 biomarkers [8,9]. Because of the ineffectiveness of endocrine therapy or therapies targeted to 
HER2 for TNBC, this type of cancer requires the development of different treatment approaches [8, 10]. 
It is noteworthy that approximately 10-30% of patients with breast cancer, regardless of their hormone 
receptor status, develop metastases to the lymph nodes or/and distant organs, making the design of an 
efficient treatment for this heterogeneous type of breast cancer a challenging task [11,12]. Despite the 
associated short- and long-term risks, chemotherapy frequently remains an essential treatment for 
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breast cancer, more particularly for la te stage, metastatic, or triple-negative breast cancer [4). Although 
patients with ER+ and/or PR+ breast cancer can benefit from endocrine therapy [4), alternative types of 
treatment including chemotherapy are often envisaged due to the side effects [13-15) and the high risk 
of post-therapy recurrence [16, 17). Besides, it was also reported that the combination of chemotherapy 
and endocrine therapy can significantly increase the survival rate of patients diagnosed with ER+ 
breast cancer [17). 

Because of the wide range of coordination numbers and geometries, accessible redox states, and the 
thermodynamic/kinetic properties and nature of the coordinating ligands, inorganic compounds can 
exploit the unique properties of metal ions for the design of new anticancer drugs [18,19). A well-known 
chemotherapeutic agent, cisplatin, is one of the most commonly used drugs to treat malignant breast 
cancers, either as a single agent or in combination with other drugs [20-22]. Although the success of 
cisplatin and its derivatives in breast cancer treatment is undeniable, these compounds usually display 
a range of severe side effects due to their lack of selectivity for cancerous over normal tissues [23). 
The poor selectivity of cisplatin can be explained by its primary mode of action, which includes its 
interference with transcription and/or DNA replication mechanisms, not only lirnited to cancer cells 
but also to normal cells [23-25). It has been reported that breast cancer cells can develop resistance 
to platinum-based drugs through different pathways, making it a major clinical obstacle to the 
development of successful treatments [26,27). As an alternative to platinum-based chemotherapeutic 
agents, most efforts were devoted to the design of compounds based on ruthenium, as many were 
reported to display fewer side effects due to their different modes of action [28,29]. In many cases, 
ruthenium complexes were found to display a high cytotoxicity against platinum-resistant cancer 
cell lines, making them promising candidates for further investigation [30,31 ]. Also importantly, 
ruthenium species have demonstrated some promising activities in different types of breast cancer, 
opening the door to the design of nove! metal-based chemotherapeutic agents. It is worth mentioning 
that several ruthenium complexes such as RAPTA-C [32], NAMI-A, and KP1019 [33] have successfully 
entered preclinical or clinical trials for the treatment of different cancers. Sorne ruthenium species also 
have the potential to actas photosensitizers (PS) in photodynamic therapy (PDT), which relies on the 
combination of a PS, light, and molecular oxygen. Upon light-activation, the excited state of the PS 
interacts with the ground state of molecular oxygen (302) to generate reactive oxygen species and 
notably singlet oxygen (102), which can internet with a wide range of biomolecules [34). TLD-1433 is 
the first ruthenium(II)-based PS for PDT to enter a human clinical trial for the treatment of non-muscle 
invasive bladder cancer [35). 

In recent years, the development of agents with enhanced anticancer properties via the coordination 
of biologically active molecules to metals, more specifically ruthenium, has attracted increasing 
attention [36-38). Because ruthenium complexes are widely studied for their ability to induce cancer 
cell death, the introduction of biologically active ligands in their structure can be a promising approach 
for the development of drug candidates with a broader range of anticancer activities compared to 
ruthenium complexes or ligands alone [39,40). This approach can potentially result in the creation of 
rnultitargeting drug candidates that could limit the emergence of cancer cell resistance mechanisms by 
leaving biological systems unable to compensate for the simultaneous action of two or more drugs [41 ]. 
The promising potential of this class of compounds was demonstrated by several rationally designed 
ruthenium complexes bearing biologically active ligands for the treatrnent of hormone receptor positive 
and hormone receptor negative breast cancers. For the former group of breast cancers, anticancer drugs 
including P450 inhibitors or steroid receptor-targeting molecules were included within the structure 
of the complexes whereas for the latter group, due to the lack of expression of hormone receptors, 
anticancer drugs with other modes of action (such as nonsteroidal anti-inflammatory drugs) were used 
as ligands. It is noteworthy that no ruthenium complex was specifically reported for the treatrnent of 
HER2+ breast cancer, so that reports of ruthenium complexes for hormone receptor negative breast 
cancer therapy are lirnited to TNBC therapy. 
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In this review, an overview of the rationally designed ruthenium-based complexes that were 
reported to date for breast cancer therapy is presented, with a special emphasis on species that 
include ligands that were carefully selected for the treatment of hormone receptor positive cancers, 
either estrogen receptor positive and/or progesterone receptor positive. In addition, this brief survey 
highlights some of the most successful examples of ruthenium complexes reported for the treatrnent 
of triple negative breast cancer, a highly aggressive type of cancer, regardless of if their ligands are 
known to have the ability to achieve a specific biological function. The information presented in this 
review is summarized in Table Sl (Supplementary Materials). 

2. Ruthenium Complexes for the Treatment of Hormone Receptor Positive Breast Cancer 

Anticancer drugs that are known to deprive cancer cells of the hormones they need for their growth, 
such as estrogen and progesterone, are promising ligand candidates for the design of multitargeting 
ruthenium complexes for the treatment of HR+ breast cancer. P450 enzyme inhibitors and steroid 
hormone receptor targeting moieties are examples of anticancer agents that are discussed in this 
section. Sorne successftù examples of ruthenium complexes bearing other bioactive ligands such as 
nonsteroidal anti-inflammatory drugs (NSAIDs), epidermal growth factor receptor (EGFR) inhibitor, 
and glutathione S-transferase (GST) inhibitor are also presented. 

2.1 . Ruthenium Complexes Bearing P450 Enzyme Inhibitors 

The combination of ruthenium with a P450 enzyme inhibitor in a single agent could potentially be 
beneficial for hormone receptor positive breast cancer therapy. P450 enzymes catalyze reactions that are 
involved in the biosynthesis and the metabolism of various important molecules [42,43]. For instance, 
the P450 enzyme aromatase (CYP19Al) plays a crucial role in steroid synthesis and thus in the growth of 
ER+ breast cancer [44]. Notably, it catalyzes the conversion of androgens to estrogens, a process known 
to provide the primary source of estrogens in postmenopausal women (for whom the production 
of estrogens is no longer governed by their avaries) [45]. The mode of action of third-generation 
aromatase inhibitors is believed to take place via the N-interaction of their triazole ring with the 
iron of the enzyme's cofactor, thus preventing the catalytic activity of the enzyme [46]. Furthermore, 
the inhibition of aromatase in breast tissues can also sensitize cells to chemotherapeutic agents [47,48]. 
Maysinger et al. (2012) reported the preliminary in vitro anticancer potential assessment of a series of 
ruthenium(Il) arene complexes of the aromatase inhibitor letrozole in breast cancer cells, a clinically 
used third-generation aromatase inhibitor [49]. Among the ruthenium arene complexes reported in 
this study, complex (1) (Figure 1) showed the most promising cytotoxicity in the ER+ breast cancer cell 
line MCF7. Notably, the cytotoxicity of this compound was found to be significantly higher than that of 
the contrai complex [Ru(116-C6H6)Cl2(PPh3)] (with no aromatase inhibitor), suggesting a contribution 
of the letrozole ligand on the activity of the compound [49]. However, the aromatase enzyme inhibitory 
potential of these complexes was overlooked. More recently, Castonguay et al. (2019) reported a series 
of ruthenium(Il) arene complexes bearing a slightly different third-generation aromatase inhibitor, 
namely anastrozole [40]. In this study, the stability, in vitro cytotoxicity, in vitro aromatase inhibitory 
activity, and the in vivo toxicity of the complexes on the development of zebrafish embryos were 
investigated. Cationic complexes with a more lipophilic counterion (BPh4 vs BF4) showed a higher 
in vitro cytotoxicity, which could potentially be associated with greater levels of ruthenium cellular 
uptake, as measured by ICP-MS. Among al! the synthesized species, the highest in vitro cytotoxicity 
was observed for complex (2) (Figure 1), which also displayed a high stability in cell growth media. An 
IC50 value of 4 µM was noted in both MCF7 and T47D breast cell lines, an activity significantly higher 
th.an that of the clinically-relevant drug cisplatin (IC50 > 150 µM, T47D; 37.0 ± 2.4 µM, MCF7). More 
irnportantly, the aromatase inhibitory activity of (2) was studied theoretically (by performing a docking 
simulation) and experimentally (using the tritiated water assay), which both showed a possible enzyme 
inhibitory activity for this compound, despite the involvement of the nitrogen atorn of its triazole ring 
in the ruthenium coordination sphere. Also interestingly, no apparent in vivo toxicity (at 12.5 µM) was 
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observed for this complex on the development of zebrafish embryos, which has become a prominent 
mode! for drug discovery and toxicity assessment (50]. Notably, more than 50% of zebrafish embryos 
treated with cisplatin under the same conditions could not hatch after 96 h, a clear indication of the 
toxicity of this chemotherapeutic agent (40]. Importantly, Castonguay et al. (2020) recently developed 
a nove! ruthenium(II) cyclopentadiene (Cp) complex of anastrozole (3) (Figure 1) with a high in vitro 
cytotoxicity not only in ER+ breast cancer cells (IC50 = 0.50 ± 0.09 µM, MCF7; 0.32 ± 0.03 µM, T47D) 
but also in a TNBC cell line, MDA-MB-231 (ICso = 0.39 ± 0.09 µM) (51]. Although this species was 
also cytotoxic in a non-cancerous breast cell line, MCF-12A (IC50 = 0.58 ± 0.02 µM) , no apparent 
in vivo toxicity was observed on the development of zebrafish embryos at concentrations around its 
ICso values. It is worth rnentioning that both experimental and theoretical studies suggested that 
the interaction between this species and the aromatase enzyme is not likely to occur, most probably 
because of the bulkiness of the PPh3 moieties, preventing the compound from reaching the active 
site of the enzyme. Overall, the significant cytotoxicity of (3) against cancer cells, cornbined with its 
low toxicity on the developrnent of zebrafish embryos, makes it an interesting candidate for further 
investigations. Sorne other P450 enzymes, such as CYPlBl, are also known to play arole in cancer 
initiation, progression, and drug resistance (52,53]. For instance, Glazer et al. (2017) reported an 
interesting study involving ruthenium(II) complexes bearing the P450 enzyme inhibitor etornidate, 
(4) (Figure 1), with dual enzyme inhibitory and DNA damaging activities upon light activation (54]. 
Although the drug candidate was not specifically designed nor tested for its activity in breast cancer, 
we reasoned that mentioning that study could be of interest to the reader as etornidate can also inhibit 
the activity of the aromatase enzyme (55--57]. Despite the interesting dual activity observed for this 
complex, its in vitro cytotoxicity was not studied [54]. 

Maysinger et al. (2012) 
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Figure 1. Ruthenium complexes bearing P450 enzyme inhibitors. 

2.2. Ruthenium Complexes Bearing Steroid Hormone Receptor Targeting Moieties 

Glazer et al. (2017) 

(4) 

Steroid hormones play a major role in regulating the expression of specific gene networks, and their 
biological effects on target tissues is rnediated by specific receptors (58]. Severa! reports have shown 
that targeting hormone receptors in breast cancers can prevent their interaction with hormones and, 
as a result, block their function and lead to cancer cell death (59]. Thus, linking steroid hormone 
receptor-targeting moieties to metal-based drug candidates appears to be a prornising avenue for the 
design of therapeutic agents [60]. 

Accordingly, Jaouen et al. (2005) reported a series of ruthenocene-substituted tamoxifen derivatives, 
(5) (Figure 2), including alkyl chains of various lengths (n = 2-5) and investigated their in vitro 
cytotoxicity in both ER+ and TNBC cell lines [61 ]. Tamoxifen is known to cornpete with estrogens for 
the specific binding of estrogen receptors and, as a result, induce prograrnmed cell death [62]. Notably, 
a slight activity was observed at 1 µM (% proteins/control ;::; 80) for the shortest alkyl chain cornplex 
(n = 2) in the ER+ cell line MCF7, an activity similar to that of the corresponding free ligand, whereas a 
slightly better cytotoxicity (% proteins/control ;::; 60-70) was noted for the derivatives with a longer alkyl 
chain (n = 3-5). No apparent cytotoxicity was observed when the TNBC cell line MDA-MB-231 was 
exposed to these ruthenium(II) complexes. lmportantly, a much higher (>2 times) ERcx relative binding 
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affinity (RBA) was observed for the ruthenium complex bearing the shortest alkyl chain derivative 
(n = 2) when compared to that of its corresponding free ligand, demonstrating the receptor targeting 
potential of the ruthenium backbone [61 ]. Peng et al. (2018) reported an estrogen receptor-targeting 
ruthenium(II) polypyridyl photosensitizer, (6) (Figure 2), for the photodynamic therapy (PDT) of ER+ 
breast cancers [63], also bearing a tamoxifen derivative. The ruthenium polypyridyl backbone of 
the complex can serve as both a two-photon excited singlet oxygen-generating photosensitizer and a 
two-photon fluorescence probe for tracking the cellular uptake and localization of the drug candidate. 
On the other hand, the tamoxifen ligand linked to the ruthenium polypyridyl backbone through a 
triazole linker can provide efficient estrogen receptor targeting of ER+ breast cancer cells. Importantly, 
compound (6) displayed a significantly higher phototoxicity in ER+ breast cancer cells (MCF7) than in 
a triple negative cell line (MDA-MB-231), suggesting a non-negligible effect from tamoxifen on the 
internalization of the complex through its interaction with the multiple estrogen receptors found in 
MCF7 cells . The mode of action of this complex is believed to be associated with the generation of 
10 2, causing damage to lysosomes, resulting in cell death. It is noteworthy that the phototoxicity of 
(6) was found to be significantly higher than that of a control compound (with no tamoxifen in its 
structure), but also higher than that of a mixture of the same control complex with tamoxifen (1:1 ratio), 
indicating a possible synergistic effect arising from the ruthenium and tamoxifen combination within a 
complex [63]. 

Jaouen et al. (2005) 
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Figure 2. Ruthenium complexes bearing hormone receptor targeting moieties. 
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Other examples of estrogen receptor-targeting ruthenium species include complexes with 
substituted flavones as ligands, (7) (Figure 2), which were studied by Arshad et al. (2017) [64]. 
Flavones belong to a class of compounds called flavonoids, known to display different biological 
functions, including some antiestrogenic activity, due to their ability to bind estrogen receptors [65,66]. 
Ali the ruthenium-flavone complexes reported in this study displayed almost equal or slightly lower 
ICso values in MCF7 breast cells compared to the corresponding flavones alone, suggesting a retained 
activity from the flavones upon coordination. It is also interesting to note that the lowest IC50 value in 
MCF7 cells (16 µM) was observed for a ruthenium complex that includes a flavone ligand bearing a 
methoxy substituent, known to inhibit DNA synthesis [64]. In another study, the potential modes of 
action of a ruthenium(Ill)-flavone (chrysin), complex (8) (Figure 2), was studied by Chakraborty et al. 
(2019) . Results have demonstrated the abi!ity of this compound to arrest the cell cycle and to induce 
apoptosis, following the upregulation of p53 and Bax and the downregulation of Bcl2, VEGF, and mTOR. 
The in vivo toxicity of (8) was also assessed by exposing rats to 250 to 1000 mglkg doses of the complex. 
On Day 20, treatment-related mortality and body weight Joss were observed when a 1000 mg/kg dose 
of (8) was used [67]. It is worth mentioning that none of the above publications on ruthenium-flavone 
complexes reported the potential interaction of the complexes with estrogen receptors. 

It has been reported that the coordination of estrogens or androgens to an organometallic 
backbone can mediate hormone receptor targeting, facilitating the cellular uptake of the corresponding 
complexes [68,69]. For instance, a series of ruthenium(Il) complexes with N-coordinated estradiol 
isonicotinates were reported by Hammond et al. (2011) (9) [70]. Their in vitro cytotoxicity in MCF7 
cells was found to be considerable (ICso values < 20 µM) with the highest activity being observed 
for the R = OEt derivative (IC50 = 0.08 ± 0.04 µM) . Despite the prornising cytotoxicity of these 
complexes, none of them showed any affinity for the estrogen receptor ERcx. However, most of them 
were found to display a significant affinity, although to a lesser extent than their respective parent 
steroid, with the sex hormone binding globulin that transports steroid hormones in the blood and 
facilitates their cellular uptake by allowing their accumulation on the plasma membrane [70-72]. 
A steroid-conjugated (levonorgestrel) ruthenium(Il) arene complex, (10) (Figure 2) [73], was reported 
by Hannon et al. (2011) to be 8-fold more active than cisplatin in T47D human breast cancer cells. 
The antiproliferative activities of free levonorgestrel and a control complex containing no steroid, 
Ru(176-p-cymene)(ppy)Cl, were found to be much lower than the ruthenium bioconjugate complex. 
Theoretical DFT calculations on complex (10) showed that the metal center is distant enough from the 
lipophilic steroidal moiety to allow a possible interaction between the ruthenium and biomo!ecules 
such as N-nucleophiles, more specifically 9-ethylguanine (9-EtG), following the replacement of the 
chloride ligand with the nucleophile. Finally, ESI-MS analysis data also showed experimental evidence 
for the possible formation of a 9-EtG monoadduct, resulting from the incubation of 9-ethylguanine 
with (10). In another study, Lin et al. (2019) reported a ruthenium(II) N-heterocyclic carbene complex 
(Ru-NHC) conjugated to a 17cx-ethynyl testosterone (Te structure very simi!ar to progesterone) through 
a disulfide linkage to generate a new complex, Ru-NHC-S-S-Te, (11) (Figure 2) [74]. The cytotoxicity 
of (11) was studied in MCF7 (PR+) and MDA-MB-231 (PR-) cell lines, and was also compared with 
that of the original Ru-NHC complexas a control (with no steroid conjugated moiety) . The ICso value 
of (11) (4.48 ± 0.17 µM) was found to be about twice as low as that of Ru-NHC (10.54 ± 0.34 µM) in 
MCF7 cells. Howevet~ when MDA-MB-231 cells were treated with the complexes, an opposite trend 
was observed as a lower IC50 value was noted for Ru-NHC (14.18 ± 1.01 µM) when compared with 
that of (11) (20.71 ± 0.92 µM) . The mode of action of (11) is associated with blocking the cell cycle 
progression and inducing cell apoptosis. Moreover, compound (11) showed a lower cytotoxicity in 
normal breast cells, Hs578Bst (IC5o = 37.36 ± 1.89 µM), compared with that of Ru-NHC in the sarne cell 
line (IC50 =11.42±1.12 µM). An ICP-MS analysis showed significantly higher ruthenium cellular levels 
in MCF7 cells treated with (10) compared to those treated with Ru-NHC. However, the ruthenium 
accumulation in the MDA-MB-231 cell line was found to be only slightly different between the two 
compounds. Taken together, cytotoxicity and cellular uptake studies suggest that the steroid moiety 
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acts as a targeting unit to PR+ tumor cells. The in vivo antitumor activity of (11) and Ru-NHC was 
also assessed in a nude mice MCF7 xenograft mode!. Both compounds were successful at suppressing 
tumor growth but notably, a slight decrease in the tumor volume of mice treated with (11} was also 
noted. Moreover, mice treated with (11) survived for a longer time than mice from the contrai group, 
whereas mice treated with Ru-NHC died prior to the ones from the contrai group, demonstrating the 
effect of the ligand on the toxicity of ruthenium complexes [74]. 

2.3. Other Ruthenium Complexes for the Treatment of Hormone Receptor Positive Breast Cancers 

Whereas examples of ruthenium complexes bearing ligands that have a specific target in hormone 
receptor positive breast cancers are limited, several complexes bearing other types of bioactive ligands 
with different targets were also found to display a considerable activity for hormone receptor positive 
cancers. For example, several reports have demonstrated that nonsteroidal anti-inflammatory drugs 
(NSAIDs) have promising anticancer properties, making them suitable ligands for the design of 
multifunctional anticancer ruthenium complexes [75- 77]. The main mode of action of NSAIDs in 
different cancer types, including breast cancer, is believed to be associated with the inhibition of the 
cyclooxygenase (COX) enzyme [75,78]. The most obvious consequence of the overexpression of COX 
enzymes, more specifically COX-2, is the increased production of inflammatory prostaglandins (PG), 
mediators that may contribute to carcinogenesis, stimulate cancer cell proliferation, and mediate 
immune system suppression [79]. Furthermore, several studies suggest that COX-2 inhibitors such as 
NSAIDs might not only play arole in the treatrnent of breast cancer, but also in its prevention [80]. 
For instance, the in vitro cytotoxicity of two cationic ruthenium(II) dppm (diphenylphosphinomethane) 
complexes (12), respectively bearing diclofenac (Ru-Dicl) and ibuprofen (Ru-Ibp) (Figure 3) in MCF7 
breast cancer cells, was reported by Von Poelhsitz et al. (2015) and compared with that of a ruthenium 
complex contrai (with no bioactive ligand), cis-[RuCl2(dppm}i], and cisplatin [81]. Both ruthenium 
complexes displayed a higher cytotoxicity (IC50 = 47 ± 6 µM for Ru-Dicl, MCF7; IC50 = 9 ± 3 µM for 
Ru-Ibp, MCF7) than that of the ruthenium complex contrai (ICso = 191 ± 13 µM, MCF7), highlighting 
the importance of the NSAID ligand on the anticancer activity of the compounds. Moreover, the ICso 
value of Ru-Ibp was found to be significantly lower than that of cisplatin (ICso = 34 ± 4 µM, MCF7) [81]. 
It is worth mentioning that the potential COX inhibition activity of the compounds discussed above 
was not studied. More recently, Mukhopadhyay et al. (2018) reported a series of ruthenium(II) cymene 
complexes bearing different NSAID ligands, (13) (Figure 3), including diclofenac and ibuprofen, but also 
naproxen (Npx) and aspirin (Asp) [82]. Except for the Ru-Asp complex, which was found inactive 
against MCF7 cells, ail complexes displayed a lower IC50 value ( <0.1 µM) than their corresponding 
free NSAID (>80 µM) in this cell line. Furthermore, the COX inhibitory activity of the complexes was 
investigated, and ail complexes showed higher in vitro COX inhibition than that of their corresponding 
free NSAID. Notably, the Ru-Ibp and Ru-Asp complexes could inhibit the activity of the enzyme 
more significantly than the Ru-Npx and Ru-Dicl species. The COX inhibition by Ru-Npx and Ru-Dicl 
and their corresponding NSAID was further investigated by a docking simulation. Both complexes 
exhibited significantly higher binding affinities than the corresponding free ligands naproxen and 
diclofenac towards COX-2, which could be due to the higher affinity and to the more extensive different 
non-bonding interactions of the ruthenium species with proximal amino acid residues of proteins, 
H-bonding interactions, and other non-bonding interactions such as halogen and pi-pi stacking 
interactions. Although this study suggests a potential for metal-NSAID complexes to target COX 
enzymes, the Jack of stability of the reported complexes in DMSO and DMSO/water mixtures [82] 
prevents one from drawing conclusions about their potential multitargeting properties. 

Another interesting example of a type of ruthenium(II} complex bearing an enzyme inhibitor was 
reported by Bhattacharyya et al. (2011), discussing a bifunctional ruthenium species of ethacrynic acid, 
a glutathione S-transferase (GST) inhibitor, (14) (Figure 3), and its in vitro cytotoxicity in MCF7 cancer 
cells [83]. Complex (14) is an analogue of the ruthenium arene complex RAPTA, which was previously 
reported for its promising anticancer potential in different cancer cell lines and its notable activity with 
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regard to reducing the number and weight of solid metastases in vivo [32,84]. GSTs have multiple 
biological functions such as cell protection against oxidative stress and several toxic molecules. Because 
cancer cells overexpress GSTs, they can develop multifactorial drug resistance, making GST an efficient 
target for cancer therapy [85]. Among the members of the GST family, GSTPl-1, which catalyzes the 
conjugation of reduced glutathione (GSH) with a broad range of substrates including chemotherapeutic 
agents, has been linked to drug resistance and is frequently overexpressed in drug-resistant cell 
lines [86]. Exposure of MCF7 breast cancer cells to 20 µM of (14) led to a 10% reduction in cell viability 
after 24 h, whereas a more considerable reduction of 30% was noted after 72 h. Since reactive oxygen 
species (ROS) generation is one of the known modes of action of ethacrynic acid, ROS levels in cancer 
cells treated with (14) were also measured after 24 h and 72 h, resulting in significantly higher levels of 
ROS after 72 h. Due toits delayed cytotoxicity and ROS generation, compound (14) is believed to first 
interact with GSTPl-1 , disrupting the apoptosis inhibition elicited by this enzyme, followed by the 
release of the metal fragment and the induction of cytotoxicity via a multiple mechanism pathway [83]. 

Von Poelhsitz et al. (2015) 

o90ppPF6 

\p'-...._+/ 1 

OQlf6'0 
R 

1c., (MCF7) = 47 ± 6 µM (RCO,. = Dicl) 
IC., (MCF7) = 9 ± 3 µM (Rco,· = lbp) 

0 

(12) 

Bhattacharyya et al. (2011) 

1 

Cl 

O~NH 
0 '--<:i:} 

Ru 
Cléi' 'p..-..N 

(lCN> 
N...J 

IC00 (MCF7) > 20 µM 

(14) 

Mukhopadhyay et al. (2018) 

1c., (MCF7) < 0.1 µM (RCo,· = lbp, 
Npx, Dicl) 
Inactive (Rco2- = Asp} 

(13) 

Wang et al. (2015) 

IC00 (MCF7) = 54 ± 4 µM 

(15) 

1 

NSAIDs 

lbuprofen (Hlbp) Naproxen (HNpx) 

O~OH ...., oy 
1 h- D 

Aspirin (HAsp) Diclofenac (HDicl) 1 

Figure 3. Ruthenium complexes bearing bioactive ligands. 

The epidermal growth factor receptor (EGFR) is also a coveted target for cancer therapeutics. 
Part of the receptor tyrosine kinase (RTK) farnily, EGFR is overexpressed in a broad range of human 
cancer cells, including breast cancer cells, making it a potential target for the development of new 
anticancer agents for breast cancer therapy [87] . The extracellular ligand-binding region of the EGFR or 
the intracellular tyrosine kinase region can be targeted by specific anticancer agents, which may interfere 
with the signaling pathways that modula te mitogenic and other cancer-promoting responses such as cell 
motility, cell adhesion, invasion, and angiogenesis [88]. 4-anilinoquinazoline derivatives are examples 
of antitumor agents for which the mode of action is to inhibit the tyrosine kinase activity of EFGR 
via competitive binding at the ATP site of the enzyme, resulting in cancer cell growth inhibition [89]. 
Wang et al. (2015) reported a series of ruthenium(II) cymene complexes of 4-anilinoquinazoline 
derivatives that showed dual-targeting properties, including a significant inhibitory activity of EGFR 
and a high affinity with DNA via a minor groove binding mode of interaction in different types of 
cancers including breast cancer [90]. In this series of complexes, the most notable results were obtained 
for (15) (Figure 3) for which the EGFR inhibitory activity (IC50 = 66.1 ± 11 nM) was very close to that 
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of the corresponding 4-anilinoquinazoline ligand (IC50 = 60.2 nM) and higher than that of gefitinib, 
a well-known EGFR inhibitor (ICso = 94.0 nM). The EGFR inhibitory activity of this complex was also 
supported by results obtained from a docking simulation. However, this study was performed for the 
aqua version of (15), as it was found to readily undergo hydrolysis in aqueous solutions. This result 
suggests that the introduction of ruthenium does not eradicate the activity of the 4-anilinoquinazoline 
ligand towards the EGFR. The presence of the chloride ligand in this class of complexes was found to 
be important for maintaining an EGFR inhibitory activity, which was found to be correlated to the 
hydrolysis potential of the compound, often considered as an essential step to activa te metal-based 
complexes towards biomolecules [90]. The cytotoxicity of (15) was assessed in cancer cells, including 
human MCF7 breast cancer cells, either in the presence or in the absence of EGF (100 nglmL), in order to 
evaluate the effect of blocking the signal transduction of the EGF on the inhibitory potency of the tested 
complexes. Complex (15) displayed a moderate cytotoxicity towards MCF7 cells (IC50 = 54 ± 4 µM) in 
the absence of EGF but was found to be inactive when exogenous EGF was added (ICso > 100 µM). 
This result indicates that EGFR inhibition may not be the only mechanism of action for this complex, 
and other modes of action such as DNA interaction are likely to occur, which, however, may not be 
efficient enough to compensate for the effect of added EGF. 

3. Ruthenium Complexes for the Treatment of Triple Negative Breast Cancer (TNBC) 

Since triple negative breast cancers do not respond to hormonal therapy, the commonly used 
anticancer drugs for hormone receptor positive breast cancers, such as P450 enzyme inhibitors or 
estrogen receptor targeting molecules, are not appropriate candidates to act as ligands in the structure 
of the ruthenium complexes for the treatment of this cancer. However, other types of anticancer agents 
could allow the preparation of ruthenium complexes with different cellular targets and th us improve 
their anticancer activity in TNBC or/and prevent the development of cancer cell resistance. In this 
section, several ruthenium complexes with remarkable anticancer activities in TNBC are discussed . 
Although the focus of this section is on multitargeting approaches, due to the importance of finding 
novel efficient drugs for the treatment of aggressive TNBC, other successful examples of ruthenium 
complex drug candidates are briefly presented, regardless of if their ligands are biologically active. 

3.1. Ruthenium Complexes Bearing Nonsteroidal Anti-Inflammatory Drugs (NSAIDs) 

It is noteworthy that NSAIDs may not only induce an anticancer activity in hormone receptor 
positive breast cancers, but also in TNBC, making them versatile moieties for the design of ruthenium 
species for breast cancer treatrnent. de Oliveira Silva et al. (2017) reported diruthenium(II,III) 
metallodrugs, (16) (Figure 4), of ibuprofen (Ru-Ibp) and naproxen (Ru-Npx) encapsulated into 
intravenously injectable solid-polymer-lipid nanoparticles (Ru-NSAID-SPLNs), which were prepared 
from a combination of two lipids (myristic acid and ethyl arachidate ester) [77]. The in vitro cytotoxicity 
of both dimeric metallodrugs was first studied in a triple negative breast cancer cell line, MDA-MB-231, 
and compared with that of ibuprofen and naproxen alone, and that of a ruthenium complex used as 
a contrai (which does not con tain any bioactive ligand, [Ru2(02CCH3)4Cl]) . Although ail observed 
IC50 values were found to be very high (>200 µM), the cytotoxicities of both dimeric metallodrugs, 
Ru-Ibp and Ru-Npx, were found to be higher than that of their corresponding parent drug, ibuprofen 
and naproxen, and that of the control ruthenium complex, suggesting that neither the diruthenium core 
nor the NSAID ligand alone is responsible for the observed anticancer activities. The encapsulation 
of the metallodrugs or the NSAIDs with SPLNs resulted in a significant enhancement of their 
anticancer activity. A higher cytotoxicity was observed for the Ru-NSAID-SPLNs compared to the 
NSAID-SPLNs, suggesting a contribution from the metal in both cases. Notably, a higher cytotoxicity 
was noted for Ru-Ibp-SPLNs in MDA-MB-231 cells (ICso = 70.3 ± 8.1 µM) than for Ru-Npx-SPLNs 
(ICso = 101.8 ± 6.7 µM) in the same cell line. It was postulated that the reported SPLN formulation can 
promote the cellular uptake of metallodrugs and, as a result, improve their anticancer potential [77]. 
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de Oliveira Silva et al. (2017) 
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Figure 4. Rutheniurn complexes bearing nonsteroidal anti-inflammatory drugs (NSAIDs), encapsulated 

into solid-polymer-lipid nanoparticles (SPLNs). 

3.2. Ruthenium Complexes Bearing a PARP Inhibitor 

Poly (ADP-ribose) polymerase (PARP) is a 17-member protein superfamily that has a 
well-established role in the DNA repair processes. The polymerization of ADP-ribose moieties 
to target proteins is catalyzed by PARPs using NAD+ as a substrate for which nicotinamide is a 
by-product of the process [91 ]. It is of interest that nicotinamide and its analogues were found to be 
a weak PARP inhibitor by acting as competitive inhibitors of the PARP substrate NAD+. Because 
PARP inhibitors interrupt the DNA repair processes and sensitize cells to DNA damaging agents, 
they are considered as promising anticancer candidates either as single agents or in combination 
with other anticancer drugs [91 ]. It is worth mentioning that PARP inhibitors are emerging as some 
of the most promising targeted therapeutics to treat TNBC [92], making them suitable candidates 
for the design of multitargeting ruthenium complexes for the treatment of this type of breast cancer. 
Notably, Zhu et al. (2014) developed ruthenium(II) arene anticancer complexes based on the PARP-1 
inhibitor [93]. Interestingly, the coordination of this PARP inhibitor to ruthenium led to a more 
water-soluble species (solubility = 0.49 mM for (17) vs 0.12 mM for the free ligand) [93]. The resulting 
complex showed a higher in vitro cytotoxicity than its corresponding free PARP-1 inhibitor in different 
human cancer cell lines. Importantly, complex (17) (Figure 5) was found to be more cytotoxic in 
triple negative breast cancer Hcc1937 cells (IC50 = 93.3 ± 11.4 µM) than in noncancerous MRC-5 cells 
(ICso = 143.0 ± 6.3 µM). It worth noting that RAPTA-C, a complex used as a control (with no PARP-1 
inhibitor), did not induce any change in the viability of Hcc1937 cells, even at high concentrations 
(ICso > 500 µM), highlighting the important contribution from the inhibitor in the observed activity 
of complex (17) . The Ru-PARP inhibitor complex showed slightly better PARP inhibitory properties 
compared to the corresponding free inhibitor (IC50 of PARP-1 inhibition (µM) : 0.32 for (17) vs 0.41 for 
the free ligand), and DNA-binding was also reported to be involved in its mode of action, suggesting 
that complex (17) would have multitargeting properties . 

Zhu et al. (2014) 
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Figure 5. A ruthenium complex bearing Poly (ADP-ribose) polymerase (PARP) inhlbitor. 

3.3. Ruthenium Complexes Bearing an Aerobic Glycolysis Inhibitor 

Unlike healthy tissues, tumors undergo aerobic glycolysis, a well-known metabolic reprogramming 
of cancer cells to sustain cell proliferation [94]. It has been reported that dichloroacetato (DCA) can 
inhibit this process, which is essential for cancer cells to produce energy in order to survive in the 
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hypoxie environment of rapidly growing malignant tumors [95-98]. Brabec et al. (2018) reported a 
ruthenium(II) arene complex of DCA, (18) (Figure 6), with considerable cytotoxicity and antimetastatic 
properties in MDA-MB-231 cells [99]. The IC50 value of (18) in the MDA-MB-231 cell line was found to 
be 0.86 ± 0.01 µM (vs 56.0 ± 5.0 µM for cisplatin), whereas higher ICso values were obtained when 
noncancerous cells HEK-293 (9.4 ± 0.5 µM) and primary skin fibroblasts (>50 µM) were treated with the 
complex. Compound (18) could reduce migration, invasion, and re-adhesion of TNBC cells, indicative 
of potential antimetastatic properties for this species. The antimetastatic properties of (18) were found 
to be associated with the ability of the compound to suppress matrix-metalloproteinase (MMP-9) 
activity and/or production, which is an important factor involved in the migration and adhesion 
processes [99,100]. Furthermore, compound (18) could slightly inhibit glycolysis in MDA-MB-231 
cells, whereas cisplatin could not significantly impact glycolysis in this cell line. However, it is worth 
mentioning that osmium analogues of (18) showed more promising anticancer properties, such as a 
higher glycolysis inhibitory activity [99]. 

Brabec et al. (2018) 

IC50 (MDA-MB-231) = 0.86 ± 0.01 µM 

(18) 

Figure 6. A ruthenium complex bearing dichloroacetato (DCA). 

3.4. Ruthenium Complexes Bearing Ga/lie Acid 

Gallic acid can induce cell death by activating several signaling pathways in different cancer 
types such as breast, prostate, and lung [101]. Cell cycle arrest, and as a result, apop tosis, are possible 
mechanisms responsible for the anticancer activity of this compound [101,102]. A ruthenium(II) complex 
of gallic acid (GA), (19) (Figure 7), was synthesized by Cominetti et al. (2019) and its anticancer potential 
evaluated in triple negative breast MDA-MB-231 and MDA-MB-468 cancer cells, and in breast MCF-lOA 
noncancerous cells [103]. Complex (19) exhibited a higher cytotoxicity in the two triple-negative cancer 
cell lines (IC50 = 0.81 ± 0.08 µM, MDA-MB-231; IC50 = 1.00 ± 0.10 µM, MDA-MB-468) than in MCF-lOA 
noncancerous cells (IC5o = 5.82 ± 0.33 µM) . The coordination of GA to ruthenium did not only lead to 
an improvement of the water solubility of its parent molecule, cis-[RuC12(dppeh] (which could not be 
tested due toits poor solubility in cell growth medium), but also led to a compound with a significantly 
increased cytotoxicity compared to that of GA (IC50 > 150 µMin both cancer cell lines). It is worth 
mentioning that the transferrin protein was found to play an important role in the internalization 
and cytotoxicity of (19) . It was previously reported that some ruthenium species might have the 
ability to mimic iron to enter cancer cells via transferrin receptors, which are usually overexpressed in 
cancer cells compared to normal cells [103,104]. Accordingly, when concentrations of apo-transferrin 
were increased, while maintaining the (19) concentration constant, a significant drop in cancer cell 
viability was observed. However, under the same conditions, the viability of MCF-lOA cells was not 
significantly altered, suggesting that ruthenium species are possibly more selective towards cancerous 
cells because of their higher levels of transferrin receptors [103]. 

20 



Molewles 2020, 25, 265 

Cominetti et al. (2019) 
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Figure 7. A' ruthenium complex bearing gallic acid (GA). 

3.5. Ruthenium Complexes Bearing Lapachol 
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Lapachol is a naturally occurring 1,4-naphthoquinone with known cytotoxicity and antimetastatic 
properties [105]. Its anticancer mode of action is known to mainly be due toits capacity to interact with 
topoisomerases and to generate reactive oxygen species (ROS) within cancer cells [106]. Batista et al. 
(2017) reported ruthenium(II) complexes of lapachol, (20) (Figure 8) and investigated their in vitro 
cytotoxicity in TNBC MDA-MB-231 cells [107]. Results showed a notable improvement in the anticancer 
activity of lapachol upon complexation to ruthenium (IC50 = 0.20 ± 0.01 µM for (20) vs ICso > 100 µM 
for lapachol). Besicles, it was suggested that the main mode of action of this complex would most likely 
not involve DNA binding, as only very weak DNA interactions were observed for (20) [107]. 

Batista et al. (2017) 

IC50 (MDA-MB-231) = 0.20 ± 0.01 ~M 

(20) 

Figure 8. A ruthenium complex bearing lapachol. 

3.6. Ruthenium Complexes Bearing Biotin 

Vitamin-drug conjugates have attracted increased attention for cancer therapy in the last years as 
they can lead to an enhancement in the cancer cell uptake of some drugs due to the overexpression 
of vitamin receptors at their surface [108,109]. For instance, biotin (vitamin B7) is a promising 
candidate for exploiting this sh·ategy due toits potential cancer cell selectivity resulting from its 
receptor-mediated uptake [110]. Notably, a sodium-dependent multivitamin transporter (SMVT) is 
overexpressed in different cancer cell lines, including breast cancer, making it an appropriate target for 
the selective treatment of this disease [111]. Accordingly, Valente et al. (2019) reported a ruthenium(II) 
cyclopentadiene complex bearing biotin, (21) (R = biotin), with a considerable in vitro cytotoxicity in 
MDA-MB-231 breast cancer cells (IC50 = 11.6 ± 1.5 µM) [112] (Figure 9). The study showed that (21) 
(R = biotin) could block the activity of the ABC transporter, P-glycoprotein (P-gp), which is known to 
play an important role at inducing multidrug resistance (MDR) in several cancer cells [113]. lt is worth 
noting that the inhibition of P-gp was not observed for a biotin-free analogue of the complex (R = H), 
demonstrating the importance of this conjugation to biotin [112]. An overall toxicity assessment of (21) 
(R = biotin) on the embryonic development of zebrafish revealed a tolerance up to 1.17 mg/L for this 
complex, with morphologie lesions such as curved spine/tail malformation, yolk sac and pericardial sac 
edema, cranial malformation, and underdeveloped eyes being observed when embryos were exposed 
to a concentration of 2.18 mg/Lor higher [112]. In another publication, Valente et al. (2019) also 
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reported analogous biotinylated ruthenium(II) cyclopentadiene complexes for breast cancer therapy, 
bearing a substituted triphenylphosphine [111]. Among these species, complexes (22) (Figure 9) were 
found to be generally more cytotoxic to MDA-MB-231 cells than MCF7 cells, with a more considerable 
activity being observed for the species bearing an electron donating substituent on the phosphine 
aryl groups (IC50 = 7.7 ± 0.3 µM, R' = OCH3) than for the analogous version of the complex bearing 
an electron withdrawing substituent (IC50 = 14.2 ± 0.7 µM, R' = F). To evaluate the ability of the 
complexes to interact with SMVT, the interaction of the species with avidin, a tetrameric glycoprotein 
with high specificity and affinity to biotin, was studied (114]. Importantly, the biotinylated complexes 
showed a significant affinity to avidin, although to a lesser extent than that of biotin alone, whereas 
nonbiotinylated analogues of these compounds did not interact with this protein, indicating that the 
complexes bearing the vitamin can potentially target SMVT. The in vivo toxicity evaluation of some of 
the complexes on the development of zebrafish embryos revealed that the biotinylated species (22) 
caused Jess severe toxic effects (major lesions were yolk sac and pericardial sac edemas) compared to 
the nonbiotinylated complexes (necrosis/cell lysis), suggesting that the targeting approach could lead 
to an increased in vivo tolerability. Moreover, these complexes were reported to be mainly retained 
within the membrane of cancer cells (>90% for MDA-MB-231) and to be able to inhibit the formation of 
colonies (loss of adhesive interactions), an indication of the antimetastatic behavior potential of these 
species [111]. 

IC50 (MDA-MB-231) = 13.9 ± 2.8 µM (R = H, R' = H) 
ICso (MCF7) = 4.61 ± 0.96 µM (R = H, R' = H) 
IC50 (MDA-MB-231) = 11.6 ± 1.5 µM (R = biotin, R' = H) 
IC50 (MCF7) = 31.5 ± 4.7 µM (R = biotin, R' = H) 

(21) 

Valente et al. (2019) 

0 H 

-!~"·· H N"'fO ,..J( NH 

Biotin S~ 

IC50 (MDA-MB-231) = 14.2 ± 0.7 µM (R = biotin, R' = F) 
IC50 (MCF7) = 22.4± 1.6 µM (R = biotin, R' = F) 
IC 50 (MDA--MB-231) = 7.7 i 0,3 µM (R = biotin, R' = OMe) 
IC50 (MCF7)=18.7±1.6 (R = biotin, R' = OMe) 

(22) 

Figure 9. Ruthenium complexes bearing biotin. 

3.7. Other Ruthenium Complexes for the Treatment ofTNBC 

Severa! ruthenium complexes bearing ligands that were not previously reported to display a 
biological activity were found to be highly active in vitro and/or in vivo against aggressive TNBC. 
For instance, Garcia et al. (2012) reported a ruthenium(II) cyclopentadiene species (23) (Figure 10), 
TM90, for which the in vitro cytotoxicity was found to be particularly high (IC50 = 0.03 ± 0.01 µM) in 
MDA-MB-231 cells, and considerably higher than that of cisplatin (ICso = 39.0 ± 5.0 µM) in the same cell 
line [115]. The important stability of this complex in a cell growth medium containing 2% DMSO (used 
as a vehicle) was reported a few years later by Garcia et al. (2017) (116]. Interestingly, it was found that 
(23) could form an adduct with human serum albumin (HSA) . The coincubation of the complex with 
different concentrations of HSA showed no significant change in the observed cytotoxicity, suggesting 
that the interaction of (23) with HSA does not inactivate the complex and could likely facilitate its 
distribution and delivery to cancer cells [116]. Moreover, MDA-MB-231 cells exposed to (23) showed a 
major population of necrotic cells and a srnaller population of apoptotic cells, indicating that necrosis 
could be the main cell death rnechanisrn caused by this species. An investigation of the in vivo 
antitumor activity of (23) on an MDA-MB-231 tumor in female athymie nude rnice demonstrated 
the superior ability of this complex to suppress tumor growth, but also to inhibit the development 
of rnetastases. Furthermore, rnice treated with (23) showed a significantly increased lifetime after 
surgical removal of the tumor compared to those that were not treated. Unlike cisplatin, which induced 
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significant body weight loss, no apparent change was observed between mice treated with (23) and the 
control group over time, showing that this compound did not affect the well-being of the animals. 

In another study, Contel et al. (2014) reported a series of ruthenium(II) arene complexes of 
nontoxic iminophosphorane (IM) ligands with a promising in vitro and in vivo anticancer potential 
in TNBC [117]. Metal complexes of IM displayed a high in vitro cytotoxicity in a variety of human 
cancer cell lines with different degrees of selectivity and pathways other than DNA interaction, such as 
mitochondrial production of ROS and inhibition of PARP-1 proteins [118- 120]. Compound (24) 
(Figure 10) was found to be highly water-soluble and to display a considerable cytotoxicity against 
several cisplatin resistant cell lines. Notably, the cytotoxicity of (24) in MDA-MB-231 was found to 
be much higher (IC50 = 2.61 ± 1.2 µM) than that of cisplatin (IC50 = 131.2 ± 18 µM) in this cell line. 
However, this complex was not found to be selective towards cancer cells, as it was found to also be 
highly cytotoxic in a noncancerous cell line, HEK-293T (IC50 = 2.8 ± 0.2 µM). The mode of action of this 
complex was reported to take place through canonical- or caspase-dependent apoptosis, whereas DNA 
interaction and protease cathepsin B inhibition were not found to be likely to take place. Moreover, 
NOD.CB17-Prkdc scid/J mice were used as an in vivo mode! in which MDA-MB-231 tumor cells were 
injected. A significant decrease in tumor volume (56%) was reported after a 28 day-treatrnent (14 doses 
of 5 mg/kg of (24) every other day) with low systemic toxicity and preferential accumulation in the 
breast tumor tissues compared to other organs such as kidney and liver, suggesting the high in vivo 
efficacy of this complex [117]. 

It has been reported that ruthenium-based agents can be promising anticancer candidates to 
treat BRCAl-mutant breast cancers, frequently associated with TNBC [121,122]. The BRCAl gene 
responds to DNA damage by being involved in cellular pathways for DNA repair, mRNA transcription, 
cell cycle regulation, and protein ubiquitination [123,124]. The role of BRCAl is also to regulate 
chemotherapy-induced DNA damage [124]. Ratanaphan et al. (2014) reported rutheniurn(II) complexes 
that showed a promising cytotoxicity in a BRCAl defective TNBC cell line, HCC1937 [121]. Importantly, 
complex (25) (Figure 10) induced significantly more cytotoxicity in BRCAl defective-HCC1937 cells 
(IC50 = 1.8 ± 0.1 µM) than in the BRCAl wild-type cell lines MDA-MB-231 (ICso = 13.2 ± 0.3 µM) and 
MCF7 (IC50 = 8.2 ± 0.1 µM), suggesting that the higher sensitivity of the BRCAl defective breast cancer 
cells to (25) might be due to the inability of the dysfunctional BRCAl to repair ruthenium-induced 
DNA damage. Besides, cell exposure to (25) demonstrated a higher degree of cytotoxicity than cisplatin 
against all three cell lines. Upon internalization in HCC1937 cells, (25) was found to be mainly located 
in the nuclear fraction after 12-48 h. Moreover, a significant inhibition in the G2/M phase of the cell 
cycle, an increased induction of apoptotic cells, an upregulation of p53 mRNA and a downregulation 
of BRCAl mRNA were observed in breast cancer cells treated with (25) [121]. 

In another example of ruthenium complexes for the treatment of TNBC, Chen et al. (2015) 
identified a ruthenium(II) complex, (26) (Figure 10), that could actas a potent antimetastatic agent 
and metal-based chemosensitizer towards MDA-MB-231 cells [125]. Complex (26) induced a higher 
cytotoxicity in TNBC cell lines (IC50 = 14.6 ± 3.1 µM, MDA-MB-231; 78.0 ± 19.8 µM, MDA-MB-468) 
than in human normal kidney cells (IC50 = 143.9 ± 10.2 µM, HK-2), and its cytotoxicity is believed to 
be associated with transferrin-mediated endocytosis. A low-dose (1-2 µM) and short-term treatrnent 
of (26) inhibited the migration and invasion of MDA-MB-231 cells in a cytotoxicity-independent 
manner. Regulating the expression levels of metastatic regulatory proteins and inhibiting the secretion 
of vascular endothelial growth factor (VEGF) were suggested to be associated with the anticancer 
activity of (26) in MDA-MB-231 cells. A co-treatrnent of MDA-MB-231 cells with (26) and tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL) suggested that the ruthenium complex could 
potentiate TRAIL-induced apoptosis through intrinsic and extrinsic apoptotic pathways, indicating 
that this combined treatment could be a nove! strategy to inhibit the growth and the metastatic potential 
of tumor cells and synergistically enhance TRAIL-induced apoptotic cell death [125]. 
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Figure 10. Other ruthenium complexes for triple negative breast cancer (TNBC) treatrnent. 

Amici et al. (2016) reported a water soluble ruthenium(II} complex, (27) (Figure 10), with potent 
in vivo antitumor activity against TNBC [126], even though it displayed a very poor in vitro activity 
in TNBC cell lines (IC50 = 230.66 ± 0.02 µM, A17; 409.89 ± 0.04 µM, MDA-MB-231) . As a reference, 
it is interesting to note that the complex was found to be much less cytotoxic than cisplatin 
(IC50 = 6.93 ± 0.14 µM, A17; 38.70 ± 0.03 µM, MDA-MB-231) but nevertheless more cytotoxic 
than NAMI-A (IC50 = 485.58 ± 0.02 µM, A17; 840.21 ± 0.03 µM, MDA-MB-231) in the same cell lines. 
lnterestingly, only (27) resulted in the induction of cancer cell death by the activation of the apoptotic 
caspase-3 when compared to NAMI-A or cisplatin treatments. A female FVB/NCrl mice model with 
A17 cells was then used to study the in vivo antitumor activity of (27). An intraperitoneal injection 
of (27) (52.5 mglkglday) or cisplatin (3 mglkglday), repeated 4 times at 3-day intervals, resulted in 
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a suppression of tumor growth, whereas the same treatment with NAMI-A (52.5 mg!kg/day) was 
found to be Jess effective. NAMI-A and cisplatin treatrnents were associated with weight Joss, whereas 
the body weight of the mice treated with (27) was not found to be significantly different than that of 
untreated mice, suggesting a low toxicity for this complex at the selected dose. The antitumor activity 
of (27) is believed to be associated with reduced regulatory T cells (T reg) infiltration and increased 
dendritic cells/macrophage recruitrnent into the turnor microenvironment (126]. 

Shen et al. (2017) reported a liposome-based nanodelivery system as a strategy to improve the 
anticancer potential of a ruthenium(II) complex of dipyridophenazine (dppz), (28) (Figure 10), against 
TNBC (127]. This liposome encapsulation strategy did not only improve the biodistribution and 
pharmacokinetics of the ruthenium complex, but could also provide a hydrophobie environment, 
helping the rutheniurn species emit fluorescence light and, as a result, leading to nanoparticle tracking 
inside the body. The cell viability of MDA-MB-231 cells was studied upon exposure to liposomes alone, 
compound (28), and encapsulated-(28). The two former molecules did not notably change the viability 
of cancer cells; however, the encapsulated complex could significantly inhibit the cell viability (IC50 
< 4 µM). Cell uptake studies demonstrated considerably higher ruthenium cellular uptake for the 
encapsulated complex (about 15-fold higher) than the complex itself. An athymie nude rnice inoculated 
with MDA-MB-231 tumor cells was used to further study the in vivo anticancer potential of the species. 
A considerable suppression of tumor growth was observed for the mice treated with the encapsulated 
complex which was not the case for those treated with the ruthenium complex, indicating that the 
liposome encapsulation is not only enhancing the in vitro cytotoxicity of the ruthenium complex but 
also its in vivo activity. It is worth mentioning that no apparent morphological changes were observed 
in tumor free mice treated with the encapsulated complex, suggesting potential selectivity for this 
system. DNA damage, cell cycle arrest, and apoptosis were reported to be possible modes of action of 
the liposome-encapsulated ruthenium complex (28) (127]. 

Cominetti et al. (2017) reported a series of biphosphine bipyridine ruthenium(II) complexes with 
considerable cytotoxicity and antirnetastatic potential in TNBC (128]. From this series, compound (29) 
(Figure 10) showed the most significant anticancer activity. This complex could reduce the viability of 
MDA-MB-231 cells (IC50 = 31.16 ± 0.04 µM) to a greater extent than that of the ER+ breast cell line MCF7 
(IC50 > 200 µM) and the noncancerous breast cell line MCF-lOA (IC50 = 48.89 ± 0.09 µM), suggesting 
a possible selectivity towards triple negative cancers. Although this complex did not induce a high 
cytotoxicity at low concentration (20 µM), it could notably inhibit migration, adhesion, and invasion 
of MDA-MB-231 cells, likely due to the inhibition of the MMP-9 enzyme and the alteration of the 
cytoskeleton proteins responsible for the provision of the basic infrastructure for the maintenance of 
cell adhesion and motility (128]. 

Cominetti et al. (2018) also reported a ruthenium(II) complex of acylthiourea, (30) (Figure 10), 
which was also found to be active against TNBC tumor cells (1 29]. The inhibition of proliferation, 
migration, invasion, and adhesion was observed for cancer cells exposed to (30). The in vitro cytotoxicity 
of this compound in MDA-MB-231 cancer cells (IC50 = 8.81 ± 0.81 µM) was found to be higher than 
that in the noncancerous breast cell line MCF-lOA (IC50 = 14.82 ± 2.50 µM). Furthermore, a change in 
morphology, induced apoptosis, DNA damage, and nuclear fragmentation were reported as possible 
modes of action for this complex. The in vivo toxicity of (30) was assessed using a mice mode!. At the 
doses administered intraperitoneally (50 and 300 mg/kg), this compound did not lead to a change in 
the weight of the animal compared to the contrai groups, which is indicative of a low toxicity (129]. 

Since azole compounds usually show a broad range of biological activities such as antifungal 
and anticancer properties because of their affinity to bind to biomolecules (130,131], Batista et al. 
(2018) reported a series of ruthenium(II) arene complexes tethering azole-containing ligands and 
studied their in vitro cytotoxicity and antimigration activity (132]. Although the azole-containing 
drugs used in this study are known as antifungal species, promising cytotoxicities against the TNBC 
cell line MDA-MB-231 were observed, more particularly for compounds for which ketoconazole was 
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coordinated to the metal center, (31) (IC50 = 0.62 ± 0.02 µM) (Figure 10). Furthermore, human serurn 
albumin (HSA) binding was reported as one of the possible modes of action for these compounds [132]. 

Doriguetto et al. (2018) reported a new series of ruthenium(II) diimine/phosphine complexes 
and tested their in vitro cytotoxicity in various cell lines [133]. For instance, complex (32) (Figure 10) 

showed a high cytotoxicity in the MDA-MB-231 cell line (IC50 = 9.18 ± 0.30 µM) compared to that in 
fibroblasts derived from normal skin (IC50 = 24.19 ± 3.02 µM) , indicating a potential selectivity for this 
species. Complex (32) induced morphological changes and inhibited the size and number of colonies, 
suggesting an anti-clonogenic activity against MDA-MB-231 cells. Moreover, apoptosis was induced 
by (32) in MDA-MB-231 tumor cells in a concentration-dependent manner [133]. 

Sorne nucleolipidic rutheniurn(III) complexes incorporated into a nanosystem have also been 
developed as a potential strategy for cancer therapy and have shown some promising anticancer 
potential in both ER+ breast and TNBC cancer cell lines [134,135]. For instance, Santamaria et al. (2019) 
reported nanosystems designed to improve the efficacy of nucleolipidic anticancer ruthenium(III) 
complexes for biomedical applications, and to deliver AziRu (Figure 10), a ruthenium(III) complex 
structurally inspired by the well-known drug candidate NAMI-A [135]. The ruthenium(III) complex, 
(33) (R = H) (Figure 10), was incorporated into a 1,2-dioleoyl-3-trimethylammoniumpropane chloride 
(DOTAP) nanocarrier and its cytotoxicity in breast cancer cells (ER+ and TNBC) was compared with 
that of AziRu (Figure 10) and cisplatin. Notably, in the TNBC cell Iine MDA-MB-231, the (33)/DOTAP 
(R = H) nanosystem proved to be more effective (IC50 = 12.1 ± 3 µM, corresponding to the effective 
metal concentration carried by the nanoaggregate, 15% mol/mol,) than cisplatin (ICso = 19 ± 4 µM), 
in contrast to AziRu, which was found to be inactive. Irnportantly, (33)/DOTAP (R = H) did not 
induce a high cytotoxicity in non-cancerous MCF-lOA cells (IC50 > 100 µM). A fluorescently-tagged 
analogue of complex (33) (R = dansyl) (Figure 10) was developed to further study the cellular uptake 
and accumulation of the compound. Although it was previously reported that a large extent of AziRu 
(about 80%) remained in the culture medium after incubation, large intracellular amounts of ruthenium 
(about 85% of the administered quantity) were found (mainly at the nuclear level) after treatment with 
(33)/DOTAP (R = dansyl) . Furthermore, Bcl-2 down-regulation and autophagy were suggested to 
be involved in the mechanism(s) of action of this complex. An in vivo assessment of the antitumor 
potential of (33) (R = H) was also performed using athymie nude mice bearing human BCC xenografts 
(although only using MCF7 cells inoculated into the nude rnice). The administration of (33)/DOTAP 
(R = H) at a 15 mg/kg (i.p .) dose, once a week for 28 days resulted in a suppression of tumor growth. 
Also importantly, the treatment was well-tolerated in mice since no sign of toxicity was observed [135]. 

Finally, Mei et al. (2019) reported a class of ruthenium(II) phenazine derivatives (DPPZ) with 
interesting anticancer properties against TNBC cells [136]. The most promising results were obtained 
for compound (34) (Figure 10), which displayed a notable inhibitory activity against the proliferation 
(IC50 = 17.2 ± 0.9 µM), migration, and invasion of MDA-MB-231 cells. A structure-activity relationship 
analysis showed that the increased number of aromatic planar rings in the ligands can effectively 
enhance the antitumor activity of this series of complexes. Compound (34) was found to enter breast 
cancer cells and localize into the nucleus, which is indicative that the complex rnight induce DNA 
damage to cause cell apoptosis. Furthermore, an in vivo anticancer evaluation of (34) in the xenograft 
mode! of human MDA-MB-231 in zebrafish showed that the number of cancer cells was notably 
reduced compared with the contrai group, suggesting that (34) can effectively inhibit the proliferation 
of TNBC cells in zebrafish. Moreover, a scarce number of MDA-MB-231 cells were found in the blood 
vessels of zebrafish, suggesting that (34) rnight inhibit the metastasis of the cancer cells in vivo [136]. 

4. Conclusions 

In this review, we briefly report rationally designed ruthenium complexes bearing bioactive 
ligand(s) as potential candidates for the treatment of hormone receptor positive breast cancers and 
TNBCs. The bioactive ligands included in these complexes are known to have a broad range of 
molecular targets such as enzymes, hormone receptors, growth factors, etc. Sorne of these complexes 
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could undergo multiple anticancer mechanisms or/and illustra te a synergistic effect. Cytotoxicities 
and antimetastatic activities can both be induced in breast cancer cells using these types of ruthenium 
complexes. As expected, the most promising cytotoxicities reported were noted for ruthenium (II) 
complexes, which is in line with the inert nature of ruthenium (III) species. Notably, ruthenium (Il) 
arene and ruthenium (II) cyclopentadienyl complexes were found to display particularly interesting 
activities, with IC50 values lower than 1 µMin some cases. The information presented in this review 
also revealed low IC50 values for several ruthenium species in TNBCs, which normally do not respond 
to currently used drugs, making these compounds attractive candidates for further investigation. 
Despite the fact that several publications have presented the in vitro activity of ruthenium complexes 
in breast cancer cells, fewer reports have presented results regarding the solubility, stability, and in vivo 
anticancer activity of these species. Moreover, the studies reported so far were not always performed 
under the same conditions (stock solution preparation, type of in vitro assay/in vivo model, duration 
of treatrnent, etc.), preventing a direct comparison of their overall bioactivity. We believe that this 
review can contribute to open new doors for the development of nove! Ru-based complexes for the 
treatrnent of the most frequently diagnosed cancer among women. 

Supplementary Materials: The following are available online, Table Sl: Sununary of the activity of the rutheniurn 
complexes reviewed in this study. 
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1.4 RUTHENIUM COMPLEXES FOR ANTIFUNGAL APPLICATIONS 

The incidence of major fungal infections has increased in the past few years and Candidiasis 

stands out as one of the most serious infectious diseases with an associated mortality exceeding 

70% in the case of invasive Candidiasis (45-451. Although more than fifteen distinct Candida species 

can infect humans, most infections are usually caused by six pathogens: C. albicans, C. glabrata, 

C. tropicalis, C. parapsilosis, C. krusei and C. auris (461. Whereas C. albicans is the most common 

pathogen in clinical settings, non-albicans Candida species could collectively represent >50% of 

the bloodstream isolates [47-4s1. A key challenge to the treatment of Candidiasis is antifungal 

resistance, an emerging problem worldwide, complicating the selection of an appropriate 

antifungal therapy (45• 491. Candida species that do not respond to first-line antifungals (such as 

echinocandins and fluconazole) are increasingly being recognized , and their appearance usually 

correlates with high azole and/or echinocandin background usage [5o1. Azole-containing antifungal 

drugs such as fluconazole are one of the largest classes of antifungal agents in clinical use, 

however, they have presented cases of resistance (51-521. Thus, development of new antifungal 

agents for the treatment of Candidiasis is very urgent. 

The unique characteristics of metal-based compounds could also be exploited in the field of 

antifungal therapy, potentially leading to alternatives to the traditionally used drugs r31. A quick 

survey of the literature on metal-based agents reported for their pharmaceutical applications 

shows a high potential for these species as antifungal drugs. Promising antifungal activities were 

reported for different metal complexes based on copper, cobalt, silver, manganese etc (53-551. 

lmportantly, according to a quite recent review by Stoianoff et al (2018), several ruthenium 

complexes have showed a promising antifungal potential, including a few examples with 

anticandidal properties (551. One of the very first studies on the antifungal activity of ruthenium 

species was reported by Sengupta et al (1987). ln this study, several Ru(lll) Schiff base 

complexes were synthesized and their antifungal activity tested against Aspergillus niger. Ali the 

complexes from this study showed a more notable antifungal activity than their corresponding 

Schiff base ligands (at 1000 ppm), indicating the importance of the complexation r571. Since then, 

several Ru-based species have been studied to determine their antifungal potential , however, the 

anticandidal potential of these species was often overlooked. lt has been reported that ruthenium 

complexes including various types of ligands in their structure such as aromatic, heteroaromatic, 

Schiff bases, thiosemicarbazones, chalcones, catecholamines, hydridotris(pyrazolyl)borate, 

organophosphorated and even in several kinds of structures including mononuclear, dinuclear, 
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trinuclear and polymeric species, can act as promising antifungal agents against different fungal 

infections. Almost all ruthenium complexes reported so far are more active than their 

corresponding free ligands. Structure activity relationship (SAR) studies have indicated that steric 

and lipophilic parameters are important factors affecting their antifungal potential , which was 

further confirmed by the high activity reported for ruthenium complexes bearing 

triphenylphosphine, triphenyl arsine, aromatic, or heteroaromatic lipophilic moieties [551_ 

There are several studies of ruthenium complexes (Ru(ll) and Ru(lll)) tested against Candida 

species, causing one of the most invasive fungal infections. C. albicans was often selected to 

evaluate the anticandidal activity of the ruthenium complexes, however, unlike other species such 

as C. Krusei and C. glabrata , this species is usually susceptible to the currently used drugs. Due 

to the differences between the in vitro experimental parameters reported in the several studies of 

the anticandidal activity of ruthenium complexes (such as time of incubation, type of antifungal 

assay, temperature and the way of representing the activity, etc), it is unfortunately not possible 

to directly compare their activity (table 1 ). However, many of these studies indicated a better 

antifungal activity for some ruthenium complexes compared to the currently used drugs l58-68l. 

Although oxidative stress and alterations in the cell wall have been suggested to be associated 

with the mode of action of some ruthenium complexes r551, further investigations are required to 

draw concrete conclusions about their anticandidal mechanism. Taken together, the numerous 

preliminary anticandidal activity reports for ruthenium complexes and the emergence of non­

albicans Candida species that are not susceptible to available drugs, indicate that ruthenium 

complexes can provide a rich platform and suitable building blacks for the design of navel 

antifungal agents that are not only limited to C. albicans. ln addition , the combination of ruthenium 

and biologically active ligands (such as azole containing moieties) and/or lipophilic molecules 

(such as triphenylphosphine) previously reported to enhance antifungal activity of ruthenium 

complexes l551 could potentially lead to antifungal agents with an enhanced activity. 
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Table 1. Anticandidal activity of previously reported ruthenium complexes. 

Type of assay Species Anticandidal activity [dl 

lhm et al (11 9-13% (at 0.5%) 

Mobin et al (21 9-13 mm (at 100 ppm) 

Liu et al (31 6-7 mm (at 100 ppm) 

Jayabalakrishnan et al (41 Disk diffusion[aJ 11-15 mm (at 2%) 

Jayabalakrishnan et al [5J 
C. albicans 

12-17 mm (at2%) 

Ben hadda et al [6J 22 .5 mm (at 0.2 mg/ml) 

Fekry et al [7J = 17 mm (at 50 ppm) 

Anandaram et al [BJ Disk diffusion[bl 16.11-17.86 µg/ml 

Radacki et al (91 6.77 nM 

De Resende Stoianoff et al [10l C.albicans 0.4-13.6 X 10-5 M 

C.krusei 1.70-7.3 X 10-5M 

C.parapsilosis 0.8-4.1 X 10-5 M 

C. tropicalis 0.8-7.3 x 10-5 M 

C.glabrata 4.0-29.3 X 1 o-5 M 

Turbidity (broth 
Günal et al (111 microdilution)(bJ C. albicans 100 µg/ml 

C. tropicalis 100 µg/ml 

Mansour [121 24 nM 

Radacki et al [131 24 nM 

C. albicans 
Alici et al (141 200 µg/ml 
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Vannier-Santos et al [15J Ceil counting[cJ C. tropicalis 20.3 µM 

Shaikh et al [16l Weil diffusion[aJ C. albicans 12-15mm(at1 mg/ml) 

Natarajan et al [1 7J 50-1 OO µg/ml 

Prabhakaran et al [1BJ 
Weil diffusion[bJ 

C. albicans 15-35 µM 

C. tropicalis 15-20 µM 

Antifungal activity reported as: l•I inhibition zone diameter; lbJ minimum inhibitory concentration (MIC); Ici IC50. 

ldJ Please note that the incubation lime (24-72h) and the temperature (26-37 °C) varied from one study to another. 
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1.5 HYPOTHESES AND OBJECTIVES 

Hypotheses: 

• Ruthenium complexes bearing biologically active ligands (such as azole containing drugs) 

are superior anticancer or/and antifungal agents than ruthenium complexes or the ligands 

a Io ne; 

• The anticancer/antifungal potential and the selectivity of the ruthenium complexes bearing 

biologically active ligands are much higher than that of the currently used anticancer (e.g. 

cisplatin) and antifungal (e.g. fluconazole) species. 

General objective: 

The research project presented here aims at creating navel ruthenium drugs with the potential to 

lead to multitargeting species for cancer treatment (more specifically breast cancer treatment), 

and antifungal applications (more specifically anticandidal applications). By creating new avenues 

for the development of superior pharmaceutical species able to overcome the issues related to 

current therapies including drug resistance, this project also aims at modifying established beliefs 

regarding metallic cancer therapeutics. 

Specific aims: 

• To synthesize, purify and characterize various ruthenium complexes bearing biologically 

active ligands, more specifically aromatase inhibitors (anastrozole and letrozole); 

• To investigate the in vitro antiproliferative activity and aromatase inhibitory property of 

ruthenium complexes bearing aromatase inhibitors against specific cancer cell lines, as 

well as their in vivo toxicity; 

• To investigate the in vitro antifungal activity and potential mode of action of the ruthenium 

complexes against different Candida species; 

• To bring electronic and structural modifications to ruthenium complexes, and to evaluate 

their influence on their activity, selectivity and toxicity. 
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RÉSUMÉ 

Les inhibiteurs de l'aromatase de 3e génération tels que l'anastrozole (ATZ) et le letrozole (LTZ) 

sont communément utilisés pour traiter les cancers du sein à récepteurs d'œstrogène positifs 

(ER+). La capacité de ces inhibiteurs à coordonner les métaux est considérée comme une piste 

intéressante à étudier, qui pourrait conduire à l'émergence d'une nouvelle catégorie de candidats 

de médicaments anticancéreux avec un large spectre d'activité pharmaceutique. Au cours de 

cette étude, une série de complexes de ruthenium(ll) arene comportant un inhibiteur de 

l'aromatase, l'anastrazole, a été synthétisée et caractérisée. Parmi ces complexes, [Ru(ri6-

C5H6)(PPh3)(ri 1-ATZ)Cl]BPh4 (3) s'est avéré être le plus stable dans le milieu de culture utilisé 

pour effectuer les tests d'activité biologique. De plus, ce complexe a démontré une accumulation 

accrue dans les cellules cancéreuses et l'induction d'une plus importante cytotoxicité in vitro chez 

les deux lignées cellulaires humaines cancéreuses (ER+) (MCF7 and T47D), à comparer aux 

autres complexes de la série. Ce dernier a également mené à une diminution de l'activité de 

l'aromatase dans les cellules H295R. Enfin , l'exposition d'embryons de poissons zèbres à ce 

complexe (12.5 µM) sur une période de 96 heures n'a pas mené à l'observation de signes de 

cytotoxicité significatifs. De ce fait, l'ensemble de ces résultats font de ce complexe le candidat le 

plus prometteur pour de potentiels études in vivo. 
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ABSTRACT: Third-generation aromatase inhibitors such as 
anastrozole (.ATZ) and letrozole (LTZ) are widely used to 
treat estrogen receptor-positive (ER+) breast cancers in 
postmenopausal women. Investigating their ability to 
coordinate metals could lead to the emergence of a new 
category of anticancer drug candidates with a broader 
spectrum of pharmacological activities. In this study, a series 
of ruthenium(II) arene complexes bearing the aromatase 
inhibitor anastrozole was synthesized and characterized. 
Among these complexes, [Ru(1,6-C6H 6)(PPh3)(171-ATZ)Cl]­
BPh4 (3) was found to be the most stable in cell culture 
media, to lead to the highest cellular uptake and in vitro cytotoxicity in two ER+ human breast cancer cell lines (MCF7 and 
T47D), and to induce a decrease in aromatase activity in H295R cells. Exposure of zebrafish embryos to complex 3 (12.5 µM) 
did not lead to noticeable signs of toxicity over 96 h, making it a suitable candidate for further in vivo investigations. 

• INTRODUCTION 

The coordination of biologically active molecules to metals is a 
promising strategy for the development of agents with a 
broader range of anticancer properties. Because metal 
complexes are widely studied for their ability to reduce the 
viability of cancer cells, the introduction of biologically active 
ligands within their structure can result in multitargeting drug 
candidates that could limit the emergence of cancer cell 
resistance mechanisms. 1- 3 For instance, numerous enzyme 
inhibitors are used to treat and/ or prevent several types of 
cancers,4- 6 making them promising ligands for the design of 
metal-based therapeutics. In addition, metal complexation 
greatly increases the structural possibilities to form enzyme 
inhibitors relative to purely organic molecules. Because they 
can adopt geometries other than linear, trigonal, or tetrahedral, 
metals can allow organic ligands (or enzyme inhibitors) to 
occupy a specific position in the active site of enzymes.7'8 A 
number of anticancer metal complexes including an enzyme 
inhibitor in their structure have been reported previously.9- 11 

However, metal complexes bearing aromatase inhibitors have 
so far been overlooked. Aromatase is the enzyme that catalyzes 
the final, rate-limiting step in estrogen synthesis from 
androgens. 12 More than two-thirds of breast tumors are 
estrogen receptor positive (ER+), 13 and estrogens play a key 
role in initiating and promoting this type of hormone­
dependent cancer. 14- 17 Currently, third-generation aromatase 
inhibitors such as the nonsteroidal triazole derivatives 
anastrozole (Arimidex) and letrozole (Femara) are found to 
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inhibit the aromatase activity in breast tissues. They are widely 
used to treat ER+ breast cancer, particularly in postmenopausal 
women who no longer produce ovarian estrogens and derive 
their estrogens mainly from adrenal androgens in extra ovarian 
tissues that have aromatase activity such as (breast) adipose.18 

However, in about one-third of patients with metastatic ER+ 
breast cancer, endocrine therapies that involve aromatase 
inhibitors (or tamoxifen, known to inhibit ER+ cancer growth 
by blocking estrogen receptors) lead to the emergence of 
tumor cells that grow even in the absence of estrogens, 
resulting in a treatment-resistant cancer that is often 
incurable.19 Depriving ER+ cells of estrogens was also 
previously shown to sensitize them to cytotoxic agents.20'21 

Thus, investigating the anticancer properties arising from the 
coordination of aromatase inhibitors to metals could lead to 
the development of efficient drug/prodrug candidates that 
display more than one mode of action, which could potentially 
circumvent the emergence of drug resistance mechanisms, a 
common cause of mortality in ER+ breast cancer patients. It 
was recently reported that the coordination of hydroquinoline, 
aminoquinoline, and uracyl ligands to copper can lead to 
cytotoxic complexes with an aromatase inhibitory activity.22'23 

To our knowledge, only a few investigations from other groups 
involved the preparation of letrozole (Cu, Co, and Ni)24'25 or 
anastrozole (Pt)26 metal complexes, and none of these studies 
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reported an assessment of their aromatase inhibitory activity. 
Organoruthenium complexes are of particular interest for their 
activity against numerous types of cancer cells via multiple 
mechanisms and are often considered as interesting alter­
natives to currently used therapeutics. 27- 32 Maysinger et al. 
previously reported a preliminary account of the cytotoxicity of 
a series of ruthenium complexes bearing letrozole ligands.33 

Here, we report the synthesis, characterization, and biological 
activity of a similar class of ruthenium(ll) complexes bearing 
the aromatase inhibitor anastrozole. 

• RESUL TS AND DISCUSSION 
Cationic complex l was obtained from a previously reported 
procedure33 that led to its letrozole analogue [Ru(176-
C6H6) (171-LTZ)2Cl]BF4 (Ru-LTZ) by refluxing an ethanol 
solution of [Ru(176-C6H6)Cl2]2 and anastrozole (4 equiv) with 
an excess of NH4BF4 (68% yield) (Scheme 1). The same 

Scheme l. Synthetic Route to Complexes 1-5 

Anastrozole J 
NH4BF4 or Na8Ph4 

EtOH, reflux, 6h 

PPh3 

Acetone, rt, 48h 

a /c1, /Cl 
Ru Ru 

Cl/ """-c( 0 

C1> 
Ru 

H 0/ 1 'o 
2 OK 

0 0 
4 

j Anastrozole 

EtOH , reflux, 24h 

synthetic strategy was used to prepare complex 2, using 
NaBPh4 (60% yield). As the ability of the triphenylphosphine 
ligand to enhance the cytotoxicity of complexes by improving 
their lipophilicity and by providing them with a mitochondrial 
targeting ability is well-precedented, 34- 37 the synthesis of 
compound 3 was undertaken by allowing an acetone solution 
of 2 to react with an excess of PPh3 (74% yield). During the 
preparation of this 18-electron complex, only one of its 
anastrozole ligands underwent a substitution reaction, most 
likely via a dissociative mechanism. Complexes 1-3 are air­
stable, soluble in acetone, in chlorinated solvents and DMSO, 
but poorly soluble in water. ln alcohols, complex l is highly 
soluble whereas complexes 2 and 3 have a relatively lower 
solubility. In addition to obtaining the right balance between 
their lipophilicity and hydrophilicity, improving the poor water 
solubility of drug candidates remains an essential challenge in 
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drug design.38 It was previously reported that oxalate ligands 
could significantly enhance the water solubility of ruthenium 
arene complexes when included in their coordination sphere.39 

Complex 5, bearing both an oxalate and an anastrozole ligand, 
was therefore prepared by refluxing an ethanol solution of 
anastrozole and the ruthenium oxalate precursor 4 (52% 
yield). The identity of complexes 1-5 was confirmed by high­
resolution electrospray ionization mass spectrometry (HR-ESI­
MS), elemental analysis, and NMR spectroscopy. As expected, 
in the 1H NMR spectrum of complexes 1-3 and 5, resonances 
corresponding to the triazole protons of anastrozole are 
observed at downfield chemical shifts compared to the 
corresponding resonances in the spectrum of the free ligand. 
ln the case of compound 3, the presence of a singlet at 35 ppm 
(acetone-d6 ) observed by 31 P{1H} NMR confirms the 
coordination of triphenylphosphine to the ruthenium.33•40- 42 

Solid-state structures of complexes 2-5 were obtained from 
single-crystal X-ray diffraction analyses (Table Sl in the 
Supporting Information). ORTEP views of the complexes are 
shown in Figure 1. As expected, they revealed a piano-stool 

4~ Ru1 

01 02 0 3 

Figure 1. ORTEP diagrams (showing thermal ellipsoids at the 50% 
probability level) of complexes 2-5. Note that in the case of 3, only 
one site is shown for the disordered benzene, Cl and CN. 2: Rul-Nl, 
2.1024(12) A; Rul-N2, 2.1104(12) A. 3: Rul-Nl, 2.114(4); Rul'­
Nl ', 2.091(5). 5: Rul-Nl, 2.1130(15) A. 

configuration, characteristic of ruthenium arene complexes.43 

Notably, sirnilar Ru-N (anastrozole) bond lengths were noted 
for complexes 2, 3, and 5, reflecting their comparable bond 
strength (Figure 1 and T able S2) . 

As metal-based drug candidates often display a limited 
solubility in cell culture media, DMSO is commonly used for 
the preparation of metal complex stock solutions for biological 
screenings. However, their solubility once diluted in culture 
medium and the lability of their ligand(s) in the presence of 
DMSO are often overlooked.44 Ail complexes reported here 
were found to be soluble in cell culture medium (0.5% 
DMSO) at concentrations typically used for cytotoxicity 
screenings, as assessed by ultraviolet-visible (UV-vis) 
absorbance measurements. Their stability was evaluated in 
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three different conditions relevant to the biological experi­
ments performed in this study: (i) in DMSO-d6, (ii) in water 
(0.5% DMSO), and (iii) in DMEM-Fl2 medium (0.1% 
DMSO). 1H NMR analysis of ail complexes in DMSO-d6 

revealed a high stability for ail the complexes for which Jess 
than 5% of anastrozole dissociation was observed, except for 5, 
for which a 15% anastrozole release was noted. Moreover, a 
limited anastrozole release (3-15%) was observed for ail 
complexes when 150 µM aqueous solutions (0.5% DMSO) 
were separately incubated at 37 °C for 48 h (3 being the most 
sta~le) (Table S3), as assessed by 1H NMR spectroscopy. The 
stability of each complex was also evaluated under conditions 
similar to that of the tritiated water-release assay. To this aim, a 
liquid/liquid extraction/ HPLC-UV method was developed 
(Figure Sl ) to measure the amount ofreleased anastrozole (or 
letrozole) when 10 µM solutions of complexes 1-3, 5, and Ru­
LTZ (previously reported letrozole analogue of 1)33 were 
incubated in DMEM/F-12 medium for 1.5 h (the duration of 
the tritiated water-release assay). The release of anastrozole (or 
letrozole) from most complexes was found to be considerable, 
except for complex 3, for which only 4% of its aromatase 
inhibitor ligand was released (Table S4). 

Because ail ruthenium complexes reported in this study 
( except 4) include at least one anastrozole ligand, their 
cytotoxicity was evaluated after 48 h in two ER+ human breast 
cancer cell lines, T47D and MCF7, using the sulforhodamine B 
(SRB) assay, and compared to clinically approved anticancer 
drugs cis-platin and anastrozole. As previously reported, 33 the 
cell growth inhibitor anastrozole did not display any noticeable 
cytotoxicity in MCF7 or T47D cells (results not shown). 
However, complexes 1-3 were each found to be active to 
various extents (Figure 2 and Table 1), whereas complexes 4 
and 5 did not display any significant cytotoxicity (results not 
shown) . lt is noteworthy that because of the significant 
contribution of the tumor microenvironment to the 
implementation of the antitumor activity of similar types of 
Ru(II) species, the observed in vitro cytotoxicities of the 
complexes reported in this study are not necessarily indicative 
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Figure 2. Cell viability determined by the SRB assay ( 48 h) in ER(+) 
breast cancer cells: T47D (A) and MCF7 (B), treated with 1, 2, and 
cis-platin (black dashed line) at the concentrations 12.5, 25, 50, 100, 
and 150 µM (left) and 3 at the concentrations 0.25, 1, 4, 12.5, and 25 
µM (right) . Ail values are expressed as means (from three 
independent experiments) ± SD relative to the carrier. 
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Table 1. Estimated IC50 Values Illustrating the Effect of 
Complexes 1-3 and cis-Platin on the Viability ofMCF7 and 
T47D Cancer Cellsa 

MCF7 T47D 

>150 >150 

2 139.4 (±14.3) 53.5 (±9.1) 

3< 2'.4 2'.4 

cis-platin 37.0 (±2.4) >150 

aData extracted from Figure 2. bCytotoxicity was determined by 
exposure of cell lines to each complex for 48 h and expressed as the 
concentration required to inhibit cell viability by 50% (IC50) . Values 
in parentheses correspond to the standard deviation of three 
independent experiments. c As seen in Figure 2, cell viability reached 
a plateau at concentrations above 4 µM. 

of their potential in vivo antitumor activities.29
,4

5 Although 
complexes 1 and 2 were less cytotoxic than cis-platin in MCF7 
cancer cells, compounds 2 and 3 had a similar or even more 
effective cytotoxicity than that of the clinically approved drug 
in T47D cancer cells, which are known for their cis-platin 
resistance. 46 These results highlight the importance of 
developing such alternative complexes for breast cancer 
therapy. At concentrations below 12.5 µM, compound 3 was 
found to be the most cytotoxic of ail complexes, reducing 
T47D and MCF7 cell viability by almost half at 411M. Cancer 
cells exposed to higher concentrations of the various 
complexes were especially susceptible to compound 2, more 
significantly in the case of T47D cells, where the cell viability 
was inhibited by almost half at 50 µM. Interestingly, a 
significant difference was observed between the cytotoxicity of 
complexes 1 and 2 on both cell lines, which differ only in the 
nature of their counterion (BF4- vs BPh4-) (Table 1). The 
higher cytotoxicity of complexes 2 and 3 is not likely due to the 
sole contribution of the BPh4 - counterion as both complexes 
induced a significantly higher cytotoxicity than NaBPh4 in 
T47D cells at 25 µM (Figure S2). 

Cellular levels of ruthenium were measured by inductively 
coupled plasma mass spectrometry (ICP-MS) after MCF7 cells 
were exposed to 4 µM solutions of ail complexes for 48 h 
(Figure 3A). Compared to nontreated cells (control), a 
significant amount of ruthenium was observed in cells treated 
with each complex. Cellular ruthenium levels of each complex 
appeared to depend on their respective lipophilicity, in 
agreement with previous reports demonstrating that more 
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Figure 3. (A) Ruthenium cellular uptake (determined by ICP-MS) 
after exposure of MCF7 cells to 4 µM solutions of l-5 (48 h); (B) 
ruthenium cellular uptake (determined by ICP-MS) and cell viability 
after exposure of MCF7 cells to 1, 4, 12.5, and 25 pM solutions of 3 
( 48 h) . Error bars in the graph represent the standard deviation. 
Significant differences: *p < 0.05; **p < 0.01 ; ****p < 0.0001. 
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A) 8) 

C) D) 

Energy contribution 

-28.5 kcal/mat _""'"'----'-' ___ __;,,_. -2 kcal/mol 
-15.25 kcal/mol 

Figure 4. Ternary complex formation between compound 3, human aromatase, and a heme group as enzymatic cofactor. (A) Active-site pocket of 
aromatase6 ' highlighted by a red transparent surface with a zoomed view of the ligand interacting with the cofactor. (B) Ternary complex showing 
the most important stabilizing interactions between enzyme residues and the ruthenium complex. Amino acid (stick representation) identity is 
shown with single-letter code, and their hydropathic profile is illustrated using the Kyte-Doolittle scale.62 Cofactor atoms (sphere representation) 
are color-coded as follows : carbon (gray), nitrogen (blue), iron (orange), and oxygen (red). Only hydrogen atoms participating in H-bonding 
interactions are shown (green strings and dotted lines). The ruthenium complex atoms (ball-and-stick representation) are shown using the same 
color coding, except for carbon (black) and phosphorus atoms (orange). The ruthenium and chlorine atoms are depicted in dark and light green, 
respectively. ( C) Atomic interactions exhibiting higher energy values between the ruthenium-based ligand and cofactor in the ternary complex are 
highlighted in dark green. (D) Energy contributions for amino acids that stabilize the ternary complex are shown on a scale ranging from -2 to 
-28.5 kcal/mol. Trp224 is the most important energy contributor to this interaction, exhibiting a potential orthogonal tr-tr stacking energy value 
of -28.5 kcal/mol (black circle in the rectangle inset). Two alternative hydrogen bonding interactions were identified for lle132 and Ile133 (circle 
inset). Ail panels show the sa me atomic orientation. 

hydrophobie systems have a greater affinity for the cell 
membrane.47 For instance, lipophilic counterion-containing 
compounds 2 and 3 (BPh4 -) displayed the highest ruthenium 
cellular uptake (3 > 2 > 1, 4, 5). As previously suggested,48 

hydrophobie interactions between the arene ligands of 
organoruthenium cations and the phenyl groups of their 
BPh4 - counterion might lead to strong ion-pairing, which 
might modulate drug uptake and consequently have an impact 
on their cytotoxicity. More specifically, complex 3 produced 7-
fold higher cellular ruthenium levels than complex 2 (at 4 µM), 
most likely because of the high lipophilicity of its PPh3 ligand. 
lnterestingly, we found that the steady cytotoxicity of complex 
3 at concentrations greater than 1 µM was not a consequence 
of its limited cellular uptake at those concentrations (Figure 
3B), as higher concentrations did result in higher ruthenium 
levels in MCF7 cells. A solubility assessment by UV-vis 
absorbance measurements also revealed that solutions of the 
complexes were not saturated at the tested concentrations. 
This suggests that complex 3 might act via a distinct 
mechanism of action. Whereas complex 3 was found to 
display the highest ruthenium cellular uptake, complexes 4 and 
5 resulted in a very low ruthenium cellular uptake. It is 
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noteworthy that further studies revealed that 4 and 5 can 
inhibit the migration of MCF7 breast cancer cells (Figure 53 ), 
for which extracellular modes of action are often known to take 
place.49 

Because complex 3 showed negligible anastrozole ligand 
lability in DMSO and DMSO/media, we evaluated, theoret­
ieally and experirnentally, the potential of this compound to act 
as an aromatase inhibitor. Docking simulations have been 
previously used to study the plausible interactions between 
transition-metal complexes and proteins or DNA.50

-
52 Here, 

we report a theoretieal investigation of the potential interaction 
between a ruthenium complex (compound 3) and the 
aromatase enzyme using a docking simulation, based on the 
crystal structure of human placenta! aromatase cytochrome 
P450 (CYP19Al). Indeed, unlike suggested from previous 
docking studies for free anastrozole/ 3

'
54 the binding of 

anastrozole to the heme iron of CYP19 via its NI triazole 
nitrogen atom (see Figure 1) is not possible in this system 
because of its involvement in the ruthenium coordination 
sphere. Nevertheless, results from this docking calculation 
(Figure 4) suggest that the interaction between the aromatase 
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protein and the inhibitor-containing ruthenium complex is 
energetically highly favorable. 

The tritiated water-release assay was then selected to 
measure aromatase activity because it is a rapid and simple 
technique with high sensitivity and reproducibility.55

•
56 Given 

the low levels of aromatase in MCF7 ce!ls,57 human H29SR 
adrenocortical carcinoma cells were selected for this study. 
Notably, H29SR cells express numerous steroidogenic 
enzymes, including aromatase, making them very useful to 
examine compounds for their potential to interfere with the 
activity and/ or expression of several key cytochrome P4SO 
(CYP) enzymes involved in the biosynthesis of steroid 
hormones.58

-
60 Moreover, H29SR cells were found to be 

Jess sensitive than MCF7 cells to the cytotoxicity of the 
ruthenium complexes we report here, allowing their use for this 
assay (Figure S4). 

To determine the level of inhibition of the catalytic activity 
of aromatase in the presence of each complex (ail complexes 
were studied for comparison purposes), H29SR cells were 
coincubated with 1P-3H-androstenedione and each ruthenium 
complex for l .S h. Aromatase activity was assessed by 
quantifying the radioactivity of the tritium oxide produced 
from the aromatization reaction of the labeled androstene­
dio ne. Exposure of H29SR cells to ail complexes at 
concentrations greater than 1 nM resulted in a statistically 
significant, concentration-dependent reduction of aromatase 
activity (Figure S), except for complex 4 (data not shown), 
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Figure S. Effects of the exposure of H295R cells with (A) anastrozole 
(ATZ) (black dashed line), 1, 2, 3, and S and (B) letrozole (LTZ) 
(black dashed line) and Ru-LTZ on aromatase activity. Cells were 
treated for l.S h with the indicated concentrations of the compounds. 
Values represent the mean ± SD. Significant differences for aromatase 
activity are reported relative to the controls. Significant differences (p 
< 0.001) : 14 ± 4% for 3 at 1000 nM vs 34 ± 7% for ATZ at 40 nM; 
47 ± 3% for 3 at 100 nM vs 74 ± 3% for ATZ at 4 nM (ATZ results 
obtained from interpolation). 

confirrning the crucial role of anastrozole in the structure of the 
ruthenium complex. The aromatase inhibitory activity 
observed for complexes 1, 2, 5, and Ru-LTZ was not 
significantly different from that of the corresponding aromatase 
inhibitor alone, an observation which is consistent with the 
considerable lability of the enzyme inhibitor ligands under 
these conditions (vide supra). lnterestingly, complex 3 was 
found to be a Jess potent inhibitor of aromatase activity than 
anastrozole alone but to have a significantly higher activity than 
the free anastrozole levels expected from stability studies 
(Figure SA). The observed activity for 3 suggests a 
supplementary contribution from the intact complex, as 
supported by docking studies (Figure 4), and / or an intra­
cellular substitution of the anastrozole ligand. Notably, during 
this short period of incubation ( 1.5 h), a relatively high level of 
ruthenium in H29SR cells treated with 3 was revealed by ICP-
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-· MS (Figure SS), which confirms the internalization of the 
complex. 

Over the past few years, the development of zebrafish 
embryos has become a prominent in vivo mode! for drug 
discovery and toxicity assessment because of their high degree 
of genetic conservation with humans, rapid embryogenesis, 
short reproductive cycle, high transparency, and low cost.63

•
64 

Also, the zebrafish embryo assay has previously been reported 
to be a suitable phenotype-based screening method to assess 
the in vivo toxicity of ruthenium complexes.47

'
65

-
67 Because of 

their greater in vitro cytotoxicity in T47D cells compared to 
that of the currently used chemotherapeutic agent cis-platin, 
complexes 2 and 3 were selected for an in vivo toxicity 
assessment using the zebrafish embryo assay. Hatching rates, 
survival rates, and phenotype changes of the zebrafish embryos 
treated with 12.5 µM of each compound were determined at 
24, 48, 72, and 96 h post fertilization (hpf) (Figure 6) . Given 
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Figure 6. (A) Effect of 2, 3, anastrozole (ATZ), and cis-platin on the 
hatching rate of developing zebrafish embryos. Hatching rates were 
assessed at 12.5 µM over 4 days postfertilization (96 hpf). Control is 
shown as a black dashed line. (B) Gross morphological phenotypes in 
zebrafish embryos: untreated (control) and treated with 12.5 µM 2, 3, 
and cis-platin. Data are expressed as means ± standard deviation from 
three independent experiments (a total of 60 embryos). 

the poor solubility of the complexes in fish medium, 
concentrations higher than 12.S µM were not tested. 
Specifically, cis-platin was more toxic to the embryos than 
the other compounds. Until 96 hpf, no significant mortality of 
zebrafish embryos was observed for any of the ruthenium 
complexes. However, a 72 h exposure to cis-platin dramatically 
decreased hatching rates, whereas no significant difference was 
observed between the hatching rate of embryos treated with 
complexes 2, 3, and anastrozole and that of nontreated 
embryos. Moreover, at 96 hpf, a significant number of 
phenotype abnormalities such as edema (2S% ± S%) was 
detected in cis-platin treated embryos. 

• CONCLUSION 
A series of ruthenium complexes bearing anastrozole ligands 
were prepared and characterized. Among these complexes, 3 
was found to be the most stable in cell culture media and to 
lead to the highest cellular uptake in ER+ human breast cancer 
cells. In contrast to anastrozole alone, considerable in vitro 
cytotoxicity was observed in two ER+ human breast cancer cell 
lines (MCF7 and T47D) treated with 3. In addition, complex 
3 was found to induce a decrease in aromatase activity in 
H29SR cells. Exposure of zebrafish embryos to complex 3 
(12.5 pM) did not lead to noticeable signs of toxicity over 96 
h, making it a suitable candidate for further in vivo 
investigations. This study opens the door to the development 
of a nove! class of anastrozole-containing organometallic 
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anticancer drug candidates with a broader spectrum of 
pharmacological activities. 

• EXPERIMENTAL SECTION 
General Comments. Ali chemicals were obtained from 

commercial sources and were used as received. Anastrozole and 
letrozole were purchased from Triplebond and AK scientific, 
respectively. RuCl,.xH20, ammonium tetrafluoroborate, sodium 
tetraphenylborate, triphenylphosphine, silver nitrate, hydrocortisone, 
and oxalic acid were purchased from Sigma-Aldrich. [Ru(1,6-
C6H6)Cl2]2 dimer, silver oxalate, and Ru-LTZ were prepared from 
previously reported procedures.33

•
68•69 Experiments were performed 

under a nitrogen atmosphere, and solvents were dried using a solvent 
purification system (Pure Process Technology). Ali NMR spectra 
were recorded at room temperature on a 400 MHz (or 600 MHz) 
Varian spectrometer and were referenced to solvent resonances. 
Chemical shifts and coupling constants are reported in parts per 
million and Hertz, respectively. Mass spectral data was obtained from 
high-resolution and high accuracy mass analysis (HR-ESI-MS) using 
an Exactive Orbitrap spectrometer from ThermoPisher Scientific 
(Department of Chemistry, McGill University). A PerkinElmer 
Nexion 300X !CP mass spectrometer was used for the determination 
of ruthenium in biological samples (Department of Chemistry, 
Université de Montreal). The purity of ail ruthenium complexes 
(>95%) was assessed by elemental analyses (Laboratoire d'Analyze 
Elémentaire, Department of Chemistry, Université de Montréal) and 
HPLC-MS, using a Waters 2795 separation module coupled to a 
Waters Micromass Quattro Premier XE tandem quadrupole mass 
spectrometer. 

Complex Synthesis and Characterization. [Ru(176-C6HJ(ri 1
-

ATZ)2CJ]BF 4' 1. Anastrozole (0.235 g, O.SO mmol), [Ru(1,6-C6H6)Cl2]2 
(0.100 g, 0.20 mmol), and NH4BP4 (0.104 g, 1.00 mmol) were 
dissolved in degassed ethanol ( 20 mL). The mixture was heated un der 
reflux for 6 h, allowed to cool to room temperature, filtered, and the 
precipitate was washed with a minimum of ethanol. The filtrate was 
then collected and dried under vacuum. The residue was dissolved in 
dichloromethane (10 mL), fi!tered, and concentrated to a minimum. 
Compound 1 was precipitated with diethyl ether, washed with hexane, 
and dried under vacuum. The final product was obtained as a yellow 
powder (0.240 g, 6S%). 1H NMR (CDCl3, 400 MHz) : o 1.75 (d, J = 
4.9 Hz, CH3, 24H), 5.40 (m, CH21 4H), 5.9 (s, C6H6, 6H), 7.43 (d,] 
= 1.6 Hz, ArH, 4H), 7.54 (t,] = 1.5 Hz, ArH, 2H), S.27 (s, Hm,,0 1., 
2H), 9.35 (s, Htnuole1 2H). llC{1H} NMR (CDCl3, 100 MHz): o 2S.S 
( CH3, se), 37.3 ( CCN, 4C), 54.2 ( CH21 2C), S5.5 ( C6H6, 6C), 122.3 
(CHCM, 2C), 124.0 (CN, 4C), 125.0 (CHCM, 4C), 135.4 (CM, 2C), 
143.4 (CM, 4C), 146.7 (C,n,,01., 2C), 151.6 (Ctri.wle1 2C). Pound(%): 
C, 54.65; H, 5.lS; N, 16.05. C40H44B1Cl1P4N 10Ru1·1/16 C6H 14 
requires C, 54.2S; H, 5.06; N, 15.67. HR-ESI-MS m/z ( + ): found 
SOl.25 M+ ((Ru(ri6-C6H6)(171-ATZ)2CJ]+) (calcd SOl.25), 50S.OS 
(M+- ATZ]+ (caldc 50S.08). 

[Ru(176-C6HJ(17 1-ATZ)2CJ]BPh4' 2. Degassed ethanol (20 mL) was 
added to anastrozole (0.235 g, O.SO mmol), [Ru(176-C6H6)Cl2]2 
(0.100 g, 0.20 mmol), and NaBPh4 (0.342 g, 1.00 mmol) . The 
mixture was heated under reflux for 6 h until a yellow precipitate 
appeared and was then cooled to room temperature and filtered. The 
precipitate was washed with a minimum amount of ethanol before 
being dissolved in acetone (5 mL). The resulting solution was filtered 
on a Celite pad, and the filtrate was concentrated under reduced 
pressure. Compound 2 was precipitated with diethyl ether, washed 
with hexane, and dried under vacuum. The final product was obtained 
as a yellow powder (0.270 g, 60%). 1H NMR ((CD3)2CO, 400 
MHz): o 1.73 (s, CH3, 24H), 5.60 (m, CH21 4H), 6.07 (s, C~6, 6H), 
6.77 (t,] = 7.2 Hz, H8ri.4, 4H), 6.91 (t,] = 7.4 Hz, Hsrh4, SH), 7.33 
(m, H8 rh4, 8H), 7.45 (d, J = 1.7 Hz, ArH, 4H), 7.67 (t, J = l.S Hz, 
ArH, 2H), S.50 (s, H,n,,0 1., 2H), 9.0S (s, Hmazole1 2H). 13C{1H} NMR 
((CD3)2CO, 100 MHz) : o 2S.l (CH3, SC), 37.2 (CCN, 4C), 53.6 
( CH21 2C), 85.3 ( C6H61 6C), 121.3 ( CBPh41 4C), 122.0 ( CHCM, 2C), 
123.S (CN, 4C), 124.7 (CHCM, 4C), 125.l (C8ri.4, SC), 136.l (C8 rh4, 

SC), 136.4 (CM, 2C), 143.5 (CM, 4C), 146.4 ( CtriuolcJ 2C), 153.0 
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(CtrimJ,, 2C), 163.3 (Cnrh4, 4C). Pound(%): C, 69.27; H, 6.13; N, 
11.70. C64H64B1Cl1N 10Ru!'l/2C6H 14 requires C, 69.16; H, 6.15; N, 
12.03. HR-ESl-MS m/z (+): SOl.25 M+ ((Ru(176-C6H6)(171· 
ATZ)2CJ]•) (calcd SOl.25), 50S.OS [M•-ATZ]+ (calcd 50S.08), 
1922.66 (2M•+BPh4]+ (calcd 1922.66). 

[Ru(176-C6HJ(17 1-ATZ)(PPh.JCIJBPh4' 3. Triphenylphosphine ( 0.032 
g, 0.12 mmol) was added to a solution of 2 (0.112 g, 0.10 mmol) in 
acetone (S mL), and the mixture was stirred at ambient temperature 
for 4S h. The solvent was then concentrated, and the product 
precipitated with diethyl ether. After the powder was washed with 
diethyl ether, compound 3 was collected as a yellow powder ( 0.081 g, 
74%) . 1H NMR ((CD3)2CO, 400 MHz): o 1.77 (s, CH3, 12H), 5.44 
(m, CH21 2H), 6.01 (s, C6H 61 6H), 6.77 (t,] = 7.2 Hz, H8ri.4, 4H), 
6.91 (t, J = 7.4 Hz, H8 ri.4, SH), 7.33 (m, H8 ri.4, 8H), 7.39-7.51 (m, 
Hrrh3, 15H), 7.62 (d,] = l.S Hz, ArH, 2H), 7.75 (t, J = 1.8 Hz, ArH, 
lH), S.35 (s, H,nuole1 lH), 9.03 (s, Htnuole1 lH). 13C{1H} NMR 
((CD3)2CO, 100 MHz): o 2S.2 (CH3, 4C), 37.2 (CCN, 2C), 53.5 
(CH21 lC), 90.7 (C6H6, 6C), 121.3 (Csrh4, 4C), 122.3 (CHCM, lC), 
123.9 (CN, 2C), 125.l (C8ri.4, SC), 125.5 (CHCM, 2C), 128.5 
( Crrh3), 12S.6 ( Crrh3), 131.1 ( Crrh3), 133.7 ( Crrh3), 133.S ( Crrh3), 
135.9 (CM, lC), 136.l (Cspi.41 SC), 143.5 (CM, 2C), 146.4 (Cm,,0 1.,, 
lC), 154.2 (Ct<iuol<I lC), 164.2 (CBPh4• 4C). 31 P{'H} NMR 
((CD3)2CO, 200 MHz): o 35.4. Pound (%): C, 70.45; H, 5.45; N, 
7.16. C65H60B1Cl1N5P1Rui'H20 requires C, 70.49; H, 5.64; N, 6.32. 
( Although the elemental analysis value of N is outside the range 
viewed as establishing analytical purity, it is provided to illustrate the 
best value obtained to date. NMR spectra are provided in the 
Supporting Information as evidence of bulk purity (Pi~res S6-SS).J 
HR-ESI-MS 111/z (+): 770.17 M+ ((Ru(176-C6H6)(ri -ATZ)(PPh3)· 
Cl]+) ( calcd 770.17). 

Ru(176-C6HJoxa/ate(H20), 4. A mixture of silver oxalate (0.303 g, 
1.00 mmol) and [Ru(1{C6H6)Cl2]2 (0.200 g, 0.40 mmol) was stirred 
in degassed water ( 60 mL) at ambient temperature for 24 h. The 
reaction mixture was filtered on a Celite pad and washed with water 
( 30 mL), and the filtra te was dried un der reduced pressure. After 
adding dichloromethane, the product precipitated as an orange 
powder (0.157g, 65%).1H NMR (D20, 400 MHz): o 5.75 (s, C~6, 
6H). 13C{1H} NMR (D20, 100 MHz): o 77.9 (C6H6, 6C), 163.S 
(C0 xa1aw 2C) . Pound(%): C, 32.40; H, 2.5S. CaHa05Ru1·1/4CH2Cl2 
requires C, 32.34; H, 2.SO. HR-ESI-MS 111/z (-) : 2S4.93 (M-Hi­
(calcd 2S4.93), 552.S7 [2M-H20-H]- (calcd 552.86), S20.SO [3M· 
2H20-Hi- (calcd S20.80). 

Ru(ri6-C6HJoxalate(17 1-ATZ), 5. Silver oxalate (0.303 g, 1.00 mmol) 
was added to a solution of [Ru(ri6-C6H6)Cl2] 2 (0.200 g, 0.40 mmol) 
in degassed water (60 mL), and the suspension was stirred at ambient 
temperature for 24 h. The reaction mixture was filtered on a Celite 
pad, washed with water (30 mL), and the filtrate was dried under 
reduced pressure. The resulting intermediate was dissolved in ethanol 
(60 mL), and anastrozole (0.469 g, 1.60 mmol) was added to the 
solution. The mixture was then heated under reflux for 24 h. The 
reaction mixture was concentrated under reduced pressure to dryness, 
and the product was purified by column chromatography ( silica gel) 
using dichloromethane/methanol (7:1 v/v). Compound S was 
obtained as a light yellow powder (0.235 g, 52%). 1H NMR 
(CD30D, 400 MHz): 8 1.71 (s, CH3, 12H), 5.54 (s, CH2, 2H), 5.S8 
(s, C6H 61 6H), 7.44 ( d,] = l.S Hz, ArH, 2H), 7.64 (t, J = l.S Hz, ArH, 
lH), S.2l(s, H,n,,0 1., lH), S.88 (s, Htnazolv lH) . 13C{1H} NMR 
((CD3)2CO, 100 MHz): o 27.7 (CH3, 4C), 37.2 (CCN, 2C), 53.4 
(CH21 lC), S2.5 (C6H6, 6C), 122.1 (CHCM, lC), 123.7 (CN, 2C), 
124.3 (CHCM, 2C), 136.2 (CM, lC), 143.5 (CM, 2C), 145.2 (Ctriazolel 
lC), 151.7 (Ctria<0l<1 lC), 165.7 (Coxalaw 2C) . Pound(%): C, 52.76; H, 
4.62; N, 12.16. C25H 25N50 4Ru1·1/SCH2Cl2 requires C, 52.S4; H, 
4.46; N, 12.26. HR-ESI-MS m/z (+) : 5S4.0S (M + Na]• (calcd 
584.08), 852.01 (2M-ATZ+Naj+ (calcd 852.01), 1145.18 (2M+Na]• 
(calcd 1145.18). 

So/ubility in DMSO!Media. UV-vis spectroscopy was used to 
evaluate the solubility of the ruthenium complexes. Accordingly, a 2 
mL solution of each complex was prepared in full RMPI growth media 
(phenol red free) at the concentrations used for cellular proliferation 
studies (DMSO final concentration: 0.5%). After incubation for 48 h 
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at 37 °C, the solution was filtered on a Celite pad, and the absorbance 
was recorded using a Cary 300 Bio UV-vis spectrometer. The 
concentration of saturation of the complexes in growth media was 
assessed by determining the concentration at which a maximum 
intensity in UV absorbance (274-278 nm) was observed. 

X-ray Diffraction. Four ruthenium(II) complexes were structurally 
characterized by single-crystal X-ray analysis. Suitable crystals were 
obtained by slow evaporation of the solutions of compounds 2, 3, 4, 
and 5 in ethanol/ acetone, acetone/ diethyl ether, water, and methanol, 
respectively. Data were collected at 100 K using a Bruker Smart APEX 
diffractometer. Structures were solved with the XT structure solution 
program and refined with the XL refinement package using least 
squares minimizations.70

-
72 

Cel/ Culture. Protocols used for biological studies were approved 
by the Institutional Research Ethics Committee of INRS - Institut 
Armand-Frappier. Estrogen receptor positive (ER+) breast cancer 
cells MCF7 and T47D were respectively provided by Prof. Chatenet 
and Prof. Plante (INRS). The H295R human adrenocortical 
carcinoma cell line that expresses CYP19 (aromatase)59 were 
obtained from Prof. Sanderson's collection (INRS). Human MCF7 
breast cancer cells were grown in RPMI 1640 containing fetal bovine 
serum (10%). The growth medium for T47D breast cancer cells was 
RPMI 1640 supplemented with HEPES (2.38 g/L), sodium pyruvate 
(0.11 g/L), glucose (2.5 g/L), insulin bovine (10 pg/ mL), and fetal 
bovine serum (10%). H295R cells were cultured in DMEM/ F-12 
supplemented with Nu Serum (2.5%) and ITS (1%) . Ail growth 
media were supplemented with penicillin/ streptomycin. Ail cell 
culture products were obtained from commercial sources, including 
Gibco, Sigma-Aldrich, Corning, and Invitrogen. 

Cytotoxicity. Cell viability was examined by slightly modified 
standard methods using the SRB colorimetric assay described by 
Vichai and Kirtikara. 73 Briefly, for ail experiments, cells were seeded in 
96-well plates (Sarstedt) at a density of l X 104 cells/well (MCF7 and 
T47D) or 3 X 104 cells/ well (H295R) maintained at 37 °C, 5% C02 

in a humidified atmosphere and were grown in serum-containing 
media for 24 h before treatment. Stock solutions of the compounds 
were prepared in DMSO, and the final concentration of DMSO was 
kept constant (noncytotoxic concentration) depending on the cell 
line: 0.5% for MFC-7 and T47D and 0.25% for H295R To reach final 
concentrations of l, 4, 12.5, 25, 50, 100, and 150 pM, l µL (or 0.5 
µL) of each stock solution (200 or 400 times more concentrated than 
the corresponding final concentration) was added to each well 
containing 200 µL of fresh and complete growth medium. Also, 
cancer cells were exposed to complete growth medium alone, growth 
medium containing 0.5% or 0.25% DMSO (negative control), and 
growth medium containing 25% DMSO (positive control). After 
incubation for 48 h, without removing the cell culture supernatant, 
cells in each well were fixed with 100 µL of cold trichloroacetic acid 
(TCA) 10% w/v at 4 °C for 1 h. After fixation, TCA was discarded, 
and wells were washed four times with slow-running tap water and 
then air-dried. An SRB solution (0.057% w/ v) was added to the wells, 
and plates were kept for 30 min at room temperature. Unbound SRB 
was removed by washing the wells four times with l % acetic acid. 
Plates were air-dried. To dissolve the protein-bound dye, cells from 
each well were exposed to 200 pL of 10 mM Tris base solution (pH 
10.5) for 30 min. Absorbance was measured at 510 nm using a 
microplate reader. The viability of the cancer cells versus dilferent 
concentrations of each complex was reported. This assay was carried 
out in two or three independent sets of experiments, each experiment 
with four or live replicates per concentration level. 

Stability in DMSO/Water. Stock solutions of the test compounds 
in DMSO (150 µL) were diluted with distilled water (40 mL) to give 
a final concentration of 150 pM (maximum DMSO content did not 
exceed 0.5%). After incubation of the samples for 48 h at 37 °C, 
solutions were dried by vacuum. An NMR sample of each compound 
was prepared in an appropriate deuterated solvent (the same solvents 
as the on es used for 1 H NMR characterizations) in which both the 
complex and the aromatase inhibitor were highly soluble. For each 
complex, the percentage of released aromatase inhibitor was 
calculated by comparing the signal intensity of one of the protons 
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of anastrozole or letrozole with that of corresponding signal in the 1H 
NMR spectrum of their complex. This experiment was done in 
triplicate. 

Stabi/ity in DMSO/Media. A HPLC-UV method was developed 
and consisted of a simple liquid/liquid extraction after incubation of 
the complexes in media. The method was found to be reproducible 
and linear over the range of concentrations used for the aromatase 
activity assessment. Preparation of standards. Solutions of anastrozole 
(or letrozole) in 20 mL ofphenol red free DMEM/F-12 at 0.1, l, 5, 
10, and 15 µM (DMSO final concentration: 0.1%) were incubated at 
37 °C for 1.5 h (conditions used for the tritiated water-release assay) . 
After incubation, anastrozole or letrozole was retrieved from the 
media solution by liquid/liquid extraction using diethyl ether (3 X 10 
mL), which has previously been reported as an adequate solvent to 
recover anastrozole from human plasma.74 The diethyl ether solution 
was then dried under vacuum, and the residue was dissolved in 2 mL 
of acetone and loaded on a thin layer of silica. Acetone ( 20 mL) was 
used as a mobile phase to completely recover anastrozole (or 
letrozole) from silica and minimize the amount of media residue in 
the final HPLC samples. Final HPLC samples were prepared by 
evaporating the acetone solution to dryness and dissolving the residue 
in l mL of HPLC grade acetone containing 100 pM hydrocortisone 
as an external standard. Standard curves of anastrozole and letrozole 
are shown in Figure SI. HPLC-UV inethod. The chromatography was 
performed on an Agilent UHPLC system (1260 Infinity GPC/SEC). 
An Agilent Poroshell 120 EC-Cl8 column (4.6 X 100 mm, 2.7 pm) 
was used, and the column temperature was maintained at room 
temperature. Chromatographie separation was obtained through a 13 
min gradient delivery of a mixture of acetonitrile and water at a flow 
rate of 2 mL/ min: (a) 0-1 min, water, 100%; (b) 1-4 min, 
acetonitrile, 0-30%; (c) 4-10 min, acetonitrile, 30%; (d) 10-11 min, 
acetonitrile, 30%-100%; (e) 11-13 min, acetonitrile, 100%. UV 
absorbance at both 254 and 215 nm was recorded, but only the data 
acquired at 215 nm was used. Sample preparation. Stock solutions (104 

µM) of anastrozole, letrozole and ail complexes (except 4, which has 
no aromatase inhibitor ligand) were prepared in DMSO. The 10 pM 
solutions of the compounds were prepared by adding 20 µL of a stock 
solution to 20 µL ofDMEM/ Fl2 (DMSO final concentration: 0.1%). 
Solutions were incubated at 37 °C for 1.5 h, and further steps were as 
described for the standards' preparation. The experiment was carried 
out in triplicate. 

Antimigratory Activity. MCF7 cells were cultured in RPMI 1640 
supplemented with 10% FBS and penicillin-streptomycin. 100 000 
cels/well were seeded in 24 well plates (Sarstedt) and incubated at 37 
°C and 5% C02 to reach confluency. Scratches were created using a 
pipet tip on the confluent monolayer and washed with full growth 
medium (1 X 500 pL) to remove cellular debris. The fresh medium 
(500 flL) supplemented with 0.5% FBS containing 10 f1M of the 
synthesized complexes ( except compound 3 which was cytotoxic at 10 
f1M) was individually added into each well and incubated for 48 h to 
allow the wound closure. The RPMI-1640 medium containing 0.5% 
FBS and 0.1 % DMSO (vehicle) was used as a control. The migration 
of the treated and untreated cells ( vehicle) into the wound area at 
incubation 0 and 48 h were compared by capturing the images with a 
Nikon Eclipse Ti microscope (equipped with a Nikon DS-Ri2 
camera) at lOX magnification. Cell migration was analyzed using 
Image] software and the MRI wound healing tool plugin (NIH, 
Bethesda, MD) and computed into a percentage of control (means ± 
SEM; 11 = 8) using untreated wells at 100%. 

Cellular Uptake. MCF7 cells were grown in 6-well plates (200 000 
cells/ well) and incubated for 24 h. Stock solutions (20 mM) of the 
complexes in DMSO were freshly prepared and diluted with cell 
culture medium to the desired concentration, for which no 
cytotoxicity was expected to maintain nearly complete cell survival 
(final complex concentration was 4 µM, except compound 3, which 
was tested at four concentrations: 1, 4, 12.5, and 25 µM) . The cell 
culture medium of each well was replaced with 2 mL of the cell 
culture medium solutions containing the complexes, and the plates 
were incubated at 37 °C under 5% C02 for 48 h. The culture medium 
was removed, and the cell layer of each well was washed witl1 2 mL of 
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phosphate buffered saline (PBS). Then cells in each well were 
trypsinized ( 300 µL) and resuspended in 1700 µ L of growth media. 
The number of cells in each well was counted, and cell pellets were 
isolated by centrifugation (3000g for 10 min at room temperature). 
Each pellet was digested for 3 days at room temperature in HN03 
(70%, Sigma-Aldrich), and the resulting solutions were diluted to 25 
mL using Milli-Q water (final concentration of 2.8% nitric acid). The 
amount of Ru cellular uptake was evaluated by ICP-MS. The 
experiment was carried out in triplicate. 

Aromatase Inhibition. The H295R cell line was selected for this 
study because it expresses CYP 19 enzyme, making it a suitable mode! 
for the study of aromatase activity.58 Aromatase activity was measured 
using a tritiated water-release assay as described previously.59

•
75 

Briefly, H295R cells were cultured in 24-well plates (100 000 cells/ 
well) containing 1 mL of the appropria te culture medium. After 24 h, 
the medium was removed and cells were washed once with 500 µL 
PBS. Then, a volume of250 µLof culture medium containing 54 nM 
l,!PH-androstenedione and different concentrations of anastrozole, 
letrozole, or each complex (0.1, 11 10, 100, and 1000 nM) was added 
to each well, and cells were incubated for 1.5 h at 37°C (5% C02) . 

Further steps were as described previously.59 Tritiated water was 
counted in 24-well plates containing a liquid scintillation cocktail 
using a Microbeta Trilux (PerkinElmer, Waltham, MA). Incubations 
in the absence of cells (blanks) and in the presence of DMSO 0.1% 
( which was the concentration used to dissolve the complexes in the 
growth media for this study) were included as negative and positive 
controls, respectively. 

Virtua/ Docking of Compound 3 with the Human Aromatase 
Enzyme. Formation of the ternary complex between human 
aromatase, compound 3, and the heme group was simulated using a 
ligand-imprinted docking procedure. 12 A Nelder-Mead simplex 
iteration was applied during the energy minimization steps, and the 
steric interactions, hydrogen bonding, and electrostatic forces were 
calculated by piecewise linear potentials and Coulomb potentials, 
respectively. 13 The crystal structure of 3 was generated with the XT 
structure solution program and refined with the XL refinement 
package using least squares minimization against the crystallo­
graphically resolved aromatase template (PDB entry 5JI6).61 The 
Mo!Dock scoring function was used in combination with a cavity 
prediction algorithm using the Molegro Virtual Docker 6.0 suite 
without the inclusion of water molecules. 13 Twenty rounds of docking 
simulations were performed to maintain search robustness, with the 
best conformations emerging from a group of up to 4 000 000 
combinations. 

Zebrafish Embryo Assay. Wild-type zebrafish (Danio rerio) 
embryos were raised at 28.5 °C and staged as previously described. 76 

Embryos at the 4-cell stage were separately exposed to 2, 3, 
anastrozole, and cis-platin solutions (12.5 11M)1 prepared by diluting 
the DMSO stock solution of each compound in the fish medium 
(DMSO final concentration = 0.1%). The medium (containing the 
compound to be tested) was refreshed after 48 h for each experiment. 
A no-treatment control was also included. Experiments were 
performed in triplicate, and a total of 60 embryos from the pooling 
of three different crosses have been used per each treatment. The 
mortality, gross morphology, and hatching rates of the embryos in 
each system were observed every 24 h for a period of 96 h under a 
stereo microscope (Leika S6E). Zebrafish experiments were 
performed following a protocol approved by the Canadian Council 
for Animal Care (CCAC) and our local animal care committee. 
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RÉSUMÉ: 

Les complexes à base de ruthénium attirent actuellement beaucoup l'attention car ils ont le 

potentiel de remplacer les médicaments à base de platine en tant que traitement anticancéreux 

de première ligne. Alors que les complexes de ruthénium arène sont parmi les espèces les plus 

étudiées pour leurs propriétés anticancéreuses potentielles, d'autres types de complexes de 

ruthénium ont été négligés à cette fin . Dans cette étude, nous rapportons la synthèse et la 

caractérisation de complexes Ru(ll) cyclopentadiényle (Cp), Ru(ll) cyclooctadiényle (COD) et 

Ru(lll) portant des ligands anastrozole ou létrozole, inhibiteurs d'aromatase de troisième 

génération actuellement util isés pour le traitement du cancer du sein à récepteurs d'œstrogène 

positifs (ER+). Parmi ces complexes, Ru (Il) Cp (2) était le seul à présenter une stabilité élevée 

dans le DMSO et dans les milieux de culture et, par conséquent, le seul complexe pour lequel 

l'activité biologique in vitro et in vivo fut étudiée. Contrairement à l'anastrozole seul, le complexe 

2 était considérablement cytotoxique in vitro (valeurs ICso <1 µM) pour le cancer du sein ER+ 

humain (T47D et MCF7), le cancer du sein triple négatif (TNBC) (MBA-MB-231) et le carcinome 

corticosurrénalien (H295R) . Des études théoriques (simulation « docking ») et expérimentales 

(activité catalytique de l'aromatase) ont suggéré qu'une interaction entre 2 et l'enzyme aromatase 

n'était pas susceptible de se produire et que l'encombrement des ligands PPh3 pourrait être un 

facteur important empêchant le complexe d'atteindre le site actif de l'enzyme. L'exposition 

d'embryons de poissons zèbres au complexe 2, à des concentrations proches de sa valeur de 

cytotoxicité in vitro ICso (0, 1-1 µM), n'a pas conduit à des signes notables de toxicité sur une 

période de 96 h, ce qui en fait un candidat approprié pour d'éventuelles investigations in vivo . 

Cette étude confirme le potentiel des complexes Ru(ll) Cp pour le traitement du cancer du sein , 

plus spécifiquement contre les TNBC qui ne répondent généralement pas aux agents de 

chimiothérapie actuellement utilisés. 

~BF4 
Ru+ 

Ph3P' 1 'N~ 
PPh3 'JyC ('N lJ 
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1. Introduction 

A B S T R A C T 

Ruthenium-based complexes currently attract great attention as they hold promise to replace platinum­
based drugs as a first line cancer treatment. Whereas ruthenium arene complexes are some of the most 
studied species for their potential anticancer properties, other types of ruthenium complexes have been 
overlooked for this purpose. Here, we report the synthesis and characterization of Ru(ll) cyclo­
pentadienyl (Cp), Ru(Il) cyclooctadienyl (COD) and Ru(lll) complexes bearing anastrozole or letrozole 
ligands, third-generation aromatase inhibitors currently used for the treatment of estrogen receptor 
positive (ER+) breast cancer. Among these complexes, Ru(Il)Cp 2 was the only one that displayed a high 
stability in DMSO and in cell culture media and consequently, the only complex for which the in vitro and 
in vivo biological activities were investigated. Unlike anastrozole alone, complex 2 was considerably 
cytotoxic in vitro (lCso values < 1 µM) in human ER + breast cancer (T47D and MCF7), triple negative 
breast cancer (TNBC) (MBA-MB-231 ), and in adrenocortical carcinoma (H295R) cells. Theoretical 
(docking simulation) and experimental (aromatase catalytic activity) studies suggested that an interac­
tion between 2 and the aromatase enzyme was not likely to occur and that the bulkiness of the PPh3 
ligands could be an important factor preventing the complex to reach the active site of the enzyme. 
Exposure of zebrafish embryos to complex 2 at concentrations around its in vitro cytotoxicity ICso value 
(0.1-1 µM) did not lead to noticeable signs of toxicity over 96 h, making it a suitable candidate for further 
in vivo investigations. This study confirms the potential of Ru(II)Cp complexes for breast cancer therapy, 
more specifically against TNBCs that are usually not responsive to currently used chemotherapeutic 
agents. 

© 2020 Elsevier Masson SAS. Ail rights reserved. 

Meta! complexes are a useful class of molecules with a broad 
spectrum of therapeutic applications. Despite the considerable 
success of platinum-based anticancer agents, which are adminis­
tered to nearly 50% of patients undergoing chemotherapy, factors 
such as severe side effects and emergence of cancer cell resistance 
limit their clinical applications (1-4). In the past years, ruthenium 
compounds have attracted increasing attention and are often 

• Corresponding author. 
E-mail address: annie.castonguay@inrs.ca (A. Castonguay). 

considered potential alternatives to platinum drugs given their 
selective bioactivity and their ability to overcome platinum­
mediated cancer cell resistance. They are known for their cyto­
toxicity and/or their antimetastatic properties through distinct 
mechanisms of action, notably DNA or protein binding, reactive 
oxygen species (ROS) generation and cancer cell mobility inhibition 
(1,5- 7). lmportantly, several ruthenium complexes have entered 
and/or are currently in various stages of clinical trials (8- 15 ). Of 
particular interest is the design of organoruthenium complexes 
bearing carefully selected biologically active ligands such as 
enzyme inhibitors involved in the treatment of cancer, allowing the 
development of efficient drug/prodrug candidates that can display 
multiple modes of action. This strategy can potentially circumvent 

https://doi.org/10.1016/j.ejmech.2019.112030 
0223-5234/© 2020 Elsevier Masson SAS. Ali rights reserved. 
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emerging drug resistance mechanisms, a common cause of mor­
tality in cancer patients (16-19]. For instance, we reasoned that 
third-generation aromatase inhibitors such as the nonsteroidal 
triazole derivatives anastrozole (Arimidex®) and letrozole 
(Femara®) could be suitable candidates for this purpose, as they are 
widely used to treat estrogen receptor positive (ER + ) breast cancer 
in postmenopausal women, and have the ability to coordinate 
ruthenium (20 ]. ER + breast cancer cens proliferate under the in­
fluence of elevated estrogen levels, but are deprived of this hor­
mone by aromatase inhibitors, which act by preventing the 
aromatase-catalyzed production of estrogens from androgens 
(21 ]. Despite the success of third generation aromatase inhibitors 
for the treatment of breast cancer, in approximately one third of 
patients diagnosed with metastatic ER + breast cancer, therapies 
involving these drugs lead to the mutation of the ER gene, resulting 
in a treatment-resistant cancer that is often incurable [22,23 ]. 
Furthermore, estrogen deprivation was previously reported to 
sensitize ER+ breast cancer ce11s to cytotoxic agents (24,25 ]. 

We recently reported the biological activity of a series of half­
sandwich ruthenium (li) arene complexes with anastrozole li­
gands [26]. This previous study followed a preliminary investiga­
tion by Maysinger et al. on the cytotoxicity of a series of ruthenium 
(li) arene complexes bearing letrozole ligands (16]. To get more 
insights into the potential effectiveness of ruthenium-anastrozole 
complexes in cancer therapy, we were interested in exploring the 
physical and biological properties of structurally and electronically 
diverse types of ruthenium complexes. Although half-sandwich 
ruthenium (li) arene complexes have been extensively investi­
gated for their ability to induce cancer ce11 toxicity and, in some 
cases, with high selectivity toward cancer cells (27-29], there are 
far fewer studies of the anticancer potential of ruthenium {li) 
complexes based on cyclooctadiene (COD) or cyclopentadiene (Cp) 
ligands (30-41 ]. For instance, Sheldrick et al. reported a cationic 
Ru(ll)COD complex with considerable cytotoxicity in jurkat leuke­
mia cells, for which the mode of action is believed to be associated 
with the generation of reactive oxygen species (ROS) [ 41 ]. Another 
report from Omondi revealed that a series of Ru{ll)COD complexes 
with bidentate N,N-donor ligands had a high affinity with human 
serum albumin (HSA). However. the cytotoxicity of these com­
plexes was not investigated [33]. Promising anticancer activities 
were also reported for some Ru{ll)Cp complexes [34.42- 47 ]. For 

. instance, it was shown by Severin et al. that replacing the arene 
ligand in the structure of a RAPTA-type complex, [(ri6-arene) 
RuCJi(PTA)] (PTA = 1,3,5-triaza-7-phosphaadamantane), with a 
bulky cyclopentadienyl electron-donating ligand led to compounds 
with enhanced cytotoxicities (43.44]. This effect is believed to be 
associated with the improved ability of the complexes to cross 
cancer cell membranes [43]. Notably, Garcia et al. reported a new 
family of Ru(ll)Cp complexes with N,0- and N,N'-heteroaromatic 
bidentate ligands that revealed an exceptional activity with IC50 
values in the nanomolar range against the MDA-MB-231 breast 
cancer cell line [45,47 ]. They also investigated the in vivo antitumor 
activity of a Ru(ll)Cp (TM90, [Ru(ri5-CsHs)(PPh3)(bopy)] [CF3S03] 
(bopy = 2-benzoylpyridine) on nude female mice bearing TNBC 
orthotopic tumors. Importantly, the study revealed the ability of 
the complex to suppress tumor growth and to inhibit the devel­
opment of metastases, to increase the lifetime of mi ce after surgical 
removal of the tumor (compared to untreated mice) and to not 
negatively affect their behavior (42 ]. Fernandes et al. synthesized 
and characterized a series of Ru(ll)Cp complexes bearing carbohy­
drates such as glucose and fructose with promising in vitro cyto­
toxicities against HeLa human cervical cancer and HCT116 human 
colon carcinoma cells [34,37]. The cytotoxicity of these complexes 
was found to be significantly influenced by the nature of the car­
bohydrate moiety and the metal center. Interestingly, iron 

complexes of the same ligands induced less cytotoxicity in cancer 
ceIIs compared to the corresponding ruthenium complexes, con­
firming the importance of the ruthenium metal for the anticancer 
activity of such metaIIodrugs (34]. Valente et al. reported Ru(Il)Cp 
complexes with the ability to induce inhibition of proliferation and 
apoptosis, not only in an estrogen receptor positive (ER + ) breast 
cancer ce11 line (MCF7), but also in an aggressive triple negative 
breast cancer (TNBC) ce II line (MDA-MB-231 ). These compounds 
were found to interact with mitochondria and with cytoskeleton, 
and to reduce the colony formation potential of breast cancer ce11s 
(46]. It is of high importance that Ru(ll)Cp complexes display 
promising activities for the treatment ofTNBC which, in contrast to 
hormone receptor positive (HR+ ) breast cancers, does not respond 
to hormonal therapy approaches [48,49]. DNA interaction 
(30,35,39], ce11-membrane transporter inhibition (40], human 
serum albumin (HSA) binding [36] and ce11 cycle disturbance (39] 
have been also reported as other possible modes of action for Ru(ll) 
Cp complexes. Ru( III) complexes have also attracted interest due to 
their cytotoxicity or/and antimetastatic properties alongside their 
low systemic toxicity [7,15,50 ]. For instance, the ruthenium (III) 
complex KP1339 did not only show cytotoxicity in different in vivo 
tumor models (more specifically in colon cancer) in preclinical 
studies, but was also found to stabilize the disease in clinical studies 
involving cancer patients while only inducing mild side effects. 
Disruption of endoplasmic reticulum homeostasis and induction of 
immunogenic cell death have been reported as mechanisms of 
action for this complex (15 ]. In the present study, we report the 
synthesis, characterization and stability assessment of Ru{ll)COD, 
Ru(ll)Cp, and Ru(III) complexes bearing anastrozole (ATZ) or 
letrozole (LTZ). Results regarding the in vitro anticancer activity in 
several human cell lines and in vivo toxicity in a zebrafish model of 
the most promising candidate is also presented. 

2. Results and discussion 

The synthesis of complex 1. RuCOD(ATZ)zCl2, was first attemp­
ted by allowing [Ru(COD)Cl2]n to react with two equivalents of 
anastrozole in refluxing acetonitrile. No product could be detected 
after 18 h, and only a 13% conversion could be observed after 48 h. 
The yield could be increased up to 22% and the reaction time 
decreased to 25 min when the reaction was performed in a mi­
crowave reactor (15 psi, 200 W, 80 °C) (Scheme 1 ). It is noteworthy 
that using the microwave for longer periods of time under the 
above-mentioned conditions resulted in a significant decrease in 
the yield of the reaction, possibly due to some interactions of the 
final product with other molecules present in the reaction mixture. 
Only few examples of microwave-assisted syntheses of ruthenium 
complexes were previously reported [51-53 ]. The synthesis of 
cationic complex 2, RuCp(PPh3)z{ATZ)BF4, was performed by 
reacting RuCp(PPh3)zCl and anastrozole in the presence of AgBF4 in 
refluxing acetone for 2 h (36% yield, Scheme 1 ). Both Ru(ll) com­
plexes 1 and 2 are soluble in acetone, alcohols and dimethyl sulf­
oxide (DMSO) but poorly soluble in water. The anionic Ru(III) 
species 3, Na[trans-RuC14ATZ(DMSO)J. was also prepared by 
aIIowing Na[trans-RuCl4(DMSO)z] to react with anastrozole in 
acetone overnight at room temperature (56% yield). Keeping in 
mind that the anticancer properties of metal complexes often vary 
with their lipophilicity (27,54], the sodium counterion in the 
structure of 3 was replaced with a more lipophilic cation. Complex 
5, PPh4[trans-RuC4ATZ (DMSO)], was then obtained (70% yield) by 
a11owing a methanol solution of compound 3 to react with PPh4Cl 
for 4 h at room temperature (Scheme 1 ). Although anastrozole and 
letrozole both belong to the thi rd-generation class of aromatase 
inhibitors and have closely related structures, their efficacy has 
been reported to differ in some cases. For instance, letrozole was 
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Scheme 1. Synthetic route to complexes 1~. 

more effective at lowering estrogen levels than anastrozole in hu­
man breast cancer tissues (55,56]. For comparison purposes, 
letrozole derivatives of complexes 3 and 5, 4 (66% yield) and 6 (39% 
yield), were also synthesized using the same reaction conditions 
(Scheme 1 ). Ali Ru{lll) complexes were soluble in most organic 
solvents except 6 which had a poor solubility in most solvents. Due 
to the nature of the counterions, only complexes 3 and 4 were 
found to be soluble in water. The identity and purity of ail com­
plexes were confirmed by nuclear magnetic resonance (NMR) (only 
in the case of diamagnetic species 1 and 2), high-resolution elec­
trospray ionization mass spectrometry {HR-ESl-MS) and elemental 
analysis. ln contrast to complex 1 and previously reported Ru(ll) 
arene complexes bearing anastrozole or letrozole (16,26], signais 
corresponding to the protons and/or carbons of the anastrozole 
moiety in the 1H NMR and 13C{1H} NMR spectra of 2 were non­
equivalent (phenyl, nitrile and methyl groups), suggesting a 
different coordination mode of this ligand in this complex. 
Compared to the downfield chemical shift of 1H NMR signais 
assigned to the protons of the triazole ring of 1, the corresponding 
signais in the spectrum of 2 were only slightly shifted in compar­
ison with the on es observed for free anastrozole (Fig. 1 ), suggesting 
that anastrozole is coordinated to ruthenium via one of its nitrile 
moieties, which was further confirmed by X-ray crystallography 
analysis (Fig. 2, vide infra). This mode of coordination may be 
favored due to the steric hindrance of the two bulky triphenyl­
phosphine ligands, preventing the triazole ring from reaching the 
metal site. As reported for other Ru(ll)Cp and Ru(ll)COD complexes 
(30,57], a singlet at 4.51 ppm was observed for the cyclopentadienyl 
moiety of 2, whereas three signais at 2.06, 2.66, 4.09 ppm were 
observed for the non-equivalent protons in of the cyclooctadienyl 
moiety of 1 (endo CH2, exo CH2 and CH). 

The solid-state structure of ail compounds (except 3) was also 
confirmed by single crystal X-ray diffraction (Fig. 2 and Table 51 ). 
The six-coordinate metal center in 1 exhibits a distorted octahedral 
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geometry. The Ru-C bond lengths are similar to those reported for 
other Ru(ll)COD complexes (33,58,59]. The two chloride ligands 
trans to one another are directed away from the 1,5-COD ligand (the 
Cl1-Ru1-Cl2 bond angle is 159.95 (2)0

), a common distortion 
found for ligands axial to an equatorial plane containing 1,5-COD in 
ruthenium (Il) complexes [33,58,59]. The two anastrozole ligands 
are cis to one another (N1-Ru1-N2 89.87 (6)0

) and trans to 1,5-
COD. Compound 2 adopts a piano stool geometry, which is typical 
of cationic half-sandwich ruthenium complexes [34,39]. As previ­
ously stated, X-ray analysis data obtained for this complex 
confirmed the coordination of the anastrozole through one of its 
nitrile moieties. To the best of our knowledge, this is the first 
example of this coordination mode for a ruthenium complex 
bearing anastrozole. The Ru-N bond length in 2, 2.048 (3) A. is in 
the same range as bond lengths reported for other nitrile­
coordinated Ru(II)Cp complexes (2.056 (3) A (60] and 2.053 {2) A 
(61 ]) and Ru{Il)-arene complexes (2.066 (4) A [62] and 2.050 (4) A 
[63 ]), but as expected, significantly shorter than the ones noted for 
1 (Ru-Nl :2.136 (1) A and Ru-N2: 2.133 (1) A) and for previously 
reported Ru(Il)-arene complexes of triazole-coordinating anas­
trozole [26]. The crystallography data for 4-6 also revealed a 
disordered octahedral geometry, which is well documented and 
characteristic for this type of Ru(lll) complexes [64- 67]. Ail the 
synthesized Ru(III) species include four chloride ligands in the 
equatorial positions and a DMSO molecule bound via its sulfur 
a tom trans to the triazole ring of anastrozole or letrozole in the axial 
position. The Ru-N bond lengths observed in the structure of ail 
Ru{lll) species are very similar to one another (Ru-N: 4, 2.091 (2); 
5, 2.103 (2); 6, 2.093 (3)) and to those reported for structurally 
similar complexes [67,68]. The bond lengths and angles are also 
similar to those found in other NAMl-A derivatives [65- 68]. 

DMSO was selected to prepare stock solutions of the compounds 
to assess their biological activity. DMSO is commonly used as a 
solvent of choice for this purpose as it allows the biological 
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Fig. t. Se/ected area of the 1H NMR spectra of free anastrozole (red), complex 1 (green) and complex 2 (blue) in CDCl3, showing the resonances corresponding to their triazole 
protons. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

2 

4 5 6 

Fig. 2. ORTEP diagrams of 1, 2 and 4-6 with thermal ellipsoids drawn at the 50% probability level. Note that only one site is shown for the disordered dimethyl sulfoxide molecule in 
the asymmetric unit of 6, whereas two co-crystallized molecules of water in the asymmetric unit of 2 are omitted for clarity. 

evaluation of compounds with poor aqueous solubility and does 
not induce noticeable in vitro or in vivo cytotoxicity at low con­
centrations. Prior to performing biological experiments, the solu­
bility of the complexes in DM50 was estimated by measuring the 
UV-Vis absorbance of solutions of various concentrations after 
fine filtration. Ali complexes were found to be soluble in DM50 at 
concentrations as high as 20 mM, except complex 6 for which the 
biologically activity was not assessed. The stability of the complexes 
in DM50 (2 mM, 15 min) was also evaluated by NMR spectroscopy 
(only for the diamagnetic species). Whereas the 1H NMR spectrum 
of complex 2 revealed its high stability in DM50 (only 2% of free 
anastrozole was observed) (Fig. 51 ), the 1H NMR spectrum of 

compound 1 revealed a much lower stability in this solvent. 
Although the 1 H NMR spectrum of 1 (Fig. 51 ) indicated that 1 
remained the major species in solution, the appearance of two new 
series of peaks corresponding to free anastrozole (25%) and a new 
complex bearing anastrozole discouraged us from pursuing the 
biological activity assessment of compound 1. The stability of 2 in 
DM50 was further confirmed by UV-Vis spectrometry experi­
ments. No apparent change was observed in the absorption spec­
trum of this compound over 1 h (Fig. 52). 

To further investigate the stability of 2-5 under conditions 
similar to those of the tritiated water-release assay of aromatase 
activity, a previously established HPLC technique (26] was used, 
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allowing the measurement of the amount of released anastrozole 
or letrozole after a 1.5 h incubation of the complexes in full DMEM/ 
F12 medium (with a maximum 0.1% DMSO) at 10 µM. Whereas all 
three Ru(lll) complexes underwent transformation(s) in media, 
resulting in a significant release of their ligands (Table S2 ), com­
pound 2 was found to be highly stable under the conditions tested 
(only 4% of released anastrozole was detected). Since complex 2 
was the only species found to be stable under biologically relevant 
conditions, its solubility was verified by UV-Vis spectrometry un­
der conditions similar to those used for the in vitro and in vivo 
experiments: i) in full DMEM/F12 medium (0.1% DMSO) and ii) in 
water (max 0.5% DMSO}, respectively (Fig. S3 ). Compound 2 was 
found to be highly soluble at ail tested concentrations (up to 15 µM 
in water and up to 20 µM in culture medium), confirming the 
suitability of this compound for biological experiments. 

The cytotoxicity of complex 2 was evaluated at different con­
centrations using a sulforhodamine B (SRB) assay [69) in different 
human cell lines: MCF7 and T47D (ER + breast cancer), MDA-MB-
231 (ER - breast cancer), H295R (adrenocortical carcinoma which 
expresses high levels of the aromatase enzyme) and MCF12A (non­
cancerous breast) [70,71 ). IC50 values were determined after a 48 h 
exposure of the cancer ce Ils to the complex (Table 1 ). 

ln contrast to anastrozole alone (ICso > 100 µM in ail cell lines, 
results not shown), compound 2 displayed a high cytotoxicity 
against ail the cancer cell lines with IC50 values lower than 1 µM. 
Although complex 2 approximately equally affected the healthy cell 
line tested with a selectivity index of 1.16, it is important to keep in 
mind that i) the same in vitro lack of selectivity was also observed 
for the widely used chemotherapeutic drug cisplatin (SI« 1 in case 
of T47D and H295R cells) and that ii) although considered as an 
acceptable indicator, the in vitro cytotoxicity of a compound does 
not necessarily reflect its acute systemic toxicity and as a conse­
quence, in vivo toxicities cannot be predicted from in vitro experi­
ments with high confidence [72-74). lmportantly, complex 2 was 
more cytotoxic than cisplatin in all cancer cell lines used in this 
study, particularly in H295R and T47D cells (the latter being 
cisplatin resistant). Notably, compound 2 was not only found to be 
highly cytotoxic in ER+ breast cancer cells (IC50 = 0.50 ± 0.09 µM, 
MCF7; 0.32 ± 0.03 µM, T47D) but also in a triple negative breast 
cancer (TNBC) cell line (ICso = 0.39 ± 0.09 µM, MDA-MB-231 ), 
suggesting a mode of action that is independent of the estrogen 
receptor status of the cells. Indeed, it is of high importance to 
identify drug candidates for the treatment of aggressive hormone 
receptor negative (HR -. TNBC) breast cancers (about 10-20% of 
cases) for which endocrine the ra pies that target hormone receptors 
are ineffective [48,75 ). The IC50 values observed for compound 2 are 
in the range expected for Ru(ll)Cp complexes in both ER + breast 
cancer and TNBC cell lines (0.03-20 ~1M) [ 46.47,76-78), confirming 
the high potential of this class of ruthenium complexes for breast 
cancer treatment. Finally, compound 2 is a rare example of a 
ruthenium complex· with significant cytotoxicity in H295R cells 
(IC50 = 0.63 ± 0.05 µM), warranting further investigations on the 
design of ruthenium species for the treatment of aggressive adre­
nocortical carcinomas. Nevertheless, it is important to keep in mind 
that in vitro cytotoxicity is not necessarily representative of in vivo 
antitumor activity, due to the potential impact of the tumor 
microenvironment on the tumor growth and drug effectiveness 
[79,80 ). 

The binding of third generation aromatase inhibitors to the 
catalytic centre of the cytochrome P450 enzyme aromatase 
(CYP19A1) (consisting of an iron porphyrin complex) via their tri­
azole nitrogen atom is considered to be their main mode of action 
[81 ]. Therefore, considering the availability of the triazole ring in 
the structure of 2, we performed a molecular modeling study to 
evaluate the potential occurrence of interactions between this 
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Table 1 
IC50 values determined for 2 and cisplatin in human cancer MCF7, T47D, MDA-MB-
231, H295R and non-cancerous MCF12A cell Iines (and corresponding selectivity 
indexes). 

ICso(µM) ' Selectivity index 
(SI)b 

cisplatin 2 cisplatin 

MCF7 0.50 (±0.09) 20.1 (±3.5) 1.16 2.12 
T47D 0.32 (±0.03) >150 1.81 <0.28 
MDA-MB-231 0.39 (±0.09) 32.4 (±7.4) 1.49 1.32 
H295R 0.63 (±0.05) 86.5(±1.2) 0.92 0.49 
MCF12A 0.58 (±0.02 ) 42.7 (±7.2) 

' Inhibitory activity was determined by exposure of cell lines to each complex for 
48 h and expressed as the concentration required to inhibit cell metabolic activity by 
50% (IC50). Errors correspond to the standard deviation of two to four independent 
experiments. 

b 51= IC50 (non-cancerous MCF12A cell line)/IC50 (cancer cell line). 

ruthenium complex and the enzyme using a docking simulation 
mode! we previously developed [26), based on the crystal structure 
of human placenta! aromatase cytochrome P450(CYP19A1) (Fig. 3 ). 
These types of interactions between transition metal complexes 
and proteins (or DNA) were previously studied by other groups 
[82-84). Molecular docking results suggest that bonding between 
the heme iron of CYP19 and triazole nitrogen atom is unlikely to 
occur. These results also reveal that significant conformational re­
arrangements of the protein would be required to accommodate 
compound 2 inside the active-site cavity of aromatase. Our simu­
lations show that the interaction between 2 and the enzyme is 
energetically unfavorable because of significant steric clashes be­
tween compound 2 atoms and amino acids within the active-site 
cavity (Fig. 3C). 

ln the absence of conformational rearrangements of aromatase, 
the bulkiness of 2 (bearing two sterically hindered triphenylphos­
phine ligands) would prevent this complex from passing through 
the solvent-accessible access channel, preventing it to reach the 
active site of aromatase. This was further supported by results 
obtained from a tritiated water-release experiment we performed 
to assess the in vitro aromatase inhibitory effect of 2. This method 
was previously reported as a sensitive and reproducible technique 
for aromatase activity assessment [ 85,86). The H295R cell li ne was 
selected for this study as it expresses high levels of the aromatase 
enzyme [70,87 ). As we previously reported for the investigation of 
the aromatase activity of H295R cells exposed to ruthenium species 
[26 ), H295R cells were co-incubated with 1 ~-3H- androstenedione 
and compound 2 (or anastrozole) for 1.5 h. The radioactivity of the 
tritium oxide produced from the conversion of the labeled 
androgen toits corresponding estrogen, catalyzed by the aromatase 
enzyme, was quantified and reported as an indication of aromatase 
activity (Fig. 4). Because of the high cytotoxicity of 2 in H295R cells 
(IC50 = 0.63 ± 0.05 µM), its potential aromatase inhibitory activity 
was assessed at concentrations no greater than 100 nM (compound 
2 becomes slightly cytotoxic at 1 ~1M when incubated for 1.5 h). As 
predicted from the docking simulation, a significantly lower aro­
matase inhibitory activity was observed in cells exposed to 2 
compared to those treated with free anastrozole. No significant 
inhibition of aromatase activity was observed for complex 2 up to 
10 nM. whereas about 50% inhibition of enzyme activity was 
observed for anastrozole alone at 10 nM (Fig. 4). It is likely that the 
slight aromatase inhibitory activity observed for 2 at higher con­
centrations was a consequence of free anastrozole released from 
the complex (4%, Table S2) under the conditions of the assay, 
making it difficult to draw a clear conclusion about the aromatase 
inhibitory activity of the complex itself. 

The in vivo toxicity of 2 was determined in a zebrafish embryo 
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Fig. 3. Molecular docking of compound 2 inside the active-site cavity of aromatase. A) The active-site cavity of aromatase is shown in gray and the protein model is displayed as a 
blue ribbon. The illustrated surface represents the solvent-accessible area of the active site. B) Preferred conformer extracted for the ternary complex between the enzyme, cofactor 
group (heme), and compound 2. The cofactor and compound 2 are respectively depicted as ball-and-stick and green stick models. C) Disruption of the internai cavity of the enzyme 
by compound 2, illustrated as full atomic volume representation of van der Waals radii. Compound 2 atoms are shown as green spheres calculated according to the Corey-Pauling­
Koltun model for van der Waals radii. Compound 2 atoms directly clash with amino acids within the active site of the enzyme, suggesting that such ternary complex formation is 
energetically unfavorable and nonspontaneous. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

model. Severa( publications support the use of this assay as a 
suitable model for the investigation of the in vivo toxicity of 
ruthenium species (26,27,88 ]. The zebrafish has become a promi­
nent in vivo model in toxicology and drug discovery due to several 
advantages such as high fecundity (200-300 embryos per mating 
pair per week), ease of manipulation, embryo transparency, high 
degree of genetic conservation with humans and low cost (88- 90]. 
lmportantly, results arising from zebrafish toxicity screenings have 
been used as prediction tools prior to undertaking preclinical and 
clinical studies (91 ]. Accordingly, mortality rates, hatching rates and 
phenotype changes of zebrafish embryos exposed to 2 at concen­
trations around its IC50 value (0.1 µM, 0.5 ~tM and 1 ~tM) for in vitro 
cytotoxicity in human cancer cells were determined at 24, 48, 72 
and 96 h post fertilization (hpf) (Fig. 5). Compared to untreated 
control embryos, no apparent mortality (data not shown), hatching 
delay or phenotype changes were observed in zebrafish embryos 
treated with 2 at the tested concentrations. It is noteworthy that we 
have previously reported a significant inhibition of the hatching 
rate for zebrafish embryos exposed to cisplatin at concentrations 
far less than its ICso value in human cancer cells (26,27 ]. There are 
also a few studies reported for which Ru(ll)Cp complexes have been 
investigated for their overall toxicity in a zebrafish model 
(78,92,93 ]. Although different conditions have been used for these 

61 

studies preventing us from making direct comparisons, signs of 
toxicity such as delayed hatching, mortality and abnormalities such 
as pericardial edema, yolk sac edema, curved tail and head mal­
function have been observed for some of the reported Ru(II)Cp 
complexes at the tested concentrations. Thus, compound 2 could be 
considered a promising candidate for further in vivo investigations. 

0.1 10 

Concentration (nM) 

100 

Fig. 4. Effects of the exposure of H295R cells to anastrozole (AlZ) and 2 on the aro­
matase activity. Cells were treated for 1.5 h with the indicated concentrations of the 
compounds. Values represent the mean ± SD. 
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3. Conclusion 

From this study of a series of ruthenium complexes bearing 
anastrozole or letrozole (1-6), we observed that the solubility and 
the stability of the complexes can be highly affected by their type of 
backbone, the nature oftheir ligands or counterions and the type of 
coordination of their ligands. Our study clearly shows that Ru(II)Cp 
complex 2, the only species in this series for which anastrozole is 
coordinated ruthenium through the nitrile moiety (and not via the 
nitrogen of the triazole ring), was the only complex found to be 
stable in DMSO and in cell culture medium. Whereas Ru(ll}Cp 
complexes have been overlooked for their anticancer properties 
compared to their Ru(II) arene counterparts, in vitro and in vivo 
investigations of 2 confirm the high potential for this type of 
complexes for cancer therapy. Furthermore, results from the aro­
matase inhibition assay and the molecular docking simulation 
suggest that the bulkiness of a ruthenium complex such as 2 can be 
a factor preventing its interaction with the targeted enzyme, and 
that bulky moieties such as PPh3 may not be ligands of choice for 
that purpose. Moreover, this study opens the door to the devel­
opment of a nove! class of Ru(II)Cp complexes for breast cancer 
therapy, particularly against TNBCs which respond poorly to 
existing chemotherapeutic agents. 

4. Experimental section 

General comments. Ali reagents were purchased from com­
mercial sources and used without further purification. Experiments 
were performed under a nitrogen atmosphere using standard 
Schlenk techniques, and solvents were dried using a solvent puri­
fication system (Pure Process Technology). Anastrozole and letro­
zole were purchased from Triplebond and AK scientific, 
respectively. RuCl3.xH20, 5-cyclooctadiene, dicyclopentadiene, tri­
phenylphosphine, and silver tetrafluoroborate were purchased 
from Sigma Aldrich. [Ru(COD)Cli)n [94], RuCp(PPh3)2CI [95 ), and Na 
[trans-RuCl4(DMS0)2) [96] were prepared according to previously 
reported procedures. Tecan Infinite MlOOO PRO microplate reader 
was used to read the absorbance of multiwell plates (at 510 nm) for 
SRB assay. NMR spectra (1H, 13C(1H}, COSY, HSQC, and ROESY) were 
recorded on a 400 MHz Varian or 600 MHz Bruker Avance III NMR 
spectrometers. Chemical shifts (o) and coupling constants are 
expressed in ppm and Hz, respectively. 1H and 13C{ 1H} spectra were 
referenced to solvent resonances, and spectral assignments were 
confirmed by 2D experiments. The purity of all ruthenium com­
plexes (>95%) was assessed by elemental analyses (Laboratoire 
d'Analyze Élémentaire, Department of Chemistry, Université de 
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Montréal). High-resolution and high accuracy mass spectra (HR­
ESI-MS) were obtained using an Exactive Orbitrap spectrometer 
from ThermoFisher Scientific (Department of Chemistry, McGill 
University). Diffraction measurements were performed on a SMART 
APEX Il diffractometer equipped with a CCD detector, an Incoatec 
IMuS source (Cu) and a Quazar MX mirror (1 and 2) or a Bruker 
Venture diffractometer (a liquid Ga Metaljet source) equipped with 
a Photon 100 CMOS detector, a Helios MX optics and a Kappa 
goniometer (4-6) (Department of Chemistry, Université de Mon­
tréal). Ali statistical analyses were done using the GraphPad Prism 
6.01 software. ANOVA analysis was used for testing the significance 
of the difference between the means and a p-value <0.05 was 
considered statistically significant. 

4.1. Complex synthesis and characterization 

RuCOD(A1Zl2Cli (1). Acetonitrile (18 ml) was added to anas­
trozole (0.208 g, 0.71 mmol), and [Ru(COD)Cl2Jn (0.100 g, 
0.35 mmol). The mixture was heated under reflux for 48 h and then 
cooled to room temperature and filtered. The filtrate was evapo­
rated to dryness and the crude yellow compound was purified by 
flash chromatography (silica gel) with ethyl acetate:hexane ( 4:1) as 
the mobile phase. Compound 1 (0.020 g, 13%) was obtained as a 
light-yellow precipitate. Microwave-assisted synthesis. A mixture 
of [Ru(COD)Cliln (0.05 g, 0.18 mmol) and anastrozole (0.104 g, 
0.36 mmol) in acetonitrile (10 ml) was heated in a microwave 
reactor at 80 °C for 25 min (set points: pressure 15 psi, power 
200 W). The solvent was removed under vacuum and a light-yellow 
color product (0.034 g, 22%) was obtained after purification by 
column chromatography as mentioned above.1H NMR (CDCl3, 
'600 MHz): o 1.71 (s, CH3, 24H), 2.06 (m, C8H12. 4H), 2.66 (br, CsH12. 
4H), 4.09 (br, C8H12. 4H), 5.34 (s, CH2, 4H), 7.26 (d,J = 1.9 Hz, ArH, 
4H), 7.49 (t, j = 1.7 Hz. ArH, 2H), 8.53 (s, Htriazole. 2H), 8.93 (s, 
Hrriazole. 2H). 13C{1H} NMR (CDCl3, 100 MHz): o 29.04 (s). 30.05 (s). 
37.30 (s), 53.82 (s), 89.53 (s), 122.02 (s), 123.76 (s), 124.25 (s), 135.87 
(s), 143.4 (s), 145.15 (s), 151.92 (s). Found (%): C, 57.94; H, 5.83; N, 
15.92. ~2HsoCl2N10Ru1 requires C, 58.17; H, 5.82; N, 16.16. HR-ESI­
MS m/z ( + ): found 889.25 [M +Na]+ (cale. 889.25). 

96 

RuCp(PPh3)2(ATZ)BF4 (2). To a suspension of RuCp(PPh3)2CI 
(0.200 g, 0.276 mmol) in acetone (20 ml) were added anastrozole 
(0.164 g, 0.558 mmol) and AgBF4 (0.060 g, 0.308 mmol). The solu­
tion was refluxed for 2 h until the colour changed from orange to 
pale yellow. The solution was centrifuged and the supernatant was 
evaporated under vacuum. The residue was dissolved in 2 ml of 
dichloromethane and was passed through a Celite pad. Diethyl 
ether was added to the filtrate and the resulting precipitate was 

Fig. 5. (A) Effect of2 on the hatching rate of developing zebrafish embryos. Hatching rates were assessed at 0.1, 0.5 and 1 µM over 4 days post fertilization (96 hpf). Contrai hatching 
rates are shown as a dashed line. (B) Gross morphological phenotypes of zebrafish embryos: untreated (contrai) and treated with 1 11M of 2 (96 hpf). Results are expressed as 
means ±standard deviation of three independent experiments (a total of 60 embryos). 
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washed with ethyl acetate (3 x 10 mL) and diethyl ether 
(3 x 10 mL). Compound 2 (0.107 g, 36%) was obtained as a pale­
yellow precipitate. 1H NMR (CDCl3, 600 MHz): o 1.42 (s, CH3, 6H), 
1.70 (s, CH3, 6H), 4.51 (s, CsHs, 5H), 5.51 (s, CH2, 2H), 7.00 (m, Hrrh3· 
12H), 7.17 (t,j = 7.16 Hz, Hrrh3. 12H), 7.33 (t,j = 7.17 Hz, Hrrh3. 6H), 
7.39 (t,J = 1.76, ArH, lH), 7.47 (s, ArH, lH), 7.73 (s, ArH, lH), 7.97 (s, 
Htriazole. lH), 8.60 (s, Htriazole. lH). 13C{1H} NMR (CDCl3, 100 MHz): 
o 27.65 (s), 29.13 (s), 37.50 (s), 39.39 (s), 52.47 (s), 83.80 (s), 121.66 
(s), 124.34 (s), 124.91 (s), 126.26 (s), 128.39 (t), 130.13 (s), 133.06 (t), 
135.75 (t), 136.21 (s), 138.28 (s), 141.38(s), 142,95(s), 144.38 (s), 
152.10 (s). 31 P(1H} NMR (CDCIJ, 200 MHz): {j 41.50. Found (%): C, 
62.40; H, 5.23; N, 6.21. CsaHs4BF4NsP2Ru·5/2H20 requires C, 62.42, 
H 5.33, N 6.28. HR-ESI-MS m/z ( + ): found 984.29 M+ (cale. 984.29), 
691.13 [M+ -Arz]+ (cale. 691.13 ). 

Na[trans-RuCl.tl(DMSO)) (L = AlZ, 3; L = LlZ, 4). Na [trans­
RuCl4(DMSO)i) (0.36 mmol, 0,150 g) and L (1.08 mmol, L = ATZ: 
0.315 g; L = LTZ: 0.303 g) were dissolved in acetone (10 mL) and the 
reaction was carried out overnight. The solution was evaporated to 
dryness and the crude compound was purified by flash chroma­
tography (silica gel) with dichloromethane:methanol (20:1) as the 
mobile phase. 3 and 4 were obtained as light-yellow precipitates (3: 
0.128 g, 56%; 4: 0.149 g, 66%). 3: Found (%): C, 35.02; H, 4.22; N, 
10.65; S, 5.38. C19H2sCl4NsNaORuS·YiH20 requires C, 35.29; H, 4.06; 
N, 10.84; S, 4.95. HR-ESI-MS m/z (-): found 614.96 M- (cale. 
614.96); 4: Found (%): C, 35.50; H, 3.15; N, 10.55, S, 4.85. 
C19H17Cl4NsNaORuS.H20 requires C, 35.25; H, 2.96; N, 10.82; S, 4.95. 
HR-ESI-MS m/z (- ): found 606.89 M- (cale. 606.89). 

PPh.i[trans-RuCl.tl(DMSO)] (L = AlZ, 5; L = LlZ, 6). PPh4CI 
(1.25 mmol, 470 mg) was added to a solution of 3 (0.125 mmol, 
80 mg) or 4 (0.125 mmol, 79 mg) in methanol (8 mL) and the re­
action was stirred at ambient temperature for 4 h. The solution was 
filtered, and the filtrate was dried under vacuum. The residue was 
washed by distilled water ( 4 x 20 mL) and diethyl ether 
(2 x 10 mL). Compounds 5 and 6 were obtained as yellow powders 
(5: 0.083 g, 69.6%; 6: 0.045 g, 38.6%). 5: Found (%): C, 53.66; H, 4.83 ; 
N, 7.24; S, 3.96. ~JH4sCl4N50PRuS·'12 H20 requires C, 53.63; H, 4.82 ; 
N, 7.28 ; S, 3.32. HR-ESI-MS m/z (- ): found 614.96 M- (cale. 614.96), 
m/z (+): found 339.13 x + (cale. 339.13); 6: Found (%): C. 54.24; H, 
3.97; N, 7.35, S, 3.36. C43H37Cl4NsOPRuSH20 requires C, 54.60; H, 
3.95; N, 7.41; S, 3.38. HR-ESl-MS m/z (- ): found 606.89 M- (cale. 
606.89), m/z ( + ): found 339.13 x + (cale. 339.13 ). 

Solubility in DMSO, media/DMSO, water/DMSO. UV-vis 
spectroscopy was used to evaluate the solubility of 1--6 in DMSO. 
Accordingly, solutions of 1--6 at different concentrations (5, 10, 15, 
20 mM) were prepared in DMSO. The solutions were filtered using a 
short Celite pad and were then diluted 10 times in DMSO prior to 
UV-Vis measurements. The solubility of2 was also investigated in 
phenol red free DMEM-F12 (DMSO 0.1 %) at 0.01, 0.1, 1, 5, 10, 20 µM 
and in water (max DMSO 0.5%) at 1, 5, 10, 15 µM. Ali solutions were 
filtered (using a 0.2 µm syringe filter) prior to the UV-Vis mea­
surements and the absorbance (350 nm-370 nm) was recorded 
using a microplate reader. The linearity between concentration and 
absorbance was considered as an indication of the solubility of the 
compounds at the desired concentrations. lt is important to note 
that no supplementary technique was used here to evaluate if 
nanoaggregates were formed under these conditions. 

Stability in cell culture media/DMSO. A previously developed 
HPLC-UV method (26) was used to measure the anastrozole (or 
letrozole) release in cell culture media supplemented with 0.1 % 
DMSO. Stock solutions (104 µM) of 2- 5 were prepared in DMSO. 
10 µM solutions of the compounds were prepared by adding 20 µL 
of a stock solution to 20 mL of DMEM/F12. Solutions were incu­
bated at 37 °C for 1.5 h, and further steps were achieved as 
described previously [26). Briefly, after incubation, anastrozole or 
letrozole was retrieved from the media solution by liquid/liquid 

extraction using diethyl ether. After evaporation of the diethyl ether 
and after dissolving the residue in 2 mL of acetone, the solution was 
passed through a thin layer of silica (using 20 mL of acetone) to 
completely recover anastrozole (or letrozole) while minimizing the 
amount of undesired media residue in the final HPLC samples. 
Acetone was evaporated to dryness and the residue was dissolved 
in 1 mL of HPLC grade acetone containing 100 µM hydrocortisone as 
an external standard. The HPLC sample was injected into an Agilent 
UHPLC system (1260 Infinity GPC/SEC) using an Agilent Poroshell 
120 EC-C18 column (4.6 x 100 mm, 2.7 µm) through a 13 min 
gradient of a mixture of acetonitrile and water at a flow rate of 
2 mL/min: (a) 0-1 min, water, 100%; (b) 1-4 min, acetonitrile, 
0-30%; (c) 4-10 min, acetonitrile, 30%; (d) 10-11 min, acetonitrile, 
30%-100%; 11-13 min, acetonitrile, 100%. UV absorbance was ac­
quired at 215 and standard curves of anastrozole and letrozole as 
the ones reported before [26) were used to quantify the amount of 
the aromatase inhibitors. Ail the experiments were carried out in 
three replicates. 

X-ray diffraction analysis. Single crystals suitable for X-ray 
analysis were obtained by the room temperature slow evaporation 
of solutions of 1 (in ethyl acetate), 4 (in methanol), 5 (in dichloro­
methane), and 6 (in dichloromethane/diethyl ether). Single crystals 
of 2 were obtained from an ethyl acetate solution kept at 4 °C for 
two weeks. Cel! refinement and data reduction were done using 
APEX2. Absorption corrections were applied using SADABS. Struc­
tures were solved by direct methods using SHELXS-97 and refined 
on F2 by full-matrix least squares using SHELXL-97 or SHELXL-2014. 
Ali non-hydrogen atoms were refined anisotropically, whereas 
hydrogen atoms were refined isotropie on caleulated positions 
using a riding mode! (97-99). 

Cell culture. Ali the protocols reported for biological studies 
were approved by the lnstitutional Research Ethics Committee of 
INRS - Centre Armand-Frappier Santé Biotechnologie. Ail cell cul­
ture products were obtained from commercial sources such as 
Gibco, Sigma Aldrich, Corning, and lnvitrogen. RPMI 1640 supple­
mented with fetal bovine serum (10%) was used to culture human 
breast cancer MCF7 and MDA-MB-231 cell lines. Human breast 
cancer T47D cells were grown in RPMI 1640 supplemented with 
HEPES (2.38 g/L), sodium pyruvate (0.11 g/L), glucose (2.5 g/L), in­
sulin bovine (10 µg/mL), and fetal bovine serum (10%). Adreno­
cortical carcinoma H295R cells were grown in DMEM/F-12 
supplemented with Nu Serum (2.5%) and ITS (1%). MCF12A cells 
were maintained in phenol Dulbecco's modified Eagle's medium 
Ham's F12 (DMEM/F12) culture medium supplemented with 5% (v/ 
v) horse serum, hEGF recombinant (20 ng/mL), hydrocortisone 
(500 ng/mL), and insulin (10 µg/mL). Ali growth media were sup­
plemented with penicillin/streptomycin. Cells were propagated 
according to ATCC guidelines. 

Sulforhodamine B (SRB) Assay. The cytotoxicity of 2, anas­
trozole and cisplatin in MCF7, T47D, MDA-MB-231 and MCF12A 
cells were evaluated using the SRB assay. Cells were cultured in 96-
well plates (104 cells/well) and incubated in 5% C02 at 37 °C over­
night. Cells were treated with different concentrations of each 
compound, carrier (media containing maximum 0.5% DMSO) and 
positive control (media containing 25% DMSO). The plates were 
incubated for 48 h and further steps were done as previously re­
ported [26). IC50 values were determined by the plots of viability 
versus concentration. Error bars were caleulated as the standard 
error of three independent experiments. 

Aromatase activity measurement. Aromatase activity was 
measured using a tritiated water-release assay. H295R cells that can 
express high level of aromatase enzyme in vitro [70 ) were cultured 
in 24-well plates ( 100,000 cells/well) containing 1 mL of DMEM/F-
12 supplemented with Nu Serum and ITS and were incubated for 
24 h. After removing the medium and washing cells with 500 µL 
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PBS, a volume of 250 µLof phenol red free DMEM/F-12 containing 
54 nM 1 p-3H-androstenedione and different concentrations of 
anastrozole and 2 (0.1, 1, 10 and 100 nM) were added to each well, 
and cells were incubated for 1.5 h at 37 °C (5% C02). Further steps 
were performed as described previously [71 ]. Tritiated water in a 
liquid scintillation cocktail was counted using a Microbeta Trilux 
(PerkinElmer, Waltham, Massachusetts). Incubations in the 
absence of cells (blanks) and in the presence of DMSO 0.1% (which 
was the concentration used to dissolve the complexes in the growth 
media for this study) were included as controls. 

Zebrafish embryo assay. Wild-type zebrafish (Danio rerio) 
embryos were raised at 28.5 °C and staged as previously described 
[100]. Embryos at the 2-cell or 4-cell stage were seeded in 6-well 
plates and exposed to 5 mL fish medium containing 2 at different 
concentrations (0.1, 0.5, 1 µM). Final concentration of DMSO in 
which the stock solutions were prepared was 0.5%. The mortality, 
gross morphology, and hatching rates of the zebrafish embryos 
without and with the desired compounds were observed every 24 h 
for a period of 96 h under a stereo microscope (Leika S6E). The 
medium (containing the compound to be tested) was refreshed 
after 48 h for each experiment. A no-treatment control was also 
included. Experiments were performed in triplicates, and a total of 
60 embryos from the pooling of three different crosses have been 
used per each treatment. Zebrafish experiments were performed 
following a protocol approved by the Canadian Council for Animal 
Care (CCAC) and our local animal care committee. 

Virtual docking of compound 2 to human aromatase. Human 
aromatase (PDB entry 5JL6) was previously solvated with water 
molecules using the YASARA minimization system and standard 
protocols [ 101 ]. Corn pl ex 2 was used as ligand and its structure was 
generated with the XT structure solution program and refined using 
a least squares minimization protocol (26 ]. Compound 2 was then 
used in combination with the heme group as cofactor and the 
energetically minimized aromatase structure, as previously 
described [26]. We used the cavity detection standard protocol 
incorporated in the Molegro Virtual Docker 6.0 suite as first step to 
identify and establish the active-site cavity of the enzyme. The best 
ternary complex solution for this compound was obtained after a 
20-run simulation of 3,500 iteration cycles with an initial popula­
tion of 100 conformers per iteration. The preferred conformer arose 
from a protocol that explored up to 7,000,000 combinations. The 
MolDock scoring function was used to score the best conformer 
solutions without the incorporation of solvent molecules [102]. 
USCF Chimera 1.1 was used for molecular structure visualization 
[45]. 
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RÉSUMÉ: 

Les infections fongiques, incluant celles causées par des espèces de Candida résistantes à 

certains antifongiques, représentent un problème de santé majeur dans le monde. Alors que 

différents complexes de ruthénium ont été étudiés pour leur potentiel anti-Candida, l'étude de 

complexes Ru-cyclopentadiényles a été négligés. Ici, nous rapportons une évaluation de l'activité 

antifongique de trois complexes de ruthénium cyclopentadiényles ainsi que quelques indices 

quant à leur potentiel mode d'action. Parmi ces complexes, seulement les espèces cationiques 

[Ru-ACNt et [Ru-ATZt ont démontré une activité antifongique contre différentes espèces de 

Candida, notamment chez certaines espèces ne répondant pas au traitement au fluconazole 

(FCZ), !'antifongique le plus couramment utilisé contre ces espèces. Toutefois, aucune activité 

apparente ne fut observée pour le composé neutre, Ru-Cl, indiquant l'important rôle de la 

structure cationique de ces complexes sur leur activité biologique. Nous suggérons que la 

génération d'espèces réactives de l'oxygène (ROS) pourraient être impliquées dans le 

mécanisme d'action de ces complexes, comme contrairement à l'espèce neutre Ru-Cl, [Ru-ACNt 

et [Ru-ATZt peuvent générer de façon intracellulaire des ROS en fonction de la concentration 

utilisée. Nous avons aussi observé une corrélation entre l'accumulation intracellulaire de 

ruthénium et l'activité inhibitrice de ces composés sur la croissance fongique. De plus, des 

simulations docking ont démontré que l'enzyme CYP51 peut former des complexes avec [Ru­

ATZt étant plus énergétiquement favorisés qu'avec le fluconazole (FCZ), suggérant 

que l'inhibition de CYP51 pourrait aussi être considérée comme un potentiel mode d'action pour 

ce composé de ruthénium. 

~ BF4 
Ru+ 

Ph3P.......-, '-.N :-.... 
Ph3P ~C 

c:-.·· 'R _1.5-·· . 

Candida (fungus) 
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Abstract: Fungal infections, including those caused by antifungal­
resistant Candida , are a very challenging health problem 
worldwide. Whereas different ruthenium complexes were 
previously studied for their anti-Candida potential, Ru­
cyclopentadienyl complexes were overlooked. Here, we report an 
antifungal activity assessment of three Ru-cyclopentadienyl 
complexes with some insights into their potential mode of action. 
Among these complexes, only cationic species [Ru-ACNr and 
[Ru-ATZj+ displayed a significant antifungal activity against 
different Candida strains , notably against the ones that did not 
respond ta one of the most currently used antifungal drugs 
fluconazole (FCZ). However, no apparent activity was observed 
for the neutral species, Ru-Cl , indicating the important raie of the 
cationic backbone of these complexes on their biological activity. 
We suggest that reactive oxygen species (ROS) generation might 
be involved in the mechanism of action of these complexes as 
unlike neutral Ru-Cl, [Ru-ACNr and [Ru-ATzr could generate 
intracellular concentration-dependent ROS. We also observed a 
correlation between the ruthenium cellular uptake, ROS 
generation and fungal growth inhibitory activity of the compounds . 
Furthermore, docking simulations showed that the CYP51 
enzyme can form more energetically favorable complexes with 
[Ru-ATZj+ than fluconazole (FCZ), suggesting that CYP51 
inhibition could also be considered as a potential mode of action . 

Introduction 

lnfectious diseases are a common cause of serious health 
problems worldwide . Despite notable recent advances in the field 
of antifungal therapy, considerable efforts are devoted ta the 
treatment of fungal infections.11-31 Notably, the treatment of 
candidiasis still remains challenging, as antifungal resistance 
emergence can limit the cl inical use of currently used antifungal 
drugs.141 Moreover, Candida infections are often reported as a 
common cause of bloodstream infections.151 Although Candida 
albicans is the predominant cause of Candida infections, an 
alteration in the epidemiology of this type of infection has been 
observed in recent years .lll-91 Due ta the selection ofless sensitive 
Candida strains, the widespread use of azole-containing drugs 
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such as FCZ resulted in a considerable rise of infections caused 
by other species of Candida .rr. 91 Although current treatment 
guidelines include FCZ as one of the most common options for 
the treatment of candidiasis , the azole resistance of multiple 
strains limits its clinical use.18• 10•121 For some Candida species, 
notably C. glabrata , C. krusei and C. auris , the increasing rate of 
azole resistance is prevalent,17·8· 11· 13-141 emphasizing the 
importance of finding alternatives for the treatment of these 
infections. The mode of action of azole-containing antifungal 
agents involves the inhibition of 14a-lanosterol demethylase 
(CYP51 ), a key enzyme in the biosynthesis of ergosterol (resulting 
in its depletion).115-191 Ergosterol is the major component of the 
fungal cell membrane, and plays an essential raie as a 
bioregulator of membrane fluidity and integrity.111-191 Azole­
containing antifungal drugs can black the catalytic activity of the 
CYP51 enzyme by the interaction of one of their azole ring 
nitrogen atoms with the iron cofactor.119-201 Although the main 
mechanisms of fluconazole-resistance were found ta involve an 
increased drug efflux, an alteration or overexpression of the drug 
target, and the development of compensatory pathways for 
producing ergosterol, resistance mechanisms remain unidentified 
for some of the strains.1101 

Ta identify alternatives ta currently used drugs, some efforts were 
devoted ta the design of metal-based antifungal agents . lndeed, 
metal complexes display reactivities that differ from simple 
organic molecules, and could potentially lead ta the discovery of 
therapeutics with unique properties and/or modes of action .1211 
Although numerous compounds based on various other metals 
(Cu, Ni, Zn , Co, Ag , Pd , etc) were previously reported for their 
activity against a wide range of fungal species including Candida , 
122-301 our long-standing interest in · the biological activity of 
ruthenium complexes prompted us ta investigate the promising 
antifungal potential of compounds based on this particular 
meta1.131-50J lt is noteworthy that ruthenium complexes are 
currently extensively studied for their anticanœr properties and 
are even now considered as potential alternatives ta cisplatin, a 
chemotherapeutic agent currently widely used in clinical 
settings . 151·551 
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Figure 1. Chemical structures of ruthenium complexes previously tested for their anti-Candida properties . 

For instance, Turel el al reported Ru(ll} complexes bearing 
antifungal azole-containing drugs clotrimazole, miconazole, and 
tioconazole that cou Id inhibit the growth of Curvularia luriata.1311 ln 
another study, Sivagamasundari el al noted the antifungal activity 
of Ru(ll} complexes against Aspergillus flavus .1331 Notably, several 
ruthenium species were also previously studied for their potential 
anti-Candida properties (Figure 1 ).134-501 Sorne of the first 
examples were reported by Günal el al (1999) and consisted in a 
series of Ru(ll)-cymene complexes with promising activities 
against different fungal species including C. albicans and C. 
tropicalis .1441 Since then , most reports of ruthenium species with 
an anti-Candida activity (Figure 1) showed a superior antifungal 
activity for the complexes compared to their corresponding 
ligands, suggesting an important role of the ruthenium moiety in 
the observed antifungal activity_l35·4 11 Although lipophilicity and 
steric factors have been reported to affect the antifungal activity 
of the ruthenium complexes,137· 411 the anti-Candida modes of 
action of these compounds remain elusive. The notable 
differences in the in vitro experimental parameters reported in 
these studies (such as lime of incubation, type of assay, 
temperature , etc), prevent a direct comparison of their activities. 
Nevertheless, to provide a complete overview, a summary of the 
antifungal activity of ruthenium complexes tested against Candida 
species is provided in Table S1 . 

The study presented here was motivated 1) by. the fact that, 
although several organoruthenium complexes were previously 
studied for this purpose ,134· 40·41 . 44 -<1a1 the antifungal activity of 
Ru(ll}-cyclopentadienyl complexes has so far scarcely been 
examined , but also i1) by the unique features of a cationic Ru(ll}-
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cyclopentad.ienyl complex of anastrozole (ATZ} we recently 
reported ([Ru-ATZ]', Figure 2), which showed promising stability 
in biologically relevant conditions , in vitro anticancer activity 
against different human breast cancer cell lines and low systemic 
in vivo toxicity on the development of zebrafish embryos.1561 ATZ 
is a triazole-containing aromatase inhibitor that inhibits the activity 
of the human P450 enzyme CYP19, aromatase, by blocking the 
production of estrogen in postmenopausal women diagnosed with 
estrogen receptor-positive breast cancer.1551 Given the similarity 
between the anti-aromatase (CYP19) mode of action of ATZ and 
the anti-CYP51 mode of action of the azole-containing antifungal 
drugs such as FCz,1191 both involving an interaction between a 
triazole nitrogen 1571 and the iron of a P450 enzyme cofactor, we 
reasoned that the presence of a metal-uncoordinated triazole 
moiety in [Ru-ATZ]' could be a factor enhancing ils antifungal 
activity. Il is interesting to note that Turel el al previously reported 
a similar approach with Ru-cymene complexes bearing azole­
containing antifungal agents for the treatment of a non-Candida 
fungal species, Curvularia lunata. However, the interaction 
between the ruthenium complexes and the CYP51 enzyme was 
found unlikely to occur in this system because of the involvement 
of the azole ring in the coordination sphere of the metal .1311 

Herein, we report an in vitro evaluation of the antifungal activity of 
[Ru-ATZ] and a few related Ru(ll)-cyclopentadienyl complexes 
(Figure 2) against a range of Candida species and their relative 
ability to generate reactive oxygen species (ROS) in C. glabrata . 
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Results and Discussion 

Ru-Cl, [Ru-AcNr and [Ru-ATzr (Figure 2) were synthesized and 
purified according to previously reported procedures.156· 5a-591 Due 
to the generaily poor water-solubility of metal-based drug 
candidates, the preparation of stock solutions of these 
compounds in an organic solvent (usuaily DMSO), followed by 
their dilution in ceil growth media, is routinely achieved prior to 
testing their biological activity.150-511 Although DMSO is commonly 
used for this purpose, the solubility16'1 and stability assessment of 
drug candidates in this solvent are often overlooked. lndeed, due 
to the coordinative nature of DMSO, ruthenium complexes are 
prone to undergo DMSO-mediated ligand dissociation, which may 
alter the nature and consequently the biological properties of the 
species being tested.156· 601 UV-Vis spectra of DMSO solutions of 
complexes Ru-Cl, [Ru-AcNr and [Ru-ATzr (after filtration) 
recorded at various concentrations suggested their solubility to be 
considerable up to 10, 15 and 20 mM,1561 respectively (Figure S1 ). 
The three complexes were also found to be highly stable in DMSO , 
as no spectral alteration was observed by UV-Vis (at 0.8 mM) up 
to at least 30 minutes (Figure 82).1561 

FCZ 

[Ru·ACN]' 

~ 
Ru 

Ph,P....-1 'c1 
PPh3 

Ru-Cl 

Figure 2. Chemical structures of the species investigated in this study. 

The in vitro antifungal activity of the three complexes was 
evaluated against five different Candida species (albic;ans, 
glabrata , tropicalis, krusei and lusitanae). Their activity was also 
assessed against a Cryptococcus neoformans strain, an 
emerging pathogen, including as a cause of a meningitis with a 
high death rate partly due to its emerging resistance to antifungal 
drugs such as FCz.1551 For comparison purposes, the activity of 
FCZ, ATZ and sodium tetrafluoroborate was also tested . A time­
kiil kinetic analysis (at 1 h intervals over 24 h) was initiaily 
performed to screen the growth inhibitory activity of ail 
compounds at a single concentration (20 µM) on ail six strains by 
performing optical density measurements at 600 nm (OD6oo, 
representative of cell concentration) (Figure S3). lmportantly, no 
antifungal activity was observed for neutral complex Ru-Cl , ATZ 
nor sodium tetrafluoroborate at 20 µM (data not shown), whereas 
complexes [Ru-ACNr and [Ru-ATzr cou Id significantly inhibit the 
growth of ail tested strains , suggesting an important raie for the 
cationic ruthenium complex backbone on the antifungal properties 
of the species, and a negligible contribution of the BF 4 counterion 
of these complexes . ln addition , the lack of activity of ATZ on ail 
strains suggests that the presence of a triazole ring in the 
structure of a given compound is not warrant of its antifungal 
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activity (most likely resulting from an interaction with CYP51 ). 
Minimal inhibitory concentrations (MIC) values were then 
determined for bath cationic complexes and FCZ after 24 h using 
the broth microdilution method (Table 1 ). 

Table 1. ln vitro antifungal susceptibility (minimum inhibitory concentration. 

MIC) (µM) of Ru-Cl. [Ru-AC Nt, [Ru-ATZ] ' and FCZ (24 h). 

Species Ru-Cl [Ru-ACN]' [Ru-ATZ]' FCZ 

C. albicans >20 3.5 ± 0.9 3.6 ± 0.9 4.7 ± 2.2 

C. glabrata >20 5.6 ± 2.1 3.5 ± 1.2 >20 

C. tropica/is >20 4.5 ± 1.5 3.2 ± 1.3 19.4 ± 0.5 

C. krusei >20 5.4±1 .9 2.5 ± 0.0 >20 

C. lusitanae >20 7.9 ± 2.5 9.3 ± 3.7 2.5 ± 0.0 

C. neoformans >20 2.4 ± 0.7 2.5 ± 0.0 14.2 ± 5.0 

lmportantly, for ail the Candida strains tested, a more significant 
antifungal behavior of the two cationic ruthenium complexes was 
observed from the time-kiil kinetics experiment compared to the 
clinicaily-relevant drug FCZ (Figure S3), which was further 
reflected by their MIC values (ranging from 2.4 - 5.6 µM) found in 
most cases lowerthan that of FCZ (except for C. lusitanae) (Table 
1 ). Moreover, bath cationic species induced significant growth 
inhibition even at a very early stage of incubation (1 - 2 h) (Figure 
S3). Of high importance is the significant antifungal activity of the 
cationic ruthenium complexes against the Candida strains that did 
not respond at ail to the FCZ treatment; these species have been 
previously reported to develop resistance towards this drug.11-6· 111 
For instance, MIC values for C. glabrata and C. krusei were 
respectively found to be 5.6 ± 2.1 µM and 5.4 ± 1.9 µM for [Ru­
ACNr and 3.5 ± 1.2 µM and 2.5 ± 0.0 µM for (Ru-ATZ]', whereas 
FCZ did not inhibit the growth of these strains at concentrations 
up to 20 µM. Il is worth mentioning that De Resende Stoianoff el 
al also reported antifungal activity of some ruthenium complexes 
(Figure 1) against C. glabrata and C. krusei for which the lowest 
MIC values reported were 40 µM and 17 µM, respectively (Table 
S1 ).137J The high MIC value of FCZ compared to the considerable 
activity of bath cationic ruthenium complexes on our C. tropicalis 
strain is also in line with recent reports on the emerging FCZ 
resistance of this strain .162·541 Prabhakaran et al (Figure 1) also 
reported some organoruthenium complexes with MIC values of 
15-20 µM against C. tropicalis (Table S1 ).1451 lnterestingly, we 
observed lower MIC values of [Ru-ACNr (2 .5 ± 0.7 µM) and [Ru­
ATZr (2.5 ± 0.0 µM) compared to that of FCZ (MIC = 14.2 ± 5.0 
µM) on C. neoformans. lt is noteworthy that a few other studies 
have previously showed the antifungal activity of ruthenium 
complexes against C. neoformansl65-55l highlighting the potential 
of the ruthenium-based agents, in addition to candidiasis, for the 
treatment of cryptococcosis. For instance, Fu et al reported a 
polypyridyl ruthenium complex for which a lower MIC value (1 .6 
µg/ml) was obtained compared to that of FCZ (4.1 µg/ml) against 
C. neoformans after 48 h.1661 lmportantly, regardless of the nature 
of the nitrile-coordinated ligand in the structure of (Ru-ACNr and 
(Ru-ATzr (anastrozole vs CH3CN), comparable MIC values were 
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observed for these complexes. These results prompted us to 
collect more information on the potential mode of action of these 
species. 
Given that the antifungal properties of several metal-based 
compounds have been linked to their ROS generation ability,!67·691 
we were intrigued to leam whether the ruthenium complexes 
reported in this study cou Id indu ce the formation of ROS. Although 
ROS are known to be continuously formed in yeast as a by­
product of the cellular metabolism of oxygen ,17°1 increased levels 
of ROS can actas a primary trigger for apoptosis.1711 For instance, 
Vannier-Santos et al reported a Ru(lll) species that could induce 
a significant amount of intracellular ROS in C. tropicalis (IC50 = 
20.3 µM). 167l Moreover, Lubart et al and Dong Gun et al also 
suggested the respective cytotoxicity of zinc oxide and silver 
nanoparticles on C. albicans to be mediated through ROS 
generation.16B-69l Considering the importance of finding new 
treatments against C. glabrata , given some reports about ils 
azole-drug resistance,172-731 this strain was selected for further 
studies. The production of intracellular ROS was evaluated using 
2',7'-dichlorofluorescin diacetate (DCFDA) , an oxidant-sensitive 
dye which converts to a fluorescent species 2',7'­
dichlorofluorescin (DCF) upon exposure to ROS.1741 8riefly, C. 
glabrata cells were exposed to the dye (20 µM) for 1 h following a 
4 h incubation with 10 µM solutions of the three ruthenium-based 
complexes. Since bath cationic species were previously found to 
induce significant cell growth inhibition at the very early stage of 
incubation (Figure S3), optical density (00600) measurements 
were also achieved for all complexes to monitor cell concentration 
during the experiment. Significant amounts of intracellular ROS 
were measured for ce lis exposed to 1 O µM solutions of bath 
cationic species, whereas ROS levels induced by neutral complex 
Ru-Cl were comparable to the carrier (non-treated) (Figure 3A). 
These results are in line with the growth inhibitory activity 
observed for the three complexes against C. glabrata (Table 1), 
indicating once again the importance of the cationic ruthenium 
backbone for the activity of the metal complex . To verify if the 
formation of ROS could be responsible for the antifungal activity 
of the cationic backbone, cells were also treated with solutions of 
complex [Ru-ATzr at concentrations below and above the MIC 
value, notably 2 and 5 µM. lnterestingly, a relationship was 
observed between the concentration of [Ru-ATzr used for the 
treatment, the growth inhibitory activity and the intracellular ROS 
levels (Figure 38). Accordingly, increasing the concentration of 
[Ru-ATzr from 2 µM to 10 µM resulted in a considerable drop in 
cell concentration (00500) and a dramatic increase in intracellular 
ROS levels (fluorescence intensity), suggesting that ROS 
formation might mediate cell death in this system. lmportantly, 
despite the similar antifungal activity of [Ru-ACNr and [Ru-ATZr 
(Table 1 ), significantly higher ROS levels were observed in cells 
exposed to [Ru-ATzr compared to those treated with [Ru-ACNr , 
suggesting that ROS generation might not be the only antifungal 
mode of action for these species. 
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Figure 3. A) lntracellular ROS level expressed as the fluorescence intensity of 

DCF measured after 1 h exposure of C. glabrata cells to DCFDA (20 µM) upon 

4h treatment with Ru-Cl (10 µM), [Ru-ACN]' (1 O µM) and [Ru-A TZ]' (2, 5, and 

1 O µM) (excitation at 485 nm and emission at 528 nm). H20 2 (50 µM) was used 

as a positive contrai. Fluorescence intensity values were normalized by cell 

density (ODooo). B) Relationship between concentration, ROS levels and fungal 

growth in C. glabrata cells exposed Io 2, 5 and 10 µM solutions of [Ru-ATZ]' for 

4h. Errer bars shown in the graph represent the standard deviation. Significant 

differences: ... P < 0.001 ; ""p < 0.0001 . 

ln order to gain more insight into the anti-Candida behavior of 
these metal-based species, ruthenium cellular levels in C. 
glabrata cells were measured by ICP-MS after treatment with the 
three complexes for 4 h at the concentrations previously used for 
the ROS generation experiment. Notably, a significant Ru cellular 
uptake was observed for all treated samples (Figure 4A) 
compared to the carrier (0.5% DMSO). lnterestingly, Ru cellular 
levels in C. glabrata cells treated with neutral complex Ru-Cl (10 
µM) were significantly lower than the ones found after treatment 
with both cationic complexes [Ru-AcNr and [Ru-ATZr (at the 
same concentration), suggesting that the lower cellular uptake of 
Ru-Cl might be responsible for ils lack of ROS generation and 
hence, ils lack of fungal growth inhibitory activity (Figure 48). 
lmportantly, Ru uptake levels noted after treatment of C. glabrata 
cells with bath cationic species (10 µM) were found to be 
comparable (Figure 4A), and a direct correlation with their fungal 
growth inhibitory activity could be observed (Figure 48). lt is also 
noteworthy that increasing concentrations of [Ru-A Tzr led to 
increasing Ru levels in C. glabrata cells, in agreement with the 
concentration-dependent intracellular generation of ROS 
previously observed for this complex (Figure 4C). Taken together, 
these results suggest that [Ru-A Tzr and [Ru-ACNr most likely 
display their antifungal activity intracellularly, consistent with the 
previously formulated hypothesis that ROS generation might be 
involved , to some extent, in their mode of action. 
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Previous theoretical simulations have provided a better evaluation 
of the possible interactions between transition metal complexes 
and proteins or DNA.155· 75-771. Using docking simulations, we 
investigated plausible interactions between triazole-containing 
complex [Ru-ATZr and the fungal CYP51 enzyme, allowing us to 
assess whether inhibition of this enzyme could possibly be 
involved in the mechanism of action of this species. Several 
molecular docking studies have previously been reported to 
assess possible interactions between different antifungal drug 
candidates and CYP51 enzymes.!7B-531 For instance, Podust et al 
showed that fluconazole binds the active site of the CYP51 
enzyme by coordination to the heme iron via the aromatic nitrogen 
atom of a triazole ring and by multiple van der Waals and aromatic 
stacking interactions.1791 Similar interactions were also reported by 
Fringuelli et al for a series of azole-containing antifungal drug 
candidates.1801 To this day, crystal structures of homologous 
fungal CYP51 enzymes have been reported for distinct Candida 
strains. Structures of the CYP51 enzymes of C. glabrata and C. 
albicans are shown in Figure 5, exemplifying subtle distinctions in 
shape and chemical properties for active sites and access tunnels. 
Consequently, docking simulations were performed on the 
CYP51 crystal structures of C. glabrata (PDB 5JLC) and C. 
albicans (PDB 5TZ1 ). For comparison purposes, docking 
simulations were also performed with FCZ. Results showed that, 
for both strains, the interaction of [Ru-Arzr with CYP51 is 
energetically more favorable than with FCZ (Figure 5). Unlike with 
FCZ or some other reported azole-containing antifungal drug 
candidatesl78· 801, the interaction between the triazole ring of the 
[Ru-Arzr complex and the heme cofactor is unlikely to occur, 
especially in the case of C. a/bicans (Figure 5C). However, a long­
distance interaction (5.5 A) was observed between the nitrogen of 
the triazole ring in [Ru-A rzr and the iron of the heme cofactor in 
C. glabrata CYP51 (Figure 58). This contact is significantly 
weaker than the corresponding interaction between the enzyme 
and FCZ in both strains in our study (3.1 A and 3.3 A) and a 
previously reported azole-containing compound (2 .04 A).1811 ln the 
case of the C. glabrata enzyme, we also observed an interaction 
between the nitrogen of the nitrile moiety of anastrozole in [Rw­
A Tzr and the heme iron (3.0 A). ln addition to these cofactor 
interactions, several active-site residues are involved in stabilizing 
enzyme complex interactions, yielding slightly more energetically 
favorable complexes between CYP51 and [Ru-Arzr over FCZ. 
Unlike our MIC results showing FCZ sensitivity for C. albicans and 
FCZ resistance for C. glabrata, similar binding energies were 
observed between FCZ and the CYP51 enzyme in both strains, 
suggesting that other resistance mechanisms are likely 
responsible for the lack of antifungal activity of FCZ in C. 
glabarata . These include drug efflux, alteration or increase in the 
drug targe!, and/or development of compensatory pathways for 
producing ergosterol 1101. 
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Figure 4. A) Ruthenium cellular uptake (determined by ICP-MS) alter exposure 

of C. gfabrata cells to Ru-Cl and [Ru-ACN]' (10 µM) and [Ru-ATZ]' (2, 5 and 10 

µM) for 4 h. B) Correlation between Ru cellular uptake and fungal growth in C. 

g/abrata cells treated with Ru-Cl, [Ru-ACN]' and [Ru-ATZ]' at 10 µM. Carrier 

(DMSO 0.5%) was used as a contrai. C) Correlation between Ru cellular uptake 

and intracellular ROS level in cells exposed to [Ru-ATZ]' (2, 5 and 10 µM). Ru 

cellular levels (ng) and intracellular ROS levels (fluorescence intensity) 

represented in these graphs were normalized by cell density (ODeoo) of each 

sample measured at the end of the incubation. Errer bars in the graph represent 

the standard deviations. Significant differences: ... p < 0.001, .... P < 0.0001. 
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Figure 5. Predictive binding of [Ru-ATZ]' and FCZ in the active-site pocket of 

two homologous CYP51 enzymes. A) Structural overlay of the C. g/abrata (blue) 

and C. albicans (pink) CYP51 enzymes. Active-site pockets are shown in 

colored surface representation inside ribbon models . Protein folds and cavity 
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docking of compounds [Ru-ATZ]' (yellow) and FCZ (green) relative to the heme 
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Green dash lines show distances between targe! positions and the iron atom of 

the heme cofactor. Binding energy values for each compound-enzyme binary 

complex are listed in red . Nitrogen atoms are shown in blue. 

Conclusion 

Ru(ll}-cyclopentadienyl complexes were prepared and their 
antifungal activities investigated against live different Candida 
species and one Cryptococcus species. Among these complexes, 
only the cationic species (Ru-ACNr and [Ru-A Tzr were found to 
induce a significant fungal growth inhibition. This is especially 
interesting when considering that FCZ was not active against Iwo 
of the strains we tested (C. krusei ED3908 and C. glabrata BG2) 
under the same conditions. Unlike the neutral complex Ru-Cl , 
both cationic species led to high levels of Ru cellular uptake as 
well as intracellular ROS generation potentially explaining their 
antifungal mode of action . A docking simulation suggests that 
interaction of [Ru-ATzr with fungal CYP51 enzymes is 
energetically more favorable than that of the currently used 
antifungal drug FCZ, suggesting a second plausible mode of 
action for this compound. This study opens up the door to the 
development of a novel class of organometallic species, more 
specifically cationic ruthenium cyclopentadienyl complexes, for 
antifungal applications . 
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Experimental Section 

General comments. 

Ali chemicals were obtained from commercial sources and were used as 
received . Anastrozole (ATZ) was purchased from Triplebond . Fluconazole 
(FCZ), H,0 2, NaBF • and 2', 7'-Dichlorofluorescin diacetate (DCFDA) were 
purchased from Sigma-Aldrich. Ru-Cl, [Ru-ACN]' and [Ru-ATZ]' were 
prepared tram previously reported procedures.156· 50-591 Ali syntheses were 
performed under a nitrogen atmosphere, and solvants were dried using a 
solvant purification system (Pure Process Technology). A PerkinElmer 
Nexion 300X ICP mass spectrometer was used for the determination of 
ruthenium in biological samples (Department of Chemistry, Université de 
Montreal) . A Bioscreen C plate reader (Growth Curves USA, Piscataway, 
NJ, USA) and a Tecan lnfinite M1000 PRG microplate reader were used 
ta record 00500 or/and fluorescence intensity. 

Solubility and stability assessment of Ru-Cl and [Ru-AC Nt in DMSO 

UV-vis spectroscopy was used ta evaluate the solubility of Ru-Cl and [Ru­
ACN]' in DMSO. Accordingly, solutions of Ru-Cl and [Ru-ACN]' at different 
concentrations (1 - 15 mM) were prepared in DMSO. The solutions were 
filtered using a short celite pad and were then diluted 10 limes in DMSO 
prior ta UV-Vis measurements (at 350 nm). The linearity between 
concentration and absorbance was considered as an indication of the 
solubility of the compounds at the desired concentrations. No 
supplementary technique was used here ta evaluate if nanoaggregates 
were formed under these conditions.16 11 For stability studies, a solution of 
Ru-Cl and [Ru-ACN]' was prepared in DMSO (800 µM) and ils absorption 
was recorded over 30 min (10 min intervals). A Tecan lnfinite M1000 PRO 
microplate reader was used ta record absorbance spectra for these 
experiments. 

Fungal strains and growth conditions. 

Six fungal strain, each one belonging ta five different Candida species (C. 
albicans ATCC90028, C. glabrata BG2, C. krusei ED3908, C. tropicalis 
ED3910, C. lusitanae ED3909) and one Cryptococcus species (C. 
neoformans H99), were investigated. Ali strains were cultured at 37°C in 
Mueller-Hinton broth (Difco) with rotation in a TC-7 Roller Drum (New 
Brunswick). 

Time-kill kinetic analysis. 

Time-dependent killing of each fungal strain was studied by a time-kill 
kinetic analysis using a Bioscreen C plate reader. ln brief, ail the strains 
(at adjusted 00500 = 0.05) in a 100-well plate were exposed to 200 µLof a 
20 µM solution of each compound in triplicata wells. 00500 was then 
measured over 24 h (lime interval = 1 h). Wells lacking compounds but 
containing 0.5% DMSO (carrier) and uninoculated wells (only containing 
growth medium, blank) were served as contrais. This assay was carried 
out in two independent sets of experiments. 

Minimum inhibitory concentration (MIC) determination. 

MIC determination was achieved using the broth microdilution method .1641 
Ali six strains (at adjusted 00500 = 0.05) were treated with solutions of FCZ, 
[Ru-ACN]' or [Ru-ATZ]' prepared by serial dilutions ranging from 0.15 µM 
ta 20 µM in a 96-well plate. Stock solutions of the compounds were 
prepared in DMSO and were immediately diluted in fungal suspension in 
Mueller Hinton broth grow1h medium (maximum concentration of DMSO = 
0.5%). MIC values were then determined visually, after 24 h of incubation 
at 37°C, as the lowest concentration of each compound that caused visual 
absence of fungal growth. Results are expressed as a mean of at least 
three independent sets of experiments with standard deviation. 
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lntracellular ROS generation. 

lntracellular ROS generation was studied using a previously reported 
method with small modifications 1es1. lntracellular ROS levels in C. glabrata 

were measured by using an oxidant-sensitive fluorescent dye 2',7'­
dichlorofluorescin diacetate (DCFDA). C. glabrata cells were grown in 
Muller-Hinton broth until reaching an ODaoo in the range of 1-1.2. Then, 1 
ml of the fungal suspension was transferred Io Microfuge tubes and cells 
were incubated with Ru-Cl and [Ru-ACN]' al 10 µM and [Ru-ATZ]' at 2, 5 
and 10 µM for 4 h. The cells were then harvested by centrifugation (7,000 
x g, 5 min) and washed two limes with phosphate-buffered saline (PBS). 
Cells were resuspended in PBS and the fluorescent probe was added to 
each tube (final concentration 20 µM). Alter a 1 h incubation, cells were 
washed twice with PBS and resuspended in 1 ml PBS. 1 OO µl of each 
sample was transferred Io a black 96-well plate with clear bottoms and the 
relative fluorescence intensity was measured using a microplate reader 
(excitation: 485 nm, emission: 528 nm). To evaluate the change in cell 
concentration for each sample, ODaoo was also measured al the end of the 
experiment. Carrier (ce lis treated only with DMSO 0.5%) and H,o , (50 µM) 
were used as controls. This experiment was performed in three replicates 
per treatment. 

Ruthenium cellular uptake. 

Ruthenium cellular levels were measured following a procedure previously 
reported for metals uptake in yeast with some modifications. 1881 Briefly, a 
C. glabrata suspension al an OD8oo of 1-1 .2 was prepared in growth 
medium. Cell solution was aliquoted Io microfuge tubes (995 µl per tube). 
Stock solutions of Ru-Cl and [Ru-ACN]' (2 mM) and [Ru-ATZ]' (0.4, 1 and 
2 mM) were prepared in DMSO and final concentrations of Ru-Cl and [Ru­
ACN]' (10 µM) and [Ru-ATZ]' (2 , 5 and 10 µM) were prepared by adding 
5 µl of each stock solution Io a corresponding tube (final DMSO 
concentration = 0.5%). Solutions were then incubated for 4 h alter which 
cells were harvested by centrifugation (7,000 x g, 5 min) and washed three 
limes with PBS. 1 OO µl of each sample was transferred Io a clear 96-well 
plate and OD8oo was measured. The remaining solutions were centrifuged 
and digested in concentrated HNO, (70%, Sigma-Aldrich) for 3 days and 
the resulting solutions were diluted Io 25 ml using Milli-Q water (final 
concentration of 2.8% nitric acid). To calculate Ru level per cell 
concentration, ng of Ru obtained !rom the ICP-MS measurements was 
divided by the OD8oo of the same sample recorded al the end of the 
experiment. Cells treated with DMSO (0.5%) was used as a contrai. 
Experiments were carried out in triplicates. 

Virtual docking of (Ru-ATzr and FCZ with the fun gal CYP51 enzyme 

Virtual docking simulations were performed using CYP51 enzyme targets 
!rom C. glabrata (PDB 5JlC) and C. albicans (PDB 5TZ1 )187-881, in 
combination with ligands FCZ (PubChem CID 3365) and [Ru-ATZ]' (for 
which single crystal X-ray diffraction data was previously reported).15•1 
Ligands were generated with the XT structure solution software by 
applying a least square minimization refinement protocol included in the 
program.1581 As first step, both CYP51 structures were solvated with water 
molecules and energetically minimized using the standard protocol of the 
YASARA software.1891 The best conformers of both ligands arose !rom a 
docking process that simulated up to 2,000,000 temary complexes 
between the CYP51 protein structure, the heme group as cofactor, and 
ligand molecule. During simulations, a cavity prediction algorithm was 
applied to delineate the active site and conformers were scored using the 
MolDock scoring function .1•01 The Molegro Virtual Docker 6.0 suite was 
used for all docking simulations and the molecular structure visualization 
presented here were made using UCSF Chimera 1.1 .1•11 
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5 CONCLUSION 

The focus of this Ph.D. project was on the design of novel ruthenium-based species for the 

treatment of breast cancer, the most common cause of cancer death among women worldwide. 

To this aim, a multitargeting approach was selected and several structurally different Ru(ll) and 

Ru(lll) complexes bearing aromatase inhibitors (anastrozole or letrozole) were synthesized using 

inert atmosphere techniques, purified and characterized using NMR spectroscopy, elemental 

analysis, mass spectrometry and single crystal X-ray diffraction analysis. Most of these syntheses 

resulted in reasonable reaction yields except the Ru(ll)-COD synthesis for which a microwave­

assisted reaction was then developed to improve the reaction yield and minimize the duration of 

the experiment. The stability and solubility of the complexes were studied by HPLC or/and UV­

Vis techniques before assessing their biological activity, and this screening resulted in the 

exclusion of complexes that were showing stability or/and solubility issues under biologically­

relevant conditions. For instance, Ru(ll)-COD and Ru(lll) species bearing anastrozole or letrozole 

could not be studied for their biological activity because of their lack of proper stability/solubility, 

making the Ru(ll)-benzene and Ru(ll)-Cp complexes the only species further examined. The in 

vitro cytotoxicity and aromatase inhibitory activity of the complexes, and their in vivo toxicity on 

the zebrafish embryonic development were then evaluated. Our results showed that some Ru(ll) 

complexes bearing anastrozole were more cytotoxic than the currently used chemotherapeutic 

agent cisplatin or the aromatase inhibitor alone. Among the Ru(ll} complexes, [Ru(116
-

C5H5)(PPh3)(111-ATZ)Cl]BPh4 and [Ru(115-CsHs)(PPh3)2(ATZ}Cl]BF4, both bearing at least one 

lipophilic PPh3 moiety, showed the most promising cytotoxicity on ER+ breast cancer cells. The 

later complex was also found to be highly cytotoxic on TNBC cells (IC50 < 1 µM) which do not 

usually respond to the currently used therapeutic agents, demonstrating the potential of this type 

of complexes for the treatment of aggressive breast cancers. [Ru(116-C5H5)(PPh3)(111-ATZ}Cl]BPh4 

was found to slightly inhibit the aromatase activity which was evaluated experimentally and 

theoretically. On the other hand, despite the accessibility of the triazole ring in the structure of the 

[Ru(115-CsHs)(PPh3}2(ATZ}Cl]BF 4 complex, this compound cou Id not significantly inhibit the activity 

of the enzyme. We suggested that the bulkiness of the two PPh3 moieties could be responsible 

for preventing the species to reach the active site of aromatase. Unlike cisplatin, the ruthenium 

complexes studied in the course of this project did not induce a severe toxicity on the development 

of zebrafish embryo at the tested concentrations, suggesting a low systematic toxicity for these 

species. lt is noteworthy that we found a correlation between the lipophilicity, the ruthenium 

cellular uptake and the cytotoxicity of the complexes, more especially in the Ru(ll)-benzene 
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series, for which the complexes bearing the lipophilic BPh4 counterion could enter cells to a 

greater extent than analogous species bearing a BF4 counterion, consequently inducing a more 

significant cytotoxicity. We noted that numerous properties of ruthenium complexes such as the 

solubility, stability, cytotoxicity and aromatase inhibitory activity can differ from one structure to 

the other. Our results showed that the biological activity of ruthenium complexes could benefit 

from lipophilic moieties such as PPh3. We also confirmed that Ru(ll)-Cp complexes are great 

candidates for further investigations as cancer therapeutics. lt is interesting to note that, unlike 

Ru(ll)-benzene species, Ru(ll)-Cp complexes have been so far overlooked for this purpose. 

Our study of the antifungal applications of Ru(ll)-Cp complexes against Candidiasis infections 

revealed an interesting pharmaceutical potential for this type of compounds. Sorne of the tested 

complexes caused significant growth inhibitory activity in different Candida species, more 

specifically in species that did not show susceptibility to fluconazole. SAR studies showed that 

cationic species are more potent to induce an antifungal activity than a neutral complex. We also 

found that the antifungal potential of the complexes tested might be associated with their ability 

to generate intracellular ROS, since increasing their concentration resulted in a more important 

cellular uptake as well as higher intracellular ROS levels. Our theoretical studies also suggested 

that the Ru(l 1)-Cp complex bearing anastrozole ([Ru(115-CsHs)(PPh3}2(ATZ)Cl]BF4) might undergo 

an energetically favorable interaction with the fungal CYP51 enzyme, providing an additional 

mode of action for this complex. To the best of our knowledge, this is the first report of Ru(ll)-Cp 

complexes for their anticandidal activity, making this type of compounds a new avenue for the 

development of novel anticandidal agents. 

Finally, we conclude that some Ru(ll)-benzene and Ru(ll)-Cp complexes bearing an enzyme 

inhibitor can potentially be superior anticancer/antifungal drugs when compared to the enzyme 

inhibitor alone or/and a corresponding ruthenium complex that doesn't bear a biologically active 

ligand. Furthermore, most of the ruthenium complexes reported in our study showed a more 

significant therapeutic effect and a lower in vivo toxicity on the development of zebrafish embryos 

than the currently used anticancer (cisplatin) and antifungal (fluconazole) drugs, revealing that 

these species are promising candidates to be further investigated for a broad range of 

pharmaceutical applications. 
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6 PERSPECTIVES 

Following the multitargeting approach that we investigated for the design of Ru-based therapeutic 

agents, we suggest developing a new series of ruthenium complexes bearing multidentate 

(bidentate or/and tridentate) synthetic ligands carrying an accessible bioactive moiety such as a 

triazole ring. This strategy can provide new pharmaceutical advantages such as: i) an 

enhancement of the stability of the complexes compared to the ones bearing monodentate 

ligands, which usually have a greater potential to undergo ligand exchange processes, ii) more 

structural modifications would be possible to bring on the synthetic ligands making the structure­

activity tuning more facile iii) the accessibility of a triazole ring present in the structure of a 

ruthenium complex may provide a more potent multitargeting characteristics for a single molecule. 

To this aim, a new project has been initiated for which a series of new bidentate ligands bearing 

a triazole ring have been synthesized, via Schiff base reactions between aldehydes and triazole­

containing amines (Figure 5) . Structurally different starting compounds were used to prepare 

Schiff base-type ligands with different electronic and steric properties, providing an elaborated 

platform for a SAR study. Ligands were purified and then characterized by NMR spectroscopy. 

r ", F\ r ", r ", r ", r ", r ", 
OH N,.. N...._j'N N ... N...$ OH N,.N...._j-N OH N,... N..._jfN OH N,.N...._j'N 

~::" 
OH N,.N.....,j'N çr 81 d 82 HOij 83 ~ 84 & 85 çr 87 "' ~ 1"' "' "' "' h h h h h h 

Cl 1 NO, 
N- NH N-NH N- NH N-NH N- NH N-NH 

OH N)l._.:> )!._ ~ OH N)l._.:> OH N)l._.:> )!._ ~ 

~N N N OH N N çr C1 de' HOij C3 ~ C4 &CS C6 
"' ~ 1"' "' "' 
h h h h h h 

Cl 1 

Figure 5. Schiff base-type ligands bearing a triazole ring. 

Most of the ligands listed in figure 5 have been used to prepare corresponding Ru(ll)-benzene 

complexes. However, this complexation was quite challenging mainly because of the multiple 

coordination sites of the ligands. lmportantly, in some cases depending on the electrical and steric 

properties of the ligands, we could manage to selectively synthesize either a monodentate or a 

bidentate complex using two different synthetic routes. However, in most other cases, we could 
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either obtain a monodentate complex for which the triazole ring was involved in the coordination 

sphere (other than its N, 0 or N, N site) or a mixture of different ruthenium complexes which we 

were unable to isolate because of their very similar properties. Ligands A 1 and A4 (figure 6) were 

the only species for which we could selectively obtain two distinct complexes (monodentate and 

bidentate ). lt is interesting to note that bath these ligands have electron withdrawing or stabilizing 

characteristics (chloride substitution or naphthalene moiety) making the deprotonation of the 

hydroxyl moiety upon a pre-treatment with a strong base (potassium tert-butoxide) possible, thus 

facilitating and allowing the contrai of the coordination of the ligand through the N,O site. The four 

complexes were characterized by NMR spectroscopy and showed acceptable stability in DMSO, 

the solvent used to prepare their stock solution for biological screenings. 

9 9 
Ru Ru 

r.-w'· 1 '-c 1 r.-N,, 1 '-J' )l Cl JI )l Cl Cl 

'1u' ., 'to:x9 
N~CI N" I ~ I 
HO~ HO "'°"' 

c1-1R\ , 1 \.::, :> 9~N~N 
DCM '' N 

A1 or A4 + potassium tert-butoxide - + dlmer - Ç(O ~ 
1 "" 3 

_,.,;; 

Cl 

Figure 6. Synthetic routes to complexes 1-4. 

Preliminary cytotoxicity results for the ligands and the complexes are presented in figure 7. 

lnterestingly, a significant cell viability inhibition (at 50 µM) was observed for the breast cancer 

cells exposed to most ligands, more specifically to A6, 86 and C6, which might be explained by 

their high lipophilicity due to the presence of tert-butyl moieties in their structures. The cytotoxicity 

of these three species was significantly higher than that of the clinically used anticancer drug 

cisplatin . We also observed a notable cytotoxicity for the ruthenium complexes. However, their 

activity was not significantly different than that of the corresponding free ligands or cisplatin on 

bath tested cell lines. 

To complete this SAR study and draw conclusions about the multitargeting ability of the 

complexes, their in vitro aromatase inhibitory activity should be determined and compared with 
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that of their corresponding free ligands. Moreover, other reaction pathways should also be closely 

examined to allow the synthesis of the ruthenium complexes that we did not so far succeed to 

prepare/purify. 

T47D MCF7 
100 100 

";!. 

? 
ii 
"' 50 "> 
li 
u 

compound (50 µM) compound (50 µM) 

Figure 7. ln vitro cytotoxicity of ligands and complexes at 50 µM on ER+ breast cancer cells MCF7 and 

T47D after 48 h incubation using SRB assay. Negative and positive contrais were DMSO 0.5% (carrier) and DMSO 

25%, respectively. Data are expressed as means ±standard deviation (SD) from two or three independent experiments. 

lt is noteworthy that because of the unique structure of triazole, it can readily bind to a variety of 

enzymes and receptors in biological systems via different interactions, providing them with a 

broad spectrum of biological activities not limited to anticancer and antifungal applications [77
-
7si. 

Thus, we propose that a SAR study could also be conducted to screen the potential of these 

species for other applications such as antibacteriaW9l, antiviral[soi, anti-inflammatory[81 l, 

antiparasitid82l, and etc. This could become the project of a graduate or trainee student in a near 

future. 
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Table 51. Summary of the biological activity of the ruthenium complexes reviewed in this study. 

Bioactive ligand ln vitro ICso (µM) values in breast ln vivo antitumoral activity 

cancer cells and/or in vivo toxicity 

Aromatase inhibitor >25 (MCF7) N.A. [1] 

Q iÏF, (letrozole) 
•+ 

,ç-- N"~u ,PPh1 

"~· r ~ 
CN 

2 Aromatase inhibitor = 4 (MCF7 and T47D) No toxicity (12.5 µM) on 

Q BPh. (anastrozole) the development of 

7:-ft,'"'' 
zebrafish embryos. [2] 

"' 
CN 

3 Aromatase inhibitor 0.50 ± 0.09 (MCF7) No toxicity (at 

(anastrozole) 0.32 ± 0.03 (T47D) concentrations around its 

~·~ 0.39 ± 0.09 (MDA-MB-231) ICso values) on the 
Ru CN 

Ph.iP ..... f ' N 
development of zebrafish Ph.iP ~è -

~ A N 
embryos. [3) N' "] 

°""N 

4 P450 enzyme inhibitor N.A. N.A. [4) 

K- (etomidate) a!2 (PF,i, 
ij"N O 

' 1 J.)-'<, °ô/ 0\ " _i1y0 
_] 0 

5 Steroid hormone >1 (MCF7) N.A. [5] 
OH 

receptor targeting 

?€ molecules (tamoxifen 

derivatives) 
~ 

n • 2~ 

~ O-iCH 2ln·NMe1 

6 Steroid hormone <8 (light) (MCF7) N.A. [6) &d(PF,i,o receptor targeting >16 (dark) (MCF7) 

~r-.... Ir N N- N 1 molecule (tamoxifen) / "' N-Rï{: ~ __ N:..;--N.../'o 
:;;.-- N N A O 

~ 1; : 1 : 1 ~ 

7 R Steroid hormone 16.0 (MCF7) when R = OMe N.A. [7) 

receptor targeting i 0 ' Wo~ molecule (flavone) 
' ' / ..... 

:-... ,,R1u, ~ O 
o,..... ~, a 

~ 0 : 1 

R . OM~. No, , NMe2. Cl 

R 

S2 
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8 Steroid hormone > 100 (MCF7) Mortality and body weight 

s OH 
receptor targeting loss in rats (1000 mg/kg, at 

•,10-1, molecule (flavone) Day 20). [8) 

h 

o,...~u'o 
Cl - - 0 

HO 
V ~ 

9 Steroid hormone 0.08 ± 0.04 (MCF7) N.A. [9) 

)-Q- receptor targeting when R= OEt 

e1 ·~"-0y R molecules (estradiot "'· "%"" 0 1 
h isonicotinates) 

OH 

10 Steroid hormone 7.4 ± 0.1 (T47D) N.A. [10) 

receptor targeting 

0 molecule 

(levonorgestrel) 

11 Steroid hormone 4.48 ± 0.17 (MCF7) Slight decrease in tumor 

~· 0 receptor targeting 20.71 ± 0.92 (MDA-MB-231) volume (2 µmol/kg, every 4 .~u-..tj'oJlo-....,.s~s.-_o')(o......,........ ~ N. 
Clct N,/ O ~ molecule (17a-ethynyl days, 5 doses) in mice 

R HO 

testosterone) bearing MCF7 cells. [11) 
~ 0 

12 Nonsteroidal anti- Ru-Dicl : 47 ± 6 (MCF7) N.A. [12) 

0900 -
inftammatory drugs Ru-lbp: 9 ± 3 (MCF7) 

pf PF, 
(NSAIDs) (diclofenac, 

( p'-..+/ ibuprofen) 

Ooj~o6'0 
R 

13 Nonsteroidal anti- <0.1 (MCF7) except when RCOO· = N.A. [13) 

inflammatory drugs aspirin which was inactive 

>--9--
(NSAIDs) (diclofenac, 

ibuprofen, naproxen, 
o""'~u .... CI 

aspirin) po 
R 

14 Glutathione S- >20 (MCF7) N.A. [14) 

~ 
transferase (GST) 1 

Cl inhibitor (ethacrynic acid) 

0
°)-NH 

0 '-Q 
,Ru 

Cie{ 'p-..N 
( \.,CN> 

N-J 

15 Epidermal grow1h factor 54 ± 4 (MCF7) f.J.A. [15) 

)--<;>-- (EGFR) inhibitors (4-

f"N ~Rb~CI anilinoquinazoline 
_!) derivatives) N 

) --0-0 F 

~~/, 
0 N Cl 
I 

N-d 
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16 Nonsteroidal anti- Ru-lbp-SPLNs: 70.3 ± 8.1 (MDA- N.A. [16] 

t~ 
inflammatory drugs MB-231) 

Ào o>'\o (NSAIDs) (ibuprofen, Ru-Npx-SPLNs: 101.8 ± 6.7 (MDA-

o, /..'\ / naproxen) MB-231) Cl-Ru:;Ru 
/ Y. ' o 

oy?oy R R n 
17 Poly (ADP-ribose) 93.3 ± 11.4 (Hcc1937) N.A. [17] 

)-Q- polymerase (PARP) 

Ru gp inhibitor Cl.,.. 1 ' N 7 ~ 
Cl ~ 

~ ) A 
HN 

0 

18 Aerobic glycolysis 0.86 ± 0.01 (MDA-MB-231) N.A. [18) 

inhibitor 

(dichloroacetato) 

19 Cell cycle arrest inducer 0.81±0.08 (MDA-MB-231) N.A. [19] 

0900_ 
(gallic acid) 1.0 ± 0.1 (MDA-MB-468) 

Pf PF, 
(•'-.+/ 

OQ'jJ'-0 
<" 1 
~ OH 

HO 
OH 

20 Topoisomerase- 0.20 ± 0.01 (MDA-MB-231) N.A. [20) 

~""·~ 
interacting and ROS-

generating molecule 
N, l+,....o 7 O 

(lapachol) Ru 

N/ l 'o~ I '°"' 
PPhs A 

21 Bio tin 11.6 ± 1.5 (MDA-MB-231) Zebrafish tolerance up Io 

31.5 ± 4.7 (MCF7) 1.17 mg/L. Morphologie 

when R = biotin and R'= H lesions such as curved 

~ ëF,so, 
spine/tail malformation, 

Ru+ yolk sac and pericardial : r- ~ 'P(CsH4R'h 

1 ~ sac edema, cranial 

"' malformation and 
RO underdeveloped eyes were 

observed al 2.18 mg/L. 

21 

22 Biotin 14.2 ± 0.7 when R'= F and R = biotin LCso values (lethality for 

7.7 ± 0.3 when R'= OCH, and R= 50% of the 

biotin (MDA-MB-231) embryos/larvae) on 

22.4 ± 1.6 when R'= F and R= biotin zebrafish (120 hpf, 1.83-

18.7 ± 1.6 R'= OCH, and R= biotin 2.35 mg/L). Moderate Io 

(MCF7) severe yolk sac edema 
RO 

and pericardial sac edema 

were observed. 22 

S4 
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23 N.A. 

24 N.A. 

25 N.A. 

26 N.A. 

27 N.A. 

28 N.A. 

29 N.A. 

30 N.A. 

85 

90 

0.03 ± 0.01 (MDA-MB-231) 

2.61±1.2 (MDA-MB-231) 

1.8 ±0.1 (HCC1937) 

13.2 ± 0.3 (MDA-MB-231) 

8.2 ± 0.1 (MCF7) 

14.6 ± 3.1 (MDA-MB-231) 

78.0 ± 19.8 (MDA-MB-468) 

28.0 ± 4.9 (MCF7) 

230.66 ± 0.02 (A 17) 

409.89 ± 0.04 (MDA-MB-231 ) 

<4 (when complex is encapsulated) 

31.16 ± 0.04 (MDA-MB-231) 

>200 (MCF7) 

8.81±0.81 (MDA-MB-231) 

Suppression of tumor 

growth (2.5 mg/kg/day, 10 

days) in female athymie 

nude mice bearing MDA­

MB-231 cells. No affect on 

the well-being of the 

animais. 23,24 

Significant decrease (56%) 

in tumor volume (5 mg/kg, 

every other day, 14 doses) 

in NOD.CB17-Prkdc 

SCID/J mice bearing MDA­

MB-23 cells. Low systemic 

toxicit . 25 

N.A. [26] 

N.A. [27] 

Suppression of tumor 

growth (52.5 mg/kg, every 

3 days, 4 doses) in female 

FVB/NCrl mice bearing 

A17 cells. 

No apparent toxicity. [28] 

Suppression of tumor 

growth (5 mg/kg/week, 4 

doses) (encapsulated 

complex) in athymie nude 

mice bearing MDA-MB-

231 cells. No apparent 

toxicit . 29 

N.A. [30] 

Low toxicity (up to 300 

mg/kg, 14 days) in a Swiss 

mice mode!. [31] 



31 

32 

33 

34 

>-q-PF, 
Ph,P~i"'N~ç;o~o-Q--NJ-f,o 

7 Cl 

'>. 1 

Cl 

N.A. 

N.A. 

N.A. 

N.A. 

S6 
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0.62 ± 0.02 (MDA-MB-231) 

9.18 ± 0.30 (MDA-MB-231) 

12.1±3 (MDA-MB-231) 

12.7 ± 4 (MCF7) 

(when R= H) 

Concentrations correspond ta the 

effective meta/ concentration (15% 

mol/mol) carried by nanoaggregates 

17.2 ± 0.9 (MDA-MB-231) 

74.9 ± 3.5 (MCF7) 

N.A. [32] 

N.A. [33] 

Suppression of tumor 

growth (15 mg/kg/week, 28 

days) in athymie nude 

mice bearing MCF7 cel/s. 

No apparent toxicity. [34] 

Inhibition of cancer ce// 

proliferation and 

metastasis (5 µM, 72 h) in 

a xenograft model of 

human MDA-MB-231 cells 

in zebrafish. [35] 
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Table 51. Crystallographic data and structure refinement for complexes 2-5. 

2 3 4 5 

empirical formula Ce4He48CIN10Ru CesHeoBCINsPRu CsHsOsRu C2sH2sNs04Ru 

formula weight 1120.58 1089.48 285.21 560.57 

0.2 X 0.16 X 0.02 0.24 X 0.12 X 0.04 0.24 X 0.22 X 0.07 0.32 X 0.07 X 0.03 
crystal size 

mm mm mm mm 

crystal system, space group triclinic, P-1 monoclinic, P 21/c triclinic, P -1 Monoclinic, C2/c 

a= 13.7319(6)A a = 38.2764(15) A a = 6.2877(2)A a= 32.8261 (11 )A 

b = 14.5443(6)A b = 9.9847(4)A b = 7.8586(2)A b = 9.1294(2)A 

unit cell dimensions 
c = 15.9097(7)A c = 31 .5850(13) A c = 8.9078(2)A c = 16.3868(4)A 

a = 113.327(2)0 a= 90° a=75.191(1)0 a= 90° 

13 = 99.435(2)0 13 = 114.361(2)0 13 = 89.895(1 )0 13 = 95.992(1 )0 

y= 91.374(2)0 V= 900 y = 78.879(1 )0 V= 900 

volume 2864.4(2) A3 10996.3(8) A3 417.02(2) A3 4884.0(2) A3 

Z, Calculated density 2, 1.299 Mg m-3 8, 1.316 Mg m-3 2, 2.271 Mg m-3 8, 1.525 g/cm3 

F(OOO) 1168.0 4528.0 280.0 2288.0 

µ 2.031 mm-1 2.235 mm-1 15.224 mm-1 5.554 mm-1 

temperature 100 K 150 K 100 K 100 K 

wavelength 1.34139A (GaKa) 1.34139A (GaKa) 1.54178 A (CuKa) 1.54178 A (CuKa) 

-17 s h s 17 -47 s h s 47 -7 s h s 7 -40 s h s 40 

index ranges -18 s k s 18 -12 s k s 12 -9 s k s 9 Os k s 10 

-20 s 1s 20 -39 s 1s 39 -10 s l s 10 0 s 1s 20 

2B range for data collection 5.36 to 121.424 ° 4.106 to 114.104° 10.284 to 143.67° 10.06 to 144.67° 

reflections collected/unique 76314/13153 80612/22364 21675/1584 4865/4865 

data/parameters/restraints 13153/702/0 22364/1402/288 1584/135/6 4865/322/0 

Goodness-of-fit on F2 1.043 1.021 1.134 1.030 

Final R indices [/ > 2a(/)] a,b R1 = 0.0280 R1=0.0540 R1 = 0.0383 R1 = 0.0366 

wR2 = 0.0741 wR2 = 0.1321 wR2 = 0.1012 wR2 = 0.1076 

R indices (all data) R1 = 0.0322 R1 = 0.0540 R1 = 0.0383 R1 = 0.0370 

wR2 = 0.0759 wR2 = 0.1394 wR2 = 0.1012 wR2 = 0.1084 

Largest diff. peak and hole 1.11 and -0.35 e A-3 1.12 and -0.85 e A-3 1.96 and -2.02 e A-3 1.35 and -1 .07 A-3 

CCDC deposition no. 1840870 1840871 1840872 1840873 

a R1 = LllFol - IFcll I LIFol. b wR2 = {L[w(Fo2 - Fc2)2] / L[w(Fo2)2]}112. 
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Table 52. Selected bond lengths (A) and angles (deg) of complexes 2-5. 

2 3 

bond length/angle A/deg bond length/angle A!deg 

Ru1-N1 2.1024(12) Ru1-N1 (Ru1'-N1') 2.114 (4) (2.091 (5)) 

Ru1-N2 2.1104 (12) Ru1-P1 (Ru1'-P1') 2.352 (1) (2.346 (3)) 

Ru1-Cl1 2.3961 Ru1-Cl1 (Ru1'-Cl1') 2.401 (2) (2.380 (1 )) 

Ru-arenecentroid 1.662 Ru-arenecentroid 1.699 (1.747) 

N1-Ru1-N2 87.14 (5) N1-Ru1-P1 (N1 '-Ru1 '-P1 ') 90.5 (1) (89.6 (2)) 

N1-Ru1-Cl1 86.15(3) N1-Ru1-Cl1 (N1 '-Ru1 '-Cl1 ') 87.00 (1) (84.6 (3)) 

N2-Ru1-Cl1 85.45 (3) P1-Ru1-Cl1 (P1 '-Ru1 '-Cl1 ') 88.27 (5) (84.0 (3)) 

4 5 
bond length/angle A/deg bond length/angle A/deg 

Ru1-01 2.086 (3) Ru1-N1 2.1130 (15) 

Ru1-02 2.096 (3) Ru1-01 2.0847 (13) 

Ru1-03 2.143 (3) Ru1-02 2.0788 (13) 

Ru-arenecentroid 1.643 Ru-arenecentroid 1.653 

01-Ru1-02 78.31 (12) 01-Ru1-02 78.53 (6) 

01-Ru1-03 82.78 (13) 01-Ru1-N1 86.20 (6) 

02-Ru1-03 85.97 (13) 02-Ru1-N1 85.71 (6) 
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Table 53. Anastrozole release after incubation (48 h) of a 150 µM solution of complexes 1, 2, 3, 

and 5 in water (DMSO 0.5%). Data are reported as mean ± SD resulting from 3 independent 

experiments. 

Complex 1 2 3 5 

Anastrozole release (%) 7% (±2) 15% (±2) 3% (±1) 15% (±3) 

Table 54. Anastrozole (or letrozole) release after incubation (1.5 h) of a 10 µM solution of 

complexes 1, 2, 3, 5 and Ru-LTZin DMEM/F-12 (DMSO 0.1%). Data are reported as mean ± SD 

resulting from 3 independent experiments. 

Complex 1 2 3 5 Ru-L TZ 

Equivalent(s) 
of released 1.54(0.05)12 0.42 (0.03) / 2 0.04 (0.00) /1 0.81 (0.05) / 1 2.00 (0.06) / 2 

inhibitor 

A) 
8 

y= 2.144 X - 0.08709 

R2 = 0.9972 

2 3 

C ATZ I C Hydrocortisone 

y= 3.002 X - 0.04766 

.. -

R2 = 0.9998 

-------­___ .,---
_ .. --

---_ .. -

-· .. ,,,,'' 

0------------------------~ 0 2 3 

C L TZ I C Hydrocortisone 

Figure 51. Calibration curves of extracted A) anastrozole (ATZ) and B) letrozole (L TZ) from 

phenol red free DMEM/F-12 (DMSO final concentration: 0.1%). Hydrocortisone was used as an 

external standard. 
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Figure 52. Cell viability determined by the SRB assay in T47D cancer cells treated with a 25 µM 

solution of 2, 3 and NaBPh4 (48 h). Ali values are expressed as means (from three independent 

experiments) ± SD relative to the carrier: media containing 0.25% DMSO and the negative contrai : 

growth media containing 25% DMSO (0%). 
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Figure 53. Migration inhibition assessment of MCF-7 cells after exposure to 10 µM solutions of 

1, 2 , 4 , 5, Ru-L TZ, anastrozole (ATZ) and letrozole (L TZ) over 48 h. Errer bars shown in the graph 

represent the standard errer of mean (n=8). Significant differences: *p < 0.05 ; **p < 0.01. 
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Figure 54. Cell viability determined by the SRB assay in H295R cancer cells treated with 1 µM 

1-5, Ru-L TZ, anastrozole (ATZ) and letrozole (LTZ) (48 h). Ali values are expressed as means 

(from three independent experiments) ± SD relative to the carrier: media containing 0.25% DMSO 

and the negative control : growth media containing 25% DMSO (0%). 

500 

JE 400 
Qi 
u 
~ 300 
:"!:: 
'S' 200 
0::: 

g> 100 

•••• 

control 3 

Compound 

Figure 55. Ruthenium cellular uptake determined by ICP-MS after exposure of H295R cells to a 

1 O µM solution of 3 for 1.5 h. Errer bar in the graph represent the standard deviation. 
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Figure 56. 1H NMR ((C0 3)2CO, 400 MHz) spectrum of 3. 
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Table 51. Crystallographic data and structure refinement for complexes 1,2 and 4-6. 

1 2 4 5 6 

empirical formula C42HsoCl2N10Ru CsaHsaBF 4Ns02P2Ru C20H23Cl4Na03RuS C43H4sCl4NsOPRuS C43H31Cl4NsOPRuS 

formula weight 866.89 1106.91 679.35 953.74 945.67 

crystal size 0.22 X 0.1 6 X 0.08 0.22 X 0.08 X 0.06 0.28 X 0.07 X 0.04 0.20 X 0.09 X 0.05 0.25 X 0.08 X 0.02 

mm mm mm mm mm 

crystal system, space monoclinic, P21/n monoclinic, P21/c orthorhombic, Pbca triclinic, P-1 monoclinic, P21/n 

group 

a = 15.6300(7)A a= 13.0418(6) A a= 21.9838(6)A a = 11.8865(6)A a= 15.7115(6)A 

b = 14.4102(6)A b = 42.8922(17)A b = 11.2879(3)A b = 13.3540(6)A b = 16.3451(6)A 

unit cell dimensions 
c = 20.2465(9)A c = 9.7505(4) A c = 22.0725(6)A c = 16.1481(8)A c = 17.8103(7)A 

a= 90° a= 90° a= 90° a= 67.997(2)0 a= 90° 

p = 112.5566(14)0 p = 98.248(3)0 P = 900 p = 71.229(2)0 p = 112.930(2)0 

V= 900 V= 900 V= 900 y= 74.089(2)0 V= 900 

volume 4211 .3(3) A3 5397.9(4) A3 5477.3(3) A3 2215.42(19) A3 4212.4(3) A3 

Z, Calculated density 4, 1.367 g/cm3 4, 1.362 g/cm3 8, 1.648 g/cm3 2, 1.430 g/cm3 4, 1.491 g/cm3 

F(OOO) 1800.0 2288.0 2728.0 978.0 1924.0 

µ 4.513 mm·1 3.410 mm·1 6.187 mm·1 4.072 mm·1 4.283 mm·1 

temperature 100 K 100 K 110 K 150 K 150 K 

wavelength 1.54178A (CuKa) 1.54178A (CuK0 ) 1.34139A (GaKa) 1.34139A (GaK0 ) 1.34139A (GaK0 ) 

-19 s; h s; 18 -15 s; h s; 15 -28 s; h s;24 -15 s; h s; 15 -19 s; h s; 18 

index ranges -17 s; k s; 17 -50 s; k s; 51 -14 s; k s;14 -15 s; k s; 17 -20 s; k s; 20 

-24 s; 1 s; 24 -11 s; l s; 11 -28 s; 1 s; 28 -20 s; 1 s; 20 -22 s; 1 s; 22 

2B range for data 5.334 to 84.378° 4.12 to 137.61 ° 6.968 to 121 .256° 5.298 to 121.38° 5.55 to 114.234 ° 

collection 

reflections 155043/8255 72433/9950 83292/6287 63708/10119 60169/8598 

collected/unique 

data/parameters/restrai 8255/504/0 9950/668/0 6287/329/3 10119/512/0 8598/523/6 

nts 

Goodness-of-fit on F2 1.028 0.996 1.112 1.038 1.076 

Final R indices [/ > R1 = 0.0263 R1=0.0488 R1 = 0.0371 R1 = 0.0316 R1 = 0.0458 

2a(/)] a.b wR2 = 0.0719 wR2 = 0.1265 wR2 = 0.0948 wR2 = 0.0837 wR2=0.1133 

R indices (all data) R1 = 0.0264 R1 = 0.0644 R1 = 0.0383 R1 = 0.0358 R1 = 0.0563 

wR2 = 0.0720 wR2 = 0.1382 wR2 = 0.0961 wR2 = 0.0875 wR2 = 0.1226 

Larges! diff. peak and 1.05 and -1.09 e A-3 0.93 and -0.60 e A-3 1.18 and-1 .09 e A-3 0.82 and -0.86 A-3 0.93 and -0.64 A-3 

hole 

CCDC deposition no. 1962264 1962265 1962266 1962267 1962268 
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Table 52. Anastrozole (or letrozole) release after incubation (1 .5 h) of a 10 µM solution of 

complexes 2-5 in DMEM/F-12 (DMSO 0.1%). Data are reported as mean ± SD resulting from 3 

independent experiments. 

Complex 2 3 4 5 

Equivalent(s) 
of released 0.04 (0.00) / 1 0.59 (0.07) / 1 0.55 (0.11) / 1 0.87 (0.08) / 1 
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Figure 51. 1H NMR spectra of 1 (top) and 2 (bottom) in DMSO-ds recorded 15 min after sample 

preparation. 
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Figure 52. UV-Vis absorption spectrum of 2 (800 µM) in DMSO over time (1 h, 5 min intervals). 
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Figure 53. Absorbance intensity measurement (at 350 nm) of 2 at various concentrations in A) 

DMSO alone, B) DMEM/F12 growth medium supplemented with 0.1% DMSO and C) water 
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Table S1. Anticandidal activity of previously reported ruthenium complexes. 

Type of assay Species Anticandidal activity [dl 

lhm et al [1l 9-13% (at 0.5%) 

Mobin et al [2l 9-13 mm (at 100 ppm) 
Disk diffusion[aJ 

Liu et al [3l C. albicans 6-7 mm (at 100 ppm) 

Jayabalakrishnan et al [4l 11-15 mm (at2%) 

Jayabalakri shnan et al l5J 12-17 mm (at 2%) 

Ben hadda et al [BJ 22.5 mm (at 0.2 mg/ml) 

Fekry et al [?J = 17 mm (at 50 ppm) 

Anandaram et al IBJ Disk diffusion[bJ 16.11-17.86 µg/ml 

Radacki et al [9l 6.77 nM 

De Resende Stoianoff et al r1oi C.albicans 0.4-13.6 X 10-5 M 
C.krusei 1.70-7.3 X 10-5 M 

C.parapsilosis 0.8-4.1 X 10-5 M 
C.tropicalis 0.8-7.3 x 10-5 M 

Turbidity (broth C.glabrata 4.0-29.3 X 10-5 M 

Günal et al [11 l 
microdilution)[bJ 

C. albicans 100 µg/ml 
C. tropicalis 100 µg/ml 

Mansour [12J 24 nM 

Radacki et al [13l 
C. albicans 24 nM 

Alici et al [14l 200 µg/ml 

Vannier-Santos et al [15l Cell counting[cJ C. tropicalis 20.3 µM 

Shaikh et al [16l Well diffusion[aJ C. albicans 12-15 mm (at 1 mg/ml) 

Natarajan et al r17J 50-1 OO µg/ml 

Prabhakaran et al [18l Well diffusion[bJ C. albicans 15-35 µM 
C. tropicalis 15-20 µM 

Antifungal activity reported as: [aJ inhibition zone diameter; lbJ minimum inhibitory concentration (MIC); [cJ ICso. 

!dl Please note that the incubation lime (24-72h) and the temperature (26-37 °C) varied from one study to 
another. 
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Figure 51. Absorbance intensity measurement (at 350 nm) of Ru-Cl and [Ru-AcNr at 
various concentrations (0.1 - 1.5 mM) in DMSO. 
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Figure 52. UV-Vis absorption spectra of Ru-Cl and [Ru-AcNr (800 µM) in DMSO over 
time (30 min, 10 min intervals). 

S3 

110 
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Figure S3. Time-kill kinetic analysis of [Ru-AcNr. [Ru-A rzr and fluconazole on different 
strains. Cells were treated with 20 µM of each compound for 24 h and fungal growth 
(optical density, 00500) was measured every 1 h. Error bars shown in the graph represent 
the standard deviation of the mean of three replicates. 

84 

111 



References 

[1] T.D. Thangadurai, S.-K. lhm, Synthesis and Reactivity in lnorganic, Metal­
Organic, and Nana-Meta/ Chemistry 2005, 35, 499-507. 

[2] G. Venkatachalam, R. Ramesh, S. M. Mobin, Journal of Organometallic 
Chemistry 2005, 690, 3937-3945. 

[3] K. Naresh Kumar, R. Ramesh, Y. Liu, Journal of lnorganic Biochemistry 2006, 
100, 18-26. 

[4] N. P. Priya, S. V. Arunachalam, N. Sathya, V. Chinnusamy, C. Jayabalakrishnan, 
Transition Meta/ Chemistry 2009, 34, 437-445. 

[5] N. Padma Priya, S. Arunachalam, N. Sathya, C. Jayabalakrishnan, Journal of 
Coordination Chemistry 2010, 63, 1440-1450. 

[6] M. Al-Noaimi, A. Nafady, 1. Warad, R. Alshwafy, A. Husein, W. H. Talib, T. B. 
Hadda, Spectrochimica Acta Part A: Molecular and Biomolecu/ar Spectroscopy 
2014, 122, 273-282. 

[7] N. E. A. El-Gamel, A. M. Fekry, Bioelectrochemistry 2015, 104, 35-43. 
[8] R. Gandhaveeti, R. Konakanchi, P. Jyothi, N. S. P. Bhuvanesh, S. Anandaram, 

Applied Organometallic Chemistry 2019, 33, e4899. 
[9] A. M. Mansour, K. Radacki, Polyhedron 2020, 175, 114175. 
[1 O] C. L. Donnici, L. J. Nogueira, M. H. Araujo, S. R. Oliveira, T. F. F. Magalhâes, M. 

T. P. Lopes, A. C.A. e. Silva, A. M. d. C. Ferreira, C.V. B. Martins, M. A. De 
Resende Stoianoff, Molecules 2014, 19, 5402-5420. 

[11] B. Cetinkaya, 1. Ôzdemir, B. Binba~toglu, S. Günal, Arzneimittelforschung 1999, 
49, 538-540. " 

[12] A. M. Mansour, European Journal of lnorganic Chemistry 2018, 2018, 852-860. 
[13] A. M. Mansour, O. R. Shehab, K. Radacki, European Journal of lnorganic 

Chemistry 2020, 2020, 299-307. 
[14] G. Onar, C. Gürses, M. O. Karata~. S. Balc1oglu, N. Akbay, N. Ôzdemir, B. Ate~. 

B. Allc1, Journal of Organometallic Chemistry 2019, 886, 48-56. 
[15] R. A. Gomes-Junior, R. S. da Silva, R. G. de Lima, M. A. Vannier-Santos, FEMS 

Microbiology Letters 2017, 364. 
[16] B. Mehta, J. Shaikh, Special report series - lndian Council of Medica/ Research 

2009, 26, 1-6. 
[17] T. S. Kamatchi, P. Kalaivani, P. Poornima, V. V. Padma, F. R. Fronczek, K. 

Natarajan, RSC advances 2014, 4, 2004-2022. 
[18] G. Kalaiarasi, S. R. Jeya Rajkumar, S. Dharani, F. R. Fronczek, R. Prabhakaran, 

Journal of Organometallic Chemistry 2018, 866, 223-242. 

SS 

112 


