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L’attività di ricerca riportata nella presente relazione è stata svolta nei laboratori della Fondazione Callerio 
Onlus e nell’ambito delle collaborazioni esistenti con ricercatori di altri Enti e di Atenei italiani e stranieri nel 
periodo 1 gennaio 2010 – 31 dicembre 2010. 

Oltre ai ricercatori dipendenti, al tecnico di laboratorio ed al personale amministrativo, nel 2010 la Fondazione 
Callerio Onlus ha potuto contare su giovani laureati, per i quali ha investito risorse per sostenere la loro 
formazione nella ricerca e favorendo la loro partecipazione a corsi di dottorato, attivati in diversi atenei italiani. 
Globalmente sono state investite risorse per 9,36 anni/uomo (1 anno/uomo= 11 mesi). Nel dettaglio, sono 
intervenuti, in aggiunta al tecnico di laboratorio ed ai 2 ricercatori in servizio permanente, 4 ricercatori inseriti 
attraverso lo strumento della borsa di studio e/o contratti a progetto nelle attività ricerca programmate e svolte. 


�*+��������	���	���++�	��	�������	

Prof. Gianni Sava Direttore Scientifico 

Dott. Moreno Cocchietto Biologo, ricercatore 

Dott. Alberta Bergamo Chimico e Tecnologo Farmaceutico, ricercatore 

Dott. Vania Vidimar Chimico e Tecnologo Farmaceutico, dottoranda 

Dott. Marianna Lucafò Biologa, dottoranda 

Dott. Davide Gallo Chimico e Tecnologo Farmaceutico, dottorando 

Ms. Manuela Medelin Studente di Chimica e Tecnologia Farmaceutiche, interno tesista 

Ms. Isabella Nogaretto Studente di Chimica e Tecnologia Farmaceutiche, interno tesista  

Sig. M. Zabucchi Diploma maturità scientifica ad indirizzo sanitario, tecnico di laboratorio 

La sottolineatura indica le persone con contratto a tempo indeterminato. 

Collaboratori impiegati nell’ambito della Convenzione tra Dipartimento di Scienze della Vita e Fondazione 
Callerio Onlus per la realizzazione di ricerche di comune interesse nell’ambito della sperimentazione animale. 

Dott. Francesca de Guarrini CoCoPro su: “Gestione di colonie transgeniche di animali per studi in campo 
oncologico e immunologico.” 

Dott. Alba Fasolo Due contratti di prestazione di lavoro occasionale su: “Controllo della produttività 
di coppie di topi geneticamente modificati, identificazione tramite numerazione 
degli animali, prelievo di campioni biologici dagli stessi per la corretta attribuzione 
del genotipo.” 

Sig. Elettra Grdina Due contratti di prestazione di lavoro occasionale su: “Gestione del materiale 
sterile, aiuto al cambio sottocappa delle cassette di topi transgenici stabulati in 
armadi ventilati sterili.” 

Sig. Luciano Maggi Due contratti di prestazione di lavoro occasionale su: “Controllo e aggiornamento 
di nascite e cucciolate delle colonie di topi transgenici allevati nell’Università di 
Trieste.” 

Sig. Andrea Lorenzon Un contratto di prestazione di lavoro occasionale su: “Progettazione e 
realizzazione del sito WEB dello stabulario dell’Università degli Studi di Trieste.” 
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Coordinamento del WG003 del programma COST D39  

La Fondazione Callerio è la sede principale del Working Group 003 dell’Azione COST D39, un progetto di 
cooperazione europea nel campo dei farmaci basati sui metalli per la terapia dei tumori. Il WG3 si occupa del 
tema “New Targets for Metal-Based Drugs: Beyond DNA” ed è coordinato dal prof. G. Sava. Al WG3 
partecipano altri 6 laboratori, rispettivamente nell’Università di Sassari (prof. G. Pintus), nell’Università di 
Scheffield (prof. N. Bird), nell’Università di Francoforte (prof. J. Eble), nell’Università di Valencia (prof. J. 
Estrela), nell’Istituto Nazionale di Biologia di Lubiana (prof. T. Lah) e nel Centro Olandese del Cancro (prof. J. 
Schellens). 

L’attività principale è quella di promuovere e coordinare ricerche per identificare target diversi dal DNA per 
“costruire” nuovi farmaci basati sui metalli, più potenti e più selettivi rispetto quelli tradizionalmente basati sul 
platino e di corrente uso clinico. 

Modulazione delle integrine con composti basati sui  metalli e controllo della malignità tumorale  

Il progetto prevede lo studio del meccanismo d’azione di complessi e di organometallici del rutenio con 
particolare riferimento alle attività di controllo dei processi di invasione e metastasi, utilizzando linee cellulari di 
tumori umani a diverso grado di malignità. 

L’attività di ricerca è stata condotta nell’ambito del ruolo assegnato ai ricercatori della Fondazione Callerio in 
un progetto intitolato “Nuove strategie nanotecnologiche antitumorali” e finanziato dalla Regione Friuli Venezia 
Giulia, con capofila l’Università di Trieste e con altri partner quali, CRO di Aviano, Burlo Garofolo, SISSA, e 
nell’ambito di collaborazioni con il gruppo di P. Dyson dell’EPFL di Losanna, e di J Eble dell’Università di 
Francoforte. 

Studio del meccanismo d’azione del complesso di rut enio RDC11.  

Il progetto prevede lo studio del meccanismo d’azione di complessi del rutenio dotati di particolare attività su 
tumori cerebrali, con particolare riferimento alle attività di controllo dei processi di invasione e metastasi. 

L’attività di ricerca è stata condotta nell’ambito del progetto di dottorato della dott. Vania Vidimar svolto presso 
l’Università di Strasburgo in Francia, nell’ambito di una collaborazione tra ricercatori della Fondazione Callerio 
Onlus e dell’Università di Strasburgo. 

Plastic mouse: validazione di un prototipo per la s elezione di farmaci antitumorali innovativi.  

Lo scopo della presente ricerca è quello di sviluppare un dispositivo biotecnologico capace di mimare le 
condizioni fisiologiche proprie di un organismo vivente. In particolare il nostro interesse è rivolto all’utilizzo di 
tale dispositivo in un ambito applicativo in oncologia. 

Il primo e principale risultato atteso dalla ricerca proposta è la realizzazione di un dispositivo biotecnologico 
specificamente progettato per l’analisi dall’attività anti-metastatica di farmaci nel modello del carcinoma 
colorettale. Il dispositivo prodotto verrà brevettato e potrà essere oggetto di commercializzazione come 
modello di studio per la valutazione dell’attività anti-metastatica dei farmaci ‘biologici’ che oggi fanno parte 
degli obiettivi prioritari della ricerca farmacologia nel campo dei tumori.. 

Il lisozima, una piccola proteina multi-regolatoria , come farmaco chemopreventivo nella nefropatia 
diabetica  

Lo scopo della presente ricerca è di contribuire nella comprensione dei meccanismi molecolari alla base 
dell’attività di prevenzione della nefropatia diabetica e la valutazione dei meccanismi farmacocinetici alla base 
del trasferimento sistemico del lisozima somministrato per via orale, previa microincapsulazione. 

Il primo risultato che la ricerca si propone di raggiungere è il riconoscimento di un marker degli effetti cellulari 
dei prodotti avanzati della glicazione (AGE), come ad esempio lo stress ossidativi e, successivamente, la 
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comprensione della capacità del lisozima di fungere da chemopreventivo dello stress ossidativo o di agire in 
seguito ad un aumento intracellulare delle specie reattive dell’ossigeno. 

Sviluppo e validazione di vettori orali di vaccini per la pescicoltura del Friuli Venezia Giulia  

Il Progetto di Ricerca biennale è nato dall’impegno congiunto della Fondazione Callerio Onlus di Trieste che lo 
ha proposto e lo coordina, di ricercatori dei Dipartimenti di Scienze della Vita e di Scienze Farmaceutiche 
dell’Università degli Studi di Trieste e del Dipartimento di Scienze Animali dell’Università degli Studi di Udine, 
grazie al supporto finanziario della LR 26/2005. 

Obiettivo generale del Progetto è l’ingegnerizzazione e lo studio di sistemi orali di nuova generazione, 
sviluppati grazie a micro- e nano-tecnologie, per utilizzi in campo vaccinale applicabili a livello regionale nel 
comparto della pescicoltura in generale e della troticoltura in particolare. Tali sistemi sono stati sviluppati con 
formulazioni e processi produttivi in un’ottica di rispetto del benessere animale, dell’ambiente e del 
consumatore. 

Nel corso del II anno di progetto è stato intrapreso lo scale-up produttivo dei microsistemi che ha consentito di 
raggiungere produttività adeguate a coprire le esigenze di prove di campo e di mettere a punto dei protocolli di 
produzione e di manutenzione standardizzati. 

Nanostrutture di carbonio come vettori per farmaci a ntitumorali  

Il progetto prevede lo studio di nuove nanostrutture di carbonio, quali fullereni, il cui impiego in campo 
biomedico è di forte interesse grazie alla possibilità di essere funzionalizzati agendo come sistemi di drug 
delivery per il trasporto di farmaci. 

Il primo obiettivo che la ricerca si propone è di valutare il comportamento di fullereni, funzionalizzati in maniera 
differente, nei confronti di un modello sperimentale in vitro, allo scopo di identificare un potenziale veicolo per 
farmaci. Nella fase successiva verrà analizzato il meccanismo d’azione del fullerene caricato con un farmaco 
modello. 

Stabilizzazione di una colonia di topi geneticament e modificati  

Si tratta di un modello murino in cui l’ablazione, tramite tecniche di biologia molecolare, del gene per la 
subunità di 91kD della citocromo b ossidasi riproduce la malattia granulomatosa cronica (cosiddetta CGD) 
umana. 


����,��������	��	����	
Nel corso del 2010 sono state attivate e mantenute numerose collaborazioni di ricerca con ricercatori di vari 
Enti italiani e stranieri. 

- Ricercatori di Atenei Italiani  (Dipartimento di Scienze Chimiche, Università degli Studi di Trieste, prof. Enzo 
Alessio; Dipartimento di Scienze Farmaceutiche, Università di Trieste, Prof. D. Voinovich, Dr. T. 
Gianferrara; Dipartimento di Scienze della Vita, Università di Trieste, Proff. A. Cesàro e S. Zorzet, Dr. S. 
Pacor; Dipartimento di Chimica dei Materiali e delle Risorse Naturali, Università di Trieste, Prof. O. 
Sbaizero; Dipartimento Universitario Clinico di Scienze Mediche, Tecnologiche e Traslazionali, Università di 
Trieste, Prof. B. Fabris; Dipartimento di Scienze Animali, Università di Udine, Prof. Galeotti, Dr. D. Volpatti, 
Dr. B. Contessi, Dr. R. Ballestrazzi; Dipartimento di Scienze degli Alimenti, Università di Udine Prof. M.C. 
Nicoli; Dipartimento di Chimica e Tecnologia del Farmaco, Università di Perugia, Dr. P. Blasi e Dr. S. 
Giovagnoli). 

- Ricercatori di Istituti Zooprofilattici  (Istituto Zooprofilattico dell’Abruzzo e del Molise “G. Caporale”, 
Teramo, Prof. G. Giorgetti, Dr. A. Paolini, Dr. D. Zezza, Dr. V. Ridolfi; Istituto Zooprofilattico Sperimentale 
del Piemonte, Liguria e Valle d’Aosta, Torino, Prof. M. Prearo;  

- Ricercatori di altri Enti (Centro Diabete A.S.S. 1 Triestina, Trieste, Dr.  R. Candido). 
- Ricercatori di Atenei stranieri  (Royal College of Surgeons in Ireland, Department of Chemistry, Dublin, 

Prof. C. Marmion, Dr. D. Griffith; Institut de Chimie Moleculaire et Biologique, Laboratoire de Chemie 
Organometallique EPFL-BCH, Lausanne, Prof. P. Dyson; Institute of Inorganic Chemistry, University of 
Vienna, Prof. B.K. Keppler; Department of Chemistry, University of Warwick, Prof. P.J. Sadler; Department 
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of Vascular Matrix Biology, Frankfurt University Hospital, Prof. J.A. Eble; Ruhr-Universität Bochum, Prof. N. 
Metzler-Nolte; INSERM U692 – Université de Strasbourg, Dr. C. Gaiddon.. 

�������	���	���������	
I risultati di seguito sintetizzati si riferiscono alle ricerche svolte nei laboratori della Fondazione Callerio Onlus 
e/o nei laboratori di ricercatori di altri Enti con i quali esistono collaborazioni e che riguardano i temi di ricerca 
prioritari che la Fondazione Callerio Onlus ha attivato per l’anno 2010. 

Proprietà antineoplastiche di composti basati sui m etalli  

Attività di ricerca di LINFA (http://www.callerio.org/Linfa_i.htm)  

L’attività di ricerca scientifica svolta in LINFA nel periodo 01 gennaio – 31 dicembre 2010 ha riguardato i temi 
di seguito riportati. 

a) Nuovi target; valutazione delle integrine come bersagli di un composto organometallico di rutenio 
L’attivazione integrinica ed il successivo coinvolgimento delle RhoGTPasi nelle cellule di carcinoma mammario 
MDA-MB-231 trattate con il composto organometallico di rutenio RAPTA-T [Ru(� 6-C7H8)(PTA)] (PTA = 1,3,5-triaza-
7-fosfadamantano) ci hanno indotto ad approfondire le interazioni di questo composto con le proteine della matrice 
extracellulare, naturali partner delle molecole integriniche. Le interazioni dirette di RAPTA-T con i substrati poli-L-
lisina, collagene IV e fibronectina sono state studiate nell’ambito di una collaborazione all’interno dell’azione COST 
D39, con il laboratorio del prof. Dyson presso l’EPFL di Losanna, mediante analisi 31P NMR dell’idrolisi del composto 
di rutenio in presenza dei diversi substrati. L’analisi condotta in tampone fosfato indica che in tale solvente solo una 
piccola quota di composto va incontro ad idrolisi e questo comportamento non viene modificato quando nella 
soluzione di RAPTA-T sono presenti poli-L-lisina o fibronectina. Diversamente, nel caso del collagene IV è possibile 
evidenziare la comparsa di picchi a diversi valori di ppm, che possono essere attribuiti a complessi tra il collagene IV 
e derivati di RAPTA-T con diverso numero di ligandi cloruro (Figura 1). 
 

 

 
Figura 1. Analisi 31P NMR delle interazioni di RAPTA-T con i substrati poli-L-lisina, collagene IV e fibronectina. 
 
Questi interessanti risultati, unitamente al fatto che il rutenio è presente e misurabile in campioni di collagene IV 
esposti al trattamento con RAPTA-T, ha stimolato lo studio dell’interazione tra il composto di rutenio e l’integrina 
��� 1, la principale molecola integrinica che lega il collagene IV. Questo studio è stato condotto in collaborazione con 
il laboratorio del prof. Eble dell’Università di Francoforte, anch’esso aderente all’azione COST D39. La figura 2 
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(pannello sinistro) rappresenta l’assorbanza a 254 nm che individua il tipo di proteine nell’eluato di una colonna di 
gel-filtrazione: il picco a 10 minuti rappresenta l’integrina. Il Ru2+ presente nell’eluato è stato individuato mediante 
tecnica ICP-MS in collaborazione con il laboratorio del prof. Dyson dell’EPFL di Losanna (Figura 2, pannello destro). 
Tale analisi ha evidenziato che il picco a 10 minuti nell’eluato della colonna gel-filtrazione rappresenta Ru2+ 
associato con l’integrina e che esso corrisponde al picco riportato nel pannello sinistro di Figura 2, mentre il picco a 
25 minuti corrisponde a RAPTA-T da solo, ovvero non legato all’integrina. 

 
Figura 2. Analisi dell’interazione dell’integrina ����� con RAPTA-T. Il pannello sinistro rappresenta l’integrina presente nell’eluato 
di una colonna gel-filtrazione. Il pannello destro rappresenta l’analisi ICP-MS condotta sul picco riportato nel pannello di sinistra. 
 
Il coinvolgimento delle integrine nell’azione del RAPTA-T è stato studiato anche attraverso un test funzionale che 
valuta la capacità delle cellule trattate di resistere al distacco dal substrato di crescita. Si è scelto di studiare questo 
parametro su cellule che avevano appena aderito, una condizione per evidenziare il ruolo delle integrine, tra le prime 
molecole di adesione ad essere coinvolte in questo processo. Come riportato in Figura 3, il RAPTA-T aumenta in 
maniera significativa la capacità delle cellule di resistere al distacco, quando esse sono seminate su componenti 
della matrice extracellulare come la fibronectina ed il collagene IV. Su questo ultimo l’effetto è particolarmente 
pronunciato e maggiormente rilevante rispetto la fibronectina. 
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Figura 3. Effetti di RAPTA-T sulla resistenza al distacco. 
 
I risultati sinora acquisiti permettono di dare corpo all’ipotesi del coinvolgimento delle integrine nell’attività anti-
invasiva ed anti-metastatica del RAPTA-T. Ulteriori studi meccanicistici sono in corso, sempre in collaborazione con 
il prof. Eble dell’Università di Francoforte. 

b) Complessi di rutenio-carbene. 
Lo studio cominciato nel 2009 è stato concluso nell’anno in corso; i risultati conseguiti hanno permesso la stesura di 
una tesi di laurea. La ricerca è consistita nella valutazione della capacità di modulare le tappe della progressione 
metastatica (distacco dal tumore primario, migrazione, invasione, ri-adesione ad un sito secondario) da parte di 5 
complessi Rutenio-carbene che si differenziano tra loro unicamente per i sostituenti dell’unità carbonica. Considerati 
nella loro globalità i risultati ottenuti sembrano indicare che questi composti sono poco inclini ad interferire con le 
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tappe del processo metastatico, studiate attraverso questo modello in vitro, e sembra improbabile che possano 
mostrare attività anti-metastatica in vivo. Il confronto tra l’attività di questi 5 con altri composti di rutenio studiati nello 
stesso modello sperimentale, quali NAMI-A e RAPTA-T conferisce fiducia all’utilizzo di questo modello in vitro per 
uno screening preliminare di composti metallici dei quali si voglia individuare l’attività nei confronti di tumori 
secondari. Inoltre, sebbene i risultati ottenuti con i 5 composti esaminati non siano particolarmente incoraggianti per 
proseguirne lo sviluppo, essi hanno permesso di migliorare la conoscenza delle relazioni struttura-attività dei 
composti organometallici di rutenio ed indicano che l’insieme dei test, proposto del laboratorio LINFA, che simulano 
le tappe del processo metastatico è un utile modello di screening in vitro. 

c) “The plastic mouse” 

Dopo aver individuato le cellule più adatte per allestire in vitro il modello di carcinoma colo-rettale 
metastatizzante e le condizioni di co-coltura delle stesse, il lavoro di questo secondo anno è consistito nel 
valutare il comportamento di tali cellule in un sistema nel quale le cellule tumorali sono libere di muoversi da 
un pozzetto che rappresenta il colon verso un pozzetto che simula il fegato, l’organo bersaglio delle metastasi 
da carcinoma colo-rettale. A tale scopo è stata impiegata un piastra (rappresentata in Figura 4) appositamente 
costruita dai ricercatori del gruppo del prof. Sbaizero del Dipartimento di Chimica dei Materiali e delle Risorse 
Naturali, che rappresenta una tappa intermedia, in termini di complessità, tra i sistemi commerciali in vitro 
utilizzati nella prima parte della ricerca ed il prototipo di “Plastic mouse” nella sua forma finale. 

 

 

 

 

Figura 4. Struttura della piastra 

Nei pozzetti A e C sono state seminate le cellule epiteliali sane di colon HCEC, nei pozzetti B e D gli epatociti 
IHH marcati con un fluoroforo che emette nel rosso; successivamente nei pozzetti A e C, sopra le cellule 
eipiteliali sane, sono state seminate le cellule di carcinoma colorettale HT-29 marcate con un fluoroforo verde. 
I corridoi di collegamento tra i pozzetti permettono alle cellule di migrare dal pozzetto che rappresenta il sito 
primario (colon) verso il sito secondario di crescita (fegato). Le immagini di Figura 5 sono tratte da un 
esperimento pilota: nel pannello sinistro si notano le cellule tumorali HT-29 sopra uno strato di HCEC; nel 
pannello destro sono visibili gli epatociti. 
 

A B 

C D 
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Figura 5. Co-coltura di cellule epiteliali sane di colon HCEC, di cellule di carcinoma colorettale HT-29 (in verde) e di 
epatociti IHH (in rosso). 
�

Studio del meccanismo d’azione del complesso di rut enio RDC11.  

Lo scopo principale della presente ricerca quello di investigare quali siano le basi molecolari del meccanismo 
d’azione di RDC11, un composto di rutenio che ha mostrato interessanti effetti antitumorali in diversi modelli di 
tumore in vivo.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura.1: Analisi Western blot dell’effetto di RDC11 (5 µM) sui livelli di espressione di HIF-1a, HIF-1b e PS6 dopo 6 e 24 
ore di trattamento in condizioni di normossia e ipossia nelle cellule SW480 (A) e HCT116 (B).  
 
Sulla base di analisi di microarray, abbiamo voluto analizzare l’effetto di questo composto su una via di 
segnalazione cellulare particolarmente rilevante per le cellule tumorali, e cioè la pathway di HIF-1. HIF-1 
(Hypoxia Inducible Factor) è un fattore di trascrizione eterodimerico, stabile in condizioni ipossiche e capace di 
attivare una serie di geni implicati in aspetti cruciali della biologia delle cellule tumorali, quali ad esempio, 
angiogenesi, metabolismo energetico ed invasione. I nostri risultati indicano come RDC11, diversamente dal 
cisplatino, sia in grado di ridurre i livelli di espressione di HIF-1a nelle due linee di adenocarcinoma del colon 
SW480 e HCT116 mantenute in ipossia (1% O2), condizione utilizzata al fine di mimare l’ambiente 
intratumorale. RDC11, inoltre, modula allo stesso modo i livelli di espressione di HIF-1b e della proteina fosfo-
ribosomale S6, due proteine appartenenti alla pathway di HIF-1 (Fig.1 A e B). Abbiamo ottenuto risultati del 
tutto analoghi inducendo l’ipossia, e quindi HIF-1a, per via chimica utilizzando la deferoxamina mesilato e 
prevenendo la degradazione della proteina bloccando il proteasoma con il peptide MG132 (Fig. 2 A e B). 
 
 



 FONDAZIONE CALLERIO ONLUS – ht tp: / /www.cal lerio .or g 

R E L AZ I O N E  S C I E N TI F I C A 2 0 1 0  Pagina 10 di 26 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 2: Analisi Western blot dell’effetto di RDC11 sui livelli di espressione di HIF-1a (3A), PS6, HIF-1b and HIF-1a 
idrossilata (3B), dopo trattamento over/night di cellule HCT116 prevenendo la degradazione di HIF-1a bloccando il 
proteasoma con MG132 e inducendo l’ipossia per via chimica con la deferoxamina mesilato a differenti concentrazioni 
(DFO). Gli esperimenti successivi sono stati effettuati utilizzando la concentrazione 150 µM di deferoxamina, in quanto la 
proteina HIF-1a sembra essere più stabilizzata. 
 
Inoltre, esperimenti di Real Time qPCR dimostrano come il trattamento con RDC11 riduca l’espressione di 
FIH-1 (factor inhibiting HIF-1) e GLUT-1 (glucose transporter 1) in entrambe le linee cellulari sia in condizioni 
di normossia che ipossia. Quest’ultimo risultato, in particolare, è degno di nota in quanto la riduzione dei livelli 
di espressione di GLUT-1 da parte di RDC11 fa si che venga meno la fonte energetica principale perchè la 
cellula sopravviva in condizioni ipossiche, cioè il glucosio. 
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Fig. 3: Riduzione dell’espressione di FIH-1, valutata mediante RT-qPCR, da parte di RDC11 in cellule SW480 (A) e in 
cellule HCT116 (B). Riduzione dell’espressione di GLUT-1 da parte di RDC11 in cellule SW480 (C) e in cellule HCT116 
(D). 

RDC11, dunque, sembra essere implicato nell’inibizione della pathway di HIF-1 e questo può spiegare, 
almeno in parte, l’abilità dei derivati del rutenio di interferire con lo sviluppo tumorale. Questo progetto di 
ricerca prevede, inoltre, la valutazione del potenziale antimetastatico di RDC11 mediante l’ausilio di un 
dispositivo biotecnologico innovativo chiamato plastic mouse.  

Utilizzando un sistema di co-colture cellulari interconnesse, vorremmo simulare in vitro la metastatizzazione di 
cellule di adenocarcinoma del colon e seguire la migrazione e invasione del tessuto bersaglio da parte delle 
stesse cellule in vitro. Grazie alla versatilità del plastic mause sarà inoltre possibile ricreare in vitro la 
metastatizzazione di altri tipi di tumori. 

Per cui, in conclusione, possiamo dire che questi risultati, nel loro complesso, posso fornirci una spiegazione 
del possibile meccanismo d’azione di RDC11 il quale, probabilmente, agisce su bersagli diversi dal DNA, 
andando ad interferire con vie di segnalazione che regolano la crescita e la disseminazione cellulare. Inoltre, il 
potenziale antimetastatico di RDC11 ed in futuro di altri composti, potrà essere validato attraverso l’uso di un 
dispositivo biotecnologico come il plastic mouse, con l’auspicio di poter contribuire alla riduzione del consumo 
di animali nella sperimentazione pre-clinica. 

Il lisozima come farmaco chemopreventivo nella nefr opatia diabetica   
Il lavoro di questo primo anno del progetto è stato focalizzato: 

i) sull’individuazione delle cellule più adatte per allestire in vitro un modello nel quale simulare effetti  AGE-
mediati; 

ii) sulla ricerca di un possibile marker per valutare il danno cellulare. 
Per quel che riguarda le cellule, in questa prima fase, si è voluto optare per una linea cellulare ed una coltura 
primaria. La linea cellulare è rappresentata dalle LLC-PK1, cellule di tubulo renale prossimale suino, per la 
loro origine renale; la coltura primaria è rappresentata dalle cellule ADMEC (adul dermal microvascular 
endothelial cells), per i noti effetti del diabete sul sistema cardiovascolare. Inizialmente è stata valutata la 
vitalità cellulare, di entrambi i tipi cellulari, in seguito a trattamento con AGE. Successivamente si è voluta 
focalizzare l’attenzione su quello che in letteratura è considerato il principale effetto degli AGE a livello 
cellulare, vale a dire lo stress ossidativo. 
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Per quel che riguarda la vitalità, si può notare come entrambe le linee, trattate con concentrazioni diverse di 
AGE per 72 ore, non mostra variazioni significative. Per valutare questo parametro sono stati utilizzati i classici 
saggi Sulforodamina B ed MTT. 
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Il principale effetto riportato degli AGE è rappresentato dallo stress ossidativo e quindi, in questa prima fase, 
abbiamo voluto considerare la variazione di ROS intracellulari come marker dell’attività cellulare degli AGE. 
Dopo trattamento con concentrazioni diverse e per un tempo piuttosto ridotto, non è stato riscontrato un 
aumento statisticamente significativo nella produzione di ROS rispetto alle cellule non trattate con AGE (Ctrl-) 
nelle cellule LLC-PK1; mentre nelle ADMEC si è misurato un aumento statisticamente significativo dopo 
un’ora di trattamento con AGE, tuttavia lo stesso aumento è stato rilevato anche dopo il trattamento con la 
BSA-controllo. 
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Vista la mancanza di variazioni significative, si sono volute aumentare le concentrazioni dei trattamenti e si è 
portato il tempo di esposizione a 24 ore. Tuttavia nonostante questi accorgimenti, i dati ottenuti non mostrano 
variazioni significative nella produzione di ROS intracellulari, in entrambe le linee. 
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Questi dati preliminari suggeriscono che una possibile prospettiva futura è quella di impiegare una linea 
cellulare alternativa maggiormente adatta a perseguire gli obiettivi della ricerca (a titolo di esempio, i podociti) 
o di ricercare un nuovo marker degli effetti degli AGE.  

Il lavoro di questo primo anno del progetto è stato focalizzato: i) sull’individuazione delle cellule più adatte per 
allestire in vitro un modello nel quale simulare effetti  AGE-mediati; ii) sulla ricerca di un possibile marker per 
valutare il danno cellulare. Per quel che riguarda le cellule, in questa prima fase, si è voluto optare per una 
linea cellulare ed una coltura primaria. La linea cellulare è rappresentata dalle LLC-PK1, cellule di tubulo 
renale prossimale suino, per la loro origine renale; la coltura primaria è rappresentata dalle cellule ADMEC 
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(adult dermal microvascular endothelial cells), per i noti effetti del diabete sul sistema cardiovascolare. 
Inizialmente è stata valutata la vitalità cellulare, di entrambi i tipi cellulari, in seguito a trattamento con AGE. 
Successivamente si è voluta focalizzare l’attenzione su quello che in letteratura è considerato il principale 
effetto degli AGE a livello cellulare, vale a dire lo stress ossidativo. 

Le informazioni che si desumono in questa prima fase sono: i) entrambe le linee cellulari impiegate non 
mostrano variazioni significative nella vitalità in seguito a trattamento con AGE; ii) non è stata misurata una 
variazione significativa dello stress ossidativo in seguito a trattamento con AGE. Questi dati preliminari 
suggeriscono che una possibile prospettiva futura è quella di impiegare una linea cellulare alternativa 
maggiormente adatta a perseguire gli obiettivi della ricerca (a titolo di esempio, i podociti) o di ricercare un 
nuovo marker degli effetti degli AGE.  

Nanostrutture di carbonio come vettori per farmaci a ntitumorali  
Durante il corso di questo primo anno sono stati eseguiti degli studi in vitro su 4 diversi fullereni funzionalizzati, 
individuando i più opportuni per il loro impiego come vettori per farmaci antitumorali. E’ stato possibile 
approfondire le conoscenze relative agli effetti tossicologici di questi composti e valutare la loro capacità di 
interagire con la cellula.  
I modelli di studio utilizzati sono le linee cellulari di carcinoma mammario umano MCF7 ed MCF7/ADR 
rispettivamente sensibile e resistente all’adriamicina in quanto lo scopo finale del lavoro è quello di legare al 
fullerene il chemioterapico Doxorubicina.  
Gli studi di citotossicità hanno permesso di indentificare il fullerene meno tossico per entrambe le linee cellulari 
e attraverso prove di citofluorimetria è stato possibile dimostrare come il composto si lega alla membrana 
cellulare per venire poi internalizzato anche dal fenotipo resistente (dato confermato mediante studi di 
microscopia confocale). 
 

 

 

 
 
 
 
 
 

 

 

 

 

Questi studi preliminari rappresentano la premessa razionale alla coniugazione del fullerene con l’antitumorale 
doxorubicina.  Parallelamente dovranno essere condotti degli studi atti a valutare l’effetto tossico verso cellule 
sane, allo scopo di evidenziare una possibile selettività. 

Sviluppo e validazione di vettori orali di vaccini per la pescicoltura del Friuli Venezia Giulia  

1. Focusing progettuale 
Il diagramma di flusso complessivo ed i task del secondo anno di Progetto sono riportati in figura 1. Durante il 
secondo anno di Progetto, coerentemente con le scelte operate durante il primo anno, l’attenzione dei 
ricercatori è stata focalizzata sulla troticoltura regionale (che rappresenta oltre il 17% della produzione 
Nazionale complessiva), nello specifico sulla trota iridea (Oncorhynchus mykiss) e sulla lattococcosi o 
streptococcosi ittica (causata da Lactococcus garvieae), patologia che determina il maggior numero di casi di 
infezione accertata nel comparto della pescicoltura del FVG. 

Lotti di “Bacterin” preparati di fresco e contenenti Lactococcus garvieae inattivato mediante formalina ci sono 
stati forniti dall’Istituto Zooprofilattico Sperimentale del Piemonte, Liguria e Valle d’Aosta di Torino, nell’ambito 

MCF7  MCF7 /ADR 

Cellule MCF7 e MCF7/ADR al microscopio confocale, non trattate (A) e trattate con F2-FITC 25µM (B) 

A 

B 



 FONDAZIONE CALLERIO ONLUS – ht tp: / /www.cal lerio .or g 

R E L AZ I O N E  S C I E N TI F I C A 2 0 1 0  Pagina 14 di 26 

di un contratto di collaborazione scientifica e di fornitura materiali stipulato con la Fondazione Callerio 
(T2.01.a-b2). 

Le trote iridea e le vasche necessarie ai protocolli sperimentali su larga scala in vivo sono state fornite dall’ Az. 
Agr. Trot. Erede Rossi Silvio di Rossi Niccola, Sefro (MC), impianto di Rivoli di Osoppo (UD), gestito dal 
troticultore sig. Flavio Ceneda, che è partner (non beneficiario) nell’ambito del progetto. Il sig. Flavio Ceneda 
ha messo a nostra disposizione una vasca dell’impianto  oltre che il suo know-how e la manodopera di 
supporto (T2.02.a, T2.02.b). Per le prove in vivo su piccola scala, sono state allestite delle vasche, di ridotte 
dimensioni, presso la sede di Pagnacco del Dipartimento di Scienze Animali dell’Università di Udine. 

2. Scale up produttivo 
Lo scale-up produttivo (T2.01) è stato condotto in stretta sinergia con il Dipartimento di Scienze della Vita ed il 
Dipartimento (DSV) di Scienze Farmaceutiche (SF). Le formulazioni ottimizzate in collaborazione con il DSV 
sono state utilizzate per tutti i protocolli di standardizzazione produttiva (T2.01.a1). Si è provveduto a 
sviluppare protocolli produttivi per l’ottenimento di quantità di SVO-1 (microsistemi contenenti lisozima e 
Lactococcus garvieae incorporati nel mangime) adeguate per tutte le prove di campo del 2° anno di Progetto. 
A titolo di esempio, per produrre 100 g di SVO-1 (pronto per essere incorporato nel mangime) sono state 
sufficienti 2 settimane lavorative (10 giorni). In figura 2 è rappresentata la filiera produttiva dei microsistemi. 
Diverse tipologie di pellett sono state prodotte in sinergia con DSF (vedi figura 3).  
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Figura 1  – Diagramma di flusso dell’attività operativa nel corso del secondo anno di Progetto (W.2.) Il task T2.01 è stato 
suddiviso i T2.01.a (microsistemi) e T2.01.b (nanosistemi). Le parti in comune di T2.01 sono indicate come T2.01.a-b. 

T2.01.a1 
Microsistemi (MS) 
Standardizzazione 

protocolli di 
produzione e pulizia 

impianto 

T2.01.b1 
Nanosistemi (NS) 
Standardizzazione 

protocolli di 
produzione 

T2.01.a-b2 
Ottenimento 

cellule batteriche 
(Lactococcus 

garvieae) 

T2.01.a2 
Produzione SVO1 per 

prove di campo  

T2.01.a3 
Pellettizzazione 

SVO1 per prove di 
campo 

T2.02.a 
Vaccinazioni orali con mangimi contenenti SVO1 ed SVO2 di trota iridea 

(Oncorhynchus mykiss) contro Lactococcus garvieae (agente eziologico della 
lattococcosi ittica). 

T2.03 
Valutazione indice di protezione, e 

valutazione variazioni di peso. Analisi 
campioni biologici. Valutazioni generali. 

T2.01.b2 
Produzione SVO2 per 

prove di campo  

T2.01.b3 
Pellettizzazione SVO2 

per prove di campo 

T2.01.a-b1 
Ottimizzazione e 
caratterizzazione 

formulazioni  

T2.01.a-b3 
Prove di 

compattazione e 
pellettizzazione 
pre-industriali  

T2.02.b 
Prove di variazione di peso dopo somministrazione di SVO1 nel contesto della 

prova di campo. 

Altre voci W.2  
Pubblicazioni, presentazione a 

Congressi, seminari, diffusione su 
Internet 
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Figura 2  – Schema analitico dell’impianto e del ciclo produttivo atto a produrre i microsistemi utilizzati per ottenere i 
sistemi vaccinali orali (SVO-1). 

 

  
Figura 3  – due delle 15 diverse tipologie di pellett prodotte incorporando i sistemi vaccinali orali (SVO1 o SVO2) con 
tecnologie e formulazioni diverse. 
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Durante il secondo anno di progetto, nel contesto di T2.01.a-b3 sono state prodotte e caratterizzate 15 diverse 
tipologie di pellet di mangime. 

3. Prove di campo 
Le prove di campo sono in fase di completamento presso gli impianti dall’ Az. Agr. Trot. Erede Rossi Silvio di 
Rossi Niccola, Sefro (MC), impianto di Rivoli di Osoppo (UD), gestito dal troticoltore sig. Flavio Ceneda e 
presso le vasche di Pagnacco del Dipartimento di Scienze Animali dell’Università di Udine. L’experimental 
design delle prove di campo è presentato sinteticamente nella figura 4. 

 

Tempi   �  

 

Gruppi 

    �  

0-14 gg 

acclim. 

15 gg 

pesata 

prelievo 
siero 

15-24 
gg 

I° vacc. 
orale 

24 gg 

 

I° 
vacc. 

IP 

42 gg 

pesata 

prelievo 
siero  

46-55 gg 

II° vacc. 
orale 

62 gg 

pesata 

prelievo 
siero  

85-100 gg 

challenge a 
45 gg post 
richiamo 

 

110 gg 

pesata 

CTR  - - n. 5 - n. 5 n. 20  

CTR  - - n. 5 - n. 5 n. 20  

IP (solo 
bacterin) 

 - IP n. 10 - n. 10 n. 30  

SVO1 + SVO1 
(senza batteri) 

 SVO1 

senza 
batteri 

- n. 10 SVO1 

senza 
batteri 

n. 10 n. 30  

SVO1+SVO1  SVO1 - n. 5 SVO1 n. 5 n. 20  

SVO1+SVO1  SVO1 - n. 5 SVO1 n. 5 n. 20  

SVO2+SVO2  SVO2 - n. 5 SVO2 n. 5 n. 20  

SVO2+SVO2  SVO2 - n. 5 SVO2 n. 5 n. 20  

IP+SVO1  - IP  SVO1 n. 5 n. 20  

IP+SVO1  - IP  SVO1 n. 5 n. 20  

IP+SVO2  - IP  SVO2 n. 5 n. 20  

IP+SVO2  

n. 15 

- IP  SVO2 n. 5 n. 20  

Figura 4  – Schema riassuntivo delle prove per la validazione sul campo degli SVO1 e degli SVO2 per la vaccinazione 
orale di trota iridea contro la lattococcosi ittica. Le prove sono in fase di completamento. IP:vaccinazione intra-peritoneale 
di controllo; CTR: controlli assoluti. 

Stabilizzazione di una colonia di topi geneticament e modificati  
Per tale lavoro si è reso necessario effettuare gli accoppiamenti fra gli animali portatori della mutazione, 
seguire la nascita delle cucciolate, dividere le stesse una volta raggiunta l’età dello svezzamento, tipizzare i 
nuovi riproduttori per espandere la colonia. 

Il topo in oggetto, presentando questa malattia che lo rende parzialmente immunosoppresso, deve essere 
mantenuto in condizioni sterili, per cui, a differenza di altre colonie mantenute nello stabulario in condizioni 
microbiologiche convenzionali, la colonia è stata stabulata in armadio ventilato, le operazioni necessarie sono 
state espletate sotto cappa a flusso laminare verticale e tutto il materiale da usare è stato sterilizzato. 
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Gruppi di animali adulti sono stati avviati alla sperimentazione, che è consistita nell’inoculo di microorganismi e 
nello studio della risposta del topo all’evoluzione della loro crescita dopo trattamento degli animali con 
opportune sostanze in grado di sopperire all’immunosoppressione. 

In questa fase, gli animali oltre ad essere stati mantenuti in condizioni sterili come sopra, hanno richiesto 
procedure particolari per l'inattivazione del patogeno. 

&�,,���������	�������$����	-��+��	��	�++������.	
I risultati riportati brevemente nel paragrafo precedente, sono stati organizzati in lavori scientifici pubblicati su 
riviste specialistiche a carattere internazionale, con sistema di peer reviewing. I lavori sono il risultato dello 
svolgimento dei progetti di ricerca della Fondazione Callerio che, come si può dedurre dagli autori degli stessi,  
sono state condotte nell’ambito di strette collaborazioni con ricercatori di altre istituzioni. 

1. Bergamo A, Masi A, Peacock AFA, Habtemariam A, Sadler PJ, Sava G. In vivo tumour and metastasis 
reduction and in vitro effects on invasion assays of the ruthenium RM175 and osmium AFAP51 
organometallics in the mammary cancer model. J Inorg Biochem, 104: 79-86, 2010. 

2. Gianferrara T, Bergamo A, Bratsos I, Milani B, Spagnul C, Sava G, Alessio E. Ruthenium-phorphyrin 
conjugates with cytotoxic and phtotoxic antitumor activity. J Med Chem, 53: 4678-904, 2010. 
ISBN/ISSN: 0022-2623. 

&������������	�����	�/�	+������	�	���(����	�	������ ���	
 

1. EUROBIC10, June 22-26, 2010, Thessaloniki, Greece,  Targeting Integrins and Modulating Invasion 
and Metastasis with Metal-Based Drugs. A. Masi, A. Bergamo, H. Eble, P.J. Dyson, G. Sava 

2. 5th International Symposium on Bioorganometallic Chemi stry , July 05-09, 2010, Ruhr Universität 
Bochum, Germany. Preclinical Development of Metal-Based Compounds: Set Up of a Plastic Mouse 
Model. A. Bergamo, V. Vidimar, D. Gallo, G. Chiaruttini, and G. Sava. 

3. Ibidem.  RAPTA-T interacts with � 1� 1 integrin at the molecular level. A. Schmidt-Hederich, M. Grössl, 
A. Masi, A. Bergamo, G. Sava, P.J. Dyson, and J.A. Eble. 

4. Ibidem . Apoptosis induction and cytotoxicity by metal-based drugs: lights and shadows of DNA. G. 
Sava and A. Bergamo. 

5. NanotechItaly 2010, International Conference , 20-22 Ottobre 2010, Mestre (Ve), Italy.  Fullerene 
derivatives as carriers for anticancer drugs. M. Lucafò, S. Pacor, C. Fabbro, A. Mantellano Lopez, S. 
Zorzet, T. Da Ros, M. Prato, G. Sava. 
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Continuando una tradizione iniziata nel 1999, nell’ambito delle collaborazioni di ricerca, la Fondazione Callerio 
sostiene l’onere delle risorse necessarie a finanziare le ricerche di giovani neolaureati, risultati idonei per la 
frequenza di corsi di Dottorato di Ricerca degli Atenei di Padova e di Trieste. 

In particolare, nel corso del 2010 nei laboratori della Fondazione Callerio sono ospitati: 

La dott. Vania Vidimar , al secondo anno di dottorato della Scuola di Dottorato in Scienze Farmacologiche 
dell’Università di Padova, che sta conducendo ricerche sul tema ‘Ottimizzazione di un sistema di co-cultura di 
epatociti e di cellule tumorali per lo sviluppo di un bireattore che simula il processo metastatico’. Supervisor, 
prof. Gianni Sava; Tutor, dott. Alberta Bergamo. 

La dott. Marianna Lucafò,  al primo anno di dottorato della Scuola di Dottorato in  Nanotecnologie 
dell’Università di Trieste, che sta conducendo ricerche sul tema “Study of carbon nanostructures as carriers for 
drugs for cancer chemotherapy”. Supervisor, prof. Gianni Sava; Tutors, prof. Sonia Zorzet, dott. Sabrina Pacor 
del Dipartimento di Scienze della Vita e Tatiana Da Ros del Dipartimento di Scienze Farmaceutiche 
dell’Università di Trieste. 

Il dott. Davide Gallo , al primo anno di dottorato della Scuola di Dottorato in Scienze Farmacologiche 
dell’Università di Padova, che sta conducendo ricerche sul tema ‘Lisozima, una piccola proteina 
multiregolatoria come strumento chemopreventivo della nefropatia diabetica’. Supervisor, prof. Gianni Sava; 
Tutor, dott. Moreno Cocchietto. 


����������	��	 ���	��	���������	�(����	���	��,���� ���	�����	����������	
�������	�����	

Dottorando: dott. Alessia Masi 
PhD program in Molecular Biomedicine, University of Trieste 
Targeting integrins and modulating invasion and met astasis with metal based drugs 
Supervisor: prof. Gianni Sava; Tutor: dott. Alberta Bergamo; External advisor: prof. Paul J Dyson. 


����������	 ��	  ���	 ��	 ���������	 ����������	 ����	 �� ������	 ���	 ������������	 �����	 ����������	

�������	�����	

Dottorando: dott. Luisa Creatti 
PhD in Scienze Biomolecolari, University of Trieste 
Studi sulle interazioni tra peptidi di difesa dell’o spite e cellule dell’immunità 
Supervisore: prof. Alessandro Tossi; Tutore: dott. Sabrina Pacor. 

��������������	��	���(����3���������3��*�����	
In collaborazione con la facoltà di Scienze Matematiche, Fisiche e Naturali dell’Università degli Studi di Trieste 
è stato organizzato il seminario “La farmacogenomica della leucemia linfoblastica acuta” tenuto dal dott. G. 
Stocco, Dept. Pharmaceutical Science, St. Jude Children’s Research Hospital, Memphis, TN, il 19 maggio 
2010. 

La Fondazione, sede della coordinazione del WG 003 dell’Action COST D39, ha organizzato un Joint Meeting 
tra il WG 001 (Bio-organometallic drugs) coordinato dal prof. Roger Alberto di Zurigo, il WG 003 (New targets 
for metal-based drugs: beyond DNA) coordinato dal prof. Gianni Sava da Trieste, e il WG 006 (Pt-based 
metallo-drugs: beyond cisplatin and its analogs)�coordinato dal prof. Wolfgang Weigand dell’Università di Jena,�
dell’Action COST D39, a Bochum (Germania), presso l’Università, nei giorni 6-7 luglio 2010. Al workshop, 
hanno contribuito con presentazioni orali e poster numerosi ricercatori provenienti dalle Università associate ai 
tre WG. Il Joint Meeting ha avuto luogo in associazione con il convegno internazionale ISBOMC’10 
(International Symposium on Bioorganometallic Chemistry) che riuniva per la 5° edizione i ricercatori attivi  
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nella chimica bioorganometallica dal 5 al 9 luglio 2010 nella stessa sede. Il programma viene riportato di 
seguito. 
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Partecipanti al Joint Meeting WG001, WG003, WG006 all’Università di Bochum, Germania. 

Il prof. Sava, per conto della società SIGEA, proprietaria del farmaco antitumorale NAMI-A, ha organizzato un 
workshop ad Amsterdam, presso il Netherlands Cancer Institute, coinvolgendo ricercatori di base e clinici che 
stanno facendo la sperimentazione clinica di fase II. Per la Fondazione Callerio partecipa la dott. Alberta 
Bergamo che presenta dati di studi sul meccanismo d’azione del NAMI-A. Il workshop, organizzato per la 
parte scientifica nella mattinata del 26 novembre 2010 è stato preceduto da una cena di lavoro con tutti i 
relatori per discutere la progressione della sperimentazione del farmaco in oggetto. L’agenda dell’evento è 
riportata integralmente di seguito. 

WORKSHOP 

RUTHENIUM-BASED DRUG CANDIDATES: 
A NEW FRONTIER TO APPROACH TUMOUR THERAPY 

Amsterdam, NKI, 25-26 November 2010 
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25 November 2010  

20.30: Get together dinner at The Silver Mirror (Kattengat 4-6, Amsterdam) 

26 November 2010  

Chairmen: Gianni Sava and Jan H. Schellens 

08.30-08.40: Roberto Bianchi (President SIGEA) 
08.40-09.15: Gianni Sava (University of Trieste) – Overview on ruthenium anticancer 

drugs 
09.15-09.55: Christian Gaiddon (University of Strasbourgh) – Organometallic 

ruthenium-derived compounds: a heterogenous family of anticancer drugs 
with multiple faces 

09.55-10.35: Alberta Bergamo (Callerio Foundation Onlus) – Recent acquisitions on 
the mode of anticancer activity of NAMI-A 

10.35-10.50: Coffee break 

10.50-11.30: Jan HM Schellens (NKI Amsterdam) – NAMI-A in the clinical use 
11.30-12.10: Jos H Beijnen (NKI Amsterdam) – Pharmaceutical and PK profile of 

NAMI-A 
12.10-12.30: General discussion and conclusion 
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La Fondazione Callerio Onlus, con il direttore scientifico e/o con i propri ricercatori, ha partecipato ad eventi 
che hanno permesso di mantenere i contatti e di stabilire interazioni con realtà politiche e con altre strutture di 
ricerca sia in ambito regionale sia in quello nazionale ed internazionale. Lo scopo principale è quello di 
mantenere una presenza attiva nelle attività scientifiche che riguardano i settori di ricerca attivati nei laboratori 
della Fondazione stessa o nell’ambito delle collaborazioni nazionali ed internazionali esistenti. 

“L’innovazione in agricoltura e in itticoltura” – V illa Manin  
La Fondazione Callerio Onlus ha partecipato 16 aprile 2010 ad un meeting organizzato dalla Regione Friuli Venezia 
Giulia sull’innovazione in agricoltura e in itticoltura, presso la sala riunioni di Villa Manin, Passariano di Codroipo, 
Udine. Il meeting è stato occasione per: 

·  fare il punto su “cosa e come” è stato fatto, sia a livello di investimenti in azienda che di ricerca e 
sperimentazione, in termini di finanziamenti e di ricadute sull’intero settore produttivo regionale; 

·  illustrare le principali novità introdotte dal Regolamento; 
·  pilotare i fruitori e/o i tecnici ad un corretto utilizzo della modulistica predisposta. 

La giornata ha inoltre avuto la funzione di far incontrare chi ha già fruito delle opportunità offerte dalla legge e chi 
intende usufruirne per il futuro, per stimolare un dibattito che consenta ai possibili fruitori di utilizzare al meglio lo 
strumento normativo e finanziario. 

“Mappatura delle realtà di Ricerca locali” AREA Pad riciano  
La Fondazione Callerio ha partecipato il 27 aprile 2010 ad un incontro per discutere sulla mappatura delle realtà 
scientifiche locali, presso la sala delle conferenze di AREA Science Park di Padriciano. Scopo della mappatura sarà 
quella di offrire ai decision makers un prospetto delle realtà di Ricerca locali per utilizzi futuri. 

BIP Research 2010  

L’evento si è articolato in due fasi: nella prima c’è stato un incontro virtuale tra i partecipanti per entrare in 
contatto su temi di reciproco interesse allo scopo di fissare un'agenda di incontri “reali” su cui è stata 
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focalizzata la seconda fase del progetto dal 19 al 21 maggio 2010, presso Fiera MilanoCity. Durante questa 
fase i ricercatori della Fondazione Callerio Onlus hanno incontrato rappresentanti di Z-cube, Indena, L’Oréal 
ed Artsana , presentando il microsistema per la veicolazione orale di principi biologicamente attivi ed il relativo 
impianto produttivo, e con rappresentanti di C4T s.c. a R.L.  sul potenziale interesse comune relativo allo 
sviluppo del progetto “The Plastic Mouse”. 

L'iniziativa è stata promossa da Emblema, IDC Italia e Mind-Mercatis con la collaborazione della Fondazione 
CRUI (Conferenza dei Rettori delle Università Italiane). 
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Dott. Alberta Bergamo 
5th International Symposium on Bioorganometallic Chemistry, ISBOMC ’10. July 05-09, 2010, Ruhr Universität 

Bocum, Germany. 
XIII Seminario Nazionale per Dottorandi in Farmacologia e Scienze Affini, Siena, Certosa di Pontignano, 20-23 

settembre 2010. 
Seminario di informazione e formazione: Banca dati Isi Web of Science. Università degli Studi di Trieste, 

Centracon, Centro Servizi di Ateneo per il trasferimento delle Conoscenze, Trieste, 13 ottobre 2010. 

Dott. Moreno Cocchietto 
26 maggio 2010, Dipartimento di Scienze della Vita dell’Università degli Studi di Trieste. Seminario dal titolo: 
“Idrogel polisaccaridici per il drug delivery: preparazione e caratterizzazione” prof.ssa Tommasina Coviello, Dip. Di 
Chimica e Tecnologie del Farmaco Università degli Studi “La Sapienza”, Roma. 

Dott. Davide Gallo 
3 Febbraio 2010 - Università degli Studi di Padova - Introduzione alla PCR e alla PCR quantitativa - Dr. 
Massimo Barbierato. 
3 Febbraio 2010 - Università degli Studi di Padova - Meccanismi di resistenza dei tumori alla terapia anti-
angiogenica - Dr. Stefano Indraccolo. 
9 Febbraio 2010 - Università degli Studi di Padova - Saxagliptin - Dr. Peter Fenici, Dr. Teodoro Piliego. 
9 Febbraio 2010 - Università degli Studi di Padova - Programmi internazionali di mobilità per la formazione 
post-lauream - Prof. Luciano Saso. 
1 Marzo 2010 - Università degli Studi di Padova - Obesità, diabete e sirtuine: le dinamiche metaboliche che 
accorciano la vita - Prof. Angelo Avogaro. 
10 Maggio 2010 - Università degli Studi di Trieste - Combining atomic force microscopy with micro-electrode 
arrays for studying the mechano-electrical behaviour of cardiac myocytes - Dr. Jose F. Saenz. 
19 Maggio 2010 - Università degli Studi di Trieste - La farmacogenomica della leucemia linfoblastica acuta – 
Dr. Gabriele Stocco.  
26 Maggio 2010 - Università degli Studi di Trieste - Idrogel polisaccaridici per il drug delivery: preparazione e 
caratterizzazione - Prof.ssa Tommasina Coviello. 
20-23 Settembre 2010 - Siena, Certosa di Pontignano - XIV Seminario Nazionale per Dottorandi in 
Farmacologia e Scienze Affini.   

Dott. Marianna Lucafò 
18-20 Gennaio 2010 – Trieste – Workshop of the School of Nanotechnology 
20-23 Settembre 2010 – Certosa di Pontignano, Siena – XIV° seminario nazionale per dottorandi in 
Farmacologia e Scienze Affini 

Dott. Vania Vidimar 
20-23 Settembre 2010 – Certosa di Pontignano, Siena – XIV° seminario nazionale per dottorandi in 
Farmacologia e Scienze Affini�
Dott. Francesca de Guarrini 
08-10 Giugno 2010 – Centro europeo di ricerca sul cervello, Roma -  Corso su uso della statistica nella ricerca 
biomedica. 
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15-17  e 22-24 Novembre 2010 - Centro europeo di ricerca sul cervello, Roma -  Corso di formazione su 
scienza degli animali da laboratorio, edizione 2010. 

 ���	��	������	��	����������	
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I laboratori della Fondazione, in particolare LINFA (colture cellulari, preparazioni istologiche, e citometria a flusso) 
sono stati oggetto di frequenza da parte di studenti della Facoltà di Farmacia dell'Università degli Studi di Trieste, 
sotto la guida di docenti di quelle Facoltà ed autorizzati alla frequenza nella Fondazione, per la messa a punto della 
tesi di laurea sperimentale. I ricercatori della Fondazione Callerio onlus sono stati direttamente responsabili 
dell’assistenza tutoriale al lavoro svolto da parte degli studenti, come risulta dalla firma apposta sulla tesi in qualità di 
correlatori. 
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Laureando: Manuela Medelin 
Laurea Magistrale in Chimica e Tecnologia Farmaceutiche 
Effetti di composti organometallici di rutenio con ligandi N-eterociclo carbene nelle fasi della 
progressione metastatica 
Relatore: Gianni Sava; Correlatore: Alberta Bergamo 
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Laureando: Ilaria Basile 
Laurea Magistrale in Chimica e Tecnologia Farmaceutiche 
Messa a punto di un metodo citofluorimetrico per sa ggi di fagociti con batteri-GFP 
Relatore: Sabrina Pacor; Correlatore: Chiara Pelillo 

Laureando: Martina Sepulcri 
Laurea Magistrale in Chimica e Tecnologia Farmaceutiche 
Studio di fullereni funzionalizzati come vettori pe r farmaci 
Relatore: Sabrina Pacor; Correlatore: Marianna Lucafò 

Laureando: Maja Kapic 
Laurea Magistrale in Chimica e Tecnologia Farmaceutiche 
Analisi degli effetti biologici e molecolari indott i dall’esposizione ad hBD2 in cellule APC 
Relatore: Sabrina Pacor; Correlatore: Francesca Morgera 
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In vivo tumour and metastasis reduction and in vitro effects on invasion
assays of the ruthenium RM175 and osmium AFAP51 organometallics
in the mammary cancer model
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a b s t r a c t

We have compared the organometallic arene complexes [( g 6-biphenyl)M(ethylenediamine)Cl] + RM175
(M = RuII) and its isostructural osmium(II) analogue AFAP51 (M = Os II) for their ability to induce cell
detachment resistance from “bronectin, collagen IV and poly- L-lysine, and cell re-adhesion after treat-
ment, their effects on cell migration and cell viability, on matrix metalloproteinases production, and
on primary tumour growth of MCa mammary carcinoma, the effect of human serum albumin on their
cytotoxicity. There are differences between ruthenium and osmium. The Os complex is up to 6 � more
potent than RM175 towards highly-invasive breast MDA-MB-231, human breast MCF-7 and human epi-
thelial HBL-100 cancer cells, but whereas RM175 was active against MCa mammary carcinoma in vivo
and caused metastasis reduction, AFAP51 was not. Intriguingly the presence of human serum albumin
in the growth medium enhanced the cytotoxicity of both compounds. RM175 increased the resistance
of MDA-MB-231 cells to detachment from substrates and both compounds inhibited the production of
MMP-2. These data con“rm the key role of ruthenium itself in anti-metastatic activity. It will be interest-
ing to explore the activity of osmium arene complexes in other tumour models and the possibility of
changing the non-arene ligands to tune the anticancer activity of osmium in vivo.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

Despite the progress in medicine, metastases cause 90% of
deaths from solid tumours and display a remarkably diverse set
of clinical manifestations. Research on drugs based on metal com-
pounds offers promise in this “ght [1,2] . Inorganic chemistry offers
wide scope for the design of novel drugs based on the coordination
and redox properties of metal ions [3] , and the exploration of
medicinal applications is driven by the necessity to “ll the unmet
needs of tumour chemotherapy. In particular these needs include
the minimisation of undesirable side-effects, overcoming the resis-
tance problem, enlarging the spectrum of activity to more tumour
types and to metastatic (secondary) cancers.

Ruthenium compounds, as an alternative to platinum-based tu-
mour inhibitors, are receiving a great attention [4,5] and two
ruthenium(III) compounds have successfully concluded a phase I
clinical trial [6,7] . KP1019 [8] , known for its activity against cis-

platin-resistant colorectal carcinoma and NAMI-A [9] a lead com-
pound for its ability to combat the development of metastasis of
solid tumours.

Os

Cl
H2N

NH2

+

Ru

Cl
H2N

NH2

+

RM175 AFAP51

The hypothesis [10] that ruthenium(III) complexes are pro-drugs
which are activated by reduction suggests that Ru II may be an
important component of the “nal reactive drug and this has stim-
ulated investigations of the activity of Ru II complexes themselves.
Arene ligands stabilise Ru II and various classes of organometallic
half-sandwich Ru II compounds have been found to be active both
in vitro and in vivo [11…13]. Amongst these is the biphenyl ethy-

0162-0134/$ - see front matter � 2009 Elsevier Inc. All rights reserved.
doi: 10.1016/j.jinorgbio.2009.10.005
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lenediamine chlorido complex RM175. RM175 exhibits in vitro
cytotoxic effects similar or greater than those of carboplatin [12] ,
without cross resistance with other platinum drugs, induces
in vitro G1 and G2 growth arrest and apoptosis [14] , and a signif-
icant growth delay of tumours in vivo [12,15] .

The aim of the present study was to evaluate the effects of
RM175 in an in vitro model of tumour invasion and metastasis.
For this purpose we investigated the role of the metal centre by
comparing the ruthenium complex RM175 with its osmium ana-
logue AFAP51. In general organometallic half-sandwich Ru II and
OsII complexes have similar (often almost identical) structures
but differ in their rates of reaction, often ca. 100 � slower for Os II,
and with an increased acidity of its aqua adducts (by ca. 1.5 p Ka
units) [16,17] . Hydrolysis of the chlorido adducts appears to play
a role in intracellular activation. Although isostructural with
RM175, the OsII complex AFAP51 hydrolyses more slowly and re-
acts more slowly with nucleobases [17] although like RM175 it is
active towards human lung and ovarian cancer cells in vitro [18] .
Interestingly, initial experiments have shown that the Os II complex
can induce unwinding of plasmid DNA to a greater extent than
either the Ru II analogue or cisplatin but causes little DNA bending
[19,20] .

Metastatic progression is mimicked in vitro by opportune
experiments to study cell detachment from the primary tumour,
extracellular matrix degradation, migratory ability, invasion and
re-adherence to a substrate, using cell lines of the mammary gland
with different degree of aggressiveness: MDA-MB-231, a highly-
invasive breast cancer cell line, MCF-7 a tumorigenic but non-inva-
sive cell line, and HBL-100 a non-tumorigenic cell line of the
mammary epithelium. The in vitro study is compared with the
anti-tumour and anti-metastatic effects of the same compounds
in vivo in the mouse model of MCa mammary carcinoma.

2. Materials and methods

2.1. Drugs and reagents

AFAP51, [(g 6-biphenyl)Os(ethylenediamine)Cl]BF 4, was pre-
pared as described previously [18] by re”uxing the chlorido-
bridged dimer, [( g 6-biphenyl)OsCl 2]2, and ethylenediamine in
methanol, followed by the addition of NH 4BF4 so as to generate
the BF�

4 salt. The complex was puri“ed by Soxhlet extraction with
dichloromethane, with purity con“rmed by both 1H NMR (>99%)
and CHN analysis.

The ruthenium complex RM175 was prepared by a similar route
[11,18] starting from the chlorido-bridged dimer [( g 6-biphe-
nyl)RuCl2]2 except as a PF�

6 salt and was puri“ed similarly by Soxh-
let extraction. The purity as determined by 1H NMR spectroscopy
was ca 99%, and the CHN elemental analysis again showed excel-
lent agreement between the calculated and experimentally-deter-
mined values.

All reagents were purchased from Sigma…Aldrich (St. Louis, MO)
unless otherwise indicated.

2.2. Tumour cell lines for in vitro tests

The MDA-MB-231 human highly-invasive breast cancer cell line
was kindly supplied by Dr. P. Spessotto (Cro, Aviano, Italy), and
maintained in Dulbecco•s modi“ed Eagle•s medium (EuroClone � ,
Devon, UK) supplemented with 10% fetal bovine serum (FBS, Gibco,
Invitrogen TM, Paisley, Scotland, UK), 2 mM L-glutamine (EuroClone � ,
Devon, UK), 1% non-essential aminoacids, and 100 IU/mL penicillin
and 100 l g/mL streptomycin (EuroClone � , Devon, UK).

The MCF-7 human breast cancer cell line was obtained from the
American Type Culture Collection (Manassas, VA; catalogue num-

ber HTB-22) and maintained in Dulbecco•s modi“ed Eagle•s med-
ium/F12 medium 1:1 v/v (EuroClone � , Devon, UK) supplemented
with 10% FBS, 2 mM L-glutamine, and 100 IU/mL penicillin and
100 l g/mL streptomycin.

The HBL-100 human non-tumorigenic epithelial cell line was
kindly supplied by Dr. G. Decorti (Department of Biomedical Sci-
ences, University of Trieste, Italy), and maintained in McCoy•s 5A
medium supplemented with 10% FBS, 2 mM L-glutamine, and
100 IU/mL penicillin and 100 l g/mL streptomycin.

All cell lines were kept in a CO 2 incubator with 5% CO 2 and 100%
relative humidity at 37 � C. Cells from a con”uent monolayer were
removed from ”asks by a trypsin…EDTA solution. Cell viability was
determined by the trypan blue dye exclusion test. For experimental
purposes cells were sown in multiwell culture clusters.

2.3. Resistance to detachment assay

The ability of cells to resist detachment after treatment with
RM175 and AFAP51 was measured by the following procedure.
Ninety-six well plastic plates (Corning Costar, Milano, Italy) were
coated with the following substrates: 10 l g/mL poly- L-lysine,
20 l g/mL “bronectin from human plasma, and 20 l g/mL collagen
IV from human placenta, and left in a humidi“ed cell-culture
chamber at 37 � C for 4 h. Before cell seeding, plates were washed
with CMF-DPBS (calcium and magnesium-free Dulbecco•s phos-
phate buffered saline), then 6 � 103 cells in 0.2 mL complete med-
ium were sown in each well. After 2 days at 37 � C, complete
medium was replaced with serum-starved medium, containing
0.1% w/v BSA (bovine serum albumin). After 24 h the medium
was removed and the plates washed with CMF-DPBS, before the
treatment with 10 � 4 M RM175 or AFAP51, dissolved in DPBS,
was added to the wells and incubated for 1 h. At the end of the
treatment, the RM175- and AFAP51- containing solutions were re-
moved, the plates were washed twice with CMF-DPBS, and a
0.008% w/v trypsin solution added to each well. Plates were kept
in agitation for 30 min at room temperature then the trypsin solu-
tion was removed and wells washed with CMF-DPBS. Cells that
were still adherent to the plates were detected by the sulforhoda-
mine B (SRB) test. Resistance to detachment is expressed in arbi-
trary units, calculated by dividing the mean absorbance of
treated cells by the mean absorbance of control cells. The resis-
tance to detachment of controls is set equal to 1.

2.4. Re-adhesion assay

The effect on the ability of the cells to re-adhere after RM175
and AFAP51 treatment, was studied in cells maintained for 24 h
in serum-starved medium, and then treated for 1 h with 10 � 4 M
RM175 or AFAP51 in DPBS. At the end of the treatment cells were
removed from ”asks by a trypsin…EDTA solution, collected by cen-
trifugation, re-suspended in serum-starved medium supplemented
with 0.1% w/v BSA and kept for 30 min at room temperature to al-
low surface receptor reconstitution. The cells were then seeded at a
density of 1 � 104 cells in 0.1 mL/well on 96-well plastic plates
previously coated as described above with poly- L-lysine, “bronec-
tin, collagen IV or 20 l g/mL Matrigel � (BD, Biosciences, San Josè,
CA). Cells were left to adhere for 60 min at 37 � C with 5% CO2

and 100% relative humidity, then the medium containing the
non-adherent cells was removed and wells were gently washed
with CMF-DPBS. Cells that had adhered to the substrates in
60 min were detected by the sulforhodamine B (SRB) test.

2.5. Sulforhodamine B assay

Adherent cells were detected with the SRB test described by
Skehan et al. [21] . Brie”y, adherent cells were “xed with 10% v/v
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cold trichloroacetic acid (TCA) at 4 � C for 1 h. After “xation TCA
was discarded and wells washed “ve times with distilled water
and air-dried. SRB solution (0.4%, w/v, in 1% acetic acid) was added
to the wells and plates were kept for 30 min at room temperature.
Unbound SRB was removed by washing three times with 1% acetic
acid. Plates were air-dried, then bound stain was dissolved with
un-buffered 10 mM Tris base (Tris-hydroxymethyl-aminometh-
ane) at pH 10.5 and the absorbance was read at 570 nm with an
automatic computerised spectrophotometer (SpectraCount; Pack-
ard, Meriden, CT).

2.6. Migration assays

Migratory ability resulting from a haptotactic or a chemotactic
stimulus was measured in Transwell � cell-culture chambers (Cost-
ar, Milano, Italy). In the haptotaxis assay, the lower surface of the a
polyvinylpyrrolidone-free polycarbonate “lter (8- l m pore size)
was coated with 10 l g/mL “bronectin and left in an humidi“ed
cell-culture chamber at 37 � C for 2 h, then washed with CMF-DPBS
before cell seeding. In the chemotaxis assay, inserts were used
without coating. Cells were treated for 1 h with RM175 and
AFAP51 10� 4 M in DPBS. After treatment cells were removed with
a trypsin…EDTA solution, collected by centrifugation, re-suspended
in serum-starved medium supplemented with 0.1% w/v BSA and
1 � 105 cells in 0.2 mL were sown in the upper compartment of
each chamber. The lower compartment was “lled with serum-
starved medium supplemented with 0.1% w/v BSA, and with com-
plete medium for the haptotaxis and the chemotaxis assays,
respectively.

Cells were left to migrate for 24 h, then the cells on the upper
surface of the “lters were removed with a cotton swab and migrat-
ing cells, present in the lower surface, were detected by the crystal
violet assay.

2.7. Invasion assay

Invasive ability was measured in a Transwell � cell-culture
chamber according to the method of Albini et al. [22] . Brie”y, the
upper surface of the polycarbonate “lter (8 l m pore size) of Trans-
well � cell-culture chambers was coated with 50 l L of a 600 l g/mL
Matrigel � solution and air-dried overnight at room temperature.
The “lters were re-constituted with DMEM medium for 90 min un-
der gently shaking immediately before use. Cells were treated as
described for the migration assays and 0.5 � 105 cells in 0.2 mL
were sown in each chamber. Cells were left to invade for 96 h, then
the cells on the upper surface of the “lters were removed with a
cotton swab and invading cells, present in the lower surface, were
detected by the crystal violet assay.

2.8. Crystal violet assay

The crystal violet assay was performed according to the method
described by Kueng et al. [23] . Brie”y, the cells present on the low-
er surface of the “lter were “xed with a 1.1% w/v glutaraldehyde
solution for 15 min. After “xation, the wells were washed three
times with distilled water and air-dried. Cells were stained for
20 min with 0.1% w/v crystal violet prepared in 200 mM boric acid,
pH 9.0, then washed three times with distilled water and air-dried
prior to dissolving the dye with 10% acetic acid solution. The absor-
bance was read at 590 nm with an automatic computerised spec-
trophotometer (SpectraCount; Packard, Meriden, CT).

2.9. Cell viability

Cells were sown on 96-well plates 24 h before being incubated
with 10 � 6…10� 4 M RM175 or 10 � 5…10� 3 M AFAP51, in culture

medium containing 5% FBS, for 24 h. Analysis was performed at
the end of the incubation time by the MTT [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide] viability test [24] .
Brie”y, a solution of MTT dissolved in CMF-DPBS (5 mg/mL) was
added to each well (10 l L per 100 l L of medium) and the plates
were incubated at 37 � C with 5% CO2 and 100% relative humidity
for 4 h. After this time, the medium was discarded and 200 l L of
DMSO was added to each well to dissolve the formazan crystals.
The absorbance was measured at 570 nm with an automatic
computerised spectrophotometer (SpectraCount; Packard, Meri-
den, CT).

Moreover the same test was used also to evaluate if treatment
with RM175 and AFAP51, under the experimental conditions
adopted for the migration assays, affects cell viability. Cells were
treated as described above for migration tests, except they were
seeded on 96 well plates. After 24 h the cell viability was measured
by the MTT assay.

2.10. Effect of HSA on cytotoxic activity of RM175 and AFAP51

This experiment was performed to evaluate if the binding of
RM175 and AFAP51 to HSA could in”uence the cytotoxic activity
of the two metal compounds in the highly invasive MDA-MB-231
cell line, in comparison to the compound alone. Cells were sown
on 96-well plates 24 h before incubation with RM175 and AFAP51
in presence or absence of HSA at scalar concentrations for 24 h.

RM175 and AFAP51 were tested at dose levels corresponding
for each compound to 1/5 of the IC 50 calculated after a 24 h cell
exposure. Each compound concentration was combined with HSA
concentrations in order to obtain the following ratios between
the compound and HSA: 1/1, 1/5, 1/10. At the end of the incubation
time the treatment solution was removed and replaced with com-
plete medium containing 5% of FBS for an additional 48 h, after
which the cell viability was measured by the MTT assay.

2.11. Zymography

To visualise the direct effect of RM175 and AFAP51 on the activ-
ity and/or production of MMP-2 and MMP-9 enzymes, SDS…PAGE
zymography was carried out with conditioned medium of MDA-
MB-231 and HBL-100 cells. Cells at 70% con”uence were incubated
for 24 h in serum-starved medium containing 0.1% w/v BSA, before
being treated with 10 � 4 M RM175 or AFAP51 for 1 h. At the end of
the treatment, the RM175 and AFAP51 solutions were discarded
and complete serum-free medium containing 0.1% w/v BSA was
added for a further 24 h. Culture media were then collected, centri-
fuged to remove cellular debris, then concentrated ca. 15 times
using Amicon � Ultra-15 30,000 nominal molecular weight cut-off
centrifugal “lter devices (Millipore Corporation, Bedford, MA).
The conditioned media obtained were stored at � 80 � C until use.
Equal amounts of proteins for each sample, as determined by the
Bradford method [25] , were eluted with Laemmli non-reducing
sample buffer and analysed by SDS…PAGE on a 7% polyacrylamide
gel containing 0.1% w/v gelatine. At the end of the electrophoresis
in a dual-laboratory system (Protean II, Bio-Rad Laboratories,
Hercules, CA), the gels were washed two times for 30 min at 4 � C
in 2.5% v/v Triton X-100 to remove SDS. After additional washing
in water (three times for 5 min), the gels were incubated at
37 � C overnight in collagenase buffer [200 mM NaCl, 50 mM
tris(hydroxymethyl)aminomethane, 5 mM CaCl 2, adjusted to pH
7.4] to reactivate enzyme activity. The gels were then stained with
0.5% w/v Coomassie brilliant blue. The gelatinolytic regions were
observed as white bands against a blue background. Quantitative
evaluation of the band intensity, on the basis of grey levels, was
performed using Image Master 2D version 4.01 and Magic Scan
32 version 4.3 software.
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2.12. In vivo tests

The in vivo experiments were carried out with the murine
mammary carcinoma (MCa), originally obtained from the Depart-
ment of Biology, Rudjer Boskovich Institute (Zagreb, Croatia),
grown in CBA female mice, obtained from a local breeding colony
grown according to the standard procedures for inbred strains.
The tumour line was locally maintained by serial biweekly pas-
sages of 106 viable tumour cells, of a cell suspension prepared from
mincing (with scissors) the primary tumour masses obtained from
donors similarly implanted 2 weeks before. The minced tissue was
“ltered through a double layer of sterile gauze, centrifuged at 250 g
for 10 min, and re-suspended in an equal volume of CMF-DPBS;
viable cells were counted by the trypan blue exclusion test. 10 6

viable tumour cells were injected i.m. into the left hind calf of
experimental groups. RM175 and AFAP51 were administered as
10% DMSO solutions in sterile saline (0.9% NaCl) and given to mice
by i.p. (intra peritoneal) administrations at two dose levels of
7.5 mg/kg/day and 10 mg/kg/day for six consecutive days, starting
when primary tumour became palpable, i.e. from day 8 to 13 after
tumour implant for both RM175 and AFAP51 at dose of 7.5 mg/kg/
day. The effects of 10 mg/kg/day doses of RM175 were evaluated in
a separate experiment starting the treatment on day 6 after tu-
mour implant; because RM175 at this dose level was toxic the
treatment was stopped after four consecutive injections.

Primary tumour growth was determined by calliper measure-
ments, by measuring two orthogonal axes, and the tumour volume
was calculated with the formula: ( P /6) � a2 � b, where a is the
shorter axis and b the longer axis, assuming tumour density equal
to 1 g/mL. The evaluation of the number and weight of lung metas-
tases was performed by examining the surface of the lungs imme-
diately after sacri“cing the animals by cervical dislocation. Lungs
were dissected into “ve lobes, washed with CMF-DPBS and exam-
ined under a low power microscope equipped with a calibrated
grid. The weight of each metastasis was calculated by applying
the same formula used for primary tumours and the sum of each
individual weight gave the total weight of metastatic tumour per
animal.

2.13. Animal studies

Animal studies were carried out according to guidelines en-
forced in Italy (DDL 116 of 21/2/1992 and subsequent addenda)
and in compliance with the Guide for the Care and Use of Labora-
tory Animals (Department of Health and Human Services Publ. No.
86-23, Bethesda, MD, NIH, 1985).

2.14. Statistical analysis

Results were subjected to computer-assisted statistical analysis
using the One-Way Analysis of Variance ANOVA, and the Tukey…
Kramer post-test. Differences of p < 0.05 were considered to be sig-
ni“cantly different from the controls.

3. Results

3.1. Resistance to detachment

The resistance to detachment is an index of the propensity of
tumour cells to detach from the primary site of growth with the
aim to disseminate. This ability was studied by seeding cells on
components of the extra cellular matrix (ECM) such as “bronectin
and collagen IV and, for comparison, on poly- L-lysine a substrate on
which cells simply adhere by electrostatic interactions ( Fig. 1). A 1-
h challenge of MDA-MB-231 cells with 10 � 4 M RM175 statistically

increases the resistance to detachment when they are grown on
poly- L-lysine and on “bronectin; the effect on collagen IV is quan-
titatively comparable although not statistically signi“cant. No such
effects were obtained when the ruthenium compound was tested
under the same experimental conditions on the non-invasive
MCF-7 or on the non-tumorigenic HBL-100. By contrast, the os-
mium derivative AFAP51, showed a different activity pro“le, hav-
ing no effect on the tumour cell lines, MDA-MB-231 and MCF-7,
and showing changes of resistance to detachment on the non-
tumorigenic HBL-100 cells: an increase when cells were grown
on poly- L-lysine and an important decrease when the same were
seeded on “bronectin and collagen IV. All these effects are statisti-
cally different from controls.

3.2. Re-adhesion after treatment

The propensity to re-adhere to “bronectin, collagen IV and
Matrigel � , in comparison to poly- L-lysine, of MDA-MB-231, MCF-
7 and HBL-100 cells, following a 1-h challenge with 10 � 4 M
RM175 and AFAP51 was studied by exposing cells to the com-
pounds while they were adherent to the growth substrate
(Fig. 2). The two complexes showed a similar trend: both induce
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Fig. 1. Effect of RM175 and AFAP51 on resistance to detachment. MDA-MB-231,
MCF-7, and HBL-100 cells, seeded on 96-well plastic plates previously coated with
poly- L-lysine, “bronectin and collagen IV, were exposed for 1 h to RM175 and
AFAP51 10� 4 M and then to a diluted trypsin solution for 30 min, before detecting
cells still attached to the growth substrate by the SRB test. Arbitrary units are
calculated from the mean ± SD of two experiments, each performed in quadrupli-
cate and controls are set equal to 1. P = poly- L-lysine, F = “bronectin, C = collagen IV.
� p < 0.05; �� p < 0.01; ��� p < 0.001 versus controls, ANOVA and Tukey…Kramer post-
test.
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only slight modi“cations of the cell ability to re-adhere after treat-
ment, with only a statistically signi“cant reduction of adherence of
HBL-100 cells to poly- L-lysine and to collagen IV following expo-
sure to the ruthenium compound RM175.

3.3. Effects on migration and invasion

The effects of RM175 and AFAP51 on cell migration were deter-
mined with properly adapted Transwell � chambers, where the
cells were subjected to a chemical (chemotaxis) or a contact
(haptotaxis) stimulus to promote cell movement ( Fig. 3). Treat-
ment with 10 � 4 M RM175 for 1 h predominantly led to a statisti-
cally-signi“cant inhibition of haptotaxis in MDA-MB-231 and
HBL-100 cells, while the osmium compound inhibited chemotaxis;
both RM175 and AFAP51 had no effect on the migration ability of
MCF-7 cells, independently of the stimulus being applied. The
invasion ability of the same cells, studied on Transwell � chambers
coated with a 3D matrix ( Fig. 4), was not affected signi“cantly by
RM175 or AFAP51, despite an appreciable and similar pro“le of
invasion modulation in the three cell lines.

3.4. Effect on cell viability

The data in Table 1 show the effect of RM175 and AFAP51 on
cell viability after a 24-h cell exposure, as determined with the
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Fig. 2. Effect on cell ability to re-adhere after RM175 and AFAP51 treatment. MDA-
MB-231, MCF-7, and HBL-100 cells were treated for 1 h with RM175 and AFAP51
10� 4 M, then the cells were removed from the ”asks, collected, re-suspended and
seeded on 96-well plastic plates previously coated with poly- L-lysine, “bronectin,
collagen IV and Matrigel � . After 60 min of incubation cells that adhered to the
substrates were detected by the SRB test. Data are the percent of variation versus
controls calculated from the mean ± SD of two experiments, each performed in
triplicate. P = poly- L-lysine, F = “bronectin, C = collagen IV, M = Matrigel � . � p < 0.05
versus controls, ANOVA, and Tukey…Kramer post-test.
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Fig. 3. Effect of RM175 and AFAP51 on migration of cells through polycarbonate
“lters. MDA-MB-231, MCF-7, and HBL-100 cells were treated for 1 h with RM175
and AFAP51 10� 4 M, then the cells were removed from the ”asks, collected, re-
suspended and seeded on the inserts of Transwell TM cell-culture chambers. Data
represent cells that after 24 h have migrated and are present on the lower surface of
the “lter. Data are the percent of variation versus controls calculated from the
mean ± SD of two experiments each performed in triplicate. � p < 0.05; �� p < 0.01;
��� p < 0.001 versus controls, ANOVA, and Tukey…Kramer post-test.
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Fig. 4. Effect of RM175 and AFAP51 on invasion of cells through Matrigel � . MDA-
MB-231, MCF-7, and HBL-100 cells were treated for 1 h with RM175 and AFAP51
10� 4 M, then the cells were removed from the ”asks, collected, re-suspended and
seeded on inserts. Data represent cells that after 96 h have invaded and are present
on the lower surface of the “lter. Data are the percent of variation versus controls
calculated from the mean ± SD of two experiments, each performed in triplicate.

Table 1
IC50 values of RM175 and AFAP51 after 24 incubation of the MDA-MB-231, MCF-7 and
HBL-100 cells.

IC50 (l M)

RM175 AFAP51

MDA-MB-231 62 48
MCF-7 93 15
HBL-100 54 16

MDA-MB-231, MCF-7 and HBL-100 cells, seeded on 96-well plates 24 h before, were
treated with 10 � 6 � 10� 4 M RM175 and 10 � 5 � 10� 3 M AFAP51 for 24 h. At the end
of incubation time cell viability was measured by MTT test and IC 50 values calcu-
lated by GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego,
CA).

A. Bergamo et al. / Journal of Inorganic Biochemistry 104 (2010) 79…86 83



Author's personal copy

MTT test. The cytotoxic activity of the osmium compound AFAP51
was generally more pronounced (IC 50 values of 48 l M, 15 l M and
16 l M for MDA-MB-231, MCF-7 and HBL-100 cells, respectively)
than that of RM175 (IC 50 values of 62 l M, 93 l M and 54 l M for
MDA-MB-231, MCF-7 and HBL-100 cells, respectively) in all cell
lines. Both compounds showed an anti-proliferative effect on
HBL-100 cells greater or comparable to that on the tumorigenic cell
lines, suggesting lack of selectivity for these compounds towards
these particular cell lines.

The effect on cell viability of RM175 and AFAP51 was also stud-
ied under the same experimental conditions used to examine cell
detachment, re-adhesion, migration and invasion, i.e. 1-h treat-
ment at 10 � 4 M ( Table 2). RM175 and AFAP51 reduced cell viability
of MDA-MB-231 by about 20%, had no effect on MCF-7, and caused
a reduction of 20% and 30%, respectively, on the viability of HBL-
100 cells. All these variations are not statistically signi“cant.

3.5. In”uence of HSA on cytotoxicity of RM175 and AFAP51

The data in Fig. 5 show that the presence of HSA can in”uence
the effects of RM175 and AFAP51 on the viability of MDA-MB-
231 cells ( Fig. 5). The MTT test was applied 48 h after a 24 h
exposure to a combination of the organometallic compound, at a
concentration of 12.4 l M RM175 corresponding to 1/5 of the IC 50

(i.e. reduced cell growth by 20% of controls when used alone Table
1), and HSA at a ratio 1/1, 1/5 or 1/10. The presence of HSA, at all
concentration used, gave rise to a signi“cant increase in cytotoxic-
ity. A similar behaviour was found when the experiment was
performed with AFAP51 at 9.6 l M; the presence of HSA reinforces
the anti-proliferative ef“cacy of the complexes also in this case.

3.6. Effect on MMPs production and/or activity

The effects of the two organometallic compounds on matrix
metallo proteinase (MMP-2 and MMP-9) production and/or activ-
ity were studied by the gelatine zymography test. MDA-MB-231
cells produce the 92 kDa MMP-9 in appreciable amounts whereas
HBL-100 cells prevalently produce the 72 kDa MMP-2. AFAP51 re-
duced the production/activity of MMP-9 by approximately 25% of
controls, whereas RM175 was completely inactive. Conversely,
both compounds strongly inhibited the production/activity of
MMP-2 ( � 65% versus untreated controls; Fig. 6).

3.7. Effect on lung metastases in vivo

The effects of RM175 and AFAP51 treatment on primary tumour
growth and on lung metastases formation were studied in the
model of MCa mammary carcinoma, a murine transplantable tu-
mour that spontaneously metastasises to the lungs, in three sepa-
rate experiments ( Table 3). Dose of 7.5 mg/kg/day RM175 given
from day 8 to 13 after tumour implantation (experiment 1), and

10 mg/kg/day RM175 from day 6 to 9 (experiment 2), reduced
the growth of the primary tumour, measured on day 13, by approx-
imately 50% of untreated controls, at day 13. After treatment with-
drawal, the primary tumour starts to grow again and, on day 20 an
inhibition by 20% and 30% only was detected respectively for the
two doses. RM175 affected also the development and growth of
lung metastases. Metastasis reduction was evident in both the
experiments and consisted of a reduction by about 70% of the mean
number and weight, expressed in mg per animal, with 4 out of 10
animals being free of macroscopically detectable metastases in
experiment 1, and of the more pronounced reduction by 85% and
95%, respectively, of number and weight, in the experiment with
the higher daily dose of 10 mg/kg/day. Indeed, at this daily dose
a signi“cant toxicity was registered with 6 out of 10 treated ani-

Table 2
Effect of RM175 and AFAP51 on cell viability.

MDA-MB-231 MCF-7 HBL-100

Controls 2.284 ± 0.066 2.631 ± 0.055 2.308 ± 0.424
RM175 1.899 ± 0.064 (83%) 2.665 ± 0.105 (101%) 1.803 ± 0.098 (78%)

Controls 1.027 ± 0.078 2.631 ± 0.055 0.266 ± 0.051
AFAP51 0.890 ± 0.073 (87%) 2.735 ± 0.101 (103%) 0.191 ± 0.013 (71%)

MDA-MB-231, MCF-7, and HBL-100 cells were treated for 1 h with RM175 and
AFAP51 10� 4 M, then the cells were removed from the ”asks, collected, re-sus-
pended and seeded on 96 well plates. After 24 h cell viability was determined by the
MTT assay. Data are the mean optical density ± SD of two experiments each per-
formed in quadruplicate. Data in parentheses represent the percentage of each
treated group versus the relevant controls (T/C%).
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Fig. 5. Effect of RM175 and AFAP51 on cell viability. MDA-MB-231 cells were
treated for 24 h with RM175 and AFAP51 at various concentrations in the presence
or not of HSA (see table in Section 2), then the treatment solutions were removed
from the wells and replaced by complete medium containing 5% of FBS. Data
represent cells viable 48 h after the end of treatment, as measured by the MTT assay
and are the percentage of each treated group versus the relevant controls (T/C%)
calculated from the mean ± SD of two experiments, each performed in triplicate.
�� p < 0.01; ��� p < 0.001 versus controls, ANOVA, and Tukey…Kramer post-test.
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mals having died before the evaluation of lung metastases. In the
same experimental model, AFAP51 administered at the same dose
levels used for RM175 is practically inactive, with a negligible inhi-
bition of the primary tumour growth (20% versus controls) and no
detectable effects on secondary lung tumours.

4. Discussion

The study of metal-based complexes as potential drugs in can-
cer chemotherapy is still largely based on the enormous knowl-
edge derived from the clinical success of platinum analogues
(cisplatin, carboplatin, oxaliplatin, and to a lesser extent about
six other platinum drugs). All these platinum drugs are thought
to have DNA as the major target site and DNA binding ef“ciency
and induced conformational changes play critical roles [26] . Corre-
spondingly, the search for innovative metal-based drugs has so far
mainly involved the evaluation of the role of the central metal and
its ligands rather than the study of different modes of action.

Ruthenium, as a platinum-group metal, has also been found to
display some favourable properties, and it is generally believed
that ruthenium compounds are less toxic than other transition me-
tal compounds, perhaps because of the similarity of ruthenium to
iron, an essential metal. The organometallic half-sandwich ruthe-
nium compound RM175 belongs to this class of new potential anti-
cancer complexes. It was synthesized because ruthenium(II) is
thought to be the more active form of ruthenium. The arene stabi-
lizes this oxidation state as well as providing a hydrophobic face
that can facilitate transport across cell membranes and plays a role
in biological recognition processes. Chlorido Ru II arene complexes
are thought to be activated by hydrolysis [27] in a similar fashion
to cisplatin, followed by binding to nuclear DNA, furthermore ex-
tended arenes such as biphenyl are capable of intercalating be-
tween DNA base-pairs [20,28,29] .

Indeed, ruthenium complexes have also been shown to be en-
dowed with other properties that make them interesting for cancer
chemotherapy. The use of ruthenium coordination geometry has
allowed Meggers and co-workers to design compounds in which
a non-speci“c enzyme inhibitor such as staurosporine shows a sig-
ni“cantly increased selectivity for GSK-3beta and correspondingly
inhibits selectively the growth of melanoma cells [30] . Also the
class of ruthenium compounds containing the lead compound
NAMI-A has proved to be highly innovative, being selectively ac-
tive in the control of the formation and growth of solid tumour
metastases [9] . The effect on metastases is particularly important
in that it opens up the possibility of obtaining drugs, based on tran-
sition metals, that cope with the worst aspect of tumour growth,
that are responsible for the unfavourable prognosis in almost all
the solid human tumours. Given that a certain degree of serendip-
ity allowed the selectivity of NAMI-A for metastases to be discov-
ered, it is now worthwhile to test if other classes of ruthenium
compounds share any of these properties.

Data reported in the present study for the organometallic ruthe-
nium compound RM175 and its isostructural osmium derivative
AFAP51 show the importance of the metal centre and of the inter-
action with some in vitro-simulated steps of tumour dissemination
on the in vivo effects of a solid malignant tumour.

RM175 rather than AFAP51 is able to slow down metastasis for-
mation more effectively than the reduction of the tumour in the
primary site. Indeed, attempts to compare the effects in vivo with
the behaviour in vitro in a series of models mimicking the detach-
ment of cells from a primary mass and their invading properties,
does not always produce congruencies. If on the one hand,
RM175 is able to inhibit cell detachment of a malignant cell
(MDA-MB-231) better than of a •normal• cell (HBL-100), the effects
on chemotaxis, haptotaxis and more generally on invasion are not
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10-4 M AFAP51     – – +
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M RM175 – +                       –
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Fig. 6. Effect of RM175 and AFAP51 on MMPs production and/or activity. MDA-MB-
231, and HBL-100 cells were treated for 1 h with RM175 and AFAP51 10 � 4 M, then
incubated for additional 24 h in serum starved complete medium containing 0.1%
w/v BSA. Supernatants containing MMPs were collected and concentrated and
equal protein amounts (100 l g) subjected to SDS…PAGE. Gelatine digestion by
proteases is detected as white bands against a blue background (upper panel). Band
digestion is quanti“ed by using Image Master 2D version 4.01 and Magic Scan 32
version 4.3 software (lower panel).

Table 3
Effect of RM175 and AFAP51 on primary tumour and on lung metastases in mice
carrying the MCa mammary carcinoma.

Primary tumour weight (mg) Lung metastases a

Day 13 Day 20 Number Weight (mg)

(A)
Controls 884 ± 202 2455 ± 376 24.4 ± 15.8 8.99 ± 6.47
RM175

7.5 mg
466 ± 125
(53%)

2042 ± 321
(83%)

8.67 ± 7.03b

(36%)
3.02 ± 5.18b

(33%)
Controls 1627 ± 286 3068 ± 616 29.2 ± 8.11 18.6 ± 12.1
RM175

10 mg
768 ± 292
(47%)

2353 ± 420
(77%)

4.50 ± 3.32
(15%)

0.861 ± 0.749
(5%)

(B)
Controls 1004 ± 174 2415 ± 439 17.5 ± 9.98 5.68 ± 6.90
AFAP51

7.5 mg
837 ± 145
(83%)

2066 ± 300
(86%)

19.6 ± 13.3
(111%)

5.08 ± 5.23
(90%)

AFAP51
10 mg

943 ± 164
(94%)

2078 ± 407
(86%)

19.7 ± 14.2
(112%)

7.35 ± 8.16
(129%)

Groups of 10 CBA mice, inoculated i.m. with 10 6 MCa tumour cells on day 0 were
treated i.p. with RM175 (A) and AFAP51 (B) at 7.5 mg/kg/day and 10 mg/kg/day
from day 8 to 13 after tumour implant, or from 6 to 9 as reported in Section2. Data
are mean ± SD, data in parentheses are expressed as a percentage of the treated
versus controls (T/C%).

a Lung metastases were determined on day 20 after tumour implant.
b Means excluded the animals free of macroscopically detectable metastasis (4

out of 10).
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so clear to allow us to state that there is some selectivity for the
malignant cells versus the normal counterpart. It is possible to
state that these processes are somewhat inhibited, but it is contro-
versial that this inhibition is similar in malignant and normal cells,
whilst being almost non-existent in the mammary tumour MCF-7.
Also, the inhibition of cell detachment does not hamper the ability
of cells to re-adhere to a substrate when detachment is forced by
scraping cells out of the substrate and allowing them to attach to
a new plate coated with substrates typical of the ECM such as
“bronectin, type IV collagen or matrigel itself.

It thus seems that the organometallic complex RM175, besides
its well-described effects on DNA [29,31] and on cell apoptosis
[14] , has some degree of selectivity against tumour metastases.
However, it is necessary to understand the role of its ligands for
this process, provided that the metal atom being ruthenium is rel-
evant as shown by the complete lack of activity of its isostructural
osmium derivative. The discrepancy between in vitro cytotoxicity
and in vivo activity of the osmium complex AFAP51 is notable as
it is much more cytotoxic than the ruthenium complex RM175 in
the assays carried out here. However in contrast to RM175, AFAP51
does not cause in vivo reduction of the mammary cancer MCa. The
subtle differences between the chemistry and biochemistry of
ruthenium and osmium mean that modi“cations to the design of
osmium complexes are needed in order to produce in vivo activity.
For example mixed oxygen/ nitrogen ligands such as picolinates
also give rise to highly cytotoxic osmium complexes [32,33] and
it will be interesting to investigate their activity in vivo against a
range of cancer models.

5. Conclusions

The clinical success of cisplatin and subsequent generations of
platinum anticancer complexes has stimulated the search for
active complexes amongst the other platinum-group metals.
Ruthenium complexes appear to possess several novel features.
First both Ru II and RuIII complexes adopt 6-coordinate octahedral
geometry in contrast to the square-planar con“guration of Pt II com-
plexes such as cisplatin. Secondly Ru III complexes such as NAMI-A
can exhibit anti-metastatic activity and prevent the spread of can-
cer which is a major clinical problem. The experiments reported
here show that ruthenium itself is important in this activity. The
organometallic Ru II arene complex RM175 also exhibits anti-meta-
static activity whereas its isostructural congenor Os II does not. It is
curious that although the osmium complex is more potent towards
the cells investigated here in vitro it is not active against MCa mam-
mary carcinoma in vivo, unlike RM175. The reasons for this inactiv-
ity require further investigation. Interestingly the presence of
human serum albumin enhanced the potency of both the ruthe-
nium and osmium complexes in vitro. It will be interesting now
to investigate the in vivo activity of osmium arene complexes in a
wider range of cancer models in vivo and to examine the effects
of the non-arene ligands on activity. In vitro cytotoxicity tests have
suggested that the presence of N, O-chelating ligands such as pico-
linates in osmium arene complexes can also give rise to cytotoxic
potency as high as cisplatin and carboplatin [33] .
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We report here two novel “extended-arms” porphyrins, TetbpyPP and TedabpyPP, in which four
peripheral bpy fragments are connected to themesopositions of the macrocycle through flexible linkers
of different length and hydrophilicity. We describe also the new, water-soluble, tetracationic conjugate
[TedabpyPP{Ru([9]aneS3)Cl}4][Cl]4 (6). Compound 6 belongs to the series of cationic Ru- porphyrin
conjugates1- 5, each bearing four peripheral Ru(II) half-sandwich coordination compounds, that we
recently prepared as potential photosensitizing chemotherapeutic agents. The in vitro cell growth
inhibition of conjugates 1- 6 toward MDA-MB-231 human breast cancer cells and HBL-100 human
nontumorigenic epithelial cells are reported, together with the phototoxic effects of1, 4, and6on MDA-
MB-231 cells. All conjugates have IC50 values in the low micromolar range that decrease by 1 order of
magnitude upon irradiation of cell cultures with visible light. The most promising compounds1 and 6
are phototoxic at low light and drug doses.

Introduction

Ruthenium compounds have been investigated as potential
anticancer agents in the last 35 years.1Two Ru(III) coordination
compounds, NAMI-A and KP1019 (Figure 1),2,3 both deve-
loped in the1990s,havecompletedphase Iclinical trialswithpro-
mising results.4,5 NAMI-A has started already a phase II com-
binationstudy,whereas thesodiumsaltofKP1019,KP1339,was
selected for further development because it is about 35 times
more water soluble than its parent compound.

In general, these compounds showed a behavior quite differ-
ent from that of cisplatin and the other established platinum
anticancer chemotherapeutics, which makes them promising
drug candidates with a distinct mode of action.2,3 They were
found to possess moderate or negligible cytotoxicity in vitro
against cancer cells and exhibited peculiar activities in animal
models: KP1019 showed excellent activity against platinum-
resistant colorectal tumors,3 whereas NAMI-A was found to be
particularly active against the development and growth of
metastases of solid tumors.2,6

In recentyears,entirelynewclassesoforganometallicRu(II)-
arene compounds, developed by the groups of Sadler,7 Dyson,8

Keppler,9and others,10were found to have promising anticancer
activity both in vitro and, in some cases, also in vivo in murine
models.11 Interestingly, some of them proved to be active also
against cisplatin-resistant xenografts.7 Representative examples
are [(� 6-biphenyl)Ru(en)Cl][PF6] (RM175) and [(� 6-p-cymene)-
RuCl2(pta)] (RAPTA-C) (Figure 1). The geometry of these
half-sandwich compounds can be described as pseudotetrahe-
dral (piano-stoolgeometry). We demonstrated that replacement
of the arene moiety of active half-sandwich organometallic
compounds with a neutral face-capping 6-electron donor ligand,

such as 1,4,7-trithiacyclononane, leads to coordination com-
pounds that maintain a reasonable cytotoxicity in vitro.12,13For
example, [Ru([9]aneS3)(en)Cl][CF3SO3] (Figure 1) was found
to be ca. 10 times less cytotoxic than the corresponding organo-
metallic compound RM175 against human breast cancer
MDA-MB-231 cells. This result suggests that other neutral
face-capping ligands might lead to increased activity. In other

Figure 1. Schematic structures of NAMI-A (top, left), KP1019 and
KP1339 (top, right), RM175 (middle, left), RAPTA-C (middle, right),
[Ru([9]aneS3)(bpy)Cl][CF3SO3] (bottom, left), and [Ru([9]aneS3)(en)-
Cl][CF3SO3] (bottom, right).

*To whom correspondence should be addressed. For T.G.: phone,
þ 39 040.558.7859; fax,þ 39 040.525.72; E-mail, gianfer@units.it. For A.
B.: E-mail, a.bergamo@callerio.org.
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words, half-sandwich Ru(II) coordination compounds repre-
sent a new class of compounds that deserve a thorough
investigation.

The conjugation of porphyrins to peripheral metal frag-
ments is an intriguing strategy for making compounds that
might combine the cytotoxicity of the metal moiety to the
phototoxicity of the porphyrin chromophore for additive
antitumor effects. Indeed, Brunner et al. synthesized hemato-
porphyrin - and tetraarylporphyrin- platinum derivatives
and they found an increase of the antitumor activity of the
platinum moiety by an additional light-induced toxicity.14

More recently, Guo and co-workers described a dinuclear
cisplatin- phthalocyanine conjugate that showed a remark-
able enhancement of cytotoxicity against tumor cell lines
when irradiated with red light.15

The central role of natural and synthetic porphyrins and
metalloporphyrins in the photodynamic therapy of cancer
(PDTa) is a well established issue.16,17PDT is a binary therapy
for cancer treatment that involves the activation of a tumor-
localized sensitizer with visible light.18 In the absence of light,
the photosensitizer should have negligible effect on either
healthy or tumor cells. However, when the drug-localized
tissue is irradiated, the drug becomes activated and the tissue
is rapidly destroyed. Thus, this technique offers precise spatial
and temporal control over drug activation and can, in prin-
ciple, selectively target and destroy abnormal tissue in the
presence of normal tissue, provided that the light beam is
carefully applied. In the presence of endogenous oxygen,
energy transfer from an excited state of the photosensitizer
can lead to a series of photochemical reactions and generation
of various cytotoxic species (e.g., singlet oxygen and other
reactive oxygen species, ROS) and consequently induce apop-
tosis and necrosis of targeted cells and tissues (type-II
PDT).19- 21 There is also a rapidly growing interest in the
new field of inorganic photoactivated chemotherapy (PACT),
i.e., in the development of complexes of differentd-block
metals, and in particular ruthenium, that acquire anticancer
activity upon photoexcitation.22

Some water-soluble porphyrins and metallo-porphyrins
show also conventional anticancer activity.23 The most rele-
vant example is the Au(III) porphyrin [Au III (TPP)]Cl, exten-
sively investigated by Che and co-workers,24 that shows
potent in vitro anticancer properties toward a range of human
cancer cell lines, with some selectivity for cancer cells over
normal cells, and exhibits promising in vivo activity against
hepatocellular carcinoma and nasopharyngeal carcinoma.
The cytotoxicity is not enhanced by light irradiation (i.e.,
no PDT activity) and depends critically on the presence of

Au(III) because [ZnII (TPP)] is at least 100-fold less active than
[Au III (TPP)]Cl under the same conditions.

In addition to conventional and PDT activity, metal -
porphyrin conjugates might have some other positive features
such as tumor selectivity. In fact, porphyrins typically show
preferential uptake and retention by tumor tissues, possibly
via receptor-mediated endocytosis of low density lipoproteins
(LDL). 25Thus, porphyrins might behave as carrier ligands for
the active transport of anticancer metal compounds into
cancer cells. In addition to the tumor-localizing properties
of porphyrins, in vivo these relatively large Ru- porphyrin
conjugates might exploit the unique extracellular environment
of tumors (e.g., their defective vasculature) and benefit of the
so-called “enhanced permeability and retention” (EPR) effect
for an increased passive targeting of malignant tissues.26

Photoexcitation of the organic chromophore, followed by
energy and/or electron transfer to the peripheral metal cen-
ters, might also induce their activation, e.g. through dissocia-
tion of ligands, and consequently lead to a reactivity diffe-
rent than in the dark.27 Furthermore, provided that the
conjugates are sufficiently stable, the fluorescence emission
of the chromophore might be exploited for tracking the
biodistribution of the metal in the extra- and intracellular
environment of malignant cells through fluorescence micro-
scopy. Finally, an appropriate choice of the peripheral metal
fragments might considerably improve the water solubility of
the porphyrins, an important feature for biomedical applica-
tions.

For the reasons detailed above, it is of great interest to study
the anticancer properties of porphyrin- ruthenium conju-
gates. Therrien and co-workers recently reported that neutral
conjugates of meso-pyridylporphyrins with organometallic
[Ru(� 6-arene)Cl2] fragments are moderately cytotoxic in the
dark against Me300 human melanoma cells and become
cytotoxic upon irradiation with visible light. 28 Similar results
were reported also by Swavey and co-workers for cationic
conjugates bearing from 1 to 4 [Ru(bpy)2Cl]þ fragments.29

More recently, we described the preparation and character-
ization of several new Ru- porphyrin conjugates that bear
either negatively charged NAMI-A-type Ru(III) fragments or
positively charged half-sandwich Ru(II) coordination com-
pounds.30The connection between the tetrapyrrolic macrocycle
and each peripheral metal center occurred either through a
single N(pyridyl)- Ru bond or through a chelating bpy unit
(Figure 2). Both approaches have positive and negative aspects:
the single-bond connection allowed us to use the commercially
availablemeso-40-tetrapyridylporphyrin (4 0TPyP), whereas the
preparation of the meso-(p-bpy-phenyl)porphyrins (bpyn-PPs,
n= 1 - 4, Figure 2) required multistep synthetic procedures. On
the other hand, conjugation through a single bond, while
leaving five, rather than four, coordination positions on Ru
available for functionalization, is intrinsically less stable than
chelation through bpy and might lead to loss of the peripheral
Ru fragments under in vivo conditions.

Out of the above-mentioned porphyrin- Ru conjugates, we
selected the five cationic compounds described in Figure 3,
representative of both types of connections, for biological tests.
Compounds1, 2, and 5 bear coordinatively saturated Ru com-
pounds, whereas3and4have half-sandwich Ru fragments with
a relatively labile DMSO ligand and are therefore, in principle,
more prone to coordination to biological targets. All conjugates
are either soluble in water (1) or in DMSO ( 2- 5); those conju-
gates that are not well soluble in aqueous solution usually be-
come moderately soluble in phosphate buffer at physiological

a Abbreviations: AAS, atomic absorption spectroscopy; bpy, 2,20-
bipyridine; Boc, tert-butoxycarbonyl; bpyAc, 4-methyl-2,20-bipyridine-
40-carboxylic acid; bpyn-PP, meso-(p-bpy-phenyl)porphyrin; DAPI,
40,6-diamidino-2-phenylindolyl hydrochloride; DMA, 9,10-dimethylan-
thracene; DMAP, dimethylaminopyridine; DMF, N,N-dimethylforma-
mide; DMSO, dimethyl sulfoxide; DSS, 2,2-dimethyl-2,2-silapentane-5-
sulfonate; EDCI, N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide
hydrochloride; EDTA, ethylenediaminetetraacetic acid; en, ethane-
1,2-diamine; EPR, enhanced permeability and retention; FBS, fetal
bovine serum; HOBt, 1-hydroxybenzotriazole; Hp, hematoporphyrin;
LDL, low-density lipoprotein; MTT, thiazolyl blue tetrazolium bro-
mide; PACT, photoactivated chemotherapy; PBS, phosphate-buffered
saline; PDT, photodynamic therapy; pta, 1,3,5-triaza-7-phospha-
tricyclo[3.3.1.1]decane; ROS, reactive oxygen species; 40TCMePP,
meso-40-tetracarboxymethylphenylporphyrin; TCPP, meso-40-tetracar-
boxyphenylporphyrin; TFA, trifluoroacetic acid; THF, tetrahydrofur-
an; TPP, meso-tetraphenylporphyrin; 40TPyP, meso-40-tetrapyridyl-
porphyrin.
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pH or upon addition of small amounts of DMSO. We also
found that the peripheral Ru moieties do not quench the
porphyrin fluorescence emission significantly.30

With the aim of expanding the number and chemical
features of the tetrapyrrolic chromophores suitable for
conjugation with Ru fragments, we describe here two novel
“extended-arms” versatile porphyrins, namely TetbpyPP
and TedabpyPP (Scheme 1), in which the four peripheral
bpy fragments are connected to themesopositions of the
macrocycle through flexible linkers of different length and
hydrophilicity.

In addition, we report also the synthesis and characteriza-
tion of the new, water-soluble, tetracationic Ru-TedabpyPP
conjugate [TedabpyPP{Ru([9]aneS3)Cl}4][Cl]4 (6), together
with the in vitro cell growth inhibition of compounds 1- 6 in
human breast cancer MDA-MB-231 and in human nontu-
morigenic HBL-100 cells, and the phototoxic effects of1, 4,
and 6 on MDA-MB-231 cells upon irradiation with visible
light (590- 700 nm).

Results and Discussion

Synthesis and Characterization.Basically, the same multistep
synthetic route was followed to obtain the two new extended-
arm porphyrins, TetbpyPP and TedabpyPP (Scheme 1), that
bear four peripheral bpy fragments connected at themeso
positions through flexible linkers. First, the condensation of
pyrrole and methyl 4-formyl benzoate,31 followed by hydrolysis
in basic conditions in THF/CH 3OH, gave the meso-40-tetra-
carboxyphenylporphyrin (TCPP). The hydroxybenzotriazole
(HOBt) ester of TCPP was then coupled with eitherN-Boc-
2,20-diethylamine (yield 60%) or N-Boc-2,20-(ethylenedioxy)-
diethylamine (yield 72%) in DMF. These intermediates
(TetNHBocPP and TedaNHBocPP, respectively) were quanti-
tatively deprotected using TFA in CH2Cl2 and then coupled
with 4-methyl-2,20-bipyridine-40-carboxylic acid (bpyAc) in the
same experimental conditions, giving TetbpyPP (74%) or
TedabpyPP (96%), respectively.The extended-arm bpy-por-
phyrins were characterized by UV- vis and1H NMR spectro-
scopy and by electrospray mass spectrometry (see Figures S1-
S4 in the Supporting Information). Both porphyrins are well
soluble in DMSO but insoluble in water (even upon addition of

small amounts of DMSO), so that comparative biological tests
could not be performed.

Treatment of either porphyrin with 4 equiv of the neutral
Ru(II) precursor [Ru([9]aneS3)(dmso)Cl2] in refluxing CH 2Cl2/
CH3OH mixtures afforded, upon replacement of the dmso and
of a chloride ligand by bpy, the corresponding tetraruthenated
compound in excellent yield: [TedabpyPP{Ru([9]aneS3)Cl}4]-
Cl4 (6) (Figure 4) or [TetbpyPP{Ru([9]aneS3)Cl}4]Cl4 (7)
(Figure S3 in Supporting Information), respectively. Both the
tetracationic ruthenium conjugates6 and 7 were characterized
by mono- (Figure S4 in Supporting Information) and bidimen-
sional 1H NMR spectroscopy (Figure 5).

Even though compound6 has a good solubility in water, its
proton NMR spectrum in D 2O presents only broad peaks,
possibly due to aggregation occurring at NMR concentrations
as previously observed with other Ru- porphyrin conjugates.32

For this reason, the NMR spectra of both compounds were
recorded in DMSO-d6, where only sharp resonances are ob-
served. In general, the NMR spectra of both conjugates are
consistent with their expected 4-fold symmetry, i.e., all periphe-
ral Ru fragments are equivalent.30The1H NMR spectrum of 6
in the upfield region shows, beside the multiplets of [9]aneS3
(� = 2.40 - 2.85), a singlet at� = 2.53 for the methyl on bpyAc
and the multiplets of the aliphatic spacer (� = 3.55 - 3.70). The
two internal NH pyrrole protons appear as a relatively broad
singlet at� � - 2.9. In the downfield region, the six resonances
of the bpyAc protons maintain the same relative pattern as in
the free TedabpyPP (even though, as typical for these com-
pounds, they are slightly broader than those in the free por-
phyrin). While the resonances of H5,50are scarcely affected by
coordination to Ru, those of H6,60and H3,30are shifted down-
field by ca. 0.5 ppm. Also, the two triplets of the amide NH
protons are remarkably shifted downfield (ca. 2 ppm compared
to free TedabpyPP), but this effect is most likely due to the
change of solvent (DMSO-d6 vs CD2Cl2). The correlation
H- H COSY spectrum of 6 (Figure 5) displays two strong
cross peaks between vicinal bipyridyl protons (H5 and H6, H50

and H60), and two weaker peaks between the multiplets for the
CH2 protons of the spacer and the NH amide protons. The1H
NMR spectrum of 7 displays several overlapping resonances
for the bpyAc protons, and only those of H5,50 are well

Figure 2. Metal- porphyrins conjugates through single bond (a) or multiple bonds (b).
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resolved (Figure S4 in Supporting Information). Owing to its
low solubility in water, compound 7 was not investigated
further.

Consistent with what was observed already for compound4,
the fluorescence spectrum of6 is very similar to that of the
parent porphyrin TedabpyPP, except for the ca. 25% quenching
of the emission intensity attributed to the peripheral heavy
atoms (Figure S5 in Supporting Information). The fluorescence
properties of porphyrins are useful to study their aggregation
behavior in solution. In fact, porphyrins in their monomeric
form usually show intense fluorescence emissions, which are
partially or completely quenched upon aggregation in solu-
tion.33 The fluorescence spectra of optically matched (0.2 A)
solutions of 6 in either DMSO or water showed an emission
band at 648 nm upon excitation of the Soret band; the sig-
nificant reduction in emission intensity on going from DMSO to
H2O (� 60%) suggests that the ruthenium- porphyrin conju-
gate partially aggregates in water (Figure S5 in Supporting
Information). This finding is consistent with the very low
resolution of the 1H NMR spectrum in D 2O.

The time course of the UV- vis spectrum of6 in aqueous
solution was recorded at 25� C. The Soret band absorbance
gradually increased (� 14%) until an almost constant value

was reached after 3 h (Figure S6 in Supporting Information).
No shape modification or shift of the Soret band were
observed, suggesting that no major chemical modification
of the porphyrin structure is occurring and that the minor
absorbance increase might be due to chloride hydrolysis and
formation of the Ru - aquo species (Figure S6 in Supporting
Information). 12

Cell Culture Studies.The cytotoxicity of compounds1- 6,
in the dark, was evaluated inthe human breast cancer cells
MDA-MB-231 and in the nontumorigenic epithelial cells HBL-
100 after an exposure of 72 h. The IC50 values are reported in
Table 1 and are compared with those obtained by treating cells
with two half-sandwich Ru(II) complexes that closely mimic
the peripheral fragments on the conjugates: [Ru([9]aneS3)-
(en)Cl][CF3SO3] (8) and [Ru([9]aneS3)(bpy)Cl][CF3SO3] (9)
(Figure 1). While the reference Ru complexes are either mildly
(8) or not cytotoxic at all ( 9), the Ru- porphyrin conjugates1- 5
show IC50 values in the low micromolar range (2- 10 � M), i.e.,
up to 2 orders of magnitude lower than those measured for8.
Compound6is slightly less active in reducingcell proliferationas
it shows, in both cell lines, IC50 values statistically higher than
those of the other conjugates. Taken together, these results
show that, even when the cell growth inhibition per Ru

Figure 3. Schematic structures of ruthenium- porphyrin conjugates1- 5.
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fragment is considered, conjugates1- 6 remain remarkably
more cytotoxic compared to the reference Ru complexes. In
addition, their cytotoxic activity seems to be scarcely depen-
dent on the type of porphyrin- Ru connection, on the number
of ruthenium fragments on the periphery of the porphyrin
(compare3 vs 4), on the total positive charge of the adduct,
and on the hydrophilicity (1and6have good water solubility).
These observations suggest that the increase of cytotoxic
potency of the porphyrin conjugates with respect to the Ru
complexes might derive from an improved uptake in cancer
cells.34 In addition, the cell growth inhibition, which is appar-
ently also independent of the presence of substitutionally
labile ligands on the ruthenium fragments (compare1, 2 and
5 vs 3, 4 and 6), probably does not involve direct coordina-
tion of the conjugates to biological targets. The finding of
cytotoxic activity in substitutionally inert metal complexes,
which apparently contradicts the paradigms established for
anticancer Pt compounds, is becoming an increasingly com-
mon feature in modern inorganic anticancer research.35 Also
in the case of [AuIII (TPP)]Cl it has been proposed that the
compound, which is stable under physiological conditions,
interacts with biomolecular targets through noncovalent

interactions behaving essentially as an organic lipophilic
cation.24

Whereas for1- 3 and5 the IC50values are substantially inde-
pendent of the cell line being treated, compounds4and6 are ca.
two times more active against the highly invasive tumor MDA-
MB-231 cells than against the nontumorigenic HBL-100 cells,
with IC 50values of approximately 5 and 10� M for compound 4
(p= 0.0283 for MDA-MB-231 vs HBL-100), and of 12 and
26� M for compound 6(p= 0.0009 for MDA-MB-231 vs HBL-
100), respectively. Despite what might be a first-sight impression,
the half-sandwich Ru fragments of compounds4 and 6 are
remarkably similar: the investigation performed on the reference
complexes [Ru([9]aneS3)(bpy)Cl][CF3SO3] (9) and [Ru([9]-
aneS3)(bpyAc)(dmso)][CF3SO3]2 (10) showed that both DMSO
and Cl are relatively labile ligands that are released in aqueous
solution.12,30 Consistently, both 4 and 6, under in vivo condi-
tions, are likely to generate the same peripheral [Ru([9]aneS3)-
(bpyAc-P)(H2O)]2þ (P=porphyrin) fragments (see above for6).
Thus, the main structural difference of6 compared to4 are the
flexible hydrophilic spacers between the chromophore and the
peripheral Ru fragments. Apparently, this feature makes6
less cytotoxic but preserves its capability to distinguish

Scheme 1.Synthetic Route to TetbpyPP and TedabpyPPa

a Reactions and conditions: (a) propionic acid, reflux, 1.5 h (21%); (b) KOH aq 40%, THF/CH3OH 2:1, 40� C, 1 h (93%); (c) EDCI/HOBt/DMAP,
NH 2CH2CH2OCH2CH2OCH2CH2NHBoc (72%) DMF, rt, 24 h or EDCI/HOBt, NH 2CH2CH2NHBoc, DMF, rt, 2.5 h, then TFA, rt, 2 h (100%); (d)
EDCI/HOBt/DMAP, bpyAc, DMF, rt, 24 h (96% and 74%).
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between the nontumorigenic HBL-100 and the highly inva-
sive MDA-MB-231 cell line showing selectivity against this
latter. This finding suggests that compounds4 and 6 might
have a specific interaction with a target differently expressed
by the two cell lines.

Phototoxicity. Conjugates 1, 4, and 6 were selected for
performing a detailed investigation of their cytotoxic activity

against MDA-MB-231 human breast cancer cells under irra-
diation with visible light (phototoxicity). These compounds,
beside being soluble in DMSO, are also well (1 and 6), or at
least appreciably (4), soluble in water, and represent three
types of porphyrins with increasing structural complexity
and both types of porphyrin- Ru connections. The cell
cultures were exposed for 24 h at concentrations of the

Figure 4. Schematic structure of the ruthenium- porphyrin conjugate 6.

Figure 5. H- H COSY NMR spectrum of 6 in DMSO- d6. See Figure 4 for numbering scheme.
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conjugates ranging from 0.1 to 10� M, then were irradiated at
590- 700 nm with a fluence rate of 25 mW/cm2 and light doses
from 1 to 10 J/cm2. The exposure of control cells to these total
light doses does not induce an inhibition of cell proliferation
as reported in Figure S7 (see Supporting Information). Cell
cytotoxicity was determined using the MTT test 24 h after the
end of the irradiation. Cells treated with the same concentra-
tions of the test compounds, but kept in the dark, were used as
controls for photocytotoxicity, whereas cells neither exposed
to drugs nor to light were used as controls for cyto-
toxicity. The optimal total light dose was determined in a
preliminary series of experiments using6 as representative
ruthenium- porphyrin conjugate (Figure 6). By irradiating
the tumor cells at increasing total light doses from 1 to 30 J/
cm2, the dose- response curve shifts to the left and the IC50

value correspondingly decreases. Light doses greater than 10
J/cm2 were discarded because of induced excessive toxicity.

The phototoxicity of compounds 1, 4, and 6 against MDA-
MB-231 cells at increasing total light doses is shown in Table 2.
IC50 values are compared to those calculated from cell cultures
similarly treated with the Ru- porphyrin conjugates but kept in
the dark. For example, compound1 has an IC50 of 3.34� M in
the dark, that becomes 1.73� M, 0.29 � M ( p < 0.05 vs dark),
and 0.13� M ( p < 0.05 vs dark) when cells are exposed to 1 J/
cm2, 5 J/cm2, and 10 J/cm2, respectively. Similar results were
observed for compound6, whose IC50 drops from 2.09 � M
(dark) to 0.10 � M (10 J/cm2, p < 0.01 vs dark). Under these

experimental conditions, compound4 is slightly less active than
theotherswhencellsarekept in thedark (IC50=24.62 � M) but,
after light exposure, its IC50 value decreases by 1 order of
magnitude, similarly to the other two compounds: 1.71� M at
10 J/cm2 (p < 0.001 vs dark, and p < 0.05 vs 1 J/cm2).

It should be noted that the experimental conditions used in
these experiments for determining the cytotoxicity in the dark
(i.e., 24 h of cell challenge with each compound followed by
further 24 h in a drug free medium and evaluation by the MTT
test) are different from those described above (i.e., 72 h con-
tinuous drug treatment followed by the MTT test). The two
schedules do not affect the IC50 of 1 but yield moderately
different values for4 and 6: 4 is ca. 5 times more active after a
continuative72hexposure, whereas theopposite result , i.e. a ca.
5-fold decrease of the cytotoxic activity, is found for compound
6 when cell treatment is prolonged from 24 to 72 h.

Most interestingly, compounds1, 4, and 6 are all good PDT
candidates because they are effective at mild light doses (10 J/
cm2) and show IC50 values 1 order of magnitude lower than
those calculated in the dark in the same experimental condi-
tions. Compounds1 and 6 are the most potent and most pro-
mising because they already cause a significant reduction of
tumor cells growth at a treatment dose as low as 1 J/cm2.

Because the most common mechanism of action of the
photosensitizers used in PDT (type II mechanism) involves
the production of singlet oxygen upon photoexcitation, the
1O2 quantum yield (� � ) was measured for compounds1, 4,
and 6. Most PDT photosensitizers typically have singlet
oxygen quantum yield values of ca. 0.5.36 The investigated
Ru- porphyrin conjugates have from moderate (� � = 0.37
and 0.35 for4 and 6, respectively) to good (� � = 0.63 for 1)
singlet oxygen quantum yields. These� � values are not
significantly different from those of the corresponding par-
ent porphyrins (0.49, 0.38, and 0.40 for the precursors of1, 4,
and6, respectively). The phototoxicity of1, 4, and6does not
seem to be directly related to this parameter. In fact,1 and 6
show the same potency in the phototoxic assay, despite1
having a better singlet oxygen quantum yield compared to6.
It is worth noting that � � values are determined in ethanol
solution and that most likely other parameters (e.g., hydro-
phobicity, cell uptake, ...) play a more significant role in
determining the phototoxic activity of these conjugates
under in vitro conditions.

The intracellular localization in MDA-MB-231 cells of
compounds1, 4, and6was determined after 16 h of exposure
using fluorescence microscopy; the results for compound6
are reported in Figure 7. The porphyrin-associated fluores-
cence revealed that6 accumulates in not yet identified
granular structures of the cytoplasm of the breast cancer
cells (Figure 7B), yielding red emission spots, but not in the

Table 1. IC50 Values of Tested Compounds on MDA-MB-231 and
HBL-100 Cells after 72 h Treatment (in the Dark)a

IC50 [� M]

MDA-MB-231 HBL-100

1 4 ( 1 2 ( 1
2 5- 5 4- 5
3 4- 5 6- 8
4 4- 6 10- 10
5 4- 5 6- 7
6 12 ( 2 26 ( 2
[Ru([9]aneS3)(en)Cl][CF3SO3] (8) 146- 177b 175c

[Ru([9]aneS3)(bpy)Cl][CF3SO3] (9) >300 b nd
a MDA-MB-231 cells grown in multi-well plates were treated with

compounds1- 6 at 0.1 � M ÷ 30 � M for 72 h, then cell cytotoxicity was
detected by MTT. IC50 are the mean( SD calculated from values
obtained in three separated experiments (compounds1, 6) or the values
obtained in two separate experiments (compounds2, 3, 4, 5). Statistics:
unpaired t test.b From ref 13. cFrom ref12.

Figure 6. Light dose- effect curves for6as representative ruthenium-
porphyrin conjugate. MDA-MB-231 human breast cancer cells were
exposed to doses from 1 to 10� M for 24 h, then cells were irradiated
at a fluence rate of 25 mW/cm2 and total light doses ranging from 1 to
30 J/cm2. Cell cytotoxicity was determined 24 h after the end of
irradiation by MTT test. The dotted line corresponds to 50% inhibition
of cell proliferation.

Table 2. IC50 Values of Compounds1, 4, and 6 in MDA-MB-231 Cells
Treated for 24 h and Then Exposed to Increasing Doses of Visible Light
(590- 700 nm)a

IC50 [� M]

dark 1 J/cm2 5 J/cm2 10 J/cm2

1 3.34( 1.87 1.73( 1.10 0.29( 0.02 0.13( 0.04
4 24.62( 6.38 10.64( 1.61 3.93( 1.24 1.71( 0.64
6 2.09( 0.78 0.56( 0.12 0.24( 0.10 0.10( 0.04

a MDA-MB-231 cells grown in multi-well plates were treated with
compounds1, 4, and 6 at 0.1- 10� M for 24 h, then cells were irradiated
with visible light (590- 700 nm) at 25 mW/cm2 fluence rate and total light
doses of either 1 J/cm2, 5 J/cm2 or 10 J/cm2. Cell cytotoxicity was
detected by MTT test 24 h after irradiation. Statistics: ANOVA Analysis
of variance and Tukey- Kramer post test.
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nucleus, as demonstrated by the overlay with the blue fluores-
cence of DAPI (Figure 7C), a compound that selectively stains
the nucleus (Figure 7A). Similar results were obtained with
compounds1 and 4 (data not shown). DAPI staining, several
hours after treatment, did not show morphological changes at
the nuclear level typical of apoptosis. On the basis of this obser-
vation, the most likely mechanism of cell death seems to be nec-
rosis, consistent with literature data showing that both death
mechanisms are possible in PDT, depending on the character-
istics of the photosensitizing agent,37on the cell lines used38, and
on the treatment schedule used.39

The uptake of compound4 by MDA-MB-231 and HBL-
100 cells was measured by atomic absorption spectroscopy
after treatment for 1, 2, 4, and 24 h. Compound4 was
selected because it is one of the conjugates with the highest
positive charge (8þ ) and it shows different activity on the two
cell lines (that might suggest different uptake). Two concen-
trations (4.5 and 10� M) were used for each cell line that
represent the IC50 values calculated for this compound in
MDA-MB-231 and HBL-100 cells after a 72 h exposure,
respectively. Figure 8 shows the� g of ruthenium/106 cells as
a function of the time of treatment: in both cell lines, the
ruthenium associated to cells increases proportionally to the
duration of the treatment reaching approximately the same
maximum value of 0.1� g/106 cells in both cell lines (after 24 h
at the concentration of 10� M), although the accumulation
kinetic seems slower in the human breast cancer cells in
comparison to the nontumorigenic cells.

Thus, the large positive charge of the conjugate does not
seem to inhibit its cellular uptake. Indeed, it has been demon-
strated that highly charged metal complexes are capable of
crossing cell membranes even better than neutral or low-
positively charged species.40

Conclusions

We reported the preparation of two novel “extended-arms”
versatile porphyrins, namely TetbpyPP and TedabpyPP,
with a multistep approach and reasonable overall yield. These

porphyrins, that bear at themesopositions four chelating bpy
fragments connected through flexible linkers of different
length and hydrophilicy, are particularly suited for the strong
coordination of peripheral metal fragments. Thus, in principle,
they might be easily exploited for the preparation of a wide
array of conjugates in which the nature of the metal, the total
charge, the presence of labile ligands, etc. can be varied on
demand by an appropriate choice of the metal precursor. We
demonstrated that both porphyrins can effectively bind four
half-sandwich Ru(II) coordination compounds to give the
tetra-cationic conjugates [TedabpyPP{Ru([9]aneS3)Cl}4]Cl4
(6) and [TetbpyPP{Ru([9]aneS3)Cl}4]Cl4 (7) in excellent yields.
TedabpyPP seems to be best suited for biological purposes
because the hydrophilic spacers, containing the ethylenedioxy
groups, contribute to impart water solubility to the final com-
pound: in fact, conjugate6 is water-soluble, whereas7 is totally
insoluble. In contrast, conjugates of the highly hydrophobic
40TPyP become water-soluble only when the charged metal
fragments bear highly hydrophilic ligands, such as en, in their
coordination sphere (e.g., compound1).

Compound 6, together with the five other cationic Ru-
porphyrin conjugates 1- 5 recently described by us,30 were
investigated for in vitro cell growth inhibition toward MDA-
MB-231 human breast cancer cells and HBL-100 human
nontumorigenic epithelial cells. In the dark, all compounds
showed IC50values in the low micromolar range, i.e. at least 2
orders of magnitude lower than the corresponding Ru com-
plexes. Their cytotoxic activity is scarcely dependent on the
type of porphyrin and of Ru fragment. In other words,
conjugation of the Ru(II) half-sandwich compounds to the
porphyrin led to a remarkable increase of cytotoxicity, possi-
bly due to improved uptake (see above). Interestingly, the two
cell lines showed a different sensitivity to the cytotoxicity
of compounds 4 and 6, with the nontumorigenic HBL-100
much less affected than MDA-MB-231. Because the uptake is
similar in the two cell lines, at least for4, this finding suggests
the possibility of a specific interaction of4 and 6 with a target
differently expressed by the two cell lines.

Figure 7. Evaluation of the intracellular localization of 6 in MDA-MB-231 human breast cancer cells by fluorescence microscopy. MDA-MB-231
cells were grown on histological glass slides and exposed to6(10� M) for 16 h in the dark. Cells were fixed in 4% buffered formol, stained with DAPI,
and examined (magnification 200� ). (A) DAPI (excitation at 365 nm), (B) compound 6(excitation at 535 nm), (C) overlay of excitation at 365 nm for
DAPI staining of cell nuclei (blue) and excitation at 535 nm, indicating accumulation of 6 (red spots) in the cytoplasm of the cells.

Figure 8. Ruthenium uptake in MDA-MB-231 and HBL-100 cells treated with compound 4. Cells grown in multiwell plates were treated with
compound4at 4.5 or 10� M for 1, 2, 4, or 24 h. At the end of the treatment, ruthenium content was measured with atomic absorption spectroscopy.
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Three compounds were selected for investigating their
phototoxic effects on MDA-MB-231 human breast cancer
cells upon illumination. Conjugates1, 4, and 6 became ca. 10
times more cytotoxic after irradiation with visible light
(590- 700 nm) and proved to have from moderate to good
singlet oxygen quantum yields. According to fluorescence
microscopy experiments, they accumulate in the cytoplasm
of the breast cancer cells but do not penetrate significantly into
the nucleus. The most potent compounds1 and 6 were active
at nanomolar concentration and very low light dose (1 J/cm2),
making them promising sensitizers for the PDT of tumors.

Experimental Section

Mono and bidimensional (H- H COSY) 1H NMR spectra
were recorded at 400 or 500 MHz, respectively, on a JEOL Eclipse
400FT or on a Varian 500 spectrometer. All spectra were run at
ambient temperature. In all the solvents chemical shifts were
referenced to the peak of residual nondeuterated solvent (� =
7.26 for CDCl3, 5.32 for CD2Cl2, 3.31 for CD3OD, 2.50 for
DMSO-d6). UV- vis spectra were obtained atT = 25 � C on a
Jasco V-500 UV- vis spectrophotometer equipped with a Peltier
temperature controller, using 1.0 cm path-length quartz cuvettes
(3.0 mL). Electrospray mass spectra were recorded in the posi-
tive ion mode on a Bruker Esquire ESI-MS instrument. Fluores-
cence spectra were recorded on a F-4550 Hitachi spectrofluori-
meter.

Column chromatography was performed on silica gel 60 A�
(Merck, 230- 400 mesh ASTM), eluting with dichloromethane/
ethanol mixtures as specified below.

4-Methyl-2,20-bipyridine-40-carboxylic acid (bpyAc),41 [40TPyP-
{Ru([9]aneS3)(en)}4][CF3SO3]8 (1), [40TPyP{Ru([9]aneS3)(bpy)}4]-
[CF3SO3]8 (2), [Bpy3-PP{Ru([9]aneS3)(dmso-S)}3][CF3SO3]6 (3),
[Bpy4-PP{Ru([9]aneS3)(dmso-S)}4][CF3SO3]8 (4), and [Bpy4-PP-
{Ru([12]aneS4)}4][NO3]8 (5) were prepared according to the pub-
lished procedures.30 All chemicals were purchased from Sigma-
Aldrich and used without further purification unless otherwise
specified.

The porphyrin- Ru conjugates precipitate with variable
amounts of crystallization solvent that depend on the batch.
For this reason, elemental analysis of such conjugates did not
afford reliable and reproducible results and the values are not
reported here (typically, some of the elemental analysis values,
especially for C, differ from calculated values by >0.5%). Never-
theless, the purity calculated from elemental analysis data was
always >95%, and the proposed formulas are all consistent with
the 1H NMR and ESI MS spectra.

Preparation of Compounds. 4-Formyl Benzoate.HCl (g) was
bubbled for 30 min in a solution of 4-formylbenzoic acid (5 g,
0.33 mmol) dissolved in 250 mL of methanol and cooled in an ice
bath. The mixture was heated to reflux for 30 min and evapo-
rated to dryness under reduced pressure to obtain a white solid
that was recrystallized from petroleum ether to obtain the title
compound; yield 4.17 g (77%); mp = 60� C (lit. 60 � C). 1H NMR
(CDCl 3, � ): 3.97 (s, 3H, CH3), 7.96 (d, H3,5,J = 8.3 Hz), 8.20 (d,
H2,6, J = 8.2 Hz), 10.11 (s, CHO).

meso-40-Tetracarboxymethylphenylporphyrin (40TCMePP).
A 2.30 g amount of methyl 4-formyl benzoate (14 mmol) in
propionic acid (50 mL) was heated at 120� C. Freshly distilled
pyrrole (1.0 mL, 14 mmol) was added, and the mixture was refluxed
for 1.5 h, then stored at- 18� C for 12 h. The purple precipitate was
removed by filtration, thoroughly washed with cold methanol, and
dried in vacuo at room temperature. Yield 0.63 g (21%).1H NMR
(CDCl3, � ): - 2.81 (br s, 2H, NH), 4.12 (s, 12H, CH3), 8.30 (d, 8H,
oPh,J = 8.1 Hz), 8.45 (d, 8H, mPh,J = 8.1 Hz), 8.82 (s, 8H, H � ).
UV- vis (CH2Cl2, 25� C) � max, nm (relative intensity, %):420 (100),
515 (4.0), 550 (2.0), 590 (1.4), 646 (1.0).

meso-40-Tetracarboxyphenylporphyrin(40TCPP). A 12 mL
amount of a 40% KOH aqueous solution was added to a

200 mg amount of 40TCMePP (0.236 mmol) dissolved in 200
mL of a 2:1 THF/CH 3OH mixture. The reaction mixture was
stirred at 40 � C for 1 h, acidified with conc HCl (pH 5), and
extracted with THF/CH 2Cl2 1:1 (4� 50 mL). The organic frac-
tion was evaporated under reduced pressure, affording 174 mg
of the desired purple product; yield: 93%.1H NMR (DMSO- d6,
� ): - 2.94 (s, 2H, NH), 8.40 (m, 16H,mPh þ oPh), 8.87 (s, 8H,
� H), 13.32 (s, 4H, COOH). UV- vis (EtOH) � max, nm (relative
intensity, %) 416 (100), 513 (4.2), 548 (2.1), 590 (1.3), 646 (0.9).

TedaNHBocPP.A 146 mg amount of EDCI (0.76 mmol) and
a 103 mg amount of HOBt (0.76 mmol) were added to a solution
of 40TCPP (100 mg, 0.126 mmol) dissolved in 4 mL of anhydrous
DMF. To this solution, after stirring for 30 min, a 138 mg amount
of N-Boc-2,20-(ethylenedioxy)diethylamine (0.56 mmol)42and a 68
mg amount of dimethylaminopyridine (DMAP) (0.56 mmol)
dissolved in 1 mL of anhydrous DMF were added. The reaction
mixture was shielded from light and stirred at room temperature
for 24 h, and then the solvent was removed on a rotary evaporator
to yield a dark semisolid. A 1:1 THF/CH2Cl2 mixture (100 mL)
was added, and the organic layer was washed with water (40 mL�
3) and dried over anhydrous Na2SO4. The organic fraction was
evaporated to dryness under vacuum, and the resulting solid was
dissolved in 3 mL of CH2Cl2 and purified by column chromato-
graphy (4 � 20 cm) using CH2Cl2/EtOH (90:10) as eluent. The
workup afforded 153 mg of the product as a purple solid (yield
72%). 1H NMR (CDCl 3, � ): - 2.83 (br s, 2H, NH), 1.38 (s, 36H,
CH3 Boc), 3.35 (m, 8H, CH2 spacer), 3.61 (t, 8H, CH2 spacer), 3.73
(m, 16H, CH2 spacer), 3.84 (m, 16H, CH2 spacer), 5.04 (br s, 4H,
NHCO), 8.24 (dd, 16H, 8H mPh þ 8H oPh), 8.81 (s, 8H,� H).

TetNHBocPP. A procedure similar to that described above
was used, with the following parameters: 170 mg of 40TCPP (0.215
mmol) in 10 mL of anhydrous DMF, 247.3 mg of EDCI (1.29
mmol), and 174 mg of HOBt (1.29 mmol). To this solution, a 275
mg amount of N-Boc-ethylenediamine43 (1.72 mmol) was added
and the reaction mixture stirredfor 2.5 h at rt; yield 176 mg (60%).
1H NMR (CDCl 3, � ): - 2.84 (br s, 2H, NH), 1.48 (s, 36H, CH3
Boc), 3.56 (m, 8H,CH2NHCO), 3.74 (m, 8H, CH2NHBoc), 5.09
(m, 4H, NHBoc), 7.57 (m, 8H, CH2NHCO) 8.24 (dd, 16H, 8H
mPh þ 8H oPh, J = 8.22, 19.53 Hz), 8.79 (s, 8H,� H).

TedaNH2PP 34CF3SO3H. A 6 mL amount of trifluoroacetic
acid (TFA) was added to a solution of TedaNHBocPP (153 mg,
0.096 mmol) dissolved in 9 mL of anhydrous CH2Cl2. The
mixture was shielded from light and stirred at room temperature
for 2 h, after which the solvent was completely removed on a
rotary evaporator to give a dark-green semisolid of the title
porphyrin as triflate salt. A small amount (20 mg ca.) was
neutralized with triethylamine (2 drops), dissolved in methanol
(2 mL), precipitated with diethyl ether, filtered, and thoroughly
washed with diethyl ether for characterization.1H NMR (free
base) (CD3OD, � ): 3.17 (t, 8H, CH2NH 2), 3.80 (m, 40H, CH2
spacer), 8.32 (dd, 16H,mPhþ oPh), 8.90 (br s, 8H,� H). UV - vis
(CH3OH) � max, nm (� � 10- 3, dm3 mol- 1cm- 1): 415 (479), 513
(20), 546 (11), 587 (7.1), 645 (5.9). ESI-MSm/z: 1312.7 (MHþ ),
1334.6 (Mþ Naþ ), 1350.6 (Mþ K þ ).

The remaining product was used in the following step without
further purification.

TetNH 2PP 34CF3SO3H. The same procedure as above was
used, with the following parameters: 189 mg of TetNHBocPP
(0.14 mmol) in 10 mL of anhydrous dichloromethane and 5 mL
of TFA. 1H NMR (free base) (DMSO-d6, � ): - 2.93 (s, 2H, NH),
3.13 (d, 8H, CH2NH 2), 3.63 (d, 8H, NHCH2), 8.35 (dd, 16H,
mPh þ oPh), 8.84 (m, 8H,� H), 9.11 (m, 4H, NHCO). ESI-MS
(m/z): 959.4 (MHþ ), 981.4 (M þ Naþ ) 791.2 (M(TCPP)Hþ ).

TedabpyPP. A 115 mg amount of bpyAc (0.54 mmol), a
155 mg amount of EDCI (0.81 mmol), and a 109 mg amount of
HOBt (0.81 mmol) were dissolved in 5 mL of anhydrous DMF.
After stirring for 30 min at room temperature, a solution of
TedaNH2PP (0.090 mmol) and 110 mg of DMAP (0.90 mmol)
in 5 mL of anhydrous DMF was added. The reaction mix-
ture was stirred for 24 h in the dark. At reaction completion
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(TLC: aluminum oxide, CH 2Cl2/EtOH 90:10), the solvent was
evaporated under vacuum and the resulting solid was triturated
with diethyl ether, filtered, thoroughly washed with diethyl
ether, and dried in vacuum. Yield: 180 mg (96%).1H NMR
(CD2Cl2, � ): - 3.00 (s, 2H, NH), 2.21 (s, 12H, CH3bpy),
3.68- 3.83 (m, 48H, CH2 spacer), 6.96 (d, 4H, J = 4.72 Hz,
H50), 7.21 (t, 4H, NHCO bpy), 7.31(t, 4H, NHCO), 7.66 (dd,
4H, J = 1.64, 4.96 Hz, H5), 8.10 (s, 4H, H30), 8.10 (d, 8H,J =
7.95 Hz,oPh), 8.18 (d, 8H,J = 7.95 Hz, mPh), 8.35 (d, 4H,J =
4.96 Hz, H60), 8.62 (d, 4H,J = 4.96 Hz, H6), 8.65 (s, 4H, H3),
8.74 (s, 8H,� H). ESI-MS m/z: 2096.7 (MHþ ) 2118.6 (Mþ Naþ ),
2134.5 (Mþ K þ ). UV - vis (CH3OH) � max, nm (relative inten-
sity, %): 418 (100), 514 (4.7), 549 (2.4), 590 (1.5), 646 (1.1).

TetbpyPP.The same synthetic procedure as above was used,
with the following parameters: 191 mg of bpyAc (0.89 mmol),
218 mg of EDCI (1.14 mmol), and 159 mg of HOBt (1.17 mmol)
in 13 mL of anhydrous DMF. TetNH 2PP (0.14 mmol), 154 mg
of DMAP (1.26 mmol) in 7 mL of anhydrous DMF. Yield: 181
mg (74%). 1H NMR (DMSO- d6, � ): - 2.94 (br s, 2H, NH), 2.40
(s, 12H, CH3), 3.64 (m, 16H, CH2), 7.28 (d, 4H, H50), 7.87 (d,
4H, H5), 8.26 (s, 4H, H30), 8.31 (m, 16H,oPh þ mPh), 8.57 (d,
4H, H60), 8.84 (m, 16H,� H þ H6 þ H3), 9.00 (t, 4H, CONH),
9.16 (t, 4H, CONH). ESI-MS m/z: 1744.7 (MHþ ), 1766.7 (Mþ
Naþ ), 1782.6 (Mþ K þ ). UV - vis (CH3OH þ 5% DMSO) � max,
nm (� � 10- 3, dm3 mol- 1cm- 1): 416 (237), 512 (13), 547 (7.1),
589 (5.1), 645 (3.8).

[TedabpyPP{Ru([9]aneS3)Cl}4][Cl]4 (6). A 50 mg amount of
TedabpyPP (0.024 mmol) was dissolved in a mixture of CH3OH
(6 mL) and CH2Cl2 (2.5 mL). To this solution a 41 mg amount of
[Ru([9]aneS3)(DMSO)Cl2] (0.095 mmol) dissolved in 16 mL of
hot CH 3OH was added. The mixture was refluxed for 24 h, and its
color turned deep red. After reaction completion (TLC: aluminum
oxide, CH2Cl2/EtOH 90:10), the solvent was evaporated under
vacuum and the residue redissolved in a few drops of methanol.
Dropwise addition of diethyl ether to the purple- brown solution
induced the precipitation of a purple solid that was removed by
filtration and washed repeatedly with diethyl ether and dried under
vacuum at rt; yield 79 mg (92%).1H NMR (DMSO- d6, � ): - 2.93
(s, 2H, NH), 2.40- 2.85 (m, 48H, CH2 [9]aneS3), 2.53 (s, 12H, CH3
bpy), 3.55- 3.70 (m, 48H, CH2 spacer) 7.50 (d, 4H,J = 5.03 Hz,
H50), 7.95 (d, 4H,J = 5.12 Hz, H5), 8.30 (s, 16H, oPhþ mPh), 8.65
(s, 4H, H30), 8.82 (d, 4H,J = 5.75 Hz, H6 0), 8.84 (s, 8H,� H), 8.93
(t, 4H, CONH), 9.01 (s, 4H, H3), 9.11 (d, 4H,J = 5.74 Hz, H6),
9.27 (t, 4H, CONH). ESI-MS m/z: 841.5 (MHþ ). UV- vis
(CH3OH) � max, nm (relative intensity, %): 417 (100), 513 (5.5),
549 (2.9), 590 (1.5), 645 (1.0).

[TetbpyPP{Ru([9]aneS3)Cl]4}][Cl]4 (7). The same synthetic
procedure as above was used, with the following parameters:
25 mg of TetbpyPP (0.014 mmol) in 25 mL of CH3OH and 27 mg
of [Ru([9]aneS3)(DMSO)Cl2] (0.063 mmol); yield, 39 mg (92%).
1H NMR (DMSO- d6, � ): - 2.94 (br s, 2H, NH), 2.5- 2.9 (m,
48H, CH2 [9]aneS3), 7.49 (d, H50), 8.03 (d, H5), 8.34 (dd, 16H,
oPh þ mPh) 8.78 (s, H30). 8.84 (m, 16H,� H þ H60), 9.17 (m,
12H, CONH þ H3), 9.52 (m, 4H, CONH). UV - vis (CH3OH)
� max, nm (relative intensity, %): 417 (100), 513 (8.1), 548 (3.9),
589 (2.6), 645 (1.8).

Tumour Cell Lines for in Vitro Tests.The MDA-MB-231,
highly invasive, human breast cancer cell line was kindly sup-
plied by Dr. P. Spessotto (Cro, Aviano, Italy) and maintained
in Dulbecco’s modified Eagle’s medium (EuroClone, Devon,
UK) supplemented with 10% fetal bovine serum (FBS,
Gibco, Invitrogen, Paisley, Scotland, UK), 2 mM L-glutamine
(EuroClone, Devon, UK), 1% nonessential amino acids, and
100 IU/mL penicillin and 100 � g/mL streptomycin (EuroClone,
Devon, UK).

The HBL-100 human nontumorigenic epithelial cell line was
kindly supplied by Dr. G. Decorti (Department of Life Sciences,
University of Trieste, Italy) and maintained in McCoy’s 5A
medium supplemented with 10% FBS, 2 mML-glutamine, and
100 IU/mL penicillin and 100 � g/mL streptomycin.

Both cell lines were kept in a CO2 incubator with 5% CO 2 and
100% relative humidity at 37� C. Cells from a confluent mono-
layer were removed from flasks by a trypsin- EDTA solution.
Cell viability was determined by the trypan blue dye exclusion
test. For experimental purposes, cells were sown in multiwell
culture clusters.

Determination of Cell Cytotoxicity. Cell growth inhibition
was determined by the MTT viability test.44 Cells sown on 96-
well plates were incubated 24 h later with concentrations from
0.1 to 30 � M of the appropriate compound, prepared by
dissolving it in a medium containing 5% of serum, for 72 h.
Solutions of the conjugates1- 6 were prepared by diluting a
freshly prepared stock solution (10- 2 M) of each compound in
DMSO (Sigma, St. Louis, MO). Maximum DMSO concentra-
tion in the cell incubation medium wase 0.3% v/v. Cell toxicity
analysis was performed at the end of the incubation time.
Briefly, MTT dissolved in PBS (5 mg mL- 1) was added (10� L
per 100 � L of medium) to all wells and the plates were then
incubated at 37� C with 5% CO 2 and 100% relative humidity
for 4 h. After this time, the medium was discarded and 200� L
of DMSO were added to each well according to the method
of Alley et al.45 Optical density was measured at 570 nm on
a SpectraCount Packard (Meriden, CT) instrument. IC50
values were calculated from dose- effect curves with Graph-
Pad Prism version 4.03 for Windows (GraphPad Software, San
Diego, CA).

Determination of Cell Phototoxicity.Cells grown in 96-well
cell culture plates were incubated 24 h later with concentrations
from 0.1 to 10 � M of compounds 1, 4, and 6, prepared by
dissolving them in a medium containing 5% of serum, for 24 h.
Stock DMSO solutions of each conjugate were prepared as
described above. Maximum DMSO concentration in the cell
incubation medium was e 0.1% v/v. Thereafter, the media
containing compounds were replaced with drug-free medium
containing 5% of serum and cells were irradiated at 590- 700 nm
at a fluence rate of 25 mW/cm2 and light doses ranging from 1 to
10 J/cm2. This wavelength interval was isolated from the emis-
sion of a halogen lamp (Teclas, Lugano, Switzerland) by the
insertion of broadband optical filters. Control experiments
performed in the absence of any photosensitizer indicated that
light doses up to 10 J/cm2 cause no evident cell damage. A plate
similarly treated but not exposed to light was used as reference
for the dark cytotoxicity in the same experimental conditions.
Experiments were conducted in quadruplicate and repeated
trice. Analysis of cell phototoxicity using the MTT assay as
described above was performed after a further incubation of 24
h after irradiation and compared to the values of control cells
without light irradiation.

Determination of the Quantum Yield for Singlet Oxygen
Generation.The quantum yield (� � ) of singlet oxygen generated
by compounds1, 4, and 6 upon photoexcitation was measured
using 9,10-dimethylanthracene (DMA) as substrate.46 Typi-
cally, 1.5 mL of a 20 � M ethanol solution of DMA and
1.5 mL solution of the porphyrin (0.4 A at Soret band maxi-
mum, � 10- 6 M) in ethanol were placed in a quartz cuvette
of 1 cm optical path and irradiated with 590- 700 nm light for
different periods of time at 20 ( 2 � C under gentle magnetic
stirring. The fluence rate was 100 mW/cm2. The DMA fluores-
cence emission was recorded in the 380- 550 nm wavelength
range with excitation at 360 nm. The first-order rate constant of
the photo-oxidation of DMA by 1O2 was obtained by plotting ln
F0/F as a function of the irradiation time t, where F0 and
F represent the fluorescence intensity at time 0 and at time
t, respectively. The rate constant was then converted into
1O2 quantum yield by comparison with the rate constant for
DMA photo-oxidation sensitized by hematoporphyrin (Hp),
for which � � was shown to be 0.65.47

Microscopy Experiments.MDA-MB-231 cells were grown on
histological slides in complete medium until 75% confluence
was reached and exposed to compounds1, 4, and 6 (10 � M) for
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16 h in the dark. At the end of the treatment, after discarding the
medium containing the compound and washing, cells were fixed
for 10 min in buffered formol, and nuclei were stained with 40,6-
diamino-2-phenylindolyl hydrochloride (DAPI, Molecular
Probes, Invitrogen, Italy) according to the manufacturer’s
instructions. Then slides were mounted with 20% PBS-glycerol
and analyzed under a fluorescence microscope (Leica, DM 2000,
Italy) with filters set at 365 ( 5 nm excitation light (BP 340/380,
FT 400, LP 425) for DAPI, and 535( 25 nm excitation light (BP
515- 560, FT 580, LP 590) for porphyrins.

Determination of Ruthenium Cell Uptake.Ruthenium cell
uptake was determined by atomic absorption spectroscopy
(AAS) on samples processed with a modification of the proce-
dure by Tamura and Arai.48 MDA-MB-231 and HBL-100 cells
were seeded in complete medium containing 5% of serum in a
6-well plate. When cells reached 75% confluence, they were
incubated with 4.5 or 10� M of compound 4 for 1, 2, 4, or 24 h at
37 � C. At the end of the treatment, the wells were washed three
times with PBS, the cells collected by a trypsin/EDTA solution,
counted with the trypan blue exclusion test, and the intracellular
concentration of ruthenium was determined. The cells were
dried in Nalgene cryogenic vials (a first drying step was per-
formed overnight at 80� C and a second step at 105� C until the
samples reached a constant weight). The dried cells were decom-
posed by the addition of an aliquot of tetramethylammonium
hydroxide (25% in water) (Aldrich) and of Milli-Q water at a
ratio of 1:1 directly in each vial at room temperature under
shaking. Final volumes were adjusted to 1 mL with Milli-Q
water. The concentration of ruthenium in treated cells was
measured by flameless atomic absorption spectroscopy using
a Zeeman graphite tube atomizer, model SpectrAA-300,
equipped with a specific ruthenium emission lamp (hollow
cathode lamp P/N 56-101447-00, Varian, Mulgrave, Victoria,
Australia). Quantification of ruthenium was carried out in 10� L
samples at 349.9 nm with an atomizing temperature of 2500� C,
using argon as carrier gas at a flow rate of 3.0 L/min. Before each
analysis, a five-point calibration curve was obtained to check the
range of linearity using ruthenium custom-grade standard 998
mg/mL (InorganicVentures, Lakewood, NJ).

Statistical Analysis.Data obtained in the experiments were
subjected to Statistical Analysis of Variance (ANOVA) and
Tukey-Kramer post-test, or to Unpaired t test performed using
GraphPad InStat version 3.06 for Windows (GraphPad Soft-
ware, San Diego, CA, USA).
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