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Sommario

Il presente lavoro di ricerca, svolto presso il degtorio di Chimica Inorganica e di
Coordinazione (LaCIC) dell'Universita della Calabrsotto la supervisione del
Dott. Massimo La Deda, e in parte nel Laboratoiee Rhysico-Chimie des
Matériaux Luminescents (Université Claude Berndwghn, France), si colloca
allinterfaccia tra la Biomedicina, la Chimica do@dinazione e la Fotochimica,
alla ricerca di un comune denominatore.

L'obiettivo del nostro lavoro e stato quello dilgppare una metodologia ed un set-up
sperimentale per collegare l'esperienza del LaGHIarsintesi organometallica,
con le applicazioni di composti di coordinazioneampo biomedico.

Abbiamo scelto tre aree di ricerca in grado di erettin evidenza la relazione tra
"composti di coordinazione”, "luce" e "biomedicin#applicazione di complessi
metallici incapsulati in polimeri o in nanopartigeldi oro e silice per la
generazione di ossigeno di singoletto nella Ter&pidinamica (Capitoli 3 e 4),
l'utilizzo dei processi a trasferimento di energle coinvolgono i composti di
coordinazione per lo studio delle interazioni facmgroteina (applicazioni di
“sensing”, capitolo 2), l'utilizzo della lumines@ndi nanoparticelle contenenti
complessi di metalli di transizione nell'imaginglatare.

Le proprieta uniche dei composti metallici, sotitt la rilevante fotochimica e
fotofisica dei composti di metalli di transiziorierendono idonei per applicazioni

in fotomedicina.

Capitolo 2 - Applicazione di “sensing” dei composlii coordinazione: interazione
farmaco-proteinaUn nuovo complesso di zinco, recentemente sk presso
il LaCIC, ha evidenziato un’interessante attivitatiproliferativa in vitro nei
confronti di alcune linee cellulari tumorali. Tutta, i testin vitro rappresentano
solo il primo step per l'applicazione di questo @@sso come farmaco
antineoplastico; una fase successiva richiede tuthosdella sua biodistribuzione,
dunque la sua interazione con biomolecole quahAliumina sierica umana, la
proteina piu abbondante presente nel torrente labario, la quale aumenta la
solubilita di farmaci idrofobici nel plasma e ne doda il rilascio a livello

cellulare.



Grazie alla fluorescenza della proteina, € statssipde studiarne il fenomeno di
guenching della luminescenza, correlandolo allie®eone di legame con |l
complesso metallico. Inoltre, la "struttura spexialel composto di coordinazione,
la sua luminescenza intrinseca, ha reso possibilstudio dell'interazione di
legame da un’altra prospettiva, giungendo ad umeressante conclusione, che
evidenzia l'aspetto multifattoriale del complegsoapeutico e sensoristico.

Capitolo 3 - Processi attivati dalla luce in composdi coordinazione:
fotogenerazione di ossigeno di singoletta Terapia Fotodinamica (PDT) fa
riferimento all’'applicazione di luce al fine di ettere un effetto terapeutico, in
particolare fa riferimento alla capacita di fotogere'O,, una specie altamente
reattiva (il “vero” agente terapeutico) da una mola cosiddetta
“fotosensibilizzante”. Tra gli effetti terapeutidell’ O, si pongono in evidenza la
terapia antimicrobica e, soprattutto, la terapidit@morale: in entrambe e
preferibilmente richiesto I'utilizzo di fotosendiizzanti solubili in acqua.

| Complessi di Metalli di Transizione (TMC), grazadle loro “speciali” proprieta
fotofisiche, sono fotosensibilizzanti eccellenti,amper la maggior parte
scarsamente idrofilici. Per rendere TMC solubiliaoqua si puo procedere per
esempio inserendoli in un polimero biocompatibslenza che gli stessi perdino la
loro capacita di generare ossigeno di singolettguSndo questo critefie stato
sintetizzato e caratterizzato il primo esempio dipolimero solubile in acqua

legante un complesso di Pt(ll) in grado di geneoa@geno di singoletto.

Capitolo 4 - Il paradigma “theranostic”: complessli metalli di transizione e
nanoparticelle Un’altra alternativa per ottenere un fotosensbénte solubile in
acqua con le “speciali” proprieta dei TMC e di ipsalarlo all'interno di
nanoparticelle (NPs), le quali stanno sempre pigqusendo una crescente
importanza in ambito medico, grazie alla capacitagite da sistema di rilascio e
alla loro bassa tossicita.

Su guesta base, sono state sintetizzate e cazaditeriun certo numero di NPs aventi
un “core” d’oro e una “shell” di silice con intraplati nella matrice complessi di Ir
(1) e Ru (IN), aventi la capacita di generareigeso di singoletto. Come prova

preliminare, un campione di NPs contenenti un cesgad di Ru (Il), & stato



caratterizzatoin vitro per valutarne la citotossicita in diverse linee cailule
tumorali, con risultati promettenti.

Inoltre, le "speciali" proprieta fotofisiche dei Ticonsentono una disattivazione non
radiativa degli stati eccitati (fenomeno necessgr@ la generazione diO,
mediante un processo a trasferimento di energrgesperdere la luminescenza. In
virtu di questo, e stato possibile localizzare IBsNotosensibilizzanti all'interno
della cellula mediante microscopia a fluorescerzadendo le NPs sintetizzate un

nuovo materiale per “theranostic purposes”.
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Chapter 1 INTRODUCTION

A glance at the Thesis: scope and limitations

The present book collects the principal resultsaioled during the three-year PhD
course in Inorganic Chemistry Methods at the “Betimed Telesio” Doctorate
School (Cosenza, Italy). The research work, peréatnn the Laboratory of
Inorganic and Coordination Chemistry (LaCIC) of \amsity of Calabria under
the supervision of Dr. Massimo La Deda, and pdytiali the Laboratoire de
Physico-Chimie des Matériaux Luminescents (Univérsilaude Bernard, Lyon,
France), lies at the interface between biomedicam®rdination chemistry and
photochemistry, looking for a common denominatothaise three fields. This has
been identified in the light, as a carrier of eiyemgd information. We have tried to
highlight the role of coordination compounds inithdual aspect of sensors and
therapeutic agents in photomedicine, where youdryse the light for healing.
More modestly, the goal of our work was to devebbpnethodology and an
experimental set-up in order to connect up the mepee of LaCIC in the
organometallic synthesis with the applications obrdination compounds in

biomedical field.

We have choose three areas of research able tondaeme the link between
"coordination compounds”, "light" and "biomedicinghe application of metal
complexes entrapped in polymers or gold-silica panticles in the generation of
singlet oxygen in photodynamic therapy (Cancer Pt Antimicrobial PDT,
Chapters 3 and 4); the use of coordination compe@nergy-transfer aptitude for
the study of drug-protein interaction (sensing agapilons, Chapter 2); the use of
the luminescence of nanoparticles encapsulatimgitran metal complexes in cell

imaging.
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Metallopharmaceuticals: the special properties of Coordination

Compounds

Metals are essential cellular components selecteddbure to function in several
indispensable biochemical processes for living oisyas. Metals are endowed
with unique characteristics that include redox \aigti variable coordination
modes, and reactivity towards organic substratege © their reactivity, metals
are tightly regulated under normal conditions anbereant metal ion
concentrations are associated with various patihcdbgdisorders, including
cancer. The use of metals and their salts for nmadicpurposes, from
iatrochemistry to modern day, has been presenud¢imaut human history. In
particular, the discovery of platinum anticanceugd and the appearance of organ
specific diagnostic-imaging agents containing tetlum were prominent
developments that have stimulated further interegst  so-called
“metallopharmaceuticals”. Today, the metallopharendicals industry has a
global market measured in billions of euros and wekl-established applications

in both diagnostic and therapeutic medicine.

Metal ions or metal compounds important for ourltieare of both endogenous and

exogenous origin. Endogenous metal compounds apg@reel for many critical
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processes such as respiration, much of metabolidavelopment, neural

transmission, muscle contraction, signal transaduag¢tgene expression, protection
against toxic and mutagenic agents. Exogenous congpoan be introduced into
the organism through the diet, via interaction wviite environment, or in order to
induce a predetermined alteration of the systens hotable that some organic
pharmaceuticals or pollutants may be directed tdwaetal targets in the body or

require metal binding to function.

Coordination compounds are the most suitable chemim use the metal special
properties through chemical design, so that coatdin chemistry plays a
significant role in the development of metallophaceuticals involving metals,
especially transition metals. Coordination compauatlow for the synthesis of
structures with unique stereochemistry and oriemabtf organic ligands and
structures which are not accessible through puretganic, carbon-based
compounds. The kinetic inertness of the coordimatiganometallic bonds make
these compounds in principle similar to organic poonds. This approach
immensely expands the ability to chart biologicayevant chemical space.

A coordination compound is a sort of multifunctibrgent in which, by a proper
choice of metal and ligands, it is possible to agaje a variety of properties
inaccessible to single molecule. The importanceligdnds in modifying the
biological effects of metal-based drugs cannot berestimated.Ligands can
modify the oral/systemic bioavailability of metadnis, can assist in targeting
specific tissues or enzymes; can deliver, protectsequester a particular metal
ion, depending on the requirements, for therapyiagnosis. Ligands can also
ensure protection of tissues from toxic metal ionsin a contrasting strategy,
enhance uptake of pharmacologically beneficial m&ias. In this way, the
properties of a coordination compound are somethioge than the simple sum of
the properties of the ligand and metal. The conoéfite metal as scaffold for the
construction of unique, yet well-defined three-dinsienal structures, rather than
reactive centre, holds much promise. This highlyduolar approach, combined
with currently available combinatorial techniquesnda knowledge of
supramolecular chemistry, yields a very powerfulthnod for optimizing drug

interactions with carefully selected targets.
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Supramolecular systems are constituted of a nunidferdiscrete molecular
components with definite individual properties hetdgether by various
interactions. In natural systems the molecular comepts are very often
assembled by intermolecular forces (hydrogen bodalspr-acceptor interactions,
van der Waals forces, etc.), whereas in artifisitems covalent or coordination
bonds are used to achieve a better control of tpeasnolecular structure. The
development of supramolecular chemistry has allowgatstruction of structurally
organized and functionally integrated chemical ayst capable of elaborating the
energy and information input photons to perform ptax functions. During the
past decade research on transition metal supraotaiesystems has experienced
extraordinary progress. In terms of bonding stlentite moderate coordination
bonds between transition metals and ligands angdeet strong covalent bonding
in carbon-based systems and weak interactions afodgcal systems. Some
advantages of employing transition metals to bsilgramolecular systems include
the following: (i) involvement of d orbitals whiabffer more bonding modes and
geometric symmetries than simple organic moleciigsa range of electronic and
steric properties which can be fine-tuned by emiplpyarious ancillary ligands;
(ii) easily modified size of the desired supranooles by utilizing various lengths
of bridging ligands; and (iv) incorporation of thalistinct spectral, magnetic,

redox, photophysical, and photochemical properties.

The (special) photochemical properties of Coordination Compounds
offered to biomed

Light can be used to alter the electronic structfrenolecules, inducing changes in
both physical and chemical properties. The excgtade which is generated is
typically short-lived; however, as the moleculeuras to the ground state, the
energy can be dissipated in a wide variety of waythe form of light or heat, a

chemical modification of the structure or trangéenergy to another species.

Luminescent transition metal complexes possess meseyul photophysical and
photochemical properties that enable them to sasvenique biological labels and
probes. First, many transition metal complexesgesily those with a charge-
transfer excited state, show intense and long-leeussion in the visible region,
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which is an advantage for detection and imaginglistu Although numerous
organic compounds also exhibit intense emissiorthm visible region, their
lifetimes are very short due to their singlet eaditstate. Thus, background
interference in the samples cannot be easily rethbyetime-resolved detection.
Forster-type resonance energy transfer (RET) quegaeh commonly employed to
study interactions between biological moleculesabse the range of usual Forster
distances is similar to the dimensions of commoomulecules. Fluorescent
organic labels in these studies rely essentially sipady-state emission
measurements. The longer excited-state lifetimegrasfsition metal complexes
mean that RET quenching can be readily examinelifdtfyne measurements as
an additional monitoring method. Furthermore, metahplexes of long excited-
state lifetimes are attractive candidates in theelbgpment of new anisotropic
probes to study the hydrodynamics of proteins agd assays involving high-
molecular antigens and antibodies. A number ofsiteom metal complexes exhibit
rich photoredox properties, which allow studiesptiotocleavage of DNA and
photoinduced electron-transfer reactions in mepaditeins. Most importantly, the
choice of various metal centres and a wide randegahds renders it possible to
fine-tune the ground-state and excited-state rgoabentials of transition metal
complexes, which facilitates the development of pdwtoredox-active biological
labelling reagents and probes in specific invettga. Additionally, many
transition metal complexes respond sensitivelyh&rtlocal environment, and can
thus serve as luminescent reporters of their sadimgs. In particular, complexes
with a charge-transfer excited state usually shagwmificant changes in their
emission energy, intensities and lifetimes in défé media. These favorable
properties enable the complexes to act as luminésuoelecular probes to report
biomolecular recognitions that are associated witbhange of hydrophobicity.
Furthermore, owing to the phosphorescent natunaadt luminescent transition
metal complexes, their Stokes shifts are much tatigen those of the organic
fluorophores. Thus, biological molecules can be tiplyl labelled with metal
complexes without reduced fluorescence intensdigs to self-quenching, which

often occurs in organic fluorophores.
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In contrast to organic species, metals have exc#tadles that are often easily
accessible by irradiation with visible and UVA ligiiransition metal complexes
with d® and & electronic configurations are particularly promisi due to the
favorable photophysical properties and the relative-lability of complexes with
these configurations. In particula’® ttansition metal complexes can be used to
exemplify the diversity of excited states that ¢@ngenerated by light excitation,
and the chemistry that is associated with theiregation. Excitation leads to
electronically- and vibrationally-excited statesttwthe same multiplicity as the
ground state. The transitions to the excited ededtrstates are formally classified
according to the character of the orbitals involirethe electronic transition:

* Metal-centred (MC) transitions, i.e. d-d or ligafiedd (LF)
transitions. These are orbitally (Laporte)-forbidden, and c#so de
spin-forbidden if the spin state changes. Conseatyyehey give rise
to weak absorptiong ~ 1-20 x 16 M™cmi®) which can be masked by
stronger, formally allowed charge-transfer traosis. Since MC
transitions typically populate antibonding orbitale excited states
generated often lead to bond lengthening and figand substitution.
Photochemical lability is commonly a feature of gdexes in which a
MC excited state is lowest in energy, such as tme&l complexes
which photorelease a bioactive molecudeg(CO, NO).

* Charge-transfer (CT) transitions, metal-to-ligan®ll{CT), ligand-to-
metal (LMCT) or to-solvent (TS)'hese give rise to more intense
transitions (typicallye ~ 1-100 x 1&M™cm?) and can lead to redox
reactions (of both the complex and molecules inldbal environment
e.g.solvent) and also result in homolytic bond clea/agducing the
metal centre and generating radicals. Productiomradicals under
biological conditions is a well established meckanifor causing

damage to cellular componenésd.DNA).



Chapter 1 - INTRODUCTION

» Ligand-centred (LC) transitions, or interligand {ltransitions These
generally involve only ligand-centered orbitals zaré often seen in
large delocalized systems.

Once these excited states are generated they odergaona series of physical
radiationless processes which ultimately lead te tround-state electronic
structure: intersystem crossing (ISC), internal varsion (IC) vibrational
relaxation, intramolecular vibrational redistritti and solvation dynamics
(reorganization of solvent shells). Radiative pss&s such as fluorescence
(singlet—singlet) and phosphorescence (tripletdsthgesult in a return to the
ground state, with emission of light of longer wiangth than was used for the
excitation. Beside these monomolecular radiativenam-radiative processes, an
excited state can undergo a bimolecular processhilng a ground-state molecule
that receives the energy content of the excitedeoubé. Fluorescence RET

guenching is an example.

The unique properties of metal compounds, espgoially rich photochemistry and
photophysics of transition-metal compounds, malemttsuitable candidates for
selected applications in photomedicine.

The Thesisin a nutshell

The use of metal compounds in bio-medicine explaneithe present work concerns
the properties of their excited states; as abovetioreed an excited state deactives
along two paths: a non radiative decay and/or mtiad decay.
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METAL COMPOUNDS IN BIO-MEDICINE
Light absorption

Formation of excited states

NON-RADIATIVE DECAY RADIATIVE DECAY

THERAPEUTICAL SENSING
APPLICATION APPLICATION

Singlet Oxygen Photogeneration (PDT)
Drug protein interaction

Nanoparticless Polymer Grafting

Chapter 2 - Sensoristic applications of coordinaticompounds: drug-protein
interaction A new zinc complex, recently synthesized in theCIC, showed
interestingly in vitro cytotoxic properties versus some types of tumdts.ce
Nevertheless, the vitro test is only the first step to propose this comps
antineoplastic drug; a successive step is to stsdyiodistribution. Unfortunately,
this Zn complex is scarcely water soluble, so a teayeach a good bioavailability
is through its interaction with Human Serum Albuptime most abundant protein
in the bloodstream that increases the solubilitiiyafrophobic drugs in plasma and
modulates their delivery to cefi vivo.

Thanks to the protein fluorescence, it was possiblestudy its luminescence
guenching correlating it to the binding interactioith the Zn complex, and to
determine the bimolecular rate constant value, Wwhazcount for a static
guenching. But, the “special property” of the ziogordination compound, its
intrinsic luminescence, has made possible to sthdybinding interaction from
another point of view, with interesting conclusidmat highlight the multifactorial

aspect of the complex: therapeutical and sensaristi

Chapter 3 - Light-activated processes in coordimatcompounds: photogeneration
of singlet oxygenPhotodynamic Therapy (PDT) refers to the appbeaof light
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to obtain a therapeutical effect; more preciselyraters to the ability of
photogenerate the highly reactive spet@es(which is the “true” therapeutical
agent) by a molecule called photosensitizer. Amadmg therapeutical effect
exerted by'O, there are an antimicrobial therapy and, aboveaallanticancer
therapy: both prefer water soluble photosensitizer.

Transition metal complexes (TMC), due to their ‘Gp€ photophysical
properties, are excellent photosensitizers, but ynah them are scarcely
hydrophilic. A way of making TMC water soluble cae to entrap them into a
biocompatible polymer, without losing their capgdid generate singlet oxygen.
Following this criterion, it was synthesized anduccterized the first example of a

water soluble polymer grafting a Pt(ll) complexeat generate singlet oxygen.

Chapter 4 - The theranostic paradigm: transitiontaheomplexes and nanopatrticles.
Another way to obtain a water soluble photosereitizith the “special” properties
of TMCs, is to entrap them into nanoparticles (NRanoparticles are having an
increasing importance in the medical field, desegva new branch of medicine,
the so-called “nanomedicine”. This is due to thditsof the NPs to have a little
toxicity and to act as drug-delivery system. Momovgold NP carried out
therapeutical effect thanks to the intriguing pmbps of the gold plasmon
(photothermal therapy).

On this basis, it was synthesised and characteazedmber of silica-shell/gold-
core NPs entrapping Ir(lll) and Ru(ll) complexedjieh show qualitative ability
to generate singlet oxygen. As preliminary testsaample of gold-silica NP
entrapping a Ru(ll) complex was characterized trowio measure the cytotoxicity
against tumor cells, giving promising results.

Moreover, the “special” photophysical properties T01ICs allow having non-

radiative deactivation of the excited states (nemgsto generatdO, by energy

transfer process) without losing luminescence. By of this, it was possible to
localize the photosensitizing NPs inside the csll fluorescence microscope,

making the synthesized NPs a new material for tiestac purposes.



Chapter 2 SENSORISTIC APPLICATIONS OF
COORDINATION COMPOUNDS: DRUG-
PROTEIN INTERACTION

2.1 Coordination Compounds in Cancer Therapy

Medicinal inorganic chemistry (Hambley 2007; On2i§99; Guo 1999) is a field of
increasing prominence as metal-based compoundspussibilities for the design of
therapeutic agents not readily available to orgammpounds. The wide range of
coordination numbers and geometries, accessiblexrsthtes, thermodynamic and
kinetic characteristics, and the intrinsic propertof the cationic metal ion and ligand
itself offer the medicinal chemist a wide spectrwh reactivities that can be
exploited. Although metals have long been usedrfedicinal purposes in a more or
less empirical fashion (Thompson 2006), the poaéndf metal-based anticancer
agents has only been fully realized and exploradesthe landmark discovery of the
biological activity of cisplatingis-(NH3),Pt(Cl). To date, this prototypical anticancer
drug remains one of the most effective chemothertapagents in clinical use.

Early investigations on the action mechanism gblaisn suggested a formation of an
adduct with nuclear DNA by a covalent bond of thetathcomplex with two adjacent
guanines on the same DNA strand (Fig. 1) that, ingua distortions in the DNA
structure, interfere with replication, triggeringllalar events that lead to the death of

cancer cell (Wang 2005).

10
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Figure 1. DNA and cisplatin form an adduct leaving two amgroups coordinated to the

platinum atom.

Cisplatin is particularly active against testicutancer and, if tumours are discovered
early, an impressive cure rate of nearly 100% ea®d. Besides cisplatin, several
other platinum complexes (carboplatin, oxaliplamd more recently, picoplatin and
satraplatin) have been screened as potential amtituagents (Kelland 2007);
however, it must be noted that only a limited numiifetumours can be treated with
platinum-based anti-cancer drugs. Moreover theydywe several side effects
including bone marrow suppression, neurotoxicitgt above all nephrotoxicity (Jung
2007). In fact, platinum complexes are known tocteet only with DNA but also
with many other cell components such as glutathiamé other sulphur-containing
biomolecules, present in relatively high dosesdeghe cell, and recent studies have
shown that the inactivation of the thiol-containemggymes causes serious side effects
in the kidney. In addition to the high systemicitity, inherent or acquired resistance
is a second problem often associated with platibased drugs, with further limits
their clinical use (Galanski 2005). Much effort Haeen devoted to the development
of new platinum drugs and the elucidation of celtulesponses to them to alleviate
these limitations (van Zutphen 2005; Bruijnincx 8R0

These unresolved disadvantages stimulate researttteaevelopment of novel non-

platinum metal complexes as anticancer agents, mébhanisms of action different

11
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from cisplatin,i.e. based on non-covalent interactions with DNA, sashgroove
binding, insertion or intercalation. Ruthenium camupds, for example, are
considered to be promising candidates for anticadogg design, with two Ru(lll)
complexes already entered in clinical trials, NAMBEBnd KP1019 (Fig. 2); these new
octahedral complexes differ structurally from tlygiare planar platinum (ll) drugs,
offering a more elaborate interaction with doubdétidal DNA, not only forming
coordination bonds, but also H-bonds and interalabetween DNA base pairs
(Peacock 2008). Despite modest cytotoxic activitgse complexes have attracted
significant interest because of their ability teyent the formation of metastases and
inhibit their growth.

A B
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Figure 2. Structure formula of NAMI-A A) and KP1019E).

Homoleptic complexes of Cu(ll) and Zn(ll) (Wang 20thave proved to be great
examples of intercalating metal compounds andddit@n, the presence of intrinsic
fluorescence allows in a single molecule combimagbanticancer properties with an
excellent tool for investigating their mechanismaation through optical methods.
Moreover, in the chemically diverse environmenthitan organism, issues of metal
release can be very important as a complex willjesibto a wide variety of
enzymatic degradation processes. In this lightugeof zinc, for example, compared
to other metals such as platinum, leads to a remuof the correlated side-effects. In
fact, as well known, zinc is an essential nutrfentall organisms, because it serves as
a catalytic or structural cofactor for several pne$ and is involved in the regulation

of mitochondrial apoptosis of many mammalian c@#lsnklin 2007; Franklin 2009).
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Chapter 2 - SENSORISTIC APPLICATIONS OF COORDINATION COMPOUNDS: DRUG-PROTEIN INTERACTION

Recently, it has been reported the synthesis, ctarzation, biological evaluation
and mode of interaction with DNA of a heteroleggentacoordinated Zn(Il) complex,
(Bpys)Zn(Cur)(Cl), which bears a bipyridine function&d in para position with an
aliphatic 9-members chain as N,N’-donor ligand, amdcurcumin (1,7-bis-(4-
hydroxy-3-methoxyphenyl)-1,6-heptadienes-3,5-dicae)O,0 chelating ligand (Fig.
3) showing promising anticancer properties (Pu@d2). This complex exhibits an
antiproliferative activity, observeith vitro against prostatic tumor cells, with ansdC
value of ~12uM, very interesting compared to that of cisplatids¢= 33). Moreover,
the complex shows a significant green luminesceaid,this property was useful to
demonstrate some form of intercalation with the DMwlices. Unfortunately,
(Bpys)Zn(Cur)(Cl) is insoluble in water, so the vitro test was carried out in

ethanol/water mixture; this can be a serious prolfl& anyin vivotests.

HO OH

OCH; OCH;

Figure 3. Structure formula ofBpyg)Zn(Cur)(CIl) complex.

The 1Go determination is only the first step to proposirag for a clinical trial; very
interesting is the study of the biochemical behawviof a drug, including its
interaction with blood plasma proteins, which wohklthe primary targeholecules,
when it is administered intravenously. In fact tetermination of drug binding to
plasma proteins (in particular serum albumins)ossidered another important factor
in pre-clinical drug studies (Zhou 2007; Sulkows@02; Yang 2007): this type of
interaction can influence the drug stability angi¢tay during the chemotherapeutic
process; moreover, the adduct drug-plasma protirogercome problem linked to a

scarce water solubility of the drug (Kratz 2008).

13
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2.2 The serum albumin proteins: a capital role in dug

bioavailability

Human serum albumin (HSA) is the most abundaniepronh the bloodstream, which
constitutes up to 60% of the total protein and gbuates for 80% to the colloid
osmotic blood pressure maintenance (Carter 1994 & its most extraordinary
properties is the ability to bind reversibly a largariety of endogenous and
exogenous ligands, such as nutrients, hormonety; #aids, a great number of
therapeutic drugs such as penicillins, sulfonamideglole compounds, and
benzodiazepines to name just a few (Peters 1986paltticular, it increases the
solubility of hydrophobic drugs in plasma and mades their delivery to ceih vivo
andin vitro (Yue 2009). Consequently, binding to this protntrols the free, active
concentration of a drug, provides a reservoir folomg duration of action, and
strongly affects its absorption, metabolism, dmttion and excretion.

HSA is a globular protein consisting of a singl@te chain of 585 amino acids (He
1992; Dugaiczyk 1982), with three structurally dania-helical domains I-lll, each
containing two subdomains A and B. The crystalcitme analyses indicate that the
main regions of ligand binding sites in albumin Exeated in hydrophobic pockets in
lIA and IlIA subdomains (Fig. 4A). These bindinges are known as Sudlow | and
Sudlow I, respectively (Sudlow 1975; Sudlow 1976HSA contains a single
tryptophan residue (W214) within the hydrophobieding pocket of subdomain 1A
(Fig. 4B), which significantly contributes to tha&tiinsic fluorescence of the protein.
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Figure 4. X-ray crystallographic structure of human serutbumin (A), and local
configuration around thenly one tryptophan residue (W214) of the protin (Qiu
2006).

2.2.1 Protein fluorescence

Among biopolymers, proteins are unique in displgyuseful intrinsic fluorescence.
They contain three aromatic amino acids residuas dbntribute to their ultraviolet
luminescence, phenylalanine, tyrosine and tryptophaed as fluorescent probes for
the investigation of protein conformation, struetand function (Lakowicz 2003).
These chromophores have different absorption aridsean spectra because of their

structure (Fig. 5).
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Figure 5. Absorption (A) and emission spectra (F) of the ateamino acids in pH 7

aqueous solutiofLakowicz 2003)

Due to tryptophan’s largest extinction coefficiefiighest quantum vyield, and
absorption at the longest wavelength, the fluomseespectrum of a protein,
containing the three amino acids, strongly resemlithat of tryptophan. Indeed,
because of their spectral properties, resonancegenteansfer can occur from
phenylalanine to tyrosine to tryptophan resultimg & reduced contribution of
phenylalanine and tyrosine to the emission of pmsiedominated by the tryptophan
residues.

The emission maximum of tryptophan in aqueous swiubccurs around 350 nm
(Fig. 5) Thisfluorescence signal, mainly due to the excitatiod gansition processes
of n electrons in the benzene ring,highly sensitive to the microenvironment with
changes in response to protein conformational itians, subunit association,

substrate binding or denaturation.
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In particular, as previously mentioned, the Humarug Albumin has the advantage
to have only one tryptophan residue, located intjpms214 along the chain in the

binding pocket of the subdomain IIA, which signéitly contributes to the strong

fluorescence of the protein (8 2.4.1). Therefohes tiluorescence spectroscopy can
easily reveal changes in the surrounding environiroétryptophan and be used for

determining the binding affinities (Lakowicz 2003).

2.3 Drug-albumin interaction: the protein’s fluorescencequenching

as method of investigation

Many types of analytical methods can be appliedetermine the binding constant of
the drug-HSA interaction, but fluorescence spectipg offers many advantages
(high sensitivity, rapidity and ease of implemeiata} over conventional techniques
such as affinity and size exclusion chromatogragigtysis and ultrafiltration (Zhang
2008; Mandeville 2009; Yue 2009; Nanda 2007; Far@lB011; Qi 2008). It offers a
simple method without needing to separate the bamadunbound molecule and this
reduces the time required for the experiment amuhimhtes the need for a size
selective membrane. In addition, dialysis and filtration cannot be used when the
drugs bind extensively to the membrane, a freqaadtserious problem with highly
hydrophobic drugs. By measuring the intrinsic flesrence quenching of HSA, the
accessibility of quenchers to the fluorophore geoopHSA can be estimated. This
information can help to predict the binding meckars of drug to human serum
albumin.

Fluorescence quenching is a decrease in the quayitichof fluorescence from a
fluorophore induced by a variety of molecular iatgions with quencher molecules.
The different mechanisms of fluorescence quenchnegusually classified as either
dynamic or static quenching the first resulting from collisional encountemstieen
the fluorophore in the excited state and the quendhe second resulting from the
formation of a ground-state complex between th@r@phore and the quencher
(Lakowicz 2003). In both cases, molecular contaxt required between the
fluorophore and the quencher for fluorescence dueagdo occur. The application of

fluorescence quenching as a technique can alscalrdtie accessibility of the

17



Chapter 2 - SENSORISTIC APPLICATIONS OF COORDINATION COMPOUNDS: DRUG-PROTEIN INTERACTION

guenchers to the fluorophores.

Generally, the mechanism accepted to be responisidleorescence quenching of
protein is the fluorescence resonance energy ga{ERET). This process occurs
whenever the emission spectrum of a fluorophoréedt#he donor (D), overlaps with
the absorption spectrum of another molecule, caledacceptor (A). The extent of
energy transfer is determined by the distance letilee donor and the acceptor, and
the extent of spectral overlap.

FRET usually occurs over distances comparablegaiimensions of most biological
macromolecules, that is, about 10 to 100 A. Thifdhg equations consider energy
transfer between a single linked D/A pair separéted fixed distance r and originate
from the theoretical treatment of Forster (Lakow&203). The energy transfer rate
kt(r) between a single D/A pair is dependent on tiseadce r between D and A and

can be expressed in terms of the Forster distapce R

k+(r) = (Lfp) (Ro/r)°

Tp is the lifetime of the donor in absence of enetgnsfer; R is the distance
between D and A at which 50% of the excited D males decay by energy transfer,
while the other half decay through other radiativenon-radiative channels.oRan

be calculated from the spectral properties of themD A species:

Ro=9.78 x 18[k*> n* dp IQ)]Y®  (in A)

The factork? describes the D/A transition dipole orientatiord aan range in value
from O (perpendicular) to 4 (collinear/parallel)héfe has been much debate about
which dipole orientation value to assign for paféc FRET formats. Only in few
cases the crystal structure of the D/A moleculeslmadetermined; there is no other
reliable experimental method to measure absolufixed k> values, which leads to
potential uncertainties in subsequent calculatirakowicz 2003). Fortunately, the
accumulated evidence has shown that the mobilidlystatistical dynamics of the dye
linker lead to &? value of approximately 2/3 in almost all biolodidarmats. The
refractive indexn of the medium is ascribed a value of 1.4 for biteooles in

aqueous solutiorbp is the quantum yield of the donor in the abseridb@acceptor
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and JR) is the overlap integral, which represents therelegof spectral overlap
between the donor emission and the acceptor alimorgthe values for 3j and R
increase with higher acceptor extinction coeffitcseand greater overlap between the
donor emission spectrum and the acceptor absorgpectrum.

There have already been several studies on tlmeefaence quenching of
HSA induced by the interaction with drugs (Faridi#@d1; Liu, X., 2009; Qi 2008;
Trynda-Lemiesz 2010; Katrahalli 2010), small molesu(Zhang 2008; Mandeville
2009; Wu 2009; Nanda 2007; Trnkova 2011) or metahmiexes (Yue 2009; Wu
2010; Tarushi 2010; Divsalar 2009; Wu 2008). Alperments are performed by
studying the decrease of the HSA fluorescence sitteby adding increasing amount
of drugs that act as quencher. The fluorescenceadtirey data are analyzed using the

Stern-Volmer equation:

b/Foa =1 + ky1p[Q]

where b and b are the fluorescence intensities before and #iteaddition of the
quencher Q, kis the bimolecular quenching rate constant&anis the lifetime of the
fluorophore in the absence of the quencher.

Just to remind some example, Faridbod et al. (26dd9rted an interaction study of
pioglitazone (a drug with hypoglycemic action) with albumin ngifluorescence
emission and UV-Vis absorption spectra. Experimemisults revealed that this drug
have an ability to quench the intrinsic fluoreseeraf HSA tryptophan residue
through a static quenching mechanism. Fluorescenesaching data, analyzed by
Stern-Volmer equation, give a binding constant gaifi4.45 x 10M™ (at 300 K).
Most non steroidal anti-inflammatory drugs (NSAI§)ow a high degree of binding
to albumin, which is a primary determinant of theiharmacokinetic properties
(Trynda-Lemiesz 2010). The interaction wfeloxicam an NSAID, with HSA at
physiological conditions (pH 7.4) was evaluated measuring the intrinsic
fluorescence intensity of protein before and aitteraddition. The strong quenching
of the fluorescence clearly indicated that the tigadf the drug to HSA changed the
microenvironment of tryptophan residue and theagyristructure of the protein.

The interaction between human serum albumin #ndxetine hydrochloride(a

psychotropic drug) have been studied by using miffe spectroscopic technique
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(fluorescence, UV-vis absorption, circular dichm)sunder simulated physiological
conditions, and the fluorescence quenching analgsgport a static mechanism
(Katrahalli 2010). The study showed that the drugl® the protein most likely at the
hydrophobic pocket located in subdomain IIA of dite~luorescence data give a
binding constant value of 1.64 x°1@™ (at 300 K).

The HSA fluorescence quenching study (Mandevill®% was determinant to
determine the binding constants Kaafrcuminandgenistein two molecules present
in turmeric and in soybean, respectively, havingde spectrum of physiological and
pharmacological functions. Based on the spectraseepults curcumin and genistein
bind human serum albumin via both hydrophilic aiydrbphobic interactions with
stronger affinity for curcumin (Krcumin= 5.5 x 10 M) than genistein (enistein= 2.4

x 100 MY,

An accurate HSA-binding study of eigbatechins including the epigallocathechin
gallate, contained in green tea, has been perfoffedkova 2011) by fluorescence
guenching; a static mechanism was clarified, ardStern-Volmer analyses give a
series of binding constant values ranging from &340 to 10.57 x 16 M™, that
were correlated to the chemical structures of tt@ahins: a balance between their
hydrophilic hydroxyl groups and the aromatic mastresulted determinant to give a
good arrangement within the hydrophobic pockedefalbumin.

Instead, examples of HSA binding investigationshwitetal complexes are rare.
Platinum complex oxaliplatin, an antineoplasticgireshow a binding constant of 3.3
x 10° M}, determined by Ster-Volmer analysis of the HSAfescence quenching ,
and a static mechanism was reported (Yue 2009judysnvolving an antibacterial
drug based on a zinc complex (Tarushi 2010) aceoumbr a static quenching

mechanism with a binding constant of 6.9 £ LMD",
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2.4 Photophysical studies of a cytotoxic Zn(ll) coplex and Human

Serum Albumin

The interaction of the (BpyzZn(Cur)(Cl) complex (Fig. 3) with Human Serum
Albumin has been investigated by fluorescence spsmbpy. The emissive properties
of the zinc complexllow possible to study the binding from a dualspective:(i)
the HSA fluorescence quenching, &yl the change of (BpyZn(Cur)(Cl) intrinsic

luminescence.

2.4.1 Photophysical characterization of Human Sealbnmin

The basic photophysics of HSA was studied by piegaa 4.4 x 18 M buffer
solution (pH = 7.4) of the protein, purchased fr8gma-Aldrich (purity 96-99%).
The buffer solution was prepared by dissolving phase buffer saline tablet (Sigma-
Aldrich) in 200 mL of water. The applied general thuels are reported on 8
Appendix.

The absorption spectrum of the buffer solution skdw maximum at 278 nm, and a
strong fluorescence emission band at 345 nm wasded by fixing the excitation
wavelength at 280 nm, due to the HSA single tryptopresidue de-excitation (Fig.
6).

0,25 ——A 500

—B

0,20 1 400

0,154 - 300

Absorbance

0,104 - 200

Emission Intensity (a. u.)

0,05 - < 100

0,00 +———F———————————————— 0
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Wavelength (nm)

Figure 6. Absorption A) and emissionR) spectra of HSA in buffer solution (pH = 7.4) at

room temperature.
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The emission quantum yield measurement, performyeaphbcally-diluted method by
using 2-aminopyridine in ethanol as standard (8efuplx), gaved = 0.20, while the
excited-state decay profile (Fig. 7) was fitted dyiexponential function, giving an
average lifetime of 5.71 ns (reducgte 0.98; § Appendix). A quick rise is noted in
the first part of the time profile, which is duertpid energy transfer occurring from

phenylalanine to tyrosine to tryptophan (§ 2.2.1).

10000 o

1000

Counts (log)

100 4

Time (ns)

Figure 7. HSA in buffer solution (pH = 7.4): time-resolvedidrescence decay recorded at
345 nm upon irradiation by a 265 nm Nanoled (8§ Ajpe).

2.4.2 Photophysical characterization of (Bay(Cur)(Cl)

The Zn(ll) complex (BpyZn(Cur)(Cl), synthesized in the Laboratory of Iganic
and Coordination Chemistry (University of Calabrig) using the method reported

in Scheme 1, was available from previous study ¢P2@12).

CoHig CoHig

—N N
N,/
ZnCIz curcumln /Zn<C|
(o) (o)
\ / CHCl, rt, 5 days " Triethylamine N
CI CH,Cly, Ny, r.t., 6 days O
HO'

OCH; OCH,

Scheme 1Synthesis of (BpyZn(Cur)(CIl) complex.
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The photophysical characterization of the complesws a green luminescence with
a fluorescence emission band centered 540 nm itd E@ution, confirmed by the
excitation (Fig. 8); the emission quantum yield sweament, performed by optically-
diluted method by using Ru(bipg@l. (bipy = 2,2’-bipyridine) in water as standard (8
Appendix), gives a valu® = 0.20; the lifetime valuet(= 1.2 ns) is typical of a

fluorescence decay.
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Figure 8. Excitation Qem = 540 nm) and emissionA& = 430 nm) spectra of
(Bpyo)Zn(Cur)(CI) in EtOH solution.

2.4.3 Study on the interaction between Zn(ll) caw@nd Human Serum

Albumin by fluorescence spectroscopy

The interaction between the Zn(Il) complex andH8A was achieved by adding, to
a buffer solution 4.4 x 1IOM of albumin (§ 2.4.1), an increasing amount of|gn

complex dissolved in ethanol to a final concentratnot exceeding 10%. Higher
concentrations of organic solvent, as reportedtanature (Lin 2004), may denature
the protein by a great exposition of its hydroplddrieas, and reducing its solubility.
Five solutions (Table 1) having an increasing [(Bwn(Cur)(CI)]/[HSA] ratio

ranging from O to 5 were prepared, affildorescence emission of HSA at 345 nm

were observed by exciting at 295 nm.
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1 0 0
2 50 uL 1.14 x 10°
3 150 L 3.42 x 10°
4 200pL 4.56 x 10°
5 250 L 5.70 x 10°

Table 1.Composition of five examined samples of HSA in buolution (2.5 mL, 1.12 E-8
mol) obtained by adding different aliquots of a YREn(Cur)(Cl) 1.14 x 10" M ethanol

solution.

The gradual addition of Zn(ll) complex to the protesolution caused a gradual
decrease in the HSA fluorescence intensity (Fig.d@)e to the comparative low
volume of the added Zn complex solutions, the HB8Aoagption intensity of the five
samples remained unvaried, so excluding any diugffect on the fluorescence
intensity. The HSA fluorescence intensity decreasestil the ratio
[(Bpyg)Zn(Cur)(CIH]/[HSA = 5; successive additions of the zinc complex solution d
not cause further reduction of the fluorescencensity. Furthermore, there was a
slight blue-shift at the maximum wavelength of Hfbforescence emission when the
solution of (Bpy)Zn(Cur)(Cl) was added. This suggests that the rabphore of
protein was placed in a more hydrophobic envirortnadter addition of the zinc
complex (Zhang 2008).
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Figure 9. Fluorescence emission spectra of H&4 £ 295 nm) in buffer solution (pH 7.4) in
the presence of increasing concentrations of ti{#)Ztomplex. [(Bpy)Zn(Cur)(CI)J/[HSA]
in sampled-5: 0, 1, 3, 4, 5.

Quenching of the HSA intrinsic fluorescence isiltited to an interaction with the

Zn(Il) complex. In fact, the spectral overlap ofetlabsorption spectrum of the
complex with the emission spectrum of the protéiiy.(10) suggests that a FRET
from the protein donor (Trp residue, specificatlythe complex acceptor occurs, that

is responsible of the albumin fluorescence quergchin
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Figure 10. Spectral overlap of the emission spectrum of HSth whe absorption spectrum
of Zn(Il) complex in a buffer solution (pH = 7.4EtOH (10:1) mix.
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As already mentioned (8 2.3), the FRET Forster'sieh@gLakowicz 2003) predicts
that the energy can be reliably transferred whenelie fluorescence emission
spectrum of the donor (in our case, the HSA) ared ahsorption spectrum of the
acceptor (the Zn(Il) complex) have enough overtap the distance between donor
and acceptor is not longer than 10 nm. These distarare comparable to the
diameter of many proteine,g HSA 5.9-6.2 nm at pH 7.4 (Lakowicz 2003).

Energy Transfer efficiencyn] is typically measured using the relative fluomrsme
intensity of the donor, in the absence and presefcacceptor, according to the

formula

n=1- Foa /Fp.

Using fluorescence intensities (that, taking intxaunt the practically unvaried
volume of the HSA samples, correspond to the auvemier the emission spectral
curves) of the HSA in the absencg)End in presence {k) of Zn(ll) complex, they
was calculated, obtaining a value of 48%. Moreowdren increasing concentration
of the Zn(ll) complex was added to the protein, lifetime of HSA varies within
experimental error remaining almost identical te #alue of the unquenched ong (
= 5.71 ns). The decrease of the emission intermityadding the quencher with a
constancy of the lifetimes values, account foraicjuenching.

The Stern-Volmer equation (8§ 2.3) was applieddtednine the bimolecular
guenching rate constant by plotting /o versus quencher concentration (Fig. 11);
the linearity of this plot, proposes a single tyglequenching process (Lakowicz
2003). The obtained value of, ks 8.5 x 18° L mol's® is typical of a binding
interaction, and it indicated that the quenchingswet initiated from dynamic
collision but from an adduct formatione. it is a static quenching (Lakowicz 2003).
The binding constangbtained from ktaking into accountp = 5.71 ns, results 4.8 x
10 M, in agreement with values reported for severalewotligand-protein

complexes.
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Figure 11.Stern-Volmer plot for the (BpyZn(Cur)(CI) quenching of the HSA fluorescence.

As above mentioned (8 2.2.1), the intrinsic flesmence of HSA is very
sensitive to its microenvironment: it would be qcieed obviously even if there is a
slight change of the local surroundings of the girgt such as molecular binding,
protein conformation variation and denaturation. better confirm that the
fluorescence quenching is due to a binding intevacbf the protein with the
complex, which penetrates into the hydrophobic inigdsite, and not to a simple
interaction which modifies the protein conformatian new set of measures was

conducted that take advantage from the Zn complexdscence.

Emission spectra from solutions 2-5 (Table 1) comg HSA and
(Bpys)Zn(Cur)(Cl) were recorded exciting at 430 nme.(on the Zn complex
absorption band, although it should be considersdhaatochromic shift, see below),
and they report a 627 and a 510 nm bands (Fig. .12A)Yhe same time, four
solutions of (Bpy)Zn(Cur)(CI) in buffer were prepared, by dissolvimg2.5 mL of
buffer solution, 50, 150, 200, 250 of (Bpys)Zn(Cur)(Cl) 1.14 x 1 M ethanol
solution; in this way a new set of solutions (2)-#with the same concentration of the
Zn complex of sample 2-5, but without HSA, was preg: these solutions showed,

upon excitation at 430 nm, a unique band at 62{Fig 12B).
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Figure 12. Emission spectra obtained by 430 nm excitatiohtligf samples 2-5 (HSA +
(Bpyg)Zn(Cur)(Cl)),A, and of samples 2’-5’ ((Bgyzn(Cur)(Cl)),B.

The obtained resultsummarized in a simplified manner in Figure 13 oacd
for the formation of an adduct between HSA and Znéll) complex: in fact, the
emission spectrum of the (Bg¥n(Cur)(Cl)+HSA solution has been interpreted by
attributing the band at 627 nm to the free comjtethe hydrophilic buffer solution,
and the band at 510 nm to the complex bound tbyHeophobic pockets of HSA.

18

16

(Bpy9)Zn(Cur)(Cl)
(Bpy9)Zn(Cun)(Cl) + HSA

14
free quencher

124

104 bound quencher
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Figure 13. Comparison between the emission spectra of Zngipiex ¢ex = 430 nm) with

or without HSA in the mix buffer solution: EtOH (19. The two spectra are not in scale.
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The blue-shift of the emission is due to a solMatomic behavior of the Zn(ll)
complex, already evidenced by comparing the maxinbamd in ethanol\em = 540
nm, Fig. 8) with that in buffer \¢;m, = 627 nm, Fig. 12B). To confirm the
solvatochromic properties of (Bg¥n(Cur)(Cl), emission spectra of the complex
were recorded dissolving it in different solverastually, solvatochromic band shifts
are observed: in particular a red shift of the mmaxin emission by increasing the

solvent polarity was observed (Fig. 14).
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Figure 14. Linear plot of wavelength maximum of (Bp¥n(Cur)(CI) emission versus the

Reichard’s parameter;EEvalues of some organic solvents where the compéexdissolved.

Finally, to explore a further effect of the FREDrft HSA to Zn complex, it was
recorded the emission of the acceptor Zn complegxXajting the donor HSA,e. by
recording the emission of 2-5 samples reportedaibld 1 by exciting at 280 nm. The
obtained results showed the emission maximum ofrdeecomplex at 627, instead of
the maximum of the bound complex at 510 nm. Takimg account that the free
complex has an absorption band at about 280 nm t@uke bipyridine-localized
levels), it can be concluded that the amount offtee complex in solution show an
emission more intense that those deriving fromethergy transfer from HSA to the

bound complex.
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2.5 Conclusion

Since the discovery of cisplatin, many metal comgéeare used as chemotherapic
agents against cancer diseases. The different ceadination geometry exploitable
by organometallic compounds is the key factor #ilatvs these drugs to be effective:
in fact, traditional anticancer drugs target DNA&\@nting cell reproduction. Besides
direct coordinative binding of metallo-agents to ANMases, other potential DNA
binding modes, non-covalent in nature, includergakation and groove binding, in
which metal role is prevalently structural, likeseaffold for a variety of ligands. But
the coordination compounds versatility can be etgdo by inserting another
function,i.e. to add a fluorescent ligand to the drug, so cogpthe therapeutical to
the sensoristic action in a unique compound. Ih fachave a simple and economical
method for monitoring the biodistribution of a dnsga great advantage. In this light,
fluorescence spectroscopy offers a direct connedigtween the spectral evidences
and the molecular features of a sample.

The cytotoxic properties of many coordination ctemps are test in vitro;
nevertheless, this test is only the first step toppse a complex as antineoplastic
drug; a successive step is to study its biodistiobu Moreover, a few of coordination
compound is scarcely water soluble, so a way tehrem good bioavailability is
through its interaction with Human Serum AlbuminSA), the most abundant
protein in the bloodstream that increases the ddiulof hydrophobic drugs in
plasma and modulates their delivery to aellvivo. The protein fluorescence has
opened the way to numerous studies that corrddatéutinescence quenching to the
binding interaction with a complex.

Unfortunately, the intrinsic fluorescence of HSA very sensitive to its
microenvironment: it would be quenched even if ¢higra slight change of the local
surroundings of the protein, such as molecular ibgd protein conformation
variation and denaturation. To overcome this drakpave have studied the
interaction between HSA and a new Zn(ll) complexthwtwofold function: an
excellent antitumor activity and an intense fluosree. So, we have been able to
look at the binding interaction from a dual pergpec the luminescence quenching

of the protein and the fluorescence variation efcbmplex.
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The fluorescence-resonance energy-transfer froeipreco complex was observed by
monitoring the decreases of luminescence by inorgabe complex concentration;
the Stern-Volmer equation was applied to deterntieebimolecular quenching rate
constant, obtaining a value of k= 8.5 x 16 L mol's? is typical of a binding
interaction, and it indicated that the quenchings wet initiated from dynamic
collision but from an adduct formationg. it is a static quenching. While it was
impossible to evidence an increase of the compilexdscence intensitas result of
the energy-transfebecause the acceptor absorbs at the same exeiivglength of
the donor, it has been evidenced a solvatochrohiit &f the emission complex as
result of the hydrophobic environment experiencgdhe Zn compound inside the
protein binding site.

The investigated Zinc compound represents an exangbl the multitude of
applications that metal complexes can successhffigr, and the obtained results
concerning the Zn(ll) complex—HSA interaction caonftribute to the current
knowledge in the area of protein-ligand binding a&oedfirm the capital role of the

fluorescence spectroscopy in biomedical research.
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Chapter 3 LIGHT-ACTIVATED PROCESSES IN
COORDINATION COMPOUNDS:
PHOTOGENERATION OF SINGLET
OXYGEN

3.1 Singlet oxygen: a guest ghost in everyday life

3.1.1 Electronic structure and the lifetime of s&@xygen

Despite its apparent simplicity, molecular oxyg€®)(exhibits a number of rather
unusual properties due to its unique electroniacttire. Unlike many molecules,
oxygen has an open-shell triplet ground stﬁi%‘)( with two unpaired p-electrons
distributed in the highest occupiadantibonding orbitals (Fig. 1A). Rearrangement
of the electron spins within these two degeneratstals results in two possible
singlet excited states, tHa, and the's," states, which lie 22.5 Kcal and 31.5 Kcal
mol™ respectively, above the ground state (Fig. 1B)thin first excited statelzgg),
both electrons are paired in a single orbital, legthe other empty while the higher
singlet statelé:g+) comes from the spin pairing electrons in différerbitals (Ogilby
2010). In both forms otO,, the spin restriction is removed so that the @i
ability is greatly increased (Halliwell 2007).
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Figure 1. (A) Molecular orbital diagram showing the electrostdbution in’z,, 'A, and'z,

(Josefsen 2008)B) potential energy curves of molecular oxygen (@sd&2002).
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The higher-energy singlet oxygen stai'tEg*() is very short lived and due to a spin-
allowed transition rapidly relaxes to the Iower-legnelAg state with unit efficiency,
before chemical reactions can occur (Wilkinson 3)9%3onversely, the transition
from thelAg state to the ground state is spin forbidden, ﬂihleslAg oxygen is a
relatively long-lived species with a lifetime stgip dependent on the nature of the

solvent (Table 1).

Solvent T/us Solvent T/us
H>O 4 D.O 68
CH;OH 10 CHCN 75
C4HgO 23 CHCl; 244
CeHe 31 GFs 3900
CsHsCl 45 CS 34000
CH;COCH; 54 CCl, 87000

Table 1 Lifetime of singlet oxygen in several solventsof@an 1989; Schmidt 1989;
Wilkinson 1995; Montalti 2006).

In fact, in most solvents, singlet oxygen'’s lifeins reduced because the electronic
excitation energy of‘O, is dissipated as heat by coupling with the vilorzai
frequencies of the solvent molecules. The mostabtEbenergy-accepting oscillator
of a solvent molecule is its terminal atom pairshwthe highest vibrational energy
(e.g.,0-H, C-H); molecules with low energy oscillatoas, C-F and C-Cl, act as poor
guenchers (Fujii 2004; Schmidt 1989).

The lAg state decays to the triplet ground state throughdetive deactivation and
the spectral profile of its phosphorescence isumigith a distinct and narrow band
centered at ~1275 nm (Fig. 2).
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Figure 2. Singlet oxygen phosphorescence.

3.1.2 The photosensitized production of singletgexy

Although singlet oxygen can be produced in a varegtways (Rosenthal 1985), a
simple and controllable method involves electroaiergy transfer to Ofrom an
excited state of a given molecule - the photosemesit that acts as light absorber.
The photochemical processes that generate singygea from ground-state oxygen
are represented by the Jablonski diagram in Figukith the irradiation of light of
appropriate wavelength, the photosensitizer irSjtstate is excited to the; State.
The lifetimes of the Sstate are in the nanosecond time range whichoishort to
allow for significant interactions with the surraling molecules. The photosensitizer
can relax back to the ground state by emitting umréscence photon or it can
populate the triplet state via intersystem crosgi8¢). From triplet excited state the
photosensitizer can return to the ground staterbiytiag a phosphorescence photon
or transferring energy to another molecule viadiationless transition. In particular
radiative triplet to singlet transitions are quantmechanically ‘forbidden’ since a
change of electron spins is required, thus thérikes of the T state are in the micro-
to milli- second time range, long enough for a e®riof quenching processes to
compete favorably with phosphorescence. In oxygehanvironments a process of

triplet quenching involves dioxygen, and an endrgysfer from the excited triplet
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state of the photosensitizer (PS) to the grouni@ sthmolecular oxygen takes place,

generating singlet oxygen according to the equation
*PS +°0, — 'PS +'0,

Being the oxygen photosensitation a bimoleculacess, its efficiency is diffusion-
controlled (Schimidt 2006).
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Figure 3. Jablonski diagram illustrating the photosensitizgoduction of singlet oxygen
(1Ag). The letter S denotes discrete states of thatmemavith singlet spin multiplicity, and T
denotes states with triplet spin multiplicity. IQda ISC denote internal conversion and

intersystem crossing, respectively.

3.1.3 Singlet oxygen reactions and applications

The singlet excited state of dioxygen can be deatetd by a radiative path (showing
the emission at 1275 nm) or by bimolecular intacactvith another species (A), that
acts as quencher; in the last case, two major way<e followed (Bellus 1978; De
Rosa 2002):

1) physical quenching: '0,+ A 30, +A, in which
interaction leads only to deactivation of singl&ygen with no @ consumption or

product formation;
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2) chemical quenching: ‘o, +A> P, where the quencher reacts
with singlet oxygen to give a new product (P).

Early works (Davies 2003) found that singlet oxygeruld oxidize substrates that
were unaffected by oxygen in its normal energyestaideed, oxygen is ca. 1 V more
oxidizing in its singlet excited state and is thiere significantly more electrophilic,
reacting rapidly with unsaturated carbon-carbondspmeutral nucleophiles such as
sulfides and amines, and as well as with anions.

Some common reactions of singlet oxygen are shavigure 4.

: /\\\.
/ hy, Psen, O3 H/ (|’
OH
[0} (@] (8]
N )\ N ’H\ N J‘
Ne_ 7 ~ .
~ NH T ~ NH N NH
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Figure 4. Typical singlet oxygen reactions (De Rosa 2002).

The rapid reactivity of O, with several substrates including steroids, fattjds,
amino acids residues, nucleic acid bases (Macddit¥dd), deserves to it a key role
in different fields of application such as the veagiter treatment and photodynamic
processes. Singlet oxygen, in fact, has a tremendopact on the living matter:
cellular membrane damage and enzyme deactivatmlyced by its attack on the
lipid or protein moieties, can be highly deletegolor tumoral cells, bacteria and

viruses. Lipid peroxidation mediated b9, can be represented as:

LH + 0, — LOOH
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where LH is an unsaturated lipid and LOOH is adlipiydroperoxide. The chemical
alterations may be localized at a single site ahenform of lipid-lipid, lipid-protein,
and protein-protein cross-links.

The use of solar energy in the treatment of wadmweould be an economical
solution to a difficult environmental problem. Rasgh into photosensitized
detoxification and treatment of industrial and urb@astewaters using light directly
from the sun is currently underway at the Platatoi®olar de Almeria (PSA, Spain)
(Oppenlander 2003).

Singlet oxygen is understood to play the major rolgophotodynamic effect with
application in blood sterilization and Photodynan@encer Therapy (PDT). The
photodynamic effect describes the damage of litisgue by the combination of a
photosensitizer, visible light, and oxygen.

Blood sterilization The Swiss and German Red Cross use methyleneablae
photosensitizer for the decontamination of fresfiyzen plasma units (Sharman
1999): known for its lack of toxicity to humansethlye is effective in destroying
extracellulary-enveloped viruses; moreover, Silib@ased phthalocyanines are also
being studied as photosensitizers for the stetitinaof blood components by V. I.
Technologies at the New York Blood Center (Oleriié3).

Photodynamic cancer therapy (PDThe healing power of light has been
appreciated for several thousand years. Histoyicttle use of light in combination
with a chemical agent for disease treatment hag@inbeginnings (Edelson 1988),
but it has only recently become a clinical realis/ cancer treatment. Photodynamic
therapy is a minimally invasive technique highlpmising in treating of neoplastic
diseases and of other non-malignant conditionsluditg age related macular
degeneration and psoriasis (Brown 2004); its bawsiaciple is a non-thermal
photochemical reaction that takes place directlytiom diseased tissue, and that
requires the simultaneous presence of a photosgngitigent (PS), visible light of
an appropriate wavelength and dioxygen. In clins=ttings the PS is administered
systemically by intravenous injection or topicahythe treatment of skin cancer (Fig.
5).
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Figure 5. Schematic representation of PDT, where PS is @ophtivatable multifunctional
agent, which upon light activation can serve a# laotimaging agent and a therapeutic agent
(A), and schematic representation of the sequene@lmfnistration, localization, and light
activation of the PS for PDT or fluorescence imgdi) (Celli 2010).

After a time interval, during which the PS accuntegapreferentially in the target
lesion, low-power light of a specific wavelengthdisected onto the tumor, leading
the activation of the sensitizer molecule. Mosth&f molecules used as sensitizer are
luminescent species, partially quenched by oxy&enlightactivation will lead to its
emission, which can be implemented for imaging iappbns (8 4.2.1), as well as to
the generation of singlet oxygen, which interacthwdellular components inducing
cell death and neoplastic tissue destruction.
Typically, the useful range of wavelengths for #pautic activation of the PS is 600-
850 nm so-called “phototherapeutic window”, the regionméximum light depth
penetration into mammalian tissue. However, impartant to note that, because the
PS can also serve as fluorescence imaging agght,dctivation in the 400-480 nm
range has been extremely useful in diagnostic ingagpplications.
An ideal sensitizer for PDT application (over thasies requirements illustrated in the
§ 3.2) should adhere to the following criteria, isaged by its use as a drug:
> negligible cytotoxicity in the absence of light;
» strong absorption with a high excitation coeffi¢iem the red/near infrared
region of the electromagnetic spectrum (600-850-alo)vs deeper tissue
penetration by light (Sharman 1999; Dougherty 1998)
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» (great retention in diseased/target tissue ovetthetassue;

» rapid clearance from the body;

» soluble in biological media, allowing direct intenous administration and
transport to the intended target; otherwise, a dpkitic delivery system
should be sought enabling efficient transportatbbthe photosensitizer to the
target site via the bloodstream.
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3.2 Photosensitizers

In order to a molecule can act as an efficient exyghotosensitizer, it should be
noted that sensitation process is a nearly diffusmntrolled bimolecular reaction
between an electronic excited species andl®e’O, photogeneration takes place by
means of a combination of energy (egn. a) and relectransfer (eqns. bl-b2)

processes, starting from the triplet-excited stétthe photosensitizer (PS*):

a) PS* +°0, - PS +0,
bl) PS* +°0, -~ PS+ O,
b2) PS+ O, = PS +0,

The quantum yield of singlet oxygen formati®a depends on the quantum yield of
the PS triplet state formatiaby according to a simplified equation (Lang 2004):

CDA :CDT SA

where § is the fraction of PS triplet molecules quenchgaiygen and yieldindOs,
and is given by

Sa = ket/ Kq

where k is the rate constant of the PS luminescence qusmdly oxygen, and is
expressed as the sum of the rate constants of teegses that involve singlet
oxygen, namely energy transfer and electron trangfe value, which is diffusion
controlled, is of the order of 10 Ms™; ke is the rate constant of the energy

transfer leading to the formation 9,
A molecule candidate to be an efficient PS shookkpss some basic requirements:

1. arelevant absorption cross section in the UV & 3fiectral window;
2. an excited-state lifetime to allow a mean free patiough to get oxygen

collision;
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3. in consequence of the previous point, having tripkeited state the lifetime
long enough, an efficient intersystem crossing feden the singlet excited
state, which is initially populated upon light akysiton, is required;

4. because th&0, generation from dioxygen ground state requires R2al/mol
(Fig. 1), the potential energy of the PS exciteatestmust be equal to or
greater,;

5. a better interaction between PS and dioxygen isheshif PS is a sterically
undemanding molecule;

6. high photostability.

Most of the studies on singlet oxygen photogenamainvolve organic dyes with
extensively conjugated structures that impart tntha high absorption coefficient
from the green to the red spectral region.

Well-known dyes such as Methylene Blue, FluorescBiase Bengaland
Eosin Blue, all sharing the xanthene skeleton, hbheen studied from their
photosensitizing ability point-of-view. Fluoresce(ig. 6A), for example, exhibits
intense absorption bands in the yellow-green pérthe visible spectrum and
produces singlet oxygen with a yietd,= 0.1 in methanol (De Rosa 2002). The
introduction of heavy halogen substituents on Fdgoein increases the yield of
intersystem crossing toward the triplet state @& tlye, so Rose Bengal (Fig. 6B)
produces singlet oxygen with high yiel@ = 0.76) (Redmond 1999).

Porphyrins and phthalocyanine derivatives are amibiegmost commonly
used photosensitizers (Allison 2004); their preseimcnatural systems makes them
ideal candidates for use in biological singlet cxygyeneratiordue to the lack of
cytotoxicity in the absence of light (Sternberg 89WNyman 2004). Porphyrins,
planar-aromatic molecules composed of four pyrroilegs linked by methane
bridges, absorb in the red portion of the electrgmedic spectrum, the region of
maximum light penetration in the skin, so theiridatives have been extensively
used in PDT. Moreover, porphyrins are suitabledortetalated, and the presence of a
heavy metal ion coordinated at centre, promote$Sfgrocess, strongly reflected in
the quantum yield ofO, generation(Guldi 2000). As example, the palladium
tetraphenylporphine (PdTTP) (Fig. 6C) has shownekeellentd, = 0.88 in GHs,
while the metal-free analogous exhibitedba = 0.63 in the same solvent (De Rosa
2002).
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Tuning of photophysical behaviour can be achieved though the selection
of macrocycle substituents and by inserting ligatodhe axial positions of the metal
ion. Phthalocyanines differ from porphyrins by mayinitrogen atoms link the
individual pyrrolic units and a morextended conjugation due to the peripheral
benzene rings (Fig. 6D). The additional conjugasbifts their absorption at longer
wavelengths than the porphyrins, and, althodghvalues are lowers than those
measured in porphyrins, the bathochromic shift hairt absorption bands into the
“phototherapeutic window”, makes phthalocyanine®ald candidates for PDT
(Leznoff 1996).

Figure 6. Molecular structures of FluoresceimA)( Rose Bengal B), palladium
tetraphenylporphineQ) and of a generic phthalocyanirig)(
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3.3 Coordination compounds as photosensitizers: aiable

route in singlet oxygen generation

As mentioned previously, oxygen photosensitizagors through an energy transfer
from an excited state of the PS; therefore, ance¥e PS should possess a high
guantum vyield of triplet formation, long tripletfdtime and a triplet state energy
greater than the energy gap between singlet aptettrdioxygen. In addition, it
should be resistant to attack by singlet oxygemasto prevent degradation and loss
of sensitizing ability.

Transition metal complexes (TMCs) have been shawbet efficient PS and
several examples are reported in literature (Djieto2007; Shavaleev 2006). These
complexes show excited states with a pronouncetetrcharacter due to the high
spin-orbit coupling constant usually observed feawy metals, that accelerates the
rate of intersystem crossing (ISC) from the singlictronic excited state. Their
excited triplet states, with a concomitant longeninescence lifetimes compared to
organic dyes, have a higher probability to intessith the molecular oxygen ground
state, resulting in a remarkable luminescence quegand, on the other hand, in the
generation of highly reactive singlet oxygen. TM@ometry requirements can be
accordingly tuned, depending on the metal choiod, generally they are strongly
coloured. Most of the PS based on TMCs involvedligrRu(ll), Pd(Il), Os(ll),
Ir(1l1) and Pt(Il); but the best results were aclgd using Ruthenium, Iridium and
Platinum as metal centre.

TMCs of Ru(ll) have relatively strong absorptiontive UV-Vis regions of the
spectrum; the archetypical is the [Ru(ki¥/) (bpy = 2,2"-bipyridine) (Fig. 7).
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620 0.042 0.028 650 390

Figure 7. Molecular structure and some photophysical pragedf [Ru(bpy)]** in H,0.

The excitation of Ru(ll) trisbipyridine leads toetimetal-to-ligand charge transfer
'MLCT state, which undergoes an efficient (quantuieldy ® close to unity)
intersystem crossing t8MLCT. Long emission lifetime ofMLCT state allow
oxygen quenching to be an efficient process intadraolutions and the deactivation
occurs by an energy transfer mechanism (8 3.2, agnin recent studies (Garcia-
Fresnadillo 1996) it was examined the photosemsgizability of a series of
homoleptic [Ruk]®** complexes where L is bpy, 1,10-phenathroline (phém2'-
bipyrazine  (bpz), 4,7-diphenyl-1,10-phenanthrolingdip), diphenyl-1,10-
phenanthroline-4,7-disulfonate (dpds), and 1,1(phéhroline-5-octadecanamide
(poda) in deuterated water and methanol. In thiesef complexes, a wide range of
guantum vyields of singlet oxygen formatiod®,) were found, from 0.19 for
[Ru(bpz)}]** in D,O to 1.0 for [Ru(dpds)® in CD;OD (Table 2).

0.73 0.22
0.54 0.24
0.28 0.19
0.97 0.42
1.0 0.43
0.54 Insoluble

Table 2 Quantum vyields of singlet oxygen generation offesal homoleptic Ru(ll)

complexes.
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Cyclometallated Ir(lll) complexes, having long ld/ériplet excited states and
excellent photoluminescence efficiencies, have Weparted (Djurovich, 2007). The
complexes have the formula (CHNJOMO) where C”™N is a monoanionic
cyclometalating ligand such as 2-(phenyl)pyridyl2s¢phenyl)quinolyl, and O™O is
the ancillary ligand, acetylcetonate (acac) ondifmylmethane (dpm) (Fig. 8).

N R
|
Cr;,"” |I‘““\“o- '\’ R =Me (acac]
o d I\o. Y R = t-Bu (dpm)
N R

Figure 8. Cyclometalated (C”"N), diketonate (O"O) ligandsl @oordination geometry for
(CAN)Ir(O™O) complexes.

Measured quantum yields of singlet oxygen genaratior the cyclometalated
complexes, are summarized in Table 3. As reportesdl dyclometalated Ir(lll)

complexes undergo luminescent quenching by dioxygenan electron transfer
mechanism, that leads to formation of superoxidera(g§ 3.2, egn. b1). Therefore, a
rapid back-electron transfer from superoxide todkilized Ir(lll) complexes leads

to singlet oxygen generation (8 3.2, eqn. b2).

0.90
0.76
0.86
0.62
0.76
0.72
0.59

Table 3. Quantum yields of singlet oxygen generation eksal Ir(lll) complexes.
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Photosensitization by Pt(ll) complexes has alsonbewestigated. Pt(ll)
differs from the other elements Ru (Il) and Ir Xlih that it is a & metal ion, and
hence normally adopts a 4 coordinated square plgeametry as opposed to the
distorted octahedral complexes of thentetal ions. The relationship between the
coordination geometry and the photosensitizatios been examined by Djurovich
(2007) by comparing octahedral Ir(lll) (Fig. 8) asduare planar Pt(Il) complexes
(Fig. 9) with identical cyclometalating ligands.

R

( N””"’Pt‘“\“o- -\‘)
¢ Wwo-<

R

R = Me (acac)
PRY bt Pq btp R = t-Bu (dpm)

Figure 9. Cyclometalated (C"N), diketonate (O”O) ligandspordination geometry for
(CA"N)Pt(OMO) complexes.

The quantum vyields folO, formation for the Pt(ll) complexes are near unity
(Table 3), whereas the values found for the Ir@)ivatives with the corresponding
cyclometalating ligands are significantly lower. odeding the authors, this occurs
because the percentage of productive collisionsvémst °0, and the excited
photosensitizer, that result in the formatiort®, is higher for Pt(ll) complexes than

the corresponding Ir(1ll) derivatives.

0.98
0.95
1.0
0.96
1.0
1.0

Table 4.Quantum yields of singlet oxygen generation offPtomplexes compiled in Fig. 9.
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Early work by Shavaleev (2006) studied the oxygerenghing of (C"N)PtQ

complexes, where C”N is a bidentate cyclometalatiigggnd, and Q is 8-

hydroxyquinoline or quinolone-8-thiol (Fig. 10). d@$e chromophores absorb
intensely in the visible region and are efficiehbfosensitizers of singlet oxygen in
air-saturated solutions, with yields in the rangenf 0.50 to 0.90 (Table 5).

Figure 10. Structures of Pt(C"N) complexes with 8-hydroxyeplines or quinoline-8-thiol.

®, (in PhCH,)
0.82
0.90
0.84
0.85
0.67
0.65
0.54
0.86
0.69

Table 5. Quantum vyields of singlet oxygen generation ofl[Ptomplexes compiled in Fig.
10.
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3.4 Photophysical characterization of Pt (lI), Ir(lll) and

Ru(ll) complexes as photosensitizers

The photophysics of a series of transition metamglexes (TMCs), newly

synthesised in the Laboratory of Inorganic and QGmation Chemistry of the

University of Calabria, were studied, and theiraaifity of sensitize dioxygen was
assessed (Chart 1). The TMCs choice was made takim@ccount the peculiarities
of three transition metal ions belonging to thadriRuthenium(ll) (second transition
row), Iridium(lll) and Platinum(ll) (third transiin row), with coordinating or

cyclometalating N*N or C”N ligands to form hetepile complexes. A key feature,
common to the third row and many second row treorsinetal ions, is the high spin-
orbit coupling constant that promotes rapid intstsgn crossing from singlet to triplet
excited states.

= 7
A
\_/
|
\ —

[ N
OOCCH; OOCCH;
=N__ _NH; z | z | X
o cl L X a L S a
(pam)Pt(Cl} [(PPY)Ir(en)](OOCCH ») [(PpyIr(pam)](OOCCH 3)
0OC14H2,0H | OC1H,,08j %
\
/N\ /N\
N N\ (PFg)2 (PFg),
\ e \N
OC44H2,0H - | X oc11szos|>—T
N
[(bipy)Ru(bipy-OH)](PF ). [(bipy).Ru(bipy-TBDMS)](PF ).
Chart 1

48



Chapter 3 — LIGHT-ACTIVATED PROCESSES IN COORDINATION COMPOUNDS: PHOTOGENERATION OF SINGLET OXYGEN

Platinum(ll). The most important oxidation state of Platinunthis +2, with
electronic configuration %l that implies a thermodynamic preference to famthe
ligand field, square planar complexes. This geoynptrishes a single unoccupied
orbital to high energy, whilst allowing substantisiabilization of three of the

occupied orbitals (Fig. 11).

_H_ dxy

A as
du g A4 dv

Figure 11. Simple ligand field-splitting diagram for metal dbdals in a square planar

complex.

Because thesély? orbital is strongly antibonding, if it is populatettian the molecule
will undergo a significant distortion upon formatiof the d-d metal-centered (MC)
excited state and this is unfavourable scenario eorission. In fact platinum
complexes with simple inorganic ligandsd, Pt(NHs)s**, PtCL%") are not or weakly
luminescent in fluid solution; in the solid stateai low temperature, distortion of
molecules is inhibited to some extent, and emissambe observed (Williams 2007).
The introduction of conjugated aromatic ligandsuaibthe metal introduces ligand-

centered (LC) and charge-transfer (metal-to-ligamdligand-to-metal, MLCT or
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LMCT) excited states, but, although having loweergres than the d-d states, a
radiative deactivation is not always allowed beeate MC levels result thermally
accessible from the low-lying LC or CT excited egatThe planar nature of the
complexes allows, with sterically undemanding liggnaxial interactions through?d
orbitals of adjacent molecules, to form weakly bagdand antibondinga and a*
occupied molecular orbitals, giving rise, respecthte isolated molecule, to a lower-
energy optical transition due tatl v excitation (metal-metal bond-to-ligand charge
transfer or MMLCT). This intimate dimerization ctake place in the ground state of
the Pt(ll)-complexes, or can involve an excited pmer and a ground-state
monomer, giving rise to an excimer. This accouatslie observed spectral red-shift
upon cooling crystal sample of some Pt(ll)-comptexas the temperature decreases,
the lattice contracts and the Pt-Pt distance shert€onnick 1996). Similar spectral
red-shift is observed in solution for complexeshwylanar, conjugated aromatic
ligands, due taeTt interactions between the ligands of adjacent nuidsg as the
concentration is increased (Kunkely 1990).

A key feature is the importance of the triplet stata feature shared with other
third row and many second row transition metal iohse high spin-orbit coupling
constant of platinum(= 4481 crit) promotes rapid ISC from singlet to triplet

excited states.

Iridium(l11) and Ruthenium(ll)The Ir(lll) trication is a 58center, giving rise,
in a ligand field, to octahedral coordination, damito the complexes of Fe(ll) (3d
and Ru(ll) (44). Because the different spatial extension for&dHand 5d orbitals, the
split of the degenerate d orbitals in an octahddyahd field @A) is smallest for the d
orbitals with lowest quantum number. It should ln¢ed that in all cases discussed
here, light absorption is associated with electraransitions from the ground state to
singlet levels of various nature and electronialzation,’LC, *MC), and*MLCT).

In addition,'LMCT can in principle be involved. On the contragynission is always
from triplet levels,®MLCT or 3LC in nature, which actually include changeable
amounts of the corresponding singlets (Flamigni720This is a consequence of the
high spin-orbit coupling constants of the metalteentaking into account, = 431,
1042, 3909 crt, for Fe, Ru, Os, and Ir, respectively.
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Unlike Fe(ll), the ligand field splitting\ for Ir(lll)-polyimine complexes, is very
large and the MC levels are pushed so high in enixat usually they do not affect
the emission properties. These are traceable lmabl_CT levels or LC levels, both
of them being emissive. On the contrary, Fe(ll)ypuine complexes are not
emissive. For Ru(ll)-polyimine complexes, one uguabserves MLCT emission at
around 600 nm (Flamigni 2007). However, MC levete ¢ghermally accessible,
becauseA for the Ru(ll) 4d orbitals has an intermediateueabetween the Fe(ll) and
Ir(1ll) cases. Thus, parasitic radiationless pattivelving the MC levels contribute to
deactivation of the MLCT emissive level for Ru(iplyimine complexes. A practical
consequence is that also for this family of comegexand apart from remarkable

exceptions (Goze 2003p, rarely exceeds 0.1.
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3.4.1 Platinum compound

The platinum spin-orbit coupling constant value sgks complexes suitable to give
good photosensitiziers; in this light, a squarenatacoordination compound was
synthesized and its phosphorescence quantum yneldifatime were measured. To
assess'O, photogeneration, two ways were followed) &n indirect onej.e. to
compare the Pt-complex phosphorescence intensitgnoéir-equilibrated with an
argon-bubbled solution, and)(a direct onej.e. to detect the characteristic singlet
oxygen phosphorescence at about 1270 nm.

The synthesis of dichloro(2-picolylamine)Pt(l(pam)Pt(Cl),, complex was
performed by adapting the method (Scheme 1) reghoniditerature (Munk 2003).
The complex was obtained with a yield of 87%, a®llow solid slightly soluble in
the common organic solvents and it was characterine elemental analysisH
NMR and IR spectroscopies.

7\ KPCly / _\

N NH,
N NH, H,0,, r.t., 7 days
1

N
a” Nc

Scheme 1Synthesis ofpam)Pt(Cl), complex.

The 2-picolylamine ligand is well soluble in watand in acetonitrile, and its
absorption spectra in the two solvents are reparidéigure 12. In a short spectral
range (255-265 nm) vibronic structure oftar* transition is visible, whose position
is little affected by the solvent polarity; insteadlow-intensity band is present as a
shoulder at about 315 and 300 nm in water or addtenrespectively: the intensity
and the solvatochromism account for anerigin of the band. This transition gives
rise to the low-energy excited state, that, symynéistorted respect to the ground

state, does not allow a radiative de-excitatiopioblylamine.

52



Chapter 3 — LIGHT-ACTIVATED PROCESSES IN COORDINATION COMPOUNDS: PHOTOGENERATION OF SINGLET OXYGEN

0,74

0,6+

0,5+

04 a0z

Absorbance
Absorbance

0,3

Wavelength (nm)
02 o

0,14

0,04

T T T T T T T T T T T T T T T T T T
240 260 280 300 320 340 360 380 400 240 260 280 300 320 340 360 380 400
Wavelength (nm) Wavelength (nm)

Figure 12. Absorption spectra of 2-picolylamine in wat#) @nd acetonitrileR) solution.

Differently from the ligand,(pam)Pt(Cl), is water-insoluble, and the absorption
spectrum was recorded in acetonitrile (Fig. 13dvehg three bands, at 238, 265 and
300 nm. While the examined complex is already reggbin literature (Munk 2003),
no photophysical characterization was publishedl umaw (Ricciardi 2012). A
comparison with a couple of similar Pt(ll) complexee. (py).Pt(Cl) (py = pyridine)
and (NH)2Pt(Cl), (Martin 1983), it can help to propose proper baaittisbution: the

higher-energy bands are attributed to 1:@¢* transitions, while the 300 nm band is

due to the d¥* MLCT.
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Figure 13. Absorption spectrum pam)Pt(Cl), complex in acetonitrile solution.

In air-equilibrate acetonitrile solution, no em@siwas detected at room temperature.
Spectrum from deaerated solution, instead, showand at 507 nm (Fig. 14), with an
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excited-state lifetime of 2.0%us and an emission quantum vyield of 7.2%10

(Ru(bipyxCl, in aerated water was used as standard; see 8§ dippen

1,6 -
1,4-
1,2 ]
10-
0,8—-

0,6 1

Emission Intensity (a. u.)

04 -

0,2 1

0,0 T T T T T T T T T
450 500 550 600 650 700

Wavelength (nm)

Figure 14.Emission spectra ¢pam)Pt(Cl), complex in degassed (blue line) or air saturated

(orange line) CBCN solution.

The emission is a phosphorescence originating fitee?MLCT state deactivation.
The phosphorescence band is totally quenched isepce of oxygen, and the
characteristicO, (*Ag) — °0,(°zg) emission has been monitored at 1270 nm in a

CCl, solution of the platinum complex (Fig. 15).
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3000 —
2500
2000 —
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Figure 15. Singlet oxygen phosphorescence upon irradiatic268 nm of(pam)Pt(Cl), in

air-saturated CGlsolution.
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In absence of quencher, the low value of the eonsguantum yield ofpam)Pt(Cl),

is ascribed to a little energy separatidtk) between the emitting MLCT and the
deactivating MC states, that allows, particulatyr@om temperature (whesE is
comparable to kT), a thermal population of the elkdited states. The presence, in the
examined complex, of weak-field ancillary ligandach as chloride atoms, tends to
favors a lIowAE value. The competitive value of the non-radiateastant rate (R
respect to the radiative ong)(kan be evidenced by a simple calculus.

The non-radiative constant rate is given by

1
(1) Ii'Ic‘.-'a:rz _{l_q)P)

Tp
wheretp and®p are the observed phosphorescence lifetime andhibgphorescence
quantum vyield, respectively. The obtained valuk.pfs 4.84 16 s*.

The radiative rate constant is given by

(2) ke =7
whereT is the radiative lifetime, and is given liy= 1//®p. The obtained value of
2.85 10°, inserted in the eq. 2, gives the value of 350&s k..

Concluding, (pam)Pt(Cl), complex, thanks to the high platinum spin-orbit
coupling constant, shows a near-unitérgc from *MLCT to *MLCT excited state,
that deactives principally by non-radiative patlyedthe presence of thermally-
accessible MC states. In presence of dioxyJet.CT state is effectively quenched
by energy transfer process towards(Big. 14); the formation of the singlet excited

state of Q origins the characteristic phosphorescence bafhd7 nm (Fig. 15).
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3.4.2 Cationic Iridium and Ruthenium compounds

The study of Ir(lll) and Ru(ll) complexes as phansitizer agents is widely diffused
in literature. Actually, an inspection of the currditerature (Flamigni 2007) reveals
that Ir(lll) cyclometalated species are highly lmescent in oxygen-free solvent, with
luminescence quantum yields as highdas0.5 and more, and lifetimes in the range
of a fewps. In air-equilibrated solvent, a remarkable quérngleffect is registered,
leading to a strong reduction in luminescence featwith respect to degassed
solutions-quenche®, andt, values that can be as much as 60 times smallar tha
unquenched andrt ones.

Regarding Ru(ll) complexes, it has to be considéned [Ru(bpy)]** is the first of a
large family of ruthenium complexes photosensitizirxygen (see Table 2).

To assessO, photogeneration, two ways were followed): gn indirect onej.e. to
compare the complex phosphorescence intensity afragquilibrated with an argon-
bubbled solution, andif a direct onei.e. to detect the characteristic singlet oxygen

phosphorescence at about 1270 nm in suitable dolven

3.4.2.1 Synthesis

The synthesis of [(pp¥y(en)](OOCCH) (1, ppy=phenylpyridine,
en=ethylendiamine), [(ppyly(pam)](OOCCH) (2), [(bipy).Ru(bipy-OH)](PF): (3,

bipy=2,2’-bipyridine, bipy-OH=2,2’-bipyrimide(4,4bis(oxyundecanl-ole),
[(bipy).Ru(bipy-TBDMS)](PF). (4, bipy= 2,2'-bipyridine, bipy-TBDMS=2,2’-
bipyrimide(4,4’-bis((tert-butyldimethylsilyl)oxy)utecyl) was performed in the
Laboratory of Inorganic and Coordination Chemistniversity of Calabria) by
using the method reported (Scheme 2). All complewese characterized by

elemental analysi$H NMR and IR spectroscopies.

56



Chapter 3 — LIGHT-ACTIVATED PROCESSES IN COORDINATION COMPOUNDS: PHOTOGENERATION OF SINGLET OXYGEN
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Scheme 2Synthesis of, 2, 3, 4 complexes. In brackets, the reaction yield is regub
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3.4.2.2 Photophysical characterization in solution

All complexes were characterized in solution atnnotemperature, in presence or
absence of oxygen. For the emission quantum yiedsorements, Ru(bip@l, in
aerated water was used as standard (8 Appendik)e Baand 7 report the obtained

photophysical data.

Table 6. Absorption data for complexds4 in solution at room temperature.

H,0 425(1.87), 392(2.5), 345(3.12), 300(sh), 270(sBp(24.37)
H,0 420(2.42), 385(3.57), 342(5.35), 300(sh), 256(35)

CHCl,  465(14.102), 435(12.107), 362(7.172), 327(12.4889(75.053)
CH.Cl,  465(14.003), 435(12.027), 362(7.560), 327(12.0289(75.601)

Table 7. Photophysical data for complexds4 in solution at room temperature. The
phosphorescence of singlet oxygen was recorde®#® tm in air-equilibrated solution.

Average lifetimes are reported (8 Appendix A.1).

515 0.10 0.395 058 2.182 256x10 1.93x10 2.11x16  Yes
490,515 0.08 0.422 036 1813 190x1B54x10 1.83x16 Yes
630 0.04 0391 0.08 0884 103x16 1.03x16 1.43x16  Ye¢
630 0.04 0.370 0.08 0.874 1.08x101.05x16 155x16  Yed

3,0 solution:"CH,ClI, solution:*D,0 solution:*THF solution.

Iridium complexes. The absorption spectra of complexesand2 were recorded at
room temperature in water solution (Table 6; Fig). The UV region is dominated
by intense spin-allowedr-m* (‘LC) transitions involving the aromatic ligands. At
lower wavelength (350-450 nm), less-intert8.CT bands are present. Because
absorption spectrum o2 is superimposable to that df where ligand-to-ligand
charge transfer (LLCT) band are absent (due toatteence of aromatic ancillary
ligands), it can be concluded that also2npicolylamine ancillary ligand is not
involved in low-energy transitions. Additionallyhe weak tails observed above 450

nm are due to direct spin-forbidden population e triplet excited stateSMLCT
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and®LC (*r1r*) transitions), enabled by the high spin-orbit ptiug of the iridium
metal core that allows the mixing of triplet statgth the higher-lyingMLCT levels
(Costa 2012).

1,0
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—B
0,8

0,6 1

0,4

Absorbance

0,24

0,04

T T T T T T T T T T
250 300 350 400 450 500
Wavelength (nm)

Figure 16.Absorption spectrum df (A) and2 (B) in water at room temperature.

The high spin-orbit coupling of Ir(lll) yields almsb unitary intersystem
crossing efficiency from singlet to triplet excitestates, therefore iridium(lll)
complexes always exhibit efficient spin-forbiddelmopphorescence emissions. The
emitting state is the lowest-energy triplet whidrmally arises from “mixed” triplet
levels, due to the contributions WILCT and3LC states. Depending on the extent of
contribution of the CT states, the emission profdesubstantially affected: the
presence of vibrational features suggests a lowckaracter, whereas broader and
less structured shapes are indicative of a highgehmansfer character. Complexes
(Fig. 17) and2 (Fig. 18) show a good luminescence at about 515 simghtly
structured in2, probably due to a majét.C contribution respect t&; as expected,

the emission is highly sensitive to the oxygen.
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Figure 17.Excitation spectrumX) in degassed watek{= 515 nm) and emission spectra of

1 at room temperature in air-saturat8&j ¢r in degassedl) water {e,= 260 nm).
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Figure 18. Excitation spectrumA) in degassed watek{= 510 nm) and emission spectra of

2 at room temperature in air-saturat&j ¢r in degassed) water {e,= 382 nm).

Time-dependent emission intensitiesldfig. 19) and (Fig. 20) have been fitted by
a mono-exponential decay. Bi-exponential functidespite give a bettef® value (§

Appendix A.3), provided a couple of lifetime valuesthe same temporal range with
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a pre-exponential terms ratio of 9:1 in favor oé thlower lifetime, which almost
coincide with the average lifetime reported in Eab! In Ar-equilibrated solutiong,
and2 show a lifetime of 2.18 and 1.8, respectively, that are reduced to 0.39 and
0.42 s in presence of oxygen. Similar values and behawawe been recorded for
the parent compound Ir(ppyYHolzer 2005). Correspondingly, emission quantum
yield value decreases from 0.58 and 0.36, recofded. and 2, respectively, in
absence of oxygen, to 0.10 and 0.08 in air-equailémd solution. Thé-value ofl in
deaerated water solution appears to be among testi values ever reported for
Iridium cyclometalated complexes (a comparable evatdi 0.64 was reported by
Barigelletti et al. (Shaffner-Haman 2004) for as-ticlometalated Ir complex of a
substituted phenyl-pinenopyridine).

On the basis of the high-value of the Iridium sprbit coupling constant, is
reasonably to consider near unitatlye®;sc value of the intersystem crossing path
towards emitting triplet state of iridium complexdkerefore the rate constant for

radiative de-exciting process)lof the energy-lowest excited state is given by:
3) k =/t

In the absence of any quencher, non-radiative pathe lower-energy triplet state
coincides with the intersystem crossing toward gdbstate; therefore the rate

constant for non-radiative process, ks given by:
(4) kir = Kisc = (1-Pdeoy)/Tdeox

In presence of oxygen, the luminescence of the tmmp is quenched with a rate

that can be drawn on the basis of the equationbelo

(5) Tdeox/ T=1+ Kq Tdeox [O2).

By comparing the values of,kkisc and k [O,] of the iridium complexed and 2
(Table 7), it can be stated that:

1) iridium complexes show an intense luminescengetd the high kvalue respect
to Kisc;

2) iridium complexes luminescence is strongly qirexcby oxygen due the higher
value of k [O;] respect to the competitive &nd k; taking into account the oxygen

concentration in water (Montalti 2006), thg \kalues forl and?2 are 7.80 x 1band
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6.77 x 18 sec, respectively. These appear to be among the higrese ever
reported for quenching of luminescence of transiticetal complexes by oxygen; for
comparison purposesg ks ca. 2 x 1& M's* for both Ru(bipy)** and Os(bipyy™,
and 1.1 x 18M™ s for Ir(tpy),>" (tpy = terpyridine) (Shaffner-Haman 2004).
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Figure 19.Time-resolved emission decaybin degassed watekd= 379 NM Amonitored D40

nm). Fitting results x> =1.32):t = 2.148 x 10 s.
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Figure 20.Time-resolved emission decaydin degassed watekd= 379 NM Amonitored 510

nm). Fitting result§x? =1.28) 1 = 1.755 x 10 s.
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Concerning the fit of the intensity emission decaf/d and2 obtained by a
bi-exponential function (8 Appendix A.3), it shoulde considered aggregates
formation in solution. Quantitative investigatiolsve been performed on very
concentrated solutions dfand2 (1.0 x 10° and 1.0 x 10), where the formation of
aggregates is predictable, according to literatyuerrero-Martinez 2008).
Nevertheless, no change in the absorption and emispectra has been detected by
varying concentration; also lifetimes remain almosthanged. Emission quantum
yield, instead, shows a variation (its value slghincreases by increasing
concentration), but it has to be considered theinsit uncertainty of the
measurement (8 Appendix A.1) and the high absodamcthe exciting wavelength

of the concentrated solutions.

Ruthenium complexes. The absorption spectra of complex®and4 were recorded at
room temperature in water solution (Table 6; Fidl),2and are practically
superimposable, due to the negligible effect exete the electronic properties by
the different bipyridine substituent. The band gresient takes advantage from the
several photophysical studies concerning the pacemipound Ru(bpyj* (Juris
1988), whose electronic spectrum shape and mokamoéion coefficients are very
similar to those 08 and4. The band at 285 nm was assigned tort@ transition by
comparison with the spectrum of protonated bippedithe band at 465 nm (with the
shoulder at 435 nm) is due to a MLCT excitationjlevthe shoulders at 327 and 362

nm were assigned to MC transitions.
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Figure 21. Absorption spectrum of8 (A) and 4 (B) in dichloromethane at room

temperature.

Like absorption, also the emission spectra 3of(Fig. 22) and4 (Fig. 23) in
dichloromethane solution at room temperature, apesmposable and very similar
to that of Ru(bipyy?*. The emission origins from3LCT state with a maximum at

630 nm, slightly quenched by oxygen.
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Figure 22.Excitation spectrumX) in degassed dichlorometharg, & 630 nm) and emission
spectra of3 at room temperature in air-saturaté) or in degassed() dichloromethane
(Aex= 465 nm).
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Figure 23. Excitation spectrumA) in air-saturated dichloromethank.& 630 nm) and
emission spectra ot at room temperature in air-saturatefl) (or in degassed()

dichloromethane)(,= 465 nm).

The emission quantum vyield of both ruthenium comgde (Table 7) is low, in
absence or in presence of oxygen (ranging from t@®04), and similar to that of
Ru(bipy)®". (Juris 1988), while lifetime decays, practicaliientical in3 (Fig. 24)
and4 (Fig. 25), have been fitted with a bi-exponenfiaiction (see §Appendix A.3
for detailed values) giving an average value o088, in absence of oxygen, reduced
to 0.39us in air-equilibrated solution. A mono-exponentiding was also performed
on the luminescence time decays3ocand4 (Fig. 24-25) giving values practically
coincident with the average lifetime reported irblEa7. The scarce luminescence of
ruthenium complexes is due to the thermally popda#C states near in energy to
the emissive®MLCT state, which opens efficient non-radiative tpab the excite
state. The rate constant; kca. 2.5 x 10s™ for both compounds) competes efficiently
with k; (1.0 x 16 s?) as well as with 0;] (1.5 x 10 s*), so the®MC population is
more rapid than the oxygen sensitation. Consequelifittimes and®d-values are

slightly affected by the oxygen presence.
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Figure 24. Time-resolved emission decay ®fin degassed dichloromethang,£ 460 nm).

Fitting results ? = 1.30):t = 0.872 x 10 s.
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Figure 25. Time-resolved emission decay 4fin degassed dichlorometharig& 460 nm).

Fitting results x? = 1.32):t = 0.869 x 10 s.

In order to characterize the sample utilized taantuthenium complexes in gold-
silica nanoparticles (8 4.3.2), a solutiorBofas prepared by adding 1 mg of complex
in 0.1 mL of DMSO solution, and successively wadeatiwater to a final volume of
50 mL, obtaining a final concentration of 1.6 x>1B1. Absorption and emission

spectra were identical to those recorded from drcmhethane solution, while the
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emission quantum yield from air-equilibrated DM®@fter solution ish =0.011, a
value slightly lower respect to one recorded fraohlbromethane solution (Table 7).
It was impossible to measure the emission quantigil yrom deaerated solution
because, during argon-bubbling procedure, the cexnmlecipitated, due to its scarce
water solubility. Average lifetimest, obtained by a bi-exponential fitting decay,
are lower respect to ones derived from the dicim@thane samples (Table 7x><=
0.305 ms 11 =0.25 ps, a; = 58.5%;1,=0.36 ps, a,= 41.5%) in air-equilibrated
solution; €> = 0.603 ms 1; =0.33 us, a; = 29.0%;1,=0.66 us, a,= 71.0%) in

degassed solution.
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3.5 Transition Metal Complexes in PDT

One of the applications of the long-lived tripletceéed states of transitions metal
complexes (TMCs) is the production of singlet oxygide key reactive species in the
Photodynamic Cancer Therapy (8 3.1.3). The higmtym yield of singlet oxygen
generation is a crucial parameter that a photoaoiévmetal anticancer agent should
have, but not the only one. Aspects such as aqusolusility, cell uptake and
stability in biological media are common considenas for any potential drug. In
addition an ideal photosensitizer should have gelalifference between cytotoxicity
in the presence and absence of irradiation, inrdadiémit unwanted side-effects, and
the wavelength of activation should ideally lie it the phototherapeutic window.
For current clinical applications the use of reghti(~630 nm) is routine although for
superficial tumors shorter wavelength e.g. blued(#dgn), may be more appropriate
(Radu 2003).

Traditional drugs used in PDT are based on porphyerivatives,e.g.
Photofrin® (Allison 2004), with or without (trangin) metal ions (83.2). Pt(ll)
complexes of porphyrins with propionic acid sulstiits have also been reported and
their photodynamic potential tested in vitro against anmeary tumor cell line and in
vivo toward various murine carcinomali( 1999). In particular, the diamine
dicarboxylato-Pt(Il) complex, reported in Figure, Zhowed the highest antitumor
activity, reflecting the combined effect of the atgtxicity of the Pt complex (linked
to the pincer effect of thecis-platinum moiety (Jamieson 1999)) and the

photodynamic activity of the porphyrin moiety.
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Figure 26. Molecular structure of a diamine dicarboxylat¢HPtomplex (Ali 1999).
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However, in porphyrinic systems, central metal Haem inductive function in
'0, photogeneration, but it enhances an intrinsic lpgip property. Instead, in
TMCs with bidentate N~N ligand or cyclometalatedesnmetals are the effective
inducer of the photosensitation.

TMCs of Pt(ll), Ru(ll) and Ir(lll) able to generat®, with high yields, have
potential as photosensitizers for PDT, but thefeaive phototoxicity has not yet
been confirmed by cellular studies (Liu, Y., 2009urovich 2007). A cyclometalated
Ir(1l) complex (Fig. 27), applied to the decorati@f magnetic nanopatrticles, has
recently been reported (Wei 2008) and the resultmgtimodal system used as
imaging agent and PDT sensitizer. Human cervicakces cells were chosen for

cytotoxicity evaluation and thabtained results highlight an effective PDT resgons
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Figure 27. Molecular structure of [(pigl(ppTES)] complex (Lai 2008).

In early studies (Boca 2009), a [Ru(phgfi)complex functionalized with fluorene
moietieshas been reported (Fig. 28); the novel hydrosolobleplex was designed to
be usedn vitro for the first time as a Ru-photosensitizer for q@wton PDT (see
below). The exposure of glioma cells to the comphegonjunction with excitation

light at 740 nm, resulting in cellular damage, higjtts its great potential in PDT.
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Figure 28 Molecular structure of [Ru(phefj’ functionalized with fluorene moieties (Boca
2009).

Two-photon excitation is an effective way to extéhd wavelength of excitation of a
metal complex (He 2008). The advantage of the tivatgn technique resides in the
possibility of using higher wavelength radiationg.(in the near IR region), which
are less energetic (and therefore less harmful elttny tissues) than traditional
visible-light radiations. In addition NIR light capenetrate deeper in the tissues,
expanding the use of PDT to deeper lesions. It sap@onstraints on the structure of
the compound, and the light source needs to hat@ta photon densitye(g. a

femtosecond laser).
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3.6 Strategy to obtain water solubility

Despite their advantages &3, photogenerators, TMCs low water solubility is the
most significant problem limiting their use in v@us application fields where an
agueous environment is involved, such as bloodligtgron, wastewater treatment
and photodynamic therapy. Most existing photosemsit molecules (PS) are
hydrophobic and can easily aggregate in agueousan{&tncik 2007; Kuimova
2009; Choi 2000; Martin 1991). This intermolecudasociation process promotes a
non-radiative internal conversion, which is comipegi with the intersystem crossing,
inducing a drastic decrease'@%, generation.

A great deal of research has been done to overtdumproblem especially in
the PDT context where the PS poor solubility inevatlso hampers the preparation
of pharmaceutical formulations for parenteral adstiation. Therefore, many
strategies have been taken into account to dissyaphilic compounds in a
biological environment, including PS bonded to (oghilic polymer or their
incorporation in biocompatible nanocomposites, suah polymeric micelles,
liposomes and polymeric nanoparticles (Konan 2@%)g 2010; Paszko 2011; van
Nostrum 2004; Allison 2008; Derycke 2004; Choi 2006 2009), which can also act
as delivering agent of the PS.

Generally, there are several advantages to the afseimmobilized
photosensitizers in practical applications. For uswater purification, for example,
the ability to recover and reuse photosensitizeska®s environmental and economic
sense. Moreover, because these photosensitizers useel heterogeneously,
immobilized photosensitizers can be employed inumver of solvents, allowing
flexibility in fine chemical synthesis. In generahmobilized photosensitizers show
reduced quantum yields than their unbound countesspdue in part to the need for
oxygen to diffuse into and out of the polymer main order to be sensitized and
detected. Nevertheless, the ease of reuse of #yetems tends to outweigh this
shortcoming.

Polymer-bound PSPolymer-bound PS are under extensive investigatand

have a promising PDT applications compared to A8alue to extended intravascular
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half-life, enhanced tumor selectivity and good PD#fficacy. N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer-bound mesochlorin
ethylendiamine exhibited a substantial increasdidt@eour accumulation and drug
efficacy compared to the free drug (Tijerina 2080ukos 1997). The photodynamic
potential of polyethylene glycol (PEG) or poly(vimglcohol) (PVAL) conjugated to
chloroaluminum phthalocyanine via an axial coordorabond was also evaluated
vitro and in vivo (Brasseur 1999). PEG was also bound to m-
tetrahydroxyphenylchlorin (m-THPC) and this conjigghas proven to be effective in
inducing tumor growth delay at m-THPC equimolar etogWestermann 1998).
However, the benefits from increased water solybdf the PS are balanced by the
fact that the yield of singlet oxygen generation cadergo a decrease following the
incorporation of the PS in a polymer. Work by S@wag1975) compared the
efficiency of singlet oxygen production of free Ro8engal to Rose Bengal
immobilized on merrifield polymei.g., a polystyrene polymer based on a copolymer
of styrene and chloromethylstyrene). Results foilmad the free photosensitizer had a
100-fold higher production rate of singlet oxygaefye most likely to diffusion
problems.

Polymeric micellesPolymeric micelles are formed in aqueous solufrom
amphiphilic block or graft copolymers. In PDT, théwave great potential as an
effective drug delivery system for poorly solublaofosensitizers, which can be
physically entrapped in and/or covalently boundtie hydrophobic core. One
example, protoporphyrin IX (PplX) encapsulated ietihoxy poly(ethylene glycol)-b-
poly(caprolactone) micelles: these systems showenigtracellular accumulation of
the drug and higher photocytotoxicity in comparisoiree PplX (Li 2007).

Liposomes. Liposomes are lipid vehicles of one or more cotaen
phospholipid bilayers, containing an aqueous pivasde and between bilayers. The
phospholipids typically used for preparing lipos@naee comprised of a hydrophilic
head group and two hydrophobic chains. This contiposassures that liposomes are
able to encapsulate both hydrophilic and hydrophadbiigs. Their main components
(phospholipids and cholesterol) are materials agwting in the body in high
amounts and may provide a good biocompatibilitytroduced to increase the

solubility of hydrophobic chemotherapeutics, thayé been shown to be effective in
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reducing systemic side effects and toxicity, asl aslin attenuating drug clearance.
In PDT studies, liposomal formulations show thdigbto decrease the tendency of
photosensitizer to aggregate and improve the tusalaetive accumulation (Derycke
2004) are currently used as effective deliveryeyst in experimental studies and in
clinical trials. In terms of clinical use and aspaarmaceutical success story,
Visudyne® should be mentioned: it consists of aodgmal formulation of

Verteporfin, a semi synthetic porphyrin approved thg FDA in 2000 for the

treatment of the wet form of age-related maculgederation (Miller 1999).

Nanoparticles Biodegradable and non-biodegradable nanopartigtésyum
size) represent emerging photosensitizer carriergarticular due to their unique
characteristic, hybrid nanomaterials have receh#gn investigated as promising
platforms for diagnosis and therapeutic applicaiddanoparticles encapsulating PS

will be treated extensively in Chapter 4.
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3.7 A new water-soluble polymer binding a platinum

complex showing oxygen photosensitizing properties

The (pam)Pt(Cl), complex (8 3.4.1), as previously illustrated, & soluble in water,
and therefore, is not applicable to biological eys$ to generate singlet oxygen. In
order to overcome the water insolubility of thelPttomplex, it has adopted a new
strategy by means of grafting insertion of the iplah compound into
polymethacrylic acid, a well-known biocompatiblengmound (Fig. 29). The grafting
procedure is illustrated in the Appendix.

¥ e
= I\/I/ _N\ /NH2 = .
° OoH C|/Pt\0|

Figure 29. Grafting insertion of th@pam)Pt(Cl), complex into polymethacrylic acid.

/\

The obtained grafted polymer exhibits an emissmersum, in water solution and in
air-equilibrated conditions, with a vibronic coumleébands at 483 and 516 nm (Fig.
30). Lifetime measurements gave a decay, recordgtiGanm, that was deconvoluted
obtaining a value of 0.68s. After the oxygen is removed, the fine structofehe
phosphorescence band is lost, showing an intense &ta503 nm with a shoulder at
about 515 nm (Fig. 30). The emission decay tracthefdegassed water solution,
recorded at 510 nm, gave a luminescence lifetim2.@bus. The emission quantum
yield increases from 1 x Idto 9.1 x 10°, passing from the air-equilibrated solution
to the degassed one (Ru(bigyl in aerated water was used as standard; see 8§

Appendix for the Experimental Conditions).
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Figure 30. Emission spectra of complex grafted polymer atmdemperature in air-saturated

water solution (orange line) and in degassed wbtae line).

Analogously to the attribution of the luminescermethe (pam)Pt(Cl), free in
acetonitrile solution (83.4.1), the emission of tgeafted polymer in water is
attributed to a vibronic progression from tABILCT state deactivation of the
platinum complex. The spectroscopic differencesvben the Pt-complex grafted to
the polymer and free in solution are due to th&edeht solvent used in the two cases,
and to the more rigid environment experienced lgydiwromophore in the polymeric
matrix. In particular, while in air-equilibrated laton the free complex does not
emit, (pam)Pt(Cl), grafted to the polymer show a weak and structured
phosphorescence, which is due to the low oxygefusidn into the polymer that
reduces luminescence quenching. When oxygen is letehp removed, both the
intensity of phosphorescence that the lifetime eases, and the latter attains the
value of 2.05us, which is the same value obtained from the frempiex in the
absence of oxygen. In degassed solution, the emisgiantum yield value is higher
when the Pt complex is embedded in the polymer vatipect to the free complex;
this behaviour is expected because in the polymmerchromophore experiences a

rigid matrix that enhances phosphorescence emission
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3.8 Conclusions

Singlet oxygen is a highly-reactive species whisk gpans from wastewater
disinfection to non-invasive treatment of cancersifiple way to generat®© is to
transfer excitation energy from a light-absorbinglecule, called photosensitizer,
towards ubiquitous dioxygen. Since the major appilon field of this phototherapy
concerns living matter, water solubility of singtetygen photosensitizer is highly
requested. Moreover, because the energy—transferegs occurs via collision
between photosensitizer ang, @nhe diffusion-limited rate of the process reqgsiee
long-lived excited species able to interact witbugrd-state oxygen.

Transition metal complexes (TMCs) excited-stateswsladequate lifetimes,
whit a tunability of spectral properties which makem suitable to be proposed as
excellent oxygen-photosensitizers. In this contemte have photophysically
characterized a series of newly-synthesized conegl@t second and third transition
row: a neutral complex of Pt(ll), two Ir(lll)- antiwo Ru(ll)-cationic complexes,
starting from the assumption that the large spbitazoupling constant favors an
excellent intersystem crossing towards the longpdj\riplet state.

We have used to way to demonstrate the TMCs whiditform 'O,: (i) an
indirect one,i.e. to compare the TMC phosphorescence intensity ofaan
equilibrated with an argon-bubbled solution, anjl & direct onej.e. to detect the
characteristic singlet oxygen phosphorescence @ital270 nm. In fact, the simply
TMC phosphorescence quenching by oxygen does nptyim 'O, generation,
because ground-state state oxygen can quench TMIEt tstate via triplet-triplet
annihilation or by oxygen-radical production.

The obtained results confirm singlet oxygen gei@raand show different
behavior of the examined complexes; Pt(Il) compsethe only totally quenched by
oxygen, while Ir(lll) and Ru(ll) show an apprecieduminescence also in presence
of oxygen (b about 10% for iridium- and 4% for ruthenium-conxas). In absence
of quencher, iridium-complexes are highly-luminegc@ = 58% and 36% for the
two compounds), ruthenium-ones show a good lumerese intensity ® = 4% for
both compounds), while the platinum complex showgeak emissiond® = 0.72%).

This behavior can be rationalized by considerirag,tespite the spin-orbit coupling
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constant of Pt(ll) is the higher among the examimetials, the studied complex has a
small radiative constant, so non-radiative pathways highly-favored. On the
contrary, the kvalue of the iridium complexes effectively competavith
monomolecular and bimolecular non-radiative ratestant, so giving an appreciable
emission also in presence of oxygen. Ruthenium texep behavior is intermediate
between them, cause an intermediate value ofblt, in general, kin Ru(ll)
complexes is low for the presence of thermallyxatad MC state, which depopulate
the emitting state).

Because many applications of oxygen photosensiticaguire their solubility
in water, we have explored the possibility to ihstwe platinum compound into
polymethacrylic acid, without losing the sensitaticapability. A water-soluble
polymer with photosensitizing properties was ol#dinand the complex insertion is
an easy, one-pot process that requires mild reaatmnditions. Moreover, the
covalent linking of the Pt-complex to a biocompkipolymer backbone prevents the
photosensitizer aggregation in aqueous solutionsiclw could cause a drastic
reduction of‘O, generation.

Respect to the free complex, the grafting insertbthe Pt(ll) complex into
the polymeric matrix causes an increases of thegmescence quantum yield (due
to a more rigid environment respect to the solytiarhich favor the energy transfer
towards oxygen, but, on the contrary, the reduced p@rmeability into the
polymethacrylc acid, could reduce the photosensgizfficiency. Nevertheless, the
availability of a water-soluble polymer capablepobducing singlet oxygen offers the
possibility of an additional functionalization dhe polymethacrylic acid, which is
highly required in several areas of application rehthe production of the singlet
oxygen is the key factor. A great potential appiaacould be the use of this water
soluble grafted polymer as a photosensitizer intqhmamic therapy. Actually, a
polymeric substrate is able to bind different grmiupugar adN-acetylglucosamine,
that can induce the biocompatibility toward spectéirget organs, or chromophores,
suitable to show two-photon-absorption (TPA) pheapanand capable of efficient
Forster resonance energy transfer to the photdsmmsivhich is very useful to take
advantage of the spectral therapeutic window.
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Chapter 4 THE THERANOSTIC PARADIGM:
TRANSITION METAL COMPLEXES
AND NANOPARTICLES

In 2008 on Nanomedicine appeared an editorial bye3wand Gao (Sumer 2008) that
stated: Theranostics was coined originally as a term tocdég a treatment

platform that combines a diagnostic test with taegletherapy based on the test
results. Here, we define theranostic nanomedicseara integrated nanotherapeutic
system, which can diagnose, deliver targeted ther@pd monitor the response to
therapy. Accordingly to this definition, a theranosticségm should basically made
of a sensor capable of detect a diseasedialtq specifically localize into it and to

send a signal to an operator), and of an activeisp@ble to exert a therapeutic effect

on lesion.

Reliable sensors often use light as sighal,absorbed light to be interrogated by an
operator and emitted light to provide an answerrédoer, an advisable delivering
drug system should use light to be activated. Sdehl “soft” theranostic system,
that combines both aspects with light, may be ifledtwith properly functionalized

nanoparticles.
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4.1 Nanopatrticles: a therapeutical aspect

Nanoparticles (NPs) represent a relatively newdrén drug delivery: they can
improve the solubility of poorly water soluble dsjgrolong their circulation half-
life in the blood, minimize enzymatic degradatidntive drug after administration,
decrease side effects and increase bioavailabilihbey show a high ability to
specifically recognize and bind to target areassuvidace attached specific ligand, for
example monoclonal antibodies, folate etc. Morepveanovehicles including
micelles, liposomes, and metal nanostructures, avitlydrodynamic diameter greater
than the renal clearance threshatd. (6 nm) and up to 2 um, can be expected to
exhibit preferential tumour accumulation, due tce tphenomenon known as
“enhanced permeability and retention effect” (ERIR¢r 2006). In fact, in contrast to
normal vessels, the angiogenic neovascolatureasacterized by a highly disordered
endothelium with large gaps that permit the prefeaé penetration of nanosized
structures.

NPs the particles can be classified in two maass#s: biodegradable and
non-biodegradable NPs. Within the first aliphatatyester NPs are included, while,
within the latter, polyacrylamide polymers-basedsN8ilica, titania or metallic NPs
are comprised. More interesting are NPs having taliitecore with a silica shell.
Special properties carried out by the metal caeraffiagnetic (iron) or plasmonic
(gold) characteristics to the NP.

4.1.1 Nanoparticles developed for Photodynamic djmer

The therapeutic efficacy of NPs is highlightedhe tancer Photodynamic Therapy (8
3.1.3), when a photosensitizer is charged into B#zause the efficiency of PDT can
be attributed to the production &0,, two different strategies using NPs can be
followed: biodegradable nanopatrticles, from whidtojpsensitizers can be released,
are irradiated to produckd, or, alternatively, non-biodegradable nanopartices
used, without releasing photosensitizers from N&sars but the oxygen can diffuse

freely in and out of the nanoparticles (Bechet 2008
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Biodegradable nanoparticles. They are made of polymers that are degraded in
a biological environment, so releasing the incoaped photosensitizers. Some of the
best studied systems are NPs based poty(lactic acid) (PLA), poly(glycolic
acid)(PGA), and their copolymer (PLGA). The meckanof degradation of aliphatic
polyester nanoparticles, such as PLGA, involvegdadiytic process.

As example, the well-known photosensitizer porphgerivative meso-
tetrap-hydroxy-phenyl)porphyrin ~ (p-THPP) (Kreimer-Birnbau 1989) was
encapsulated into sub-150 nm biodegradable nancpar{50:50 PLGA:PLA, 75:25
PLGA:PLA and PLA). A follow-up study was carried todo evaluate the
photodynamic activity of these p-THPP loaded nartgpes on EMT-6 mouse
mammary tumour cells and compared to free p-THP&h@K 2003). The beneficial
effect of the nanoparticle over the free drug wdmseoved mainly at a drug
concentration of 3uig/ml. This suggests that the therapeutic index-oHPP can be
improved by nanoencapsulation since low drug comagans could be used for
satisfactory photocytotoxicity. Similar results werobtained with NPs of
bacteriochlorophyll-a (BChl-a) loaded PLGA that weantroduced in macrophage
cell lines (Gomes 2005). In another study baseRIoBA nanoparticles, Ricci-Junior
et al. (2006) reported preparation, characterinaind results of the phototoxicity
assay of PLGA nanoparticles containing zinc(ll) hathbcyanine (ZnPc), a second
generation photosensitizer widely used in PDT. phetotoxicity was assessed using
P388-D1 cells, and after 24h of incubation, thdutal viability was determined
obtaining a value of 40%. It was concluded thatZldaded PLGA nanopatrticles is a
promising drug delivery system for photodynamicréipg. In vivo studies are not
described in the literature for biodegradable naniiges.

Non-biodegradable nanoparticles. There are many advantages of using non-
biodegradable NPs: a very low size (less than 10Y) no time for biodegradation is
needed, the photosensitizer is protected from tha@ranment, NPs can serve as
multifunctional platforms. Indeed, their chemicaingposition can be modulated by
coupling or encapsulating photoactivable unitsR@T treatment; their surface can
be functionalized by attaching targeting groupsiciwill deliver the nanoparticles
to cancer cells, to vascular compartments or tluleglsites expressing appropriate

receptors. The surface can also be functionalizedintroduce a hydrophilic,
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hydrophobic or amphiphilic character to enable elispn in a variety of fluid media
and to increase the lifetime of the nanoparticteghe plasma and finally a contrast
agent can be incorporated into the core to aidiieeof the nanoparticles in magnetic
resonance imaging (MRI).

For the synthesis of non-biodegradable NPs, pojjatride polymers can be used,
although most of these NPs are ceramic-based thade of silica) or metallic.
Particles, including silica, alumina, titania, etre also known for their compatibility
in biological systems (Lal 2000). In addition, theurfaces can be easily modified
with different functional groups (Badley 1990). Té#®re, they can be attached to a
variety of monoclonal antibodies or other ligandstdrget them to desired sites
vivo. The acronym ORMOSIL is a commonly used abbresatior ‘organically
modified silica’ and different photosensitizers¢luas 2-devinyl-2-(1-hexyloxyethyl)
pyropheophorbide (HPPH), methylene blue and futieydnave been encapsulated or
covalently linked to ORMOSIL particles (Table 1).

Non-biodegradable Size Photosensitizer Photophysical In vitro experiments
nanoparticles (nm) properties
Applications Shell Nature Covalently Encap- Amax @®f @A Cell line Phototoxicity®

composition linked sulated apsorption

(nm)
Therapy ORMOSIL 20 lodobenzylpyro Y N 410 - - Colon-26, RIF-1 Growth inhibition 100%
pheophorbide (murine (RIF-1)
fibrosarcoma)
ORMOSIL 30 HPPH N N 420 - - UCI-107 (human Growth inhibition 90%

epithelial ovarian (UCI-107); 100% (Hela)
carcinoma), Hela
(cervical carcinoma)

ORMOSIL 160 Methylene blue N Y 650 - - C8 (rat glioma) Positive photodynamic
result (confocal
microscopy)

ORMOSIL - Fullerene Cgy Y N - -

ORMOSIL 180 m-THPC N Y 410 - - - -

Gold based 2-4 Phthalocyanine Y N 695 - 0.65 Hela Decreasing of metabolic
activity (60%) 20 min p.i.

Therapy with PAA - TMPyP N Y - - - cé Cells death 120 min p.i.
biphoton ORMOSIL 30 HPPH (co- N Y 420 017 - Hela Drastic changes in the cells
excitation encapsulated marphology 15 min p.i.
with BDSA as
a donor)

Abbreviations: BDSA = 9,10-bis[40-(400-aminostyrgtyryl] anthracene; HPPH = 2-devinyl-2-(1-hexylottyd)
pyropheophorbide; ORMOSIL = organically modifiedict p.i. = post-irradiation; TMPyP = 5,10,15,20
tetrakis(1-methyl 4-pyridino)porphyrin tetra( pdehesulfonate); TOAP = tetrakis (o-aminophenyl)pbgrin;
@, = quantum yield of singlet oxygen productiah; fluorescence quantum yield. ‘-’ = no informatigiven. a =
best values.

Table 1 Significant studies for the use of non-biodeghdelpolymer-based nanoparticles for
PDT (Bechet 2008).
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Roy and colleagues (2003) reported the first useeodmic-based NPs as a novel
drug-carrier system for PDT, using silica basedesphl particles approximately 30
nm in diameter, and encapsulating HPPH. Irradiatbrthe photosensitizing drug
entrapped into NPs by light of suitable wavelengih efficient generation of singlet
oxygen resulted, which is made possible by thergmteNPs oxygen porosity. In fact
the tiny pores which are 0.50-1.00 nm in diameterd@age enough to enable efficient
oxygen diffusion in and out the particle. The HPIPHded NPs were tested on tumor
cells: the irradiation at 650 nm caused significaumnor cell death, with a cell
viability fewer than 10%, highlighting the potentaf ceramic-based NPs as carriers
of water insoluble drug in PDT.

Lai et al. (2008) described the synthesis of déifermultifunctional system
based on silica NPs with ad&g core and encapsulating, in the silica shell, @nuim
complex. The Ir(lll) complex [(pig)r(ppTES)] (8 3.5) has a dual role both
photosensitizer and phosphorescent probe. It istheexample reported in literature
of a transition metal complex encapsulated in theasshell of NPs, which have been
tested for its ability to sensitize oxygen. In fatie successful incorporation of ionic
complexes [Ru(bpy)** and/or [Os(bpy** into silica NPs has been demonstrated for
applications in biological labelling and imaging 48.1), but not yet for théO,
sensitization experiments (Wang 2006). Instead, iNE®porating [(piir(ppTES)],
not only act as photosensitizer, but, used in baioa applications, it was possible to
obtain MRI imaging through the k@, core, and optical imaging thanks to the
phosphorescence of the Ir complex. The main drakvbathese multifunctional NPs
based on the [(piglr(ppTES)] complex was the need for irradiatior8&6 nm, which
has been shown to be suboptimal for light penemaitito the tissue, and hence for
the applications of NPs as photosensitizers inadlnPDT. Actually, the region of
maximum light depth penetration into mammalianugss 600-850 nm, the so-called
“phototherapeutic window” (8§ 3.1.3).

To overcome this limit, multifunctionality of NPs ia good opportunity. In
fact, the possibility to functionalise a NP withtwo-photon (TP) dye opens new
possibilities. TP dyes have received much attenttgly because of their ability to
convert absorbed low-energy radiation to highergnemissions. Dyes which can
direct transfer the higher energy to a photoseamsitior generation of singlet oxygen

can be very useful in PDT because they can beatetivin deep tissues. Kim et al.
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(2007) described the synthesis of modified siliddsNn which HPPH and an excess
of 9,10big40-(400-aminostyryl)styryllanthracene (BDSA), aghiy two-photon-
active molecule acting as an energy donor, werenoapsulated. HPPH absorption
in nanopatrticles had significant overlap with theofescence of BDSA aggregates. It
enabled an efficient energy transfer through flsoemce resonance energy transfer
(FRET) mechanisms, from BDSA to HPPH, which, inntfusensitizes dioxygen to
produce’O,. The nanoparticles were taken up by tumor cell$ eytotoxic effect
after two-photon excitation was demonstrated. H& @mworkers (2009) reported a
similar approach for the synthesis of silica nambgas with entrapped methylene
blue (MB) dyes for near-IR imaging and PDT. Therdpeutic effect of this platform
was demonstrateih vitro by using HelLa cells and both fluorescence imagingd
PDT effect were observed vivoin a mouse xenograft model.

Concluding, NPs are a suitable platform to obtamuwtifunctional material
that merge both therapeutic and diagnostic progse(gig. 1).

Two-photon absorption systems

Poly(ethyleneglycol)
coating

Photosensitizers encapsulated
or covalently grafted

Magnetic core with contrast
agent for MRI

Targeting molecules

TRENDS in Biotechnology

Figure 1. An ideal multifunctional nanoplatform (Bechet 2008)
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4.1.2 Gold nanoparticles: a multifunctional materia

Nanoparticles composed of gold (AuNPs) offer goodctmpatibility, facile

synthesis and conjugation to a variety of biomdecligands such as antibodies,
proteins, nucleic acids (Cobley 2011), and othegeiang moieties (Fig. 2), making
them suitable for use in biochemical sensing andatien, medical diagnostics and

therapeutic applications.

Poly(ethylene glycol)

\ Drug
_ Targeting Group

[ $ S \
- “p/ .

&
@,
-m—mm'n

\LJ?S\,,- Au DNA/RNA
\ &

Smart Polymer Charged Molecules

+ + or Polymers

+=

Figure 2. Gold nanoparticles can be conjugated with a widégetaof functional moieties,
both through the gold—thiolate bond and by pasadsorption (from Cobley 2011).

Wieder et al. (2006) reported the development d@élavery system for PDT based on
gold nanoparticles where the photosensitizer, agdbtyanine derivative, is bound
on the NP surface (Fig. 3A); the resulting drugeyanrticle conjugates (observed by
TEM) have an average diameter of 2-4 nm (Fig. 38Bhen incubated with HelLa
cells, the NP conjugates are taken up and, aftaediation, an improvement in PDT
efficiency was observed compared to the free pbatyalnine, probably due to the
50% enhancement of singlet oxygen quantum yielemesl for the phthalocyanine-
nanoparticle conjugates. However, the efficacyhaf system remains to be evaluated

in vivo.
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Figure 3. Phthalocyanine-functionalized gold nanoparti¢t@sgeneration of singlet oxygen

(A); TEM image of the functionalized AuNRscale bar represents 20 niB).(

CeH1a

Most recently Zhang and co-workers (Xu 2012) regmbrthe conjugation of a
precursor of the efficient photosensitizer protgbgrin IX, the 5-aminolevulinic
acid (ALA), onto AuNPs, to improve the efficacy #fDT. The ALA-AuNP

conjugates showed greater cytotoxicity against K& than ALA alone, and this

result was attributed to the enhancement of thgletimxygen generation yield.

Gold Plasmonics. AUNPs exhibit properties fundamentally differerdrh the
others non-biodegradable nanoparticles previousntioned as drug delivery
systems. One of the most interesting and powerpgrties of gold nanostructures
derive from localized surface plasmon resonancd’?R)$ on which they are based
many applications of these nanoscale materialsch&®matic illustration of LSPR is
shown in Figure 4. When a gold nanostructure enessirelectromagnetic radiation
of an appropriate wavelength, the conduction ebesticonfined to metal surface will
begin to oscillate collectively relative to thetie¢ of positive nuclei with the

frequency of the incoming light.
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Electric e
Field

Metal
nanosphere

Electron
cloud

Figure 4. Localized surface plasmon resonance (LSPR) isit&cadr property of gold
nanostructures that results from the collectivellasion of delocalized electrons in response

to an external electric field.

This process can be divided into two types of exd#ons: scattering, in which the
incoming light is re-radiated at the same wavelengtall directions, and absorption,
in which the energy is transferred into vibratiook the lattice iie.,, phonons),
typically observed as heat. Together, these presease referred to as extinction
(extinction = scattering + absorption). In additidtSPR generates strong electric
field close to the surface of the particle. Specibéshe LSPR response of gold
nanostructures depend on the size, shape, and alogyhof the nanostructure, as
well as the dielectric environment (Kreibig 1998)onsequently, the morphology
control of gold nanostructures is a powerful rottdecontrol the LSPR response. A
typical gold nanosphere has a LSPR wavelength drda20 nm. Due to the
phenomenon of LSPR, the absorption and scatteningsesection of AuNPs are
significantly higher than that of conventional dyEer example, the molar adsorption
coefficient ¢) of AUNPs with a diameter of 40 nm is about 7.2 M'ecm™* (A=
530 nm) and this value is several orders of mageitugher than that of organic dyes
(for example, rodamine-6G ha®f 1.2 x 16 M~'cm™ at 530 nm) (Jain 2007).

The particular properties carried out by AuNPs daam harnessed for
biomedical applications (Dreaden 2012), in parécuieat generation (hyperthermia
and photothermal applications) (Kennedy 2011). Blyathesis of non-spherical
AuNPs has achieved significant progress, especitiigotropic shapes such as
nanorods (Perez-Juste 2005). For Au nanorods (AUNRR® plasmon bands are
observed (Fig. 5). The band around 520 nm corredptm the transverse plasmon

oscillation (oscillation along the width of AuUNRand the stronger band at longer
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wavelength corresponds to the longitudinal plasmscillation (oscillation along the
length of AuNR). The longitudinal plasmon resonan@ximum can be shifted into
the near-infrared (NIR) region by increasing thpe&s ratio of AUNR i(e., the ratio
of length along the long axis to the short axig)r(2007).
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Figure 5. Surface plasmon absorption spectra of gold nalsoad different aspect ratios

(Vivero-Escoto 2011).

In addition, the plasmon band in the NIR region bantuned in silica core/Au shell
structure, in which the band wavelength takes i@t sith increasing core/shell
ration. Red shift of plasmon band helps AuNRs titecomore NIR light, and that is
beneficial for hyperthermia and photothermal imggapplications (Yi 2010).

Photothermal Therapy. Cells exposed to a temperature above 42°C for
several minutes can be irreversibly damaged daenmaturation of proteins/enzymes,
dysfunction of membrane transport, inhibition otlaotide synthesis. Based on this,
a harmless therapy is useful to destroy cancetiesges based on localized heating,
called Photothermal Therapy (PTT)he ability to convert absorbed light into heat
makes AuNPs excellent candidates for this appboatiBecause absorption by
physiological fluids and tissues is minimal in thear-infrared region, the absorption

maxima of therapeutic and diagnostic gold nanogadiare synthetically tuned to
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this “NIR window”. They have the advantage of higladsorption cross section,
higher solubility and facile conjugation with tatiyg) molecules. Huang et al. (2007)
have recently reported about potential use of AuldPshotothermal destruction of
tumors. Citrate-stabilized AuNPs (core diameterO=n8n), were coated with anti-
EGFR (epidermal growth factor receptor) to targ&d3 cancer cells (human oral
squamous cell carcinoma). The use of AUNPs enhatheedfficacy of photothermal
therapy by 20 times. Gold core/silica nanoshells HRve been developed by Halas
and co-workers (Lal 2008) to be applied in PTT; mpdIR irradiation these
nanostructures have produced highly promising tesol several animal models of

human tumors.
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4.2 Nanoparticles: a sensoristic aspect

As described in the previous section (8§ 4.1.1i¢aiNPs incorporating a fluorescent
chromophore and/or a @&y core, can be used for fluorescence or magneticeese
imaging, respectively. In particular, optical imagi based on fluorescence is a
sensitive, cost-effective technology that usestlighprobe molecular targets in the
living subject. Because photosensitizers can gémdrath luminescence and singlet
oxygen upon laser irradiation, they can be appiedptical imaging and PDT at the
same time. Based on the intrinsic luminescence haftgsensitizers, their tumor-
targeted delivery can mark the location and aredhef tumor tissue for optical
imaging and further clinical treatment. Koo et @010), for example, applied pH-
responsive micelles as tumor-targeted carriers plootosensitizers, and enabled
simultaneous imaging and PDT undém vivo conditions: the hydrophobic
photosensitizer protoporphyrin IX (PplX) was loadedthis pH-responsive micelle
and applied to PDT; at the same time the intenswdkcence signal in the tumor site
was observed by optical imaging.

4.2.1 Transition metal complexes in fluorescencagimg

The application of TMCs in luminescence cell imapgis a rapidly emerging area. In
order to be realistic candidates for imaging ire Iéciences, luminescent probe
molecules should ideally satisfy a number of regmients such as high extinction
coefficient in the visible range, a high emissiaragtum yield, solubility in water,

high cell permeability, low cytotoxicity, high cheral stability (maintaining its

chemical integrity in the imaged objedhigh photostability (the compound should
not undergo photobleaching when irradiated durisg)uDue to their photophysical
properties, TMCs can offer advantages comparedrimmn organic fluorophores on

which many fluorescent probes are based (fluorasde@odamine, etc.):
B Emission tuning The possibility of tuning the emission and thd cptake

by changing the ligands around the metal-centrekesialuminescent

transition-metal complexes extremely versatile imggagents. It is not
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possible with many fluorescent organic structuvésere control over color is
more limited.

Stokes’ shift for most organic fluorophores, the differenceerergy between
the lowest-energy absorption band and the emitbagd is often small
(usually a singlet state), with significant overlap the absorption and
emission spectra and self quenching (re-absorptbremitted light by
neighboring fluorophores) can occur, as in the cafséluorophores like
fluorescein. In contrast, for triplet-emitting met@omplexes, the emission
emanates from a different state (the triplet state) self quenching does not

occur (Fig. 6).

Lifetime: the hallmark of triplet-emitting TMCs in bioimagy applications

lies in the lifetimes of emission, typically two three orders of magnitude
longer than those of organic fluorophores. In bmgng, long-lived probes
can allow the elimination of autofluorescence.(emission from endogenous
fluorophoresge.g.DNA, NADPH) with lifetimest < 10 ns). Usually, a pulsed
light source is used, and a delay is set betweeretigitation pulse and the
detection of the signal or the image acquisitising a delay of a few tens of

nanoseconds, the background fluorescence decaggligible levels
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Figure 6. Absorption spectra (solid lines) and emissiorncipe(dashed lines) of fluorescein
(blue) in aqueous solution, showing the significanerlap between them. There is not

problem for triplet-emitting metal complexes such[&(ppy)(bpy)]" (red lines) (Baggaley

2012).
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The first report of the application of Ir(lll) cortgxes in imaging came in
early 2008 (Yu 2008) using a pair of cyclometalllagpecies incorporating fluorine
for lipophilicity in order to assist uptake (Fig.A). The complexes 1 and 2 showed
intense greenipax = 517 nm,t = 1.1 ms) and redifax = 623 nm,t = 0.9 ms)
luminescence, respectively. Incubation of HeLascedith 1 and 2 resulted in intense
intracellular Ir-derived luminescence at the expdctvavelengths, localised in the
cytoplasm rather than membrane or nucleus (Fig). TBmparison experiment with
an organic dye (4',6-diamidino-2-phenylindole) destoated that the Ir(lll)
complexes show reduced photobleaching and higheogtability.

A B

Figure 7. Cyclometallated Ir(lll) complexesAj and confocal luminescence and brightfield

images B) of HelLa cells incubated with compléx(top) or 2 (bottom) (Ferndndez-Moreira
2010).

Recently Zhang et al. (2010) reported on the appbo of an Ir(lll) complex
(Fig. 8 A) and performed hypoxia imaging in a turbearing mice. For tumor
imaging, five culture cell lines into the lower ghi of nude mice were transplanted:
SCC-7, human glioma— derived U87, human lymphomiveld RAMOS, human
colon carcinoma—derived HT-29, and mouse lung aanderived LL-2. The red

emission of the Ir(lll) complex is clearly visiblgon blue-light excitation (Fig. 8 B).
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UB7YMG RAMOS HT-29 LL-2

Time after BTP injection (min)

Figure 8. Ir(lll) complex structure A) used for in vivo imaging. Red luminescence

indicating the localization of the tumor upon labglwith the complexg) (Zhang 2010).

In the last few years, there have been an incrgasimber of reports on the design
and application in cellular studies also of sevélRe and Ru complexes, tailor-

made for imaging applications (Wu 2011; Baggale¥2Z20-ernandez-Moreira 2010).
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4.3 Nanopatrticles: a theranostic proposal

Figure 9 summarizes what has been said about theolugs potential theranostic
nanoparticle for simultaneous diagnosis, therapT(P PTT) and therapeutic
monitoring.

Nanoparticles containing the photosensitizer/imggagent (1) are intravenously
injected and extravasate into tumor tissue (2)udlothe leaky vasculature by the
EPR effect (enhanced permeability and retentioac&ff§ 4.1). Photoirradiation (3)
generates singlet oxygen and hyperthermia (AuNR&)mthe tumor (4) leading to
tumor apoptosis and necrosis (5); the intrinsiofscence of photosensitizers can be

applied to optical imaging.

1 Nanoparticle 3 Light activates

containing photosensitizers
photosensitizer, producing singlet
and imaging oxygen
agent.
o e i g
/ N | v N\~ 4 Photosensitizers can
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Figure 9. lllustration of theranostic nanoparticle-mediatechor ablation.

In the following, it will be illustrated the synthis, microscopic and photophysical
characterizationin vitro test, and imaging records of the first examplegadl-dyes
silica nanopatrticles incorporating TMCs as photegezer and luminescent label.
They will be proposed as progressive work to prexadtheranostic system in cancer

diseases.
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4.3.1 The synthesis of Gold-Dye-Silica nanoparsi¢@DS)

In the following paragraph, will be reported theedschemical method to synthesize
hybrid core-shell nanoparticles with an average &f~50 nm, with a gold core of
~5 nm and a polysiloxane shell with a thickness~46 nm containing a TMC
entrapped via non-covalent interactions.

Usually, gold nanoparticles (AuNPs) of varying sem@ prepared in liquid
medium by the reduction of chloroauric acid (HAwCIThis simply and generic
procedure involves the addition of a reducing ageat rapidly stirring HAuGlwater
solution. This causes Alions to be reduced to neutral gold atoms. As neme
more of these gold atoms form, the solution becomgsersaturated, and gold
gradually starts to precipitate in the form of sxdnmometer particles. The rest of the
gold atoms stick to the existing particles andthié solution is stirred vigorously
enough, the particles will be fairly uniform in siz

To prevent the particles aggregation, appropritbil&zing agents that sticks
to the nanoparticle surface were usually addedpfogpagents).

A simply way to cap AuNPs (and to prevent theirleseence) is to use long
aliphatic chain thiol ligands that strongly bindidjalue to the soft character of both
Au and S; because these ligands are lipophiliclendhloroauric acid is hydrophilic,
a phase-transfer reagent is necessary (Brust-8chnfethod).

A more suitable method to cap AuNPs is the solpgetedure, typically used
to prepare silica nanoparticléghe sol-gel chemistry is based on the polymerimatio
of molecular precursors such as metal alkoxides R){Oby hydrolysis, and
subsequent condensation at room temperature. Tidecharacteristics offered by the
sol-gel process allow the introduction of organiolesules inside an inorganic
network. Since inorganic and organic components lmamixed at the nanometric

scale, hybrid nano-objects with several geometareghen possible.

The Brust-Schriffrin method for gold NPs synthesis

The Brust-Schiffrin method for AUNPs synthesis, Igited in 1994 (Brust 1994), has
had a considerable impact on the overall fieldesslthan a decade (Daniel 2004),
because it allowed the facile synthesis of thewynstable and air-stable AuNPs of

reduced dispersity and controlled size (rangindiameter between 1.5 and 5.2 nm).
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Indeed, these AuNPs can be repeatedly isolatedeghslsolved in common organic
solvents without irreversible aggregation or decosigon, and they can be easily

handled and functionalized just as stable orgamicraolecular compounds.
Water solution of AuGl is transferred to toluene solution using

tetraoctylammonium bromide as the phase-transéeyemat, and reduced by NaB
the presence of dodecanethiol (Fig. 10). The omyahase changes color from orange
to deep brown within a few seconds upon additioN@BH;.

Figure 10. Formation of AuNPs coated with organic shells duction of Au(lll)

compounds in the presence of thiols (Daniel 2004).

The TEM photographs showed that the diameters wetiee range 1-3 nm, with a
maximum in the particle size distribution at 2.8-2yim, with a preponderance of
cuboctahedral and icosahedral structures. Largel/gbld mole ratios give smaller
average core sizes, and fast reductant additiorcaoléd solutions produced smaller,
more monodisperse particles. A higher abundancendll core sizes<@ nm) is
obtained by quenching the reaction immediatelyofeihg reduction or by using
sterically bulky thiol ligands (Ingram 1997; Temiale 2000).

The sol-gel method for silica NPs synthesis

In general, the sol-gel process involves the ttanmsiof a system from a colloidal
"sol" towards a gel-like network containing bothcuid phase and a solid phase. The
starting materials used in the preparation of #w""are usually inorganic metal salts
or metal organic compounds such as metal alkoxitlesse precursors are subjected
to a series of hydrolysis and polymerization reatgito form a colloidal suspension,
or a "sol". One of the most used metal alkoxideeisaethyl orthosilicate (TEOS)
(Fig. 11) (Brinker 1988).
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OCH,CH;
H3CH2CO _Si - OCH2CH3

OCH,CH;

Figure 11 Structure of TEOS, thmetal alkoxides starting material.

The hydrolysis reaction, that produces silanol groups, occurs by nucldmpaitack

of water to the silicon atom. The reaction is reesdnm Scheme 1:

Hydrolysis

Scheme 1 The first occurring reaction: a catalyzed hydsidyof TEOS to produce silanol

moiety.

Depending on the amount of water and catalyst ptggeidic or basic) hydrolysis

may proceed to completion, so that all of the O8ugs are replaced by OH groups.
In order to form spherical nanopatrticles, the bzselyzed hydrolysis is preferred:
ammonium hydroxide works as a basic catalyst arel hidrolysis reaction is

probably initiated by the attacks of hydroxyl arsan TEOS molecules.

Following the hydrolysis reaction, theondensation reaction occurs
immediately. The silanol groups reacts with eitbee hydroxyl group of another
hydrolysis intermediate (water condensation) or d¢llgoxy group of other TEOS
(alcohol condensation) to form Si-O-Si bridges &uok 2).
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Water
| | Condensation | |
—S8i—OH + —S8i—OH f——= —Si—O0—Si— + HOH

Alcohol
| | Condensation | |
—S8i—OH + —Si—OR ff——™= —S8i—O0—Si— + ROH

Scheme 2The second occurring reaction: silanol condeasaty produce organic/inorganic

hybrid polymer.

The competition between hydrolysis and condensatmrditions gives the growth
and coalescence of particles for different finabmgetries. This competition may be
controlled by the pH and the salinity of solutiobecause the speed and the surface
charge are modified.

In acid medium (pH > 1), the hydrolysis is fastp@s to condensation, which
determines the rapid formation of smaller mononagrd consequently the formation
of small particles whose size does not exceed #m@ometre. These nanosized
particles are incorporated then to form ramifiedypeeric clusters of weak density.
This sol remains in suspension without precipitatifhe sol gradually occupies an
increasingly large volume fraction up to a valuesel to the unit. Therefore the
viscosity of the medium becomes important then @oedliquid starts the gelation
step.

On the contrary, in neutral or moderately basiaitsmh, the condensation of
the silicon species is faster than the hydrolysisl ghe polymerization is then
gradually supported by monomers. The stage of fabomaof the basic units is a
monomeric aggregation. This mechanism leads tofdnmation of dense silica
particles. The final size may reach several hurglcgchanometres and the surface is
negatively charged. The electrostatic repulsionvemées the aggregation between
particles which remain in suspension within thesent. The main advantage of silica
nanoparticles over polymer nanoparticles is thee edsintroduction of functional
groups such as amines, thiols, carboxyls, and roetlade on the surface by

modification of surface hydroxyl groupshrough the use of so-called “silane
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coupling agents”. The characteristic of these mdk=is to have the ability to form a

durable bond between organic and inorganic maserial

The silica coating of gold nanoparticles: the micremulsion method

The silica-coating procedures reported in the ditere generally involve surfaces
with a significant chemical or electrostatic affinfor silica. However gold metal has
very little affinity for silica because, unlike ntosther metals, it does not form a
passivating oxide film in solution. Furthermoreerd are usually adsorbed carboxylic
acids or other organic anions present on the sutiactabilize the particles against
coagulation. These stabilizers also render the gtthce vitreophobic.

The microemulsion method uses a micellar systemamsensemble of
nanoreactors within the sol-gel synthesis takesepldt opens new ways towards
hybrid structure synthesis since the particle ghowby the micellar
compartmentalisation of synthesis environment essar better control, and allows
preparation of ultrafine metal particles within #iee range 5 nm < particle diameter
<50 nm.

Microemulsions are thermodynamically stable, isoitrdiquid mixtures of oil
and water stabilized by a surfactant, frequentlgambination with a co-surfactant. A
surfactant is a molecule that possesses both pathmon-polar moieties. In a very
diluted water (or oil) solutions, it dissolves aeglists as monomer, but when its
concentration exceeds the so-called critical mecedbncentration (CMC), the
surfactant molecules associate spontaneously to faggregates-micelles (Capek
2004).

Two kinds of droplet-type microemulsions can beogguzed: spherical oil
droplets dispersed in a continuous medium of wébdrin-water microemulsion,
O/W) or spherical water droplets dispersed in @inapnus medium of oil (water-in-
oil microemulsion, W/O). Thus, in a ternary systefos, water, surfactant), where
the immiscible phases, water and oil, coexist wathsurfactant, the surfactant
molecules may form a monolayer at the interfacevbeh the oil and water, with the
hydrophobic tails of the surfactant molecules dis=w in the oil phase and the
hydrophilic head groups in the aqueous phase. Vdeobarbon chains of surfactant

tend to self-associate to minimize the contact wititer molecules, resulting in the
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formation of spherical aggregates, the micelles.oTtypes of micelles can
distinguished: direct micelles, from oil-in-watenelsion, or inverse, from water-in-

oil emulsion (Fig. 12).

oil

«Surfactant molecules

Figure 12. Water-in-oil (W/O) microemulsion.

It is known that more highly hydrolyzed TEOS specimcome more hydrophilic,
because it is due to the presence of polar silgrmips in the molecule. Interfacial
tension measurements suggest that the partiallyohyzbd species become surface
active, and therefore remain associated with therse micelles once they are
formed. Consequently, all further reactions (hygsi@ and condensation) are
restricted to the local environment of the revarseelles. It is inside this aqueous
compartment that chloroauric acid and reducing &afggm gold core, and, if added, a
dye is encapsulated into the silica shell.

Dye-doped nanopatrticles prepared in this thesikware synthesized using
a reverse microemulsion (water-in-oil) method, vehemrter droplets are dispersed as
nanosized liquid entities in a continuous domairoibfand stabilized by surfactant
molecules at the water/oil interface (Martini 200%he droplets dimension can be
modulated by various parameters, in particular W=fWater]/[surfactant]) (Zhang
2001). Moreover, recent studies indicated that withassistance of cosurfactant, the
size of nanoparticles prepared in quaternary revarscelle system is more
controllable (Curri 2000). The surfactant-covereatev pools act as a nanoreactor for

the confined synthesis and silica coating of narterr&zed particles. The final size
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of colloidal particles is directly influenced byetmumber of microemulsion droplets
that host reacting species. In general, increagiaghumber of droplets present, will
be greater the physical compartmentalization of rirectant species in solution to

form nuclei (Arriagada 1999).

4.3.1.1 Materials and methods

Transition metal complexes [(ppi en)](OOCCH), [(ppy)Ir(pam)](OOCCH),
[(bipy)2Ru(bipy-OH)](PF)2, [(bipy).Ru(bipy-TBDMS)](PFK). have been synthesized
in the Laboratory of Inorganic and Coordination @iery (University of Calabria).
Triton  X-100, n-hexanol, cyclohexane, @ HAuU@HO, sodium  2-
mercaptoethanesulfonate (MES), NaBH tetraethoxysilane (TEQOS), (3-
aminopropyl)triethoxysilane (APTES) were purchasean Aldrich. NH,OH (25%
in water) was purchased from Chimie Plus. N-(3€hoaysilylpropyl)gluconamide
(Si-12) (50% in ethanol) and N-(3-triethoxysilylggylsuccinic anhydride (Si-20)
(94%) were purchased from ABCR (Fig. 13). Only M@l water p>18 MQ) was
used for the preparation of the aqueous solution.

Characterization. Transmission Electron Microscope Analysis. The size and
morphology of the gold silica nanoparticles synibed in W/O microemulsion were
measured using a transmission electron microscip®l( 2010F). The samples for
transmission electron microscopy (TEM) were pregdrg depositing a drop of a
diluted colloidal solution on 200 mesh carbon-cdatepper grids. After evaporation
of the solvent in air at room temperature, theipleg were observed at an operating
voltage of 200 kV.

Size Measurements. The particle size characterization was performedguBynamic
Light Scattering (DLS), a non-invasive techniquer fameasuring the size of
nanoparticles in a dispersion. All measurementorted were performed on a
Zetasizer Nano S at 25° C from Malvern Instrumdiite Nano S contains a 4mW
He-Ne laser operating at a wavelength of 633 nm amdavalanche photodiode
(APD) detector. The scattered light was detectexhaingle of 173°.
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(Si-12) (Si-20)

Figure 13 Structures of reactants used in gold dye-dod& sianoparticle synthesis.
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4.3.1.2 Synthesis of Au core - Ru and Ir compldreed silica shell nanopatrticles

The TMCs solutions were prepared by direct dissmudf 1 mg of complex in 0.1
mL of water (Ir complexes) or DMSO (Ru complexes)der stirring at room
temperature.

Quaternary W/O microemulsion was prepared by mixirymL of Triton X-
100 (surfactant), 7.2 mL of n-hexanol (co-surfatta®0 mL of cyclohexane (oil) and
a water solution consisting of mixture of 1.8 mL1#.75 mM HAuCI-3H20 water
solution, 1.8 mL of 36.5 mM MES water solution ab@é mL of 423 mM NaBH
water solution, in order to synthesize the goldapenticle.

After 5 min, 0.1 mL of the TMC solution was addedthe microemulsion
solution, followed by addition of 0.020 mL of APTE®d 0.300 mL of TEOS. After
30 min, the silica polymerization reaction was ctetgrl by adding 0.160 mL of
NH4OH (25%) water solution, and then stirred for 24 h.

Since the colloidal stability in water is requirédr their applications, a
protective (and charged) shell was synthesizeddolyng 0.030 mL of Si-12 or Si-20
after 24 and after 48 h. After 24h the microemuisias broken by the addition of an
amount of isopropanol and water in a volume rati@:11 with the obtained
microemulsion solution, followed by the purificatisteps consist of several washing
using VIVAFLOW 200 system (100 KDa). Nanoparticldspersed in water are
filtered by a 200 nm filter.

Moreover, NPs without the dye have been synthesimdidwing the above

illustrated procedure.
4.3.1.3 Incorporation of dyes and gold nanoparscle silica beads and surface
modification

The starting step is the preparation of the quatgriV/O microemulsion, constitutes
by the mixture of Triton X-100 (surfactant), n-hewsh (co-surfactant) and

cyclohexane (oil), following by addition of aqueadution.
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Starting step
MICELLAR TEMPLATE

(water, cyclohexane, n-hexanol, Triton X-100)

In the aforesaid microemulsion system, we will fdirstly the metallic core by the

direct reduction of Au salt, in the presence ofisod2-mercaptoethansulfonate, by
NaBH,, according to the Brust’s method. The reactanafreatlts and reducing agents
are soluble in water and therefore the nucleatiometal particles proceeds in the

water pools of the microemulsion (Step 1).

CORE FORMATION
(HAUCl4, MES, NaBH,)

After the reduction of the metal to the zero vakestate, the dye dissolved in DMSO
or water was added to the microemulsion solutiotipived by APTES, TEOS and
ammonia. The surface of gold is well-known for famgstrong, stable gold—thiolate
bonds (Au-S, ~50 kcal/mol) to molecules with tHebH) or disulfide groups (S-S)
(Love 2005), therefore, coalescence between galdtarls is avoided via surface
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functionalization by adding sodium-2-mercaptoetisaifenate. The ratio of thiol
molecules to Au(lll) controls the size of the resig nanoparticles by adjusting the
relative rates of particle nucleation and growtiglfler ratios yield smaller particles);
in fact methods of forming gold nanoparticles ie fresence of thiols can only be
used to form small (<5 nm in diameter) particles.the same time, the sulfonate
group of MES is able to fix electrostatically thaiao groups of APTES molecules.
As a result, the passivation of the metallic swefamuces an increase of the affinity
for polysiloxane precursors. Thdanol groups of APTES molecules serve as grafting
sites for hydrolyzed TEOS precursors and the pastigrow radially.

We supposed that the metallic core is surrounded thyn layer with a thickness of
2-3 nm composed of adsorbed thiols and APTES mhdsculhe kinetics of
electrostatically attraction between thiols and A&BTis quicker than the silanol
condensation and all of gold clusters are coatéordehe condensation takes place.
The addition of the silane precursors (APTES and3E will be followed by

ammonia to complete silica polymerization (Step 2).

022
«,s.\.Z.),y (_c * *0 =
/:: Q**ﬁ "'**@: 5:?’

I
S.\J-’.p

'——o‘* * S

/-* @*8"

Step 2
SHELL FORMATION
(dyes, APTES, TEOS, NH,OH)

The sol-gel reaction continues at room temperafore 24 hours. To stabilize
nanoparticles and to prevent the coalescence iggebaggregates, additional bead
functionalization is necessary: first of all theeusf silane precursors Si-12 or Si-20.
The modified silane precursors must not be addekhgithe core particle formation,
but in a successive coating step (24 hours andod&hafter the ammonia addition),

thus as to contribute to increase the diametenehanoparticles and not the number
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of beads. The microemulsion was finally broken &@Fisteps) by the addition of
isopropanol and water (decantation), followed by thpurification steps.The
purification was performed by several washings dmally the nanoparticles

dispersed in water were filtered by a 0.2 um filter

Z & *
Shrle Trave Lo
ZA0LE T’ *
?J;'J%* .;.\\'I oil J;'Q t\\" < x
Loy A £530008 Jl *
i 20 * o x 2B
Oa X P * @ * * @*
A @ * 5 x O
<o .** * ) *
>
Final steps
DECANTATION COLLOID in polar phase
(microemulsion + water + isopropanol) (isopropanol-water)

Colloids are characterized to collect informatiohoat the morphology (size,

polydispersity, stability) using TEM (JEOL 2010Fpparatus for structural and

morphological information, and Dynamic Light Scatig (Zetasizer NanoS) for the

hydrodynamic size and stability.

TEM images show the spherical morphology of thelg@noparticles and a diameter
of 50 nm in agreement with the DLS values. LookatgDLS data it is evident a

better polydispersity for the particles functiomeli with Si-20 compared to Si-12
(Fig. 14). Moreover, particles functionalized wiit20 have proved to be stable in
solution over time compared to particles functiomesd with Si-12; the stability has

been checked by repeated DLS measurements aft&kswearthermore, the stability

of the same has been checked by DLS measuremehislagical media such as

RPMI (Roswell Park Memorial Institute medium) an®B5 (Dulbecco’s Phosphate
Buffered Saline).
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Number (%)

Size Distribution by Number

1 10 100 1000
Size (d.nm)

Si-12

Material Name: Au@SiOx
Dispersant: Water

ZAve. (d.nm): 90.05
Count Rate (kcps): 400.6
Attenuator: 10
PolyDispersity: 0.118
Intensity (d.nm): 98.15
Volume (d.nm): 80.10
Number (d.nm): 64.63

Number (%)

Size Distribution by Number

1 10 100 1000
Size (d.nm)

Si-20

Material Name: Au@5iOx
Dispersant: Water

ZAve (dnm) 73.16
Count Rate (kcps): 350.3
Attenuator: 10
PolyDispersity: 0.085
Intensity (d.nm): 80.34
Volume (d.nm): 63.34
Number (d.nm): 51.05

Figure 14. TEM images (Si-12) and DLS analysis of synthesigeld silica nanoparticles.
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4.3.2 Photophysical characterization

Here are presented the photophysical charactenzati monocore gold-silica NPs
(GSNPs) entrapping the four complexied, previously illustrated in Chapter 3 (8
3.4.2.2):1@GSNR 2@GSNR 3@GSNPand 4@GSNR respectively. Among the
various synthesized samples, were chosen GSNPsidoalkized with Si-20. The
spectral studies were performed in water solutampom temperature, picking up a

volume of 3 mL directly from the solution obtainieglthe synthesis.

4.3.2.1 Absorption spectra

It was prepared a water sample of GSNPs with Su#0without incorporating dye,
O@GSNR following the previously illustrated syntheticogedure. Figure 15 reports
the absorption spectrum; but, due to the high egat contribution of the GSNPs, an
extinction (absorbed light + scattered light) irgiéyn vs. wavelength plot was

obtained.
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Figure 15.Extinction spectrum cd@GSNPin water at room temperature.
The extinction profile follows a sharp decay as thavelength increases,
discontinued at 515 nm by the band attributed éogbld plasmon (Jain 2006). At a

first glance, in the extinction spectra of the f@amples (Figures 16-19), no other

feature than the gold plasmon is clearly obserydideng the absorption bands of the
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coordination compounds submerged by the scattewogtributions of the

nanoparticles.
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Figure 16.Extinction spectrum of @GSNPin water at room temperature.
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Figure 17.Extinction spectrum a2@GSNPin water at room temperature.

108



Chapter 4 - THE THERANOSTIC PARADIGM: TRANSITION METAL COMPLEXES AND NANOPARTICLES

16
1,4-
1,2-
1,0-

0,8

Extinction

0,6
044

0,2 1

0,0

T T T T T T T T T T T T T T T T T T T T
250 300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 18.Extinction spectrum of3@GSNPin water at room temperature.
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Figure 19.Extinction spectrum odA@GSNPin water at room temperature.

Subtracting from the extinction spectrum of edeh@ GSNPsolutions the extinction
spectrum of thd@GSNR it was possible to eliminate the scattering dbatron,
and to obtain the absorption profile of the compéenrapped (Glomm 2005). The
obtained difference spectra ft@GSNPand4@GSNPare reported in Figures 20
and 21, respectively. The spectral shapes have tampared with the absorption
spectra of the complexdsand4 in solution (8 3.4.2.2), confirming the uptaketioé

photosensitizers into nanoparticles.
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Moreover, taking into account that the NPs coneiain is the same in all prepared
samples@-4@GSNB, assuming a similar scattering in all solutiomg @assuming the
molar absorptivity value of each complex equal atuson and in silica matrix, the
intensity of the difference spectrum should provaseestimate of the absorption of

the complex into nanoparticles.
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Figure 20. (A) Extinction spectrum oO@GSNP solution (blue line) and the ground state
extinction spectrum ofl@GSNP (orange line). B) Spectrum (green line) obtained by
subtraction of the two spectra shown in (A); in theert is reported the absorption spectrum

of 1 (purple line).
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Figure 21. (A) Extinction spectrum oD@GSNP solution (blue line) and the extinction
spectrum ol @GSNP(orange line).B) Spectrum (green line) obtained by subtractiothef

two spectra shown in (A); in the insert is repottteel absorption spectrum 4f{purple line).
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4.3.2.2 Luminescence and photosensitizing projgertie

All samples were characterized in solution at rotamperature, in presence or
absence of oxygen. For the emission quantum yiedsorements, Ru(bip@l, in
aerated water was used as standard (8 Appendible Ta reports the obtained

photophysical data.

Table 2. Photophysical data for complexes4@GSNP in water solution at room

temperature.
Em, _
Apofnm | HS @/%) Toeollls @%) | Kq[O)/ S
1@GSNP | 510 T, =0.408 (32.0); 1,=0.683(9.8); 5.18x 16

T,=1.210 (68.0) ' 1,=2.610 (90.2)
T, = 0.809 (26.0); | T, = 1.040 (17.1);| 7.88 x 10
T, =2.390 (74.0) | 1, =2.820 (82.9)
1, =0.173 (17.0); 1,=0.262 (25.0); 2.86 x 16
1, =0.585 (83.0) | 1,=0.718 (75.0)
T, = 0.269 (29.0); | 1, = 0.260 (30.0); | 2.97 x 16
1, = 0.634 (71.0) | 1, = 0.637 (70.0)

2@GSNP | 490, 510
3@GSNP | 620

4@GSNP | 638

Nanoparticles entrapping Ir complexdsand 2, i.e. 1@GSNP and 2@GSNR
respectively, show an emission spectrum (Fig. 2228) almost superimposable to
that of the corresponding complex in solution (832), except a slight blue-shift
attributed to the more rigid environment experiehae the silica rigid matrix. The
intensity of the spectra is clearly diminished inequilibrated solution, due to the
guenching effect of the oxygen. The §ensitation is demonstrated by collecting the
1270 nm'O, phosphorescence in,0O solution of L@GSNP and 2@GSNP (not
reported for the bad signal-to-noise ratio, du¢h extremely low concentration of
the samples, obtained dissolving inMa little amount of the ¥ solution of the
nanoparticles).
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Figure 22. Excitation spectrai,= 510 nm) and emission spectra.& 260 nm) of
1@GSNPat room temperature in air-saturatéd(B) or in degassed)(D) water.
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Figure 23. Excitation spectrai(,~= 500 nm) and emission spectra.& 260 nm) of
2@GSNPat room temperature in air-saturatdd(B) or in degassed-)(D) water.

The oxygen quenching is also evidenced by obsergladple 2) how the lifetime
increases when oxygen is removed. Ir complex-coimginanoparticles follow a bi-
exponential lifetime decay, in presence as weihasbsence of ©(Fig. 24 and 25;
see § Appendix A.3 where the time profiles of ajtiébrated solutions emission are
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reported). Likewise for the free Ir complexes (pdyp fitted by a mono-exponential
function), also for the complexes-containing nambgias it was tried to fit lifetime
decays by a mono-exponential function, but theinbthx’-value were unacceptable.
By comparing lifetime values ci@GSNPand 2@GSNP with the correspondent
values ofl and2, it can be noted a general enhance, in accordaitbethe more
rigid environment experienced into the nanoparickhe rigid matrix may be the
cause of the double lifetime, taking into accounat tfor such complexes the emitting
state is a mixture of &LC and *MLCT states; these two states could be not
completely equilibrated resulting in a bi-exponahtiecay (this behavior has been
observed in Ir complexes at 77 K (Ramachandra 204 Tjable 2 have been reported
the rate constants of the bimolecular quenchyfi@4 of GSNP samples obtained by
means of the eq. 5 § 3.4.2.2 using the averaganiés; the values are considerably
lower than the corresponding ones of free complieble 7 § 3.4.2.2): this is

attributed to a lower oxygen diffusion inside trenaoparticles respect to the solution.

10000 ¢

1000

Counts (log)

1004

T T T T T T
0 5000 10000 15000
Time (ns)

Figure 24. Time-resolved emission decay d@GSNP in degassed wateid= 379 nm,

Amonitored Aen= 510 nm). Fitting resultx¢ = 1.14):1; = 6.83 x 10 + 1.42 x 1¢ s; 0,= 9.80%;
7,=2.61 x 10 £ 3.57 x 10 s; a,= 90.20%.
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Figure 25. Time-resolved emission decay 2@GSNP in degassed watei{= 379 nm,
Amonitore® Aen= 510 nm). Fitting resultsx{ = 1.02):1; = 1.04 x 10 + 3.58 x 10 s; a;=
17.14%;t, = 2.82 x 10 + 1.30 x 10 s; 0,= 82.86%.

Nanoparticles entrapping Ru complex@sand 4, i.e. 3@GSNP and 4@GSNR
respectively, show an emission spectrum (Fig. 262f) almost superimposable to
that of the corresponding complex in solution (832), except a slight blue-shift of
3@GSNR attributed to the more rigid environment expeceh in the silica rigid
matrix. Instead4@ GSNPemission spectrum is red-shifted respect.tbhe intensity
of the spectra is little diminished in air-equilited solution, due to the quenching
effect of the oxygen. The ensitation is demonstrated by collecting the 1270
0, phosphorescence in,O solution of3@GSNPand4@GSNP (not reported for
the bad signal-to-noise ratio, due to the extrenmly concentration of the samples,

obtained dissolving in D a little amount of the ¥ solution of the nanoparticles).
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Figure 26.Excitation spectrumA) in air-saturated watek{,= 630 nm) and emission spectra

of 3@GSNPat room temperature in air-saturat8j ¢r in degassedX) water {e,= 430 nm).
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Figure 27.Excitation spectrum&) in air-saturated watek{,= 640 nm) and emission spectra

of 4A@GSNPat room temperature in air-saturat8y ¢r in degassed)) water {,= 460 nm).

Ru complex-containing nanoparticles follow a bi-emential lifetime decay, in
presence as well as in absence of(ldg. 28 and 29; see 8§ Appendix A.3 where the
time profiles of air-equilibrated solutions emigs@re reported). Likewise for the free
Ru complexes (properly fitted by a mono-exponenfiahction), also for the
complexes-containing nanoparticles it was trieditdifetime decays by a mono-
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exponential function, but the obtaingd-value were unacceptable. By comparing
lifetime values o8@GSNPand4@ GSNPwith the correspondent values ®and4,

it can be noted only a small enhance, in accordaiitethe more rigid environment
experienced into the nanoparticles. Moreover, resfel@GSNP and 2@GSNR
the emission intensity difference between Ar-equited and air-equilibrated
solutions of B @GSNPand4@GSNPis very small, especially for the latter; this is
due to the scarce emission intensity of the Rue@spo Ir complexes, which is
maintained when the complexes are encapsulatedd&NPs, but, in the case of
4@GSNPthe extremely low value ofjJO;] = 2.97 x 18 s* (obtained by means of
the eq. 5 8§ 3.4.2.2 using the average lifetimes3trbe taken into account. This low
value is attributed to the scarce oxygen conceatrahside the nanoparticles, if we
suppose that, differently from the other complekagping GSNPs, the silicon
functionalization of the compleX facilitates the loading into NP silica matrix,
resulting in a deeper localization of the compkxpreserving an its relevant fraction

from oxygen contact.
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Figure 28. Time-resolved emission decay 8@GSNPin degassed watei{= 460 nm,
Amonitored Aen= 630 nm). Fitting resultsxf = 1.08):1; = 2.62 x 10 + 7.93 x 10 s; o=
24.78%;1,=7.18 x 10 + 3.59 x 10 s; 0= 75.22%.
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Figure 29. Time-resolved emission decay 4@GSNPin degassed watei{= 460 nm,

Amonitore Aen= 640 nm). Fitting resultsx{ = 1.06):1; = 2.60 x 10 + 6.65 x 10 s; a;=
30.08%;1, = 6.37 x 10 + 2.57 x 10 s; 0= 69.92%.
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4.3.3 GSNPs entrapping other TMCs

The method of synthesis previously described wasl us incorporate within the
silica matrix several platinum complexes (Fig. 3@hich had been previously tested
the photosensitizing capability. Nevertheless, dhtained GSNPs do not emit. This
can be due to a sort of unknown quenching of theptexes luminescence in the
silica matrix (with or without oxygen), or, morevial, to an unsuccessful loading of
the fluorophore into GSNPs. As reported in literat(Bagwe 2004), the hydrophilic
environment of silica does not favor entrapmenhydrophobic dye molecules. To
successfully entrap dye molecules inside a silicarimy polar or cationic dye
molecules should be used to increase the eledimst#raction of the dye with the
negatively charged silica matrix and the size efdlge molecules should be large to

prevent dye leakage from pores of the silica matrix
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Figure 30. Structures of Pt(ll) complexes with photosensitizicapability tested to be
incorporated into GSNPs.
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4.3.41In-vitro test of nanoparticles cytotoxicity

Several assays are in use to determine the effectdoug on cellsn vitro. The “dye
exclusion test” is a rapid method to evaluate oalbility in response to
environmental insults. It is based on the abilitwiable cells to be impermeable to
trypan blue, naphthalene black, erythrosine, arkrotlyes. When the membrane
integrity of the cells is compromised, there isya dptake into the cells; in this way,
viable cells, which are unstained, appear cleah aitrefractive ring around them,
while unviable cells appear dark blue colored (Laxsprbello 2006).

The mentioned method was applied to assess thelityiatf murine mammary
adenocarcinoma cells (TS/A-pc), after incubatiothvgold nanoparticles containing
the photosensitizer Ru compl8x3@GSNR followed or not by irradiation and using
the trypan blue as dye.

Protocol

Murine mammary adenocarcinoma cells (TS/A-pc) weleded in 96-wells plates
(1.5 x 1d¢ per well) 24 hours before the experiment, maim@iim minimum essential
medium (Roswell Park Memorial Institute medium, RPBupplemented with 10%
fetal bovine serum and penicillin and streptomyaintibiotics (1%). Cells were
incubated with the indicated concentration of camwpfor 24 hours, exposed to
irradiation with light at 470 nm (FWHM = 30 nm, adiance at 100mm = 25 W#jn
or kept in the dark for 1 hour and placed at 3#@ ihumidified 95% air / 5% GO
atmosphere, for another 24 hours. For trypan bésayg the medium was removed
and cells were wash once with phosphate bufferiukes@BS), then a solution (1:10)
trypan blue/PBS was added by wells. The resultevestpressed as percentage of
viable cells for one hundred celtsuntedby well. Experiments were carried out in

triplicates.

Results

As shown in Figure 31in dark conditionsthe treatment of murine mammary
adenocarcinoma cells with nanoparticles contaitiegphotosensitizer show a slight

toxicity for concentrations ranging from 5 to 20 ((purple trace), while the naked
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photosensitizer displayed practically no cytotogftect for all concentrations tested
(red trace). After light exposureNPs with the encapsulated complex significantly
show an enhanced photodynamic activity with a sumgi cell fraction lower than
20% for concentrations up to 5 UM (green trace)ijemo obtain analogous results

with the naked photosensitizer are required comagahs up to 20 uM (blue trace).

120
=+—Ru Light -#Ru Dark NPRu Light =< NPRu Dark

100§KT -

ility

/

% of cellglab it
o

/

N
o
i

|

L

o

5 10 _ 15 20
Ru complex concentration (UM)

o

Figure 31 Dark cytotoxicity and photodynamic activity ofetiphotosensitizeB@GSNPat

different concentrations, in solution or entrappeithin gold nanopatrticles.

4.3.5 Gold-Dye Silica Nanoparticles and imaging

Confocal fluorescence microscopy was used to daternthe uptake and the

intracellular localization of the photosensiti8&w GSNP

Settings and protocol

U87MG (Human glioblastoma) and HEK293 (Human kidneglls were grown in
Dulbecco’s Modified Eagle Medium (DMEM) enrichedtwi4.5 g/L glucose and
supplemented with 1% L-glutamine, 10% fetal boveegum. TS/A-pc cells were
grown in RPMI supplemented with 10% fetal bovineuse (FBS). All the cell lines

were cultured at 37 °C in a humidified 95% air / 8%, atmosphere.
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Cells were grown for 24 hours on a 8-wells lab-Talamber | (Nunc). Immediately
before running the experiment, cells were incubdbecdne hour in phenol red and
FBS free DMEM alone or containing 3 uM of the NPghwhe encapsulated Ru
complex at 37°C, 5% COFollowing incubation, the cells were rinsed anthges
were collected.

Confocal microscopy was performed on the Leica T&FS (Wetzlar, Germany)
microscope using a 40x oil immersion objective d Numeric Aperture (N.A.),
pinhole 100 micrometers. The 488 nm laser intensias set up at 3% of its
maximum intensity and the emission was collecte®28-740 nm. For enhanced
contrast images, the maximum intensity of the laswlecreased from 255 to 100 for

all conditions allowing the comparison betweensalbne or containing the NP.

Results

Fluorescence microscopies showed clear uptake nbpaaticles containing the
luminescent Ru complex U87MG, HEK293 and TS/A-pliscdNanoparticles were
internalized into cells after 2 hours-incubatior8atM. They were mainly observed in
the cytoplasm, but an uptake in the cellular vesiatan not be excluded. In the
experimental conditions, autofluorescence of thackes was observed, leading to a

strong signal that hide a part of the nanopartisigsal.

Figure 32. Bright field image A) and confocal fluorescence imaging) (of gold-silica
nanoparticles with the incorporated compBR GSNP
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REAL FLUORESCENT MIASE (O . o ENHANCED FLUORESCENT
STGNAL PHASE CONTRASI SIGNAL

Figure 33. Bright field image and confocal fluorescence imagcorresponding to US7MG

cells @A) and to U87MG cells after incubation with goldieal nanoparticles 3uMB).

REALFLUORESCENT ENHANCED FLUORESCENT
SICNAL PHASE CONTRAST SIGNAL

Figure 34.Bright field image and confocal fluorescence imagaorresponding to HEK293
cells A) and to HEK293 cells after incubation with goltlesi nanoparticles 3uMB|).
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REALVLUORESCENT , , ENHANCED FLUORESCENT
SIGNAL PHASE CONTRAST SIGNAL

| .

Figure 35. Bright field image and confocal fluorescence imggiorresponding to TS/A-pc

cells A) and to TS/A-pc cells after incubation with goltiea nanoparticles 3uVR).
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4.4 Conclusion

Combining diagnosis and therapy in one processismerging biomedical
method referred to as theranostics. The primary gbtheranostics is to selectively
target-specific diseased tissues or cells to im&rediagnostic and therapeutic
accuracy. With the help of theranostics, we cangotogether key stages of a medical
treatment, such as diagnosis and therapy, and makeatment shorter, safer and
more efficient. Several theranostic methods haveleyed nanoparticles as the
carriers of diagnostic agents and drugs. Biocorbfgthanoparticles are currently
under development as cancer theranostic agentswbatd enable noninvasive
diagnosis and precise cancer therapy. Based om thesnises, we achieved the
synthesis of gold silica-based nanoparticles dapédionic octahedral complexes of
transition metals, with the idea to evaluate thmirltifunctionality in the field of
biomedical applications, on the basis of the pleitegizing properties of the
complexes coupled to their intrinsic luminescence.

The gold-silica nanoparticles (GSNPs) entrappmgdition metal complexes
(TMCs) have been synthesized by adapting the dohlgethod, in a quaternary
water/oil microemulsion, and using HAuGls source of gold, APTES and TEOS as
silica source, NaBldand a thiol as reducing and coating gold agenisir8arizing,
the water to surfactant ratio gives the numberroplkts; the thiolate surface of gold
clusters interacts strongly with APTES precurshit toated physically the surface
and exhibit the silanol group to the subsequentlensation of TEOS molecules; the
polysiloxane precursors are distributed in all riése and the thickness of
polysiloxane shell was due to the amount of silaBgsadding TMCs solution at the
microemulsion, GSNPs entrap them into the silicarimaFinally, the following

scheme illustrates the sequence of steps of naimdparsynthesis.

c_'\.Q‘ .).(y L 0‘..2‘:) SER:I'FIEZSHS :__'\.Q( .)‘) After 24 and 4ah;__‘Q‘ .)f‘)
7 PEmd . B I@TERIE
l'"nﬁ;\’ NaBH,{aq.) ? Iﬂ'\\ NH.OH (! “1\\ Jl:l n“\%\,
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The hybrid gold core/silica shell nanoparticles stdnote a perfect example of
multifunctional structures; the microemulsion isversatile synthesis method that
permits to incorporate several nanometric objeatifiérent nature, confined into a
closed volume. The combination between sol-gel gges@nd microemulsion system
results in the total control of the growth of caieell structures from nucleation step
to the coating process and, eventually, the part&tabilization. Transmission
electron microscope images show clearly the obthi@8NPs, and it is possible to
recognize with great accuracy the structure of gbkel core. Due to the emissive
properties of the encapsulated TMCs, it was posdibltest the successful of the
synthesis.

The synthetic method was used to incorporate withé silica matrix several
neutral platinum complexes, which had been prelyotested the photosensitizing
capability. Nevertheless, the obtained GSNPs demit. This can be due to a sort of
unknown quenching of the complexes luminescencéhénsilica matrix (with or
without oxygen), or, more trivial, to an unsuccessbading of the fluorophore into
GSNPs. A possible explanation of the failed Pt@dmpounds loading could be
recognized in the charge of the complexes: positivihe successfully incorporated
ruthenium and iridium complexes, neutral in platmwnes. The hydrophilic
environment of silica does not favor entrapmenhydrophobic dye molecules. To
successfully entrap dye molecules inside a silicatriy polar or cationic dye
molecules should be used to increase the eledimst#raction of the dye with the
negatively charged silica matrix and the size efdlye molecules should be large to
prevent dye leakage from pores of the silica matrix

GSNPs entrapping TMCs have been characterizedrdier ato indentify
gualitatively their capability of sensitizing dioggn; the sample containing the Ir and
Ru complexes previously tested free in solutiomvwsdd photosensitizing ability,
more pronounced for Ir complexes. In particular, NBS entrapping ruthenium
complex functionalized with silica alkyl chain, hasnegligible @ sensitivity. This
was attributed to the scarce oxygen concentrati@idé the nanoparticles, if we
suppose that, differently from the other complekagping GSNPs, the silicon
functionalization of the complex facilitates thadting into NP silica matrix, resulting
in a deeper localization of the complex, so presgnan its relevant fraction from

oxygen contact. Nevertheless, a preliminaryitro test of GSNPs entrapping another
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ruthenium complex was performed on cell tumor aeltto evaluate the daxs. light
cytotoxicity. The promising results encourage us dontinue on this path,
functionalizing the surface of the nanoparticleshvdpecific molecules that address
the GSNP towards target organs.

Finally, thanks to the high radiative rate constainthe iridium complexes,
GSNPs entrapping these compounds maintains lungnescalso in presence of
oxygen. This special feature allows to have a natéhat generates oxygen and
simultaneously emits. This double function was obsg in living matter, in
particular in tested cell culture, observed by feszent microscope, making these
NPs a beautiful example of theranostic materials.

Moreover, taking into account the superimpositibthe iridium complexes emission
band with the gold plasmonic band, it is reason&bippose an energy-transfer
process that, although partially quenches emissictives thermal de-exciting paths

in gold core, which, in turn, could be useful iropdthermal therapy
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We have pointed out some of the richness in thetgpigysics of metal
complexes in relation to biomedical issues, follogvithe fate of an excited state,
along a non-radiative and/or radiative path.

In principle, a sensor is based on the radiativactieation of a species:
emitted light, or a modulation of it, is the sigtlaht a process has taken place or that
the species experienced a new environment. If éoniss topologically detected, as
example by means of a fluorescence microscopymage can be recorded. On the
other side, non-radiative deactivation of the epeaich excited states can be used to
promote other processes; in other words, by me&nwsw-radiative path, radiant
energy of the electromagnetic field can be candlimavards desired targets, as
example to generate highly-reactive species. Bubfesn happens in Nature, what
appears opposite in fact it is not, and even indhge of the decay of molecular
excited states, radiative and non-radiative patlswarg not competitive, but can be
simultaneous.

Metal complexes are a sort oin“nucé nano-multifunctional material: a
proper choice of metal joined to one or more ligaoan afford various functions, and
light can act as function driving force and/or ayved communication between the
nanoworld and macroworld. We have tried to expfmwtential of the photophysics of
some metal complexes in biomedical applicationgpkeg in mind simultaneous
radiative and non-radiative relaxation pathway<slettronically excited-states, that
in our application field become sensoristic anddpeutics; or, by using an emphatic

neologism, theranostics.

Gold-silica nanoparticles entrapping Ir(lll) or Ri(complexes have been
successfully synthesized, and they are simultamgqisosphorescent and able to
generate singlet oxygen. These nanoparticles wbrenastered to tumor cell culture,
and it was possible to:

» visualize, by fluorescent microscope, the nanogladi localization

inside the cell compartments;
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 verify, by cytotoxical test, the effectiveness dfopogenerated singlet
oxygen to destroy tumor cells.

Thanks to the versatility of nanoparticles syntbest is possible to
functionalize the nanoparticles surfaces with sfiegroup to address them towards
a specific target; recent studies demonstrate thegast tumor cells show an
increased glucose up-take: masking nanoparticleglbgose could make achievable
a specific accumulation into these cells.

A very cheap and fast way to make water solublenapound is to graft it to a
hydrosoluble polymer. We have synthesized and cteniaed a Pt(ll) complex-
containing polymethacrylate polymer, which show gety photosensitizing ability.

Thanks to the high-oxygen permeabilityof the polymmatrix, similar
materials can be used to disinfect wastewater, ngpkihese materials good

candidates in Antimicrobial Photodynamic Therapy.

In drug research, “in vitro” test is the first way evaluate the efficacy of a
molecule. However, in living organism, drug biodahility is a key factor for the
success. Scarcely water soluble drugs take gremaingmbe to interact with
bloodstream serum protein, such as Human Serumnfiijua carrier for lipophilic
species.

Medicinal inorganic chemistry is a field of increags prominence as metal-
based compounds offer possibilities for the desifjtherapeutic agents not readily
available to organic compounds. The wide range adrdination numbers and
geometries, accessible redox states, thermodynanackinetic characteristics, and
the intrinsic properties of the cationic metal mmd ligand itself offer the medicinal
chemist a wide spectrum of reactivities that carexgoited. Unfortunately, a lot of
useful metal complexes are scarcely water solutdethe binding to the serum
albumin becomes of capital relevance.

In this light, fluorescence spectroscopy offers #uvantage of sensitivity,
simplicity and wealth of molecular information cenging protein-drug interactions.
Besides the classical studies of intrinsic prot#iorescence quenching (due to a
binding interaction), to have luminescent meta-tdad®ig, represents a way to better

characterize the protein binding.
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We have studied the spectroscopic properties oéwa ninc complex with
interesting antitumoral properties, to evaluatelimeling to Human Serum Albumin
from a dual point of view: protein fluorescence igeleng, and complex fluorescence
modulation.

Thanks to the availability of the data concernihg different distribution of
the Zinc complex drug into protein or extra-protenvironment, obtained by means
of the solvatochromic properties, it should be flaego introduce substituent groups

on the ligands to study their effect on the protgmding.

Metals ions have been traditionally included inrépy to exploit their
reactivity and have been particularly attractivedwese of the exceptionally wide
range of reactivities available. On the other hanetals can also be used as building
blocks for well-defined, three-dimensional constsudn this way, the availability of
many different coordination geometries allows foe tsynthesis of structures with
unique stereochemistry and orientation of orgaigands and structures which are
not accessible through purely organic, carbon-basethpounds. The Kkinetic
inertness of the coordination/organometallic bormdake these compounds in
principle behave like organic compounds. This apphoimmensely expands our
ability to chart biologically-relevant chemical sga

Targeted delivery and/or controlled prodrug actoat be it by light,
intracellular reduction or other means, hold thenmse of more selective and
effective drug administration.

The concept of the metal as scaffold for the cocstsn of unique, yet well-
defined three-dimensional structures, rather tleactive centre, holds much promise.

Finally, the advent of medicinal bioorganometalibemistry has further
expanded the toolbox of the medicinal inorganicnaise The nature of the research
will rely ever more heavily on interdisciplinary liaboration, but many exciting

discoveries and applications almost certainly hieaal.
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Appendix MATERIALS, METHODS,
EXPERIMENTAL APPARATUS AND
SUPPLEMENTARY PHOTOPHYSICAL
DATA

A.1 Photophysical Measurements

Spectrofluorimetric grade solvents were used fer ghotophysical investigations in

solution.
1) Absorption

A Perkin Elmer Lambda 900 spectrophotometer was l@&yed to obtain the
absorption spectra.

2) Emission

Steady-state emission spectra were recorded onRIB#OJobin-Yvon Fluorolog-3
FL3-211 spectrometer (Fig. 1) equipped with a ¥6&enon arc lampL(), double-
grating excitation My and single-grating emissiorM¢,,) monochromators (2.1
nm/mm dispersion; 1200 grooves/mm), and a HamanR@28 photomultiplier tube
(PM) or a TBX-04-D single-photon-counting detect@r{spc) or a InGaAs liquid
nitrogen-cooled solid-state detect®caas). Emission and excitation spectra were
corrected for source intensity (lamp and gratingyl @mission spectral response
(detector and grating) by standard correction csirve

Deaerated samples were prepared by bubbling argon i
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Figure 1. FluoroLog3-2iHR1-TCSPC-IGA, optical configuration

3) Lifetimes

Time-resolved measurements were performed usingintieecorrelated single-photon
counting (TCSPC) option on the Fluorolog 3.

Excitation sources (Table 1) were mounted direatiythe sample chamber at 90° to a
single-grating emission monochromator and collecéth a TBX-04-D single-
photon-counting detector. The photons collectethatdetector are correlated by a
time-to-amplitude converter (TAC) to the excitatjomse.
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265 nm 1.2 ns 0.2 pJ 1 MHz
379 nm 750 ps 63 pJ 1 MHz
461 nm 1.3 ns 1 MHz

Table 1 Excitation sources used.

Signals were collected using an IBH Data Statiot [dboton counting module, and
data analysis was performed using the commerciallgilable DAS6 software
(HORIBA Jobin Yvon IBH). The fitting procedure dig emission intensity decays

I(t) uses a multi-exponential model according t® éxpression
I(t) = Zi a; exp(-tf;)

whereT; are the decay times and represent the amplitudes of the components at
t=0. Goodness of fit was assessed by minimizingréaeiced Chi squared function
(y’) and visual inspection of the weighted residualéhen using the multi-
exponential decay law it is often valuable to deiee the average lifetime (>),

which is given by

<T>=3 GiTiZ/zi a; T

4) Emission quantum yields (EQY)

Emission quantum yields value®)( in solution were determined by using the
optically dilute method (Demas 1971) on aerated dederated solutions which
absorbance at excitation wavelengths was < 0.1lrdiogpto the formula (where the

superscript text R refers to the reference stadard

D = DR (Aerd Aer) (AbIADS) (n/n%)

where Aqn is the integrated corrected emission area obtagxetding the sample at

the wavelength.,, Absis the absorbance measured atithen is the refractive index
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of the solvent. Ru(bipyLl, (bipy = 2,2’-bipyridine) in water®d = 0.028) (Nakamaru
1982) and aminopyridine in ethandb = 0.37) (Mutai 2002) were used as standard.
The experimental uncertainty on the molar extinctooefficients is 10%, while on
the emission quantum vyields is 20%. The examinedpoands are fairly stable in

solution, as demonstrated by the constancy of #ieorption spectra over a week.
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A.2 Synthetic Procedures

Grafting insertion of the (pam)Pt(Cl), complex into polymethacrylic acid

Procedure. The (pam)Pt(Ch complex (8 3.4) (0.01 g) was dissolved in
chloroform and the resulting solution was deposéed thin film in a round bottom
flask by solvent evaporation. Then, 10 ml of a M.H,O, water solution containing
2.0 g of methacrylic acid was added, and, succelysi0.25 g of ascorbic acid was
introduced in the reaction flask. The mixture waantained at 25 °C for 24 h under
atmospheric air and, in an excess volume of acdfidg, a precipitate was obtained.
The precipitate was purified by dissolution in etbleand precipitation in diethylether
(5:1) three times and finally was dried under vaouor 24 h at room temperature.
The polymer was checked to be free of unreactedpmaby the absorption spectra
of the washing media; the molecular weight distiifou of the polymer was
determined by GPC/SEC analyses and correspondasawesiage value of 97 000 Da,
with My/M, < 1.6. The reaction mechanism involved the radinaértion of the
(pam)Pt(CI} complex into the growing chain of polymethacryicid (Puoci 2008).
In the first step of the reaction, a radical spedseformed on the Pt complex, which
then reacts with the polymer growing chain.

Materials and Instruments. Polymethacrylic acid (pMAA) standard samples
for size-exclusion chromatography (#1600 - 500000; M/M, = 1.06-1.10) were
obtained from Sigma-Aldrich (Sigma Chemical Co.L8tis, MO, USA).

M, and M,/M,, were measured by Gel Permeation Chromatography¥CJGP
using water as eluent at 45°C and at flow ratemiLmin™ on Waters Ultrahydrogel-
1000 column connected to a Jasco PU-2089 pump arab@ 930-RI refractive-
index detector. The columns were calibrated usgngtandard pMAA samples.

'H NMR spectra were acquired on a Bruker Advance EBRB spectrometer
in DMSO-d6 or RO solution, with tetramethylsilane as internal dt@ml. Infrared
spectra were recorded with a Spectrum One FT-IRiR&Imer spectrometer.

Elemental analyses were performed with a PerkineE400 microanalyzer.
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A.3 Supplementary Photophysical Data

Table 1.Photophysical data for complex&stin solution at room temperature.

X /s (@/%) <>lys X /s (@/%) <t>/ps

110 1,=0.273(17.8); 0.39 1.01 1,=1.220 (10.5)1, 2.18
T, = 0.409 (82.2) = 2.250 (89.5)

115 1,=0.307 (22.1); 0.42 1.01 1,=1.030 (10.8)1, 1.81
T, = 0.447 (77.9) = 1.860 (89.2)

1.05 1,=0260(13.4) 039 101 1,=0487(10.7), 088
T, = 0.403 (86.5) = 0.914 (89.3)

102 1,=0313(42.0): 037 103 1,=0491 (10575, 087
1, = 0.411 (58.0) = 0.896 (89.5)

3H,0 solution;>CH,Cl, solution.
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Figure 2. Time-resolved emission decay bfn air-equilibrate waterit,= 379 NM Amonitored

hen= 510 nm). Fitting resultscf = 1.19):t = 0.388 x 10s.
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Figure 3. Absorption spectrum df in D,O at room temperature.
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Figure 4. Singlet oxygen phosphorescence upon irradiatiaB@atnm ofl in air-saturated
D,0.
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Complex 2
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Figure 5. Time-resolved emission decay @f in air-equilibrated wateri{,= 379 nm,

Amonitored Aem= 510 NM). Fitting result = 1.27):t = 0.420 x 16 s.
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Figure 6. Absorption spectrum & in D,O at room temperature.
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Figure 7. Singlet oxygen phosphorescence upon irradiatiof08tnm of2 in air-saturated
D,O.
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Figure 8. Time-resolved emission decay ®&fin air-equilibrated dichloromethan&.& 460

NM, Amonitored= her= 630 NM). Fitting resultf = 1.08):t = 0.385 X 10 s.
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Figure 9. Absorption spectrum & in THF at room temperature.
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Figure 10. Singlet oxygen phosphorescence upon irradiatiof6&tnm of3 in air-saturated
THF.
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Complex 4
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Figure 11. Time-resolved emission decay #fn air-equillibrated dichloromethang. 460

NM, Amonitored Aenr=630 NM). Fitting resultsyf = 1.07):1 = 0.368 X 10 s.
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Figure 12. Absorption spectrum ot in THF at room temperature.
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Figure 13. Singlet oxygen phosphorescence upon irradiatiof6@tnm of4 in air-saturated
THF.
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Figure 14.Time-resolved emission decay @ GSNPin water {.,= 379 nm). Fitting results
(x* = 1.19):1; = 4.08 x 10+ 1.19 x 10 s; 0= 31.90%;1, = 1.21 x 10 + 8.40 x 10 s; 0=
68.10%.
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Figure 15.Time-resolved emission decay 2800 GSNPin water fe,= 379 NM Anonitored Aen=

510 nm). Fitting resultsxf = 1.02):t, = 8.09 x 10 + 1.22 x 1F s; 0,= 26.08%;1, = 2.39 X
10°+ 8.23 x 10’ s; 0= 73.92%.
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Figure 16.Time-resolved emission decay @ GSNPin water fe= 460 NMAmonitored Aeni=
630 nm). Fitting resultsxf = 1.05):1; = 1.73 x 10 + 6.16 x 10 s; a,= 17.02%:1, = 5.85 X
107+ 2.71 x 10 s; 0,= 82.98%.
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