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Premise

Premise

The widely known side effects associated with the use of commonly employed
antitumoral drugs, along with the growing multidrug resistance of bacterial pathogens,
make it urgent to develop new and effective antitumoral as well as antimicrobial
agents, which should be based on a new class of compounds, rather than analogues of
known scaffolds. In this scenario, ruthenium(ll) polypyridyl complexes (RPCs) are an
appealing family of compounds due to their unique chemical-physical repertoires,
structural diversity, chemical, and redox properties, which provide a unique
opportunity for designing photostable sensitizers for photodynamic therapy (PDT) or
photoactivable complexes capable to release biologically active compounds for
photoactivated chemotherapy (PACT). In both cases, the main advantage is the spatial
and temporal control of the drug activation using a light source, allowing for improved
discrimination between malignant and healthy tissues.

Therefore, the main purpose of this PhD Thesis was devoted to take advantage of the
versatile chemistry of RPCs in the design and development of effective light-responsive
therapeutic agents both for anticancer and antibacterial applications. The findings here
discussed are the result of the work of the author as well as of many collaborators.
Even though the use of RPCs as light-responsive tools in biomedical applications is well
known to the inorganic chemistry community, we chose to structure this Thesis starting
with an Introduction that may help any reader understand the key concepts that
constitute the basis for RPCs’ application in the biomedical field.

The Thesis is then organized into four chapters, each of which introduces a different
class of RPCs that were synthesized and studied in this research work.

Chapter 1 discusses the properties and applications of a class RPCs featuring peculiar
polyamine frameworks that confer them high water solubility as well as the ability to

form heteronuclear Ru(ll)/Cu(ll) complexes capable of catalysing intracellular ROS
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production via Fenton-like reactions. The findings revealed that this class of highly
charged RPCs can induce a specific photoactivation-dependent cell death, both in
antitumoral and antibacterial phototherapy, due to their capacity to produce 0,
and/or ROS directly in agueous matrices.

Taking advantage of RPCs’ versatile chemistry, Chapter 2 and Chapter 3 highlight the
efforts to develop RPCs with a ‘boosted’ capacity to produce singlet oxygen upon
photoactivation via the incorporation of rt-extensive aromatic ligands. The latter allow
the existence of quasi-isoenergetic 3MLCT and 3ILCT states, providing the formation of
an excited-state energy reservoir that prolongs the 3MLCT emission and results in the
reaching of high 0, quantum yield values.

In particular, Chapter 2 provides a straightforward synthetic approach for preparing
bis-heteroleptic RPCs containing two m-extensive benzo[ildipyrido[3,2-a:2’,3’-
c]phenazine (dppn) ligands. This class of complexes induces a potent photoactivation-
dependent cell death on squamous epithelial carcinoma cells (A431), demonstrating a
high specificity. Furthermore, in order to facilitate their administration and
accumulation in tumour tissues, further studies were conducted on their encapsulation
in cubosome nanoparticles. These findings are part of a pending patent: n
102022000023862. In addition, this chapter also discusses an intriguing application of
RPCs photosensitization, in which we investigated the effect of photoinduced 'O,
generation on the transport activity of sarco(endo)plasmic reticulum Ca?*-ATPase
(SERCA).

Chapter 3 describes Ru(ll)-PSs featuring a pendant perylenemonoimide (PMI)
derivative. The resulting complexes are dyads, consisting of a Ru(ll) diimine complex
covalently linked to an organic chromophore (PMI), with high quantum yield of 10,
production (¢ 470 nm) 202 between 0.60 and 0.70) and a marked ability to intercalate the
DNA.
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Finally, Chapter 4 is dedicated to the description of a novel class of RPCs for
“photorelease antimicrobial therapy”. In this regard, Nitroimidazole-based drugs,
which are well-known antibiotics active against anaerobic bacteria, were incorporated
on a ruthenium scaffold capable of releasing them upon light activation. The
antibacterial activity assays in hypoxic conditions (<1% O3) highlighted that the released
nitroimidazole-based compounds reproduce the effectiveness of the free drugs, but
with the key advantage arising from the spatial and temporal control over the drug
activation ensured by light.

Each chapter includes the corresponding experimental section, which contains details

of the synthetic procedures and adopted method.
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Introduction

Introduction

1. Ruthenium coordination compounds: versatile tools for biological

applications

Ruthenium is the 44" element in the periodic table and belongs to the platinum-group
of transition metals. It possesses an electronic configuration [Kr] 4d” 5sand an average
atomic mass of 101.07 g mol™. With an electronegativity of 2.2, ruthenium has seven
naturally isotopes: *Ru (5.54 %), ®Ru (1.87%), *°Ru (12.76%), °°Ru (12.60%), ®'Ru
(17.06%), 92Ru (31.55%) and °*Ru (18.62%), of which only *Ru and '°'Ru are active
NMR nuclei with a nuclear spin of 5/2. Karl Ernest isolated this rare element in 1844
and named it ruthenium, which comes from Ruthenia, the Latin word for Russia.
Concerning its coordination chemistry, known compounds exist in at least eight
oxidation states, but the most common are the +2, +3 and +4 states. Its great variety
and well-studied coordination and organometallic chemistry results in wide variety of
compounds with peculiar features that are utilized in a very broad field. Due to its Lewis
acidic and oxophilic nature, ruthenium organometallic compounds display a wide range
of properties useful both in industrial and scientific research fields such as electronics,
alloys, solar cells,! catalysts,*® and diagnostic and therapeutic agents.*®

Among the various fields of applications, the efforts in the present work have been
dedicated to the rational design of ruthenium(ll) compounds with peculiar features for
their use as therapeutic agents, including anticancer and antimicrobial.

The increasing interest in the medical application of ruthenium coordination
compounds dates to the 1978 Food and Drug Administration (FDA) approval of cisplatin
as a chemotherapeutic drug. Notwithstanding the known side effects of cisplatin and

the other related platinum drugs, they still represent one of the most effective
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chemotherapeutic drugs for the treatment of a wide variety of cancers.” In contrast,
ruthenium compounds reveal anti-cancer activity comparable to that of cisplatin but
with significantly less collateral toxicity and side effects.®® Despite this, none of them
are currently in clinical use as anti-cancer drugs. However, four complexes have
successfully entered clinical trials: NAMI-A,91  KP1019,*2 NK1339 as
chemotherapeutics and TLD1443 as photosensitizer (PS) in photodynamic therapy
(PDT) (Figure 1a).® And, more recently, half-sandwich Ru-arene complexes, containing
1,3,5-triaza-7-phosphaticyclo-[3.3.1.1]decane (PTA) ligand, called RAPTAs have
received renewed interest as chemotherapeutics. Among these, RAPTA-C has recently

progressed in clinical trials (Figure 1b). #1315
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Figure 1: Anticancer ruthenium complexes (a) currently in clinical trials and (b) recently progressing in
clinical trials.

Among the Ru(ll)-coordination compounds’ properties, the fascinating photoreactive
feature of ruthenium(ll) polypyridyl complexes (RPCs) is unquestionably the most
intriguing feature and is the main focus of our research work. The inorganic chemistry
community is widely aware of the usage of the latter family of ruthenium coordination
compounds as light-responsive elements in biomedical applications. Over the past few
decades, synthesis and investigation on RPCs have grown significantly. The advantages
of utilizing this class of complexes include:

i) Established synthetic protocols.

ii) Reliable preparation of stable complexes with predictable structures.

iii) The ease to tune electronic properties by varying the ancillary ligands.
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Polypyridyl ligands include the polypyridine backbone, in which the lone pair of
pyridine nitrogen provides electrons as a o-donor to the metal centre. The pyridine-Ru
coordination bond is effective and leads to large ligand field stabilization energy. As a
result, Ru(ll) polypyridyl complexes prefer a d® low-spin electronic configuration with
an octahedral geometry that can be easily exploited to access complicated three-
dimensional molecular structures.'® Furthermore, the ease with which polypyridyl
ligands can be varied in nature, number, and specific functionalization allows for
modaulation of the final complexes’ photophysical and photochemical properties: they
frequently exhibit a good luminescence emission at room temperature but also provide
high triplet-triplet energy and electron transfer reactions, opening up oxygen and
oxygen-independent mediated photochemical reactions.’”'® Because of the latter
property, RPCs can be thought of as prodrugs that benefit from their precise temporal
and spatial photoinduced activation. Light activation can be categorized into
Photodynamic Therapy (PDT) and Photoactivated Chemotherapy (PACT). The former
entails the generation of reactive oxygen species (ROS), such as singlet oxygen (10,),
whereas the latter involves an irreversible photochemical reaction that leads to cell
death via the generation of cytotoxic photoproducts (photoreleased ligands and/or

Ru(ll)-based frameworks).*



Introduction

2. Ruthenium complexes as Photosensitizers (PSs) in Photodynamic

Therapy (PDT)

Photodynamic Therapy (PDT) is a non-invasive treatment used clinically to treat a wide
range of pathological (e.g. skin, head and neck, gastrointestinal, gynecological cancers,
and psoriasis) and non-pathological (e.g. age related macular degradation) medical
conditions. The mechanism of action is as simple as it is fascinating: it is based on the
synergic action of oxygen, light, and a photosensitizer (PS) agent, which trigger an
oxidative process in the surrounding biological environment capable of leading to cell

death (Figure 2).

Photosensitizer Tissue Oxygen

(excited state)

Free radicals and/or
Singlet Oxygen

Light l

Photosensitizer Cellular toxicity

(ground state)

Figure 2: Simplified scheme of PDT mechanism of action.

PDT includes a sequence of energy transfers: the PS in its singlet ground state (°PS) rises
to its first singlet excited state PS* with the absorption of a photon with adequate
energy. The singlet excited state 'PS* has lifetime ranging between nanoseconds and
microseconds, afterwards, different deactivation pathways can follow: i) nonradiative
relaxation to the ground state °PS, ii) fluorescence emission into its ground state °PS,

iii) intersystem crossing into the triplet excited state 3PS*. The latter can decay to °PS
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through vibronic relaxation, radiative phosphorescence, or elicit an oxidative process
which is designed into two distinct oxidation mechanisms named Type | and Type I
(Figure 3).%°

The Type | mechanism involves hydrogen or electron transfer between the excited PS
and the surrounding biomolecules or dioxygen to produce radical oxygen species (ROS).
When an electron or a proton is transferred from or to the PS, a radical anion and the
corresponding cation, PS and PS*, are formed. Radical anion PS reactions with
biological substrate can generate a superoxide anion radical (O,") via oxidative
guenching. The latter can further react to form hydrogen peroxide, which can lead to
hydroxyl radical by means of Fenton Reaction. A cascade of other free radicals can be
initiated and can lead to diverse oxidation processes for the biological substrates
(Figure 3b).*®

The Type Il mechanism, instead, involves energy transfer from the triplet excited state
(3PS*) of the PS to the ground state of molecular oxygen (30,) to generate singlet
oxygen (0,) (Figure 3a-b). This highly reactive species has a lifetime ranging from 30
ns to 100 ns 2>! depending on the surroundings. Considering this, the diffusion
distance of !0, in a biological environment is less than a cell diameter, and the
subcellular localization of the drug becomes an important parameter for the efficacy of
PSs. In the Type Il mechanism, the PS is not consumed and can undergo numerous '0»-
producing cycles. This prerogative makes PSs capable to produce singlet oxygen those
of choice in PDT.?2 Accordingly, the PDT approach allows for temporal selectivity, in
situ, and spatial control of the pro-drug activation, which are the foundations for
ensuring the success of this therapeutical method to influence medicine in the coming

decade.
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Figure 3: a) The photosensitization process in PDT; b) reactions involved in Type | and Type Il oxidative
mechanisms.

The clinical application of PDT has been documented for at least a century. The first
scientific publication demonstrating the need for light at wavelengths capable of being
absorbed by a sensitizing dye is dated 1900 by Rabb. It was Von Tappeiner, a few years
later, in 1907, who coined the term “photodynamic” to refer to the photosensitization
of a dye, eosin, applied topically to basal cell carcinomas. Following the application of
localized visible light, Von Tappeiner demonstrated that tissue destruction was
achieved by the dynamic interaction of light, oxygen, and the photosensitizing agent.?
However, it wasn’t until 1995, thanks to Dougherty’s efforts, that Photofrin® (the
commercial name for hematoporphyrin derivative (HpD)) was approved by the Food
and Drug Administration (FDA) for clinical use as photosensitizers in PDT.?*

Since then, scientific research has rekindled considerable interest in PDT. In the last
two decades, a wide variety of examples have followed one another concerning the
development of successive generations of photosensitizers designed to overcome the
limitations of HpD, such as its scarce absorption in the near-infrared (NIR) region. PSs
of the second generation, such as the chlorin-based Foscan® and NPe6, must be
recognized and cited; 2° as well as PSs of the third generation, which integrate strategies
for the active and passive targeting using high affinity ligands (e.g. proteins/peptides,

)26—28

nucleic acids, carbohydrates or vitamins or delivery methods such as nanoparticles

(NPs), liposomes, and biocompatible vesicles.?30
12
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Taking this into account, in the present thesis work, a particular emphasis has been
placed on the design of structural modifications that could be exploited to optimize the
characteristics of RPCs as PSs in anti-cancer and anti-bacterial PDT.

Forinstance, the design of new RPCs for PDT applications must consider the importance
of having long excited-state lifetimes, which is reflected in an increased ability to
produce 0, upon photoexcitation. Considerable efforts have been expended toward
prolonging the excited-state lifetimes of RPCs. Generally, it is necessary to start from
the premise that the 3MLCT (metal-to-ligand charge transfer state) lifetimes depend on
the interaction between the lowest energy 3MLCT state and the higher-lying 3MC (metal
centred) state.3! Considering this, the 3MLCT lifetimes can be extended by either

lowering its own energy or raising the energy of the 3MC state (Figure 4).3?

MLCT
I
o I

| @
hv y

SMLCT
SMLCT lQ
NR
E A
NR RDem
Yy

GS

Figure 4: Two strategies for increasing the emissive 3SMLCT lifetime of RPCs: (1) stabilizing the 3MLCT state
and/or (2) destabilizing the 3MC state. (E: energy, A: absorption of photon, ISC: intersystem crossing, TAIC:
thermally activated internal conversion, NR: non-radiative decay, RDem: radiative decay).

Stabilization of 3MLCT can be achieved introducing coplanar aromatic moieties with
extended m-conjugated systems or conjugating spatially separated organic

chromophore. 313335 These ligands provide low-lying 3rt* states in close energetic
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proximity to the 3MLCT state. The result is a lower energetic 3ILCT (intraligand charge
transfer) level than the 3MLCT and the existence of quasi-isoenergetic MLCT and 3ILCT
states allows for prolonging the 3MLCT lifetimes.3! Furthermore, 3ILCT state may be
compatible with the energy required to convert 30, in !0, and it may be able to
contribute to the increase in 0, production (Figure 5).3® As opposed, increasing the
energy of the 3MC state is an alternative method for increasing the 3MLCT-3MC energy-
gap (Figure 4). The 3MC state can be destabilized by increasing the ligand field strength
by widening the ligand bite angle, thus making the coordination geometry around the

metal-ion more octahedral, or by using strong o-donor ligands. 32

n-Extensive ligands

passess low lying
BMC m*-orbitals Complexes may have quasi-
Sl (1".CT/1MLCT) isoenergetic *MLCT and
e 3ILCT electronic
ﬁH‘j 3SMLCT 3ILCT state may be
_Ll 3|LCT compatible with the
— 1 02 energy requ'\_red to convert
30, in t0,
3
s ¥ 0,
0
Enhanced 10,
production is
achieved

Figure 5: The introduction of m-extensive aromatic ligands provides a strategy to enhance the efficiency of
10, production.

Another important consideration in the design of a RPC for PDT applications is the
properties of the light that is used for its excitation. The penetration of light in tissues
depends on the wavelength and on the optical properties of the tissues: the high
percentage of water affects long wavelength light penetration in depth, instead,

endogenous dyes, such as melanin and hemoglobin, absorb light at short wavelengths.
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Light spectrum in nanometer
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Figure 6: Schematic representation of approximate depths of light penetration into the skin based on
wavelength.37

Furthermore, heterogeneity sites, like membranes, nuclei, and so on can cause light

scattering, absorption, or reflection of light. These factors make it clear why using light

in the so-called “phototherapeutic window” (600-1300 nm) is crucial for PDT

applications (Figure 6).3” More specifically, light over 850 nm typically does not provide

enough energy to activate a PS, thus, the range of wavelengths between 620 nm and

850 nm frequently finds a fair compromise between tissue penetration and PS

activation.

Exploited approaches in coordination chemistry of RPCs to achieve NIR electronic

transitions are:

i) The stabilization of the !MLCT state by using large m-extensive aromatic

ligands with narrowed HOMO-LUMO gaps. As a result of the low-energy m-
*  transitions, the ligand may exhibit intense long-wavelength
absorption, 34

ii) The coordination of radical-containing ligands which makes possible to

have low-energy shifted *MLCT or ILCT transitions.*?
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iii) The preparation of mixed-valent oligo-metal or oligo-ligand complexes.
Oligo-metal complexes may possess a low energy metal-to-metal charge
transfer state (MMCT), instead oligo-ligands complexes possess low ligand-
to ligand energy inter-valence charge transfer state (LLIVCT).*

Recently, another approach has come to the rescue. The advent of multiphoton lasers
makes possible the application of two-photon activation in PDT. The latter is due to the
fact that the absorption of two photons of NIR light leads to an increase in the
population of the same excited state rises with one photon having around twice energy
(Figure 7). The requirements of PSs in two-photon excitation (TPE) are a great

photostability and a high two-photon absorption cross-section (TPA). 1943

(a) Single Photon (b) Simultaneous Two-Photon
Excitation Excitation
51 p 51 p
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Figure 7: Comparison of a single photon excitation (a) and a simultaneous two photon-excitation.1®

The great potential for using TPE in PDT has sparked numerous efforts to develop new
metal-based PSs with high TPA. A high TPA is frequently associated with the presence
of extended conjugated m system around the metal centre, and a number of Ru(ll)
polypyridyl complexes with such peculiarities have been studied under TPE condition

(Figure 8). 44
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R=N(CHi; 3
N(CHCHy): 4
N(CH,CHCH,CH): §

Figure 8: Chemical structure of RPCs investigated as PSs in two-photon excitation condition. Complexes 1,
2 and 6 *4; complexes 3, 4 and 5 %5; complex 7 46
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3. Mechanism of action of Ruthenium(ll)-containing drugs involving

direct interaction with DNA

The discovery of anticancer properties of Pt(ll) drugs, cisplatin and their analogues
carboplatin and oxaliplatin, triggered the request of novel metal drugs with potential

anticancer activity (Figure 9). 4%

i H O -

Cl HN O 2
HaN\Pt / 5 \P t/ O/N>Pt/ I
N 7 NI NS

Cisplatin Carboplatin Oxaliplatin

Figure 9: Chemical structures of platin-based chemotherapeutics.

Knowing the resistance of various carcinoma cells to platinum drugs, the design and
development of non-platinum metallodrugs has become a research field of great
interest. Among numerous metal complexes, ruthenium compounds offer new
perspectives.”®>! Pharmacological targets of antitumoral ruthenium complexes are not
yet completely and univocally identified, but it is well known that their cytotoxic activity
is derived from their interaction with both classical targets, such as DNA > and non-
classical targets, such as RNA and proteins.>*>* DNA binding studies are so far the most
investigated, and it has been long demonstrated that RPCs interact strongly with DNA

through covalent and/or non-covalent interactions (Figure 10).®

Minor groove

s binding Intercalation
I ) ! I R ~
I ' ) ¥ v
P A\ ) l : |
. Major -
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bindin indi
g External binding
binding

Noncoo‘rdinative
binding

Figure 10: Schematic representation of DNA binding modes of ruthenium complexes.
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In a cisplatin fashion-like mode of action,®® ruthenium complexes that undergo ligand
exchange reactions could covalently bind DNA. The coordinative binding is common in
literature and is demonstrated to be due to the ruthenium-aqua species that can form
in physiological media both spontaneously and upon photoactivation.®® In the case of
aquation reactions initiated by photoactivation, the greatest advantage as compared
to cisplatin, is the spatial and temporal activation of DNA binding ability.>’~>°

Covalent binding is not the only possible mode of interaction. Ruthenium complexes
are also extensively studied as metallointercalators; their octahedral geometry allows
the targeting of specific DNA sites by tuning the symmetry, the shape, and the
functionalities on the metal center. Moreover, their peculiar photophysical and
photochemical properties can be exploited to design effective DNA probes.®°

Early studies on the DNA interaction mechanisms of [Ru(phen)s]** (phen: 1,10-
phenantroline) elucidated three noncovalent interaction modes: i) electrostatic, ii)
hydrophobic binding against the minor groove, and iii) partial intercalation of one of
the phenanthroline ligands into the DNA base stack from the major groove side.? These
finding provide the basis for the development of novel Ru-intercalators, demonstrating
how intercalative binding affinity can be significantly increased. In this regard, the
choice of extended and flat aromatic heterocyclic ligands can provide a powerful tool
to probe the DNA. Their insertion and staking between base pairs provide stable
anchors in the major groove with the consequence of placing the metal centre in
proximity to the bases, facilitating direct photo-induced cleavage of DNA provoked by
10, and/or ROS.5%63

The diverse DNA damages carried by a ruthenium-containing drug can be evaluated
using different analytical techniques, including spectrophotometric and
spectrofluorimetric measurements, mass spectrometry, and electrophoresis. These
techniques can be utilized either to quantify the strength of the interaction or the

nature of drug-DNA complexation.®* In the present work, we mainly used UV-Visible
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and fluorescence spectroscopies to investigate the effective interaction of our RPCs
with DNA. Both techniques are commonly employed and allow for the study of the
drug-DNA interaction by comparing the electronic absorption and emission spectra of
the free drug and the drug-DNA complex.
For instance, by examining the variation in absorbance intensity and the shifting
position of the absorbance maxima, it is possible to rationalize whether there is an
interaction and the type of the interaction. Intercalation usually results in hypocromism
and bathochromism. Since the intercalative mode involves a stacking interaction
between the m electrons of an aromatic chromophore and those of the base pair of
DNA, the energy level of m-m* electron transitions decreases. As a result, both a
hypochromic effect and a red shift can be observed.®® Moreover, the extent of the
hypocromism and the magnitude of the shift are normally consistent with the
interaction strength.®® On the other side, when charged cations bind to the phosphate
group of the DNA backbone via electrostatic attraction, secondary structure damage
can occur. The latter results in a hyperchromic effect due to the remarkable increase in
DNA absorbance caused by the disruption of the double helix structure, which results
in the absence of hydrogen bonding between complementary bases.®’
The strength of the binding between drugs and DNA can be quantified using
absorbance variations by determining the intrinsic binding constant (Kb). The latter can
be calculated by applying Benesi-Hidebrand equation (Eq. 1) where [DNA] is the molar
concentration of DNA in base pairs, €, is the molar absorptivity at the given DNA
concentration, & is the molar absorptivity of the free drug, and &, is the molar
absorptivity of the drug in the fully bound form.5

[DNA] [DNA] 1

(€a — ff) - (e — Sf) * Ky(ep — Sf) (Eq-1)

Parallelly, fluorescence spectroscopy can also be used. The main advantages of

molecular fluorescence are its high sensitivity, large linear concentration range, and
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selectivity. Analytical techniques based on fluorescence emission can provide
particularly useful information about the orientation of the fluorophore and its
closeness to the DNA base pairs. The effects of drug-DNA interaction on fluorescence
emission of the drug can be rationalized considering that covalent, electrostatic,
hydrophobic interactions, and hydrogen bonding bring the drug molecule close to the
sugar-phosphate backbone, resulting in a decrease in fluorescence intensity. Instead,
when an intercalative mode is involved, drug molecules insert into the bases stack of
the helix, and the free rotation of the drug is reduced. As a result, the radiationless
deactivation of the excited states is decreased and an increment in luminescence

emission is observed.®*
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4. Ruthenium(ll) polypyridyl complexes (RPCs) in Photoactivated
Chemotherapy (PACT)

The rich photochemistry of ruthenium compounds has been exploited for decades in
supramolecular chemistry and makes ruthenium-based dyes appealing for PDT
applications. Although many other transition metal complexes can be successfully
exploited in PDT applications, there is one type of reactivity that ennobles ruthenium
compounds compared to analogues of other metal-containing compounds: their ability
to photo-substitute ligands.?? This reactivity was discovered initially while researching
the decomposition pathway of [Ru(bpy)s]?*.%8 The electronic structure and excited-state
dynamics of [Ru(bpy)s]?** are showed in Figure 11.%° A simplified scheme of [Ru(bpy)s]**
frontier molecular orbitals (MOs) is depicted in Figure 11b. Its lowest energy *MLCT
transition is centered at 452 nm and the bpy rut* transition is observed at 285 nm in
water. [Ru(bpy)s]** undergoes an ultrafast (40 fs) % intersystem crossing (ISC) between
the MLCT state and the 3MLCT state. This ultrafast ISC time is usually observed for
most of RPCs and allows to say that the excited-state chemistry of these compounds
takes place from the triplet manifold. In [Ru(bpy)s]**, the 3MLCT state is emissive;
instead, in complexes where the ligand-centred 3LC excited state, which involves
promoting an electron from ligands(it) MOs to ligands(nt*) MOs, has lower energy than
the 3MLCT state, the 3MLCT lifetime is comparable to that found for the 3nrt* state of
the free ligands, and the complexes are typically not emissive, exhibit long lifetimes,
and effectively sensitize '0,. On the contrary, the stabilization of the metal-centred
triplet ligand field 3LF states, involving transitions from t,g orbitals to eg antibonding
orbitals, results in photoinduced ligand exchange. This goal can be achieved by
introducing distortion around the metal centre, in this way, the orbitals overlap and
the energy of egorbitals is reduced; the result is a 3LF state with lower energy than the

SMLCT state (Figure 11c).%°
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Figure 11: Molecular structure (a) and simplified (b) MO and (c) state diagrams of [Ru(bpy)s]?*.%°

In other words, an efficient population of the dissociative 3LF state is required to
maximize photoinduced ligand exchange, which can be accomplished by introducing a
distortion of the pseudo-octahedral geometry around the metal centre. To do this, one
of the most commonly used methods is the introduction of sterically bulky ligands. In
fact, it has been widely demonstrated that the energy of 3LF state decreases as steric
bulk increases.”

A common example of photoinduced ligand exchange is the photosubstitution of
pyridine from pseudo-octahedral ruthenium(ll) complexes Figure 12.72 To increase the
photodissociation quantum yield of pyridine, steric hindrance is gradually increased in
the series [Ru(tpy)(NN)(py)]** (tpy = 2,2’:6’,2"-terpyridine; NN = 2,2’-bipyridine, 6,6'-
dimethyl-2,2'-bipyridine, 2,2’-biquinoline biq; py = pyridine) (Figure 12). Complex a) in
figure 12 is not capable to release pyridine upon light-activation, instead irradiation of
complexes b) and c) in acetonitrile generates the corresponding ruthenium
photoproducts [Ru(tpy)(NN)(CHsCN)]** with a photodissociation yield of 0.16(1) and
0.033(1) respectively.”? As expected, the crystal structures of these complexes revel a
marked structural distortion of the octahedral geometry due to the presence of

Me;bpy (b) and biq (c) with a reduction of the angle between the plane defined by the
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bidentate ligand and that of tridentate tpy ligand from 83.34° (a) to 67.87 and 61.89
respectively for (b) and (c) (Figure 12).72

(a) (b) ()

[Ru(tpy)(bpy)(PY)]**  [Ru(tpy)(Me,bpy)(py)1** [Ru(tpy)(biq)(py)1**
Figure 12: Molecular structurs of [Ru(tpy)(NN)(py)]?* (NN=bpy, Mezbpy, biq)

This remarkable property was immediately applied in supramolecular applications,
such as light-controlled molecular machines,”*’* and it has recently been applied in
biological setting as well. Ligand photosubstitution reactions can be exploited to
control the spatial and temporal release of a biologically active compound, allowing the
development of ruthenium-containing pro-drugs useful in the so called photoactivated
chemotherapy (PACT) approach.?? In PACT, the light-induced cleavage of a chemical
bond results in a Ru-aqua species (in physiological media), capable of interacting with
lipids, proteins, or DNA in a cisplatin-like fashion, and in the uncaging of a ligand, which
can then explain its biological function (Figure 13).22 It should be also noted that the
application of photosubstitutionally labile RPCs in PACT may result in the synthesis of
new photoresponsive inorganic compounds that operate via O-independent

mechanism and are useful in both normoxic (21 % 0O2) and hypoxic conditions (1 % 0,).*
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Figure 13: Schematic representation of the PACT mechanism: light-triggered photo-substitution of ligand L
yields a ruthenium photoproduct and/or a free-ligan capable of explaining biological functions.

Besides the independence of PACT mechanism from molecular oxygen, which is the
most significant advantage of PACT over PDT, other relevant differences between these
two approaches can be highlighted. A crucial point is that the PDT approach involves a
catalytic process, whereas in PACT, photochemical activation can only occur once.
Indeed, high photoproducts toxicity is commonly required for Ru(ll)-based PACT
complexes to achieve high efficiency. On the other side, contrary to PDT, which has
already been approved in clinics, none of the RPCs investigated as PACT agents have
advanced to clinical trials yet. This enables PACT research to potentially benefit from
the knowledge gained through the clinical advancement of PDT, such as the application
of fiber-optic technology for delivering light to regions of the body that are hardly

accessible.?
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Highly charged RPCs as photosensitizers in PDT

The first class of complexes discussed in the present work can be mentioned as highly
charged ruthenium(ll) polypyridyl complexes and are depicted in Figure 14. The
peculiarity of this class of complexes is their strategic functionalization with
polyazamacrocyclic units L and L” (I” = 4,4'-(2,5,8,11,14-pentaaza[15])-2,2’-
bipyridilophane, L” = 4,4’ -bis-[methylen-(1,4,7,10-tetraazacyclododecane)]-2,2’

bipyridine) which confers on them desirable features to be employed as PSs in PDT.

L2 L2-Cu,

Figure 14: Molecular structure of the highly charged RPCs studied in this work.
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The high number of easily protonable amine groups allows the formation of highly
charged species in aqueous media, ensuring to complexes L1 and L2 an excellent water
solubility and a strengthened capacity to interact with potential biological targets, such
as the DNA (distribution coefficients logD7.4 and intrinsic binding constants Ky with ct-
DNA are listed in Table 2) (see EXPERIMENTAL SECTION).”®

We point out that, since the protonation state of each ruthenium compound depends
on the pH, these complexes can be present in solution in differently charged forms at
different pH values. Since herein is discussed their application in biomedical field, the
experimental conditions always required to work at physiological pH. The predominant
species of each complex at pH 7.2 were potentiometrically determined and are listed
in Table 1. According to Table 1, for clarity of discussion, we will refer to the most

abundant species and merely name them L1 and L1-Cu and L2 and L2-Cu,.”®

Complex Species pH=7.2
[Ru] =0.78 = 50 uM
L1 [H2Ru(phen),L’]* 85.0 - 85.9%
L1-Cu [CuRu(phen).L’1* 71.6-72.2%
L2 [HaRu(phen),L"’16* 75.3-78.2%
L2-Cuz [CuzRu(phen)aL”’]6* 99.6-99.9 %

Table 1: The potentiometrically determined percentage of formation of the most abundant species of
ruthenium complexes present in solution in the experimental condition used in biological experiments.

Importantly, both the polyazamacrocyclic ligand, L’ in complex L1 and the two distinct
cyclen (1,4,7,10-tetraazacyclododecane) moieties of ligand L”” in complex L2, do not
alter the good !0, sensitizing property, making them appealing PS agents for the
generation of 10, directly in aqueous matrices (Table 2).7>7¢

In addition to the singlet oxygen sensitization, the versatility of the polyamine moieties
of L1 and L2 can also be exploited to explore different pathways to exert cellular

damages. Indeed, L’ and L” units confer the ability to stably bind up to two Fenton-
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active copper(ll) ion/s, leading to the formation of mixed Ru(ll)/Cu(ll) complexes,
namely L1-Cu and L2-Cu; (Figure 14). These heteronuclear complexes are in principle
able to favour the generation of other types of ROS, such as hydroxyl radicals, and thus
may represent versatile tools in the research of alternative and potential mechanisms

of action, even under hypoxic conditions (see EXPERIMENTAL SECTION).”>7"”

Complex Aabs/Aem (nm) logD7.4 Ko (x10* M) ©a (102)
L1 452/611 -1.8+0.1 2.77 £0.09 0.29 £ 0.06
L1-Cu 452/611 -1.5+0.3 1.47 £0.01 -
L2 454/615 -1.4+0.2 2.41+0.09 0.38 £ 0.08
L2-Cuz 454/615 -1.2+0.1 1.28 +0.08 -

Table 2: Absorption and emission maxima (Aqbs/Aem), distribution coefficients (logDy.4), intrinsic binding
constants (Kp) with ct-DNA obtained via UV-vis titrations, and 10, quantum yields @A(*0,) determined in air
saturated CH3sCN solution of ruthenium compounds.

The synthetic strategy for the preparation of L’ and L”” polyazamacrocyclic ligands was
previously reported 727° and is not explained in this thesis work.

Complexes L1 and L2 were obtained following the synthetic pathway shown in Scheme

X
~
\ N° s N
L N | N H
—_— - Ru
ethylen glycol, <N ‘ \N = H H
N MW (60 W, 160°C, 10 min) || N | N N\)
=
phen, LiCl ‘ N, | L1

1 75,76

~
N
RUCl; . nH,0 e CuCh,  Li-Cuor
uCl3.nH0O —— » u — - . §
l \CI N NG pH 6.5 L2-Cu,

Ri
-
DMF =N
reflux 8h \ N P> (N HN)
\ NS N
Z L" _Nu,. |N =
—_— = /Ru'\ NH/\
ethylen glycol, XN ‘ NZ ( HN
1 MW (60 W, 160°C, 10 min) || Ny N J
X \__HN
=

L2

Scheme 1: Synthetic route followed for the preparation of complexes L1 and L2.
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Ruthenium intermediate 1 was prepared, according to method described in
literature,””®® by reacting RuCls - nH,0 with two equivalents of 1,10-phenantroline
(phen) in refluxed DMF in the presence of an excess of LiCl. In this step, the volatile
dimethylamine generated in situ from the decomposition of DMF at its boiling
temperature reduces Ru(lll) to Ru(ll). The following step consists in the direct reaction
of 1 with polyazamacrocyclic bidentate ligands, L’ or L, in ethylene glycol conducted
with the support of microwave irradiation. The use of microwave assisted technology
permits to improve the yield and effectively reduces the reaction time. Finally,
treatment of L1 or L2 at pH 6.5 with an equimolar amount or two equivalents of CuCl;,
respectively affords the correspondent L1-Cu and L2-Cus,

An exhaustive research work was completed on the application of L1 and L2 and their
mixed ruthenium(Il)/copper(ll) complexes, L1-Cu and L2-Cu,, as photoresponsive

anticancer and antibacterial agents.”>”"78

1.1 Antimicrobial photodynamic therapy (aPDT)

A case of study on complexes L1 and L2, as well as their heteronuclear Ru(ll)/Cu(ll)
complexes, L1-Cu and L2-Cu,, was conducted in collaboration with Prof. Alessio
Mengoni of the Department of Biology at the University of Florence, and concerns their

use as antimicrobial agents (Figure 15).7°

Figure 15: To fine-tune their antibacterial activity, Ru(ll)-polypyridyl complexes can be designed with
peculiar polyamine macrocyclic moieties that allow for effective photo-inactivation of B. subtilis while also
providing mixed heteronuclear Ru?*/Cu?* species with DNA-cleavage properties.
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Having been motivated by a recent study by Feng et al.,®2 which demonstrated that
strong electrostatic interactions between highly charged ruthenium complexes and the
negative charges of Gram-positive bacteria’s cell walls may be essential for the efficient
and selective photoinactivation of Staphylococcus aureus, we decided to investigate
the antibacterial activity of all four ruthenium compounds. In this regard, the Gram-
positive bacterium Bacillus subtilis strain 168 was selected as non-pathogenic model,
and its inactivation was tested both in dark conditions and upon light-activation.

The obtained results, expressed in terms of cell viability (ODsoonm) as a function of the
drug concentration, are reported in Figure 16. Data collected in dark conditions
highlight that inhibition of B. subtilis growth starts at 6.25 uM for complex L1 (ca. 60%
of growth of the untreated control), and 3.12 uM for complex L1-Cu (ca. 50% of growth
of the untreated control) (Figure 16a). At 3.12 uM, the difference between L1 and L1-
Cu is significant (p < 0.05, t-test), suggesting that the mixed Ru(l1)/Cu(ll) complex has a
higher antibacterial efficacy than the Cu(ll)-unbonded species. Similarly, both the
antibacterial activities of L2 and L2-Cu, start at 6.25 uM, revealing no significant
differences in the activities of the two systems under dark conditions (Figure 16b).
When the data collected after irradiation with LED light (A > 430 nm, 30 W, 15 min) are
analysed, no significant differences between L1 and L1-Cu are detected, and neither
complex improved antibacterial efficacy over those found in dark conditions (Figure
16a). A different behaviour is instead observed for complexes L2 and L2-Cu, that exhibit
an improved concentration-dependent bactericidal effect in comparison to those
found in dark conditions (Figure 16b). The minimal inhibitory concentrations (MIC) of
both L2 and L2-Cu; upon-light activation is found to be 3.12 uM, 8-folds lower than that
obtained in dark conditions (25 uM). This result denotes a marked and comparable
photodynamic inactivation (aPDI) by the two compounds. With this respect, we can

speculate that the aPDI of L2 and L2-Cu, may reflect, in the former case, the good
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singlet oxygen sensitization and, in the second case, the synergistic contribution of

lethal ROS species produced by Fenton-active copper centres.
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Figure 16: Determination of the antibacterial effect of a) L1 and L1-Cu and b) L2 and L2-Cu; evaluated under
dark conditions and upon light-activation. The proportion of ODsoonm values with respect to blank control
is reported (Y-axis) for the different concentrations of the ruthenium complexes ([Ru]).

On the other hand, the lack of phototoxicity of L1 and L1-Cu compared to L2 and L2-
Cu; appears harder to explain. To address this issue, the cellular uptake by B. subtilis
was investigated. Bacteria suspensions were incubated in the dark in the presence of
fixed concentration of each ruthenium compounds (25 pM) at pH 7.2 from 30 min to
24 h. After centrifugation to remove the supernatant, the Ru-content internalized by
cells was determined by ICP-AES (Figure 17). It can be noted that for incubation times
up to 5 h, L2 and L2-Cu; display a marked tendency to be internalized into bacterial
cells, exhibiting a Ru-content up to twice-folds higher with respect to those found for
L1 and L1-Cu. On the other side, following 24h of incubation, an inversion on tendency
is observed, with L2 and L2-Cu, appearing to be released by cells (probably partially
lysed by the toxicity of the compounds), while the cellular up -take of L1 and L1-Cu
increases. This result suggests that the lack of phototoxicity of complexes L1 and L1-Cu
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after 30 min of incubation might be related, or partially related, to a difference in the

kinetics of cellular internalization of such compounds.
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Figure 17: Cellular uptake of ruthenium compounds after 30 minutes, 3 h, 5 h and 24 h of incubation with
B. subtilis obtained by means of ICP-AES analysis.

Although further research is needed to better understand the mechanisms underlying
the biological effects of the compounds here investigated, these finding unequivocally
show that the structural features of the polyamine frameworks appended to the 4, 4’
positions of the Ru-coordinated bipyridyl ligands markedly affect cellular uptake by
bacteria cells in ways that cannot be predicted simply based on lipophilicity of the
compounds. These findings demonstrate the attractiveness of polyamino frameworks
as design tools for Ru(ll)- polypyridyl complexes, allowing for the precise modification
of their chemical-physical repertoire and hence influencing their potential as powerful

antibacterial candidates.
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1.2 Photodynamic therapy of Epithelial Ovarian Cancer Cells

Ovarian cancer is one of the most common among gynaecologic cancers and is the
major cause of tumour-associated death in reproductive women.8%* Surgery and
chemotherapy are the major therapeutic choices, but they have limited benefits, due
to the development of therapeutic resistance in response to platinum-based
chemotherapy.®?> Therefore, innovative therapeutic strategies to overcome drug
resistance are urgently needed, and minimally invasive and spatially/temporally
precise photodynamic therapy is a technique of choice.

This scenario prompted us to conduct an in-depth investigation concerning the efficacy
of photoresponsive L1, L2 and their mixed Ru(ll)/Cu(ll) complexes, on A2780 human
ovarian cancer cells. This study was conducted with the collaboration of Prof. Francesca
Cencetti and Prof. Paola Bruni of the department of Experimental and Clinical
Biomedical Sciences at the University of Florence. A particular emphasis was placed on
the biological behaviours of Ru-containing compounds by investigating the occurrence

of apoptotic cell death, ROS production, and mitochondrial function.”

1.2.1 Internalization and effect of Ru(ll) complexes on A2780 cells

Firstly, the kinetic of Ru(ll) complexes internalization and distribution into A2780 cells
was studied using laser scanning confocal microscopy, which took advantage of the
intrinsic fluorescence properties of Ru(ll) compounds, to determine the time of
incubation prior to photoactivation (Figure 18a). A similar kinetic profile emerged for
all four complexes: a barely detectable green fluorescence is observed after 15
minutes, whereas the internalization increases at 6 hours of incubation and reached a
plateau at 24 h. Due to the lesser emissive properties of Ru(ll)/Cu(ll) mixed complexes
compared to L1 and L2, a quantitative evaluation of internalized ruthenium compounds

was performed, measuring the content of ruthenium in cell lysates by ICP analysis, after
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24h incubation with a 10uM dose of each compound (Figure 18b). It should be noted
that L1 and L2 have greater capacity to be internalized by A2780 cells than L1-Cu and
L2-Cu,. Based on these results, the photoactivation experiments were performed after
a prior 24h incubation.

a) b)

L1

=
}=3
S

L2

3]
=]

ng Ru(l1)/10*6 A2780 cells

L1-Cu

12-Cu,

Figure 18: Internalization of Ru(ll) complexes in A2780 cells. a) Laser scanning confocal microscopy was
performed in A2780 cells incubated with each Ru(ll) complex ([Ru] = 10 uM), for the indicated time. DAPI
(Aexc= 405 nm, A, = 461 nm) was used to stain nuclei (blue spots) while the fluorescence emission in green
represents Ru(ll) complexes (Aexc = 405 nm, Aem = 600-640 nm). b) Amount of internalized ruthenium
obtained by IVP analysis, after 24 h of incubation of 10° A2780 cells with 10 uM of each ruthenium
compound. Data represent the mean + SD of 3 independent experiments.

Dose-dependent effect on dark cytotoxicity and photoactivity was evaluated by MTT
assays on A2780 cells incubated for 24 hours with different concentration of Ru(ll)
complexes. As shown in Figure 19, under dark conditions, cell survival is only slightly
affected by L1 and L2 at least up to a 1 uM dose of compounds; an even lower
cytotoxicity is displayed by L1-Cu and L2-Cu; which are almost ineffective within 0-10
MM range of concentration tested. On the contrary, irradiation of complexes (LED light,

A > 430 nm, 30 W) triggers a significant anti-cancer effect. The good singlet oxygen

sensitizers L1 and L2 exhibit marked differences between activities in darkness and
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after irradiation beginning at 100 nM; mixed heteronuclear complexes, instead, exhibit
a sharper increase in phototoxicity when dosed at 10 uM, implying that, beyond the
singlet oxygen sensitization, alternative oxidative pathways must be accessible to
heteronuclear compounds, leading to similar photoinduced effectiveness compared to
the one of copper-unbonded complexes. However, further efforts will be needed to
obtain further insights into these processes, which likely occur under biological

conditions and appear to be hard to mimic in cell-free experiments.
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Figure 19: Dose dependent effect of Ru(ll) complexes on cell survival of ovarian cancer cells after
photosensitization. A2780 were incubated for 24 h in the presence of L1, L2, L1-Cu and L2-Cu; at 0, 0.1 uM,
1 uM, 10 uM in serum-deprived culture media (RPMI with BSA 0.1%). Photoactivation was carried out using
a 30W LED lamp with 430-470 nm blue emission for 20 minutes, at a distance of 5 cm from the cell plate.
Data reported are mean + SD of three independent experiments. The effect of photoactivation of Ru(ll)
complexes on the inhibition of cell survival is statistically significant by two-way ANOVA followed by
Bonferroni post-hoc test. *P<0.05, **P<0.01, ***P<0.001.

With the purpose of dissecting the possible involvement of ROS species production in

the biological effect induced by these PSs, confocal analysis was performed in A2780
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cells employing the CM-H,DCFDA (DCF) probe to detect cytosolic ROS after 10 uM PSs
incubation for 24 hours followed by photoactivation for 20 minutes.

As shown in Figure 20, cytosolic ROS are almost completely undetectable in A2780 after
Ru(ll) administration in darkness, even when complexes are efficiently internalized (red
fluorescence). Instead, as early as 2 hours after photoactivation, cytosolic ROS are

detected in the majority of cell populations, suggesting a critical role for ROS in the

Photoactivation
L2

Figure 20: Effect of L1 and L2 on ROS production after photoactivation. Confocal analysis was performed
using 63X oil immersion objective. The fluorescence of Ru(ll) complexes is shown in red (Aexe/Aem: 405/600-
640 nm), while DCF in green (Aex/Aem: ~492-495/517-527 nm). Images are representative of six fields of
each condition in three independent experiments with analogous results.

cytotoxic effect of the PSs.

Dark

L2

1.2.2 Effect of Ru(ll) complexes on apoptosis in A2780 cells

Apoptotic programmed cell death is clearly advantageous for the organism compared
to necrosis because during apoptosis the cell membrane remains intact, preventing the
release of intracellular content. Hence, the elucidation of the mechanisms that
triggered cell death after the light activation of Ru(ll) complexes appears to be crucial.
To this aim, the involvement of apoptosis was studied analysing the effect of

photosensitization on caspase 3 protein which is an effector for apoptosis execution.
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Caspase 3 activity assay was performed on 30 ug of total cell lysate of A2780 cells that
had previously been incubated 24 hours with 10 uM of PSs, photoactivated or not, and
incubated again for 24 hours. A specific fluorogenic substrate Ac-DEVD-ACF (ex/em:
400/505nm) and CHO specific inhibitor of caspase 3 were incubated in reaction mixture
to quantify the unspecific emission of the probe.

As shown in Figure 21a the treatment with all the photosensitizers is completely
ineffective on caspase 3 activity under dark conditions, whereas the light activation of
each complex after 24 hour-incubation caused a significant and potent activation of the
pro-apoptotic enzyme. Contemporary, apoptosis involvement in the photoactivity of
Ru(ll) complexes was confirmed by measuring the cleavage of poly ADP-ribose
polymerase (PARP), which is one of the major hallmarks of apoptosis (Figure 21b). The
specific inactivation of PARP by proteolytic cleavage results undetectable under dark
conditions, while it is significantly appreciable after photoactivation of each Ru(ll)
complexes. These results point to a crucial role for programmed cell death in the anti-

tumour activity of the systems here investigated.
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Figure 21: a) Effect of Ru(ll) complexes on caspase 3 activation in A2780 cells after photosensitization. Data
are reported as mean+SD of fluorescence compared to control cells under growth (10% FBS RPMI)
condition, set as 100. The effect of photoactivation was statistically significant for each Ru(ll) complexes
tested by two-way ANOVA analysis followed by Bonferroni post-hoc test: *P<0.05, **P<0.01. b) Effect of
Ru(ll) complexes on PARP cleavage in ovarian cancer cells after photosensitization. Data are the mean +
SEM and are reported as cleaved protein levels normalized to 8-actin, -fold change over FBS control. Results
are statistically significant by two-way ANOVA followed by Bonferroni’s post hoc test: *P<0.05,
***%p<0.0001.
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Lastly, the apoptotic involvement in A2780 cells death was investigated even
considering the effect of Ru(ll) complexes, in dark and upon photoactivation, on
mitochondria. Mitochondria might be seen as a gatekeeper to entrap pro-apoptotic
proteins. A lost in the mitochondrial membrane potential (Apm) is considered an early
event of the apoptotic process.

For this reason, Apm was analysed by laser-scanning confocal microscopy imaging
using the cationic fluorescent probe Mito-Tracker Red CMXRos, which accumulates in
the negatively charged mitochondrial matrix. A2780 cells were plated in microscope
slides and either challenged or not (CTRL) with 10 uM of each Ru(ll)-complex. After 24
h of incubation, A2780 were subjected to photoactivation or not (dark) for 20 min. As
shown in Figure 22, the administration of PSs under dark conditions does not affect the
Adm or cell morphology. However, irradiation provokes a different behaviour between
L1 and L2 and the Ru(ll)/Cu(ll) heteronuclear complexes: a dramatic loss of A¢pm is
observed for L1 and L2, wheras L1-Cu and L2-Cu, do not provoke any mitochondrial
change or decrease in Apm, thus ruling out the possible involvement of early
mitochondrial membrane potential in the pro-apoptotic effect of mixed Ru(ll)/Cu(ll)

complexes.
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Figure 22: Effect of Ru(ll) complexes on mitochondrial membrane potential after photoactivation. Data are
reported as mean * SD of MitoTracker Red CMXRos fluorescence intensity normalized to the number of
nuclei in six fields for each condition in three independent experiments by using Leica Application Software.
Results are statistically significant according to two-way ANOVA followed by Bonferroni post hoc test: ****
p <0.0001, not significant (ns).
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In summary, the current study demonstrates that all four synthesized Ru(ll) complexes
are effectively internalized into the ovarian cancer A2780 cells, and their
administration, regardless of the low-level dark cytotoxicity, induces a specific
photoactivation-dependent cell death, with the extent of cytotoxicity that varies
slightly depending on the chemical structures of the PSs. Apoptosis emerged as the
main mechanism of light-mediated cellular death. In particular, among the four
compounds, L1 and L2 profoundly altered mitochondrial activity after photoactivation,

accompanied by cytosolic ROS production.

1.3 Ferritin nanocomposites for the selective delivery of Ru-PSs

Despite the great PDT potential of L1 and L2, among the main disadvantages of PDT
approach is the limited selectivity of the PS agents, which can lead to several side
effects. To address this issue, in collaboration with Prof. Paola Turano of the Magnetic
Resonance Center (CERM) of the University of Florence, the employment of an
innovative delivery method using human ferritin as nanocarrier for the selective
delivery of Ru-PSs to cancer cells was studied.

Endogenous human ferritin is a heteropolymeric nanocage of 24 subunits involved in
iron storage and release.®® While in vivo the heavy- and light- chins self-assemble to
form a nanosphere structure with an internal hole cavity of 8 nm, recombinant ferritins
are generally expressed as homopolymeric (pure heavy- and pure light- chains) cages.
The potential of recombinant homopolymeric human H-ferritin (HuHf) as a nanocarrier
relies on its possibility to be loaded with low-molecular weight compounds, on its low
immunogenicity due to its human origin and on its selective recognition and
internalization in cells through endocytosis mediated by Trasferin Receptror 1 (TfR1).8’

The latter feature is of particular interest if it is considered that TfR1 results
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overexpressed in a wide variety of cancer cells, making HuHf a promising platform for
selective target drug delivery.%®

With this in mind, complexes L1 and L2 were successfully encapsulated into HuHf using
a pH assisted disassembly and reassembly method harnessing the ability of ferritin to

partially dissociate at pH 12, followed by reconstitution at neutral pH (Figure 23).

o= 11,L2 o,
s,
o o
¥> 5 ° - —> £3
0 (o] o ™
pH=12 v s
Apoferritin Monomers in the Loaded-ferritin
presence of L1 or L2 L1@HuHf or L2@HuHf

Figure 23: PSs encapsulation into HuHf by exploiting the pH-assisted disassembly/reassembly method.

Following purification of the nanocomposites by ultrafiltration and size exclusion
chromatography, the successful encapsulation was assessed by means of UV-visible
spectroscopy and ICP-AES analysis and revealed a ligand to protein cage ratio of 5 and
4 for LI@HuHf and L2@HuHf respectively. Table 3 summarizes the nanocomposites’
chemical-physical and structural properties. The main optical and chemical-physical
features of ruthenium complexes remain unchanged after encapsulation: the
absorption spectra of LL@HuHf and L2Z@HuHf are almost identical to the reference
spectra of the free ligands (Figure 24a) and the fluorescence emission is maintained
(Figure 24b). Furthermore, following an in-depth investigation into the preservation of
structural integrity of HuHf after the encapsulation process, it was demonstrated that
loaded ferritin retains its spherical nanocage structure, as evaluated by single particle
cryo-TEM micrographs acquired on L1@HuHf and L2@HuHf (Figure 24e-f).
Contemporary, SAXS patterns for the apo HuHf before and after Ru(ll) complexes

internalization show that protein’s hollow shell structure is preserved (Figure 24c).
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Figure 24: Characterization of Ru(ll)-HuHf nanocomposites. (a) Combined UV-visible and fluorescence
spectra (Aexc 411 nm) of free L2 and of L2Z@HuHf (Ru(ll) concentration: 50 uM and 6 uM for UV-visible and
fluorescence measurements, respectively). (b) Intrinsic fluorescence emission of apo HuHf and of L2@HuHf
(HUHf 0.32 uM, Aexc 280 nm) with increasing amounts of encapsulated L2. (c) SAXS intensity distribution of
apo HuHf, LI@HuHf and L2Z@HuHf (markers represent experimental data while continuous lines refer to
the core—shell modelling. (d) Size exclusion chromatography analysis of L1@HuHf and L2@HuHf, in 50 mM
sodium phosphate pH 7 buffer, superimposed with the reference chromatogram of apo-HuHf not subjected
to the disassembly process. (e) and (f) Cryo-EM representative micrographs of L1@HuHf and L2@HuHf,

respectively.

To notice, the overall size of the cavity slightly decreases with the insertion of the Ru(ll)
complexes (from 8.32 nm to 8.13 nm and 8.02 nm for L1@HuHf and L2@HuHf,
respectively) (Table 3). This shrinkage is directly associated with the increase in the
thickness of the protein shell from about 2.2 nm to 2.5 nm and a good fit of these data
could only be achieved considering the hollow shell topology. The increment in shell
thickness and the simultaneous reduction in the diameter of the cavity confirmed that
L1 and L2 are likely localized in proximity to the internal protein surface. Indeed, even
the 'H NMR signals corresponding to L1 and L2 in the encapsulated formulation are
broad due to the interaction with protein (data not shown). Taken together, SAXS and
NMR data lead us to hypothesize that the interaction of L1 and L2 with HuHf would be

driven by electrostatic contributions between the metal compounds, namely through
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the positively charged polyammonium groups on their L' and L” units and the negatively
charged residues facing the inner cavity of the protein.®

Additional evidence that the interaction of the Ru compounds with the protein does
not occur on the external surface arose by the similar ¢-potential of LL@HuHf and
L2@HuHf (-5.0 £ 1.1 mV and -3.1 = 0.4 mV respectively) compared to those found for
apo HuHf (-4.2 £ 0.6 mV).

Importantly, LL@HuHf and L2Z@HuHf formulations demonstrate the ability to preserve
the capacity to produce singlet oxygen upon light activation. To address this issue, two
different indirect chemical trapping methods using water-soluble substrates as
scavengers for 10, were employed (Figure 25). Firstly, 1,5-dihydroxynaphthalen (DHN)
(Amax 297 nm) was used as probe exploiting its prompt and quantitative oxidation in
presence of !0, to give 1,4-naphtalendione (Juglone) (Amax 427 nm) (Figure 25a).
Experiments were carried out by irradiating (LED light, A > 430 nm, 30 W) aqueous
solutions, pre-saturated with air, and containing sensitizers (L1, L2, L1@HuHf,
L2@HuHf or [Ru(phen)s].+ as standard reference) in the presence of DHN. Light
activation of ferritin nanocomposites determines the progressive decrease of the DHN
absorption band, along with the simultaneous increase of the Juglone band, clearly
demonstrating its capacity to efficiently sensitize 0, production (Figure 25a). As better
shown by the inset in Figure 25a, which reports the semilogarithmic plots of In(A/Ao)
obtained for all the Ru(ll)-based formulations over the investigated irradiation time
frame, Ru(ll)-ferritin nanocomposites produce a similar amount of 0, in about 45
minutes as ‘free’ molecules did in 6—7 min. A semi-quantitative estimation of the
relative rate constants for the DHN photooxidation processes (kobs) Was accomplished,
and values are listed in Table 3.

The effectiveness of Ru-nanocomposites in producing 10, was confirmed by employing
an independent experiment based on the monitoring of the green fluorescence

emission (at 525 nm) of the commercially available Singlet Oxygen Sensor Green®
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reagent (SOSGR) as selective probe.?>°! As demonstrated in Figure 25b, the irradiation
of a water neutral solution containing the probe in presence of LL@HuHf or L2Z@HuHf
determines a progressive increase of the SOSGR fluorescence emission, revealing a
similar, but inferior, ability of Ru-nanocomposites to effectively produce 0, compared

to the ‘free’ complexes.

a) b)
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Figure 25: (a) Absorption spectra of an aqueous solution at pH 7 containing DHN and L2@HuHf at different
irradiation times (up to 45 minutes). In the inset the semilogarithmic plots of In(Ai/Ao) as a function of the
irradiation time obtained for all the investigated systems ([DHN] = 3.3 x 10~* M, [Ru] =10 uM, 50 mM NaPi
buffer) are compared. (b) Singlet oxygen production from free and HuHf-loaded Ru(ll) PSs as monitored by
the Singlet Oxygen Sensor Green reagent (SOSGR) in 50 mM NaPi buffer, (pH 7), ([SOSGR] = 0.5 uM, [Ru] =
5 uM, Aexc/Aem 488/525 nm).

Ru atoms/cage SAXS Modeling!®
Core Shell
Sample UV vis- ICP OES- Aabs/ Aem diameter thickness
name based based (nm) Kobs(min-)tl byl (nm) (nm)
[Ru(phen)s]?* - - 447/6051¢  0.0595 (+5)  0.38 +0.08 - -
L1 - - 452/615  0.0434 (+3) 0.29+0.06 - -
L2 - - 452/615 0.0594 (+4) 0.36+0.08 - -
Apo HuHf - - - - - 8.32+0.08 2.17 £ 0.06
L1@HuHf 5.2+0.8€  4.1+0.5¢ 452/615 0.0061 (£5) - 8.14 £ 0.08 2.34 £0.09
L2@HuHf 43+0.56  3.4+0.4¢ 452/615 0.0067 (£4) - 8.02 £0.08 2.48 £0.10

Table 3: Characterization of L1@HuHf and L2@HuHf: ° Photo-oxidation rate constants (kops)
spectrometrically determined by the photo-oxidation of DHN in aqueous media at neutral pH. ® Quantum
yields (@A) of singlet oxygen production determined by measurements of 10, phosphorescence at 1270 nm
in air saturated CH3CN solutions. € Parameters obtained using a core—shell model. ¢ Values determined in
water at 298 K. ¢ Mean values with SEM of three independent experiments.
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1.3.1 In vitro cytotoxicity of ruthenium-ferritin assemblies upon photoactivation

The targeting ability of TfR1-expressing cell models, as well as the delivery of LL@HuHf
and L2@HuHf into the cytosol, were assessed using cell lines with varying levels of TfR1
expression. For this purpose, were selected cervical carcinoma (Hela) and ovarian
carcinoma (A2780) cells, both human cancer cell lines with high levels of TfR1
expression, and C2C12 myoblasts, a non-tumoral cell line with negligible levels of TfR1
expression. Levels of TfR1 expression were confirmed by western blot analysis and
confocal immunofluorescence analysis (data not shown).

When the uptake of Ru-ferritin composites was assessed by measuring the content of
ruthenium in cell lysate by ICP analysis and immunofluorescence analysis, it effectively
demonstrated that only Hela and A2780 cells are able to internalize the

nanocomposites (Figure 26).
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Figure 26: Cells internalization of LI1@HuHf and L2Z@HuHf. (a) The amount of internalized ruthenium after
24 h incubation of Ru-ferritin nanocomposites (10 uM of encapsulated ruthenium) for each cell line found
by ICP measurements. b) Laser scanning confocal microscopy on Hela cells incubated with L1@HuHf and
L2@HuHf. Immunofluorescence analysis was performed by using specific anti-TfR1 primary antibody and
secondary anti-mouse antibody conjugated with fluorescein (green). Ru(ll) nanocomposites display
fluorescent properties, Aexc = 440—480 nm and A, = 600—-640 nm (red). Representative confocal microscope
images show the colocalization of TfR1 with Ru(ll) nanocomposites on the right (Merge) and the
corresponding optical microscope images on the left (OM).
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As expected from the selective targeting ability of Ru-ferritin assemblies, their
photosensitization markedly affects the cell survival of HeLa and A2780 cancer cells,
leaving unchanged the viability of C2C12 myoblasts (Figure 27). The MTT reduction
assay was carried out by incubating the cells for 24 h with different concentrations of
LIL@HuHf and L2@HuHf, afterwards cell plates were photoactivated with a blue
emitting LED lamp for 20 minutes (30 W, 430-470 nm) and after 24 hours cell viability
was analysed. The obtained results demonstrate that both the Ru-ferritin assemblies
provoke a 50% decrease in cell viability at a drug dose of 40 uM, which corresponds to

approximately 10 uM of the encapsulated Ru(ll) complex.
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Figure 27: Dose dependent cytotoxic effect of L1@HuHf and L2@HuHf after photoactivation. Cellular
viability of different cancer (HeLa and A2780) and non-cancer (C2C12) cell lines was assessed by MTT
reduction analysis. Cells were incubated for 24 h in the presence of L1@HuHf and L2@HuHf at 0 um, 1 uM,
10 uM and 40 uM in serum-deprived culture media (supplemented with BSA 0.1%). Photoactivation was
carried out using a 30 W three-arm LED lamp with 470-430 nm blue emission for 20 minutes, at a distance
of 5 cm from the cell plate. Twenty-four hours after photoactivation MTT analysis was performed to assess
anti-tumor effect of Ru(ll) nanocages. Experiments were performed in triplicate, representative of three
independent ones with similar results. Data reported are mean + SEM of fold change absorbance at 570
nm in photoactivated compared to dark condition normalized to apoferritin treatment. The effect of
photoactivation of Ru(ll) nanocages on the inhibition of cell survival was statistically significant by 1-way
ANOVA followed by Bonferroni post-hoc test. **P<0.01, ***P<0.001, ****P<0,0001.
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EXPERIMENTAL SECTION

Synthesis

Materials and methods

Reagents and solvents were purchased from Sigma Aldrich and Alfa Aesar and were
used without further purification. Anion-exchange resin Dowex 1 x 4 50 mesh-chloride
form was purchased from Sigma Aldrich. Compounds 4,4’-(2,5,8,11,14-pentaaza[15])-
2,2’-bipyridilophane (L’) and 4,4’-bis-[46ethylene-(1,4,7,10-tetraazacyclododecane)]-
2,2’ bipyridine (L") were prepared in accordance with the methods already described
in literature.”®”® The common ruthenium intermediate 1 was synthesized according to
literature.””®® NMR spectra were recorded on a Bruker 400 MHz instrument. ESI-MS
spectra were collected on a TSQ 700 Finnigan Mat or ABSciex triple TOF 5600+

equipments.
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Synthesis of L1

Following the treatment of L’-7HBr (0.13 mmol) with Dowex 1 X 4 chloride form anion-
exchange resin to obtain the macrocycle in its deprotonated amine form (L),
compound 1 (72 mg, 0.13 mmol) was added and the solid mixture was suspended in 4
mL of ethylene glycol. Reaction was conducted in a microwave reactor (60 W) at 160°C
for 10 minutes. The dark-violet suspension became a clear orange solution. After
cooling at r.t., the solvent was removed by distillation under reduced pressure. The
resulting red-orange solid residue was dissolved in a minimum amount of HCl 6 M (1
mL) and the coevaporation with ethanol (5 x 6 mL) and 2-propanol (3 x 6 mL) led to the
precipitation of complex L1 which was collect by filtration and washed with 2-propanol
and ethyl ether. The final product is obtained as penta-protonated hepta-chloride salt
[L1]Cl,-5HCI with a yield of 60%. 'H-NMR (400 MHz, D,0 + DCI, pD <2): § 8.70 (d, J = 8.0
Hz, 2H), 8.61 (d, J = 8.0 Hz, 2H), 8.28 (m, 6H), 7.96 (d, ] = 4.8 Hz, 2H), 7.86 (d, ] = 12.8,
2H), 7.83 (dd, J; = 8.4 J, = 5.2 Hz, 2H) 7.58 (dd, J; = 8.4 Hz, J, =5.6 Hz, 2H) 7.35 (d, J =
5.2, 2H), 4.59 (m, 4H); 3.71-3.29 (m, 16H) ppm. *C-NMR (400 MHz, D20, pD <2): &
152.5, 152.3, 151.8, 148.3, 147.6, 146.9, 137.0, 136.8, 133.7, 130.9, 127.8, 127.49,
127.1,126.7,125.9, 125.3, 123.1, 53.7, 47.9, 45.3, 44.9, 44.6 ppm. ESI-MS: m/z found
for CasHa7N11RuU [M]?* 415.65.
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Synthesis of L2

Following the treatment of L””-7HBr (0.22 mmol) with Dowex 1 X 4 chloride form anion-
exchange resin to obtain the macrocycle in its deprotonated amine form (L"),
compound 1 (117 mg, 0.22 mmol) was added and the solid mixture was suspended in
4 mL of ethylene glycol. Reaction was conducted in a microwave reactor (60 W) at
160°C for 10 minutes. The dark-violet suspension became a clear orange solution. After
cooling at r.t., the solvent was removed by distillation under reduced pressure. The
resulting red-orange solid residue was dissolved in a minimum amount of HCl 6 M (1
mL) and the coevaporation with ethanol (5 x 6 mL) and 2-propanol (3 x 6 mL) led to the
precipitation of complex L2 which was collect by filtration and washed 2-propanol and
ethyl ether. The final product is obtained as hexa-protonated octa-chloride salt
[L2]Cl,-6HCI-H,0 with a yield of 59%. *H-NMR (400 MHz, D,0 + DCl, pD < 2): § 8.67 (d, J
= 8.3 Hz, 2H), 8.61-8.53 (m, 4H), 8.33-8.20 (m, 6H), 7.93 (d, J = 4.5 Hz, 2H), 7.84-7.75
(m, 4H), 7.58-7.52 (m, 2H); 7.29 (d, J = 4.5 Hz, 2H), 4.5 (s, 4H, -CH,), 3.37-3.19 (m, 8H),
3.19-3.09 (m, 8H), 3.04-2.94 (m, 8H), 2.94-2.76 (m, 8H) ppm. 3C-NMR (100 MHz, D20
+ DCl, pD < 2): 6 158.3, 153.2, 152.7, 148.4, 148.2, 146.8, 141.3, 137.7, 137.5, 137.4,
131.5, 128.6, 126.5, 126.2, 125.5, 56.0, 53.0, 51.0, 49.9, 49.7, 49.6, 48.2, 48.1, 47.3,
46.8, 45.1, 44.5, 43.7, 43.4, 42.6, 42.2, 41.7 ppm. ESI-MS: m/z found for Cs;HeaN14RU
[M]?** 493.236 [M + CH3CNJ]** 513.743.

Synthesis of L1-Cu and L2-Cu,
The treatment of L1 or L2 at pH 6.5 with an equimolar amount or two equivalents of

CuCl, respectively affords the correspondent L1-Cu and L2-Cus,

48



Chapter 1

Complexes Characterization
Absorption spectra were collected by using a PerkinElmer Lambda 6
spectrophotometer while fluorescence measurements were performed on a Horiba

FluoroMax Plus spectrofluorometer.

Determination of singlet oxygen quantum yields

Singlet oxygen quantum yields were determined by monitoring the phosphorescence
signal of 10, at 1270 nm, generated from air-saturated acetonitrile solutions of L1 and
L2 upon laser excitation (Ti-Sapphire ultrafast laser delivering 100 fs long pulses at 82
MHz repetition rate and 800 nm wavelength; the laser pulse was frequency doubled at
400 nm to excite the samples). Phosphorescence signal was recorded with N, cooled
InGaAs photodiode. Experiments were carried out by employing different
concentrations of ruthenium compounds, with absorbance values at 400 nm in the

range 0.08-0.2 and the ¢, values were calculated by applying the formula:

Where ¢,°" represents the 0, quantum vyield of tetraphenylporphyrin (TPP) used as
standard reference ($»°"=0.60 in acetonitrile),®> m and m°" are the slopes of the linear
plots of absorptivity at 400 nm as a function of the 10, intensity signal for the ruthenium

complex and TPP respectively.

Reactive oxygen species (ROS) production by Ru(ll)/Cu(ll) heteronuclear complexes

The effective ROS production by L1-Cu and L2-Cu, was assessed by using Electron
Paramagnetic Resonance (EPR) spin trapping technique, involving the reaction of an
initially generated short-living radical with an added organic spin trap (5,5-dimethyl-1-
pyrroline-N-oxide (DMPOQ)), to generate longer-living radical adducts with clear EPR
fingerprints. DMPO efficiently captures the free radicals generated by an unstable
species (H,0,) due to the catalyzing action of a supposedly active molecule. X-band EPR

(Electron Paramagnetic Resonance) spectra were recorded on a Bruker Elexsys E500
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spectrometer. All the spectra were acquired at room temperature by using the same
modulation frequency (100 kHz), modulation amplitude (1 G), microwave power (~0.2
mW, 30 dB) and receiver gain (60 dB). The magnetic field was calibrated with a crystal
of DPPH. The spectra collected for a solution containing only H,O, (100 mM) and DMPO
(750 mM), as reference sample, are reported, together with those obtained by adding
L1-Cuor L2-Cu; (5 mM) to this mixture, in Figure 28. When L1-Cu or L2-Cu, were added
to the mixture, an EPR signal appeared (green and red traces for L1-Cu and L2-Cu,),
clearly indicating ROS production. The acquired EPR spectra were also simulated by
using the core function pepper of the open-source MATLAB toolbox EasySpin.>* As
shown by the black trace in Figure 28, the best simulation of the experimental spectra
was obtained by considering the production of a 50:50 mixture of hydroxide (OH-) and

perhydroxyl (HOO:) radicals.

cw-EPR
e N\ %
Background DMPO-OH
H3C>O<OH
L1-Cu * = H3C N H

be

DMPO-OOH

Simulation

3450 3460 3470 3480 3490 3500 3510
B/G

Figure 28: EPR spectra registered at 298 K on solutions containing DMPO and H,0; (blue line), together
with L1-Cu (red line) or L2-Cu; (green line). On the bottom, the black trace is the best simulation obtained
as a 50:50 mixture of hydroxide and peroxide radicals (molecular structures of the corresponding adducts
formed with DMPO are shown in the right part of the figure); the EPR lines referring to hydroxide and
peroxide radicals are respectively labelled with symbols * and #. ([DMPQO] = 750 mM, [H,0,] = 100 mM, [L1-
Cu] = [L2-Cu;] = 5 mM).

Determination of octanol-water distribution coefficient
The determination of octanol-water distribution coefficients (logDs.) was assessed by

employing the shake-flask procedure.*® Briefly, aqueous solutions of the tested
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compounds (16 uM) buffered with phosphate buffer at pH 7.4 were mixed in a flask
with n-octanol. Both solvents were mutually pre-saturated at room temperature. The
compounds were then allowed to equilibrate between the organic and the aqueous
media by flask handshaking and then were left resting for at least 24 h to ensure the
complete separation of the two phases. Afterwards, the concentrations of ruthenium
compounds in the aqueous phase were spectrophotometrically determined while
those in the organic phase were obtained by difference. The logD;4 values were

calculated by using the formula:

_[Rtoce
[Ru]water

Where [Ru]oet and [Rulwat represent the total concentration of the ruthenium

logD; 4 = log

compound in the organic and in aqueous phase respectively. Each determination was

performed in triplicate.

Interaction with ct-DNA

The intrinsic binding constant (Kp) of ruthenium compounds with calf thymus-DNA
were determined by monitoring the changes at !MLCT absorption band of ruthenium
complexes, centred at ca. 454 nm, induced by addition of increasing amounts of the
biopolymer (0-400 uM) to buffered solutions (Tris-HCl buffer, 10 mM, NaCl 50 mM, pH
7.2) containing the metal compounds at fixed concentration (10 uM). To eliminate the
contribute to the absorbance of the DNA itself, equal amounts of concentrated
solutions of DNA were added both to the sample and to the reference solution. After
each DNA addition, samples were incubated for 10 min at 298.1 + 0.1 K before
collecting the absorption spectra. Values of K, were calculated applying Benesi-

Hidebrand equation as explain in paragraph 3 of the introduction.
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Antimicrobial photodynamic therapy (aPDT)

Microbiological methods

The model bacterium Bacillus subtilis 168 strain was used for determination of
inhibitory concentrations. Bacterial strains were grown in Luria Bertani (Lysogeny

broth) medium (NaCl 10 g/L, Tryptone 10 g/L, Yeast Extract 5 g/L) at 37 C.

Determination of inhibitory concentrations

Overnight grown liquid cultures were prepared in LB medium (10 mL) from single
colonies freshly grown on LB agar Petri plates. Cultures were incubated at 37 °C, 225
rpm shaking. From overnight cultures, cells were diluted to ODgoonm = 0.1 in fresh LB
medium, then solutions of ruthenium compounds were added to the diluted cultures.
The mixtures (150 pl total volume) were then splitted in a 96-well microtiter plate
(Sarstedt, Germany). Irradiation for photoactivation was performed on the surface of
the microtiter plate after 30 min incubation by employing LED light (A >430 nm, 30 W,
15 min). Microtiter plates were then incubated on an Infinite Pro 200 plate reader
(Tecan, Switzerland). ODeoo nm Was read every hour for up to 20 h, until growth reached
the stationary phase. The MIC values (minimal inhibitory concentrations) were
expressed in UM and calculated as the drug concentration inducting at least 60%

growth reduction or 40% residual growth.

Cell permeation

To investigate the kinetics of cell permeation of ruthenium compounds, B. subtilis
bacterial cultures were added to 1.5 mL polyproprilene tubes (7.5 x 108 cells/tube) and
treated with a fixed concentration of ruthenium compounds (25 uM) at pH 7.2. Cells
were incubated for 30 min, 3 h, 5 h, 24 h, centrifuged and pellets were washed three
times with 1 mL 0.9% NaCl solution to remove extracellular ruthenium compounds
present in the medium. In the washed bacterial cell pellets the ruthenium-content was

assumed as indicator for drug permeation and was determined by Inductively Coupled
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Plasma Atomic Emission Spectroscopy (ICP-AES); results were expressed as ng of

Ru/108 cells. Experiments were performed in triplicate.

Photodynamic therapy of Epithelial ovarian cancer cells

Cell Culture

All cell culture reagents were purchased from Merck Life Science. Human A2780
ovarian cancer cell culture (ECACC 93112519) was maintained in RPMI-1640 medium
containing 10% fetal bovine serum (FBS), 100 pg/mL streptomycin, 100 U/mL penicillin
and 2mM L-glutamine, at 37°C in 5% CO,. A2780 cells were shifted to RPMI without
serum supplemented with 1 mg/mL Bovine Serum Albumin (BSA) and treated with each
Ru(ll) complex (0.1, 1 and 10 uM) for 24 h. After incubation, cells were photoactivated
with a three-arm LED light lamp (430—-470 nm emission, 30 W) for 20 min at the
distance of 5 cm from the cell culture plate and then kept in the incubator at 37°C, 5%
CO,. Cells were washed twice with PBS and then collected after photoactivation at

different times, which depended on each kind of experiment.

ICP-AES Measurements

The Ru contents in A2780 cells was determined through Inductively Coupled Plasma
Atomic Emission Spectrometer (ICP-AES) utilizing a Varian 720-ES. Measurements were
performed in triplicate, and each sample was spiked with 1.0 ppm of Ge, used as an
internal standard. The calibration standards were prepared by gravimetric serial
dilution from commercial stock standard solutions of Ru at 1000 mg/L (Honeywell
Fluka). For Ru determination, the 267.876 and 245.657 nm wavelengths were used,
whereas the line at 209.426 nm was considered for Ge. The operating conditions were
optimized to obtain maximum signal intensity, and between each sample, a rinse

solution containing 2% v/v of HNOs was used.
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MTT Reduction Assay for Cell Survival

Cell viability of A2780 cells was evaluated by the reduction of the yellow tetrazolium
salt 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT) to purple
formazan crystals performed by metabolically active cells. MTT colorimetric analysis
was performed after the treatment with the ruthenium(ll) complexes at different
concentrations (0.1, 1 and 10 uM) for 24 h, followed by photoactivation (three-arm LED
light lamp 30 W with 470 nm—430 nm emission for 20 minutes at a distance of 5 cm) or
not and then incubation for further 24 h. Cell viability was assayed in the presence of
0.5 mg/mL of MTT salt for 1 h at 37 °C; DMSO was used to dissolve insoluble formazan
crystals produced by viable cells. The absorbance was measured at 595 nm using a

microplate reader (iMark Microplate Absorbance Reader, Bio-Rad, CA, USA).

Caspase-3 activity assay

A2780 cells were seeded in 6-well plates (100.000 cells/well) and after 24 h were
incubated with 10 uM of each Ru(ll) complex in serum-deprived culture media, then
light-irradiated for 20 min. After 24 h, cells were washed twice with PBS, collected, and

analyzed, as previously described.®

Laser-scanning confocal microscopy

A2780 cells were seeded on microscope slides and treated with each Ru(ll) complex (10
UM). The internalization of Ru(ll) complexes was evaluated by incubating cells at three
different times (15 min, 6 h and 24 h). Afterward, cells were washed with PBS and fixed
in 2% paraformaldehyde in PBS for 20 min. Complexes were excited using a 405 nm
laser diode and the emission signal was recorded in the range of 600/620 nm.

To evaluate the mitochondrial membrane potential and ROS production were used
MitoTracker Red CMXRos (#M7512; Aex/em: 579 / 599 nm) and CM-H2DCFDA (#C6827;
Aex/em: 492—495/517-527 nm) as probes, respectively. Cells were incubated with Ru(ll)

complexes for 24 h at 37°C and cell slides were photoactivated or not for 20 min and
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incubated for 2 h at 37°C, 5% CO; in humidified atmosphere. Probes were diluted in
RPMI medium without phenol red, incubated for 30 min at 37°C in dark and then fixed
in 2% paraformaldehyde, as suggested by the manufacturer’s instruction. After 30 min
atr.t., slides were incubated with a permeabilization and quenching solution, obtained
by adding Triton 0.1% X-100 and ethanolamine (1:165) in PBS. The DAPI solution was
administered to cell slides to detect the nuclei. Slides were mounted by using the
Fluoromount Aqueous Mounting Medium (Sigma-Aldrich, Saint Louis, MA, USA), and
images were obtained using a Leica SP8 laser-scanning confocal microscope (Leica

Microsystems GmbH) using a 63x oil immersion objective.

Ferritin nanocomposites for the selective delivery of Ru-PSs

Preparation of L1@HuHf and L2@HuHf

Encapsulation of L1 and L2 was assessed by pH-assisted disassembly/reassembly
method of ferritin cage (HuHf). A buffered solution of HuHf (in 50 mM sodium
phosphate buffer pH 7) was diluted with Universal buffer at pH 12 up to a final
concentration of HuHf of 1.25 uM in a final volume of 5 mL. The pH was adjusted to 12
adding NaOH 1M. Different concentrations of L1 and L2 (25, 125 and 250 uM) were
incubated with disassembled ferritin solution for 15 min. Then, the pH was brought at
7 with HCI 1M to let the protein reassemble, trapping L1 and L2 inside the cavity in 2 h.
The entire process was run under stirring at 30 °C. The protein samples were purified
by centrifugation at 7000 rpm for 10 min to discard precipitates and filtration in
centrifugal devices (Amicon® Ultra 15 mL with cutoff 50 kDa, Merck LifeScience) to
remove excess of L1 and L2. To recoup the portion of protein with the correct folding,
size exclusion chromatography (Superdex 200 10/300 GL column, GE Healthcare) was
applied. The encapsulated products were eluted in 50 mM sodium phosphate pH 7
buffer and the fractions with a retention volume corresponding to 24-mer HuHf were

recovered. Protein concentration was determined by Bradford assay.
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Characterization of L1@HuHf and L2 @HuHf
The estimation of ruthenium content into HuHf cages was performed by UV-

Visible/fluorescence spectroscopy and ICP-AES.

Absorption spectra were recorded on a PerkinEImer Lambda 6 spectrophotometer. The
electronic absorption profiles of LI@HuHf and L2@HuHf were compared with the
spectra of references compounds L1 and L2. All the spectra were registered in 50 mM
sodium phosphate pH 7 buffer. The quantity of the compounds internalized into HuHf
was initially calculated with the absorbance at 450 nm of Ru(ll)-centres given the

extinction molar coefficients of L1 and L2.

Luminescence properties of encapsulated L1@HuHf and L2@HuHf was evaluated
recording the emission spectra of 6 uM solutions of the free and the encapsulated Ru(ll)
complexes (Aex= 411 nm, Aem= 615 nm). Fluorescence measurements were collected

on a PerkinElmer LS55 spectrofluorometer.

ICP-AES measurements for the determination of the content of Ru(ll) complexes in
L1@HuHf and L2@HuHf samples was performed in triplicate by a Varian 720-ES axial
inductively coupled plasma atomic emission spectrometer (ICP-AES). Samples were
treated with 100 pL of suprapure HNOs (obtained by sub-boiling distillation) and 100 pL
of suprapure HCl (30%) and, then diluted to a final volume of 5.0 mL with ultrapure
water. Each sample was spiked with 1.0 ppm of Ge used as an internal standard prior
to the analysis. Calibration standards were prepared by gravimetric serial dilution from
commercial stock standard solutions of Ru at 1000 mg/L (Honeywell Fluka).
Wavelengths used for Ru determination were 267.876 and 245.657 nm, whereas for
Ge the line at 209.426 nm was used. ICP-AES analysis revels a ligand to protein cage

ratio of 5 and 4 for LL@HuHf and L2Z@HuHf respectively.

The structural integrity of HuHf upon the encapsulation process was analysed

employing SAXS and Cryo-EM analysis.
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Small-angle scattering (SAXS) measurements were performed using a HECUS S3-Micro
apparatus. The Kratky-type camera is equipped with a position sensitive, 50 M OED
detector comprising of 1024 channels (width = 54 um). Cu Ka radiation with a
wavelength, A, of 1.542 A at a power of 50 W is provided by an ultra-brilliant point
microfocus X-ray generator (GENIX-Fox 3D, Xenocs, Grenoble). A sample-to-detector
distance of 281 mm (calibrated using the well-known silver behenate lamellar lattice,
d = 58.34 A16 provided a measurable g-range between 0.009 and 0.54 A-1 (where q,
the scattering vector, is given by g = 4mt/Asin 6, and 20 is the scattering angle). Protein
samples were placed into borosilicate glass capillaries with a diameter of 1 mm.
Measurements were performed under vacuum to reduce scattering from air and at a
temperature of 25 °C. Raw scattering data were corrected for the empty
capillary/buffer contribution. The acquisition time was from 30 min to 1 h depending
on the sample. Short measurements (1 min) were performed on each sample to

confirm that the radiation damage was negligible under these experimental conditions.

Cryo-EM screening analysis of apo HuHf, LL@HuHf and L2Z@HuHf were acquired using
a ThermoFisher Glacios at 200 kV instrument, equipped with a Falcon Il direction
electron detector. Holey-carbon R1.2/1.3 grids (Quantifoil Micro Tools GmbH) covered
by a 2 nm film of carbon were prepared. Grid surfaces were treated with plasma
cleaning using 02 for 45 s before applying 3 pL of the sample (1 mg/mL of LL@HuHf
and L2@HuHf in PBS buffer pH 7.4). Grids were blotted in 100% humidity and 10°C with
filter paper and vitrified by rapidly plunging into liquid ethane at -180 °C using a
Vitrobot Mark IV (FEl, Hillsboro).

The interaction of the Ru compounds with protein internal surface was analysed by

means of 'H-NMR and Zeta potential measurements.

IH-NMR analysis of free L1 and L2 (100 pM), apo HuHf (25 uM in cage) and L1@HuHf
and L2Z@HuHf (100 uM of encapsulated L1/L2) in phosphate NMR buffer (pH 7.4) were
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recorded and compared to further investigate the interaction of the encapsulated Ru-
compounds with HuHf. NMR spectra were acquired using a Bruker 900 MHz
spectrometer (Bruker BioSpin) at 298 K. One-dimensional *H-NMR spectra with water
peak suppression and a standard CPMG pulse sequence were recorded (3k scans, 102
400 data points, a spectral width of 19 167 Hz, acquisition time of 2.97 s, and a
relaxation delay of 4 s). This type of sequence has been used to selectively observe the
sharp signals arising from the low molecular weight Ru-compounds free in solution and
to suppress the broad resonances coming from ferritin. Before applying Fourier
transform, free induction decays were multiplied by an exponential function equivalent
to a 2.0 Hz line-broadening factor. Transformed spectra were automatically corrected

for phase and baseline distortions using TopSpin 3.5 (Bruker BioSpin).

Zeta potential measurements were performed with a ZetaPALS system coupled with a

Brookhaven 90Plus particle sizer (Brookhaven Instruments).

Singlet oxygen determination using 1,5-dihydroxynaphtalene (DHN) and the singlet
oxygen sensor green reagent (SOSGR)

UV-Vis titrations employing 1,5-dihydroxynaphthalene (DHN) as an indirect 0,
reporter were performed in phosphate buffer (50 mM, pH 7, with 10% v/v MeOH) in
the presence of a selected free Ru(ll)-based photosensitizer or Ru(ll)-HuHf formulation.
Following the preparation of a 3.3 x 1073 M solution of DHN in methanol, this solution
was diluted 1 : 10 with an aqueous buffered solution at pH 7 containing the Ru(ll)-based
PS, obtaining a final buffer/MeOH (9 : 1) solution of DHN 3.3 x 10™*™ with a Ru(ll)-
content of 1 x 10 M. Samples were irradiated (LED Lamp, 30 W, A > 430 nm) in a quartz
cuvette with 1 cm optical path for a total time varying between 6 and 50 minutes. All
spectra were acquired using as blank reference a solution containing the selected PS at

the same concentration and pH of those of the measuring cuvette.
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Fluorescence measurements by employing the Singlet Oxygen Sensor Green reagent
(SOSGR) were assessed by preparing aqueous buffered solutions at pH 7 (50 mM
sodium phosphate) containing SOSGR (0.5 uM) in the presence of L1 or L2 at 5 uM
concentration or LL@HuHf and L2Z@HuHf in an amount in order to have a final Ru(ll)
equivalent concentration. The solutions were irradiated in a quartz cuvette with 0.1 cm

optical path. Fluorescence spectra were collected using Aex/Aem of 488/525 nm.

In vitro- phototoxicity studies

Cell culture

All culture media and reagents were purchased from Merck KGaA (Darmstadt,
Germany). Human ovarian cancer cell line A2780 and human epithelioid cervix
carcinoma cell line Hela (ATCC, VA, USA) were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), 100 pg mL-1 streptomycin, 100 U
mL™ penicillin and 2 mM I-glutamine. C2C12 myoblasts (ATCC, VA, USA) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, 100 pg
mL™ streptomycin, 100 U mL™ penicillin and 2 mM I-glutamine. These cell lines were
maintained in a humidified atmosphere at 95% air/55% CO and constant temperature
of 37 °C. All cell treatments were performed in serum-deprived RPMI or DMEM

medium, supplemented with 1 mg mL™ bovine serum albumin (0.1% BSA).

Laser scanning confocal microscopy

Cell internalization of L1@HuHf and L2@HuHf and colocalization analysis with
transferrin receptor-1 was performed using a Leica SP8 laser scanning confocal
microscope (Leica Microsystems GmbH). Cells (HeLa, A2780 and C2C12) were seeded
on microscope slides and treated for 24 h with 10 uM of L1@HuHf or L2@HuHf,
followed by washing with PBS and fixed with 2% paraformaldehyde in PBS for 20

minutes at room temperature.
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Colocalization of L1@HuHf or L2Z@HuHf with anti-CD71 (transferrin receptor-1) was
performed by immunofluorescence analysis: after 24 h of incubation with 10 uM of
LL@HuHf or L2@HuHf, microscope slides were incubated with anti-CD71 (TfR1)
monoclonal antibody (OKT-9; 1 : 100 dilution) for 2 h at room temperature followed by
treatment with Texas Red-conjugate secondary anti-rabbit antibody (1 : 200 dilution)
purchased from Vector Laboratories Inc. (Burlingame, CA, USA). Microscope slides
were incubated with DAPI solution (1 mg ml-1, Thermo Fisher Scientific Inc., MA, USA)
to probe the cell nucleus and then were mounted using Fluoromount aqueous

mounting medium (Merck KGaA, Darmstadt, Germany).

MTT reduction assay

Cell viability of HelLa, A2780 and C2C12 cells was evaluated by the reduction of the
yellow tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) to purple formazan crystals performed by metabolically active cells. MTT
colorimetric analysis was performed after the treatment with increasing
concentrations of Ru(ll) in L1@HuHf or L2Z@HuHf (0, 1, 10 and 40 uM obtained by ICP
measurement), and in parallel with the same corresponding concentration of HuHf
(determined by Bradford assay) in serum deprived culture media for 24 h. Afterwards,
cells were irradiated with 30 W three-arm LED light lamp with 470 nm—430 nm emission
for 20 minutes at 5 cm from cell monolayers and then incubated for 24 h at 37 °Cin 5%
CO2 atmosphere. Cell viability was assayed in the presence of 0.5 mg mL™ of MTT salt
(Merck KGaA, Darmstadt, Germany) for 1 h at 37 °C; DMSO (Dimethyl Sulfoxide, Merck
KGaA, Darmstadt, Germany) was used to dissolve insoluble formazan crystals produced
by viable cells. The absorbance was measured at 595 nm using a microplate reader

(iMark Microplate Absorbance Reader, Bio-Rad, CA, USA).
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Bis-heteroleptic RPCs with r-expansive benzo[ildi-pyrido[3, 2-

a:2',3'-c]phenazine ligands

As discussed in the introduction, the design of new performant Ru(ll)-PSs for
application in PDT requires an accurate choice of the ligands around the metal center.
A key feature is to maximize the sensitization of singlet oxygen (*0,) upon excitation
with low energy light. To this aim, extended m-conjugation of the ancillary ligands
provide complexes with prolonged 3MLCT lifetimes reaching high values of singlet
oxygen quantum vyields. Furthermore, planar aromatic units also increase the ease of
the interaction with important biological targets, such as DNA and/or proteins. These
latter features are crucial for the effectiveness of the potential PSs.*

In this chapter, a reliable synthetic pathway for the preparation of a series of RPCs
featuring two benzol[i]dipyrido[3,2-a:2’,3’-c]phenazine (dppn) moieties and a
symmetrically bipyridine ligand functionalized with various R groups is provided. Of
particular importance is the simultaneous presence of two dppn ligands, which
represents a key feature to maximize the properties of ruthenium compounds as PSs

in PDT (Figure 29).

Figure 29: Chemical structure of RPCs discussed in this chapter. (n = 0 or 2 depending on R group).
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Notwithstanding several studies previously reported on the positive effects induced by
the insertion of a single dppn unit into the resulting Ru(ll)-based PSs, %8 the use of
metal complexes containing two dppn ligands remains almost unexplored. We can
assume that this is likely associated with the synthetic difficulties encountered in using
the most common synthetic approach to prepare bisheteroleptic RPCs which provides:
i) refluxing of commercially available RuCls - nH,O in dimethylformamide with a
thermally insensitive bidentate ligand (NN) to obtain the intermediate cis-Ru(NN),Cl,,
ii) the introduction of the third chelate (N’N’) to give the bisheteroleptic complex with
formula [Ru(NN)2(N’N’)]** (Scheme 2). % In the case where NN-ligand is a dppn unit, the
intermediate cis-Ru(NN),Cl, (NN = dppn) has a very low solubility in most organic
media, preventing the obtainment of the final product.
) , i)
RuCl;*nH,0 ——>  cis-Ru(NN),Cl —  [Ru(NN),(N'N')}**

Scheme 2: Common synthetic procedure for the synthesis of bis-heteroleptic RPCs. i) refluxed DMF in the
presence of LiCl; ii) ethylene glycol or alcoholic solution at reflux.

To the best of our knowledge, to date only three compounds were reported in
literature in which the Ru(ll) centers are simultaneously coordinated to two dppn
ligands.®1°1  Among them, only two complexes, [Ru(bpy)(dppn).]** and
[Ru(phpy)(dppn)2]?* (with bpy = bipyridine, phpy = 2-phenyl pyridine), were successfully
synthesized and appropriately characterized by Turro et al. 1% These complexes were
obtained in relatively low overall reaction yields (28%), with long reaction times (in the
order of days). Moreover, their properties as potential PSs for PDT were not evaluated.
Sun and co-workers, instead, reported the synthesis of [Rul(dppn).]** (L = 3,8-
di(benzothiazolylfluorenyl)-1,10-phenanthroline) performed by the reaction of the L
ligand with the intermediate [Ru(dppn)2Cl;] in ethylene glycol but synthetic details on
the preparation of the Ru(ll) intermediate were missing. Furthemore, no adequate

characterization of [RuL(dppn).]** was provided. 1°*
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This scenario prompted us to provide a straightforward synthetic alternative route for
obtaining RPCs with the general formula [Ru(RR-bpy)(dppn)2]™ (n = 0, 2) (Figure 29).
The simultaneous presence of two dppn ligands in [Ru(RR-bpy)(dppn).]™ complexes
ensures the high photosensitization of singlet oxygen and the interaction with key
biological targets, whereas the optimal choice of the R functional groups in 4 and 4’
positions of the bipyridine permits to finely modulate their chemical-physical
properties as well as providing a potential synthetic platform for the obtaining of

differently functionalized (dppn).-RPCs.

2.1 Synthesis of [Ru(RR-bpy)(dppn)2]™ complexes

To overcome the above-mentioned difficulties in following the common synthetic
approach for bisheteropleptic ruthenium(ll) polypyridyl complexes (Scheme 2), a

“reverse” procedure was purposefully developed and optimized (Scheme 3).

RR-bpy AN ‘/CO
RuCl3+nH,0 —— [Ru(CO),Cly], ———— /R‘u\
=
W oreo
2 S

Scheme 3:General synthetic route for the preparation of complexes with formula P.

This approach begins with the synthesis of the reactive polymeric compound
[Ru(CO),Cl2]n (2), which is then allow to react with the appropriately designed RR-bpy
ligand to produce the trans-CI[Ru(RR-bpy)Cl,(CO);] complex of formula 3. The final
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complexes, with formula [Ru(RR-bpy)(dppn):]™* (P), are then obtained due to the
contemporary addition of two equivalents of dppn to the metal centre. The whole
synthetic process leads to the final products with yields ranging between 22 % and 47
% depending on the different R substituents on the bipyridyl ligand.

On following are presented the synthetic details of three suitable examples of the
series [Ru(RR-bpy)(dppn)z]" named as P1-3 (Figure 30). All the three complexes can be
obtained starting from the same precursors and differ for the R symmetrical groups on

the bipyridyl ligand.

Figure 30: Chemical structures of P1, P2 and P3.

For each complex, the dppn ligand 7 is synthetized according to literature procedure

through Schiff-base condensation reaction of 1,10-phenantroline-5,6-dione 6 with

commercially available 2,3-diaminonaphtalene (Scheme 4).1%?
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Different symmetrical substitutions in the 4 and 4’ positions of bipyridyl ligand are
obtained using commercially available 4,4’-dimethyl-2,2’-bipyridine 8 as starting
material (for complexes P2-3) or directly (for complex P1) (Scheme 5). The oxidation of
8 to yield compound 9 (2,2’-bipyridine-4,4’-carboxylic acid) provides both a suitable
ligand for complex P2 as well as a precursor for the easy preparation of ester or amide
derivatives, such as the newly synthesized 2,2'-bipyridine-4,4'-
diylbis(morpholinomethanone) 11 (Scheme 5). The derivatization with morpholine in
11 leads to a strongly increased water solubility of the final complex P3 as compared

to P2 where ligand 9 is in its dianionic form at neutral pH.

NaBr
H,S04/HNO3

[

-
N
\ N 0°C-100°C, 4h
P

2,3-diaminonaphthalene \ N

|
- .
CH30H A
reflux, 3h Pz

5 6 7

Scheme 4: Synthetic route followed for the preparation of the dppn ligand.

N
|
K,Cry07 soc morpholine N\ Z 0
sto4 2 cho3 ‘ _ N
THF [ j
60°C, 3h reflux, 4h o N 0

r.t., over night
Lo

8 9 10 1

Scheme 5: Synthetic route followed for the preparation of RR-bpy ligands (2,2’-bipyridine-4,4’-carboxylic
acid 9 and 2,2’-bipyridine-4,4’-diylbis(morpholinomethanone) 11).

Using the general synthetic approach in Scheme 3, complexes P1-3 are synthesized via
stepwise ligand addition, with the reactive polymeric compound [Ru(CO),Cl;]. 2 as
starting material. The latter, is obtained by refluxing the commercial RuCls - nH,0 in
grams scale and paraformaldehyde in 1.4 : 1 w/w ratio in formic acid at 90% for 6 hours
(Schema 6).1 The resulting polymer 2 is isolated as pale-yellow powder through

trituration from hexane with a yield of 80%. The selected RR-bpy ligand (8, 9 or 11) is
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then coordinated to the metal centre using slight modifications to previously described
procedures.1%¥1%4 |n the case of intermediates 3a and 3c, the precursor 2 is allowed to
react with 8 and 11 in refluxed methanol at a molar ratio of 1 : 1.1. For intermediate
3b, instead, the use of dimethylformamide is necessary due to the scarce solubility of
ligand 9 in most of organic solvent (Schema 6). The solubility of the ligands also
influences the vyields for compounds 3a-c lowering them from 75% and 74%
respectively for 3a and 3¢, to 55% for compound 3b. Importantly, all three
intermediates (3a-c) are collected by hot filtration of the reaction mixture with a high
grade of purity suitable for moving on to the final step without further purification. In
the final synthetic step, complexes 3a-c react with two equivalents of dppn ligand (7)
in refluxed 2-methoxyethanol. Trimethylamine N-oxide (TMAO) is used to break the
strong coordination bond between the ruthenium and the carbon monoxide
molecules.’® The addition of a 0.1 M aqueous solution of KPFs promotes the
precipitation of P1-3 that are collected by filtration in vacuum with adequate grade of
purity. When necessary, a successive purification by flash chromatography on silica gel
is employed to obtain the desired products as the hexafluorophosphate salts [Ru(RR-

bpy)(dppn)2](PFe). with yields ranging between 50% and 78% depending on the R

substituents (Schema 6).

‘ cl i) dppn, TMAO N
(HCOH), RR-bpy =N_] €O ii) KPFg
RuClg-nH,0 — > [RY(CO),Clp}y ——— RA N x
formic acid 90% MeOH or DMF >N | Nco 2-methoxyethanol, ‘ N‘ >~ N
reflux, 6h 2 reflux, 1-2h o | reflux, 4h //"'Ru"”‘ =
R \N/ \N N/
3a-c | |
N
RN s Z
=
R:-CHza R
-COOH b p1-3

0
N o ¢
Is} _/

Scheme 6: Synthetic route followed for the preparation of complexes P1-3.
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2.2 Characterization of [Ru(RR-bpy)(dppn)2]™ complexes

The electronic absorption spectra of complexes P1-3 in acetonitrile are reported in
Figure 31, whereas their molar extinction coefficients (€) at different absorption
maxima Amax are listed in Table 4. As shown in Figure 31 the absorption profiles exhibit
an intense intraligand m—mn* transitions at 280-330 nm, a double humped absorption
at about 385 nm and 410 nm and the typical broad *MLCT absorption band centred
between 440 and 455 nm.

On the other side, P1-3 result to be weakly luminescent. Fluorescence spectra recorded
in different solvents (Figure 32) reveal an increase of luminescence for complexes P2
and P3 in comparison to complex P1, with the highest emission being displayed in
acetonitrile and ethanol; a very weak emission is instead observed for all the complexes

in aqueous solution.
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Figure 31: Absorption spectra of complexes P1-3 in CH3CN.

Complex Aabs/nm (g x 103 Mt cm™)
P1 ‘ 440 (26.6) 409 (32.2) 387 (25.3) 324 (146.1)
P2 ‘ 445 (30.0) 410 (32.4) 387 (27.8) 323 (123.2)
P3 ‘ 455 (24.9) 408 (27.5) 384 (22.1) 325 (136.1)
e

Table 4: Electronic absorption maxima measured in acetonitrile.
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Figure 32: Fluorescence emission of P1-3 and maximum emission wavelengths (Aem) registered in different
solvents. ([RPCs] = 5 uM, Aexc (P1) = 460 nm, Aexc (P2) = 410 nm), Aexc (P3) = 410 nm).

Lastly, given the presence of the ionizable 2,2’-bipyridine-4,4’-carboxylic acid (7) ligand
in P2, the acid-base behaviour of this complex was investigated by monitoring the UV-
Vis absorption and fluorescence spectra of aqueous solutions of the complex at
different pH values. As observed in Figure 33, the increase in pH of aqueous solutions
of P2 determined a progressive hypochromism in the absorption spectra. On the other
side, a significant enhancement of emission is observed with increasing the pH,
accompanied by the presence of two inflection points, at ca. 2.5 and 4.5, suggesting a
two-step acid-base equilibrium of the carboxylic moieties of the 2,2’-bipyridine-4,4'-
carboxylic acid ligand. Analogously to what was previously reported for parental
RPCs,% only the second pKa value was determined. In particular, the pKazin the ground
state (pKa2°) was obtained from the UV-Vis absorption titration by fitting the data to

the Henderson-Hasselbach equation:17:108
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(Amax - A)
(A - Amin)

where Amaxand Amin are respectively the maximum and minimum absorbance values at

pH = pK,° — log

454 nm registered of P2. The pKa; in the excited state (pKa2*) was obtained from the
fluorescence titration by using the following the equation:
pKs = pH — log%

where Tt and T are respectively the excited state lifetimes of the protonated and
deprotonated form of P2.1%° From these measurements, values of 3.6 + 0.3 and 4.6 *
0.4 were respectively obtained for pKas2° and pKa*. The higher value found for pKa,*
relative to pKas; would be in line with the higher basicity of the complex in the excited
state. Based on these findings, the carboxylic functions of P2 are likely to be fully
deprotonated at neutral pH, conferring to the complex an overall total neutral charge.
Therefore, along with the different nature of their ancillary ligands, it can be envisaged
that the different charges of metal complexes in physiological media (+2 for P1 and P3

and 0 for P2) might have an influence on their biological behaviour.
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Figure 33: a) Absorption spectra of P2 (2 uM) in water collected at different pH and, in the inset,
determination of the pkqz° through the Henderson-Hasselbach-type equation. b) Fluorescence emission at
620 nm of P2 (2 uM) in aqueous solution reported as a function of pH (Aexc =410 nm). c) Two-step acid-base
equilibrium involving the carboxylic moieties of the 2,2’-bipyridine-4,4’-carboxylic acid ligand of P2.
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2.3 Determination of singlet oxygen quantum yields

As discussed above, a key requisite for a candidate PS for PDT relies on its capacity to
effectively promote 10, production upon light-irradiation according to type Il-based
process. In this regard, the singlet oxygen sensitizing properties of complexes P1-3
were firstly assessed spectrophotometrically, by employing 1,5-dihydroxynaphthalene
(DHN) as indirect reporter for singlet oxygen, and then further probed by direct
measurements of the 0, phosphorescence signal at 1270 nm. In both case,
dichlorotris(1,10-phenantroline)ruthenium(ll) chloride ([Ru(phen)sCl;]) was used as
standard reference (¢as=0.38).7°

The obtained rate constants kons for the photooxidation process of DHN and the
quantum vyields values (¢da 0,) obtained by means of direct phosphorescence

measurements are listed in Table 5.

In the indirect DHN assay, the probe is selectively and quantitively oxidized in the
presence of 0, to give its corresponding photooxidation product 5-hydroxy-1,4-
naphthalendione (Juglone) (Figure 34, Equation 2). The effective sensitization of 10,,
due to the irradiation of 10 uM solutions of P1-3, can be monitored by the decrease of
DHN absorption band at A =297 nm and the corresponding increase of Juglone band at
A =427 nm. Considering instantaneous the reaction between DHN and 'O, can be apply
the steady-state approximation. The disappearance rate of 10, coincides with the DHN
consumption, and the rate of the photo-oxidation can be assumed to be first order, as
shown in Equation 3. The rate constant (kobs) can be thus obtained as semilogarithmic
plot of In(As7):/(A2e7)0 as a function of irradiation time by using Equation 4, where
[DHN]o and [DHN]: are the molar concentration of DHN at time ‘zero’ and at a generic
time ‘t’, while A(297)0 and A(297):are the correspondent absorbance values measured at

297 nm.
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Figure 34: Photochemical conversion of DHN to Juglone.

DHN + *0, - Juglone + ~ %0, (Eq. 2)

d['°2]  d[DHN]
dt dt

v= — = kops[DHN]  (Eq.3)

DN | (aode _ oy
n =1In =— .
DHN], " (Agor)o % d

In Figure 35 are reported the UV-Vis titration obtained for complex P1-3. Experiments
were carried out by irradiating (LED Lamp: Amax 434 nm, 160 mW) a 10 uM air pre-
saturated acetonitrile solution containing the photosensitizer in presence of 3.3x10™*
M of DHN. All spectra were acquired using as blank reference a solution containing the
selected PS in acetonitrile at the same concentration of those used in the measuring
cuvette. Photosensitization of P1-3 determines a strong decrease of DHN absorption,
along with the simultaneous increase of Juglone absorption band (Figure 35). The rate
constants of the photooxidation process (kobs) for complexes P1-3 are shown in Figure
35d in comparison with those found for [Ru(phen)s]Cl, under the same experimental
conditions. It can be noted that P1-3 exhibit remarkably higher photosensitizing
features with a similar amount of 0, produced within 65-75s by P1-3 and in more than

200s by [Ru(phen);]Cl,.
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Figure 35: a) Absorption spectra of solutions containing DHN (3.3 x 104 M) and complex a) P1, b) P2 and
¢) P3 (10 uM) in acetonitrile at different irradiation times (up to 200 seconds); b) Linear regression of the
semilogarithmic plots of In(Ai/Ao) as a function of the irradiation time: black square P1, red points P2, blue
triangles P3 and pink triangles [Ru(phen)s]Cl,.

In addition to the indirect DHN method, the 0, quantum yield of complexes P1-3 were
further probed through direct measurement of the phosphorescence signal of 10, at
1270 nm, induced by irradiation of air-saturated solutions of the PSs at 440 nm. The
correspondent !0, quantum vyields (da) were evaluated by comparison with
[Ru(phen)sCl,] taken as standard reference.’® Briefly, the direct method is based on the

fact that singlet oxygen in solution can decay through two different pathways:
k
i) Quenching by the solvent molecules: 05 (S;) + S =3 0, +S*

k
ii) Phosphorescence emission: 05 (S;) 2 0, + hv

Accordingly, the kinetic equation for 'O, production can be derive as:
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d[0; (S1)]
dt

where ¢ais the singlet oxygen quantum yield and lasis the absorbed irradiance that

= Oplyps — {ks + kalS1}05 (5]

can be expressed as lo(1-10) in which Io is the irradiance and A is the absorbance at
irradiation wavelength. Considering constant the solvent concentration and applying
the steady-state approximation, the above equation can be simplified as:

@, Io(1 — 1074)
k
Being 0, concentration proportional to the integrated area of phosphorescence signal

[0:(S1)] =

at 1270 nm, the linear fitting of (1-10*) plotted values in function of the
phosphorescence integrated area is a line passing through the origin with angular

coefficient:

_ Paly
ok
Considering the ratio between m values find for complexes P1-3 and the m; value find

m

for the standard the final equation is:
IA IAS

S

Below are shown data collected for complex P2 (Figure 36).

The quantum yields found for complexes P1-3 are listed in Table 5.
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Figure 36: a) Phosphorescence signals of 10, produced by excitation at 440 nm of acetonitrile solutions of
complex P2 with concentrations between 1.0 uM and 4.0 uM. b) Linear fittings of plotted (1-10*) values in
function of the integrated area of phosphorescence signals for complex P2 and the reference standard
[Ru(phen)sCl].
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Complex Kobs (s7%) @4 (*02)
[Ru(phen)s]Cl2 9.41 (+0.03) x10* 0.38+0.067°
P1 1.85 (+ 0.01) x1073 0.54 +0.06
P2 2.71 (£ 0.03) x10° 0.50 £ 0.07
P3 1.83 (+ 0.02) x1073 0.53 £0.06

Table 5: Values of rate constants (Kops) determined by DHN assay and single oxygen quantum yield
determined by direct measurement of 10, phosphorescence signal at 1270 nm for complexes
[Ru(phen)3]CI2 and P1-3.

2.4 Interaction with calf thymus-DNA

Since it is known that 'O, rapidly reacts with the surrounding biological substrates
(estimated half-life < 40 ns, range of action in the order of 20 nm), leading to extremely
localized oxidative damage, the ability of a PS to effectively interact with a desired
biological target may be important for its potential application in PDT, as it would
ensure the drug localization in the close proximity of the target to be treated.®

These considerations prompted us to consider the DNA-binding properties of P1-3 prior
to testing their activity as anti-cancer agents. For this purpose, the DNA-binding ability
of P1-3 was evaluated on calf thymus DNA (ct-DNA) monitoring the changes in UV-Vis
spectra profile upon titration with increasing amounts of the biopolymer (see
paragraph 3 of the introduction for details).

The UV-Vis titrations with increasing amounts of ct-DNA in buffered solution (Tris-HCI
10 mM, NaCl 50 mM, pH 7.4) of the complexes P1-3 at fixed concentration (10 uM) are
shown in Figure 37a-c. At each addition, samples were incubated at room temperature
for 10 minutes and the UV-Vis spectra were recorded using as blank a Tris-HCl buffered
solution containing equal amounts of ct-DNA. As it is possible to note in Figure 37a-c
the consecutive addition of ct-DNA (up to a maximum of 3.4 uM) results in

hypochromism of the whole absorption spectrum of all complexes. Instead, no blue or

74



Chapter 2

red shift are observed. The binding constants (Ky,) are obtained as the ratio of slope and
intercept for the linear regression of [DNA]/| €, — &¢\ vs. [DNA] as shown in Figure 37d
and are listed in Table 6. These results demonstrate that complexes P1-3 effectively
interact with ct-DNA, even in sub-stoichiometric quantities, presumably via a
predominant intercalation mode since the main effect on their absorption spectra is
hypochromism.? The Ky values, in the order of 10® M™%, are in accordance with those
reported in literature for intercalators ! 119 0 and can be related to those found for
the famous ruthenium molecular “Light Switch” for DNA [Ru(bpy)(dppz)]** (dppz:
dipyrido[3,2-a:2’,3’-c]phenazine).’*? The highest binding constant value was found for
complex P2 (Kb = 2.34 x 10°) for which the percentage of hypocorism (H %)*'° was found
to be 21% in the *MLCT (450 nm) and 43% in ligand-based nnt* band at 322 nm and

eventually reached saturation at [DNA]/[P2]=5.
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Figure 37: Absorption spectra a) P1, b) P2 and c) P3 recorded in the presence of increasing concentrations
of ct-DNA; d) linear fittings of plotted [DNA]/|eq-€b| values in function of the ct-DNA molar concentration
for complexes P1 (black), P2 (red) and P3 (blue). (Ru=10 uM, Tris-HCI buffer 10 mM, NaCl 50 mM, pH 7.4).
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Complex Kb (ct-DNA)
P1 | 7.49 (+ 0.05) x 10°
P2 | 2.34 (+0.09) x 10°
P3 | 8.75 (+ 0.2) x 10°

Table 6: Binding constants (Kb) found by means of UV-Vis titration of complexes P1-3 with increased
concentration of ct-DNA ([Ruj=10 uM in Tris buffer 10 mM, pH=7.4).

To thoroughly investigate the DNA binding ability of complex P2, ct-DNA interaction
was also studied by means of fluorescence emission spectroscopy. Since no appreciable
luminescence was observed upon excitation in the MLCT bands of P2 following the
addition of ct-DNA, a competitive binding experiment utilizing ethidium bromide (EB)
as intercalator was employed. The EB competitive binding assay is a well-established
procedure based on the displacement of the intercalating drug (EB) from ct-DNA. EB
emits intense fluorescence in presence of DNA, due to its strong intercalation between
the base pairs. If a second compound can replace EB, the fluorescence of the solutions
would be efficiently quenched. The extent of the binding between the second molecule
and the DNA can be indirectly evaluated from fluorescence quenching extent of EB.
The fluorescence emission spectra of fixed concentration solutions of ct-DNA (10 uM)
and EB (10 uM) in Tris buffer (pH 7.4) were recorded following the addition of
increasing concentrations (up to 50 uM) of P2. After 5 minutes of incubation at room
temperature, the DNA-EB complex was excited at 527 nm and the emission intensity
was monitored at 610 nm. The experiment shows a significant quenching in the
fluorescence intensity (up to 90 %) of the DNA-EB complex with increased
concentrations of complex P2 (Figure 38a). This result suggests that P2 can strongly
interact with ct-DNA displacing EB from the DNA-EB complex. The DNA-EB fluorescence
guenching study for P2 was performed applying the Stern-Volmer equation (Equation

5):

Fy
T = Kg[Q]l+1 (Eq.5)

76



Chapter 2

where Fo and F are the emission intensities of DNA-EB complex in the absence and in
the presence of compound P2, [Q] is the concentration of P2 and Ksv is the quenching
constant. As suggested by the curvature of Stern-Volmer plot (Figure 38b), the nature
of the quenching is not only static but also dynamic. To verify this, data were also
plotted using modified Stern-Volmer or Scatchard equation (Equation 6) where K, is the

association constant and n is the number of binding sites:
FO - F
log (T) =logK, + nlog[Q] (Eq.6)

Furthermore, the apparent DNA binding constants (Kapp) Was calculated using equation
7 where Kgp is the binding constant of ethidium bromide with DNA that is 107, [EB] is
molar concentration of ethidium bromide in the experimental set up, [Q] is the
concentration of complex P2 at which the fluorescence intensity of DNA-EB is reduced
of 50% which corresponds to 13 pM.
Kgp[EB] = Kapp[Q] (Eq.7)

All the mentioned values, Ksy, Ks, n and K,pp, are listed in table 7. The values of the
calculated parameters confirm that complex P2 strongly interact with DNA via
intercalation mode. The binding affinities quantified by Kg, trough UV-Visible
absorption studies, and Kapp, found by means of ethidium bromide displacement assay,

are in great accordance.
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Figure 38: a) Molecular fluorescence emission spectra associated to the titration of DNA-EB (10 uM, Tris

buffer pH 7.4, Aex 527 nm, Aey 610 nm) with increased concentrations of complex P2 recorded at 298 K. b)

Stern-Volmer plot for the calculation of quenching constant (Ksy) for the interaction of DNA-EB and P2.
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Quenching constant  Association constant ~ No. of binding Apparent DNA binding
(Ksv) (M) (Ka) (M) site (n) constant (Kapp) (M)
6.46+004x10' | 1.00+026x10° | 085004 |  7.690.006x10°

Table 7: Values of quenching constant (Ksy), association constant (Ka), number of binding site (n) and
apparent DNA binding constant (Kqpp) for complex P2 obtained from ethidium bromide (EB) competitive
assay.

2.5 Cytotoxicity and photoactivity of [Ru(RR-bpy)(dppn).]™*

complexes

To verify the potentiality of [Ru(RR-bpy)(dppn).]™ complexes as photosensitizing
agents, in vitro studies were conducted with the collaboration of Prof. Chiara Sinico and
Prof. Sergio Murgia of the department of Life and Environmental Sciences at the
University of Cagliari.

On following are reported the preliminary data obtained for complexes P1 and P2 on
A431 cells, an in vitro model of squamous epithelial carcinoma cells.

In both cases, cells cultured on 96-well plates were treated with increasing
concentrations of complexes P1-2 dispersed in the culture medium for 1 hour. At the
end of the incubation, the medium was replaced, and the cells were exposed to LED
light (Amax 462 nm) for 30 minutes or left in the dark for the same time. At the end of
the thirty minutes, the cells were placed in the incubator for 24 hours before measuring
the metabolic activity by MTT assay. For each concentration were used 6 replicates,
and cell viability of 100% was calculated from the response of untreated and unexposed
cells to LED light.

As shown in Figure 39, both the compounds show high power and specificity on A431
cells. Indeed, when no light is provided to the culture dishes, a minimal or no toxic
effect is detected. A slight difference between their in dark toxicity is observed: cell
viability is reduced to 75.1 £ 4.1 % and 82.4 £ 2.0 % upon exposure to the highest dose

of P1 and P2 (25 uM), thus indicating that seemingly small modifications on the bpy
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ligand of complexes (methyl or carboxylic functions) may influence their toxicity.
Conversely, a 30 minutes irradiation with a LED Lamp emitting at 462 nm induces an
extensive cells death (viability < 10%) at concentration of 0.25 uM of P1 (Figure 39a)
and 5 uM of P2 (Figure 39b).

ICso values for both complexes on tested cell lines are listed in Table 8 along with the
photoindex values (PI) defined as ICso(dark) / ICso(light). These results highlighted the
high specificity (defined as toxicity only when exposed to light) and the great potential
of P1-2 as photosensitizing agent in the photodynamic therapy of different A431 cells.
Albeit the comparison of cytotoxic activity with already published results for analogue
RPCs is difficult to define, it should be noted that Pl values are higher to those reported
for complexes with only one dppn as auxiliary ligand on different cancer cells model.®”*8
Furthermore, both complexes possess Pl values higher than TLD1344, the only
ruthenium complex in clinical trial in photodynamic treatment of cancer, on epithelial

squamous carcinoma cells (A431).113
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Figure 39: Cells viability assays of squamous epithelial carcinoma cells (A431) treated with increased
concentration of complex a) P1 and b) P2 measured before (black) and upon (red) LED light irradiation for
30 minutes (Amax 462 nm). Tests were carried out in six replicates. All data were normalized with respect to
control tests.

Complex  Cell Culture ICso Light (30’ LED) ICso Dark Photoindex (PI)
P1 | Ad31 0.0253 +0.0107 pM > 40 pM >988
P2 | 0.191 £ 0.023 uM > 40 pM >130

Table 8: Average values of IC50 obtained by cells viability assays for complex P1 and P2 on squamous
epithelial carcinoma cells (A431).
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2.6 [Ru(RR-bpy)(dppn)z]"*-Cubosome nanocomposites

The main goal in medicine is probably the improvement in the selectivity of therapeutic
tools available in clinics. In the last two decades, considerable efforts have been made
to develop delivery systems able to improve selective drug accumulation in malignant
cells. Considering the possibility of using [Ru(RR-bpy)(dppn).]™ complexes as PS agents
in vivo, encapsulating them in nanoparticles is a strategic choice to overcome their poor
water solubility and increase their translational potential. For this purpose, among the
various engineered nanocarriers, monoolein-based cubosomes were selected. The
latter were proposed only recently for imaging and theragnostic application.!'*
Basically, cubosomes are nanosized carriers formulated by exploiting the self-
assembling properties of lipids in water. They differ from other lipidic nanoparticles
due to their unique honeycomb-like internal structure, which consists of a lipid bilayer
arranged in three dimensions to form two disjoined water channels and to describe an
Infinite Periodic Minimal Surface belonging to a cubic space group (Pn3m, la3d or
Im3m).***> The loaded-cubosome formulation should allow the facile administration of
poorly-water soluble drugs in the blood stream. Moreover, the accumulation of
nanocomposites in tumour tissues passively occurs as a result of aberrant tumour
angiogenesis that forms nonmature capillaries, facilitating the permeability to
nanoparticles in comparison to physiological vessels. This phenomenon is called
enhanced permeation and retention effect. 1

On these bases, with the collaboration of Prof. Chiara Sinico and Prof. Sergio Murgia of
the Department of Life and Environmental Sciences at the University of Cagliari,
cubosomes-loaded formulations, P1-cubo and P2-cubo, were prepared by dispersing
the selected PS in melted monoolein (MO) at 40°C and the lipidic phase was stabilized
with Pluronic F108. The obtained samples were fluid aqueous dispersions with a milky
macroscopic appearance. After drug loading, cubosomes were purified from non-

encapsulated PS by dialysis. A percentage value of 9 % for P1 and 60 % for P2 were
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determined as drug-loading efficiency (E %), expressed as percentage of the initially
used amount of drug. The different percentages of loading efficiency can be reasonably
ascribed to the different overall charges of the two complexes at neutral pH (P1
features a double positive charge, whereas P2 is likely to be present in its neutral form)
that affect the encapsulation efficiency into cubosomes.

Loaded cubosomes were characterized by means of Dynamic Light Scattering (DLS)
analysis, Cryogenic Transmission Electron Microscopy (cryo-TEM), Small-Angle X-ray
Sacttering (SAXS) experiments and UV-visible analysis, and all the relevant parameters
are summarized in Table 9.

DLS analysis reveal the presence of nanoparticles with an average diameter (D.y) of 138
1+ 2 and 142 + 1 nm, for P1-cubo and P2-cubo respectively. Both formulations have a
narrow size distribution with a polydispersity (PDI) value below 0.2 and a {-potential of
-13+3 mV for P1-cubo and -30 + 2 mV P2-cubo, indicating that the latter is more stable.
Monitoring the average diameter, the polydispersity index, and the T potential for up
to 30 days provided information on formulation stability over time at 25 °C.
Furthermore, the chemical stability of encapsulated complexes P1 and P2 was analysed
during this time via UV-Vis spectroscopy. Measurements reveal a great deal of stability
for P2-cubo formulation: the diameter of loaded nanoparticles was maintained at
about 140 nm for the entire observation time. The dimensional distribution is
maintained constant, as demonstrated by the maintenance of polydispersity index
under 0.15. Similarly, the Z-potential is evermore around -30 mV and the concentration
of P2 inside the nanoparticles decreases gradually until day 7, after which it stabilizes
for up to 30 days (Figure 40). Conversely, P1-cubo formulation results not stable
already in the first seven days (Figure 40).

Given the unsatisfactory preliminary results obtained for P1-cubo, P2-cubo was chosen

for additional characterization and in vitro bioactivity studies.
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Figure 40: Average diameter (nm), polydispersion index (PDI), zeta potential (mV) of P1-cubo and P2-cubo

over 30 days of storage at 25°C.

Figure 41a shows the Cryo-TEM image of the P2-cubo formulation, in which cubosomes

appear as spherical nanoparticles with a peculiar inner vesicular structure. The internal

nanostructure was further analysed by means of SAXS experiments. The SAXS pattern

(Figure 41b), unequivocally suggests the contemporary presence of two different cubic

space, Pn3m and Im3m, that are respectively characterized by a lattice parameter (a)

of 92+ 1 Aand 117 + 1 A and a water channel radius (r,) of 38+ 1A e 37+ 1 A.
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Figure 41: a) Cryo-TEM image of MO-based cubosomes containing complex P2 and stabilized with F108; b)
SAXS patterns of P2-cubo with indication of the relevant Bragg peaks corresponding to the Im3m phase
(red dashed line) and Pn3m (blue line) cubic continuous phases.
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Composition (% w/w) Characterization
‘ MO PF108 P1 P2 H,0 | Da2(nm) PDIb T(mV) EE%
P1-cubo ‘ 3.3 0.03 0.02 - 96.65 138+2 0.11+0.01 -13+3 9+3
P2-cubo ‘ 3.3 0.03 - 0.02 96.64 142 +1 0.13+0.01 -30+2 605

Table 9: Summary of composition and relevant characterization parameters for P1-cubo and P2-cubo.
aValues found by means of SAXS analysis; © values found by means of DLS analysis.

The cytotoxicity of P2-cubo nanocomposite in dark conditions and upon light activation
were tested on the previously described epidermoid carcinoma model (A431) and
compared to that of empty cubosomes (E-cubo). As expected, P2-cubo shows negligible
toxicity in dark condition; instead, photoactivation for 30 minutes with LED visible light
promotes an extensive decrease in cell viability with more than 50 % reduction of cell
viability at the dose of 0.25 uM (Figure 42a). The risk of unspecific toxicity of other
components of the nanoformulation was ruled out by exposing cells to E-cubo in the
same conditions (Figure 42b). The average ICso value found for P2-cubo is compared in
Table 10 with the ones found for free P2. As expected, the cytotoxicity is reduced to

about half, but specificity against A431 cells upon irradiation is maintained.
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a) 120.0 m Light m Dark m Light m Dark
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Figure 42: Cells viability assays of squamous epithelial carcinoma cells (A431) treated with increased
concentration of a) [P2-cubo] and b) E-cubo measured before (black) and upon (red) LED light irradiation
for 30 minutes (Amax 462 nm). Tests were carried out in six replicates. All data were normalized with respect
to control tests.
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Cell cultures: A431

ICso Light (30" LED) ICsoDark
P2-cubo | 0.268+0.079 uM ND
P2 | 0.191+0.023 uM > 40 uM

Table 10: Comparison of average ICso values obtained by cells viability assays for P2-cubo and free-P2 on
squamous epithelial carcinoma cells (A431).

Finally, to gain preliminary information on the mechanism of the observed
phototoxicity, the production of intracellular ROS upon irradiation was investigated
using the 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) assay. DCFH-DA, into
cells, is deacetylated by cytosolic esterases to a non-fluorescent metabolite (DCFH) that
is then oxidized in the presence of intracellular ROS to produce the highly fluorescent
2’,7’-dichlorofluorescein (DCF). The amount of ROS produced by cells in response to
the illumination of P2-cubo can be estimated by measuring the green fluorescent
intensity of DCF localized within the cells. Following treatment of A431 cells with DCFH-
DA probe and 100 uM of P2-cubo and illumination, confocal laser scanning microscopy
measurements reveal a diffuse green fluorescence within the majority of the cells
(Figure 43c). Conversely, a widely lower green fluorescence is observed for untreated
(Figure 43a) and treated in dark conditions (Figure 43b) cell culture. Overall, these
results confirm that the cytotoxic effect observed for the irradiation of P2-cubo would
be related to the capacity of the formulation to effectively trigger the production of

intracellular ROS/*0; species.

Figure 43: Production of ROS by A431 epidermoid carcinoma cells estimated by the oxidation of DCF-DA
sensor and visualized by confocal laser scanning microscopy. Cells were either not treated (A) or treated
with P2-cubo (100 uM) and incubated in the dark (B) or exposed for 10 minutes to blue light (C). The green
fluorescence corresponds to oxidized probe (DCF) by intracellularly produced ROS. Red signal shows the cell
membranes, stained with WGA after fixation with PFA 4%. Scalebar = 50 um.
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Chapter 2

Synthesis

Materials and methods
Reagents and solvents were purchased from Sigma Aldrich and Alfa Aesar and were
used without further purification. The NMR spectra were collected with a Bruker 400

MHz spectrometer.

Synthesis of 2

[Ru(CO),ClzIn
Compound 2 was synthesized according to the previously reported procedure.l®
Ruthenium (ll1) chloride trihydrate (395 mg, 1.90 mmol) was dissolved in 13 mL of an
aqueous solution of formic acid 90%. The reaction mixture was heated by reflux while
maintaining a constant nitrogen flow and sheltering from light. Over the next 6 hours,
it was observed to undergo a characteristic colour change from green to blue and then
to yellow. The acidic solution was then evaporated under reduced pressure, and the
residue was triturated and filtered by hexane. The polymeric precursor 2 was obtained

as a yellow powder with a yield of 68%.

Synthesis of 6

Compound 6 was synthesized according to previously reported procedure.'” A solid
mixture of 1,10-phenantroline (1.12 g, 6.21 mmol) and NaBr (6.4 g, 62.2 mmol) was
dissolved at 0°C in 35 mL of an acidic mixture of H,SO4:HNO3 (2:1). The reaction mixture
was vigorously stirred for 10 min at 0°C and then heated to 100°C for 4 h. Then, it was
guenched with 100 mL of ice-cold water and neutralized with a solution of NaOH 6 M.

The aqueous phase was then extracted three times with chloroform, and the organic
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phases were collected, dried on Na,;SOsand evaporated to dryness. The yellow crude
product was purified by crystallization from hot ethanol to obtain 6 as crystalline yellow
needles (689 mg, 3.28 mmol). Yield 53%. *H-NMR (400 MHz, CDsCl): § 9.16 (d, J.n= 3.6
Hz, 2H, H.) 8.54 (d, Jc.o = 7.6 Hz, 12=1.8 Hz 2H, H() 7.63 (dd, Joc= 8.0 Hz, Jo.a= 4.8, 2H, Hy)

ppm.

Synthesis of 7
&
9990
o
N l SN
Pz

Compound 7 was synthesized according to previously reported procedure.’'’ To a hot
solution of 6 (256 mg, 1.22 mmol) in 52 mL of dry methanol at 40°C, was added 2,3-
diaminonaphtalene (212 mg, 1.34 mmol). The reaction mixture was heated to reflux
and stirred for 3 h under N, atmosphere. The bright orange precipitate was collected
by filtration and washed with water, methanol, and diethyl ether to obtain 7 as an
orange solid (375 mg, 1.13 mmol) with a yield of 93%. *H-NMR (400 MHz, (CD3),SO): 6
9,59 (d, J= 7.5Hz, 2H), 9.25-9.21 (m, 2H), 9.14 (s, 2H), 8.45-8.37 (m, 2H), 7.98 (dd,
J=7.6 Hz, J= 4.2 Hz, 2H); 7.79-7.71 (m, 2H) ppm.

Synthesis of 9

Compound 9 was synthesized according to literature procedure.'*® 4,4’-dimethyl-2,2’-
biprydine (2.0 g, 10.8 mmol) was dissolved in 27 mL of concentrated sulfuric acid at -
10°C. Potassium dichromate (9.6 g, 32.3 mmol) was then added slowly over 30 minutes

and the mixture was stirred and heated to 60°C. After 4 hours, the reaction mixture
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was poured in 500 mL of ice-cold water, allowing the precipitation of a white solid that
was filtered and washed abundantly with water. Yield 86%. H-NMR (400 MHz,
(CD3),S0): & 8.93 (d, J,3=4.8 Hz, 2H, H;), 8.86 (s, 2H, Hs), 7.93 (d, J3:,=4.4, 2H, H3).

Synthesis of 10

Compound 10 was synthesized according to literature procedure.*® A catalytic amount
of DMF (a drop) was added to a suspension of 9 (500 mg, 2.04 mmol) in 6 mL of thionyl
chloride. The reaction mixture was stirred at reflux for 2 h under N; atmosphere. After
cooling at r.t., thionyl chloride was coevaporated with toluene, and product 10 was
obtained as a red powder and was immediately used in following reactions without

further purification. Quantitative yield.

Synthesis of 11

To a suspension of compound 10 (576 mg, 2.05 mmol) in 10 mL of dry THF, were added
potassium carbonate (860 mg, 6.15 mmol) and morpholine (179 mg, 4.10 mmol). The
reaction mixture was stirred at room temperature overnight under N, atmosphere and
then filtered on a Celite pad washing with chloroform. The solution was washed three
times with water and once with brine. The organic phase was dried on Na;SO, and
evaporated to dryness. Compound 11 was obtained as a pale-yellow powder (294 mg,
0.77 mmol) with a yield of 38% over two reaction steps. *H-NMR (400 MHz, CDCl3): &
8.80 (d, J = 4.8 Hz, 2H, H2), 8.49 (s, 2H, H5), 7.41 (d, J=4.8, 2H, H3), 3.86 (s, 8H, -CH,
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morpholine), 3.70 (s, 4H, -CH, morpholine), 3.49 (s, 4H, -CH, morpholine) ppm. 3C-
NMR (100 MHz, CDCls): 6 168.3, 156.1, 150.4, 145.0, 122.5, 119.5, 67.4, 48.5, 43.0 ppm.

Synthesis of 3a

X
Cl
I =N, 1 .CO

VRU\
SNT [ Yl
/

[

Complex 3a was synthesized with slight modification of previously reported
procedure.’®® 4,4’-dimethyl-2,2’-biprydine (184 mg, 0.58 mmol) was added to a
solution of 2 (150 mg, 0.64 mmol) in 11 mL of dry methanol. The reaction mixture was
hated to reflux and stirred under N, atmosphere for 2 h excluding light. The precipitate
was then filtered hot and washed with methanol to obtain complex 3a as a creamy
white solid with a yield of 75 %. 'H-NMR (400 MHz, (CDs),S0): 6 9.04 (d, J=6 Hz, 2H, H2)
8.65 (s, 2H, H5) 8.21 (d, J=6, 2H, H3) ppm. 3C-NMR (100 MHz, (CD3),S0): 6 197.2, 155.2,
153.6, 153.4, 129.5, 125.7, 21.9 ppm.

Synthesis of 3b

OH

(@) S
cl
LN, § .CO

Ru
[ SN7 |l
0 =
HO
Complex 3b was synthesized with slight modification of previously reported
procedure.%
2,2’-bipyridine-4,4’-carboxylic acid (76 mg, 0.31 mmol) was dissolved in 5 mL of dry
DMF hated at 80°C. Then, polymeric precursor 2 (80 mg, 0.34 mmol) was added and

the reaction mixture was hated to reflux for 3 hours under N, atmosphere excluding

light. After cooling at r.t., solvent was removed in vacuum and complex 3b was
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obtained thought hot crystallization from methanol with a yield of 55 %. *H-NMR (400
MHz, (CD3),S0): 6 9.41 (d, J=5.9 Hz, 2H, H2) 9.16 (s, 2H, H5) 8.21 (d, J=5.9, 2H, H3) ppm.

Synthesis of 3c

9

o]
L N, | .CO

(Ru\
SNT | el
_J co

0)
N

()
To a solution of 2 (150 mg, 0.64 mmol) in 11 mL of dry methanol was added compound
11 (221 mg, 0.58 mmol) and the reaction mixture was hated to reflux and stirred under
N, atmosphere for 2 h excluding light. The precipitate was filtered hot and washed
with methanol to obtain complex 3c as yellow solid with a yield of 74%. *H-NMR (400
MHz, (CD3),S0): 6 9.34 (d, J=5.6, 2H, H2), 8.93 (s, 2H, H5), 7.90 (d, J=5.2, 2H, H3), 3.73
(s, 8H, -CH> morpholine), 3.62 (s, 4H, -CH, morpholine), 3.36 (s, 4H, -CH, morpholine)
ppm. *C-NMR (100 MHz, (CD3),S0O): 6 196.4, 163.3, 154.9, 154.3, 147.6, 126.1, 122.9,
66.5,66.2,47.7,42.3 ppm.
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Synthesis of P1

To a solution of 3a (80 mg, 0.19 mmol) in 8 mL of degassed 2-methoxyethanol,
compound 7 (129 mg, 0.39 mmol) and trimethylamine N-oxide (106 mg, 0.95 mmol)
were added. The reaction mixture was stirred for 4 hours at reflux under N,
atmosphere. After cooling at r.t., the addition of 3 mL solution 0.1 M of KPFgallows the
complete precipitation of P1. The precipitate was filtered and washed with water and
chloroform. The crude product was purified by flash chromatography on silica gel
(eluent: starting from DCM:MeOH 50:1 with 10% Acetone to DCM:MeOH 30:1 with 10%
Acetone) to obtain P1 as red powder with a yield of 78%. *H-NMR (400 MHz, (CD3),CO):
69.83 (d, Jcv=8.0 Hz, 2H, Hc), 9.73 (d, Jo»+=8.0 Hz, 2H, Hc’), 9.23 (s, 2H, Hd), 9.20 (s, 2H,
Hd’), 8.81 (s, 2H, H5), 8.67 (d, J=4.0 Hz, 2H, Ha), 8.62 (d, J.,=4.0, 2H, Ha’), 8.49-8.44 (m,
4H, He/He’), 8.18 (dd, Jp-c=8.0 Hz J .o =4.0 Hz, 2H, Hb ), 8.12 (d, Ju213=4.0 Hz, 2H, H2),
7.95 (dd, Jiy=8.0 Hz J v.x=4.0 Hz, 2H, Hb’), 7.87-7.80 (m, 4H, Hf/HF'), 7.38 (d, J 13-12=4.0
Hz, 2H, H3), 2.61 (s, 6H, -CH3) ppm. 3C-NMR (100 MHz, (CD3).CO): 6 157.59, 155.08,
154.71, 152.34, 152.26, 152.13, 151.45, 141.51, 139.11, 135.80, 134.31, 134.23,
131.85, 131.77, 129.27, 129.19, 128.85, 128.80, 128.67, 128.45, 128.27, 125.89, 20.91
ppm. HR-MS (ESI+) m/z: calcd. for CsgHssNioRu [M-2PFs]** 475.10791 found:
475.10791. Anal. calcd for CsgHssF12N10P2Ru: C 54.24, N 11.30, H 2.93; found C 54.00, N
10.53,H 3.24
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Synthesis of P2

To a solution of 3b (80 mg, 0.17 mmol) in 8 mL of degassed 2-methoxyethanol
compound 7 (113 mg, 0.34 mmol) and trimethylamine N-oxide (95 mg, 0.85 mmol)
were added. The reaction mixture was stirred for 6 hours at reflux under N,
atmosphere. After cooling at r.t., the addition of 3 mL solution 0.1 M of KPFsallows the
complete precipitation of complex P2 that was filtered, washed with water and then
triturated with CHCl3 to obtain P2 as red powder with a yield of 50%. *H-NMR (400 MHz,
DMSO): 6 9.62 (d, Jc+=8.0 Hz Hz, 2H, Hc), 9.56 (d, Jo.»=8.0 Hz, 2H, Hc’), 9.27 (s, 2H, Hd),
9.22 (s, 2H, Hd’), 8.87 (s, 2H, H5), 8.50-8.40 (m, 2H, Hf and Hf’), 8.35 (d, J5.,=8.0 J..,=4.8
Hz, 2H, Ha), 8.31 (d, J».»v=4.8 2H, Ha’) 8.08 (dd, 2H, Hb ), 7.93-7.84 (m, 4H, Hb" and H2),
7.82-7.75 (m, 4H, He and He’), 7.68 (d, J=5.2 Hz, 2H, H3) ppm. Low solubility (0.5 mM
in DMSO) prevents 3C-NMR experiment registration. HR-MS (ESI+) m/z: calcd. for
Cs6H32N1004RuU [M-2PF6]?* 505.08188, found: 505.08177. Anal. calcd for CsgH3zoN10O4Ru:
C 66.73, N 13.90, H 3.00; found C 62.56, N 12.62, H 3.89.
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Synthesis of P3

To a solution of 3¢ (100 mg, 0.16 mmol) in 8 mL of degassed 2-methoxyethanol
compound 7 (106 mg, 0.32 mmol) and trimethylamine N-oxide (116 mg, 1.04 mmol)
were added. Reaction mixture was stirred for 4 hours at reflux under N, atmosphere.
After cooling at r.t., addition of 2 mL of 0.1 M of KPFs aqueous solution allows the
complete precipitation of complex P3. The crude product was filtered and washed with
water, methanol, and diethyl ether. Successively, was purified trough flash
chromatography on silica gel (eluent: starting from DCM:MeOH 30:1 with 10%
Acetone) to obtain complex P3 as red solid with a yield of 62%. 'H-NMR (400 MHz,
(CD3),CO): 69.83 (d, Jcb = 8Hz, 2H, Hc), 9.74 (d, Jo.v= 8Hz, 2H, Hc'), 9,22 (s, 2H, Hd), 9.18
(s, 2H, Hd’), 8.98 (s, 2H, H5), 8.76 (d, J.v=4 Hz, 2H, Ha), 8.62 (d, Jy= 4 Hz, 2H, Ha’),
8.48-8.40 (m, 6H, H2, He/He’), 8.15 (dd, Jb.c = 4 Hz, Jp.. = 8 Hz, 2H, Hb), 7,97 (dd, Jly.c =
4 29 Hz, J>y.y = 8 Hz, 2H, Hb’), 7.85-7.79 (m, 4H, Hf/HFf’), 7.53 (d, J n3-n2= 4Hz, 2H, H3),
3.71 (bs, 8H, -CH, morpholine), 3.60 (bs, 4H, -CH, morpholine), 3.50 (bs, 4H, -CH,
morpholine) ppm. ¥C-NMR (100 MHz, (CDs),CO): 6165,4; 157,9; 154,8; 154,4; 153,1;
151,4; 145,4; 140,9; 140,9; 138,6; 135,3; 134,1; 134,1; 131,4; 131,3; 128,7; 128,3;
128,2; 128,1; 128,1; 127,7; 125,4; 122,9 ppm. HR-MS (ESI+) m/z: calcd. for
CesHasN1204RU  [M-2PFs]?* 574.13987, found: 574.13897. Anal. caled for

CeaHaN12F1204PoRu: C 53.45, N 11.69, H 3.22; found C 53.28, N 11.04, H 3.42.
93



Chapter 2

UV-Vis spectroscopy and fluorescence measurements
UV-Vis absorption spectra were acquired on a Perkin-Elmer Lambda 6
spectrophotometer. Fluorescence spectra and measurements of the phosphorescence

signal of 10, were carried out on a spectrofluorometer Horiba FluoroMax Plus.

Acid-base properties of P2

The acid-base properties of P2 were investigated by monitoring the variation of UV-Vis
absorption and fluorescence spectra of aqueous solutions of P2 at 2 x 10® M at
different pH values. The pK,;° in the ground state was determined from UV-Vis
absorption titration by fitting the data to the Henderson-Hasselbach equation as
explained in details in paragraph 2.2. The pKa2* in the excited state was obtained from

the fluorescence titration as described in paragraph 2.2.

Singlet oxygen determination

The singlet oxygen sensitizing properties of [Ru(RR-bpy)(dppn).]™ complexes were first
investigated spectrophotometrically using 1,5-dihydroxynaphthalene (DHN) as indirect
10, reporter, accordingly to literature.120 Air-saturated acetonitrile solutions
containing DHN 3.3 x 10% M and RPCs 1 x 10> M were irradiated (LED emitting at 434
nm, 160 mW) in a quartz cuvette with a 1 cm optical path over a total time of 200 s.
Each spectrum was registered by using as blank reference a solution containing the
selected RPC at the same concentration of that of the measuring cuvette. The
estimation of the relative rate constants for the DHN photooxidation processes (Kobs)
was performed by applying the steady-state approximation to the !0, intermediate,
according to procedures previously described.8!

The quantum vyields of 0, generation (¢a) by [Ru(RR-bpy)(dppn)2]™ complexes were
determined by measuring the phosphorescence of 0,(*Ag) > 30, at 1270 nm after

irradiating compounds at 440 nm in air-saturated acetonitrile solutions. Experiments
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were run on solutions of [Ru(RR-bpy)(dppn).]™ complexes at different concentrations,
with the *MLCT absorbance values within the range 0.08-0.2 and signals were collected
by a Nz cooled InGaAs photodiode. ¢a values were obtained by comparing them to
[Ru(phen)s]?, which was chosen as reference compound for 0, production (¢a = 0.38
+ 0.06).7¢ Measurements were performed on a spectrophotofluorimeter Horiba

FluoroMax Plus.

Evaluation of the interaction with ct-DNA

Calf thymus DNA (ct-DNA) was purchased from Sigma Aldrich and dissolved in Tris-HCI
buffer (10 mM Tris-HCI, 50 mM NacCl, pH 7.4). An absorbance ratio between 260 and
280 nm within 1.8-1.9:1 indicated that the biopolymer was sufficiently free of proteins.
A molar absorption coefficient at 260 nm of 6600 M cm™ was used to determine the
ct-DNA concentration per nucleotide.

The binding properties of ruthenium complexes towards calf thymus DNA (ct-DNA)
were first investigated spectrophotometrically by analysing the variations in the
absorption bands of the [Ru(RR-bpy)(dppn):]™ complexes by adding increasing
amounts of concentrated solutions of the biopolymer to aqueous solutions (TRIS
buffer, pH 7.4) containing the tested RPC at a fixed concentration (10 pM). The
contribution arising from the absorbance of the DNA itself was eliminated by adding
equal amounts of DNA both to the sample and to the reference solution. After each
addition, samples were incubated for 10 minutes at 298.1 + 0.1 K before collecting the
absorption spectra. The intrinsic binding constants (Kp) with ct-DNA were determined
accordingly to the literature, from the intercept-to-slope ratios of the plot of [ct-
DNA]/lea-g4l vs. [ct-DNA], where €, and &¢ correspond to Aobs/[RPC] and to the molar
extinction coefficient for the DNA-free metal compound. Linearity within the 0-3 pM

range of [ct-DNA] was observed.
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The DNA-EB fluorescence quenching study for P2 was performed by adding increasing
amounts of a concentrated solution of P2 solubilized in DMSO (up to 50 uM) to aqueous
solutions (TRIS buffer, 10 mM Tris-HCl, 50 mM NaCl, pH 7.4) containing fixed
concentrations of ct-DNA (10 uM) and EB (10 uM). Each sample was incubated for 5
minutes at room temperature, afterward the DNA-EB complex was excited at 527 nm
and the emission intensity was monitored at 610 nm. The data obtained from the

fluorescence titration were processed as described in detail in Paragraph 2.4.

Cytotoxicity and photoactivity of [Ru(RR-bpy)(dppn).]"* complexes

Cell culture

The human epidermoid carcinoma cell line A431 was purchased by ATCC and grown in
DMEM (High Glucose) medium, supplemented with 10% fetal bovine serum,
Penicillin/Streptomycin (50 units/mL each) and L-glutamine. Cells were cultured in 95%
humidified atmosphere with 5% CO, at 37 °C.

Cytotoxicity and phototoxicity P1-2

A431 cells were seeded onto 96 well plates at a density of 10* cells/well. After 24h of
incubation, cells were treated with ruthenium complexes (P1 or P2) solubilized in DMSO
and diluted in complete medium (0.025-25 uM). After 1 hour, the medium was
replaced, and cells were either exposed to light (LED emitting at 462 nm, 18 mW/cm?)
for 30 minutes employing a customized cell illumination device or incubated in the dark
for the same time. The cell illumination device (Figure 44) was built using an array of 6
x 12 commercially available 5050 blue LED. The standoff distance between the LED tops
and the bottom of the culture plates was 1 cm. The emission spectrum of the device
was measured using a USB4000 spectrometer (Ocean Optics). Both groups were moved
back to the incubator for a further 24 hours before replacing the medium with 3-(4,5-
dimethylthiazolyl)-2,5-diphenyltetrazolium bromide (MTT) (0.25 mg/ml) and

incubating for 3 hours. The formazan crystals were dissolved in ethanol, and optical
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density (OD) of wells was recorded on a plate reader (Infinite® 200 PRO, Tecan) at 570
nm. The optical density values were used to calculate the percentage of viable cells in
each well, setting the OD of untreated cells (without PS and not exposed to light) at

100%. Each condition was tested in 5 replicates.
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Figure 44: Picture of the customized cell illumination device, fabricated with an array of 12 x 6 5050 blue
LED (a). Emission spectrum of the cell illumination device used for PDT experiments (Amax = 462 nm) (b).

Cubosomes preparation and characterization

Glycerol monooleate (MO, 1-monooleoylglycerol, RYLO MG 19 PHARMA, 98.1 wt%), for
cubosomes preparation, was kindly provided by Danisco A/S (Denmark). Pluronic F108
(PF108, PEO132-PPO50-PEO132) was purchased from Sigma Aldrich. Fresh distilled
water purified using a MilliQ system (Millipore) was used to prepare each sample, and
it was filtered with a 0.22 um pore size hydrophilic filter prior to any use.

Cubosomes were prepared by melting MO at 40 °C and dispersing ruthenium complexes
(P1 or P2) in the melted MO with the help of an ultrasonic bath. An appropriate amount
of an aqueous solution of the stabilizers (PF108) was then added to the lipid phase, and
the mixture was ultrasonicated using a UP100H ultrasonic processor developed by
Hiescher (amplitude 90%; 1 s ON, 1 s OFF) for 5, 4, 3, 2, and 1 min cycles. The cubosome
formulation investigated (P1-cubo and P2-cubo) had a composition of MO/PF108/ P1
or P2=3.3/0.3/0.02 % (w/w).
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Average hydrodynamic diameter (D) and polydispersity index (PDI, as a measure of the
size distribution width) of the samples were determined by Dynamic Light Scattering
(DLS) using a Zetasizer nano (Malvern Instrument, Worcestershire, United Kingdom).
Samples were backscattered by a helium—neon laser (633 nm) at an angle of 173° and
a constant temperature of 25 °C.

Zeta potential was estimated using the Zetasizer nano by means of the M3-PALS (Phase
Analysis Light Scattering) technique.

To evaluate the drug entrapment efficiency, the complexes-loaded cubosomes were
separated from the free complex by dialyzing the formulation using a tubing cellulose
membrane (14 kDa molecular weight cutoff, Sigma Aldrich) against 2 L of water for 2 h
(water was changed after 1 h) at room temperature.

Drug quantitative determination was performed by UV-vis spectroscopy at 325 nm after
cubosomes disruption in methanol, using a Synergy 4 multiplate reader (BioTek,
Winooski, USA). The encapsulation/entrapment efficiency (EE%) was calculated

exploiting the following expression:

mass of drug after dialysis
EE% = - x 100%
mass of weighted drug

Stability of the cubosomes dispersion

A medium-term stability study of the formulation stored at 25 °C was performed by
monitoring mean hydrodynamic diameter, polydispersity index, and zeta potential for
30 days. The samples were visually inspected before every DLS measurement to check

for the absence of large aggregates or phase separation.

Small angle X-ray scattering (SAXS)
SAXS measurements were performed at SAXSLab Sapienza with a Xeuss 2.0 Q-Xoom

system (Xenocs SAS, Grenoble, France), equipped with a micro-focus Genix 3D X-ray
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source with Cu anode (A = 1.542 A) and a two-dimensional Pilatus3 R 300K detector
which can be placed at variable distance from the sample (Dectris Ltd., Baden,
Switzerland). The beam size was defined to be 0.5 mm x 0.5 mm through the two-
pinhole collimation system equipped with “scatterless” slits. Calibration of the
scattering vector q range (q = 4msinB/A with 206 the scattering angle and A the photon
wavelength), was performed using silver behenate. Measurements with two sample-
to-detector distances were performed so that the overall explored g region was 0.004
A -1<q<0.6A-1. The sample was loaded into a vacuum-tight quartz capillary cell and
measured in the instrument sample chamber at reduced pressure (~0.2 mbar) within
a thermalized holder (21°C). The two-dimensional scattering patterns collected with a
total acquisition time of 3.5 hours were subtracted for the “dark” counts, and then
masked, azimuthally averaged, and normalized for transmitted beam intensity,
exposure time and subtended solid angle per pixel, using the FOXTROT software
developed at SOLEIL. The one-dimensional intensity vs. q profiles were then subtracted
for the data of water measured in the same cell and divided by the capillary thickness
(0.135 cm) calibrated using water scattering to obtain intensity in absolute scale units

(ecm™). The two angular ranges were merged using the SAXS utilities tool.

Electron microscopy at cryogenic temperature (cryo-TEM)

Cryo-EM micrographs of RPCs embedded into cubosomes were acquired by a
ThermoFisher Glacios at 200-keV instrument, equipped with a Falcon Il direction
electron detector. Holey-carbon R2/2 grids (Quantifoil Micro Tools GmbH) covered by
2 nm film of carbon were prepared. Grid surfaces were treated with plasma cleaning
using O, for 45 s before applying 3 L of sample (1 mg/mL in PBS buffer pH 7.4). Grids
were blotted in 100% humidity and 10 °C with filter paper and vitrified by rapidly
plunging into liquid ethane at -180 °C using a Vitrobot Mark IV (FEl, Hillsboro).
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Cytotoxicity and phototoxicity of Ru(ll)-cubosome formulations

A431 cells were seeded onto 96 well plates at a density of 10 cells/well. After 24h
incubation, cells were treated with P2-cubo or E-cubo diluted in complete medium
(0.025-0.25 uM P2, or the corresponding volume for E-Cubo). The experiment and data
analysis were carried out as described for the free PS. Each condition was tested in 8

replicates.

Intracellular ROS production

A431 cells were seeded onto p-Slide 8 well plates (ibiTreat, Ibidi) at a density of 4x10*
cells/well. After 24 h incubation with complete medium, the cells were treated with P2-
cubo (100 nM) for 1 hour. After the treatment, cells were washed with PBS and
incubated with the intracellular ROS sensor 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) (2.5 uM in PBS) for 30 minutes. The sensor was removed, and wells were
rinsed with PBS before exposure to blue light for 10 minutes or incubation in the dark
for the same time. Finally, cells were washed again with PBS, fixed with PFA 4% and
stained with Wheat Germ Agglutinin (WGA)-AlexaFluor™ 647-conjugate
(ThermoFisher). Cells were observed under a Nikon Alplus confocal laser scanning
microscope using a 20x objective. As control, cells without PS were included in the

experiment.
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2.7 A case of study: Inhibition of Ca*-ATPase transport activity
mediated by complex P3

The following section discusses an intriguing and novel application of the
photosensitization of complex P3. Inspired by ROS and 'O, interaction studies on Ca?*-
ATPase transport proteins,’?%122 we investigated the effect of photoinduced !0,
generation by complex P3 on the transport activity of sarco(endo)plasmic reticulum
Ca?*-ATPase (SERCA).

The SERCA enzyme is a well-characterized membrane transport protein belongs to the

P-type ATPases superfamily of membrane transporters (Figure 45).123

Cytoplasm

ER/SR lumen

Figure 45: Crystal structure of sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) in the ADP (shown in
yellow) and Ca 2* (shown in green) bound state. D351 (in red) is the residue phosphorylated during the
movement of Ca 2* ions into the ER or SR.

124125 \where couples the

Itis localized in the sarcoplasmic reticulum (SR) of muscle cells,
hydrolysis of one ATP molecule to the transport of two Ca?' ions against their
electrochemical gradient from the cytoplasm into the lumen of the sarcoplasmic

reticulum (SR) (Figure 46a). Activation of SERCA requires the binding of two Ca?" ions
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per enzyme molecule (E1-Ca;), followed by ATP phosphorylation and the formation of
a phosphoenzyme intermediate (E;~P-Ca;). The conformational transition from E1~P to
E>~P favors the translocation and release of the bound Ca?* against the concentration
gradient. Calcium ions are delivered to the intravescicular lumen in antiport with
luminal protons, which are translocated to the cytosol during the following enzyme

dephosphorylation (Figure 46b).
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Figure 46: a) Simplified scheme of the transport activity mediated by SERCA: SERCA transports two Ca?*
ions against their electrochemical potential gradient from the cytoplasm [Ca?*] = 0.1 uM into the SR lumen
[Ca?*] = 1 mM using the free energy provided by ATP hydrolysis; b) Schematic diagram of sequential
reactions in the transport cycle of SERCA.

Thus, SERCA maintains a low cytoplasmic Ca%** concentration, contributing to the
maintenance of intracellular calcium homeostasis, which is essential for cell signaling
and survival. Dysfunctions of SERCA enzyme are associated with several diseases, such
as cardiovascular diseases, diabetes and cancer.'?#%?5%7 |t is therefore evident that
SERCA represents an important target for the development of novel therapeutic
compounds.

In the present study, the effect of P3 photoactivation on SERCA transport activity was
investigated. Compound P3 was selected between [Ru(RR-bpy)(dppn)]™ class of
complexes due to its appropriate water solubility conferred by the two
morpholinomethanone units on bipyridine ligand.

To characterize the interaction between SERCA and P3, we adapted a biosensing
approach, developed in the BioElectroLab at the University of Florence with the
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support of Dr. Francesco Tadini-Buoninsegni, based on a solid supported membrane
(SSM) that had already been successfully employed to evaluate the effects of
pharmacologically relevant compounds on P-type ATPases.128130

The SSM consists of a hybrid alkanethiol/phospholipid bilayer supported by a gold
electrode. In particular, the gold electrode is covered by an octadecanethiol monolayer
covalently bound via the sulfur atom and a diphytanoylphosphatidylcholine monolayer
is laid down on top of it. The SSM is mounted in a Plexiglas flow-through cuvette and
acts as the working electrode. The cuvette also contains a reference electrode, e. g.
Ag/AgCl electrode, which is separated from the main fluid pathway by a salt bridge. The
cuvette and the entire fluid pathway are enclosed in a Faraday cage. A commercially
available semi-automated device for SSM-based electrophysiological measurements

was employed. This instrument is based on the SURFE?R (Surface Electrogenic Event

Reader) technology (Figure 47).
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Figure 47: Instrumental set-up: instrument SURFE?RO¢ (lonGate Biosciences) with a zoom on analytical unit
which contains the cuvette with the work electrode constitutes by the SSM covered by
alkanethiol/phospholipid bilayer.

The SSM work electrode is then covered by rabbit skeletal muscle (SR) vesicles
containing SERCA. Once adsorbed on the SSM, SERCA can be activated by ATP
concentration jumps via fast solution exchange technique and a SERCA-related current

signals are measured.
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Using this experimental set up, we can demonstrate that incubating SSM-adsorbed SR
vesicles with complex P3 in dark conditions has no effect on SERCA activity; instead,
illumination with visible LED light induces the synthesis of 10, which remarkably affects
SERCA transport activity with an inhibitory effect dependent on light exposure duration
(Figure 48).

(/—;
=S
L=

N7 SN
e VAN K-J ADP p
[NJ P 4130 nm) 5 ATP
o {ANAO P3 Ca-ATPase ‘Z" ,f /
N \
SR vesicle

L
-

‘,{;
phospholipid | é H
alkanethiol ST

Au

Figure 48: Schematic diagram of experimental set-up: a P3 buffered solution is irradiated on SSM with
adsorbed SR vesicles containing SERCA.

2.7.1 Electrical measurements

Electrical current measurements were performed on rabbit skeletal muscle SR vesicles
containing a high amount of SERCA 1a isoform. Following the preparation of the
biosensor with absorbed SR vesicles, a fast solution exchange was performed on it to
activate SERCA transport activity. The electrical response can be monitored in
potentiostatic conditions. In this case, a rapid exchange between a non-activating
solution (without ATP) to an activating one (which contains ATP) produces a current
signal. The latter is attributed to an electrogenic event in the SERCA transport cycle

corresponding to ATP-dependent translocation and release of calcium ions into the SR
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vesicle interior. To keep the potential difference applied across the whole circuit
constant, the accumulation of positive charges (Ca%* ions) in vesicles is counterbalanced
by an electrons flow in the external circuit. The transient nature of the observed
electrical currents is a consequence of the capacitively coupled system formed by the
SSM and the vesicles absorbed (Figure 49). Useful information can be gained from
current transients: the numerical integration of each transient is related to a net charge
movement that depends upon the electrogenic calcium translocation by SERCA.3?
Eventually, due to the continuous pumping, the flow of Ca®* ions out of the vesicles
(favored by a Ca?* ionophore A23187 Calcimycin) becomes equal to their flow into the
vesicles, and steady-state conditions are gained. Under these conditions, the potential
difference across the vesicular membrane becomes constant, and no further signal is

detected.'3!
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Figure 49: Schematic representation of employed electrical circuit: when SR vesicle adsorbed on a SSM are
subjected to an ATP concentration jump, is induced a net charge displacement due to the translocation of
Ca?* ions inside the vesicles (red spheres). A compensating current flow along the external circuit (blue
spheres represent electrons) is induced to keep constant the applied potential difference (1V) across the
whole system. RE is the reference electrode.
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On this basis, preliminary experiments were carried out to evaluate the effect of P3
without illumination on Ca?* translocation by SERCA. Incubation of SR vesicles with a
buffered solution containing 10 uM of complex P3 in dark conditions does not affect
the ATP-dependent current signal associated with Ca?* translocation mediated by
SERCA (Figure 50). Similarly, no changes in the current signal are observed upon
illumination (A > 430 nm, 5 min) of SR vesicles in the absence of the photosensitizer P3

(Figure 50 inset).
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Figure 50: Current signals induced by ATP concentration jumps on SR vesicles adsorbed on the SSM in the
absence (black line) and after 10 min of incubation with Ru-PS (red line) in dark condition. Insert: current
signals induced by ATP jumps before (solid line) and after illumination (dashed line) with blue light for 5
min in the absence of Ru-PS. [ATP] = 100 uM, Ru-PS [10 uM]

Instead, to analyze the impact of P3 photoactivation on SERCA transport activity, the
SR vesicles were incubated with a buffered solution of 10 uM of P3 and exposed to
visible blue light for 5 min. Afterwards, a 100 UM ATP jump was carried out, and the
SERCA-generated current signal was compared to that obtained in the absence of P3
(initial control measurement) (Figure 51). As a result, a remarkable decrease in current
amplitude (red line in Figure 51) and translocated charge (red column in Figure 51) was
observed. Thus, photoactivation of P3 when incubated with SR vesicles results in a

significant inhibition of ATP-dependent Ca?* translocation by SERCA.
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To further understand if the inhibitory effect is dependent on the irradiation time, SR
vesicles incubated with 10 uM of P3 were irradiated for increasing times, at intervals
of 5 minute. The ATP-induced current signal is almost completely suppressed after a
total irradiation time of 15 min (Figure 51). These results suggest that 0, generated
form the photosensitization of P3 provokes a strong inhibitory effect on SERCA
transport activity. These findings are consistent with previous reported studies on the
inhibition of Ca** uptake and Ca%**-ATPase activity in cardiac and skeletal SR mediated

by that singlet oxygen 'O, produce by Rose Bengal irradiation.*?%2?
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Figure 51: Current signals (left panel) and average translocated charges (right panel) induced by ATP
concentration jumps (100 uM) on SR vesicles in the absence (initial control, black line and white column)
and in the presence of Ru-PS (10 uM) after incubation and photoactivation for 5 min (red line and column),
10 min (blue line and column) and 15 min (green line and column). The translocated charges were
normalized with reference to the charge obtained in the absence of Ru-PS. The error bars represent
standard deviation of two independent measurements.

Afterwards, in subsequent experiments, the dependence of the inhibitory effect on P3
concentration was also considered. Thus, under the same experimental conditions, an
analogous experiment to the ones above was carried out using a concentration of P3
of 1 uM. Remarkably, the same progressive decrease in current amplitude and

translocated charge upon increased time of irradiation is observed (Figure 52).
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Although, as expected, such a decrease in current amplitude is less pronounced than

that obtained for 10 uM concentration of P3.
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Figure 52: Current signals (left panel) and average translocated charges (right panel) induced by ATP
concentration jumps (100 uM) on SR vesicles in the absence (initial control, black line and white column)
and in the presence of Ru-PS (1 uM) after incubation and photoactivation for 5 min (red line and column),
10 min (blue line and column) and 15 min (green line and column). The translocated charges were
normalized with reference to the charge obtained in the absence of Ru-PS. The error bars represent
standard deviation of two independent measurements.
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EXPERIMENTAL SECTION

Material and methods

Calcium and magnesium chlorides and MOPS were obtained from Merck at analytical
grade. ATP (97 %) and 1,4-dithiothreitol (DTT) (99%) were purchased by Fluka. EGTA,
calcimycin (calcium ionophore A23187) and octadecanethiol were purchased from
Sigma Aldrich. The lipid solution containing diphytanoylphosphatidylcholine (Avanti

Polar Lipids) was prepared at a concentration of 1.5% (w/v) in n-decane.

Buffer solution composition:

MOPS (3-(N-morpholino)propanesulfonic acid) 25 mM

KCI 100 mM (supporting electrolyte for the maintenance of ionic strength)
CaCl,0.25 mM

MgCl; 1 mM

EGTA (ethylene glycol-bis (B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid) 0.25 mM
DTT (1,4-dithiothreitol) 0.2 mM prevents the oxidation of disulfuric bridge

pH is adjusted to 7.

Preparation of SR vesicles containing Ca?*-ATPase
SR vesicles were obtained by isolation from the fast twitch hind leg muscle of New

Zealand white rabbit utilizing an extraction protocol developed by Eletr and Inesi.'*?
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Protein concentration was determined by the Lowry method using bovine serum
albumin as a standard.!*3 The total protein content of SR vesicles was calculated to be
8.4 mg/mL. SERCA (isoform 1a) accounts for approximately 50% of the microsomal

protein.

Preparation of Solid Supported Membrane (SSM)

The experimental steps employed in the preparation of the hybrid
octadecanethiol/diphytanoylphosphatidylcholine bilayer supported by gold electrode
can be summarized as follow:

i) A solution of octadecanethiol 1 mM in 2-propanol (50 L) is incubated on
the nude gold electrode for 45 minutes. The electrode is washed with
ultrapure water and dried in nitrogen flux.

i) A solution of 1,2-Diphytanoil-sn-Glycero-3-[phosphor-L-choline] (3.5 pl) is
added to evenly cover the entire surface of the gold electrode.
Immediately after, 50 pL of buffer solution is added.

iii) Incubation at room temperature overnight allows the self-assembled
formation of the octadecanethiol/phospholipidic bilayer.

iv) After forming the SSM the capacitance and resistance of the SSM attained
constant values of the order of 0.2-0.4 uFcm™ and 10-20 MQcm?.

Vesicles containing SERCA are then absorbed on SSM surface:

V) 20 pL of buffer diluted protein suspension (0.5 mg/mL) containing 1uM
calcimycin (calcium ionophore A23187) is prepared and sonicated for 1 min
to eliminate any vesicles aggregates. Afterward, the solution is added to
evenly cover the entire surface of the gold electrode and incubated at
room temperature for 1 hour.

The SSM capacitance and resistance remained practically constant after vesicle

adsorption.
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ATP concentration jump experiments

SERCA is activated by an ATP concentration jump which is realized by rapidly switching
from a non-activating solution (buffer) to an activating solution at the SSM surface.
-non-activating solution contains 100 mM KCl, 25 mM MOPS (pH 7.0), 0.25 mM EGTA,
1 mM MgCl,, 0.25 mM CaCl, (10 uM free Ca%, as calculated by the WinMAXC program),
and 0.2 mM DTT.

-activating solution is identical except for addition of 100 uM ATP. To prevent Ca%*

accumulation into the vesicles 1 uM calcium ionophore A23187 (calcimycin) is added.

Jump ATP method can be described as follow:

i) Non-activating solution flows on SSM surface for 1 second.

ii) A fast exchange with activating solution follows and it flows on SSM surface

for 2 seconds.

iii) Non-activating solution flows again for 2 seconds.
If the ATP jump induced charge displacement across the membrane by the ATPase, a
current transient was measured due to capacitive coupling between the SSM and the
vesicles. The numerically integrated current transient is related to a net charge
movement within the protein, which depends upon the electrogenic calcium
translocation by SERCA. In particular, the current signal of the transport protein was
detected under potentiostatic conditions. In this case, movement of a net charge across
the activated protein was compensated by a flow of electrons along the external circuit
toward the gold electrode to keep the applied voltage constant across the whole
metal/solution interphase. Normally, experiments were carried out under short-circuit
conditions, i.e. at zero applied voltage relative to the reference electrode.
The ATP concentration jump experiments were carried out by employing the
SURFEZR®" instrument (Nanion Technologies, Munich, Germany). The temperature

was maintained at 20-22 °C for all the experiments.
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Each single measurement was repeated 5 times and then averaged to improve the
signal to noise ratio. Standard deviations did not exceed 5%. Moreover, each set of

measurements were usually reproduced using two different SSM sensors.
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Chapter 3

RPCs featuring Perylenemonoimide (PMI) derivative

According to the assumptions stated in the introduction, a ruthenium(ll)-based PS for
PDT applications may be considered much more successful if it is effectively able to
produce '0; via type-II catalytic photoreaction using long wavelength light. Aside from
using m-extensive aromatic polypyridyl ligands, as described in Chapter 2, another
strategy to consider is conjugating a pendant organic chromophore on commonly used
bipyridyl or phenanthroline ligands. This strategy was firstly reported by Ford and
Rodgers in 1992.%* The resulting bichromophores, consisting of a Ru(ll) diamine
complex covalently linked to an organic chromophore, place the Ru(ll)-based *MLCT
excited state in equilibrium with the lowest-lying long-lived triplet state (3IL)
contributed by the organic unit. The consequence of this bichromophoric arrangement
and the existence of quasi-isoenergetic 3MLCT and 3IL states is the creation of an
excited-state energy reservoir that prolongs the 3MLCT emission.3* Furthermore,
bichromophoric systems could take advantage in the increased light absorption, even
in the NIR region of the spectrum (see paragraph 2 of the introduction).*

On this basis, RPCs featuring bpy or phen-based ligands covalently linked to organic
chromophores are widely studied.* Among them, complexes containing bpy-pyrene-
conjugated ligands are particularly effective at stabilizing the 3MLCT excited state 3> 3!
and providing a high vyield of 0, sensitization. Consequently, chromophores with
similar structure but significantly more extensive n-conjugation and diverse electronic
features were considered. Between them, a great deal of interest has been reserved
for perylene and perylene-imides. The latter belong to a class of polyaromatic

hydrocarbons that gained popularity for almost a century because of their multifaceted
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properties suitable for a variety of uses. Perylene dyes can be classified into two major
classes: perylene diimide (PDI), featuring two electron-withdrawing symmetrical imide
moieties on the top and bottom of the electron-rich perylene core, and asymmetric
perylene monoimide (PMI) possessing only one imide group (Figure 53). Both type of
compounds have extreme thermal and photochemical stability, chemical robustness,
high molar-absorptivity, remarkable photoluminescence, and impressive electron-

accepting properties.!3®
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Figure 53: Numbering and general structure of perylene monoamide (PMl) and perylene diimide (PDI) dyes.

These interesting features could be successfully exploited in the preparation of
perylene-metal complexes. In particular, RPCs containing perylene imides generally
show high absorption coefficient in the visible/NIR region and enhanced 'O,
production, 1377140

It is noteworthy that most RPCs containing perylene imide derivatives have pendant
PDI chromophores conjugated in the bay or imide positions, and they are mostly

137,139,141,142 \ith 3 few

studied in photoinduced energy and electron transfer processes
examples in PDT.1391%3 On the other hand, there are far fewer systems containing PMI
chromophores described in the literature.*

In light of this, in collaboration with Prof. Tomas Torroba of the University of Burgos
and leveraging his expertise in the synthesis and application of perylenemonoimide

(PMI) compounds as sensors, we developed a new class of RPCs featuring PMI pendant

derivatives (Figure 54).
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In complexes Ru-5PMI and Ru-3PMI, the PMI derivative has the imide nitrogen
functionalized with a bulky aliphatic group (1-adamantyl-ethylamine) to increase its
own solubility.*** Furthermore, unlike the most previously reported perylene-RPCs in
which PDI chromophores are bonded through the imido nitrogen, effectively

139,140,142 in complexes Ru-5PMI and

decoupling the PDI unit from the ruthenium core,
Ru-3PMlI, the PMl is directly conjugated to the phenanthroline ligand via a C-C bond at
positions 5 or 3, respectively. This bichromophoric arrangement allows a high
electronic coupling between the metal core and the PMI. The choice to functionalize
positions 5 or 3 of the 1,10-phenanthroline serves to investigate possible differences in
the chemical-physical properties of the two complexes. Due to the asymmetric
functionalization of only one phenanthroline ligand, both complexes were obtained as
racemic mixture, A and A enantiomers, of two not separable constitutional isomers.

The synthetic process was improved by applying Suzuki-Miyaura coupling directly on

the ruthenium complex, which effectively increased the yields of the final products.

| 2PFg

Ru-3PMI

Figure 54: Chemical structures of RPCs containing PMI chromophore studied in this thesis.
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3.1 Synthesis of Ru-Perylenemonoimide complexes

The optimization of the synthetic process for the preparation of complexes Ru-5PMl
and Ru-3PMI was part of this thesis work and | carried out personally in Prof. Tomds
Torroba’‘s research laboratories at the University of Burgos.

The synthesis of the PMI derivative 15 was previously optimized by Torroba et al.14414
In brief, commercially available perylene tetracarboxylic dianhydride 12 is subjected to
a one-pot process of imidization-decarboxylation using 1-(1-adamantyl)ethylamine
hydrochloride as amine to insert a bulky-aliphatic group and avoid m-stacking
phenomena that complicate purification procedures.'* Mono-bromination in peri
position of compound 13 is then carried out using bromine and iron powder as catalyst,
yielding compound 14 which is then converted in the PMI-pinacol boronic ester 15

through Miyaura borylation reaction with the bis(pinacolato)diboron (Scheme 7).
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Scheme 7: Synthetic route follewe for the preparation of PMI-pinacol boronic ester derivative 15.

Following the synthesis of the PMI-pinacol boronic ester 15, the first synthetic strategy
designed to prepare the complexes Ru-5PMI and Ru-3PMlI involved the synthesis of the
phenanthroline ligands, N-(2-adamantyl-ethylamine)-9-(5-phenanthroline)-3,4-
perylenemonoimide (5PMI) and N-(2-adamantyl-ethylamine)-9-(3-phenanthroline)-
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3,4-perylenemonoimide (3PMI), via Suzuki-Miyaura coupling reaction between
compound 15 and commercially available 5-bromo-1,10-phenanthroline or 3-bromo-
1,10-phenanthroline respectively, followed by reactions with Ru(Phen),Cl; (1)(Scheme
8).
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Scheme 8: First synthetic strategy designed to prepare the complexes Ru-5PMI and Ru-3PMI.

Unfortunately, the synthetic route in scheme 8 prevents the obtainment of complexes
Ru-5PMI and Ru-3PMI due to the synthetic issues encountered in the Suzuki-Miyaura
coupling reaction for the preparation of ligands 5PMI and 3PMI. The Suzuki-Miyaura
coupling was conducted using Pd(PPhs), as catalyst and K,COs as a base in a deaerated
dimethylformamide/water mixture. The catalytic cycle starts with the oxidative
addition of the bromo-phenanthroline to Pd(0), resulting in a Pd(ll) species that reacts
in trasmetalation with the PMI-pinacol boronic ester 15. The reductive elimination
leads to products 5PMI or 3PMI, and regenerates the Pd(0) catalyst (Schema 9).
Adopting this strategy, the compounds 5PMI and 3PMI were obtained in very low yields
(5% and 10%, respectively). We can speculate that these results partly depend on the
electron-poor character of both the bromo-phenanthrolines and the PMiI-pinacol
boronic ester 15 that hinder both the oxidative addition step and the transmetalation

step, permitting the coordination of palladium at the free-phenanthroline and causing
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the interruption of the catalytic cycle.*® Additionally, difficult purification processes

due to limited solubility and the formation of m-stacking aggregates reduce yields
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Scheme 9

The synthetic strategy was therefore reconsidered using the so called “chemistry-on-
the-complex”.'¥ In the synthetic approach reported in Scheme 10 the PMlI-pinacol
boronic ester 15 is inserted in the last step via a Suzuki-Miyaura coupling reaction
directly conducted on a stable mono-brominated ruthenium complex (18 or 19).

Briefly, complexes Ru-5PMI and Ru-3PMI were prepared by reacting the polymeric
precursor [Ru(CO):Cl]n 2 with 5-bromo-1,10-phenanthroline or 3-bromo-1,10-

phenanthroline at a molar ratio of 1 : 1.1 in refluxed methanol for 2h to obtain trans-
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CI[Ru(Br-Phen)Cl;(C0O),] complexes with formula 16 and 17. The latter are obtained
pure by simple hot filtration of the reaction mixture with a yield of 46% and 53%
respectively. Afterward, reaction with two equimolar amounts of 1,10-phenanthroline
(5) and TMAO in 2-methoxyethanol affords complexes 18 and 19, which are isolated
with high purity from the reaction mixture after precipitation with an aqueous solution
of KPFs yielding 82% and 75%, respectively. Of noting that, depending on the
coordination of the asymmetric bromo-phenanthroline, a mixture of not-separable
isomers is formed in this step. This feature complicates the assignment of *H NMR
signals that are split into two sets of signals, one for each of the two isomers. The last
reaction step, as mentioned before, is the Suzuki-Miyaura coupling between PMI-
pinacol boronic ester 15 and the bromo-phenanthroline already coordinated on the
ruthenium metal centre. The reaction is carried out using an equimolar amount of
complexes 18 or 19 and compound 15 dissolved in a mixture of deaerated
dimethylformamide/water 2:1. After adding Pd(PPhs)s (1 % w/w) as catalyst and K,COs
as a base, the reaction mixture is heated to 100°C and stirred for 3h. Appling Suzuki-
Miyaura coupling directly on the pre-formed ruthenium complexes 18 and 19 reveals
itself to be an efficient and straightforward method to avoid the issues found in the
first synthetic approach (Scheme 2) obtaining the complexes Ru-5PMI and Ru-3PMl in

high vyields (64 % and 88%, respectively) and easily purified through flash

chromatography.
15
CO 5 Pd(PPhg),
Ru-5PMI
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CO
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Scheme 10: Synthetic route follewed for the preparation of complexes Ru-5PMI and Ru-3PMI.
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3.2 Characterization of Ru-Perylenemonoimide complexes

For comparison, the chemical-physical properties of complexes Ru-5PMI and Ru-3PMI
were investigated using the PMI chromophore (13) and [Ru(phen)s]Cl; as reference.
The electronic absorption spectra of each of the four compounds in acetonitrile and
water are reported in Figure 55, whereas their molar extinction coefficients (€) at
different absorption maxima Amax are listed in Table 11. As it is possible to note, the
absorption profiles of the two complexes exhibit both in acetonitrile and water two
intense intraligand m—m* electronic transitions between 250-280 nm, which is also
observed in the absorption profile of [Ru(phen)s]Cl,. On the other side, the broad bands
between 400-600 nm in both the solvents is not the sum of those of the individual
components ([Ru(phen)s]Cl, and PMI 13), indicating that the moieties interact at the

ground state.

a) b)
- = PMI —= PMI
140000 - == RuPhen, 100000 === RuPhen,
Ru-5PMI ! —— Ru-5PMI
120000 - RU-3PMI i —— Ru-3PMI

80000 -
'
100000 ;.

60000 - -

g (M*cm™)
& (M* cm™)

i
60000 | i
40000 -

40000
20000 -

20000 - :

3(30 4(‘)0 5(‘)0 6[‘)0
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Figure 55: Absorption spectra of 5 uM solutions of compounds PMI (pink dash line), [Ru(Phen)s]?* (blue

dash line), Ru-5PMl (black solid line) and Ru-3PMI (red solid line) in acetonitrile a) and water b).

Compound CH3CN H20
Aabs/nm (€ x 10° M1 cm™?) Aabs/nm (€ x 103 M em™)
Ru-5PMI ‘ 500 (53.8) 475 (54.9) 262 (146.1) 480 (34.0) 265 (110.4)
Ru-3PMI ‘ 510 (34.9) 480 (35.9) 262 (132.1) 500 (20.5) 460 (25.0) 265 (106.2)
PMI 485 (16.8) 470 (7.70)
RuPhen3 440 (16.2) 262 (101.7) 440 (15.8) 265 (98.3)

Table 11: Electronic absorption maxima measured in acetonitrile and water.
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The emission spectra of the four compounds in acetonitrile recorded at different
excitation wavelengths are reported in Figure 56. Figure 56a and Figure56b show the
emission spectra of 5 uM solutions of PMI and [Ru(phen)s]Cl; in acetonitrile,
respectively. The PMI has a broad emission band centred at 540 nm with a shoulder at
580nm, whereas [Ru(phen);]Cl, exhibit an emission band with maximum at 590 nm.
When the emission spectra of Ru-5PMI (Figure 56¢) and Ru-3PMI (Figure 56d) are
considered, it can be observed that the emission spectrum of Ru-5PMI remains almost
unchanged even if the excitation wavelength is shifted between 500 nm (excitation
wavelength centring on the PMI component) and 400 nm (excitation wavelength
centring on the ruthenium metal centre). The emission profile is almost identical to
that observed for the free-PMI chromophore, with a maximum at 540 nm and a
shoulder at 580 nm. In contrast, the emission spectrum of complex Ru-3PMI upon
excitation at 500 nm (excitation wavelength centring on the PMI component) shows a
broad emission with a maximum around 500 nm and a broad shoulder at 580 nm,
whereas upon excitation at 400 nm (excitation wavelength centring on the ruthenium
metal centre) exhibits an emission spectrum identical to that of [Ru(phen)sCl;] with a
maximum at 590 nm. Taken together, the absorption and emission spectra seem to
indicate that the position of PMI functionalization determines a different behaviour of
the two complexes: Ru-5PMI behaves similar to a supermolecule, with the PMI almost
completely coupled to the metal centre, whereas Ru-3PMI behaves as a dyad, with the

metal centre decoupled from the PMI.
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Figure 56: Luminescence spectra of 5 uM solutions a) PMI, b) [RuPhens]?*, c) Ru-5PMI and d) Ru-3PMI in
acetonitrile recorded by excitation at different A (500, 470, 450, 420 and 400 nm)

Secondly, the DHN assay was preliminarily used (see chapter 2 paragraph 2.2 for
deteils) to compare the efficiencies of Ru-5PMI and Ru-3PMI to generate 0, with those
of the two components, PMI chromophore (13) and [Ru(phen)s]Cl,, as reference. In
Figure 57, the UV-Vis titration obtained for complex Ru-5PMlI is reported, along with
the semilogarithmic plots of (A/Ao) as a function of the irradiation time for each of the
four compounds. The rate constants (kobs) of the photo-oxidation process paid by DHN
are listed in Table 12. Experiments were carried out by irradiating (LED Lamp: Amax 434
nm, 160 mW) 10 uM air pre-saturated acetonitrile solution containing Ru-5PMI, Ru-
3PMI, [Ru(phen)s;])?* or PMI (13) in the presence of 3.3x10* M of DHN. As can be
observed from the insert in Figure 57, Ru-5PMI and Ru-3PMI exhibit remarkably higher
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photosensitizing features with a similar amount of 0, produced within 70 and 110 s by
Ru-5PMI and Ru-3PMI respectively, and in more than 300 s by [Ru(phen)s]*. To note,
also, that PMI (13) alone can produce 0, upon photoexcitation with blue light in an

amount that is about half that found for [Ru(phen)s]Cl; .

2,5 4 = Ru-SPMI
o Ru-2PMI

0.0+
Wiitaeso o o,
at - *- v

2,0 0] TR -
- . AS 9424107
_
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0 50 100 150 200 250 300 350
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7

0,0
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Figure 57: Absorption spectra of a solution containing DHN (3.3 x 104 M) and complex Ru-5PMI (10 uM) in
acetonitrile at different irradiation times (up to 300 seconds) along with the linear regressions of the
semilogarithmic plots of In(A:/Ao) as a function of the irradiation time (insert) for Ru-5PMlI (black square),
Ru-3PMl (red points), PMI (pink triangles) and [Ru(phen)s]2+ (blue triangles).

Parallelly, the 0, quantum yields for complexes Ru-5PMI and Ru-3PMI in acetonitrile
were further assessed by measuring the phosphorescence signal of !0, at 1270 nm
induced by irradiation of air-saturated solutions of the PSs at 470nm using
[Ru(phen)s]Cl, as standard reference (see chapter 2 paragraph 2.2 for deteils). The 0,
quantum yields for Ru-5PMI and Ru-3PMI, along with the rate constants for the DHN
oxidation process are listed in Table 12. Both Ru-Perylenemonoimide complexes are
more efficient singlet oxygen sensitizers than [Ru(phen)s]Cl,, as demostrated by results
(Table 12), demonstrating that the extension of m-conjugation improves singlet oxygen
sensitization capacity. On the other hand, no appreciable differences are found
between Ru-5PMI and Ru-3PMI, proving that the position of the PMI functionalization

does not influence the 0, sensitization capacity.
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Complex Kobs (s7%) @a (102)
[Ru(phen)s]Cl> 9.41 (+0.03) x 10™ 0.38+0.067°
PMI (13) 4.36 (+0.05) x 10 -
Ru-5PMi 3.75 (£ 0.04) x 10 0.69 £ 0.06
Ru-3PMI 2.59 (+0.01) x 103 0.66 £ 0.06

Table 12: Values of rate constants (Kops) for the photo-oxidation process of DHN in air saturated acetonitrile
solutions ([PS]=10 uM, [DHN]=3x104 M) and single oxygen quantum yield determined by direct
measurement of 10, phosphorescence signal at 1270 nm.

3.2 DNA-binding studies

The ability of complexes Ru-5PMI and Ru-3PMI to interact with DNA, a key target for
anticancer drugs as well as for antibacterial compounds, was assessed using electronic
absorption spectroscopy and fluorescence spectroscopy. Both techniques provide
important information on the metal-complex’s affinity for DNA and help to understand
the mode of interaction (see paragraph 3 of the Introduction).

Firstly, the DNA-binding capacity of complexes Ru-5PMI and Ru-3PMI was evaluated
on calf thymus DNA (ct-DNA) by monitoring the changes at the MLCT band in their UV-
Vis spectra upon addition of increasing amounts of the biopolymer to solutions of
ruthenium compounds at fixed concentrations at pH 7.2. As shown in the UV-Vis
titrations in Figure 58a and Figure 59a, the progressive addition of ct-DNA determines
a hypochromic effect on the whole absorption profile of both complexes. In particular,
the extent of hypochromism is found to be greater for Ru-3PMI, which undergoes a
reduction of about 34% of the absorbance in the *MLCT band in the presence of 0.3
equimolar amounts of the biopolymer. On the other side, the absorbance of Ru-5PMI
is diminished of about 15% in the *MLCT absorption band when a 0.3 equimolar amount

of ct-DNA is added. However, when evaluating the strength by determining the intrinsic
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binding constants as the ratio of the slope and intercept for the linear regression of
[DNA]/| &4 — &\ vs. [DNA] using the Benesi-Hidebrand equation (see paragraph 3 of
the Introduction), a linear trend is found for complex Ru-3PMI (Figure 59b) from which
it is possible to define that the value of Ky is 3.75 x 108. Conversely, the trend is not
linear for Ru-5PMI (Figure 58b), for which two different slopes appear. Discomposing
the titration in two parts, until adding a 0.1 equimolar amount of ct-DNA the slope is
steeper, and the Kp; for the first six points is determined to be 6.41 x 10°. In the second
part of the titration, between 0.2 and 0.3 equimolar amounts of ct-DNA added the
slope of the linear fit is diminished and the Ky, is determined to be 4.14 x 10°. Besides
the lack of linearity of Ru-5PMI, is evident that both the complexes strongly interact
with ct-DNA, presumably via a predominant intercalation mode since the main effect

on their absorption spectra is hypochromism.
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Figure 58: a) Absorption spectra of Ru-5PMI recorded in the presence of increasing concentrations of ct-
DNA; b) linear regression of plotted [DNA]/|ea-eb| values in function of the ct-DNA molar concentration
(Ru=10 uM, Tris-HCl buffer 10 mM, NaCl 50 mM, pH 7.4).
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Figure 59: a) Absorption spectra of Ru-3PMI recorded in the presence of increasing concentrations of ct-
DNA; b) linear regression of plotted [DNA]/|ea-eb| values in function of the ct-DNA molar concentration
(Ru=10 uM, Tris-HCI buffer 10 mM, NaCl 50 mM, pH 7.4).

Considering the difficulties found in the determination of the binding constant (Ky) for
complex Ru-5PMI through UV-Vis titration, a direct fluorescence titration were also
performed by exciting 2 UM buffered solutions of the complex in the presence of
increasing concentrations of ct-DNA (Figure 60). As shown in the insert in Figure 60, the
emission intensity decreased progressively with increasing ct-DNA concentration
(decrease percentage: 72%) until a plateau was reached when two equimolar amounts
of ct-DNA were added. This behaviour denotes a strong and effective interaction
between Ru-5PMI and the biopolymer, in accordance with what is observed in the UV-

Vis titration.
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Figure 60: Fluorescence spectra (Agx 530 nm) of Ru-5PMI recorded in the presence of increasing
concentrations of ct-DNA. Insert: trend of fluorescence intensity (Aem 610 nm) as a function of ct-DNA
concentration. ([Ru-5PMlI] = 2 uM, TRIS buffer pH=7.2)

The DNA-binding ability of the two Ru-Perylenemonoimide complexes was lastly
assessed by fluorescence competitive binding tests using ethidium bromide (EB) as an
intercalator, their respective graphs are shown in Figure 51. Following the addition of
increasing concentrations of Ru-5PMI and Ru-3PMl, the fluorescence emission spectra
of fixed concentration solutions of ct-DNA (10 uM) and EB (10 uM) in Tris buffer (pH
7.4) were recorded. Experiments reveal that as Ru-PSs concentrations are raised, the
fluorescence intensity of the DNA-EB complex significantly decreases (79% and 75%
respectively for Ru-5PMI and Ru-3PMI). These findings confirm that both complexes
have substantial intercalating abilities that can effectively displace EB from the DNA-EB
complex. The Stern-Volmer and Scatchard equations were used in the DNA-EB
fluorescence quenching studies (as reported in chapter 2, pharagraph 2.4), and the
results allowed for the determination of values for the quenching constants (Ksy),

association constants (K.), number of binding sites (n) and apparent DNA binding
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constants (Kapp) Which are listed in Table 13. The calculated parameters confirm that

both complexes have a similar and strong ability to interact with the DNA in a

preferentially intercalative mode of action.
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Figure 61: Molecular fluorescence emission spectra associated to the titrations of DNA-EB (10 uM, Tris
buffer pH 7.4, Aex 527 nm, Aemy 610 nm) with increased concentrations of complexes a) Ru-5PMI and d) Ru-
3PMI recorded at 298 K; b) and e) show the Stern-Volmer plot for the calculation of quenching constant
(Ksv) respectively for Ru-5PMI and Ru-3PMl; c¢) and f) show the Scatchard plots for the determination of
apparent DNA binding constants (Kapp) and the number of binding sites (n) respectively for Ru-5PMI and

Ru-3PMI.

Ru-5PMI

Ru-3PMI

Ksv (M)
Ka (M)
n

Kapp (M)

5.4+0.01x10°

2.8+0.004 x 10%
1.52

3.3+ 0.006 x 107

2.6+0.01x10°

2.9+0.002 x 10®
1.50

2.0+ 0.006 x 107

Table 13: Values of quenching constants (Ksy), association constants (K,), number of binding sites (n) and
apparent DNA binding constant (Kqapp) for complexes Ru-5PMI and Ru-3PMI obtained from ethidium

bromide (EB) competitive assay.
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EXPERIMENTAL SECTION

Synthesis

Materials and methods

Reagents and solvents were purchased from Sigma Aldrich and Alfa Aesar and were
used without further purification. The NMR spectra were collected with a Bruker 400
MHz spectrometer. The synthesis of PMI derivative 14 was previously optimized by

Torroba et al.'* utilizing as starting material the commercialy available compound 12.

Synthesis of 15

a5 e5eSUN

Previously synthesized compound 14 (580 mg, 1.02 mmol),*** was dissolved in 40 mL
of dry 1,4-dioxane under N, atmosphere. Bis(pinacolato)diboron (380 mg, 1.5 mmol)
and potassium acetate (200 mg, 2.04 mmol) were added, the mixture was stirred at r.t.
and 7 mg (0.01 mmol) of Pd(dppf)Cl, ([1,1'-Bis(diphenylphosphino) ferrocene]
dichloropalladium (II)) catalyst was added. The reaction mixture was heated ad 75°C
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and stirred overnight under N, atmosphere. The solvent was removed at reduced
pressure and the solid residue was dissolved in dichloromethane and washed three
times with water and once with BRINE. The organic phase was dried with Na;SO4 and
evaporated to dryness. The crude product was then purified via flash chromatography
on silica gel by using a mixture of dichloromethane and hexane as eluent (from 1:1 to
5:1 DCM:Hex). Yield 60%. *H-NMR (300 MHz, CDCl5): 6 8.18 (dd, J; = 8.4 J, = 1.8, 1H),
8.54-8.45 (m, 2H), 8.36-8.25 (m, 4H), 8.14 (d, J1 = 7.8, 1H), 7.60 (td, J; = 9.3, J, = 8.1, Js
= 1.8, 1H), 5.10 (dd, J; = 14.7, J, = 7.2, 1H), 1.98 (bs, 3H), 1.89-1.77 (m, 3H), 1.73-1.63
(m, 13H), 1.48 (12H).

Synthesis 16
~ Il Cl
\R|U/CO
G
NS
Polymeric precursor 2 (59 mg, 0.25 mmol) was dissolved in dry methanol under N,
atmosphere. Then, 5-bromo-1,10-phenantroline (60 mg, 0.23 mmol) was added and
the reaction mixture was stirred at reflux for 1 h. The white precipitate formed was
then filtered and washed with hot methanol to obtain complex 16 as a white solid. Yield
46 %. *H-NMR (400 MHz, (CD3),S0): 6 9.77 (d, J = 5.2 Hz, 1H), 9.70 (d, J = 4.0 Hz, 1H),
9.10 (d, J=8.0 Hz, 1H), 8.98 (d, J=8.0 Hz, 1H), 8.91 (s, 1H), 8.33 (dd, J1=4.0 Hz, J,= 8.0 Hz,
1H), 8.24 (dd, J1=4.0 Hz, J,= 8.0 Hz, 1H) ppm. *C-NMR (100 MHz, (CD3),SO): § 155.0,
154.7,144.8,139.5,131.5, 130.7, 129.8, 128.2,127.8, 121.3 ppm.
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Synthesis 17

=

N T co
P
J cl o

Br
Polymeric precursor 2 (117 mg, 0.50 mmol) was dissolved in dry methanol under N;
atmosphere. Then, 3-bromo-1,10-phenantroline (118 mg, 0.45 mmol) was added and
the reaction mixture was stirred at reflux for 2 h. The white precipitate formed was
then filtered and washed with hot methanol to obtain complex 17 as a yellow/orange
solid. Yield 80 %.
IH-NMR (400 MHz, (CD3),S0): 6 9.78 (d, J = 4.0 Hz, 1H), 9.69 (d, J=4.0 Hz, 1H), 9.42 (d, J
= 4.0 Hz, 1H), 9.04 (d, J=8.0 Hz, 1H), 8.45 (d, J=8.0 Hz, 1H), 8.32 (d, J = 8.0 Hz, 1H), 8.23
(dd, J1=8.0 Hz, J,= 4.0 Hz, 1H) ppm.
13C-NMR (100 MHz, (CD3),S0): & 199.8, 195.8, 154.2, 144.9, 144.0, 142.0, 140.1, 131.3,
130.8,129.7,127.3,120.9 ppm.

Synthesis 18

To a solution of 16 (50 mg, 0.10 mmol) in 5 mL of degassed 2-methoxyethanol were
added 1,10-phenantroline (56 mg, 0.20 mmol) and trimethylamine N-oxide (38 mg,
0.50 mmol). The reaction mixture was stirred 1 hours at reflux under N, atmosphere.

After cooling at r.t., the addition of 0.1 M aqueous solution of KPFs (2 mL) allowed the
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precipitation of complex 18 as dihexafluorophosphate salt, that was collected by
filtration under vacuum and the solid was washed with water and diethyl ether. The
crude product was obtained with a high grade of purity to proceed with the next
synthetic step. Yield 82%. Noting that product 18 is obtained as a mixture of not
separable isomers. This feature complicates the assignment of *H NMR signals that are
split into two sets of signals, one for each of the two isomers. Recording *H-NMR
spectra at low concentration (~5 mM) (Figure 62a) allows to increase the resolution
compared to spectra recorded at higher concentrations (~14 mM) (Figure 62b). H-
NMR (400 MHz, (CD3),CO): & 8.91 (d, J = 8.0 Hz, 1H), 8.88-8.75 (m, 5H), 8.52 (d, J = 8Hz,
1H), 8.50-8.38 (m, 8H), 7.94 (dd, J:=8.0 Hz, J,= 12.0 Hz, 1H), 7.88-7.79 (m, 5H) ppm. 3C-
NMR (100 MHz, (CDs),CO): 6 154.0, 153.7, 153.4, 153.1, 148.0, 137.1, 136.3, 136.2,
134.2, 131.1, 128.3, 127.0, 126.7, 126.3 ppm. HR-MS: calcd for CssHasNesRu [M]?**
361.00997, found [M]**361.00901.
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0. anh A
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8.95 8.85 8.75 8.65 8.55 8.45 8.35 8.25 8.15 8.05 7.95 7.85 7.75
f1 (ppm)

Figure 62: 1H-NMR (400 MHz) spectra of compound 18 in acetone-D6 recorded at a) 5 mM and b) 14 mM.
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Synthesis 19

To a solution of 17 (65 mg, 0.13 mmol) in 7 mL of degassed 2-methoxyethanol were
added 1,10-phenantroline (48 mg, 0.26 mmol) and trimethylamine N-oxide (74 mg,
0.67 mmol). The reaction mixture was stirred 2 hours at reflux under N, atmosphere.
After cooling at r.t., the addition of 0.1 M aqueous solution of KPFs (2 mL) allowed the
precipitation of complex 19 as dihexafluorophosphate salt, that was collected by
filtration under vacuum and the solid was washed with water and diethyl ether. The
crude product was obtained with a high grade of purity to proceed with the next
synthetic step. Yield 75%. Noting that product 19 is obtained as a mixture of not
separable isomers. This feature complicates the assighment of *H NMR signals that are
split into two sets of signals, one for each of the two isomers. *H-NMR (400 MHz,
(CD3),C0): 6 9.07 (d, J = 2.0 Hz, 1H), 8.85-8.79 (m, 5H), 8.61 (d, J =4.0 Hz, 1H), 8.54-8.37
(m, 8H), 8.33 (d, J = 4.0Hz, 1H), 7.87-7.79 (m, 5H) ppm. HR-MS: calcd for C3sH23NeBrRu
[M]?* 361.00997, found [M]**361.00896.
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Synthesis Ru-5PMlI

In a Schlenk apparatus, a solid mixture of complex 18 (80 mg, 0.08 mmol) and
compound 15 (53 mg, 0.09 mmol) was solubilized in 4 mL of deaerated mixture of
dimethylformamide and water 2:1. Potassium carbonate (55 mg, 0.40 mmol) was
added, and three vacuum/nitrogen cycles were performed. Then, a catalytic amount (1
% w/w) of Tetrakis(triphenylphosphine)palladium(0) as catalyst was added and three
vacuum/nitrogen cycles were performed again. The reaction mixture was stirred at
100°C for 3 hours, then cooled at r.t. and filtered on a Celite pad with methanol to
remove the catalyst. Filtered solution was evaporated to dryness and the resulting red
solid was solubilized in dichloromethane (60 mL) ad washed three times with 10 mL of
water and once with 10 mL of BRINE. The organic phase was dried with Na,SOy, filtered,
and evaporated to dryness. The red crude product was purified via flash
chromatography on silica gel (dichloromethane : methanol 60:1) to obtain complex Ru-
5PMI as a red/orange solid with a yield of 64%. Noting that product Ru-5PMI is
obtained as a mixture of not separable isomers. This feature complicates the

assignment of *H NMR signals that are split into two sets of signals, one for each of the
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two isomers. *H-NMR (400 MHz, (CD3),CO): 6 9.10-8.78 (m, 5H), 8.72-8.15 (m, 18H),
8.73-8.14 (m, 5H), 7.79-7.35 (m, 4H), 5,04 (q, 1H), 1.94-1.74 (m, 6H), 1.72-1.45 (m, 12H)
ppm. *C-NMR (100 MHz, (CD3),CO) § 165.34, 165.20, 164.63, 156.08, 154.04, 153.91,
153.77, 153.67, 151.46, 149.08, 148.96, 148.73, 148.70, 148.65, 147.86, 138.86,
138.73, 137.70, 137.06, 136.38, 136.22, 134.88, 133.82, 133.45, 131.78, 131.41,
131.28, 131.04, 130.48, 130.25, 130.06, 129.84, 129.43, 128.87, 128.51, 128.14,
127.83, 127.20, 126.89, 126.64, 126.52, 126.20, 124.62, 124.24, 123.84, 123.57,
122.62,122.48,121.71,121.48,119.82, 58.08, 40.73, 38.16, 38.14, 37.34, 37.26, 30.32,
30.15, 29.96, 29.76, 29.57, 29.38, 29.29, 29.27, 29.19, 28.99, 12.95, 12.90 ppm. HR-MS:
calcd for C7oHs:N70,Ru [M]?* 561.66779, found [M]?**561.65710.

Synthesis Ru-3PMI

In a Schlenk apparatus, a solid mixture of complex 19 (80 mg, 0.08 mmol) and
compound 15 (53 mg, 0.09 mmol) was solubilized in 4 mL of deaerated mixture of
dimethylformamide and water 2:1. Potassium carbonate (55 mg, 0.40 mmol) was
added, and three vacuum/nitrogen cycles were performed. Then, a catalytic amount (1
% w/w) of Tetrakis(triphenylphosphine)palladium(0) as catalyst was added and three
vacuum/nitrogen cycles were performed again. The reaction mixture was stirred at
100°C for 3 hours, then cooled at r.t. and filtered on a Celite pad with methanol to
remove the catalyst. Filtered solution was evaporated to dryness and the resulting red
solid was solubilized in dichloromethane (60 mL) ad washed three times with 10 mL of

water and once with 10 mL of BRINE. The organic phase was dried with Na,SOy, filtered,
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and evaporated to dryness. The red crude product was purified via flash
chromatography on silica gel (dichloromethane = dichloromethane : methanol 20:1)
to obtain complex Ru-3PMI as a red/orange solid with a yield of 88%. Noting that
product Ru-3PMI is obtained as a mixture of not separable isomers. This feature
complicates the assignment of *H NMR signals that are split into two sets of signals,
one for each of the two isomers. *H-NMR (400 MHz, (CD3)2CO): 6 8.96-8.76 (m, 6H),
8.59-8.40 (m, 10H), 8.00-7.81 (m, 10H), 7.74-7.56 (m, 6H), 4.79 (m, 1H), 1.87 (sb, 3H),
1.77-1.62 (m, 6H), 1.58-1.50 (m, 6H), 1.47-1.41 (m, 3H) ppm. 3C-NMR (100 MHz,
(CDs)2CO0) 6 165.08, 164.63, 164.41, 158.57, 154.09, 153.77, 152.55, 148.75, 148.69,
148.32, 147.94, 146.36, 138.23, 138.06, 137.82, 137.68, 137.57, 137.35, 136.47,
136.26, 134.80, 133.93, 133.78, 132.90, 132.42, 132.38, 132.32, 131.96, 131.78,
131.71, 131.62, 131.14, 130.29, 129.67, 129.42, 129.19, 129.08, 128.99, 128.82,
128.62, 127.97, 127.85, 127.03, 126.88, 126.82, 126.38, 126.04, 125.58, 124.56,
122.40, 121.32, 57.96, 40.67, 38.19, 37.31 ppm. HR-MS: calcd for C70HsiN;O2Ru [M]*
561.66779, found [M]* 561.65689.

UV-Vis spectroscopy and fluorescence measurements
UV-Vis absorption spectra were acquired on a Perkin-Elmer Lambda 6
spectrophotometer. Fluorescence spectra and measurements of the phosphorescence

signal of 10, were carried out on a spectrofluorometer Horiba FluoroMax Plus.

Singlet oxygen determination

The singlet oxygen sensitizing properties of Ru-5PMI and Ru-3PMI were firstly analyzed
spectrophotometrically by using 1,5-dihydroxynaphthalene (DHN) as indirect 0,
reporter and were compared with those of [Ru(Phen)s]?* and PMI derivative 13. To do

this, air-saturated acetonitrile solutions containing DHN 3.3 x 10* M and the selected
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compound at 1 x 10° M were irradiated (LED emitting at 434 nm, 160 mW) in a quartz
cuvette with 1 cm optical path over a total time of 300s. Each spectrum was registered
by using as blank reference a solution containing the selected PS at the same
concentration of that of the measuring cuvette. The estimation of the relative rate
constants for the DHN photooxidation processes (kobs) Was performed by applying the
steady-state approximation to the 0, intermediate, according to procedures
previously described.®

Direct determination of singlet oxygen quantum vyields for Ru-5PMI and Ru-3PMI was
determined through the direct measurement of 0(A;) - 30, phosphorescence at
1270 nm, upon irradiation of compounds at 470 nm in air-saturated acetonitrile
solutions. Experiments were run on solutions of [Ru(RR-bpy)(dppn)2]™ complexes at
different concentrations, with the *MLCT absorbance values within the range 0.08-0.2
and signals were collected by a N, cooled InGaAs photodiode. ¢a values were obtained
as previously reported by comparison with [Ru(phen)s]?*, which was chosen as
reference compound for 0, production (¢ = 0.38 + 0.06).”° Measurements were

performed on a spectrophotofluorimeter Horiba FluoroMax Plus.

Evaluation of the interaction with ct-DNA

Calf thymus DNA (ct-DNA) was purchased from Sigma Aldrich and dissolved in Tris-HCl
buffer (10 mM Tris-HCI, 50 mM NacCl, pH 7.4). An absorbance ratio between 260 and
280 nm within 1.8-1.9:1 indicated that the biopolymer was sufficiently free of proteins.
A molar absorption coefficient at 260 nm of 6600 M cm™* was used to determine the
ct-DNA concentration per nucleotide.

The binding properties of ruthenium complexes towards calf thymus DNA (ct-DNA)
were first investigated spectrophotometrically analysing the variations in the
absorption bands of Ru-5PMI and Ru-3PMI by adding increasing amounts of

concentrated solutions of the biopolymer to aqueous solutions (TRIS buffer, pH 7.4)
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containing the tested RPC at fixed concentration (10 AM). The contribution arising from
the absorbance of the DNA itself was eliminated by adding equal amounts of DNA both
to the sample and to the reference solution. After each addition, samples were
incubated for 10 minutes at 298.1 + 0.1 K before collecting the absorption spectra. The
intrinsic binding constants (Kp) with ct-DNA were determined accordingly to literature,
from the intercept-to-slope ratios of the plot of [ct-DNA]/lea-€1l vs. [ct-DNA] (see Figure
58 and Figure 59), where g, and gf correspond to Aobs/[RPC] and to the molar extinction
coefficient for the DNA-free metal compound. Linearity within the 0-3 M range of [ct-
DNA] was observed.

The capacity of Ru-5PMI to interact with ct-DNA was further investigated via direct
fluorescence titration by exciting 2 uM buffered solutions (TRIS buffer, pH 7.4) of the
complex in the presence of increasing concentrations of ct-DNA (up to 4 uM of the
biopolymer). Each sample was incubated for 5 minutes at r.t. and then excited at 530
nm. The variation in the emission intensity was monitored at 610 nm.

The DNA-EB fluorescence quenching studies for Ru-5PMI and Ru-3PMI were
performed by adding increasing amounts of a concentrated solution of the selected Ru-
PS (up to 7 uM or 10 uM for Ru-5PMI and Ru-3PMI respectively) to aqueous solutions
(TRIS buffer, 10 mM Tris-HCI, 50 mM NaCl, pH 7.4) containing fixed concentration of ct-
DNA (10 uM) and EB (10 uM). Each sample was incubated for 5 minutes at room
temperature, afterward the DNA-EB complex was excited at 527 nm and the emission
intensity was monitored at 610 nm. The data obtained from the fluorescence titration
were processed applying Stern-Volmer and Scatchard equations as described in detail

in Chapter 2, Paragraph 2.4.
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RPCs in “photorelease antibacterial therapy”

Bacterial pathogens multidrug resistance represents a major challenge for the global
public health community. The introduction of antibiotics in the 1940s revolutionized
medicine; however, their widespread use in the last decades has determined the
emergence and spread of drug-resistant populations of microorganisms, which causes
treatment failures, severe and longer-lasting diseases, more deaths, and higher costs
to society. Antibiotic resistance has become an important international public health
problem that urgently requires attention.'*® Therefore, there is an urgent need for the
development of new antimicrobial agents, which should be based on new classes of
compounds, rather than on analogues of known scaffolds.'*°
In this scenario, considerable attention has been focused on the biological potential of
RPCs, that represent an attractive class of compounds due to their unique chemical-
physical repertoires, structural diversity, and thermodynamic/kinetic stability making
them an appealing and versatile choice in the rational design of effective antibacterial
agents. 150 149 151 1S2According to the suggested categorization for metal-anticancer
compounds, antimicrobial ruthenium(ll) complexes can also be classified into five
classes, based on their mechanism of action: 3
1) Functional role: the antimicrobial activity depends on the coordination of the

ruthenium metal center with biological targets. In a cis-platin fashion like

mode, these complexes could bind labile ligands, which can be dissociated,

leaving coordinatively unsaturated intermediates.

2) Structural role: kinetically and biologically stable complexes that interacting

with biological targets through non-covalent interactions.
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3) Carrier: the ruthenium metal center acts as a carrier for active ligands to
enhance their pharmaceutical activity via temporary coordination.

4) Catalyst: the ruthenium complex can catalyze a redox cycle for the oxidation of
glutathione (GSH) to glutathione disulfide (GSSG), which will lead to an increase
in reactive oxygen species (ROS) with an obvious cytotoxic effect against some
cells lines.

5) Photosensitizer: the ruthenium complex is a photoactive compound capable of
producing singlet oxygen (0;) due to its low-energy triplet excited state.

Up to now, hundreds of RPCs have been reported in antimicrobial studies.’*® Dwyer
and coworkers published the first pioneering work demonstrating the antibacterial
potential of this class of complexes around 1970s.>* Notwithstanding, RPCs have
sparked renewed interest in their antimicrobial properties only in the last ten years.
Besides the difficulties in the complete elucidation of their antibacterial mechanism of
action, a promising approach is represented by the use of ruthenium complexes in
combination with light in the so-called anti-bacterial photodynamic therapy (aPDT).
The aPDT approach exploits the presence of molecular oxygen to generate ROS and 0,
upon photoactivation of the ruthenium PS and takes advantage of complete spatial and
temporal control over the drug activation. However, despite the high efficacy of aPDT
against multidrug-resistant bacteria,’> the need of oxygen still represents a limit in the
treatment of anaerobic bacterial disease. This led to the development of light-
responsive complexes able to release biologically active compounds via O;-indepentent
mode of action, an interesting approach called Photoactivated Chemoterapy

(PACT).®72
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4.1 Nitroimidazole-based RPCs

Starting from our previous expertise in the exploration of the antibacterial efficacy of
photostable ruthenium(ll) polypyridyl complexes in aPDT approach > (Chapter 1,
paragraph 1.1) we decided to explore this area further designing new RPCs adaptable
in hypoxic conditions. In this respect, a new series of light-responsive complexes, able
to release biologically active compounds via O-independent mechanism, were
synthesized and studied. Such process typically requires the population of dissociative
3LF state. It is generally accepted that photoinduced ligand exchange of ruthenium(ll)
complexes proceeds trough thermal population of the dissociative 3LF states from
vibrationally cooled emissive 3MLCT,- state.®® To overcome this issue, strain-inducing
substituents are inserted in the ruthenium scaffolds, lowering the energy of the 3LF
states and allowing their thermal population upon excitation to the 3MLCT state (see

Introduction, paragraph 4 for details) (Figure 63).%°

3LF

Ligand
Dissociation

Energy

Emission

\J

Ru-L distance

Figure 63: Schematic representation of activation energy E, required for going from 3MLCTv=0 to 3LF
state.
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Given the versatile chemistry of RPCs, as well as being inspired by the work of Sasahara
at al., who designed two kinetically inert compounds, [Ru(NO:)(bpy)(5NIMH)]PFs and
cis-[RuCl(bpy)2(MTZ)]PFs (bpy = 2,2’-bipyridine, MTZ = metronidazole, NIMH = 5-

6

nitoimidazole), effective toward Helicobacter pylori strain,*® nitroimidazole-based

drugs were selected as bioactive compounds to be incorporated on ruthenium
complexes for the development of new challenging photoresponsive antimicrobials.*’
Nitroimidazoles are a class of antimicrobial drugs with remarkable broad-spectrum
activity against mycobacteria, parasites, and anaerobic Gram-negative and Gram-
positive bacteria.’®® The discovery of nitroimidazole antibiotics dates back to the early
1950s, and their versatility is further demonstrated by considering that infection from
these pathogens occurs in many different sites of the body (Figure 64a).’*® The broad-
spectrum activity of nitroimidazole drugs can be explained by their relatively
“nonspecific” mode of action and is attributable to the presence of nitro groups that

require bioactivation to initiate their antimicrobial activity. The mechanism is generally

understood to involve the following steps (Figure 64b):

i) Entry of the molecule by passive diffusion.
ii) Reduction of the nitro group to reactive radical species.
iii) Reactions of formed radicals with cellular components such as DNA or
proteins.
Under anaerobic conditions, the redox potential of the electron-transport system

159 in microbes

(generally pyruvate:ferrodoxine oxidoreductase complex in anaerobes)
is sufficiently negative to reduce the nitro group; instead, the presence of oxygen in
aerobic microbes, gives rise to a futile cycle in which cytotoxic nitro radical anion is

rapidly reoxidized and the bactericidal effect is diminished.*®
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Figure 64: a) Sites within the human body that can be infected by nitroimidazoles sensitive pathogen, b)
mechanism of action of metronidazole, a clinically utilized antibiotic.

Based on these assumptions, 5-nitroimidazole (SNIMH) was preliminary chosen as the
simplest molecular model of nitroimidazole-based drugs to explore its ruthenium(ll)
coordination chemistry and the effect of increased steric hindrance on the electronic
properties and photoreactivity of the designed complexes. For this purpose, 5NIMH
was incorporated into the ruthenium complexes [Ru(tpy)(phen)(5NIM)]PFs (N1) and
[Ru(tpy)(dmphen)(5NIM)]PFs (N2) (tpy = 2,2:6’,2”-terpyridine; phen = 1,10-
phenantroline; dmphen = 2,9-dimrthyl-1,10-phenantroline) (Figure 65)**’ Following the
demonstration that the presence of the two bulky methyl groups in the 2 and 9
positions of the dmphen bidentate ligand of N2 favours the selective photoejection of
5NIMH upon light exposure, we selected the N2-ruthenium scaffold to obtain more
effective light-responsive antibacterial agents binding two new metronidazole
derivatives (N3-4) (Figure 65). Although some anaerobic bacteria and protozoa have
been reported to acquire resistance to Metronidazole (2-nitro-5-methyl-1H-imidazolyl
= MTZ), it is still one of the mainstay drugs among 5-nitroimidazoles for the treatment

of anaerobic infections, making it crucial to look into acceptable substitutes.!® For this
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reason, we synthesized and characterized two novel derivatives of metronidazole
(MTZ-1 and MTZ-2), in which MTZ is esterified with 1H-imidazole-5-carboxylic acid and
5-imidazoleacryl acid (Urocanic acid), both imidazole-containing carboxylic acid whose

imidazole moieties is exploited as linking units for the Ru(ll) centre.

N3 N4

Figure 65: Molecular structures of Nitroimidazole-based ruthenium complexes synthetized in this work.
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4.2 Synthesis and characterization of Nitroimidazole-based RPCs

Complexes from this series (N1-4) were prepared through stepwise ligand addition

(Scheme 11).
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Scheme 11

The first synthetic step involves treating ruthenium chloride trihydrate (RuCls-3H;0)
with an equimolar amount of 2,2":6’,2"-terpyridine (tpy) in ethanol heated to reflux for
4 hours to produce the common precursor 20.! The resulting paramagnetic
intermediate was isolated by filtration and used directly in the second step, which

involves the treatment with the appropriate bidentate ligand (phen or dmphen) in the
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presence of triethylamine as reducing agent and lithium chloride.'®* Complexes 21 and
22 were isolated through precipitation with potassium hexafluorophosphate and
collected by filtration, obtaining adequate purity to proceed to the next reaction
without further purification. In the final step of the synthesis, the selected
nitroimidazole-containing monodentate ligand is added to complex 21 for the
preparation of N1 and to complex 22 for the preparation of N2-4. In each case, the
reaction proceeds in ethanol-water mixture using an excess of the nitroimidazole
compund. In the case of complexes N1 and N2, commercially available 5NIMH was used
as reagent; instead metronidazole derivatives MTZ-1 and MTZ-2 were prepared here
for the first time via Steglich esterification from 1H-imidazole-5-carboxylic acid or 5-
imidazoleacryl acid (Urocanic acid) and metronidazole (MTZ) using N,N’-
dicycloexylcarbodiimide (EDC) as coupling reagent and 4-dimethylaminopyridine
(DMAP) as catalyst in dimethylformamide (DMF) (Scheme 12).

NTN
/N‘L/\>_Noz /t/’}_NOZ
N

R,-COOH 8
i) DMF, EDC, DMAP 0
OH o=’
R1
MTZ MTZ-1 and MTZ-2
MTZ-1 R;: '1% MTZ-2 Rﬁfﬁ
N N
H H
Scheme 12

Despite the use of standard synthetic procedures for the coordination of nitroimidazole

162 jt is should be noted and discussed in depth that high resolution mass

compounds,
spectrometry (HR-MS) and X-ray diffraction spectroscopy reveal a “nonstandard”
coordination of the imidazole ring to the ruthenium centres of this series of complexes.

The aza nitrogen (-N=) atom of imidazole (Him) can be employed as a donor for Lewis
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acidic metal ions. Imidazole is more basic than pyridine due to the delocalization of six
electrons on five atoms, resulting in higher electron density and stronger coordination
ability as a neutral ligand. However, the imidazolate anion (Im-), obtained by
deprotonation of amine (-NH-) nitrogen of Him in basic condition, can act as a bidentate

bridging ligand (Figure 66).1%3

" N\ .9 9 t
@~ 3 =030
H H H 0 1

Him Imr

Figure 66: Scheme of protonation and deprotonation of imidazole.

According to these considerations, it is normally reported that imidazole-containing
ligands act as neutral ligands unless deprotonated in basic condition.3%4 Several
examples in the literature report the ruthenium-coordination of various substituted
imidazoles as neutral ligands via the aza (-N=) nitrogen under similar experimental
conditions to ours.>*16>16¢ Conversely, the coordination to ruthenium in complexes N1-
4 involves the deprotonated amine (-NH-) nitrogen atom of the imidazole moiety in 5-
nitroimidazole (5NIM in Figure 67) and in compounds MTZ-1 and MTZ-2, as
demonstrated by X-Ray structures of complexes N1 and N2 (5NIM in Figure 68) and
confirmed by the presence of the isotopic patterns of the mono positively charged
species [N1-4]* in the HR-MS spectra of each complex (Table 14). This occurs without
using strong bases to preliminary generate the imidazolate species. In this regard, we
can speculate that the marked electron withdrawing character of the nitro group and
the Ru(ll)-coordination may work synergically to lower the pKa of the imidazole ring,
favouring its metal coordination as imidazolate anion, contrary to the structure

proposed by Sasahara et al.’>®
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(SNIMH)

Figure 67: Proton transfer reaction between 5NIMH and 5NIM and the standard numbering for imidazole
ring.

b)

m—\ ) SRR

NN3s ~ R U2 N0

N3 <R U2 Nﬂﬂﬁa
..

Figure 68: X-Ray structures of a) N1 and b) N2. In red is highlighted the adopted nitrogen numbering for
imidazole ring.

Complex formula m/z calcd [M]* m/z found [M]*
N1 C30H21NsO2Ru 627.0833 627.0872
N2 C32H2sNsO2Ru 655.1147 655.1186
N3 C39H33N1004Ru 807.17243 807.17124
N4 Ca1H35N1004Ru 833.18808 833.18796

Table 14: Comparison between theoretical and found m/z peaks for the mono positively charged species
[N1-4]* in HR-MS spectra.
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The electronic absorption spectra of N1-4 in acetonitrile and in aqueous solution (PBS
buffer, pH 7.4) are reported in Figure 69. These complexes display the typical rir*
transitions relative to tpy and phen/dmphen ligands in the UV region along with a broad
metal-to-ligand Ru(dm) = tpy/dmphen(r*) charge transfer band (*MLCT) in the visible
range. In acetonitrile, the lowest energy absorption bands of N3 and N4 are slightly blue
shifted compared to those of N2 and N1 (Table 15). A residual absorption tail within the
550-650 nm range of the spectra can also be evidenced for all the complexes, thus
providing a promising feature for their activation by using low energy light, with

enhanced depth penetration into tissues.
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Figure 69: Electronic absorption spectra of N1-N4 in acetonitrile (a) and in PBS buffer solution pH 7.4 (b).

Complex
\ Aabs (nm) (€ (M cm™))
N1 | 473 (9616)
N2 \ 500 (7912)
N3 480 (7000)
N4 485 (6190)

Table 15: Absorption maxima of IMLCT band for complexes N1-4.
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4.3 Photoreactivity of Nitroimidazole-based RPCs

The structures of N1 and N2 were assessed by means of X-ray scattering analysis.

The asymmetric unit of N1 contains one metal complex with one PF¢ anion as a
counterion plus an acetonitrile molecule (Figure 70a), while the one of N2 features two
molecules of the metal complex (N2A and N2B) counterbalanced by two PFs anions,

along with one acetonitrile and two water molecules (Figure 70b).

a)

Figure 70: a) Asymmetric unit of ruthenium compound N1; b) asymmetric unit of ruthenium compound N2.

Importantly, the structural analysis demonstrates that the insertion of two bulky
methyl groups in the 2 and 9 positions of the dmphen unit causes a distortion of the
pseudo-octahedral geometry of N2 relative to N1. These effects can be summarized as
follows:

1) significant lengthening of the Ru-dmphen bonds;

2) displacing (tilting) of the dmphen ligand, as indicated by the angles between the
mean planes containing the tpy and dmphen, of 62.97° (N2A) and 67.36° (N2B),
compared to 88.78° in N1;

3) tilting of the 5NIM toward the N(1) and N(2) atoms of tpy as denoted, for instance,
by the N(1)[9]-Ru(1) [2]-N(6)[14] and N(2)[10]-Ru(1)[2]-N(6)[14] angles (numbers in
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square brackets refer to N2B) which range from 82.93° to 87.51° and thus are smaller

than the corresponding ones in N1;

4) significative rotation of 5NIM about its Ru-N bond relative to N1 (Table 16-18).

Although they stem from a solid-state analysis, these structural differences may affect,

along with the different electronic properties imparted by phen or dmphen, the

photoinduced ligand dissociation of complexes.

(a) N1 N2A
Ru(1)[2]-N(1)[9] 2.068(3) 2.094(8)
Ru(1)[2]-N(2)[10] 1.972(3) 1.982(8)
Ru(1)[2]-N(3)[11] 2.068(3) 2.07(1)
Ru(1)[2]-N(4)[12] 2.064(3) 2.12(1)
Ru(1)[2]-N(5)[13] 2.107(3) 2.130(9)
Ru(1)[2]-N(6)[14] 2.079(3) 2.07(1)
N(1)[9]-Ru(1)[2]-N(2)[10] 79.86(13) 79.49(37)
N(1)[9]-Ru(1)[2]-N(3)(11) 158.74(13) 159.00(37)
N(1)[9]-Ru(1)[2]-N(4)(12) 90.87(12) 86.66(35)
N(1)[9]-Ru(1)[2]-N(5)(13) 96.77(12) 97.83(35)
N(1)[9]-Ru(1)[2]-N(6)(14) 93.87(13) 86.20(36)
N(2)[10]-Ru(1)[2]-N(3)(11) 78.89(13) 79.65(37)
N(2)[10]-Ru(1)[2]-N(4)(12) 98.27(13) 99.51(35)
N(2)[10]-Ru(1)[2]-N(5)(13) 175.76(13) 176.73(35)
N(2)[10]-Ru(1)[2]-N(6)(14) 88.94(13) 87.51(35)
N(3)[11]-Ru(1)[2]-N(4)(12) 91.51(12) 99.13(36)
N(3)[11]-Ru(1)[2]-N(5)(13) 104.42(13) 103.10(35)
N(3)[11]-Ru(1)[2]-N(6)(14) 86.41(12) 90.53(38)
N(4)[12]-Ru(1)[2]-N(5)(13) 79.12(13) 78.40(34)
N(4)[12]-Ru(1)[2]-N(6)(14) 171.98(12) 168.91(35)
N(5)[13]-Ru(1)[2]-N(6)(14) 93.88(13) 94.19(34)

Table 16: Bond lengths (A) and angles for complexes N1 and N2.

2.08(1)
80.39(49)
159.43(43)
83.58(41)
100.96(42)
87.39(39)
79.11(45)
102.72(42)
177.65(45)
82.93(42)
99.26(39)
99.58(38)
91.78(37)
79.39(36)
168.35(37)
95.18(36)
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N1 N2A N2B

N(2)-Ru(1)-N(6)-C(29) -129.7(3)

N(2)-Ru(2)-N(6)-C(31) 53(1)
N(10)-Ru(2)-C(63) -54(1)
N(10)-Ru(2)-C(64) 125(1)

Table 17: Dihedral angles (°) for complex N1 and N2.

Mean Planes
Terpyridine (a)

Phenanthrene (b)

5NIMH (c)

N1 N2A N2B
a-b 88.78(14) 62.97(16) 67.36(20)
a-c 87.33(11) 87.61(29) 82.40(32)
b-c 54.03(13) 33.60(29) 47.53(35)

Table 18: Mean planes and angles between ruthenium compounds N1 and N2.

The effective capacity of complexes N2-4 to undergo photosubstitution reactions, as
opposed to N1, were explored by coupling UV-vis and HPLC analysis. In the dark, UV-
Vis measurements reveal a remarkable stability of each complex both in acetonitrile
and phosphate buffer saline at pH 7.4 (Figure 71), likely due to the deprotonated nature

of the coordinated nitroimidazole ligand.'®’
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Figure 71: Electronic absorption spectra of N1-4 in phosphate buffer saline (PBS, pH 7.4) collected under
dark condition over a total period of 72 h. ([N1-4] = 10 uM).

Conversely, light irradiation (LED emitting at 434 nm, 160 mW) of both acetonitrile and

aqueous solutions provokes a sharp blue shift in the MLCT absorption maximum of

compounds N2-4 (Figure 73b-c), indicating the replacement of nitroimidazole-

containing ligand by acetonitrile to give [Ru(tpy)(dmphen)(CH3CN)]** (Figure 72); a

similar behaviour is also found for aqueous solution of N2-4 at neutral pH.™®” No

changes are instead observed for complex N1 (Figure 73a), thus confirming that the

different stereoelectronic properties imparted by phen and dmphen are crucial for the

photoreactivity of the resulting complexes.
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Figure 72: Sketch of the ligand photoejection processes proposed for N2-4 in acetonitrile and aqueous

solution.
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Figure 73: Electronic absorption spectra of N1-4 in acetonitrile collected at different irradiation times with
a LED lamp (Amax 434 nm, 160 mW) of complexes a) N1, b) N2, c) N3 and d) N4. ([N1-4] = 10 uM).
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Parallel HPLC experiments evidence the selectivity of the photoejection process both
in acetonitrile and aqueous neutral solution.® As shown by chromatograms in Figure
74, which report HPLC titrations for complexes N2-4 in water at neutral pH subjected
to progressive irradiation times, in each case the peaks attributed to nitroimidazole-
ligands (5NIMH, MTZ-1 and MTZ-2) and to the ruthenium photoproduct
[Ru(tpy)(dmphen)H,0]%* increase and the ones attributed to N2-4 decrease, while no

evidence of free dmphen and/or tpy is observed (retention times in Table 19).
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Figure 74: HPLC chromatograms along with the time trends of integrals underlying by chromatographic
peaks in aqueous solution with 10% of dimethyl sulfoxide at neutral pH subjected to progressive irradiation
time for complex a) N2, b) N3 and c) N4.
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Compound Retention time (min)

N2 13.33

N3 11.77

N4 12.78
[Ru(tpy)(dmphen)H,0]?* 10.35
SNIMH 491

MTZ-1 7.42

MTZ-2 8.53

Table 19: Table of the retention times in the experimental set up utilized for HPLC titrations.

Following the determination of photon flux of the LED light source used by the
potassium ferrioxalate actinometry (see Experimental for details), UV-Vis and HPLC
titrations were used to determine the quantum yields of ligands photodissociation (¢
a3anm) fOor complexes N2-4 in acetonitrile and water at neutral pH according to methods
reported in literature (see Experimental for details).’®” The resulting values are
summarized in Table 20.

In acetonitrile, the uncaging of metronidazole derivatives MTZ-1 and MTZ-2 is slightly
more efficient (ca. 2-fold) if compared to the photorelease of 5NIMH from the same
ruthenium scaffold (¢34 values of 0.0079(9) for N3, 0.0059(4) for N4, and 0.0039(3) for
N2 respectively). Lower quantum yields are instead registered in aqueous solutions,
according to the higher efficiency of photolysis in the former medium, with N4 being
the most efficient (ba43s = 0.0015(2)). Additionally, it should be noted that the N2-4
values for ¢34 are at least one order of magnitude lower if compared to the parental
compound [Ru(tpy)(dmphen)(py)]?* (py = pyridine), whose light-induced release of a py
unit in acetonitrile is reported to take place with a ¢ass of 0.059.2%8 Contrarily, the lower
photoreactivity of N2-4 is counterbalanced by their remarkable stabilities in dark
conditions (Figure 71), in accordance with the inverse relationship between ¢ps and
thermal stability mentioned most recently by Glazer and coworkers in their description

of other ruthenium polypyridyl based photocages.*%®
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These data point out that the photoinduced ejection of potentially bioactive
compounds can be conveniently controlled by employing imidazole-based moieties as
linking units to Ru(ll) centers. Besides the most popular class of molecules studied for
this purpose, such as pyridine,'®® pyrazine,®’ thiols,'’° and nitriles,’’* the use of
imidazolate ligands as caging groups in PACT has never been investigated so far and it
holds great promise for the design of challenging Ru(ll) photocages with an appropriate

guantum yield of photo-ejection (®ps) without a concomitant loss in thermal stability.

Complex D434 in CH3CN @ D434 in H0°
N2 0.0039(3) 0.0011(3)
N3 0.0079(9) 0.00027(2)
N4 0.0059(4) 0.0015(2)

Table 20: Photoinduced ligand substitution quantum yields (©434) for N2-4. “Determined through UV-vis
measurements and ? Determined by HPLC analysis.

4.4 Antibacterial activity

The antibacterial activities of ruthenium complexes N2-4, in comparison with their
corresponding imidazole-based ligands (5NIMH, MTZ-1, MTZ-2), were investigated
both in aerobiosis and anaerobiosis on Bacillus subtilis strain 168, chosen as a model of
Gram-positive bacteria. MTZ was also tested for comparison. Experiments were carried
out both in dark and following blue light irradiation (Amax = 434 nm, t = 40 min) using a
anaerobiosis jar specifically designed engineered with a LED illumination device, whose
photon flux were determined by potassium ferrioxalate actinometry (see Experimental
for details).’®” Reproducing the experimental setup of the antibacterial activity tests,
the photon flux in each plate well was determined to be 4.72 x 10° E/s (Power 1.25
mW) (Figure 75).
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Figure 75: Engineered anaerobiosis jar with LED illumination (Amax = 434 nm) used to perform antibacterial
activity assays. The photograph illustrates the experimental set up adopted in the measurements.

Figure 76 and Figure 77 show the results obtained in aerobic and anerobic conditions,
respectively. In aerobiosis, all the tested compounds display negligible toxicity in the
dark, except for MTZ and MTZ-2, which show a significant inhibition of bacterial growth
starting at relatively high drug doses (200 uM) and lead to a more marked effect (ca.
75% reduction of cell growth) at 300 uM. Parallelly, irradiation does not significantly
improve the toxicity of tested compounds in aerobiosis. Only modest phototoxicity is
observed for ruthenium compounds at high concentrations, with N4 being the most
effective, leading to a ca. 40% reduction of cell growth at the highest dose tested of 300
UM (Figure 76). A completely different scenario is instead observed in the experiments
performed under anaerobic conditions. Indeed, as shown in Figure 77, both the newly
synthesized metronidazole derivatives, MTZ-1 and MTZ-2, exhibit a sharp dose-
dependent activity in dark conditions. Of particular relevance, MTZ-2 displays the

highest potency, being comparable to Metronidazole. For instance, at a concentration
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of 100 uM MTZ and MTZ-2 induce a reduction of cell growth equal to or superior to
75%, whereas a lower, but remarkable effect (ca. 50%), is found for MTZ-1 at the same
dose. Worth of noting, even the less potent SNIMH exhibits a net dose-dependent

activity, in contrast to the low efficacy seen in aerobic conditions (Figure 77).
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Figure 76: Antibacterial effect of N2-4, their corresponding imidazole-based ligands 5NIMH, MTZ-1 and
MTZ-2, and MTZ evaluated in dark and following light-activation under aerobic conditions. Ratios of the
normalized ODggo values are reported with respect to blank control (Y-axis) as a function of different drug
concentrations ([uM], X-axis).
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Figure 77: Antibacterial effect of N2-4, their corresponding imidazole-based ligands 5NIMH, MTZ-1 and
MTZ-2, and MTZ evaluated in dark and following light-activation under anaerobic conditions. Ratios of the
normalized ODggo values are reported with respect to blank control (Y-axis) as a function of different drug
concentrations ([uM], X-axis).

It is possible to explain the greater activity of nitroimidazole compounds reported in
anaerobic conditions by taking into account the well acknowledged mechanism of
action of these classes of antibiotics.*®

When considering complexes N2-4, is found that in dark, they are well tolerated by cells,
with N4 possessing the highest toxicity that does not exceed a ca. 48% reduction of cell
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viability at the maximum dose tested (300 uM). Conversely, light irradiation unleashes
the bactericidal potential of N2-4, which feature a sharp light-triggered dose-
dependent effect, with N4 being the most potent compound across the series with a
growth reduction of ca. 88% at 100 uM. Lower, despite being remarkable,
phototoxicities are displayed by N2 and N3, with N3 that is the most effective in the 0-
200 uM range. These results highlight that N2-4 allow to reproduce the effectiveness
of 5NIMH, MTZ-1 and MTZ-2 compounds but with the key advantage arising from the

spatio-temporal control over the drug activation ensured by light.

Lastly, it is generally accepted that bactericidal resistance to nitroimidazole-based
antibiotics is related to decreased drug uptake and/or altered/deficient reduction
efficiency of the nitro group. Regarding the latter, it has been discovered that various
types of resistant bacterial strains possess Nim genes, which encode for reductase
enzyme capable of converting the nitro group into a non-bactericidal amine and thus
preventing the accumulation of the toxic nitro radical. More in detail, a previous study
reporting on the crystal structure of NimA from Deinococcus radiodurans (drNimA)
complexed with MTZ,Y72 proposed that the inactivation of this antibiotic would be the
result of a 2-electron reduction process occurring in the active site of the protein and
being mediated by the covalent binding of the cofactor pyruvate with His-71.
Therefore, being inspired by these findings, we further considered the interaction of
the newly synthesized MTZ-derivatives with the active site of NimA, which was selected
as a representative model for this family of reductases. To this aim, the molecular
structure of MTZ, MTZH-1, and MTZH-2 were optimized with DFT calculations at
B3LYP/6-31+G(d) level of theory. The obtained results, shown in Figure 78a, evidenced
an intramolecular hydrogen bond between the -NO; group and the nearest hydrogen
atom of a -CH; residue (in agreement with experimental structure of MTZ available in

the PDB file 1W3R), in good agreement with the X-Ray data for MTZH-2 (data not
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shown). The intramolecular hydrogen bond reduces the mobility of the MTZ ring
moiety with respect to the substituents. When the ring of each compound was
superimposed on the MTZ in 1W3R in NimA (Figure 78b) it was observed that the
rigidity imparted by the intramolecular interactions combined with the more extended
chains gathered on the ester functions of MTZH-1 and MTZH-2 made these compounds
clash to NimA protein structure, whereas MTZ is nicely accommodated within the
active site of the protein. Therefore, these preliminary data suggest that the different
chemical structures of the two MTZ-derivatives would impart lower susceptibility to
drug inactivation by NimA and hint at their possible use as potential options for

clinicians to manage resistance to nitroimidazole-based antibiotics.
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Figure 78: Experimental MTZ structure in 1W3R PDB file and optimized MTZH-1 and MTZH-2 structures
computed through DFT calculations (a) and MTZ, MTZ-1 and MTZ-2 ligands interacting with NimA protein
(in blue the surface of the protein) (b)
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Synthesis of 20

Cl

S
R

7 N
=N

2 N—RU
| e

Cl
Complex 20 was synthesized according to previously reported procedure.'® To a
solution of ruthenium chloride trihydrate (179 mg, 0.86 mmol) in 43 mL of ethanol was
added 2,2’:6’,2”-terpyridine (200 mg, 0.86 mmol). The reaction mixture was heated to
reflux and stirred for 5 h. After cooling at r.t., the formed precipitate was collected by
filtration washing with ethanol, water and diethyl ether. Compound 20 was obtained
as brown solid and used in following synthetic steps without further purification. Yield

67%.

Synthesis of 21

Complex 21 was synthesized according to previously reported procedure.’®! To a
solution of 20 (130 mg, 0.29 mmol) in 72 mL of a mixture of ethanol-water (2:1) were
added 1,10-phenantroline (58.5 mg, 0.29 mmol), TEA (0.41 mL, 2.9 mmol) and LiCl (55.3
mg, 1.3 mmol). The reaction mixture was stirred at reflux for 4 h. After coolingtor.t., a
saturated solution of KPFs was added. The precipitate was collected by filtration
washing with water, ethanol, and diethyl ether to obtain complex 21 as black-reddish
solid with a yield of 94%. 'H-NMR (400 MHz, (CD3)2CO0): § 10.57 (d, J=4.6 Hz, 1H, Ha),
9.01 (d, J=8.0 Hz, 1H, He o Hd), 8.80 (d, J=8.1 Hz, 2H, H3’), 8.65 (d, J=8.0 Hz, 2H, H3),

8.50-8.46 (m, 2H, Hb, He o Hd), 8.42 (d, J=8.0 Hz, 1H, Hh), 8.29-8.23 (m, 2H, Hc e H4'),
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8.00 (m, 3H, H4 e Hf), 7.72 (d, J=5.2 Hz, 2H, H6), 7.49 (dd, J1= 8.1 J2=5.4, 1H, Hg), 7.31-
7.25 (m, 2H, H5) ppm. 3C-NMR (100 MHz, (CD3)2CO): 6158.9, 158.3, 153.3, 152.7,
152.5,149.2, 147.4,136.9, 135.5, 134.4, 133.6, 130.8, 130.4, 128.1, 127.5, 127.1, 125.9,
125.1, 123.4, 122.4 ppm.

Synthesis of 22

Compound 22 was synthesized according to previously reported procedure.'® To a
solution of 20 (197 mg, 0.45 mmol) in 75 mL of a mixture of ethanol-water (2:1) were
added 2,9-methyl-1,10-phenantroline (94 mg, 0.45 mmol), TEA (0.62 mL, 4.5 mmol)
and LiCl (86 mg, 2.03 mmol). The reaction mixture was stirred at reflux for 4 h
protecting by light. After cooling to r.t., a saturated solution of KPFs was added. The
precipitate was collected by filtration washing with water, ethanol and diethyl. The
crude product was solubilized in dichloromethane (150 mL), filtered on cotton and
washed with HCI 0.1 M (30 mL x 5). The organic phase was dried with Na,SO4 and
concentrated to dryness to obtain 22 as black-violet solid with a yield of 78%. *H-NMR
(400 MHz, (CD3)2CO0): 6 8.83 (d, J=8.3 Hz, 1H, He o Hd), 8.72 (d, J=8.1 Hz, 2H, H3’), 8.62
(d, J=8.0 Hz, 2H, H3), 8.31 (d, J=8.7 Hz, 1H, Hb o Hc), 8.27 (d, J=8.2 Hz, 1H, Hg o Hf),
8.20-8.16 (m, 2H, H4’ , He o Hd), 8.09 (d, J=8.7 Hz, 1H, Hb o Hc), 8.00 (dd, J1=8.0 J2=1.2
Hz, 2H, H4), 7.91 (d, J=5.4 Hz, 2H, H6), 7.36 (m, 2H, H5), 7.32 (d, J=8.2 Hz, 1H, Hg o Hf),
3.63 (s, 3H, -CHs dmphen), 1.88 (s, 3H, -CHs dmphen) ppm. ¥C-NMR (100 MHz,
(CD3)2C0): 6 168.8, 166.5,160.2, 159.9, 153.1, 149.6, 148.3, 136.9, 136.4, 135.4,133.8,
129.0,129.0,128.9,127.1,127.0, 126.9, 126.4, 125.8, 123.4, 122.3, 23.4 ppm.
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Synthesis of MTZ-1

/YNOZ
)——N

To a solution of 1H-imidazole-5-carboxylic acid (300 mg, 2.68 mmol) in 4 mL of
anhydrous DMF were added N,N’-dicycloexylcarbodiimide (458 mg, 2.95 mmol) and
DMAP (66 mg, 0.54 mmol). After stirring for 20 min at 45°C, 2-nitro-5-methyl-1H-
imidazolyl (metronidazole) (493 mg, 2.68 mmol) was added and the reaction mixture
was stirred at 45°C over 2 days. The solvent was removed in vacuum and the oily
residue was dissolved in 200 mL of CH,Cl, and washed twice with 30 mL of H,O and
once with 20 mL of a saturated solution of NaCl. Organic phase was dried over Na;SO4
and evaporated under reduced pressure. The crude product was purified on silica gel
using CHxCl, : MeOH (from 15:1 to 10:1) as eluent. Yield 18 %. *H-NMR (400 MHz,
CDs0D): 7.95 (s, 1H, Hm), 7.80(s, 1H, Hi) 7.73 (s, 1H, Hj), 4.78 (t, 2H, J=5.2 Hz, -CH,),
4.71 (t, 2H, J=4.8 Hz, -CH,), 2.51 (s, 3H, CHs) ppm. *C-NMR (100 MHz, CDs0D): 151.8,
139.5, 137.9, 131.9, 62.3, 45.8, 13.2 ppm. ESI-MS: m/z calcd for CioH11NsO4 [M]*:
265.08; found: 288.08 [M + Na*] and 552.83 [2M + Na*].

Synthesis of MTZ-2

N/YNOZ
)—N
[
N
H
To 5-imidazoleacryl acid (Urocanic acid) (300 mg, 2.17 mmol) dissolved in 5 mL of

anhydrous DMF were added N,N’-dicycloexylcarbodiimide (370 mg, 2.39 mmol) and
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DMAP (54 mg, 0.44 mmol). After stirring for 15 min at r.t., 2-nitro-5-methyl-1H-
imidazolyl (metronidazole) (399 mg, 2.17 mmol) was added and the reaction mixture
was stirred at 45°C over 4 days. The solvent was removed in vacuum and the oily
residue was dissolved in 200 mL of CH,Cl, and washed twice with 30 mL of H,0 and
once with 20 mL of a saturated solution of NaCl. Organic phase was dried over Na;SO4
and evaporated under reduced pressure. The crude product was purified on silica gel
using CH,Cl, : MeOH (from 20:1 to 10:1) as eluent. Yield 26 %. *H-NMR (400 MHz,
(CD3),S0): 8.05 (s, 1H, Hm), 7.80 (s, 1H, Hi), 7.56 (s, 1H, Hj) 7.49 (d, J = 15.6 Hz, 1H, -CH),
6.27 (d, J=15.6, 1H, -CH), 4.65 (t, J=4.8 Hz, 2H, -CH.), 4.49 (t, J=4.8 Hz, 2H, -CH), 2.48 (s,
3H, -CH3). 3C-NMR (100 MHz, (CDs),S0): 167.2, 152.5, 139.6, 139.0, 134.1, 113.4, 62.9,
46.0, 15.0 ppm. ESI-MS: m/z calcd for C1oH13NsO4 [M]*: 291.09; found: 314.17 [M + Na*].

Synthesis of N1

A solution of 5-nitroimidazole (158 mg, 1.40 mmol) in 20 mL of ethanol-water mixture
(50% v/v) was added dropwise to a solution of 21 (100 mg, 0.14 mmol) in 30 mL of the
same solvent mixture. The reaction mixture was stirred at reflux for 16 hours under N,
atmosphere covering from light. After cooling at r.t., the ruthenium compound was
precipitated by the addition of 7 mL of 0.1 M aqueous solution of KPFsand the solvent
was reduced up to 1/3. The precipitate was solubilized and extracted in
dichloromethane (2 x 50 mL). The organic phases were collected and washed with
water (6 x 20 mL) and once with BRINE (20 mL). The organic phase was dried over
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Na,S04 and concentrated to drynessto afford N1. The crude product was purified by
flash chromatography on silica gel (DCM:MeOH 40:1 with 10% of Acetone) to obtain 63
mg (0.082 mmol) of complex N1 as a red solid. Yield 58%. *H-NMR (400 MHz, (CD3),CO):
69.14 (d, Jab=4.8 Hz, 1H, Ha), 9.03 (d, J..v=8.0 Hz, 1H, Hc ), 8.85 (d, J3.#=8.0 Hz, 2H, H3’),
8.76 (d, J3.4=8.0 Hz, 2H, H3), 8.57 (d, Jx-¢=8.0 Hz, 1H, Hh), 8.51 (d, J=8.8 Hz, 1H, Hd o He),
8.39 (dd, Jp-=8.0 Jpa=5.6 Hz, 1H, Hb), 8.36-8.28 (m, 2H, H4’, Hd o He) 8.17-8.10 (m, 2H,
H4 ), 8.08 (d, J=4.8 Hz, 1H, Hf), 7.97 (d, Je.s=5.2 Hz, 2H, H6), 7.61 (dd, Jz»=8.0 J2=5.2 Hz,
1H, Hg), 7.47-7.41 (m, 2H, H5), 6.81 (s, 1H, Hi o Hj), 6.35 (s, 1H, Hi o Hj) ppm. *C-NMR
(100 MHz, (CDs),CO): 6 159.2, 158.4, 153.6, 153.1, 152.8, 148.6, 147.7, 143.8, 138.6,
136.7, 136.4, 135.3, 131.8, 131.1, 128.8, 128.7,128.4, 127.1, 125.9, 124.9, 123.8 ppm.
HR-MS (ESI+): m/z calcd for C3oH21NsO2Ru [M]* 627.0831 found: 627.0872.

Synthesis of N2

O,N
N
7N |

A solution of 5-nitroimidazole (320 mg, 2.83 mmol) in 40 mL of ethanol-water mixture
(50% v/v) was added dropwise to a solution of 22 (205 mg, 0.28 mmol) in 60 mL of the
same solvent mixture. The reaction mixture was stirred at reflux for 16 hours under N,
atmosphere protecting by light. After cooling at r.t., the ruthenium compound was
precipitated with 11 mL of aqueous solution of KPFs0.1 M and the solvent was reduced
up to 1/3. The precipitate was solubilized and extracted in dichloromethane (2 x 70 mL)
and the organic phases were collected and washed with water (6 x 30 mL) and BRINE

(30 mL). The organic phase was dried on Na,SO4 and concentrated to dryness to afford
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N2 as a red solid. The crude was purified by flash chromatography on silica gel
(DCM:MeOH 40:1 with 10% of acetone) to obtain 78 mg (0.097 mmol) of complex N2
as a red solid. Yield 35%. *H-NMR (400 MHz, (CD3),CO): 6 8.87 (d, J=8.4 Hz, 1H, He o
Hd), 8.81-8.71 (br, 4H, H3 e H3’), 8.42 (d, J=8.3 Hz, 1H, Hf o Hg), 8.38 (d, J=8.7 Hz, 1H,
Hb o Hc ), 8.26-8.11 (m, 7H, H4, H4’, H6, Hd/e, Hb/c), 7.57-7.49 (br, 2H, H5), 7.44 (d,
J=8.3 Hz, 1H, Hf o Hg), 6.57 (s, 1H, Hi o Hj), 6.14 (s, 1H, Hi o Hj), 2.42 (s, 3H, -CH;
dmphen), 1.94 (s, 3H, -CHs dmphen) ppm. 3C-NMR (100 MHz, (CDs),CO): & 167.8,
166.6, 159.8, 159.6, 149.0, 148.8, 143.2,138.7,137.5,137.3,135.4,130.0, 129.7, 128.9,
128.2,127.6,127.4,127.0,126.9, 124.9, 124.0, 25.0, 24.0 ppm. HR-MS (ESI+): m/z calcd
for C52H25sNsO02Ru [M]* 655.1144 found: 655.1186.

Synthesis of N3

PFg

To a solution of 22 (180 mg, 0.25 mmol) in 60 mL of degassed H,0-EtOH (50:50 % v/v)
was added compound MTZ-1 (80 mg, 0.30 mmol). The reaction mixture was stirred at
70°C for 6 hours under N, atmosphere and protecting by light. After cooling at r.t.,
addition of a saturated KPFsaqueous solution and evaporation of EtOH determined the
precipitation of the complex that is collected by filtration at reduced pressure and
washed with water. The crude product was purified by flash chromatography on silica
gel (DCM:MeOH 20:1 with 10% Acetone) to obtain 130 mg of complex N3 as a red solid.

Yield 64%. H-NMR (400 MHz, (CD),CO): & 8.90 (d, J = 8.4 Hz, 1H, Hd or He), 8.86-8.70
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(m, 4H, H3’" and H3), 8.43 (d, J = 8.0 Hz, 1H, Hf or Hg), 8.40 (d, J = 8.8 Hz, 1H, Hb or Hc),
8.30(t,J=8.0 Hz, 1H, H4’), 8.26-8.04 (m, 6H, Hd or He, Hb or Hc, H6, H5), 7.90 (s, 1H,
Hm), 7.56 (br, 2H, H4), 7.44 (d, J = 8.0 Hz, 1H, Hf or Hg), 7.24 (s, 1H, Hi), 6.51 (s, 1H, Hj),
4.68 (t, ) =5.2 Hz, 2H, -CH, MTZ-1), 4.51 (t, J = 5.2 Hz, 2H, -CH, MTZ-1), 2.45 (s, 3H, -CH3
MTZ-1), 2.32 (s, 3H, CHsdmphen), 1.94 (s, 3H, CHs dmphen) ppm. *C-NMR (100 MHz,
(CD3),CO): 6 167.5, 166.9, 159.7, 159.6, 159.0, 154.3, 151.8, 149.1, 148.7, 142.6, 139.2,
137.7,137.6,136.2,133.3,132.6,130.1, 129.7,129.3,128.3,127.7,127.5,127.1, 126.6,
125.3, 124.4, 63.2, 55.1, 45.2, 25.5, 23.9, 14.1 ppm. HR-MS (ESI+): m/z calcd for
C39H33N1004RU [M]*: 807.17243; found: 807.17124 [M]*, 404.09067 [M* + H'].

Synthesis of N4

N/\\xI‘/NO
)LN\—-—-'\ 0

(¥

To a solution of 22 (150 mg, 0.21 mmol) in 60 mL of degassed H,0O-EtOH (50:50 % v/v)
was added compound MTZ-2 (73 mg, 0.25 mmol). The reaction mixture was stirred at
70°C for 7 hours under N, atmosphere and protecting by light. After cooling at r.t.,
addition of a saturated KPFsaqueous solution and evaporation of EtOH determined the
precipitation of the complex that is collected by filtration at reduced pressure and
washed with water. The crude product was purified by flash chromatography on silica
gel (DCM:MeOH 15:1 with 10% Acetone) to obtain 112 mg of complex N4 as a red solid.
Yield 62%.
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'H-NMR (400 MHz, (CD3)>CO): 6 8.90 (d, J = 8.8 Hz, 1H, Hd or He), 8.81 (d, J = 8.8 Hz, 2H,
H3’),8.75 (d, J = 7.2 Hz, 2H, H3), 8.43 (d, J = 8.8 Hz, 1H, Hf or Hg), 8.38 (d, J = 8.8 Hz, 1H,
Hb or Hc), 8.32 (t, ) = 8.4 Hz, 1H, H4’), 8.25-8.03 (m, 6H, Hd or He, Hb or Hc, H4, H6),
7.88 (s, 1H, Hm), 7.54 (br, 2H, H5), 7.45 (d, ) = 8.4 Hz, 1H, Hf or Hg), 7.39 (s, 1H, Hi), 7.23
(d, J =17.2 Hz, 1H, -CH MTZ-2), 6.73 (s, 1H, Hj), 6.15 (d, J = 16.4 Hz, 1H, -CH MTZ-2),
4.71 (t,J =5.2, 2H, -CH, MTZ-2), 4.52 (t, J = 4.8 Hz, 2H, -CH, MTZ-2), 2.56 (s, 3H, -CH3
MTZ-2), 2.44 (s, 3H, -CH3 dmphen), 1.95 (s, 3H, -CH; dmphen) ppm.

13C-NMR (100 MHz, (CD3),C0): 6 167.4, 167.0, 165.7, 159.7, 154.4, 151.8, 149.1, 148.7,
139.2,137.7,137.6,136.4,129.2, 128.3, 127.6, 127.5, 127.1, 125.3, 124.4, 117 .3, 63.0,
45.5, 25.6, 24.0, 14.0 ppm.

HR-MS (ESI+): m/z calcd for CsiH3sN1oOsRu [M]*: 833.18808; found: 833.18796 [M*],
417.09812 [M* + H*].

Instrumentation

NMR spectra were collected with a Bruker 400 MHz spectrometer. Electronic
absorption spectroscopy was performed by using a PerkinElmer Lambda 6
spectrophotometer in a 1x1 cm quart cuvette. HPLC analysis were performed on a
Water Alliance 2690 HPLC equipped with a Waters 2487 Abs UV-Vis detector set at 270
nm and a KROMASIL 100 A C-18 150 x 4.6 column. In the determination of inhibitory
concentration, the OD 600 values were registered by using an Infinite Pro 200 plate
reader (Tecan, Switzerland); the experiments performed under anaerobic conditions
were conducted in an anaerobiosis jar (Oxoid jar with Anaerogen 2.5 L), with the system

described in paragraph 4.4.

X Ray crystallography

X-ray data collections for compounds N1 and N2 were both performed with a Bruker

D8 Venture equipped with IuS 3.0 Microfocus Incoatec Source and a Photon Il
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Detector. The Cu Ka radiation was used for the two data collections, performed at a
temperature of 100 K (CryoStream 700 by Oxford Cryosystems). The APEX Il suite was
employed to collect the datasets and then they were reduced and refined with the
program SAINT by Bruker (APEX3 v2018.7-0, Copyright 2003, 2004 Bruker Nonius;
Copyright 2005-2018 Bruker AXS). Absorption correction was achieved through the
SADABS program5 included in the Bruker Package of data treatment.

The structures were solved with the Shelxt 2014/5 Program and refined with ShelxI6 by
full-matrix least-squares techniques with anisotropic displacement parameters for all
non-hydrogen atoms. The hydrogen atoms in both complexes were introduced in
calculated positions and refined considering a riding model with isotropic thermal
parameters.

All calculations were performed by using the program PARST7 and molecular plots
were produced with Mercury.8 For compound N2 several crystals were screened and
finally the one suitable for the data collection was found. Albeit the dataset for this
complex was not of excellent quality (i.e., the completeness is not excellent), the crystal
structure was determined with good confidence. Crystal data and refinement
parameters for N1 and N2 are reported in Table 21.

The checkcif report shows alerts A and B for compound N2 for which several crystals
were screened and finally the one suitable for the data collection was found. Albeit the
dataset for this complex was not of excellent quality (i.e., the completeness is not
excellent), the crystal structure was determined with good confidence.

CCDC 2087305 and 2087306 contain the supplementary crystallographic data for
compounds N1 and N2, respectively. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre via

http://www.ccdc.cam.ac.uk/Community/Requestastructure.
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Empirical formula

Formula weight
Temperature (K)
Wavelength (A)

Crystal system, space group

Unit cell dimensions (A)

Volume (A3)

Z, Dc (mg/cm3)

W (mm™)

F(000)

Crystal size (mm)

0 range (°)

Reflections collected /
unique

Data / restraints /
parameters
Goodness-of-fit on F2
Final R indices [I>20(1)]

R indices (all data)

N1-(CHsCN)
C32H2a Fe N9 O2 P Ru
812.64
100(2)
1.54178
Triclinic, P-1
0=8.7832(2)
a=87.2750(10)
b=10.8061(3)
6=78.4700(10)
c=16.6952(4) y=88.5950(10)
1550.66(7)
2,1.740
5.343
816
0.1x0.04x0.04
2.704<6<72.452
38664/6062

5800/0/461

1.044

R1=0.052 wR2=0.142
R1=0.054 wR2=0.144

Chapter 4

N2-[2(H20)]-(CH3CN)
Ce6 Hss F12 N17 Os P2 Ru2
1674.35
100(2)
1.54178
Triclinic, P-1
a=10.1169(7)
b=13.9421(10) B=82.737(5)
€=26.9554(19) y=71.206(4)

a=75.078(5)

3474.06(67)
2,1.60

4.805

1688
0.1x0.04x0.03
3.397<0<69.273
48237/11879

7656/0/990

1.041

R1=0.099 wR1=0.273
R1=0.143 wR2=0.315

Table 21: Crystal data and structure refinement parameters for complexes N1 and N2
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Stability under dark condition and photorectivity of N1-4

Prior to study the photoreactivity of ruthenium complexes N1-4, their stability under
dark conditions was evaluated. This was performed by monitoring the electronic
absorption spectra of 10 uM solutions of metal complexes in acetonitrile, as well as in
water at pH 7.4 and at 37 °C, with increasing incubation times under dark. The
electronic absorption spectra of all the complexes did not undergo appreciable
variations over a total period of 72 h under dark conditions as demonstrated in Figure
70. Irradiation of ruthenium complexes was performed by employing as light source a
low energy blue light-emitting diode (LED, Imax = 434 nm, 160 mW). Photolysis
experiments were performed in acetonitrile and in aqueous solution (PBS buffer, pH
7.4) and were followed by UV-Vis spectroscopy and HPLC analysis.

In the UV-vis measurements, solutions of N2-4 (10 uM) in acetonitrile or aqueous
media (total volume of 2 mL) were subjected to increasing irradiation times and the
resulting absorption spectra were collected (Figure 72).

In the HPLC measurements, solutions of ruthenium complexes ([N2-4] = 100 uM) in
aqueous media with 10% of DMSO (total volume of 1 mL) were irradiated for increasing
time frames and, at each irradiation point, a 10 pL aliquot of the irradiated solution was
injected in the HPLC system. Chromatographic conditions were optimized by using as

eluent a gradient mixture of H,O/CH;CN acidified with 0.1% of formic acid, as specified

in Table 22.
Time (min) % H20 (0.1 % HCOOH) 9% CH3CN (0.1 % HCOOH)
0 98 2
2 95 5
5 85 15
10 70 30
15 40 60
20 5 95
25 98 2

Table 22: HPLC gradient used for photoejection studies.
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Determination of ligands photoejection quantum yields

The quantum yields for the photodissociation of 5NIMH, MTZ-1 and MTZ-2 from N2,
N3 and N4 (® 34 values) in acetonitrile and water were respectively determined
through UV-Vis spectroscopy and HPLC analysis.

The P 434values in acetonitrile were determined via UV-Vis spectroscopy. Experiments
were performed using solutions of complexes N2-4 in acetonitrile (10 uM) (total
volume of 2 mL) which were irradiated for increasing intervals of time with a LED lamp
(Amax 434 nm, 160 mW). The quantum yields of photosubstitution reactions were
determined as the slope of the linear regression of moles of reactant as a function of
the moles of absorbed photons for the first 5 points of the titration as reported
previously.1®7 157

The close proximity between the MLCT absorption maximum values of the starting
ruthenium compounds and that of the aqua-photoproduct [Ru(tpy)(dmp)(H.0)]**
(centered at around 480-490 nm)'®® in water made difficult an equally accurate
determination of the ® s34values by means of UV-Vis measurements. Therefore, the @
434 vValues in water were determined by HPLC titrations. The ® 434 values in aqueous
solution were determined as the slope of the linear regression of moles of reactant as
a function of the moles of absorbed photons for the first 4 points of the titration.®’
The determination of the @ s34values were assessed following the determination of the
photon flux of the light source by the potassium ferrioxalate actinometry procedure

according to methods reported in literature,'’® and explained in details below.

Determination of the photon-flux of light irradiation devices with Ferrioxalate
actinometer procedure

i) Light irradiation device for UV-Vis and HPLC measurements

Light irradiation of ruthenium compounds was performed by using a blue light-emitting

diode (LED) light source with a maximum at 434 nm (160 mW).
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The photon flux of the lamp was determined to be 5.76 x 107 E/s (Power 160 mW), by
using the ferrioxalate actinometer procedure. This method is briefly summarized as

follows:

1) Solution 1: A solution of potassium ferrioxalate 0.15 M in 0.05 M sulfuric acid was
used as an actinometer.

2) Solution 2: A solution of 1% 1,10-phenanthroline was prepared in buffer 1.65 M
sodium acetate trihydrate, in H25S04 0.5M.

3) Solution 1 (V1-2 ml) was added into a cuvette and irradiated for increasing set times.
At each time point, 10 pl aliquots (V2) of solution 1, 30 pl of solution 2, and 1.96 ml of
H,O were combined (V3-2 ml) and the absorbance of Fe?* complex at 510 nm was
collected.

4) The photon flux of light source was determined, as shown below, by performing the

experiments in triplicate.

The absorbance values of [Fe(phen)s]** at 510 nm were plotted against the irradiation
time, obtaining the graph shown in Figure 78. The slope in the figure corresponds to

dA/dt in the following equation:
_dA Vs
S dtexlV,x ¢ XF

q

where g is photon flux (einstein/s), dA/dt is slope of the linear fitting, V1 is the volume
of the irradiated actinometer (2 mL), V2 is the aliquot of actinometer taken to
determine the concentration of [Fe(phen)s]?* (10 pl), V3 is the volume of the solution
measured after complexation (2 ml), € is the extinction coefficient of [Fe(phen)s]*
(11.000 M cm-1)74, | is the path length (1 cm), ¢ is the quantum vyield of actinometer
at the considered wavelength (1.11)*° and F = 1-(1/10"%®3 ") is the photon

absorption probability for the actinometer (which was calculated to be 0.13 at 434 nm).
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Equation ~ y=a+b* +  Abs 510
Weight Instrument — Linear Fit of Sheetl Abs 510
Residual 29,87665

0,30 4 |Sum of

Pearson'sr  0,99943 e
Adj. R-Squa  0,99863

Value  Standard Er
Abs 510 Intercept | 0,0137 0,00208
0,20 | |Abs510  Slope 0,0045 6,90678E-5

0,25 4

0,15 4

Abs 510 nm

0,10 4

0,05 4

0,00 4

Time (s)

Figure 79: Linear regression of absorbance versus time (s) for [Fe(phen)s]?* complex formation.

ii) Light irradiation device for antibacterial activity test

To allow the determination of antibacterial activity of complexes N1-4 in anaerobic
condition was used an anaerobiosis jar specially engineered with a LED illumination
device (Figure 74), whose photon flux was determined by potassium ferrioxalate
actinometer.

To reproduce the experimental setup of the antibacterial activity tests, 200 pL of
solution 1 (V1) were irradiated directly in a plate well for increasing set times.
Afterward, at each time point, 1 plL aliquots (V2) of solution 1, 3 uL of solution 2, and
200 pL of H,0 were combined (V3-200 plL) and the absorbance of Fe?* complex at 510
nm was collected by using an Infinite Pro 200 plate reader (Tecan, Switzerland). Figure
79 shows the linear regression of the absorbance values of [Fe(phen)s;]?* at 510 nm
against the irradiation time. The photon absorption probability for the actinometer (F
= 1-1/(107bs434m)) \was determined to be 0.21 at 434 nm. The photon flux in each plate

well was determined to be 4.72 x 10 E/s (Power 1.25 mW).
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Figure 80: Linear regression of absorbance versus time (s) for [Fe(phen)s]2- complex formation.

Determination of inhibitory concentrations

Overnight grown liquid cultures of the facultative anaerobic bacterium B. subtilis 168
were prepared in 10 ml LB medium from single colonies freshly grown on LB agar Petri
plates. Cultures were incubated at 37 °C in a rotatory shaker, at 225 rpm for 24 hours
and diluted cultures of B. subtilis (ODgo = 0.05) were dosed with different
concentrations of nitroimidazole-based compounds and ruthenium complexes. The
activity of each compound was tested under dark and following light irradiation, both
in normoxia (21% 0,) and under hypoxic conditions (< 1% O3). In the photoirradiation
experiments cells were exposed to a LED emitting at 434 nm for 40 min; under these
conditions no statistical differences in the blank absorbance between the light- and
dark-treated groups of cells were observed. The photon flux in each plate resulted to
be 4.72 x 10° E/s, as determined by the ferrioxalate actinometer method. Cell growth
was carried out statically, by incubating microtiter plates at 37°C, and it was evaluated
by registering the ODgqo values after 24h for aerobiosis cultures and after 7 days for

anaerobiosis test. Each test was performed in triplicate, using as culture media LB with
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0.25% glucose and 0.1% potassium nitrate to sustain the growth of B. subtilis both in
aerobiotic and anaerobiotic conditions.!’®

In Figure 75 and Figure 76, where are reported the observed antibacterial activities
displayed by the tested compounds, the ODggo values are normalized and indicate the
ratio of cell growth compared to the (untreated) control cells. Differences in the growth

were statistically evaluated by one-way ANOVA test and Tukey post-hoc test.

Computational Details

Density Functional Theory calculations have been carried out with the Gaussian 09
suite of programs?’” at B3LYP/6-31+G(d) level of theory. The molecular structure of all
studied molecules was optimized with very tight criterium, and it was verified that a
minimum was located by computing the vibrational frequencies, which are all real.
Mulliken, Lowdin, and Natural population analysis were performed to determine the
atomic charges and to provide further insights on the ligand/ruthenium complex

interactions.
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Concluding remarks

The increasing interest in the medical application of ruthenium polypyridyl complexes
(RPCs) dates to the 1978 Food and Drug Administration (FDA) approval of cisplatin as a
chemotherapeutic drug. Since then, considering new metal-based drugs for medical
purposes has become a successful strategy. Among the newly investigated
coordination compounds, RPCs revealed anti-cancer activity comparable to that of
cisplatin but with lower collateral toxicity and side effects. Furthermore, the well-
known photoreactive properties of RPCs are unquestionably the most intriguing
feature of these complexes that can be exploited in medicine in a variety of ways. For
instance, RPCs can be successfully designed to be applied in the Photodynamic Therapy
(PDT) by taking advantage of their efficient population of the triplet excited metal-to-
ligand charge transfer state (MLCT), from which an energy transfer process to
molecular oxygen can catalyze the production of singlet oxygen (*0>), a highly reactive
oxidizing species. Alternatively, varying the molecular structure and the ligands around
the metal center, can be obtained photo-labile complexes capable of releasing
biologically active compounds for Photoactivated Chemotherapy (PACT). In both cases,
the main advantage is the spatial and temporal control of the drug activation using a
light source and allowing for improved discrimination between malignant and healthy
tissues.

On these bases, the primary goal of this PhD thesis was to address the development of
effective light-responsive therapeutic agents, with a particular emphasis on the rational
design of adaptable molecular structure, taking advantage of the versatile chemistry of

RPCs.

For this purpose, we started with the synthesis of water-soluble RPCs featuring

polyaminomacrocyclic frameworks (L1 and L2). We were able to prove that such
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decorated RPCs have unique chemical-physical properties, resulting in highly charged
species in physiological media that can, on the one hand, generate singlet oxygen upon
illumination and, on the other side, allow the coordination of copper(ll) ions capable of
catalysing intracellular ROS production by Fenton-like processes, providing an
alternative mechanism for drug-activation. We conducted an extensive research work
on their photodynamic potential: first, we demonstrated that the structural features
provided by the polyamine frameworks can be successfully exploited to allow Ru-drugs
penetration through the peptidoglycan layers of Gram-positive bacteria cell walls, using
Bacillus subtilis as a bacteria model. Photoactivation experiments on bacteria cultures
revealed that the presence of copper(ll) ions within polyamine macrocycles has not
effect on cytotoxicity, with nearly identical MIC values for the heteronuclear
Ru(I1)/Cu(ll) compounds and Cu(ll)-free compounds. However, due to the inability of
Ru(ll)/Cu(ll) species to generate 10, a different mechanisms of action, such as the
formation of cytotoxic ROS species produced by the synergistic action of Fenton-active
copper centres and light, may be responsible for equally harmful cytotoxic effects.”

Parallelly, an in-depth study on the photoinduced toxicity of these complexes was
conducted on epithelial ovarian cancer cells, identifying a marked enhancement of the
toxicity after exposure to light. Further insights on the biological behaviour of these
complexes demonstrate that 0, and/or ROS production alter mitochondrial function
and trigger pro-apoptotic effects. These findings point out a crucial role for
programmed cell death in the anti-tumour activity of herein investigated systems.”’

Lastly, the encapsulation of complexes L1 and L2 into human H-ferritin was exploited
for their selective delivery to cancer cells. We showed that all the main chemical-
physical properties of the PSs, including their capacity to produce '0,, are retained in
the nanocomposite. Equally, the protein maintains its quaternary structure, ensuring
its selective recognition and internalization in cells through endocytosis mediated by

Transferrin Receptor 1 (TfR1). The biological potential of the nanocomposites was
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tested against two human cancer cell lines, HeLa and A2780 cells that overexpress TfR1,
as well as in non-tumoral C2C12 myoblasts. Results indicate that only cancer cells can
internalize the nanocomposites, and their photosensitization markedly affects cell

survival .8

In the second part of the Thesis, we focused on the effort to “boost” the 10, production.
To that end, a first class of bis-heteroleptic RPCs with the formula [Ru(RR-bpy)(dppn)2]™*
was developed. These complexes are characterized by the simultaneous presence of
two extensive benzo[i]di-pyrido[3,2-a:2’,3'-c]phenazine (dppn) ligands, which makes
their synthesis a challenge that was solved by optimizing a new reverse synthetic route
that represents a valid alternative to commonly employed methods. [Ru(RR-
bpy)(dppn):]"™ complexes exhibit excellent singlet oxygen sensitizing features and DNA-
interaction properties, as well as a potent light-triggered toxicity on squamous
epithelial carcinoma cells. Further studies on PS-cubosome-based formulation were
carried out in order to facilitate the administration and accumulation of the newly
synthesized PSs in tumour tissues. Our results probed the potent photoactivity of the
resultant nanocomposites at very low drug concentrations, whereas mechanistic
studies confirmed that intracellular ROS generation was likely responsible for the
nanocomposites’ PDT efficacy.

In addition, we discussed an intriguing application of [Ru(2,2'-bipyridine-4,4'-
diylbis(morpholinomethanone))(dppn).]** (P3), chosen for its appropriate water
solubility, in which we investigated the effect of photoinduced 0, generation on the
transport activity of sarco(endo)plasmic reticulum Ca?*-ATPase (SERCA). Our findings
demonstrate that illumination with visible LED light induces an inhibitory effect on
SERCA due to the photosensitization of 10, dependent on the concentration of the PS

and the duration of the light exposure.

Taking advantage of the versatile chemistry of RPCs, we designed another class of high-

performance PSs decorated with a pendant perylenemonoimide (PMI) chromophore
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conjugated through a C-C bond to a phenanthroline directly coordinated to the metal
centre. To verify how the chemical-physical properties of these complexes can change
by changing the position of the phenanthroline decoration with PMI, two different
complexes were synthesized: one with the PMI dye in position 5 of the phenanthroline
(Ru-5PMI), and another with the PMI conjugated in position 3 (Ru-3PMI). The
behaviour of the two complexes is effectively different, with Ru-5PMI behaving
similarly to a supermolecule, with the PMI almost completely coupled to the metal
centre, whereas Ru-3PMI behaves as a dyad, with the metal centre decoupled from the
PMI. Nevertheless, both complexes have great 0, quantum yields approaching 0.70

and a strong capacity to intercalate the DNA.

Finally, a class of RPCs designed for the ‘photorelease antimicrobial therapy’ was
presented in the final section of the Thesis. In this project, Nitroimidazole-based
antibiotics, which are well-known broad-spectrum drugs used clinically for fighting
anaerobic bacterial infections, were incorporated on a ruthenium(ll) scaffold capable
of photoreleasing them upon visible light activation. The “unusual” coordination of 5-

nitroimidazole®’

and the two newly synthesized Metronidazole derivatives, MTZ-1 and
MTZ-2, as anionic imidazolates confers to the resulting Ru(ll) complexes promising
features as photocages, as denoted by the good stability shown in dark and by the
possibility to easily cause the detachment of nitroimidazole-based ligands upon
exposure to visible light. The biological potential of Ru-free nitroimidazole-based
ligands and of metal complexes was tested on B. subtilis, chosen as Gram-positive
bacteria model, in both normoxic (21% 0;) and hypoxic (< 1% 0) conditions. Our
results highlighted two main findings: i) the activity of nitroimidazole-based ligands was
remarkably enhanced by switching from aerobic to anaerobic conditions, as expected
in consideration of the peculiar mode of action of nitroimidazole-based antimicrobials;

ii) the insertion of ligands into ruthenium complexes masked their activity when kept

in the dark whereas light-irradiation under hypoxia provoked a strong dose-dependent
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activity. Lastly, preliminary studies on the interaction of the newly synthesized
Metronidazole-derivatives with NimA, a model of reductases responsible for bacterial
resistance to 5-nitroimidazole-based antibiotics, revealed that the different chemical
architectures of these bioactive ligands made protein sequestration unfavourable
when compared to Metronidazole, implying their potential use in the treatment of

bacteria resistant to common nitroimidazole-based antimicrobials.
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Abbreviations and acronyms

[Ru(bpy)s]**
[Ru(phen)s]**
SNIMH
ATP
bpy
Cryo-TEM
ct-DNA
DLS
dmphen
dppn
DTT
EGTA
FDA
HpD
ILCT
ISC

LC

LF
LLIVCT
MC
MIC
MLCT
MMCT
MO
MOPS
MTZ
NIR
NPs
PACT
PDI
PDT
phen
PMI
PSs
PTA
ROS
RPCs
SAXS
TEA
TMAO
TPA
TPE
tpy

ba

tris(2,2’-bipyridyl)ruthenium(Il)
Tris(1,10-phenanthroline)ruthenium(ll)
5-nitroimidazole

Adenosine 5'-(tetrahydrogen triphosphate)
2,2’-bipyridine

Cryogenic Transmission Electron Microscopy
calf thymus DNA

Dynamic Light Scattering
2,9-methyl-1,10-phenanthroline
benzo[i]dipyrido[3,2-a:2’,3’-c]phenazine
1,4-dithiothreitol

ethylene glycol-bis (B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid
Food and Drug Administration
Hematoporphyrin derivatives

intraligand charge transfer state
intersystem crossing

ligand centred

ligand field

ligand low-energy inter-valence charge transfer state
metal-centred state

minimal inhibitory concentrations
metal-to-ligand charge transfer state
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ABSTRACT

The antimicrobial potential of two ruthenium(II) polypyridyl complexes, [Ru(phen),L1]** and [Ru(phen),L2]**
(phen = 1,10-phenanthroline) containing the 4,4'-(2,5,8,11,14-pentaaza[15])-2,2’-bipyridilophane (L1) and the
4,4'-bis-[methylen-(1,4,7,10-tetraazacyclododecane)]-2,2" bipyridine (L2) units, is herein investigated. These
peculiar polyamine frameworks afford the formation of highly charged species in solution, influence the DNA-
binding and cleavage properties of compounds, but they do not undermine their singlet oxygen sensitizing ca-
pacities, thus making these complexes attractive 'O, generators in aqueous solution. L1 and L2 also permit to
stably host Fenton -active Cu®* ion/s, leading to the formation of mixed Ru?*/Cu®* forms capable to further
strengthen the oxidative damages to biological targets. Herein, following a characterization of the Cu?* binding
ability by [Ru(phen)gLZ]ZJ’, the water-octanol distribution coefficients, the DNA binding, cleavage and 10,
sensitizing properties of [Ru(phen);L2] 2+ and [Cquu(phen)zLZJ(”r were analysed and compared with those of
[Ru(phen)le]zJr and [CuRu(phen)le]‘H. The antimicrobial activity of all compounds was evaluated against
B. subtilis, chosen as a model for gram-positive bacteria, both under dark and upon light-activation. Our results
unveil a notable phototoxicity of [Ru(phen);L2]%* and [CusRu(phen);L2]%*, with MIC (minimal inhibitory
concentrations) values of 3.12 pM. This study highlights that the structural characteristics of polyamine ligands
gathered on highly charged Ru(II)-polypyridyl complexes are versatile tools that can be exploited to achieve
enhanced antibacterial strategies.

1. Introduction

biological properties of compounds based upon other transition metals
[5-7]. In particular, Ru(Il) polypyridyl complexes constitutes attracting

The fight against bacterial infections represents a major challenge for
the global public health community. The widespread use of antibiotics
over the last decades has determined the emergence of drug-resistant
populations of microorganisms, which have become an important
cause of death worldwide. Only in Europe, the WHO reports that each
year over 25,000 people die from infections caused by antibiotic-
resistant bacteria [1] while the cost for the management of hospital-
acquired infections in the USA was estimated to be 4.4 billion USD per
year [2]. Therefore, there is an urgent need for the development of new
antimicrobial agents, which should be based on a new class of com-
pounds, rather than on analogues of known scaffolds.

To this aim, following the successful application of cis-diamminedi-
chlorido-platinum(Il) (cis-platin) and its derivatives as chemothera-
peutics [3,4] a considerable attention have been focused on the
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molecules due to their high thermodynamic/kinetic stabilities, the ca-
pacity to reversibly interact with key biological substrates (DNA, RNA
and proteins), and their versatile chemical-physical repertoire. More-
over, some of their fundamental physicochemical properties, such as
water/lipid solubility, charge, absorption and targeting features, can be
easily modified by tuning the nature of the metal-coordinated ligands,
thus making this class of compounds an appealing and versatile choice
not only as chemotherapeutics, but even in the rational design of
effective antibacterial agents.

Dwyer and coworkers [8,9] were the first who shown the antibac-
terial potential of this typology of compounds, as demonstrated by their
pioneering work on [Ru(phen)3]2+, [Ru(Meg4phen),(acac)]™ and [Ru
(Me4phen)3]2 ", (phen = 1,10-phenanthroline, acac = acetylacetonato),
where the latter two complexes were found to be particularly effective,
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especially against gram-positive bacteria. However, notwithstanding the
promising results, it has only been over the last ten years that Ru(Il)-
polypyridyl complexes have attracted a renewed interest in their anti-
microbial features, probably due to the increasing incidence of drug-
resistance bacterial strains nowadays; this has greatly expanded the
range of ruthenium complexes investigated for this purpose [10-16].
The mechanisms underlying the antimicrobial effect of such compounds
are still to be completely elucidated: nucleic acids and/or proteins are
generally proposed as the most important intracellular targets [17,18]
but alternative mechanisms of action involving different targets, such as
the membrane depolarization [19], are also possible.

In this scenario, a promising approach is represented by the use of
ruthenium complexes in combination with light in the so-called anti-
bacterial photodynamic therapy (aPDT) [20,21]. This technique relies
on the use of a molecule, called photosensitizer (PS), that can be acti-
vated with low-energy light to produce highly reactive oxygen species
(ROS), namely free radicals (type I reactions) and/or the potent singlet
oxygen (10y) (type II reactions), which can in turn seriously damage
biological substrates leading to cell death [22-24]. The main advantages
of this technique thus consist not only in the possibility to achieve a
complete spatial and temporal control over the drug-activation but even
in the multi-target character of the light-induced ROS, which makes
bacteria extremely difficult to develop any resistance against these
multiple attacks [25,26]. The rich physicochemical repertoire of Ru(II)-
polypyridyl complexes, which also include long luminescence lifetimes
and good singlet oxygen sensitizing capacities, makes such compounds
natural candidates as PS agents in aPDT. Indeed, since Donnelly et al. in
2007 reported that the antimicrobial activity of [Ru(dmob)3]Cl, (dmob
4,4'-dimethoxy-2,2'-bipyridine) was significantly enhanced upon
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white light irradiation, with MIC values of 12.5, 50 and 12.5 pg/ml
against S. aureus, P. aeruginosa and C. albicans, respectively [27], the
number of Ru(I)-polypyridyl complexes studied in aPDT has consider-
ably increased [28-32].

An interesting case has been recently reported by Feng et al. [33],
who demonstrated that highly charged ruthenium complexes featuring
quaternary ammonium-modified bipyridine ligands selectively inacti-
vate S. aureus and methicillin-resistant Staphylococcus aureus (MRSA)
strains upon light-activation, over mammalian cells. Since the highest
activity was observed for the most charged compound (bearing eight
positive charges, 6-7 log reduction in bacterial viability when irradiated
with 470 nm light), the hydrophilic character of the ruthenium com-
plexes, along with their spherical octahedron coordination structures,
were proposed to play a central role in both the efficacy and the selec-
tivity of these compounds. In particular, the authors linked the great
antimicrobial activity to the possibility to establish strong electrostatic
interactions between the complexes and the negative charges of the
bacterial cell wall (i.e. the teichoic acids of Gram-positive bacteria as
Bacillus subtilis) [34].

Being inspired by this panorama, we decided to investigate the
antimicrobial properties of two highly charged ruthenium(I)-
polypyridyl complexes which have been recently synthesized by our
group; [Ru(phen),L11%* [35] and [Ru(phen),L2]*" [36], featuring the
peculiar 4,4'-(2,5,8,11,14-pentaaza [15])-2,2'-bipyridilophane (L1) and
the 4,4'-bis-[methylen-(1,4,7,10-tetraazacyclododecane)]-2,2" bipyr-
idine (L2) units, respectively (Chart 1). The presence of a high number of
easily protonable nitrogen groups on the polyazamacrocyclic moieties
appended to the 4,4’ position of the metal-coordinated bipyridyl units
affords the formation in solution of highly charged species and confers to

S
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<N AW »'.:\ H/:rlq
N 2N H _> [ ]
Ru HN NH HN
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\l N\ I/ H\_I'}N—) —_— / \
, P \ AT
L1
[Ru(phen),L1]?*
o= N
S N/ N A H;}
|
/N\RIZ"/N 7 N NH H’} (\n;}
AN SN2 N UK = N
@R e N NS N s
AN =N N

[Ru(phen),L2]?*

Chart 1. Sketch of [Ru(phen)le]zJr and of [Ru(phen)zLZ]”r along with their correspondent polyaminomacrocyclic frameworks L1 and L2. Ligands are shown in

their neutral (not-protonated amino groups) form for clarity.
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the resulting compounds not only an excellent water-solubility, a
necessary prerequisite for their biological application, but also in-
fluences their DNA-binding and -cleavage properties. On the other side,
the 'O, sensitizing capabilities of Ru-centers are not significantly
affected by the modified bipyridyl residue, thus making [Ru
(phen)sL11%" and [Ru(phen),L2]?* attractive PS agents for the light-
activated 'O, generation directly in aqueous media. Moreover, the
polyamine moieties L1 and L2 can stably bind one or two metal ions,
such as the Fenton-active Cu* ion, resulting in the formation of the
heteronuclear [CuRu(phen),L1]*" and [CusRu(phen);L.2]%* complexes.
These mixed Ru?*/Cu?* species may lead, in principle, to the produc-
tion of ROS species via Fenton or Fenton-like processes involving the
Cu®" centers, thus providing an alternative/additional mechanism of
action capable to further strengthen the oxidative damage of selected
targets. In the case of [Ru(phen),L1]?* and [CuRu(phen),L1]*", their
biological potential was previously evaluated on an A375 human mel-
anoma cell line, chosen as a model for cancer cell; our study [35]
revealed good cellular-uptake and phototoxicities for both compounds,
with the mixed Ru?*/Cu?* complex exhibiting the greatest photo-
induced dose-dependent cytotoxicity.

Based on these results, we decided to extend the investigation of [Ru
(phen)le]er and [Ru(phen)2L2]2+, along with their corresponding
mixed Ru?'/Cu®* complexes [CuRu(phen);L1]*" and [CusRu
(phen),L.2]%7, to their possible use as antimicrobial agents. In particular,
the replacement by the unique macrocyclic framework of [Ru
(phen),L1]%* with the two distinct polyamine units of [Ru(phen),L.2]%*,
would allow us to establish whether different structural features of the
modified bipyridyl moiety of ruthenium compounds may affect their
chemical-physical properties and/or their biological behaviour.

In the present work, we report on the Cu®" binding ability by [Ru
(phen)3L.2]%" in aqueous media, studied by means of potentiometric,
UV-vis and fluorescence measurements. Afterwards, the distribution
coefficients (logD7.4), the DNA binding, cleavage and 10, sensitizing
properties of [Ru(phen)ZLZ]Z’ and [Cquu(phen)ZLZ](”r were deter-
mined. The obtained results are herein compared to those of [Ru
(phen),L1]%" and [CuRu(phen),L1]** and discussed. Finally, the anti-
microbial activities of [Ru(phen),L1]%*, [Ru(phen);L2]%*, [CuRu
(phen)le]‘Pr and [Cquu(phen)sz](”r were evaluated against Bacillus
subtilis (strain 168), chosen as a model for gram positive bacteria, both
under dark conditions and upon irradiation with low-energy light.

The results herein reported may constitute an important knowledge
about the relation between the different structural characteristics of
polyamino ligands gathered on Ru(Il)-polypyridyl complexes and their
potential antibacterial activities.

2. Materials and methods
2.1. Synthesis and materials

The ruthenium compounds [Ru(phen);L1]%", and [Ru(phen),L2]%"
were obtained as their respective hydrochloride salts [Ru(phen);L1]
Cly-5HCI-2H20  and  [Ru(phen),L2]Cly-6HCI-2H,0  while  [CuRu
(phen)le]‘Pr was obtained as [CuRu(phen);L1]1(ClO4)4-4H20, as
described in our previous reports [35,36], All materials were of reagent
grade and used without further purification. Calf thymus DNA (ct-DNA)
was purchased from Sigma Aldrich in the form of sodium salt. Its solu-
tions were obtained by dissolving ct-DNA in Tris-HCI buffer (10 mM
Tris-HCl, 50 mM NaCl, pH 7.2), while its purity was controlled by
UV-vis absorption measurements; an absorbance ratio between 260 and
280 nm within 1.8-1.9:1 indicates that DNA is sufficiently free of pro-
tein [37]. The DNA concentration per nucleotide was obtained by using
the molar absorption coefficient at 260 nm of 6600 M~ em™! [38].

We point out that, since the protonation state of each ruthenium
compound depends on the pH (vide infra), these complexes can be pre-
sent in solution in differently charged forms at different pH values.

In the experimental conditions (range of ruthenium concentration
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and pH) of the experiments discussed in paragraphs 3.3-3.6, the pre-
dominant species of [Ru(phen)sL1]%" and [Ru(phen),L2]%" present in
solution are their corresponding di- and tetra-protonated forms [HoRu
(phen)2L1]*" and [H4Ru(phen),L2]%*, while their respective copper
complexes are effectively present as [CuRu(phen)ZLl]‘Pr and [CusRu
(phen)3L2]%". The relative abundances of such species (expressed in
terms of ligand percentage) in each condition tested have been poten-
tiometrically determined and are listed in Table S2 of Supplementary
Material).

For the clarity of discussion, we will keep on referring to ruthenium
compounds simply as [Ru(phen);L1]%*, [Ru(phen),L2]%*, [CuRu
(phen)3L1]*" and [CusRu(phen),L2]%" while specifying in each case
their prevalent forms in solution in the experiments herein reported.

2.1.1. Synthesis of [CuyRu(phen),L2](ClO4)¢-3H20

The copper(Il)-complex [CusRu(phen);L2] 5% was synthesized by
following a similar procedure to that reported for preparation of the
analogues [CuRu(phen),L1]** [35]. Briefly, 5.56 mg of Cu(ClO4)2:6H20
(0.015 mmol) were added to an aqueous solution (20 ml) containing an
equimolar amount (19.68 mg) of [Ru(phen),L2]Cly-6HCl-2H20 and the
pH was adjusted to 6.5 with NaOH 0.1 M. Following addition of NaClO4
(100 mg), the solution was stirred at room temperature for 3 h. The slow
evaporation of the solvent led to the precipitation of the hexaperchlorate
threehydrated salt of [Cquu(phen)zLZ](’*, which was collected by
filtration and washed with cold diethyl ether.

Yield: 19 mg (72%). Elem. Anal. calcd for Cs2H79N14RuCu2ClgO27: C,
35.40; H, 3.99; N, 11.12. Found: C, 35.51; H, 4.03; N, 11.11%.

2.2. Potentiometric measurements

The ability of [Ru(phen),;L2]%* to coordinate Cu®" ions in aqueous
media was investigated by means of potentiometric titrations in NaCl
0.1 M at 298 + 0.1 K, by using equipment and procedures that have been
previously described [39-41].

As hydrogen concentration probe, we used a combined glass elec-
trode, which was calibrated by titrating with CO»-free NaOH solutions
known amounts of HCI solutions while using an Ag/AgCl electrode in
saturated aqueous KCl as reference electrode. The NaOH solution was
standardized against carbonate-free potassium hydrogen phthalate
(standard reference material for pH measurement, Sigma Aldrich) and
stored under nitrogen atmosphere. Measurements were carried out in a
range of pH within 2-12 by using a total concentration of ruthenium
compound of generally 1 x 10~ mol/dm?; the Cu?* concentration was
varied from 0.2[Ru(phen),L2]%* to 1.8[Ru(phen),L2]%" to ascertain the
stoichiometries of the complexed species formed in solution. The Gran’s
method [42] was employed to determine the equivalent point, the ionic
product (pKy, = 13.73 + 0.01 in the present experimental conditions)
and the value of the standard potential E,. For each system at least three
titration experiments, consisting of ca. 100 data points each, were per-
formed. From the resulting e.m.f. data the equilibrium constants for
Cu?" complexation by [Ru(phen)sL.2]%" were determined by employing
the computer program HYPERQUAD [43]. The corresponding distribu-
tion diagrams of the species present in solution were then calculated by
using the Hyss program [44]. All the reagent solutions were prepared by
using freshly boiled, doubly deionized water, saturated with anhydrous
nitrogen prior to use.

The obtained LogK values for metal complexation of [Ru
(phen),L2]%" are compared with those previously determined for [Ru
(phen)le]ZJr in Table 1, while the protonation constants of both the
ruthenium compounds are listed in Table S1 (ESI).

2.3. Electronic absorption, fluorescence and EPR measurements
Absorption spectra were collected by using a PerkinElmer Lambda 6

spectrophotometer while fluorescence measurements were performed
on a LS55 spectrofluorimeter. All experiments were performed at 298.1



L. Conti et al.

+ 0.1 K. X-band EPR (Electron Paramagnetic Resonance) spectra were
recorded on a Bruker Elexsys E500 spectrometer equipped with an
ESR900 (Oxford Instruments) continuous-flow *He cryostat to work at
low temperature and a SHQ resonator.

2.4. Singlet oxygen detection

The singlet oxygen sensitizing properties of [Ru(phen),L2]%* and of
[CugRu(phen),L.2]°" were analysed by monitoring the phosphorescence
signal of 10, at 1270 nm, generated from air-saturated CH3CN solutions
of Ru(Il)-compounds upon laser excitation. The obtained results
expressed as !0, quantum yields gA('02) are compared with those
previously obtained by the same method for [Ru(phen)ZLl]ZJr and
[CuRu(phen),L1]1** in Table 2.

As laser source we used a Ti-Sapphire ultrafast laser delivering 100 fs
long pulses at 82 MHz repetition rate and 800 nm wavelength; the laser
pulse was frequency doubled at 400 nm to excite the samples. Following
saturation with air of acetonitrile solutions of Ru(II)-compounds directly
in 1 cm path quartz cuvettes, the samples were laser irradiated and the
10, emission was collected by a lens set at 90° with respect to the 400
nm exciting laser beam and focused on a N cooled InGaAs photodiode.
An interference filter centered at 1270 + 20 nm was placed in front of
the photodiodie to select the 10, emission while a chopper working at
90 Hz, placed on the exciting beam and used to trigger a lock-in
amplifier, singled out and averaged the signal from the photodiode.

To ascertain that only singlet oxygen emission was measured by our
experimental set-up, the solutions of samples were degassed through
pump-freeze-thow cycles in quartz tubes sealed under vacuum; no signal
from these samples was detected. Experiments were carried out by
employing different concentrations of ruthenium compounds, with
absorbance values at 400 nm in the range 0.08-0.2, and by increasing
the power of laser applied. Linearity with respect to applied laser power
was observed. The 10, quantum yields (¢4) of samples were calculated
by applying the formula:

_ s(S)x [1 — 10740 ]
P(8) = ‘PA(R)W

(€3]
where @, (S) and @, (R) represent the 102 quantum yields of samples (S)
and of the reference (R) respectively, s is the slope of the linear plot of
the intensity of 105 luminescence signal as a function of the intensity of
the exciting laser, while A(R/S) represents the absorbance values at 400
nm of the R/S solutions.

As reference compound (R) we used tetraphenylporphyrin (TPP), for
which a @, value of 0.60 was reported by R. Schmidt and E. Afshari by
chemical methods in acetonitrile [45]. The resulting ¢ values obtained
for ruthenium compounds were also compared with that of [Ru
(phen)s]*™, given the analogues chemical makeup of the ruthenium
center of the latter compound.

2.5. Determination of distribution coefficients (logD7.4)

The octanol-water distribution coefficients of all the ruthenium
compounds were determined at pH 7.4 by employing the shake-flask
procedure [46]. The obtained results, expressed as logarithm values
logDy7 4, are shown in Table 2. Briefly, aqueous solutions of the tested
compounds (16 pM) buffered with phosphate buffer at pH 7.4 were
mixed in a flask with n-octanol. Both solvents were mutually pre-
saturated at room temperature. The compounds were then allowed to
equilibrate between the organic and the aqueous media by flask hand-
shaking and then were left resting for at least 24 h to ensure the com-
plete separation of the two phases. Afterwards, the concentrations of
ruthenium compounds in the aqueous phase were spectrophotometri-
cally determined while those in the organic phase were obtained by
difference. The logD7 4 values were calculated by using the Eq. 2:
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logD, 4(S) = log (2)

Coctanol = log (mo X VW)
Cwater my x Vo
where S stands for the sample (ruthenium compounds) analysed, Coctanol
and Cwater represent the total concentration of the compound in the
organic and in the aqueous phase, m stands for the mass of compound in
the aqueous (w) or in the organic phase (o) and V was the volume of each
phase. A ligand concentration of 15 pM was used while different V,,/V,
ratios were employed, varying from 0.5:1 to 2:1. Each determination
was performed in triplicate.

Because of the ionizable nature of compounds herein analysed, we
referred to distribution coefficients (D) instead of partition coefficients
(P). In fact, differently from logP, which can be used to characterize the
octanol-water partition of a compound in its neutral/uncharged form,
logDy7 4 more adequately describes the distribution of a compound that
can be partially ionized at a given pH value.

2.6. UV titrations of Ru compounds with ct-DNA

The binding ability of the L2-bearing ruthenium systems towards calf
thymus DNA (ct-DNA) was explored by monitoring the changes at the
dn-n* metal to ligand charge transfer (MLCT) band of ruthenium com-
plexes, centered at ca. 454 nm, induced by addition of increasing
amounts of the biopolymer (0-400 pM) to buffered solutions (Tris-HCl
buffer, 10 mM, NaCl 50 mM, pH 7.2) containing the metal compounds at
fixed concentration. To eliminate the contribute to the absorbance of the
DNA itself, equal amounts of concentrated solutions of DNA were added
both to the sample and to the reference solution, the latter consisting of
only Tris-HCI buffer. After each DNA addition, samples were incubated
for 10 min at 298.1 + 0.1 K before collecting the absorption spectra.
From the absorption data, the intrinsic binding constants Ky, of ruthe-
nium compounds with ct-DNA were determined by using Eq. 3: [47-49].

[DNA] _ [DNA] 1 @

(E(, - 5!) (Eb - b?) K, (617 - éf)

where [DNA] is the concentration of ct-DNA in base pairs, and the
apparent absorption coefficients €,, & and €, correspond to Agps./[Ru]
(Ru = Ru compounds), to the molar extinction coefficient for the free
(DNA-unbounded) Ru complex and to the molar extinction coefficient
for the Ru complex in its totally DNA-bound form. The binding constants
(Kp) are obtained by the ratio of slope to the intercept in the linear plots
of [DNA]/|ea-¢¢| vs. [DNA]. The obtained results are listed, along with
those of L1-containing compounds, in Table 2.

2.7. DNA-cleavage activity

Plasmid (pUC18) DNA was extracted from overnight grown cultures
of E. coli DH5alpha strain in Luria-Bertani medium supplemented with
50 mg/mL Ampicillin. Extracted plasmid DNA was checked for integrity
by 1% agarose gel electrophoresis in Tris-Acetate EDTA buffer (TAE, 40
mM Tris, 20 mM acetic acid, 1 mM EDTA) run at 7 V/cm for 40’ and
stained with 10 pg/mL ethidium bromide and quantified by spectro-
photometric reading at 260 nm and 280 nm (NanoQuantPlate, Infinite
Pro 200 plate reader Tecan, Switzerland). DNA cleavage by ruthenium
compounds was performed by incubating them with plasmid DNA (50
pg/mL) in Tris-HCl buffer (Tris-HCI 10 mM, NaCl 50 mM, pH 7.2), then
checking supercoiled plasmid disappearance by 1% agarose gel elec-
trophoresis in TAE run at 7 V/cm for 60’ and stained with 10 pg/mL
ethidium bromide, as previously reported [35]. Photoactivation exper-
iments were performed by irradiating the samples with visible light
(LED, A > 430 nm, 30 W, 15 min).

2.8. Microbiological methods

Bacterial strains were grown in Luria Bertani (Lysogeny broth [50])
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medium (NaCl 10 g/L, Tryptone 10 g/L, Yeast Extract 5 g/L) at 37 °C.
The model bacterium Bacillus subtilis 168 strain [51] was used for
determination of inhibitory concentrations.

2.8.1. Determination of inhibitory concentrations

Overnight grown liquid cultures were prepared in LB medium (10
mL) from single colonies freshly grown on LB agar Petri plates. Cultures
were incubated at 37 °C, 225 rpm shaking. From overnight cultures,
cells were diluted to OD ggg nm = 0.1 in fresh LB medium, then solutions
of ruthenium compounds were added to the diluted cultures. The mix-
tures (150 pL total volume) were then splitted in a 96-well microtiter
plate (Sarstedt, Germany). Irradiation for photoactivation was per-
formed on the surface of the microtiter plate after 30 min incubation by
employing LED light (A > 430 nm, 30 W, 15 min). Microtiter plates were
then incubated on an Infinite Pro 200 plate reader (Tecan, Switzerland).
OD 600 nm Was read every hour for up to 20 h, until growth reached the
stationary phase. The MIC values (minimal inhibitory concentrations)
were expressed in pM and calculated as the drug concentration induct-
ing at least 60% growth reduction or 40% residual growth.

2.9. Cell permeation

To investigate the kinetics of cell permeation of ruthenium com-
pounds, B. subtilis bacterial cultures were added to 1.5 mL poly-
proprilene tubes (7.5 x 10% cells/tube) and treated with a fixed
concentration of ruthenium compounds (25 pM) at pH 7.2. Cells were
incubated for 30 min, 3 h, 5 h, 24 h, centrifuged and pellets were washed
three times with 1 mL 0.9% NaCl solution to remove extracellular
ruthenium compounds present in the medium. In the washed bacterial
cell pellets the ruthenium-content was assumed as indicator for drug
permeation and was determined by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) [52]; results were expressed as ng of
Ru/108 cells. Experiments were performed in triplicate.

3. Results and discussion
3.1. Cu?* binding by [Ru(phen),L2]**

The coordination ability of [Ru(phen);L2]%" towards Cu®* was
studied by means of potentiometric measurements in NaCl 0.1 M at
298.1 + 0.1 K. Since the process of metal complexation generally
competes with that of ligand protonation, the acid-base properties of the
compound need be taken into account. For that reason, in Table S1 of the
Supplementary Material the protonation constants of [Ru(phen);L2] 2+
are summarized along with those of [Ru(phen);L1]%". Briefly, the two
compounds possess up to three ([Ru(phen)ng]“) or four ([Ru
(phen);L.2]%") nitrogen atoms which behave as strong to moderate bases
(with LogK values ranging from 5.32 to 11.02 log. units) and two ni-
trogen groups which behave as weak bases (LogK < 4 log. units). In the
case of [Ru(phen),L2] 2*, the constants for the addition of the last two
protons in the [H4Ru(phen),L2]%* species appear as a unique value,
because of the occurrence of these protonation equilibria in very close
pH regions.

Potentiometric measurements afforded us to obtain the binding
constants for the Cu2+—c0mplexation by [Ru(phen)2L2]2+; these values
are compared with those previously found for [Ru(phen)le]2+ [35] in
Table 1, while the distribution diagrams of the species present in solu-
tion for the systems [Ru(phen)2L2]2+:Cu2+ in 1:2 and 1:1 molar ratios
are respectively reported in Fig. 1 and Fig. S1 (ESI). A first analysis of
these data reveals that [Ru(phen)sz]zJr roughly parallels the binding
behaviour of [Ru(phen)2L1]2+, but it also shows significative differ-
ences likely accounting for the possibility to host protons, as well as
cationic guests, into two separate binding units instead of into a single
polyamino macrocyclic framework (vide infra).

In particular, [Ru(phen),L.2]%" displays a high tendency to form both
stable mono- and dinuclear complexes with Cu?! in aqueous media,
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Table 1

Equilibrium constants (LogK values) for the Cu®* complexation by [Ru
(phen)le]er and [Ru(phen)zLZ]z* determined by means of potentiometric
measurements in 0.1 M NaCl at 298.1 £ 0.1 K ([L**] =1 x 107> M).

Equilibria LogioK*

L = [Ru(phen),L1]%** [Ru(phen),L2]%""
L?" + Cu®' = [CuL]*" 15.12 (6) 16.50 (5)
[Cul]*" + H' = [HCuL]>" 5.63 (7) 7.61 (6)
[HCUL]®* + H* = [HaCuL]®* 3.94 (7) 6.01 (5)

[CuL]** + OH™ = [CuL(OH)]** 6.12 (9) -

[CuL]*" + Cu®* = [Cu,L]®* - 10.89 (3)

L2 4+ 2Cu*" 4+ OH™ = [CupL(OH)]%+ 12.71 (8) -

[CuL]®* + 20H = [Cu,L(OH),]*" - 11.30 (7)

* Values in parenthesis are standard deviations on the last significative figures.
@ L. Conti et al., Chem. Eur. J., 25, (2019), 10,606-10,615.
® This work.

100
[Cu,Ru(phen),L2]%*
807 [Cu,RU(pHen),L2 (OH),}**
60
X
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[HgRu(phen),L2]8*
20- [H,Ru(phen),L2]6*
[H,CuRu(phen
O T T T T
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Fig. 1. Distribution diagram of the species present in solution for the system
[Ru(phen),L2]%*/Cu" in 1:2 molar ratio. [Ru] = 1 x 1073 M, [Cu®*] = 2 x
1073 M, NaCl 0.1 M, 298.1 + 0.1 K (Ru = [Ru(phen),L2]%").

with LogK values of 16.50 and 10.59 for the addition of the first and the
second metal ion, respectively. The decrease of the binding constant
relative to the addition of the second Cu?* can be mainly explained in
terms of increased electrostatic repulsion between the positive charged
metal centers, as reported, for example, in the coordination of Cu®" by
polyamine receptors containing up to three distinct cyclen moieties.
[53] Another point that can be evidenced is that the stability of the
Cu?-mononuclear complex of [Ru(phen),L2]?" is somewhat compa-
rable to that formed by [Ru(phen)le]2+ (LogK of 16.50 and 15.12 log.
units respectively for [CuRu(phen),L2]*" and [CuRu(phen),L1]*") and,
analogously to [Ru(phen)2L1]2+, [54] this value is considerably
diminished with respect to that one corresponding to the metal complex
formed by the free (Ru-unbounded) polyamine unit. Indeed, the LogK
value for the addition of Cu®* to [Ru(phen),L2]%" is c.ca. 6.9 log. units
lower than that reported for the addition of the cation directly to the ‘Ru-
free’ cyclen moiety. [55] This is a commonly observed effect that arises
from the reduced metal-ion coordination ability of the polyamine units
when linked, through a bipyridyl unit, to the ruthenium center, because
of to the increased electrostatic repulsion between the two metals in the
mixed Ru?*/Cu®* species. Moreover, in the case of [Ru(phen),L2]%*,
the tertiary amine groups of the L2 cyclen units possess a lower coor-
dination ability with respect to the secondary ones of a pure cyclen
moiety.

A significative difference between [Ru(phen);L2]%" and [Ru
(phen)2Ll]2Jr consists in the more pronounced tendency of the Cu®*-
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mononuclear complex of the former to coordinate two extra protons, as
revealed by the high LogK values (> 6 log. units) found for the addition
of H* to [CuRu(phen),L2]*" and to [HCuRu(phen),L2]%"; the relative
protonation constants for [Ru(phen),L1]%" are 5.63 and 3.94 log. units,
respectively (Table 1). Such remarkably high values are compatible with
the protonation constants of a ‘Cu®*-free’ cyclen moiety, and thus sug-
gest that in the [HCuRu(phen),L2]%" and in the [HyCuRu(phen),L2]%*
species the Cu®" ion is coordinated within one cyclen unit while the
addition of protons interests the other, metal-unbounded, macrocyclic
residue. On this basis, the minor stability of the protonated forms of
[CuRu(phen)le]4+ can be ascribed to the close proximity of protons to
the metal ion hosted within the same macrocyclic cavity (L1). As a
result, in a system containing equimolar amounts of [Ru(phen),L2]%"
and Cu?* (Fig. S1, ESD, [HCuRu(phen);L2]°* and [HyCuRu
(phen);L2]%" are easily formed in solution, from slightly acidic to
slightly alkaline pH values. Differently, in a system containing two
equivalents of Cu?t (Fig. 1), the predominant species at neutral pH
values is the dinuclear [Cquu(phen)sz]6+ one, which prevails in so-
lution in a wide range of pH, from pH 3.5 to pH 8.2. At higher pH values,
[Cquu(phen)zLZ(OH)z]4+ becomes predominant in solution,
evidencing a marked tendency of [CusRu(phen);L2] 5+ to form di-
hydroxylated species, likely arising from the deprotonation of water
molecules bound to the Cu®" ions. In these conditions, the formation of
mononuclear complexes is almost negligible in the overall range of pH,
with only the [HyCuRu(phen);L.2]%" species being formed in very low
percentage at pH of c.ca 4 (< 5% relative to ligand percentage). Finally,
we highlight that in a wide range of pH both the L1- and L2-containing
mixed Ru®*/Cu?* complexes are not affected by copper decom-
plexation, which is expected only in very strong acidic conditions (pH <
3.5).

3.1.1. Cu?*binding by [Ru(phen),L2]** by means of UV-visible and
fluorescence measurements

Besides the potentiometric data, the ability of [Ru(phen)zLZ]ZJr to
bind Cu?* in aqueous media has been also studied by means of spec-
trophotometric and spectrofluorimetric measurements.

The coordination of Cu?* does not significantly alter the absorption
properties of this typology of Ru-compounds. In fact, the UV-absorption
spectrum of [Ru(phen),L2]%" presents a typical broad metal-to-ligand
dn-n* charge transfer (MLCT) band centered at about 454 nm and a
structured band at lower wavelengths (around c.ca. 270 nm) relative to
the ligand centered n—n* transitions of phen moieties. As in the case of
[Ru(phen),L.1]1%, the absorption profile of [Ru(phen),L2]%" appears to
be almost fully superimposable to the absorption spectra registered in
the presence of one or two equivalents of Cu®* (Fig. $2, ESI). On the
contrary, the luminescence properties of these ruthenium compounds
are markedly influenced by metal coordination. This is particularly
evident in Fig. 2, where are reported the emission spectra of aqueous
solutions of [Ru(phen),L2] 2+ at neutral pH registered upon addition of
increasing amounts of Cu?*. The addition of the metal strongly quenches
the luminescence of the compound, leading to an almost total loss of
signal in the presence of 2 equivalents of Cu®* (inset in Fig. 2). This
effect can be naturally ascribed to the paramagnetic nature of cu?,

3.2. Singlet oxygen production

The capacity to effectively generate the highly oxidant singlet oxy-
gen 10, species upon light-irradiation (type II reactions), stands for a key
factor in evaluating the biological potential of a candidate photosensi-
tizer for possible application in aPDT. However, other types of reactive
radical species, issued from suitable substrates for instance by type I
photochemical processes, are able to elicit severe damages to biological
targets as well [56].

With this regard, the singlet oxygen sensitizing properties of [Ru
(phen)sz]2+ and [Cquu(phen)zLZ]ﬁ'+ were investigated by directly
monitoring the phosphorescence signal of 105 at 1270 nm generated by
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Fig. 2. Fluorescence spectra of aqueous solutions of [Ru(phen),L2] 2+ puffered
at pH 7, registered by adding increasing amounts of Cu®". In the inset of the
figure is shown the quenching of the fluorescence emission monitored at 615
nm determined by the presence of increasing equivalents of the metal ion ([Ru]
=3 M, [Cu®"] = 0-12 pM, Aexe = 411 nm, Ru = [Ru(phen),L2]%").

irradiation of air-saturated CH3CN solutions of compounds. Tetraphe-
nylporphyrin (TPP) was taken as a reference for !0, production, as
described in the experimental section. The results obtained, expressed in
terms of 102 quantum yields (¢,), are compared with those of [Ru
(phen)le]ZJr and [CuRu(phen)le]‘Pr in Table 2.

As shown, the @, of [Ru(phen),L2] 2+ was found to be 0.38 + 0.08. It
can be noted that this value emerges to be almost identical to that
measured in the same experimental conditions for the parental com-
pound [Ru(phen)s]®* and only slightly higher with respect to that one
obtained for [Ru(phen)le]zJr (0.29 + 0.06). This clearly indicates that
the replacement of a phen unit with a 2,2"-bipyridyl moiety with two
cyclen units appended to its 4 and 4’ positions does not affect the ca-
pacity of the ruthenium compound to produce 10, upon light-activation.

Intriguingly, no 10, emission was detected from the corresponding
copper complex [Cquu(phen)zLZ]f’*. As in the case of [CuRu
(phen)le]‘”, the lack of evidence for 105 production, together with the
quenching of the fluorescence emission by the mixed Ru?*/Cu* com-
plex, can be rationalized by considering that the deactivation of the
MLCT excited states in presence of Cu** ion/s may occur predominantly
through internal conversion and likely on a faster timescale if compared
to the Cu?*-free forms of ruthenium compounds.

Table 2

Distribution coefficients (logD7 4), 10, quantum yields determined in air-
saturated CH3CN solutions q)A(IOZ) and intrinsic binding constants (K, values)
with ct-DNA obtained via UV-vis titrations of ruthenium compounds herein
investigated.

Compound” Aabs/Aem logD7.4 ¢a(*02) Ky ' (x10*
(m) ' M

[Hy(phen),RuL1]4* 452/611" ~1.8+ 0.29 + 2.77 + 0.09"
0.1 0.06"

[Cu(phen);RuL1]** 452/611" ~15+ b 1.47 +0.01°
0.3

[Hq(phen),RuL2]®*  454/615 144+ 0.38+£0.08  2.41 + 0.09
0.2

[Cua(phen),RuL2]®"  454/615 ~1.2+ - 1.28 + 0.08
0.1

# Most abundant species of ruthenium complexes present in solution at
physiological pH; ' Values determined at pH 7.2 (Tris-HCI buffer 10 mM, NaCl
50 mM).

> ref [35].
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3.3. Distribution coefficients of ruthenium compounds

The polyamino frameworks L1 and L2 confer to the resulting
ruthenium complexes a marked hydrophilic nature. This influences their
lipophilicity, a physicochemical descriptor of central interest in the
pharmaceutical industry, as it describes the affinity of a drug for a lipid
environment, affording useful clues on its biological, pharmacokinetic,
and metabolic properties [57,58]. However, despite lipophilicity is an
important determinant of activity, it usually refers to the level that al-
lows the drug to easily diffuse across the cell membrane. As a result, the
cytotoxicity of a drug not always goes hand in hand with its lipophilicity,
and highly charged compounds, namely positively charged ruthenium
(I) polypyridyl complexes, may exhibit remarkable antimicrobial ac-
tivities as well [33,59,60].

To gain insight on the lipophilicity of our systems, the water-octanol
distribution coefficients (D) of ruthenium complexes were quantita-
tively determined by employing the shake-flash method. Given the well-
established dependence on pH of the species formed in solution by all
the tested compounds, the analysis was performed at pH 7.4 because of
its close resemblance to real biological partitions. As mentioned in the
experimental section (see paragraph 2.1), at physiological pH the pre-
dominant species present in solution for each system are the di- and
tetra-protonated forms of the ‘Cu®*-free’ compounds [HyRu
(phen),L1]** and [H4Ru(phen),L2]°" and the [CuRu(phen),;L1]** and
[CugRu(phen)zLZ]ﬁ'Jr complexes. For this reason, hereinafter we will
refer to such species when discussing the results obtained under these
conditions. The obtained results, expressed as logarithmic values
(logDy7.4), are listed in Table 2. As shown, all systems are characterized
by markedly negative logD7 4, exhibiting overall values ranging between
—1.2 and —1.8, accordingly with the pronounced hydrophilic character
of the polyamine moieties introduced in the structure of ruthenium
compounds.

3.4. Interaction of [Ru(phen)2L2]%" and [CuzRu(phen),L2]%" with calf-
thymus DNA

The ability of a metal complex to interact with DNA, a key target for
anticancer drugs as well as for antibacterial compounds, constitutes a
relevant sign about its biological potential. In fact, the possibility to
effectively interact with DNA would ensure the localization of a drug in
close proximity of such important biological target, permitting to
considerably strengthen the oxidative damage determined by the ther-
apeutic production of singlet oxygen and/or ROS species. These con-
siderations prompted us to consider the DNA-binding properties of Ru
compounds prior to test their activity as anti-bacterial agents.

In general, Ru polypyridyl complexes mainly interact with double-
stranded DNA by means of non-covalent binding modes, such as inter-
calation, groove binding and electrostatic interactions [61,62]. In this
view, electronic absorption spectroscopy represents a useful technique
to probe the affinity of metal-complexes with DNA, affording important
insights on their mode of interaction. For example, covalent base-
binding usually leads to a perturbation of the ligand field transition of
the metal compound resulting in hyperchromism at its Metal to Ligand
Charge Transfer (MLCT) band [63]. Classical Ru(Il)-based intercalators
on the other hand generally undergo hypochromism, along with a
bathochromic shift, at their MLCT band, with the extent of hypo-
chromism being directly correlated to the strength of the intercalation
[64]. However, hyperchromism or hypochromism have also been asso-
ciated to other typology of interaction, such as partial intercalative/non
intercalative and electrostatic binding modes [65-67].

The DNA-binding capacities of [Ru(phen),L2]%" and [CusRu
(phen)ZLZ]6+ were evaluated on calf thymus DNA (ct-DNA), by moni-
toring the changes at the MLCT band in their UV-vis spectra upon
addition of increasing amounts of the biopolymer to solutions of
ruthenium compounds at fixed concentrations at pH 7.2. As shown in
Figs. 3a-b, both [HsRu(phen);L2]®" and [CusRu(phen);L2]%* (the
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predominant species of compounds in these conditions) result in hypo-
chromism at their MLCT band with no blue or red shift on addition of the
biopolymer. The extent of hypochromism was found to be greater for
[H4Ru(phen)2L2]6+, which undergoes a reduction of about 32% of the
absorbance at 454 nm in the presence of c.ca 200 uM of the biopolymer
(Fig. 3a). On the other side, when two Cu?* ions are bound within the
polyamino pockets of the ruthenium compound such effect accounts for
only a 15% reduction (Fig. 3b).

The intrinsic binding constants (K}, values) of ruthenium complexes
were calculated from titration data as described in the experimental
section and result to be (2.41 + 0.09) x 10 M~ and (1.28 + 0.08) x 10*
ML, respectively for [H4qRu(phen);L2]%" and [CusRu(phen),L2]%;
these values are compared with those previously found for the L1-con-
taining ruthenium complexes in the same conditions in Table 2. A first
analysis of these data confirms that the K}, constants of all the investi-
gated Ru-compounds are significantly higher than that one reported in
literature for the interaction of the parental compound [Ru(phen)s]**
with ct-DNA in the same buffer media (<103 M [68,69]. For this
compound, non-classical intercalation processes including semi-
intercalation and quasi-intercalation modes, along with external elec-
trostatic binding within the major groove of DNA, were reported to
underlie its interaction with the biopolymer [70,71]. On the other hand,
these values are almost two order of magnitude lower relative to those
associated to classical Ru(Il)-based intercalators, such as [Ru
(bpy)2(dppz)1%* (dppz = dipyrido[3,2-a:2’,3'-c]phenazine) for example,
which more strongly binds DNA featuring a Kb in the order of 106m7!
[72,73].

As a consequence, for all the ruthenium complexes herein analysed a
pure intercalative mode of interaction with DNA should be ruled out.
This finding was also confirmed by analogues fluorescence titration
experiments conducted on [Ru(phen)zLZ]H, shown in Fig. S3, that
evidenced only a weak increase of the ligand fluorescence emission in
the presence of a large excess of the biopolymer (c.ca 12% for [DNA]/
[Ru] > 20). Unfortunately, the poor luminescence of the mixed Ru?t/
Cu?" systems precluded their study by this technique.

Interestingly, a comparison of the absorption data obtained for Ru
(ID-complexes with those of mixed Ru?*/Cu*" compounds, indicates a
significative decrease (almost two-folds) of the Ky values when one
([CuRu(phen),L1]*") or two ([CugRu(phen),L21%") copper ions are
bound within the macrocyclic cavities of complexes. Indeed, the mixed
Ru?*/Cu?" complexes display a higher intercept value of the plot of
[DNA]/|e, - €| versus [DNA], which is inversely proportional to Ky, as
shown in Fig. 3c for [H4Ru(phen)2L2]6Jr and [CugRu(phen),L2] 6+

Taken together these finding highlight that the polyamine frame-
works contained in [Ru(phen);L1]1%" and [Ru(phen),L.2]%" play a cen-
tral role in their interaction with DNA. In fact, we can reasonably assume
that the phosphate groups of the biopolymer interact with the positively
charged polyammonium groups gathered on the polyamine moieties
mainly via electrostatic and hydrogen-bonding interactions. This agrees
with the higher binding constants obtained for Ru-compounds, relative
to that of the reference compound [Ru(phen)s] 2+ where L1 or L2 are
replaced by a phen unit. On the other hand, the coordination of Cu?*
would determine a charge-redistribution within the macrocyclic resi-
dues of ligands, leading to a diminished availability of the polyamine
nitrogen donors to establish electrostatic/hydrogen-bonding in-
teractions with the DNA backbone, and thus justifying the lower Ky
values.

3.5. DNA cleavage activity

The abilities of [Ru(phen),L2]%" and [CusRu(phen),L2]°" to induce
a DNA damage (as nick of the phosphodiester bond) were investigated
by means of gel electrophoresis experiments on plasmid DNA, in analogy
to previous studies conducted on [Ru(phen)ng]zJr and [CuRu
(phen),L1]** [35].

The size resolution of the biopolymer by this technique allows in fact



L. Conti et al.

O

Absorbance

0.8

0.4+

0217 e
0.20{
0.194 .

0.18{ .

0.17 .

0.16; -

0.15{ °.
0.14

© 454 nm

Absorbance

0 100 200
[DNA] M

300 400

Increasing

0.2
00 T T T
200 300 400 500 600 700
A (nm)
b) 1.00
0.150 * =454 nm
| gz.mz .
® 0.14
. o .
ok 2 0.135 .
Q -
8 < 0.130 .
% 0.125 "
£ 504 0 50 100 150 200 250 300
o [DNA] uM
D .
2 Increasing
ct-DNA
0.254
0 T T T . T
200 300 400 500 600 700
A (nm)
) ]
= [Cu,Ru(phen),L2]6*
S 124
N
=
o 104
o
e
X 8
5
& 6
> [H,Ru(phen),L2]6*
Z 4
Q,
2
0 T T T T T T |
0 50 100 150 200 250 300 350
[DNA] uM

Journal of Inorganic Biochemistry 220 (2021) 111467

Fig. 3. Absorption spectra of aqueous solutions of [Ru
(phen),L2]%" (a) and of [CujRu(phen),12]1°*(b) at pH 7.2
registered in the presence of increasing concentrations of calf-
thymus DNA (ct-DNA). In the insets of top right of the figures
are shown the absorbance values measured at 454 nm as a
function of increasing concentrations of the biopolymer. In
panel (c) are reported the relative plots of the [DNA]/|e,-¢¢|
values versus the DNA molar concentration. ([Ru] = 18 pM,
[CuzRu] = 14 pM, Tris-HCI buffer 10 mM, NaCl 50 mM, pH
7.2, [H4Ru(phen),L2]°" and [CuRu(phen),12]1°*: major
species of compounds present in solution, Ru = [Ru
(phen),L2]%*, CuRu = [CuzRu(phen),L2]%%).
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to distinguish the different conformational states of the plasmid, ob-
tained as a result of its interaction with a drug, on the basis of their
relative mobility on the gel. In particular, plasmid DNA naturally ap-
pears as a covalently closed circular or “supercoiled” form, which mi-
grates faster (as an apparently lighter molecule, ~ 2000 bp) than the
open circular form (~ 4000 bp) or the linear form (~ 3000 bp), being the
latter forms arising from single or double strand breaks of the
biopolymer, respectively. Consequently, cleavage on one or both strands
leads to the decrease in the intensity of the supercoiled form (the lightest
band) and to an increase in the intensity of the higher bands. Given its
singlet oxygen sensitizing properties, we firstly investigated the DNA-
cleavage activity of [Ru(phen);L2]%" upon light-activation. To this
aim, plasmid pUC18 was incubated with increasing concentrations of
the ruthenium compound (0-12.5 pM) at pH 7.2, and then we analysed
the resulting gels collected both under dark conditions and following
irradiation with LED light (A > 450 nm, 30 W, 15 min); the corre-
sponding gels are respectively reported in Fig. 4a and b. As shown in
Fig. 4a, no significant cleavage of the plasmid occurs under dark within
the overall range of ruthenium concentrations tested. Only a slight in-
crease of the plasmid retention is observed with increasing drug con-
centrations indicating a progressive interaction of the ruthenium
compound with DNA. Higher doses of compound ([Ru] > 25 pM, data
not shown), caused the precipitation of “heavier” Ru-DNA aggregates
which precluded their analysis through this technique.

On the other side, the photo-activation of [Ru(phen),L2]%* triggered
the progressive conversion of the supercoiled form of DNA to the
relaxed-nicked conformation with increasing drug concentrations,
evidencing a marked dose-dependent DNA-cleavage activity. Such
behaviour parallels the effect previously found for [Ru(phen),L1]%*
[35] and would be consistent with the capacity of [Ru(phen)gL2]24r to
sensitize the production of 10, whose damages to DNA are typically
associated to the occurrence of single strand breaks on plasmid [74,75].

We then inspected the DNA-cleavage activity of [CuzRu
(phen)2L2]2+. It is known that the Fenton-active Cu?* ion/s can produce
ROS under suitable conditions, e.g. in the presence of HyOg, thus leading
to oxidative damages on plasmid that can be easily monitored through
gel-electrophoresis. In this respect, solutions of plasmid containing
increasing concentration of [C112Ru(phen)2L2]er (0-12.5 pM), were
analysed in the absence (Fig. 5a) and in the presence (Fig. 5b) of a fixed
concentration of hydrogen peroxide as co-reactant.

As shown in Fig. 5a, in the absence of Hy03 no cleavage activity was
observed within the overall range of ruthenium concentrations tested. It
can be also pointed out that, on contrary to what observed for [Ru
(phen)2L2]2+, the DNA mobility results to be almost unaffected by the
metal compound. This denotes a diminished capability of [CuzRu
(phen),L2]%" to interact with the biopolymer with respect to the Cu?*-
free ruthenium complex, in good agreement with the UV-Vis titration
data.

In the presence of HyO3 (Fig. 5b) a marked and progressive conver-
sion of the lightest form of DNA to the relaxed-nicked conformation is
observed with increasing concentrations of compound. This effect
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closely resembles that one provoked on the plasmid by the simultaneous
presence of Cu?t and H0,, thus suggesting the generation of ROS
species by means of Fenton and/or Fenton-like reactions. On the con-
trary, no DNA-cleavage was observed when Cu?" and H,0, were added
separately into the DNA solutions (see the control experiments shown in
Fig. S4, ESD).

The effective ROS production was confirmed by coupling EPR and
further gel-electrophoresis measurements. As shown in Fig. 6 (green
line), the EPR spectrum of a solution containing [Cquu(phen)zLZ]f”r in
the presence of HyO3 and 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a
spin trapping agent for free radicals [76], exhibits the four peaks cor-
responding to the typical hyperfine split transition of a radical species.
These signals were not observed in the control experiments for solutions
containing DMPO and H3O; (blue line) or DMPO and the ruthenium
compound (red line). The EPR signals detected for the simultaneous
presence of the ruthenium compound, HyO3 and DMPO (green line)
emerge to be the result of the generation of hydroxyl radicals (OH®), as
revealed by the good agreement with the simulated EPR spectrum of the
DMPO/OH® adduct (black line in Fi g. 6, see ESI for further details). In
addition, parallel gel-electrophoresis experiments also evidenced that
the DNA-cleavage by [CusRu(phen),;L2]%* is strongly inhibited by the
presence of common hydroxyl radical quenchers, such as sodium
formate and p-mannitol (Fig. S7, ESI) [77].

Therefore, taken together these results point out that the simulta-
neous presence of [Cquu(phen)gLZ]ﬁJr and H»0; leads to the produc-
tion of ROS species, e.g. the hydroxyl radical (OH®). In this respect, we
can reasonably speculate that these radicals are the result of Fenton/
Fenton-like processes involving the Cu®t centers positioned in the
polyamine residues of the ruthenium complex, in strictly analogy to
what previously reasoned for [CuRu(phen)le]‘Pr and other Cu®*-con-
taining compounds [35,78].

In summary, these experiments show that the polyamino frameworks
appended to the Ru-coordinated bipyridyl units of ruthenium complexes
can be successfully exploited to switch among different mechanisms of
action depending on whether cu?* jon/s are bound, or not, within such
binding pockets. In fact, while [Ru(phen)zL2]24r is an effective singlet
oxygen sensitizer that can lead to photo-induced cleavage on DNA, its
mixed heteronuclear Cu?*/Ru®* complex may provide an alternative
mechanism of action which does not require the use of light to cause the
production of cytotoxic ROS species.

3.6. Antibacterial effect of ruthenium complexes

The antibacterial activity of all the four ruthenium compounds [Ru
(phen),L11%*, [Ru(phen);12]%", [CuRu(phen),L1]**, and [CujRu
(phen),L2]%" was evaluated against the gram-positive bacterium
B. subtilis strain 168, by testing the activity of compounds both under
dark conditions and upon light-activation. The obtained results,
expressed in terms of cell viability (ODgoonm) as a function of the drug

Fig. 4. Agarose gels showing the dose response of [Ru(phen)zLZ]ZJr incubated
with 25 pg/ml plasmid puC18 at pH 7.2, before (a) and after (b) 15 min of
irradiation with visible light (A > 450 nm, 30 W, 15 min). Lane 1: DNA mo-
lecular weight standard; lanes 2-6: 0, 1.56, 3.12, 6.25, 12.5 pM of ruthenium
compound ([H4Ru(phen)2L2]6‘ major ligand species).

Fig. 5. Agarose gels showing the dose response of [CusRu(phen),L2]°" incu-
bated with 25 pg/ml plasmid puC18 at pH 7.2, in the absence (a) and in the
presence of a fixed concentration of H,O, (25 pM) (b). Lane 1: DNA molecular
weight standard; lanes 2-6: 0, 1.56, 3.12, 6.25, 12.5 pM of ruthe-
nium compound.
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Fig. 6. EPR spectra registered at 298 K on solutions containing DMPO (250
mM) in the presence of 5 mM of H,05 (a), or 5 mM of the ruthenium compound
[Cquu(phen)2L2]6+(b). In c) and d) are respectively shown the spectra ob-
tained for a solution containing DMPO (250 mM), H,O, (5 mM) and the
ruthenium compound (5 mM) and its relative simulated spectrum constructed
by considering the formation of the DMPO/OH® radical adduct.
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concentration, for the L2-containing ruthenium compounds are shown
in Fig. 7, while those corresponding to the L1-containing complexes are
reported in Fig. S8 (ESI).

Data collected under dark conditions evidenced that both [Ru
(phen)2L11%" and [CuRu(phen),L1]** possess an antibacterial effect,
with inhibition of B. subtilis growth starting at 6.25 pM for [Ru
(phen),L1]1%* (ca. 60% of growth of the untreated control), and 3.12 pM
for [CuRu(phen)ng]‘Pr (ca. 50% of growth of the untreated control)
(Fig. S8-a). Differences between [Ru(phen)le]Z+ and [CuRu
(phen),L1]1** are significant at 3.12 pM (p < 0.05, t-test), suggesting a
higher antibacterial efficacy of the mixed Ru®'/Cu®*" complex with
respect to the Cu?*-unbound species. However, at higher concentrations
[Ru(phen),L1]1%* and [CuRu(phen),L1]** determine a similar antibac-
terial effect, as evidenced by a comparable residual growth of cells,
around 30% with respect to the control. Similarly, both the antibacterial
activities of [Ru(phen),L.2]%" and [CusRu(phen),L2]%* start at 6.25 uM,
revealing no significant differences in the activity of the two systems
under dark (Fig. 7-a).

We then analysed the antibacterial potential of ruthenium com-
pounds upon irradiation with LED light (A > 430 nm, 30 W, 15 min)
(Fig. 7-b and S8-b). Analogously to data collected in dark, no signifi-
cative differences in activity among [Ru(phen);L1]>* and [CuRu
(phen)ZLl]‘Pr were detected and none of these two complexes led to
improved antibacterial efficacy relative to measurements performed
under dark (Fig.S8-b). A different behaviour was instead observed for
[Ru(phen),L.2]%" and [CusRu(phen),L21%*. In fact, as shown in Fig. 7-b,
upon light-activation these compounds showed an enhanced
concentration-dependent bactericidal effect against B. subtilis with
respect to dark conditions. The MIC value (minimal inhibitory concen-
trations) of both [Ru(phen),1.2]?" and [CusRu(phen),L.21%* upon light-
activation was found to be 3.12 pM, c.ca 8-folds lower than that ob-
tained in dark conditions (25 pM), thus denoting a marked and com-
parable photodynamic inactivation (aPDI) by the two compounds. As an
example, the irradiation in the presence of 3.12 pM of ruthenium com-
pounds determines a 40% of residual growth (Fig. 7-b) while at the same
drug dose an almost 100% of growth was preserved in dark (Fig. 7-a).
With this respect we can speculate that the aPDI of [Ru(phe:n)zLZ]zJr and
[CugRu(phen),L2]6* may reflect the good singlet oxygen properties of
the former compound while, in the case of [Cquu(phen)zLZ]“, the
Fenton-active copper centers may play a synergistic role with light
activation in the development of cytotoxic ROS species.
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Fig. 7. Determination of the antibacterial effect of [Ru(phen)2L2]2* and
[CU2Ru(phen)2L2]54r evaluated (a) under dark conditions and (b) upon light-
activation. The proportion of ODgoo nm Vvalues with respect to blank control
in is reported (Y-axis) for the different concentrations of the ruthenium com-
plexes ([Ru], X-axis). ([HoRu(phen),L11**, [HsRu(phen),L2]®*, [CuRu
(phen)le]‘” and [Cquu(phen)sz]6 *: major species present in solution).

On the other hand, the lack of phototoxicity of [Ru(phen)ng]2+ and
[CuRu(pherl)le]‘H appear much harder to explain. To address this
issue, we decided to investigate the cellular uptake of [Ru(phen) ,L17%%,
[Ru(phen),L2]%*, [CuRu(phen);L1]** and [CusRu(phen),L2]°" by
B. subtilis. Bacteria suspensions were incubated in the dark in the pres-
ence of a fixed concentration of each ruthenium compound (25 pM) at
pH 7.2 and by employing different incubation times, from 30 min to 24
h. After centrifugation to remove the supernatant, the Ru-content
internalized by cells was determined by ICP-AES.

As shown in Fig. 8, for incubation times up to 5 h, [Ru(phen),L2
and [CusRu(phen),L2]°" displayed a marked tendency to be internal-
ized into bacterial cells, exhibiting Ru-contents up to twice-folds higher
with respect to those found for [Ru(phen)sL1]1%* and [CuRu
(phen)le]‘H. On the other side, following 24 h incubation an inversion
of such tendency is observed, with [Ru(phen);L2] 2+ and [CusRu
(phen),L2]°" that appear to be released by cells (probably partially
lysed by the toxicity of the compounds), while the cellular uptake of [Ru
(phen)2L1]24r and [CuRu(phen)le]4+ increases. This led us to assume
that the higher phototoxicity of the L2-containing ruthenium complexes
relative to the L1-containing ones might be related, or partially related,
to the different kinetics of cellular internalization of such compounds. In
fact, the preferential internalization of [Ru(phen);L2] 2+ and [CuzRu
(phen),L.2]%" at the incubation time employed in the in vitro studies (30
min, see paragraph 2.8.1) would bring to increased intra-cellular dam-
ages induced by light-activation, leading to a greater antibacterial effect.

Although these findings may not completely account for the different
antibacterial activities observed, and further studies need to be under-
taken to better elucidate this topic, they clearly probe that slightly
different structural characteristics of the polyamino moieties linked to
the Ru-coordinated bipyridyl ligands may deeply affect some key fea-
tures of this class of compounds, including their cellular uptake and,
consequently, may affect their antibacterial potential.

12+
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4. Conclusion

In this work we compared some key chemical-physical features of a
series of ruthenium(Il) polypyridyl complexes featuring peculiar poly-
aminomacrocyclic frameworks linked, via methylene bridges, to the 4,4’
positions of a metal-coordinated bipyridyl unit, for their possible bio-
logical application. L1 and L2 markedly influence the overall chemical-
physical properties of the respective ruthenium complexes leading to
highly water-soluble singlet oxygen generators, but even affording the
formation of stable Ru?*/Cu?" heteronuclear complexes in aqueous
solution.

The Cu?" binding ability of [Ru(phen),L2]*" was investigated by
performing potentiometric, UV-vis and fluorescence measurements.
Our studies indicate that the two distinct cyclen moieties gathered on
the Ru-coordinated bipyridyl ligand can bind up to two cations,
affording the formation of the mixed heteronuclear compound [CusRu
(phen),L.2]%", the predominant species in a wide interval of pH around
neutrality. While the presence of Cu?* ion/s does not significantly alter
the absorption properties of the ruthenium complex, it strongly
quenches its fluorescence emission. On the other hand, it also affects the
singlet oxygen sensitizing properties of the ruthenium compound. In
fact, [Ru(phen),L1.2]%* displays a good ability to produce 10, upon light-
activation (pa = 0.38 + 0.08), whereas it almost completely loses this
property when present in its dinuclear Cu?*-complexed species.

The capacity of [Ru(phen);L2]>* and [CusRu(phen);L2]%" to
interact and induce a damage on DNA was assessed by means of UV-vis
titrations and gel electrophoresis experiments, respectively. Our data
suggest that the polyamino residues play a central role in favouring the
interaction of [Ru(phen);L1]1?* and [Ru(phen);L2]*" with ct-DNA,
being probably stabilized by electrostatic interactions between the
negatively charged phosphate backbone of the biopolymer and the high
number of positively charged ammonium groups of the compound at
neutral pH. On the contrary, when these polyamine nitrogen donors are
involved into the Cu®* coordination the affinity for DNA decreases of a
factor of c.ca two folds. The gel-electrophoresis experiments confirm the
capability of [Ru(phen),L2]* to effectively sensitize the singlet oxygen
production upon light-activation, leading to a progressive dose-
dependent conversion of the fast migration bands of the plasmid to its
relaxed nicked conformations. On the other hand, [CusRu(phen);L2] 6+
damages the plasmid in the presence of a co-reactant showing a dose
dependent cleavage activity as well. This highlights that the polyamino
frameworks can be exploited to achieve different mechanisms of action.
In their metal-unbounded forms they facilitate the interaction with DNA
without altering the effective singlet oxygen production of the ruthe-
nium center whereas in their Cu?*-bound forms they lead to oxidative
damages to DNA, likely due to the ROS production mediated by Fenton
or Fenton-like processes, and thus providing an alternative mechanism
for drug-activation.

60
O [H,Ru(phen),L1]*

@ [CuRu(phen),L1]*
O [H,Ru(phen),L2]¢"
[Cu,Ru(phen),L2]5*

Ru content (ng/108 cells)

3h

Fig. 8. Cellular uptake of ruthenium compounds after 30 min, 3 h, 5h and 24 h
of incubation with B. subtilis obtained by means of ICP-AES analysis. ([HoRu
(phen),L11*",  [HRu(phen),L2]°*,  [CuRu(phen),L1]** and [CusRu
(phen)ng](’*: predominant species present in solution).
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Following the comparison of the results obtained for [Ru
(phen)3L2]%" and [CusRu(phen),L2]1%* with previous studies on [Ru
(phen),L1]%" and [CuRu(phen),L1]**, which highlighted similarities
between these systems, we then focused on the antibacterial potential of
the four ruthenium compounds, which was evaluated both under dark
and upon light-activation against Bacillus subtilis, chosen as a model for
gram-positive bacteria.

Obtained results allow to speculate about relationships between
chemical structure, mode of action and the antibacterial effect. The
presence of Cu®" ion/s within the polyamino macrocyclic units of
ruthenium compounds does not significantly alter the cytotoxicity of
these compounds, both in dark and upon irradiation, resulting in almost
identical MIC values of the mixed Ru?*/Cu?" complexes compared to
the Cu®"-free compounds. However, we do not exclude that the heter-
onuclear complexes may lead to different results on different types of
bacterial cells.

Among the four compounds tested, irradiation with low-energy light
effectively enhances the antibacterial activity of [Ru(phen),L2]*" and
[CusRu(phen),L2] 6+ leading to MIC values of 8-folds lower than those
obtained under dark conditions. The good phototoxicities of these two
compounds reflect the singlet oxygen sensitizing capabilities of [Ru
(phen)2L2]2+, while in the case of [Cquu(phen)sz]6+ we speculate
that, due to its inability to generate 10,, different mechanisms of action,
namely the development of cytotoxic ROS species produced by the
synergistic action of Fenton-active copper centers and light, may be
responsible of equally harmful cytotoxic effects. On the other side, the
lack in photoactivity found for [Ru(phen)le]zJr and [CuRu
(phen)le]"Jr may be linked or partially linked to their inferior cellular
uptake in the experimental conditions adopted. In fact, despite the
similar LogD values calculated for the four ruthenium systems, [Ru
(phen)3L2]%" and [CusRu(phen);L2]%" exhibit a faster kinetic of
cellular internalization if compared to [Ru(phen)le]ZJr and [CuRu
(phen),L1]*", permitting to strengthen the intra-cellular damages
induced by light-activation. Although further studies will be requested
to better elucidate the mechanisms that underlie the biological effects of
the compounds herein investigated, these data clearly demonstrate that
the structural features of the polyamine frameworks appended to the 4,
4’ positions of the Ru-coordinated bipyridyl ligands markedly affect the
cellular uptake by bacteria cells, in a way that could not be simple
predicted on the basis of the lipophilicity of compounds.

In conclusion, these data show that polyamino frameworks are
appealing tools that can be successfully exploited in the design of Ru(II)-
polypyridyl complexes to finely modify their chemical-physical reper-
toire and thus to affect their potential as effective candidates for the
treatment of bacterial infections.
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Abstract: Ovarian cancer recurrence is frequent and associated with chemoresistance, leading to
extremely poor prognosis. Herein, we explored the potential anti-cancer effect of a series of highly
charged Ru(Il)-polypyridyl complexes as photosensitizers in photodynamic therapy (PDT), which
were able to efficiently sensitize the formation of singlet oxygen upon irradiation (Ru1** and Ru2%*)
and to produce reactive oxygen species (ROS) in their corresponding dinuclear metal complexes
with the Fenton active Cu(Il) ion/s ([CuRul]** and [CupRu2]®*). Their cytotoxic and anti-tumor
effects were evaluated on human ovarian cancer A2780 cells both in the absence or presence of
photoirradiation, respectively. All the compounds tested were well tolerated under dark conditions,
whereas they switched to exert anti-tumor activity following photoirradiation. The specific effect was
mediated by the onset of programed cell death, but only in the case of Ru1?* and Ru2?* was preceded
by the loss of mitochondrial membrane potential soon after photoactivation and ROS production, thus
supporting the occurrence of apoptosis via type II photochemical reactions. Thus, Ru(II)-polypyridyl-
based photosensitizers represent challenging tools to be further investigated in the identification of
new therapeutic approaches to overcome the innate chemoresistance to platinum derivatives of some
ovarian epithelial cancers and to find innovative drugs for recurrent ovarian cancer.

Keywords: drug discovery; coordination complexes; phototoxicity; reactive oxygen species

1. Introduction

Ovarian cancer is one of the most common among gynecologic cancers and is the
major cause of tumor-associated death in reproductive women [1,2]. Aggressive but
asymptomatic progression frequently occurs followed by late diagnosis of advanced and
metastatic stage in more than 70% of patients [3]. Surgery and chemotherapy are the major
therapeutic choices, nevertheless with limited benefits, since the majority of ovarian cancer
patients are initially sensitive to platinum- and taxane-based chemotherapies, which are the
“golden standard” approach in ovarian cancer treatment, whereas almost half unfortunately
suffer from recurrence, developing therapeutic resistance [4] in response to platinum-based
chemotherapy. Therefore, innovative therapeutic strategies to overcome drug resistance
are urgently needed.

Ruthenium polypyridyl complexes (RPCs) have been extensively studied and analyzed
for their possibility of becoming alternative drugs in place of cisplatin [5-7]. Recently, their
rich chemical-physical repertoire, which includes a wide range of photoluminescence
characteristics, DNA binding abilities, tunable absorption properties and good singlet
oxygen sensitizing features, made them ideal candidates as photosensitizer agents (PSs)
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in the “so-called” photodynamic therapy (PDT). Their employment in this therapeutic
approach continues to attract increasing attention due to the encouraging results obtained
in the treatment of a wide variety of cancers, such as lung, bladder, skin tumors [8-11], and
also bacterial infections [12-14].

In PDT, the PS is activated through irradiation with low-energy light to sensitize the
generation of highly reactive species, namely reactive oxygen species (ROS), capable of
ultimately leading to cytotoxic effects. This peculiar mechanism of action guarantees a
complete spatial and temporal control over drug activation and thus offers the crucial
advantage of potentially lowering the severe dose-limiting side effects normally occurring
with standard therapeutics.

In general, ROS can be produced through distinct pathways. According to Type I
reactions, the deactivation of the excited PS can occur via a direct electron or proton transfer
to the surrounding biological substrates, leading to radical species that further interact
with molecular oxygen to form ROS, such as superoxide, peroxides and hydroxyl radicals.
Type Il mechanisms are instead based on the direct interaction between the excited PS and
ground-state molecular oxygen (30,) to produce singlet oxygen (10,), a highly cytotoxic
species that is capable of rapidly reacting with biological targets (estimated half-life < 40 ns
and radius of action of the order of 20 nm, in a biological environment) [15], leading to
topical oxidative damages and, ultimately, to cellular death.

We have previously reported on the potential as PS agents of two highly charged
Ru(II)-polypyridyl complexes [Ru(phen), L']>* (Ru1?*) and [Ru(phen),L”]** (Ru2?*), featur-
ing the peculiar polyazamacrocyclic units L’ and L” (L' = 4,4’-(2,5,8,11,14-pentaaza [15])-2,2'-
bipyridilophane, L” = 4,4’-bis-[methylen-(1,4,7,10-tetraazacyclododecane)]-2,2’ bipyridine) and
their corresponding copper(Il) complexes [CuRu1]* and [CupRu2]®* (see Scheme 1) [16,17].
Compared to the majority of RPCs used in PDT, the high number of easily protonable nitrogen
groups gathered on the unique polyazamacrocyclic ligand of Rul?*, or on the two distinct
cyclen (1,4,7,10-tetraazacyclododecane) moieties of Ru2?*, confers to the resulting compounds
the possibility to form highly charged species in aqueous media. This ensures excellent water
solubility, a key requisite for biological application, but it also strengthens the capacity of
ruthenium complexes to interact with possible biological targets, such as DNA. Importantly,
the polyamine-based frameworks do not alter the good 'O, sensitizing properties of Ru1>*
and Ru2?*, making them appealing PSs for the generation of 'O, directly in aqueous matrices.

=

[Ru(phen),L’]?>* = Rul?*

[Ru(phen),L"]*" = Ru2?* [CuyRu(phen),”]* = [Cu,Ru2]®

Scheme 1. Schematic representation of the ruthenium compounds studied in this work.
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Furthermore, L’ and L” allow stably binding up to two Fenton-active copper(Il) ion/s,
leading to the generation of mixed Ru(II)/Cu(II) complexed species, namely [CuRu(phen), L'J**
([CuRu1]**) and [CupRu(phen),L”]%* (|[CuyRu2]®*). These heteronuclear forms are able to
generate other types of ROS, such as hydroxyl radicals, and thus may represent versatile tools
in the research of alternative cytotoxic pathways to the singlet oxygen sensitization.

Prompted by the encouraging results previously displayed by Ru1?* and [CuRu1]**
in a human melanoma cell line [16], in this work, we explored the potential as photore-
sponsive anti-cancer compounds of all the Ru1l?*, [CuRul]**, Ru2?* and [Cu,Ru2]®* com-
plexes in a unique and comparative study, where, in addition to the first comparison
between the in-solution properties of these compounds, their in vitro anti-tumor efficacies
were evaluated on A2780 human ovarian cancer cells. Moreover, a particular emphasis
was placed on the study of the molecular mechanisms responsible for the observed anti-
cancer effects by investigating the occurrence of apoptotic cell death, ROS production and
mitochondrial function.

Our results show that ovarian cancer cells were capable of internalizing the ruthenium
complexes at 624 h of incubation. Moreover, under dark conditions, these compounds
exhibited extremely low cellular toxicity, which was particularly evident in non-cancer
cells, whereas after photosensitization, they exerted a significant anti-tumor effect.

The results provided by this study can represent an important step forward in the
research of alternative therapeutic approaches to platinum-based chemotherapy by em-
ploying ruthenium-based photoresponsive compounds.

2. Results
2.1. Protonation, Metal Binding of Ruthenium Compounds and Stability of the Mixed
Ruthenium/Copper Complexed Species

The acid-base properties of Ru1?* and Ru2%* were investigated by means of potentio-
metric measurements in NMe4Cl 0.1 M at 298 £ 0.1 K. The LogK values for the protonation
constants and the corresponding distribution diagrams of the species present in solution
are, respectively, reported in Table S1 and Figures S1 and S2 of SI. As shown, the presence
of polyazamacrocycles L” and L” confers to the corresponding ruthenium compounds the
ability to bind up to five ([HsRu1]”*) or six ([HsRu2]®*) protons in the overall range of pH
investigated (between 2.5 and 10.5). Among the different protonated forms, the di- and
tetra-protonated species [H,Rul]** and [H3Ru2]>* are the most abundant around neutral
pH values (Figures S1 and S2, Supplementary Materials), including at the physiological pH
value employed in biological experiments (vide infra). Nevertheless, for the sake of clarity,
these species are simply referred to as Ru1?* and Ru2?* throughout the manuscript.

In addition to the ability to easily protonate in aqueous solution, the nitrogen donors
gathered on the polyamine L” and L” frameworks can also act as suitable anchoring sites to
host additional metal ions. Herein, we exploited this property to afford the formation of
mixed heteronuclear Ru(II)/Cu(Il) complexed species to evaluate whether the presence of
Fenton-active Cu(Il) center/s within the polyamine pockets of ruthenium compounds may
have an influence on the biological potential of such hybrid, heteronuclear systems.

Analogously to the acid-base study, the formation of Ru(II)/Cu(II) complexes in solu-
tion was followed via potentiometric measurements; the LogK values for Cu(II) complexa-
tion by Ru1?* and Ru2?* and the corresponding distribution diagrams are, respectively,
reported in Table 1 and Figures S3 and S4 of Supplementary Materials. As shown in Table 1,
Rul1?* and Ru2?* form stable mono- and dinuclear complexes with Cu(Il), with LogK
values of 15.34 and 27.6 for the coordination of one (Ru1%*) and two (Ru2%*) Cu(II) ions.
The coordination of copper is maintained in a wide range of pH, and, at the pH of the
biological tests (7.4), these complexes are mainly present in their mononuclear [CuRul]**
and binuclear [CupRu2]°* forms (Figures S3 and S4, Supplementary Materials).
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Table 1. Stability constants of Cu(Il), Zn(II), Ca(Il) and Mg(II) complexes formed by Ru1?* and Ru2?*
determined by means of potentiometric measurements in NMe,Cl1 0.1 M, at 298.1 & 0.1 K.

Reaction LogK
L =Rul L =Ru2
L2* + Cu?* = Cul** 15.34 (6) @ 16.72 (8)
Cul* + H* = CuHL5* 5.60 (6) 7.58 (7)
CuHL5* + H* = CuH,Lé* 3.91 (4) 5.89 (5)
CuL** + OH™ = CuL(OH)3* 6.06 (4)
L2* + 2Cu?* + OH™ = Cu,L(OH)5* 12.95 (5)
CuL#* + Cu?* = CupLo* 10.88 (7)
CuyLé* + 20H™ = Cup L(OH),4* 9.48 (6)
L% + Zn?* = ZnL** 8.90 (7) 14.91 (5)
ZnL* + H* = ZnHL5* 6.36 (7) 8.65 (4)
ZnHL>* + H* = ZnH,Lo* 5.56 (6) 7.16 (5)
ZnH, L% + H* = ZnHzL7* 4.75 (8)
ZnL* + 20H~ = ZnL(OH),2* 11.55 (4)
ZnL* + Zn%t = Zn, Lo+ 5.42 (7)
ZnyL%* + 30H" = Zn,L(OH)3%* 15.48 (6)
L2 + Ca2* = CaL4* 2.62 (5) 2.55 (6)
L + Mg?* = MgL** 2.23 (5) 2.06 (6)

2 Values in parentheses are standard deviations in the standard deviations on the last significant figure.

Since different cations are naturally present in the biological environment, the metal-
binding properties of ruthenium compounds toward other relevant metal ions were also
considered. In particular, we focused on K*, Na*, Ca?, Mg2+ and Zn?*, taken as the most
abundant alkaline, alkaline-earth and transition cations in the cellular and extracellular
matrices. As shown in Table 1, the most stable complexes among these cations were formed
by Zn(II), with LogK values of 8.90 and 20.33, respectively, for the addition of one Zn(IlI) to
Ru1?* and two Zn(Il) ions to Ru2?*. However, these values are considerably lower (up to
ca. 1.7-fold) compared to Cu(II), thus highlighting the higher stability of the Ru(II)-Cu(II)
complexed species compared to the ones formed by all the other cations tested. On the
other hand, the affinity toward K* and Na* emerged to be too weak to permit an accurate
determination of the relative LogK values via potentiometric analysis (LogK < 1.5).

The higher affinity of Ru(Il) compounds for Cu(Il) ion/s is further underlined by the
selectivity diagrams reported in Figure S5 and determined as previously described [18].
As shown, the presence of Zn(II), Ca(II) and Mg(II), even in high concentrations, does not
affect the formation of the Cu(Il) complexes by both Ru1?>* and Ru2?*, and no Cu(Il) release
due to displacement by other metals takes place in the investigated range of pH. Metal
decomplexation can only occur in low percentage (c.ca. 10%) at more acidic pH values, as
expected, considering the protonation of polyamine residues of ruthenium compounds,
which competes with metal binding in strong acidic conditions.

Therefore, taken together, these data underline the high stability of [CuRu1]** and
[CupRu2]®" in the adopted experimental conditions, suitable for the subsequent
biological studies.

Lastly, it should also be mentioned that the coordination of Cu(II) markedly affects the
fluorescence emission of the “metal-free” forms of ruthenium compounds. Indeed, Ru1?*
and Ru2?* are highly luminescent and display an almost identical emission profile with
a maximum centered at around 600 nm. Conversely, the presence of one ([CuRu1]**) or
two ([CupRu2]®*) Cu(Il) ions within their polyamine pockets causes a tight decrease in the
fluorescence emission (Figure S6, Supplementary Materials), an effect that can be naturally
attributed to the paramagnetic nature of Cu(II) ion/s.
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2.2. Reactive Oxygen Species (ROS) Production by Ruthenium Compounds

A key requisite for a candidate PS for PDT relies on its capacity to effectively produce
ROS upon irradiation, such as the highly oxidant singlet oxygen 'O, species, which is
produced according to type-II-based processes [19].

However, type I pathways can elicit severe damages as well [20]. Moreover, type I
and II mechanisms can occur simultaneously, and recent studies underlined that radical
species generated from type I processes can cooperate with 'O, to amplify the resulting
PDT response, even under hypoxic conditions [21,22]. Therefore, the knowledge of the
accessible pathways to PS agents is of paramount importance for their application in PDT.

As previously reported, Rul** and Ru2** possess good singlet oxygen sensitiz-
ing properties, with comparable quantum yields (¢,), respectively, of 0.29 £ 0.06 and
0.38 £ 0.08 (Ajyy = 400 nm, CH3CN air-saturated solutions) [16,17]. On the contrary, the
sensitization of 'O, becomes almost completely lost when Cu(Il) is bound within the
polyamine pockets of compounds. This effect can be easily rationalized with the fast de-
activation of the excited states of [CuRu1]** and [CuyRu2]®* through internal conversion,
which competes with the energy transfer to molecular oxygen.

For this reason, herein, we investigated the ability of [CuRu1]*" and [CuzRu2]®* to
elicit the formation of different typologies of ROS. This was performed through electron
paramagnetic resonance (EPR), employing 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as
the spin trap agent for free radicals (see Supplementary Materials for further details).
Figure 1 reports a background experiment collected for a solution containing only H,O,
as co-reagent and DMPO, showing essentially no signal for ROS generation (blue trace
in Figure 1). However, when [CuRul]** or [CuyRu2]®* were added to the mixture, an
EPR signal appeared (green and red traces for [CupRu2]®* and [CuRu1]**, respectively),
clearly indicating ROS production by the mixed Ru(II)/Cu(Il) complexes. The spectra
recorded in the presence of [CuRu1]** and [Cu,Ru2]®* were strikingly similar, suggesting
a comparable efficiency of the two systems in producing ROS.

cw-EPR
" P\ e ANy - -

Background DMPO-OH
[CwRu2l* 9% = HaC T H

o
CuRul] DMPO-OOH
H;C>O<02H
# — HiC l“\l H

Simulation &

3450 3460 3470 3480 3490 3500 3510
B/G

Figure 1. EPR spectra registered at 298 K of solutions containing DMPO and H,O, (blue line),
together with [CuRul]** (red line) or [Cup,Ru2]®* (green line). The black trace is the best simulation
(see text) obtained as a 50:50 mixture of hydroxide and peroxide radicals. Molecular structures of
the corresponding adducts formed with DMPO are shown in the right part of the figure. The EPR
lines referring to hydroxide and peroxide radicals are, respectively, labeled with symbols * and *.
([IDMPO] = 750 mM, [H,O,] = 100 mM, [[CuRu1]**] = [[CupRu2]*] = 5 mM).
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The analysis of the narrow EPR signals can also provide useful information regarding
the nature of the produced radical species. As shown by the black trace in Figure 1, the
best simulation of the experimental spectra was obtained by considering the production of
a 50:50 mixture of hydroxide (OH®) and perhydroxyl (HOO?®) radicals (EPR lines referring
to the two radical species are labeled with symbols in Figure 1, and a simulation of the
single contributions is reported in Figure S7, Supplementary Materials). In analogy to
other studies [23,24], these species might be the result of Fenton/Fenton-like processes
mediated by the presence of reducing agents and involving the Cu(II)/Cu(I) redox cycle/s.
This would be of great relevance for the biological behavior of these compounds. In
fact, the cellular environment typically contains high concentrations of common reducing
agents, such as glutathione, ascorbic acid and NADH, just to cite a few, which can reduce
the coordinated Cu(Il) ions and therefore facilitate the occurrence of Fenton/Fenton-like
pathways (e.g., Cu(I) + HyOp — Cu(Il) + OH™ + OH?®) [23]. On the other hand, oxidation-
reduction potential (ORP) measurements and cyclic voltammetry (CV) analysis of aqueous
solutions of [CuRu1]** and [CquuZ]f’Jr confirmed that the copper centers of the two
heteronuclear compounds might be reduced under these conditions (see paragraph 5 of
Supplementary Materials for further details).

2.3. Internalization of Ru(II) Complexes

The human ovarian cancer cell line A2780 has been established from an untreated
patient bearing an ovarian adenocarcinoma, and it is commonly used as a model for ovarian
cancer in particular to test the anti-cancer potency and delivery of various drugs [25].
Preliminarily, the analysis of Ru(II) complexes’ uptake in cancer versus non-cancer cells
showed that, after 24 h of incubation, Ru1?*, Ru2%*, [CuRu1]** and [CupRu2]®* complexes
were finely localized in discrete areas of A2780 cells, whereas they were undetectable in
C2C12 myoblasts (Figure S10, Supplementary Materials), thus demonstrating that ovarian
cancer cells, but not untransformed myoblasts, efficiently internalize Ru(Il) complexes.

The kinetics of internalization of Ru(II) complexes in A2780 cells as well as their intra-
cellular distribution was therefore checked, employing laser-scanning confocal microscopy,
with the purpose to set the proper time of incubation before photoactivation by exploit-
ing the intrinsic fluorescence properties of Ru(Il) compounds. As shown in Figure 2A, a
localized distribution of Ru1?* and Ru2?* complexes was barely detectable in cells after
15 min, whereas the internalization increased at 6 h of incubation, showing a plateau at
24 h. Notwithstanding, the Ru(II)-Cu(II) complexes featured a considerably less intense
fluorescence emission than Ru1?* and Ru2?* (Figure S6, Supplementary Materials). Their
residual emission was sufficient to monitor their cellular uptake over time, which occurs
with a kinetic profile similar to the ones of Ru1?>* and Ru2?*.

In parallel with confocal microscopy, fluorometric analysis was used to evaluate
the kinetics of internalization of Ru(Il) compounds. A2780 cells were treated with Ru(II)
complexes at 10 uM for the indicated time of incubation. The results, shown in Figure 2B, are
comparable with those obtained by confocal microscopy; the fluorescence signal at 600 nm
increased from 6 to 18 h, reaching a plateau at 24 h of incubation. Notwithstanding, Ru1%*
and Ru2?*, almost equally emissive when administered at the same concentration, differed
with regard to the intensity of fluorescence, being higher in the latter, thus suggesting an
enhanced cellular internalization of Ru2%*.
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[CuRu1]**

[Cu,Ru2]%*

4 [CuRu1]**
* [Cu,Ru2]®*

Fluorescence emission at 600 nm
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Figure 2. Internalization of Ru(II) complexes in A2780 cells. (A) Laser-scanning confocal microscopy
was performed in A2780 cells incubated with each Ru(II) complex (10 uM) for the indicated time.
DAPI (Aexc =405 nm, Aem = 461 nm) was used to stain nuclei (blue spots), while the fluorescence emis-
sion in green represents that of Ru(Il) complexes (Aexc = 405 nm, Aem = 600-640 nm). (B) Fluorometric
analysis was performed in A2780 incubated with Ru(II) complexes (10 M each) for 6-18-24 h. Data
are reported as mean + SD of fluorescence emission at 600 nm after subtraction of the background
(untreated A2780 cells). The internalization of Ru(II) complexes was statistically significant accord-
ing to one-way ANOVA followed by Bonferroni post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001.
(C) Amount of internalized ruthenium after 24 h of incubation of 10° A2780 cells with each Ru(II)
compound (10 uM). Data represent the mean + SD of three independent experiments. The ruthenium
content in the control sample, namely cells not treated with Ru(Il) complexes, was not detectable.

Although the intrinsic fluorescence emission of compounds made it possible to follow
their respective kinetics of internalization, it did not allow any quantitative estimation
due to the different emissive properties, mainly between Cu(Il)-free and Cu(II)-containing
complexes. To this aim, the uptake of Ru(Il) complexes in A2780 cells was also evaluated
by measuring the content of ruthenium in cell lysates by ICP analysis, following 24 h
incubation with a 10 uM dose of each compound (Figure 2C). As shown, Ru1?* and Ru2?*
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displayed higher internalization capacities compared to [CuRul]** and [Cup,Ru2]®*, the
Ru2?* compound being one with the highest cellular uptake, in good agreement with
confocal microscopy and fluorometric analysis.

Moreover, with the purpose of obtaining a hint on the possible internalization path-
way of photosensitizers in A2780 cells, we performed immunofluorescence analysis using
antibodies against Rabb, a crucial regulator of endocytosis, employed as a marker of early
endosomes. Ru(Il) complexes were differently localized compared to Rab5 (Figure S11A,B,
Supplementary Materials), ruling out the possible involvement of a Rab5-dependent path-
way in the internalization pathway of Ru(Il) complexes.

Finally, based on these results, we chose to set the time of incubation with Ru(II)
complexes before photoactivation at 24 h.

2.4. Effect of Ru(II) Complexes on A2780 Cell Survival after Photosensitization

The dose-dependent effect of Ru1?*, Ru2?*, [CuRu1]*" and [CupRu2]®* on dark cyto-
toxicity and photoactivity was evaluated through MTT assays in A2780 cells incubated for
24 h with different concentrations of Ru(II) complexes and exposed or not to photoirradia-
tion 48 h before being analyzed. In the photoirradiation experiments, cells were irradiated
with a light-emitting diode (LED, Aypax = 434 nm, 30 W) by employing the experimental
set-up sketched in Figure S12 of Supplementary Materials.

As shown in Figure 3, under dark conditions, cell survival was only slightly affected
by Ru1?* and Ru2?*, at least up to a 1 uM dose of compounds. Then, beyond this value, cell
viability underwent an approx. 35% decrease. An even lower cytotoxicity was displayed
by the [CuRu1]** and [CuyRu2]®* complexes, being almost ineffective within the 0-10 uM
range of concentration tested. In this respect, it can be tentatively speculated that the
inferior activity of the mixed Ru(II)-Cu(II) complexed species would be associated with
their lower capacity to be internalized by A2780 cells, as suggested by the internalization
experiments described above.

Strikingly, the irradiation of complexes triggered a significant anti-cancer effect.
Marked differences between the activities in dark and upon irradiation were indeed dis-
played by the good singlet oxygen sensitizers Ru1** and Ru2?*, starting from 100 nM.

Among the mixed heteronuclear complexes, [CuRu1]** exhibited a sharper increase
in phototoxicity when dosed at 10 uM, resulting in an approximatively 75% decrease of cell
viability. Given the scarce ability of [CuRu1]*" and [Cu,Ru2]®* to sensitize the formation
of singlet oxygen, the anti-survival data suggest that alternative light-mediated pathways
are made accessible by these systems in the cellular environment. Considering the redox
activity of heteronuclear compounds (see Section 2.2), and in analogy to our previous
study [16], a synergetic action between the Fenton-active copper center/s and light to
generate harmful ROS species can be envisaged.

Interestingly, the effect of [CupyRu2]®* was considerably less pronounced compared
to the one of [CuRu1]**. This would suggest that, in addition to the similar cellular inter-
nalization and modes of activation of these latter two compounds, other less predictable
features (such as differences in the chemical structures, chemical-physical properties, etc.)
may play a role in the biological response of this typology of compounds.

Although PDT is a minimally invasive procedure, which effectively kills tumor cells,
photosensitizers may have cytotoxic effects on normal cells. To study the effect of Ru(II)
complexes on non-cancer cells, we performed MTT analysis in C2C12 myoblasts under
dark and photoactivation conditions to assess Ru(II) complex cytotoxicity and photoactivity,
respectively. As reported in Figure S13 of Supplementary Materials, Ru(II) complexes show
negligible cytotoxicity and a minor photoactivity in myoblasts compared to A2780 cells,
in agreement with the negligible internalization capacity of the PSs in this non-cancer cell
model (Figure 510, Supplementary Materials).
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Figure 3. Dose-dependent effect of Ru(II) complexes on cell survival of ovarian cancer cells after
photosensitization. A2780 were incubated for 24 h in the presence of Ru(II) complexes, Rul?t, Ru2?t,
[CuRu1]** and [CuyRu2]* at the following concentrations (0, 0.1 uM, 1 uM, 10 pM) in serum-
deprived culture media (RPMI with BSA 0.1%). Photoactivation for 20 min, as described in the
Materials and Methods section. MTT reduction tests were performed in triplicate, representative of
three independent experiments with similar results. Data reported are mean + SD, fold change of
absorbance at 570 nm over untreated control. The effect of photoactivation of Ru(II) complexes on
the inhibition of cell survival was statistically significant according to two-way ANOVA followed by
Bonferroni post hoc test. * p < 0.05, ** p < 0.01, ** p < 0.001.

2.5. Effect of Ru(1I) Complexes on Apoptosis of A2780 Cells after Photoactivation

To dissect the molecular mechanism responsible for the selective anti-survival effect
exerted by Ru(Il) complexes, the involvement of apoptosis was studied by using different
approaches in A2780 cells. As shown in Figure 4A, the treatment with each photosensitizer
was completely ineffective on caspase 3 activity under dark conditions, whereas light irra-
diation of Ru(Il) complexes after 24 h incubation caused a significant and potent activation
of the pro-apoptotic enzyme.

Moreover, the involvement of caspase 3 in the mechanisms of action of Ru(II) photo-
sensitizers was further investigated in dark conditions and after photoactivation employing
Western blot analysis by measuring the proteolytic cleavage of the enzyme (Figure 4B).
Although each Ru(Il) complex was not able to induce caspase 3 cleavage under dark
conditions, the cleaved form significantly increased after photoactivation, suggesting the
involvement of caspase 3 in the anti-survival effect induced by photoactivation of Ru(II)
complexes in A2780 cells.
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Figure 4. Effect of Ru(ll) complexes on caspase 3 activation in ovarian cancer cells after photo-
sensitization. A2780 cells were treated with each Ru(Il) complex, Ru1?*, Ru2?*, [CuRu1]** and
[CupRu2]*, at 10 uM. After 24 h of incubation, cells were photoactivated (red) or not (blue), collected
after 24 h of light irradiation, homogenized, and total protein concentration was analyzed in each
lysate. (A) Caspase 3 activity assay was performed in 30 pg of total cell lysates by using a specific
fluorogenic substrate Ac-DEVD-ACF (ex/em: 400/505 nm). Data are reported as mean + SD of
fluorescence compared to control cells under growth condition (10% FBS RPMI), set as 100. The effect
of photoactivation was statistically significant for each Ru(II) complex tested according to two-way
ANOVA analysis followed by Bonferroni post hoc test: * p < 0.05, ** p < 0.01, ** p < 0.001. (B) Western
blot analysis was performed in 30 ug total cell lysates using specific anti-caspase 3 antibody. Densito-
metric analysis of cleaved caspase 3 was performed in three independent experiments performed
in duplicate. Data are the mean + SD and are reported as cleaved caspase 3 levels normalized to
GAPDH, fold change over FBS control (growth), set as 1. Results are statistically significant according
to two-way ANOVA followed by Bonferroni post hoc test: * p < 0.05, ** p < 0.01, not significant (ns).

Finally, programed cell death and its involvement in the photoactivity of Ru(II)
complexes was confirmed by measuring the cleavage of poly ADP-ribose polymerase
(PARP), which is one of the major hallmarks of apoptosis (Figure 5). The specific inacti-
vation of PARP by proteolytic cleavage was undetectable under dark conditions, while it
was significantly appreciable after photoactivation of each Ru(Il) complex, although to a
different extent.
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Figure 5. Effect of Ru(II) complexes on PARP cleavage in ovarian cancer cells after photosensitization.
A2780 cells were treated for 24 h with each Ru(II) complex before being photoactivated and collected
after 24 h of light irradiation. Western blot analysis was performed in 30 ug total cell lysates using
specific anti-PARP (46D11) antibody. Densitometric analysis of cleaved form of PARP was performed
in three independent experiments conducted in duplicate. Data are the mean + SEM and are
reported as cleaved protein levels normalized to -actin, fold change over FBS control. Results are
statistically significant according to two-way ANOVA followed by Bonferroni post hoc test: * p < 0.05,
% p < 0.0001.

2.6. Mitochondrial Membrane Potential Is Lost after Photosensitization of Ru(II) Complexes

Mitochondria play a key role in the intrinsic pathway of apoptosis in mammalian
cells, and mitochondrial membrane potential (Alpm) loss is considered an early event of the
apoptotic process in some cellular systems [26]. For this reason, Aym was analyzed after
photosensitizer administration in A2780 cells using a cationic fluorescent probe, which
accumulates in the negatively charged mitochondrial matrix, by laser-scanning confocal
microscopy imaging. Figure 6 illustrates the distribution of functional mitochondria in
A2780 cells in the presence of Ru(II) complexes under dark conditions or after photoacti-
vation. The administration of photosensitizers under dark conditions did not affect Apm
or cell morphology. However, photoactivation of Ru1?* and Ru2?* caused a dramatic loss
of Apm in almost all the cells. Remarkably, this was accompanied by the appearance of
a pyknotic morphology of the nuclei, possibly representing an initial phase of chromatin
condensation prior to DNA fragmentation [27]. Nonetheless, A2780 cells treated with
[CuRu1]** and [Cup,Ru2]®* did not exhibit any mitochondrial change or decrease in AYm
in the presence or in the absence of photoactivation, thus ruling out the possible involve-
ment of early loss of mitochondrial membrane potential in the pro-apoptotic effect of mixed
Ru(II)-Cu(II) complexes. Given the cationic nature of Ru(Il) complexes, mitochondrial
localization subsequent to light-induced mitochondrial depolarization might occur. To
analyze this possibility, we performed laser-scanning confocal microscopy employing a
mitochondria-specific probe in A2780 cells incubated with Ru1?*, Ru2%*, [CuRul]** or
[CupRu2]®*, followed by a colocalization test, to assess the possible localization of Ru(II)
complexes into mitochondria. Confocal microscopy images showed a random distribution
of Ru(II) complexes compared to mitochondria (Figure S9, Supplementary Materials), thus
ruling out the possibility that mitochondrial depolarization induced by photoactivation
depends on Ru(II) complexes’ localization in these organelles.
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Figure 6. Effect of Ru(II) complexes on mitochondrial membrane potential after photoactivation.
Mitochondrial membrane potential of A2780 cells was detected using cationic fluorescent dye Mito-
Tracker Red CMXRos, which proportionally accumulates in the negatively charged mitochondrial
matrix. (A) A2780 cells were plated in microscope slides and challenged or not (CTRL) with 10 uM
of each Ru(Il)-complex (Ru1?*, Ru2?*, [CuRu1]*" and [CuyRu2]*). After 24 h of incubation, A2780
were subjected to photoactivation or not (dark) for 20 min, 2 h before being labeled with Mitotraker
Red CMXRos and fixed in paraformaldehyde, as described in the Materials and Methods section.
Confocal analysis was performed using 63X oil immersion objective. Images were representative
of six fields of each condition in three independent experiments with analogous results. (B) Data
are reported as mean + SD of MitoTracker Red CMXRos fluorescence intensity normalized to the
number of nuclei in six fields for each condition in three independent experiments by using Leica
Application Software. Results are statistically significant according to two-way ANOVA followed by
Bonferroni post hoc test: **** p < 0.0001, not significant (ns).

2.7. Cytosolic ROS Production after Photosensitization of Ru(II) Complexes Ru1?* and Ru2%+

With the purpose of dissecting the possible involvement of reactive oxygen species
(ROS) production in the biological effect induced by Ru1?* and Ru2?* photosensitizers,
confocal analysis was performed in A2780 cells employing the CM-H,DCFDA probe to
detect cytosolic ROS after Ru1?* and Ru2?* administration upon photoactivation compared
to the dark conditions. As shown in Figure 7, cytosolic ROS were almost completely
undetectable after each Ru1?* or Ru2?*administration in A2780 under dark conditions,
even if Ru(Il) complexes were efficiently internalized (red fluorescence). However, as early
as 2 h after photoactivation, cytosolic ROS were detected in the majority of cell populations,
notwithstanding at different degrees of intensity, thus suggesting a critical role of ROS in
the proapoptotic action exerted by Ru1>* and Ru2?* photosensitizers.
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Figure 7. Effect of Ru(Il) complexes, Ru1** and Ru2?*, on ROS production after photoactivation.
ROS production in A2780 cells was detected using CM-H;DCFDA. A2780 cells were plated on
microscope slides and challenged with 10 uM of each Ru complex, Ru1?* and Ru2%*. After 24 h

of incubation, A2780 were exposed to photoactivation or not (dark) for 20 min, 2 h before being
labeled with CM-H; DCFDA (DCF) and fixed in paraformaldehyde, as described in the Materials
and Methods section. Confocal analysis was performed using 63X oil immersion objective. The
fluorescence of Ru(II) complexes is shown in red (Aexc/Aem: 405/600-640 nm) and DCF in green
(Aexc/Aem: ~492-495/517-527 nm). Images were representative of six fields of each condition in three
independent experiments with analogous results.

3. Discussion

Increasing evidence reports that platinum-based anti-cancer drugs have severe side
effects, such as myelotoxicity and peripheral neuropathy [28]. Moreover, ovarian cancer
recurrence less than six months after the completion of platinum-based therapy is frequent,
and prognosis is extremely poor [29]. The main reason for the dramatic failure of ovarian
cancer treatments [30,31] relies on the intrinsic and acquired resistance to platinum-based
chemotherapy. Therefore, efforts are needed in this research field to develop other potential
anti-cancer drugs. Ru(Il) polypyridyl complexes have shown remarkable anti-tumor activ-
ity coupled with advantages over platinum drugs, such as higher potency, lower toxicity,
minor drug resistance, and they are expected to become a new generation of clinical metal
anti-cancer drugs [11,32,33].

In our study, a series of RPCs-based photosensitizers for PDT application were inves-
tigated for the capability of inducing anti-tumor effects following photoactivation with
low-energy light. Their biological potential was evaluated in the A2780 ovarian cell line,
which was taken as a model of ovarian cancer [25]. Since PDT activity may result from
different pathways, such as the production of ROS through type I and II mechanisms, four
different Ru(IT) polypyridyl complexes, namely Ru1?*, Ru2%*, [CuRu1]** and [Cu,Ru2]°",
featuring different modalities of activation, were evaluated in this study.

Among these metal complexes, Ru1?* and Ru2?* are highly luminescent and possess
good (and comparable) abilities to sensitize the formation of singlet oxygen through
type II reactions. On the other hand, the insertion of one or two Fenton-active Cu(II)
ion/s in their corresponding heteronuclear Ru(I)-Cu(Il) complexed species ([CuRu1]**
and [CupRu2]%*) results in less luminescent compounds, which can mainly promote the
generation of perhydroxyl and hydroxyl radicals via type I reactions. The coordination of
Cu(Il) ion/s in these latter two compounds is remarkably strong (LogK values between
15.34 and 27.6), making any transmetalation process unfavorable in conditions mimicking
the cellular environment. Importantly, the peculiar polyamine frameworks confer to all
these compounds excellent solubilities in water, a key requisite for their application in the
biomedical field.
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In a previous report, the Ru(Il)-arene complex [Ru(m6-p-cymene)Cl, ] (RAPTA-C) was
tested for efficacy in combination with the epidermal growth factor receptor inhibitor
erlotinib, demonstrating an efficient anti-angiogenic and anti-tumor activity [34]. The
therapeutic potential of these compounds and their combination was further confirmed
in preclinical in vivo models of chicken chorioallantoic membrane grafted with A2780
tumors and in mice bearing A2780 tumors, highlighting the tumor growth inhibition and
anti-angiogenic effect [34].

In line with the literature data, the RPCs investigated herein were found to possess
negligible cytotoxicity without light irradiation in non-cancer and cancer cells, respec-
tively, converted in turn in a tight dose-dependent and significant anti-tumor action upon
photoactivation. In particular, a marked increase in the activity was observed upon light
activation of Ru1?* and Ru2?*, in agreement with the good singlet oxygen sensitizing
properties of these compounds. Among the mixed heteronuclear complexes, [CuRu1]**
displayed the sharpest photoactivity. Interestingly, this suggests that, beyond the singlet
oxygen sensitization, alternative oxidative pathways must be accessible to heteronuclear
compounds, leading to similar photoinduced effectiveness compared to the one of copper-
free complexes. However, further efforts will be needed to obtain further insights into
these processes, which likely occur under biological conditions and appear to be hard to
mimic in cell-free experiments. Moreover, the significant differences in activity observed
between [CuRu1]** and [Cu,Ru2]®* suggest that other less predictable features, such as
differences in the chemical structures, may play a critical role in the biological behavior of
such compounds.

The investigated RPCs also displayed good capacities to be internalized by A2780
cancer compared to non-cancer cells, with Ru1?* and Ru2?* being the most effective. This
result is of great interest, especially considering that similar RPCs-based PSs were shown
to poorly penetrate the cell membrane, and additional expedients, such as ion pairing with
suitable lipophilic counter-anions, were necessary to augment the cellular uptake [35]. In
the present study, it is reasonable to assume that the significant cellular uptake by cancer
cells is associated with the presence of the polyamino macrocyclic frameworks L” and L” of
the Ru(Il) compounds, which may impart optimal chemical-physical features for cellular
internalization, such as hydrophilicity and total charge of the compounds. Even if the
precise mechanism by which the Ru(II) compounds are internalized in A2780 cells was
not investigated in detail, their uptake appears to be independent of the Rab5-dependent
early endosome pathway. Nonetheless, taking into consideration the hydrophilic chemical
nature of RPCs and their observed localized cellular distribution, the occurrence of an
efficacious passive transport can be excluded, rather pointing at alternative endocytotic
events accounting for RPC uptake. Indeed, this is in line with the literature data showing
the occurrence of specific cellular transport of cytotoxic metallodrugs [36].

Apoptosis is clearly advantageous for the organism, since, during apoptosis, the cell
membrane remains intact, thus preventing the release of intracellular content. Hence, the
elucidation of the mechanisms that triggered cell death after the light activation of Ru(II)
complexes appears to be crucial. In A2780 cells, the photoactivation of all the tested RPCs
caused a potent caspase 3 activation, as well as both caspase 3 and PARP cleavage, while
the RPCs were ineffective in the absence of photosensitization, pointing at a crucial role for
programed cell death in the anti-tumor activity of these systems.

Mitochondria might be seen as a gatekeeper to entrap pro-apoptotic proteins and
prevent the release and activation of these proteins in the cytosol [37]. In particular, the exit
of pro-apoptotic proteins from the mitochondria activates caspase proteases. Of note, the
opening of the mitochondrial permeability transition pore has been demonstrated to induce
AYm depolarization, loss of oxidative phosphorylation and release of apoptogenic factors.
Thus, a distinctive feature of apoptosis can be represented by the disruption of the normal
mitochondrial function, especially changes that affect the A{pm. In some apoptotic systems,
the loss of Aym may be an early event in the apoptotic process [38]. Here, using confocal
microscopy, it was demonstrated that Ru1?* and Ru2?*, but not [CuRu1]** or [CupRu2]%*,
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caused a dramatic loss of Apm depending on photoactivation and that this effect was
accompanied by ROS production in the cytosol as soon as 2 h after light irradiation, thus
upstream to the pro-apoptotic stimuli.

Lastly, although previous in vitro studies underlined the capacity of RPCs to effectively
interact and damage plasmid DNA upon irradiation [16], in this work, we did not detect
RPCs in the nucleus, at least within 24 h of incubation, since these compounds were found
distributed into segregated areas of the cytosol. This finding suggests that the induced
programed cell death is likely independent of the PSs—DNA interaction.

In summary, the present study demonstrates that all four synthesized Ru(II) complexes
are effectively internalized into the ovarian cancer A2780 cells, and their administration,
regardless of the low dark cytotoxicity, induces a specific photoactivation-dependent
cell death, with the extent of cytotoxicity that varies slightly depending on the chemical
structures of RPCs. Apoptosis emerged as the main mechanism of light-mediated cellular
death. In particular, among the four compounds, Rul?* and Ru2?* profoundly altered
mitochondrial activity after photoactivation, accompanied by cytosolic ROS production.

4. Materials and Methods
4.1. Materials

All materials used for the preparation of ruthenium compounds were of reagent grade
and used as received, unless otherwise specified.

4.2. Synthesis of Ru(II)-Complexes

Ruthenium compounds Ru1?*, Ru2?*, [CuRu1]*" and [Cu;Ru2]®* were synthesized
according to the procedures previously described [16,39]. Briefly, Ru1** and Ru2?* were
prepared by direct reaction of the intermediate (phen); RuCl, with the bidentate L’ o L”
ligands, in ethylene glycol and under microwave irradiation. The resulting complexes were
then dissolved in concentrated HCl and precipitated as their respective hydrochloride salts
[Ru1]Cl,-5HCI-2H,0 and [Ru2]Cl,-6HCI-2H, 0, following the addition of ethanol.

The mixed Ru(Il)/Cu(II) complexes were obtained as the perchlorate salts [CuRu1](ClO4)4
-4H,0 and [CuyRu2](Cl04)6-3H,0, by adding equimolar amounts of Cu(ClOy); to aqueous
solutions of Ru1?* or Ru2?* at pH 6.5 and following the slow evaporation of the solvent at r.t.

4.3. Potentiometric Measurements

The acid-base behavior and the binding ability toward Cu?*, Zn?*, Ca?*, Na* and
Mg?* of ruthenium complexes were investigated by means of potentiometric measure-
ments in NMe4Cl1 0.1 M at 298 & 0.1 K by using the equipment and methods previously
described [40-43].

4.4. EPR Measurements

X-band electron paramagnetic resonance (EPR) experiments were performed by using
a Bruker Elexsys E500 spectrometer. All the spectra were acquired at room temperature by
using the same modulation frequency (100 kHz), modulation amplitude (1 G), microwave
power (~0.2 mW, 30 dB) and receiver gain (60 dB). The magnetic field was calibrated with a
crystal of DPPH.

4.5. Cell Culture

Human A2780 ovarian cancer cell culture (ECACC 93112519) was maintained in
RPMI-1640 medium containing 10% fetal bovine serum (FBS), 100 ug/mL streptomycin,
100 U/mL penicillin and 2 mM L-glutamine, at 37 °C in 5% CO,, as previously reported [44].
All cell culture reagents were purchased from Merck Life Science (Darmstadt, Germany),
including phosphate-buffered saline (PBS). A2780 cells were shifted to RPMI without serum
supplemented with 1 mg/mL Bovine Serum Albumin (BSA) and treated with each Ru(II)
complex (0.1, 1 and 10 uM) for 24 h. After incubation, cells were photoactivated with a
30 W three-arm LED light lamp (430-470 nm emission, 30 W) for 20 min at the distance of
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5 cm from the cell culture plate and then kept in the incubator at 37 °C, 5% CO,. Cells were
washed twice with PBS and then collected after photoactivation at different times, which
depended on each kind of experiment.

4.6. ICP-AES Measurements

A Varian 720-ES axial Inductively Coupled Plasma Atomic Emission Spectrometer
(ICP-AES) was used to determine the Ru contents in the samples. Measurements were
performed in triplicate, and each sample was spiked with 1.0 ppm of Ge, used as an internal
standard. The calibration standards were prepared by gravimetric serial dilution from
commercial stock standard solutions of Ru at 1000 mg L1 (Honeywell Fluka). For Ru
determination, the 267.876 and 245.657 nm wavelengths were used, whereas the line at
209.426 nm was considered for Ge. The operating conditions were optimized to obtain
maximum signal intensity, and between each sample, a rinse solution containing 2% v/v of
HNOj3; was used.

4.7. MTT Reduction Assay for Cell Survival
A2780 viability was evaluated by the MTT method, as previously described [45].

4.8. Caspase-3 Activity Assay

A2780 cells were seeded in 6-well plates (100.000 cells/well) and after 24 h were
incubated with 10 uM of each Ru(II) complex in serum-deprived culture media, then light-
irradiated for 20 min, as described above. After 24 h of photoactivation, cells were washed
twice with PBS, collected and analyzed, as previously described [46].

4.9. Western Blot Analysis

A2780 lysates were quantified for total protein content by the Bradford Protein assay,
resuspended in Leammli’s sodium dodecyl sulphate (SDS) sample buffer, and subjected to
SDS-PAGE and transferred to PVDF membranes, as previously described [46].

4.10. Laser-Scanning Confocal Microscopy

A2780 cells were seeded on microscope slides and treated with each Ru(II) complex
(10 uM). To evaluate the internalization of Ru(Il) complexes, cells were incubated at three
different times, 15 min, 6 h and 24 h, washed with PBS and fixed in 2% paraformaldehyde
in PBS for 20 min. Ru(II) complexes excitation was performed using 405 nm laser diode,
acquiring emission in the range of 600/620 nm.

MitoTracker Red CMXRos (#M7512; Ex/Em: 579/599 nm) and CM-H,DCFDA (#C6827;
Ex/Em: ~492-495/517-527 nm) probes (Invitrogen, Thermo Fisher Scientific INC, Waltham,
MA, USA) were used to detect the mitochondrial membrane potential and ROS production,
respectively. After 24 h incubation of Ru(II) complexes at 37 °C, cell slides were photoacti-
vated or not for 20 min and incubated for 2 h at 37 °C, 5% CO; in humidified atmosphere.
Probes were diluted in RPMI medium without phenol red, incubated for 30 min at 37 °C
in dark and then fixed in 2% paraformaldehyde, as suggested by the manufacturer’s in-
struction. After 30 min at room temperature, slides were incubated with a permeabilization
and quenching solution, obtained by adding Triton 0.1% X-100 and ethanolamine (1:165) in
PBS. The DAPI solution was administered to cell slides to detect the nuclei. Slides were
mounted by using the Fluoromount Aqueous Mounting Medium (Sigma-Aldrich, Saint
Louis, MA, USA), and images were obtained using a Leica SP8 laser-scanning confocal
microscope (Leica Microsystems GmbH) using a 63x oil immersion objective.

4.11. Statistical Analysis

Densitometric analysis of Western blot bands was performed using the Image] soft-
ware, and graphical representations were obtained by GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, USA). Statistical analysis was performed using one-way or two-
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way ANOVA analysis of variance followed by the Bonferroni post hoc test. Asterisks
indicate statistical significance.

5. Conclusions

In conclusion, our study identifies Ru(II)-polypyridyl complexes as challenging tools to
be further investigated in the research of new therapeutic strategies to overcome chemoresis-
tance in epithelial ovarian cancers and provides further insights on the biological behavior
of these complexes, which rely on ROS production and altered mitochondrial function to
trigger pro-apoptotic effects.
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Ferritin nanocomposites for the selective delivery
of photosensitizing ruthenium-polypyridyl
compounds to cancer cellsy

Luca Conti, © *42 Silvia Ciambellotti, (2 *$> Gina Elena Giacomazzo,?
Veronica Ghini,>< Lucrezia Cosottini,* Elisa Puliti,® Mirko Severi, {2

Emiliano Fratini, ©2€ Francesca Cencetti, ¢ Paola Bruni,? Barbara Valtancoli,?
Claudia Giorgi (2 and Paola Turano (2 3P

Herein, we report on the successful encapsulation into human H-ferritin of two highly charged Ru(i) poly-
pyridyl complexes, [Ru(phen),L'1** (Rul, with L' = 4,4'-(2,5,8,11,14-pentaazal15])-2,2'-bipyridilophane)
and [Ru(phen),L"I>* (Ru2, with L = 4,4'-bis-[methylen-(1,4,7,10-tetraazacyclododecane)]-2,2'-bipyri-
dine). The resulting Ru(i)-ferritin nanocomposites are highly luminescent, display great stability in physio-
logical conditions and preserve the native shell-core structure of the protein. Moreover, the singlet
oxygen sensitizing properties of metal complexes, established by independent spectrophotometric and
spectrofluorimetric measurements, are largely maintained also in their encapsulated form. Ru(i)-ferritin
nanocomposites are exclusively internalized by cancer cells expressing the transferrin receptor 1 (TfR1)
(i.e. Hela and A2780 with respect to non-cancerous C2C12 myoblasts). Immunofluorescence analysis
also reveals the co-localization of Rul and Ru2 with the TfR1 in the internal cellular compartments of
Hela and A2780 cells, highlighting the crucial role played by the receptor-mediated endocytosis of
H-type ferritins exerted by TfR1. Finally, an MTT assay probed that light-activation effectively leads to a
marked dose-dependent cytotoxic effect uniquely against cancer cells. This study underlines the potential
of human H-ferritin as a valuable tool for the tumor-targeted delivery of sensitizing agents for photo-
dynamic therapy.

to form the characteristic hollow structure with an internal
cavity of 8 nm, recombinant ferritins are generally expressed as

Human ferritin is a heteropolymeric nanocage of 24 subunits
involved in iron storage and release, depending on cellular
demand." Tron accumulates into ferritin under the form of a
ferric-oxo biomineral that starts to grow from iron clusters on
the inner surface of the protein cage following iron(u) oxi-
dation by diffusing 0,.>” While in vivo the heavy- and light-
chains (H- and L-respectively) self-assemble at variable ratios
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homopolymeric pure-H and pure-L cages. The potential of
recombinant homopolymeric human H-ferritin (HuHf) as a
valuable nanocarrier relies mainly on its low immunogenicity
upon administration due to its human origin,® the possibility
to incorporate low-molecular weight compounds® and the well-
known interaction with transferrin receptor 1 (TfR1) for
endocytosis.”'® In addition, the overexpression of TfR1 in
cancer cells and the possibility of decorating the external
surface with different targeting moieties make HuHf a promis-
ing platform for targeted drug delivery in cancer therapy.''
Among the variety of possible biomedical applications,*>™”
ferritin may be a safe vehicle for small molecules designed for
photodynamic therapy (PDT)."*>°

PDT is based on the use of a photosensitizer (PS) that can
be light-activated to produce reactive oxygen species (ROS),
such as the highly cytotoxic singlet oxygen ('O,), and takes
advantage of a complete spatial and temporal control over
drug activation.'® Thus, the use of ferritin-based nanocarriers
in PDT opens the way to novel PS candidates with enhanced
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selectivity and efficiency as has been found for a series of por-
phyrin derivatives, phthalocyanines and phenothiazine
dyes.” ™ 1In this scenario, Ru(u)-polypyridyl complexes are
attracting PSs due to their high thermodynamic/kinetic stabi-
lity, good singlet oxygen sensitizing capabilities and their vast
photophysical and electrochemical repertoire, which can be
tuned by a fine choice of ligands.”**

Notwithstanding the enormous PDT potential, the employ-
ment of ferritin of human origin to modulate the drug delivery
of Ru(u)-polypyridyl-based PSs remains an issue almost com-
pletely unexplored.?® To date, only a few cases have been
reported by Feng and coworkers,*® with the encapsulation of
the hydrophobic [Ru(bpy);]*", [Ru(bpy),dppz]** and [Ru
(phen),dppz]*" (bpy = bipyridine, phen = phenanthroline,
dppz = dipyrido[3,2-a:2',3-c]phenazine) into horse spleen
1-apoferritin. However, the 'O, sensitization by Ru(u)-ferritin
systems was not evaluated.

We have previously reported on the potential of highly
charged Ru(i)-polypyridyl complexes [Ru(phen),L’** (Rul)
and [Ru(phen),L"]*" (Ru2) as PS agents, featuring the peculiar
polyazamacrocyclic units L' and L” (L' = 4,4'-(2,5,8,11,14-pen-
taaza[15])-2,2"-bipyridilophane, L' =  4,4"bis{methylen-
(1,4,7,10-tetraazacyclododecane)]-2,2 bipyridine).*"*> The pres-
ence of many easily protonatable nitrogen groups on the unique
polyazamacrocyclic moiety of Rul, or on the two distinct cyclen
(1,4,7,10-tetraazacyclododecane) units of Ru2, appended to the
4,4’ position of a metal-coordinated bipyridyl ligand affords the
formation of highly charged species in aqueous media.*"** This
confers to the resulting Ru(i) complexes not only excellent water
solubility, a necessary prerequisite for their biological appli-
cations, but also strengthens their interaction with important
biological targets, such as DNA. On the other hand, the polya-
mino-modified bipyridyl frameworks do not affect the good 'O,
sensitizing capabilities of Rul and Ru2 (®xgur) = 0.29 + 0.06
and @p(ruz) = 0.38 + 0.08 in air-saturated CH,;CN, 1 = 400 nm),
thus making them attractive PS agents for the light-promoted
'0, generation directly in aqueous media.

Herein, we report on the encapsulation of Rul and Ru2
within HuHf to obtain the respective nanocomposites,
Rul@HuHf and Ru2@HuHf. The two hybrid systems under-
went an extensive chemical-physical characterization, which
included the analysis of their structural, luminescence and
photosensitizing properties. The TfR1-mediated internaliz-
ation and the biological potential of Ru(u)-HuHf nano-
composites were comparatively tested on representative cancer
and non-cancer cell lines. The crucial role played by TfR1-
mediated recognition of Ru1@HuHf and Ru2@HuHf in their
selective delivery, and the different cytotoxic activities found
against the tested cellular models, are also described.

Results and discussion
Encapsulation of Ru-polypyridyl complexes into ferritin

The large dimension of the Rul and Ru2 metal complexes
(Fig. 1a) hampers their inclusion into HuHf by means of
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Fig. 1 (a) Ruthenium photosensitizers Rul and Ru2; the respective
macrocycle units L' and L” are indicated. (b) PSs encapsulation into
HuHf by exploiting the pH-assisted disassembly/reassembly method.

passive diffusion through the limited pore size (about 0.3 nm)
of the protein shell.? For this reason, loading of Rul and Ru2
into HuHf was accomplished by the pH assisted disassembly
and reassembly method harnessing the ability of ferritin to
partially dissociate at pH 12 followed by the reconstitution of
the 24-mer cage at neutral pH (Fig. 1b; see the ESI for more
details, Fig. S3 and S47).****> As Rul and Ru2 are highly
hydrophilic and stable even at pH 12,*"* they were incubated
in the presence of HuHf during the disassembly process at
different molar ratios (20-200 fold with respect to the protein).
In order to remove the excess of Rul or Ru2, ie. the com-
pounds not entrapped into the ferritin cavity, protein samples
were purified by ultrafiltration and then subjected to size
exclusion chromatography to recover the fraction corres-
ponding to the fully reconstituted 24-mer cage containing Rul
and Ru2 (Rul@HuHf and Ru2@HuHf, respectively) (Fig. 2d).

Characterization of nanocomposites

The successful encapsulation of Rul and Ru2 was assessed by
different means. A ligand to protein cage ratio of 5 and 4, for
Rul@HuHf and Ru2@HuHf respectively, was obtained as
determined by UV-visible and ICP-AES analysis (Table 1). In
this regard, only a few examples concerning the encapsulation
of Ru(i1) compounds into ferritin nanocages, accomplished by
the pH assisted method, have been reported so far. Merlino
and coworkers®” encapsulated up to 36 molecules of [(h®p-
MeCgH,iPr),Ru,(m,-S-p-CsH4tBu);]Cl per ferritin cage whereas
the hydrophobic [Ru(bpy)s]”", [Ru(bpy),dppz]** and [Ru
(phen),dppz]** compounds reported by Feng et al*® were
loaded in a ratio between 7-40 molecules per ferritin cage.
However, all these studies referred to horse-spleen ferritin.
ICP-AES measurements showed a negligible amount of ruthe-
nium bound to the protein for the products obtained via direct
incubation of Ru(i)}-compounds in the presence of HuHf at pH
7 (without any disassembly process), thus confirming that the
disassembly process is fundamental for Rul/Ru2 encapsula-

This journal is © the Partner Organisations 2021
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Fig. 2 Characterization of Ru(i)-HuHf nanocomposites. (a) Combined UV-visible and fluorescence spectra (lexc 411 nm) of free Ru2 and of
Ru2@HuHf (Ru(i) concentration of 50 uM and 6 puM for UV-visible and fluorescence measurements, respectively). UV-vis spectrum of apo HuHf is
shown as reference. (b) Intrinsic fluorescence emission of apo HuHf and of Ru2@HuHf (HuHf 0.32 PM, e 280 nm) with increasing amounts of
encapsulated Ru2. (c) SAXS intensity distribution of apo HuHf, Rul@HuHf and Ru2@HuHf (markers represent experimental data while continuous
lines refer to the core-shell modelling according to eqn (S1), ESI{). (d) Size exclusion chromatography analysis of ferritin nanocomposites upon
encapsulation of Rul and Ru2 in 50 mM sodium phosphate pH 7 buffer. Chromatograms of encapsulated products were superimposed with the
reference chromatogram of apo HuHf not subjected to the disassembly process. Eluted fractions related to peaks centered at about 13 mL of reten-
tion volume were taken for the subsequent experiments, thus corresponding to the reconstituted polymeric HuHf composed by 24 subunits. (e) and
(f) Cryo-EM representative micrographs of Rul@HuHf and Ru2@HuHf, respectively.

Table 1 Characterization of Ru(i)-loaded ferritin assemblies

Ru atoms/cage SAXS modeling®

Sample name ~ UVvisbased ICPAES-based  Aaps/dem (NM)  kops® (Min™) @, ” Core diameter (nm)  Shell thickness (nm)
[Ru(phen),”*  — — 447/605° 0.0595 (+5)  0.38+0.08 — —

Rul — — 452/615 0.0434 (+3) 0.29 £ 0.06 — —

Ru2 — — 452/615 0.0594 (+4) 0.36 +0.08 — —

Apo HuHf — — — — — 8.32 +£0.08 2.17 £ 0.06
Rul@HuHf 5.2 +0.8° 4.1+0.5° 452/615 0.0061 (+5) — 8.14 + 0.08 2.34 +0.09
Ru2@HuHf 4.3+0.5° 3.4 +0.4° 452/615 0.0067 (+4) — 8.02 +0.08 2.48 £0.10

“Photo-oxidation rate constants (k,ps) spectrometrically determined by the photo-oxidation of DHN in aqueous media at neutral pH. ® Quantum

yields (¢pa) of singlet oxygen production determined by measurements of '0, phosphorescence at 1270 nm in air saturated CH;CN solutions.

¢ parameters obtained using a core-shell model (see eqn (S1) in the ESI). ¢ Values determined in water at 298 K.

three independent experiments.

tion. The slight differences in the overall positive charge on
compounds [H,Ru1]*" and [H,Ru2]®" at physiological pH only
marginally affect the PS-loading content. The structural integ-
rity of the nanocomposites was evaluated by single particle
cryo-TEM micrographs acquired on Rul@HuHf and
Ru2@HuHf (Fig. 2e and f) showing the maintenance of the
spherical nanocage structure characteristic of the apo HuHf,
with an external diameter of 12 nm (ESI, Fig. S2 and S9%). CD
spectra of apo HuHf, (Ru1l/Ru2)@HuHf were acquired in the
far UV region to control their stability looking at the signal

This journal is © the Partner Organisations 2021

3 ¢Mean values with SEM of

intensities belonging to a-helix, which is the preeminent sec-
ondary structure element of ferritin. The results showed that
the extraordinary structural stability of ferritin is preserved
even after pH-guided encapsulation as observed in the temp-
erature range of 25-85 °C (ESI, Fig. S8t).

The absorbance and fluorescence profiles of Rul@HuHf
and Ru2@HuHf were then analyzed. As shown in Fig. 2a and
Fig. S5a (ESI),T the absorbance spectra of Rul@HuHf and
Ru2@HuHf are almost identical to the reference spectra of the
free ligands; the typical MLCT band of ruthenium complexes
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within the 400-500 nm range, well separated from the apoferri-
tin background, indicates that no ligand-exchange occurred
during the encapsulation process. (Rul/Ru2)@HuHf nano-
composites feature marked fluorescence properties. In fact,
Rul and Ru2 retain their native emission upon internalization
into the protein (ley 411 nm, Ay, 615 nm; Fig. 2a and ESI,
Fig. S5at). In addition, the intrinsic fluorescence emission of
ferritin, generated from its tryptophan and tyrosine moieties
(Aexe 280 nm, Ay 325 nmy; ESI, Fig. S61), was registered. A pro-
gressive quenching of the intrinsic fluorescence of the protein
with increasing amounts of internalized ruthenium species
evidenced the interaction between metal complexes and the
protein, as shown for Ru2@HuHf and Rul@HuHf in Fig. 2b
and the ESI, Fig. S5b,t respectively and as reported for similar
systems.*®*® The interaction of the compounds with ferritin
was further explored by "H NMR spectroscopy. CPMG experi-
ments, which are designed to selectively observe the signals
from low molecular weight compounds in mixtures containing
large biomolecules by removing the broad unwanted reso-
nances of the latter,"”*" were performed. The '"H NMR signals
corresponding to Rul and Ru2 in the encapsulated formu-
lations are broad beyond detection, most likely due to the
interaction with the protein (ESI, Fig. S7a and bt). In contrast,
if the same amount of Ru-compound is added to a solution of
HuHf at neutral pH, the resonances belonging to the ligand
are visible in the spectrum with line widths comparable to
those of the individual metal compounds. These observations
suggest that (Rul/Ru2)@HuHf nanocomposites contain Ru
complexes encapsulated inside the cage and that these com-
plexes do not freely rotate inside the cavity but rather interact
with the inner cage surface (ESI, Fig. S7a and bf). The SAXS
patterns for the apo HuHf before and after Ru(u) complex
internalization further show that the hollow shell structure of
the protein is retained (Fig. 2c). In all cases, extracted density
profiles are in agreement with a core-shell form factor charac-
terized by the electron density of the core (cavity) being equal
to that of the buffer solution (i.e. hollow shell system). The
overall size of the cavity slightly decreases with the insertion of
the Ru(m) complexes from 8.32 nm in the case of the apo form
to 8.13 nm and 8.02 nm for Rul@HuHf and Ru2@HuHf,
respectively (Table 1). This shrinkage is directly associated
with the increase of the thickness of the protein shell from
about 2.2 nm to 2.5 nm and a good fit of these data could only
be achieved considering the hollow shell topology. The incre-
ment in shell thickness and the simultaneous reduction in the
diameter of the cavity confirmed that Rul and Ru2 are likely
localized in proximity to the internal protein surface. Taken
together, SAXS and NMR data lead us to hypothesize that the
interaction of Rul and Ru2 with HuHf would be driven by
electrostatic contributions between the metal compounds
((H,Ru1]*" and [H,Ru2]*"), namely through the positively
charged polyammonium groups on their L' and L” units, and
the negatively charged residues facing the inner cavity of the
protein.*” On the other hand, an additional evidence that the
interaction of the Ru compounds with the protein does not
occur on the external surface arose by the comparison of zeta
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potential measurements of Ru-nanocomposites with respect to
apo HuHf. The zeta potentials resulted to be similar under the
experimental error, that are, - 5.0 + 1.1 mV and - 3.1 + 0.4 mV
for Rul@HuHf and Ru2@HuHf, respectively and - 4.2 *
0.6 mV for apo ferritin, ruling out any external interaction of
Ru1 and Ru2 with the protein.

Singlet oxygen production from ruthenium-ferritin assemblies

The capacity of Ru(u)-ferritin nanocomposites to generate
singlet oxygen upon light-activation was assessed by employing
two indirect chemical trapping methods (vide infra) and using
water-soluble substrates as scavengers for 'O, (Fig. 3a and b).
The results were then compared with those obtained for the
‘non encapsulated’-PSs and for [Ru(phen);]**, the latter taken
as reference for '0, generation (¢, = 0.21 in air equilibrated
D,0).** Firstly, 1,5-dihydroxynaphthalene (DHN) was used as
an indirect singlet oxygen reporter exploiting its prompt and
quantitative oxidation in the presence of 'O, to give 5-hydroxy-
1,4-naphthalenedione (Juglone), according to eqn (S2) and
Scheme S1 (ESI). This process can be easily followed via UV-
vis spectroscopy by monitoring the decrease of the DHN
absorption band at Amax 297 nm and the simultaneous
increase of the broad Juglone band centered at ca. 427 nm.***

*[Ru(phen);]Cl,
*Rul

*Ru2
*Ru1@HuHf
*Ru2@HuHf

20 30
time (min)

Absorbance
5

300 400 500 600 700
A(nm)

« SOSGR + [Ru(phen)Cl2
* S0R Rt

SOSGR +Ru2

#SOSGR + Rul @HuHT
#SOSGR + Ru2@HuHf
»SOSGR 0.1 p

VSOSGR 0.1 pM + std 10 yM
(without irradiation)

Fluorescence (relative units)
©
;

Time (min)

Fig. 3 (a) Absorption spectra of an aqueous solution at pH 7 containing
DHN and Ru2@HuHf at different irradiation times (up to 7 minutes). As
blank reference we used a solution containing the PS at the same con-
centration and pH of that of the measuring cuvette. In the inset the
semilogarithmic plots of In(A/Ao) as a function of the irradiation time
obtained for all the investigated systems ([DHN] = 3.3 x 107 M, [Ru] =
10 pM, 50 mM NaPi buffer) are compared. (b) Singlet oxygen production
from free and HuHf-loaded Ru(i) PSs as monitored by the Singlet
Oxygen Sensor Green reagent (SOSGR) in 50 mM NaPi buffer, (pH 7),
(ISOSGR] = 0.5 pM, [Ru] = 5 UM, Aexc/Aem 488/525 nm).
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Experiments were carried out by irradiating (LED light, 4 >
430 nm, 30 W) aqueous solutions, pre-saturated with O,, and
containing sensitizers (Rul, Ru2, Rul@HuHf, Ru2@HuHf or
[Ru(phen);]**) in the presence of DHN. Negligible Juglone for-
mation was observed upon DHN irradiation in the absence of
sensitizers under these experimental conditions (ESI,
Fig. S11at). As shown in Fig. S11e (ESI)t and Fig. 3a, which
respectively report the UV-vis titrations obtained for
Rul@HuHf and for Ru2@HuHf (those obtained for the non-
encapsulated PSs are shown in the ESI, Fig. S11b-df), light-
activation of Ru-ferritin nanocomposites determines the pro-
gressive decrease of the DHN absorption band, along with the
simultaneous increase of the Juglone band, clearly demon-
strating the capacity of Ru(u)-ferritin nanocomposites to
efficiently sensitize 'O, production. Moreover, the appearance
in these spectra of two clear isosbestic points around 280 and
330 nm ruled out the formation of long-lived intermediates or
byproducts. In particular, as better shown by the inset in
Fig. 3a, which reports the semilogarithmic plots of In(4,/4,)
obtained for all the Ru(u)-based formulations over the investi-
gated irradiation time frame, Ru(u)-ferritin nanocomposites
produce a similar amount of 'O, in about 45 minutes as ‘free’
molecules (Rul, Ru2 and Ru(phen);Cl,) did in 6-7 min. A
semi-quantitative estimation of the relative rate constants for
the DHN photooxidation processes (kops) was accomplished by
applying the steady-state approximation to the 'O, intermedi-
ate species, as described in detail in the ESIf; the obtained
results are listed in Table 1. The slightly lower efficiency in the
'0, production found for protein-embedded ruthenium com-
plexes if compared to ones of non-encapsulated molecules is a
common feature that has been also observed for other PS
agents confined into apoferritin®* or linked to polymeric
structures.**

We can rationalize this behavior by considering the fact
that quenching of excited triplet states of sensitizers by 0,
requires the interaction of the PS and molecular oxygen. In
this view, while *0, can easily diffuse inside ferritin, the mobi-
lity of the PS molecules embedded into HuHf would be signifi-
cantly reduced relative to non-encapsulated metal complexes,
due to their interaction with the protein surface (Fig. 2b, ¢ and
ESI, Fig. S5bt).

The effectiveness of metal-protein composites in the 'O,
production has been then confirmed from an independent
experiment, by monitoring the green fluorescence emission (at
525 nm) of the commercially available Singlet Oxygen Sensor
Green® reagent (SOSGR), a highly selective probe for '0,.**
As shown in Fig. 3b, the irradiation over a period of time of
solutions containing the probe in the presence of Rul@HuHf
or Ru2@HuHf determined a progressive increase of the
SOSGR fluorescence emission, revealing a similar ability of Ru
(n-HuHf systems to sensitize 'O, generation, even though
inferior to that of free molecules in agreement with the UV-
visible analysis. Of note, the linear increase of the SOSGR
luminescence observed for the first irradiation intervals
suggests a prompt reaction between the encapsulated PSs and
molecular oxygen, thus highlighting the facile diffusion of O,
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into ferritin, a key factor in the iron(u) oxidation reaction
occurring in ferritin nanocages. During the same time frame,
modest signal changes were observed upon irradiation of a
control containing only the probe, or for a solution containing
the probe and [Ru(phen);** held in dark conditions.

TfR1 targeting ability of ruthenium-ferritin assemblies

The targeting ability of cell models expressing TfR1 and the
delivery of Rul@HuHf and Ru2@HuHf into the cytosol were
tested by different biological approaches.

Due to the binding of H-ferritin to TfR1,’ we evaluated the
cellular drug delivery of ruthenium-HuHf nanocomposites in
cell lines featuring different expression levels of TfR1. The
expression of TfR1 was first analyzed in cervical carcinoma
(HeLa) and ovarian carcinoma (A2780) cells, both human
cancer cell lines, and in C2C12 myoblasts, a non-tumoral cell
line, by western blot analysis in different culture conditions.
As shown in Fig. 4, the TfR1 protein level was appreciable in
HeLa and A2780 cells, its expression being higher under
growth compared to serum-deprivation conditions, whereas it
was undetectable in non-cancer C2C12 myoblasts. The
expression and localization of TfR1 in these cellular models
were further confirmed by confocal immunofluorescence ana-
lysis (ESI, Fig. S127). Subsequently, the uptake of Ru-ferritin
nanocomposites in different cellular models was assessed by
measuring the content of ruthenium in cell lysates by ICP ana-
lysis (Fig. 5a). As shown in Fig. 5a, HeLa and A2780 cells were
found to be both able to internalize Rul@HuHf and
Ru2@HuHf, with no significant differences among the two PS-
ferritin formulations. Conversely, lysates of C2C12 myoblasts
did not contain detectable amounts of ruthenium, as expected
due to the lack of TfR1 expression emerged from western blot

(Fig. 4).
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Fig. 4 Expression of TfR1 in cancer (HeLa and A2780) and non-cancer
(C2C12) cell lines under different culture conditions. Western blot ana-
lysis was performed starting from 20 pg total protein lysates of cells
incubated in 10% FBS supplemented growth medium (growth con-
ditions), or serum-deprived medium supplemented with 0.1% BSA for
1 h and 24 h (serum-starved 1 h or 24 h) using specific mouse, mono-
clonal anti-TfR1 antibody CD71, OKT-9 (Thermo Fisher Scientific). Beta-
actin (-Actin) expression was evaluated as a loading control in each
sample using specific antibodies. A blot representative of three indepen-
dent experiments is shown.

Inorg. Chem. Front.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1QI01268A

Open Access Article. Published on 26 January 2022. Downloaded on 1/26/2022 1:24:24 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

fe<)

View Article Online

Research Article

(a)

Inorganic Chemistry Frontiers

(b)

Ru1@HuHf
[ Rul@HuHf ns
[ Ru2@HuHf Ins
9 6 ns Ins S
g [0
=
£ r I
2 44
]
i Ru2@HuHf
g,
2
&
? 0-
Cc2c12 Hela A2780

Fig. 5 Cell internalization of Rul@HuHf and Ru2@HuHf. (a) The amount of internalized ruthenium after 24 h of incubation of Ru-ferritin nano-
composites (10 yM of encapsulated ruthenium) for each cell line is reported. The ruthenium content in C2C12 cells was not detectable indicating
that ferritin is not endocytosed by this cell line. ICP data were normalized on the pg of total protein of each specimen. Statistical analysis was per-
formed by 1-way and 2-way ANOVA followed by Bonferroni post-hoc test. (b) Laser scanning confocal microscopy on Hela cells incubated with
Rul@HuHf and Ru2@HuHf. The concentration of encapsulated ruthenium and the time of incubation are the same as for the ICP analysis.
Immunofluorescence analysis was performed using specific anti-TfR1 primary antibody and secondary anti-mouse antibody conjugated with fluor-
escein (green). Ru(i) nanocages display fluorescence properties, dexc 440-480 nm and le,, 600-640 nm (red). Representative confocal microscope
images show the colocalization of TfR1 with Ru(i) nanocomposites on the right (merge) and the corresponding optical microscope images on the

left (OM).

Then, the uptake of Ru(u)-ferritin systems and the possible
colocalization with TfR1 in HeLa cells were investigated by
exploiting the luminescence properties of Ru(u)-polypyridyl
complexes and by immunofluorescence analysis, using specific
anti-TfR1 antibodies. Fig. 5b shows the distribution of
Rul@HuHf and Ru2@HuHf in the intracellular compartment
together with TfR1 (merge). The same results were also
obtained in A2780 cells (ESI, Fig. S13+).

In vitro cytotoxicity of ruthenium-loaded ferritin systems after
photoactivation

To evaluate the light-induced dose-dependent effect of Ru(i)-
ferritin assemblies on cancer cell viability, the MTT reduction
assay was carried out in HeLa, A2780 and C2C12 cells incu-
bated for 24 h with different concentrations of Ru(u)-HuHf for-
mulations. Photoactivation was applied as described in
Experimental section, 24 h before the cell viability was ana-
lyzed, while apo HuHf (i.e. not loaded with PSs) was used as
negative control to subtract any toxicity due to the protein
itself. In this regard, apo HuHf did not show significant cellu-
lar toxicity in the range of concentrations of 0-10 pM (corres-
ponding to ca. 0-40 pM of Ru-PS loaded into ferritin). The
obtained results are reported in Fig. 6. As shown in this figure,
photosensitization of ferritin-ruthenium nanocomposites
markedly affected cell survival of cancer cells, starting from
10 pM Ru(u) for both Rul@HuHf and Ru2@HuHf, leading, as
an example, to decreased cell viability of approximately 50% at
a drug dose of 40 uM of Ru1@HuHf. Conversely, a different be-
havior was exhibited by C2C12 myoblasts, whose cell viability
was negligibly influenced by light-activation, as expected due

Inorg. Chem. Front.

to the lack of Rul@HuHf and Ru2@HuHf internalization in
the absence of TfR1 expression in these cells. Thus, these
results demonstrated the fundamental role played by TfR1 in
the cellular uptake, as well as in the phototoxicity, of Ru(u)-
HuHf formulations observed in the different cell lines. An ana-
logous dose-dependent MTT analysis was repeated for free Rul
and Ru2, meaning not encapsulated into ferritin, (ESI,
Fig. S147). Ru-complexes are able to penetrate into the studied
cancer cell lines, including the non-cancer C2C12 myoblasts
and as expected, they are not completely inert molecules but
rather, they are intrinsically toxic. For example, at the
maximum dose investigated, Rul and Ru2 are found to
decrease HeLa cell viability by 30 and 15%, respectively. In
A2780 and C2C12 cell lines, the cytotoxic effects are even stron-
ger. These data reinforced the importance of two aspects: (i)
the targeted delivery to selectively accumulate the photosensiti-
zers at the site of interest and at the same time (ii) the encap-
sulation into ferritin-based carrier prevents the toxicity exerted
by free molecules before photoactivation.

Experimental
Synthesis and materials

All materials were of reagent grade and used without further
purification unless otherwise specified.

The synthesis of the polyamino macrocycles L' and L" are
reported in previous works**® while the corresponding ruthe-
nium(u) complexes were prepared according to our previous
papers.*??
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Fig. 6 Dose dependent cytotoxic effect of Rul@HuHf and Ru2@HuHf
after photoactivation. Cellular viability of different cancer (HelLa and
A2780) and non-cancer (C2C12) cell lines was assessed by MTT
reduction analysis. Cells were incubated for 24 h in the presence of
Ru(i)-HuHf nanocomposites with Rul and Ru2 at the following concen-
trations, 0 ym, 1 uM, 10 uM and 40 pM in serum-deprived culture media
(supplemented with BSA 0.1%). Photoactivation was carried out using a
30 W three-arm LED lamp with 470-430 nm blue emission for
20 minutes, at a distance of 5 cm from the cell plate. Twenty-four hours
after photoactivation, MTT analysis was performed to assess the anti-
tumor effect of Ru(i) nanocages. Experiments were performed in tripli-
cate, representative of three independent ones with similar results. Data
reported are mean + SEM of fold change absorbance at 570 nm in
photoactivated compared to dark conditions normalized to apoferritin
treatment. The effect of photoactivation of Ru(i) nanocages on the inhi-
bition of cell survival was statistically established by 1-way ANOVA fol-
lowed by Bonferroni post-hoc test. **P < 0.01, ***P < 0.001, ****P <
0.0001.

Ferritin expression and purification

Homopolymeric human heavy chain ferritin (HuHf) was pro-
duced in E. coli as previously reported.””*>*® The pET-9a
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plasmid carrying human heavy chain ferritin gene was trans-
formed in BL21(DE3)-pLysS competent cells. Massive cultures
were grown in rich Luria-Bertani medium at 37 °C adding
kanamycin (50 pg mL™") and chloramphenicol (34 pg mL™")
antibiotics. The overexpression of the protein was induced at
ODgop nm 0.6-0.8 with 1 mM of isopropyl -p-1-thiogalactopyra-
noside (IPTG) for 4 h at 37 °C. At the end, the cells were har-
vested by centrifugation at 7500 rpm for 15 min and disrupted
by sonication. Afterwards, the crude lysate was clarified with
ultracentrifugation at 40 000 rpm for 40 min and the super-
natant recovered and heated at 65 °C for 15 min to precipitate
undesired proteins. The soluble fraction was subjected to
anionic exchange chromatography with a linear sodium chlor-
ide gradient 0-1 M (Q-Sepharose Fast Flow resin, GE
Healthcare) in 20 mM Tris pH 7.5 buffer. Ferritin-containing
fractions were identified by SDS-PAGE and then pooled and
loaded into a Superdex 200 HiLoad 16/600 column (GE
Healthcare) for size exclusion chromatography in 20 mM Tris
pH 7.5 buffer. To remove the metal ions taken up from the
culture medium, four 5 L dialysis in the presence of chelating
and reducing agents (20 mM Tris, 2.5 mM EDTA, 15 mL
ammonium thioglycolate pH 7.5 buffer) followed by four dialy-
sis against 5 L of 20 mM Tris pH 7.5 buffer were performed.

Encapsulation of Rul and Ru2

Encapsulation of Rul and Ru2 was promoted by the dis-
sociation of ferritin cage (HuHf in 50 mM sodium phosphate
pH 7 buffer) into its monomers at pH 12, diluting the protein
solution (final concentration of 1.25 uM HuHf in a final
volume of 5 mL) with Universal buffer at pH 12 (Britton
Robinson buffer) and adjusting pH adding NaOH 1
M. Different concentrations of Rul or Ru2 (25, 125 and
250 uM) were incubated with ferritin for 15 min. Then, the pH
was brought at 7 with HCI 1 M to let the protein reassemble in
a 24-mer cage, trapping Rul and Ru2 inside the cavity in 2 h.
The entire process was run under stirring at 30 °C. At this
point, the protein samples were centrifuged at 7000 rpm for
10 min to discard precipitates and extensively filtered in cen-
trifugal devices (Amicon® Ultra 15 mL with cutoff 50 kDa,
Merck LifeScience) to remove excess photosensitizers. To
recoup the portion of protein with the correct folding, size
exclusion chromatography (Superdex 200 10/300 GL column,
GE Healthcare) was applied. The encapsulated products were
eluted in 50 mM sodium phosphate pH 7 buffer and the frac-
tions with a retention volume corresponding to 24-mer HuHf
were recovered. In order to exclude unspecific binding of Ru-
based molecules on the external surface of the protein, control
experiments with native HuHf were performed incubating Rul
and Ru2 with HuHf in 50 mM sodium phosphate pH 7 buffer
avoiding the opening of the protein cage. Protein concen-
tration was determined by Bradford assay. The estimation of
ruthenium content was performed by UV-visible and ICP-AES.
For the following analysis in cell cultures, the encapsulates
were further subjected to buffer exchange in PBS (phosphate
buffer solution) at pH 7.4 and 0.2 pm filtered to obtain the
sterility required for mammalian cells.
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ICP-AES measurements

Samples were treated with 100 pL of suprapure HNO;
(obtained by sub-boiling distillation) and 100 pL of suprapure
HCl (30%) and, after dissolution, were diluted to a final
volume of 5.0 mL with ultrapure water (UHQ - resistivity >18
MQ cm - Milli-Q system by Millipore, Billerica, MA). The deter-
mination of Ru concentrations in the samples was performed
in triplicate by a Varian 720-ES axial inductively coupled
plasma atomic emission spectrometer (ICP-AES). Each sample
was spiked with 1.0 ppm of Ge used as an internal standard
prior to the analysis. The introduction system consisted of a
concentric pneumatic nebulizer and a cyclonic spray chamber.
Calibration standards were prepared by gravimetric serial
dilution from commercial stock standard solutions of Ru at
1000 mg L' (Honeywell Fluka). Wavelengths used for Ru
determination were 267.876 and 245.657 nm, whereas for Ge
the line at 209.426 nm was used. The operating conditions
were optimized to obtain maximum signal intensity, and
between each sample, a rinsing solution constituted by 2% v/v
of HNO; was used.

UV-visible, fluorescence and circular dichroism analysis

Absorption spectra were registered on a PerkinElmer Lambda
6 spectrophotometer. The electronic absorption profiles of
Rul@HuHf and Ru2@HuHf were compared with the spectra
of the reference compounds Rul and Ru2. All the spectra were
registered in 50 mM sodium phosphate pH 7 buffer. The quan-
tity of the compounds internalized into HuHf was initially cal-
culated with the absorbance at 450 nm of Ru(u)-centers given
the extinction molar coefficients of Rul and Ru2. In order to
evaluate the luminescence of Rul and Ru2 upon encapsula-
tion, the fluorescence of 6 uM free and encapsulated Rul and
Ru2 was read using excitation and emission wavelengths of
411 nm and 615 nm respectively. In addition, the intrinsic
fluorescence of HuHf (0.3 uM in protein cage) was registered
at 325 nm upon excitation of tryptophan and tyrosine aromatic
residues at 280 nm for apo HuHf and for HuHf loaded with
increasing amounts of Rul (0.7 pM, 2.01 pM and 2.60 pM) and
Ru2 (0.58 pM, 1.77 pM and 1.85 pM). Fluorescence measure-
ments were collected on a PerkinElmer LS55 spectrofluorom-
eter. The slit width set for excitation and emission was 10 nm.
All measurements were performed at 298.0 + 0.1 K in 50 mM
sodium phosphate buffer solution pH 7, while spectra at
different pH values were collected by adding small amounts of
concentrated HCI or NaOH to aqueous solutions of ligands.
Circular dichroism (CD) analysis was conducted with a
Jasco spectropolarimeter J-810 in the far-UV region between
190-250 nm with a 0.1 cm path length quartz cuvette.
Temperature-dependent CD spectra of 10 uM protein in sub-
units (50 mM sodium phosphate pH 7) were performed in the
range 25-85 °C. The samples were incubated in the thermo-
static cell (Jasco Peltier equipment) at the desired temperatures
for 5 min before acquiring spectra at a scanning speed of
100 nm min~". The mean of 5 scans was calculated by sub-
tracting the corresponding buffer spectrum and the molar
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ellipticity optical units were converted in mean residue weight
ellipticity (Oyrw)-

SAXS measurements

All small-angle scattering measurements were performed
using a HECUS S3-Micro apparatus. This Kratky-type camera is
equipped with a position sensitive, 50 M OED detector com-
prising of 1024 channels (width = 54 pm). Cu Ko radiation
with a wavelength, 1, of 1.542 A at a power of 50 W is provided
by an ultra-brilliant point microfocus X-ray generator
(GENIX-Fox 3D, Xenocs, Grenoble). A sample-to-detector dis-
tance of 281 mm (calibrated using the well-known silver behe-
nate lamellar lattice, d = 58.34 A’ provided a measurable
g-range between 0.009 and 0.54 A™ (where ¢, the scattering
vector, is given by ¢ = 47/Asin 6, and 26 is the scattering angle).
Protein samples were placed into borosilicate glass capillaries
with a diameter of 1 mm. Measurements were performed
under vacuum to reduce scattering from air and at a tempera-
ture of 25 °C. Raw scattering data were corrected for the empty
capillary/buffer contribution. The acquisition time was from
30 min to 1 h depending on the sample. Short measurements
(1 min) were performed on each sample to confirm that the
radiation damage was negligible under these experimental
conditions.

'H NMR analysis

'H NMR spectra of free Rul and Ru2 (100 pM), apo HuHf
(25 pM in cage) and Rul@HuHf and Ru2@HuHf (100 pM of
encapsulated Rul/Ru2) in phosphate NMR buffer (pH 7.4)
were recorded and compared to further investigate the inter-
action of the encapsulated Ru-compounds with HuHf. NMR
spectra were acquired using a Bruker 900 MHz spectrometer
(Bruker BioSpin) at 298 K. One-dimensional "H-NMR spectra
with water peak suppression and a standard CPMG pulse
sequence were recorded (3k scans, 102 400 data points, a spec-
tral width of 19 167 Hz, acquisition time of 2.97 s, and a relax-
ation delay of 4 s).*>*" This type of sequence has been used to
selectively observe the sharp signals arising from the low mole-
cular weight Ru-compounds free in solution and to suppress
the broad resonances coming from ferritin. Before applying
Fourier transform, free induction decays were multiplied by an
exponential function equivalent to a 2.0 Hz line-broadening
factor. Transformed spectra were automatically corrected for
phase and baseline distortions using TopSpin 3.5 (Bruker
BioSpin). The spectra of free Rul and Ru2 were also recorded
in plasma to prove their long-term stability in biological fluids
(ESI, Fig. S17).

Zeta potential measurements

Zeta potential measurements were performed with a ZetaPALS
system coupled with a Brookhaven 90Plus particle sizer
(Brookhaven Instruments). Measurements were performed on
the very same dispersions and also after dilution up to 1:20 to
reduce the overall ionic strength. Zeta potentials of the scatter-
ing objects were extracted by phase analysis light scattering
according to standard procedures.
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Cryo-EM screening analysis

Cryo-EM micrographs of apo HuHf, Rul@HuHf and
Ru2@HuHf were acquired using a ThermoFisher Glacios at
200 kV instrument, equipped with a Falcon III direction elec-
tron detector. Holey-carbon R1.2/1.3 grids (Quantifoil Micro
Tools GmbH) covered by a 2 nm film of carbon were prepared.
Grid surfaces were treated with plasma cleaning using O2 for
45 s before applying 3 pL of the sample (1 mg mL™" of
Rul@HuHf and Ru2@HuHf in PBS buffer pH 7.4). Grids were
blotted in 100% humidity and 10 °C with filter paper and vitri-
fied by rapidly plunging into liquid ethane at —180 °C using a
Vitrobot Mark IV (FEI, Hillsboro).

Singlet oxygen determination using 1,5-dihydroxynaphthalene
(DHN) and the singlet oxygen sensor green reagent (SOSGR)

The ability of Ru-based formulations to effectively sensitize the
singlet oxygen production was firstly assessed by means of UV
visible titrations employing 1,5-dihydroxynaphthalene (DHN)
as an indirect 'O, reporter. Experiments were performed in
phosphate buffer (50 mM, pH 7, with 10% v/v MeOH and D,O
each)™ in the absence and in the presence of a selected Ru(u)-
based photosensitizer. In detail, following the preparation of a
3.3 x 107 M solution of DHN in methanol, this solution was
diluted 1:10 with aqueous solutions of the Ru(u)-based PS at
pH 7, obtaining a final water/MeOH (9: 1) solution of DHN 3.3
x 10" M with a Ru(u)-content of 1 x 107> M. Samples were
then transferred in a quartz cuvette with 1 cm optical path and
irradiated (LED Lamp, 30 W, 4 > 430 nm) for a total time
varying between 6 and 50 minutes. All spectra were acquired
using as blank reference a solution containing the selected PS
at the same concentration and pH of those of the measuring
cuvette. In close analogy with the UV-vis measurements, the
'0, sensitizing properties of the studied formulations were
investigated by means of fluorescence measurements by
employing the Singlet Oxygen Sensor Green reagent
(SOSGR).*® To this aim, we prepared aqueous solutions
buffered at pH 7 (50 mM sodium phosphate) containing
SOSGR in the presence of a selected photosensitizer. The
probe concentration was fixed to 0.5 pM while the ruthenium
concentrations of Rul and Ru2 were ten times higher (5 pM).
Samples containing Rul@HuHf or Ru2@HuHf were prepared
in order to have a final Ru(u) equivalent concentration. The
solutions were then transferred in a quartz cuvette with 0.1 cm
optical path and irradiated. Fluorescence spectra were col-
lected using excitation/emission wavelengths of 488/525 nm.
Two additional controls were analyzed, one containing a
mixture of SOSGR and [Ru(phen),;]** maintained under dark
conditions, and the other consisting of only the probe exposed
to different irradiation times.

Cell cultures

All culture media and reagents were purchased from Merck
KGaA (Darmstadt, Germany), including phosphate buffer
saline (PBS). Human ovarian cancer cell line A2780 and
human epithelioid cervix carcinoma cell line HeLa (ATCC, VA,

This journal is © the Partner Organisations 2021
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USA) were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS), 100 pg mL™" streptomycin, 100
U mL™"  penicillin and 2 mM lglutamine.
C2C12 myoblasts (ATCC, VA, USA) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
FBS, 100 pg mL™" streptomycin, 100 U mL™" penicillin and
2 mM l-glutamine. These cell lines were maintained in a
humidified atmosphere at 95% air/55% CO, and constant
temperature of 37 °C.

All cell treatments were performed in serum-deprived RPMI
or DMEM medium, supplemented with 1 mg mL™" bovine
serum albumin (0.1% BSA).

Western blot analysis

Cells were collected in a lysis buffer containing 50 mM Tris,
pH 7.5, 120 mM NaCl, 1 mM EDTA, 6 mM EGTA, 15 mM
Na,P,0,, 20 mM NaF, and 1% Nonidet supplemented with
protease inhibitor cocktail and incubated 30 min at 4 °C. Cell
lysates were centrifuged at 10*g, 15 min 4 °C and 20 pg total
protein amount was resuspended in sodium dodecyl sulphate
(SDS) sample buffer and separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and finally transferred to polyviny-
lidene fluoride (PVDF) membranes by Trans-Blot® turbo trans-
fer system (Bio-Rad Laboratories, CA, USA). PVDF membranes
were incubated at 4 °C overnight with anti-CD71 (Transferrin
receptor-1) monoclonal antibody (OKT-9; 1:1000 dilution)
(eBioscience, Thermo Fisher Scientific Inc., MA, USA) and
anti-p-actin (Santa Cruz Biotechnology, CA, USA). Horseradish
peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz
Biotechnology, CA, USA) were incubated for 1 h at room temp-
erature. Specific protein bands were detected by enhanced che-
miluminescence using Clarity Western ECL substrate (Bio-Rad
Laboratories, CA, USA), images were acquired with an
Amersham Imager 600 (GE Healthcare, UK) and quantification
performed by densitometric analysis using the Image] software
(freely available at https:/imagej.nih.gov/ij/).

MTT reduction assay

Cell viability of HeLa, A2780 and C2C12 cells was evaluated by
the reduction of the yellow tetrazolium salt 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) to purple
formazan crystals performed by metabolically active cells. MTT
colorimetric analysis was performed after the treatment with
Rul@HuHf or Ru2@HuHf for 24 h, followed by photoactiva-
tion and then incubation for further 24 h. Briefly, for each cell
line two 96-well plates were seeded: one was employed for light
exposure (photoactivation conditions), and the other one was
maintained in the dark (dark conditions). Cells were incubated
with increasing concentrations of Ru(u) in Rul@HuHf or
Ru2@HuHf obtained by ICP measurement (0, 1, 10 and
40 pM), and in parallel with the same corresponding concen-
tration of HuHf (determined by Bradford assay) in serum-
deprived culture media. For the photoactivation conditions,
after a 24 h-challenge with Ru(u) nanocages, cells were irra-
diated with 30 W three-arm LED light lamp with 470 nm-
430 nm emission for 20 minutes at a distance of 5 cm from
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cell monolayers and then incubated for 24 h at 37 °C in 5%
CO, atmosphere. Cell viability was assayed in the presence of
0.5 mg mL™" of MTT salt (Merck KGaA, Darmstadt, Germany)
for 1 h at 37 °C; DMSO (Dimethyl Sulfoxide, Merck KGaA,
Darmstadt, Germany) was used to dissolve insoluble formazan
crystals produced by viable cells. The absorbance was
measured at 595 nm using a microplate reader (iMark
Microplate Absorbance Reader, Bio-Rad, CA, USA).

Laser scanning confocal microscopy

Cell internalization of ferritin-Ru(n) nanocages and colocaliza-
tion analysis with transferrin receptor-1 was performed using a
Leica SP8 laser scanning confocal microscope (Leica
Microsystems GmbH). Cells (HeLa, A2780 and C2C12) were
seeded on microscope slides and treated for 24 h with 10 pM
Ru(u) of Rul@HuHf or Ru2@HuHf, followed by washing with
PBS and fixed with 2% paraformaldehyde in PBS for
20 minutes at room temperature. Colocalization of Rul@HuHf
or Ru2@HuHf with anti-CD71 (transferrin receptor-1) was per-
formed by immunofluorescence analysis: after 24 h of incu-
bation with 10 uM Ru(n) of Rul@HuHf or Ru2@HuHf, micro-
scope slides were incubated with anti-CD71 (TfR1) monoclonal
antibody (OKT-9; 1: 100 dilution) for 2 h at room temperature
followed by treatment with Texas Red-conjugate secondary
anti-rabbit antibody (1:200 dilution) purchased from Vector
Laboratories Inc. (Burlingame, CA, USA). Microscope slides
were incubated with DAPI solution (1 mg ml™", Thermo Fisher
Scientific Inc., MA, USA) to probe the cell nucleus and then
were mounted using Fluoromount aqueous mounting medium
(Merck KGaA, Darmstadt, Germany).

Statistical analysis

Data obtained in the cell experiments are presented as means
+ standard error of mean (SEM). Comparisons between the
different groups were performed by one- or two-way ANOVA
analysis of variances followed by Bonferroni’s post-hoc test in
the GraphPad Prism 9.0 software.

Conclusions

In summary, we herein report on the successful encapsulation
into human H-ferritin of the photosensitizers Rul and Ru2,
affording the corresponding Rul@HuHf and Ru2@HuHf
nanocomposites.

A chemical-physical characterization of these fluorescent
hybrid materials evidenced a retained protein quaternary
structure (i.e. core-shell assembly and protein fold), with Ru1l
and Ru2 giving rise to intermolecular contacts/interactions
with the inner surface of the protein shell. Importantly, Ru(u)-
ferritin assemblies featured high stability at physiological pH
and demonstrated to effectively sensitize 'O, production upon
light-activation.

The biological potential of Rul@HuHf and Ru2@HuHf was
tested against two human cancer cell lines, HeLa and A2780
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cells, both expressing TfR1, and on the non-tumoral
C2C12 myoblasts. ICP analysis indicated the selective internal-
ization of Ru(u)-HuHf assemblies into tumoral cells. Confocal
microscopy analysis also unveiled the co-localization of Rul
and Ru2 with the TfR1 in the internal cellular compartments
of HeLa and A2780 cells. Therefore, these results highlighted
the crucial role played by TfR1-mediated endocytosis of H-type
ferritin in the selective delivery of Ru-based PSs into tumoral
cells.

Finally, Ru1i@HuHf and Ru2@HuHf were found to be effec-
tively able to elicit a significant dose-dependent cytotoxicity
against HeLa and A2780 cells following irradiation.

In conclusion, this study underlines the suitability of
H-ferritin platforms to selectively deliver Ru(u)-polypyridyl-
based photosensitizers providing
promising tools to be further exploited in photodynamic
therapy.

in cancer cells thus
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In photodynamic therapy (PDT), Ru(i) polypyridyl complexes (RPCs) featuring the popular rn-expansive
benzolildipyrido[3,2-a:2',3'-clphenazine (dppn) ligand have attracted much attention, mainly due to the
good singlet oxygen sensitizing properties imparted by this peculiar ligand. However, notwithstanding the
intriguing perspectives, much remains to be explored about the use of RPC-based photosensitizing
agents (PSs) with more than a dppn ligand in their scaffolds. Herein, two bis-heteroleptic RPCs of the
general formula [Ru(dppn),L1"* (L = 4,4'-dimethyl-2,2'-bipyridine, n = 2, Rul or 2,2'-bipyridine-4,4'-dicar-
boxylate, n = 0, Ru2) were prepared in good yields by adopting an alternative synthetic approach to pre-
viously reported methods. The optimal singlet oxygen sensitizing properties and capabilities to interact
with DNA displayed by Rul and Ru2 were paralleled by a potent light-triggered toxicity (Amax = 462 nm)
exerted on squamous epithelial carcinoma cells. To improve the biopharmaceutical properties of these
compounds, Rul and Ru2 were encapsulated into cubosomes, soft nanoparticles with a lyotropic liquid
crystalline core. In vitro studies probed the effectiveness of these formulations against light-irradiated
cancer cells and confirmed intracellular ROS generation as the mechanism likely to be responsible for the
observed PDT efficacy. This work highlights the potential of [Ru(dppn),L]-based PSs in PDT, beyond pro-

Received 16th December 2022, viding a general and straightforward synthetic route for the preparation of this class of compounds. To
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the best of our knowledge, this is also the first example of the encapsulation of a RPC into cubosome
nanostructures, paving the way for the development of nano-formulations with augmented biopharma-

rsc.li/frontiers-inorganic ceutical properties for PDT application.

Introduction

Photodynamic therapy (PDT) continues to attract increasing
attention thanks to the encouraging results that its application
has led to the treatment of a variety of cancers, spanning from

“Department of Chemistry “Ugo Schiff”, University of Florence, Via della Lastruccia
3, 50019 Sesto Fiorentino (FI), Italy. E-mail: luca.conti@unifi.it,
claudia.giorgi@unifi.it

PDepartment of Life and Environmental Sciences, University of Cagliari, 09124
Cagliari (CA), Italy. E-mail: murgias@unica.it

‘Department of Chemistry, University of Rome La Sapienza, P.le A. Moro 5, 00185
Rome, Italy

4CSGI, Consorzio Interuniversitario per lo Sviluppo dei Sistemi a Grande Interfase,
50019 Sesto Fiorentino (FI), Italy

‘European Laboratory for Non-Linear Spectroscopy (LENS), Via Nello Carrara 1,
50019 Sesto Fiorentino (FI), Italy

TDepartment of Experimental and Clinical Biomedical Sciences “Mario Serio”, 50134
Florence, Italy

T Electronic supplementary information (ESI) available: Methods, supplementary
figures and schemes, and the spectra of compounds. See DOI: https:/doi.org/
10.1039/d2qi02678¢

{These authors contributed equally.

This journal is © the Partner Organisations 2023

skin tumors to lung, bladder and prostate cancers,"” as well as
bacterial infections.>* The main advantage of this therapeutic
approach, which consists of the light activation of a prodrug,
called a photosensitizer (PS), to produce harmful reactive
oxygen species (ROS), is represented by the complete spatio-
temporal control over drug activation, which provides a pre-
cious chance to limit the severe side effects normally occurring
with standard chemotherapeutics.

Ruthenium(u) polypyridyl complexes (RPCs) have been
largely employed in the research of suitable PSs in PDT, with
the Mc Farland compound TLD1433 being the first Ru(u)-
based PS to enter human clinical trials for bladder cancer.”™®
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The interest towards this versatile class of compounds can be
attributed to its rich chemical-physical repertoire, which
includes a variety of excited-state electronic configurations
accessible with light, good singlet oxygen sensitizing pro-
perties, and the capacity to interact with key biological targets
(such as DNA or proteins).”™" Of relevance is that a fine choice
of ligands in their octahedral geometries permits convenient
modulation of the photophysical, photochemical, and photo-
biological properties of the resulting RPCs, in an effort to
improve cellular uptake,’>" shift the absorption profiles
towards red,'* confer targeting ability,">'® and boost 'O, sen-
sitization. With regard to the latter aim, as prolonged excited
state lifetimes are important for efficient energy transfer to
molecular oxygen to form 'O,, changing the nature of the
lowest-lying excited state from metal-to-ligand charge-transfer
(®MLCT) to long-lived intraligand *IL states represents a suit-
able way to endow the resulting RPCs with augmented
cytotoxicity.>"” Following this strategy, over the past few years
much interest has been devoted to the use of the n-expansive
benzo[{|dipyrido[3,2-a:2",3"-c]phenazine (dppn) ligand in the
rational design of RPC-based PSs. Indeed, this peculiar ligand
has been largely exploited not only to improve the photobiolo-
gical activity of the resulting compounds, via the population of
long-lived dppn-centered *nn* excited states, but also to shift
their "MLCT absorption towards longer wavelengths'® and,
given its known DNA-intercalating properties, to strengthen
their interaction with the nucleic acid.'*>* A recent example of
this was reported by Zhao and coworkers, who showed the
benefits derived from the substitution of a bpy (bipyridine)
unit by a dppn ligand in their tris-heteroleptic RPC-based
PSs.>?

Notwithstanding the advantages derived from the use of
dppn, it is surprising that PSs containing two dppn ligands
simultaneously coordinated to a Ru(u) center have been only
sparingly explored,”*** while numerous examples of dppn-con-
taining RPCs for PDT are reported in the literature®>>' (some
of them have also been applied for compounds at the bound-
ary between PDT and photoactivated chemotherapy PACT).***3
Such net discrepancy between RPCs containing one and two
dppn units would be related to synthetic issues concerning the
preparation of the latter compounds by the general procedures
for bis-heteroleptic Ru(n) complexes,®”* involving the inter-
mediate [(dppn),RuCl,] which is scarcely soluble in most
organic solvents.

In addition, the potential anticancer activity of these
systems might be limited by their common hydrophobic
nature, leading to poor bioavailability and compromised thera-
peutic outcomes. To overcome these limits, nanocarriers have
been widely investigated as a formative approach to increase
the water solubility of insoluble drug candidates, prevent drug
degradation, and enhance their delivery.>***® In the midst of
the innovative exploited nano-systems, great interest has
arisen around cubosomes, also known as bicontinuous cubic
liquid crystalline nanoparticles with a three-dimensional
arrangement of the lipid bilayer forming a honeycomb-like
inner structure. Compared to single-bilayer liposomes, cubo-

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers

somes are characterized by an inner portion completely filled
with the lipid matrix, providing a greater hydrophobic volume
and thus a higher loading efficiency.*® Despite the fact that
some investigations illustrated a possible cubosome
cytotoxicity,*”*! appropriate formulation strategies and admin-
istration at lower concentrations can be used to achieve the
desired therapeutic effects. In fact, recent studies have proven
their useful biomedical applications for diagnostic purposes,
anticancer activity, and PDT.**"*¢

Prompted by this scenario, herein we explored the potential
as PSs of two Ru(u) compounds featuring two dppn ligands
simultaneously coordinated to the Ru(um) centers; [Ru
(dppn)(dmbpy)]”” (Ru1) and [Ru(dppn),(dcbpy*”)] (Ru2)
(dmbpy = 4,4’-dimethyl-2,2-bipyridine, dcbpy®~ = 2,2"-bipyri-
dine-4,4'-dicarboxylate) (Chart 1). Besides the Ru(dppn),-core,
different dmbpy and dcbpy®~ ancillary ligands were chosen to
provide a potential synthetic platform for obtaining differently
functionalized (dppn),-RPCs, to investigate their possible
influence on the chemical-physical and biological properties
of the resulting compounds.

Rul and Ru2 were prepared by adopting a straightforward
synthetic route where the dppn ligands were allowed to react
with Ru(n)-intermediates in the last step of the reaction, thus
avoiding the use of [Ru(dppn),Cl,;] and leading to the pro-
duction of RPCs in good yields. These systems exhibited prom-
ising features as PSs, by virtue of optimal singlet oxygen sensi-
tizing properties and capacity to interact with DNA, and for
this reason their phototoxicity and biocompatibility were
tested on non-melanoma skin cancer cells in vitro, a model
tumor selected for the feasibility of its treatment by photo-
dynamic therapy.”” To further ascertain their potential as PSs,
Rul and Ru2 were also encapsulated in monoolein-based
cubosomes stabilized with Pluronic F108. Following a prelimi-
nary investigation of the obtained formulations, Ru2-cubo was
then selected for further development including a thorough
physicochemical characterization and the assessment of its
phototoxic activity against epidermoid carcinoma cells.

The results herein discussed may provide fundamental
knowledge for the design of novel and highly performant PSs

—2+ 2PFg

O Rul

Ru2

Chart 1 Chemical structures of ruthenium complexes Rul and Ru2 of
this study.
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based on (dppn),-containing RPCs. Moreover, to the best of
our knowledge, this study reports the first example of the
encapsulation of a RPC into cubosome nanostructures, thus
paving the way for the development of pharmaceutically viable
nano-formulations for PDT applications.

Results and discussion
Synthesis and characterization of ruthenium compounds

Ru(n) complexes Rul and Ru2 were obtained via stepwise
ligand addition following the synthetic route shown in
Scheme 1c. In this synthetic approach, the polymeric precursor
[Ru(CO),Cl,], was first prepared by the reaction of the com-
mercial RuCl;:-nH,O with paraformaldehyde in formic acid.
Then, this compound was allowed to react with the bidentate
ligands in refluxing methanol (dmbpy) or DMF (dcbpy),
affording the trans-Cl[Ru(dmbpy)(CO),Cl,] and trans-Cl[Ru
(debpy)(CO),Cl,] intermediates, with yields of 75 and 55%,
respectively. In the latter case, DMF was chosen as the solvent
because of the limited solubility of dcbpy in methanol.*®
Finally, two equivalents of dppn ligands were added to solu-
tions of the trans-Cl[RuL(CO),Cl,] (L = 4,4"-dimethyl-2,2"-bipyri-
dine or dmbpy, 2,2-bipyridine-4,4"-dicarboxylic acid or dcbpy)
intermediates in 2-methoxyethanol, and in the presence of tri-
methylamine N-oxide (TMAO), to favour the detachment of the
strongly coordinated CO ligands*® and allow their replacement
by the bidentate dppn ligands. The addition of aqueous KPFg
led to the precipitation of the hexafluorophosphate salt of Ru1
whereas Ru2 precipitated as a neutral product from the reac-
tion mixture. Rul and Ru2 were obtained, after purification by
flash chromatography, in 78% and 50% yields, respectively.

RuCl; - nH,0

cis-[Ru(NN),Cl,] Ethylene
glycol/alcoholic
sol.

b) “Reverse” procedure by Turro and coworkers.

o Licl, EMF
RuCl,(DMS0), i<

b|
RuCl, - nH,0 HCI‘;VM’ [Ru(bpy)CIAJW[Ru(bpy)(CH CN),]
7-24 days 3:1v/vsol.
80°C, 4h
C) This work.
R
L =dmbpy, |
paraformaldehyde dcbpy
RuCly - nH,0 — o= [RU(CO),Cll, iathanel or oMt
reflux, 6h reflux, 3h under N, |
R

R=
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The identity of the obtained compounds was confirmed by 'H,
3¢, COSY and HSQC NMR and high-resolution mass spec-
trometry (HR-MS) analysis (see the ESI, Fig. S1-5S101). "H NMR
signal assignment is reported in the ESI;} recording of *C and
HSQC spectra of Ru2 was prevented by its poor solubility in
(CD;),S0.

As shown in Scheme 1, it can be highlighted that, com-
pared to the most employed synthetic approach used for the
preparation of bis-heteroleptic complexes with the general
formula [Ru(NN),L]*" (N,N = polypyridyl bidentate ligand)>***
(Scheme 1a), commonly obtained by the reaction of [Ru
(NN),Cl,] with a third chelate ligand (L), in the method of this
work the two dppn ligands are allowed to react with the Ru(u)-
scaffolds only in the last step of the reaction. This would
permit to overcome solubility issues arising from the use of
the [Ru(dppn),Cl,] intermediate. A similar “reverse” concept
was also previously applied by Turro and coworkers in the syn-
thesis of a rare example of a (dppn),-containing RPC reported
in the literature, namely [Ru(bpy)(dppn),][PFs],,>* which was
indeed obtained by the reaction of dppn with [Ru(bpy)
(CH;CN),J*" in the last reaction step (Scheme 1b). However,
long reaction times (in the order of 7-24 days) were required
by this route to prepare the intermediate [Ru(bpy)(CH;CN),]**
using RuCl;-nH,0 as the starting material.*>>*

In light of these considerations, the synthetic strategy
employed in this work may provide an alternative and straight-
forward way for the preparation of RPCs featuring the general
formula [Ru(dppn),L]*" (L = variously functionalized bidentate
polypyridyl chelates), in good yields and reaction times.

The electronic absorption spectra of Rul and Ru2 in aceto-
nitrile are shown in Fig. 1a, whereas their molar extinction
coefficients (¢) at different absorption maxima (Amax) are listed

[RU(NN),L]™ (n=1,2)

dppn n+
2+_dpPPN | |
A|COhO|IC sol. Ru(dppn)Z(bpY) O
reflux, 8-18h
ol
N
N Cl | N/ N R
AN €O dppn, TMAO A N
i) 2-methoxyethanol
SN CO " reflux, 4-6h under N, ' SN N] N
ii) KPF,
~ ¢ ii) KPFg Ny NP
“CH; (dmbpy) N &
~COOH (dcbpy) R = -CH, (n =2, Rul)

o

-COO" (n =0, Ru2)

Scheme 1 Synthetic route followed for the preparation of complexes Rul and Ru2 of this work (3c), compared to the one generally employed for
the preparation of bis-heteroleptic RPCs (3a) and to the one previously reported for the Turro's compounds [Ru(bpy)(dppn)2][PFsl, and [Ru(phpy)

(dppn)2l[PFe] (3b).
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Fig. 1 Electronic absorption spectra of Rul and Ru2 in acetonitrile (a). Singlet oxygen determination as evaluated through UV-Vis analysis by using
DHN as an indirect 'O, reporter; in the inset are compared the semilogarithmic plots of In(A/Ao) as a function of the irradiation time registered for
Rul and Ru2 and [Ru(phen)s]?* as the reference control (IDHN] = 3.3 x 10~* M, [Rul] = [Ru2] = 10 pM) (b). Sketch of the O, determination by
employing DHN as an indirect probe for *O, (c). Absorption spectra of aqueous solutions of Rul registered in the presence of increasing concen-
trations of ct-DNA; in the inset are reported the [DNA]/le, — &l values obtained for Rul and Ru2 versus the molar concentration of DNA ([Rul] =
[Ru2] = 10 pM, TRIS buffer pH 7.4) (d).

Table 1 Electronic absorption maxima measured in acetonitrile, rate constants Koy, quantum yields for 'O, generation (¢,) and binding constants

with ct-DNA (K},) of ruthenium complexes of this study

Compound Japs N (£ X 10° M~ em™)* Kops” da (102)17 Ky (x10°M™Y) pKa
Rul 324 (146.1), 387 (25.3), 409 (32.2), 440 (26.6) 1.85x107° 0.54 £ 0.06 7.49 x 10° -
Ru2 323 (123.2), 387 (27.8), 410 (32.4), 445 (30.0) 2.71x107% 0.50 = 0.07 2.34 x 10° PKa1, PKaz©3.6 + 0.3,

PKay 4.6 % 0.4

“ Determined in acetonitrile. ” Determined for air-saturated acetonitrile solutions of Ru(ii) complexes.

in Table 1. As shown, besides the intense intraligand = — n*
transitions at 280-330 nm, both complexes display a double
humped absorption at ~387 and ~410 nm, which is typical of
the dppn centered ® — n* transitions, plus a broad 'MLCT
absorption centered at ~445 nm, in good agreement with
those of dppn-containing RPCs reported in the literature.>*>*
It can also be noted that the absorptions relative to the dppn-
centered transitions of Rul and Ru2 are more intense than the
corresponding ones reported for the parental compound [Ru
(bpy).dppn]**,>* as expected due to the presence of two dppn
units in their Ru(u) scaffolds. On the other hand, Rul and Ru2
resulted to be weakly luminescent, with the highest emission

Inorg. Chem. Front.

being displayed by Ru2 in acetonitrile and ethanol (Fig. S11,
ESIt).

Finally, given the presence of the ionizable dcbpy ligand in
Ru2, the acid-base behavior of this complex in water was
examined by means of spectrophotometric titrations, as
described in the ESI. Similar to what was previously reported
for a parental dcbpy-containing Ru(n) complex,®® of the two
possible protonation equilibria only pK,, values of 3.6 + 0.3
and 4.6 + 0.4, respectively, for the ground (pK,,°) and the
excited state (pK,, ) (Table 1) were determined by these
measurements. This, along with the presence of two inflection
points in the fluorescence titrations, suggested that the first

This journal is © the Partner Organisations 2023
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pK, value was too low to be accurately determined. The higher
value found for pK,," relative to pKa,° would be in line with
the higher basicity of the complex in the excited state. It
should also be noted that these data confirm that the car-
boxylic functions of Ru2 are likely to be fully deprotonated at
neutral pH, conferring an overall total neutral charge to the
complex. Therefore, along with the different nature of their
ancillary ligands, it can be envisaged that the different charges
of metal complexes in physiological media (+2 for Ruil, 0 for
Ru2) might have an influence on their biological behavior and
interaction with cubosome nanostructures (vide infra).

Singlet oxygen sensitizing properties of Ru(u)-complexes and
DNA interaction

A crucial requisite for a candidate PS for PDT applications
relies on its ability to trigger the formation of harmful reactive
species under light-irradiation, such as the highly oxidant
singlet oxygen 'O,, the classical warhead of PDT produced as
the result of ype-1I-based pathways.*®

The singlet oxygen sensitizing properties of Ru(u) com-
plexes Rul and Ru2 were first assessed spectrophotometrically,
by employing 1,5-dihydroxynaphtalene (DHN) as an indirect
reporter for singlet oxygen. Indeed, in the presence of 'O,,
DHN is promptly and quantitatively oxidized to give 5-hydroxy-
1,4-naphthalenedione (Juglone), thus allowing to easily follow
the photoexcitation process by monitoring the decrease of the
DHN absorption band, centered at 297 nm, and the simul-
taneous increase of the broad Juglone band at around 427 nm
(see Fig. 1c for a schematic illustration of the 'O, analysis by
the DHN method for Rul and Ru2 complexes).

Fig. 1b shows the absorption spectra of an acetonitrile solu-
tion containing Rul and DHN subjected to increasing
irradiation times (LED emitting at 434 nm, 160 mW), light-
exposure determined the progressive decrease of the DHN
absorption band along with the simultaneous increase of that
of Juglone, thus clearly demonstrating the photosensitizing
properties of Rul. It should also be noted that the appearance
of two clear isosbestic points in the UV-Vis titration, at ~280
and 330 nm, ruled out the formation of long-lived intermedi-
ates or byproducts. An analogous behavior was displayed by
Ru2, as reported in Fig. S13 of the ESL{ Compared to [Ru
(phen);]**, taken as a reference RPC for 'O, sensitization, both
Rul and Ru2 exhibited remarkably higher photosensitizing
features. This can be easily appreciated from the corres-
ponding semilogaritmic plots of In(4/4,) over the irradiation
time frame (4, and A are the absorbance values at 297 nm at
time “zero” and at a generic time “¢”) reported in the inset of
Fig. 1b, in which can be evidenced, for example, that a similar
amount of "0, was produced within 65-75 s by Rul and Ru2,
and in more than 200 s by [Ru(phen);]*". In detail, Rul and
Ru2 displayed a comparable potency, as denoted by the slight
differences emerging between their relative rate constants for
the DHN photooxidation processes (kops), of 1.85 x 10~ and
2.71 x 107°, respectively (Table 1). In addition to the indirect
DHN method, the 'O, sensitizing properties of Rul and Ru2
were further probed through direct measurement of the phos-

This journal is © the Partner Organisations 2023
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phorescence signal of '0, at 1270 nm, induced by irradiation
of air-saturated acetonitrile solutions of ruthenium complexes.
This allowed us to determine the relative quantum yields of
'0, generation (¢,), which are listed, along with the one of
[Ru(phen);]** for comparison (¢, = 0.38 + 0.06), in Table 1. As
shown, ¢, values of 0.54 + 0.06 and 0.50 + 0.07 were respect-
ively obtained for Rul and Ru2, thus confirming that the sim-
ultaneous presence of two dppn units into the Ru(n) scaffolds
confers to these complexes a potent and comparable ability to
sensitize the formation of singlet oxygen, in well agreement
with the results of the UV-Vis analysis.

Since it is known that 0, rapidly reacts with the surround-
ing biological substrates (estimated half-life <40 ns, range of
action in the order of 20 nm),”’” leading to an extremely loca-
lized oxidative damage, the ability of a PS to effectively interact
with a desired biological target may be important for its poten-
tial application in PDT, as it would ensure drug localization in
close proximity to the target to be treated, strengthening the
oxidative damage induced by ROS sensitization. This, along
with the known DNA intercalating properties imparted by the
n-expansive dppn ligands, prompted us to consider the affinity
of the studied RPCs with the nucleic acid. The DNA-binding
abilities of Rul and Ru2 were evaluated on calf thymus (ct-
DNA) through UV-Vis analysis, by monitoring the changes in
the absorption profiles of the aqueous solution of RPCs
buffered at pH 7.4 induced by increasing concentrations of ct-
DNA. As shown in Fig. 1d for a 10 pM solution of Rul, the
addition of c-DNA resulted in a strong hypochromism in both
the MLCT and n — n* absorption bands of the metal complex,
with a reduction of approximately 50 and 65% of their relative
intensities in the presence of only 3 uM DNA. No blue or red
shift was observed upon the addition of DNA and a very
similar trend was also observed in the case of Ru2 (see
Fig. S14, ESIt). The intrinsic binding constants (K;,) of Rul
and Ru2 were calculated from titration data (see the inset of
Fig. 1d for a comparison between the two RPCs) as described
in the ESIT and the resulting values are reported in Table 1. As
shown, K, values of 7.49 x 10° M~* and 2.34 x 10° M~* were
respectively obtained for Rul and Ru2, thus confirming the
ability of these systems to strongly interact with DNA under
abiotic conditions. It can be noted that these values are in line
with the ones reported for other dppn-containing ruthenium
complexes (Kj, in the order of 10° M™")***®%% and though not
conclusive, together with the large extent of hypochromism
observed, they hint at the intercalation as the most likely
binding mode for these complexes. Moreover, the possible
beneficial role played by the presence of a second dppn ligand
in strengthening the interaction of complexes with the bio-
polymer is particularly evidenced by comparing Rul with its
mono-dppn containing analogue, [Ru(dmbpy)(dppn)]**, for
which a lower K, of almost 5.8-fold has been reported.®

Cytotoxicity and photoactivity of Ru(n)-complexes

To be qualified as a potential agent for photodynamic therapy,
newly developed photosensitizers should be biologically inert
in the dark, but highly cytotoxic when exposed to light of a
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given wavelength.®® This simple mechanism allows for selec-
tive action against the light-exposed area (i.e. the tumor), abol-
ishing the systemic toxicity typically associated with traditional
chemotherapeutic drugs.*® Here, the anticancer activity of Rul
and Ru2 was evaluated on A431 cells, an in vitro model of
human epidermoid carcinoma.

As shown in Fig. 2, both compounds were found to be well
tolerated by cells when no light was provided to the culture
dishes. A slight difference between their in dark toxicities was
observed, thus indicating that seemingly small modifications
on the groups gathered on the bpy moieties of complexes
(methyl or carboxylic functions) may influence their toxicity. In
details, cell viability was reduced to 75.1 + 4.1% and 82.4 +
2.0% upon exposure to the highest dose of Rul and Ru2
(25 pM) in the dark, respectively. Conversely, 30-minutes of
irradiation with an LED array (Amax = 462 nm, 18 mW cm™?)
induced potent activation of the complexes, triggering com-
plete cell death (viability < 10%) at concentrations of 0.25 pM
(Ru1, Fig. 2a) and 5 pM (Ru2, Fig. 2b): Fig. 2c summarizes the
IC5, values calculated from in vitro experiments. As shown,
both Rul and Ru2 displayed high photo-toxic indexes (PI,
defined as ICs, in the dark/ICs, upon irradiation), with values
exceeding 988 and 130, respectively. From a translational point
of view, higher PIs are predictive of a larger therapeutic
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Fig. 2 Viability of A431 epidermoid carcinoma cells assessed by MTT
following treatments with Rul (a) or Ru2 (b), with or without exposure
to light for 30 minutes (n = 5). Table summarizing the ICso values
(+SEM) for the different experimental groups (c).
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window, with limited off-target cytotoxicity and enhanced on-
target potency. Of note, notwithstanding the lack of data for
the phototoxicity of dppn-containing Ru(i) complexes in A431
cells, it can be highlighted that the in vitro therapeutic out-
comes of complexes of this study are ones of the highest
among those reported in the literature for the PDT effect of
dppn-containing RPCs.>*?>¢1763

Cubosome loading and characterization

The in vitro results highlighted the promising activity of the
obtained systems in PDT. Nevertheless, their poor aqueous
solubility would not be compatible with direct administration
to a patient. In fact, self-aggregation phenomena might occur
due to the high hydrophobicity of these systems, leading to
low bioavailability, possible off-target activation and reduction
of their photosensitivity and photophysical properties.®* The
encapsulation of PSs into nanocarriers is a well-known tech-
nique used to overcome these issues and to facilitate their bio-
medical application.®® In this study, we prepared Rul and Ru2
cubosome-loaded formulations using monoolein (MO) as the
molecular building block and PF108 as the stabilizing agent.
In line with previous results,®® the obtained samples were fluid
aqueous dispersions with a milky macroscopic appearance.
Cubosomes, here proposed as PS carriers, were prepared as
described in paragraph 4.1 of the ESIt and characterized in
terms of encapsulation efficiency and colloidal properties,
namely size, size distribution and zeta potential.

Unencapsulated PSs were removed by exhaustive dialysis,
then cubosomes were dissolved in methanol and the drug
content was spectrophotometrically quantified. The results
revealed high encapsulation values of Ru2 (60%), whereas the
amount of encapsulated Rul was 9%. Besides their different
structures, the two complexes also display different overall
charges (at neutral pH Rul features a double positive charge
whereas Ru2 is likely to be present in its neutral form) and
this can be reasonably assumed to affect the encapsulation
efficiency into cubosomes. Indeed, the production procedure
and the excipients employed were identical for both formu-
lations, the encapsulated PS being the sole difference.

As for the colloidal properties, DLS analysis revealed the
presence of nanoparticles with an average diameter of approxi-
mately 138 and 142 nm, for Rul-cubo and Ru2-cubo respect-
ively (Fig. 3a). Both formulations showed a narrow size distri-
bution with PDI values below 0.2. Concerning the nanoparticle
zeta potential, we recorded a value of —9 mV for Rul-cubo and
—30 mV for Ru2-cubo, thus indicating a superior stabilization
of the latter.

We monitored the average diameter, PDI and zeta potential
over a period of 30 days, for a medium-term stability study of
the colloidal systems (Fig. S16, ESIf). The size distribution
study revealed optimal stability of Ru2-cubo, since the mean
diameter did not vary appreciably during the 30 days on
storage at 25 °C, with an average diameter of approximately
140 nm during the whole study. The PDI and zeta potential
were almost constant, confirming the retention of the fairly
narrow size distribution on storage. Conversely, the average
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a)
Composition (% w/w) Characterization
MO PF108 Rul Ru2 H,0 D (nm) PDI ZP(mV) EE%
Rul-cubo 33 003 002 - 96.65 138+2 0.11+0.02 -13+3 9+3
Ru2-cubo 33 (o3 5 002 96.65 142+1 0134001 -30+2 60+5
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Fig. 3 Rul-cubo and Ru2-cubo composition and characterization in terms of average diameter (D, nm), polydispersion index (PDI), zeta potential
(ZP, mV) and encapsulation efficiency (EE%) (a). Cryo-transmission electron microscopy (b) and small angle X-ray scattering patterns of Ru2-cubo
with indication of the Bragg peaks corresponding to the Im3 m (red dotted lines) and the Pn3 m (blue continuous lines) cubic bicontinuous phases (c).

diameter of Rul-cubo increased from 138 nm (day 0) to
235 nm (day 30), the zeta potential moved to lower values,
while PDI values were almost steady.

Given the obtained preliminary results of Rul-cubo,
namely, low encapsulation efficiency and an increase of the
average diameter over 30 days of storage, we selected Ru2-cubo
for further characterization and in vitro bioactivity tests.
Firstly, we evaluated the nanoparticles morphology of Ru2-
cubo by means of cryo-transmission electron microscopy
(Cryo-TEM). As shown in Fig. 3b, cubosomes appear as spheri-
cal nanoparticles with an internal structure characterized by a
dark matrix and bright spots, which represent the lipid phase
and the water channels respectively. We then evaluated the
inner nanostructure of Ru2-cubo through small angle X-ray
scattering. Particularly, the recorded SAXS pattern shown in
Fig. 3c strongly suggests the simultaneous presence of two
bicontinuous cubic phases, the Pn3 m and the Im3 m, respect-
ively characterized by lattice parameters of 92 + 1 A and 117 +
1 A and water channel radii of 38 + 1 A and 37 + 1 A. In fact,
the coexistence of the two phases is often observed when MO
cubosomes are stabilized with Pluronics.®**®”

Cytotoxicity, photoactivity and ROS production of cubosomes-
encapsulated Ru2

In addition to promoting solubility and stability, nanoencapsu-
lation of photosensitizers in soft colloids has shown to
improve the management of cancer in previous studies, as it

This journal is © the Partner Organisations 2023

allows targeted delivery and favors bio-membranes
crossing.®*””* When designing novel PS-loaded nanoparticles,
it is critical to assess that the biological activity of the cargo is
retained upon nano-encapsulation, and that no unspecific tox-
icity comes from the nanoparticle itself (i.e. empty vector). For
such reasons, we tested the cytotoxicity (in the dark) and
phototoxicity (upon LED illumination) of Ru2-cubo on the pre-
viously described epidermoid carcinoma model, comparing
the results with the effect triggered by empty cubosomes
(E-cubo, not loaded with PS). Ru2-cubo sensitized cancer cells
to light even at a very low concentration of 0.025 pM ([Ru2]),
with more than 50% reduction of cell viability at a dose of
0.25 pM (Fig. 4a). Calculated ICs, for Ru2-cubo was 0.268 +
0.079 pM. The slightly higher ICs, of Ru2-cubo compared to
free Ru2 is expected for a nano-encapsulated molecule and can
be partially explained by the lower intracellular localization of
ruthenium, evidenced by inductively coupled plasma atomic
emission spectrometry (ICP-AES), when entrapped in the soft
lipid matrix (Fig. S17, ESIT). As expected, treatment with Ru2-
cubo was efficacious only when coupled with LED irradiation,
as cells incubated in the dark did not show signs of sufferance.
The risk of unspecific toxicity of other components of the
nanoformulation (i.e. monoolein and PF108) was ruled out by
exposing cells to E-cubo under the same conditions (Fig. 4b).
To obtain preliminary information about the mechanism of
the observed phototoxicity, we first investigated the production
of intracellular ROS upon PDT using the 2',7"-dichlorodihydro-
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Fig. 4 Viability of A431 epidermoid carcinoma cells assessed by MTT following treatments with Ru2-cubo (a) or E-cubo (b), with or without
exposure to light for 30 minutes. The dose is expressed as concentration of Ru2 in the cell culture well or the corresponding volume of E-cubo. The
dashed line is a guide for the eye to highlight the viability of cells exposed to light without PS. One way ANOVA with post-hoc Tukey HSD test was
employed to substantiate differences between cells exposed only to light (no PS, 0 uM) vs. cells treated with Ru2-cubo or E-cubo and exposed to
light (*p < 0.01) (n = 8). Production of ROS by A431 epidermoid carcinoma cells estimated by the oxidation of the DCF-DA sensor and visualized by
confocal laser scanning microscopy (c—e). Cells treated with Ru2-Cubo (100 nM) and exposed to light for 10 minutes (c) or incubated in the dark (d).
Untreated cells (e). The green signal corresponds to the sensor oxidized by intracellularly produced ROS to its fluorescent derivative DCF. Red signal

shows the cell membranes stained with WGA. Scalebar = 50 pm.

fluorescein diacetate (DCFH-DA) assay.”> When applied to the
cell culture, the cell permeable probe DCFH-DA crosses the
cell membrane and it is deacetylated by cytosolic esterases
into a non-fluorescent metabolite (DCFH). In the presence of
intracellular ROS, the metabolite can be oxidized to produce
highly fluorescent 2',7'-dichlorofluorescein (DCF). The amount
of ROS produced by the cells in response to PDT can be esti-
mated by measuring the green fluorescence intensity of DCF
localized within the cell body.

A431 cells were treated with Ru2-cubo, supplied with the
DCFH-DA probe and exposed to light to trigger the activation
of the photosensitizer. The dose of Ru2-cubo (100 nM of Ru2)
was selected to allow for the observation of ROS generation,
limiting the extent of cell toxicity. Immediately after
irradiation, cells were fixed, and their membranes were
stained with WGA for microscopy observation. Representative
images acquired by confocal laser scanning microscopy allow
to observe a diffuse green fluorescence in almost 87.4% of the
cells exposed Ru2-cubo + light (Fig. 4c). Conversely, the treat-
ment with Ru2-cubo in the dark did not induce significant
production of ROS, as the amount of green signal detectable
(Fig. 4d) was comparable to the one observed in a well of
untreated cells (control, Fig. 4e). More specifically, the percen-
tage of ROS-producing cells calculated through image analysis

Inorg. Chem. Front.

was 1.3% and 0.3% for Ru2-cubo in the dark and for untreated
cells, respectively.

We then inspected the intracellular distribution of Ru2-
cubo into A431 cells by employing laser-scanning confocal
microscopy (Fig. S18, ESIT). Despite the ability of the PS to bind
DNA, our results indicated a modest localization of Ru2-cubo
within the nuclei, at least after 1 hour of incubation of A431
cells. This was also observed for the non-encapsulated metal
complex, thus suggesting that ROS oxidation of other types of
macromolecules, such as proteins or membrane lipids, rather
than DNA, is likely to be the cause of the observed phototoxicity
under our experimental conditions. These oxidized species, in
addition to losing their function, can initiate the pro-apoptotic
and pro-necrotic cascade, resulting in cell damage and death.”®

Interestingly, it can also be noted that, in contrast to the
free metal complex, which, after 1 hour of incubation, evi-
denced a random distribution in the cellular cytosol, after the
same incubation time Ru2-cubo was rather found to be finely
localized in discrete areas.

Overall, these results confirm that the cytotoxic effect
observed upon PDT with Ru2-cubo would be related to the
capacity of this system to effectively trigger the production of
intracellular ROS, as expected due to the good singlet oxygen
sensitizing properties of Ru2.
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Conclusions

In this study, we explored the potential as PSs for PDT appli-
cations of two novel Ru(u) complexes, Rul and Ru2, character-
ized by two m-expansive dppn units simultaneously co-
ordinated to their Ru(u) centers. The synthetic route followed
for the preparation of these complexes may represent a valid
alternative to commonly employed methods and can be poten-
tially harnessed for the preparation of bis-heteroleptic RPCs of
the general formula [Ru(dppn),L]*" (L = variously functiona-
lized bpy ligands), whose chemical-physical and photobiologi-
cal properties can be finely modulated by tuning the nature of
their bidentate chelates. The simultaneous presence of two
dppn ligands conferred to Rul and Ru2 optimal singlet oxygen
sensitizing features and DNA-interaction capabilities, which
were paralleled by a potent light-triggered toxicity exerted on
squamous epithelial carcinoma cells, with PI values exceeding
988 (Ru1l) and 130 (Ru2).

Given their scarce solubility in physiological media, which
would preclude their direct administration for therapeutic use,
Rul and Ru2 were encapsulated into cubosomes, chosen as
soft nanoparticles to obtain Ru(u)-formulations with improved
biopharmaceutical properties. Among the resulting hybrid
systems, Ru2-cubo displayed superior encapsulation efficiency
and stability as compared to Rul-cubo, thus hinting at a
subtle role played by the nature of the ancillary ligands and/or
the overall charge of RPCs. For this reason, we focused our
attention on the former system, which was further character-
ized and subjected to bioactivity investigations. Our results
probed the effectiveness of Ru2-cubo, as denoted by the photo-
activity observed even at a very low drug concentration,
whereas mechanistic studies confirmed that intracellular ROS
generation was likely responsible for the Ru2-cubo-mediated
PDT efficacy.

An important aspect that deserves consideration is that soft
matter nanoparticles are prone to phase transition/degra-
dation when dispersed in fluids of biological interest.”*
However, several studies evidenced that monoolein-based
cubosomes are rather stable when incubated in fetal bovine
serum solution,”>”® while when dispersed in human plasma’’
after 15 min they start to evolve towards a different kind of
nanoparticle known as hexosomes, characterized by a hexag-
onal inner nanostructure.”®”° Indeed, at least one investi-
gation proved that after 10/15 min from i.v. administration in
mice, cubosomes are non-altered and able to reach all the bio-
logical compartments without the release of the imaging agent
they carried.

In conclusion, the results herein discussed highlight the
great potential of RPCs featuring two n-expansive dppn ligands
as photosensitizing agents in the blooming field of research of
PDT. Going beyond providing a simple and general synthetic
route for the preparation of this class of compounds, to the
best of our knowledge this work also reports the first RPC to
be encapsulated into cubosome nanostructures, providing fun-
damental knowledge about the design of pharmaceutically
viable Ru(u)-cubosome formulations for PDT applications.

This journal is © the Partner Organisations 2023
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ABSTRACT: $-Nitroimidazole (SNIMH), chosen as a molecular model of nitroimidazole derivatives, which represent a broad-
spectrum class of antimicrobials, was incorporated into the ruthenium complexes [Ru(tpy)(phen)(SNIM)]JPF,; (1) and
[Ru(tpy)(dmp)(SNIM)]PE (2) (tpy = terpyridine, phen = phenanthroline, dmp = 2,9-dimethyl-1,10-phenanthroline). Besides the
uncommon metal coordination of S-nitroimidazole in its imidazolate form (SNIM), the different architectures of the spectator
ligands (phen and dmp) were exploited to tune the “mode of action” of the resulting complexes, passing from a photostable
compound where the redox properties of SNIMH are preserved (1) to one suitable for the nitroimidazole phototriggered release (2)
and whose antibacterial activity against B. subtilis, chosen as cellular model, is effectively improved upon light exposure. This study
may provide a fundamental knowledge on the use of Ru(II)—polypyridyl complexes to incorporate and/or photorelease biologically

relevant nitroimidazole derivatives in the design of a novel class of antimicrobials.

ultidrug resistance of bacterial pathogens is a major

health concern worldwide,"* and there is an urgent need
for the development of new and effective antimicrobials, which
should be based on a new class of compounds, rather than on
analogues of known scaffolds.

In this respect, following the encouraging results as
antitumoral drugs,3’4 an increasing interest has been devoted
to Ru(II)—polypyridyl complexes, an attractive class of
compounds with unique chemical-physical repertoires and
whose antibacterial properties were first reported over 60
years ago.s'6

Among a number of Ru(II)-based antibacterial agents,””” in
the so-called antimicrobial photodynamic therapy (aPDT),'*~"
their light irradiation in the presence of molecular oxygen to
generate reactive oxygen species (ROS), namely the potent
singlet oxygen 'O,, takes advantage of a complete spatial and
temporal control over the drug activation."*'> However, despite
the high efficacy of ROS even against multidrug resistance
bacteria,'®'” the need for O, still represents a limit in the
treatment of hypoxic environments, such as anaerobic
infections."®'® This led to the development of light-responsive
complexes able to release biologically active compounds via an
O,-independent mechanism. Such processes typically require
the population of ligand dissociative metal centered (*MC)
excited states, whose direct excitation is forbidden.’’ To
overcome this issue, strain-inducing substituents are inserted
in the ruthenium scaffolds, lowering the energy of the MC
states and allowing their thermal population upon excitation to
the >MLCT (metal-to-ligand charge transfer) states.”' ~>*

Being inspired by the versatile chemistry of Ru(II)—
polypyridyl complexes and considering the renewed interest in

© XXXX American Chemical Society

A4 ACS Publications

the broad-spectrum antimicrobial activity of nitroimidazole
derivatives,” we incorporated S-nitroimidazole (SNIMH), the
simplest molecular model of this class of compounds, into the
ruthenium complexes [Ru(tpy)(phen)(SNIM)]PF¢ (1) and
[Ru(tpy)(dmp)(SNIM)]PF (2) (tpy = terpyridine, phen =
phenanthroline, dmp = 2,9-dimethyl-1,10-phenanthroline). The
different steric hindrance and electronic properties of the two
ruthenium scaffolds were exploited to modulate the chemical-
physical features of the resulting compounds.

Besides the successful introduction of Ru(II)—polypyridyl
complexes bearing 2-nitroimidazole in the treatment and
visualization of cancer,” ® the combination of this class of
compounds with nitroimidazole derivatives to develop novel
antibacterial agents still remains scarcely explored, being, to the
best of our knowledge, the only exception recently reported by
Sasahara and co-workers,” who designed two kinetically inert
compounds, [Ru(NO,)(bpy),(SNIMH)]PF, and cis-[RuCl-
(bpy),(MTZ)]PF, (bpy = 2,2'-bipyridine, MTZ = metronida-
zole), effective toward metronidazole-resistant strains of H.
pylori.

Ruthenium complexes were prepared via stepwise ligand
addition, as sketched in Chart 1. Briefly, following the
preparation of [Ru(tpy)(phen)CI]PF, and [Ru(tpy)(dmp)Cl]-

Received: September 28, 2021
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Chart 1. Synthetic Routes for Complexes 1 and 2 along with
the Proton Transfer Reaction between SNIMH and SNIM
and the Standard Numbering for the Imidazole Ring

ON —I4PF;
&
Photostable N)
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EtOH/H,0 2:1 L EtOH/H,0 1:1 [ 7
reflux reflux N\ X
2.KPFg i
Z
[Ru(tpy)(phen)(SNIM)|PF
Ru(tpy)Cl3] *pE-
[Ru(tpy)Cly] o . “17pF;
Light-responsive Z_»
dmp,
LiCl, TEA 5NIMH

[Ru(tpy)(dmp)CIIPFg
1.EtOH/H,0 1:1
reflux
2.KPFg

EtOH/H,0 2:1
reflux

/_\N—"krf; (2)
NP
Ne
@

[Ru(tpy)(dmp)(SNIM)PFg
4
N7 N\2-NO,
2
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(5NIM)

PF,, performed accordingly to the literature,®*' these

intermediates were allowed to react with S-nitroimidazole in a
hot ethanol—water mixture, affording the replacement of the
chloro ligand with the nitroimidazole ring. Addition of aqueous
KPF; led to the precipitation of the hexafluorophosphate salts 1
and 2, which were obtained, after purification by flash
chromatography, in 58% and 35% yields, respectively. The
complexes were fully characterized by 'H, "*C NMR, HR-(ESI)
MS spectrometry, X-ray, and CHN analysis (Figures S1-S13,
SI).

The X-ray structures of ruthenium complexes (Figure 1a and
1b) unveil a nonstandard coordination of the nitroimidazole
ligand to the ruthenium centers, involving the N3 nitrogen atom
of a deprotonated imidazole moiety (SNIM in Chart 1). For the
sake of completeness, the asymmetric unit (au) of 1 (Figure S12,
SI) contains one metal complex with a PF~ as a counterion plus
an acetonitrile molecule, while the one of 2 features two
molecules of the metal complex (2A and 2B) counterbalanced
by one PF;” anion each, one acetonitrile and two water
molecules (Figure S13, SI). Accordingly, the HR-(ESI) MS
spectra of 1 and 2 (Figures S7—S9, SI) display the isotopic
patterns of the mono positively charged species [Ru(tpy)-
(phen)(SNIM)]" and [Ru(tpy)(dmp)(SNIM)]*, centered at
627.0872 and 655.1186 (m/z = 1), respectively.

Crystal structures were also optimized through DFT
calculations, obtaining results in good agreement with the X-
ray data (Figure S14, see the SI for further details). Moreover,
the Ru-coordination by the N3 atom of SNIM is supported by
Electron Localization Function (ELF) analysis,” >’
2 in Figure 1c, where the hydrogen bonding between the
nitroimidazole-N1 and the hydrogen atom of a water molecule
can be appreciated.

Therefore, in contrast to the “classical” Ru(II)-coordination
by a neutral SNIMH unit,**** also proposed by Sasahara and co-
workers for cis-[Ru(NO,)(bpy),(SNIMH)]*,* our findings
indicate that metal coordination can effectively cause the
deprotonation of S-nitroimidazole. This occurs without using
strong bases to preliminarily generate the imidazolate species, as
generally required to produce Ru(Il)-imidazolate species.”® In
this respect, we can speculate that the marked electron-
withdrawing character of the nitro group and the Ru(II)-
coordination may play a synergistic role in lowering the pK, of
the imidazole ring, favoring its metal coordination as the
imidazolate anion.

The structural analysis of 1 and 2 demonstrates that the
insertion of two bulky methyl groups in the 2 and 9 positions of
the dmp unit determines a distortion of the pseudo-octahedral
geometry of 2 relative to 1. These effects closely resemble those
induced by the encumbered NN ligands in the parental
compounds [(tpy)Ru(NN)(py)]** (NN = 6,6'-dimethyl-2,2'-
bipyridine or 2,2'-biquinoline, py = pyridine)*’ and can be
summarized as follows: (1) significant lengthening of the Ru-
dmp bonds; (2) displacing (tilting) of the dmp ligand, as
indicated by the angles between the mean planes containing the
tpy and dmp, of 62.97° (2A) and 67.36° (2B), compared to
88.78° in 1; (3) tilting of the SNIM toward the N(1) and N(2)
atoms of tpy as denoted, for instance, by the N(1)[9]—Ru(1)
[2]-N(6)[14] and N(2)[10]-Ru(1)[2]-N(6)[14] angles
(numbers in square brackets refer to 2B) which range from
82.93° to 87.51° and thus are smaller than the corresponding
onesin 1; and (4) significative rotation of SNIM about its Ru—N
bond relative to 1 (Tables S2—S4, SI). Although they stem from
a solid-state analysis, these structural differences may affect,
along with the different electronic properties imparted by phen
or dmp, the photoinduced ligand dissociation of complexes (vide
infra).>"3*

Since nitroimidazoles typically trigger the generation of ROS
species upon reduction of their nitro group to its radical
anion,”*” a process that in principle requires up to six

as shown for

Figure 1. X-ray structures of the metal complex in 1 (a) and of 2B in 2 (b) and ELF analysis for the au of 2 (—CH;CN) (c). In red is highlighted the
adopted nitrogen numbering for the imidazole ring (standard atom labels in crystal structures are in white).
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Figure 2. a) DPV analysis of 1 (1 mM), [Ru(tpy) (phen)Cl]PF (1 mM), and SNIMH (0.6 mM) in a methanol—water (1:5 v/v) mixture containing
KCI (50 mM). b) UV—vis absorption spectra of 2 in acetonitrile at different irradiation times. c) HPLC chromatograms of 2 in water at neutral pH
subjected to progressive irradiation times. d) Sketch of the ligand photoejection processes of 2.

electrons,™ the redox behaviors of Ru(II)-coordinated nitro-
imidazole rings were also investigated.

As shown in Figure 2a, where the differential pulse
voltammetry (DPV) analysis of 1, SNIMH, and [Ru(tpy)-
(phen)CI]PFq is reported, the voltammogram for the reduction
of 1 displays a peak of 19.3 uA at —1.04 V, unveiling an almost
unchanged reduction potential if compared to the untied
SNIMH (ca. 1.01 V vs Ag/AgCl), while no signals are observed
for [Ru(tpy)(phen)Cl]PF,, as expected due to the lack of
electroactive moieties. An analogous behavior was found for 2
(Figure S16, SI).

The capacity of 1 and 2 to undergo photosubstitution
reactions was explored by coupling UV—vis and HPLC analysis.
In the dark, UV—vis measurements revealed a remarkable
stability of both compounds in acetonitrile, as well as in water at
pH 7.4 (Figures S17 and S18, SI), likely due to the deprotonated
nature of the coordinated nitroimidazole ligand.

Conversely, light irradiation (LED emitting at 434 nm, 160
mW) of acetonitrile solutions of 2 provokes a sharp blue shift in
the MLCT absorption maximum of compound, from 498 to 454
nm (Figure 2b), indicating the replacement of SNIM by CH;CN
to form [Ru(tpy) (phen) CH;CN]***” No changes were instead
observed for 1 under the same conditions (Figure S17c, SI), thus
confirming that the different stereoelectronic characteristics
imparted by phen or dmp are crucial for the photoreactivity of
the resulting complexes.

A parallel HPLC experiment (Figure $20, SI) evidenced the
selectivity of the photoejection process, as shown by the increase
of the peaks attributed to SNIMH and [Ru(tpy)(phen)-
CH;CNJ]* (with retention times of 4.91 and 10.91 min,
respectively), while no evidence of free phen and/or tpy was
observed. A similar behavior was also found for aqueous

solutions of 2 at neutral pH (Figure 2c), albeit on a larger time
scale, of ca. 3-fold. The quantum yields of ligand photo-
dissociation (®,,) from the photoreactive 2 were obtained as
described in the SI, following the determination of the photon
flux of the light source by the procedure for potassium
ferrioxalate actinometry;*' ®,,, values of 0.0039(3) and
0.0011(3) resulted respectively in acetonitrile and in water, in
agreement with the higher efficiency of photolysis in the former
media.

Finally, B. subtilis strain 168 was chosen as a cellular model to
preliminarily test the antibacterial activity of synthesized
complexes under aerobic conditions; the obtained results are
reported in Figure 3.

In the dark, 1 displays negligible toxicity, with inhibition of
bacterial growth starting at S00 4M compound only (ca. 20%
reduction of cell growth), while a higher effect was found for 2.
Given the comparable in the dark stabilities of the two complexes
(Figure S18, SI), we can speculate that this finding would be
rather due/partially due to distinct cellular responses imparted
by their chemical structures, in analogy to other Ru
compounds.**

Light activation does not significantly affect the antibacterial
activity of the photostable 1, as expected also due to its poor 'O,
sensitizing properties (Figure 21, SI) but leads to a statistically
significant enhancement of the dose-dependent activity of the
photoreactive 2 (light green bars, Figure 3). For instance, a
growth reduction of ca. 57% is determined by 150 uM
compound, whereas a considerably lower effect (ca. 18%) is
maintained in the dark. At higher doses, the “dark” toxicity of 2
becomes more relevant and lowers the photoinduced gain in the
antimicrobial effect, making 2 to be optimally exploited in the
50—150 pM range of concentrations. In this respect, an
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Figure 3. Antibacterial effect of SNIMH, 1, and 2 in the dark and upon
irradiation. Significant differences were evaluated through analysis of
variance (ANOVA) performed using Tukey’s pairwise test. Different
letters indicate significant differences (p < 0.05) at each concentration.

important contribution of the Ru(II)-photoproduct in the
phototoxicity of 2 can be envisaged. Indeed, a parallel
experiment on [Ru(tpy)(dmp)(HZO)]2+ (Figure S22, SI)
unveiled a predominant dose-dependent activity of this scaffold
relative to SNIMH, which, similar to other tested bacterial
strains (Table S6, SI), displayed a moderate activity against B.
subtilis.

In summary, we herein report on the chemical-physical
characterization of two ruthenium complexes incorporating the
simplest model for nitroimidazole derivatives, S-NIMH. Besides
its peculiar coordination to metal centers, this unit maintains its
characteristic redox properties in both compounds, whereas the
different architectures of the two ruthenium scaffolds permit
switching from a photostable complex (1) to a suitable one for
the SNIMH photoreleasing (2). The relations between the
properties of complexes and their biological potential were also
preliminarily investigated through in vitro studies on B. subtilis,
which highlighted an improved antibacterial activity of the
photoreactive 2 following light irradiation.

In conclusion, these findings would provide fundamental
knowledge on the use of Ru(II)—polypyridyl complexes
engineered with other relevant nitroimidazole derivatives, as
well as those employing SNIMH as a “photolabile linker”
between Ru(Il) centers and different types of bioactive
compounds. This would help in the design of a novel class of
hybrid antimicrobial agents whose activity can be conveniently
controlled by using light, in the fight against antimicrobial
infections and resistance.
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ABSTRACT: Ruthenium(II) polypyridyl complexes (RPCs) are
gaining momentum in photoactivated chemotherapy (PACT),
thanks to the possibility of overcoming the classical reliance on
molecular oxygen of photodynamic therapy while preserving the
selective drug activation by using light. However, notwithstanding
the intriguing perspectives, the translation of such an approach in
the development of new antimicrobials has been only barely
considered. Herein, MTZH-1 and MTZH-2, two novel analogues
of metronidazole (MTZ), a mainstay drug in the treatment of
anaerobic bacterial infections, were designed and inserted in the
strained ruthenium complexes [Ru(tpy)(dmp)(MTZ-1)]PF,
(Ru2) and [Ru(tpy)(dmp)(MTZ-2)]PFs (Ru3) (tpy = terpyr-
idine, dmp = 2,9-dimethyl-1,10-phenanthroline) (Chart 1). Analogously to the parental compound [Ru(tpy)(dmp)(SNIM)]PF,
(Rul) (S-nitroimidazolate), the Ru(II)-imidazolate coordination of MTZ derivatives resulted in promising Ru(II) photocages,
capable to easily unleash the bioactive ligands upon light irradiation and increase the antibacterial activity against Bacillus subtilis,
which was chosen as a model of Gram-positive bacteria. The photoreleased S-nitroimidazole-based ligands led to remarkable
phototoxicities under hypoxic conditions (<1% O,), with the lead compound Ru3 that exhibited the highest potency across the
series, being comparable to the one of the clinical drug MTZ. Besides, the chemical architectures of MTZ derivatives made their
interaction with NimAunfavorable, being NimA a model of reductases responsible for bacterial resistance against S-nitroimidazole-
based antibiotics, thus hinting at their possible use to combat antimicrobial resistance. This work may therefore provide fundamental
knowledge in the design of novel photoresponsive tools to be used in the fight against infectious diseases. For the first time, the
effectiveness of the “photorelease antimicrobial therapy” under therapeutically relevant hypoxic conditions was demonstrated.

H INTRODUCTION transition metals (including Mn, Cu, Zn, Ru, Rh, Pd, Ag, Ir,
Pt, Au, etc.) were shown to possess antibacterial properties,” "'
with few of them that reached the clinical use."*™"* However,
many opportunities offered by the application of inorganic
chemistry to this field of research remain unexplored.
Recently, the encouraging results obtained in the design of
antitumoral agents'*™>° have renewed the interest in Ru(II)-
polypyridyl complexes (RPCs), a versatile class of compounds
whose antibacterial potential was first reported over 70 years
ago.”"”> Their rich chemical—physical repertoire, which

Antimicrobial resistance (AMR) is now a leading cause of

death worldwide.' Notwithstanding the attention on this global

health threat has increased in recent years, the widespread use

of antibiotics has dramatically facilitated the emergence of

drug-resistant populations of microorganisms, with the result

that many hundreds of thousands of deaths are currently due

to common, previously treatable, infections. The fight against

AMR can no longer wait, and, alongside a more conscious use

of antibiotics, there is an urgent need for the development of

effective antimicrobials, which should be based on a new class

of compounds, rather than on analogues of known scaffolds. Received:  January 18, 2023
In this respect, transition metal complexes are promising

sources for new antimicrobials as they offer augmented

electronic properties and a rich variety of three-dimensional

structures if compared to their organic counterparts.” "

According to the literature, a number of complexes of
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Chart 1. Chemical Structures of Nitroimidazole-Containing Ligands SNIMH, MTZ, MTZH-1, and MTZH-2 and of the

Ruthenium Complexes Rul, Ru2, and Ru3
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includes versatile optical and luminescent properties, capacity
to interact with key biological targets, and amenability to
synthetic tailoring (just to name a few), has been indeed
exploited to develop new classes of antibacterial agents.”>™>*
Of particular relevance is the combination of RPCs with light
in the so-called antimicrobial photodynamic therapy
(aPDT),”*™* a technique that relies on the irradiation of a
photosensitizer (RPCs) to promote the generation of highly
cytotoxic reactive oxygen species (ROS).*>™° Besides ROS
sensitization, whose effectiveness against both sensitive and
multidrug-resistant bacteria has been reported,’”** the main
advantage of aPDT consists in the complete spatiotemporal
control over the drug activation, which offers the important
chance to overcome overdose and side effect issues normally
associated with the systemic administration of antimicrobials.
However, the reliance of aPDT on molecular oxygen still
threatens its application to hypoxic environments, such as
anaerobic infections.” This has led to the birth of photo-
responsive RPCs able to exert cytotoxic effects via O,-
independent mechanisms, through, for instance, the photo-
release of biologically active compounds. Since these processes
usually require the population of ligand dissociative metal-
centered (?MC) states, whose direct excitation is forbidden,
strain-inducing substituents are commonly inserted into Ru(1I)
scaffolds to lower the energy of *MC states and permit their
thermal population.*”*' In spite of the attractive perspectives,
and in net contrast to photoactivated chemotherapy (PACT),
where this strategy is gaining momentum,*”™** the translation
of such an approach in the research of new antimicrobials has
been only sparingly investigated. In fact, very few exam-
ples® ™ followed the pioneering work by Sadler and co-
workers on the use of Ru(II) photocages to control the
liberation of the antituberculosis drug isoniazid (INH)* and,
importantly, none of them inspected the antibacterial potential
under the more therapeutically relevant, hypoxic conditions.
With this regard, we recently reported on the combination
between RPCs and S-nitroimidazole (SNIMH), taken as the
simplest molecular model of S-nitroimidazoles,” an intriguing
class of broad-spectrum antimicrobial agents, whose peculiar
mode of action, based on intracellular bioactivation of the nitro
group to toxic radical species, makes them effective even under
low-oxygen conditions.””*" We showed that the [Ru(tpy)-

(dmp)]** scaffold could be successfully employed to control
the photoinduced liberation of SNIMH from [Ru(tpy)(dmp)-
(SNIM)]PF4 (Rul) (tpy = terpyridine, dmp = 2,9-dimethyl-
1,10-phenanthroline) (Chart 1). Indeed, the presence of two
bulky methyl groups in the 2 and 9 positions of dmp favored
the selective photoejection of the monodentate ligand,
enhancing the antibacterial activity against Bacillus subtilis,
even though only moderate phototoxicities were observed due
to the low efficacy of SNIMH. This prompted us to further
explore the use of the [Ru(tpy)(dmp)]** scaffold to cage more
potent nitroimidazole-based antimicrobials.

Herein, MTZH-1 and MTZH-2, two novel derivatives of
metronidazole (2-(2-methyl-S-nitro-1H-imidazol-1-yl)-
ethanol), namely, one of the mainstay drugs for the treatment
of anaerobic bacterial infections, were synthesized and inserted
into the corresponding ruthenium complexes [Ru(tpy)(dmp)-
(MTZ-1)]PF,; (Ru2) and [Ru(tpy)(dmp)(MTZ-2)]PF,
(Ru3) (Chart 1). Besides the characterization of the obtained
compounds, their capacity to effectively release the MTZ
derivatives upon LED illumination was investigated, whereas
their biological activities were inspected against B. subtilis,
which was chosen as a model of Gram-positive bacteria, in the
dark and following light exposure, both in normoxic (21% O,)
and hypoxic (<1% O,) conditions. Moreover, the abilities of
MTZH-1 and MTZH-2 to interact with NimA, taken as a
target protein responsible for metronidazole resistance, were
evaluated.

The aim of this study is to demonstrate that RPCs and MTZ
derivatives can be combined together to realize promising
antibacterial agents, effective under low-oxygen conditions, and
whose activation can be conveniently controlled in a
spatiotemporal manner by using light. To the best of our
knowledge, this study also probes for the first time the
effectiveness of the “photorelease antimicrobial therapy”

approach under hypoxia.

B EXPERIMENTAL SECTION

Materials. All materials were of reagent grade and used without
further purification. The DMF used for the preparation of the MTZ
derivatives was obtained through distillation under a vacuum after
using barium oxide as a dehydrating agent.

Synthesis of MTZH-1. To a solution of 1H-imidazole-S-carboxylic
acid (300 mg, 2.68 mmol) in 4 mL of anhydrous DMF, N,N'-
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dicycloexylcarbodiimide (DCC, 458 mg, 2.95 mmol) and 4-
dimethylaminopyridine (DMAP, 66 mg, 0.54 mmol) were added.
After stirring for 20 min at 45 °C, MTZ (493 mg, 2.68 mmol) was
added to the reaction mixture, which was left stirring at 45 °C for 2
days. The evaporation under the vacuum of the solvent led to an oil
that was dissolved in 200 mL of CH,Cl,, washed twice with 30 mL of
H,0, and once with 20 mL of a NaCl-saturated solution. The organic
phase was dried over Na,SO, and evaporated under reduced pressure.
The crude product was purified on silica gel using a DCM/MeOH
mixture from 15:1 to 10:1 v/v as an eluent.

Yield 18%. 'H NMR (CD,0D, 400 MHz): 6 7.95 (s, 1H, H,),
7.80 (s, 1H, H,) 7.73 (s, 1H, H)), 478 (t, 2H, ] = 5.2 Hz, ~CH,), 4.71
(t 2H, J = 48 Hz, —CH,), 2.51 (s, 3H, CH,) ppm. *C NMR
(CD;0D, 100 MHz): 151.8, 139.5, 137.9, 131.9, 62.3, 45.8, 132
ppm. ESI MS m/z: caled for C,(H;N;O, [MTZH-1]* (m/z = 1)
265.08, found 288.08 [MTZH-1 + Na*] and 552.83 [2MTZH-1 +

a*] (m/z = 1).

Synthesis of MTZH-2. Analogously to the preparation of the
metronidazole ester MTZH-1, DCC (370 mg, 2.39 mmol) and
DMAP (54 mg, 0.44 mmol) were added to a solution of urocanic acid
(300 mg, 2.17 mmol), previously dissolved in S mL of anhydrous
DMF. The resulting mixture was stirred for 15 min at r.t and, after the
addition of MTZ (399 mg, 2.17 mmol), the reaction mixture was left
stirring at 45 °C for 4 days. The solvent was then removed in a
vacuum, and the resulting oily residue was dissolved in 200 mL of
CH,Cl,, washed twice with 30 mL of H,0, and once with 20 mL of a
NaCl-saturated solution. The organic phase was dried over Na,SO,
and evaporated under reduced pressure, affording a crude product
that was further purified on silica gel (DCM/MeOH from 20:1 to
10:1 v/v).

Yield 26%. '"H NMR ((CD;),SO, 400 MHz): § 8.05 (s, 1H, H,)),
7.80 (s, 1H, Hy), 7.56 (s, 1H, H;) 7.49 (d, ] = 15.6 Hz, 1H, —CH),
627 (d, ] = 15.6, 1H, —CH), 465 (t,J = 4.8 Hz, 2H, —CH,), 4.49 (t,
] = 4.8 Hz, 2H, —CH,), 2.48 (s, 3H, —CHj,). '*C NMR ((CDj),SO,
100 MHz): 167.2, 152.5, 139.6, 139.0, 134.1, 113.4, 62.9, 46.0, 15.0
ppm. ESI MS m/z: caled for C,H 3NO, [MTZH-2]" (m/z = 1)
291.09, found 314.17 [MTZH-2 + Na*] (m/z = 1).

Synthesis of [Ru(tpy)(dmp)(MTZ-1)IPFs (Ru2). MTZH-1 (80 mg,
0.30 mmol) was added to a solution of the ruthenium intermediate
[Ru(dmp)(tpy)CI]PF¢ (180 mg, 0.25 mmol) in 60 mL of degassed
H,0-EtOH (50:50% v/v). The reaction mixture was stirred at reflux
for 6 h under a N, atmosphere while being protected from light
exposure. After cooling at r.t., the addition of a KPFg-saturated
aqueous solution afforded the precipitation of the ruthenium
compound, which was collected by filtration under reduced pressure
and washed with water. The crude product was purified by flash
chromatography on silica gel (DCM/MeOH 20:1 v/v with 10% of
acetone) to obtain complex Ru2 as a red solid.

Yield 130 mg, 64%."H NMR ((CD;),CO, 400 MHz): & 8.90 (d,
= 8.4 Hz, 1H, Hy or H,), 8.86—8.70 (m, 4H, H,, and H,), 8.43 (d, ] =
8.0 Hz, 1H, Hyor Hy), 8.40 (d, ] = 8.8 Hz, 1H, H, or H,), 830 (t, ] =
80 Hz, 1H, H,), 8.26-8.04 (m, 6H, H, or H, H, or H, H Hy),
7.90 (s, 1H, H,), 7.56 (br, 2H, H,), 7.44 (d, ] = 8.0 Hz, 1H, H; or
H,), 7.24 (s, 1H, H)), 6.51 (s, 1H, Hy), 4.68 (t, ] = 5.2 Hz, 2H, —CH,
MTZ-1), 4.51 (& J = 5.2 Hz, 2H, —CH, MTZ-1), 2.45 (s, 3H, —CH,
MTZ-1), 2.32 (s, 3H, CH; dmp), 1.94 (s, 3H, CH; dmp) ppm. *C
NMR ((CD,),CO, 100 MHz): § 167.5, 166.9, 159.7, 159.6, 159.0,
154.3, 151.8, 149.1, 148.7, 142.6, 139.2, 137.7, 137.6, 136.2, 133.3,
132.6, 130.1, 129.7, 129.3, 128.3, 127.7, 127.5, 127.1, 126.6, 125.3,
124.4, 63.2, 55.1, 45.2, 25.5, 23.9, 14.1 ppm. HR-ESI MS m/z: calcd
for C3H33NqO,Ru [Ru2 — PEs7]* (m/z = 1) 807.17243, found
807.17124 [Ru2 — KPF, ]* (m/z = 1) and 404.09067 [Ru2 + H*-
PFs 1% (m/z = 2).

Synthesis of [Ru(tpy)(dmp)(MTZ-2)]PFs (Ru3). In analogy to the
preparation of Ru2, MTZH-2 (73 mg, 0.25 mmol) was added to a
solution of [Ru(dmp)(tpy)CI]PF, (150 mg, 0.21 mmol) in 60 mL of
degassed H,O—EtOH (50:50% v/v). The reaction mixture was stirred
at 70 °C for 7 h under a N, atmosphere while being protected from
light exposure and then cooled at r.t. The addition of a saturated KPF4
aqueous solution afforded the precipitation of the ruthenium complex,

which was collected by filtration under reduced pressure and washed
with water. The product was purified by flash chromatography on
silica gel (DCM/MeOH 15:1 v/v with 10% of acetone) to obtain
complex Ru3 as a red solid.

Yield 112 mg, 62%. "H NMR ((CD,),CO, 400 MHz): 5 8.90 (d, J
= 8.8 Hz, 1H, Hy or H,), 8.81 (d, J = 8.8 Hz, 2H, Hy),8.75 (d, ] = 7.2
Hz, 2H, H,), 843 (d, ] = 8.8 Hz, 1H, Hor Hy), 8.38 (d, ] = 8.8 Hy,
1H, Hy or H.), 8.32 (&, ] = 8.4 Hz, 1H, H,), 8.25—8.03 (m, 6H, H, or
H,, H, or H, H,, Hy), 7.88 (s, 1H, H,,), 7.54 (br, 2H, HS), 7.45 (d, ]
= 8.4 Hz, 1H, Hyor Hy), 739 (s, 1H, H)), 723 (d, ] = 17.2 Hz, 1H,
—CH MTZ-2), 673 (5 1H, H), 615 (d, ] = 164 Hz, 1H, —CH
MTZ-2), 471 (t ] = 5.2, 2H, -CH, MTZ-2), 4.52 (¢, ] = 4.8 Hz, 2H,
—CH, MTZ-2), 2.56 (s, 3H, —CH, MTZ-2), 2.44 (s, 3H, —CH,
dmp), 1.95 (s, 3H, —CH; dmp) ppm. *C ((CD,),CO, 100 MHz): §
167.4, 167.0, 165.7, 159.7, 154.4, 151.8, 149.1, 148.7, 139.2, 137.7,
137.6, 1364, 1292, 128.3, 127.6, 127.5, 127.1, 125.3, 124.4, 117.3,
63.0, 45.5, 25.6, 24.0, 14.0 ppm. HR-ESI MS m/z: caled for
CyHyNjqO,Ru [Ru3 — PF]* (m/z = 1) 833.18808, found
833.18796 [Ru3 — PF,"]* (m/z = 1) and 417.09812 [Ru3 + H* —
PF 1 (m/z = 2).

Methods. During the synthesis of ruthenium compounds, low-
light conditions were maintained to avoid any photodecomposition
issues. The [Ru(dmp)(tpy)CI]PF, intermediate was prepared
according to methods reported in the literature.”

Irradiation of ruthenium complexes was performed by employing a
low-energy blue light-emitting diode as a light source (LED, 4, =
434 nm, 160 mW). Photolysis experiments were performed in
acetonitrile and in an aqueous solution (PBS buffer, pH 7.4) and were
followed by ultraviolet—visible (UV—vis) spectroscopy and high-
performance liquid chromatography (HPLC) analyses. In the UV—vis
measurements, solutions of Ru2 and Ru3 (10 M) in acetonitrile or
aqueous media (total volume of 2 mL) were subjected to increasing
irradiation times, and the resulting absorption spectra were collected.
In the HPLC measurements, solutions of ruthenium complexes ([Ru]
=100 #M) in aqueous media (total volume of 1 mL) were irradiated
for increasing time frames and, at each irradiation point, a 10 uL
aliquot of the irradiated solution was injected in the HPLC system.
Chromatographic conditions were optimized by using as a gradient
mixture of H,O/CH;CN acidified with 0.1% of formic acid as an
eluent, as specified in Table S4 of Supporting Information (SI). The
quantum yields for the photodissociation of MTZ derivatives from
Ru2 and Ru3 (®,;, values) in acetonitrile and water were,
respectively, determined through UV—vis spectroscopy and HPLC
analysis. Indeed, in water, the close proximity between the 'MLCT
absorption maximum values corresponding to the starting ruthenium
compounds and to the aqua—photoproduct [Ru(tpy)(dmp)(H,0)]**
(centered at around 480—490 nm),” along with the broader
absorption displayed by Ru2 and Ru3 in this solvent, made difficult
an equally accurate determination of the ®,3, values in water by
means of UV—vis measurements. ®,;, values were determined by the
slope of the linear regression of the moles of the reactant plotted as a
function of the moles of the absorbed photons, as previously
described.”” The photon flux of the light source was obtained by the
potassium ferrioxalate actinometry procedure according to methods
reported in the literature,54 and resulted in being 5.76 X 1077 E/s.

The singlet oxygen-sensitizing properties of ruthenium compounds
were investigated through UV—vis analysis by using 1,5-dihydrox-
ynaphthalene (DHN) as an indirect reporter for 'O, and according to
methods reported in the literature. To this aim, solutions of metal
complexes ([Ru] = 10 M) in aqueous media (PBS buffer, pH 7.4)
containing DHN at a concentration of 3.3 X 107" M were irradiated
for progressive time frames for a total period of 10 min. Spectra were
acquired by using a solution containing only the ruthenium
compound as a blank reference at the same pH and concentration
of the measuring cuvette.

The determination of inhibitory concentrations was performed as
previously reported.49 Briefly, overnight grown liquid cultures of the
facultative anaerobic bacterium B. subtilis 168 were prepared in 10 mL
of an LB medium from single colonies freshly grown on LB agar Petri
plates. Cultures were incubated at 37 °C in a rotatory shaker at 225
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Scheme 1. Synthetic Routes Followed for the Synthesis of the Ester Derivatives of Metronidazole MTZH-1 and MTZH-2 and

Their Corresponding Ruthenium Complexes Ru2 and Ru3
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rpm for 24 h and diluted cultures of B. subtilis (ODgq, = 0.05) were
dosed with different concentrations of nitroimidazole-based com-
pounds and ruthenium complexes. The activity of each compound
was tested under the dark and following light irradiation, both in
normoxia (21% O,) and under hypoxic conditions (<1% O,). In the
photoirradiation experiments, cells were exposed to irradiation (LED
emitting light at 434 nm, 125 mW) for 40 min; under these
conditions, no statistical differences in the blank absorbance between
the light- and dark-treated groups of cells were observed. The photon
flux in each plate resulted in being 4.72 X 107° E/s, as determined by
the ferrioxalate actinometer method.** Cell growth was carried out
statically, by incubating microtiter plates at 37 °C, and it was
evaluated by registering the ODy,, values after 24 h for aerobiosis
cultures and after 7 days for the anaerobiosis test. Each test was
performed in triplicate, using LB with 0.25% glucose and 0.1%
potassium nitrate as culture media to sustain the growth of B. subtilis
both in aerobiotic and anaerobiotic conditions.>® In Figure 3, where
the observed antibacterial activities displayed by the tested
compounds are reported, the ODgy, values are normalized and
indicate the ratio of cell growth compared to the (untreated) control
cells. Differences in the growth were statistically evaluated by the one-
way analysis of variance (ANOVA) test and the Tukey post-hoc test
(Table S5, SI). The cell growth ratios between different conditions are
shown in Figure S35 of SI: lower values indicate lower growth in the
first condition tested compared to the second one. Heatmaps were
drawn in an R environment, with the package pheatmap 1.0.12.
Density functional theory calculations have been carried out with
the Gaussian 09 suite of programs56 at the B3LYP/6-31+G(d) level of
theory. The molecular structure of all studied molecules has been
optimized with a very tight criterium, and it has been verified that a
minimum has been located by computing the vibrational frequencies,
which are all real. Mulliken, Lowdin, and natural population analysis
have been performed to determine the atomic charges and to provide
further insights into the ligand/ruthenium complex interactions.
Instrumentation. The 'H, *C NMR, COSY, and HSQC spectra
were collected with a Bruker 400 MHz spectrometer. Electronic
absorption spectroscopy was performed by using a PerkinElmer
Lambda 6 spectrophotometer in a 1 X 1 cm® quart cuvette. Fourier
transform infrared (FTIR) spectra of compounds were obtained
between 500 and 4000 cm™ by a Nicolet iS5 Spectrometer equipped
with an iD7 ATR accessory (Thermo Fischer Scientific Inc). HPLC

analysis was performed on a Water Alliance 2690 HPLC equipped
with a Waters 2487 Abs UV—vis detector set at 270 nm and a
KROMASIL 100 A C—18 150 X 4.6 column. In the determination of
inhibitory concentration, the OD 600 values were registered by using
an Infinite Pro 200 plate reader (Tecan, Switzerland); the
experiments performed under anaerobic conditions were conducted
in an anaerobiosis jar (Oxoid jar with Anaerogen 2.5 L), with the
system described in paragraph 4 of SI.

Bl RESULTS AND DISCUSSION

Synthesis and Characterization of Ruthenium Com-
plexes. Metronidazole stands for a reference drug for the
treatment of anaerobic infections. However, several anaerobic
bacteria and protozoa were shown to develop resistance to
MTZ, making it important to research suitable alternatives.”’
Herein, we designed two analogues of MTZ, in which the
clinical drug was coupled with 1H-imidazole-S-carboxylic acid
(MTZH-1) or urocanic acid (MTZH-2), two imidazole-
containing ligands of biological interest and whose imidazole
moieties can be exploited as linking units to the Ru(II) centers
(vide infra). The synthetic routes followed for the synthesis of
the metronidazole derivatives MTZH-1 and MTZH-2, as well
as for their corresponding ruthenium complexes Ru2 and Ru3,
are reported in Scheme 1.

As shown, the MTZ derivatives were synthesized via Steglich
esterification: MTZ was allowed to react with 1H-imidazole-5-
carboxylic acid (MTZH-1) or urocanic acid (MTZH-2) in the
presence of N,N’-dicycloexylcarbodiimide (EDC) as a
coupling reagent and 4-dimethylaminopyridine (DMAP) as a
catalyst. This led to the formation of MTZH-1 and MTZH-2,
which were obtained, after purification on silica gel, in 18 and
26% yields, respectively. Their insertion into ruthenium
complexes Ru2 and Ru3 was accomplished via stepwise ligand
addition (Scheme 1), in analogy to the synthetic process
previously reported for Rul.* Briefly, following the prepara-
tion of [Ru(dmp)(tpy)CI]PF,, performed according to the
literature,”*® this intermediate was allowed to react with
MTZH-1 and MTZH-2 in a hot ethanol—water mixture for 6—
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7 h under an inert atmosphere, affording the replacement of
the chloro ligand with the imidazole rings. Then, the addition
of aqueous KPFg led to the precipitation of the hexafluor-
ophosphate salts Ru2 and Ru3, which were obtained, after
purification by flash chromatography, in 64 and 62% yields,
respectively. The identity of compounds was confirmed
through 'H, *C, COSY, and HSQC NMR spectroscopy,
high-resolution mass spectrometry (HRMS), electron absorp-
tion (UV—vis), and attenuated total reflectance (ATR)-FTIR
analysis (see SI, Figures S1—-527).

The crystal structure of MTZH-2 was also determined
through X-ray single-crystal analysis, as reported in the SI,
Figure S12. As shown, the asymmetric unit (a.u.) of MTZH-2
contains two distinct molecules that form intermolecular
“nitrogen” hydrogen bonds, involving the NH group and the
acceptor aza-nitrogen atom, respectively, of their imidazole and
nitroimidazole moieties. The occurrence of intramolecular
interactions between the —NO, group and the nearest aliphatic
H atom, which confer to the molecule a bent conformation,
can be also highlighted. Quite interestingly, the whole crystal
displayed a singular “wall—hole” disposition, where the wall was
identified by several molecules of ligands, stabilized by
intermolecular bonds and stacking interactions between their
imidazole/nitroimidazole rings; these molecules surrounded
the resulting channel (hole), which was, in turn, occupied by
the solvent molecules identified in the crystal (Figure S12b).

Useful insights into the mode of coordination of MTZ
derivatives into ruthenium complexes Ru2 and Ru3 came from
their HR-ESI MS spectra, which were characterized by the
presence of the isotopic patterns relative to the mono
positively charged species [Ru(tpy)(dmp)(MTZ-1)]" and
[Ru(tpy)(dmp)(MTZ-2)]", respectively, centered at
807.17124 and 833.18795 (m/z = 1) (Figures S17, S18, S24
and S25 of SI). These data indicated the preferential Ru(II)
coordination of MTZH-1 and MTZH-2 by the deprotonated
amine nitrogen atom of the imidazolate MTZ-1 and MTZ-2
forms, rather than through their neutral aza-nitrogen atoms
(Chart 1), in strict analogy to what was previously found for
Rul.*’ Density functional theory (DFT) calculations per-
formed on MTZ derivatives further corroborated this
coordination mode, as denoted by the higher atomic charges
determined on the amine nitrogens of the imidazole rings
relative to those on the aza-nitrogens gathered on the
nitroimidazole moieties of ligands (Table S3). Therefore, in
contrast to the “classical” Ru(Il) coordination by neutral
imidazole-based ligands reported for analogue RPCs, ™%
these findings suggest that the variable protonation state of the
imidazole units,” alongside with metal coordination, would
afford Ru(II)-imidazolate species, without the need of strong
bases as generally required to preliminary obtain the
imidazolate forms of ligands.64 Such an unusual coordination
mode can be of use to modulate the properties of the resulting
metal complexes as photocages, as stronger Ru—N~ bonds
would ensure higher thermal stabilities while maintaining
sufficient ligand photoejection quantum yields (®ps) (vide
infra).

The absorption properties of ruthenium complexes were also
considered. Figure 1 reports the electronic absorption spectra
of Ru2 and Ru3 in acetonitrile and in an aqueous solution
(PBS buffer, pH 7.4), along with the one of Rul for
comparison. As generally found for RPCs,*” these compounds
display the typical 'zz* transitions relative to tpy and dmp
ligands in the UV region along with a broad, unresolved metal-
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Figure 1. Electronic absorption spectra of Rul, Ru2, and Ru3 in
acetonitrile (a) and in a PBS buffer solution, pH 7.4 (b).

to-ligand Ru(dz) — tpy/dmp(z*) charge transfer ('MLCT)
band in the visible range. In acetonitrile, the lowest energy
absorption bands of Ru2 and Ru3 are slightly blue-shifted
compared to Rul, with maximum values centered at 482 nm
(e=7124 M cm™), 492 nm (¢ = 6167 M™! cm™), and 500
nm (& = 7344 M~ cm™") for Ru2, Ru3, and Rul, respectively
(also see Table 1). Smaller variations between the wavelengths
corresponding to the maxima of 'MLCT transitions were
displayed in aqueous media. A residual absorption tail within
the 550—650 nm range of the spectra can be also evidenced for
all of the complexes, thus providing a promising feature for
their activation by using low-energy light, with enhanced depth
penetration into tissues. On the other side, these complexes
emerged to be weakly emissive, likely due to nonradiative
decay pathways promoted by the competitive population of
SMC states.*®

Photoreactivity of Ruthenium Complexes. The ability
of Ru2 and Ru3 to release the MTZ derivatives upon light
irradiation was explored in acetonitrile and in an aqueous
solution (PBS buffer, pH 7.4) by coupling UV—vis and HPLC
analyses. The obtained results for Ru2 and Ru3 are,
respectively, reported in Figures 2 and S30 and S31 of SIL

Contrary to dark conditions, in which, analogously to Rul,
these systems displayed remarkable stability (Figures S28 and
$29, SI), visible-light exposure (LED emitting at 434 nm, 160
mW) determined clear changes in the electronic absorption
spectra of both compounds, indicating the occurrence of
photoejection processes. For instance, as shown in Figure 2a
for acetonitrile solutions of Ru2, light exposure promoted a
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Table 1. Absorption Maxima and Photoinduced Ligand Substitution Quantum Yields (®,3,) for Rul, Ru2, and Ru3

complex Ama/nm (e/M™" em™) in CH,CN Ane/nm (e/M™' em™) in H,0 ® 3, in CH;CN“ ® ,,, in H,0”
Rul 498 (7349) 462/490 (7831/7438) 0.0039 (3)° 0.0011 (3)¢
Ru2 480 (7006) 485 (6475) 0.0079 (9) 0.00027 (2)
Ru3 488 (6200) 480 (6442) 0.0059 (4) 0.0015 (2)
“Determined through UV—vis measurements. bobtained by HPLC analysis. “Ref 49.
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Figure 2. UV—vis absorption spectra of Ru2 in acetonitrile (a) and in water at neutral pH (b) registered at different irradiation times. Photolysis of
Ru2 in an aqueous solution monitored by means of HPLC analysis (c). Proposed ligand photoejection processes underwent by Ru2 and Ru3 (d).

sharp blue shift in the '"MLCT absorption maximum of the
metal complex, from 480 to 454 nm, indicating the substitution
of MTZH-1 with a solvent molecule to give [Ru(tpy)(dmp)-
(CH;CN) >~ Photolysis of Ru2 also took place in
aqueous media, albeit on a larger time scale (Figure 2b), thus
providing a key prerequisite for biological applications.
Importantly, the presence in the UV—vis titrations of multiple
isosbestic points indicated the direct conversion to single
photoproducts. Parallel HPLC experiments provided further
evidence of the selectivity of the photoejection processes.
Indeed, as shown in Figure 2¢, where the chromatograms of
aqueous solutions of Ru2 exposed to increasing irradiation
times are reported, light irradiation promoted the progressive
decrease of the peak associated with the starting metal complex
(retention time f, of 11.77 min), accompanied by the
appearance of two new peaks at 7.42 and 10.35 min, which
can be, respectively, attributable to the liberated MTZH-1 and
the resulting Ru(II) aquocomplex. The lack of evidence of free
tpy or dmp confirmed the selective photorelease of the
monodentate imidazole ligand. Analogue results were also

obtained for Ru3, as shown by photolysis experiments reported
in Figures S30 and S31 of SIL

The quantum yields for the ligand photodissociation from
Ru2 and Ru3 (®,;, values) were determined through the
UV-vis and HPLC analyses as previously described and
following the determination of the LED photon flux by the
potassium ferrioxalate actinometry procedure.*”** The ob-
tained results are summarized, along with the ones previously
determined for Rul, as shown in Table 1. As shown, the light-
induced detachment of nitroimidazole-containing ligands in
water occurred with @3, values ranging from 0.00027(2) to
0.0015(2), with Ru3 being the most efficient. Higher values, of
0.0079 (9) (Ru2) and 0.0059 (4) (Ru3), were found in
acetonitrile, indicating a higher efficiency of photolysis in
organic media. Overall, it can be noted that the results
determined for Rul, Ru2, and Ru3 turned out to be at least
one order of magnitude lower if compared to the parental
compound [Ru(tpy)(dmp)(py)]** (py = pyridine), for whom,
for example, the photorelease of a py unit in acetonitrile was
reported to take place with a quantum yield of 0.058.>* On the
other hand, the lower photoreactivities of Rul, Ru2, and Ru3
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Figure 3. Antibacterial effect of ruthenium photocages Rul, Ru2, and Ru3, their corresponding imidazole-based ligands SNIMH, MTZH-1, and
MTZH-2, and MTZ evaluated in the dark and following light activation under both aerobic (a, c) and anaerobic (b, d) conditions. Ratios of the
normalized ODgy, values are reported with respect to the blank control (Y-axis) as a function of different drug concentrations ([uM], X-axis).

were counterbalanced by remarkable stabilities displayed in
dark conditions (Figures S28 and 29, SI). Therefore, apart
from the different stereoelectronic features of ruthenium
complexes, we can speculate that the peculiar Ru(II)—N~
coordination of nitroimidazole-containing ligands may affect
both their thermal stability and photoreactivity, tuning the
properties of the resulting complexes as photocages. Accord-
ingly, this class of monodentate ligands would represent a
suitable alternative to more extensively explored leavin%
groups, such as pyridines,” pyrazines,”* amines,”® thioethers,”
and nitriles,”” in an effort to answer the increasing demand for
the development of new Ru(Il)-based photocages, with
sufficient ligand photoejection quantum yields without a
concomitant loss in thermal stability.

Lastly, since various pathways are, in principle, made
accessible by irradiation, the capacity of ruthenium complexes
to sensitize the production of singlet oxygen ('O,) was also
evaluated. To this aim, aqueous solutions of metal compounds,
in the presence of 1,5-dihydroxynaphtalene (DHN) as an
indirect probe for 'O,, were exposed to progressive irradiation
times, and the resulting UV—vis spectra were collected. As
shown in Figure S32 (SI), no evidence of the formation of
Juglone, namely the photo-oxidation product of DHN, was
observed during the overall time frame investigated. This
confirms, in analogy to Rul, the scarce sensitizing properties of
Ru2 and Ru3 and further supports the population of
dissociative MC states, which can be harnessed to exert
cytotoxic effects in low-oxygen conditions.”

In Vitro Antibacterial Activity and Interaction with
NimA. Preliminary to the evaluation of the antibacterial
properties of Ru(II) compounds, their capacity to be
effectively internalized by B. subtilis strain 168, which was

selected as a model of Gram-positive bacteria, was investigated
through inductively coupled plasma atomic emission spectros-
copy (ICP-AES), as described in the SI (paragraph 3). As
shown in Figure S33, all three complexes were found to be
successfully internalized by bacterial cells, with the cell uptake
following the order Ru3 > Rul > Ru2, thus suggesting a subtle
influence of the different nitroimidazole derivatives on the
permeation abilities of their resulting Ru(II) complexes.

We then inspected the antibacterial activities of Rul, Ru2,
and Ru3, along with the ones of their corresponding
nitroimidazole-based ligands SNIMH, MTZH-1, and MTZH-
2; the effect of MTZ was also analyzed for comparison.
Experiments were performed in the dark and following blue-
light irradiation (LED emitting at 434 nm, ¢ = 40 min) both in
normoxia (21% O,) and in hypoxia (<1% O,), by using the
experimental setup described in the SI (paragraph 4). The
obtained results, expressed as normalized ODgy, values
indicating the ratio of cell growth compared to the control
(untreated) cells, are reported in Figure 3.

As shown in Figure 3a, in the dark and under aerobic
conditions, all of the tested compounds generally displayed
negligible toxicity, except for MTZ and MTZH-2, which led to
a remarkable effect starting at relatively high drug doses (>200
uM), with a ca. 75% reduction of cell growth at a higher
concentration tested (300 uM). Irradiation under these
conditions slightly affected the activities of the investigated
compounds (Figure 3c). Indeed, only modest phototoxicities
were observed for high doses of ruthenium complexes, with
Ru3 being the most effective compound across the series,
featuring a ca. 40% reduction of cell growth at 300 yM.

A completely different scenario was observed under
anaerobiosis. As it can be noted from Figure 3b, in the dark,
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(a)

Figure 4. Experimental MTZ structure in the 1W3R PDB file and optimized MTZH-1 and MTZH-2 structures computed through DFT
calculations (a) and MTZ, MTZH-1, and MTZH-2 ligands interacting with NimA protein (the surface of the protein is marked in in blue) (b).

all of the MTZ-containing compounds exhibited a sharp dose-
dependent activity, with MTZH-2 and MTZ that displayed the
highest, and comparable, effects. For instance, at a concen-
tration of 100 uM, MTZH-2 and MTZ induced a reduction of
cell growth around 75%, whereas a lower, though remarkable,
effect (ca. S0%) was found for MTZH-1 at the same dose.
Interestingly enough, even the less potent SNIMH was found
to induce a net dose-dependent effect under these conditions,
in contrast to the scarce efficacy displayed in the aerobic tests
of the present and previous reports.*””* The superior
effectiveness of nitroimidazole-based compounds observed
under anaerobic compared to aerobic conditions can be
rationalized by considering the generally accepted mode of
action of nitroimidazoles.”® Indeed, this class of antimicrobials
typically relies on the preliminary bioactivation of the nitro
group, which occurs through its intracellular reduction to a
radical anion to result in harmful ROS species, capable of
interacting with a variety of cellular targets. However, high
oxygen levels cause the rapid reoxidation of the radical anion,
resulting in a futile cycle that impairs the bactericidal potential
under aerobic conditions.

From Figure 3b, it also emerges that the antibacterial effects
of “Ru-free” nitroimidazole-based ligands are effectively masked
by their inclusion into ruthenium complexes, as indicated by
the good tolerability demonstrated by cells toward Rul, Ru2,
and Ru3 in the dark. Among these complexes, it can be
highlighted the highest toxicity of Ru3, which, however, did
not exceed a ca. 48% reduction of cell growth at the maximum
dose tested.

Instead, the bioactivities of these ligands were partially or
almost fully recovered upon irradiation under anaerobiosis,
pointing at a different behavior to what is commonly observed
in PACT, where the light-mediated effects are severely
jeopardized when switching from aerobic to anaerobic
conditions.”””® In fact, as shown in Figure 3d, the three
ruthenium complexes displayed a sharp dose-dependent effect,
with Ru3 being the lead compound across the series. For
instance, light irradiation of this complex at a concentration of
100 uM unleashed a ca. 9-fold enhancement of activity
compared to dark conditions and induced, yet for drug doses
above 50 uM, a comparable potency to the one of MTZ. In
other words, the adoption of the photocaging strategy to

control the liberation of this MTZ derivative would allow
reproducing the high effectiveness of MTZ under hypoxic
conditions but with the key advantage arising from the
spatiotemporal control over the drug activation ensured by the
use of light. It can be also noted that the phototoxicity of this
complex nicely paralleled the effect of the Ru-free MTZH-2
derivative, thus making the liberation of this potent bioactive
compound likely to be the cause of the observed photoactivity.

Lower, though remarkable, phototoxicities were induced by
Rul and Ru2, with Ru2 that was the least effective in the 0—
200 uM range. Its relatively low efficacy can be tentatively
rationalized by considering that, besides the higher anti-
bacterial activity of MTZH-1 relative to SNIMH, the latter
ligand was more efficiently photoreleased in aqueous media
than MTZH-1 (Table 1). A rough correlation between the
observed antibacterial activities of Ru(II) complexes and their
cellular uptake should be also pointed out. This would suggest
that an optimal balance between the biological activity of
“caged” ligands, their capacity to be easily released from
Ru(II)-photocages and the permeation abilities of the intact
Ru(Il) complexes, is crucial for the phototoxicity of the
resulting Ru(II)-based antimicrobials.

Furthermore, the following remarks can be highlighted from
the cell growth ratios registered between the different
conditions tested, reported in Figure S35 of the SI: (i) the
efficacy of nitroimidazole-based compounds is clearly
enhanced in anaerobic compared to aerobic conditions and
(ii) in neither aerobic nor anaerobic conditions, their
antibacterial activity is markedly affected by light activation.
Instead, irradiation in hypoxia strongly improved the dose-
dependent activities of the photolabile complexes Rul, Ru2,
and Ru3, with Ru3 featuring the highest phototoxicity across
the series. Such results were also confirmed by measuring the
cell viability after exposure to anaerobic conditions; as shown
in Table S5 of SI, the effect of the photoactivated complexes
under hypoxia not only reduced cell growth but also cell
viability (i.e., photoactivated complexes showed a bactericidal
activity), with a complete killing of bacterial cells at 200 uM
photoactivated Ru2 and Ru3 complexes. We also specify that
effects on growth kinetics, and not only on overall growth and
viability, can be present. However, the experimental setting of
anaerobic conditions strongly limited the possibility of
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measuring continuous growth kinetic data, which were then
not included in the present study.

Lastly, bacterial resistance toward S-nitroimidazole-based
antibiotics is generally believed to be associated with decreased
drug uptake and/or altered/deficient reduction efficiency.
Concerning the latter point, several classes of resistant bacterial
strains have been shown to possess Nim genes, which encode
for reductase enzymes capable of converting the nitro group of
the drug into a nonbactericidal amine and thus preventing the
accumulation of the toxic nitro radical. More in detail, a
previous study reporting on the crystal structure of NimA from
Deinococcus radiodurans (drNimA) complexed with MTZ’®
proposed that the inactivation of this antibiotic would be the
result of a two-electron reduction process taking place in the
active site of the protein and mediated by the covalent binding
of the cofactor pyruvate with His-71. Therefore, being inspired
by these findings, we further considered the interaction of
MTZ derivatives with the active site of NimA, which was
selected as a representative model for this family of reductases.

To this aim, the molecular structures of MTZ, MTZH-1,
and MTZH-2 ligands were optimized with DFT calculations at
the B3LYP/6-31+G(d) level of theory. The obtained results,
shown in Figure 4a, evidenced that these ligands are
characterized by an intramolecular hydrogen bond between
the —NO, group of the nitroimidazole residue and the nearest
hydrogen atom of a —CH, residue, in good agreement with the
X-ray data above discussed for MTZH-2 (also see SI,
paragraph 1.2). It can be noted that such a hydrogen bond
reduces the mobility of the ring moiety with respect to the
substituents, and a similar intramolecular bond can be also
observed in the experimental MTZ structure present in the
PDB file 1W3R, thus confirming the agreement between
experimental and our computed ligands. Then, the ring of each
compound was superposed onto MTZ in 1W3R in NimA
obtaining the results reported in Figure 4b. As shown, the
rigidity imparted by the intramolecular interactions combined
with the more extended chains gathered on the ester functions
of MTZH-1 and MTZH-2 made these compounds clash with
the NimA protein structure, whereas MTZ is nicely
accommodated within the active site of the protein. Therefore,
these preliminary data suggest that the different chemical
structures of the two MTZ derivatives would impact their
susceptibility to drug inactivation by NimA and hint at their
possible use as potential options for clinicians to manage
resistance to nitroimidazole-based antibiotics.

B CONCLUSIONS

The net disparity between the countless examples of PACT
agents and those studied for the photorelease of bioactive
ligands in the design of new antimicrobials prompted us to
design two novel derivatives of the antibiotics MTZ, MTZH-1,
and MTZH-2, which were inserted in the corresponding
strained ruthenium complexes Ru2 and Ru3. The two MTZ
derivatives were synthesized by Steglich esterification, by
coupling MTZ with different imidazole-containing ligands of
biological interest and whose imidazole moieties were
exploited as linking units to Ru(II) centers. Analogously to
the parental compound Rul, the unusual Ru(II) coordination
of MTZ derivatives in their imidazolate forms conferred the
resulting Ru(II) complexes promising features as photocages,
as denoted by the good stability shown in the dark and by the
possibility to easily cause the detachment of MTZ-based
ligands from ruthenium scaffolds upon exposure to visible light.

The biological potential of metal-free ligands and metal
complexes was tested on B. subtilis, which was chosen as a
model of Gram-positive bacteria, and experiments were
conducted both under normoxic (21% O,) and hypoxic
(<1% O,) conditions. Our results highlighted two main
findings: (i) the activity of metronidazole-containing ligands
was remarkably enhanced by switching from aerobic to
anaerobic conditions, as expected in consideration of the
peculiar mode of action of the class of nitroimidazole-based
antimicrobials. (ii) The insertion of ligands into ruthenium
complexes masked their activity when kept in the dark,
whereas light irradiation under hypoxia provoked a strong
dose-dependent activity, with the lead compound Ru3 that
unleashed a comparable effect to one of the MTZ. These
findings, therefore, probed that the photocaging strategy can be
successfully exploited to control the activity of optimally
designed MTZ derivatives, affording remarkable antibacterial
activities under low-oxygen conditions upon light activation of
the prodrugs.

Lastly, preliminary studies on the interaction of the MTZ
derivatives with NimA, chosen as a model of reductases
responsible for bacterial resistance against S-nitroimidazole-
based antibiotics, unveiled that the different chemical
architectures of these bioactive ligands made their protein
sequestration unfavorable if compared to MTZ, thus hinting at
their possible use in the treatment of bacteria resistant to
nitroimidazole-based antimicrobials.

In conclusion, the results of this work may provide
fundamental knowledge for the development of suitable
alternatives to be used in the struggle against infectious
diseases, effective under hypoxic conditions and whose
activation could be selectively controlled by using light.
Moreover, for the first time, the effectiveness of the
“photorelease antimicrobial therapy” approach under hypoxia
was demonstrated.
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