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Abstract

Aiming at novel tools for anticancer therapy, a ruthenium complex, covalently linked to a
cholesterol-containing nucleolipid and stabilized by co-aggregation with a biocompatible lipid, is
here presented. The amphiphilic ruthenium complex, named ToThyCholRu, is intrinsically
negatively charged and has been inserted into liposomes formed by the cationic 1,2-dioleyl-3-
trimethylammoniumpropane chloride (DOTAP) so to hinder the degradation kinetics typically
observed for known ruthenium-based antineoplastic agents. The here described nanovectors contain
up to 30% in moles of the ruthenium complex and are stable for several weeks. This drug delivery
system has been characterized using Dynamic Light Scattering (DLS), Small Angle Neutron
Scattering (SANS), Neutron Reflectivity (NR) and Electron Paramagnetic Resonance (EPR)
techniques. Fluorescence microscopy, following the incorporation of rhodamine-B within the
ruthenium-loaded liposomes, shows fast cellular uptake in human carcinoma cells, with a strong
fluorescence accumulation within the cells. The in vitro bioactivity profile reveals an important
antiproliferative activity and, most remarkably, the highest ability in ruthenium vectorization
measured so far. Cellular morphological changes and DNA fragmentation provide evidence of an
apoptosis-inducing activity, in line with several in vitro studies supporting apoptotic events to
explain the anticancer properties of ruthenium derivatives. Overall, these data highlight the crucial
role played by the cellular uptake properties in determining the anticancer efficacy of ruthenium-
based drugs, showing DOTAP as a very efficient nanocarrier for their stabilization in aqueous
media and transport in cell. /n vitro bioscreens have shown high antiproliferative activity of
ToThyCholRu/DOTAP liposomes against specific human adenocarcinoma cell types. Furthermore,
these formulations have proved to be over 20-fold more effective against MCF-7 and WiDr

adenocarcinoma cells with respect to the nude ruthenium complex AziRu we have previously

described.
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Cationic nanovectors loaded with ruthenium-based nucleolipids containing a cholesterol residue
exert high growth-inhibitory activity against human cancer cells (MCF-7 (A), WiDr (B), and HeLa
(C), before and after ToThyCholRu/DOTAP treatment).
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Introduction

Ruthenium coordination compounds have been proposed as potential anticancer agents because of
their relevant antiproliferative activity.'” In fact, they possess several favourable chemical
properties that indicate them as strong antitumoral candidates in a rational drug discovery approach.
In several cases, these compounds have been designed taking inspiration from bioactive Pt
complexes, mainly cisplatin. Known since the mid 60’s and approved by FDA as an anticancer
agent in the late 70’s, cisplatin4 is still among the most widely used drugs for the treatment of
several tumors,” ° though its use is associated with severe side effects and its efficacy limited by
primary and acquired resistance. Despite their general structural similarity with platinum
complexes, ruthenium-based drugs have attracted great interest due to their lower toxicity, often
associated with the ability to overcome the resistance encountered with platinum drugs.”” The
major advantages of ruthenium complexes are related to their peculiar features, as for example: 1)
the facility to exchange O- with N-donor ligands similarly to platinum-based drugs; ii) their
octahedral geometry, which offers unique possibilities for the binding to nucleic acids; iii) the high
versatility in terms of oxidation states, including II, III and perhaps IV in the biological fluids; iv)
the possibility to be transformed into poorly reactive prodrugs, with the ruthenium ion in the +3
oxidation state that can be reduced, and thus activated, selectively in solid tumour masses as a result
of their low oxygen content. 10

Since the early 80’s, Sava and coworkers have studied the transition metal complexes in a
biomedical perspective, developing, among others, the ruthenium complex named NAMI-A, found
to be a very active anticancer agent in vitro. This compound, along with KP1019 and RAPTA-C,

I,'" ' currently undergoing advanced Phase II clinical trials. In

has successfully completed Phase
these compounds, similarly to cisplatin, the chloride ligands of the ruthenium complex can be
replaced by hydroxide ions, leading to partial hydrolysis of the complex and poly-oxo species
formation.'"" '* Although the formation of poly-oxo species does not seem to significantly hamper
the ruthenium bioactivity, at least when tested on some tumour cell lines,”* a dramatic consequence
of these degradation processes is that only a limited amount of the administered drug can be
effectively internalized into cells.

In the context of the growing interest for ruthenium complexes in anticancer therapy, our group has
recently proposed a novel approach for the in vivo delivery of ruthenium-containing drugs, based on
their incorporation into suitable nucleolipid structures and successive co-aggregation with
biocompatible lipids acting as nanovectors.'*'®

Nucleolipids, being amphiphilic compounds, offer unique properties of spontaneous self-assembly

providing nano-sized aggregates with exquisite tunability in terms of volume and shape.'* '**** The
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insertion of ruthenium-containing structural motifs into amphiphilic building blocks may lead to
efficient in vivo delivery and controlled release of the anticancer agents, thus producing a
remarkable enhancement of their therapeutic efficacy. Following this concept, we have synthesized
a set of novel ruthenium-based complexes able to spontaneously incorporate into the phospholipid
membrane of a liposome.'*'® As an evolution of our previous works, we here describe the
molecular and microstructural characterization, along with detailed bioactivity studies, of the
cholesterol-based ruthenium complex, named ToThyCholRu," (Fig. 1), intrinsically negatively
charged, when lodged in the biomimetic membranes formed by the cationic lipid 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), as shown in Fig. 1. Due to the high affinity of cholesterol
with phospholipids, ToThyCholRu should easily penetrate into the cell membranes, thus facilitating
the ruthenium complex internalization. Cholesterol is a fundamental component of cells membrane
and, for this reason, the design and use of cholesterol-based lipids appears as a crucial step in the
development of drug delivery research area. In the literature, different modifications of lipid
architectures have been introduced at the headgroup level, headgroup-hydrophobic linker region
and on the hydrophobic domains, in which cholesterol is directly involved.*'** These modifications
can modulate their aggregation properties and the interactions with biological environment.” **
Also, end-modification with a cholesterol motif has been successfully applied to biologically active

» Notably, various liver’® and spleen cell types easily take up antisense

127

oligonucleotides.
oligonucleotides conjugated with cholestero
In our liposomes, the ruthenium complex anchored to the cholesteryl-functionalized nucleolipid is
forcedly accommodated into the liposome bilayer, in a region where the contact with water or
hydroxyl groups is limited, thus sensibly retarding the degradation kinetics. In a previous study, we
have investigated ToThyCholRu when co-aggregated with the zwitterionic lipid POPC, and this
system proved to be stable with the ruthenium complex contained up to 15% in moles.'>*® The here
described amphiphilic liposomes, based on the cationic DOTAP, contain 30% in moles of
ToThyCholRu, which at this composition is stable for several months.

The aggregation behaviour of liposomes, as well as their stability as a function of time, has been
investigated through an experimental strategy proved extremely informative. It combines Dynamic
Light Scattering (DLS) to estimate aggregate dimensions, Small Angle Neutron Scattering (SANS)
to analyze the aggregate morphology and to determine their geometrical characteristics, Neutron
Reflectivity (NR) to gain structural information on the bilayer and Electron Paramagnetic
Resonance (EPR) to get information on the dynamics of lipid hydrophobic tails in the bilayer.

Altogether, these investigations give detailed information on micro- and mesostructural
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characteristics of these multifunctional liposomes, useful to cast light upon the mechanisms behind
their cellular uptake and bioactivity.

Experimental data on the in vitro antiproliferative activity of these novel aggregates on human
tumour and non-tumour cell lines are presented, showing a bioactivity enhancement of ca. one order
of magnitude compared with previous results.” Finally, their uptake kinetics has been investigated
by fluorescence microscopy, monitoring with time ad hoc prepared ruthenium-loaded liposomes

incorporating a rhodamine B derivative.

Results and discussion

DOTAP liposomes in the absence and presence of the amphiphilic ToThyCholRu drug were
suitably prepared by using the lipid film method and then suspended in the appropriate aqueous

solution, as described in the experimental section.

Liposomes characterization by DLS, zeta-potential and SANS

In order to characterize the suspension of the aggregates composed by the lipid DOTAP and the
ruthenium complex ToThyCholRu, both Dynamic Light Scattering (DLS) and Small Angle Neutron
Scattering (SANS) experiments were performed. In particular, as shown in Fig. 2, a single broad
population of aggregates resulted from the DLS analysis. This obtained distribution corresponds to
the best fit to the measured correlation function with reproducible values from one experiment to
another. The attempt to separate the single distribution in more distribution of aggregates of
different size did not allow a reproducible result” An accurate estimation of the mean
hydrodynamic radius value was achieved performing measurements at different scattering angles.
From the analysis of the collected data, reported in Fig. 3, the z-averaged diffusion coefficient, the
polydispersity index and the mean hydrodynamic radius were calculated (see Table 1 and ESI). All
the results obtained from the DLS characterization reflected the organization of the amphiphilic
molecules into aggregates having the typical size of liposomes, as also observed for other

formulations containing previously studied amphiphilic ruthenium complexes.*’

The surface charge of liposomes was determined by zeta potential ¢ measurements. This is a

convenient parameter for characterizing the electrostatic properties of aqueous dispersions of

colloidal particles such as micelles and vesicles that is strictly related to their mobility,** since ¢ is

a measure of the surface charge at slipping plane of the aggregates.17 The & values confirm the

formation of catanionic liposomes. Indeed, the positive surface charge carried by bare DOTAP

vesicles (+41.7 mV= 1.5 mV) is partially neutralized by addition of negatively charged nucleolipid-
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based Ru complexes (+37.2 = 0.6 mV) . Similar effects were detected in another catanionic system
made by nucleolipids and CTAB.”'

The results obtained from the DLS characterization were completed by SANS measurements that
confirmed the type of aggregates formed by DOTAP and ToThyCholRu, and allowed to determine
other structural parameters. The model used to treat the experimental data accounts for a suspension
of liposomes composed by a single lamella (see Fig. ESI2), uniformly contributing to the scattering
intensity (Fig. 3). In particular, the neutron intensity profiles were treated according to the form
factor of liposomes diluted solution with polydispersed thickness and uniform scattering length

density (see equation 1 and Table 1):

ZE{ZAf : [1 —cos(qé)]}
q
6q2

I(q)= (1

where o is the bilayers thickness and(Ap) is the contrast variation (see ESI for details). In the

fitting procedure a variation of the bilayer thickness value (o) obeying to a gaussian distribution
was also considered. In Table 1 the polydispersity index obtained, PD = o/J is reported (see ESI
for details).

The fitting of the applied model showed a good agreement with the experimental data and the cryo-
TEM image (see Fig. ESI3), and thus no contribution of a structure factor was considered

confirming the presence of diluted unilamellar liposomes within the sample.

Bilayer microstructural characterization by NR and EPR

Lipid bilayers of pure DOTAP and ToThyCholRu/DOTAP were characterized by Neutron
Reflectivity (NR) using different isotopic contrast solvents. This technique allows to determine the
structure and composition of layers at interfaces, furnishing detailed information on the bilayer
microstructure and lipids organization.n’ 33

The experimental curves are shown in Fig. 4 and the parameters used to fit the curves
simultaneously from all the contrasts are given in Table 2. For all lipid systems, a five box model
was found to best fit the data. The first two boxes correspond to the silicon block and to the thin
solvent layer interposed between the silicon surface and the adsorbed bilayer. The other three boxes

describe the bilayer, which is subdivided into the inner headgroups, the hydrophobic chains, and the

outer headgroups layers. For all considered bilayers, a model without the water layer between the
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substrate and the bilayer gave a worse fit to the data. The theoretical scattering length density (p)

values of the used lipids were calculated through equation 2 and are reported in Table ESI1:
p2)=Y n,(2), @)
J

where n,(z)is the number of nuclei per unit volume and 5, is the scattering length of nucleus ;. 34

Thus the parameters obtained from the best fit procedure are the thickness and the roughness of
each box, plus the solvent content expressed as volume percent (see Table 2). We note that the
roughness is related to the compactness of each bilayer region: large values of the fitting number
correspond to more dense layers. Generally, the roughness values cannot be higher than the
thickness ones. The presence of ToThyCholRu in DOTAP bilayers influences their microstructure.
First, the variation in the p values corresponding to all bilayer regions clearly indicates the insertion
of ToThyCholRu molecules in DOTAP bilayers. In detail, this insertion causes an increase of the
hydrophilic region thickness of 4 + 1 A, while the hydrophobic region is similar to that obtained for
pure DOTAP. Moreover, in the case of bilayers containing ToThyCholRu, the hydrophilic region is
characterized by a slight increase of the solvent content, depending on the different packing density
induced by ruthenium complex molecules, which causes a higher compactness in the DOTAP
bilayer. No changes have been observed in the roughness values. These results are in agreement
with those obtained for the ToThyCholRu/POPC bilayers."

Spin-label EPR spectroscopy has been proved to give substantial information on the acyl chains

structuring and dynamics in the lipid bilayers.>”’

In this study, different spin-labels were
alternately used. They present a nitroxide group, positioned at the levels of the 5, 7, 10, and 14
carbon atom of a phosphocholine backbone of a sn-2 chain, called n-PCSL (see Fig. ESI1). The
former bears the radical nitroxide group close to the hydrophilic moiety of the molecule, while in
the latter the reporter group is located at the end of the hydrophobic tail. Consequently, 5- and 7-
PCSL provide information on the aggregate microdomain just below the external surface, while the
10- and 14-PCSL give information on the inner core. The goal has been to investigate how the
DOTAP membrane fluidity is influenced by the presence of ToThyCholRu at 70:30 molar ratio.

EPR spectra of spin- labels in bilayers of ToThyCholRu/DOTAP liposomes at 30:70 molar ratio are
shown in Fig. 5. In the same figure, the EPR spectra of the spin-labels in pure DOTAP vesicles are
also presented. The spectra show an anisotropic lineshape for 5-PCSL and an almost isotropic

lineshape in the case of 14-PCSL. This is a characteristic hallmark of lipid bilayers in the liquid-

crystalline fluid phase.”® A quantitative analysis of the spectra has been performed by determining
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the order parameter, S, and the coupling hyperfine constant, @, , whose values are reported in
Table 4. S is a measure of the local orientational ordering of the labelled molecule with respect to
the normal to the bilayer surface, while ajis an index of the micropolarity experienced by the

nitroxide. Both § and « decrease progressively with increasing n, as the spin-label position is

stepped down the chain toward the center of the membrane.”

Spectra of the spin-labels at 70:30 molar ratio in Fig. 5, together with the order parameter (.S')
corresponding values in Table 3, show that the presence of ToThyCholRu in the DOTAP liposomes
bilayers causes an increase of the order parameter, S, for all n-PCSL spin-labels indicating a
stiffening effect on the whole lipid bilayer carbon atoms closer to the hydrophilic region of the
complex. In particular, a strong increase is detected in the S value of 14-PCSL, which indicates that
the presence of the cholesterol scaffold induces an increase in lipid packing density of the inner
chains region. It is interesting to note that pure cholesterol reduces dynamics and increases order of
the whole lipid acyl chains in DOTAP bilayers, as indicated by the S values reported in Table 4
(DOTAP/Chol column). In particular, the comparison of the data relative to ToThyCholRu/DOTAP
with those of DOTAP/Chol bilayers suggests that the cholesterol residue positioning in the bilayer
is the same for the two systems. Furthermore, pure cholesterol causes a higher effect on the DOTAP
bilayers than ToThyCholRu and this could be probably due to the headgroup of ToThyCholRu,
which to a minor extent influences the lipid packing density of the more external region (5 <n < 10)

compared to cholesterol, which particularly affects the acyl chain mobility (n > 14).
Concerning aj;, it appears that its value is only marginally affected by the ruthenium complex. In

particular, ToThyCholRu causes a slight increase in the local polarity, indicating a higher content of
water in the external headgroup region, which is a consequence of the increased ordering and
compactness induced by the presence of the ruthenium complex molecules. These results are in
agreement with NR data (Fig. 6). Finally, EPR spectra, performed on the same samples after three
months, showed no variation of the signals, confirming the stability with time of the bilayers

formed by DOTAP hosting ToThyCholRu.

Cellular uptake studies

The internalization and accumulation of the metal-based drugs into cancer cells is crucial for the
therapeutic effect against tumors.** A large number of metallomic and biological investigations
have been conducted primarily on cisplatin and its derivatives, but more recently also on metals
compounds alternative to platinum such as ruthenium, showing DNA as an important target of these

drugs.*"* * While it is widely accepted that binding to DNA is the main mechanism for platinum-
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induced cytotoxicity,” nuclear and cytosolic proteins have as well moved into attention as potential
targets for ruthenium-based drugs.***

In view of more detailed investigations on the interactions of these liposomes with protein targets,
we have first analyzed their interaction with cell membranes and cell internalization processes. To
this aim, a standardized protocol based on a rhodamine B fluorescent probe loaded into
DOTAP/ToThyCholRu liposomes has been used to evaluate their uptake in human carcinoma
cells.'” In order to determine the impact of incubation times on the ToThyCholRu accumulation
within the cells, uptake experiments were carried out at 100 uM concentration and at incubation
times of 30 min, 1, 3 and 6 h on human MCF-7 breast and WiDr colorectal adenocarcinoma cells,
and the corresponding results are depicted in Fig. 7 and 8, respectively. In the microphotographs,
the blue areas correspond to the cells nuclei specifically stained by DAPI, whereas the thodamine
(RHOD) associated fluorescence within cells is shown in green. As described in our previous
report, the fluorescence emission herein reported in green is produced by a rhodamine B lipid
derivative added as a fluorescent probe at 2% molto the liposomes. Control experiments have been
also performed by exposing the cells to the thodamine B adduct alone under the same in vitro
experimental conditions used to evaluate the cellular uptake of ruthenium-containing liposomes.
Merged images arise by overlapping fluorophores emission emerging from the same cell
monolayers. The cationic ToThyCholRu/DOTAP liposome rapidly interacts with biological
membranes allowing a massive cellular uptake, even after short incubation times such as 30 min
and 1 h. The rhodamine-dependent fluorescence emission is localized widespread in the cells and
merged images show a strong fluorescence accumulation both in MCF-7 and WiDr. In a process of
cell internalization that probably occurs by nonspecific patterns via membrane fusion and/or
endocytosis, the presence of a cholesterol motif within the amphiphilic structure decorating the
ruthenium complex in ToThyCholRu could further improve the liposome fusion with the plasma
membrane, thus promoting strong nanocarriers accumulation within the cells. Due to the high
affinity of cholesterol for phospholipids, several in vitro evidences concerning liposomes interaction
with membrane show a specific cholesterol/lipid ratio - similar to the one reported for the plasma
membrane of animal cells - to obtain the optimal fusion.** * In addition to the amphiphilic
properties of ToThyCholRu complex, the liposome membranes formed by the cationic lipid
DOTAP allow the onset of charge attraction that could play an important role in promoting close
contact with the negatively charged target membrane.*®

Overall, these data are consistent with our previous cellular uptake findings carried out on the first
generation of ruthenium (III) complexes lodged both in POPC and DOTAP liposomes.'® !

Moreover, they support the results of a more recent investigation on a novel ruthenium(III)
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complex, named HoUrRu, which exhibits higher antiproliferative activity when the ruthenium(III)
complex is mixed with the cationic lipid DOTAP than when aggregated with the zwitterionic

POPC.'®

In vitro bioscreening for anticancer activity

The cytotoxic profile of the ruthenium-containing nanocarrier was investigated via bioscreening on
a selected panel of human cancer cells following 48 h of incubation. As well as in in vivo testing,
drug-dependent biological effects on cultured cells usually occur after a time range starting from
treatments in vitro. Indeed, despite effective and fast processes of cellular uptake, the elapsing time
(latency) between the drug administration and the onset of pharmacological effect and its duration,
both in vitro and in vivo, may depend on many factors. Moreover, biological responses virtually
mediated by the activation of cell death/cell stopping pathways and complex changes in cell cycle
kinetics represent an even more complicated condition. According to our previous reports, an in
vitro time range of 36-48 h between the cellular uptake and the occurrence of biological effects
may normally elapse. This scenario is consistent with both the metal-induced antiproliferative
effects and the cell population doubling time, that for instance is approximately 38 h for MCF-7
cells. ¥

In line with our project, the experimental procedure involves the estimation of the
ToThyCholRu/DOTAP anticancer activity by a “cell survival index”, deriving from evaluation of
the cellular metabolic activity (MTT colorimetric assay) and monitoring of live/dead cells ratio
(trypan blue exclusion assay), as described in the experimental section. The results are reported both
in concentration-effect curves (Fig. 9) and in terms of ICsy values (Table 4). Data concerning the
low molecular weight ruthenium complex AziRu are included for comparison, as well as data for
cisplatin (¢cDDP) - a positive control for cytotoxic effects - and for the previously investigated
ToThyCholRu/POPC system. " Similarly, ruthenium-free ToThyChol/POPC and
ToThyChol/DOTAP liposomes have also been added in these bioscreens as negative controls to
better understand and discuss the results. AziRu — depicted in Fig. 1, along with the nucleolipid
ToThyChol - is the NAMI-A-inspired molecular core of our mini-library of amphiphilic ruthenium-
containing molecules, which has been proved by us" and others™ to be endowed with higher
antitumor activity than NAMI-A itself, which is known to act primarily as an antimetastatic agent.’’
The results show that ToThyCholRu/DOTAP exhibits an interesting bioactivity pattern
characterized by selective cytotoxicity against highly proliferative malignant cells. In fact, different
histological human adenocarcinoma cells, such as MCF-7, WiDr and HeLa, undergo remarkable

antiproliferative effects following incubations with the ruthenium-based complex, while no
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significant cytotoxicity has been detected on non-cancer human HaCaT keratinocytes and rat L6
muscle cells. Within this context, the evaluation of ¢DDP and ruthenium-based complexes effects
on non-cancer control cultures (see the related ICsy values in Table 4) deserves a further insight.
Since most anticancer drugs lack tumor specificity and cause damage to normal tissues, with heavy
side effects, ruthenium complexes may provide a less toxic and more effective alternative to
common therapies. Indeed, new ruthenium-based compounds with less severe side effects could
replace longstanding metal-based anticancer drugs as cisplatin and its derivatives. Consistently with
our previous reports, the cell survival decreases already at very low concentration of the active
ruthenium in breast adenocarcinoma cells (MCF-7 line, Fig. 9, panel A). Taking into account that
ruthenium is incorporated in 30% in moles in the DOTAP liposomes under investigation,
concentration-effects curves related to the actual ruthenium content throughout bioscreens, reported
in the right column of Fig. 9, strongly emphasize the high anticancer activity of the
ToThyCholRu/DOTAP system. Since pure DOTAP and POPC liposomes,'®!” as well as both the
ruthenium-free liposomes in DOTAP and POPC (ToThyChol/DOTAP and ToThyChol/POPC,
respectively) do not interfere with the in vitro bioassays, inhibition of cell growth and proliferation
can be exclusively attributed to the presence of ruthenium.

ICsp values are close to the 10 uM range for MCF-7 cells and somewhat higher for WiDr and Hela
cells. In general, these results indicate that the following order of in vitro antiproliferative activity
can be considered: ToThyCholRu/DOTAP > cisplatin > ToThyCholRu/POPC > AziRu.
ToThyCholRu/DOTAP is more potent than cisplatin against two of the three cancer cell lines here
tested (approximately 1.7 and 1.4-fold more potent than cisplatin in killing MCF-7 cells and WiDr,
respectively), while cisplatin remains more effective in stopping HeLa cells proliferation. As
mentioned earlier, it is noteworthy that ruthenium cytotoxicity against the normal HaCaT and L6
cells is very low, in addition being always lower than that of cisplatin.

The observed antiproliferative effects of the ToThyCholRu/DOTAP system on tumor cells are
largely consistent with its intracellular uptake properties and show that the amphiphilic nature of the
synthesized ruthenium (III) complex, and the consequent self-aggregation, do not perturb the metal-
induced biological effects. Although broadly in line with the activities of the amphiphilic
ruthenium-containing molecules we have previously described, the calculated ICsy for
ToThyChol/DOTAP are significantly lower than those related to the same nucleolipidic ruthenium
(II) complex lodged in neutral POPC liposomes. This means that, under identical in vitro
experimental conditions, the use of cationic DOTAP liposomes as nanocarrier for ToThyCholRu

greatly enhances its anticancer activity.
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Indeed, in the transition from ToThyCholRu/POPC to ToThyCholRuw/DOTAP the potentiating
factor (PF) values for ruthenium vectorization with respect to the precursor molecule AziRu in
MCF-7 and WiDr cells increases from 4.3 and 3.1 to 23.5 and 22.4, respectively, reaching the
highest values we have measured hitherto this project. Thus in MCF-7 cells - the most responsive
ones to ruthenium action in our in vitro models - the same antiproliferative effect of the precursor
complex AziRu is achieved in the case of ToThyCholRu in POPC, with a metal concentration 6-
fold lower, and in the case of ToThyCholRu in DOTAP, with a metal concentration 10-fold lower.
These data further emphasize the main role played by the drug delivery systems in influencing the

cellular uptake properties and, thus, the antiproliferative efficacy of metal-based anticancer drugs.

Cellular morphological changes and DNA fragmentation

The results herein presented demonstrate that ruthenium-based nucleolipids containing a cholesterol
residue and loaded in cationic DOTAP liposomes exert high growth-inhibitory activity against
cultured human cancer cells. To further support the relationship between cell viability and
ruthenium-induced cytotoxicity, subconfluent cultures of MCF-7, WiDr and HeLa cells have been
examined by phase-contrast light microscopy for the dynamic cell population monitoring of the
morphological changes that occur during cell death. Following the in vitro exposure to
ToThyCholRu/DOTAP, morphological modifications of the cell monolayers clearly appear (Fig.
10). In particular, microscopy provides evidence that the reduction in cell viability by ruthenium-
based nanocarriers application is associated with well detectable cytotoxic effects and distinctive
morphologic hallmarks of apoptosis. The onset of apoptosis is characterized by membrane blebs
and cell shrinkage, and culminates with formation of balloon-like structures indicating the loss of
plasma membrane integrity.52 Besides losing their normal morphological features, the rounding up
of the cells visibly increased after 48 h of incubation, with enhancement of the surface blebbing and
cell shrinkage.”

In addition, late events of apoptosis include nuclear pycnosis and DNA cleavage, resulting in the
DNA fragmentation visualized as a 'ladder' by agarose gel electrophoresis. Thus DNA
fragmentation extent detected in cultured cells typically exhibits a direct correlation with the
amount of apoptotic cells present in cultures, scored morphologically by microscopic analysis. In
Fig. 11 untreated cancer cells showed no detectable DNA fragmentation, whereas DNA extracted
from cells after 48 h of incubation with ICsy doses of both ToThyCholRu/DOTAP and ¢cDDP was
extensively fragmented. It is very interesting to note the atypical fragmentation pattern of damaged
DNA shown by MCF-7 cells after these in vitro treatments. Indeed, MCF-7 is one of the human

breast cancers known to be resistant to some chemotherapeutics due to deletion in the CASP-3 gene



Journal of Materials Chemistry B

that leads to an inherited deficiency of caspase-3.>* Caspase-3, commonly activated by numerous
death signals, cleaves a variety of important cellular proteins and is ultimately responsible for
apoptotic DNA fragmentation. It has been also reported that MCF-7 undergoes cell death by
apoptotic stimuli in the absence of DNA fragmentation, as well as recent observations further
suggest large and small DNA fragments coupled to even single-strand cleavage events occurring
during apoptotic cell death. These observations have raised many questions on the appearance of
the fragmentation pattern by gel electrophoresis detection that remains controversial. However,
morphological changes and MCF-7 cell death were independent of caspase-3 and may correlate
with the activation of different apoptotic pathways and other effector caspases, such as caspase-6 or
-7.° In contrast, treatment of WiDr and HeLa cells with ToThyCholRw/DOTAP resulted in the
appearance of the internucleosomal DNA laddering typical of cells undergoing apoptosis. This
effect is similar to that induced in vitro by ICsy doses of ¢DDP, likely via caspase-3 activation.’®
Although the implication of various molecular pathways involved in cell death processes cannot be
excluded, these outcomes provide evidence of an apoptosis-inducing activity, in line with several in
vitro studies supporting apoptotic events to explain the anticancer properties of different types of

ruthenium derivatives.”” >

Experimental

Materials

DOTAP phospholipid, spin-labeled phosphatidylcholines (1-palmitoyl-2-[n-(4,4-
dimethyloxazolidine-N-oxyl)]stearoyl-sn-glycero-3-phosphocholine, »—PCSL, n= 5,7,10,14) and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) were
purchased from Avanti Polar Lipids. D,O (isotopic enrichment > 99.8%, molar mass 20.03 g mol ')

was purchased from Aldrich.

Synthesis of the ruthenium complex ToThyCholRu

The investigated ruthenium complex, named ToThyCholRu, was prepared by reacting in
stoichiometric amounts the starting nucleolipid, named ToThyChol,” with the Ru complex [trans-
RuCl4(DMSO0),] Na” following a previously described procedure.” The desired salt was obtained

in a pure form, as confirmed by TLC and ESI-MS analysis, and almost quantitative yields.

Lipid-based aggregates preparation
The samples containing ToThyCholRu were dissolved in a pseudo-physiological solution whose

composition is specified hereafter. For the samples containing DOTAP and ToThyCholRu, the
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following standard procedure to form vesicles was applied: weighed amounts of ToThyCholRu
and DOTAP were dissolved in chloroform. Then, the solutions were transferred in round-
bottom glass tubes and a thin film of the solutes was obtained through evaporation of the
solvent with dry nitrogen and keeping the samples under vacuum for at least 24 h. The film was
then hydrated with H,O or a pseudo-physiological solution. This was prepared in double
distilled and degassed water dissolving appropriate amounts of NaCl and KH,POj4 so that their
final concentration was 0.140 mol dm™ and 0.010 mol dm, respectively.

Samples for SANS measurements were prepared in heavy water (D,O, isotopic enrichment >
99.8%, molar mass 20.03 g mol_l) in order to minimize the incoherent contribution to the
scattering cross sections arising from the system.

For the samples to be analyzed through SANS and DLS, after sonication the suspension were
repeatedly extruded through polycarbonate membranes of 100 nm pore sized, for at least 15
times.

Samples prepared for EPR experiments also included 1% (w/w) of spin-labeled phosphatidylcholine
(1-palmitoyl-2-[n-(4,4-dimethyloxazolidine-N-oxyl)]stearoyl-sn-glycero-3-phosphocholine, n—
PCSL, n=5,7,10,14), purchased from Avanti Polar Lipids and stored at —20 °C in ethanol solutions.
Inclusion of n-PCSL did not affect the liposome mesostructure as confirmed by DLS analysis of the
aggregates dimension.

For NR experiments, Supported Lipid Bilayers (SLBs) were prepared by vesicles fusion: Small
Unilamellar Vesicles (SUVs), of 25-35 nm in diameter, were formed by vortexing and sonicating
for 3x10 min the MLVs suspension. The SUVs suspension (0.5 mg ml™") was injected into the NR
cell, allowed to diffuse and adsorb on the silicon surfaces over a period of 30 min. The solid
supports for neutron reflection were 8x5x1 cm’ silicon single crystals cut to provide a surface along
the (111) plane, and pre-treated. After lipid adsorption the sample cell was rinsed once with
deuterated water to remove excess lipid.

Samples for fluorescence microscopy were prepared as reported above by adding 2% mol of 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt,

here abbreviated as Rhod, purchased from Avanti Polar Lipids and used as received.

Conclusions

In the context of an intense search for metallodrugs alternative to platinum-based clinically
validated anticancer agents, the growing interest for ruthenium derivatives has recently prompted us
to synthesize a mini-library of ruthenium complexes coordinated by differently decorated

nucleolipids. These derivatives have typically showed a marked propensity for aggregation in
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aqueous solutions and high in vitro antiproliferative activity against human cancer cells. Within this
project, we have herein reported on the molecular and microstructural characterization, along with a
detailed bioactivity profiling, of the cholesterol-containing ruthenium complex, named
ToThyCholRu, which is intrinsically negatively charged, accommodated into the liposome bilayers
formed by the cationic lipid DOTAP. In order to develop stable and long-life carriers containing
significant amounts of the active metal, the co-aggregation with biocompatible lipids represents an
innovative strategy for the in vivo delivery of ruthenium-containing drugs. Interestingly, in contrast
with known ruthenium complexes currently in clinical trials as anticancer agents, the
ToThyCholRu/DOTAP liposome is stable for several months, further ensuring the complete
integrity of the active ruthenium complex in physiological environment. /n vitro bioscreenings
converge in showing high antiproliferative activity, with ToThyCholRu/DOTAP exhibiting a cells
killing ability higher than cisplatin against specific human adenocarcinoma cell types. Worth
mentioning, in the transition from the previously investigated ToThyCholRu/POPC to the here
described ToThyCholRu/DOTAP system, considerable progress has been achieved. In fact, the
potentiating factors for ruthenium vectorization reach the highest levels we have measured hitherto
this project, with ToThyCholRu/DOTAP proving to be over 20-fold more effective against MCF-7
and WiDr adenocarcinoma cells than the reference drug AziRu, a low molecular weight ruthenium-
complex we have developed as NAMI-A analog. Consistently with our previous investigations,
these outcomes designate the biocompatible DOTAP as a very valuable tool in
nanobiotechnological applications, suitable as efficient nanocarrier for nucleolipid ruthenium
complexes stabilization in aqueous media and transport in cell. Actually, by means of an ad hoc
designed liposome including a fluorescent rhodamine-B probe, an efficient and fast liposomes
accumulation has been detected in cells, further highlighting the physico-chemical properties and
cellular uptake characteristics exhibited by these ruthenium-based drugs as critical features in
determining their antiproliferative efficacy. In this context, an important role is played by the
positive net superficial charge of the aggregates, as well as by the steroid moiety of the nucleolipid
complex inserted in the acyl chain region. In fact, in addition to favoring the inclusion of the
amphiphilic molecule inside the DOTAP liposome bilayer - thus protecting the ruthenium complex
from degradation - cholesterol is believed to play a major role in cell uptake processes for its ability
to regulate the physico-chemical properties of lipid bilayers, to stabilize liposomes and to modulate
membrane trafficking by improving the liposome fusion with the plasma membrane.

In conclusion, our study shows that the co-aggregation of nucleolipid ruthenium complexes with the
cationic lipid DOTAP has a great potential for developing new ruthenium-based anticancer drug

candidates. Particularly, the cholesterol-containing ToThyCholRuw/DOTAP aggregate here proposed
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exhibits a remarkable cytotoxicity and selectivity toward specific cancer cell types. These findings
suggest relevant specificity in the molecular interactions of ruthenium, in its active form, with the
biological targets. Further structure—activity relationship studies are currently in progress in order to
clarify these aspects and to investigate the in vivo antitumoral activity of nucleolipidic ruthenium

(IIT) complexes.
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TABLES

Table 1: Results obtained from the DLS and SANS measurements. In particular the first two
columns refer to the parameter obtained from the treatment of the data reported in Fig. 2, while the
third column shows data calculated from equation 3. The latter two columns refer to the parameters

obtained by treating the SANS experimental data with the lamellar phase model.

(g)zl (Rp) o o
(cm’ss™) (nm) (nm)
(3.07=0.06) 107 R0+ 2 32+03 | 042001
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Table 2 - Parameters derived from model fitting the reflectivity profiles for pure DOTAP lipid
bilayers'” and coaggregates ToThyCholRu/DOTAP complex.

DOTAP interfacial thickness | % solvent | roughness
layer A) content A)
water 6+1 100 5+1

inner headgroups 10+1 2110 4+1

chains region 25+2 8+ 10 7+1

outer headgroup 9+1 47+ 10 4+1

ToThyCholRu/DOTAP interfacial thickness | % solvent | roughness

layer (A) content A)

water 5+1 100 5+1

inner headgroups 7+1 46+ 10 4+1

chains region 27+2 5+10 2+1

outer headgroup 13+1 51+10 4+1
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Table 3 - S and q;, values of n-PCSL in liposomes of DOTAP, ToThyCholRu/DOTAP 30:70
mol/mol and DOTAP/Chol 70:30 mol/mol at 25 °C.

s
n-PCSL | pOTAP | ToThyCholRu/DOTAP | DOTAP/Chol
5-PCSL | 0.59+0.01 0.66 + 0.01 0.73 + 0.01
7-PCSL | 0.55+0.01 0.61 +0.01 0.67 = 0.01
10-PCSL | 0.49 +0.02 0.53 +0.02 0.58 = 0.01
14-PCSL | 0.15+0.02 0.38 % 0.02 0.37 = 0.02
ay, /G
n-PCSL
DOTAP | ToThyCholRu/DOTAP | DOTAP/Chol
5PCSL | 153+0.1 15.6+0.1 15.7+0.1
7-PCSL | 15.2+0.1 15.5+0.1 15.4+0.1
10-PCSL | 15.1+0.2 15.1+£0.2 15.0 0.1

14-PCSL 14.0+0.2 14.1+0.2 14.1+£0.2
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Table 4 - Comparison of the ICsy values (uM) relative to cisplatin (¢cDDP), AziRu, and to the
effective metal concentration carried by ToThyCholRu/POPC and ToThyCholRu/DOTAP

liposomes in the indicated cell lines following 48 h of incubation®. In bold are indicated the

Potentiating Factors (PF) of the ruthenium complexes in POPC or in DOTAP liposomes with

respect to AziRu ",

ToThyCholRu ToThyCholRu

Cell lines cDDP AziRu POPC DOTAP
MCF-7 22+ 4 305+ 16 70+ 12 13£2
4.3 23.5
WiDr 32+5 515+15 165+ 10 23 +8
31 22.4
HeLa 12+4 382+ 19 105 34+4
3.6 11.2
HaCaT 272 +7 > 500 ~ 500 377425
L6 326 >500 > 500 187+ 1

*1Cs values are reported as mean + SEM (n = 30) of five independent experiments.
® P.F. are calculated as the ratio of ICso values of ToThyCholRu/POPC and ToThyCholRu/DOTAP

liposomes with respect to the ICsy of AziRu.
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Fig. 1. Molecular structures of DOTAP phospholipid and of the ruthenium complexes

ToThyCholRu and AziRu, as well as of the nucleolipid ToThyChol.
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Fig. 2. Intensity weighed hydrodynamic radius distribution of ToThyCholRu/DOTAP liposomes.
The distribution was obtained from one of the DLS measurements performed with the instrumental
configuration corresponding to a scattering angle of 90°. This distribution showed the existence of a

single population of aggregates within the suspension.
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Fig. 3. Neutron scattered intensity data and the relative fitting curve, using the model of a diluted

unilamellar vesicles suspension.
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Fig. 4. Neutron reflectivity and scattering length density, p, profiles for lipid bilayers of DOTAP
(black line) and ToThyCholRu/DOTAP30:70 mol/mol(blue line) in D,O contrast solvent.



Journal of Materials Chemistry B Page 26 of 36

DOTAP
DOTAP/ToThyCholRu 70:30 mol/mol
DOTAP/Chol 70:30 mol/mol

5-PCSL

A A A e P\ prasn W N A

14-PCSL

o B

P

34‘60‘ | ‘34‘80‘ | ‘35‘00‘ ‘35‘20‘ | ‘35‘40‘ | ‘35‘60
B/G
Fig. 5. EPR spectra of 5-PCSL and 14-PCSL spin-labels in bilayers of pure DOTAP (black lines),
DOTAP:Chol 70:30 mol/mol (red lines) and in ToThyCholRu/DOTAP 30:70 mol/mol (blue lines).
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Fig. 6. Graphical representation of the bilayer structure constituting the lipid nanovectors.
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Fig. 7. Uptake of ToThyCholRu/DOTAP liposomes by human MCF-7 breast adenocarcinoma cells
incubated for 30 min, 1, 3 and 6 h with a 100 uM solution of the liposomes containing a rhodamine
B lipid derivative as fluorescent probe. The blue-fluorescent DAPI specifically stains the nuclei.
The rhodamine-dependent fluorescence (RHOD, shown in green) exclusively stains the
ToThyCholRu/DOTAP liposomes. In merged microphotographs (Merged), the two fluorescent
patterns are overlapped. The shown images are representative of three independent experiments.
100x total magnification (10 X objective and a 10 X eyepiece). Inset: higher magnifications of
merged images showing rhodamine-dependent cytoplasmic fluorescence emission by cell

monolayers.
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Fig. 8. Uptake of ToThyCholRu/DOTAP liposomes by human WiDr colorectal adenocarcinoma
cells incubated for 30 min, 1, 3 and 6 h with a 100 uM solution of the liposomes containing a
fluorescent rhodamine B lipid derivative, as described in the legend of Fig. 7. The shown images
are representative of three independent experiments. 100 X total magnification (10 x objective and a
10 x eyepiece). Inset: higher magnifications of merged images showing rhodamine-dependent

cytoplasmic fluorescence emission by cell monolayers.
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Fig. 9. Cell survival index, evaluated by the MTT assay and monitoring of live/dead cell ratio, for
MCF-7 (panel A), WiDr (panel C), and HeLa (panel E) cell lines following 48 h of incubation with
the indicated concentration (the range 10—1000 uM has been explored, the one 10—100 uM is
of AziRu of the ToThyCholRu/DOTAP
ToThyCholRu/POPC liposomes, as indicated in the legend. Cisplatin (¢DDP) is the positive control
for cytotoxicity whilst the ruthenium-free ToThyChol/POPC and ToThyChol/DOTAP liposomes

shown) and ruthenium-containing and

are added as negative controls. Panels B, D, and F show the corresponding concentration-effect
curves by normalizing for the actual ruthenium amount contained within ToThyCholRw/DOTAP
and ToThyCholRu/POPC liposomes. Data are expressed as percentage of untreated control cells

and are reported as mean of five independent experiments = SEM (n = 30).
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Fig.10. Representative microphotographs at a 200 x magnification (20 % objective and a 10 x
eyepiece) by phase-contrast light microscopy of MCF-7 (panel A), WiDr (panel B) and HeLa (panel
C) cell lines untreated (control cells, left column) or treated for 48 h with 50 uM
ToThyCholRu/DOTAP (right column), showing the morphological changes of cells and the

cytotoxic effects on cellular monolayers. The shown images are representative of three independent

experiments.
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Fig. 11. DNA fragmentation assay on MCF-7, WiDr and HeLa cells, treated or not (Ctrl) for 48 h
with ICsy doses (13, 23, and 34 uM, respectively) of ToThyCholRwW/DOTAP (Ru) or with ICsg
doses (22, 32, and 12 pM, respectively) of cisplatin (¢cDDP) as positive control for DNA
fragmentation. After incubations, DNA was extracted and visualized on 1.5% agarose gel as
detailed in the experimental section. Lane M corresponds to molecular weight markers. The agarose

gel is representative of three independent experiments.
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Cationic nanovectors loaded with ruthenium-based nucleolipids containing a cholesterol residue exert high
growth-inhibitory activity against human cancer cells (MCF-7 (A), WiDr (B), and HelLa (C), before and after
ToThyCholRu/DOTAP treatment).
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